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Bicyclic analogues of the plant hormone abscisic acid (ABA) were designed to incorporate the
structural elements and functional groups of the parent molecule that are required for biological
activity. The resulting tetralone analogues were predicted to have enhanced biological activity in plants,
in part because oxidized products would not cyclize to forms corresponding to the inactive catabolite
phaseic acid. The tetralone analogues were synthesized in seven steps from 1-tetralone and a range of
analogues were accessible through a second route starting with 2-methyl-1-naphthol. Tetralone ABA 8
was found to have greater activity than ABA in two bioassays. The absolute configuration of (+)-8 was
established by X-ray crystallography of a RAMP hydrazone derivative. The hydroxymethyl compounds
10 and 11, analogues for studying the roles of 8′- and 9′-hydroxy ABA 3 and 6, were also synthesized
and found to be active.


Introduction


The plant hormone abscisic acid (ABA, 1, Scheme 1) regulates
many aspects of plant growth and development as well as responses
to environmental stress.1 For example, in seed development ABA
induces synthesis of storage products, prevents germination of
immature embryos and is involved in desiccation tolerance and
germination of mature seed.1,2 ABA levels in plants increase
transiently in response to environmental stress and trigger a set
of rapid responses including closure of the stomata, reducing
transpiration.


Numerous studies have been conducted to probe the structural
requirements of ABA responses to develop analogues that are
effective plant growth regulators.3–7 Some features of the ABA
molecule appear to be required for activity, particularly the
carboxyl and ketone groups, the six-membered ring, the 7′-methyl
group, and the 2-Z configuration of the double bond in the side
chain. Other parts of the molecule can be modified without loss of
activity. The ring double bond, both the 8′- and 9′-methyl groups,
and the 4-E double bond of the side chain each can be altered and
the resultant analogue retains activity.


These structure–activity results are also important for devel-
oping analogues to assess the bioactivity of metabolites, and to
produce probes for identifying ABA binding proteins. As shown
in Scheme 1, ABA is catabolized predominantly through oxidation
of the ring methyl groups or alternatively by conjugation to the
glucose ester 2.7–11 The principal pathway of oxidation is through
P450 monooxygenase-mediated hydroxylation of the 8′-methyl
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Scheme 1 Metabolism pathways of ABA (1).


group affording 8′-hydroxy ABA 3 which is in equilibrium with
the closed form phaseic acid 4.9 Alternative pathways, through
hydroxylation of the 7′-methyl group affording 7′-hydroxy ABA 5
and the 9′-methyl group to give 9′-hydroxy ABA 6, which can also
rearrange to the closed form neo-phaseic acid 7, have also been
observed and contribute to ABA catabolism.10,11 Rapid catabolism
by plant enzymes limits the practical application of ABA itself as a
plant growth regulator.7 Metabolism resistant analogues of ABA
altered at the 8′ carbon atom have proved to be more persistent
and more active than ABA.7


We considered that the tetralone ABA analogue 8, (Fig. 1) in
which the planar vinyl methyl portion of ABA has been replaced
with an aromatic ring, had potential to have strong biological
activity as it would be unable cyclize to forms corresponding to
the inactive catabolite phaseic acid 4. The essential features of the
ABA molecule are maintained, with preservation of the ABA side
chain, the C-4′ ketone group, the stereochemistry at C-1′ and the
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Fig. 1 ABA analogues.


planar geometry of C-3′ and C-7′. We predicted that the tetralone
ABA analogue 8 would have activity as it had been shown in a
previous study that a related tricyclic analogue ABA 9 had weak
ABA-like response in a growth inhibition assay.12


Tetralone ABA 8 and related hydroxylated compounds 10 and
11 are novel ABA analogues for probing the biological activity
of ABA and its labile catabolites. We considered that a P450
monooxygenase in corn cells that hydroxylates ABA might accept
the tetralone ABA analogue 8 as a substrate and generate a
hydroxymethyl compound 10 (analogous to 8′-hydroxy ABA 3).
It was also predicted that the hydroxymethyl derivative, would not
cyclize to a phaseic acid- like compound, as conjugate addition of
the hydroxyl oxygen to the enone would be prevented, preserving
the aromaticity of the fused ring, and that 10 could be employed
in bioassays as a robust analogue to probe the role of 8′-hydroxy
ABA. Similarly 11, the analogue of 9′-hydroxy ABA, would be
useful for probing the activity of the natural catabolite 6.


Here we report syntheses of tetralone ABA analogues 8, 10 and
11. An alternate synthetic route for the production of tetralone
ABA analogues with a wide range of 9′-substituents (analogous
to 8′-substituted ABAs) is also discussed. The biological activity of
the tetralone ABA analogue 8 is compared to that of ABA in two
assays and found to be more potent. The tetralone ABA analogue
can be used to probe biological activity of ABA catabolites and
for affinity probes for identifying ABA binding proteins.13 The
bioactivity of hydroxylated compounds 10 and 11 is also reported.


Results and discussion


Synthesis of tetralone ABA analogue 8


Racemic tetralone methyl abscisate 18 was synthesized from
commercially available 1-tetralone 12 (Scheme 2). The geminal
methyl groups were introduced adjacent to the carbonyl carbon
by treatment of 1-tetralone with methyl iodide in the presence of
sodium hydride to give the dimethyl tetralone 13 in 83% yield.14


The side chain was introduced by standard methods.15 Alkylation
of the dimethyl tetralone 13 with dilithium salt 14, gave the key
intermediate 15 in 64% yield. Reduction of the triple bond using
RedAl R© yielded the allylic alcohol 16. Successive oxidations with
manganese dioxide to the aldehyde, confirmed by the appearance
of an aldehyde doublet in crude 1H NMR and then with a
combination of manganese dioxide, sodium cyanide, acetic acid in
methanol, gave the ester 17 in 19% yield over three steps. Benzylic


Scheme 2 (a) CH3I, NaH, THF; (b) 14, THF; (c) RedAl, THF; (d) MnO2,
acetone; (e) MnO2, NaCN, HOAc, MeOH; (f) PDC, tert-BuOOH, PhH;
(g) chiral HPLC; (h) KOH, MeOH(aq).


oxidation of 17 using a combination of pyridinium dichromate
and tert-butyl hydroperoxide yielded racemic methyl ester 18.16


The ester 18 was resolved by preparative HPLC using a column
with a chiral ligand. Base hydrolysis of the enantiomers yielded
the respective enantiopure (+)- and (−)-isomers of tetralone ABA
acid 8. The absolute stereochemistry was assigned from X-ray
crystallographic analysis of a derivative of the (+)-enantiomer
(described below).


Conformational mobility of tetralone analogues


The 1H NMR spectrum of the methyl ester 18 shows broadening
of peaks, especially the H-4 (d 7.82 ppm) of the side chain as well
as the a-methylene protons at C-3′ of the ring (d 2.5–2.9 ppm),
typically a sign of restricted rotation around C-1′. This phe-
nomenon had been observed previously with a C-1′ methyl ether
ABA analogue.5 Through variable temperature 1H NMR, the peak
broadening for the C-1′ methyl ether ABA had been attributed
to the barrier to interconversion between conformations with
sidechain–axial and sidechain–equatorial.


Absolute configuration of analogue (+)-8


The absolute stereochemistry at C-1′ of the tetralone analogue
(+)-8 was established by X-ray crystallography of a tetralone
ABA derivative, which was synthesized from the tetralone ABA
18 (Scheme 3). The condensation of racemic 18 with commercially
available (R)-1-amino-2-methoxymethyl-pyrrolidine (RAMP) 19
in the presence of para-toluenesulfonic acid (PTSA) gave a mixture
of two diastereomers of the hydrazone 20,17 which were separable
by column chromatography. One of the diastereomers was charac-
terized as follows: reduction of the ester group, followed by allylic
oxidation of the resulting alcohol 21, afforded the aldehyde 22.
Condensation of the aldehyde 22 with dansyl hydrazine in the
presence of trichloroacetic acid gave the derivative 23, which gave
crystals suitable for X-ray analysis. As the absolute configuration
of one of the stereogenic centers (2′′R) was known, the absolute
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Scheme 3 (a) PTSA; (b) LiAlH4; (c) MnO2; (d) CCl3CO2H–dansyl
hydrazine; (e) oxalic acid.


configuration at C-1′ was determined to be (S), as shown from the
crystal structure (Fig. 2). The hydrazone 20 was hydrolyzed in the
presence of oxalic acid to afford (+)-18, as determined by HPLC
using the chiral column. The observed biological assay results
for the tetralone analogue (+)-8 are consistent with the biological
activity in similar assays observed for natural (+)-ABA which also
has the C-1′ (S) absolute stereochemistry.18


Fig. 2 Crystal structure of compound 23.


Synthesis of methyl modified tetralone ABA analogues


An alternate synthetic route (Scheme 4) was developed to produce
tetralone analogues that could have a wide range of substituents
at the C-9′ (8′-substituted following ABA numbering), such as


Scheme 4 (a) PhI(OAc)2–ethylene glycol; (b) 14, THF; (c) RedAl;
(d) MnO2; (e) MnO2–NaCN–AcOH–MeOH; (f) 10% HCl (aq); (g)
HC2MgBr; (h) chiral HPLC; (i) KOH, MeOH(aq).


analogues resistant to metabolism and the putative metabolite
of (+)-8. More persistent ABA analogues with 8′-methylene and
8′-acetylene substituents have been synthesized and shown to
have strong biological activities.6 For example, with commercially
available 2-methyl-1-naphthol (24) as starting material, the methyl
substituted ketal 25, was obtained through oxidation using
iodobenzene diacetate. Alkylation with dilithium salt 14, followed
by triple bond reduction to intermediate 27, two successive
oxidations and deprotection of ketal 28 leads to the enone 29.
The 9′-acetylene group was introduced by the conjugate addition
of ethynylmagnesium bromide to the enone 29 to afford methyl
9′-acetylene tetralone ABA 30. Resolution of 30 by chiral HPLC
followed by base hydrolysis gave enantiomers (+)-31 and (−)-31. It
has previously been shown that such conjugate additions afforded
the product with the alkyl group adding to the same face of the
molecule as the hydroxyl group at C-1′.6,19 As well, irradiation
of the 10′-methyl group of 30 (1.41 ppm) in the 1H NMR gave
a positive NOE of the proton on the side chain (H-5 doublet at
7.70 ppm), which is consistent with structure 30.


Metabolism of (+)-8


We conducted metabolism studies to determine if the bicyclic
ABA analogue 8 would be a substrate of P450 monooxygenases
in corn suspension-cultured cells. Metabolism studies have been
conducted in maize (Zea mays L. CV. Black Mexican Sweet)
suspension-cultured cells, which had previously been shown to
rapidly metabolize (+)-ABA to (−)-PA by hydroxylation of the
8′-methyl group.20 The substrate ABA and metabolites were found
to accumulate in the medium of the cell suspension culture. We
therefore anticipated that the enantiomer of 8 like (+)-ABA
would be converted to the hydroxylated compound analogous
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to 8′-hydroxyABA. We also predicted that the enantiomer of
8 similar to (−)-ABA would not be converted to a compound
analogous to (−)-7′-hydroxyABA, the metabolite of (−)-ABA due
to the presence of the aromatic ring in compound 8.6 Suspension-
cultured corn cells were incubated with the (+) and the (−)-
enantiomers of tetralone ABA analogue 8 for 4 d (Fig. 3). The
(+)-isomer was rapidly consumed (only 20% remained after 45 h),
at a rate similar to that observed for (+)-ABA.21 A single
metabolite was isolated from the culture medium. Proton NMR
of the isolated metabolite showed the disappearance of the 9′-
methyl group at d 1.05 ppm and the appearance of a doublet
centered at d 3.65 ppm. On the basis of the known mode of
action of P450 monooxygenase in corn cells and other spectral
data (mass, 1H NMR, optical rotation and IR), the metabolite
was confirmed to be the bicyclic 9′-hydroxy tetralone ABA (+)-
10. The P450 monooxygenase in corn cells that metabolize ABA
to 8′-hydroxyABA is likely also responsible for hydroxylation of
the bicyclic ABA analogue. The analogue (+)-10 accumulates in
the corn cell medium (Fig. 3), unlike 8′-hydroxyABA 2, which in
corn cell culture, the equilibrium favors PA 4.21


Fig. 3 Metabolism in maize suspension culture of enantiomer (+)-(S)-8.


The concentration of the (−)-enantiomer of the bicyclic ana-
logue 8, under the same biotransformation conditions slowly
decreased so that at 96 h, 50% remained and no hydroxylated
product was observed. In previous studies (−)-ABA was found to
be slowly transformed principally to (−)-7′-hydroxy ABA.21


Although these studies were performed with intact corn cells
with multiple P450 monooxygenases, we are able to demonstrate
that the monooxygenases present can accommodate the steric bulk
of the bicyclic analogue (+)-8.


Encouraged by these results, we undertook to synthesize bicyclic
9′- and 10′-hydroxylated analogues to be used for probing the
biological activities of the more labile 8′- and 9′-hydroxy ABA in
intact plants.


Synthesis of 9′- and 10′-hydroxytetralone ABA analogues


A number of routes were attempted for the synthesis of the bicyclic
9′- and 10′-hydroxylated ABA analogues. The most efficient in
our hands had as a key intermediate, the protected aldehyde
34 (Scheme 5). The major advantage of this synthetic route is
that having the racemic mixture of 34, allows us to produce the


Scheme 5 (a) NaOCH3–ethyl formate; (b) CH3I–KOH; (c) MeOH–
NH4Cl; (d) 14, THF; (e) RedAl; (f) MnO2; (g) MnO2–NaCN–AcOH–
MeOH; (h) PDC–tert-BuOOH; (i) 50% TFA–CHCl3; (j) NaBH4;
(k) MnO2; (l) chiral HPLC; (m) KOH, MeOH(aq).


two diastereomeric allylic alcohols (precursors for the 9′- and 10′-
hydroxylated ABA analogues) from the same intermediate 34 after
side chain alkylation.


Acetal 34 was obtained from readily available 1-tetralone 12, by
first introducing the hydroxymethylene group at the a-position of
1-tetralone using ethyl formate and sodium methoxide to give the
hydroxymethylene tetralone 32.22 Methylation of 32 was achieved
using methyl iodide in the presence of potassium hydroxide,
which gave the required aldehyde 33 as well as a by-product
formed by direct methylation of the hydroxyl group of 32, which
could be de-methylated and re-used to produce more of the
required aldehyde 33.23 The dimethyl acetal 34 was obtained by
refluxing 33 in methanol in the presence of a catalytic amount
of ammonium chloride, in quantitative yield.24 Alkylation of the
keto dimethyl acetal 34 with dilithium salt 14 gave a mixture of two
diastereomeric allylic alcohols, 35 and 36, in 1.7 : 1 ratio, which
were readily separable by column chromatography.


RedAl R© reduction of the triple bond in 35 and successive
oxidations of the resulting allylic alcohol with manganese oxide
to the aldehyde, and then with manganese oxide in the presence
of sodium cyanide and acetic acid affording the corresponding
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aldehyde, gave the ester 37 in 37% yield. Benzylic oxidation of the
ester 38, followed by de-acetalisation with 50% aqueous TFA in
chloroform mixture yielded the aldehyde 39.16 Reduction of the
aldehyde 39 with sodium borohydride and subsequent oxidation
of the crude trihydroxy ester with manganese oxide gave the
dihydroxy ester 40, which was resolved on a chiral HPLC column
to afford the corresponding (+)-40 and (−)-40 enantiomers. Base
hydrolysis of the respective enantiomers of 40 using KOH in
methanol gave the corresponding enantiomeric bicyclic 9′-hydroxy
ABA acids (61% yield) whose 1H NMR spectra were identical to
that of (+)-10 obtained from metabolism studies of (+)-8 (vide
supra).


The allylic alcohol 36 was treated the same way as compound
35, to give the corresponding enantiomeric 10′-hydroxytetralone
ABA acids (+)-11 and (−)-11.


Biological activity studies of tetralone ABA analogues


Growth inhibition assays. The growth inhibition assay using
suspension-cultured corn cells is a well characterized experimental
system that has been very useful for comparing the biological
activity and metabolism of ABA and ABA analogues.9 In this
study, the tetralone ABA analogue (+)-8, like (+)-ABA, inhibited
the growth of suspension-cultured cells of maize (Black Mexican
Sweet) in a dose-dependent manner over a concentration range
of 0.1–10.0 lM. As shown in Fig. 4, the analogue (−)-8 showed
inhibitory activity that is significantly higher than that of (+)-
ABA. Both enantiomers of 9′-acetylene tetralone ABA 31 also
had higher activity than ABA (+)-1 in this assay.


Fig. 4 Maize cell growth inhibition assay for (+)-ABA 1, (+)-8, (+)-31
and (−)-31.


As observed in other studies with the maize suspension culture,
low concentrations of 1 were found to promote and higher
concentrations inhibit growth (Fig. 5).3 Concentrations of 1.0
micromolar or greater of (+)-8 and both (+)- and (−)-31
showed significant stronger inhibitory activity than (+)-1. In a
separate experiment, at lower concentrations (+)-10 and (+)-11
exhibited slightly weaker activity than the natural hormone (+)-
ABA. However, at the highest concentration tested (100 lM),
both analogues were slightly more potent inhibitors of corn cell
growth than (+)-ABA. The inhibitory activity of (+)-10 and (+)-


Fig. 5 Maize cell growth inhibition assay for (+)-ABA 1, (+)-10, and
(+)-11.


11 were comparable at 1 and 10 lM, but (+)-10 was apparently
less effective at 10 lM than (+)-11.


Arabidopsis seed germination assays. The tetralone ABA (+)-
8 was also studied in a germination assay of Arabidopsis thaliana
(Columbia wild type) seeds over a range of concentrations (0.33–
33 lM) (Fig. 6). Similar treatments were performed for ABA
1 (both enantiomers) to allow for a direct comparison between
ABA and the tetralone ABA 8. The results are expressed in
terms of germination indices, which summarize the rate and
extent of germination over the time of the experiment at a given
concentration. As shown in Fig. 6, the (+)-enantiomer of tetralone
ABA 8 was highly effective in inhibiting the germination of
the seeds over the 7-day test period at all concentrations. The
(+)-enantiomer of 8 is a more effective germination inhibitor
than (+)-ABA. At the lowest concentration of 0.33 lM, the
germination index for (+)-ABA (1) was almost 0.4, compared
with less than 0.1 in the case of (+)-tetralone ABA 8. As expected,
the (−)-enantiomer of the tetralone ABA analogue 8 was less
effective than the corresponding (+)-enantiomer. It was only active
at concentrations of ≥1 lM. A similar pattern was observed


Fig. 6 Arabidopsis seed germination assay for (+)-8, (−)-8, (−)-1 and
(+)-1.
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for the (−)-enantiomer of ABA 1, which was only effective at
concentrations ≥3.33 lM.


All three compounds also inhibited Arabidopsis thaliana seed
germination (Fig. 7). Interestingly, bicyclic ABA analogue (+)-
11 and (+)-ABA produced comparable effects although (+)-11
appeared to produce a slightly stronger inhibition of germination
than (+)-ABA at the lowest concentration tested (0.33 lM). The
weakest compound tested was (+)-10. This indicated that the
9′-derivative [ABA numbering] ((+)-11) possesses substantially
higher activity than the 8′-derivative ((+)-10). This unexpected
result is consistent to previous observations of very strong inhi-
bition of ABA 8′-hydroxylase enzyme activity by 9′-derivatives.21


Until recently, 9′-metabolites of (+)-ABA were not thought to
occur naturally, however (+)-9′-hydroxy ABA 6 has recently been
documented as a new ABA metabolite.11 Metabolite 6 has been
shown to be important in developing seeds of Brassica napus.25


The results described here suggest that natural and synthetic 9′-
ABA derivatives may have significant biological activity; even
more activity than 8′-ABA derivatives.


Fig. 7 Arabidopsis seed germination assay for (+)-10, (+)-ABA 1 and
(+)-11.


Conclusion


We have successfully synthesized a novel tetralone ABA analogue 8
through an efficient 7-step synthetic scheme using readily available
starting materials. This tetralone ABA analogue is significantly
more active than ABA in the two assays in which the compound
has been tested. The additional carbon atoms linking the C-3′ and
C-7′ of ABA in the tetralone analogue do not appear to affect
adversely the biological activity in either the seed germination
or the corn cell growth inhibition assays. It appears that the
binding sites in proteins that perceive or metabolize ABA can
accommodate the extra steric bulk of the tetralone analogue.
In a separate study on the structural requirements of an ABA
glycosyltransferase, (+)-8 has been found to be a better substrate
than (+)-ABA 1.26 The presence of the aromatic moiety also
has provided opportunities for the synthesis of tethered tetralone
ABA analogues, which are being used in identification of ABA
binding proteins.27 The tetralone analogue has potential as a plant
growth regulator for agriculture and horticulture applications.


The hydroxylated hormone analogues 10 and 11 show activity
in two physiological assays and will be valuable at the molecular
biological level for probing the roles of ABA catabolites in
processes regulated by ABA.


Experimental


General


FTIR spectra were recorded using KBr cells on a Perkin Elmer
Paragon 1000 instrument. 1H NMR and 13C were recorded on
a Bruker AM 500 MHz spectrometer. All NMR spectra were
obtained using CDCl3 as the solvent unless otherwise noted.
Chemical shifts (d) and coupling constants (J) are reported as if
they are first order. All peak assignments refer to the numbering in
structure 8. High-resolution mass spectra (HRMS) were recorded
in either electron impact (EI) mode, chemical ionization (CI) mode
or in negative ion electrospray mode using capillary voltage of
2.75 KV, counter electrode 35 V, collision energy (ELAB) of 14 V
and cell pressure of 1.0 × 10−3 mBar with argon. Mass spectra data
are reported in mass to charge units (m/z). Optical rotations were
obtained from a Perkin Elmer 141 polarimeter. Melting points
were measured on an Electrothermal 9300 melting point apparatus
and are not corrected.


Crystallographic data was collected at −100 ◦C on a Nonius
Kappa CCD diffractometer, using the COLLECT program.28 Cell
refinement and data reductions used the programs DENZO and
SCALEPACK.29 SIR9730 was used to solve the structure and
SHELXL9731 was used to refine the structure. XTAL3.732 was
used for molecular graphics. H atoms were placed in calculated
positions with U iso constrained to be 1.2 times U eq of the carrier
atom for methine, methylene and aromatic protons and 1.5 times
U eq of the carrier atoms for methyl, N–H and O–H hydrogen
atoms.


Seed germination test


Arabidopsis thaliana (Columbia wild type) seed germination
inhibition studies were performed as described by Cutler et al.21


The treatments were performed in duplicate with 50 seeds per
plate and incubated at 24 ◦C with 16 h days and 8 h nights for the
duration of the test (7 d).


Growth inhibition assay


Maize cell cultures were treated as described by Balsevich et al.9


The cultures were incubated on a rotary shaker for 4 d, and then
the cells were separated from the medium by vacuum filtration and
weighed immediately. The effect of ABA and the tetralone ABA
analogues on cell growth was determined at various concentrations
(0–10 lM) by calculating the percentage increase in fresh weight
[(final weight × 100/initial weight) − 100)]. Measurements were
performed in triplicate and average values were normalized to a
control (untreated) value of 100%.


Metabolism studies


Suspension cultures of maize (Zea mays L. CV. Black Mexican
Sweet) were maintained as described previously by Ludwig et al.20
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Isolation of hydroxylated tetralone ABA (+)-10. For each
treatment, twelve 250 mL flasks containing 100 mL of medium
were prepared. Eleven of these flasks contained medium to which
the relevant bicyclic ABA analogue had been introduced from
a 95 lM ethanolic solution to give a final concentration of 50–
100 lM. The remaining flask contained an equivalent amount
of ethanol to serve as an analogue-free control (C1). Ten of the
flasks containing analogue-infused media, along with C1, were
inoculated with cells that were 1 day post sub-culture. Typically,
2.0–3.0 g of cells was added to each flask. The remaining flask
served as a control to check for compound stability over the course
of the experiment (C2). Thus a control was in place to differentiate
between degradation products resulting from simple chemical
breakdown of the analogues (C2) and also to identify metabolites
of the cells which were not attributed to the metabolism of the ABA
analogues being studied (C1). The cell cultures were incubated in
the dark on a rotary shaker at 25 ◦C for 4 d. The media from
each control flask and from three of the test flasks (T1–T3) were
samples for analysis at 12 h intervals.


At the indicated times, 115 mL samples were removed from
C1, C2, T1, T2 and T3. From each of these samples, 100 mL
was applied to a Sep PackTM C18 cartridge that had been pre-
conditioned with 1 mL methanol, followed by 1 mL H2O. After
the sample was adsorbed to the cartridge, it was washed with
5% methanol to remove salts and polar media components.
Finally, adsorbed metabolites were eluted with 1 mL methanol
and collected in microcentrifuge vials. The samples were then
dried at 45 ◦C in an Eppendorf VacufugeTM over a period of
3–4 h. The samples were re-dissolved in 50 mL methanol and
diluted to 100 mL with H2O. Samples were kept in the dark and
analyzed on a Supelco (Bellefonte, PA) SupelcosilTM LC-18 column
(3.3 cm × 4.6 mm i.d., 3 mm packing preceded by a Supelco C-
18, 2 cm × 4.6 mm guard column). The column was eluted at
1.5 mL min−1 with 1% aqueous HOAc–methanol (7 : 3) using an
isocratic method at 45 ◦C. The eluent was monitored at 262 nm
using a Hewlett Packard variable wavelength detector and diode
array detector referenced at 450 nm. The samples (10 lL each)
were injected with an autosampler. When possible, peaks in the
chromatograms were identified by comparing their retention times
with those of authentic standards. At the end of the culture period,
the cells were removed from all test flasks by filtration (Whatman
#1) and the filtrate frozen and stored (−20 ◦C) until processed for
metabolite and analogue isolation. After thawing, the filtrate was
adjusted to pH 2.3 prior to the extraction.


The filtrate was extracted with hexanes (3 × 250 mL) then
EtOAc (3 × 500 mL). The EtOAc fractions were pooled and
extracted with 5% NaHCO3 (2 × 330 mL). The pH of the aqueous
layer was adjusted to 2.4 and then extracted with EtOAc (3 ×
330 mL). The combined organic fractions were washed with
saturated NaCl (150 mL), dried over anhydrous Na2SO4, filtered
and the solvent removed in vacuo to give a crude extract. The
extract was dissolved in 1 mL methanol then further purified using
preparative HPLC (PartisilTM 10 ODS-2 M9/25 column preceded
by a SuperguardTM C18 2 cm × 4.6 i.d. guard column) with 1%
aqueous HOAc–acetonitrile (4 : 6). Combined fractions of each
peak from successive runs were pooled and the solvent removed
in vacuo.


The methyl ester derivatives of each of the samples were
made by treatment with CH2N2–etherate. Further purification was


performed with semi-preparative ChiracelTM AS column (Daicel
Chemical Industries, Ltd) with the products eluting in iso-PrOH-
hexane (20:80). Spectroscopic characterization of metabolite from
the culture filtrate confirmed it as the bicyclic methyl ester (+)-40.


Chemical synthesis


2,2-Dimethyl-3,4-dihydro-2H-naphthalen-1-one (13)14. To a
suspension of NaH (8.2 g, 0.34 mol) in THF (250 mL) in a one-liter
round bottomed flask, was added, 1-tetralone (10.0 g, 0.690 mol)
dissolved in dry THF (25 mL). After stirring the mixture for 10 min
at rt, methyl iodide (11.1 mL, 178 mmol) was added via a syringe.
The mixture was then heated on an oil bath to 40 ◦C for 30 min,
and stirring continued at rt until the starting material disappeared.
The reaction was monitored by TLC using ethyl acetate–hexane
(1 : 6) solvent mixture. The reaction was quenched by addition
of water (slowly and dropwise) to destroy excess sodium hydride.
The mixture was then extracted with ethyl acetate, washed with
water and dried over sodium sulfate. Evaporation of the solvent
yielded a brown oil. Column chromatography using silica gel with
EtOAc–hexane (1 : 6) afforded clean 2,2-dimethyl-1-tetralone 13
(10.8 g, 83%). IR (mmax): 2956, 1682, 1601 cm−1. 1H NMR: d 8.03
(d, 1H, J = 7.5 Hz, ArH-8), 7.45 (t, 1H, J = 7.5 Hz, ArH-7), 7.28
(t, 1H, J = 7.5 Hz, ArH-6), 7.21 (d, 1H, J = 7.5 Hz, ArH-5), 2.97
(t, 2H, J = 6.5 Hz, 2 H-4), 1.97 (t, 2H, J = 6.5 Hz, 2 H-3), 1.20 (s,
6H, 2 × CH3). HRMS (m/z) C12H14O requires: 174.1045; found:
174.1031.


(Z)-1-(5′ -Hydroxy-3′ -methylpent-3′ -en-1′ -ynyl)-2,2-dimethyl-
1,2,3,4-tetrahydronaphthalen-1-ol (15). (Z)-3-Methylpent-2-en-
4-yn-1-ol (5.0 g, 52 mmol) in dry THF (300 mL) was cooled to
−78 ◦C under an atmosphere of argon. n-Butyl lithium (70.0 mL,
1.6 M in hexanes, 112 mmol) was then added slowly, via syringe.
The mixture was allowed to stir at −78 ◦C for 45 min, after
which, 2,2-dimethyl-1-tetralone 13 (7.5 g, 43 mmol), dissolved
in dry THF (50 mL), was added. The mixture was stirred for a
further 15 min at −78 ◦C and then the ice bath was removed. The
reaction mixture was stirred at rt for a further 3 h, by which point,
the starting material had disappeared. The reaction was quenched
by addition of a saturated solution of ammonium chloride. The
mixture was stirred for 10 min and extracted with ethyl acetate
(3 × 150 mL), washed with water (2 × 200 mL) and dried over
anhydrous Na2SO4. Evaporation of the solvent yielded the desired
alcohol as a brown oil. Column chromatography of the brown oil
using silica gel with ethyl acetate–hexane (1 : 2) gave allylic alcohol
15 (6.1 g, 78%). IR (mmax): 3376 (br), 2921, 2358 (w), 2211 (w), 1694
(m), 1633 (m), 1602 (w) cm−1. 1H NMR: d 7.77 (m, ArH-8′), 7.20
(m, 2 ArH-6′ and 7′), 7.08 (m, ArH-5′), 5.84 (t, J = 6.5 Hz, 1
H-2), 4.27 (d, J = 6.5 Hz, 2 H-1), 2.84 (m, 2 H-4′), 2.00 (ddd, J =
13.5, 2.0, 7.0 Hz, 1 H-3′), 1.88 (s, 3 H-6), 1.66 (ddd, J = 13.5, 1.0,
5.0 Hz, 1 H-3′), 1.15 (s, 3 H-9′/10′), 1.07 (s, 3 H-9′/10′). 13C NMR:
d 138.8, 135.7, 134.9, 129.0, 128.2, 127.9, 126.4, 120.7, 96.5, 84.4,
75.1, 61.4, 37.5, 31.2, 25.7, 23.9, 23.6, 23.2. HRMS (m/z) C18H22O2


requires: 269.1542 [M-1]−; found 269.1536.


Methyl (2Z,4E)-(1′RS)-5-(2′,2′-dimethyl-1′-hydroxy-1′,2′,3′,4′-
tetrahydronaphthalen-1′ -yl)-3-methylpenta-2,4-dienoate (17).
The allylic alcohol 15 (6.0 g, 22.1 mmol) in dry THF was cooled
to −78 ◦C and RedAl R© (13.7 ml, 44.2 mmol) added dropwise via
syringe. The reaction mixture was stirred at −78 ◦C for 1 h and
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the allowed to warm up to 0 ◦C and stirred for a further 2 h.
The reaction was quenched by slow addition of water (100 mL)
and extracted with diethyl ether (2 × 200 mL). The organic phase
was washed with water (2 × 200 mL) and dried over anhydrous
Na2SO4. Evaporation of solvent left a crude brown oil of the
allylic alcohol 16 (6.05 g), which was carried through to the next
stage without any further purification. The crude allylic alcohol
16 (6.05 g, 22.2 mmol) was dissolved in dry acetone (250 mL) and
manganese dioxide (38.7 g, 445 mmol) was added. The mixture
was stirred at rt for 3 h, after which all the starting material had
disappeared. The black suspension was then filtered through a
bed on Celite R©. Evaporation of solvent left a clear brown oil of
the aldehyde (4.29 g), which was carried through to the next stage
without any further purification. 1H NMR of the crude mixture
showed the presence of an aldehyde proton. To the aldehyde
(4.29 g, 15.9 mmol), dissolved in methanol (150 mL), were added,
manganese dioxide (27.7 g, 318.0 mmol), sodium cyanide (2.80 g,
57.2 mmol) and glacial acetic acid (1.05 g, 17.5 mmol). The
mixture was stirred at rt for 4 h, after which all the starting
material had disappeared. The suspension was filtered over a
bed of Celite R© and washed with methanol (3 × 100 mL). The
combined filtrate was then concentrated under vacuum to yield a
light brown solid. Water (150 mL) was then added to the crude
solid and then extracted with ethyl acetate (3 × 200 mL). The
organic phase was washed with water (3 × 100 mL) and dried over
anhydrous Na2SO4. Evaporation of solvent yielded a brown oil.
Column chromatography using silica gel and 25% ethyl acetate
in hexane gave methyl ester 17 (3.3 g, 49%) over the three steps.
IR (mmax): 3500, 2924, 1715, 1633, 1601 cm−1. 1H NMR: d 7.79 (d,
J = 16.0 Hz, 1 H-4), 7.36 (dd, J = 6.5 and 1.0 Hz, ArH-8′), 7.16
(m, 2 ArH), 7.11 (m, 1 ArH), 6.30 (d, J = 16.0 Hz, 1 H-5), 5.68
(s, 1 H-2), 3.67 (s, 3 H, CO2CH3), 2.86 (t, J = 7.0 Hz, 2 H-4′),
1.98 (s, 3 H-6), 1.89 (dt, J = 14.0, 7.0 Hz, 1 H-3′), 1.68 (dt, J =
14.0, 7.0 Hz, 1 H-3′), 1.00 (s, 3 H-9′/10′), 0.96 (s, 3 H-9′/10′). 13C
NMR: d 166.7, 150.3, 141.4, 140.4, 135.7, 128.9, 128.2, 127.3,
126.6, 126.4, 117.0, 78.1, 51.0, 37.2, 33.0, 25.9, 24.1, 23.1, 21.3.
HRMS (m/z) C19H24O3 requires: 300.1725; found: 300.1721.


Methyl (2Z,4E) - (1′S) - 5 - (2′,2′ - dimethyl - 1′ - hydroxy - 4′ - oxo-
1′,2′,3′,4′-tetrahydronaphthalen-1′-yl)-3-methylpenta-2,4-dienoate
((+)-18). To the ester 17 (3.0 g, 10 mmol) dissolved in benzene
(100 mL), were added, pyridinium dichromate (5.64 g, 30 mmol)
and tert-butyl hydroperoxide (1.35 g, 15 mmol). The mixture
was stirred at rt for 4 h. Diethyl ether (50 mL) was added to the
reaction mixture and stirring continued for a further 30 min. The
mixture was then filtered through a bed of Celite R© and washed
with diethyl ether (3 × 25 mL). The combined organic filtrate
was then concentrated in vacuo, leaving a brown oil. Column
chromatography using silica gel with 25% ethyl acetate in hexane
afforded the unreacted starting material (1.20 g) with Rf 0.5 and
the desired ester 18 (1.48 g, 78%, based on amount of starting
material consumed). IR (mmax): 3457, 3067, 2962, 1722, 1682, and
1599 cm−1. 1H NMR: d 8.03 (dd, J = 1.0, 8.0 Hz, ArH-5′), 7.82
(d, J = 16.0 Hz, 1 H-4), 7.56 (m, 2 ArH-6′ and 8′), 7.42 (t, J =
7.0 Hz, ArH-7′), 6.35 (d, J = 16.0 Hz, 1 H-5), 5.72 (s, 1 H-2),
3.66 (s, 3 H, CO2CH3), 2.80 (d, J = 17.0 Hz, 1 H-3′), 2.56 (d, J =
17.0 Hz, 1 H-3′), 1.98 (s, 3 H-6), 1.07 (s, 3 H-9′/10′), 1.06 (s, 3
H-9′/10′). 13C NMR: d 197.3, 166.4, 149.4, 145.7, 138.5, 134.4,
130.9, 128.1 (2), 127.2, 126.7, 118.1, 78.2, 51.1, 49.7, 41.0, 24.3,


23.4, 21.7. HRMS (m/z) C19H22O4 requires: 314.1518; found:
314.1521. The enantiomers of ester 18 were resolved by chiral
HPLC (ChiralcelTM AS column (10 × 250 mm; Daicel Chemical
Industries, Ltd., iso-PrOH–hexane, 3 : 97) and had the following
optical rotations: [a]25


D +247 (c 1.2, CHCl3) (retention time
12.5 min) and −243 (c 1.0, CHCl3) (retention time 15.8 min) for
(+)-18 and (−)-18, respectively.


(2Z,4E)-(1′S)-5-(2′,2′ -Dimethyl-1′ -hydroxy-4′ -oxo-1′,2′,3′,4′-
tetrahydronaphthalen-1′-yl)-3-methylpenta-2,4-dienoic acid (+)-8).
A mixture of ester (+)-18 (0.05 g, 0.159 mmol) in MeOH (4 mL)
and 1.0 M KOH (4 mL) was stirred at 45 ◦C for 2 h, by which
point, all the starting material had disappeared. The solvent was
evaporated at reduced pressure, the aqueous layer acidified to pH 3
with 10% Cl and extracted with ethyl acetate (3 × 50 mL). The
combined organic extracts were dried over anhydrous Na2SO4,
and concentrated to provide acid (+)-8 (0.037 g, 76%). [a]25


D +193
(c 1.0, MeOH). IR (mmax): 3606–2488, 3453,1685, 1598 cm−1. 1H
NMR: d 8.02 (dd, J = 7.8, 1.2 Hz, ArH-5′), 7.74 (d, J = 16.0 Hz,
1 H-4), 7.52–7.59 (m, 2 ArH-7′ and 8′), 7.38–7.41 (m, ArH-6′/7′),
6.42 (d, J = 16.0 Hz, 1 H-5), 5.72 (s, 1 H-2), 2.80 (d, J = 17.0 Hz,
1 H-3′), 2.56 (d, J = 17.0 Hz, 1 H-3′), 2.02 (s, 3 H-6), 1.08 (s, 3
H-9′/10′), 1.06 (s, 3 H-9′/10′). 13C NMR: d 197.4, 171.0, 151.8,
145.6, 139.2, 134.5, 130.9, 128.4, 128.2, 127.2, 126.7, 117.7, 78.4,
60.4, 49.7, 41.1, 24.3, 23.4, 21.4. HRMS (m/z) C18H20O4 requires:
300.1362; found: 300.1351.


Methyl (2Z,4E,4′E)-(1′S,2′′R)-5-[2′,2′-dimethyl-1′-hydroxy-4′-
(2′′ -methoxymethylpyrrolidin-1′′ -ylimino)-1′,2′,3′,4′ -tetrahydrona-
phthalen-1′-yl]-3-methylpenta-2,4-dienoate (20). To a mixture of
ester 18 (42 mg, 0.13 mmol), RAMP (20 lL, 0.14 mmol), PTSA
(9.2 mg, 0.048 mmol) in dry toluene (2 mL) was heated at 110–
112 ◦C for 1 d. The reaction mixture was diluted with CH2Cl2


after it was cooled to rt. The organic layer was washed with sat.
NaHCO3, dried, and evaporated to give a residue. The residue
was separated by flash column chromatography (10–40 l silica gel
was used with 20% ethyl acetate–hexane) to provide hydrazone
20 (22.2 mg, 40%), [a]25


D −425 (c 1.3, CH2Cl2) and an inseparable
mixture of starting material and the other diastereomeric product
(25.3 mg). IR (mmax): 3457, 2965, 1714, 1634, 1601 cm−1. 1H NMR:
d 8.11 (m, 1H, Ar–H), 7.96 (d, 1H, J = 16.0 Hz, H-4), 7.23 (m,
3H, Ar–H), 6.31 (d, 1H, J = 16.0 Hz, H-5), 5.69 (s, 1H, H-2), 3.50
(m, 2H, CH2OCH3), 3.35 (m, 1H, H-5′′), 3.32 (s, 3H, OCH3), 3.29
(m, 1H, H-2′′), 2.72 (d, 1H, J = 16.0 Hz, H-3′), 2.65 (d, 1H, J =
16.0 Hz, H-3′), 2.51 (q, 1H, J = 8.5 Hz, H-5′′), 2.03 (m, 1H, H-3′′),
2.00 (s, 3H, 6-CH3), 1.85 (m, 2H, H-4′′), 1.71 (m, 1H, H-3′′), 0.99
(s, 3H, 10′or 9′-CH3), 0.88 (s, 3H, 9′or 10′-CH3). 13C NMR: d 166.6,
154.9, 150.0, 140.3, 139.7, 132.4, 129.4, 127.9, 127.8, 127.2, 124.8,
117.2, 77.7, 75.6, 67.0, 59.2, 54.6, 51.1, 39.1, 38.6, 26.8, 24.2, 24.0,
22.9, 21.3. HRMS (m/z) C25H34N2O4 requires: 427.2596 [M + 1]+;
found 427.2597.


Hydrolysis of hydrazone 20


A mixture of RAMP–hydrazone 20 (12.0 mg, 0.028 mmol) in
hexane (2 mL) and CH2Cl2 (0.1 mL) saturated oxalic acid (0.5 mL)
was stirred at rt for 3 d. The reaction mixture was extracted with
CH2Cl2, washed with saturated NaHCO3, dried and evaporated
to give a residue. The residue was purified by flash column
chromatography (25% ethyl acetate–hexane) to afford a product
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which from 1H NMR and the retention time from chiral HPLC
(Chiralpak AS column, 250 × 10 mm, Diacel Chemical Industries
Ltd, Japan) was confirmed as the ester (+)-17 (5.3 mg, 61%), [a]25


D +
255 (c 0.53, CHCl3).


(4E,1′E,3′Z) - (1S,2′′R) - 1 - (5′ - Hydroxy - 3′ - methylpenta - 1′,3′-
dienyl)-4-(2′′ -methoxymethylpyrrolidin-1′′ -ylimino)-2,2-dimethyl-
1,2,3,4-tetrahydronaphthalen-1-ol (21). To a suspension of
LiAlH4 (63.7 mg, 1.68 mmol) in anhydrous ether (15 mL) was
added hydrazone 20 (113 mg, 0.28 mmol) at rt and the mixture
stirred at rt for 3 h. The reaction was quenched with a drop of
water and then more water added. The mixture was acidified
with 3 N HCl to pH 4.0 and EtOAc added. The mixture was
then stirred for 20 min and then extracted with EtOAc, dried,
and concentrated to give a crude product which was purified by
column chromatography on silica gel, using 30% ethyl acetate–
hexane followed by 50% ethyl acetate–hexane) to provide the
pure hydrazone alcohol 21 (86.9 mg, 78%). IR (mmax) 3418, 2965,
2871 cm−1. 1H NMR: d 8.11 (m, 1H, Ar–H), 7.25 (m, 3H, Ar–H),
6.83 (d, 1H, J = 15.5 Hz, H-4), 5.96 (d, 1H, J = 15.5 Hz, H-5),
5.56 (t, 1H, J = 7.0 Hz, H-2), 4.17 (m, 2H, H-1), 3.52 (m, 2H,
CH2OCH3), 3.35 (m, 1H, H-5′′), 3.31 (s, 3H, OCH3), 3.29 (m, 1H,
H-2′′), 2.67 (s, 2H, H-3′), 2.51 (m, 1H, H-5′′), 2.03 (m, 1H, H-
3′′), 1.86 (m, 2H, H-4′′), 1.86 (s, 3H, 6-CH3), 1.72 (m, 1H, H-3′′),
0.97 (s, 3H, 10′or 9′-CH3), 0.88 (s, 3H, 9′or 10′-CH3). 13C NMR: d
155.1, 140.7, 134.4, 133.5, 132.5, 129.3, 128.4, 127.8, 127.1, 126.8,
124.8, 77.8, 75.6, 66.9, 59.2, 58.4, 54.6, 39.2, 38.4, 26.8, 24.2, 24.0,
22.9, 20.8. HRMS (m/z) C24H35N2O3 requires: 399.2647 [M + 1]+;
found: 399.2656.


(2Z,4E,4′E)-(1′S,2′′R)-5-[1′-Hydroxy-4′-(2′′-methoxymethylpyrro-
lidin-1′′ -ylimino)-2′,2′ -dimethyl-1′,2′,3′,4′ -tetrahydronaphthalen-
1′-yl]-3-methylpenta-2,4-dienal (22). A mixture of hydrazone
alcohol 21 (69 mg, 0.17 mmol) and MnO2 (300.8 mg, 3.46 mmol)
in acetone (5 mL) was stirred at RT for 16 h. The reaction mixture
was filtered over a bed of Celite R© and washed with acetone. The
combined filtrates and washings were evaporated to give a residue,
which was purified by column chromatography on silica using
30% ethyl acetate–hexane to provide the hydrazone aldehyde 22
(54.4 mg, 79%) and [a]25


D −533 (c 0.43, CH2Cl2). IR (mmax): 3429,
3060, 2965, 2873, 1666, 1632 cm−1. 1H NMR: d 10.2 (d, 1H, J =
8.0 Hz, H-1), 8.16 (m, 1H, Ar–H), 7.58 (d, 1H, J = 15.5 Hz, H-4),
7.27 (m, 3H, Ar–H), 6.38 (d, 1H, J = 15.5 Hz, H-5), 5.90 (d, 1H,
J = 8.0 Hz, H-2), 3.54 (m, 2H, CH2OCH3), 3.40 (m, 1H, H-5′′),
3.34 (s, 3H, OCH3), 3.32 (m, 1H, H-2′′), 2.71 (m, 2H, H-3′), 2.55
(m, 1H, H-5′′), 2.10 (s, 3H, 6-CH3), 2.07 (m, 1H, H-3′′), 1.89 (m,
2H, H-4′′), 1.75 (m, 1H, H-3′′), 1.03 (s, 3H, 10′or 9′-CH3), 0.94 (s,
3H, 9′or 10′-CH3). 13C NMR: d 190.4, 154.0, 153.6, 140.8, 139.7,
132.6, 129.5, 128.9, 128.3, 127.0, 125.7, 125.1, 78.0, 75.6, 67.0,
59.2, 54.8, 39.2, 38.7, 26.8, 24.3, 24.0, 23.0, 21.6. HRMS (m/z)
C24H33N2O3 requires: 397.2458 [M + 1]+; found: 397.2490.


(1E,2′Z,4′E,4′′E) - (1′′S,2′′′R) - 5 - (Dimethylamino) - N ′ -{5′ - [1′′-
hydroxy - 4′′ - (2′′′ - (methoxymethyl)pyrrolidin - 1′′′ - ylimino) - 2′′,2′′ -
dimethyl-1′′,2′′,3′′,4′′ -tetrahydronaphthalen-1′′ -yl]-3′ -methylpenta-
2′,4′-dienylidene}-naphthalene-1-sulfonohydrazide (23). A mix-
ture of the hydrazone aldehyde 22 (48.9 mg, 0.12 mmol), dansyl
hydrazine (32.8 mg, 0.12 mmol) and trichloroacetic acid (8.6 mg,
0.053 mmol) in ethanol (2 mL) was heated at 75 ◦C for 5 min.
The reaction was quenched by addition of several drops of sat.


NaHCO3. The ethanol was then removed in vacuo to give a residue,
which was diluted with CH2Cl2 and washed with water, dried and
concentrated to provide a crude product. The crude product was
purified by column chromatography on silica gel (10–40 l) using
30% ethyl acetate in hexane to give the pure dansyl hydrazone
23 (62.4 mg, 79%) as a yellow powder. The yellow powder was
then recrystallized from hexane–ethyl acetate (4 : 1) to give the
crystalline product: Mp: 110.1–114.9 ◦C (decomposition), [a]25


D


−306 (c 0.38, CH2Cl2). IR (mmax): 3513, 3214, 3059, 2960, 2871,
1689 (w), 1610, 1574 cm−1. 1H NMR: d 8.54 (d, 1H, J = 7.5 Hz, Ar–
H), 8.35 (m, 2H, Ar–H), 8.24 (br s,1H, NH), 8.12 (m, 1H, Ar–H),
7.91 (d, 1H, J = 10.0 Hz, H-1), 7.53 (m, 2H, Ar–H), 7.25 (m, 3H,
Ar–H), 7.15 (d, 1H, J = 7.5 Hz, Ar–H), 6.86 (d, 1H, J = 15.0 Hz,
H-4), 6.04 (d, 1H, J = 15.0 Hz, H-5), 5.93 (d, 1H, J = 10.0 Hz,
H-2), 3.52 (m, 2H, CH2OCH3), 3.38 (m, 1H, H-5′′), 3.32 (m, 1H,
H-2′′), 3.32 (s, 3H, OCH3), 2.86 (s, 6H, N(CH3)2), 2.66 (m, 2H,
H-3′), 2.54 (m, 1H, H-5′′), 2.02 (m, 1H, H-3′′), 1.88 (m, 2H, H-4′′),
1.88 (s, 3H, 6-CH3), 1.70 (m, 1H, H-3′′), 0.95 (s, 3H, 10′or 9′-CH3),
0.88 (s, 3H, 9′or 10′-CH3). 13C NMR: d 154.4, 151.9, 145.0, 141.0,
140.3, 136.1, 133.6, 132.5, 131.14, 131.08, 129.82, 129.75, 129.4,
128.4, 128.1, 127.0, 126.2, 124.8, 124.4, 123.3, 118.9, 115.2, 78.0,
75.6, 66.7, 59.0, 54.8, 45.4, 39.2, 38.6, 26.7, 24.2, 24.0, 22.9, 21.0.
HRMS (m/z) C36H46N5O4S requires: 644.3270 [M + 1]+; found:
644.3265. Single crystals of C36H45N5O4S 23 were recrystalized
from methanol, mounted in inert oil and transferred to the cold
gas stream of the diffractometer.


Crystal structure determination of compound 23§


Crystal data. C38H53N5O6S, M = 707.91, orthorhombic, a =
11.2340(2), b = 16.3940(2), c = 20.9930(3) Å, U = 3866.28(10)
Å3, T = 173(2) K, space group P212121, Z = 4, l = 0.134 mm−1,
32824 reflections measured, 4913 unique (Rint = 0.0637) which
were used in all calculations. The final wR2 was 0.0992 (all data).
The absolute configuration was known from the derivatization
and was not independently determined. There are two solvent
methanol molecules per asymmetric unit in the crystal. Both are
almost as well ordered as the major molecule and both are involve
in strong H-bonding schemes with one another and the major
molecule. Two atoms are showing asymmetric thermal ellipsoids
(O4 and C31), one being an ether oxygen and the other a terminal
methyl group. The disorder is not sufficiently severe so as to require
modelling of the disorder. Both groups would be expected to have
high vibrational motion. Most of the checkCIF errors are related
to the fact that the absolute configuration was not determined
using Friedel mates, because the configuration of the derivative
was known.


2-Methyl-4,4-ethylenedioxynaphthalen-1-one (25). 2-Methyl-
1-naphthol 24 (5.0 g, 31.6 mmol) dissolved in ethylene glycol
(100 mL) was added to a round bottomed flask (500 mL),
containing iodobenzene diacetate (21.4 g, 66.4 mmol) dissolved
in ethylene glycol (100 mL) and stirred at rt for 4 h. Reaction
was quenched by addition of H2O (50 mL) followed by extraction
with diethyl ether (3 × 150 mL). The organic phase was washed
with saturated NaCl solution (2 × 200 mL), dried over anhydrous
Na2SO4 and dried in vacuo. Flash chromatography using silica gel


§CCDC reference number 278290. For crystallographic data in CIF
format see DOI: 10.1039/b509193d
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with 50% ether in hexane yielded 25 (4.4 g, 64%). Mp: 125.1–
125.9 ◦C IR (mmax): 3290, 3074, 2984, 2910, 1658 cm−1. 1H NMR:
d 8.05 (dt, 1H, J = 8.0, 1.0 Hz, Ar–H), 7.57 (m, 2H, Ar–H), 7.46
(ddd, 1H, J = 3.0, 5.5, 8.0 Hz, Ar–H), 6.62 (q, 1H, J = 1.5 Hz,
H-3), 4.33 (m, 2H), 4.25 (m, 2H), 1.99 (d, 3H, J = 1.5 Hz)).
13C NMR: d 184.6, 141.1, 138.4, 135.7, 132.9, 130.9, 129.4, 126.5,
126.3, 100.2, 65.8, 16.0. HRMS (m/z) C13H12O3 requires: 216.0786;
found: 216.0790.


Methyl (2Z,4E)-(1′RS)-5-(1′-hydroxy-2′-methyl-4′-oxo-1′,4′-
dihydronaphthalen-1′-yl)-3-methylpenta-2,4-dienoate (29). Com-
pound 25 (2.0 g, 9.3 mmol) converted to ketal ester 28 in the same
manner as compound 13 was converted methyl ester 17. To the
above brown oil (ketal ester 28, 1.4 g) in THF (50 mL) in an ice
bath, was added 10% HCl (2 mL) and mixture stirred for 1 h, after
which all starting material had disappeared. Water (20 mL) was
added to mixture and extracted with diethyl ether (3 × 100 mL).
The organic phase was washed with saturated NaCl (100 mL)
and dried over anhydrous Na2SO4 and dried in vacuo. Flash
chromatography using silica gel with 3 : 1 (diethyl ether–hexane)
mixture afforded enone 29 (1.2 g, 75% over five steps) as white
crystals. Mp = 147–148 ◦C (EtOAc). IR (mmax): 3402, 3070, 2951,
1710, 1657, 1599 cm−1. 1H NMR: d 8.09 (d, 1H, J = 15.9 Hz),
8.01 (d, 1H, J = 7.8 Hz), 7.64 (d, 1H, J = 7.8 Hz), 7.54 (t, 1H,
J = 7.8 Hz), 7.39 (t, 1H, J = 7.8 Hz), 6.21 (s, 1H), 5.75 (d, 1H,
J = 15.9 Hz), 5.69 (s, 1H), 3.67 (s, 3H), 2.08 (s, 3H), 1.87 (s, 3H).
13C NMR: d 183.9, 166.4, 160.6, 149.6, 145.8, 138.4, 133.1, 129.4,
128.2, 127.5, 126.8, 126.4, 126.1, 118.2, 73.4, 51.2, 20.9, 18.6.
HRMS (m/z) C18H18O4 requires: 298.1205; found: 298.1190.


Methyl (2Z,4E)-(1′S,2′R/1′R,2′S)-5-(2′-ethynyl-1′-hydroxy-2′-
methyl-4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl)-3-methylpenta-
2,4-dienoate (30). Enone 29 (1.00 g, 3.35 mmol) in dry THF
(15 mL) was added dropwise to a cold (0 ◦C) solution of
ethynylmagnesium bromide (33.6 mL, 0.5 M in diethyl ether) in
THF (15 mL). After stirring for 6 h, the reaction mixture was
quenched by the addition of saturated NH4Cl (25 mL), followed
by extraction with diethyl ether (3 × 100 mL). The organic phase
was dried over anhydrous MgSO4, filtered through Celite and
dried in vacuo, leaving a yellow oil (1.18 g). Flash chromatography
using silica gel with 20% ethyl acetate in hexane yielded methyl
8′-acetylene tetralone ABA 30 (0.633 g, 58%) as a light yellow
solid. IR (mmax): 3481, 3291, 2080, 1981, 1691, 1636, 1601 cm−1.
1H NMR: d 8.03 (dd, 1H, J = 1.0, 8.0 Hz, H-5′), 7.70 (d, 1H, J =
8.0 Hz, H-8′), 7.62 (d, 1H, J = 16.0 Hz, H-4), 7.61 (dt, 1H, J =
1.0, 8.0 Hz, H-7′), 7.42 (dt, 1H, J = 1.0, 8.0 Hz, H-6′), 6.15 (d,
1H, J = 16.0 Hz, H-5), 5.68 (s, 1H, H-2), 3.61 (s, 3H, OCH3),
2.93 (d, 1H, J = 17.1 Hz, H-3′), 2.82 (s, 1H, OH), 2.77 (d, 1H,
J = 17.1 Hz, H-3′), 2.11 (s, 1H, alkyne), 1.93 (s, 3H, H-6), 1.42 (s,
3H, H-10′). 13C NMR: d 194.6, 166.1, 148.8, 146.5, 134.7, 134.5,
130.9, 130.1, 128.2, 127.4, 126.6, 118.9, 86.1, 77.2, 73.7, 51.1,
48.2, 43.9, 22.9, 20.9. HRMS (FAB+, m/z) C20H21O4 requires
325.1440 [M + 1]+; found: 325.1401. The enantiomers of ester
30 were resolved by chiral HPLC (ChiralcelTM OD column (10 ×
250 mm; Daicel Chemical Industries, Ltd., iso-PrOH–hexane,
20 : 80, 2.0 mL min−1) and had the following optical rotations:
[a]25


D + 265 (c 0.88, CHCl3) (retention time 18 min) and −288
(c 1.8, CHCl3) (retention time 26 min) for (+)-30 and (−)-30,
respectively.


(2Z,4E)-(1′S,2′R)-5-(2′ -Ethynyl-1′ -hydroxy-2′ -methyl-4′ -oxo-
1′,2′,3′,4′ -tetrahydronaphthalen-1′ -yl)-3-methylpenta-2,4-dienoic
acid ((+)-31). A mixture of ester (+)-30 (0.013 g, 0.0401 mmol)
in MeOH (1 mL) and 2.0 M KOH (1 mL) was stirred at 25 ◦C for
2 h, by which point, all the starting material had disappeared.
The solvent was evaporated at reduced pressure, the aqueous
layer acidified to pH 3 with 10% HCl and extracted with ethyl
acetate (3 × 50 mL). The combined organic extracts were dried
over anhydrous Na2SO4, and concentrated to provide acid (+)-31
(0.0101 g, 81%) as a white powder (was not re-crystallized). [a]25


D +
200 (c 1.0, MeOH). IR (mmax): 3600–2400, 3500, 3284, 2979, 1682,
1598 cm−1. 1H NMR (CD3OD): d 7.96 (dd, 1H, J = 1.5, 8.0 Hz,
Ar–H), 7.70 (d, 1H, J = 7.5 Hz, Ar–H), 7.65 (dt, 1H, J = 1.5,
7.5 Hz, Ar–H), 7.52 (d, 1H, J = 16.0 Hz, H-4), 7.43 (dt, 1H, J =
1.5, 8.0 Hz, Ar–H), 6.37 (d, 1H, J = 16.0 Hz, H-5), 5.69 (s, 1H,
H-2), 2.90 (d, 1H, J = 17.0 Hz, H-3′), 2.81 (d, 1H, J = 17.0 Hz, H-
3′), 2.39 (s, 1H, alkyne), 1.98 (s, 3H, H-6), 1.43 (s, 3H, H-10′). 13C
NMR (CD3OD): d 197.4, 169.3, 150.6, 148.7, 137.8, 135.5, 132.5,
131.0, 128.9, 128.7, 127.2, 120.1, 88.0, 78.7, 73.5, 44.7, 34.3, 23.4,
21.1. HRMS (m/z) C19H17O4 requires: 309.1127 [M-1]−; found:
309.1117.


2-Hydroxymethylene-3,4-dihydro-2H-naphthalen-1-one (32)22.
Hydroxymethylene-1-tetralone 32 (18.3 g, 92%) was prepared from
a-tetralone 12 (16.6 g, 114 mmol). IR (mmax): 3644–3200, 3025, 2846,
1602 cm−1. 1H NMR: d 14.61 (s, 1H), 8.20 (s, 1H), 7.93 (d, 1H,
J = 7.7 Hz, Ar–H), 7.41 (t, 1H, J = 7.5 Hz, Ar–H), 7.31 (t, 1H,
J = 7.5 Hz, Ar–H), 7.20 (d, 1H, J = 7.5 Hz, Ar–H), 2.86 (t, 3H,
J = 7.4 Hz, CH3), 2.54 (t, 3H, J = 7.4 Hz, CH3). HRMS (m/z)
C11H10O2 requires: 174.0681; found: 174.0685.


2-Methyl-1-oxo-1,2,3,4-tetrahydro-naphthalene-2-carbaldehyde
(33)23. A mixture of 2-hydroxymethylene-1-tetralone 32 (18.0 g,
102 mmol), CH3I (7.0 mL, 113 mmol) and KOH (6.3 g, 113 mmol)
in anhydrous 1,2-dimethoxyethane (DME) (200 mL) was stirred
at rt under argon atmosphere for 12 h. The precipitate (KI) was
filtered off and the filtrate concentrated in vacuo. The residue was
redissolved in diethyl ether (500 mL), washed with H2O (2 ×
150 mL) and dried over anhydrous Na2SO4. Concentration of
the ethereal solution and column chromatography of the residue
using silica gel and 15% ethyl acetate in hexane afforded the
aldehyde 33 (8.2 g, 44%) and 2-methoxymethylene-3,4-dihydro-
2H-naphthalen-1-one as a by-product (8.9 g, 46%). IR (mmax): 1732,
1681, and 1602 cm−1. 1H NMR: d 9.64 (s, 1H, CHO), 7.94 (d,
1H, J = 7.8 Hz, Ar–H), 7.41 (t, 1H, J = 7.4 Hz, Ar–H), 7.22
(t, 1H, J = 7.4 Hz, Ar–H), 7.15 (d, 1H, J = 7.8 Hz, Ar–H),
2.93 (m, 2H, CH2), 2.40 (m, 1H, CH2), 1.92 (m, 1H, CH2), 1.31
(s, 3H, CH3),. HRMS (m/z) C12H12O2 requires: 188.0837; found:
188.0825.


2-Methoxymethylene-3,4-dihydro-2H -naphthalen-1-one. 1H
NMR: d 8.01 (d, 1H, J = 7.8 Hz, Ar–H), 7.50 (s, 1H, CH3), 7.39
(t, 1H, J = 7.3 Hz, Ar–H), 7.28 (t, 1H, J = 7.3 Hz, Ar–H), 7.19 (d,
1H, J = 7.5 Hz, Ar–H), 3.87 (s, 3H, CH3), 2.85 (t, 2H, J = 6.5 Hz,
CH2), 2.68 (t, 2H, J = 6.5 Hz, CH2). HRMS (m/z) C12H12O2


requires: 188.0837; found 188.0839.


2-Dimethoxymethyl-2-methyl-3,4-dihydro-2H-naphthalen-1-one
(34). To a solution of aldehyde 33 (4.0 g, 21.3 mmol) in reagent
grade MeOH (200 mL), was added, 0.25 g NH4Cl and reaction
mixture stirred at 65 ◦C for 3 h. The solvent was evaporated
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in vacuo and the resulting residue taken up in ethyl acetate
(350 mL), washed with H2O (2 × 100 mL) and dried over
anhydrous Na2SO4. Column chromatography using silica gel with
14% ethyl acetate in hexane afforded the keto acetal 34 (3.64 g,
73%) as a yellow oil. IR (mmax): 3340, 2934, 2830, 1679, 1601 cm−1.
1H NMR: d 7.98 (d, 1H, J = 7.8 Hz, Ar–H), 7.39 (t, 1H, J =
7.3 Hz, Ar–H), 7.23 (t, 1H, J = 7.3 Hz, Ar–H), 7.17 (d, 1H, J =
7.8 Hz, Ar–H), 4.67 (s, 1H, CH), 3.51 (s, 3H, OCH3), 3.43 (s,
3H, OCH3), 2.91 (m, 2H, CH2), 2.34 (m, 1H, CH2), 1.88 (m, 1H,
CH2), 1.14 (s, 3H, CH3). 13C NMR: d 200.1, 143.6, 133.0, 131.7,
127.5, 127.1, 126.3, 110.4, 58.6, 58.5, 50.4, 26.6, 24.9 and 19.0.
HRMS (m/z) C14H18O3 requires: 234.1256; found: 234.1252.


(3′Z) - (1R,2S/1S,2R) -2 -Dimethoxymethyl -1 - [5′ -hydroxy-3′-
methylpent-3′-en-1′-ynyl]-2-methyl-1,2,3,4-tetrahydronaphthalen-
1 - ol (35) and (3′Z) - (1R,2R/1S,2S) - 2 - Dimethoxymethyl - 1 - [5′ -
hydroxy-3′-methylpent-3′-en-1′-ynyl]-2-methyl-1,2,3,4-tetra-hydro-
naphthalen-1-ol (36). The side chain was added to 34 (24.4 g,
15.4 mmol) in the same manner as for compound 13. Column
chromatography using silica gel with hexane–EtOAc (6 : 1 to 4 :
1) afforded two diastereomeric products 35 (Rf = 0.13 hexane–
EtOAc 1 : 1, 18.1 g, 52.8%) and 36 (Rf = 0.17 hexane–EtOAc 1 :
1, 10.6 g, 30.8%), both as light yellow solids. IR (mmax); 3380, 3055,
2940, 2278, 1602 cm−1.


Compound 35. 1H NMR: d 7.76 (m, 1H, Ar–H), 7.17 (m, 2H,
Ar–H), 7.07 (m, 1H, Ar–H), 5.85 (t, 1H, J = 6.8 Hz, CH), 4.53 (s,
1H, CH), 4.27 (d, 2H, J = 6.8 Hz, CH2), 3.56 (s, 6H, OCH3), 2.86
(m, 2H, CH2), 2.23 (m, 1H, CH2), 1.91 (s, 3H, CH3), 1.83 (m, 1H,
CH2), 1.04 (s, 3H, CH3),. 13C NMR: d 144.3, 144.6, 135.5, 133.0,
132.8, 128.5, 127.1, 124.4, 110.3, 89.6, 75.8, 58.6, 58.7, 57.8, 50.5,
29.7, 26.7, 24.9, 22.8, and 17.8. HRMS (m/z) C22H29O6 requires:
389.1969 [M + O2CCH3]−; found: 389.1955.


Compound 36. 1H NMR: d 7.72 (d, 1H, J = 7.8 Hz, Ar–H),
7.19 (t, 1H, J = 7.3 Hz, Ar–H), 7.13 (t, 1H, J = 7.3 Hz, Ar–H),
7.02 (d, 1H, J = 7.7 Hz, Ar–H), 5.77 (t, 1H, J = 6.7 Hz, CH),
4.58 (s, 1H, CH), 4.13 (d, 2H, J = 6.7 Hz, CH2), 3.64 (s, 3H,
CH3), 3.61 (s, 3H, CH3), 2.75–2.87 (m, 2H, CH2), 1.81–1.83 (m,
2H, CH2), 1.80 (s, 3H, CH3), 0.95 (s, 3H, CH3). 13C NMR: d 143.3,
143.3, 135.5, 133.8, 132.8, 129.8, 128.3, 124.4, 111.3, 89.6, 76.8,
58.8, 58.7, 57.6, 51.5, 29.7, 27.7, 24.9, 21.8, and 18.8. HRMS (m/z)
C22H29O6 requires: 389.1969 [M + C2H3O2]−; found: 389.1971.


Methyl (2Z,4E)-(1′R,2′S/1′S,2′R)-5-[2′-dimethoxymethyl-1′-
hydroxy - 2′ - methyl - 1′,2′,3′,4′ - tetrahydronaphthalen - 1′ - yl] - 3 -
methylpenta - 2,4 - dienoate (37). Allylic alcohol 35 (1.30 g,
3.94 mmol) was converted to ester 37 (0.65 g, 37% over three
steps) in the same manner as the conversion of 15 to 17. IR (mmax):
3434, 2946, 1714, 1631, 1600 cm−1. 1H NMR: d 7.62 (d, 1H, J =
16 Hz, CH), 7.42 (d, 1H, J = 7.3 Hz, Ar–H), 7.16 (m, 3H, Ar–H),
6.32 (d, 1H, J = 16 Hz, CH), 5.66 (s, 1H, CH), 4.23 (s, 1H, CH),
3.64 (s, 3H, CH3), 3.56 (s, 3H, CH3), 3.42 (s, 3H, CH3), 2.86 (m,
2H, CH2), 2.12 (m, 1H, CH), 1.99 (s, 3H, CH3), 1.76 (m, 1H,
CH), 1.02 (s, 3H, CH3),. 13C NMR: d 166.5, 150.1, 142.2, 140.6,
135.1, 128.5, 127.8, 127.1, 126.1, 117.2, 110.8, 77.3, 60.4, 58.7,
51.0, 45.0, 25.8, 25.1, 21.3, 16.2. HRMS (m/z) C21H28O5 requires:
360.1937; found: 360.1935.


Methyl (2Z,4E)-(1′R,2′S/1′S,2′R)-5-[2′-dimethoxymethyl-1′-
hydroxy-2′-methyl-4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-
methylpenta-2,4-dienoate (38)16. Benzylic oxidation of ester 37


(0.566 g, 1.57 mmol) yielded the desired compound 38 (0.260 g,
44%) and recovered starting material 37 (0.18 g) using same
procedure as for the conversion of 17 to 18. IR (mmax): 3420, 2945,
1713, 1683, 1634, 1599 cm−1. 1H NMR: d 7.99 (d, 1H, J = 7.8 Hz,
Ar–H), 7.64 (d, 1H, J = 16 Hz, CH), 7.60 (d, 1H, J = 7.3 Hz,
Ar–H), 7.56 (t, 1H, J = 6.6 Hz, Ar–H), 7.39 (t, 1H, J = 6.6 Hz,
Ar–H), 6.27 (d, 1H, J = 16 Hz, CH), 5.67 (s, 1H, CH), 4.16 (s,
1H, CH), 3.62 (s, 3H, CH3), 3.46 (s, 3H, CH3), 3.34 (s, 3H, CH3),
2.89 (d, 1H, J = 18 Hz, CH2), 2.58 (d, 1H, J = 18 Hz, CH2),
1.95 (s, 3H, CH3), 1.11 (s, 3H, CH3). 13C NMR: d 196.7, 166.3,
149.3, 145.6, 138.5, 134.6, 131.2, 128.9, 127.9, 127.0, 126.4, 118.3,
110.6, 77.1, 59.5, 57.9, 51.1, 48.5, 44.5, 21.2, 16.2. HRMS (m/z)
C21H26O6 requires: 374.1729; found: 374.1736.


Methyl (2Z,4E)-(1′R,2′S/1′S,2′R)-5-[2′-formyl-1′-hydroxy-2′-
methyl-4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-methylpenta-
2,4-dienoate (39). The ester 38 (0.250 g, 0.688 mmol) was
dissolved in CHCl3 (8 mL) to which 50% aq. TFA (4 mL) was
then added. The reaction mixture was refluxed for 4 h and then
allowed to cool to rt. The CHCl3 layer was washed with H2O
(25 mL) followed by a saturated solution of NaHCO3 (25 mL)
and then dried over anhydrous Na2SO4. PrepTLC on silica gel
coated glass plate (20 × 20 cm) using 33% ethyl acetate in hexane
yielded aldehyde 39 (0.180 g, 82%). IR (mmax): 3432, 2949, 2845,
1717, 1686, 1636, 1599 cm−1. 1H NMR: d 9.66 (s, 1H, CHO), 8.00
(d, 1H, J = 7.7 Hz, Ar–H), 7.72 (d, 1H, J = 16 Hz, CH),7.59 (m,
2H, 2 × Ar–H), 7.40 (m, 1H, Ar–H), 6.19 (d, 1H, J = 16 Hz,
CH), 5.72 (s, 1H, CH), 3.63 (s, 3H, CH3), 3.09 (d, 1H, J = 18 Hz,
CH), 2.67 (d, 1H, J = 18 Hz, CH), 1.95 (s, 3H, CH3), 1.27 (s, 3H,
CH3). 13C NMR: d 205.0, 194.3, 166.3, 148.7, 145.7, 136.2, 135.0,
130.6, 129.3, 128.6, 127.1, 126.5, 119.1, 54.8, 51.2, 43.4, 21.1,
16.7. HRMS (m/z) C19H20O5 requires: 328.1311; found: 328.1314.


Methyl (2Z,4E)-(1′R,2′R/1′S,2′S)-5-[1′-hydroxy-2′-hydroxy-
methyl-2′ -methyl-4′ -oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-
methylpenta-2,4-dienoate (40). To the aldehyde 39 (0.100 g,
0.305 mmol) in CH3OH (5 mL) was added 0.1 g of NaBH4 and
mixture stirred at rt for 20 min. H2O (5 mL) was then added and
the mixture stirred for a further 30 min. The reaction mixture
was then extracted with ethyl acetate (3 × 25 mL), washed with
saturated NaCl solution and dried over anhydrous Na2SO4.
The solvent was removed in vacuo, leaving a residue of the tri-
hydroxy product (0.077 g), which was carried through to the next
stage without further purification. To a stirred solution of the
trihydroxy intermediate (0.077 g, 0.233 mmol) in reagent grade
acetone (20 mL) was added MnO2 (0.406 g, 4.67 mmol). The
reaction mixture was stirred at rt for 2 h, filtered over a Celite R©


bed and the filtrate concentrated in vacuo. The resulting residue
was purified by PrepTLC on silica gel coated plate (20 × 20 cm)
using EtOAc–hexane (2 : 3) to give the desired hydroxyester 40
(0.074 g, 74%) over the two steps. IR (mmax): 3477, 3060, 2987,
1704, 1686, and 1594 cm−1. 1H NMR: d 8.02 (dd, 1H, J = 7.8
and 1.2 Hz, Ar–H), 7.87 (d, 1H, J = 16.0 Hz, CH), 7.55 (dt, 1H,
J = 7.3 and 1.3 Hz, Ar–H), 7.50 (d, 1H, J = 7.1 Hz, Ar–H), 7.39
(dt, 1H, J = 7.3 and 1.3 Hz, Ar–H), 6.31 (d, 1H, J = 16.0 Hz,
CH), 5.74 (s, 1H, CH), 3.71 (d, 1H, J = 11.3 Hz, CH2), 3.65
(s, 3H, CH3), 3.57 (d, 1H, J = 11.2 Hz, CH2), 3.08 (d, 1H, J =
18.0 Hz, CH), 2.47 (d, 1H, J = 18.0 Hz, CH), 2.01 (s, 3H, CH3),
1.03 (s, 3H, CH3). 13C NMR: d 197.3, 166.6, 149.7, 145.3, 137.9,
134.6, 130.8, 129.1, 128.4, 127.3, 126.8, 118.1, 79.3, 69.8, 51.2,
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45.4, 43.8, 21.3, 19.8. HRMS (m/z) C19H22O5 requires: 330.1467;
found: 330.1467.


(2Z,4E)-(1′S,2′S)-5-[1′-Hydroxy-2′-hydroxymethyl-2′-methyl-
4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-methylpenta-2,4-
dienoic acid [(+)-10].


Resolving the dihydroxyester 40 by chiral HPLC. Dihydrox-
yester 40 was resolved on a chiral HPLC column (250 × 10 mm,
Whelk-01, Kromasil, Regis Technologies Inc., USA) with 6% IPA
in hexane at 7.5 mL min−1 and UV detection at 262 nm, to afford
(+)-40 [a]25


D +189 (c 1.57, CHCl3) and (−)-40 [a]25
D −191 (c 1.43,


CHCl3) with retention times of 20.5 and 24.2 min, respectively.
The resolved esters were hydrolyzed to the corresponding acids


by using esterase from porcine liver (Sigma Cat. No. E-3019) as
follows: The ester (+)-40 (15.7 mg, 4.76 × 10−5mmol) was dissolved
in MeOH (10 drops) to which a phosphate buffer at pH 8.0
(1.5 mL) was added. The pH of the mixture was maintained at
8.8 using 1.0 M KOH. The reaction mixture was stirred at rt for
24 h after which all the starting material had disappeared. MeOH
was evaporated in vacuo and reaction mixture acidified with 10%
HCl. The reaction mixture was then extracted with EtOAc, washed
with saturated NaCl, dried over anhydrous Na2SO4 and solvent
evaporated in vacuo to afford the (+)-enantiomer of the acid (+)-
10 (9.2 mg, 61%), as an oil. [a]25


D +163 (c 0.92, CHCl3). IR (mmax):
3610–2457, 3452, 1684, 1601 cm−1. 1H NMR: d 8.00 (d, 1H, J =
7.7 Hz, Ar–H), 7.82 (d, 1H, J = 16.0 Hz, CH), 7.56 (t, 1H, J =
7.5 Hz, Ar–H), 7.48 (d, 1H, J = 7.2 Hz, Ar–H), 7.40 (t, 1H, J =
7.5 Hz, Ar–H), 6.31 (d, 1H, J = 16.0 Hz, CH), 5.74 (s, 1H, CH),
3.72 (d, 1H, J = 11.2 Hz, CH), 3.55 (d, 1H, J = 11.2 Hz, CH),
3.07 (d, 1H, J = 17.3 Hz, CH), 2.48 (d, 1H, J = 17.3 Hz, CH),
2.04 (s, 3H, CH3), 1.03 (s, 3H, CH3). 13C NMR: d 197.7, 170.1,
151.4, 144.9, 138.4, 134.6, 130.7, 129.3, 128.5, 127.4, 126.8, 118.0,
79.5, 69.6, 45.2, 43.7, 21.6, 19.8. HRMS (m/z) C18H19O5 requires:
315.1237 [M − 1]−; found: 315.1232. The ester (−)-40 (14.3 mg,
4.33 × 10−5 mmol) was treated the same way as above and afforded
(−)-10 (8.6 mg, 63%), as an oil. [a]25


D −160 (c 1.34, CHCl3).
Diastereomer 36 was transformed and resovled to give (+)-11


and (−)-11 using the same procedure for the conversion of 35 to
(+)-10 and (−)-10.


Methyl (2Z,4E)-(1′R,2′R/1′S,2′S)-5-[2′-dimethoxymethyl-1′-
hydroxy-2′-methyl-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-methyl-
penta-2,4-dienoate (diastereomer of 37). IR (mmax): 3476, 2944,
1713, 1632, 1599 cm−1. 1H NMR: d 7.76 (d, 1H, J = 16 Hz, CH),
7.48 (d, 1H, J = 7.5 Hz, Ar–H), 7.03–7.14 (m, 3H, Ar–H), 6.38
(d, 1H, J = 16 Hz, CH), 5.65 (s, 1H, CH), 4.03 (s, 1H, CH), 3.68
(s, 3H, CH3), 3.58 (s, 3H, CH3), 3.48 (s, 3H, CH3), 2.82–2.97 (m,
2H, CH2), 1.92 (s, 3H, CH3), 1.80 (m, 2H, CH2), 1.04 (s, 3H,
CH3). 13C NMR: d 166.5, 150.2, 142.5, 139.3, 133.7, 128.0, 127.9,
126.7, 126.6, 124.4, 117.1, 113.1, 60.7, 57.3, 51.0, 45.7, 27.7, 24.6,
21.4, 12.3. C21H28O5Na requires: 383.1828 [M + Na]+•; found:
383.1833.


Methyl (2Z,4E)-(1′R,2′R/1′S,2′S)-5-[2′-dimethoxymethyl-1′-
hydroxy-2′-methyl-4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-
methylpenta-2,4-dienoate (diastereomer of 38). IR (mmax): 3465,
2946, 1712, 1682, 1632, 1599 cm−1. 1H NMR: d 7.96 (dd, 1H,
J = 7.9 and 1.2 Hz, Ar–H), 7.84 (d, 1H, J = 16 Hz, CH), 7.67
(dd, 1H, J = 7.3 and 0.7 Hz, Ar–H), 7.57 (dt, 1H, J = 6.6 and
1.2 Hz, Ar–H), 7.34 (dt, 1H, J = 6.7 and 1.2 Hz, Ar–H), 6.33 (d,


1H, J = 16 Hz, CH), 5.68 (s, 1H, CH), 4.20 (s, 1H, CH), 3.67
(s, 3H, CH3), 3.59 (s, 3H, CH3), 3.53 (s, 3H, CH3), 2.67 (d, 1H,
J = 18 Hz, CH), 2.62 (d, 1H, J = 18 Hz, CH), 1.91 (s, 3H, CH3),
1.07 (s, 3H, CH3). 13C NMR: d 195.8, 166.3, 149.4, 145.8, 139.3,
134.9, 129.5, 127.5, 127.1, 126.4, 126.0, 118.1, 111.4, 76.7, 60.8,
57.2, 51.1, 48.3, 44.8, 21.3, 13.9. HRMS (m/z) C22H27O8 requires:
419.1711 [M + CHO2]−; found: 419.1718.


Methyl (2Z,4E)-(1′R,2′R/1′S,2′S)-5-[2′-formyl-1′-hydroxy-2′-
methyl-4′-oxo-1′,2′,3′,4′-tetrahydronaphthalen-1′-yl]-3-methylpenta-
2,4-dienoate (diastereomer of 39). IR (mmax): 3455, 2930, 1714,
1685, 1636, 1600 cm−1. 1H NMR: d 9.73 (s, 1H, CHO), 8.06 (d,
1H, J = 7.8 Hz, Ar–H), 7.74 (d, 1H, J = 16 Hz, CH), 7.61 (t, 1H,
J = 7.3 Hz, Ar–H), 7.57 (d, 1H, J = 7.1 Hz, Ar–H), 7.45 (t, 1H,
J = 7.3 Hz, Ar–H), 6.29 (d, 1H, J = 16 Hz, CH), 5.72 (s, 1H,
CH), 3.63 (s, 3H, CH3), 2.95 (d, 1H, J = 18 Hz, CH), 2.83 (d, 1H,
J = 18 Hz, CH), 1.93 (s, 3H, CH3), 1.26 (s, 3H, CH3). 13C NMR: d
203.5, 194.9, 166.3, 148.8, 143.9, 136.8, 134.9, 130.5, 129.3, 128.7,
127.0, 126.6, 119.1, 76.5 55.1, 51.2, 42.4, 21.1, 16.7. HRMS (m/z)
C20H21O7 requires: 373.1292 [M + CHO2]−; found: 373.1299.


Methyl (2Z,4E)-(1′R,2′S/1′S,2′R)-5-[1′-hydroxy-2′-hydroxy-
methyl-2′ -methyl-4′ -oxo-1′,2′,3′,4′ -tetrahydronaphthalen-1′ -yl]-3-
methylpenta - 2,4 - dienoate (diastereomer of 40). IR (mmax): 3437,
2948, 1686, 1633, 1599 cm−1. 1H NMR: d 7.99 (dd, 1H, J = 7.8
and 1.2 Hz, Ar–H), 7.75 (d, 1H, J = 15.9 Hz, CH), 7.60 (dd, 1H,
J = 7.2 and 1.5 Hz, Ar–H), 7.58 (dt, 1H, J = 7.3 and 1.1 Hz,
Ar–H), 7.36 (dt, 1H, J = 7.3 and 1.1 Hz, Ar–H), 6.32 (d, 1H,
J = 15.9 Hz, CH), 5.68 (s, 1H, CH), 3.89 (d, 1H, J = 10.5 Hz,
CH2), 3.64 (s, 3H, CH3), 3.44 (d, 1H, J = 10.6 Hz, CH2), 2.50
(d, 1H, J = 17.5 Hz, CH), 2.34 (d, 1H, J = 17.5 Hz, CH), 1.92
(s, 3H, CH3), 1.18 (s, 3H, CH3). 13C NMR: d 195.8, 166.8, 150.4,
146.3, 138.8, 134.8, 129.7, 127.7, 127.5, 126.6, 126.3, 117.8, 78.4,
69.8, 51.3, 45.0, 44.0, 21.5, 18.6. HRMS (m/z) C19H21O5 requires:
329.1394 [M − H]−; found: 329.1394.


(2Z,4E)-(1′R,2′S)-5-[1′ -Hydroxy-2′ -hydroxymethyl-2′ -methyl-
4′ -oxo-1′,2′,3′,4′ -tetrahydronaphthalen-1′ -yl]-3-methylpenta-2,4-
dienoic acid [(+)-11]. The diastereomer of 40 was resolved as
described earlier to afford (+)-(1′R,2′S)-ester, [a]25


D +272 (c 0.87,
CHCl3) and (−)-(1′S,2′R)-ester, [a]D −277 (c 1.01, CHCl3). The
retention times were 17.7 and 20.2 min, respectively.


The resolved esters were hydrolyzed using esterase as described
for 40 above. The (+)-(1′R,2′S)-ester (15.0 mg, 4.55 × 10−5 mmol)
afforded the corresponding acid (+)-11 (9.0 mg, 63%), [a]25


D +
256 (c 0.18, CHCl3) while the (−)-(1′S,2′R)-ester (16.0 mg. 4.85 ×
10−5 mmol) yielded the acid (−)-11 (9.4 mg, 61%), [a]25


D −259 (c
0.10, CHCl3). IR (mmax): 3652–2455, 3400, 1684, 1599 cm−1. 1H
NMR: d 8.00 (d, 1H, J = 7.8 Hz, Ar–H), 7.70 (d, 1H, J = 16.0 Hz,
CH), 7.63 (d, 1H, J = 7.8 Hz, Ar–H), 7.60 (t, 1H, J = 7.2 Hz,
Ar–H), 7.40 (t, 1H, J = 7.2 Hz, Ar–H), 6.37 (d, 1H, J = 16.0 Hz,
CH), 5.70 (s, 1H, CH), 3.91 (d, 1H, J = 10.5 Hz, CH), 3.45 (d,
1H, J = 10.5 Hz, CH), 2.53 (d, 1H, J = 17.5 Hz, CH), 2.33 (d,
1H, J = 17.5 Hz, CH), 1.96 (s, 3H, CH3), 1.20 (s, 3H, CH3).
13C NMR: d 196.7, 169.0, 149.7, 146.4, 138.9, 134.7, 129.7, 127.5,
127.0, 126.4, 126.2, 118.7, 78.5, 68.9, 44.9, 43.8, 21.2, 18.4. HRMS
(m/z) C18H19O5 requires: 315.1237 [M − 1]−; found: 315.1242.
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The role of local geometric and stereo-electronic effects in tuning the alkylation of DNA by
duocarmycins has been analyzed by an integrated computational tool rooted in the density functional
theory and the polarizable continuum model. Our study points out that together with steric
accessibility, different electronic delocalisations also contribute to determine the higher reactivity of
adenine with respect to guanine. Also the effect of the methyl ester group on the alkylating agent has an
electronic origin. Furthermore, deviations from the planarity in the drug structure (conformational
catalysis) could be less important than currently accepted since, according to our computations,
compounds with strongly different reactivity have nearly constant and very similar out of plane
distortions before and after the reaction. Model computations suggest, instead, that specific non
covalent interactions could discriminate between different drugs selectively reducing some activation
energies with respect to the corresponding processes in solution.


1. Introduction


The search for new anticancer agents is an important area of
research because current chemotherapy is still largely based on
systemic delivery of drugs with poor selective cytotoxicities.


Many efforts are currently directed toward the discovery of
anticancer agents able to bind directly to DNA or to inhibit
DNA-binding enzymes.1–4 In this framework, the interest in
the DNA alkylating agents is expanding, as demonstrated by
the recent synthesis and characterization of small molecules
like ecteineascidin 743,5 brostacillin,6,7 pyrrolobenzodiazepines,8,9


isofulven,10 CC-1065 and duocarmycin analogs.11–17


(+)-Duocarmycin SA (DSA (1), Fig. 1), isolated from cultures
of Streptomyces,11 has revealed promising antitumor activity as
a result of its capacity to bind within AT-rich minor groove
regions of duplex B-DNA forming a covalent adduct (Fig. 2).
Although the chemical pathway leading to the formation of the
covalent adduct has not yet been fully elucidated, recent studies
of structure–activity relationships provided interesting insights.


The DNA alkylation reaction by (+)-DSA and its derivatives is
exceptionally facile and proceeds via a nucleophilic attack of an
adenine (N3) to the least substituted carbon of the cyclopropyl
group.11 This efficient alkylation of DNA is in contrast with the
high stability of these molecules under solvolytic conditions.18–21


Furthermore, the strong experimental evidence that the alkylation
of DNA by duocarmycin does not require acid catalysis22–24 points
out the role of a DNA binding-induced conformational change25,26
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unina.it
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computed energies, imaginary frequencies and thermodynamic data for all
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able to reduce the vinylogous amide conjugation in the alkylation
subunit with the consequent activation of the ligands toward a
nucleophilic attack. On these grounds, it has been suggested that
the enhancement of the alkylating properties of duocarmycins by
DNA is related to the lifting of the intrinsic near-coplanarity of
the two subunits A and B (described by the torsion angles v1, v2,
v3, Fig. 1) induced by binding to AT-rich duplex DNA, with the
consequent strong reduction of the conjugation present in the free
ligand, and increase of the electrophilicity of the cyclopropyl ring.
This effect could be sufficient to activate a nucleophilic addition
independent of pH, under physiological conditions.


According to this model, the reaction rate would be related to
the inter-subunit twist, namely a direct result of the structural
features of the ligand. However, although the results of several
experimental studies point out the importance of the methyl
ester27 on the alkylating unit A of duocarmycin SA and of the
methoxy groups28,29 on the binding unit B, the specific role of
these substituents is still ill defined. In our opinion, a deeper
insight into this problem can be obtained in terms of the
reaction profile of model systems with special reference to the
geometries and energies of prototype transition states. A quantum
mechanical study could be the most appropriate tool to obtain
such information, provided that the computational model couples
reliability and feasibility for quite large systems.


Thanks to the recent advances in quantum mechanical (QM)
methods rooted in the density functional theory (DFT)30–32 and
of continuum solvent models (e.g. the so called polarizable conti-
nuum model, PCM32), systems of biological and pharmacological
interest in their natural aqueous environment can be nowadays
treated with remarkable accuracy, a particularly effective approach
being offered by hybrid functionals (here PBE033) coupled to
PCM.32


Using this integrated computational strategy, the first part of
our study is devoted to the analysis of the electronic factors
responsible for the selectivity of the (+)-DSA attack toward
adenine through a comparative investigation of adenine and
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Fig. 1 Structure of natural compound (+)-DSA (1), and synthetic compounds (+)-DSI (2), (+)-CPI (3), (+)-N-Boc-CPI (4), (+)-N-Boc-DSA (5).


Fig. 2 Schematic representation of the DNA alkylation.


guanine alkylation reactions, and to the evaluation of the role
played by non covalent interactions on the title reaction. Next, we
perform a comparative examination of representative models [(+)-
DSI and (+)-CPI with adenine] allowing a detailed examination
of the subunit A of the natural product, (+)-DSA. The side-
by-side comparisons of the systems pointed out the role of
electronic effects related to the presence of the methyl ester in
influencing the overall reactivity and the most important structural
features tuning the alkylation reaction. Furthermore, we present
a preliminary exploration of the role of the methoxy groups on
the binding unit (B), in terms of electronic effects, by a combined
discrete–continuum model in which some specific interactions are
modeled at the quantum mechanical level, whereas the effect of
more distant parts of DNA is taken into account by means of
an effective polarizable continuum. Finally, we tried to analyze
reactivity trends in terms of hardness (g) and electrophilicity (x)
indexes, obtained by DFT calculations.


The paper is organized as follows: in section 2, we describe
the computational details of the methods used. Section 3 starts
with the results obtained on the same ligand structures that
have previously been analyzed experimentally, in order to assess
the accuracy of the selected computational approach. Next, in
subsection 3.1 we study the reaction of the same electrophilic
species [(+)-CPI] with adenine and guanine; in subsection 3.2
we investigate the reaction with a simplified model analyzing the
influence of the solvent and of hydrogen bonds, by using explicit


water molecules; in subsection 3.3 we compare the reactivity of
several ligands toward the same nucleophile (adenine). In section
4 we discuss our results in terms of the different factors possibly
influencing the reactivity, and we end with conclusions.


2. Methods


2. Computational details


All the calculations were carried out using the Gaussian03
package.34 In the gas phase, all structures were fully optimized
and characterized as minima or transition states by calculating the
harmonic vibrational frequencies at the PBE0/6-31G(d) level.33–35


Zero point energies (ZPE’s) and thermal contributions to thermo-
dynamic functions and activation parameters were computed from
PBE0/6-31G(d) structures and harmonic frequencies by using the
rigid rotor–harmonic oscillator approximation and the standard
expressions for an ideal gas in the canonical ensemble at 298.15 K
and 1 atm.


Solvent effects have been taken into account by PCM,32 in which
the solvent is represented by an infinite dielectric medium charac-
terized by the relative dielectric constant of the bulk. We recall that
the solvation energies obtained from PCM computations have the
status of free energies, since they implicitly take into account the
thermal and entropic contributions of the solvent.36
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Reaction paths were characterized at the PBE0/6-31G(d) level
in terms of the intrinsic reaction coordinate (IRC)37 starting from
the optimized transition structure (TS) and using 10 steps in each
direction, with a step size of 0.3 amu−1/2 bohr.


Electronic structures were then analyzed using the natural bond
orbital (NBO) model, which allows evaluation of the stabilization
energy connected to interactions between occupied orbitals of one
reactant and empty orbitals of the second one.38


Finally, we have computed some reactivity indexes quantifying
both the overall reactivity and the site selectivity of a molecule.
We have selected as global descriptors the electrophilicity x (an
intramolecular parameter that depends only on the electronic
characteristics of the acceptor species)39 and the donor–acceptor
hardness gDA (an intermolecular parameter).40


The hardness has been defined41–43 as the difference between
the vertical ionization energy (I) and the electron affinity (A)
of the neutral molecule, g = I − A where: I = E(N = N0 −
1) − E(N = N0) and A = E(N = N0) − E(N = N0 + 1), N0


being the number of electrons in the ground state of the system.
This requires the calculation of the energies of the neutral (N0


electron system), cationic (N0 − 1 electron system), and anionic
(N0 + 1 electron system) forms of each system. Note that the
reliability of the PBE0 functional in the computation of I’s and
A’s has been checked before,33 and that we have used unrestricted
Hamiltonians for open shell species. The electronegativity (v) and
the electronic chemical potential (l) have been defined as: v = (I +
A)/2 = −l. The definition of the electrophilicity index (x), given
by Parr and Pearson39 is: x = l2/2g. Finally, the donor–acceptor
intermolecular hardness (gDA) is gDA = (ID − AA), where AA is the
electron affinity of the acceptor A and ID is the vertical ionization
energy of the donor molecule D.40


3. Results and discussion


Before analyzing our computational results, it is useful to summa-
rize the most significant information on the title reaction obtained
in previous studies.


The available experimental data include the X-ray structures of
DSA derivatives,44,45 several high resolution NMR structures46–49


of ligand–DNA complexes, and a wealth of data regarding the
relative alkylation rates45 of synthetic DSA derivatives (Tables 1,
2). We point out that the X-ray structure of a DSA derivative (N-


Table 1 Torsional angles (v1, v2 and v3) for the covalent adducts with (+)-
DSA (1), (+)-DSI (2) and (+)-CPI (3). Reactivity for (+)-DSA, (+)-DSI
and (+)-CPI in the presence of DNA


Dihedral angles


NMR data (DNA–ligand complex) v1 v2 v3


1 22.4 11.0 11.4
2 14.2 13.4 9.7
3 14.2 14.7 8.8


Relative rates of DNA alkylationa K rel


1 1.000
2 0.050
3 0.004


a At the w794 high affinity site 5′-AATTA.


Table 2 Experimental and calculated torsional angles (v1and v2) for the
free ligand (+)-N-Boc-CPI (4). The structure has been optimized for the
gas phase [PBE0/6-31G(d)] and for an aqueous solution [PCM–PBE0/6-
31G(d)]


Dihedral angles


Conditions v1 v2


Exp./X-ray 12.6 6.3
QM/gas phase 11.4 7.1
QM/aqueous solution 12.8 7.2


Boc-CPI, 4, Fig. 1), that has a tert-butyloxy group instead of the
binding subunit, corresponds closely to the predicted conforma-
tion of the free ligand in solution with coplanar arrangements of
the two subunits (Table 2).


The structurally characterized covalent complexes have been
obtained with three of the different ligands shown in Fig. 1:
the natural compound (+)-DSA (1) and two synthetic simplified
analogues, (+)-DSI (2) and (+)-CPI (3). Note that both synthetic
models do not bear any methoxy group on the binding subunit (B),
and that 3 also lacks the acetyl group on the alkylating subunit
(A). In all the ligand–DNA complexes characterized until now
the alkylated product shows a covalent bond between the nitrogen
(adenine N3) and the least substituted cyclopropyl carbon atom
(C1), a phenolic system developed from the dienone present in the
initial structure of the ligand and a distorted conformation due to
a twist between the two planar subunits.


In our previous computational studies,50,51 where a variety of
(+)-DSA derivatives with several nucleophiles have been used as
models for the alkylation in acid and neutral conditions, we showed
that, in agreement with the experimental evidence,11 the reaction
proceeds through an SN2 mechanism, with the nucleophilic attack
at the least substituted carbon atom of the cyclopropane moiety. In
all molecules the driving force of the reaction is the development
of an aromatic system (Scheme 1).


Scheme 1 Schematic pathway for the SN2 reaction, under neutral
conditions.


Taking into account the results of several experimental studies,
we decided to investigate the attack of DNA bases on the neutral
form of the ligands assuming that the proton transfer to the oxygen
anion formed in the product P (Scheme 1) is a fast process, and
that the rate determining step is the nucleophilic attack on the
cyclopropylic carbon atom (C1).


We have modeled the alkylation reaction of DNA with duo-
carmycins using compounds 1, 2 and 3 (Fig. 1), and adenine as
nucleophiles since, as mentioned above, experimental structures
are available for the final DNA–ligand complexes (Table 1).


Before that, however, we have optimized the structure of the
experimentally characterized free ligand 4. The good agreement
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Table 3 Activation energies in kcal mol−1 (298.15 K, 1 atm) for com-
pounds 1, 2 and 3 with adenine calculated for the gas phase with different
functionals and with basis set 6–31G(d)


Compound


DE‡ (gas phase) 1 2 3


PBE0 30.9 29.8 31.1
PBE 23.8 22.4 23.6
BLYP 26.8 25.8 27.1


between the computed and experimental geometric parameters
(Table 2) provides a convincing validation of our computational
approach for this class of compounds. Next, the level of theory
required to accurately describe the energetics of the studied
processes has been assessed by computing the energy barrier
governing the reaction of compounds 1, 2 and 3, at various levels.
The results in Table 3 show that the activation energy calculated
with a hybrid functional (PBE0) is higher than with conventional
functionals (PBE, BLYP), but the reactivity trends are always the
same. Since previous studies for smaller models50,51 showed that
MP2 and PBE0 results are very similar, and that basis set extension
above the 6-31G(d) level has a negligible effect, in the following we
will discuss only PBE0/6-31G(d) results. In the same studies50,51


we have evaluated the bare energy DE‡ (i.e. the electronic energy
differences between transition states and reactants), together with
the corresponding free energies (DG‡), which include zero-point,
thermal, and entropic contributions. Since we always found that
DE‡ and DG‡ have parallel trends (DG‡ > DE‡ by about 10 kcal
mol−1), in the present paper, dealing with significantly larger
systems, we decided to discuss the DE‡’s only. This hypothesis is, of
course, acceptable only for reactions with similar molecularity as
is the case for all processes investigated in the following sections.


The structural parameters of the optimized structures are
presented in Tables 1, 2, 7, 8, 10, SI-1, SI-2, SI-3, SI-4, SI-5 and
SI-6†; the energies are reported in Tables 3, 4, 5, 6 and 9.


In order to investigate if environmental effects could modify
geometric parameters in a significant way we optimized structure
4 in a continuum of uniform dielectric constant (e = 78.0), using
the PCM,32 that represents bulk effects well. Our results confirm
that the environment does not induce significant geometrical
changes in the systems and that energetic parameters obtained
employing structures optimized in vacuo are very close to their
counterparts issuing from geometry relaxation in the polarizable
continuum.31,36,51 Since geometry optimizations in PCM are quite
cumbersome, we decided on the grounds of the above results to
evaluate the environmental effects for the larger systems by single-
point PCM calculations at geometries optimized in the gas phase.


3.1 Comparison between adenine and guanine


One of the crucial points to define the characteristics of the DNA
alkylation reactions is the determination of the origin of the AT-
rich alkylation selectivity. Although experimental studies defined
a number of key features that contribute to the sequence-selective
DNA alkylation by members of this class of agents, the selectivity
for the almost exclusive addition to adenine remains an open
question. The only hypothesis put forward until now is that the
nucleophilic addition occurs at the most accessible of the two most
nucleophilic sites in the minor groove (adenine N3 versus guanine


Table 4 Activation energy in kcal mol−1 (298.15 K, 1 atm) in the gas
phase [PBE0/6-31G(d)] for the reaction of the compound 3 with adenine
and guanine


Gas phase Adenine Guanine


DE‡ (TS–reactants) 31.1 38.8
DE (product–reactants) 19.8 28.1


N3).11 Here, we will investigate if intrinsic electronic effects could
play any role in determining the selectivity by using the model
compound 3 (CPI, Fig. 1). We will consider only purinic bases
(adenine and guanine) since the other two DNA bases (cytosine
and thymine) are not able to attack an electrophilic species. Our
results show that the reaction follows the same SN2 mechanism
discussed above. Examination of the calculated reaction and
activation energies shows that in the gas phase all the processes
are endothermic and that the energy barrier (DE‡) governing
the alkylation reaction of 3 with guanine is higher than with
adenine by about 8 kcal mol−1 (Table 4). The product structures
are characterized by an aromatic moiety with the C1–C10 bond
nearly coplanar to the ring. Most of the features of the transition
state with guanine (TS-guanine) do not differ significantly from
that with adenine (TS-adenine) (Fig. 3, SI-1, SI-2†). Indeed,
in both structures the developing aromaticity is evidenced by the


bond lengths and the dihedral angles a (C6–C5–C10–C2), b (C6–
C5–C10–C1), c (C6–C5–C10–C9) and d (C8–C9–C10–C5), with
the C2–C10 bond going to become coplanar to the ring, while the
C1–C10 bond shifts toward a more perpendicular arrangement.
However, there are some differences related to different reactivities.
Fig. 3 shows that the length of the incipient bond (C1–nitrogen)
differs appreciably between the reactions, and this difference is a
remarkable feature of both transition states (Fig. 3). Indeed, the


Fig. 3 Structure of the transition state (TS-3) of (+)-CPI with DNA bases
optimized at PBE0/6-31G(d) level. The bond lengths are in Angstroms.
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C1–nitrogen bond in TS-adenine is longer (1.892 Å) than that in
TS-guanine (1.826 Å), and this could be a consequence of a greater
facility of adenine to react. This is in agreement with Hammond’s
postulate52 which predicts a transition state with a structure closer
to that of the product for the reaction with guanine and a transition
state more resembling the reactants for adenine (see Tables SI-1,
SI-2†).


The analysis of the transition states is completed by the NBO
analysis, the results of which are summarized in Tables SI-4 and
SI-5.† Indeed, the hybridization of the atoms in the TSs (Table SI-
4) shows that TS-adenine still presents the C1–C10 bond, whereas
in TS-guanine the C1–C10 bond is already broken and the lone
pair on the nucleophile has almost become the r bond between
the carbon C1 and the nitrogen. These data are indicative of an
“early” TS structure for adenine (closer to the reactants) and
of a “late” TS for guanine (closer to the product). The most
significant stabilizing interactions governing the reaction with
adenine involve the C1–C10 bond (r*) and the LP orbital of the
adenine nitrogen (98.1 kcal mol−1, Table SI-5). This confirms the
prominent role of the nitrogen lone pair of adenine in stabilizing
a TS with a structure quite close to that of the reactants, with a
consequent lower activation energy.


Thus, the stabilizing interactions operative for the adenine and
guanine nitrogens are slightly different, possibly due to different
electron delocalization in the base rings leading, inter alia, to a
greater electronic occupancy of the nitrogen LP orbital in adenine
than in guanine (Table SI-6†). It is noteworthy that adenine is
characterized by a canonical aromatic system (N1–C2–N3–C4–
C5–C6), whereas in the guanine the presence of the carbonyl group
induces the formation of a C2–N3–C4–C5–C6–O10 p-system,
with an increased double bond character for the C2–N3 bond and
a reduction of the electronic density on the nucleophilic nitrogen.


3.2 Influence of environmental and specific interactions on the
reaction rate


A quantitative investigation of the role of more distant parts of
DNA in tuning the reaction would possibly require a dynamical
approach.53 Here, however, we are more interested in general
trends, which could be obscured by the specific details of different
simulations for different drugs. As a consequence we resorted
to a simpler model in which non specific effects are described
in terms of a continuum polarizable medium with a dielectric
constant typical of biological systems (2 < e < 8).54 Next, specific
effects are considered enlarging the system treated at the quantum
mechanical level by models including the local environment of
DNA fragments showing short contacts with the reacting moiety
(DSA, DSI or CPI). We recall that, for non overlapping systems,
the electrostatic potential (and/or electric field) experienced by a
fragment can be expressed exactly in terms of apparent charges
spread on a suitable separating surface. Of course, here we make
the further assumption that the differential effect of the DNA
field on reactants and transition states is well reproduced by the
combined contributions of the small fragments treated explicitly
and of the continuous polarizable medium mimicking long range
effects. A number of studies are showing that, under favorable
conditions, this approach can provide realistic trends without the
need of knowing the precise structural characteristics of large
biological systems at an atomic resolution.55


On this basis we will examine first the effect of intermolecular
hydrogen bonds with the carbonyl moiety present in all ligands;
next, we will focus our attention on the effects of this kind of
interaction on the methoxy groups of (+)-DSA. In both cases,
for purposes of illustration, additional non specific environmental
effects will be taken into account by means of polarizable
continuum media with dielectric constants (e) ranging between
4 and 8 which corresponds to the accepted range of the effective
dielectric constant in biological systems. In some cases, a dielectric
constant of 78 (bulk water) was also considered.


The study of the quite complex models discussed in this paper
requires considerable computer resources. To simplify matters we
considered at first the reaction between a (+)-DSA derivative, (+)-
N-Boc-CPI (4) and pyridine. The results in Table 5 show that the
activation energies for the reaction of (+)-CPI with adenine and
pyridine are very close and that the two models, (+)-CPI and (+)-
N-Boc-CPI give comparable results. These data suggest that the
chosen model may be adequate for determining reliable relative
energies.


Table 6 shows that the activation energies of the reaction in
solution between compound 4 with pyridine are smaller than in
the gas phase and that the energies decrease when the dielectric
constant of the medium is increased. In particular, in aqueous
solution our computations predict that the barrier for the reaction
is significantly lower than in the gas phase and this can be related
to the stabilization of the structures involving charge separation
by polar solvents.


Next, keeping in mind that in the alkylation reaction a water
molecule could act as a proton relay, one or two water molecules
can be involved in relatively strong hydrogen bonds linking the
reactants. In our model (Fig. 4), when one water molecule is
hydrogen bonded to the carbonylic oxygen in 4, the barrier height
of the transition state (TS-4S) is reduced to 30.2 kcal mol−1. If
two molecules of water are hydrogen bonded, the barrier further
decreases to 28.3 kcal mol−1. Although entropy effects can, of
course, modify the quantitative results, we think that the general


Table 5 Activation energy in kcal mol−1 (298.15 K, 1 atm) for the reaction
of the compound 3 (CPI) and 4 (N-Boc-CPI) with adenine (gas phase) and
pyridine (both gas phase and aqueous solution)


Nucleophile 3 4


Gas phase


Pyridine 31.0 32.4
Adenine 31.1 —


Aqueous solution


Pyridine 21.3 22.5


Table 6 Activation energy in kcal mol−1 (298.15 K, 1 atm) in the gas
phase [PBE0/6-31G(d)] and in aqueous solution [PCM–PBE0/6-31G(d)]
for the reaction between compound 4 and pyridine with one (S) and two
(2S) solvent molecules


4 4 + S 4 + 2S


DE‡ (gas phase) 32.4 30.2 28.3
DE‡ (e = 4.0) 27.0 24.5 22.5
DE‡ (e = 8.0) 25.5 23.0 21.1
DE‡ (e = 78.0) 22.5 20.0 18.0
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Fig. 4 Structure of the (+)-N-Boc-CPI with one (S) and two (2S) water
molecules optimized at PBE0/6-31G(d) level.


Table 7 Torsional angles (v1, v2) for the free ligand 4 optimized for the
gas phase [PBE0/6-31G(d)] with one (S) and two (2S) solvent molecules


Dihedral angles


Reactants v1 v2


4 11.4 7.1
4 + S 10.8 6.7
4 + 2S 14.3 8.0


trend suggested by the DE‡’s remains significant. From another
point of view, Table 7 shows that the structural changes induced
by the presence of explicit water molecules are quite small.


These results support the idea that the reactivity of the (+)-DSA
derivatives can be influenced by the number and type of hydrogen
bonding interactions with the solvent and/or with other parts
of the DNA. We will try to take into account both short- and
long-range effects by adding some explicit fragments to simulate
local interactions with the reacting system and then embedding
the whole system in a dielectric continuum mimicking non specific
interactions with more distant parts of the biological substrate
(see Table 6). It is noteworthy that in most cases the effect of both
contributions is nearly additive.55


3.3 Effect of substituents on the alkylating and binding units


3.3.1 The methyl ester group on the alkylating unit. We recall
that there is a general consensus about the leading catalytic effect
of a “binding-induced conformational change” in the alkylating
agent. However, there are different points of view concerning how
the torsion between the two subunits can be connected to the
alkylation rate. On the one hand, the observed inter-subunit twist
angle values in the end products (v1, v2 and v3, Table 1) of (+)-
DSA and (+)-DSI correlate with the reaction rates, suggesting that


larger torsions could lead to faster DNA alkylation (DSA > DSI).
Indeed, the comparison of the 3D structure of the (+)-DSA–DNA
adduct with that of the (+)-DSI–DNA adduct reveals differences
in the torsion angles, and, on the basis of the reaction rates (DSA
> DSI), supports the idea that the absence of the methoxy groups
on the binding subunit reduces the reaction rate and that there is
a correlation with the torsion angle (DSA > DSI).


On the other hand, the significantly greater alkylation rate of
(+)-DSI with respect to (+)-CPI (about 10 times) should imply
quite different inter-subunit twists in the bound conformation
of the two ligands, which are, on the contrary, very similar (see
Table 8). Thus, it is quite clear that the inter-subunit twist cannot
be the only factor influencing the reactivity and/or that the methyl
ester on the alkylating subunit has a direct effect in tuning the
alkylation efficiency of these agents.


Let us now investigate the role of the methyl ester on the
alkylating subunit in determining the reactivity beyond its mere
ability to increase the rigid length of the molecule. We start our
analysis by characterizing the structure of the free ligands, (+)-
DSA, (+)-DSI and (+)-CPI (1, 2 and 3, Fig. 5), and of the
end products (P-1, P-2 and P-3, Table SI-3†). The structural
investigation of 1, 2 and 3 shows that the most stable conformation
for the reactants, fully optimized for the gas phase, already presents
a quite large inter-subunit twist, with v1, v2 and v3 ≈ 19◦, 7◦ and 8◦,
respectively. As shown in Table 8, the values of these three dihedral
angles are similar also in the structures optimized for an aqueous
solution. As a matter of fact, the optimization of the ligand


Table 8 Torsional angles (v1, v2 and v3) for the free ligands optimized
for the gas phase [PBE0/6-31G(d)] and for an aqueous solution [PCM–
PBE0/6-31G(d)], and for the transition state structures and the products
optimized for the gas phase [PBE0/6-31G(d)]


Dihedral angles


Reactants v1 v2 v3


Gas phase


1 19.0 7.8 8.4
2 18.5 7.7 7.7
3 18.8 7.4 7.7


Aqueous solution


1 21.8 8.2 11.4
2 22.5 8.1 12.1
3 23.4 7.7 12.7


Transition states v1 v2 v3


Gas phase


1–Adenine 27.5 −4.7 14.4
2–Adenine 26.6 −4.6 14.6
3–Adenine 26.1 −4.3 14.0


Products v1 v2 v3


Gas phase


P-1–Adenine 31.9 −4.1 26.4
P-2–Adenine 23.4 −4.0 15.8
P-3–Adenine 23.2 −3.4 16.2
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Fig. 5 Structure of compounds 1, 2, and 3 optimized at the PBE0/6-31G(d) level.


(1 and 3) for the gas phase while gradually changing the dihedral
angle v1 by 5◦ steps (0◦, 5◦, 10◦, 15◦, 20◦, 25◦, 30◦) shows that
the resulting structures are only slightly different concerning both
geometry and energy (Fig. SI-2†), in agreement with a previous
study.56 In particular, distortion of v1 from 0◦ to 20◦ leads to an
energy change of just 0.6 kcal mol−1.


An analysis of the geometry of the optimized structures (Tables
SI-1 and SI-3†) shows in all products (P-1, P-2 and P-3) the same
system characterized by an aromatic moiety with the C1–C10
bond nearly coplanar to the ring and a distorted conformation
with quite large v1 torsion angles (31.0◦, 23.4◦ and 23.2◦ for P-1,
P-2 and P-3, respectively, see Table 8).


In summary, the free ligands show similar twisted conforma-
tions (Fig. 5), whereas the DSA–adenine adduct is the most
twisted among the products. At the same time, the computed
energy barriers (Table 9) indicate that the reaction with (+)-DSA
is not characterized by the lowest energy barrier. Hence, our data
suggest that the experimentally observed difference in alkylation
rates between the three ligands could not be directly connected
to the inter-subunit twist found in the bound conformations, in
terms of induced twist in the free ligand by the DNA. In fact, an


Table 9 Energy differences in kcal mol−1 (298.15 K, 1 atm) in the gas
phase [PBE0/6-31G(d)] and in aqueous solution [PCM–PBE0/6-31G(d)]
for compounds 1, 2 and 3 with adenine


Compound


Gas phase 1 2 3


DE‡ (TS–reactants) 30.9 29.8 31.1
DE (P–reactants) 18.1 18.0 19.8


e = 4.0


DE‡ (TS–reactants) 30.6 28.9 30.1


e = 8.0


DE‡ (TS–reactants) 30.3 28.5 29.8


e = 78.0


DE‡ (TS–reactants) 28.7 26.9 27.8
DE (P–reactants) 5.0 5.1 7.2


Table 10 Bond lengths for the transition states of the reactions of
compounds 1, 2 and 3 with adenine optimized for the gas phase [PBE0/6-
31G(d)]


Bond length/Å


Bond Nucleophile 1 2 3


C1–C10 Adenine 2.118 2.117 2.128
C1–Nu Adenine 1.908 1.908 1.892


increase of the twist in P is not associated with a decrease in the
activation energy.


The most significant result concerns the electronic effect of the
methyl ester group on the alkylation reaction, which becomes
apparent upon comparison of the reactions of (+)-DSI and (+)-
CPI with adenine. As seen above, the two systems show very
similar geometric features for the reactants, transition states
and products (Tables 8, 10), but the activation energy is lower
for (+)-DSI than for (+)-CPI (Table 9), in full agreement with
the experimental results. In terms of electronic effects, our data
parallel the greater electrophilic character of (+)-DSI compared
with (+)-CPI, mirroring the influence of an electron withdrawing
substituent. The slightly larger positive Mulliken atomic charge
on the C1 carbon is a direct answer to this effect: (+)-DSI
(q = +0.069) and (+)-CPI (q = +0.064). At the same time,
the reactivity order of the three compounds (1, 2, 3) toward
adenine predicted by the donor–acceptor intermolecular hardness
is in agreement with these results (i.e. gDSI ∼ gDSA < gCPI, see
Fig. SI-3†) confirming the role of the methyl ester group on the
reacting unit in increasing the ligand electrophilicity by stabilizing
the LUMO. This analysis provides an explanation of the reactivity
difference between DSI and CPI, which is not rationalizable in
terms of geometric characteristics only.


On the other hand, some experimental studies17 proved that (+)-
DSI is less reactive than (+)-CPI under acid conditions (solvolysis).
This seems in contrast with the electronic effect of the methyl ester
group on the reactivity discussed above. Thus, we also decided to
investigate the attack of the nucleophile to a protonated form of
our model compound (Scheme 2).


The comparison of the calculated activation energies of (+)-N-
Boc-DSA (5) and (+)-N-Boc-CPI (4) in acid conditions, reveals
that the derivative with the ester group (5) is slightly more reactive
(activation energy of 14.3 vs. 15.0 kcal mol−1). In particular, the
presence of a methyl ester group significantly reduces the negative
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Scheme 2 Schematic pathway for the SN2 reaction, under acid conditions.


charge on the carbonyl oxygen (−0.533 vs. −0.550 from a Mulliken
population analysis), whereas the effect on the cyclopropyl carbon
is small (q = +0.065 vs. +0.060). This means that the change of the
electronic distribution due to the presence of a withdrawing group
on the A subunit influences substantially the basicity of the oxygen
atom which, under solvolytic conditions, could be less easily
protonated for (+)-DSI, with a consequently reduced reactivity.
This hypothesis is confirmed by the fact that the protonation is
more favorable by 1.9 kcal mol−1 (at the PBE0/6-31G(d) level)
when the methyl ester group is present.


3.3.2 The methoxy groups on the binding unit. Let us now
compare the reaction of adenine with (+)-DSA (1) and (+)-DSI
(2) (Fig. 6). On the one hand, experiments and computations agree
in predicting a significantly larger torsion angle v1 in the DSA–
adenine product than in the DSI–adenine one (Table 8). However,
the computed activation energy of (+)-DSA is higher than that
of (+)-DSI (DE‡ = 30.9 kcal mol−1 for DSA vs. DE‡ = 29.8 kcal
mol−1 for DSI), whereas on the basis of the experimental rates the
natural compound (1) is twenty times faster than the synthetic one
(2). Thus, in the absence of other intermolecular interactions the
methoxy groups on the binding unit do not increase the reaction
rate. Of course, specific interactions between the methoxy groups
and suitable DNA fragments and/or water molecules structured
in the minor groove could influence the activation barrier of the
alkylation reaction in terms of stereo-electronic effects. Indeed,
it is known that phosphate groups are principal hydration sites
and that each nucleotide is closely associated with several water
molecules. Analysis of several sets of experimental data, regarding
the synthesis and the evaluation of the relative rates of structural
analogues, leads to the conclusion that the methoxy group M1


Fig. 6 Structure of the transition state of 1 with adenine optimized at
PBE0/6-31G(d) level.


(Fig. 1) is essential for attaining the full alkylation activity of (+)-
DSA, whereas the adjacent M2 and M3 methoxy groups have a
negligible effect on alkylation rates.22 In particular, elimination of
M1 reduces the alkylation efficiency by 5–20 times. Examination
of the structure of the (+)-DSA complex reveals that M1 has close
contacts with some DNA fragments (thus effectively extending
the length of the ligand on the side facing the minor groove),
whereas M2 and M3 do not show any short contact with other
parts of the DNA. Since the methoxy group M1 is completely and
deeply embedded in the minor groove, it can provide stabilizing
non covalent binding contacts that may account, at least in part,
for its dominant role in the alkylating properties of (+)-DSA.28 We
have, therefore, selected two model systems in which one and two
water molecules are placed near the oxygen atom of the M1 group
with an orientation suitable to the formation of two hydrogen
bonds (Fig. 7). In the gas phase, the activation energy of these
models is lowered by 3.1 and 7.1 kcal mol−1 with respect to that of
the free reactants, respectively. In addition, we approximated non
specific environmental effects in the minor groove by means of a
polarizable continuum with a dielectric constant of 4.0, obtaining
a further reduction of the energy barrier of about 1 kcal mol−1.
In summary, a model including specific fragments surrounding
the ligand together with non specific environmental effects is able
to reduce the activation energy of (+)-DSA to below that of (+)-
DSI. Thus, electronic effects of DNA residues close to the methoxy
groups cannot be neglected for a satisfactory explanation of the
DNA catalytic mechanism, with the hydrogen bonds formed by the
M1 oxygen playing the most significant role. In order to analyze the
origin of this stereo-electronic effect we resorted again to reactivity
indexes: the decrease of the intermolecular hardness (gDA) between
(+)-DSA and adenine (7.42 eV and 7.33 eV with one and two
water molecules, respectively) below that of (+)-DSI (7.47 eV)
again points out the role of polarization effects in stabilizing the
ligand LUMO with the consequent increase of electrophilicity and
reactivity.


Fig. 7 Structure of the transition state of (+)-DSA with adenine with 2
water molecules.


As a last point, let us underline that intermolecular interac-
tions could “lock” the ligand into the minor groove, leading
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from an intermolecular reaction (bimolecular in solution) to an
intramolecular one (first-order in DNA), where the rate enhance-
ment is related to the formation of some sort of pre-complex.
The rate increase when a bimolecular reaction is converted
into a unimolecular one is related to the entropy change when
translational and rotational motions of reactants in a bimolecular
reaction are transformed into low-frequency vibrations of the pre-
complex.


4. Conclusions


The application of an integrated computational approach has
provided, in our opinion, some interesting results about the role
of stereo-electronic effects in tuning the DNA alkylation process
by (+)-DSA. The most significant aspects can be summarized as
follows:


1. As already found in previous computations24 and in agree-
ment with experimental evidence, our calculations indicate that
the cyclopropane ring-opening of compounds 1, 2 and 3, upon
nucleophilic attack of adenine at the least substituted carbon atom
(C1) follows the SN2 mechanism.


2. The computed activation energy governing the reaction of
(+)-DSA with guanine is about 8 kcal mol−1 higher than for the
reaction with adenine. Although different steric accessibilities can,
of course, lead to selective alkylation of adenine, our results suggest
that local stereo-electronic effects also play a significant role.


3. Specific hydrogen bond interactions reduce the activation
energy of the title reaction, which becomes feasible under neutral
conditions also. Moreover, specific non-covalent interactions
between the ligand and sites that are located in the DNA
minor groove play a significant role in determining the rate
enhancement experimentally observed in DNA with respect to
the corresponding process in solution.


4. The electron-withdrawing methyl ester substituent, bonded
to the alkylating subunit of (+)-DSA, promotes the nucleophilic
attack and, by increasing the positive charge on the reactive
cyclopropyl carbon, decreases the activation energy leading, in
agreement with the experiments, to a faster alkylation with (+)-
DSI than with (+)-CPI.


5. Specific interactions between the methoxy groups on the
binding subunit and the DNA environment decrease the activation
energy governing the alkylation process of (+)-DSA below that
of the corresponding reaction with (+)-DSI. Once again stereo-
electronic effects play a role in determining the experimentally
observed trend of reaction rates.


6. According to our results, the inter-subunit twist plays a
marginal role in tuning DNA alkylation rates. As a matter of
fact, modifications of the key dihedral angles (v1, v2 and v3) as
large as 20◦ change the activation energy by less than 1 kcal mol−1


from a reference value of ≈30 kcal mol−1.
In conclusion, we think that our results provide some interesting


hints about the interplay of different effects in determining
the overall outcome of duocarmycin alkylation. Furthermore,
together with the intrinsic interest of the investigated system,
the present study confirms, in our opinion, that an integrated
computational tool, rooted in density functional theory and
continuum solvent models, offers a valuable aid toward the
elucidation of the role of different effects involved in processes
of biological and pharmacological interest.
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The enantioselective synthesis of acyclic pyrrole, indole and other N-carbazole carbinols via
ligand-mediated addition of lithium carbazolates to aldehydes, together with studies into their catalytic
enantioselective synthesis using substoichiometric base and ligand, are reported. The subsequent
exploitation of the resulting stereocentre as a controlling element in 1,3-syn- and anti-selective
reduction of b-ketones and elaboration to homoallylic alcohols is also described.


Introduction


The ligand-mediated enantioselective addition of organometallics
to electrophiles has been, and remains, an area of significant study.1


One particularly privileged system is the b-amino alcohol ligand-
mediated addition of dialkylzincs to aldehydes. One aspect is the
lack of a background reaction which guarantees that the reaction
only takes place within the chiral space of the associated ligands.2


In the case of additions of organolithiums to electrophiles,3


the high reactivity of the organolithiums and the exothermic
nature of their reactions leads to potential difficulties in con-
trolling selectivity.4 The transition states are much earlier, by the
Hammond postulate, and thus it is more challenging to attain
the energy difference between the diastereomeric transition states
required for high selectivity.4 Regardless of this obstacle, certain
ligands and processes have been discovered in which high levels of
control are observed.3


In the addition of organolithiums to aldehydes, it has been possi-
ble to attain good to excellent selectivities. However, temperatures
below −100 ◦C are often required.3c Additionally, most examples
lack substrate generality, in both nucleophilic and electrophilic
components, and many use lithium amides/alkoxides as the chiral
controller (via co-aggregation) resulting in the need for excess
quantities of organolithium reagents.5


We have been interested in the synthesis and chemistry of N-
heterocyclic N-carbinols, specifically those derived from pyrrole,
indole and other carbazoles.6–8 Having developed the addition of
lithium pyrrolate to aldehydes as a method of their protection,6a


we envisaged that it should be possible to carry out this process
in an enantioselective fashion. The generated stereocentre might
then be exploited as a controlling element in the synthesis of enan-
tioenriched chiral aldehydes.9–11 To this end an investigation into
the ligand-mediated addition of lithium carbazolates to aldehydes
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was started and the preliminary findings have been disclosed.6c


We now present a full account of our investigations into the
enantioselective addition of lithium carbazolates to aldehydes, the
ability of this functional group to direct 1,3-reductions, and the
development of a catalytic enantioselective variant of the addition.


Results and discussion


The synthesis of enantioenriched aldehydes is often crucial in the
synthetic planning and completion of the total synthesis of natural
products.12 In most cases these aldehydes are accessed by reduction
of ester and/or oxidation of alcohol functions.12


It had previously been shown that N-pyrrole carbinols may
function as masked carbonyls from which the carbonyl can be
revealed by treatment with mild bases and/or by application of
heat,6a,7 thus avoiding acidic deprotection, oxidation or reduction
protocols (Scheme 1).


Scheme 1 Pyrrole carbinols as masked carbonyls.


Our concept required the enantioselective addition of pyrrole to
an aldehyde to furnish a new stereocentre (Scheme 2). This new N-
carbinol stereocentre could then be exploited as a stereodirecting
group in the manipulation of a second prochiral group already
present in the protected aldehyde. Subsequent elimination of
pyrrole would reveal the desymmetrised aldehyde ready for further
synthetic transformations.6,13


Scheme 2 Pyrrole carbinols as stereochemical tools.
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We envisaged that the enantioselective synthesis of pyrrole
carbinols could be achieved via a ligand-mediated addition of
lithium pyrrolate to aldehydes. Research within our group had
demonstrated that lithium pyrrolate formed insoluble aggregates
in non-coordinating solvents such as toluene and hexane.14 It was
further shown that these aggregates did not react with conjugated
acceptors even over prolonged periods of time.


However, under similar conditions, the reaction of lithium
pyrrolate with isobutyraldehyde was complete within 15 minutes
when performed in toluene and even more rapidly in hexane where
the reaction was complete within five minutes (Scheme 3). Thus
for our initial investigations it was decided to use one equivalent
of ligand with respect to lithium pyrrolate.


Scheme 3 Reagents and conditions: (a) i) n-BuLi, −78 ◦C, hexane or
toluene; ii) isobutyraldehyde, −78 ◦C; iii) NH4Cl(aq).


Identification of a suitable ligand and scope of reaction


A range of ligands and co-salts was selected from the literature
that had been previously shown to give good selectivities in the
1,2-addition of organolithiums to electrophiles.3c,15 The ability of
these ligands to influence the addition of lithium pyrrolate to
isobutyraldehyde in both hydrocarbon and ethereal solvents was
assessed (Table 1).


Attempts to induce selectivity using lithium alkoxide 5 via co-
aggregation with both a 1 : 1 mixture and a 3 : 1 mixture of 5 to
lithium pyrrolate 3b, in the hope of producing the corresponding
tetramers, gave disappointing results.15,16 Results with sparteine
6 were also disappointing: however it was interesting that when
amine 7 was used, the same selectivity was observed with the three
non-coordinating solvents indicating that either virtual complete
ligation or significant rate acceleration had occurred. The most
promising result came when using diether 8 in toluene which
provided the pyrrole carbinol in good yield and enantioselectivity.
Overall it was observed that, for neutral ligands, toluene gave the
greatest selectivity, the coordinating solvent tetrahydrofuran gave
the lowest, and diethyl ether and hexane gave similar levels of
control, albeit lower than that observed with toluene. Due to the
success with ligand 8 and the scope for structural modification it
was hoped that further optimization would be possible. To this end
a series of diether ligands was synthesised and assessed (Table 2).


The results showed that increasing the steric bulk of the alkyl
group on the ether oxygen, by changing the methyl groups to
ethyl groups, led to complete loss of selectivity (entry a). A
similar result was observed when the methyl was changed to a
methoxymethyl group (entry b). BINOL-derived ligands also led
to lower selectivities (entries d and e). Replacing the phenyl groups
of diether 8 with sterically more demanding cyclohexyl groups had
little effect on the stereochemical outcome of the reaction (entry c).
Attempts to improve the selectivity by using more equivalents of
ligand, a lower temperature, or diisopropylether as the solvent,3b


had little effect on the asymmetric induction (Table 3).


Of the ligands and conditions studied, the optimal procedure in
terms of simplicity and selectivity was that using one equivalent of
diether 8 at −78 ◦C in toluene. The scope of these conditions over a
range of aldehydes and heterocycles was examined next (Table 4).


The results of these experiments indicated that the stereoinduc-
tion was maintained for a range of branched and unbranched
aliphatic aldehydes, whilst for conjugated aldehydes the selec-
tivity was lower. When the nucleophile was changed to simple
indoles an increase in selectivity was observed with the highest
selectivity observed in the case of the reaction of 3-vinylindole
with trimethylacetaldehyde (entry l). Disappointingly, in the case
of protected tryptamines much lower selectivities were observed
and only poor yields of the carbinols could be isolated (entries
m–o). These results indicate that the carbamates are altering the
nature of the lithium complexes, perhaps by forming aggregates
of lower reactivity.17 The reaction with carbazole proceeded
smoothly: however, the carbinol and residual carbazole were
inseparable by chiral HPLC and attempts to purify the product
led to decomposition of the carbinol (entry p). An attempt with
imidazole was made, but the product was too unstable and not
isolable. The absolute stereochemistry of 1b was determined by
the Mosher esterification method and the others by analogy.6c,18


The stereochemical outcome of these reactions is consistent
with the model proposed by Tomioka et al. for the addition of
organolithiums to imines and a,b-unsaturated esters mediated by
ligand 8 (Fig. 1).19


Fig. 1 Stereochemical model.6c


It is proposed that the reacting complex is one where the lithium
is ligated by the two ethereal oxygen atoms of 8. The methyl
groups adopt a conformation that minimises steric clash with the
vicinal phenyl groups, shown by 15. This relays the chirality of the
backbone to the ligating ethers generating a chiral space around
the bound lithium atom. Two diastereomeric transition states are
then possible by attack of either the re or si face of the aldehyde
complexed to the lithium metal.


The unfavourable steric clash between the methyl group and
the aldehyde in 17 destabilises this complex with respect to
complex 18 leading to the observed stereochemical outcome. In
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Table 1 Initial ligand screen


Tetrahydrofuran Diethyl ether Toluene Hexane


Entry Ligand ee (%)a Yield (%)b ee (%)a Yield (%)b ee (%)a Yield (%)b ee (%)a Yield (%)b


a −2 88 −8 92 −20 85 −8 90


bc −2 85 16 95 −17 88 −8 89


c 7 87 −3 91 14 92 3 92


d 19 91 25 89 25 92 25 95


e 12 88 60 93 63 90 45 90


f — — — — 16 78 — —


a Determined by chiral HPLC analysis. b Determined by 1H NMR integration with respect to an internal standard. c 3 equivalents of lithium alkoxide 5
used.


the case of larger ethereal substituents (Table 2), increased steric
clash between the ligated pyrrolate and these groups presumably
generates complex 16 which is pseudo-achiral in the space directly
around the pyrrole unit, thus leading to diminished selectivities.


Application as a stereodirecting group


Having identified a ligand which efficiently mediates the enan-
tioselective synthesis of N-carbazole carbinols, the ability of the
new stereocentre to control a diastereoselective reaction was
investigated next. The decision was made to investigate directed
b-ketone reductions. Due to the speed, simplicity and convenience
of synthesising racemic ketone 1i, initial investigations into 1,3-


reductions were made using this material. Samples were subjected
to a number of standard reduction conditions (Table 5).


These reactions proved successful allowing access to either
diastereomer in high selectivity, with zinc borohydride20 providing
the syn-diastereomer and tetramethylammonium triacetoxyboro-
hydride providing the anti-diol.21


The relative stereochemistry was determined by the method of
Rychnovsky et al.22 Acid catalysed ketalisation of diol 4 (4 : 1 dr)
in acetone gave syn-acetonide 21 and anti-acetonide 22 as an
inseparable mixture (Scheme 4).


The chemical shifts of the acetonide methyl groups in 21 are
consistent with a chair conformation, and hence show the syn-
relationship of the alcohols in diol 4. Additional confirmation
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Table 2 Study of diether ligands


Entry Ligand ee (%)a Yield (%)b


a <10 74


b <10 76


c 50 82


d <10 84


e 26 83


a Determined by chiral HPLC analysis. b Determined by 1H NMR
integration with respect to an internal standard.


Scheme 4 Reagents and conditions: (a) p-TsOH (cat.), Me2C=O,
Me2C(OMe)2, rt.


comes from the chemical shifts observed for the minor diastere-
omer in the 13C NMR which are diagnostic for the twist-boat
conformation that would be expected for the acetonide 22 derived
from the anti-diol 20 (Fig. 2).


Table 3 Solvent, temperature and stoichiometry study


Entry Eq. 8 Solvent Temperature/◦C ee (%)a Yield (%)b


a 2 PhMe −78 63 85
b 2 Et2O −78 56 80
c 1 i-Pr2O −78 45 83
d 1 PhMe −95 66 82
e 1 i-Pr2O −95 59 80


a Determined by chiral HPLC analysis. b Determined by 1H NMR
integration with respect to an internal standard.


Fig. 2 Determination of relative stereochemistry by 13C NMR analysis.


Stereodivergent synthesis of homoallylic alcohol 23


The success of the syn- and anti-reductions above enabled the
stereodivergent synthesis of both enantiomers of homoallylic
alcohol 23 to be carried out.


The addition of lithium pyrrolate to aldehyde 2i mediated
by ether 8 on a 10 mmol scale proceeded with 93% isolated
yield and 46% ee (cf. 50% ee for 1 mmol). Subsequent reduc-
tion using the previously optimized conditions gave syn- and
anti-diols (R,R)-4 and (R,S)-20 which were then subjected to
tandem deprotection-HWE conditions to complete the synthesis
of both enantiomers of homoallylic alcohol 23 (Scheme 5).
Interestingly, when we attempted this reaction using Masamune–
Roush conditions23 a complex mixture of unidentified products
resulted, however using either the lithium or sodium salt of t-
butyldiethylphosphonoacetate gave the desired olefin in excellent
yield (Table 6).


Investigations into amine ligands


One of the drawbacks of ligand 8 was that its separation from
the enantiomerically enriched carbinol was often problematic.
A potential solution to this problem was to introduce an
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Table 4 Scope of the addition


Entry Adduct 1 ee (%)a Yield (%) Entry Adduct 1 ee (%) Yield (%)


a 63 90b i 50 90e


b 63 78b j 66 79d


c 64 83b k 68 79d


d 62 84b l 86 52e


e 55 87b m 9 9e


f NDc 73b n 17 32e


g 29 80b o 28 15e


h 34 75b p —f —f


a Determined by chiral HPLC analysis. b Ligand inseparable from product, yield determined by 1H NMR integration with respect to an internal standard.
c It was not possible to find conditions to separate the enantiomers. d Ligand inseparable from product, yield determined from mass recovery and 1H
NMR integration. e Isolated yield. f See text.
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Table 5 Directed diastereoselective ketone reduction


Entry Conditions Solvent Temperature/◦C 4 : 20a Yield (%)b


A LiBH4 Et2O −23 4 : 1 85
B LiBH4 Et2O −78 12 : 1 87
C Zn(BH4)2 Et2O −23 16 : 1 92
D Zn(BH4)2 Et2O −35 17 : 1 90
E Et2BOMe, NaBH4 THF, MeOH −78 10 : 1 80
F Me4NBH(OAc)3 MeCN, AcOH −30 1 : 19 84


a Determined by 1H NMR. b Isolated yield.


Scheme 5 Reagents and conditions: (a) (EtO)2P(=O)CH2CO2t-Bu, NaH,
THF, 0 ◦C, 20 minutes.


Table 6 Tandem-deprotection-HWE reactions


Entry Conditions R Time Yield (%)a


a DBU, LiCl, MeCN, rt Et 4 hours —
b BuLi, THF, rt t-Bu 6 hours 95
c NaH, THF, 0 ◦C t-Bu 20 minutes 98


a Isolated yield.


amine function. To this end ligands 24–27, which are structurally
similar to the diether 8 and have had success in other reactions,
were synthesised by literature methods.24–27


The observed trend in selectivity (Table 7) is in keeping with the
addition of alkyllithiums to imines,28 with amine 24 giving little
selectivity and amine 27 giving the highest. When this ligand was
applied to a range of nucleophiles and aldehydes the selectivity
diminished (Table 8). The increase in yield in the case of carbinol
1n is consistent with the presumed monomeric nature of the
ligand complexes and the previously proposed rationale for the
low reactivity of the complexes of 8 with tryptamines.


Table 7 Amine-containing ligand screen


Entry Ligand ee (%)a Yield (%)b


a 1 87


b 35 90


c 53 90


d 58 95


a Determined by chiral HPLC analysis. b Isolated yield.


Studies into a catalytic cycle


For a successful ligand-mediated reaction, it is necessary to
minimise the background reaction and to have control over the
ligated reaction and the degree of ligation (Scheme 6).


Maturation of the metal pyrrolate/ligand mixture sets up an
equilibrium between complex 30 and organometallic 3 and ligand
31. Each of species 30 and 3b/c may potentially react with
the aldehyde to give the pyrrole carbinol on protic work up. If
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Table 8 Amine ligand scope


Entry Adduct ee (%)a Yield (%)b


a 58 95


b 7 75


c 22 84


d 0 30


e 6 65


a Determined by chiral HPLC analysis. b Isolated yield.


Scheme 6 Ligand-mediated additions.


the rate acceleration caused by the ligand is dramatic (klig �
kunlig) and the equilibrium of 3b/c, 30 and 31 is fast then the
ligated reaction will dominate, irrespective of the position of
the equilibrium (Kassoc/dissoc). If the acceleration is lower, then
the position of this equilibrium becomes important. If the rate


constants are sufficiently similar then it is essential that all the
metal species are ligated. Formally the condition necessary for
high asymmetric induction is klig[30] � kunlig[3b/c], assuming that
the ligated reaction proceeds in high selectivity.


Having shown that the addition of lithium pyrrolate is fast
even in non-polar solvents, it was unlikely that the condition
klig � kunlig would be met. The only reasonable way to achieve
good asymmetric induction would be to have complete ligation,
hence the use of one equivalent of ligand with respect to
lithium pyrrolate described above. To reduce the amount of
ligand required, we proposed to use a substoichiometric quantity
of metal pyrrolate and thus a substoichiometric quantity of
chiral ligand with the hope that a catalytic cycle would operate
(Scheme 7).


Scheme 7 Proposed catalytic cycle.


The ligand–metal pyrrolate complex 30 would first react with
the aldehyde to generate carbinoxide complex 33. Crucial to the
proposal would be the ability of this complex to deprotonate
pyrrole 3a and thus regenerate 30.


To test the validity of this proposal, pyrrole (2 eq.) was deproto-
nated with potassium hexamethyldisilazide or n-butyllithium
(20 mol%) in THF at −78 ◦C and then treated with isobutyr-
aldehyde, quenched with aqueous ammonium chloride after
30 minutes and analysed by 1H NMR (Table 9).


In THF at −78 ◦C no turnover was observed with lithium
pyrrolate, but potassium pyrrolate did behave catalytically down
to 1 mol% with the best conversions observed for >10 mol%.
Based on these partly encouraging preliminary results, a screen
of both diether 8 and the more strongly coordinating sparteine 6
was undertaken in the reaction of lithium, sodium and potassium
pyrrolates with isobutyraldehyde in toluene at −78 ◦C. For
both ligands and each of metal pyrrolates 3 a stoichiometric
and substoichiometric reaction was performed to allow direct
comparisons to be made (Table 10).


The results indicate that the only way to achieve a catalytic
cycle in non-coordinating solvents was with strongly coordinating
ligands (such as sparteine 6) and potassium counterions. Disap-
pointingly however, with such a metal and ligand combination
virtually no enantiocontrol was witnessed in the reaction. A
trial reaction employing 18-crown-6 with potassium pyrrolate
produced no turnover hence these studies were not pursued
further. The results also show that hexamethyldisilylamine has
a detrimental effect on the enantioselectivity of the addition
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Table 9 Catalytic synthesis of pyrrole carbinols


Entry Basea X Conv. (%)b


a n-BuLi 20 15
b KHMDS 20 86
c KHMDS 10 84
d KHMDS 5 25
e KHMDS 2.5 12.5
f KHMDS 1 7.5


a Used to generate metal pyrrolate. b Determined by 1H NMR integration
with respect to an internal standard.


Table 10 Enantioselective catalytic synthesis


Entry Basea X Ligand Eq. Conv. (%)b ee (%)c


a LiHMDS 100 8 1 70 (20) 30
b NaHMDS 100 8 1 25 2
c KHMDS 100 8 1 17 2
d LiHMDS 20 8 0.4 15 ND
e NaHMDS 20 8 0.4 10 ND
f KHMDS 20 8 0.4 <10 ND
g LiHMDS 100 6 1 50 (45) 23
h NaHMDS 100 6 1 75 (13) 2
i KHMDS 100 6 1 98 2
j LiHMDS 20 6 0.4 15 8
k NaHMDS 20 6 0.4 11 2
l KHMDS 20 6 0.4 60 4
m KHMDS 20 18-C-6d 0.4 17 N/A


a Used to generate metal pyrrolate. b Determined by 1H NMR with respect
to an internal standard, number in parentheses indicates the amount of a
compound tentatively assigned to be the TMS ether of 1a. c Determined by
chiral HPLC analysis. d 18-crown-6 was used as a dry solution in toluene
(2.41 M).


of lithium pyrrolate to isobutyraldehyde mediated by ligand 8
(entry a).


Conclusions


The ligand-mediated addition of lithium indolate and lithium
pyrrolate to aldehydes has been shown to proceed in moderate
to good enantioselectivity. The pyrrole carbinol function has been


utilised as an efficient stereodirecting group in the synthesis of
homoallylic alcohols. Finally it has been shown that it is possible
to synthesise pyrrole carbinols using catalytic potassium pyrrolate
in THF or in an enantioselective fashion using potassium pyrrolate
in combination with sparteine in toluene.


We are currently investigating other methods for the enan-
tioselective synthesis of pyrrole carbinols and the results will be
published in due course.


Experimental


General methods


1H NMR spectra were recorded on Bruker DPX 400 or AMX
500 spectrometers in deuterochloroform operating at 400 MHz
or 500 MHz respectively with digital deuterium lock. 13C NMR
spectra were recorded on a Bruker DPX 400 or AMX 500 in
deuterochloroform at 100 MHz or 125 MHz respectively with
a digital deuterium lock. Chemical shifts are quoted in parts per
million (ppm) downfield of tetramethylsilane relative to the solvent
(7.26 ppm for CHCl3 and 77.0 ppm for 13C of CDCl3) and coupling
constants (J) are given in Hz. NMR spectra were acquired at
300 K. High resolution mass spectrometric (HRMS) analyses
were measured on a Micromass Q-TOF or a Micromass LCT
Premier spectrometer at the Department of Chemistry, University
of Cambridge or on a Finnigan MAT 900 XLT or a Finnigan MAT
95 XP spectrometer at the EPSRC National Mass Spectrometry
Service Centre, Swansea. Elemental analyses (EA) were performed
by the Microanalysis department, Department of Chemistry,
University of Cambridge using an Exeter Analytical, Inc. CE-440
Elemental Analyzer. Infrared spectra were recorded on a Perkin
Elmer 1 FT-IR Spectrometer fitted with an Attenuated Total
Reflectance (ATR) sampling accessory as thin films or flattened
solids. Absorption maxima (mmax) are reported in wavenumbers
(cm−1). Optical rotations were recorded on a Perkin Elmer 343
polarimeter and are reported in 10−1 deg cm2 g−1 at 589 nm,
concentration (c) is given in g (100 mL)−1. Enantiomeric excesses
were measured using a HP1090 with diode array detection and
the following columns: Chiralcel R© OD, 250 mm × ø 4.6 mm;
Chiralcel R© OB, 250 mm × ø 4.6 mm; and Chiralpak R© AD,
250 mm × ø 4.6 mm, all manufactured by Daicel Chemical
Industries Ltd. Authentic racemic samples were prepared by the
method previously reported.6a Melting points were determined on
a Gallenkamp apparatus and are uncorrected. Reactions involving
moisture and/or air sensitive reagents were carried out in oven-
dried glassware under an atmosphere of argon. Except as otherwise
indicated all reactions were continually agitated with magnetic
stirring. All flash column chromatography was carried out using
slurry-packed Merck 9385 Kieselgel 60 silica gel or on prepacked
Biotage columns. Solvents used for chromatography were distilled
from glass prior to use. Petroleum ether refers to the fraction
boiling between 40–60 ◦C unless otherwise stated. Hexane refers
to hexanes fraction unless otherwise stated.


Materials


Tetrahydrofuran and diethyl ether were distilled from a mixture of
lithium aluminium hydride and calcium hydride with triphenyl-
methane as an indicator for tetrahydrofuran dryness; toluene
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and hexane were distilled from calcium hydride; diisopropyl
ether was distilled from sodium. Methanol was distilled from
calcium methoxide. Pyrrole was distilled from calcium hydride,
degassed and stored under argon. Acetic acid was distilled from
chromium trioxide and acetic anhydride. All aqueous solutions
were saturated unless otherwise stated. All aldehydes were pu-
rified by standard methods before use.29 Tetramethylammonium
triacetoxyborohydride,21b zinc borohydride,30 amines 7,31 24,24 25,24


26,25,26 27,26,27 (R,R)-hydrobenzoin,32 diether 8,19b methyl ether
13,33 MOM-ether 14,34 Cbz-protected tryptamine,35 Boc-protected
tryptamine36 and aldehyde 2i37 were prepared by the literature
methods.


General procedure one A—Table 1–4 (entries a–i), 7 and 8 (entries
a and b)


n-Butyllithium (0.40 mL, 1.0 mmol, 2.5 M in hexane) was added
to a solution of pyrrole (1.1 mmol) in solvent (10 mL) at 0 ◦C. The
solution was allowed to warm to room temperature over 5 minutes
before the ligand (1.0 mmol) was added in one portion. After
25 minutes, the mixture was cooled to −78 ◦C and aldehyde
(1.0 mmol) was added. After a further 30 minutes, a pre-cooled
(−78 ◦C) solution of acetic acid (1.5 mL, 1.5 mmol, 1.0 M in THF)
was added, and the reaction was allowed to warm to 0 ◦C over
30 minutes before being filtered though a plug of silica (25 mm × ø
25 mm) eluting with ethyl acetate and concentrated under reduced
pressure. When the ligand and the products were inseparable
yields were determined by 1H NMR integration with respect to
an internal standard, methyl 3,4,5-trimethoxybenzoate or DCM
as appropriate.


General procedure one B—Table 4 (entries j–p) and 8
(entries c and d)


n-Butyllithium (1.5 mmol) was added to a solution of N-
heterocycle (1.5 mmol) and ligand (1.5 mmol) in toluene (15 mL).
The mixture was stirred at room temperature for 30 minutes
and then cooled to −78 ◦C. After being stirred for a further
10 minutes, aldehyde (1.75 mmol) was added. The reaction mixture
was stirred for 15 minutes and then quenched by the addition of
a −78 ◦C solution of acetic acid in THF (2.25 mmol, 1.0 M).
Saturated ammonium chloride (5 mL) and ethyl acetate (10 mL)
were added and the mixture was warmed to room temperature.
The aqueous phase was extracted with ethyl acetate (2 × 10 mL)
and the combined organic extracts were washed with brine (5 mL),
concentrated under reduced pressure and purified by flash column
chromatography.


(1R,2R)-1,2-Diethoxy-1,2-diphenylethane 10


A solution of (R,R)-(+)-hydrobenzoin (2.0 g, 9.3 mmol) in THF
(10 mL) was added dropwise to a suspension of sodium hydride
(0.96 g, 24 mmol, 60% in mineral oil, washed with hexane) in
THF (20 mL). The mixture was heated to reflux for 30 minutes,
before cooling to 0 ◦C. Ethyl iodide (2.0 mL, 25 mmol) was
added dropwise. After 15 hours at room temperature, potassium
hydroxide (25 mL, 50% w/v in water) was added. After a
further hour, the mixture was extracted with diethyl ether (50 mL
and 20 mL), the combined organics were washed with aqueous
sodium hydrogen carbonate (5 mL), brine (5 mL) and dried


(MgSO4). Concentration under reduced pressure gave a yellow
oil. Purification by flash column chromatography eluting with
petroleum ether : diethyl ether (20 : 1 to 1 : 1) gave diether 10
(1.9 g, 75%) as an oil. [a]D = −22.9 (c 1.1, CHCl3); 1H NMR
(400 MHz, lit38): dH 7.17–7.15 (6H, m, ArH), 7.07–7.05 (4H, m,
ArH), 4.42 (2H, s, 2 × PhCH), 3.49–3.37 (4H, m, 2 × CH2), 1.17
(6H, t, J 7.0, 2 × CH3); 13C NMR (100 MHz, lit38): dC 139.5 (C),
127.7 (CH), 127.6 (CH), 121.2 (CH), 85.8 (CH), 65.0 (CH2), 15.3
(CH3).


(1R,2R)-1,2-Dimethoxymethoxy-1,2-diphenylethane 11


A solution of (R,R)-(+)-hydrobenzoin (2.0 g, 9.3 mmol) in THF
(10 mL) was added dropwise to a suspension of sodium hydride
(0.96 g, 24 mmol, 60% in mineral oil, washed with hexane) in THF
(20 mL). The mixture was heated to reflux for 30 minutes, before
cooling to 0 ◦C. Chloromethoxymethyl ether (2.3 mL, 30 mmol)
was added dropwise. After 15 hours at room temperature,
potassium hydroxide (30 mL, 50% w/v in water) was added.
After a further hour, the mixture was extracted with diethyl ether
(60 mL and 20 mL), and the combined organics were washed with
aqueous sodium hydrogen carbonate (5 mL), brine (5 mL) and
dried (MgSO4). Concentration under reduced pressure followed
by purification by flash column chromatography eluting with
hexane : ethyl acetate (20 : 1 to 1 : 1) gave a white solid which
was recrystallised from hexane to give diether 11 (2.2 g, 78%) as
prisms. Mp 37–38 ◦C; [a]D =−161.2 (c 1.6, CHCl3); IR (film)/cm−1


mmax = 1093 (C–O); 1H NMR (400 MHz): dH 7.26–7.19 (10H, m,
ArH), 4.82 (2H, s, 2 × PhCH), 4.56 (2H, d, J 6.7, 2 × CHaHb),
4.54 (2H, d, J 6.7, 2 × CHaHb), 3.06 (6H, s, CH3); 13C NMR
(100 MHz): dC 138.8 (C), 127.9 (CH), 127.7 (CH), 127.5 (CH),
94.6 (CH2), 81.2 (CH), 55.3 (CH3); m/z (ESI) MNH4


+ 320.1856,
C18H26N1O4


+ requires 320.1856; EA anal. calcd for C18H25O4: C
71.50, H 7.33, found: C 71.52, H 7.30%.


(1R,2R)-1,2-Dicyclohexyl-1,2-dimethoxyethane 12


Rhodium (0.3 g, 5% w/w on alumina) was added to a solution of
(R,R)-(+)-hydrobenzoin (5.0 g, 23 mmol) in methanol (25 mL).
The mixture was placed under an atmosphere of hydrogen (50 bar)
at 50 ◦C until the consumption of hydrogen ceased (∼18 hours), at
which point the reaction was diluted with diethyl ether (100 mL),
filtered though Celite R© and concentrated under reduced pressure.
The resultant solid was recrystallised from petroleum ether (60–
80 ◦C) : chloroform (4 : 1) to give (1R,2R)-1,2-dicyclohexyl-1,2-
ethanediol (5.2 g, 98%) as needles. Mp 137–138 ◦C [lit39 136–
137 ◦C]; IR (film)/cm−1 mmax = 3269 (br, O–H); [a]D = −2.7 (c 0.80,
CHCl3) [lit39 [a]D = −2.6 (c 0.78, CHCl3)]; 1H NMR (400 MHz,
lit39): dH 3.34 (2H, br, 2 × CHOH), 1.88–1.43 and 1.32–1.00 (22H,
m, 10 × CH2 and 2 × CHCHOH); 13C NMR (100 MHz, lit39):
dC 75.1 (CH), 40.4 (CH), 29.6 (CH2), 28.2 (CH2), 26.4 (CH2),
26.2 (CH2), 26.0 (CH2). A solution of (R,R)-1,2-dicyclohexyl-1,2-
ethanediol (2.0 g, 8.8 mmol) in THF (10 mL) was added dropwise
to a suspension of sodium hydride (0.96 g, 24 mmol, 60% in mineral
oil, washed with hexane) in THF (20 mL). The mixture was heated
to reflux for 30 minutes, before cooling to 0 ◦C. Dimethylsulfate
(2.5 mL, 26 mmol) was added dropwise. After 15 hours at room
temperature, potassium hydroxide (20 mL, 50% w/v in water) was
carefully added. After a further hour the reaction was extracted
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with diethyl ether (50 mL, 20 mL), the combined organics were
washed with aqueous sodium hydrogen carbonate (5 mL), brine
(5 mL) and dried (MgSO4). Concentration under reduced pressure
followed by recrystallisation from hexane gave diether 12 (2.1 g,
94%) as prisms. Mp 53–54 ◦C; [a]D = −4.8 (c 1.0, CHCl3); IR
(film)/cm−1 mmax = 1095 (C–O); 1H NMR (400 MHz): dH 3.44
(6H, s, 2 × CH3O), 2.95 (1H, t, J 4.6, CH3OCH), 2.94 (1H, t, J
4.6, CH3OCH), 1.74–1.72 (4H, m, 4 × CHeq), 1.66–1.62 (6H, m,
6 × CHeq), 1.49–1.43 (2H, m, 2 × CH3OCHCH), 1.25–1.13 (10H,
m, 10 × CHax); 13C NMR (100 MHz): dC 86.8 (CH), 60.9 (CH3),
39.9 (CH), 30.4 (CH2), 27.3 (CH2), 26.6 (CH2), 26.5 (CH2), 26.3
(CH2); m/z (ESI) MH+ 255.2319, C16H31O2


+ requires 255.2320;
EA anal. calcd for C16H30O2: C 75.54, H 11.89, found: C 75.56, H
11.68%.


(R)-2-Methyl-1-pyrrol-1-ylpropan-1-ol 1a


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R© OD,
1 mL min−1, hexane : IPA (98 : 2) sR 11.2 minutes (S), sR


13.5 minutes (R). IR (film)/cm−1 mmax = 3433 (br, O–H); 1H NMR
(400 MHz): dH 6.80 (2H, t, J 2.2, N(CH=CH)2), 6.18 (2H, t,
J 2.2, N(CH=CH)2), 4.98 (1H, dd, J 8.1 and 3.5, NCHOH),
2.72 (1H, d, J 3.5, OH), 2.20 (1H, m, CH(CH3)2), 1.09 (3H, d,
J 6.7, CH(CH3)a(CH3)b), 0.71 (3H, d, J 6.8, CH(CH3)a(CH3)b);
13C NMR (100 MHz): dC 118.2 (CH), 108.3 (CH), 87.9 (CH),
35.2 (CH), 18.6 (CH3), 17.7 (CH3); m/z (ESI) MH+ 140.1069,
C8H14NO+ requires 140.1070.


(R)-1-Pyrrol-1-ylpropan-1-ol 1b


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R©


OD, 1 mL min−1, hexane : IPA : methanol (99.4 : 0.5 : 0.1)
sR 32.8 minutes (S), sR 36.1 minutes (R). IR (film)/cm−1 mmax =
3406 (br, O–H); 1H NMR (400 MHz): dH 6.82 (2H, t, J 2.2,
N(CH=CH)2), 6.19 (2H, t, J 2.2, N(CH=CH)2), 5.29 (1H, t, J
6.6, NCHOH), 2.75 (1H, s, OH), 2.01 (1H, doublet quintet, J 14.0
and 6.6, CHaHbCH3), 1.92 (1H, doublet quintet, J 14.0 and 6.6,
CHaHbCH3), 0.88 (3H, t, J 6.6, CH3); 13C NMR (100 MHz): dC


118.0 (CH), 108.7 (CH), 84.0 (CH), 30.2 (CH2), 9.4 (CH3); m/z
(ESI) MH+ 126.0915, C7H12NO+ requires 126.0913.


(R)-2,2-Dimethyl-1-pyrrol-1-ylpropan-1-ol 1c


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R© OD,
1 mL min−1, hexane : IPA (98 : 2) sR 11.5 minutes (S), sR


13.5 minutes (R). IR (film)/cm−1 mmax = 3473 (O–H); 1H NMR
(400 MHz): dH 6.80 (2H, t, J 2.1, N(CH=CH)2), 6.16 (2H, t, J 2.1,
N(CH=CH)2), 5.09 (1H, d, J 2.9, NCHOH), 2.65 (1H, br, OH),
0.96 (9H, s, C(CH3)3); 13C NMR (100 MHz): dC 119.3 (CH), 107.5
(CH), 89.9 (CH), 35.2 (C), 25.3 (CH3); m/z (ESI) MH+ 154.1228,
C9H16NO+ requires 154.1226.


(R)-1-Pyrrol-1-ylhexan-1-ol 1d


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R©


OD, 1 mL min−1, hexane : IPA : methanol (99.4 : 0.5 : 0.1)
sR 30.9 minutes (S), sR 34.8 minutes (R). IR (film)/cm−1 mmax =
3407 (br, O–H); 1H NMR (400 MHz): dH 6.83 (2H, t, J 2.1,
N(CH=CH)2), 6.19 (2H, t, J 2.1, N(CH=CH)2), 5.38 (1H, m,
NCHOH), 2.68 (1H, br, OH), 1.98 (2H, m, CHCH2), 1.38–1.22
(6H, m, 3 × CH2), 0.92 (3H, m, CH3); 13C NMR (100 MHz):
dC 118.0 (CH), 108.7 (CH), 82.7 (CH), 37.0 (CH2), 31.3 (CH2),
24.7 (CH2), 22.5 (CH2), 13.9 (CH3); m/z (ESI) MH+ 168.1382,
C10H18NO+ requires 168.1383.


(R)-3-Methyl-1-pyrrol-1-ylbutan-1-ol 1e


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R© OD,
1 mL min−1, hexane : IPA (98 : 2) sR 11.8 minutes (S), sR


13.2 minutes (R). IR (film)/cm−1 mmax = 3415 (br, O–H); 1H NMR
(400 MHz): dH 6.80 (2H, t, J 2.2, N(CH=CH)2), 6.21 (2H, t, J 2.2,
N(CH=CH)2), 5.37 (1H, t, J 6.7, NCHOH), 1.84 (1H, dt, J 13.4
and 6.7, CHaHb), 1.75 (1H, dt, J 13.4 and 6.7, CHaHb), 1.54 (1H,
nonet, J 6.7, CH2CH), 0.97 (3H, d, J 6.7, CH(CH3)a(CH3)b), 0.93
(3H, d, J 6.7, CH(CH3)a(CH3)b); 13C NMR (100 MHz): dC 118.2
(CH), 108.6 (CH), 81.1 (CH), 45.7 (CH2), 24.5 (CH), 22.6 (CH3),
22.4 (CH3); m/z (EI) M•+ 153.1148, C8H14NO•+ requires 153.1148.


(E)-(R)-1-Pyrrol-1-ylbut-2-en-1-ol 1f


Prepared using general procedure one A in toluene. It was not
possible to separate the ligand and the product by flash column
chromatography. All attempts to separate the enantiomers by
chiral HPLC were unsuccessful. IR (film)/cm−1 mmax = 3391 (br,
O–H), 1673 (C=C); 1H NMR (400 MHz): dH 6.85 (2H, t, J
2.1, N(CH=CH)2), 6.21 (2H, t, J 2.1, N(CH=CH)2), 5.93 (2H,
m, NCHOH and CH=CHCH3), 5.81 (1H, m, CH=CHCH3),
2.57 (1H, d, J 5.3, OH), 1.79 (3H, dt, J 6.3 and 1.2, CH3); 13C
NMR (100 MHz): dC 129.9 (CH), 129.1 (CH), 118.4 (CH), 108.9
(CH), 81.7 (CH), 17.5 (CH3); m/z (EI) M•+ 137.0838, C8H11NO•+


requires 137.0841.


(E)-(R)-2-Methyl-1-pyrrol-1-ylpent-2-en-1-ol 1g


Prepared using general procedure one A in toluene. It was
not possible to separate the ligand and the product by flash
column chromatography. Chiral HPLC conditions Chiralcel R© OD,
1 mL min−1, hexane : IPA (98 : 2) sR 11.1 minutes (S), sR


13.1 minutes (R). IR (film)/cm−1 mmax = 3406 (br, O–H), 1676
(C=C); 1H NMR (400 MHz): dH 6.79 (2H, t, J 2.2, N(CH=CH)2),
6.20 (2H, t, J 2.2, N(CH=CH)2), 5.74 (1H, t, J 7.5, CHCH2), 5.64
(1H, s, NCHOH), 3.85 (1H, br, OH), 2.14 (2H, quintet, J 7.5,
CH2), 1.55 (3H, s, CCH3), 1.06 (3H, t, J 7.5, CH2CH3); 13C NMR
(100 MHz): dC 132.3 (C), 129.9 (CH), 118.7 (CH), 108.5 (CH), 84.9
(CH), 20.9 (CH2), 13.8 (CH3), 12.1 (CH3); m/z (EI) M•+ 165.1147,
C10H15NO•+ requires 165.1148.
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(R)-3-Phenyl-1-pyrrol-1-ylprop-2-en-1-ol 1h


Prepared using general procedure one A in toluene. It was not
possible to separate the ligand and the product by flash column
chromatography. Chiral HPLC conditions Chiralcel R© OD, 1 mL
min−1, hexane : IPA (90 : 10) sR 15.0 minutes (S), sR 18.2 minutes
(R). IR (film)/cm−1 mmax = 3405 (br, O–H), 1661 (C=C); 1H NMR
(400 MHz, lit7f ): dH 7.46–7.26 (5H, m, Ph), 6.93 (2H, t, J 2.2,
N(CH=CH)2), 6.81 (1H, dd, J 16.0 and 1.3, CH(OH)CH=CH),
6.43 (1H, dd, J 16.0 and 4.7, CH(OH)CH=CH), 6.29 (2H, t, J
2.2, N(CH=CH)2), 6.04 (1H, m, NCHOH), 3.33 (1H, br, OH);
13C NMR (100 MHz, lit7f ): dC 135.7 (C), 132.8 (CH), 128.7 (CH),
128.5 (CH), 127.0 (CH), 126.7 (CH), 118.7 (CH), 109.2 (CH), 81.4
(CH); m/z (EI) M•+ 199.0998, C13H13NO•+ requires 199.0997.


(R)-1-Hydroxy-2,2-dimethyl-1-pyrrol-1-ylpentan-3-one 1i


Prepared using general procedure one A in toluene to give carbinol
1i (176 mg, 90%) as an oil. Chiral HPLC conditions Chiralcel R©


OD, 1 mL min−1, hexane : IPA (98 : 2) sR 15.2 minutes (S), sR


17.8 minutes (R). IR (film)/cm−1 mmax = 3445 (br, O–H), 1698
(C=O); 1H NMR (400 MHz): dH 6.71 (2H, t, J 2.2, N(CH=CH)2),
6.13 (2H, t, J 2.2, N(CH=CH)2), 5.43 (1H, d, J 3.9, NCHOH),
4.36 (1H, br, OH), 2.52–2.41 (2H, m, CH2), 1.80 (3H, s, C(CH3)a-
(CH3)b), 1.13 (3H, s, C(CH3)a(CH3)b), 1.02 (3H, t, J 7.1, CH2CH3);
13C NMR (100 MHz): dC 217.8 (C), 120.3 (CH), 108.2 (CH), 87.8
(CH), 52.4 (CH3), 32.4 (CH2), 22.9 (CH3), 19.5 (CH3), 7.5 (CH3);
m/z (ESI) MH+ 196.1335, C11H18NO2


+ requires 196.1332.


(R)-Indol-1-yl-2-methylpropan-1-ol 1j


Preparation using general procedure one B in toluene gave carbinol
1j [ca. 0.225 g, 1.19 mmol, 79% (contaminated with ligand)] as an
oil. Chiral HPLC conditions Chiralcel R© OD, 1 mL min−1, hexane :
IPA (95 : 5) sR 16.1 minutes (S), sR 29.6 minutes (R). IR (film)/cm−1


mmax = 3413 (br, O–H), 1611 (C=C); 1H NMR (400 MHz): dH 7.63
(1H, d, J 8.0, ArH), 7.48 (1H, d, J 8.5, ArH), 7.28 (1H, d, J 3.5,
NCH=CH), 7.21 (1H, td, J 7.5 and 1.0, ArH), 7.13 (1H, td, J 7.5
and 1.0, ArH), 6.55 (1H, d, J 3.5, NCH=CH), 5.47 (1H, dd, J
8.5 and 3.5, NCHOH), 2.57 (1H, d, J 3.5, OH), 2.44–2.35 (1H,
m, (CH3)2CH), 1.18 (3H, d, J 6.5, (CH3)a(CH3)bCH), 0.70 (3H,
d, J 7.0, (CH3)a(CH3)bCH); 13C NMR (100 MHz): dC 135.5 (C),
129.0 (C), 124.6 (CH), 121.7 (CH), 121.1 (CH), 119.9 (CH), 110.1
(CH), 102.5 (CH), 85.3 (CH), 34.5 (CH), 18.9 (CH3), 18.1 (CH3).
m/z (ESI) MH+ 190.1229, C12H16NO+ requires 190.1226.


3-Vinylindole


n-Butyllithium (12.5 mL, 2.5 M in hexanes, 31.3 mmol) was added
dropwise to a stirred solution of methyltriphenylphosphonium
iodide (14.6 g, 36.0 mmol) in THF (90 mL) at −50 ◦C. The reaction
mixture was warmed to 0 ◦C over 30 minutes, then cooled to
−30 ◦C. A pre-mixed solution of indole-3-carboxaldehyde (4.56 g,
31.3 mmol) and LHMDS (31.3 mL, 1.0 M in THF, 31.3 mmol)
in THF (36 mL) was added. The reaction mixture was stirred for
30 minutes at room temperature, then poured onto ice-cold water
(200 mL) and extracted with ethyl acetate (2 × 100 mL). The
organic extracts were concentrated under reduced pressure and
purified by flash column chromatography (2 : 1 hexanes : ethyl
acetate) to give 3-vinylindole (3.87 g, 27.1 mmol, 87%) as a yellow


powder. IR (film)/cm−1 mmax = 3390 (N–H), 1632 (C=C), 1568
(C=C), 1527 (C=C); 1H NMR (400 MHz, lit40): dH 8.07 (1H, br s,
NH), 7.90 (1H, dd, J 8.5 and 0.5, ArH), 7.37 (1H, d, J 7.5, ArH),
7.26–7.18 (3H, m, ArH), 6.92 (1H, dd, J 18.0 and 11.5, CH=CH2),
5.73 (1H, dd, J 18.0 and 1.5, CHaHb), 5.20 (1H, dd, J 11.5 and
1.5, CHaHb); 13C NMR (100 MHz, lit40): dC 136.7 (C), 129.4 (CH),
125.6 (C), 123.4 (CH), 122.5 (CH), 120.4 (CH), 120.1 (CH), 115.9
(C), 111.3 (CH), 110.8 (CH2); m/z (EI) M•+ 143.0733, C10H9N•+


requires 143.0735.


(R)-3-Vinylindol-1-yl-2-methylpropan-1-ol 1k


Preparation using general procedure one B in toluene gave carbinol
1k [0.256 g, 1.19 mmol, 79% (contaminated with ligand)] as an oil.
Chiral HPLC conditions Chiralpak R© AD, 1 mL min−1, hexane :
IPA (95 : 5) sR 8.8 minutes (R), sR 10.1 minutes (S). IR (film)/cm−1


mmax = 3362 (br, O–H), 1629 (C=C); 1H NMR (400 MHz): dH 7.90
(1H, dd, J 6.5 and 2.0, ArH), 7.40 (1H, dd, J 7.0 and 2.0, ArH),
7.27 (1H, s, NCH=C), 7.26–7.19 (2H, m, 2 × ArH), 6.90 (1H,
dd, J 18.0 and 11.5, CH=CHaHb), 5.74 (1H, dd, J 18.0 and 1.5,
CH=CHaHb), 5.31 (1H, dd, J 8.5 and 3.5, NCHOH), 5.22 (1H, dd,
J 11.5 and 1.5, CH=CHaHb), 2.93 (1H, d, J 3.5, OH), 2.35–2.26
(1H, m, (CH3)2CH), 1.13 (3H, d, J 6.5, (CH3)a(CH3)bCH), 0.70
(3H, d, J 6.5, (CH3)a(CH3)bCH); 13C NMR (100 MHz): dC 136.4
(C), 129.3 (CH), 126.6 (C), 123.9 (CH), 122.3 (CH), 120.5 (CH),
120.3 (CH), 115.3 (C), 110.8 (CH2), 110.4 (CH), 85.1 (CH), 34.4
(CH), 18.8 (CH3), 18.1 (CH3); m/z (EI) M•+ 215.1308, C14H17NO•+


requires 215.1310.


(R)-3-Vinylindol-1-yl-2,2-dimethylpropan-1-ol 1l


Preparation using general procedure one B in toluene gave carbinol
1l (0.177 g, 0.774 mmol, 52%) as an oil. Chiral HPLC conditions
Chiralcel R© OD, 1 mL min−1, hexane : IPA (98 : 2) sR 33.6 minutes
(S), sR 49.1 minutes (R). [a]D = +13.3 (c 0.975, CHCl3, 86% ee);
IR (film)/cm−1 mmax = 3524 (O–H), 1630 (C=C), 1609 (C=C);
1H NMR (400 MHz): dH 7.87 (1H, d, J 7.0, ArH), 7.42 (1H, s,
NCH=C), 7.38 (1H, d, J 8.0, ArH), 7.24–7.15 (2H, m, 2 × ArH),
6.90 (1H, dd, J 18.0 and 11.5, CH=CH2), 5.71 (1H, dd, J 18.0
and 1.5, CH=CHaHb), 5.63 (1H, d, J 3.5, NCHOH), 5.19 (1H,
dd, J 11.5 and 1.5, CH=CHaHb), 2.57 (1H, d, J 3.5, OH), 1.04
(9H, s, (CH3)3C); 13C NMR (100 MHz): dC 137.2 (C), 129.4 (CH),
126.0 (C), 124.8 (CH), 122.1 (CH), 120.2 (CH), 120.1 (CH), 114.9
(C), 110.6 (CH), 110.5 (CH2), 85.9 (CH), 38.0 (C), 25.6 (CH3); no
HRMS due to sample instability.


(R)-(1-Hydroxy-2-methylpropyl)-1H-indol-3-ylethylcarbamic acid
benzylester 1m


Preparation using general procedure one B in toluene gave carbinol
1m (0.0305 g, 0.0833 mmol, 9%) as an oil on a 0.926 mmol scale.
Chiral HPLC conditions Chiralcel R© OD, 1 mL min−1, hexane :
IPA (90 : 10) sR 31.8 minutes (R), sR 61.7 minutes (S). [a]D = 0.00
(c 1.53, CHCl3, 9% ee); IR (film)/cm−1 mmax = 3291 (br, O–H),
1679 (N=O), 1613 (C=C); 1H NMR (400 MHz): dH 7.57 (1H, d,
J 8.0, ArH), 7.45 (1H, d, J 8.5, ArH), 7.37–7.29 (5H, m, Ph),
7.21 (1H, td, J 7.5 and 1.0, ArH), 7.11 (1H, t, J 7.5, ArH), 7.09
(1H, s, NCH=C), 5.42 (1H, dd, J 8.5 and 3.5, NCHOH), 5.08
(2H, s, OCH2Ph), 4.79 (1H, br, NH), 3.51 (2H, q, J 6.5, NCH2),
2.95 (2H, t, J 6.5, NCH2CH2), 2.61 (1H, s, OH), 2.41–2.31 (1H, m,
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(CH3)2CH), 1.17 (3H, d, J 6.5, (CH3)a(CH3)bCH), 0.68 (3H, d, J
7.0, (CH3)a(CH3)bCH); 13C NMR (100 MHz): dC 156.5 (C), 136.5
(C), 136.0 (C), 128.5 (CH), 128.2 (C), 128.1 (CH), 122.6 (CH),
121.9 (CH), 119.6 (CH), 119.0 (CH), 112.5 (CH), 110.3 (CH),
85.1 (CH), 66.6 (CH2), 41.2 (CH2), 34.5 (CH), 25.7 (CH2), 19.0
(CH3), 18.2 (CH3); m/z (ESI) MNa+ 389.1853, C22H26N2O3Na+


requires 389.1841.


(R)-(1-Hydroxy-2-methylpropyl)-1H-indol-3-ylethylcarbamic acid
tert-butylester 1n


Preparation using general procedure one B in toluene gave carbinol
1n (0.158 g, 0.476 mmol, 32%) as an oil. Chiral HPLC conditions
Chiralcel R© OD, 1 mL min−1, hexane : IPA (90 : 10) sR 9.8 minutes
(R), sR 11.5 minutes (S). [a]D = 0.00 (c 1.00, CHCl3, 17% ee); IR
(film)/cm−1 mmax = 3375 (br, O–H), 1687 (C=O), 1613 (C=C); 1H
NMR (400 MHz): dH 7.56 (1H, d, J 7.5, ArH), 7.44 (1H, d, J 8.0,
ArH), 7.19 (1H, td, J 7.5 and 1.0, ArH), 7.11 (1H, td, J 8.0 and
1.0, ArH), 7.07 (1H, br s, NCH=C), 5.40 (1H, dd, J 8.5 and 4.0,
NCHOH), 4.61 (1H, br, NH), 3.39–3.29 (2H, m, NCH2), 3.29 (1H,
br, OH), 2.88 (2H, br, NCH2CH2), 2.39–2.30 (1H, m, (CH3)2CH),
1.41 (9H, s, OC(CH3)3), 1.16 (3H, d, J 6.5, (CH3)a(CH3)bCH),
0.69 (3H, d, J 7.0, (CH3)a(CH3)bCH); 13C NMR (100 MHz): dC


156.0 (C), 136.0 (C), 128.3 (C), 122.5 (CH), 121.8 (CH), 119.4
(CH), 119.1 (CH), 112.8 (C), 110.2 (CH), 85.1 (CH), 79.2 (C), 40.8
(CH2), 34.5 (CH), 28.4 (CH3), 25.7 (CH2), 19.0 (CH3), 18.2 (CH3);
m/z (ESI) MNa+ 355.2009, C19H28N2O3Na+ requires 355.1998.


(R)-(1-Hydroxy-2,2-dimethylpropyl)-1H-indol-3-ylethylcarbamic
acid tert-butylester 1o


Preparation using general procedure one B in toluene gave carbinol
1o (0.0788 g, 0.227 mmol, 15%) as an oil. Chiral HPLC conditions
Chiralcel R© OD, 1 mL min−1, hexane : IPA (90 : 10) sR 8.9 minutes
(R), sR 12.5 minutes (S). [a]D = +4.09 (c 0.635, CHCl3, 28% ee);
IR (film)/cm−1 mmax = 3402 (O–H), 1689 (C=O), 1612 (C=C);
1H NMR (400 MHz): dH 7.56 (1H, d, J 8.0, ArH), 7.37 (1H,
J 8.5, ArH), 7.20–7.14 (2H, m, 2 × ArH), 7.10 (1H, td, J 7.5
and 1.0, ArH), 5.62 (1H, d, J 3.0, NCHO), 4.59 (1H, br, NH),
3.41 (2H, br, NCH2), 2.92 (2H, t, J 6.5, NCH2CH2), 2.83 (1H, s,
OH), 1.42 (3H, s, OC(CH3)3), 1.02 (3H, s, CHC(CH3)3); 13C NMR
(100 MHz): dC 156.0 (C), 136.8 (C), 127.7 (C), 123.4 (CH), 121.7
(CH), 119.2 (CH), 118.9 (CH), 112.4 (C), 110.4 (CH), 86.0 (CH),
79.1 (C), 57.1 (CH2), 40.9 (CH2), 38.1 (C), 28.4 (CH3), 25.7 (CH3);
no HRMS due to sample instability.


(R)-Carbazol-9-yl-2-methylpropan-1-ol 1p


Prepared by the method previously reported.6a IR (film)/cm−1


mmax = 3421 (br, O–H), 1625 (C=C), 1597 (C=C); 1H NMR
(400 MHz): dH 8.08 (2H, d, J 7.5, 2 × ArH), 7.64 (2H, d, J 8.0, 2 ×
ArH), 7.43 (2H, t, J 8.0, 2 × ArH), 7.24 (2H, t, J 7.5, 2 × ArH),
5.77 (1H, d, J 9.0, NCHOH), 2.82 (1H, octet, J 7.0, (CH3)2CH),
2.63 (1H, s, OH), 1.29 (3H, d, J 6.5, (CH3)a(CH3)bCH), 0.59 (3H,
d, J 6.5, (CH3)a(CH3)bCH); 13C NMR (100 MHz): dC (100 MHz,
CDCl3) 139.3 (C), 125.6 (CH), 123.5 (CH), 120.2 (CH), 119.4
(CH), 111.0 (C), 85.4 (CH), 33.0 (CH), 19.6 (CH3), 18.4 (CH3); no
HRMS due to sample instability.


(R)-1-Hydroxy-2,2-dimethyl-1-pyrrol-1-ylpentan-3-one 1i


n-Butyllithium (4.0 mL, 10 mmol, 2.5 M in hexane) was added
to a solution of pyrrole (0.73 mL, 11 mmol) in toluene (100 mL)
at 0 ◦C. The solution was allowed to warm to room temperature
over 5 minutes before diether 8 (2.42 g, 10.0 mmol) was added in
one portion. After 25 minutes, the mixture was cooled to −78 ◦C
and the aldehyde 2i (1.28 g, 10 mmol) was added over 5 seconds.
After 30 minutes at this temperature, the reaction was quenched
by the addition of a pre-cooled (−78 ◦C) solution of acetic acid
(15 mL, 15 mmol, 1.0 M in THF). After a further 30 minutes, the
reaction was allowed to warm to 0 ◦C over 15 minutes before being
filtered though a plug of silica (60 mm × ø 60 mm) eluting with
ethyl acetate and concentrated under reduced pressure to give the
crude product. The enantiomeric excess was determined as 46%
by chiral HPLC. Purification by flash column chromatography
eluting with hexane : ethyl acetate (20 : 1 to 1 : 5) gave carbinol
1i (1.8 g, 93%) as a pale brown oil together with ether 8 (2.3 g,
95%) as a white solid. Chiral HPLC analysis indicated no change
in enantiomeric excess. [a]D = +18.2 (c 1.10, CHCl3, 46% ee). All
spectroscopic and chromatographic data was consistent with that
previously recorded.


2,2-Dimethyl-1-pyrrol-1-ylpentane-1,3-diol 4


Lithium borohydride reduction. Lithium borohydride
(0.77 mL, 1.5 mmol, 2.0 M in THF) was added to a solution
of racemic carbinol 1i (271 mg, 1.38 mmol) in diethyl ether
(10 mL) at −78 ◦C. After 2 hours, the reaction was quenched with
methanol (2 mL) followed by the addition of pH 7 phosphate
buffer (10 mL) and ethyl acetate (25 mL). The layers were
separated and the organics washed with brine (5 mL), dried
(MgSO4) and the solvent removed under reduced pressure.
Analysis by 1H NMR gave a crude diastereomeric ratio of 12 : 1
syn : anti. Purification by flash column chromatography eluting
with hexane : ethyl acetate (20 : 1 to 1 : 5) gave diol 4 (237 mg, 87%,
12.1 : 1 dr) as an oil. IR (film)/cm−1 mmax = 3399 (br, O–H); 1H
NMR (400 MHz): dH 6.81 (2H, t, J 2.0, N(CH=CH)2), 6.14 (2H,
t, J 2.0, N(CH=CH)2), 5.33 (1H, s, NCHOH), 4.26 (1H, br, OH),
3.26 (1H, dd, J 10.5 and 1.9, CHCH2), 2.69 (1H, br, OH), 1.55
(1H, dqd, J 14.1, 7.1 and 1.8, CHaHbCH3), 1.40–1.28 (1H, ddq,
J 14.1, 10.5 and 7.1, CHaHbCH3), 1.00 (3H, s, C(CH3)a(CH3)b),
0.98 (3H, t, J 7.1, CH2CH3), 0.67 (3H, s, C(CH3)a(CH3)b); 13C
NMR (100 MHz): dC 119.7 (CH), 107.5 (CH), 89.2 (CH), 79.3
(CH), 43.6 (C), 24.2 (CH2), 20.5 (CH3), 14.3 (CH3), 11.0 (CH3);
m/z (ESI) MH+ 198.1492, C11H20NO2


+ requires 198.1489.


Zinc borohydride reduction. Freshly prepared zinc borohydride
(24 mL, 3.6 mmol, ∼0.15 M in diethyl ether) was added to a
solution of carbinol (R)-1i (231 mg, 1.18 mmol, 46% ee) in diethyl
ether (6 mL) at −35 ◦C. After 8 hours, the reaction was quenched
with methanol (5 mL) followed by the addition of aqueous sodium
potassium tartrate (15 mL) and ethyl acetate (25 mL). After
10 minutes, the layers were separated and the aqueous phase
further extracted with ethyl acetate (2 × 50 mL). The combined
organics were washed with brine (15 mL), dried (MgSO4) and the
solvent removed under reduced pressure. Analysis by 1H NMR
indicated a diastereomeric ratio of 16.6 : 1 syn : anti. The crude
product was purified by flash column chromatography eluting
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with hexane : ethyl acetate (20 : 1 to 1 : 5) to give (R,R)-diol 4
(209 mg, 90%, 46% ee, 16.6 : 1 dr) as an oil. [a]D = +5.2 (c 1.1,
CHCl3, 46% ee).


Diethylmethoxyborane and sodium borohydride reduction. A
solution of diethylmethoxyborane (1.35 mL, 1.35 mmol, 1.0 M


in THF) was added to a solution of racemic carbinol 1i (195 mg,
1.00 mmol) in THF (10 mL) and methanol (3 mL). The mixture
was slowly cooled to −78 ◦C and, after 1.5 hours, sodium
borohydride (76 mg, 2.0 mmol) was added in one portion. After
18 hours the reaction was quenched by the addition of acetic
acid (5 mL) and allowed to warm to 0 ◦C. The reaction was
diluted with ethyl acetate (100 mL), washed with aqueous sodium
hydrogen carbonate (30 mL) and brine (5 mL), dried (MgSO4)
and concentrated under reduced pressure. Analysis by 1H NMR
indicated a diastereomeric ratio of 12.0 : 1 syn : anti. The crude
product was purified by flash column chromatography eluting with
hexane : ethyl acetate (20 : 1 to 1 : 5) to give diol 4 (158 mg, 80%,
10 : 1 dr) as an oil.


(1R,2S)-2,2-Dimethyl-1-pyrrol-1-ylpentane-1,3-diol 20


Distilled acetic acid (5 mL) was added to a solution of tetram-
ethylammonium triacetoxyborohydride (1.3 g, 5.0 mmol) in
acetonitrile (5 mL) at room temperature. After 25 minutes, the
mixture was cooled to −25 ◦C and a solution of carbinol (R)-1i
(195 mg, 1.00 mmol, 46% ee) in acetonitrile (2.5 mL) added. After
18 hours, the mixture was poured into aqueous sodium potassium
tartrate (25 mL), aqueous sodium hydrogen carbonate (25 mL) and
ethyl acetate (50 mL). After 10 minutes the layers were separated
and the aqueous layer further extracted with ethyl acetate (2 ×
50 mL), the combined organics were washed with brine (15 mL),
dried (MgSO4) and the solvent removed under reduced pressure.
Analysis by 1H NMR indicated a diastereomeric ratio of 19.0 :
1 anti : syn. The crude product was purified by flash column
chromatography eluting with hexane : ethyl acetate (20 : 1 to 1 :
5) to give diol 20 (166 mg, 84%, 46% ee, 19.2 : 1 dr) as an oil. IR
(film)/cm−1 mmax = 3320 (br, O–H); [a]D = +0.5 (c 0.9, CHCl3, 46%
ee); 1H NMR (400 MHz): dH 6.82 (2H, t, J 2.2, N(CH=CH)2),
6.16 (2H, t, J 2.2, N(CH=CH)2), 5.32 (1H, s, NCHOH), 4.81
(1H, br, OH), 3.53 (1H, dd, J 10.6 and 1.9, CH(OH)CH2), 2.66
(1H, br, OH), 1.58 (1H, dqd, J 14.7, 7.4 and 1.9, CHaHbCH3),
1.41 (1H, ddq, J 14.7, 10.6 and 7.4, CHaHbCH3), 1.01 (3H,
t, J 7.4, CH2CH3), 0.94 (3H, s, C(CH3)a(CH3)b), 0.87 (3H, s,
C(CH3)a(CH3)b); 13C NMR (100 MHz): dC 119.5 (CH), 107.6
(CH), 90.0 (CH), 78.9 (CH), 42.6 (CH), 24.4 (CH2), 21.3 (CH3),
19.8 (CH3), 11.0 (CH3); m/z (ESI) MH+ 198.1487, C11H20NO2


+


requires 198.1489.


1-(6-Ethyl-2,2,5,5-tetramethyl-[1,3]dioxan-4-yl)-1H-pyrrole 21


p-Toluenesulfonic acid (4 mg) was added to a solution of
racemic diol 4 (49 mg, 0.24 mmol) in acetone (1.2 mL) and
2,2-dimethoxypropane (0.70 mL). After 3 minutes at room tem-
perature, sodium hydrogen carbonate (20 mg) was added in one
portion. The reaction was filtered though a plug of silica (25 mm ×
ø 25 mm) eluting with ethyl acetate and the solvent was removed
under reduced pressure to give acetonide 21 (56 mg, 99%) as a
pale yellow solid. Mp 55–57 ◦C; IR (film)/cm−1 mmax = 1066 (C–


O); 1H NMR (400 MHz): dH 6.79 (2H, t, J 2.0, N(CH=CH)2),
6.15 (2H, t, J 2.0, N(CH=CH)2), 5.27 (1H, s, NCHC), 3.49 (1H,
dd, J 10.0 and 1.8, CHCH2), 1.57–1.36 (2H, m, CH2CH3), 1.54
(3H, s, OC(CH3)eq(CH3)axO), 1.53 (3H, s, OC(CH3)eq(CH3)axO),
0.99 (3H, t, J 7.3, CH2CH3), 0.91 (3H, s, NCHC(CH3)eq(CH3)ax),
0.77 (3H, s, NCHC(CH3)eq(CH3)ax); 13C NMR (100 MHz): dC


120.2 (CH), 107.4 (CH), 100.2 (C), 89.1 (CH), 79.4 (CH), 39.5 (C),
29.8 (CH3), 22.0 (CH2), 20.6 (CH3), 19.6 (CH3), 13.3 (CH3), 11.3
(CH3); m/z (ESI) MH+ 238.1802, C14H24NO2


+ requires 238.1802.
The following peaks were observed in the 13C NMR and assigned
to the minor (anti) diastereomer 22: 13C NMR (100 MHz): dC 119.6
(CH), 107.5 (CH), 102.1 (C), 87.8 (CH), 78.8 (CH), 43.1 (C), 24.2
(CH3), 23.8 (CH3), 20.2 (CH3), 19.8 (CH3).


(R)-5-Hydroxy-4,4-dimethylhept-2-enoic acid tert-butyl ester 23


t-Butyldiethylphosphonoacetate (0.12 mL, 0.50 mmol) was added
to a suspension of sodium hydride (17 mg, 0.42 mmol, 60% in
mineral oils) in THF (1 mL) at 0 ◦C. After 5 minutes, a solution of
(R,R)-4 (55 mg, 0.28 mmol, 46% ee, 16.6 : 1 dr) in THF (1 mL) was
added. After a further 20 minutes, the reaction was then filtered
through a plug of silica (40 mm × ø 40 mm) eluting with diethyl
ether. Concentration under reduced pressure followed by flash
column chromatography eluting with hexane : diethyl ether (20 :
1 to 1 : 5) gave alcohol 23 (61 mg, 97%) as an oil. IR (film)/cm−1


mmax = 3418 (br, O–H), 1715 (C=O), 1696 (C=C); [a]D = +4.9
(c 1.0, CHCl3, 40% ee); 1H NMR (400 MHz): dH 6.87 (1H, d, J 16.0,
CH=CHC(CH3)2), 5.72 (1H, d, J 16.0, CH=CHC(CH3)2), 3.24
(1H, dd, J 10.4 and 2.0, CHOH), 1.55 (1H, m, CHCHaHb), 1.48
(9H, s, C(CH3)3), 1.24 (1H, m, CHCHaHb), 1.05 (6H, s, C(CH3)2),
0.98 (3H, t, J 7.3, CH2CH3); 13C NMR (100 MHz): dC 166.3 (C),
154.1 (CH), 121.3 (CH), 80.3 (C), 80.0 (CH), 41.7 (C), 28.1 (CH3),
24.7 (CH2), 22.8 (CH3), 22.4 (CH3), 11.2 (CH3); m/z (ESI) MH+


246.2063, C13H25NO3
+ requires 246.2064.


(S)-5-Hydroxy-4,4-dimethylhept-2-enoic acid tert-butyl ester 23


(S)-23 was prepared in an analogous fashion and yield to (R)-23.
[a]D = −5.1 (c 1.1, CHCl3, 41% ee). All spectroscopic data were
consistent with those previously recorded.


General procedure two—Table 9


Base was added to a solution of pyrrole (0.70 mL, 10 mmol)
in THF (20 mL) at −78 ◦C. After 15 minutes, isobutyraldehyde
(0.450 mL, 5.0 mmol) in THF (2 mL) was added dropwise over
3 minutes. After the specified length of time at this temperature,
the reaction was quenched with aqueous ammonium chloride
(2 mL) and allowed to warm to room temperature. The mixture
was diluted with water (5 mL) and extracted with diethyl ether
(40 mL). The organic layer was washed with brine (4 mL), dried
(MgSO4) and concentrated under reduced pressure to give 1a as
an oil. The yield was determined by 1H NMR integration with
1,2,3-trimethoxybenzene as internal standard.


General procedure three—Table 10, entries a–c and g–i


Base (1.0 mmol) was added to a solution of pyrrole (0.080 mL,
1.1 mmol) in toluene (10 mL) at 0 ◦C. The solution was allowed
to warm to room temperature over 5 minutes before the ligand
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(1 mmol) was added in one portion. After a further 25 minutes,
the reaction was cooled to −78 ◦C and isobutyraldehyde (0.09 mL,
1 mmol) was added. After a further 30 minutes, the reaction was
quenched by the addition of a pre-cooled (−78 ◦C) solution of
acetic acid (1.5 mL, 1.5 mmol, 1.0 M in THF). After a further
30 minutes, the reaction was allowed to warm to 0 ◦C over
15 minutes before being filtered though a plug of silica (25 mm × ø
25 mm) eluting with ethyl acetate and concentrated under reduced
pressure to give the crude product. The yield and enantiomeric
excess were determined by 1H NMR with DCM as an internal
standard and chiral HPLC respectively. All spectroscopic data
were consistent with those previously recorded.


General procedure four—Table 10, entries d–f and j–m


Base (0.2 mmol) was added to a stirred solution of pyrrole
(0.150 mL, 2.0 mmol) in toluene (10 mL) at 0 ◦C. The solution
was allowed to warm to room temperature over 5 minutes before
the ligand (0.4 mmol) was added in one portion. After a further
25 minutes, the reaction was cooled to −78 ◦C and aldehyde
(1.0 mmol) was added dropwise over 1 minute. After 30 minutes,
the reaction was quenched by the addition of a pre-cooled
(−78 ◦C) solution of acetic acid (1.0 mL, 1.0 mmol, 1.0 M in THF).
After a further 30 minutes, the reaction was allowed to warm to
0 ◦C over 15 minutes before being filtered though a plug of silica
(25 mm × ø 25 mm) eluting with ethyl acetate and concentrated
under reduced pressure to give the crude product. The yield and
enantiomeric excess were determined by 1H NMR with DCM as an
internal standard and chiral HPLC respectively. All spectroscopic
data were consistent with those previously recorded.
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In this study, we synthesized two novel carboxylic acid and carboxylate compounds, both of which had
an amide group linked with an azomethine moiety to introduce photoinduced switching of the
intramolecular NH · · · O hydrogen bond. We suggest that the cis-carboxylate compound forms a
stronger intramolecular NH · · · O hydrogen bond than the cis-carboxylic acid compound.


Introduction


During enzymatic reactions, rearrangement of the hydrogen bond
network around the active site is believed to play a substantial
role in regulating reactivity.1 We have proposed that the hy-
drogen bond between the amide NH and the oxy-anion, such
as that in carboxylate and phenolate, stabilizes and decreases
the nucleophilicity of the anions.2 If the switching of the in-
tramolecular NH · · · O hydrogen bond by external stimulation
(e.g. photoirradiation) is achieved, new functional small molecules
are synthesized that can exhibit regulated reactivity like that of
native enzymes. Arai and coo-workers have investigated the effect
of intramolecular NH · · · N or NH · · · O hydrogen bonds in the
cis form toward cis–trans photoisomerization of the C=C double
bond.3 Recently, photoisomerization has been investigated mainly
as a photoswitching device.4 In this study, we designed two novel
compounds: carboxylic acid E-1/Z-1 and carboxylate E-2/Z-2,
both of which have an amide group linked with a photoinduced
azomethine moiety. These compounds are expected to switch the
intramolecular NH · · · O hydrogen bond, accompanied by trans-
to-cis photoisomerization and by cis-to-trans thermal isomeriza-
tion of the azomethine double bond (Scheme 1).


Results and discussion


Molecular structure in solid state


The crystal structure of E-2 is shown in Fig. 1. The intermolecular
N′1 · · · O11 distance (2.89 Å) permitted sufficient hydrogen bond
formation; this interaction stabilizes the packing structure [N′1
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Scheme 1 Photoisomerization and thermal reversion of diarylazome-
thines E-1, E-2 and E-2′.


indicates N1 atom at equivalent position (1.5 − x, −0.5 + y,
1.5 − z)]. Both of the C · · · O distances in the carboxylate group,
O11 · · · C01 (1.266[4] Å) and O12 · · · C01 (1.253[3] Å), are virtually
identical. Solid Fourier transform infrared (FT-IR) spectra of
E-1 and E-2 were measured to determine the existence of an
intermolecular hydrogen bond. E-1 exhibits an NH band at
3307 cm−1, whereas the m(NH) band appears at 3218 cm−1 in E-2,
indicating the presence of a stronger NH · · · O hydrogen bond.
These combined experimental results obtained by X-ray analysis
indicate that E-2 forms an intermolecular hydrogen bond in the
solid state.


Fig. 1 Molecular structure of E-2 (50% probability).
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Molecular structure in solution


The solubility of tetramethylammonium carboxylate (E-2) toward
tetrahydrofuran (THF) was too low for spectroscopic analysis.
Tetra-n-butylammonium carboxylate (E-2′), which had enhanced
solubility by the lipophilic cation, was subjected to measurement
by UV-vis and 1H NMR spectra. The solution structures in THF-
d8 were determined by 1H NMR spectra. 1H NMR spectra of
E-1 and E-2′ in THF-d8 are shown in Fig. 2. A positive nuclear
Overhauser effect (NOE) between He and Ha′ or He and Hc′


coincided, indicating that the configurations of E-1 and E-2′ are
in the trans form. The chemical shifts of the amide NH signal are
8.52 ppm in E-1 and 10.80 ppm in E-2′. The significant downfield
shift (Dd = 2.28 ppm) of the NH proton suggests that E-2′ forms
a strong NH · · · O hydrogen bond in THF-d8 solution. However,
the temperature dependency of the amide NH chemical shift for
E-2′ was −10.9 ppb K−1, whereas that of E-1 was −5.0 ppb K−1


in the range of 173–303 K. In addition, the upfield shift (Dd =
0.34 ppm) of the NH proton was observed when the solution was
diluted from 5 to 1 mM. The results show that E-2′ forms an
intermolecular NH · · · O hydrogen bond in THF-d8 solution.


Fig. 2 1H NMR spectra of (a) E-1, and (b) E-2′, 5 mM in THF-d8 solution
at 303 K.


Direct photoisomerization of E-1 and E-2′


Although UV irradiation of trans-diarylazomethines results in
extensive conversion into the corresponding cis-isomers, the cis-
isomers are thermally unstable and cause thermal reversion to
trans-isomers at high temperatures.5 The cis-isomers were stable
only at temperatures less than ca. 203 K.6 Using UV-vis and 1H
NMR measurements at low temperature, the photoisomerization
reactions of E-1 and E-2′ were traced. UV-vis spectra of E-1 and
E-2′ were measured by a static method below 203 K. According
to photoirradiation in THF solution at 173 K, changes occurred
in the UV-vis spectra of E-1 and E-2′, as shown in Fig. 3. E-1 and
E-2′ were isomerized and reached a photostationary state (PSS) at
313 and 365 nm UV light irradiation in the UV-vis spectrometer.
Solid lines were those taken before irradiation, corresponding to
trans-isomers, and dotted lines were those observed in PSS. The
blue shift of kmax in cis-compounds indicates that two phenyl rings
are not in plane and that the conjugation is interrupted. These
changes in the spectra were reversible toward thermal reversion at
higher temperatures.


Fig. 3 UV-vis spectrum change of (a) E-1, and (b) E-2′, by UV irradiation
of 313 and 365 nm toward 0.08 mM in THF solution at 173K. Before
irradiation (solid lines) and after irradiation (dotted lines).


cis-Isomers were also observed in 1H NMR spectra. Using a
photoirradiation probe [designed for chemically induced dynamic
nuclear polarization (CIDNP)], UV light was directly introduced
into the NMR equipment. The spectra were taken before and
after UV irradiation in THF-d8 solution at 183 K, using a
200 W xenon-mercury arc passed through a liquid light guide.
Irradiation was continued until the establishment of a PSS (about
30 min of irradiation). 1H NMR spectra of trans-compounds
(E-1 and E-2′) and their PSS in THF-d8 solution at 183 K are
shown in Fig. 4. The signals that newly appeared after irradiation
were assigned by correlation of NMR measurements. Exchange
spectroscopy (EXSY) spectra under photoirradiation in THF-
d8 solution at 203 K are shown in Fig. 5. Because of the fast
rate of photoisomerization, equilibrium between E-1 and Z-1 was
achieved and positive cross-peaks based on the photochemical
exchange process between the two compounds were observed
in Hb, Hc, Hc′, Hd, and He [Fig. 5(a)]. The homo-decoupling
measurement coincided with their expected coupling pattern, and
the negative NOE between NH and Ha coincided with Ha and
Ha′ signals. As a consequence, all of the signals derived from Z-1
were assigned. In cis-form, the two rings of diarylazomethine are
in close proximity to each other. Significant upfield shifts of Hc,
Hc′ were observed in Z-1 because the protons of one ring are in


Fig. 4 1H NMR spectrum change of (a) E-1, and (b) E-2′, by UV
irradiation of 313 nm and 365 nm 5 mM in THF-d8 solution at
183 K. Before irradiation (upside) and after irradiation (downside).
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Fig. 5 Photoirradiating NOESY NMR spectra of (a) carboxylic acid
E-1/Z-1, and (b) carboxylate E-2′/Z-2′, 5 mM in THF-d8 solution at
203 K. The cross-peaks in circles indicate the intramolecular NOE signals
in the Z-isomers, and those in the squares indicate the EXSY signals
between E- and Z-isomers.


the shielding cone of another ring. The solution structure of Z-
1 was estimated based on NOE correlations. NOE correlations
of He–Hc′ or He–Ha′, which were observed characteristically
in E-1, disappeared in Z-1. Instead, the NOE correlation was
observed between Ha′ and Hc in Z-1. These results confirm that
the configuration of the photoproduct Z-1 is exactly in cis-form.
In Z-1, NOE correlations of He–Ha and He–Hc are observed at
the same time, which indicates that the amide-side aromatic ring
of Z-1 rotates easily.


In contrast to carboxylic acid, the correlation between the two
compounds is not clearly observed in the carboxylate [Fig. 5(b)]. It
was also difficult to assign the signals using the homo-decoupling
method because of broadening of signals at low temperatures. To
assign the signals of Z-2′, the correlation spectroscopy (COSY)
NMR spectrum in PSS was measured (ESI†). Two singlets, NH
and He, do not have a COSY. One broad signal at 11.10 ppm, which
has a large temperature coefficient, is assigned to the NH signal.
Another sharp signal at 8.31 ppm is assigned to the He signal. In
the nuclear Overhauser effect spectroscopy (NOESY) spectrum


[Fig. 5(b)], positive NOE of NH–Ha and NH–Hd confirmed the
Ha and Hd signals. The COSY NMR spectrum coincided with
the Ha′, Hb, Hb′, and Hc signals. Of two residual signals, an
upfield-shifted signal is assigned to Hc′ because Hc′ is closer to
the amide-side aromatic ring than Hd′, and Hc′ is more affected
by the shielding effect of the aromatic ring. A positive NOE was
observed in Ha′–Hc and in Hc–Hc′ of Z-2′, which confirms that
the configuration of the Z-2′ is in the cis-form.


When the temperature was raised, the new signals disappeared
and only the signals of the trans-isomer were observed. This
reaction cycle (i.e. photoisomerization and thermal reversion) is
completely reversible. The ratios of cis : trans isomers were 47 :
53 (E-1/Z-1) and 40 : 60 (E-2′/Z-2′) at PSS (173 K), respectively.
The chemical shifts of the amide NH signals of cis-isomers at
183 K were 9.07 ppm in Z-1 and 11.14 ppm in Z-2′. The downfield
shift of 2.07 ppm suggests that Z-2′ forms an NH · · · O hydrogen
bond in the THF-d8 solution. The decrease in the temperature
coefficient during the trans-to-cis isomerization of E-2′ (−10.9
ppb K−1) and Z-2′ (−6.2 ppb K−1) indicates that the intramolecular
hydrogen bond is predominant in Z-2′, whereas the intermolecular
interaction is formed in E-2′.


In contrast to the sharp signals observed in carboxylic acids (E-
1, Z-1), the signals of carboxylates (E-2′, Z-2′) were broadened
at low temperature. Because of the intermolecular hydrogen
bond formed in THF-d8 solution, E-2′ assumes an origomeric
structure easily because exchange reactions occur more slowly at
low temperature. It is thought that only signals of carboxylates
were broadened at low temperatures because of this equilibrium.
Decreasing the temperature also seemed to cause the signals of the
aromatic ring protons to shift to a low magnetic field; these signals
were observed as a result of the intermolecular deshielding effect
produced by the aromatic ring of the other molecule, which became
adjacent through the presence of the intermolecular NH · · · O
hydrogen bond. The intermolecular interaction of Z-2′ is estimated
to be small because the signals those in E-2′ are broader than those
in Z-2′.


Z-to-E Thermal isomerization


The intramolecular hydrogen bond can influence the ground-state
equilibrium between configurational and conformational isomers
as well as photophysical and photochemical behavior.3,4 If the
intramolecular hydrogen bond is formed in a cis-compound, it may
decrease the cis-to-trans thermal reversion rate. Kinetic studies
of thermal reversion of diarylazomethine derivatives from cis-to-
trans isomers were reported in a wide temperature range and found
to follow first-order kinetics.5,6 Z-1 and Z-2′ also produce cis-to-
trans thermal reversion in accordance with first-order kinetics.
Using the time-course experiments of UV-visible spectra in THF
solution, the thermal reversion rates of Z-1 and Z-2′ in the
temperature range of 213–243 K were measured.


The thermal reversion of Z-1 is faster than that of Z-2′ in
the temperature range 213–243 K. This result also suggests that
the NH · · · O intramolecular hydrogen bond forming at Z-2′ is
stronger than the one formed at Z-1. Activation energies of cis-to-
trans thermal isomerization were determined using the Arrhenius
equation. Arrhenius plots of Z-1/E-1 and Z-2′/E-2′ are shown
in Fig. 6. The activation energies of thermal reversion of Z-1
and Z-2′ are 15.1 and 16.9 kcal mol−1, respectively. Z-2′ has an
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Fig. 6 Arrhenius plots of Z-to-E thermal isomerization for Z-1 (�) and
Z-2′ (�).


activation energy that is 1.8 kcal mol−1 higher for this reaction.
This difference in the level of activation energy is thought to arise
from the formation of an intramolecular NH · · · O hydrogen bond
in Z-2′.


Conclusion


In conclusion, carboxylic acid E-1 and carboxylate E-2′, both
of which have an amide group linked to an azomethine moiety
that switches the intramolecular NH · · · O hydrogen bond through
photoirradiation, were synthesized and characterized. E-2′ was
determined to form intermolecular, rather than intramolecular,
NH · · · O hydrogen bonds in the solid state and in THF solution.
Using UV light irradiation, the generation of a cis-isomer was
observed by UV-visible and 1H NMR spectra. The temperature
coefficient for the chemical shift of amide NH signals and cis-to-
trans thermal reversion rates of their compounds show that the
intramolecular NH · · · O hydrogen bond of Z-2′ is stronger than
that of Z-1. Switching of the intramolecular NH · · · O hydrogen
bond toward the carboxylate group by external stimulations
(e.g. photoirradiation and heating) will achieve the regulation
of nucleophilicity of carboxylate-like native enzymes by low
molecular weight compounds.


Experimental


General procedures


All manipulations involving air- and moisture-sensitive com-
pounds were carried out by the use of standard Schlenk tech-
niques under an argon atmosphere. 3-Nitrobenzaldehyde, 2,2-
dimethylpropionyl chloride were purchased from Tokyo-Kasei Co.
3-Aminobenzaldehyde, stannous chloride were purchased from
Nacalai tesque Co. Inc. Dichloromethane was distilled over CaH2.
Tetrahydrofuran was distilled over CaH2 and dried over Na.
Methanol, ethanol, and acetonitrile were distilled over CaH2 and
dried over molecular sieves (3Å). 1H (400 and 270 MHz) and
13C (100 MHz) NMR spectra were measured on a JEOL JNM-
GSX400 or a JEOL JNM-GSX270 spectrometer. 1H (500 MHz)
and 13C (125 MHz) NMR spectra were measured on a JEOL
LA500 spectrometer. When THF-d8, CD3CN, and CDCl3 were
used as solvent, the 1H NMR and 13C NMR spectra were
referenced to the tetramethylsilane protons at d 0.00, and to the
tetramethylsilane carbons at d 0.00, respectively. When DMSO-
d6 was used as solvent, 1H NMR and 13C NMR spectra were


referenced to the residual solvent protons at d 2.49, and to the
solvent carbons at d 39.5. Elemental analysis was performed
at the Elemental Analysis Center, Faculty of Science, Osaka
University. All melting points of the compounds were measured on
a micro melting point apparatus of YANAGIMOTO Co. ESI-MS
measurements were performed on a Finnigan MAT LCQ ion trap
mass spectrometer. FT-IR spectra were measured on a JASCO
FT/IR-8300 spectrometer.


Preparation of 3-(2,2-dimethylpropionylamino)benzaldehyde


To a concentrated HCl (60 mL) suspension of 3-nitrobenzaldehyde
(10.0 g, 66 mmol) was added stannous chloride (45.1 g, 240 mmol).
The temperature rose rapidly, 3-nitrobenzaldehyde dissolved, and
a clear, orange solution was obtained. The solution was refluxed
for 2 h, and the solution color turned to red. The solution was
cooled in an ice bath, and a pasty orange-red suspension resulted.
The precipitate was collected and washed with the diethyl ether,
dried overnight in an NaOH desiccator under reduced pressure,
yielding an orange powder (17.3 g). All of the orange powder
was suspended in CH2Cl2 (70 mL) and cooled in an ice bath (A).
2,2-Dimethylpropionyl chloride and triethylamine were added to
CH2Cl2 (40 mL) and cooled in an ice bath (B). (A) was slowly added
to (B). After the mixture had been stirred for 90 min, the reactant
was washed with 2% HCl aq., 4% NaHCO3 aq., water, and with
saturated NaCl aq. in a dropping funnel. The organic layer was
dried over anhydrous Na2SO4. Removal of solvents under reduced
pressure followed by recrystallization from ethyl acetate–diethyl
ether (1 : 3) gave colorless crystals (4.9 g, 36%). Mp 104–105 ◦C;
Found: C, 70.07; H, 7.34; N, 6.73. Calc. for C12H15NO2: C, 70.22;
H, 7.37; N, 6.82%; dH(270 MHz; DMSO-d6) 1.23 (9H, s, tert-butyl),
7.52 (1H, t, J 7.6 Hz, aryl), 7.59 (1H, dt, J 7.6 and 1.4, aryl), 7.95
(1H, dt, J 7.6 and 1.4, aryl), 8.22 (1H, t, J 1.4, aryl), 9.45 (1H,
br s, NH) and 9.96 (1H, s, CHO); dC(125 MHz; DMSO-d6) 27.06,
39.18, 120.14, 124.80, 125.96, 129.25, 136.52, 140.15, 176.81 and
192.97; m/z (ESI) 204.4 ([M − H]+ requires 204.1).


Preparation of (E)-3-{[3-(2,2-dimethylpropionylamino)-
benzylidene]amino}benzoic acid (E-1)


3-(2,2-Dimethylpropionylamino)benzaldehyde (1.0266 g,
5.00 mmol) and 3-aminobenzoic acid (1.3720 g, 10.0 mmol)
was dissolved in methanol (70 mL) and stirred overnight at
room temperature. Removal of solvents under reduced pressure
followed by recrystallization from ethyl acetate–hexane (1 : 3)
gave a white powder (0.5471 g, 33.7%). Mp 185 ◦C; Found: C,
70.35; H, 6.10; N, 8.62. Calc. for C19H20N2O3: C, 70.35; H, 6.21;
N, 8.64%; mmax(KBr pellet)/cm−1 3307 (NH), 1700 (C=O), 1655
(C=O) and 1565 (C=N); dH(400 MHz; DMSO-d6) 1.24 (9H, s,
tert-butyl), 7.44 (1H, t, J 7.8 Hz, aryl), 7.49 (1H, dt, J 7.8 and
1.8, aryl), 7.53 (1H, t, J 7.8, aryl), 7.59 (1H, dt, J 7.8 and 1.8,
aryl), 7.76 (1H, t, J 1.8, aryl), 7.81 (1H, dt, J 7.8 and 1.8, aryl),
7.84 (1H, dt, J 7.8 and 1.8, aryl), 8.29 (1H, t, J 1.8, aryl), 8.63
(1H, s, –CH=N–), 9.39 (1H, s, NH) and 13.02 (1H, br s, COOH);
dC(150 MHz; THF-d8) 27.74, 40.23, 120.08, 122.67, 123.88,
125.15, 126.02, 127.74, 129.53, 129.75, 133.04, 137.80, 141.31,
153.27, 161.72, 167.38 and 176.79; m/z (ESI) 324.3 ([M + H]+


requires 325.2), 346.3 ([M + Na]+ requires 347.1).
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Preparation of (tetramethylammonium) (E)-3-{[3-(2,2-
dimethylpropionylamino)benzylidene]amino}benzoate (E-2)


To a solution of (E)-3-{[3-(2,2-dimethylpropionylamino)ben-
zylidene]amino}benzoic acid in CH3CN was added a solution
of an equivalent amount of tetramethylammonium acetate in
CH3CN. The solution was stirred and concentrated to give an
orange oil. The oil was washed with diethyl ether to give a pale
orange powder. The powder was recrystallized from hot CH3CN to
give colorless crystals (yield was not certain). Mp 245 ◦C; Found:
C, 68.47; H, 7.89; N, 10.40. Calc. for C23H31N3O3: C, 69.49; H,
7.86; N, 10.57%; mmax(KBr)/cm−1 3218 (br, NH) and 1668 (CO);
dH(400 MHz; DMSO-d6) 1.24 (9H, s, tert-butyl), 3.09 (12H, s,
NMe4), 7.12 (1H, dt, J 7.8 and 1.6 Hz, aryl), 7.23 (1H, t, J 7.8,
aryl), 7.42 (1H, t, J 7.8, aryl), 7.56 (1H, dt, J 7.8 and 1.6, aryl),
7.65 (1H, t, J 1.6, aryl), 7.66 (1H, dt, J 7.8 and 1.6, aryl), 7.86
(1H, dt, J 7.8 and 1.6, aryl), 8.22 (1H, t, J 1.6, aryl), 8.55 (1H, s,
–CH=N–) and 9.39 (1H, s, NH).


X-Ray crystallography. A suitable, single, colorless crystal
of E-2 was mounted on a fine nylon loop with Nujol and
immediately frozen at 200 K. All measurements were performed
on a Rigaku RAXIS-RAPID Imaging Plate diffractometer with
graphite monochromated MoKa radiation. The structures were
solved by direct methods (SIR 92) and the following refine-
ments were performed using SHELXL-97 and teXsan crystallo-
graphic software packages. All non-hydrogen atoms were refined
anisotropically. H1 was placed by reflection and hydrogen atoms
without H1 were placed in the calculated position and including
least-squares refinement.


Crystal data for E-2. C23H31N3O3, Mr = 397.52, monoclinic, a
= 16.08(2), b = 8.501(8), c = 17.00(3) Å, b = 104.5(1)◦, V =
2249(16) Å3, T = 200 ± 1 K, space group P21/n, Z = 4,
l(MoKa) = 0.8 cm−1, total number of reflections measured 21 943,
unique reflections 5009 (Rint = 0.161), final R indices: R1 = 0.059,
wR2 = 0.103 for all data. CCDC reference number 267875. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b516049a.


Preparation of (tetra-n-butylammonium) 3-{[3-(2,2-
dimethylpropionylamino)benzylidene]amino}benzoate (E-2′)


To a solution of (E)-3-{[3-(2,2-dimethylpropionylamino)ben-
zylidene]amino}benzoic acid (0.0909 g, 2.8 × 10−4 mol) in ethanol
(4.0 mL) was added a 2.8 M ethanol solution of sodium ethoxide
(0.10 mL, 2.8 × 10−4 mol). The solution was stirred overnight
and concentrated to give a white-yellow powder. The powder was
washed with diethyl ether, and then dissolved in ethanol again.
A solution of tetra-n-butylammonium chloride (0.0778 g, 2.8 ×
10−4 mol) in EtOH was added. After stirring for a few minutes,
the solvent was removed under reduced pressure to give a pale
white-orange powder. The powder was washed by diethyl ether.
Recrystallization from THF–hexane (1 : 2) gave pale white-orange
powder (yield was not certain). Found: C, 67.23; H, 9.72; N, 6.54.
Calc. for C35H55N3O3 + (H2O)0.3: C, 67.23; H, 9.93; N, 6.72%;
dH(400 MHz; DMSO-d6) 0.91 (12H, t, J, –CH2CH3 × 4), 1.23
(9H, s, tert-butyl), 1.30 (8H, multiplet, –CH2CH3 × 4), 1.56 (8H,
multiplet, –CH2CH2CH3 × 4), 3.15 (8H, multiplet, N–CH2– ×
4), 7.12 (1H, dt, J 7.8 and 1.6, aryl), 7.23 (1H, t, J 7.8, aryl),


7.42 (1H, t, J 7.8, aryl), 7.56 (1H, dt, J 7.8 and 1.6, aryl), 7.67
(1H, t, J 1.6, aryl), 7.68 (1H, dt, J 7.8 and 1.6, aryl), 7.87 (1H,
dt, J 7.8 and 1.6, aryl), 8.22 (1H, t, J 1.6, aryl), 8.55 (1H, s,
–CH=N–) and 9.38 (1H, s, NH); dC(150 MHz; THF-d8) 14.01,
20.54, 24.75, 59.19, 120.43, 120.65, 122.46, 125.14, 125.46, 127.81,
128.34, 128.71, 138.23, 142.94, 144.41, 151.64, 160.98, 170.09 and
177.67; m/z (ESI) 313.2 ([M − N(n-butyl)4]− requires 323.1) and
564.4([M − H]− requires 564.4).


UV light irradiation technique for UV-vis spectrum measurement
at 173 K


The temperature was controlled in the UV cell using the DN1704
liquid nitrogen cryostat. A Xe/Hg lamp (MUV-202U, Moritex
Co.) was used for UV light irradiation. The UV light was directed
using a liquid light guide. The sample was prepared under Ar
atmosphere and dissolved in the degassed solvent. The sample
in the UV cell was irradiated after the temperature was lowered.
After irradiation, the spectrum was measured. During irradiation
and spectrum measurements, the sample was always kept at the
desired temperature.


UV light irradiation technique for 1H NMR spectrum
measurement at low temperatures


A Xe/Hg lamp was used for UV light irradiation. The UV light
was directed using a liquid light guide. The sample was dissolved
in the degassed solvent and sealed in an NMR tube under an
Ar atmosphere. After the temperature was lowered, UV light was
irradiated in the NMR spectrometer using a CIDNP probe. After
irradiation, the spectrum was measured. During irradiation and
spectrum measurements, the sample was always kept at the desired
temperature. A schematic illustration of the low temperature 1H
NMR spectrum measurement is given in the ESI†.
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a-C-Mannosyltryptophan (a-C-Man-Trp) has been found to be a novel post-translational modification
of tryptophan found from some biologically important glycoproteins. In order to analyze the biological
functions of a-C-Man-Trp, we have developed an efficient synthetic strategy for a-C-Man-Trp and its
glucose and galactose analogues, starting from a-C-glycosidation of the corresponding hexapyranoside
derivatives with tinacetylene. According to the synthetic routes, we describe here syntheses of b-anomers
of C-Man-Trp, and its glucose and galactose analogues from the corresponding b-C-glycosylacetylenes.
During this study, we have developed a highly stereocontrolled synthesis of b-C-mannosylacetylene that
is required for the synthesis of b-C-Man-Trp, while the precedented method gave an anomeric mixture
of the C-mannosylacetylene. The synthetic C-Man-Trp and its analogues were analyzed by HPLC.


Introduction


a-C-Mannosyltryptophan (a-C-Man-Trp (1) in Fig. 1) was first
found as a novel linkage “C-glycoside” between a protein and car-
bohydrate from human ribonuclease 2 (RNase 2).1 Interestingly,
the mannose moiety of a-C-Man-Trp adopts a 1C4 conformation as
a major conformer due to a bulky tryptophan moiety occupying
the a-position of the anomeric center and a lack of anomeric
effect. Since its discovery, C-Man-Trp has been identified in
several biologically important proteins such as interleukin-12,2


the terminal four components of a complement system (C6,
C7, C8a, b and C9),3 properdin,4 thrombospondin,5 F-spondin,6


mucins (MUC5AC and MUC5B),7 and erythropoietin receptors.8


Extensive studies on the biosynthetic pathway have revealed that
“C-mannosyltransferase,” still not identified as an enzyme for
installation of mannose to tryptophan, recognizes the amino acid
sequence W–X–X–W to modify the first Trp of this motif.9 Since
the recognition sequence is included in conserved sequences such
as TSP-1 (W–X–X–W–X–X–W–X–X–C) and the WS motif (W–
S–X–W–S) in thrombospondin type 1 repeats (TSRs),10 it is likely
that other proteins with these motifs may be modified by C-
mannosylation. On the other hand, the biological functions of
a-C-Man-Trp have not been clarified, although several possibilities
have been studied.11 In order to identify a-C-Man-Trp from
proteins, peptide sequencing utilizing Edman degradation, the
MS/MS method,12 and specific antibodies against a-C-Man-
Trp13–15 have been employed; however, such methods have not
been able to exclude the possibility of other stereoisomers having a
different carbohydrate moiety with the same molecular weight as
that of a-C-Man-Trp. Although NMR spectroscopy is the only


aLaboratory of Organic Chemistry, Graduate School of Bioagricultural
Sciences, Nagoya University, Chikusa, Nagoya, 464-8601, Japan. E-mail:
nisikawa@agr.nagoya-u.ac.jp; Fax: (+)81-52-789-4111; Tel: (+)81-52-
789-4115
bPRESTO, Japan Science and Technology Agency, 4-1-8 Honcho,
Kawaguchi, Saitama, 332-0012 Japan
† Electronic supplementary information (ESI) available: NMR data. See
DOI: 10.1039/b516282c


Fig. 1 Structure and preferable conformation of a-C-Man-Trp (1).


way to discriminate these isomers, a sufficient amount of the
sample containing the modification is difficult to obtain. Thus,
a new analytical method to differentiate the isomers of a-C-Man-
Trp has been highly desired.3,6,8 To supply the a-C-Man-Trp for
analyzing its biological functions, we have previously synthesized
a-C-Man-Trp, and its glucose and galactose analogues,16,17 and
its probes for use in biochemical studies.18 The corresponding b-
isomers, however, have been reported to be obtained in only minute
amounts by heating L-tryptophan with D-mannose, galactose, and
glucose in the presence of acid.19 We therefore describe herein
stereocontrolled syntheses of the b series of C-Man-Trp and
its glucose and galactose analogues, which can be employed as
authentic samples for their trace analyses.


Synthetic plan for b-C-glycosyltryptophan
In our previous papers, we established the synthesis of a-C-


Man-Trp and its glucose and galactose analogues as outlined
in Scheme 1. Thus, C-glycosidation of glycosyl-1-acetate 2 with
tinacetylene in the presence of TMSOTf as a Lewis acid exclusively
gave the corresponding a-C-glycosylacetylene 3,20 which was
coupled with N-Ts-o-iodoanilide 4 by palladium catalyst to o-
ethylaniline derivatives 5. Copper(I)-mediated indole formation
was followed by deprotection of the Ts group to give a-C-
glycosylindole 6, which reacted with L-serine-derived aziridine
carboxylate 7 in the presence of Sc(ClO4)3 as a Lewis acid21


to afford a fully protected a-C-Gly-Trp 8. Finally, two-step
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Scheme 1 Synthesis of a-C-Man-Trp and its analogues.


deprotection furnished a-C-mannosyltryptophan (1, a-C-Man-
Trp), a-C-glucosyltryptophan (9, a-C-Glc-Trp), and a-C-
galactosyltryptophan (10, a-C-Gal-Trp). Based on this synthesis,
we planned to synthesize the b-series of the analogues starting
from b-C-glycosylacetylenes.


Highly stereoselective synthesis of b-C-mannosylacetylene


The b-C-glycosylacetylenes, including glucose, galactose, and
mannose, were required as the starting materials. Meldal and
Vasella et al.22 have reported the syntheses of these b-sugar
acetylenes as tetrabenzyl ether according to Kishi’s protocol,23


a widely employed and reliable synthetic method for b-C-
hexapyranosides (Scheme 2); addition of lithium acetylide to the
corresponding sugar lactones A followed by reduction of the


resulting ketal B with triethylsilane in the presence of a Lewis
acid.24 The synthetic sequence enabled us to synthesize b-C-
glucosylacetylene 11b and b-C-galactosylacetylene 12b in highly
stereoselective manner.22 However, when the same procedure was
applied to D-mannopyranolactone, reduction of the correspond-
ing ketal proceeded in a low stereoselective manner, giving a 1 : 2
mixture of a- and b-C-mannosylacetylenes 13 (see Table 1). Kishi
has also reported that the reduction of an allyl-substituted ketal
of mannose gave a 1 : 1 mixture of the anomeric isomer. Many
efforts have been reported to achieve stereoselective synthesis of b-
C-mannosides,25,26 however, no stereocontrolled synthesis of b-C-
mannosylacetylene has been reported to date.27 We thus initiated
our studies from the perspective of improving the stereoselectivity
in the synthesis of b-C-mannosylacetylene 13b, a starting material
for b-C-Man-Trp.


The aforementioned results imply that the b-benzyloxy sub-
stituent at the C-2 position of the mannose derivative induces a
different conformation of the oxocarbenium cation from those
of the corresponding glucose and galactose derivatives. This
assumption might be supported by a recent study of Shuto and
co-workers,28 from which it was reported that conformationally
restricted ketal derived from a 4,6-benzylidene acetal-protected
mannopyranolactone undertook a highly stereoselective reduction
with Et3SiH and TMSOTf to exclusively afford b-C-mannoside.
We supposed that even if the transition state conformation is
different from those of the corresponding glucose and galactose
intermediates, the a-face of the oxocarbenium cation should
be less hindered and therefore sterically hindered silanes would
improve the stereoselectivity of the reduction. We thus examined
the influence of sterically hindered silanes in the reduction of
ketal 16, which was prepared from 2,3,4,6-tetra-O-benzylmannose
(14) via the corresponding lactone 15 (Scheme 3 and Table 1).29


To our delight, tris(trimethylsilyl)silane (TMS)3SiH, one of the
most hindered silanes, reduced the ketal 16 to afford b-C-
mannosylacetylene 13b as a single isomer (entry 2). Further
examination led us to find that triisopropylsilane (i-Pr3SiH)
exhibits a high stereoselectivity, giving 13b in 67% yield along
with a trace amount of 13a.30 Since the coupling constant between


Scheme 2 General synthetic route for b-C-glycosylacetylenes.


Table 1 Stereoselectivities of the reduction of ketal 16 with silanes


Conditions for 1)a Products


Entry Silane Temp. Conditions for 2) Yieldb 13a : 13bc


1 Et3SiH −40 ◦C TBAF 56% (from 14) 1 : 2
2 (TMS)3SiH 0 ◦C TBAF 76 (from 16) 0 : 100
3 i-Pr3SiH 0 ◦C K2CO3, MeOH 67 (from 16) 1 : 99


a All reactions were performed with BF3·OEt2 as a Lewis acid in CH3CN–CH2Cl2 (85 : 15). b The yields were isolated yields. c The ratios were determined
by 1H NMR.
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Scheme 3 Synthesis b-C-mannosylacetylene 13b.


the protons at the C-1 and C-2 positions of 13a and 13b are very
close (J = 2.0 Hz for 13a, J = 1.0 Hz for 13b), the a-configuration
of 13b was confirmed by the NOESY spectrum of tetraacetate 17
obtained by acetolysis of 13b22 (Scheme 4).


Scheme 4 Proof of the configuration of 13b.


Synthesis of fully protected b-C-glycosyltryptophan


With three b-C-glycosylacetylenes (11b, 12b and 13b) from
glucose, galactose, and mannose in hand, we next transformed
these products to b-C-glycosylindoles, as shown in Table 2,
according to our previous studies. The details are including in
the supporting information†. It is worth noting that in the case
of mannosylacetylene 13b, the cross coupling between 13b and 4


gave a mixture of 20 and 23 in a ca. 3.5 : 1 ratio,31 which could be
directly transformed into 26 by treatment with TBAF in refluxing
THF.32


Coupling of b-C-glycosylindoles 24–26 with aziridine carboxy-
late 7 was then carried out as shown in Table 3 to afford b-C-Man-
Trp and its glucose and galactose analogues in moderate yields.


Table 3 Sc(ClO4)3-promoted coupling of glycosylindole (24–26) with the
aziridine 7


Entry Substrate Product Yield (%)


1 Glucose 24 27 62
2 Galactose 25 28 39
3 Mannose 26 29 49


Table 2 Pd-catalyzed coupling between glycosylacetylenes (11b–13b) and N-Ts-o-iodoanilide 4, and synthesis of b-C-glycosylindoles (24–26)


Pd coupling with 4 Synthesis of indole Deprotection of Ts group


Entry Glycosylacetylene Products Yield (%) Products Yield (%) Products Yield (%)


1 11b Glucose 18 86 21 91 24 94
2 12b Galactose 19 93 22 90 25 92
3 13b Mannose 20 67a 23 87 26 Quant.


a The indole 23 was isolated in 19% as a by-product.
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Deprotection


Deprotection of the methyl ester and benzyl groups of 27, 28
and 29 would then be carried out according to the synthesis of
analogues of a-C-Man-Trp (1). However, many modifications of
the conditions were necessary for satisfactory yields of the final
products 33, 34 and 35.


First, methyl esters of the fully protected C–Gly–Trp (27–
29) were hydrolyzed with aqueous lithium hydroxide (Table 4).
In the syntheses of analogues of a-C-Man-Trp (1), 2-propanol
was employed as a solvent for the hydrolysis, however, the
corresponding b-analogues 27–29 were found to be not sufficiently
soluble in 2-propanol. After some experiments, we found a 1 : 1
mixture of acetonitrile and methanol to be a suitable solvent.33


Under the improved conditions, the esters of 29, 28, and 27 were
hydrolyzed to give 30, 31, and 32 in good to moderate yields
(entries 1, 2, and 4).


Benzyl groups of tetrabenzyl b-C-Man-Trp 30 were then
removed under hydrogenolytic conditions with 5% Pd–C in
methanol (Table 4). Because of our initial concern regarding a
reductive opening of the pyranose ring that we encountered in the
synthesis of a-C-Man-Trp, we were reluctant to add hydrochloric
acid. However, debenzylation of 30 was very sluggish in the
absence of the acid. Fortunately, the debenzylation proceeded in
the presence of concentrated hydrochloric acid to give b-C-Man-
Trp (33) in moderate yield (entry 1). Under these conditions, the
ring-opening by-product was not observed. When deprotection
of tetrabenzyl C-Gal-Trp (31) was conducted with 5% Pd–C in
methanol in the presence of 1 N HCl for 42 hours, b-C-Gal-Trp
(34) was obtained in 54% yield along with the corresponding N-
methyl C-Gal-Trp in 9% yield (entry 2). However, we found that
a shorter time (18.5 hours) suppressed the side reaction to give a
69% yield of the desired product 34 with a trace amount of the
N-methyl product (entry 3). In the deprotection of tetrabenzyl
b-C-Glc-Trp (32), we found that both the substrate 32 and the
product 35 were not sufficiently soluble in methanol, resulting in
lower yields. A mixture of dioxane and water was found to be a
better solvent,19 and b-C-Glc-Trp 35 was thus obtained in good
yield (entry 4). The NMR spectra of these synthetic materials are
in good agreement with those of the literature.18


HPLC analysis of the synthetic analogues of C-Man-Trp


With all six possible isomers (1, 9, 10, 33, 34, and 35) of C-
Man-Trp in hand, we next analyzed the synthetic compounds
by HPLC with an ODS column attached to UV and fluorescence
detectors. Fortunately, all six isomers were clearly separated under
conventional conditions as shown in Fig. 2. Interestingly, only
b-C-Man-Trp (33) was eluted at a completely different retention
time from those of other analogues.


Conclusion


The synthesis of b-C-Man-Trp and its Glc, Gal analogues was
carried out in a highly stereoselective manner. The synthesized
materials should be useful as authentic samples for developing
new analytical methods.


Experimental


General


Optical rotations were measured on a JASCO DIP-370 digital
polarimeter. Infrared spectra (IR) were recorded on a JASCO
FT/IR-8300 spectrophotometer and are reported in wavenumbers
(cm−1). Proton nuclear magnetic resonance (1H NMR) spectra
were recorded on a Bruker AMX-600 (600 MHz), a Bruker
ARX-400 (400 MHz), a Bruker AVANCE-400 (400 MHz) or a
Varian Gemini-2000 (300 MHz) spectrometer. Data are reported
as follows; chemical shift, integration, multiplicity (s = singlet,
d = doublet, t = triplet, br = broadened, m = multiplet), coupling
constant and assignment. Carbon nuclear magnetic resonance (13C
NMR) spectra were recorded on a Bruker AMX-600 (150 MHz), a
Bruker ARX-400 (100 MHz), a Bruker AVANCE-400 (100 MHz)
or a Varian Gemini-2000 (75 MHz) spectrometer. High resolution
mass spectra (HRMS) were recorded on a JEOL JMS-700 or
a LC-MATE spectrometer and are reported in m/z. Elemental
analyses were performed by the Analytical Laboratory at the
Graduate School of Bioagricultural Sciences, Nagoya University.
Reactions were monitored by thin-layer chromatography (TLC)
on 0.25 mm silica gel coated glass plates 60 F254 (Merck. #1.05715).


Table 4 Deprotection of esters and benzyl groups


Deprotection of ester Deprotection of benzyl groups


Entry Substrate Product Yield Cat. Additive Solvent Time/h Product Yield (%)


1 29 Mannose 30 86% 5% Pd–C 12 N HCl MeOH 25 33 43
2 28 Galactose 31 64 5% Pd–C 1 N HCl MeOH 42 34a 54
3 — — — — 5% Pd–C 1 N HCl MeOH 18.5 34 69
4 27 Glucose 32 64 10% Pd–C 1 N HCl Dioxane–H2O 7 35 Quant.


a N-Methyl-C-Gal-Trp was obtained as a by-product in 9% yield.
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Fig. 2 HPLC chromatogram of synthetic a-C-Man-Trp and its analogues. Conditions: column ODS-5 Develosil, size; 4.6 × 250 mm, mobile phase:
10% MeOH–H2O, 0.1% TFA, flow rate: 0.5 ml min−1.


Cica-reagent silica gel 60 (particle size 0.063–0.2 mm ASTM)
and Silica Gel 60 N (spherical, neutral) were used for open-
column chromatography. Preparative thin-layer chromatographic
separations were carried out on 0.5 mm silica gel plates 60 F254


(Merck. #1.05774). Unless otherwise noted, non-aqueous reac-
tions were carried out in oven-dried (120 ◦C) or flame-dried
glassware under a nitrogen atmosphere. Dry THF was purchased
from Wako Pure Chemical Industries, Ltd. Dry CH2Cl2, CH3CN
and Et3N were distilled from CaH2 under a nitrogen atmosphere.
Sc(ClO4)3 was prepared according to the literature. All other
commercially available reagents were used as received.


1-Trimethylsilylethynyl-2,3,4,6-tetra-O-benzyl-D-mannopyranose
(16). (1) A solution of mannolactol 14 (6.29 g, 11.6 mmol) in
DMSO (36 ml) and Ac2O (24 ml) was stirred at rt for 7 h, and the
reaction mixture was quenched with H2O at 0 ◦C. The resulting
mixture was extracted with AcOEt (×2). The combined organic
extracts were washed with water (×2) and brine (×2), dried over
anhydrous Na2SO4, and concentrated. The residue was dissolved
in Et2O, and passed through a short column packed with neutral
silica gel, and the eluate was concentrated to afford lactone 15.
This material 15 (5.82 g) was used for the next step without
further purification. (2) Trimethylsilylethyne (3.05 ml, 21.6 mmol)
was dissolved in dry THF (60 ml) and the solution was cooled
to −78 ◦C, and stirred at −78 ◦C for 20 min. To this solution
was added n-BuLi (10.3 ml, 16.2 mmol, 1.57 M in hexane). After
stirring at −78 ◦C for 40 min, the solution was warmed to 0 ◦C
and stirred at 0 ◦C for 40 min. This solution was again cooled
to −78 ◦C and stirred at −78 ◦C for 20 min. To this solution


was added a THF (56 ml) solution of the lactone 15 (5.82 g,
10.8 mmol, dried azeotropically with toluene). After stirring for
3.5 h, the reaction was quenched with saturated NH4Cl solution
and extracted with AcOEt (×3). The combined organic extracts
were washed with H2O (×2) and brine (×2), dried over anhydrous
Na2SO4, and concentrated. The residue (6.87 g) was purified by
silica gel column chromatography (150 g, AcOEt–hexane = 1 : 6)
to afford ketal 16 (5.52 g, 75% in 2 steps).


(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)ethyne (13b).
Reduction with (TMS)3SiH (entry 2 in Table 1). (1) The ketal
16 (3.25 g, 5.11 mmol) was dried azeotropically from toluene,
and dissolved in dry CH3CN (83 ml) and CH2Cl2 (15 ml). To
this solution cooled at 0 ◦C were added (TMS)3SiH (7.90 ml,
25.6 mmol) and BF3·Et2O (1.94 ll, 15.3 mmol). After 1.5 h, the
reaction was quenched with saturated NaHCO3 solution and
extracted with AcOEt (×3). The combined organic extracts were
washed with H2O (×2) and brine (×2), dried over anhydrous
Na2SO4, and concentrated. The residue (8.39 g) was purified by
silica gel column chromatography (150 g, AcOEt–hexane = 1 :
15 → 1 : 10 → 1 : 7) to afford b-C-trimethylsilylmannosylacetylene
(2.58 g, 81%). (2) The b-C-trimethylsilylmannosylacetylene
(2.58 g, 4.16 mmol) was dissolved in THF (74 ml)–H2O (4 ml),
and TBAF (4.16 ml, 4.16 mmol, 1 M in THF) was added.
After stirring at rt for 1.5 h, the reaction was quenched with
aqueous NH4Cl solution and extracted with AcOEt (×3). The
combined organic extracts were washed with H2O (×2) and
brine (×2), dried over anhydrous Na2SO4, and concentrated. The
residue was purified by silica gel column chromatography (120 g,
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AcOEt–hexane = 1 : 6) to afford b-C-mannosylacetylene 13b
(2.13 mg, 93%) as a white solid: [a]30


D −31.4 (c 1.05, CHCl3); IR
(KBr) mmax 3284, 3032, 2866, 2127, 1954, 1877, 1811, 1606 cm−1;
1H NMR (300 MHz, CDCl3) d 2.47 (1H, d, J = 2 Hz, C≡CH),
3.47 (1H, ddd, J = 9.5, 5, 2 Hz, H-5), 3.55 (1H, dd, J = 9.5,
3 Hz, H-3), 3.68–3.80 (2H, m, H-6), 3.92 (1H, t, J = 9.5 Hz,
H-4), 3.97 (1H, dd, J = 3, 1 Hz, H-2), 4.14 (1H, dd, J = 2,
1 Hz, H-1), 4.53 (1H, d, J = 11 Hz, CHAHBPh), 4.56 (1H, d,
J = 13 Hz, CHCHDPh), 4.60 (1H, d, J = 11.5 Hz, CHEHFPh),
4.63 (1H, d, J = 13 Hz, CHCHDPh), 4.65 (1H, d, J = 11.5 Hz,
CHEHFPh), 4.86 (1H, d, J = 11 Hz, CHAHBPh), 4.98 (2H, s,
CH2Ph), 7.12–7.50 (20H, m, aromatic); 13C NMR (75 MHz,
CDCl3) d 69.0, 69.3, 72.0, 73.4, 74.3, 74.5, 74.6, 75.2, 75.8, 79.9,
80.1, 83.4, 127.5, 127.6, 127.7, 127.7, 128.0, 128.1, 128.1, 128.2,
128.3, 128.4, 128.5, 138.1, 138.2, 138.3, 138.5; Anal. Calcd for
C36H36O5: C, 78.81; H, 6.61. Found: C, 78.81; H, 6.70.


Reduction with (i-Pr)3SiH (entry 3 in Table 1). The ketal
16 (55 mg, 0.086 mmol) was dried azeotropically with toluene
and dissolved in dry CH3CN–CH2Cl2 (1.40 ml–0.25 ml). To
this solution was added (i-Pr)3SiH (88 ll, 0.43 mmol). After
the solution was stirring at 0 ◦C for 25 min, BF3·OEt2 (33 ll,
0.26 mmol) was added. After 15 min, the reaction was quenched
with saturated NaHCO3 solution and extracted with AcOEt (×3).
The combined organic extracts were washed with H2O (×2) and
brine (×2), dried over anhydrous Na2SO4, and concentrated. The
residue (52 mg) was dissolved in MeOH (1.0 ml), and K2CO3


(52 mg, 0.38 mmol) was added. After stirring at room temperature
for 20 min, the reaction was quenched with saturated NH4Cl
solution and extracted with AcOEt (×3). The combined organic
extracts were washed with H2O (×2) and brine (×2), dried over
anhydrous Na2SO4, and concentrated. The residue was purified
by column chromatography (silica gel 1.6 g, AcOEt–hexane = 1 :
7 → 1 : 5) to afford b-C-mannosylacetylene 13b (32 mg, 67% in
2 steps).


(2,3,4,6-Tetra-O-acetyl-b-D-mannopyranosyl)ethyne (17). To
an ice-cold solution of b-C-mannosylacetylene 13b (54 mg,
0.098 mmol) in Ac2O (1.6 ml) was added TMSOTf (0.13 ml,
0.63 mmol). After stirring at rt for 38 h 45 min, the reaction
was quenched with saturated NaHCO3 solution and extracted
with AcOEt (×3). The combined organic extracts were washed
with saturated NaHCO3 solution (×2), H2O (×2) and brine
(×2), dried over anhydrous Na2SO4, and concentrated. The
residue (98 mg) was purified by silica gel column chromatography
(10 g, Et2O–hexane = 1 : 2 → 1 : 1 → 2 : 1) to afford b-C-
tetraacetylmannosylacetylene 17 (22 mg, 62%) as a yellow oil. The
NMR spectra were identical to those of the literature, diagnostic
NOESY correlations were observed between H-1 (d 4.46, dd, J =
2, 1 Hz) and H-3 (d 5.06, dd, J = 10, 3.5 Hz) as well as H-1 and
H-5 (d 3.67, 1H, ddd, J = 10, 5.5, 2 Hz).


1-(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-2-o-(p-toluensul-
foamidyl)phenylethyne (18). A two-necked round-bottomed
flask was charged with b-C-glucosylacetylene 11b (278 mg,
0.507 mmol), N-Ts-o-iodoanilide 4 (376 mg, 1.01 mmol) and
PPh3 (13.3 mg, 0.0507 mmol), and connected to a vacuum/argon
line. The flask was evacuated and then filled with argon. This
evacuation–filling cycle was repeated three times. Et3N (8.3 ml)
was added and then the mixture was heated to 60 ◦C. After
these reagents were completely dissolved, Pd(OAc)2 (5.6 mg,


0.025 mmol) was added. After stirring at 60 ◦C for 2 h 45 min,
the mixture was cooled to room temperature. The reaction was
then quenched with saturated NH4Cl solution and extracted
with AcOEt (×3). The combined organic extracts were washed
with saturated NH4Cl solution (×2), H2O (×2) and brine (×2),
dried over anhydrous Na2SO4, and concentrated. The residue was
purified by silica gel column chromatography (30 g, CH2Cl2 →
Et2O–hexane = 1 : 1) to afford glucosyl-b-1-ethynylaniline 18
(346 mg, 86%) as yellow oil: [a]27


D +20 (c 0.98, CHCl3); IR
(KBr) mmax 3031, 2868, 2343, 1495, 1454, 1400, 1342, 1167, 1091,
1028 cm−1; 1H NMR (CDCl3, 400 MHz) d 2.26 (3H, s, CH3 of
Ts), 3.50–3.83 (6H, m, H-2, H-3, H-4, H-5, H-6), 4.24 (1H, d, J =
9 Hz, H-1), 4.57 (1H, d, J = 12 Hz, CHAHBPh), 4.59 (1H, d, J =
11 Hz, CHCHDPh), 4.65 (1H, d, J = 12 Hz, CHAHBPh), 4.80 (1H,
d, J = 11 Hz, CHEHFPh), 4.83 (1H, d, J = 14 Hz, CHGHHPh),
4.85 (1H, d, J = 11 Hz, CHCHDPh), 4.90 (1H, d, J = 14 Hz,
CHGHHPh), 4.92 (1H, d, J = 11 Hz, CHEHFPh), 6.98 (1H, t, J =
7 Hz, aromatic), 7.11 (2H, d, J = 8 Hz, H-3′′ of Ts), 7.15–7.38
(23H, m, aromatic, NH), 7.59 (1H, d, J = 8 Hz, aromatic), 7.68
(2H, d, J = 8 Hz, H-2′′ of Ts); 13C NMR (CDCl3, 100 MHz) d
21.4, 68.9, 70.2, 73.6, 75.1, 75.5, 75.7, 77.6, 79.2, 80.7, 82.2, 86.1,
93.5, 113.2, 119.8, 124.2, 127.5, 127.7, 127.7, 127.8, 127.9, 127.9,
127.9, 128.0, 128.4, 129.6, 129.9, 132.1, 136.1, 137.7, 137.9, 138.0,
138.2, 138.4, 143.9; Anal. Calcd for C49H47NO7S: C, 74.12; H,
5.97; N, 1.76. Found: C, 74.05; H, 6.14; N, 1.62.


1-(2,3,4,6-Tetra-O-benzyl-b-D-galactopyranosyl)-2-o-(p-toluen-
sulfoamidyl)phenylethyne (19). Following the procedure for
18, 19 (2.50 g, 93%) was obtained as a yellow oil from
b-C-galactosylacetylene 12b (1.85 g, 3.38 mmol) and N-Ts-o-
iodoanilide 4 (2.51 g, 6.76 mmol) after column chromatography
(silica gel 120 g, CH2Cl2 → AcOEt–hexane = 1 : 3): [a]27


D −9.0 (c 1.5,
CHCl3); IR (KBr) mmax 3032, 2868, 1496, 1456, 1341, 1167,
1093, cm−1; 1H NMR (CDCl3, 300 MHz) d 2.22 (3H, s, CH3 of
Ts), 3.57 (1H, dd, J = 9.5, 3 Hz, H-3), 3.61–3.71 (3H, m, H-5,
H-6), 4.00 (1H, t, J = 9.5 Hz, H-2), 4.02 (1H, dd, J = 3, 0.5 Hz,
H-4), 4.19 (1H, d, J = 9.5 Hz, H-1), 4.46 (1H, d, J = 12 Hz,
CHAHBPh), 4.54 (1H, d, J = 12 Hz, CHAHBPh), 4.65 (1H, d,
J = 11.5 Hz, CHCHDPh), 4.73 (1H, d, J = 12 Hz, CHEHFPh),
4.78 (1H, d, J = 12 Hz, CHEHFPh), 4.79 (1H, d, J = 11 Hz,
CHGHHPh), 4.86 (1H, d, J = 11 Hz, CHGHHPh), 4.98 (1H, d,
J = 11.5 Hz, CHCHDPh), 6.98 (1H, dt, J = 7.5 1 Hz, aromatic),
7.06 (2H, br d, J = 8 Hz, aromatic), 7.17–7.41 (23H, m, aromatic,
NH), 7.59 (1H, br d, J = 8 Hz, aromatic), 7.64 (2H, br d, J =
8 Hz, aromatic); 13C NMR (CDCl3, 100 MHz) d 21.4, 68.7, 70.6,
72.7, 73.7, 74.0, 75.0, 75.7, 77.5, 78.8, 80.1, 83.5, 93.7, 120.3,
124.3, 127.5, 127.6, 127.8, 127.9, 128.1, 128.1, 128.3, 128.4, 128.5,
129.6, 129.8, 132.1, 138.1, 138.1; Anal. Calcd for C49H47NO7S: C,
74.12; H, 5.97; N, 1.76. Found: C, 74.12; H, 5.79; N, 1.66.


1-(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)-2-o-(p-toluen-
sulfoamidyl)phenylethyne (20). Following the procedure for 18,
20 (2.05 g, 67%) was obtained as a yellow oil along with mannosyl-
b-1-tosylindole 23 (579 mg, 19%) from b-C-mannosylacetylene
13b (2.13 g, 3.89 mmol) and N–Ts-o-iodoanilide 4 (2.89 g,
7.77 mmol) after column chromatography (silica gel 120 g,
CH2Cl2 → AcOEt–hexane = 1 : 4 → 1 : 2): [a]30


D −19.1 (c 0.24,
CHCl3); IR (KBr) mmax 3063, 3032, 2865, 1954, 1811, 1653, 1598,
1496, 1093 cm−1; 1H NMR (CDCl3, 300 MHz) d 2.26 (3H, s, CH3


of Ts), 3.55 (1H, ddd, J = 9, 5 Hz, H-5), 3.64 (1H, dd, J = 9, 3 Hz,
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H-3), 3.73–3.85 (2H, m, H-6 × 2), 3.99 (1H, t, J = 9 Hz, H-4), 4.01
(1H, dd, J = 3, 1 Hz, H-2), 4.36 (1H, d, J = 1 Hz, H-1), 4.57 (1H, d,
J = 10.5 Hz, CHAHBPh), 4.58 (1H, d, J = 12 Hz, CHCHDPh), 4.65
(1H, d, J = 12 Hz, CHCHDPh), 4.68 (1H, d, J = 12 Hz, CHEHFPh),
4.72 (1H, d, J = 12 Hz, CHEHFPh), 4.90 (1H, d, J = 10.5 Hz,
CHAHBPh), 4.91 (1H, d, J = 12 Hz, CHGHHPh), 5.01 (1H, d, J =
12 Hz, CHGHHPh), 6.98 (1H, td, J = 3, 1 Hz, aromatic), 7.10–7.42
(26H, m, aromatic), 7.54 (1H, dd, J = 8, 1 Hz, aromatic), 7.68
(1H, dt, J = 8.5, 2 Hz, aromatic);13C NMR (CDCl3, 100 MHz) d
21.4, 69.5, 69.8, 72.4, 73.5, 74.6, 74.6, 75.3, 76.0, 79.9, 80.7, 83.6,
92.8, 113.2, 119.6, 124.1, 127.5, 127.5, 127.5, 127.6, 127.7, 127.8,
128.0, 128.1, 128.1, 128.3, 128.4, 128.5, 129.6, 129.8, 132.1, 136.1,
138.0, 138.2, 138.3, 143.8; Anal. Calcd for C49H47NO7S: C, 74.12;
H, 5.97; N, 1.76. Found: C, 74.11; H, 6.05; N, 1.53.


2-(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-1-(p-toluene-
sulfonyl)indole (21). Glucosyl-b-1-ethynylaniline 18 (493 mg,
0.623 mmol) was dissolved in Et3N (9.9 ml) and DMF (4.9 ml),
and CuI (23 mg, 0.13 mmol) was added. This solution was
stirred at 80 ◦C for 2.5 h. The reaction was quenched with
saturated NH4Cl solution and extracted with AcOEt (×3). The
combined organic extracts were washed with saturated NH4Cl
solution (×2), H2O (×2) and brine (×2), dried over anhydrous
Na2SO4, and concentrated. The residue was purified by silica gel
column chromatography (15 g, AcOEt–hexane = 1 : 5) to afford
glucosyl-b-1-tosylindole 21 (447 mg, 91%) as a yellow oil: [a]27


D


−46.5 (c 1.03, CHCl3); IR (KBr) mmax 3031, 2865, 1598, 1497,
1453, 1368, 1176, 1092 cm−1; 1H NMR (CDCl3, 300 MHz) d 2.20
(3H, s, CH3 of Ts), 3.68–4.04 (6H, m, H-2, H-3, H-4, H-5, H-6),
4.47 (1H, d, J = 12 Hz, CHAHBPh), 4.52 (1H, d, J = 11 Hz,
CHCHDPh), 4.58 (1H, d, J = 12 Hz, CHAHBPh), 4.64 (1H, d, J =
11 Hz, CHEHFPh), 4.77 (1H, d, J = 11 Hz, CHCHDPh), 4.88 (1H,
d, J = 11 Hz, CHEHFPh), 4.94 (1H, d, J = 11.5 Hz, CHGHHPh),
4.98 (1H, d, J = 11.5 Hz, CHGHHPh), 5.39 (1H, br d, J = 9 Hz,
H-1), 6.68 (1H, s, H-3′), 6.92 (2H, br d, J = 8 Hz, aromatic), 6.97
(2H, br dd, J = 8, 1 Hz, aromatic), 7.07–7.36 (20H, m, aromatic)
7.39 (1H, br d, J = 7.5 Hz, aromatic), 7.78 (2H, d, J = 8 Hz
aromatic), 8.08 (1H, d, J = 9 Hz, aromatic); 13C NMR (CDCl3,
75 MHz) d 21.4, 69.1, 73.3, 74.3, 74.9, 75.7, 78.3, 79.0, 81.2, 87.6,
115.2, 121.3, 123.6, 125.0, 127.0, 127.5, 127.6, 127.7, 127.8, 127.9,
128.1, 128.3, 128.5, 128.5, 129.1, 129.5, 135.6, 137.0, 137.9, 138.1,
138.3, 138.6, 144.4; Anal. Calcd for C49H47NO7S: C, 74.12; H,
5.97; N, 1.76. Found: C, 74.07; H, 6.00; N, 1.64.


2-(2,3,4,6-Tetra-O-benzyl-b-D-galactopyranosyl)-1-(p-toluene-
sulfonyl)indole (22). Following the procedure for 21, 22 (2.24 g,
90%) was obtained as a yellow oil from galactosyl-b-1-
ethynylaniline 19 (2.50 g, 3.16 mmol) after column chromatogra-
phy (120 g, AcOEt–hexane = 1 : 5): [a]27


D −49.7 (c 0.35, CHCl3); IR
(KBr) mmax 3031, 2869, 1598, 1497, 1497, 1454, 1367, 1092 cm−1;
1H NMR (CDCl3, 300 MHz) d 2.18 (3H, s, CH3 of Ts), 3.54–4.14
(5H, m, H-3, H-4, H-5, H-6), 4.32 (1H, t, J = 9.5 Hz, H-2),
4.42 (1H, d, J = 12 Hz, CHAHBPh), 4.46 (1H, d, J = 12 Hz,
CHAHBPh), 4.58 (1H, d, J = 11 Hz, CHCHDPh), 4.68 (1H, d,
J = 11 Hz, CHEHFPh), 4.74 (1H, d, J = 11.5 Hz, CHGHHPh),
4.82 (1H, d, J = 11.5 Hz, CHGHHPh), 4.89 (1H, d, J = 11 Hz,
CHCHDPh), 5.00 (1H, d, J = 11 Hz, CHEHFPh), 5.41 (1H, d,
J = 9.5 Hz, H-1), 6.71 (1H, s, H-3′), 6.88 (2H, br d, J = 8.5 Hz,
aromatic), 7.00 (2H, dd, J = 8, 1 Hz, aromatic), 7.07–7.42 (21H,
m, aromatic), 7.73 (2H, d, J = 8.5 Hz, aromatic), 8.06 (1H, d,


J = 8.5 Hz, aromatic); 13C NMR (CDCl3, 100 MHz) d 21.4, 68.6,
72.5, 73.2, 73.4, 73.9, 74.7, 77.1, 77.2, 77.7, 85.5, 111.0, 115.1,
121.3, 123.5, 124.8, 126.9, 127.4, 127.5, 127.7, 127.9, 128.1, 128.2,
128.4, 128.5, 129.2, 129.3, 135.6, 136.9, 137.9, 138.2, 138.3, 138.9,
139.0, 144.2; Anal. Calcd for C49H47NO7S: C, 74.12; H, 5.97; N,
1.76. Found: C, 74.13; H, 6.06; N, 1.78.


2-(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)-1-(p-toluene-
sulfonyl)indole (23). Following the procedure for 21, 23 (17.2 mg,
87%) was obtained as a yellow oil from mannosyl-b-1-ethynylani-
line 20 (19.8 mg, 0.025 mmol) after column chromatography (5 g,
AcOEt–hexane = 1 : 4): [a]30


D −94.6 (c 0.76, CHCl3); IR (KBr) mmax


3309, 3064, 3031, 2864, 1952, 1597, 1497, 1454 cm−1; 1H NMR
(CDCl3, 400 MHz) d 2.28 (3H, s, CH3 of Ts), 3.68–3.74 (1H, m,
H-5), 3.79–3.86 (2H, m, H-6), 3.88 (1H, dd, J = 9.5, 2.5 Hz, H-3),
4.01 (1H, t, J = 9.5 Hz, H-4), 4.25 (1H, d, J = 11.5 Hz, CHAHBPh),
4.50 (1H, d, J = 11.5 Hz, CHAHBPh), 4.53 (1H, br d, J = 2.5 Hz,
H-2), 4.60 (1H, d, J = 12 Hz, CHCHDPh), 4.61 (1H, d, J = 11 Hz,
CHEHFPh), 4.65 (1H, d, J = 12 Hz, CHGHHPh), 4.70 (1H, d,
J = 12 Hz, CHCHDPh), 4.75 (1H, d, J = 12 Hz, CHGHHPh), 4.95
(1H, d, J = 11 Hz, CHEHFPh), 5.13 (1H, s, H-1), 6.89–7.45 (26H,
m, aromatic, NH), 7.55 (2H, br d, J = 8 Hz, aromatic), 8.08 (1H,
d, J = 8 Hz, aromatic); 13C NMR (CDCl3, 100 MHz) d 21.5, 69.9,
71.8, 73.4, 74.3, 74.9, 75.1, 75.6, 77.2, 80.3, 84.3, 112.4, 115.1,
120.9, 122.4, 123.9, 124.4, 126.3, 126.8, 127.3, 127.4, 127.5, 127.5,
127.6, 127.8, 127.9, 128.0, 128.0, 128.1, 128.3, 128.3, 128.4, 129.5,
129.6, 129.8, 130.1, 135.1, 137.1, 137.9, 138.1, 138.2, 138.5, 138.5,
139.1, 144.9; Anal. Calcd for C49H47NO7S: C, 74.12; H, 5.97; N,
1.76. Found: C, 74.13; H, 6.06; N, 1.83.


2-(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-1H-indole (24).
To a solution of glucosyl-b-1-tosylindole 21 (377 mg, 0.476 mmol)
in THF (11 ml) was added TBAF (2.3 ml, 2.4 mmol, 1 M in THF).
This solution was heated at reflux temperature with stirring for
2 h. The reaction was quenched with saturated NH4Cl solution
and extracted with AcOEt (×3). The combined organic extracts
were washed with H2O (×2) and brine (×2), dried over anhydrous
Na2SO4, and concentrated. The residue was purified by silica
gel column chromatography (5 g, CH2Cl2) to afford glucosyl-b-
1-indole 24 (287 mg, 94%) as a yellow oil: [a]27


D −14.8 (c 1.01,
CHCl3); IR (KBr) mmax 3406, 3032, 2902, 2865, 1455, 1359, 1135,
1062 cm−1; 1H NMR (CDCl3, 400 MHz) d 3.55–3.85 (6H, m, H-2,
H-3, H-4, H-5, H-6), 4.02 (1H, s, J = 10.5 Hz, H-1) 4.50 (1H, d,
J = 10 Hz, CHAHBPh), 4.56 (1H, d, J = 11.5 Hz, CHCHDPh),
4.59 (1H, d, J = 10 Hz, CHAHBPh), 4.62 (1H, d, J = 11.5 Hz,
CHCHDPh), 4.63 (1H, d, J = 11 Hz, CHEHFPh), 4.88 (1H, d, J =
11 Hz, CHEHFPh), 4.91 (1H, d, J = 10.5 Hz, CHGHHPh), 4.98
(1H, d, J = 10.5 Hz, CHGHHPh), 6.58 (1H, s, indole), 7.00–7.40
(23H, m, aromatic), 7.60 (1H, s, aromatic), 8.48 (1H, s, NH); 13C
NMR (CDCl3, 75 MHz) d 68.9, 73.5, 75.0, 75.1, 75.7, 75.7, 77.9,
79.1, 82.5, 86.5, 101.6, 111.1, 119.8, 120.6, 121.9, 127.7, 127.8,
127.9, 127.9, 128.0, 128.2, 128.4, 128.4, 128.5, 135.7, 136.1, 137.5,
138.0, 138.1, 138.6; Anal. Calcd for C42H41NO5: C, 78.85; H, 6.46;
N, 2.19. Found: C, 78.86; H, 6.61; N, 2.19.


2-(2,3,4,6-Tetra-O-benzyl-b-D-galactopyranosyl)-1H-indole (25).
Following the procedure for 24, 25 (1.67 g, 92%) was obtained as a
yellow solid from galactosyl-b-1-tosylindole 22 (2.24 g, 2.83 mmol)
after column chromatography (silica gel 90 g, AcOEt–hexane = 1 :
4): [a]22


D −20.8 (c 1.05, CHCl3); IR (KBr) mmax 3423, 3032, 2869,
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1497, 1455, 1364, 1294, 1101 cm−1; 1H NMR (CDCl3, 300 MHz)
d 3.64 (2H, dd, J = 6.5, 1.5 Hz, H-6), 3.68–3.78 (2H, m, H-3,
H-5), 3.98 (1H, t, J = 9.5 Hz, H-2), 4.06–4.10 (1H, m, H-4),
4.09 (1H, d, J = 10 Hz, CHAHBPh), 4.45 (1H, d, J = 11.5 Hz,
CHCHDPh), 4.47 (1H, d, J = 9.5 Hz, H-1), 4.50 (1H, d, J =
11.5 Hz, CHCHDPh), 4.56 (1H, d, J = 10 Hz, CHAHBPh), 4.64
(1H, d, J = 11 Hz, CHEHFPh), 4.79 (2H, s, CH2Ph), 5.00 (1H, d,
J = 11 Hz, CHEHFPh), 6.55 (1H, br d, J = 1.5 Hz, H-3′), 7.02–
7.42 (23H, m, aromatic), 7.59 (1H, br d, J = 8 Hz, aromatic), 8.59
(1H, s, NH); 13C NMR (CDCl3, 75 MHz) d 68.7, 72.7, 73.5, 74.3,
74.9, 75.2, 76.1, 77.4, 78.9, 84.0, 101.6, 111.1, 119.6, 120.6, 121.8,
127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.3, 128.3, 128.4, 128.5,
135.9, 136.0, 137.9, 138.4, 138.7; Anal. Calcd for C42H41NO5: C,
78.85; H, 6.46; N, 2.19. Found: C, 78.86; H, 6.35; N, 2.23.


2-(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)-1H-indole (26)
from 23. Following the procedure for 24, 26 (10 mg, quant.)
was obtained as a yellow solid from mannosyl-b-1-tosylindole 23
(12 mg, 0.015 mmol) after column chromatography (silica gel 5 g,
AcOEt–hexane = 1 : 4): [a]30


D −7.8 (c 1.30, CHCl3); IR (KBr) mmax


3440, 3062, 2863, 1952, 1586, 1455, 1101 cm−1; 1H NMR (CDCl3,
300 MHz) d 3.61 (1H, m, H-5), 3.76–3.81 (2H, m, H-6), 3.80 (1H,
dd, J = 9.5, 2.5 Hz, H-3), 4.02 (1H, dd, J = 2.5, 1 Hz, H-2), 4.10
(1H, t, J = 9.5 Hz, H-4), 4.23 (1H, d, J = 11 Hz, CHAHBPh),
4.54 (1H, d, J = 12 Hz, CHCHDPh), 4.63 (1H, d, J = 10.5 Hz,
CHEHFPh), 4.64 (1H, d, J = 12 Hz, CHCHDPh), 4.68 (1H, d,
J = 1 Hz, H-1), 4.73 (1H, d, J = 12 Hz, CHGHHPh), 4.77 (1H,
d, J = 12 Hz, CHGHHPh), 4.78 (1H, d, J = 11 Hz, CHAHBPh),
4.94 (1H, d, J = 10.5 Hz, CHEHFPh), 6.34 (1H, d, J = 1.5 Hz,
indole), 7.02–7.40 (23H, m, aromatic), 7.57 (1H, br d, J = 8 Hz,
aromatic), 8.84–8.90 (1H, br, NH); 13C NMR (CDCl3, 100 MHz)
d 69.4, 72.4, 73.5, 74.6, 74.8, 75.0, 75.3, 78.5, 79.7, 84.4, 99.5,
111.0, 119.5, 120.4, 121.7, 127.4, 127.5, 127.6, 127.7, 127.7, 127.8,
128.1, 128.2, 128.3, 128.3, 128.5, 129.6, 135.6, 135.8, 138.0, 138.2,
138.3, 138.3; Anal. Calcd for C42H41NO5: C, 78.85; H, 6.46; N,
2.19. Found: C, 78.83; H, 6.61; N, 2.15.


2-(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)-1H-indole (26)
from 23. A mixture of b-1-ethynylmannose 20 (2.05 g,
2.59 mmol) and mannosyl-b-1-tosylindole 23 (579 mg, 0.73 mmol)
was dissolved in THF (79 ml), and TBAF (10 ml, 10 mmol, 1 M in
THF) was added. This solution was stirred at reflux temperature
for 6 h. The reaction was quenched with saturated NH4Cl solution
and extracted with AcOEt (×3). The combined organic extracts
were washed with H2O (×2) and brine (×2), dried over anhydrous
Na2SO4, and concentrated. The residue was purified by column
chromatography (silica gel 110 g, AcOEt–hexane = 1 : 4) to afford
mannosyl-b-1-indole 26 (1.57 g, 74%) as a yellow solid.


2-(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-L-(N-carbobenzy-
loxyl)-tryptophan methyl ester (27). Sc(ClO4)3 (221 mg,
0.645 mmol) placed in a reaction vessel was freeze-dried with
benzene for 1 h, then cooled to 0 ◦C. To this flask was added MS
5A (300 mg) and the vessel was connected to a vacuum/argon
line. The flask was evacuated and then filled with argon. This
evacuation–filling cycle was repeated three times. In a separate
flask, glucosylindole 24 (206 mg, 0.322 mmol) and aziridine 7
(152 mg, 0.645 mmol) were dried azeotropically with benzene,
and dissolved in dry CH2Cl2 (6 ml). The solution was added to
the reaction vessel via cannular tubing. The reaction mixture was


stirred at the same temperature for 3 h, and directly subjected
to silica gel column chromatography (15 g, AcOEt–hexane = 1 :
4 → 1 : 3) to give 27 (176 mg, 62%) as a brown oil: [a]27


D +8.4
(c 0.22, CHCl3); IR (KBr) mmax 3311, 3032, 2922, 1954, 1718,
1455, 1210, 1062 cm−1; 1H NMR (CDCl3, 400 MHz) d 3.19 (1H,
dd, J = 15, 4 Hz, CHAHBCHCOOMe), 3.53 (1H, dd, J = 15,
6.5 Hz, CHAHBCHCOOMe), 3.53–3.58 (1H, m, H-5), 3.60 (3H, s,
COOCH3), 3.62 (1H, t, J = 9 Hz, H-2), 3.69 (1H, dd, J = 10.5,
2 Hz, H-6), 3.76 (1H, dd, J = 10.5, 3 Hz, H-6), 3.75–3.85 (2H,
m, H-3, H-4), 4.15 (1H, d, J = 11 Hz, CHAHBPh), 4.43 (1H, d,
J = 11.5 Hz, CHCHDPh), 4.45 (1H, d, J = 11 Hz, CHEHFPh),
4.52 (1H, d, J = 11 Hz, CHAHBPh), 4.56 (1H, d, J = 9 Hz,
H-1), 4.58 (1H, d, J = 11.5 Hz, CHCHDPh), 4.65–4.72 (1H, m,
CHCOOCH3), 4.74 (1H, d, J = 11 Hz, CHGHHPh), 4.76 (1H,
d, J = 11 Hz, CHEHFPh), 4.80 (1H, d, J = 11 Hz, CHGHHPh),
5.08 (1H, d, J = 12 Hz, CH IHJPh), 5.12 (1H, d, J = 12 Hz,
CHIHJPh), 6.64 (1H, d, J = 8.5 Hz, aromatic), 6.90 (2H, d, J =
7 Hz, aromatic), 7.06 (2H, br t, J = 7.5 Hz, aromatic), 7.09–7.39
(24H, m, aromatic), 7.53 (1H, d, J = 8 Hz aromatic), 8.41 (1H, s,
NH of indole); 13C NMR (100 MHz, CDCl3) d 26.9, 52.2, 54.9,
66.9, 68.4, 73.5, 74.2, 74.5, 75.0, 75.5, 77.6, 79.0, 81.0, 86.9, 108.9,
111.2, 118.8, 119.5, 122.4, 127.6, 127.7, 127.8, 128.0, 128.1, 128.2,
128.3, 128.4, 128.4, 128.5, 132.5, 135.6, 137.0, 137.7, 138.2, 138.5,
156.3, 172.6; HRMS (FAB) Calcd for C54H55N2O9 (M + H):
875.3908, Found: 875.3887.


2-(2,3,4,6-Tetra-O-benzyl-b-D-galactopyranosyl)-L-(N -carbo-
benzyloxyl)-tryptophan methyl ester (28). Following the proce-
dure for 27, 28 (60 mg, 39%) was obtained as a yellow oil from
galactosylindole 25 (112 mg, 0.175 mmol) and aziridine 7 (82 mg,
0.35 mmol) after column chromatography (12 g, AcOEt–hexane
= 1 : 4): [a]27


D +10.1 (c 0.36, CHCl3); IR (KBr) mmax 3298, 3032,
2871, 1721, 1455, 1212, 1071 cm−1; 1H NMR (CDCl3, 400 MHz)
d 3.19 (1H, dd, J = 15, 4 Hz, CHAHBCHCOOMe), 3.53 (1H, dd,
J = 15, 6.5 Hz, CHAHBCHCOOMe), 3.53–3.58 (1H, m, H-5),
3.60 (3H, s, COOCH3), 3.62 (1H, t, J = 9 Hz, H-2), 3.69 (1H,
dd, J = 10.5, 2 Hz, H-6), 3.76 (1H, dd, J = 10.5, 3 Hz, H-6),
3.75–3.85 (2H, m, H-3, H-4), 4.15 (1H, d, J = 11 Hz, CHAHBPh),
4.43 (1H, d, J = 11.5 Hz, CHCHDPh), 4.45 (1H, d, J = 11 Hz,
CHEHFPh), 4.52 (1H, d, J = 11 Hz, CHAHBPh), 4.56 (1H, d, J =
9 Hz, H-1), 4.58 (1H, d, J = 11.5 Hz, CHCHDPh), 4.65–4.72 (1H,
m, CHCOOCH3), 4.74 (1H, d, J = 11 Hz, CHGHHPh), 4.76 (1H,
d, J = 11 Hz, CHEHFPh), 4.80 (1H, d, J = 11 Hz, CHGHHPh),
5.08 (1H, d, J = 12 Hz, CH IHJPh), 5.12 (1H, d, J = 12 Hz,
CHIHJPh), 6.64 (1H, d, J = 8.5 Hz, aromatic), 6.90 (2H, d, J =
7 Hz, aromatic), 7.06 (2H, br t, J = 7.5 Hz, aromatic), 7.09–7.39
(24H, m, aromatic), 7.53 (1H, d, J = 8 Hz aromatic), 8.41 (1H, s,
NH of indole); 13C NMR (100 MHz, CDCl3) d 26.9, 52.1, 54.7,
66.7, 68.5, 73.5, 74.3, 74.4, 74.9, 77.2, 77.5, 84.7, 108.8, 111.2,
118.9, 119.5, 122.3, 127.5, 127.7, 127.7, 127.8, 127.9, 128.1, 128.2,
128.2, 128.3, 128.4, 128.4, 128.7, 128.8, 132.9, 135.5, 136.6, 137.1,
137.8, 138.6, 172.5; HRMS (FAB) Calcd for C54H55N2O9 (M +
H): 875.3908, Found: 875.3887.


2-(2,3,4,6-Tetra-O-benzyl-b-D-mannopyranosyl)-L-(N-carbobenzy-
loxyl)-tryptophan methyl ester (29). Following the procedure
for 27, 29 (140 mg, 49%) was obtained as a yellow oil from
mannosylindole 26 (210 mg, 0.329 mmol) and aziridine 7 (154 mg,
0.657 mmol) after column chromatography (15 g, AcOEt–
hexane = 1 : 4 → 1 : 3): [a]27


D +5.7 (c 0.35, CHCl3); IR (KBr)
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mmax 3429, 3032, 2868, 1721, 1497, 1455, 1215, 1098 cm−1; 1H
NMR (CDCl3, 400 MHz) d 3.18 (1H, dd, J = 15, 6.5 Hz,
CHAHBCHCOOMe), 3.25 (1H, dd, J = 15, 5.5 Hz,
CHAHBCHCOOMe), 3.61 (3H, s, COOCH3), 3.59–3.66 (1H, m,
H-5), 3.69–3.80 (2H, m, H-6), 3.82 (1H, m, H-3), 4.05 (1H, m,
H-2), 4.13 (1H, t, J = 9.5 Hz, H-4), 4.23 (1H, d, J = 10.5 Hz,
CHAHBPh), 4.42 (1H, d, J = 12 Hz, CHCHDPh), 4.53–4.62 (1H,
m, CHCOOCH3), 4.56 (1H, d, J = 12 Hz, CHCHDPh), 4.61 (1H,
d, J = 10.5 Hz, CHEHFPh), 4.68–4.78 (3H, m, H-1, CH2Ph),
4.86 (1H, d, J = 10.5 Hz, CHAHBPh), 4.93 (1H, d, J = 10.5 Hz,
CHEHFPh), 5.02 (1H, d, J = 12 Hz, CH IHJPh), 5.06 (1H, d, J =
12 Hz, CHIHJPh), 5.44 (1H, d, J = 7 Hz, NH–Cbz), 7.03–7.39
(28H, m, aromatic), 7.49 (1H, d, J = 7.5 Hz aromatic), 8.96 (1H, s,
NH of indole); 13C NMR (100 MHz, CDCl3) d 27.1, 52.4, 54.9,
66.9, 69.3, 72.0, 72.5, 73.4, 74.7, 75.1, 75.2, 77.2, 77.7, 79.8, 84.7,
106.4, 111.1, 118.7, 119.4, 122.2, 127.4, 127.6, 127.6, 127.7, 127.9,
128.0, 128.0, 128.1, 128.2, 128.3, 128.4, 128.4, 128.5, 133.0, 135.3,
136.2, 138.0, 138.2, 138.4, 155.8, 172.4; HRMS (FAB) Calcd for
C54H55N2O9 (M + H): 875.3908, Found: 875.3887.


2-b-D-Mannopyranosyl-L-tryptophan (33). (1) To a solution of
29 (130 mg, 0.149 mmol) in CH3CN–MeOH (3 ml/3 ml) was added
1 N LiOH solution (0.30 ml, 0.30 mmol). After stirring at rt for
14 h, sat. NH4Cl solution was added. The pH of the mixture was
adjusted to 2 with 1 N HCl and then extracted with AcOEt (×3).
The combined organic layer was washed with water and brine,
dried over anhydrous Na2SO4, and concentrated. The residue
was purified by column chromatography (silica gel 10 g, MeOH–
CH2Cl2 = 1 : 20) to give 30 (110 mg, 86%). (2) A two-necked flask
was charged with 5% Pd–C (31 mg) and connected to an inlet
adaptor. The flask was evacuated and then filled with nitrogen. A
solution of 30 (31 mg, 0.037 mmol) in MeOH (0.94 ml) and 1 N
HCl (14 ll) were added. The flask was then evacuated and then
filled with hydrogen. After vigorous stirring for 25 h, the mixture
was filtered through a pad of Hyflo Super-Cel, and the precipitate
was washed with MeOH and H2O. The combined filtrate was
concentrated. The residue (15.2 mg) was purified by preparative
TLC (CHCl3–MeOH–H2O = 65 : 65 : 15) to give 33, which
was further purified by reversed phase column chromatography
(Cosmosil 75C18, H2O as an eluate) to give 33 (5.8 mg, 43%) as a
white solid: [a]22


D +14.1 (c 0.17, H2O); 1H NMR (D2O, 600 MHz)
d 3.26 (1H, dd, J = 15, 9.5 Hz, CHAHBCHCOOH), 3.61 (1H, dd,
J = 15, 4.5 Hz, CHAHBCHCOOH), 3.66 (1H, ddd, J = 9.5, 6.5,
2 Hz, H-5), 3.76 (1H, t, J = 9.5 Hz, H-4), 3.81 (1H, dd, J = 12,
6.5 Hz, H-6), 3.88 (1H, dd, J = 9.5, 3 Hz, H-3), 4.01 (1H, dd, J =
9.5, 4.5 Hz, CHCOOH), 4.04 (1H, dd, J = 12, 2 Hz, H-6), 4.29
(1H, d, J = 3 Hz, H-2), 5.08 (1H, s, H-1), 7.23 (1H, dd, J = 8, 7, Hz,
indole), 7.31 (1H, dd, J = 8, 7, Hz, indole), 7.53 (1H, d, J = 8 Hz,
indole), 7.75 (1H, d, J = 8 Hz, indole); 13C NMR (120 MHz, D2O)
d 28.6, 58.0, 63.9, 69.7, 74.3, 76.5, 76.6, 82.9, 109.3, 114.6, 121.2,
122.5, 125.3, 129.8, 136.1, 138.3, 177.3; HRMS (FAB) Calcd for
C17H23N2O7 (M + H): 367.1505, Found: 367.1500.


2-b-D-Galactopyranosyl-L-tryptophan (34). (1) To a solution of
28 (60 mg, 0.069 mmol) in CH3CN–MeOH (2.7 ml/2.7 ml) was
added 1 N LiOH solution (0.14 ml, 0.14 mmol). After stirring at
rt for 6 h 40 min, sat. NH4Cl solution was added. The mixture
was adjusted to pH 2 with 1 N HCl and then extracted with
AcOEt (×3). The combined organic layer was washed with water


and brine, dried over anhydrous Na2SO4, and concentrated. The
residue was purified by preparative TLC (10% MeOH–CH2Cl2)
to give 31 (38 mg, 64%). (2) A two-necked flask was charged
with 5% Pd–C (11.6 mg) and connected to an inlet adaptor. The
flask was evacuated and then filled with nitrogen. A solution of 31
(11.6 mg, 0.013 mmol) in MeOH (0.34 ml) and 1 N HCl (4 ll) were
added. The flask was then evacuated and then filled with hydrogen.
After vigorous stirring for 18.5 h, the mixture was filtered through
a pad of Hyflo Super-Cel, and the precipitate was washed with
MeOH and H2O. The combined filtrate was concentrated. The
residue (4 mg) was purified by preparative TLC (CHCl3–MeOH–
H2O = 65 : 65 : 15) to give 35, which was further purified by
reversed phase column chromatography (Cosmosil 75C18, H2O as
an eluate) to give 34 (3.3 mg, 69%) as a white solid: [a]21


D +3.0
(c 0.17, H2O); 1H NMR (D2O, 600 MHz) d 3.30 (1H, dd, J =
15, 9.5 Hz, CHAHBCHCOOH), 3.60 (1H, dd, J = 15, 4.5 Hz,
CHAHBCHCOOH), 3.80 (1H, dd, J = 14, 12 Hz, H-6), 3.81 (1H, s,
H-6), 3.85 (1H, dd, J = 9.5, 3 Hz, H-3), 3.94–3.97 (1H, m, H-5),
4.09 (1H, dd, J = 9.5, 4.5 Hz, CHCOOH), 4.11 (1H, t, J = 9.5 Hz,
H-2), 4.11 (1H, br s, H-4), 4.68 (1H, d, J = 9.5 Hz, H-1), 7.23 (1H,
ddd, J = 8, 7, 1 Hz, indole), 7.33 (1H, ddd, J = 8, 7, 1 Hz, indole),
7.55 (1H, d, J = 8 Hz, indole), 7.77 (1H, d, J = 8 Hz, indole); 13C
NMR (120 MHz, D2O) d 28.4, 58.0, 64.2, 72.0, 72.8, 76.6, 76.8,
81.8, 111.0, 114.7, 121.6, 122.5, 125.8, 129.6, 136.2, 138.8, 177.1;
HRMS (FAB) Calcd for C17H23N2O7 (M + H): 367.1505, Found:
367.1532.


2-b-D-Glucopyranosyl-L-tryptophan (35). (1) To a solution of
27 (172 mg, 0.197 mmol) in CH3CN–MeOH (7.9 ml/7.9 ml) was
added 1 N LiOH solution (0.39 ml, 0.39 mmol). After stirring
at rt for 15 h, sat. NH4Cl solution was added. The pH of the
mixture was adjusted to 2 with 1 N HCl and then extracted with
AcOEt (×3). The combined organic layer was washed with water
and brine, dried over anhydrous Na2SO4, and concentrated. The
residue was purified by silica gel column chromatography (15 g,
MeOH–CH2Cl2 = 1 : 20) to give 32 (109 mg, 64%). (2) A two-
necked flask was charged with 10%Pd–C (6.4 mg) and connected
to an inlet adaptor. The flask was evacuated and then filled with
nitrogen. A solution of 32 (6.4 mg, 0.0074 mmol) in dioxane–H2O
(0.19 ml : 0.032 ml) was added. The flask was then evacuated and
then filled with hydrogen. After vigorous stirring for 36 h, 1 N HCl
(2 ll) was added and stirring was continued for 7 h. The mixture
was filtered through a pad of Hyflo Super-Cel, and the precipitate
was rinsed with MeOH–CH3Cl–H2O (65 : 65 : 15). The combined
filtrate was concentrated. The residue was washed with MeOH
and the precipitate was further washed with CHCl3–MeOH–H2O
(65 : 65 : 15) to give 35 (3.1 mg, quant.) as a white solid: [a]27


D


+2.6 (c 0.16, H2O); 1H NMR (D2O, 600 MHz) d 2.88 (1H, dd,
J = 15, 9 Hz, CHAHBCHCOOH), 3.15 (1H, dd, J = 15, 4.5 Hz,
CHAHBCHCOOH), 3.34 (1H, t, J = 9.5 Hz, H-4), 3.41 (1H, t,
J = 9.5 Hz, H-3), 3.41 (1H, ddd, J = 9.5, 5, 2 Hz, H-5), 3.53 (1H,
dd, J = 12.5, 5 Hz H-6), 3.54 (1H, t, J = 9.5 Hz, H-2), 3.53–3.57
(1H, m, CHCOOH), 3.64 (1H, dd, J = 12.5, 2 Hz, H-6), 4.47 (1H,
d, J = 9.5 Hz, H-1), 6.92 (1H, t, J = 7.5 Hz, indole), 7.02 (1H,
t, J = 7.5 Hz, indole), 7.23 (1H, d, J = 8 Hz, indole), 7.48 (1H,
d, J = 8 Hz, indole); 13C NMR (120 MHz, CDCl3) d 29.8, 58.6,
63.2, 72.1, 75.4, 76.1, 79.6, 82.3, 112.2, 114.2, 121.5, 122.1, 125.4,
129.6, 135.2, 138.6; HRMS (FAB) Calcd for C17H23N2O7 (M + H):
367.1505, Found: 367.1524.
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J. Vliegenthart, Biochemistry, 1994, 33, 13524–13530; (b) T. Beer, J.
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Mária Mečiarová,a Štefan Toma*a and Peter Kotruszb


Received 16th November 2005, Accepted 14th February 2006
First published as an Advance Article on the web 6th March 2006
DOI: 10.1039/b516289k


Seventeen organocatalyts were tested for their ability to catalyst the addition of thiophenols to
chalcones in [bmim]PF6. The products were isolated in high yield after a short reaction time, but no
stereoselectivity was observed. The reactions also proceeded (without any stereoselectivity) in four
other ionic liquids. In contrast, 16% and 26% ee were observed when L-proline and cinchonine,
respectively, were used as the catalysts in CH2Cl2. Addition of thiophenols is also catalysed by HCl, as
well as D-mandelic and L-tartaric acids. Addition of thiophenols to chalcones also occurred in neat
ionic liquids, without any additional catalyst, but the rate of the reaction depended considerably on the
structure of ionic liquid. The scope of the non-catalysed reaction in ionic liquids was tested by the
reactions of 5 different thiols and 3 different a-enones.


Introduction


Thiols play a very important role in organic synthesis as well as in
biochemistry.1,2 One of their most frequently studied reactions is
their addition to unsaturated ketones, which is usually carried out
in common solvents (acetone, THF, alcohols etc.) under catalysis
by base (including F−).3 Stereoselective additions of thiols are
most frequently catalysed by chiral metal complexes.4 Recently,
it was reported that zinc perchlorate hexahydrate is also a very
good catalyst for this reaction, and methanol was found to be the
best organic solvent.5 Very good results have also been achieved
when the reaction was catalyzed by molecular iodine and without
solvent.6


Asymmetric reactions catalyzed by small organocatalysts
have become very attractive in recent years.7–16 L-Proline, qui-
nine and ephedrine, as well as 2(S)-phenylaminomethyl-4(S)-
hydroxypyrrolidine and 2(S)-(diphenylhydroxymethyl)piperidine
and its 1-Boc-protected derivatives, have also been used as the
catalysts for addition of thiols to unsaturated ketones, but resulting
in only moderate enantioselectivity.17–22 The Michael addition
of thiophenols to chalcone in toluene at −20 ◦C catalyzed by
cinchonine, followed by crystallisation, led to the correspondig
adducts in moderate yields with high enantioselectivities (67–
95%).23 High yield and enantioselectivity up to 73% were achieved
when a bifunctional molecule containing a cinchona alkaloid
moiety and a thiourea moiety was used as an organocatalyst.24


Addition of thiols to a,b-unsaturated aldehydes using opti-
cally active a,a-diarylprolinol silyl ethers was described recently.
These reactions proceeded in good to high yields with excellent
enantioselectivities.25,26


Ionic liquids are frequently used as “green” solvents for many
organic reactions including transition metal and bio-catalysed
reactions.27–33 Ionic liquids have not been commonly used sol-
vents for organocatalysed reactions. Loh34 and ourselves35 have


aDepartment of Organic Chemistry, Faculty of Natural Sciences, Comenius
University, Mlynska dolina, SK-842 15, Bratislava, Slovakia. E-mail:
toma@fns.uniba.sk
bSYNKOLA, s.r.o. Mlynska dolina, SK-842 15, Bratislava, Slovakia


found that ionic liquids are excellent solvents for L-proline-
catalysed aldol reactions. Chowdari described L-proline-catalysed
asymmetric Mannich reactions in ionic liquids.36 We have also
found that L-proline in ionic liquid is a very good catalytic
system for the Michael addition of aliphatic aldehydes and
ketones to b-nitrostyrenes,37 giving the products in high yields
with high enantioselectivity using 5 mol% of L-proline. Very
recently, Rasalkar described L-proline-catalysed Michael ad-
dition of ketones to nitrostyrene. Several ionic liquids have
been tested, and 1-methoxyethyl-3-methylimidazolium methane-
sulfonate ([MOEMIM]OMs) was found to be the best.38 In order
to achieve good yields, it was necessary to prolong the reaction
time to 60 hours, and catalyst loading had to be increased to 40
mol% to achieve 75% ee. Hagiwara has described the organocatal-
ysed addition of aliphatic aldehydes to methyl vinyl ketone in
the ionic liquid [bmim]PF6. 2(S)-(1-Morpholinomethyl)piperidine
was found to be the best organocatalyst, but the yields of the
product were moderate, with 11–51% ee.39 Yadav et al.40 disclosed
the results of Michael additions of thiols to a,b-unsaturated
ketones in 2 : 1 mixtures of [bmim]BF4–H2O and [bmim]PF6–
H2O mixtures. Similarly, Ranu described41 the Michael addition of
thiols and thiophosphate to a,b-unsaturated carbonyl compounds
in [pmim]Br ionic liquid.


The main aim of this work was to investigate the Michael
addition of thiols to a-enones in ionic liquids with and without
organocatalyst. The second aim was to see if the Michael addition
of thiophenols to chalcones can be catalyzed by acids.


Results and discussion


Our work started with examination of the organocatalysed
Michael addition of thiophenol (2a) to chalcone (1a), with
L-Proline as the catalyst. We hoped that the reaction would
proceed with some stereoselectivity either via activation of the
chalcone carbonyl group by hydrogen bond formation with proline
carboxylic acid, or by formation of an en-iminium ion. Formation
of such an intermediate was suggested by King et al.,42 as well
as Gryko,43 for explanation of the stereoselectivity of alkylation
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Fig. 1 Structures of the catalysts used.


of indole by enones or the Michael addition of 1,3-diketones
to methyl vinyl ketone. Reaction in 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim]PF6) as a solvent gave high chemical
yields of the product 3a, but with practically no enantioselectivity.


We decided therefore to test several other organocatalysts with
the hope of increasing the enantioselectivity (Fig. 1). The product
3a was isolated in 76–99% yield after 10 min at room temperature,
but practically no stereoselectivity (0–7%) was observed (Table 1).
The best ee (7%) was achieved using (−)-cinchonidine (XI, entry
11) as the catalyst. Low stereoselectivity can be explained either by
a rapid retro-Michael addition, or by some competitive reaction


Table 1 Michael addition of thiophenol 2a to chalcone 1a at room
temperature in IL1 catalyzed by different catalysts, reaction time 10 min


Entry Catalyst Yield of 3a (%) ee of 3a (%)


1 I 99 2
2 II 81 1
3 III 87 1
4 IV 94 0
5 V 92 1
6 VI 79 2
7 VII 76 1
8 VIII 83 0
9 IX 94 2


10 X 81 1
11 XI 86 7
12 XII 83 4
13 XIII 92 1
14 XIV 87 4


pathway in which the organocatalyst does not play any role (see
later).


Our next aim was to see whether the rapid reaction of
thiophenol with chalcone in 2 : 1 mixtures of [bmim]BF4–H2O
and [bmim]PF6–H2O , observed by Yadav,40 was being caused by
acid catalysis by HF, which could be present due to the hydrolysis
of BF4


− or PF6
− anions. Hydrolysis of these anions in water was


proved by Swatlovski et al.44 For this reason we performed several
experiments in dichloromethane. No reaction was observed in pure
dichloromethane even after 8 h (Table 2, entry 1). On the other
hand, a reasonably rapid Michael addition providing 88% yield
of the product 3a (Table 2, entry 2) was observed after addition
of a few (3–4) drops of hydrochloric acid (35%) into the reaction
mixture.


It was of interest to check if the acid catalysis is more general,
and therefore some additional L-proline benzyl ester (III) was
tested as a catalyst. Experiments with L-tartaric acid (XVI) and
D-mandelic acid (XVII) as catalysts were included with the hope
that some enantioselectivity could be observed. From the results
given in Table 2, it follows that acid catalysis is more general. With
the catalyst III, product 3a was isolated in 87% and 96% yield
when the reaction was carried out in IL1 and IL3, respectively.
Reactions with L-tartaric acid and L-mandelic acid in IL3 were
slower, but 3a was isolated in 97% and 96% yield after 1 hour. As
the organocatalyst-catalyzed reactions with a-enones described in
the literature36,37 were perfomed in CH2Cl2–i-PrOH or NMP, we
decided to perform some selected reactions in CH2Cl2. However,
reactions were much slower, providing adduct 3a in 47% and 36%
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Table 2 Effect of acid catalysis and solvent effect on the thiophenol 2a
adition to chalcone 1a


Entry Solvent Catalysta Time Yield of 3a (%) ee of 3a (%)


1 CH2Cl2 — 8 h Trace —
2 CH2Cl2 HClb 2 h 88 0
3 IL1 III 15 min 87 0
4 IL3 XV 15 min 96 1
5 IL3 XVI 1 h 97 1
6 IL3 XVII 1 h 96 0
7 CH2Cl2 XVI 8 h 47 2
8 CH2Cl2 XVII 8 h 36 4
9 CH2Cl2 I 8 h 62 16


10 CH2Cl2 X 10 min 91 26
11 CH2Cl2 XIII 10 min 93 2
12 Toluene I 2.5 h 44 1
13 Toluene — 2.5 h Trace —
14 IL3 I 1.5 hc 69 1


a 5 mol% of I, III, X, XIII, XV and 10 mol% of XVI and XVII were used.
b 3–4 Drops of HCl. c The reaction was performed at −4 ◦C.


yield after 8 h at room temperature with L-tartaric acid and D-
mandelic acid, respectively, with 2–4% ee. Reaction in CH2Cl2


catalyzed by L-proline was also slow, 62% (16% ee) of the product
3a being isolated after 8 h. This result prompted us to perform the
reaction in CH2Cl2 using catalyst X (cinchonine), which gave 7%
ee when carried out in [bmim]PF6. Reaction in dichloromethane
was quite rapid, and after 10 min, 3a was isolated in 91% yield
and 26% ee. The reaction catalyzed by XIII (nicotine) proceeded,
to our surprise, practically without any enantioselectivity. No
enantioselectivity was observed, either when the reaction was
carried out using L-proline as the catalyst at room temperature in
toluene (Table 2, entry 12), or in IL3 at −4 ◦C (Table 2, entry 14).


With these results in mind, we considered why no enantios-
electivity was observed in the Michael additions of thiophenol
to chalcone in [bmim]PF6. Our working hypothesis was that the
addition reaction of thiophenol in ionic liquid is for some reason
so rapid that formation of the en-iminium intermediate from the
chalcone and L-proline can not compete. To prove this hypothesis,
it was necessary to perform reactions in [bmim]PF6 with and
without L-proline. It was also of interest to examine if the structure
of ionic liquid had some influence on the reaction. The structures
of the ionic liquids used are depicted in Fig. 2; results are given in
Table 3.


From the data given in Table 3, it follows that the rate of the L-
proline-catalysed reaction is highest in IL2 and IL4, with the rate of


Table 3 Solvent and catalyst effect on the Michael addition of thiophenol
2a to chalcone 1a


Entry Solvent Catalysta Time Yield of 3a (%)


1 IL1 I 10 min 99
2 IL1 — 10 min 90
3 IL2 I 30 s 94
4 IL2 — 2 min 92
5 IL3 I 15 min 91
6 IL3 — 15 min 94
7 IL4 I 30 s 91
8 IL4 — 2 min 94
9 IL5 I 1 h 87


10 IL5 — 3 h 91


a 5 mol% of L-proline was used.


Fig. 2 Structures of the ionic liquids used. IL1 = 1-butyl-3-methylimida-
zolium hexafluorophosphate ([bmim]PF6); IL2 = 1-butyl-3-methylimida-
zolium perchlorate; IL3 = 1-butyl-3-methylimidazolium ethylsulfate
([emim]SO4Et, ECOENGTM212); IL4 = 1,3-dimethylimidazolium
dimethylphosphate (ECOENGTM1111P); IL5 = 1-butyl-1-methyl-
pyrrolidinium tris(pentafluoroethyl) trifluorophosphate.


reaction in IL3 being comparable with that in IL1, and the reaction
rate in IL5 being much slower. It should be noted that reactions
were stopped after full conversion of chalcone (by TLC), so that
the reaction time gives therefore some information about the re-
action rate. Negligible enantioselectivity was observed in all cases.


It is of interest to note that addition of thiophenol (2a) to
chalcone (1a) proceeded without addition of L-proline, although
it was slightly slower (Table 3, entries 2, 4, 6, 8, 10). Since IL2
(pH = 8.5) and IL4 (pH = 8.0) are basic ionic liquids, and IL3
and IL5 are neutral, these reactions could not be catalysed by any
residual acidity of the ionic liquid. In order to exclude ClO4


− being
a catalyst, an experiment using LiClO4 in CH2Cl2 was carried out,
but no reaction was observed. We do not have any explanation for
the very high reaction rate in IL2 and IL4.


The above-mentioned results prove that Michael addition of
thiophenol in ionic liquids proceeds well without any catalyst. A
question therefore arose: Why do these reactions proceed in neat
ionic liquids?


There are several reports on the higher nucleophilicity of halide
anions,45–47 water,48 and amines49 in ionic liquids compared to their
nucleophilicity in organic solvents. We can speculate therefore
that the nucleophilicity of thiophenol could also be higher in
ionic liquids. However, this explanation is questionable based
upon results published very recently. Landini proved that the
nucleophilicity of halide ions and the azide ion in [hexmim]PF6


is comparable with their nucleophilicity in methanol, and slightly
lower than in DMSO.50 Lancaster reported that amines had higher
nucleophilicity in ionic liquids, but found that the nucleophilicity
of halide anions is lower in ionic liquids than in dichloromethane,
and that the nucleophilicity order of different halides depends
strongly depend on the stucture of the ionic liquid.51


Another explanation of high reactivity of thiophenol in ionic
liquids, especially neutral ionic liquids (IL3 and IL5), could be
that the dissociation constant of thiophenol is higher in ionic
liquids than in organic solvents. Slightly basic IL2 and IL4 can
assist in the formation of the PhS(−) anion from PhSH, which
results in an increase of the reaction rate. A possible explanation
for the observed results is depicted in Scheme 1. Direct addition
(routes a and b) of thiols to a-enones is much faster than the
formation of an en-iminium ion (route c).
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Scheme 1 The possible reaction routes of Michael addition of thiols to enones; b > a � c.


Our next aim was to explore if the catalyst-free addition of
thiols is a more general phenomenon. For that reason, additions
of different thiols to several enones were tested (Scheme 2). The
results are given in Table 4.


Scheme 2 The Michael addition of thiols to a-enones.


The results in Table 4 show that Michael addition of various
thiophenols (2a–d) to a-enones (1a–c) proceeded smoothly in IL3.
The yields of the products when the reactions were performed
without any catalyst (Table 4, entries 2, 4, 6, 8, 12 and 14) were
the same or only slightly lower than when 5mol% of L-proline


Table 4 Michael additions of thiols to a-enones in IL3


Entry a-Enone Thiol Catalysta Time/min Product (yield, %)


1 1a 2a I 15 3a (91)
2 1a 2a — 15 3a (94)
3 1a 2b I 15 3b (77)
4 1a 2b — 15 3b (75)
5 1a 2c I 15 3c (77)
6 1a 2c — 15 3c (74)
7 1a 2d I 15 3d (75)
8 1a 2d — 15 3d (60)
9 1a 2e I 60 3e (66)


10 1a 2e — 60 3e (60)
11 1b 2a I 30 3f (87)
12 1b 2a — 30 3f (73)
13 1c 2a I 150 3g (66)
14 1c 2a — 150 3g (55)


a 5 mol% of L-proline was used.


was used (Table 4, entries 1, 3, 5, 7, 11 and 13). Experiments with
PhCH2SH (2e) proved that this finding is more general and can be
also applied to alkylthiols (Table 4, entries 9 and 10).


Conclusion


Organocatalysed addition of thiophenols to chalcones in ionic
liquids proceeded with excellent chemical yields, although with
very low enantioselectivity due to the fact that L-proline and other
organocatalysts can act only as weak bases in these solvents. The
addition of thiophenols to chalcones also proceeded very well
in neat ionic liquids, which proved that its nucleophilicity, and
possibly also dissociation constant, is higher in ionic liquids than
in organic solvents. It was proved that this is a more general
phenomenon by addition of various thiols to several a-enones.
It was also shown that acids (including chiral carboxylic acids)
can be used as the catalyst.


Experimental


NMR spectra were measured on a Varian Gemini 2000 spec-
trometer operating at 300 MHz (1H NMR) and 75 MHz (13C
NMR); tetramethylsilane was used as an internal standard.
Elemental analysis were performed on Carlo Erba instrument.
Enantioselectivities were determined by HPLC (Krüss P3002RS
instrument) of the product on a chiral column (Chiralcel OD–H)
using n-hexane–2-propanol (90 : 10 v/v) as an eluent, and cellulose
tris(3,5-dimethylphenylcarbamate) coated on 5 lm silica gel as
the solid phase. MS data were obtained on a Hewlett–Packard
Agilent 1100 Series MSD HPLC-MS instrument. Reagent-grade
organocatalysts and starting materials were purchased (Aldrich,
Acros, Fluka, Merck) and used without further purification. Ionic
liquids were purchased from Solvent Innovation and from Merck.


General experimental procedure


Ionic liquid (1 ml) was degassed by stirring under reduced pressure
(oil pump). The enone (1a–c) (1 mmol) and a catalyst (5 mol%)
were added and the mixture was stirred for 10 min at room
temperature. The thiol (2a–e) (1.1 mmol) was added and the
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reaction mixture was stirred vigorously for a specified time (see
Tables 1–4) at room temperature. The product was extracted with
several portions of diethyl ether and the combined organic extracts
were evaporated in vacuo. The residue was purified by column
chromatography on SiO2 (hexane–ethyl acetate 9 : 1). The product
was isolated as a pure material and its structure was proved by
1H NMR spectra. The spectroscopic characteristics of known
products 3a,52 3b,53 3e,53 3f54 and 3g55 were in agreement with
published data.


1,3-Diphenyl-3-(4-fluorophenylsulfanyl)propan-1-one (3c).
White solid, mp 83–85 ◦C. 1H NMR (300 MHz, CDCl3) d 7.89
(2H, d, J = 8.4 Hz, ArH), 7.49–7.61 (2H, m, ArH), 7.45 (2H,
t, J = 6.6 Hz, ArH), 7.12–7.28 (6H, m, ArH), 6.90 (2H, t, J =
8.7 Hz, ArH), 4.36 (1H, t, J = 7.2 Hz, SCH), 3.66 (1H, dd, J =
8.1 Hz, 17.1 Hz, CHH), 3.56 (1H, dd, J = 6.0 Hz, 17.1 Hz, CHH);
13C NMR (75 MHz, CDCl3) d 197.0, 162.9 (d, J = 246.6 Hz),
141.3, 136.9, 136.2 (d, J = 8.3 Hz), 133.5, 129.2, 128.9, 128.7,
128.3, 128.0, 127.6, 116.1 (d, J = 21.5 Hz), 49.3, 44.5; ESMS
359.2 [M + Na]+.


1,3-Diphenyl-3-(4-tert-butylphenylsulfanyl)propan-1-one (3d).
White solid, mp 99–101 ◦C. 1H NMR (300 MHz, CDCl3) d 7.86
(2H, d, J = 8.1 Hz, ArH), 7.19–7.58 (12H, m, ArH), 4.91 (1H,
dd, J = 6 Hz, 8.1 Hz), 3.64 (1H, dd, J = 7.5 Hz, 15.2 Hz, CHH),
3.56 (1H, dd, J = 6.9 Hz, 15.2 Hz, CHH), 1.27 (9H, s, 3 × CH3);
13C NMR (75 MHz, CDCl3) d 197.4, 151.1, 141.5, 136.9, 133.4,
132.9, 130.9, 128.8, 128.7, 128.3, 128.0, 127.5, 126.1, 48.6, 45.0,
34.7, 31.4. Elemental analysis: calcd. for C25H26OS: C 80.18%, H
7.00%, S 8.55%; found: C 80.27%, H 7.01%, S 8.53%.
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Corollosporine is an antimicrobial metabolite, which was isolated from the marine fungus Corollospora
maritima. Owing to its basic 4-hydroxyphthalic acid anhydride structure, it has become an attractive
target for a structure/activity relationship modelling of derived compounds with potential antibiotic
activity. In this regard we report on the straightforward synthesis of hetero analogous corollosporines,
which were easily prepared by a three-step reaction sequence, taking advantage of a novel multi-
component reaction (AAD-reaction) and a subsequent aromatization/Grignard reaction protocol.
Furthermore, the obtained products were tested in several biological assays to evaluate their
antimicrobial activity.


Introduction


The synthesis and biological evaluation of potentially new an-
tibiotic agents is undoubtedly an important topic in current
chemical and medicinal research. Beside the design of more
effective antibiotics with a lower range of unwanted side effects,
this demand is especially forced by the ongoing multi-resistance of
several bacterial strains against commonly used pharmaceuticals.


As a major approach, the discovery of suitable new leads is
governed by the isolation of active compounds from biological
resources. In a recent example, Lindequist and co-workers isolated
the novel antibacterial agent corollosporine (Scheme 1) from
the marine fungus Corollospora maritima, which was located
on driftwood in the North Sea close to the island Helgoland
(Germany).1 Corollosporine [(±)-3-hexyl-3,7-dihydroxy-1(3H)-
isobenzofuran-1-one] is a typical member of antibiotics with
phthalide activity against Staphylococcus aureus and Bacillus
subtilis. Owing to the rather low isolated yield of corollosporine
from the culture filtrate of Corollospora maritima, Mori and
Ohzeki2 developed different syntheses for the desired intermediate
with acceptable overall yields.


Scheme 1 Structure of corollosporine.


As a consequence of the promising activity of corollosporine
in antibacterial assays, we became interested in the synthesis of
hetero (nitrogen) analogous compounds to study their antibiotic
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behaviour. For this purpose a short synthesis protocol was
developed, taking advantage of a novel multicomponent reaction
(MCR), which was recently discovered by some of us.7


In general, multicomponent reactions offer significant advan-
tages over stepwise procedures with respect to environmental
sustainability and atom efficiency.3 Therefore, a part of us has
been interested in the development of transition metal-catalyzed
three- and four-component coupling reactions, such as the hy-
droaminomethylation of olefins4 and the amidocarbonylation of
aldehydes.5 With respect to the latter work a three-component
reaction was discovered,6 in which amides react with aldehydes
and dienophiles (AAD-reaction) to give a large variety of 1-
acylamino-2-cyclohexene derivatives in unprecedented efficiency.
Based on a simple condensation reaction of amides and aldehydes,
the underlying mechanism takes advantage of the formation of
1-(N-acylamino)-1,3-butadienes as key intermediates, which are
subsequently converted by a Diels–Alder reaction with electron-
deficient dienophiles to the corresponding products (Scheme 2).7


By comparison with their purely ‘carbonic’ counterparts, the
resulting heteroatom-substituted dienes not only exhibit higher
reactivity in most cases but also give functionalized products which
are useful for further synthetic manipulations.


In addition to our work, several other groups have also demon-
strated the versatility of (isolated) functionalized 1,3-butadienes
for Diels–Alder chemistry.8 In this regard, prominent exam-
ples include the preparation of pumiliotoxin,9 gephyrotoxin,10


dendrobine11 and tabersonine.12 Furthermore, we have addi-
tionally extended the synthetic scope of the AAD-reaction
by a selective amide replacement through suitable electrophilic
or nucleophilic reagents like isocyanates (IAD-reaction),13 or-
thoesters (ALAD-reaction) and anhydrides (ANAD-reaction).14


Covering this range of substrates, we have actually synthesized
more than 200 carbo- and hetero-cyclic compounds including
highly substituted bicyclo[2.2.2]-oct-2-ene-,15 enantiomerically
pure cyclohexenol-,14 and cyclo-hexenylamino-,7e phthalic acid-,7d


phenanthridone-,16 lactam-17 as well as aniline-derivatives.18 Tak-
ing account of the basic principle of the latter work, we also
prepared a range of novel luminoles.19 Here, an efficient three-
step synthesis was elaborated, comprising first the AAD-reaction
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Scheme 2 Schematic representation of the AAD-reaction.


of benzyl carbamate, various aldehydes and N-methyl maleimide
(Scheme 3, step 1). Next, the obtained products were oxidized by
Pd/C to give the corresponding 4-aminophthalimides (Scheme 3,
step 2). Finally, a hydrazinolysis reaction afforded the desired
luminoles (Scheme 3, step 3) in good yield.


Scheme 3 Use of 4-aminophthalimides as key substrates for the synthesis
of luminoles and corollosporine analogues.


Obviously, there exists a structural analogy of 4-aminophthali-
mides with 4-hydroxyphthalic anhydride, the precursor to corol-
losporine. As a result of that, we report here on the synthesis
of hetero analogous corollosporine derivatives, which are easily
accessible by the conversion of 4-aminophthalimides or related
structures with Grignard reagents (Scheme 3, step 4). With respect
to the native structure of corollosporine, the obtained compounds
are somewhat bioisosteric, differing only in the substitution of
oxygen – towards nitrogen atoms. Additionally, antimicrobial and


antifungal assays were accomplished to determine the potential
antibiotic activity of all new derivatives.


Results and discussion


In a first set of experiments, we investigated the conversion of
previously prepared N-methyl-4-aminophthalimide (1; Table 1)
with different equivalents of hexylmagnesium bromide as a model
reaction.20 Thereby, the best conversion was observed using an
excess of 3 equiv. hexylmagnesium bromide (Table 1, entry 3).
In this case, the desired product (1a) was isolated in 62% yield.
Interestingly, the initial application of 1 or 2 equiv. of Grignard
reagent was accompanied with decreased product yields of 1a of
less than 1% and 33%, respectively (Table 1, entries 1, 2).


We explain these results by the selective formation of a
magnesium complex, which is formed initially in the presence of
2 equiv. of Grignard reagent. Owing to the lower electrophilic
character of the vinylogous amide unit, the nucleophilic attack of
the third equivalent of hexylmagnesium bromide is favoured for
the opposite carbonyl group. In agreement with this proposal, a
further conversion of 1a with hexylmagnesium bromide afforded
no double alkylated product (Table 1, entry 5), and the starting
material was isolated back. Not surprisingly, an increase of
reaction temperature to 25 ◦C resulted in lower selectivity of
the desired product 1a (Table 1, entry 4). Finally, we examined
the reactivity and regioselectivity of the Grignard reaction of N-
methyl-4-acetamidophthalimide (2; Table 1, entry 6). Obviously,
the corresponding magnesium complex cannot be formed in this
case. Therefore, the regioselectivity even changed in favour of the
unwanted isomer 2a (Table 1, entry 6; 2a/2b = 2 : 1).


For both the N-analogous corollosporine 1a and the ‘wrong’
regioisomer 2a we were able to obtain suitable crystals for X-
ray analysis. In Scheme 4 the molecular structures obtained are
shown.21


Using the optimized set of conditions for the model substrate
1a, we prepared 22 differently substituted hetero analogous
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Table 1 Orientation and selectivity of the Grignard reaction of N-methyl-4-aminophthalimide (1) with hexylmagnesium bromidea


Entry Educt Grignard reagent (equiv.) Conversion (%) T/◦C Yieldb (%) Selectivity syn/anti


1 1 3 0 <1 —


2 2 70 0 33 1 : 6 c


3 3 100 0 62 1 : 6 c


4 3 100 25 50 1 : 4 c


5 3 — 0 80e —


6 2 100 0 67 2 : 1 d


a Reaction conditions: 0.5 mmol educt was dissolved in 5 mL THF and Grignard reagent was slowly added. The solution was warmed up within 1 h and
quenched with 1 mL water. The solvent was removed and the residue was extracted with EtOAc (3 times). Then the extract was purified by chromatography.
b Isolated yield. c Selectivity determined by 1H NMR. d Selectivity determined by yield. e Recovered yield.


corollosporines with moderate to good yield (11–73%; Table 2,
compounds 1a–18b). To evaluate their antibiotic activity, all com-
pounds were employed within agar diffusion assays to test their
antibiotic activity against Bacillus subtilis, Staphylococcus aureus
and Escherichia coli, respectively (Table 2). To our delight, the
N-analogous corollosporine (1a) was found to be as active as the
natural corollosporine against Staphylococcus aureus (inhibition
zone: 10 mm; Table 2, entry 1) (data not shown). More surprisingly,
the corresponding isomer (1b) revealed the same activity as well
(inhibition zone: 10 mm; Table 2, entry 2).


Next, we examined the influence of different alkyl and aromatic
moieties attached to the aromatic scaffold. With the exception of
the dimethylated derivative (3), which also revealed activity against
Staphylococcus aureus (inhibition zone: 10 mm; Table 2, entry 3),
a diethyl-, diisopropyl-, or dibenzyl-substitution was found to be
ineffective (Table 2, entries 4–6). This may be explained by a lower
cell permeability of the test compounds or the lack of binding to
target enzymes.


Our further examinations concentrated on the replacement of
the amino group towards other substituents in diverse aromatic
positions. A monochlorination of the aromatic scaffold led to
compounds with stronger activity against the gram positive
Staphylococcus aureus. For instance, the 7-chloro-substituted


corollosporine derivate (8a) revealed good activity against
S. aureus (inhibition zone: 13 mm; Table 2, entry 8), whereas
the corresponding isomer (8b) displayed one of the highest
activities (inhibition zone: 14 mm; Table 2, entry 9). In contrast
to these results, a monochlorination in 5- or 6-position afforded
compounds (9b,a, respectively) with a comparable activity against
Staphylococcus aureus (inhibition zones: 13–14 mm; Table 2,
entries 10–11), but no antimicrobial effect was found comprising
strains of Bacillus subtilis and Escherichia coli. In another example,
the dichlorinated compound (10) was found to be active against
Staphylococcus aureus and Bacillus subtilis. Additionally, we tested
the bioactivity of fluorinated corollosporine derivatives. Here,
an inseparable mixture of isomers (11a,b) showed only weak
antimicrobial activity. Moreover, the antimicrobial evaluation of
the tetrafluorinated derivative (12) revealed no activity against all
employed strains (Table 2, entry 14).


In addition, we examined the influence of different alkyl chains
and aromatic substituents attached to the tertiary hydroxy group.
It is important to note that neither chain-shortened, nor chain-
elongated derivatives displayed any activity against the tested
bacterial strains (Table 2, entries 15–19). Furthermore, both
isomers with attached p-tolyl substituents were found to be
ineffective as well (Table 2, entries 20, 21). Consistently, the natural
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Scheme 4 Molecular structure of: (a) 1a, and (b) 2a (for both, the thermal
ellipsoids correspond to the 30% probability level).


3-hexyl-3-hydroxy motif seems to have an essential influence on
the antimicrobial activity.


In a second approach we investigated the minimal inhibitory
concentration (MIC) of two chlorinated compounds. Compounds
8b and 9b showed activity according to the screening results
with MIC values of 83.5 and 28.5 lg mL−1 against Bacillus
subtilis. These experiments show that the antibacterial activity
is concentrated on gram positive bacteria.


In summary, we have developed an easy and straightforward
synthesis route to a variety of aza analogous corollosporines.
Advantageously, the presence of the 4-amino group results in high
regioselectivity of the final Grignard reaction.


Some of the obtained products revealed antibiotic activity,
which is comparable to the natural product corollosporine. Here,
the presence of a hexyl side chain represents an important feature
for antimicrobial activity. Substitution in the aromatic moiety with
chlorine results in an increase of the activity.


Experimental


Antimicrobial testing


Antimicrobial screening. The bacterial cultures were obtained
from the ATCC.


Assay for antimicrobial activity: a modified disc diffusion
method was used to determine the antimicrobial activity. A sterile
filter disc of 6 mm diameter (B & D research) was impregnated
with the test compounds. The paper disc was placed on the agar
plate seeded with respective micro organisms. The plates were kept
in the refrigerator at 4 ◦C for 4 h. The plates were then turned over
to incubate overnight at 37 ◦C in an inverted position. At the
end of the incubation period the clear zones of inhibition around
the paper disc were measured. Negative control experiments were
performed by using paper discs loaded with an equivalent volume
of solvent, and positive control experiments were performed by the
use of an equivalent amount of Ampicillin (in the case of S. aureus
and B. subtilis) or Gentamicin (in the case of E. coli). The amount
of the compounds tested during the experiments was 1000 nmol
per paper disc. All experiments were done in triplicate.


Determination of minimal inhibitory concentrations (MICs) of
compounds by dilution method


Sample preparation. The compound (1 mg) was dissolved in
1 mL of DMSO and serially diluted with nutrient agar medium to
obtain the final concentrations.


Culture of microorganisms. A column of 3 mL sterile broth
was inoculated with about a pinhead size of respective bacteria
and 100 lL of the bacterial suspension was further inoculated into
10 mL of sterile broth. The final inoculated bacterial suspension
was placed on an orbital shaker (175 rpm) and incubated overnight
at 25 ◦C. For the test, the bacterial suspension was diluted in the
ratio of 1 : 100.


Antibacterial assay. The minimal inhibitory concentration
(MIC) was measured by the 10-fold serial broth dilution method.
The assay was carried out in a 96-well tray. The wells of the first
row of the tray (A1 to H1) were filled with 150 lL of diluted test
substances in duplicate. From the second to eleventh row (A2,
H2 to A11, H11) the wells were first filled with 100 lL of PBS
(phosphate-buffered saline). Then 10 lL of the test substance from
the first row was pipetted out in a stepwise manner from left to right
up to the eleventh row. Finally, 10 lL of the diluted substance was
discarded from the eleventh row. Each and every well from the row
1–11 was finally filled with 100 lL of diluted bacterial suspension.


The wells A12–D12 were filled with 100 lL PBS and 100 lL
bacterial suspension without test substance as control wells. The
wells E12–G12 were filled with 100 lL PBS and 100 lL bacterial
suspension without the test substance as control wells. The well
H12 was kept empty for photometric blank. The plate was shaken
carefully and then incubated for 16 h at 35 ◦C. After incubation,
the absorbance was measured at 620 nm in a plate reader (Anthos
HT-II). The MIC corresponds to the lowest concentration of the
test compound that still produces bacterial growth inhibition. It
was determined by spectrophotometry by measuring the turbidity
of the inoculated liquid broth in the presence and absence
of the test compound. The highest concentration of the test
substance for the assay was 5000 lg mL−1 and lowest concentration
was 0.85 lg mL−1.


Chemical synthesis


THF was distilled from Na; furthermore, Grignard solutions were
bought from Aldrich. N-Methyl-4-aminophthalimide derivatives
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Table 2 Results of the antimicrobial screeninga


Entry Structure Yield (%) Bacillus subtilis ATCC 6051 Staphylococcus aureus ATCC 6538 Escherichia coli ATCC 11229


1 62 r 10 r


2 11 r 10 r


3 38 r 10 r


4 35 r r r


5 34 r r r


6 45 r r r


7 70 8 11 11


8 27 r 13 10


9 60 7 14 12


10 34 r 14 r


11 48 r 13 r


12 44 12 8 r
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Table 2 (Contd.)


Entry Structure Yield (%) Bacillus subtilis ATCC 6051 Staphylococcus aureus ATCC 6538 Escherichia coli ATCC 11229


13 60 (1 : 2) 8 r 12


14 73 r r r


15 73 r r r


16 58 r r r


17 20 r r r


18 30 r r r


19 11 r r r


20 29 r r r


21 22 r r r


Ampicillin — 17 15 n.t.
Gentamicin — n.t. n.t. 12


a Inhibition zones are stated in diameter (mm) without the diameter of the paper disc (6 mm); r = resistant; n.t. = not tested.


were prepared from the two-step MCR/oxidation sequence.18 In
the case of 9a, 9b, 10, 11, 12 the N-methylphthalimide precur-
sors were synthesized from the corresponding phthalic acids,22


which are commercially available from Aldrich. The precursors


of 8a, 8b were synthesized by a Sandmeyer reaction from 4-
aminophthalimide.23


Silica gel column chromatography was performed with 230–
400 mesh ASTM silica gel from Merck. Melting points were
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recorded on a Galen III (Cambridge Instruments) and are
uncorrected. IR spectra were recorded as KBr pellets on a Nicolet
Magna 550. Mass spectra were obtained on AMD 402/3 of AMD
Intectra (EI, 70 eV). NMR data were recorded on a Bruker ARX
400 with QNP probe head (1H, 400.13 MHz; 13C, 100.61 MHz)
at 25 ◦C.


General procedure for the synthesis of the N-analogous
corollosporines


N-Methylphthalimide (0.5 mmol) was dissolved under an Ar
atmosphere in 10 mL absolute THF and cooled to 0 ◦C. In
the case of 4-aminophthalimide derivatives a three-fold excess of
2 M hexylmagnesium bromide (1.5 mmol) was slowly added. The
solution becomes deep red and was warmed up in 2–3 h to ambient
temperature. During this time the color of the solution changed
to green/yellow. In the case of halide-containing phthalimides an
equimolar amount of Grignard solution was used. After adding
1 mL water the solution became colorless and the solvent was
removed under high vacuum. Water was added to the residue
and extracted three times with ethyl acetate. The organic phase
was dried with Na2SO4. After removing the solvent the remaining
solid was purified by chromatography with heptane–EtOAc and
crystallized from toluene if necessary.


7-Amino-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(1a)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.11. Yield: 62%. Mp:
129 ◦C. 1H NMR (400 MHz, DMSO-d6): d 7.19 (dd, J = 7.2
and 7.9 Hz, 1H, m-CH-Ar), 6.61 (d, J = 7.1 Hz, 1H, CH-Ar),
6.57 (d, J = 8.1 Hz, 1H, CH-Ar), 6.03 (s, 1H, OH), 5.99 (s, 2H,
NH2), 2.72 (s, 3H, NCH3), 1.88 (m, 2H, COHCH2), 1.20–1.05 (m,
6H, (CH2)3CH2Me), 0.78 (t, J = 6.8 Hz, 3H, (CH2)5Me), 0.84–
0.73 (m, 1H, CH2Me), 0.64–0.51 (m, 1H, CH2Me). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.0 (CO); 148.6, 145.8 and 112.4 (3
C); 132.7, 114.2 and 108.7 (3 CH); 89.3 (COH); 35.7, 31.0, 28.4,
23.0 and 21.9 (5 CH2); 22.4 and 13.8 (2 CH3). IR (KBr) cm−1:
1/k = 3470 (s), 3349 (s), 3255 (m), 2936 (s), 2856 (m), 1664 (s),
1621 (s), 1607 (m), 1596 (m), 1482 (s), 1467 (m), 1433 (m), 1395
(m), 1361 (m), 1327 (m), 1228 (w), 1203 (w), 1127 (w), 1085 (m),
1034 (m), 1016 (m), 959 (w), 807 (m), 773 (m), 705 (m), 584 (w),
542 (w). MS (EI, 70 eV): m/z (%) = 262 (9) [M]+, 244 (38) [M −
H2O]+, 187 (76), 177 (100), 162 (15), 118 (10), 91 (9), no other
peaks >5%. HR MS (EI): calc. for C15H22N2O2: 262.16812; found:
262.16722 [M]+.


4-Amino-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(1b)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.08. Yield: 11%. Mp: 92–
95 ◦C. 1H NMR (400 MHz, DMSO-d6): d 7.19 (dd, J = 7.7 and
7.5 Hz, 1H, m-CH-Ar), 6.80 (d, J = 7.5 Hz, 1H, CH-Ar), 6.77 (d,
J = 7.7 Hz, 1H, CH-Ar), 6.13 (s, 1H, OH), 5.13 (s, 2H, NH2), 2.75
(s, 3H, NCH3), 2.32–2.21 (m, 1H, COHCH2), 1.92–1.81 (m, 1H,
COHCH2), 1.19–0.96 (m, 6H, (CH2)3CH2Me), 0.76 (t, J = 6.8 Hz,
3H, (CH2)5CH3), 0.71–0.56 (m, 1H, CH2CH3), 0.51–0.36 (m, 1H,
CH2 CH3). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 166.4 (CO);
143.2, 132.6 and 128.7 (3 C); 129.6, 117.8 and 109.7 (3 CH); 89.7
(COH); 32.2, 31.0, 28.2, 23.2 and 21.9 (5 CH2); 22.5 and 13.8 (2


CH3). MS (EI, 70 eV): m/z (%) = 262 (9) [M]+, 244 (38) [M −
H2O]+, 187 (76), 177 (100), 162 (15), 118 (10), 91 (9) no other peaks
>5%. IR (KBr) cm−1: 1/k = 3450 (s), 3347 (s), 3228 (m), 2956 (m),
2924 (s), 2856 (m), 1664 (s), 1634 (m), 1609 (m), 1490 (s), 1469
(m), 1432 (s), 1398 (m), 1353 (s), 1313 (m), 1085 (m), 1044 (m),
968 (w), 863 (w), 816 (w), 762 (m), 697 (w), 584 (w), 535 (w). HR
MS (EI): calc. for C15H22N2O2: 262.16812; found: 262.16722 [M]+.


N-(2-Methyl-1,3-dioxoisoindolin-4-yl)acetamide (2)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.14. Yield: 86%. Mp: 149 ◦C.
1H NMR (400 MHz, DMSO-d6) d 9.64 (s, 1H, NH), 8.39 (d, J =
8.37 Hz, 1H, CH arom.), 7.72 (dd, J = 7.2 and 8.4 Hz, 1H, CH
arom.), 7.50 (d, J = 7.2 Hz, 1H, CH arom.), 2.99 (s, 3H, NMe),
2.18 (s, 3H, Ac). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 169.1,
168.5 and 167.4 (3 CO); 136.0, 131.9 and 117.2 (3 C); 135.3, 125.3
and 117.7 (3 CH); 24.2 and 23.5 (2 CH3). MS (EI, 70 eV): m/z
(%) = 218 (18) [M]+, 176 (100) [M − acetyl + 1] +, 132 (11), 119
(10), 91 (7), 69 (7), no other peaks of >5%. IR (KBr) cm−1: 1/k =
3345 (m), 3084 (w), 2950 (w), 1761 (s), 1698 (s), 1621 (s), 1530 (s),
1478 (s), 1444 (s), 1419 (s), 1366 (m), 1294 (m), 1258 (m), 1238 (m),
1162 (w), 1036 (w), 1004 (m), 825 (m), 744 (s), 691 (m), 621 (w),
594 (w), 532 (m). HR MS (EI): calc. for C11H10N2O3: 218.0686;
found: 218.0679 [M+].


N-(3-Hexyl-3-hydroxy-2-methyl-1-oxo-2,3-dihydro-1H-isoindol-
4-yl)acetamide (2a)


Rf (SiO2, n-heptane–EtOAc = 1 : 2): 0.13. Yield: 67%. Mp: 118–
120 ◦C. 1H NMR (400 MHz, DMSO-d6): d 8.84 (s, 1H, NH), 7.88
(d, J = 7.5 Hz, 1H, CH-Ar), 7.49-7.37 (m, 2H, CH-Ar), 6.58 (s,
1H, OH), 2.80 (s, 3H, NCH3), 2.13 (s, 3H, CH3CO), 2.26–2.09
(m, 1H, COHCH2), 2.03–1.92 (m, 1H, COHCH2), 1.18–0.98 (m,
6H, (CH2)3CH2Me), 0.75 (t, J = 6.9 Hz, 3H, (CH2)5CH3), 0.71–
0.58 (m, 1H, CH2Me), 0.45–0.31 (m, 1H, CH2Me). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.8 and 165.4 (2 CO); 135.3, 133.1
and 132.6 (3 C); 129.6, 127.0 and 118.3 (3 CH); 89.7 (COH); 33.3,
30.9, 28.0, 23.0 and 21.8 (5 CH2); 23.7, 22.7 and 13.8 (3 CH3). MS
(EI, 70 eV): m/z (%) = 304 (0.1) [M]+, 219 (49) [M − hexyl]+, 229 (1)
[M − NHAc]+, 219 (49), 187 (7), 187 (13), 177 (100) [M − hexyl −
acetyl]+, 43 (25), no other peaks >5%. IR (KBr) cm−1: 1/k = 3407
(m), 3259 (m), 2935 (m), 2855 (w), 1704 (s), 1686 (s), 1608 (s), 1526
(s), 1486 (s), 1420 (s), 1396 (m), 1365 (m), 1287 (s), 1236 (w), 1086
(w), 1043 (w), 760 (w), 635 (w), 577 (w), 541 (w), 479 (w). HR MS
(EI): calc. for C17H24N2O3: 304.17868; found: 304.17455 [M]+.


7-Amino-3-hexyl-3-hydroxy-2,4,6-trimethyl-2,3-dihydroisoindol-
1-one (3)


Rf (SiO2, n-heptane–EtOAc = 1 : 1): 0.17. Yield: 38%, crystallized
from toluene. Mp: 101 ◦C. 1H NMR (400 MHz, DMSO-d6): d
6.88 (s, 1H, CH), 5.98 (s, 1H, OH), 5.68 (s, 2H, NH2), 2.71 (s,
3H, NCH3), 2.23 (s, 3H, =CCH3), 2.13–1.99 (m, 1H, CH2COH),
2.05 (s, 3H, =CCH3), 1.95–1.84 (m, 1H, CH2COH), 1.13 (m,
6H, 3 CH2), 0.77 (t, J = 6.9 Hz, 3H, CH2CH3), 0.73–0.60
(m, 1H, CH2CH3), 0.57–0.41 (m, 1H, CH2CH3). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.2 (CO); 142.2, 142.1, 122.3, 119.0
and 112.8 (5 C); 135.6 (CH-Ar); 89.8 (COH); 33.7, 31.0, 28.3, 23.1
and 21.9 (5 CH2); 22.2 (NCH3); 16.3 and 16.2 (2 =CCH3); 13.8
(CH2CH3). MS (EI, 70 eV): m/z (%) = 290 (14) [M]+, 172 (26)
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[M − H2O]+, 215 (74), 205 (100), 189 (11), 146 (8), no other peaks
>5%. IR (KBr) cm−1: 1/k = 3469 (m), 3363 (s), 3294 (m), 2925
(m), 2859 (m), 1658 (s), 1596 (m), 1498 (m), 1434 (m), 1356 (w),
1309 (w), 1267 (w), 1078 (m), 1038 (w), 901 (w), 804 (w), 729 (w),
558 (w). HR MS (EI): calc. for C17H26N2O2: 290.19918; found:
290.19943 [M]+.


7-Amino-4,6-diethyl-3-hexyl-3-hydroxy-2-methyl-2,3-
dihydroisoindol-1-one (4)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.20. Yield: 35%, crystallized
from toluene. Mp: 154 ◦C. 1H NMR (400 MHz, DMSO-d6):
d 6.94 (s, 1H, CH), 6.01 (s, 1H, OH), 5.78 (s, 2H, NH2),
2.71 (s, 3H, NCH3), 2.68–2.57 (m, 2H, =CCH2), 2.53–2.40 (m,
2H, =CCH2), 2.00–1.90 (m, 2H, COHCH2), 1.20–1.02 (m, 12H,
2 =CCH2CH3 and (CH2)3CH2Me), 0.77 (t, J = 6.7 Hz, 3H,
(CH2)5CH3), 0.73–0.61 (m, 1H, (CH2)4CH2Me), 0.56–0.43 (m, 1H,
(CH2)4CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 168.2
(CO); 141.7, 141.6, 128.4, 125.8 and 112.6 (5 C); 132.2 (CH-Ar);
89.8 (COH); 34.9 (COHCH2); 31.0, 28.3 and 21.9 ((CH2)3Me),
23.2 ((CH2)4CH2Me); 22.7 and 22.5 (2 =CCH2Me); 22.1 (NCH3);
15.9 and 13.4 (2 =CH2CH3); 13.8 ((CH2)5CH3). MS (EI, 70 eV):
m/z (%) = 318 (12) [M]+, 300 (3) [M − H2O]+, 243 (6), 233 (100),
217 (6), no other peaks >5%. IR (KBr) cm−1: 1/k = 3467 (s), 3364
(s), 3265 (s), 2964 (s), 2931 (s), 2870 (m), 1658 (s), 1628 (m), 1594
(s), 1490 (m), 1438 (s), 1417 (m), 1398 (m), 1367 (m), 1308 (m),
1264 (w), 1228 (w), 1082 (m), 1055 (m), 1031 (w), 897 (w), 844 (w),
808 (w), 686 (w). Anal. Calc. for C19H30N2O2: C 71.66, H 9.50, N
8.80; found: C 72.50, H 9.50, N 8.92%.


7-Amino-3-hexyl-3-hydroxy-2-methyl-4,6-diisopropyl-2,3-
dihydroisoindol-1-one (5)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.11. Yield 34%, crystallized
from toluene. Mp: 159–162 ◦C. 1H NMR (400 MHz, DMSO-d6):
d = 7.11 (s, 1H, CH), 6.04 (s, 1H, OH), 5.86 (s, 2H, NH2), 3.41–3.28
(m, 1H, CHMe2), 3.05–2.95 (m, 1H, CHMe2), 2.71 (s, 3H, NCH3),
2.01–2.00 (m, 2H, COHCH2), 1.22–1.03 (m, 18H, 2 CH(CH3)2


and (CH2)3CH2Me), 0.77 (t, J = 6.8 Hz, 3H, (CH2)5CH3), 0.73–
0.62 (m, 1H, CH2Me), 0.56–0.43 (m, 1H, CH2Me). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.2 (CO); 141.2, 140.5, 128.4, 133.1
and 131.1 (5 C); 125.7 (CH-Ar); 89.7 (COH); 35.4 (COHCH2);
31.0, 28.3 and 22.0 ((CH2)3CH2Me); 23.2 ((CH2)3CH2Me); 26.8
and 25.9 (CHMe2); 24.1 and 22.7 (2 CH(CH3)2); 22.2 (NCH3);
13.8 ((CH2)5CH3). MS (EI, 70 eV): m/z (%) = 346 (30) [M]+, 328
(6) [M − H2O]+, 271 (8), 261 (100) [M − hexyl]+, 245 (14), 231
(11), 43 (12), no other peaks >5%. IR (KBr) cm−1: 1/k = 3471 (s),
3371 (s), 3288 (m), 2962 (s), 2932 (m), 2870 (m), 1655 (s), 1629 (w),
1593 (m), 1489 (m), 1439 (m), 1415 (w), 1400 (w), 1363 (w), 1352
(w), 1248 (m), 1080 (m), 1037 (w), 1009 (w), 900 (w), 810 (w), 793
(w), 636 (w), 577 (w), 519 (w). HR MS (EI): calc. for C21H34N2O2:
346.26202; found: 346.26089 [M]+.


7-Amino-4,6-dibenzyl-3-hexyl-3-hydroxy-2-methyl-2,3-
dihydroisoindol-1-one (6)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.11. Yield: 45%, crystallized
from toluene. Mp: 131–134 ◦C. 1H NMR (400 MHz, DMSO-d6):
d 7.35–7.04 (m, 10H, 2 Ph), 6.87 (s, 1H, CH-Ar), 6.17 (s, 1H,
OH), 5.91 (s, 2H, NH2), 4.12 (d, J = 15.9 Hz, 1H, PhCH2), 3.94


(d, J = 15.9 Hz, 1H, PhCH2), 3.90–3.76 (m, 2H PhCH2), 2.70
(s, 3H, NCH3), 1.92–1.68 (m, 2H, COHCH2), 1.12–0.98 (m, 2H,
(CH2)4Me), 1.12–0.98 (m, 2H (CH2)4Me), 0.98 (t, J = 7.2 Hz,
3H, (CH2)5CH3), 0.66–0.50 (m, 2H, (CH2)4Me), 0.39–0.22 (m,
2H, CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 168.0
(CO); 143.2, 142.4, 141.4, 140.0, 125.7, 121.8 and 113.1 (7 C);
136.3 (CH-Ar); 128.6 (2 CH-Ar); 128.4 (4 CH-Ar); 128.1 (2 CH-
Ar); 125.9 and 125.6 (2 CH-Ar); 89.8 (COH); 35.2, 35.0, 35.0,
31.0, 28.0, 23.2 and 22.0 (7 CH2); 22.2 and 13.8 (2 CH3). MS
(EI, 70 eV): m/z (%) = 442 (36) [M]+, 424 (57) [M − H2O]+, 367
(33), 357 (61), 353 (23), 341 (13), 297 (100), 261(5), 91 (19), no
other peaks >5%. IR (KBr) cm−1: 1/k = 3456 (s), 3362 (s), 3257
(m), 3062 (w), 3028 (w), 2948 (m), 2923 (s), 2857 (m), 1664 (s),
1629 (m), 1594 (s), 1493 (s), 1433 (s), 1394 (m), 1358 (m), 1261
(w), 1128 (w), 1107 (w), 1081 (m), 1045 (m), 1017 (m), 948 (w),
929 (w), 891 (w), 863 (w), 814 (w), 729 (m), 698 (s), 644 (w),
602 (w). HR MS (EI): calc. for C29H34N2O2: 442.2615; found:
442.26062 [M]+.


3-Hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one (7)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.08. Yield: 70%. Mp: 80 ◦C.
1H NMR (400 MHz, DMSO-d6): d 7.66–7.53 (m, 3H, CH-Ar),
7.51–7.44 (m, 1H, CH-Ar), 6.24 (s, 1H, OH), 2.80 (s, 3H, NCH3),
2.08–1.88 (m, 2H, COHCH2), 1.20–0.99 (m, 6H, CH2(CH2)3Me),
0.76 (t, J = 6.9 Hz, 3H, CH2CH3), 0.82–0.70 (m, 1H, CH2Me),
0.53–0.41 (m, 1H, CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-
d6): d 165.8 (CO); 147.5 and 131.6 (2 C); 131.9, 129.0, 122.0 and
122.0 (4 CH); 89.7 (COH); 35.4, 31.0, 28.3, 23.0 and 21.9 (5 CH2);
22.8 and 13.8 (2 CH3). MS (EI, 70 eV): m/z (%) = 247 (0.1) [M]+,
229 (3) [M − H2O]+, 172 (19), 162 (100) [M − H2O]+, 133 (21), 105
(10), 91 (5), 77 (18), 41 (11), no other peaks >5%. IR (KBr) cm−1:
1/k = 3282 (vs), 3058 (m), 2929 (s), 2867 (s), 1687 (s), 1617 (m),
1480 (m), 1569 (s), 1429 (s), 1397 (s), 1337 (w), 1284 (m), 1242
(w), 1196 (w), 1121 (m), 1090 (s), 1059 (s), 1025 (m), 1013 (m),
987 (w), 954 (w), 925 (w), 834 (w), 770 (s), 702 (s), 671 (m), 622
(m), 551 (m), 499 (w), 470 (w). HR MS (ESI): calc. for C15H22NO2:
248.16505; found: 248.16497 [M + 1]+.


7-Chloro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(8a)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.25. Yield: 27%, oily product.
1H NMR (400 MHz, DMSO-d6): d 7.59 (t, J = 7.7 Hz, 1H, 5-CH-
Ar), 7.54 (dd, J = 7.53 and 1.1 Hz, 1H, CH-Ar), 7.47 (dd, J = 7.7
and 1.1 Hz, 1H, CH-Ar), 6.30 (s, 1H, OH), 2.79 (s, 3H, NCH3),
2.08–1.91 (m, 2H, COHCH2), 1.20–1.01 (m, 6H, (CH2)3CH2Me),
0.76 (t, J = 6.8 Hz, 3H, (CH2)5CH3), 0.83–0.69 (m, 1H, CH2Me),
0.56–0.41 (m, 1H, CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-
d6): d 163.5 (CO); 150.3, 128.7 and 127.1 (3 C); 133.4, 130.4 and
121.0 (3 CH); 88.6 (COH); 35.2, 30.9, 28.2, 22.9 and 21.9 (5 CH2);
23.0 and 13.8 (2 CH3). MS (EI, 70 eV): m/z (%) = 263 (1) [M −
H2O]+, 206 (6), 198 (34), 196 (100) [M − hexyl]+, 167 (5), no other
peaks >5%. IR (KBr) cm−1: 1/k = 3359 (s), 2978 (s), 2859 (s),
1700 (s), 1606 (m), 1457 (s), 1420 (s), 1395 (s), 1250 (w), 1196 (w),
1172 (w), 1147 (w), 1091 (m), 1058 (m), 1021 (s), 943 (w), 833
(m), 806 (s), 781 (m), 699 (m), 675 (w), 639 (w), 608 (w), 566 (m),
497 (w). HR MS (ESI): calc. for C15H21ClNO2: 282.12607; found:
282.12497 [M + 1]+.
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4-Chloro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(8b)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.15. Yield: 60%. Mp: 76–
77 ◦C. 1H NMR (400 MHz, DMSO-d6): d 7.76 (dd, J = 7.7 and
0.9 Hz, 1H, CH-Ar), 7.60 (dd, J = 7.5 and 0.89 Hz, 1H, CH-
Ar), 7.51 (t, J = 7.5 Hz, 1H, 6-CH-Ar), 6.43 (s, 1H, OH), 2.81
(s, 3H, NCH3), 2.48–2.34 (m, 1H, COHCH2), 2.03–1.88 (m, 1H,
COHCH2), 1.20–0.97 (m, 6H, (CH2)3CH2Me), 0.76 (t, J = 6.5 Hz,
3H, (CH2)5CH3), 0.79–0.62 (m, 1H, CH2Me), 0.51–0.32 (m, 1H,
CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 164.4 (CO);
142.6, 134.4 and 128.3 (3 C); 132.8, 131.1 and 121.1 (3 CH); 90.4
(COH); 32.5, 30.8, 28.1, 22.8 and 21.8 (5 CH2); 22.8 and 13.8 (2
CH3). MS (EI, 70 eV): m/z (%) = 264 (0.2) [M − H2O]+, 206 (1),
198 (37), 196 (100) [M − hexyl]+, 162 (10), 103 (7), 75 (5), no other
peaks >5%. IR (KBr) cm−1: 1/k = 3279 (s), 2952 (s), 2930 (m),
2860 (s), 1691 (s), 1609 (w), 1585 (m), 1479 (m), 1466 (s), 1421 (s),
1397 (s), 1337 (w), 1312 (w), 1229 (w), 1151 (w), 1092 (s), 1032
(s), 1018 (m), 896 (w), 874 (w), 818 (w), 792 (m), 764 (m), 720
(w), 694 (w), 627 (w), 600 (w), 567 (w). HR MS (ESI): calc. for
C15H21ClNO2: 282.12607; found: 282.12524 [M + 1]+.


6-Chloro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(9a)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.15. Yield: 34%. Mp: 127 ◦C.
1H NMR (400 MHz, DMSO-d6): d 7.66 (dd, J = 7.9 and 2.2 Hz,
1H, CH-Ar), 7.63–7.59 (m, 2H, CH-Ar), 6.35 (s, 1H, OH), 2.81
(s, 3H, NCH3), 2.10–1.88 (m, 2H, COHCH2), 1.20–1.02 (m, 6H,
(CH2)3CH2Me), 0.76 (t, J = 6.9 Hz, 3H, (CH2)5CH3), 0.84–0.68
(m, 1H, CH2Me), 0.56–0.41 (m, 1H, CH2Me). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 164.4 (CO); 146.1, 133.8 and 133.6 (3
C); 131.8, 124.0 and 121.9 (3 CH); 89.6 (COH); 35.2, 30.9, 28.2,
22.9 and 21.9 (5 CH2); 23.0 and 13.8 (2 CH3). MS (EI, 70 eV):
m/z (%) = 280 (0.2) [M]+, 263 (0.6) [M − H2O]+, 230 (7), 206 (4),
198 (34), 196 (100) [M − hexyl]+, 167 (6), no other peaks >5%.
IR (KBr) cm−1: 1/k = 3303 (s), 2925 (s), 2860 (m), 1680 (s), 1612
(w), 1454 (m), 1441 (m), 1411 (m), 1392 (m), 1286 (w), 1230 (w),
1194 (w), 1091 (m), 1069 (m), 1057 (w), 1024 (m), 995 (w), 931
(w), 890 (w), 837 (m), 787 (w), 714 (m), 696 (w), 669 (w), 636 (w),
587 (w). HR MS (ESI): calc. for C15H21ClNO2: 282.12607; found:
282.12497 [M + 1]+.


5-Chloro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one
(9b)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.13. Yield: 48%. Mp: 133–
135 ◦C. 1H NMR (400 MHz, DMSO-d6): d 7.68 (dd, J = 1.6 Hz,
1H, CH-Ar), 7.62 (d, J = 8.1 Hz, 1H, CH-Ar), 7.54 (dd, J = 8.1
and 1.6 Hz, 1H, CH-Ar), 6.39 (s, 1H, OH), 2.80 (s, 3H, NCH3),
2.11–1.90 (m, 2H, COHCH2), 1.19–1.03 (m, 6H, (CH2)3CH2Me),
0.77 (t, J = 6.8 Hz, 3H, (CH2)5CH3), 0.80–0.67 (m, 1H, CH2Me),
0.55–0.39 (m, 1H, CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-
d6): d 164.8 (CO); 149.5, 136.8 and 130.4 (3 C); 129.3, 123.9 and
122.4 (3 CH); 89.5 (COH); 35.0, 30.9, 28.2, 22.9 and 21.9 (5 CH2);
23.0 and 13.8 (2 CH3). MS (EI, 70 eV): m/z (%) = 263 (1) [M −
H2O]+, 230 (4), 206 (3), 198 (32), 196 (100) [M − hexyl]+, 167 (7),
no other peaks >5%. IR (KBr) cm−1: 1/k = 3274 (s), 2922 (s),
2856 (s), 1685 (s), 1613 (m), 1481 (m), 1461 (m), 1429 (s), 1396 (s),
1287 (s), 1262 (s), 1231 (s), 1217 (s), 1196 (s), 1127 (s), 1094 (s),


1078 (s), 1046 (w), 1020 (m), 933 (s), 879 (m), 843 (m), 790 (m),
700 (m), 597 (w), 526 (w). HR MS (ESI): calc. for C15H21ClNO2:
282.12607; found: 282.12525 [M + 1]+.


5,6-Dichloro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindol-1-
one (10)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.16. Yield: 44%. Mp: 102–
104 ◦C. 1H NMR (400 MHz, DMSO-d6): d 7.93 (s, 1H, CH-Ar),
7.83 (s, 1H, CH), 6.46 (s, 1H, OH), 2.81 (s, 3H, NCH3), 2.08
(m, 1H, COHCH2), 1.94 (m, 1H, COHCH2), 1.19–1.00 (m, 6H,
(CH2)3CH2Me), 0.76 (t, J = 6.7 Hz, 3H, (CH2)5CH3), 0.80–0.68
(m, 1H, CH2CH3), 0.58–0.44 (m, 1H, CH2CH3). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 163.7 (CO); 147.4, 134.8, 132.2 and
131.9 (4 C); 124.7 and 124.1 (2 CH); 89.5 (COH); 34.9, 30.9, 28.3,
23.1 and 21.9 (5 CH2); 22.9 and 13.8 (2 CH3). MS (EI, 70 eV):
m/z (%) = 315 (1) [M]+, 234 (44), 233 (25), 232 (83), 231 (42),
230 (100) [M − hexyl]+, 219 (6), 217 (13), 214 (18), 203 (15), 201
(19), 198 (6), 195 (6), 173 (6), no other peaks >5%. IR (KBr) cm−1:
1/k = 3322 (m), 3059 (m), 2923 (s), 2858 (m), 1673 (s), 1469 (m),
1435 (s), 1404 (s), 1299 (m), 1109 (m), 1088 (m), 1066 (m), 1025
(m), 1000 (w), 932 (m), 874 (m), 790 (w), 702 (m), 659 (w), 610 (m).
HR MS (ESI): calc. for C15H20Cl2NO2: 316.0866; found: 316.0869
[M + 1]+.


4-Fluoro-3-hexyl-3-hydroxy-2-methyl-2,3-dihydroisoindole-1-one
(11a) and (11b)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.08. Yield: 60%. Mp: 89–
90 ◦C. MS (EI, 70 eV): m/z (%) = 266 (1) [M + 1]+, 180 (100)
[M − hexyl]+, 151 (19), 148 (8), 123 (6), 103 (22), 95 (12), 75 (11),
no other peaks >5%. IR (KBr) cm−1: 1/k = 3315 (s), 2957 (m),
2929 (s), 2859 (m), 1690 (s), 1627 (w), 1604 (m), 1484 (s), 1425 (s),
1391 (m), 1253 (m), 1085 (m), 1056 (w), 1025 (w), 995 (w), 969
(w), 928 (w), 859 (w), 811 (w), 770 (m), 702 (m), 677 (w), 582 (w).
HR MS (ESI): calc. for C15H21FNO2: 266.15508, found: 266.15540
[M + 1]+. A 1 : 2 mixture of isomers was obtained.


4,5,6,7-Tetrafluoro-3-hexyl-3-hydroxy-2-methyl-2,3-
dihydroisoindol-1-one (12)


Rf (SiO2, n-heptane–EtOAc = 5 : 1): 0.11. Yield: 73%. Mp: 116–
118 ◦C. 1H NMR (400 MHz, DMSO-d6): d 6.83 (s, 1H, OH),
2.79 (s, 3H, NCH3), 2.07 (m, 2H, COHCH2), 1.25–1.04 (m, 6H,
(CH2)3CH2Me), 0.78 (t, J = 6.8 Hz, 3H, (CH2)5CH3), 0.87–0.73
(m, 1H, CH2Me), 0.71–0.60 (m, 1H, CH2Me). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 160.5 (CO); 142.8 (J = 257 Hz, CF);
142.7 (J = 261 Hz, CF); 141.8 (J = 250 Hz, CF); 141.0 (J =
252 Hz, CF); 128.9 (d, J = 13 Hz, C); 114.8 (d, J = 9 Hz, C);
89.3 (COH); 34.2, 30.9, 28.2, 22.8 and 21.9 (5 CH2); 23.0 and
13.8 (2 CH3). MS (EI, 70 eV): m/z (%) = 319 (1) [M]+, 300 (7)
[M − F]+, 234 (100) [M − hexyl]+, 205 (11), 202 (12), 177 (9),
149 (5), no other peaks >5%. IR (KBr) cm−1: 1/k = 3347 (s),
2956 (s), 2931 (s), 2869 (m), 1681 (s), 1649 (m), 1511 (s), 1429
(s), 1397 (s), 1307 (w), 1143 (w), 1090 (m), 1023 (m), 1006 (m),
969 (w), 912 (m), 883 (w), 804 (m), 791 (w), 778 (w), 725 (w),
675 (w). HR MS (EI): calc. for C15H17F4NO2: 319.1190; found:
319.11828 [M]+.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1365–1375 | 1373







7-Amino-3-ethyl-3-hydroxy-2,4,6-trimethyl-2,3-dihydroisoindol-
1-one (13)


Rf (SiO2, n-heptane–EtOAc = 1 : 1): 0.10. Yield: 73%, crystallized
from toluene. Mp: 156–158 ◦C. 1H NMR (400 MHz, DMSO-d6):
d 6.89 (s, 1H, CH), 6.00 (s, 1H, OH), 5.68 (s, 2H, NH2), 2.71
(s, 3H, NCH3), 2.23 (s, 3H, =CCH3), 2.06 (m, 1H, CH2), 2.05
(s, 3H, =CCH3), 1.92 (m, 1H, CH2), 0.30 (t, J = 7.4 Hz, 3H,
CH2CH3). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 168.3 (CO);
142.1, 141.7, 122.3, 119.0 and 113.1 (5 C); 135.6 (CH-Ar); 90.4
(COH); 26.7 (CH2); 22.1 (NCH3); 16.3 and 16.2 (2 =CCH3), 7.7
(CH2CH3). MS (EI, 70 eV): m/z (%) = 234 (44) [M]+, 216 (17)
[M − H2O]+, 205 (100) [M − ethyl]+, 161 (16), 146 (23), 131 (5),
119 (9), 102 (10), 91 (10), 79 (9), 65 (5), 42 (5), no other peaks
>5%. IR (KBr) cm−1: 1/k = 3469 (s), 3364 (s), 3266 (m), 2970 (m),
2938 (s), 1662 (s), 1632 (m), 1596 (s), 1496 (m), 1461 (m), 1433
(m), 1397 (m), 1377 (w), 1355 (w), 1322 (w), 1304 (w), 1276 (w),
1262 (w), 1119 (w), 1090 (m), 1062 (w), 1027 (m), 961 (w), 872 (w),
804 (w), 685 (w), 561 (w), 542 (w), 510 (w), 483 (w). HR MS (EI):
calc. for C13H18N2O2: 234.13683; found: 234.13662 [M]+.


7-Amino-3-hydroxy-2,4,6-trimethyl-3-pentyl-2,3-dihydroisoindol-
1-one (14)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.08. Yield: 58%, crys-
tallized from toluene. Mp: 132–133 ◦C. 1H NMR (400 MHz,
DMSO-d6): d 6.88 (s, 1H, CH-Ar), 5.98 (s, 1H, OH), 5.67
(s, 2H, NH2), 2.71 (s, 3H, NCH3), 2.23 (s, 3H, =CCH3),
2.12–2.00 (m, 1H, CH2COH), 2.05 (s, 3H, =CCH3), 1.94–
1.85 (m, 1H, CH2COH), 1.17–1.03 (m, 4H, 2 CH2), 0.74 (m,
3H, CH2CH3), 0.72–0.61 (m, 1H, CH2Me), 0.54–0.43 (m, 1H,
CH2Me). 13C{1H} NMR (100.6 MHz, DMSO-d6): d 168.3 (CO);
142.2, 142.2, 122.3, 119.0 and 112.9 (5 C); 135.6 (CH-Ar);
89.8 (COH); 33.7, 30.9, 22.8 and 21.9 (4 CH2); 22.2 (NCH3);
16.3 and 16.2 (2 =CCH3); 13.8 (CH2CH3). MS (EI, 70 eV):
m/z (%) = 276 (13) [M]+, 158 (5) [M − H2O]+, 215 (15), 205
(100), 146 (6), no other peaks >5%. IR (KBr) cm−1: 1/k = 3463
(s), 3374 (s), 3297 (s), 2947 (s), 2924 (s), 2861 (m), 1662 (s), 1632
(s), 1598 (m), 1498 (s), 1432 (s), 1397 (m), 1354 (w), 1298 (m),
1269 (w), 1240 (w), 1124 (w), 1078 (m), 1036 (w), 1016 (w), 875
(w), 743 (w), 592 (w), 567 (w). HR MS (EI): calc. for C16H24N2O2:
276.18378; found: 276.18335 [M+].


7-Amino-3-heptyl-3-hydroxy-2,4,6-trimethyl-2,3-dihydroisoindol-
1-one (15)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.05. Yield: 20%, crystallized
from toluene. Mp: 119 ◦C. 1H NMR (400 MHz, DMSO-d6): d
6.88 (s, 1H, CH), 5.98 (s, 1H,OH), 5.67 (s, 2H, NH2), 2.71 (s,
3H, NCH3), 2.23 (s, 3H, =CCH3), 2.11–2.00 (m, 1H, CH2COH),
2.05 (s, 3H, =CCH3), 1.93–1.85 (m, 1H, CH2COH), 1.25–1.03
(m, 8H, 4 CH2), 0.79 (t, J = 7.0 Hz, 3H, CH2CH3), 0.73–0.61
(m, 1H, CH2CH3), 0.54–0.42 (m, 1H, CH2CH3). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.2 (CO); 142.2, 142.3, 122.3, 119.0
and 112.9 (5 C); 135.6 (CH-Ar); 89.8 (COH); 33.7, 31.1, 28.6, 28.4,
23.1 and 22.0 (6 CH2); 22.2 (NCH3); 16.3 and 16.2 (2 =CCH3);
13.9 (CH2CH3). MS (EI, 70 eV): m/z (%) = 304 (13) [M]+, 286 (4)
[M − H2O]+, 215 (14), 205 (100), 190 (6), 146 (6), no other peaks
>5%. IR (KBr) cm−1: 1/k = 3473 (s), 3369 (s), 3298 (s), 2954 (s),
2931 (s), 2867 (s), 1659 (s), 1629 (m), 1593 (s), 1497 (m), 1459 (m),


1433 (s), 1397 (m), 1355 (m), 1307 (m), 1267 (m), 1077 (m), 1022
(m), 896 (w), 866 (m), 803 (w), 725 (w), 663 (w), 641 (w), 615 (w),
557 (w). HR MS (EI): calc. for C18H28N2O2: 304.21509; found:
304.21488 [M]+.


7-Amino-3-hydroxy-2,4,6-trimethyl-3-octyl-2,3-dihydroisoindol-
1-one (16)


Rf (SiO2, n-heptane–EtOAc = 3 : 1): 0.08. Yield: 30%, crystallized
from toluene. Mp: 118 ◦C. 1H NMR (400 MHz, DMSO-d6): d
6.88 (s, 1H, CH), 5.98 (s, 1H, OH), 5.67 (s, 2H, NH2), 2.71 (s,
3H, NCH3), 2.22 (s, 3H, =CCH3), 2.09–2.00 (m, 1H, CH2COH),
2.05 (s, 3H, =CCH3), 1.94–1.84 (m, 1H, CH2COH), 1.25–1.04
(m, 10H, 5 CH2), 0.80 (t, J = 7.1 Hz, 3H, CH2CH3), 0.72–0.62
(m, 1H, CH2CH3), 0.54–0.43 (m, 1H, CH2CH3). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.2 (CO); 142.2, 142.1, 122.3, 119.0
and 112.9 (5 C); 135.6 (CH-Ar); 89.8 (COH); 33.7, 31.1, 28.7,
28.6, 28.5, 23.1 and 22.0 (7 CH2); 22.2 (NCH3); 16.3 and 16.2
(2 =CCH3); 13.9 (CH2CH3). MS (EI, 70 eV): m/z (%) = 318 (10)
[M]+, 300 (6) [M − H2O]+, 215 (20), 205 (100), 189 (6), 146 (5), no
other peaks >5%. IR (KBr) cm−1: 1/k = 3467 (s), 3361 (s), 3288
(s), 2951 (s), 2928 (s), 2857 (s), 1660 (s), 1630 (m), 1597 (s), 1498
(m), 1459 (m), 1433 (s), 1396 (m), 1356 (m), 1309 (w), 1267 (w),
1081 (m), 1028 (m), 902 (w), 867 (w), 803 (w), 669 (w), 557 (w). HR
MS (EI): calc. for C19H30N2O2: 318.23074; found: 318.22980 [M]+.


7-Amino-3-decyl-3-hydroxy-2,4,6-trimethyl-2,3-dihydroisoindol-
1-one (17)


Rf (SiO2, n-heptane–EtOAc = 1 : 1): 0.11. Yield: 11%, crystallized
from toluene. Mp: 99–102 ◦C. 1H NMR (400 MHz, DMSO-d6): d
6.87 (s, 1H, CH), 5.98 (s, 1H, OH), 5.67 (s, 2H, NH2), 2.71 (s, 3H,
NCH3), 2.23 (s, 3H, =CCH3), 2.05 (s, 3H, =CCH3), 2.10–2.00
(m, 1H, CH2COH), 1.94–1.83 (m, 1H, CH2COH), 1.28–1.04 (m,
14H, (CH2)7Me), 0.82 (t, J = 7.1 Hz, 3H, CH2CH3), 0.73–0.60
(m, 1H, CH2CH3), 0.54–0.41 (m, 1H, CH2CH3). 13C{1H} NMR
(100.6 MHz, DMSO-d6): d 168.2 (CO); 142.2, 142.1, 122.3, 118.9
and 112.8 (5 C); 135.5 (CH-Ar); 89.8 (COH); 33.6, 31.2, 28.8, 28.8,
28.7, 28.6, 28.5, 23.1 and 22.1 (9 CH2); 22.1 (NCH3); 16.3 and 16.2
(2 =CCH3); 13.9 (CH2CH3). MS (EI, 70 eV): m/z (%) = 346 (10)
[M]+, 328 (5) [M − H2O]+, 215 (15), 205 (100) [M − decyl]+, no
other peaks >5%. IR (KBr) cm−1: 1/k = 3466 (s), 3361 (s), 3291
(m), 2953 (m), 2924 (s), 2853 (s), 1657 (s), 1630 (m), 1598 (s), 1499
(m), 1434 (m), 1411 (m), 1396 (m), 1357 (m), 1309 (m), 1263 (m),
1085 (m), 1030 (m), 908 (w), 878 (w), 803 (w), 716 (w), 666 (w),
557 (w), 491 (w), 433 (w). HR MS (EI): calc. for C21H34N2O2:
346.26202; found: 346.25677 [M]+.


7-Amino-3-hydroxy-2,4,6-trimethyl-3-p-tolyl-2,3-dihydroisoindol-
1-one (18a)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.14. Yield: 29%, crystallized
from toluene. Mp: 218–219 ◦C. 1H NMR (400 MHz, DMSO-d6): d
7.10 (s, 4H, CH-tolyl), 6.80 (s, 1H, CH-phenyl), 6.58 (s, 1H, OH),
5.75 (s, 2H, NH2), 2.46 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.05 (s,
3H, CH3), 1.77 (s, 3H, CH3). 13C{1H} NMR (100.6 MHz, DMSO-
d6): d 168.4 (CO); 144.6, 142.3, 136.7, 136.4, 122.7, 119.2 and
111.9 (7 C); 135.7 (CH-phenyl); 128.7 and 125.9 (2 CH-phenyl);
89.2 (COH); 22.7, 20.6, 16.4 and 15.8 (4 CH3). MS (EI, 70 eV):
m/z (%) = 296 (72) [M]+, 279 (78) [M − OH]+, 264 (8), 250 (8),
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205 (100) [M − tolyl]+, 161 (6), 146 (13), 132 (9), 119 (13), 91 (26),
77 (8), 65 (14), no other peaks >5%. IR (KBr) cm−1: 1/k = 3481
(s), 3367 (m), 3210 (m), 2920 (w), 1668 (s), 1588 (s), 1497 (m), 1440
(m), 1397 (m), 1378 (m), 1354 (w), 1301 (w), 1272 (w), 1198 (w),
1175 (m), 1081 (w), 1033 (m), 969 (w), 920 (w), 885 (w), 845 (w),
816 (m), 800 (w), 790 (w), 766 (w), 609 (w), 552 (w), 518 (w). HR
MS (EI): calc. for C18H20N2O2: 296.15247; found: 296.15255 [M]+.


4-Amino-3-hydroxy-2,5,7-trimethyl-3-(4-tolyl)-2,3-
dihydroisoindol-1-one (18b)


Rf (SiO2, n-heptane–EtOAc = 2 : 1): 0.19. Yield: 22%, crystallized
from toluene. Mp: 130–133 ◦C. 1H NMR (400 MHz, DMSO-d6):
d 7.12 (m, 4H, CH-tolyl), 6.85 (s, 1H, CH-phenyl), 6.68 (s, 1H,
OH), 4.25 (s, 2H, NH2), 2.46 (s, 3H, CH3), 2.44 (s, 3H, CH3),
2.24 (s, 3H, CH3), 2.00 (s, 3H, CH3). 13C{1H} NMR (100.6 MHz,
DMSO-d6): d 167.4 (CO); 138.4, 137.0, 135.9, 131.6, 126.3, 125.9
and 122.6 (7 C); 133.0, 129.0 and 125.9 (3 CH-Ar); 88.2 (COH);
22.9, 20.6, 17.1 and 15.9 (4 CH3). MS (EI, 70 eV): m/z (%) = 296
(27) [M]+, 279 (37) [M − OH]+, 278 (23) [M − H2O]+, 277 (100),
263 (21), 250 (5), 205 (22) [M − tolyl]+, 132 (6), 119 (9), 91 (33),
65 (11), no other peaks >5%. IR (KBr) cm−1: 1/k = 3475 (s), 3382
(s), 3265 (s), 3028 (w), 2921 (w), 1662 (s), 1636 (s), 1499 (s), 1439
(s), 1396 (m), 1301 (m), 1242 (w), 1196 (w), 1176 (m), 1125 (m),
1098 (m), 1020 (m), 963 (m), 874 (w), 852 (w), 825 (m), 787 (w),
766 (m), 735 (m), 697 (w), 591 (w), 572 (w), 525 (w), 466 (w). HR
MS (EI): calc. for C18H20N2O2: 296.15247; found: 296.15234 [M]+.
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Hübner, S. Klaus, A. Spannenberg and M. Beller, Eur. J. Org. Chem.,
2005, 107.


16 A. Jacobi von Wangelin, H. Neumann, D. Gördes, S. Hübner, C.
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GmbH, Heidelberg, Leipzig, 1996.
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The complexation of penicillin (1a–c) and cephalosporin (2a,b) antibiotics with cyclodextrins (CDs),
both natural [b-CD (3b) and c-CD (3c)] and carboxylated [heptakis(6-oxycarbonylethylthio-6-
deoxy)-b-CD sodium salt (4b) and octakis(6-oxycarbonylethylthio-6-deoxy)-c-CD (4c) sodium salt], has
been studied at neutral pH. Penicillins [ampicillin (1a), amoxicillin (1b) and dicloxacillin (1c) form
inclusion complexes with the above CDs, as was shown by extensive NMR spectroscopic studies,
whereas cephalosporins (cephalexin, cefadroxil) do not. Inclusion of the penicillins into either 3b or 4b
was not accompanied by significant chemical shift changes in the 1H NMR spectra. On the contrary,
with the wider 3c and its derivative 4c inclusion was evidenced by both chemical shift displacements of
the cavity protons and intermolecular interactions, indicating the formation of primarily 1 : 1
guest–host inclusion complexes. The binding constants for 1a/3c, 1a/4c and 1c/3c were calculated as
19 ± 4, 17 ± 0.9 and 622 ± 200 M−1, respectively. With 4c, a 1 : 2 stoichiometry was also found. In
addition, simultaneous formation of aggregates by external association takes place in solution, as
shown by the ESI-mass spectrometric data. Studies on the hydrolysis of ampicillin under pseudo-first
order conditions using an excess of 3c, 4c and of linear maltoheptaose at pH 7 showed that the drug
hydrolysed at a similar rate in all cases. In the presence, however, of b-lactamase enzyme and the
carboxylated host 4c, ampicillin degraded twice as slowly (0.008 h−1) as in the presence of b-lactamase
alone (0.017 h−1). This was explained by the effective protection provided by both inclusion and
external association of the host. The interaction, therefore, of penicillins with carboxylated CDs may
present a means to lessen the chemical instability of these drugs in the presence of b-lactamase enzymes.


Introduction


Penicillins (1) and cephalosporins (2) (Scheme 1) are chemically
related compounds, widely used as classical antibiotics over
many years.1 The structural feature they share is a b-lactam
ring fused to a five-membered ring (in 1) or six-membered ring
(in 2) that creates a strained bicyclic system, which possesses
limited stability towards hydrolysis and leading to the formation of
different degradation products.1b,2 The notion that strain in bicyclic
b-lactams is responsible for exceptional reactivity and accompa-
nying antibacterial activity, although intuitively attractive, has
been seriously challenged.1b Indeed, there is little physicochemical
evidence to suggest that the kinetic reactivity of these systems
is due to an unusually strained bicycle.1b,3 The hydrolysis of
the antibiotics1–4 is provoked by nucleophilic attack of various
nucleophiles on the b-lactam ring and is catalysed by acids/bases,
metal ions and oxidising agents. Self-hydrolysis of the b-lactams
in water is therefore a non-negligible process, which provides 1
and 2 with a self-destructing profile. In vivo, a particular class of
enzymes – the b-lactamases1–5 – hydrolyse the b-lactam ring. This
process constitutes the major physiological route of degradation
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of penicillins and, to a lesser extent, cephalosporins. b-Lactamases
are produced by bacteria in order to destroy the b-lactam ring of
the antibiotic and effectively annihilate the drug’s activity. This
enables bacteria to survive in the presence of the drug, and this the
major mechanism of resistance to b-lactam antibiotics in gram-
negative bacteria, a most important clinical problem.5 Efforts
to synthesise b-lactamase inhibitors, i.e. small molecules that
act against bacterial b-lactamases of all classes, A–D,4b continue
to be of interest,5b,6 since such inhibitors prolong the effective-
ness of b-lactam antibiotics by maintaining bacterial sensitivity
to them.


Cyclodextrins (CDs, 3) are cyclic oligosaccharides of increasing
cavity size (3a < 3b < 3c) that form inclusion host–guest complexes
with a variety of molecular species.7,8 CDs increase the aqueous
solubility, stability and bioavailability of many lipophilic drugs
by taking up a whole or part of the drug molecule into their
hydrophobic cavity, thus acting as drug carriers. Therefore, CDs
have been successfully used in many pharmaceutical applications,
and several review papers have been published on the subject.9


Inclusion of the vulnerable b-lactam ring inside a CD cavity
would, in principle, reduce exposure of 1 and 2 to external attack,
resulting in longer-lived antibiotics in an aqueous environment. In
addition, CD inclusion could possibly reduce the development of
resistance to b-lactams by bacterial strains. In fact, a recent study
has shown10 that in the presence of b-CD, 2-hydroxypropyl-b-CD
and methyl-b-CD, the antimicrobial activity of several antibiotics
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Scheme 1 Ampicillin (1a), amoxicillin (1b), dicloxacillin (1c), cephalexin, (2a) cefadroxil (2b) and the cyclodextrins 3–5 used.


is increased, particularly against gram-negative clinical strains, this
action being connected to the nature and degree of substitution on
the CD rim. Of the numerous CD-drug articles in the literature,8,9b


only a few address the effect of CDs on penicillin or cephalosporin
antibiotics. Aki et al.11 concluded, using mainly microcalorimetry,
that ampicillin formed two types of 1 : 1 and also 2 : 1 complexes
with b-CD (3b) and with 2-hydroxypropyl-b-CD, at low pH,
while in the presence of the latter, significant stabilization of
ampicillin was observed. At weakly acidic or neutral pH, one
1 : 1 complex was found, but no stabilization was observed.
These results disagree with a former report12 in which the complex
between ampicillin and b-CD, identified as 2 : 1, provided a higher
dissolution rate and increased bioavailability of the drug in human
subjects. Earlier, NMR and other spectroscopic studies of a-CD
(3a) with penicillin V had shown the presence of one 1 : 1 complex13


where the phenyl ring of the drug entered the secondary side of
the host CD leaving the b-lactam ring exposed. Regarding the
stabilization of the b-lactams in the presence of natural CDs,
contradicting results indicating either decrease or acceleration of
the degradation rate, have been reported.7


The present work aims to investigate with NMR spectroscopy
the solution structures of 1 and 2 with c-CD, a host wide enough to
accommodate the bicyclic penem or cephem part of the antibiotics,
as well as with CDs specifically substituted with anionic or cationic
groups on their narrow rim. The NMR data are complemented
with mass spectrometry measurements in order to better define
the precise host–guest interactions. In addition, evaluation of the
adverse or positive effects of the above CDs on the hydrolysis rate
of a typical penicillin – ampicillin – is also presented, both under
conditions of controlled pH and in the presence of a b-lactamase
enzyme, in aqueous solution.


Results and discussion


The complexes of b-CD (3b), c-CD (3c), heptakis[6-(2-carboxy-
ethyl)thio-6-deoxy]-b-CD (4b),14 octakis[6-(2-carboxyethyl)thio-
6-deoxy]-c-CD (4c)14 and octakis(6-amino-6-deoxy)-b-CD (5b)15


(Scheme 1) with typical penicillins and cephalosporins, namely
ampicillin (1a), amoxicillin (1b), dicloxacillin (1c), cephalexin (2a)
and cefadroxil (2b) (Scheme 1) were studied by 1D and 2D NMR
spectroscopy and mass spectrometry.


NMR spectroscopic studies in aqueous solution


1D NMR experiments at pH = 7.0 (phosphate buffer) and 25 ◦C
were carried out by monitoring the shift of the protons located
inside the host cavity, H3 and H5 (Scheme 1), in the presence
of increasing amounts of the guest in order to investigate the
formation of the inclusion complexes in solution. Addition of
each of the five antibiotics 1a–c and 2a,b to aqueous solutions
of b-CD (3b) and its carboxylated derivative (4b) resulted in little
or no shift of the protons located in the CD cavity. Surprisingly,
the 2D ROESY spectrum of an ampicillin–b-CD solution clearly
indicated inclusion of the guest inside the cavity, and actually in
two ways, one with the phenyl ring inside and the other with the
penem ring inside. The coexistence of different complexes, which
are actually orientational isomers,16 is in agreement with the results
of the previously reported calorimetric studies,11 and apparently
results in the net zero chemical shift displacement of the signals
of the b-CD cavity protons. This is possibly due to nearly equal
shielding caused by the phenyl ring inclusion and deshielding
caused by the penem ring inclusion. Therefore, consideration
of chemical shift displacements alone is not safe to document
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inclusion. Also, no chemical shift changes were observed when
the cephalosporins 2a and 2b were added to solutions of either
c-CD (3c) or of the derivative 4c. However, the ROESY spectra
of 3c or 4c with the cephalosporins 2a and 2b did not show
any intermolecular dipolar interactions, although these CDs are
wide enough to include part of the cephalosporin molecules.
Therefore, the cephalosporins were not further investigated. In
contrast, the penicillins induced significant shifts in the signals of
H3 and H5 of the wider c-CD (3c) and of 4c having a longer
cavity, indicating complexation through inclusion in solution;
therefore, these systems, as amenable to detailed NMR studies,
were considered further.


Molar titrations (Fig. 1) and continuous variation (or Job) plots
(Fig. 2) were used in order to determine the stoichiometry of


the complexes and to evaluate the strength of binding. In the
plots of Fig. 1(a–c), the induced chemical shift changes (Dd) of
the cavity protons H3 are considerably lower than those of H5,
justified by the fact that in the wide c-CD cavity the narrow-
side protons (H5) are closer to the included guest, and thus more
affected. The penicillins 1a and 1b behave similarly. The shape
and curvature of the titration plot of 1a/4c [Fig. 1(b)], 1c/3c
[Fig. 1(c)] indicate the formation of a 1 : 1 inclusion complex. For
1a/3c [Fig. 1(a)] the Dd values do not reach a plateau. Finally,
the Dd values for 1c/4c [Fig. 1(d)], while small, display a turning
point close to a guest : host ratio of 1 : 2. The stoichiometry
of the inclusion complexes was cross-checked with continuous
variation plots. As shown in Fig. 2 the plots for 1a/3c [Fig. 2(a)],
1a/4c [Fig. 2(b)], and 1c/3c [Fig. 2(c)] indicate a stoichiometry


Fig. 1 Molar titration plots at pH = 7.0, 298 K of: (a) c-CD (3c) with ampicillin (1a), [3c] = 13.45 mM; (b) 4c with 1a, [4c] = 6.7 mM; (c) 3c with
dicloxacillin (1c), [3c] = 9.8 mM; and (d) 4c and 1c, [4c] = 9.8 mM.


Fig. 2 Continuous variation (Job) plots at pH = 7.0, 298 K of: (a) c-CD (3c) and ampicillin (1a) (total concentration 6.0 mM); (b) 4c and 1a (total
concentration 4.34 mM); (c) 3c and dicloxacillin (1c) (total concentration 1.5 mM); and (d) 4c and 1c (total concentration 3.0 mM).
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of 1 : 1, whereas the corresponding plot for 1c/4c [Fig. 2(d)]
indicates a 1 : 2 guest : host stoichiometry, in agreement with
molar ratio data. The presence of more than one complex in the
solution of 1a/3c could be the reason for the shallow inflection
point observed. The chemical shifts of the antibiotics change upon
varying their concentration in buffered D2O (pH 7), indicating self-
association phenomena, as previously observed for other water-
soluble drugs.17 As a consequence, continuous variation plots with
respect to antibiotics’ signals would not be reliable. In summary,
data from both the molar ratio and continuous variation plots
showed a 1 : 1 stoichiometry for c-CD complexes, whereas for
the carboxylate host 4c both 1 : 1 and 1 : 2 inclusion complexes
are indicated. An interesting observation in the systems studied
is that the external protons H2 and H4 were continually affected
by a gradual increase of the guest concentration, a situation not
typically observed. This may arise either from inclusion of only
part of the guest molecule, leaving the rest outside the cavity so
as to affect the chemical shifts of the external hydrogen atoms of
the host, or from externally bound molecules. The differentiation
between the two cases was attempted with 2D ROESY and MS
experiments, as is shown below.


The 1 : 1 binding constants for 1a/3c, 1a/4c and 1c/3c were
calculated by curve fitting of the titration data to the suitable
equation derived for NMR data under fast exchange of host–
guest complexation.18 The corresponding values were 19 ± 4 M−1


(R2 = 0.991), 17 ± 0.9 M−1 (R2 = 0.992) and 622 ± 200 M−1 (R2 =
0.945), respectively. Thus, association is weak with ampicillin but
much stronger with dicloxacillin, possibly as a consequence of the
large cavity of both 3c and 4c.


Rotating frame 2D NOESY NMR spectra (ROESY) were
used to provide structural information regarding intermolecular
interactions. The NMR spectra of 1a–c in D2O at pH 7.0
were similar and readily assigned with the aid of standard 2D
spectra and previous literature.19 The 2D ROESY spectra of the
complexes formed by 3c with 1a–c showed some common patterns.
Intermolecular correlation between the b-lactam protons H5 and
H6 of antibiotics 1a–c with H3 and H5 of cyclodextrins 3c and 4c
were observed throughout, showing inclusion of the b-lactam ring
inside the cavity. In addition, the aromatic protons [Fig. 3(a)] as
well the methyl groups [Fig. 3(b)] of guests 1a–c both correlated
with H3 and H5 of c-CD. Considering the crystal structure of,
for example, ampicillin20 it is evident that the bicyclic system
is seriously puckered and the presence of methyl and carboxy
substituents makes this part of the antibiotic large enough to
occupy the c-CD cavity, with no space for the simultaneous
presence of the phenyl ring. The interaction between aromatic
and cavity protons must therefore arise from an alternative mode
of inclusion involving the phenyl of 1a–c, i.e. in solution there are
two 1 : 1 complexes observed, in agreement with titration results.
With the longer host 4c, intermolecular peaks of the b-lactam
ring protons as well as the methyl groups [Fig. 4(b)] with H3
and H5 of 4c were observed, as previously. The aromatic protons,
however, showed correlation not only with the cavity proton H5
but also with the aliphatic arms of 4c [Fig. 4(a)], which indicates a
spatial arrangement of the complex in which the aromatic part
of the antibiotic is in the primary side amongst the aliphatic
substituents of the CD and the thiazolidine ring is close to the
secondary side, that is, 4c practically engulfs ampicillin (1a) to
form a 1 : 1 complex. Dicloxacillin (1c), however, shows a strong


Fig. 3 Partial 2D ROESY maps of 1a/3c (16 mM/4 mM) in D2O, pH =
7 and at 298 K: (a) aromatic region of 1a; (b) methyl groups of 1a.


Fig. 4 Partial 2D ROESY maps of 1a/4c (16 mM/4 mM) in D2O,
at pH = 7 (buffer phosphate) and 298 K: (a) aromatic region of 1a;
(b) methyl groups of 1a. The singlet at ca. d 3.8 is due to H3 of 1a and its
strong correlation peak in (b) is intramolecular. A molecular representation
of the proposed structure is also illustrated (ampicillin in yellow, sulfur
atoms in green).


interaction of the aromatic moiety with the cavity of 4c, showing
the presence of a second host, as previous data indicated, or even
a different orientation of the guest. Both 4c and the antibiotics
1a–c have carboxy groups that are partially charged at neutral
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pH (typically the pKa of carboxylic acids is about 4.8), therefore
electrostatic repulsion between the identically charged groups
might lead to a head-to-tail geometry found in the complexes. No
interactions were detected between antibiotic protons and external
CD protons (H1, H2, H4) in the ROESY spectra.


Mass spectrometry studies


Electrospray mass spectrometry using aqueous solutions is widely
used for the study of cyclodextrin complexes,21 as is thought to
realistically reproduce the solution state conditions and conse-
quently to identify the kinds of complexes found in solution. Non-
specific host–guest aggregation due to electrostatic interactions,
however, has been found to significantly influence the observed
signals in ESI-mass spectra of a-CD/aliphatic dicarboxylic acid
solutions.21,22 Such effects are thought to be frequently en-
countered when investigating hydrophobic complexes by mass
spectrometry. In order to examine external interaction vs. inclusion
complexation, several of the complexes studied previously by
NMR have also been examined using negative ion mode ESI-MS
at various host : guest ratios. As blank experiments, the ESI-MS
of 1a–c were studied in the presence of maltoheptaose, the linear
analog of b-CD, which does not possess a cavity, but which can
form weak complexes through aggregation or hydrogen-bonding.
ESI-MS spectra of solutions of 1a, 1b and 1c and the host 3c,
at a range of ratios, gave similar results. The base peak (Fig. 5)
appeared at 207 m/z (lactam ring-opened fragment, also observed
in the pure 1a–c). The ions [M − H]− of plain 1a, 1b and 1c
were found at m/z 348.4, 364.4 and 468.1, respectively, and the
corresponding dimers [2M − H]− at m/z 697.6, 729.8 and 939.1,
respectively. The molecular ion peak of the host 3c was located
at m/z 1297. For each kind of complex 1a–c/3c a clear peak at
m/z 1471 (Fig. 5), 1479 and 1531, respectively, corresponding to
a doubly charged 1 : 2 guest–host complex was observed. Only
in the case of amoxicillin (1b) was a very weak peak present at


m/z 830, corresponding to the doubly charged 1 : 1 complex.
Under the same conditions, the ESI-MS of maltoheptaose with
either 1a or 1b showed peaks at m/z 1500 and 1517, respectively
(corresponding to a 1 : 1 complex formation) in addition to the
above-mentioned peaks due to 1a or 1b and maltoheptaose alone
([M − H]− at m/z 1151). No evidence of a 1 : 2 complex was found.
As the linear heptasaccharide cannot form inclusion complexes the
observed 1 : 1 entity must be due to a complex formed through
external association. These observations indicate that in solutions
of 1a–c/c-CD cavity inclusion of the drug molecule leads to 1 : 1
complexes, whereas an additional c-CD molecule forms the 1 : 2
complex through external association. These results are consistent
with the stoichiometries obtained by the NMR experiments for
the c-CD inclusion complexes, and also explain the observation
of chemical shift displacements observed for the outer protons
of the host. Detection of peaks with 4c was not possible under
various conditions, and only in the presence of 1a was a weak
ion (ca. 15%) at guest : host 1 : 2 identified, in line with the
above. The observed formation of supramolecular complexes or
larger ‘aggregates’ involving both cavity-included and externally
associated molecules has been invoked previously23,24 as being
responsible for the increased solubility or bioavailability of drugs
in the presence of cyclodextrins. Apart from inclusion, mechanisms
such as aggregation, surfactant-like effects or even small variation
of the pH, and solvation effects (especially when charged species
are involved) may often be in operation when cyclodextrins are
considered.23 This suggestion is supported by the present NMR
and MS data. The above findings indicated that cyclodextrins may
offer stabilization to the penicillins towards external nucleophilic
attack, and this was examined next.


Hydrolysis of ampicillin


The integrity of ampicillin 1a was monitored by NMR
spectroscopy2b,25 [Fig. 6(a)] over several days under five different


Fig. 5 ESI-MS spectra of 1a/3c (0.5 : 1) in H2O–MeOH (1 : 1, v/v).
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Fig. 6 (a) Degradation of 1a on its own (�) and in the presence of an
excess of 3c (�), maltoheptaose (�), 4c (�) and 5c (×); (b) enzymatic
(b-lactamase enzyme) degradation of 1a (�) and in the presence of an
excess of maltoheptaose (�), 3c (�) and 4c (�).


conditions (solutions at pH 7 and 30 ◦C): 1a alone, 1a/3c (1 : 10),
1a/maltoheptaose (1 : 10), 1a/4c (1 : 10) and 1a/5c (1 : 10), where
5c is a positively charged CD derivative synthesized as reported
previously.15 The host concentrations were high (5–10 fold) to
both maximize complex formation and simulate pseudo-first order
hydrolysis conditions. The ratio of 1a to its hydrolyzed derivatives
was determined by integration of the 1H NMR signals of either
the methyl groups or the protons on the b-lactam ring using
both external and internal references. The results are summarized
in Fig. 6(a). In the presence of 3c, the rate of degradation of
1a was slightly decreased whereas in the presence of 4c it was
slightly increased. The data were fit to a first order rate equation
providing reasonably good correlation, namely rate constants of
0.068 d−1 (�, 1a alone, R2 = 0.998), 0.058 d−1 (�, 1a/3c, R2 =
0.995), 0.070 d−1 (�, 1a/maltoheptaose, R2 = 0.984) and 0.077 d−1


(�, 1a/4c, R2 = 0.9572), respectively. The error in the fit was
±0.002–0.008 d−1 and the error in the NMR peak integration
was estimated to be 5–10%. The b-lactam ring of 1a should be
sheltered in the cavity of 3c or 4c, but the data show basically no
effect on the hydrolysis rate due to inclusion. The observed slight
acceleration with 4c may be explained by the presence the carboxy
groups that may catalyse the hydrolysis of the 1a over a 15 day
period. Maltoheptaose also did not affect the rate of degradation
of 1a, while the amino-c-CD 5c [×, Fig. 6(a)] caused complete


hydrolysis of 1a within 24 h, presumably due to the activity of its
numerous amino groups. In this latter case there is no inclusion
since examination of the corresponding ROESY spectrum of a
1a/5c solution did not reveal interaction of the drug with the
cavity protons. These results demonstrate that the hydrolysis of the
b-lactam ring in neutral aqueous solution is not affected much by
complexation with the cyclodextrins, a fact that is not surprising if
one considers that in solution the most active nucleophile (except
5c) is water itself and given the small binding constants. It was
therefore decided to expose 1a to a b-lactamase enzyme (serine-
type) in the presence of the CDs (5c was excluded) in order to
assess the true ability of the CDs to decrease the rate or to prevent
the hydrolysis of 1a, either via inclusion or by external association,
and obstruction of the enzyme. The integrity of 1a over time was
thus followed by 1H NMR for five solutions at pH 7 and 25 ◦C: 1a
alone, 1a/b-lactamase, 1a/maltoheptaose/b-lactamase (1 : 10 :
cat), 1a/3c/b-lactamase (1 : 10 : cat) and 1a/4c/b-lactamase
(1 : 5 : cat) [Fig. 6(b)]. In the presence of b-lactamase, 1a degraded
much faster than in the previous experiment, and within 3.5 d
less than 40% was left. In the presence of maltoheptaose and b-
lactamase, the rate of degradation of 1a was slightly decreased [ca.
10%, after 84 h (3.5 d)], and therefore the external association
does have an adverse effect on the action of the enzyme. In
the presence of c-CD (3c) the rate of degradation of 1a was
significantly decreased (ca. 20%, after 84 h), as expected; therefore,
formation of the inclusion and external complex is more effective
in protecting the b-lactam ring from enzymatic attack. In the
presence of 4c, the rate of degradation of 1a is further decreased
(ca. 30%, after 84 h); therefore, the elongated cavity of 4c, which
was found to form 1 : 2 guest : host complexes, resulted in superior
resistance to enzymatic hydrolysis. In a quantitative treatment,
the data fitted poorly to an exponential growth equation, but
well to a first order rate equation (see Experimental section),
supporting pseudo-first order rate conditions. The rate constants
found were 0.017 h−1 (1a + enzyme, �, r2 = 0.998), 0.011 h−1


(1a + enzyme + 3c, �, r2 = 0.996), 0.014 h−1 (1a + enzyme +
maltoheptaose, �, r2 = 0.984) and 0.008 h−1 (1a + enzyme + 4c,
�, r2 = 0.9572), respectively. The error of the fit was less than
±0.0004 h−1. This accuracy in rate constants is unrealistically
high, but what is important to note is that all samples (NMR
tubes) were incubated under identical conditions, the signals
were measured in an identical order each time, and the error in
the hydrolysis rate should be the same in all samples; therefore,
the observed differences in rates among them can be considered
reliable.


From the above it is concluded that the formation of both in-
clusion complexes and aggregates is, to different degrees, effective
in protecting ampicillin 1a from enzymatic degradation, as the
results of 3c/maltoheptaose show. In particular, ampicillin in the
presence of b-lactamase and the carboxylated host 4c degrades
twice as slowly as in the presence of b-lactamase alone.


Conclusions


NMR studies have revealed the inclusion (without change of
chemical shifts) of the penicillin antibiotics 1a–c in b-CD (3b)
and its carboxylated (and elongated) derivative 4b, whereas no
inclusion was observed between 3b or 4b and the antibiotics
belonging to the cephalosporin family 2. Surprisingly, compounds
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2 were not encapsulated in the wider cavities of c-CD (3c) and 4c
either. In contrast, all three antibiotics belonging to the penicillin
family, 1a–c, formed complexes with both 3c and 4c. The opposite
behavior of the two antibiotic families may be explained by their
different sizes and geometries. Penicillins contain a b-lactam ring
fused to a thiazolidine ring, affording a compact butterfly shape
able to enter the CDs. Cephalosporins, on the other hand, being
of larger dimensions, do not enter the cavities of the CDs (even
the wider c-CDs). The penicillins enter the c-CD host in two
modes, forming primarily 1 : 1 inclusion complexes (with 4c 1 :
2 complexes also were found) with the b-lactam ring residing
inside the CD. Besides inclusion, formation of aggregates between
antibiotics and CDs was found to take place in solution, as proved
by the ESI-MS data. The documented inclusion of ampicillin
in the CD cavity as well as the non-specific interactions with
the host molecules do not practically affect the rate of self-
hydrolysis of ampicillin; however, they do provide resistance to
the b-lactamase enzyme. More specifically, ampicillin degrades in
the presence of the enzyme at a rate two-fold higher than in the
presence of the enzyme and 4c. In the latter case the inclusion
process was proven to be more effective than that of external
association toward stabilization of b-lactam ring of antibiotics,
since the cavity effect on the macrocyclic host c-CD was found
to be beneficial vs. linear maltoheptaose. The current study may
present a means to improve the chemical stability of penicillins,
and even reduce their allergenicity and ability to induce bacterial
resistance.10


Experimental


All reagents used were obtained from Sigma-Aldrich and were
not purified further before use. b-Lactamase from Enterobacter
cloacae ≥97% pure powder was also obtained from Sigma-Aldrich.
All solvents used were of reagent grade. When required, anhydrous
dimethylformamide (DMF) was distilled over molecular sieves.
All moisture-sensitive reactions were carried out under a nitrogen
atmosphere. Derivatives 4b and 4c 14 and 5c 15 were prepared by
literature procedures.


Buffered solutions were prepared from sodium dihydrogen
phosphate–sodium hydrogen phosphate in H2O or D2O. The
pH was measured using an MP200 Mettler Toledo pH meter.
Before each measurement, the electrode system was calibrated in
hydrogen ion concentration units (p[H] = −log[H+]) using Buffer
Reference Standard solutions (Scharlau) at 25 ◦C. The tempera-
ture of the solutions during the experiments was maintained to
±1◦C.


1H and 13C NMR one- and two-dimensional spectra were
acquired at 500 MHz. 1H NMR spectra recorded in D2O were
referenced to HOD at d 4.79, unless otherwise stated. Continuous
variation (Job) plots were constructed by mixing varying volumes
of equimolar solutions of host and guest molecules to a constant
final volume, so that the resulting mixtures ranged from a 90 to
10% ratio of host : guest. All experiments were performed at 25 ◦C
and at buffered pH 7.0.


Titrations were carried out by adding solid guest to a solution
of host (around 8 mM, as indicated in each case) in buffered
D2O (pH 7.0). The additions stopped upon the formation of a
precipitate. The shifts of the protons of the host molecules were
internally referenced with the cyclodextrin H1 signal or HOD. For


the 1 : 1 binding constant K11, non-linear least squares fitting was
performed with GraphPad PRISM, using the equation18


1/Ddobs = 1/K11(Dd0[Guest] − Dd[CD]) + {1/Dd0},


which applies when fast exchange is observed between the free
constituents and the complex in the NMR.


Hydrolysis of ampicillin (1a) was followed by NMR measure-
ments, keeping the samples at buffered pH 7.0 and at 30 ◦C
in a regulated water bath and using a 10-fold molar excess of
the cyclodextrins and of maltoheptaose. Hydrolysis of 1a in the
presence of b-lactamase enzyme was followed by NMR, keeping
the samples at buffered pH 7.0 and at 25 ◦C in a regulated water
bath and using a 10-fold excess of the cyclodextrins (5-fold of
4c) and of maltoheptaose. All solutions were incubated 12 h in the
water bath before the addition of the enzyme in order to ensure the
formation of the complex between 1a and the CDs. The hydrolyses
were run in duplicate. The data obtained were fit to the (pseudo)-
first order rate equation {ln[1a]init/[1a]left} vs. time elapsed, and the
slope provided the calculated rate constant.


Mass spectra by ESI were recorded at the ‘Mass Spectrometry
and Dioxin Analysis Lab’, NCSR “Demokritos”. Solutions in
50% aqueous methanol were infused into an electrospray interface
mass spectrometer (AQA Navigator, Finnigan) at a flow rate of
0.1 ml min−1, using a Harvant Syringe pump. Negative or positive
ion ESI spectra were acquired by adjusting the needle and cone
voltages accordingly, best results being obtained when using the
negative mode at cone voltage −70 V. Hot nitrogen gas (Dominic-
Hunter UHPLCMS-10) was used for desolvation at 170 ◦C.
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A technique is presented for the high throughput generation of families of recombinant biocatalysts
sourced from prokaryotic genomes, providing rapid access to the naturally evolved diversity of enzyme
specificity for biocatalyst discovery. The method exploits a novel ligation independent cloning strategy,
based on the locally engineered vector pET-YSBLIC and has been used for the rapid generation of a
suite of expression plasmids containing genes encoding a family of six Baeyer–Villiger monooxygenases
(BVMOs) from Mycobacterium tuberculosis H37Rv (MTb). The six resultant recombinant strains of
E. coli B834 (DE3) expressing the genes were assayed for oxygenating activity in respect of the target
reaction; the resolution of bicyclo[3.2.0]hept-2-en-6-one. The analysis of biotransformations catalysed
by growing cells of E. coli was complicated by the production of indole in the reaction mixtures,
possibly resulting from the in vivo activity of E. coli tryptophanase. Four of the recombinant strains
expressing different BVMOs catalysed the oxidation of one or more of four screening substrates, well
above controls that had been transformed with the re-ligated parent vector. One of the recombinant
strains, E. coli B834 (DE3) pDB5, expressing the Rv3049c gene from MTb, was found to effectively
resolve the target substrate, yielding a 19% yield of (1R, 5S)-(+)-bicyclo[3.2.0]hept-2-en-6-one with
>95% enantiomeric excess in a 4 L fermentation reaction.


Introduction


The steadily increasing number of available prokaryotic genome
sequences promises to be a valuable source of genes encoding
useful biocatalysts of as yet indeterminate chemical reactivity and
selectivity. In the search for novel biocatalysts of desired function,
the use of random mutagenesis methods to evolve biocatalysts
in vitro to possess altered properties is becoming widespread
through the increasing ease of use of error-prone PCR methods1


and mutator strains of Escherichia coli.2 However, a complete focus
on such evolution methods would be in danger of ignoring the
bounty of natural biocatalysts encoded by prokaryotic genomes
that still remain uninvestigated and untapped. This is confirmed
by recent reports both of biocatalysts of unprecedented activity
resulting from amplification of genes from environmental DNA
samples3 and the dissection of the distinctive, and in some cases
opposing, specificity of isofunctional enzymes that contribute to
an overall whole-cell catalysed biocatalytic process.4 Methods
that allow rapid access to naturally evolved populations of
isoenzymes with significant differences in sequence might be
exploited for differences in reaction selectivity and perhaps for
ease of crystallisation in structural enzymology studies.


In addition to the development of high-throughput selections
and screens for the rapid evaluation of enzyme activity and
selectivity, high throughput access to gene products for assay
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depends largely on traditional cut-and-paste methods of cloning,
which can prove time consuming and unreliable. The development
of ‘ligation independent cloning’ (LIC) in the 1990s obviated the
use of a ligation reaction in the cloning protocol by using the
exonuclease properties of a DNA polymerase to generate cohesive
ends of sufficient length such that annealing was automatic.5,6 This
resulted in a rapid method for the generation of gene products that
removed the ligation bottleneck that could be compromised by a
number of factors such as temperature and ligase quality. In this
technique (Fig. 1), the PCR purified product is incubated with T4
DNA polymerase, and uses the natural 3′-5′ exonuclease activity of
the enzyme, in the presence of a single nucleotide, to produce highly
specific single stranded overhangs at both ends of the insert. The
single stranded sequences created in this way are complementary
to overhangs in the linearised LIC engineered vector that have
been derived in a similar manner, producing 5′ single stranded
regions of 13 bases on the antisense strand and 14 bases in the sense
strand of the vector that are not complementary to each other, thus
ensuring directional cloning. A mixture of T4 DNA polymerase
treated insert and vector are then simply annealed in a ten minute
reaction prior to transformation (Fig. 1, 2). The recombinant LIC
vector mix can be directly transformed into an appropriate cloning
or expression strain. The complementarity of the single stranded
regions guarantees that the vector and insert stay annealed during
the transformation process, and ligation occurs as a result of the
action of the DNA repair enzymes in the host cell.


An important feature of the LIC method is that programs for
the automated design of oligonucleotide primer sequences for
use in the initial PCR reaction can be used, as the LIC process
is independent of the target sequence, with no consideration of
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Fig. 1 Ligation independent cloning (LIC) of PCR products. 1. Prepara-
tion of LIC plasmid. (a) Vector is cleaved at the LIC site using a specific
restriction endonuclease. Linearised vector is purified then (b) incubated
with T4 DNA polymerase and a single deoxyribonucleotide (X = dATP,
dTTP, dCTP or dGTP) to generate single stranded 5′ termini overhangs.
(c) The vector is purified. 2. Preparation of PCR product for LIC.
(a) Target gene is amplified by PCR using gene specific primers with
LIC ends attached to their 5′ termini. (b) PCR product is purified then
(c) incubated with T4 DNA polymerase and a single deoxyribonucletide
(Y) complementary to that used for the LIC plasmid preparation, to
generate a LIC insert with single stranded 5′ overhangs complementary to
those generated in the vector. 3. (a) Purified plasmid and insert are mixed
and annealed at room temperature (b) Nicks are repaired when mixture is
transformed into cloning strain of E. coli.


engineered restriction sites for cloning. A variant of an LIC vector
based on the Novagen plasmid pET-28a has been engineered
in our research laboratories and used for the high-throughput
generation of plasmid constructs for structural proteomics studies
of pathogenic organisms such as Bacillus anthracis. The new vector,
named pET-YSBLIC, features an N-terminal hexahistidine tag
and restriction sites that allow for the transfer of the LIC region,
if required, to other plasmids using established restriction/ligation
cloning protocols. It occurred to us that the LIC strategy adopted
in our laboratory for structural proteomics would also lend itself
well to the rapid generation of families of recombinant ‘designer’
biocatalysts (described below), using the sequenced genomes of
prokaryotes as a starting point for identifying potential open
reading frames encoding useful enzymes.


The recent development of ‘designer biocatalysts’ has high-
lighted the usefulness of expressing genes encoding useful bio-
catalysts in recombinant systems in which amounts of enzyme
many times larger than the wild-type may be obtained.7 In
addition, factors such as pathogenicity of the host wild-type strain,
the peculiarities of wild-type organism biochemistry (esoteric
carbon sources required for enzyme induction, overmetabolism or
side reactions) or the competing activities of homologous enzymes
in the wild-type organism can be eliminated in the recombinant
biocatalyst. This would be particularly useful for oxidoreductase-
dependent reactions, where problems of cofactor recycling render
the cell-free biotransformation uneconomic. This strategy has
recently proved particularly useful in delineating the contributions
of various oxidoreductase enzymes from Saccharomyces cerivisiae


to established whole-cell biotransformations using this familiar
biocatalyst.4


The recombinant biocatalyst technique has also proved useful in
the study of flavin containing monooxygenase enzymes catalysing
the Baeyer–Villiger reaction [Baeyer–Villiger MonoOxygenases
(BVMOs) or Baeyer–Villigerases (BVases) e.g. E.C. 1.14.13.22],
with genes encoding enzymes from Acinetobacter,8 Comamonas
(formerly Pseudomonas),9 Brevibacterium10 and other environ-
mental isolates11 expressed in both recombinant E. coli12 and
S. cerivisiae.7 A number of new enzymes have been described that
display a wide range of selectivities that may not have been revealed
by in vitro evolution techniques.


As part of a long-standing interest in Baeyer–Villigerases,13,14


we chose to screen a readily available genomic DNA of an
organism for genes encoding putative novel BVases that might
be capable of the resolution of bicyclo[3.2.0]hept-2-en-6-one, one
of a series of related substrates that are currently of interest in
our laboratory for their potential use as precursors of ligands
for transition metal catalysis.14 The genome system chosen for
study was Mycobacterium tuberculosis H37Rv,15 whose genetics
are comparatively well understood, and for which the relevant
genomic and/or cosmid DNA was readily available from our
collaborators. Using the primary sequence of the well-studied
cyclohexanone monooxygenase (CHMO) from Acinetobacter
calcoaceticus NCIMB 987116 as a model, we identified the six
closest homologs in the MTb H37Rv genome15 and chose these
as our targets for LIC based development. Baeyer–Villigerases
from Mycobacterium tuberculosis have recently aroused interest
as the gene product encoded by Rv3854c, known as EtaA, is
a monooxygenase that has been implicated in the sensitisation
of the organism to the second-line antibiotic ethionamide.17,18


Preliminary studies were reported on the substrate specificity
of the enzyme, which, in conjunction with a now recognised
sequence-motif for Baeyer–Villigerases,19 identified it as an enzyme
of that activity. The six gene targets, Rv0892 (predicted protein
monomeric molecular weight 55.0 kDa), Rv0565c (54.5 kDa),
Rv3854c (55.3 kDa), Rv1393c (55.3 kDa), Rv3049c (58.7 kDa)
and Rv3083 (55.5 kDa) were subjected to a process of PCR, LIC,
IPTG-induced expression and whole-cell biotransformation assay.
Whilst the rapid throughput approach met with varying levels
of success at each stage, a recombinant biocatalyst expressing
gene Rv3049c has been created that catalysed the preparative-scale
resolution of the target compound, bicyclo[3.2.0]hept-2-en-6-one.


Results and discussion


Target selection


The open-reading frames selected for the study were the six closest
homologues to the gene encoding the cyclohexanone monooxy-
genase (AcCHMO) from Acinetobacter calcoaceticus NCIMB
9871, as identified by BLAST searching against the genome of
MTb H37Rv on the PEDANT website (http://www.pedant.de/).
The six closest homologues were, with amino acid sequence
identities with AcCHMO in parentheses, Rv0892 (26%), Rv0565c
(18%), Rv3854c (19%), Rv1393c (28%), Rv3049c (24%) and
Rv3083 (19%). A section of a pairwise alignment of the relevant
amino acid sequences, constructed using CLUSTALW20 is shown
in Fig. 2. In each case the six putative open reading frames
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Fig. 2 Partial CLUSTALW pairwise alignment of six open-reading frames from the genome of Mycobacterium tuberculosis H37Rv, illustrating
conservation of ‘Baeyer–Villigerase’ (BVase) motif [FXGXXXHXXXW(P/D)].


were observed to encode BVases as defined by the sequence
motif [FXGXXXHXXXW(P/D)] described by Fraaije and co-
workers.19


PCR of genes encoding six putative BVases and ligation
independent cloning into pET-YSBLIC


The high-throughput amplification of genes from GC rich
sources such as the DNA of actinomycetes like MTb does not, in
our experience, allow a generality of approach, as conditions used
for the amplification of one gene may be unsuitable for another.
This proved to be the case for the six ORFs under consideration,
each of which required subtly different conditions from either
genomic or cosmid template. Table 1 lists the PCR conditions
required for each individual gene. The amplification products of
successful PCR reactions were cleaned and used in the LIC pro-
tocol to generate six recombinant plasmids, pDB1, pDB2, pDB3,
pDB4, pDB5, pDB6, corresponding to products obtained from
the insertion of Rv0892, Rv0565c, Rv3854c, Rv1393c, Rv3049c
and Rv3083 into the YSBLIC plasmid. After transformation into
Stratagene XL1-Blue competent cells, clean recombinant plasmids
were prepared by miniprep for transformation into expression
strains, and the identities of the inserts confirmed by sequencing.


Expression


Initial experiments on the transformation of plasmids DB1-DB6
into a selection of available expression strains of Escherichia
coli [BL21 Gold, BL21 (DE3), B834 (DE3), Rosetta] indicated
that transformation efficiencies were overall best in B834 (DE3),
a methionine auxotroph routinely used in our laboratory for


the preparation of selenomethionine derivatives of proteins for
X-ray crystallographic studies. The six B834 (DE3) expression
strains were thus numbered E. coli B834 (DE3) pDB1 through to
E. coli B834 (DE3) pDB6. A series of temperature and inducer
concentration experiments determined that in the interests of
uniformity, consonant with the rapid throughput analysis of gene
products, the highest levels of expression of most of the BVase
genes was obtained using a growth protocol where cells were grown
to an optical density A600 measurement of 0.5, followed by addition
of 1 mM isopropyl-b-thiogalactopyranoside (IPTG), followed by
growth at 20 ◦C overnight. An SDS-PAGE gel of samples of
the total cell fraction from each recombinant strain compared
to a control is shown in Fig. 3. The gel suggests that of the
genes cloned in this study (Rv0892, Rv0565c, Rv3854c, Rv1393c,
Rv3049c and Rv3083) genes Rv0892 (Lane 2) and Rv1393c


Fig. 3 Total cell extracts of E. coli strain B834 (DE3) expressing genes
encoding putative Baeyer–Villigerases, analysed by SDS-PAGE. Lane 1,
8: Low molecular weight markers (BioRad); Lane 2, E. coli B834 (DE3)
pDB1; Lane 3, pDB2; Lane 4, pDB3; Lane 5, pDB4; Lane 6, pDB5; Lane
7, pDB6. Lane 9, E. coli B834 (DE3) transformed with re-ligated YSBLIC
with no insert.


Table 1 PCR conditions for amplification of LIC inserts for six genes encoding putative BVases


Gene Template Additionsa Melt Anneal Extend Final extend


Rv0892 Cosmid MTCY31 — 94 ◦C, 150 s 66 ◦C, 30 s 72 ◦C, 120 s 72 ◦C, 120 s
Rv0565c Genomic DNA — 95 ◦C, 150 s 60 ◦C, 30 s 72 ◦C, 120 s 72 ◦C, 180 s
Rv3854c Cosmid MTCY01A6 — 94 ◦C, 150 s 51 ◦C, 30 s 72 ◦C, 110 s 72 ◦C, 120 s
Rv1393c Cosmid MTCY21B4 — 94 ◦C, 150 s 56 ◦C, 30 s 72 ◦C, 120 s 72 ◦C, 180 s
Rv3049 Genomic DNA 2 ll 25 mM MgSO4 95 ◦C, 360 s 61 ◦C, 60 s 72 ◦C, 120 s 72 ◦C, 180 s
Rv3083 Genomic DNA 2 ll DMSO 95 ◦C, 360 s 60 ◦C, 60 s 72 ◦C, 150 s 72 ◦C, 180 s


a Additions to mix described in experimental section, replacing an equal volume of sterile deionised H2O.
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Table 2 Oxidations of four test substrates by recombinant strains of E. coli B834 (DE3) (pDB1 etc.) transformed with pET-YSBLIC-derived plasmids
containing genes encoding six putative BVases


Substrate % Conversion to oxidation products observed after 4 h


YSBLIC pDB1 pDB2 pDB3 pDB4 pDB5 pDB6 pET-YSBLIC


— — 39 — 50 5 —


— — 18 — 30 8 —


— — — — Trace — —


20 56 57 18 59 45 16


(Lane 5) were expressed poorly if at all, whereas genes Rv0565c,
Rv3854c, Rv3049c and Rv3083 (Lanes 3, 4, 6 and 7) appeared to
show significant expression as suggested by bands in the relevant
molecular weight range of approximately 55–60 kDa. In strains
expressing Rv0565c, Rv3854c, Rv3049c and Rv3083, significant
amounts of protein were observed in the soluble fraction after
cell disruption and centrifugation (data not shown). The data
for strain E. coli B834 (DE3) pDB3, containing gene Rv3854c,
whose expressed product EtaA is the monooxygenase responsible
for sensitisation of MTb to ethionamide, are consistent with the
accessibility of this enzyme reported in previous studies.17,18


Biotransformation of BVase substrates


Using protocols described by Stewart and coworkers,11 growing
cell biotransformations of a series of four substrates previously
identified as substrates for Baeyer–Villigerases were performed.
Typically, substrates were added to growing cells 45 min after
induction with IPTG. The results in Table 2 show that recombinant
strains E. coli B834 (DE3) pDB3, E. coli B834 (DE3) pDB5
and E. coli B834 (DE3) pDB6 exhibited the most substan-
tial oxygenating activity, with significant conversions of octan-
2-one, bicyclo[3.2.0]hept-2-en-6-one and phenyl-methyl sulfide,
compared with control reactions that had been performed with
E. coli B834 (DE3) transformed with the LIC plasmid re-ligated
without insert. A significant amount of oxidation of thioanisole 4
was observed in the control reaction. Interestingly, E. coli pDB2
catalysed sulfide oxidation well above control levels, but did not
catalyse Baeyer–Villiger type oxygen insertion reactions in this
case. 1, 2 and 4 had already been shown to be substrates for the
enzyme EtaA, encoded by the gene Rv3854c expressed in E. coli


pDB3.18 However, the recombinant biocatalyst E. coli B834 (DE3)
pDB5 expressing Rv3049c was found to be the most effective
BVase biocatalyst created using the protocols described herein.


One notable phenomenon observed using growing cell reactions
was the production of a metabolite (Fig. 4) that was independent
of the biotransformation substrate added to the growing cells. This
compound was observed in large amounts in GC chromatograms
of ethyl acetate extracts of overnight test reactions and was
also extracted from preparative scale reactions, complicating
chromatography of biotransformation products. Isolation and 1H
NMR analysis of the metabolite revealed it to be indole. This is
perhaps unsurprising as indole is known to be produced by strains
of Escherichia coli by the action of the enzyme tryptophanase
on tryptophan21 and indeed, the production of indole by the
bacterium forms part of the basis for commercial diagnostic


Fig. 4 GC chromatogram of biotransformation mixture of phenyl-
methylsulfide 4 using growing cells of E. coli B834 (DE3) pDB3 at
21 h biotransformation (A = phenylmethylsulfide; B = indole; C =
phenylmethylsulfoxide; D = phenylmethylsulfone).
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kits for the presence of E. coli. (e.g. Bactident R© at http://ser-
vice.merck.de/microbiology/tedisdata/prods). Indole has also
been suggested to be a cell-signalling chemical with a role in
quorum sensing in E. coli,22 and to induce the expression of a
number of xenobiotic transporter systems in this bacterium.23 The
production of indole in recombinant bacterial biotransformation
systems used for whole-cell biotransformation has been noted
before,24 and it may have implications for downstream processing
of large scale biotransformation product mixtures using such
systems, or where indole is used an assay substrate for studies
on oxidases where oxidation of added indole forms the basis for
the detection or quantification of activity.25


Comparison of preparative biotransformations of
bicyclo[3.2.0]hept-2-en-6-one using growing or rest cells induced
with IPTG


Recombinants strains E. coli B834 (DE3) pDB3, E. coli B834
(DE3) pDB5 and E. coli B834 (DE3) pDB6 were assessed for
their ability to transform bicyclo[3.2.0]hept-2-en-6-one using both
growing and resting cell suspensions. The enantiomeric excesses of
residual ketone were recorded (Table 3). With growing cells, E. coli
B834 (DE3) pDB3 and E. coli B834 (DE3) pDB6 were observed to
catalyse the required transformation somewhat poorly, although
chiral GC analysis of the residual ketones revealed a preference
for both gene products to transform the (1S, 5R)-(−)-enantiomer.
The same was also true for E. coli B834 (DE3) pDB5, expressing
Rv3049c, but in this case, rates of biotransformation were much
higher, and the (1R, 5S)-(+)-ketone was resolved with an enan-
tiomeric excess of >95%. The enantioselectivities of growing and
resting cells for strains containing pDB3 and pDB5 were compara-
ble, but resting cell transformations performed with pDB6 showed
poor activity (Table 3). Resting cell reactions were easier to work
up and extract, but required more catalyst per unit of substrate
transformed, and of course required centrifugation and washing
prior to use. It was therefore decided to attempt a preparative
resolution of racemic 2 using a growing-cell fermentation, but
with a view to keeping the reaction time as short as possible, to
avoid the accumulation of indole in the medium.


A preparative resolution of 2 using E. coli B834 (DE3) pDB5,
expressing Rv3049 in a fermenter was attempted. Using the same
medium, growth, induction and substrate addition protocols as for
shake-flask reactions, a fermenter-contained biotransformation
of 3 g substrate at 0.75 g L−1 resulted in insufficient conversion
for resolution (approximately 35%), yielding (1R, 5S)-(+)-2 in
64% ee, and over a 22 h time period, during which a significant
amount of indole was also produced. However, using a different


protocol in which 1% glucose was added to the LB medium, the
cells were grown to an optical density A600 of 1.8, induced and
substrate added after 45 min growth. In this instance, the greater
amount of biomass generated greatly increased the rate of reaction.
Chiral GC showed that the (1S, 5R)-(−)-enantiomer of 2 was not
detectable after 4 h. (Fig. 5). Work up and chromatography yielded
a 19% yield of (1R, 5S)-(+)-2 with an enantiomeric excess of
>95%. The relatively poor yield may be attributed to losses during
the extraction of a large aqueous volume and the consequent loss
of volatile material during solvent evaporation. However, the rate
and ease of the biotransformation process make us confident of
increasing mass per unit volume yields for this biotransformation,
leading to greater recovery of single enantiomer ketone.


Fig. 5 Fermentation of bicyclo[3.2.0]hept-2-en-6-one by E. coli B834
(DE3) pDB5, expressing Rv3049. ( = conversion measured by GC;
� = enantiomeric excess of (1R, 5S)-(+)-2.


Whilst being far from an exhaustive assessment of the substrate
specificity of these gene products, it is nevertheless noteworthy
that these homologues, which share less than 30% sequence
identity, should display the same enantiopreference in the same
organism, where one might surmise that such an organism
might be equipped with varied profile of activities to metabolise
the range of carbon sources that may become available. The
resolution of bicyclo[3.2.0]hept-2-en-6-one substrates remains a
focus of research after a number of years, as homochiral 2 is
an excellent starting material for the synthesis of prostanoids26


and ligands for transition metal-catalysed organic synthesis.27,28


Biocatalytic routes to enantio-enriched 2 and derivatives have
involved asymmetric reduction using dehydrogenases29 and lipase-
catalysed resolution of the corresponding racemic alcohol.30 The
recombinant whole-cell approach to the resolution of 2, described
herein, is independent of exogenous nicotinamide cofactors. More


Table 3 Resolution of bicyclo[3.2.0]hept-2-en-6-one by both growing and resting cell preparations of E. coli B834 (DE3) transformed with pDB3, pDB5
and pDB6


Strain % Conversion by GC % Enantiomeric excess (1R, 5S)-(+) 2


Growing cells
E. coli B834 (DE3) pDB3 31 39
E. coli B834 (DE3) pDB5 54 >99
E. coli B834 (DE3) pDB6 18 17
Resting cells
E. coli B834 (DE3) pDB3 15 16
E. coli B834 (DE3) pDB5 49 93
E. coli B834 (DE3) pDB6 3 ∼0


1256 | Org. Biomol. Chem., 2006, 4, 1252–1260 This journal is © The Royal Society of Chemistry 2006







Fig. 6 Stereochemical outcomes of enantiodivergent and enantioselective biotransformations of bicyclo[3.2.0]hept-2-en-6-one by Baeyer–Villigerase
catalysts showing major lactone products: (i) cyclohexanone monooxygenase from Acinetobacter calcoaceticus NCIMB 9871; (ii) 2,5,-diketocamphane
1,2-monooxygenase from Pseudomonas putida NCIMB 10007; (iii) whole cells of Cunninghamella echinulata NRRL 3655; HAPMO (hydroxyacetophenone
monooxygenase) from Pseudomonas fluorescens (iv) Gene product of Rv3049c from Mycobacterium tuberculosis H37Rv.


noteworthy however, is the enantioselectivity of reaction in the
current study. The cyclohexanone monooxygenase from Acine-
tobacter calcoaceticus NCIMB 9871, and engineered strains of
E. coli expressing the CHMO gene, catalyse the ‘enantiodivergent’
biotransformation of 2 such that each enantiomer of the racemic
starting material is transformed to a different regioisomeric
lactone; each of near optical purity31 (Fig. 6). A similar, if stereo-
complementary reaction is catalysed by the 2,5-diketocamphane,
1,2-monooxygenase from camphor-grown Pseudomonas putida
NCIMB 10007.13 As such, these bacterial processes are not useful
for the preparation of large amounts of the homochiral ketone.
The filamentous fungus Cunninghamella echinulata reported to
catalyse the resolution of 2,32 but our recent studies have shown
that biotransformation of other ketones in the bicyclo[3.2.0]hept-
2-en-6-on series by this system results in complex mixtures of
products as a result of other oxidases and reductases in the
fungus.14 Hydroxyacetophenone monooxygenase (HAPMO) from
Pseudomonas fluorescens, also exhibits an enantiopreference for
the transformation of (1R, 5S)-(+)-2, leading to resolution of (1S,
5R)-(−)-2, but with only moderate enantioselectivity.33


The molecular determinants of the enantioselectivity of Baeyer–
Villigerases remain unknown as the structure of the Acinetobacter
enzyme or other enantioselective Baeyer–Villigerase in complex
with a ketone or thioether substrate has not yet been determined,
although a space-filling model based on numerous biotransforma-
tion results using AcCHMO has been published,34 and random
mutagenesis of the AcCHMO gene has created mutant enzymes
of altered enantioselectivity.1 The first structure of a Baeyer–
Villigerase, reported recently,35 from the thermophile Thermobifida
fusca suggests that progress in analyzing the molecular determi-
nants of selectivity in Baeyer–Villigerases may progress in the near


future, thus facilitating rational redesign of these fascinating and
useful enzymes.


Conclusion


In summary, six genes from Mycobacterium tuberculosis H37Rv
thought to encode Baeyer–Villigerases were cloned and rapid
expression and biotransformation experiments led to the isolation
of a recombinant strain of Escherichia coli B834 (DE3), expressing
the MTb gene Rv3049c that was competent for the target
reaction—the resolution, by enantiomer-selective Baeyer–Villiger
reaction, of the important synthetic intermediate (1R, 5S)-(+)-
bicyclo[3.2.0[hept-2-en-6-one. We are currently carrying out de-
tailed studies of the substrate specificity and solution biochemistry
on the Rv3049c gene product and using the resolution described
above to generate intermediates for further synthetic elaboration.


The study reported herein has demonstrated the application of a
rapid throughput ligation independent cloning-expression strategy
for creating and assessing a family of recombinant biocatalysts
derived from the genomic DNA of a sequenced organism. We
envisage that this system would be applicable to the high-
throughput generation of large numbers of novel recombinant
biocatalysts of other reaction types, allowing rapid access to the
diversity of naturally evolved enzyme specificities for biocatalyst
discovery programmes.


Experimental


General


Chemicals were purchased from Aldrich Chemical Company
Poole, Dorset, UK Racemic 2 was purchased from Fluka.
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Bicyclo[3.2.0]hept-2-en-6-one was purchased from Fluka and
distilled prior to use in fermentation reactions. All restriction
enzymes and corresponding buffers were purchased from New
England Biolabs (NEB). Oligonucleotides were purchased from
Invitrogen or from MWG Biotech AG (MWG). LIC qualified T4
DNA polymerase (T4 pol) and KOD Hot Start DNA polymerase
(KOD) were from Novagen. Pfu Turbo Cx Hot Start was from
Stratagene. E. coli strain BL21-Gold (DE3) were purchased from
Stratagene and all others from Novagen.


Ligation independent cloning protocol


The engineering, construction and sequence of the pET-YSBLIC
vector from pET28a3C (Novagen) will be published elsewhere.
Pure pET-YSBLIC vector was linearised by incubation at 37 ◦C
for 110 min in a 1 mL restriction enzyme digest reaction, that
consisted of 50 lg pET-YSBLIC, 200U BseRI, 100 lL NEB Buffer
2 and water to 1 mL. The linearised pET-YSBLIC was run out
on an agarose gel and purified using a QIAquick gel extraction
kit (Qiagen). In order to generate single stranded overhangs in
the linearised vector, a T4 pol LIC preparation reaction was set
up that contained 4.0 pmol of linearised pET-YSBLIC, 20U of
T4 DNA polymerase, 40 lL of reaction buffer, 2.5 mM dTTP,
5 mM DTT and water to a final volume of 400 lL. The reaction
was mixed, divided into four 100 lL aliquots and these were
incubated in a thermal cycler for 30 min at 22 ◦C then for 20 min
at 75 ◦C. The four reactions were recombined and the linearised
vector was then purified using a QIAquick PCR purification
kit (Qiagen). The DNA concentration was determined using an
Eppendorf Biophotometer, thence adjusted to 50 ng lL−1 and
stored at −20 ◦C until required.


Ligation-independent cloning: PCR of six genes encoding BVases
from Mycobacterium tuberculosis H37Rv


PCR primers were designed using the resource at http://genome∼
ww2.stanford.edu/cgi∼bin/SGD/web∼primer. LIC-specific
ends were added (Forward: CACCACCACCAC; Reverse: GAG-
GAGAAGGCGCGTTA) to each gene specific primer. The final
primers used for each gene amplification are listed in Table 4. PCR
reactions were found to be template/product specific and the
successful conditions for each of the six genes are listed in Table 1.
Usual PCR mixture consisted of template DNA (50 ng lL−1)
0.5 lL; forward primer 0.4 lM; reverse primer 0.4 lM; 25 mM
MgSO4 2 lL; 2 mM deoxynucleotide triphosphate mix 5 lL;
KOD buffer 5 lL; KOD 1 lL and sterile deionised water to a final
volume of 50 lL. Extra additions are detailed in Table 1.


PCR products were cleaned prior to LIC reaction using the PCR
clean-up kit (Qiagen). The insert reaction contained: 0.2 pmol


PCR product; 2 lL T4 pol buffer; 2 lL 25 mM stock dATP;
1 lL 100 mM stock dithiothreitol; 0.4 lL T4 pol; water to a final
volume of 20 lL. The reaction was mixed and incubated at 22 ◦C
for 30 min and stopped with further incubation at 75 ◦C for 20 min.
2 lL of the reaction mixture was added to 1 lL of pET-YSBLIC
prepared vector (50 ng lL−1) and the reaction incubated at room
temperature for 10 min. 1 lL of 100 mM EDTA was added to
give a final volume of 4 lL, the reaction mixed and left at room
temperature for 10 min. A control reaction, in which the LIC
reaction was substituted by 2 lL water, was subjected to identical
conditions.


2 lL of LIC annealing reaction was added to 50 lL of NovaBlue
singles competent cells. The cells were incubated on ice for 5 min
then heat shocked at 42 ◦C for 30 s and again incubated on ice for
5 min. 100 lL of SOC medium was added and the cells incubated
at 37 ◦C with shaking for 60 min. 150 lL of the reaction mixture
was plated out onto LB agar containing 30 lg mL−1 kanamycin
and the plates incubated overnight at 37 ◦C. Colonies were used
to prepare stocks of plasmids for transformation into expression
strains using the Wizard SVMiniprep kit (Promega).


Expression in Escherichia coli B834 (DE3)


A single colony of E. coli B834 (DE3) transformed with the
relevant LIC plasmid construct was used to inoculate 2 mL of
LB broth with 30 lg mL−1 kanamycin. This was grown at 37 ◦C
overnight. 50 lL of this starter culture was used to inoculate 5 mL
of LB broth with 30 lg mL−1 kanamycin and the culture grown
until it had reached an optical density (A600) of 0.5. At this stage,
1 mM isopropylthiogalactopyranoside (IPTG) was added, and
growth continued at 20 ◦C overnight. The cells were harvested
by centrifugation and resuspended in 0.5 mL of 50 mM Tris-HCl
buffer pH 7.1, containing 20 lM phenylmethylsulfonylfluoride
and 1 mM dithiothreitol (henceforth referred to as buffer). The
total cell extracts were analysed by SDS-PAGE using established
protocols.


Biotransformations of test substrates


A single colony of E. coli B834 (DE3) transformed with the
relevant LIC plasmid construct was used to inoculate 2 mL of
LB broth with 30 lg mL−1 kanamycin. This was grown at 37 ◦C
overnight. 50 lL of this starter culture was used to inoculate 5 mL
of LB broth with 30 lg mL−1 kanamycin and the culture grown
until it had reached an optical density (A600) of 0.5. At this stage,
1 mM IPTG was added, and growth continued at 30 ◦C for 45 min.
Substrate (2.5 mg) in ethanol (50 lL) was then added and the
progress of the biotransformation reaction monitored by sampling
0.5 mL of the reaction mixture, extracting with ethyl acetate


Table 4 PCR primers used for amplification of genes encoding putative BVases from genomic and cosmid DNA of Mycobacterium tuberculosis H37Rv


ORF Forward primer Reverse primer


Rv0892 CACCACCACCACATGACCGGGCGATGTCCGACGGTTG GAGGAGAAGGCGCGTTATCAAGCGCTTTGAGGCCGACTAGTT
Rv0565c CACCACCACCACATGAGCGTGACTCCAAACGCCGGCT GAGGAGAAGGCGCGTTATCATGCCGCGCCGAACACCATTGCCT
Rv3854c CACCACCACCACATGACCGAGCACCTCGACGTTGTCA GAGGAGAAGGCGCGTTACTAAACCCCCACCGGGGCAGGCCTTT
Rv1393c CACCACCACCACATGATGCCCGACTACCACGCACTGAT GAGGAGAAGGCGCGTTACTAGCTGCTGATGCGGTAGTCGCCG
Rv3049c CACCACCACCACATGAGCATTGCCGATACGGCTGCCAA GAGGAGAAGGCGCGTTACTAGTTCGCCGCAGCGACCGTCGCG
Rv3083 CACCACCACCACATGAACCAGCATTTCGACGTCCTGA GAGGAGAAGGCGCGTTATCAGGCCGCCGCGTGGTCTTGGGCC
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(0.5 mL) and analysis of the organic extract by gas chromatog-
raphy.


For resting cell biotransformations of 2, a single colony of
E. coli B834 (DE3) transformed with the relevant LIC plasmid
construct was used to inoculate 5 mL of LB broth with 30 lg mL−1


kanamycin and the culture grown at 37 ◦C overnight. This was
used to inoculate 500 mL LB broth with 30 lg mL−1 kanamycin
and this large culture grown at 37 ◦C until it had reached an
optical density (A600) of 0.5. At this stage, 1 mM IPTG was
added, and growth continued overnight at 20 ◦C. The cells were
then harvested by centrifugation and washed once with 100 mL
buffer. The cell pellet was then resuspended in 50 mL buffer and
substrate (25 mg) in ethanol (0.5 mL) was added. The progress
of the biotransformation reaction was monitored by sampling
0.5 mL of the reaction mixture, extracting with ethyl acetate
(0.5 mL) and analysis of the organic extract by gas chromatog-
raphy. When the reaction had reached approximately 50% conver-
sion as determined by GC, or had reached an apparent plateau, the
cells were removed by centrifugation and the supernatant extracted
with 3 × 50 ml ethyl acetate. The combined organic fractions were
dried over anhydrous magnesium sulfate, filtered and the solvent
removed in vacuo. The residual ketone and product lactone were
separated by flash chromatography using a gradient of 0–40% ethyl
acetate in petroleum ether as the eluent.


Biotransformation of racemic bicyclo[3.2.0]hept-2-en-6-one in a
fermenter with E. coli B834 (DE3) pDB5 as the catalyst


A single colony of E. coli B834 (DE3) pDB5 was used to inoculate
a 10 mL starter culture of LB broth with 30 lg mL−1 kanamycin,
which was then grown at 37 ◦C overnight. This was then used to
inoculate 4 L of the same broth, to which had been added 1%
glucose, in a 6 L operating volume glass autoclaveable fermentor
from Applikon, fitted with a ADI1032 stirrer-controller and an
AD1010 biocontroller. The culture was grown at 37 ◦C with a
dissolved oxygen control loop determining the impeller speed. A
dissolved oxygen level of 60% was maintained throughout the bio-
transformation, at an air flow rate of 2 L min−1. Sodium hydroxide
(2 M) was added throughout growth and biotransformation to
keep the operating pH at 7.5. After the culture had reached an
optical density A600 of 1.8, 1 mM IPTG was added, and growth
continued for 45 min at 37 ◦C. Substrate (3 g, 0.028 mol, made
up to 30 mL with absolute ethanol) was then added via syringe to
the fermenter, and the biotransformation monitored using chiral
GC. When the (1S, 5R)-(−)-2 ketone was no longer detectable, the
culture was rapidly removed from the fermenter, the cells removed
by centrifugation, and the supernatant extracted into ethyl acetate.
Work up and chromatography were performed as described above,
yielding 570 mg (0.00532 mol, 19%) of (1R, 5S)-(+)-2. The identity
of the product lactone 6 was confirmed by 1H NMR, which was
in agreement with spectroscopic data in the literature.36


Gas chromatography


Non-chiral GC was performed on an Agilent 6890 gas chromato-
graph fitted with an HP5 column (30 m × 0.25 mm × 25 lm);
inlet temperature 250 ◦C; detector temperature 320 ◦C; column
temperature for analysis of biotransformations of substrates 1,
2, 3, 4: 100 ◦C for 3 min followed by a gradient of 100–200 ◦C


at 5 ◦C min−1. Chiral GC analysis was performed on the same
instrument fitted with an Agilent Cyclosil B column; column
temperature for analysis of ketone 2, 100–200 ◦C at 5 ◦C min−1.
(1S, 5R)-(−)-2, 10.5 min; (1R, 5S)-(+)-2, 11.4 min.
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3′-b-Carbamoylmethylcytidine (CAMC) and its derivatives were synthesized using an intramolecular
Reformatsky-type reaction promoted by SmI2 as the key step. In vitro tumor cell growth inhibitory
activity was evaluated and CAMC was found to exhibit potent cytotoxicity against various human
tumor cell lines. From a structure–activity relationship study it was postulated that the cytotoxic
mechanism of action of CAMC did not require phosphorylation at the 5′-hydroxyl group. This study
provides a novel strategy for the development of a new type of antitumor nucleoside.


Introduction


Considerable attention has been focused on branched-chain
sugar nucleosides because of their biological importance.2–16


We have developed stereoselective synthetic methods for
a variety of branched-chain sugar nucleosides. During the
course of this project,17–25 it was found that 2′-branched-chain
sugar nucleosides such as 1-(2-deoxy-2-methylene-b-D-erythro-
pentofuranosyl)cytosine (DMDC,26–30 1) and 1-(2-C-cyano-2-
deoxy-b-D-arabino-pentofuranosyl)cytosine (CNDAC,31–36 2) were
potent antitumor agents, and they are now under phase I clinical
studies (Fig. 1).37 Consequently, we thought it might be interesting
to investigate the biological activity of 3′-branched-chain ribonu-
cleosides, which may have efficient antitumor and/or antiviral ac-
tivity similar to that of 2′-branched-chain sugar nucleosides. Thus,
we synthesized 3′-b-branched-chain sugar ribonucleoside analogs
and found that 1-(3-C-ethynyl-b-D-ribo-pentofuranosyl)cytosine
(ECyd,38–50 3) had remarkably potent antitumor activity. It is also
under phase I study.37 However, despite the promising biological
activity of these compounds, few synthetic studies have been
reported51 because of the lack of efficient synthetic methods for the
preparation of 3′-b-branched-chain sugar ribonucleoside analogs.
ECyd was synthesized via the construction of the corresponding
3-ethynyl ribose derivative from D-xylose followed by the intro-
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Scheme 1 Synthetic strategy for 3′-b-branched-chain pyrimidine nucleosides.


Fig. 1 Structures of branched-chain nucleosides exhibiting antitumor
activity.


duction of a nucleobase via glycosylation.38,39,41,47 Although this
glycosylation is suitable for preparing sugar-modified nucleosides
with a variety of nucleobases, rather lengthy synthetic routes are
required. Therefore, we have developed an efficient and general
synthetic method for 3′-b-branched-chain sugar pyrimidine nucle-
osides starting from uridine as shown in Scheme 1.21 Introduction
of a carbon substituent at the 3′-b-position of the nucleoside was
achieved by the intramolecular SmI2


52–57-promoted Reformatsky-
type52 reaction of 5′-O-bromoacetyl-3′-ketouridine derivative A
(Scheme 1), in which the precursor of the carbon substituent was
installed at the b-face of the sugar moiety. Ring opening of the
resulting lactone B with a nucleophile should provide the target
3′-b-branched-chain sugar uridines. This method allowed us to
prepare a range of 3′-b-branched-chain pyrimidine ribonucleoside
analogs quite efficiently. During this study, we found that 3′-b-
carbamoylmethylcytidine (CAMC) showed cell growth inhibitory
activity against mouse leukemic L1210 cells. This finding is
rather unexpected because, from our previous structure–activity
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relationship studies of Ecyd,47 a less bulky carbon-substituent at
the 3′-b-position is very important for potent antitumor activity.
Namely, increasing the size of the 3′-b-substituent by introducing
the alkyl group at the terminal acetylene or changing the ethynyl
group to an ethenyl or an ethyl group resulted in decreased
cytotoxicity. Generally nucleoside antimetabolites have to be
metabolically activated by phosphorylation at the 5′-hydroxyl
group. This substituent–structure relationship would be strongly
related to the substrate specificity of the uridine–cytidine kinase
2 (UCK2).44,58–60 Therefore, the cytotoxic mechanism of action
of CAMC would be dissimilar to that of ECyd. With these
considerations in mind, we decided to elucidate the structure–
activity relationship of CAMC.


Chemistry


The structure–activity relationship study for ECyd explored only
alkyl, alkenyl, and alkynyl groups at the 3′-position and not
polar functional groups containing oxygen or nitrogen, which
would have the ability to form additional interactions with target
enzyme(s) by hydrogen bonding. Given the structure–activity
relationship associated with ECyd, it is important to introduce
a less-bulky carbon substituent at the 3′-b-position. It should be
noted that 1-(3-C-ethynyl-b-D-ribo-pentofuranosyl)uracil (EUrd),
a uracil counterpart of ECyd, also exhibited potent cytotoxicity.
Consequently, we decided to introduce carbamoylmethyl and
cyanomethyl groups, which could be easily prepared from the key
lactone B at the 3′-b-position of uridine and cytidine. The synthesis
of the 3′-b-branched-chain sugar pyrimidine nucleosides 4–7
(Fig. 2) is shown in Scheme 2. 2′-O-TBS-3′-ketouridine 8, which
was easily obtained from uridine in three steps,51 was acylated with


Scheme 2 Synthesis of compounds 4–7. Reagents and conditions: (a) BrCH2COBr, CH2Cl2, −78 ◦C (70%); (b) SmI2, THF, −78 ◦C (85%);
(c) NH3–MeOH, −70 ◦C (98%); (d) TBSCl, imidazole, DMF, room temperature (99%); (e) TsCl, pyridine, reflux (81%); (f) TPSCl, DMAP, Et3N,
MeCN, room temperature, then NH4OH (76% for 14, 99% for 15); (g) NH4F, MeOH (99% for 4, 99% for 5, 79% for 6, 99% for 7).


Fig. 2 Structures of target compounds.


a bromoacetyl group to give the 5′-O-bromoacetyl derivative 9,21


the precursor to the intramolecular Reformatsky-type reaction.
Treatment of 9 with 2 equiv of SmI2 in THF at −78 ◦C afforded
the desired lactone 10 in good yield while the Reformatsky reaction
with Zn failed to give 10 under standard conditions. This might
be due to the strong ability of the samarium enolate to chelate the
3′-carbonyl oxygen forming a six-membered transition state. Since
a THF solution of 9 was added dropwise to a solution of SmI2 in
THF, protection of the acidic NH group in a uracil moiety of 9
was unnecessary. Ammonolysis of the lactone 10 at −70 ◦C gave
the 3′-carbamoylmethyluridine derivative 11. When the reaction
was carried out at room temperature, a large amount of uracil
was obtained along with the desired 11. A retro-aldol reaction of
the hydroxylactone 10 followed by base-promoted b-elimination at
the 1′, 2′-position of the resulting 5′-O-acetyl-3′-ketouridine would
possibly explain the formation of uracil. The 5′-primary hydroxyl
group of 11 was protected with a TBS group to give 12, followed
by dehydration of the amide using p-TsCl in pyridine to provide
the 3′-cyanomethyl derivative 13. Compounds 12 and 13 both were
converted to the corresponding cytidine derivatives 14 and 15 by
way of their 4-(4-dimethylamino)pyridinium derivatives followed
by ammonolysis. Finally, treatment of 11, 13, 14 and 15 with NH4F
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in refluxing MeOH gave 3′-b-carbamoylmethyluridine (4), 3′-b-
cyanomethyluridine (5), 3′-b-carbamoylmethylcytidine (CAMC,
6) and 3′-b-cyanomethylcytidine (7), respectively.


Next, we studied the structure–activity relationship of
CAMC. As will be described in the biological activity section,
CAMC (6) exhibited a tumor cell growth inhibitory activity
against L1210 and KB cell lines. 3′-a-Carbamoylmethylcytidine
16, 3′-b-carbamoylcytidine 17 and 3′-b-carbamoylethylcytidine
18, which correspond to the 3′-epimer, one-carbon-truncated
and one-carbon-extended analogs of CAMC, respectively, were
designed to explore the suitable position of the carbamoyl group
(Fig. 3). Compound 16 was synthesized as shown in Scheme 3.
The aldol reaction between 21 and LiCH2CO2Et at −78 ◦C gave
the xylo-adduct 22 highly stereoselectively, and the corresponding
ribo-adduct was not obtained at all. The complete a-selectivity
exhibited in this reaction is typical of addition reactions of
nucleophiles to 3′-ketonucleoside derivatives when the 5′-hydroxyl
group is protected. This is one of the drawbacks in preparing 3′-
b-branched-chain sugar nucleosides.61 Thus, our method for the
preparation of 3′-b-branched pyrimidine nucleosides using the in-
tramolecular Reformatsky-type reaction was found to be effective.
In a manner similar to the preparation of the cytidine derivatives
14 and 15, 22 was converted to 23. Ammonolysis of 23 followed
by deprotection of the TBS groups afforded the desired 16.


The synthesis of 17 and 18 is summarized in Scheme 4. The
methyl ester 24 was prepared by a two-step sequence including
methanolysis of the lactone 10 followed by TBS protection of the
liberated 5′-hydroxyl group. Reduction of the methyl ester 24 with
DIBAL-H followed by mesylation of the resulting hydroxyl group
and displacement of the mesylate 26 with phenylselenide ion gave
27. Oxidation of 27 with mCPBA furnished a diastereomeric mix-
ture of selenoxides, which was heated to promote syn-elimination
to provide the 3′-ethenyluridine 28. Dihydroxylation of the alkene
followed by oxidative cleavage of the resulting diol gave the
aldehyde intermediate 29, which was further oxidized to give the


methyl ester 30 using I2 and KOH in MeOH. Conversion of 30 to
the cytosine derivative 31, followed by ammonolysis of the methyl
ester and deprotection of the TBS groups at the 2′ and 5′-hydroxyl
groups afforded the 3′-b-carbamoylcytidine 17. Wittig reaction
of the aldehyde 29 with Ph3P=CHCO2Et gave 32. Conversion to
the cytosine base and catalytic hydrogenation of the branched-
chain double bond gave 34. Finally, TBS deprotection followed by
ammonolysis provided the 3′-b-carbamoylethylcytidine 18.


A further series of CAMC analogs 19 and 20 shown in Fig. 3 was
also synthesized to elucidate the structure–activity relationship.
The N-alkyl amide analogs 19a–d were prepared in a manner
similar to the synthesis of CAMC, which is summarized in
Scheme 5. Ring opening of the key lactone 10 with N-methylamine,
N-ethylamine, N-benzylamine or N,N ′-dimethylamine gave the
corresponding N-alkyl amide analogs 35a–d, in good yields with
less retro-aldol reaction observed in the treatment of 10 with
methanolic ammonia, possibly because of the inherent increased
nucleophilicity of alkylamines compared to that of ammonia.
Protection of the liberated 5′-hydroxyl group with a TBS group
provided compounds 36a–d, which were converted to the cytosine
derivatives 37a–d by the same procedure as for the synthesis of 14.
Finally, deprotection of the TBS groups afforded the desired com-
pounds 19a–d. The N4-methylcytosine analog 20a and the N4,N4 ′-
dimethylcytosine analog 20b were also prepared as shown in
Scheme 6. Conversion of 12 to the 4-(4-dimethylamino)pyridinium
derivative followed by substitution with N-methylamine or N,N ′-
dimethylamine gave 38a,b. Subsequently, the TBS groups at the 2′


and 5′ positions were removed to provide the desired compounds
20a,b.


Biological activity


The in vitro tumor cell growth inhibitory activities of the newly
synthesized 3′-b-branched-chain sugar nucleoside analogs against
L1210 and KB cells were evaluated using the MTT assay, and the


Fig. 3 Structures of CAMC analogs.


Scheme 3 Synthesis of a-CAMC. Reagents and conditions: (a) LiCH2CO2Et, THF, −78 ◦C (95%); (b) TPSCl, DMAP, Et3N, MeCN, room temperature,
then NH4OH (71%); (c) NH3–MeOH, reflux; (d) NH4F, MeOH, reflux (2 steps 90%).
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Scheme 4 Synthesis of 17 and 18. Reagents and conditions: (a) K2CO3, MeOH, −20 ◦C; (b) TBSCl, imidazole, DMF, room temperature (2 times, 2
steps 87%); (c) DIBAL-H, THF, 0 ◦C (39%); (d) MsCl, DMAP, Et3N, CH2Cl2, 0 ◦C (92%); (e) PhSeSePh, NaBH4, EtOH, room temperature (98%);
(f) mCPBA, CH2Cl2, 0 ◦C, then DMF, 80 ◦C (2 steps 49%); (g) OsO4, NMO, aq. acetone, room temperature, then NaIO4 (h) I2, KOH, MeOH, room
temperature (80% from 28); (i) TPSCl, DMAP, Et3N, MeCN, room temperature, then NH4OH (97% for 30, 98% for 32); (j) NH3–MeOH, reflux;
(k) NH4F, MeOH, reflux (2 steps 87% for 17, 87% for 18); (l) Ph3P=CHCO2Et, CH2Cl2, room temperature (83%); (m) H2, Pd/C, MeOH, room
temperature (quant.).


Scheme 5 Synthesis of amide-substituted CAMCs. Reagents and condi-
tions: (a) R1R2NH–DMF, room temperature (99% for 35a, 99% for 35b,
99% for 35c, 85% for 35d); (b) TBSCl, imidazole, DMF, room temperature
(99% for 36a, 92% for 36b, 93% for 36c, 93% for 36d); (c) TPSCl, DMAP,
Et3N, MeCN, room temperature, then NH4OH (73% for 37a, 99% for 37b,
93% for 37c, 69% for 37d); (g) NH4F, MeOH (86% for 19a, 70% for 19b,
71% for 19c, 92% for 19d).


results are summarized in Table 1. Among 4–7, only CAMC (6)
was a potent inhibitor of tumor cell growth against L1210 and KB
cell lines, with IC50 values of 0.33 and 5.61 lM, respectively. We
next evaluated the inhibitory spectrum of CAMC on the growth of
various human tumor cell lines in vitro (Table 2). CAMC showed


Scheme 6 Synthesis of N4-substituted CAMCs. Reagents and conditions:
(a) TPSCl, DMAP, Et3N, MeCN, room temperature, then R1R2NH (94%
for 38a, 86% for 38b); (b) NH4F, MeOH, reflux (98%); (b) NH4F, MeOH,
reflux (80% for 20a, 76% for 20b).


a broad spectrum of cytotoxicity in a range of human tumor cell
lines although the activities were moderate.


The effect of CAMC on the synthesis of DNA (incorporation of
[3H]thymidine), RNA (incorporation of [3H]uridine), and protein
(incorporation of [3H]leucine) was also examined with L1210 cells
(Fig. 4). At 10 lg mL−1 concentrations of CAMC, DNA synthesis
was inhibited by 83%. In addition to DNA synthesis, RNA and
protein syntheses were also inhibited by 48 and 61%, respectively.
Although CAMC has a ribonucleoside structure, it inhibited not
only RNA synthesis, but also DNA and protein synthesis. It might
be suggested that the mode of action of CAMC in exhibiting tumor
cell growth inhibitory activities might not be the same as the known
nucleoside antimetabolites.


Most of the nucleoside antitumor agents have to be phospho-
rylated at the 5′-hydroxyl group by a nucleoside kinase to show
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Table 1 Growth inhibitory effects of 3′-b-branched nucleosides against
L1210 and KB cellsa


IC50/lM


L1210 KB


4 >100 >100
5 >100 >100
6 (CAMC) 0.33 5.61
7 74 >100
14 43 >100
16 >100 >100
17 >100 >100
18 73 100
19a >100 >100
19b 74 >100
19c >100 >100
19d >100 >100
20a 67 >100
20b 17 >100


a IC50 (lM) was given as a concentration of 50% inhibition of cell growth.


Table 2 Inhibitory effects of CAMC on several tumor cells in vitro


Cell lines Origin IC50
a/lM


MKN-28 Human stomach adenocarcinoma 11
MKN-45 Human stomach adenocarcinoma 12
KATO-III Human stomach adenocarcinoma 37
NUGC-4 Human stomach adenocarcinoma 10
AGS Human stomach adenocarcinoma 8.7
Colo320DM Human colon adenocarcinoma 10
HT-1080 Human fibrosarcoma 13
K562 Human leukemia 11
KB Human oral epidermal adenocarcinoma 5.7
L1210 Murine leukemia 0.33


a IC50 (lM) was given as a concentration of 50% inhibiton of cell growth.


Fig. 4 The effect of CAMC (6) on the synthesis of DNA, RNA, and
protein. After L1210 cells (2.5 × 105 cells/mL) were incubated for 24 h,
6 was added to the culture and incubated for 1 h. Before cell harvest,
cells were pulse-labelled for 30 min with [3H]thymidine, [3H]uridine or
[3H]leucin. The radioactivity of the acid-insoluble fractions was measured
by a liquid scintillation counter.


cytotoxic activity. In order to evaluate whether CAMC acts as an
antimetabolite in DNA and/or RNA synthesis, the competitive
inhibition assay against a range of natural nucleosides was
conducted. However, the tumor cell growth inhibitory activity
of CAMC was not reduced in the presence of the nucleosides,
including cytidine (Fig. 5). Since the phosphorylation of these
natural nucleosides by certain nucleoside and/or nucleotide


Fig. 5 Competitive effects of common nucleosides on the cytotoxicity of
CAMC (6) against the growth of L1210 cells. L1210 cells (104 cells/mL)
were seeded in a 96-well microplate, and treated with graded concentrations
of 6 and each common nucleosides were simultaneously added in tripicate
to each well. The plate was incubated for 3 d at 37 ◦C in a humidified
atmosphere of 5% CO2. The cytotoxicity of 6 was evaluated by MTT
assay.


kinases would be competitive with that of CAMC, the cytotoxicity
should be largely reduced if CAMC required phosphorylation
to show cytotoxicity. This suggests that CAMC possesses a
unique property to exhibit growth inhibitory activity without
phosphorylation of the 5′-hydroxyl group. This was also indicated
by the fact that the inhibitory activity against L1210 cells of the
2′,5′-di-O-TBS-protected CAMC 14 still remained (IC50 = 43 lM).
The cyanomethyl analog 7 had no activity and it was suggested
that the amide oxygen and/or amide hydrogen(s) are important
in exhibiting activity. In addition, the N4-amino functionality on
the nucleobase moiety is also a significant factor for the activity
as seen by comparison of 6 with the uridine analog 4.


To determine the structure–activity relationship of the car-
bamoyl group, we synthesized several CAMC analogs and evalu-
ated their activities (Table 1). The N4-alkyl derivatives 20a and 20b
showed weak cytotoxicity whereas the N-alkylamide derivatives
19a–d exhibited no cytotoxicity. These results suggested that both
hydrogen atoms on the carbamoyl group, which are hydrogen
bond donors, are necessary to exhibit tumor cell growth inhibitory
activity. The 3′-epimer of CAMC 18, the carbamoyl analog 19
and the carbamoylethyl analog 20 showed no cytotoxicity, which
would indicate that the orientation of the carbamoyl group is also
an important factor.


Phosphorylation of 5′-hydroxyl groups, the first metabolic step,
is one of the rate-limiting steps in the metabolic pathway of nucle-
oside derivatives and its efficiency sometimes plays an important
role in exhibiting cytotoxic activity. Generally, chemically modified
nucleosides result in decreased efficiency of phosphorylation,
which was also seen in the structure–activity relationship study of
ECyd. Development of antitumor nucleosides as antimetabolites
should overcome this drawback. This study suggests that CAMC
exhibited cytotoxic activity without phosphorylation, which is
unusual for antimetabolic nucleoside derivatives. The nucleoside
analog TSAO62 is an anti-HIV agent with HIV reverse transcrip-
tase (RT) inhibition as the mode of action. TSAO possesses TBS
groups at the 2′ and 5′ positions and inhibited HIV RT without
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phosphorylation of the 5′-hydroxyl group and is known as a
non-nucleoside RT inhibitor (NNRTI). However, an antitumor
nucleoside analog with the above-mentioned mechanism would
be very rare. Structurally, ECyd shares a similar structure to
CAMC as 3′-b-branched ribonucleoside analogs. However, it is
phosphorylated at 5′-hydroxyl group and exhibits more than one
order of magnitude more potent than CAMC. Different biological
activity would be due to the different mode of action between
these agents. Therefore, further study of the mechanism of action
of CAMC is needed to elucidate new targets of CAMC.


Conclusion


A series of 3′-b-branched pyrimidine nucleosides was synthesized
using an intramolecular Reformatsky-type reaction promoted by
SmI2 as the key step. Their tumor cell growth inhibitory activity
was evaluated and 3′-b-carbamoylmethylcytidine (CAMC, 6) was
found to exhibit potent tumor cell growth inhibitory activity. A
structure–activity relationship was conducted and it was found
that CAMC showed activity without phosphorylation at the 5′-
hydroxyl group. This study provided a novel strategy for the
development of a new type of antitumor nucleoside.


Experimental


General methods


NMR spectra were obtained on a JEOL EX270, JEOL GX270,
JEOL AL400 or Bruker ARX-500 and were reported in parts
per million (d) relative to tetramethylsilane (0.00 ppm) as an
internal standard otherwise noted. Coupling constant (J) was
reported in Hertz (Hz). Abbreviations of multiplicity were as
follows; s: singlet, d; doublet, t: triplet, q: quatlet, m: multiplet, br:
broad. Data were presented as follows; chemical shift (multiplicity,
integration, coupling constant). FAB-MS were obtained on a
JEOL JMS-HX101 or JEOL JMS-700TZ. Analytical thin layer
chromatography (TLC) was performed on Merck silica gel 60F254


plates. Normal-phase column chromatography was performed on
Merck silica gel 5715 or Kanto Chemical silica gel 60 N (neutral).
Flash column chromatography was performed on Merck silica gel
60. Dichloromethane and acetonitorile were distilled from P2O5


and then CaH2. Methanol was distilled from sodium metal or
directly used HPLC grade solvent from Kanto Chemical Co., Inc.
Toluene was distilled from sodium metal–benzophenone ketyl.
N,N-Dimethylformamide and dimethylsulfoxide were distilled
from CaH2 under reduced pressure or purchased in dehydrated
solvent from Kishida Chemical Co., Ltd. Tetrahydrofuran was
purchased in dehydrated stabilizer free solvent from Kanto
Chemical Co., Inc.


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(carbamoylmethyl)-b-
D-ribo-pentofuranosyl]cytosine (14). A solution of 1221 (1.05 g,
2.00 mmol), DMAP (487 mg, 4.00 mmol), and Et3N (0.28 mL,
4.00 mmol) in MeCN (50 mL) was treated with 2,4,6-
triisopropylbenzenesulfonyl chloride (TPSCl, 1.21 g, 4.00 mmol),
and the mixture was stirred at room temperature for 24 h. Then,
28% NH4OH (20 mL) was added, and the mixture was stirred
for additional 2 h. The mixture was evaporated under reduced
pressure, and the residue was purified by column chromatography


(SiO2, 20% MeOH–CHCl3) to give 14 (830 mg, 76%) as a white
solid: mp 160 ◦C (crystallized from MeOH–CHCl3): 1H NMR
(CDCl3, 500 MHz) d 8.04 (d, 1H, J = 8.2 Hz), 7.23 (br s, 1H), 6.31
(d, 1H, J = 7.2 Hz), 5.95 (br s, 1H), 5.49 (br s, 1H), 4.24 (br s, 1H),
4.06 (d, 1H, J = 7.3 Hz), 4.01 (d, 1H, J = 11.8 Hz), 3.89 (dd, 1H,
J = 2.0, 12.2 Hz), 2.61 (d, 1H, J = 15.1 Hz), 2.57 (d, 1H, J = 15.1
Hz), 0.96 (s, 9H), 0.85 (s, 9H), 0.17 (s, 3H), 0.06 (s, 3H), 0.01 (s,
3H), −0.10 (s, 3H); 13C NMR (CDCl3, 125 MHz) d173.0, 164.1,
156.2, 141.6, 92.9, 87.9, 85.3, 79.6, 26.3, 26.0, −4.4, −4.6, −5.1,
−5.4; FAB-MS m/z 530 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(cyanomethyl)-b-D-
ribo-pentofuranosyl]cytosine (15). Compound 15 was prepared
from 13 (102 mg, 0.20 mmol) as described above for the synthesis
of 14. After purification by column chromatography (SiO2, 5%
MeOH–CHCl3) to give 15 (110 mg, 99%) as a white glass: 1H
NMR (CDCl3, 500 MHz) d 7.75 (d, 1H, J = 7.4 Hz), 6.19 (d, 1H,
J = 6.8 Hz), 5.83 (d, 1H, J = 7.4 Hz), 4.18 (br s, 1H), 4.08 (d, 1H,
J = 6.7 Hz), 3.97 (dd, 1H, J = 2.7, 12.4 Hz), 3.93 (dd, 1H, J =
1.9, 12.4 Hz), 3.58 (s, 1H), 2.84 (d, 1H, J = 16.5 Hz), 2.67 (d, 1H,
J = 16.5 Hz), 0.96 (s, 9H), 0.89 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H),
0.02 (s, 3H), −0.06 (s, 3H); 13C NMR (CDCl3, 125 MHz) d164.7,
157.2, 147.9, 140.4, 122.3, 116.4, 97.2, 86.2, 84.3, 78.3, 62.5, 26.3,
26.0, −4.7, −4.8, −4.8, −4.9; FAB-MS m/z 511 (MH+).


1- [3-C - (Carbamoylmethyl) -b - D-ribo -pentofuranosyl]cytosine
(6). A mixture of 14 (105 mg, 0.20 mmol) and NH4F (148 mg,
4.01 mmol) in MeOH (10 mL) was heated under reflux for 2 h. The
mixture was evaporated under reduced pressure, and the residue
was partitioned between CHCl3 (20 mL) and H2O (20 mL). The
aqueous layer was washed CHCl3 (20 mL × 2) and evaporated
under reduced pressure. The residue was dissolved in H2O, and
the charcoal was added until the UV absorption of the solution
disappeared. The suspension was mounted on the column, and
the charcoal was washed with H2O (50 mL) and eluted with 50%
aqueous MeOH. The UV positive fractions were collected and
concentrated to give 6 (47.5 mg, 79%) as a white powder: mp
253 ◦C dec (H2O–MeOH): 1H NMR (DMSO-d6, 500 MHz) d 7.90
(d, 1H, J = 7.4 Hz), 7.47 (br s, 1H), 7.17 (br s, 2H), 7.05 (br s,
1H), 5.88 (d, 1H, J = 7.9 Hz), 5.75 (br s, 1H), 5.41 (d, 1H, J = 6.2
Hz), 5.22 (t, 1H, J = 4.5 Hz), 5.13 (s, 1H), 3.98 (dd, 1H, J = 7.1,
7.1 Hz), 3.93 (br s, 1H), 3.66 (ddd, 1H, J = 2.9, 4.5, 9.8 Hz), 3.57
(ddd, 1H, J = 2.4, 4.5, 9.8 Hz), 2.55 (d, 1H, J = 16.3 Hz), 2.49 (d,
1H, J = 16.3 Hz); 13C NMR (DMSO-d6, 100 MHz) d 173.1, 165.3,
156.0, 142.4, 94.5, 87.3, 86.7, 77.3, 77.2, 76.4, 61.0; FAB-MS m/z
253 (MH+); Anal. Calcd for C11H16N4O6: C, 44.00; H, 5.37; N,
18.66. Found: C, 43.79; H, 5.35; N, 18.37.


1-[3-C-(Cyanomethyl)-b-D-ribo-pentofuranosyl]cytosine (7).
Compound 7 was prepared from 15 (281 mg, 0.68 mmol) as
described above for the synthesis of 4. After purification by
desalting (charcoal, 50% aqueous MeOH) to give 7 (205 mg,
99%) as a white powder: 1H NMR (DMSO-d6, 500 MHz) d 7.83
(d, 1H, J = 7.5 Hz), 7.27 (br s, 2H), 5.89 (d, 1H, J = 7.8 Hz),
5.77 (d, 1H, J = 7.5 Hz), 5.63 (d, 1H, J = 6.0 Hz), 5.51 (t, 1H,
J = 4.4 Hz), 5.42 (s, 1H), 3.97 (dd, 1H, J = 6.0, 7.8 Hz), 3.89
(br s, 1H), 3.67 (ddd, 1H, J = 3.0, 4.4, 12.4 Hz), 3.62 (ddd, 1H,
J = 2.4, 4.4, 12.4 Hz), 2.86 (d, 1H, J = 17.0 Hz), 2.78 (d, 1H,
J = 17.0 Hz); 13C NMR (DMSO-d6, 125 MHz) d 165.5, 155.8,
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146.7, 118.2, 94.7, 87.2, 85.3, 76.0, 75.7, 60.4; FAB-MS m/z 283
(MH+); ESI-HRMS calcd for C11H14N4NaO5 305.0862, found
305.0852 (MNa+).


1 - [2,5 - Di - O - (tert - butyldimethylsilyl) - 3 - C - (ethoxycarbonyl-
methyl)-b-D-xylo-pentofuranosyl]uracil (22). n-Butyllithium
(1.51 mL, 2.50 mmol, 1.66 M solution in hexane) was added
dropwise to a solution of HMDS (528 mg, 2.50 mmol) in THF
(5 mL) at −10 ◦C and the mixture was stirred for 20 min, and
then cooled to −78 ◦C. Ethyl acetate (0.25 mL, 2.5 mmol) in THF
(5 mL) was added, and the mixture was stirred for 20 min at the
same temperature. A solution of 2163 (470 mg, 1.00 mmol) in THF
(2 mL) was added and the mixture was stirred for 30 min before
the addition of saturated aqueous NH4Cl (2 mL). The mixture
was partitioned between EtOAc (100 mL) and H2O (100 mL),
and the organic layer was washed with H2O (50 mL) and brine
(50 mL), dried (Na2SO4), filtered, and evaporated under reduced
pressure. The residue was purified by column chromatography
(SiO2, 40% EtOAc–hexane) to give 22 (547 mg, 95%) as a white
foam: 1H NMR (CDCl3, 500 MHz) d 7.95 (br s, 1H), 7.88 (d, 1H,
J = 8.2 Hz), 5.73 (s, 1H), 5.64 (dd, 1H, J = 2.2, 8.2 Hz), 4.47 (s,
1H), 4.26 (s, 1H), 4.19–4.12 (m, 3H), 4.02 (dd, 1H, J = 3.8, 11.1
Hz), 3.96 (dd, 1H, J = 4.5, 11.1 Hz), 2.82 (d, 1H, J = 17.0 Hz),
2.70 (d, 1H, J = 17.0 Hz), 1.27 (t, 3H, J = 8.0 Hz), 0.92 (s, 9H),
0.89 (s, 9H), 0.21 (s, 3H), 0.13 (s, 3H), 0.12 (s, 3H), 0.08 (s, 3H);
13C NMR (CDCl3, 125 MHz) d 172.1, 163.6, 150.4, 141.2, 100.8,
91.5, 84.1, 82.2, 79.4, 61.0, 35.9, 25.9, 25.8, 18.0, −4.3, −4.4,
−4.4; FAB-MS m/z 559 (MH+).


1 - [2,5 - Di - O - (tert - butyldimethylsilyl) - 3 - C - (ethoxycarbonyl-
methyl)-b-D-xylo-pentofuranosyl]cytosine (23). Compound 23
was prepared from 22 (450 mg, 0.81 mmol) as described above for
the synthesis of 14. After purification by chromatography (SiO2,
4% MeOH–CHCl3) to give 23 (318 mg, 71%) as a yellow foam: 1H
NMR (CDCl3, 500 MHz) d 7.85 (d, 1H, J = 8.6 Hz), 5.64 (br s,
1H), 5.71 (s, 1H), 4.28 (s, 2H), 4.18–4.10 (m, 3H), 4.03–3.98 (m,
2H), 2.82 (d, 1H, J = 17.1 Hz), 2.69 (d, 1H, J = 17.1 Hz), 1.25
(t, 3H, J = 7.1 Hz), 0.92 (s, 9H), 0.89 (s, 9H), 0.28 (s, 3H), 0.13
(s, 3H), 0.12 (s, 3H), 0.10 (s, 3H); NOE, irradiate H-3′′a (d 2.69),
observed at H-1′ (d 5.64, 1.1%); 13C NMR (CDCl3, 125 MHz) d
172.6, 166.3, 156.4, 142.9, 94.1, 93.3, 84.5, 82.6, 79.9, 61.5, 36.4,
26.5, 26.1, 18.6, −3.6, −3.6, 3.7, −4.9; FAB-MS m/z 558 (MH+).


1-[3-C -(Carbamoylmethyl)-b-D-xylo-pentofuranosyl]cytosine
(16). Compound 23 (106 mg, 0.20 mmol) was treated with
methanolic ammonia (20 mL), and the mixture was stirred at room
temperature for 2 h. The mixture was evaporated under reduced
pressure. The residue was dissolved in MeOH (5 mL), and the
solution was heated with NH4F (148 mg, 4.00 mmol) under reflux
for 2 h. The mixture was evaporated under reduced pressure. The
residue was suspended in aqueous MeOH, and the resulting white
solid was collected to give 16 (55 mg, 90%) as a white powder:
1H NMR (DMSO-d6, 500 MHz) d 7.75 (d, 1H, J = 7.4 Hz), 7.66
(br s, 1H), 7.27 (br s, 1H), 7.17 (br d, 2H), 5.99 (d, 1H, J = 4.9
Hz), 5.76 (s, 1H), 5.69 (d, 1H, J = 7.4 Hz), 5.61 (s, 1H), 4.80 (t,
1H, J = 4.6 Hz), 3.89 (d, 1H, J = 4.9 Hz), 3.80–3.70 (m, 2H), 3.57
(ddd, 1H, J = 2.4, 4.6, 13.0 Hz), 2.48 (d, 1H, J = 15.3 Hz), 2.41
(d, 1H, J = 15.3 Hz); 13C NMR (DMSO-d6, 125 MHz) d 172.0,
165.9, 156.4, 143.0, 94.1, 92.8, 84.4, 82.6, 79.9, 63.0; FAB-MS m/z


301 (MH+). FAB-HRMS calcd for C11H17N4O6 301.1070, found
301.1162 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(methoxycarbonyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (24). A solution of 10
(3.18 g, 8.00 mmol) in MeOH (50 mL) was treated with K2CO3


(1.10 g, 8.00 mmol) at −70 ◦C for 3 h. The remaining K2CO3


was filtered off, and the filtrate was evaporated under reduced
pressure. The residue in DMF (50 mL) was treated with imidazole
(3.26 g, 48.0 mmol) and TBSCl (3.62 g, 24.0 mmol) at room
temperature for 30 min. The mixture was partitioned between
EtOAc (150 mL) and H2O (150 mL), and the organic layer was
washed with H2O (150 mL) and brine (100 mL), dried (Na2SO4),
filtered, and evaporated under reduced pressure. The residue was
purified by column chromatography (SiO2, 25% EtOAc–hexane)
to give 24 (2.30 g, 84%) as a white foam: 1H NMR (CDCl3,
500 MHz) d 8.47 (br s, 1H), 7.98 (d, 1H, J = 8.1 Hz), 6.18 (d,
1H, J = 7.3 Hz), 5.72 (dd, 1H, J = 2.2, 8.1 Hz), 4.37 (s, 1H), 4.08
(d, 1H, J = 7.2 Hz), 4.06 (dd, 1H, J = 1.1, 11.8 Hz), 4.04 (d, 1H,
J = 7.3 Hz), 3.91 (dd, 1H, J = 2.1, 11.8 Hz), 3.73 (s, 3H), 3.08 (s,
1H), 2.81 (d, 1H, J = 15.6 Hz), 2.62 (d, 1H, J = 15.6 Hz), 0.95
(s, 9H), 0.90 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H), 0.03 (s, 3H), −0.08
(s, 3H); 13C NMR (CDCl3, 125 MHz) d 172.3, 163.2, 151.0, 140.5,
103.5, 86.1, 85.1, 78.8, 78.3, 63.3, 40.7, 26.2, 25.8, 18.5, 18.0, 11.7,
−4.4, −4.5, −5.1, −5.5; FAB-MS m/z 517 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(2-hydroxyethyl)-b-D-
ribo-pentofuranosyl]uracil (25). To a solution of 24 (2.90 g,
5.33 mmol) in THF (50 mL), DIBAL-H (21.7 mL, 0.93 M
solution in hexane, 21.3 mmol) was added dropwise at −20 ◦C
and the mixture was stirred for 2 h. After the addition of saturated
aqueous NH4Cl (20 mL), the mixture was extracted with EtOAc
(100 mL × 2). The combined organic layers were washed with
H2O (100 mL) and brine (50 mL), dried (Na2SO4), filtered, and
evaporated under reduced pressure. The residue was purified by
column chromatography (SiO2, 60% EtOAc–hexane) to give 25
(2.57 g, 39%) as a white foam and 24 (recovered, 1.25 g): 1H NMR
(CDCl3, 500 MHz) d 8.17 (br s, 1H), 8.03 (d, 1H, J = 8.4 Hz), 6.14
(d, 1H, J = 7.2 Hz), 5.72 (dd, 1H, J = 2.3, 8.2 Hz), 4.20 (s, 1H),
4.08 (d, 1H, J = 7.2 Hz), 4.00–3.88 (m, 4H), 2.92 (s, 1H), 2.31
(br s, 1H), 2.03 (ddd, 1H, J = 5.8, 11.9, 14.7 Hz), 1.81 (ddd, 1H,
J = 5.8, 11.3, 14.7 Hz), 0.95 (s, 9H), 0.90 (s, 9H), 0.14 (s, 3H), 0.13
(s, 3H), 0.04 (s, 3H), −0.07 (s, 3H); 13C NMR (CDCl3, 125 MHz)
d 163.0, 150.6, 103.0, 86.2, 85.5, 80.0, 78.6, 63.4, 58.6, 34.6, 18.3,
17.7, −4.5, −4.6, −4.7, −4.8; FAB-MS m/z 489 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(2-mesyloxyethyl)-b-
D-ribo-pentofuranosyl]uracil (26). A solution of 25 (2.03 g,
4.45 mmol), Et3N (935 lL) and DMAP (814 mg, 6.68 mmol)
in CH2Cl2 (30 mL) was treated with methanesulfonic anhydride
(1.16 g, 6.68 mmol), and the mixture was stirred at room
temperature for 30 min. After the addition of H2O (20 mL), the
organic layer was washed with brine (50 mL), dried (Na2SO4),
filtered, and evaporated under reduced pressure. The residue was
purified by column chromatography (SiO2, 40% EtOAc–hexane)
to give 26 (2.42 g, 92%) as a white foam: 1H NMR (CDCl3,
500 MHz) d 8.15 (br s, 1H), 8.00 (d, 1H, J = 8.0 Hz), 6.15 (d,
1H, J = 7.2 Hz), 5.73 (dd, 1H, J = 2.2, 8.0 Hz), 4.49–4.43 (m,
2H), 4.13–4.08 (m, 2H), 3.96 (dd, 1H, J = 1.6, 12.4 Hz), 3.90 (dd,
1H, J = 2.0, 12.4 Hz), 2.79 (s, 1H), 2.28 (ddd, 1H, J = 7.8, 14.4,
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15.0 Hz), 1.92 (ddd, 1H, J = 5.3, 11.1, 14.4 Hz), 0.96 (s, 9H),
0.89 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H), 0.04 (s, 3H), −0.07 (s, 3H);
13C NMR (CDCl3, 125 MHz) d 162.5, 150.4, 140.4, 103.1, 103.0,
86.0, 85.1, 78.3, 66.0, 63.4, 37.3, 32.3, 18.2, 17.8, −4.5, −4.6, −4.7,
−4.7; FAB-MS m/z 595 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(2-phenylselenylethyl)-
b-D-ribo-pentofuranosyl]uracil (27). A solution of diphenyl-
diselenide (1.47 g, 4.93 mmol) in EtOH (30 mL) was treated with
NaBH4 (610 mg, 16.1 mmol), and the mixture was stirred at room
temperature for 15 min. A solution of 26 (2.25 g, 3.97 mmol) in
EtOH (30 mL) was added, and the whole was stirred at 60 ◦C
for 1 h, and evaporated under reduced pressure. The residue was
dissolve in EtOAc (200 mL), and the solution was washed with
H2O (100 mL × 3) and brine (50 mL), dried (Na2SO4), filtered,
and evaporated under reduced pressure. The residue was purified
by column chromatography (SiO2, 30% EtOAc–hexane) to give
27 (2.44 g, 98%) as a white foam: 1H NMR (CDCl3, 500 MHz) d
7.98 (d, 1H, J = 8.1 Hz), 7.96 (br s, 1H), 7.50 (m, 2H), 7.25 (m,
3H), 6.11 (d, 1H, J = 7.2 Hz), 5.69 (dd, 1H, J = 2.2, 8.1 Hz), 4.11
(br s, 1H), 4.00 (d, 1H, J = 7.2 Hz), 3.91 (dd, 1H, J = 2.3, 12.0
Hz), 3.76 (d, 1H, J = 12.0 Hz), 3.21 (dt, 1H, J = 5.0, 12.0 Hz),
2.74 (dt, 1H, J = 5.0, 12.0 Hz), 2.62 (s, 1H), 2.12 (dt, 1H, J =
5.0, 14.1 Hz), 1.90 (dt, 1H, J = 5.0, 14.1 Hz), 0.94 (s, 9H), 0.81
(s, 9H), 0.13 (s, 3H), 0.11 (s, 3H), −0.10 (s, 3H), −0.13 (s, 3H);
13C NMR (CDCl3, 125 MHz) d 162.9, 150.6, 140.6, 133.3, 133.2,
129.8, 129.7, 127.5, 102.9, 86.3, 84.8, 79.7, 78.4, 63.4, 32.1, 26.0,
25.6, 11.5, −4.6, −4.7, −5.5, −5.6; FAB-MS m/z 657 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-ethenyl-b-D-ribo-pento-
furanosyl]uracil (28). A solution of 27 (2.38 g, 3.63 mmol) in
CH2Cl2 (25 mL) was treated with mCPBA (751 mg, 4.36 mmol)
at 0 ◦C, and the mixture was stirred for 10 min before the
addition of saturated aqueous Na2S2O3 (2 mL). The mixture was
partitioned between EtOAc (200 mL) and H2O (100 mL), and the
organic layers were washed with brine (50 mL), dried (Na2SO4),
filtered, and evaporated under reduced pressure. The residue was
dissolved in DMF (50 mL), and the solution was heated at 60 ◦C
for 1 h. The mixture was partitioned between EtOAc (200 mL)
and H2O (200 mL), and the organic layers were washed with H2O
(200 mL) brine (50 mL), dried (Na2SO4), filtered, and evaporated
under reduced pressure. The residue was purified by column
chromatography (SiO2, 25% EtOAc–hexane) to give 28 (851 mg,
49%) as a white foam and 27 (recovered, 990 mg, 47%): 1H NMR
(CDCl3, 500 MHz) d 8.11 (br s, 1H), 8.03 (d, 1H, J = 8.0 Hz), 6.22
(d, 1H, J = 7.4 Hz), 6.02 (dd, 1H, J = 10.5, 17.1 Hz), 5.73 (dd,
1H, J = 2.1, 8.0 Hz), 5.65 (dd, 1H, J = 1.6, 17.1 Hz), 5.39 (dd,
1H, J = 1.6, 10.5 Hz), 4.14 (d, 1H, J = 7.4 Hz), 4.03 (br s, 1H),
3.86 (dd, 1H, J = 2.2, 11.5 Hz), 3.65 (d, 1H, J = 11.5 Hz), 2.82 (s,
1H), 0.94 (s, 9H), 0.83 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), −0.05 (s,
3H), −0.09 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 163.1, 150.6,
140.5, 136.2, 118.6, 102.9, 86.7, 86.3, 80.5, 79.4, 63.4, 18.3, 17.7,
−4.4, −4.4, −4.9, −4.9; FAB-MS m/z 657 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(methoxycarbonyl)-b-
D-ribo-pentofuranosyl]uracil (30). A solution of 28 (200 mg,
0.40 mmol) and 4-methylmorphrine N-oxide (48 mg, 0.80 mmol)
in acetone–H2O (9 : 1, 10 mL) was treated with OsO4 (5 mg/1 mL
t-BuOH solution, 0.50 mL, 0.20 mL), and the mixture was stirred
at room temperature for 3 d. NaIO4 (87 mg, 0.40 mmol) was


added, and the mixture was stirred for additional 10 min. The
mixture was partitioned between EtOAc (200 mL) and H2O
(100 mL), and the organic layers were washed with brine (50 mL),
dried (Na2SO4), filtered, and evaporated under reduced pressure
to give the crude aldehyde 29, which was used in the next step
without further purification. A solution of the aldehyde 29 in
CH2Cl2 (10 mL) was treated with a solution of I2 (132 mg,
0.52 mmol) and KOH (58 mg, 1.04 mmol) in MeOH, and the
mixture was stirred at 0 ◦C for 1 h. The mixture was neutralized
with 1 M aqueous HCl and partitioned between EtOAc (100 mL)
and H2O (100 mL), and the organic layers were washed with brine
(50 mL), dried (Na2SO4), filtered, and evaporated under reduced
pressure. The residue was purified by column chromatography
(SiO2, 25% EtOAc–hexane) to give 30 (161 mg, 80%) as a white
foam: 1H NMR (CDCl3, 500 MHz) d 8.20 (br s, 1H), 7.74 (d, 1H,
J = 8.2 Hz), 6.06 (d, 1H, J = 7.3 Hz), 5.77 (dd, 1H, J = 3.7, 11.3
Hz), 3.80 (s, 3H), 3.78 (dd, 1H, J = 3.7, 11.3 Hz), 3.57 (s, 1H),
0.91 (s, 9H), 0.85 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.04 (s, 3H),
−0.01 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 170.5, 163.0, 150.6,
140.4, 103.4, 86.7, 86.0, 79.9, 62.7, 52.9, 26.1, 25.7, 18.6, 18.1,
−4.7, −4.7, −5.2, −5.6; FAB-MS m/z 531 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(methoxycarbonyl)-b-
D-ribo-pentofuranosyl]cytosine (31). Compound 31 was prepared
from 28 (79.5 mg, 0.15 mmol) as described above for the synthesis
of 14. After purification by column chromatography (SiO2, 1%
MeOH–CHCl3) to give 31 (78 mg, 97%) as a white foam: 1H
NMR (CDCl3, 500 MHz) d 7.75 (d, 1H, J = 7.4 Hz), 6.17 (d, 1H,
J = 6.9 Hz), 5.80 (d, 1H, J = 7.4 Hz), 4.62 (d, 1H, J = 6.9 Hz),
4.12 (t, 1H, J = 3.7 Hz), 3.86 (dd, 1H, J = 3.9, 16.2 Hz), 3.79
(dd, 1H, J = 3.9, 16.2 Hz), 3.78 (s, 3H), 3.77 (s, 1H), 0.90 (s, 9H),
0.84 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H), 0.00 (s, 3H), −0.02 (s, 3H);
FAB-MS m/z 511 (MH+).


1-[3-C-(Carbamoyl)-b-D-ribo-pentofuranosyl]cytosine (17). A
solution of 30 (20.5 mg, 0.04 mmol) was dissolved in methanolic
ammonia (10 mL, saturated at 0 ◦C) and heated at 80 ◦C in a
sealed tube for 24 h. The mixture was allowed to cool to room
temperature and evaporated under reduced pressure. The residue
in MeOH (10 mL) containing NH4F (20 mg, 0.80 mmol) was
heated under reflux for 2 h. The mixture was evaporated under
reduced pressure, and the residue was partitioned between CHCl3


(50 mL) and H2O (50 mL). The aqueous layer was washed CHCl3


(50 mL × 2) and evaporated under reduced pressure. The residue
was dissolved in H2O, and the charcoal was added until the
UV absorption of the solution disappeared. The suspension was
mounted on the column, and the charcoal was washed with H2O
(50 mL) and eluted with 50% aqueous MeOH. The UV positive
fractions were collected and concentrated to give 17 (10.8 mg, 2
steps 87%) as a white powder: 1H NMR (DMSO-d6, 500 MHz) d
7.87 (d, 1H, J = 7.3 Hz), 7.50 (br s, 1H), 7.39 (br s, 1H), 7.21 (br s,
1H), 7.14 (br s, 1H), 5.92 (d, 1H, J = 7.0 Hz), 5.77 (d, 1H, J = 7.4
Hz), 5.75 (d, 1H, J = 6.1 Hz), 5.60 (s, 1H), 4.80 (t, 1H, J = 5.3 Hz),
4.26 (dd, 1H, J = 6.1, 7.0 Hz), 3.76 (br s, 1H), 3.45 (m, 2H); 13C
NMR (DMSO-d6, 125 MHz) d 174.5, 171.9, 165.4, 155.5, 141.7,
94.7, 86.9, 86.4, 79.2, 76.2, 61.2; EI-MS m/z 286 (M+); ESI-HRMS
calcd for C10H14N4NaO6 309.0811, found 309.0822 (MNa+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(trans-ethoxycarbonyl-
ethenyl)-bD-ribo-pentofuranosyl]uracil (32). A solution of 28
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(200 mg, 0.40 mmol) and NMO (48 mg, 0.80 mmol) in acetone–
H2O (9 : 1, 10 mL) was treated with OsO4 (5 mg/1 mL t-BuOH
solution, 0.50 mL, 0.20 mL), and the mixture was stirred at
room temperature for 3 d. NaIO4 (87 mg, 0.40 mmol) was added,
and the mixture was stirred for additional 10 min. The mixture
was partitioned between EtOAc (200 mL) and H2O (100 mL),
and the organic layers were washed with brine (50 mL), dried
(Na2SO4), filtered, and evaporated under reduced pressure to
give crude aldehyde 29, which was used in the next step without
further purification. A solution of the aldehyde 29 in CH2Cl2


(10 mL) was treated with a solution of Ph3P=CHCO2Et (167 mg,
0.48 mmol), and the mixture was stirred at room temperature for
1 h. The mixture was evaporated under reduced pressure, and
the residue was purified by column chromatography (SiO2, 25%
EtOAc–hexane) to give 32 (194 mg, 85%) as a white foam: 1H
NMR (CDCl3, 500 MHz) d 8.04 (d, 1H, J = 8.1 Hz), 8.01 (br s,
1H), 7.10 (d, 1H, J = 15.5 Hz), 6.35 (d, 1H, J = 15.5 Hz), 6.23
(d, 1H, J = 7.3 Hz), 5.75 (dd, 1H, J = 2.1, 8.1 Hz), 4.26 (d, 1H,
J = 7.3 Hz), 4.26 (q, 2H, J = 7.2 Hz), 4.12 (br s, 1H), 3.89 (dd,
1H, J = 2.2, 11.8 Hz), 3.63 (d, 1H, J = 11.8 Hz), 3.03 (s, 1H),
1.30 (t, 3H, J = 7.2 Hz), 1.00 (s, 9H), 0.82 (s, 9H), 0.19 (s, 3H),
0.18 (s, 3H), −0.08 (s, 3H), −0.07 (s, 3H); 13C NMR (CDCl3, 125
MHz) d 165.7, 162.9, 150.6, 145.9, 140.3, 125.3, 103.4, 87.0, 86.8,
80.6, 79.6, 63.5, 60.8, 26.2, 25.6, 14.5, −4.4, −4.8, −5.2, −5.6;
FAB-MS m/z 572 (MH+).


1 - [2,5 - Di - O - (tert - butyldimethylsilyl) - 3 - C - (ethoxycarbonyl-
ethenyl)-b-D-ribo-pentofuranosyl]cytosine (33). Compound 33
was prepared from 32 (80 mg, 0.14 mmol) as described above for
the synthesis of 14. After purification by column chromatography
(SiO2, 4% MeOH–CHCl3), 33 (78 mg, 98%) was obtained as a
white foam: 1H NMR (CDCl3, 500 MHz) d 7.92 (d, 1H, J = 7.5
Hz), 7.10 (d, 1H, J = 15.3 Hz), 7.02 (br s, 2H), 6.33 (d, 1H, J =
15.3 Hz), 6.32 (d, 1H, J = 7.5 Hz), 5.96 (d, 1H, J = 7.2 Hz), 4.18
(m, 3H), 4.06 (br s, 1H), 3.82 (br d, 1H, J = 11.3 Hz), 3.59 (br d,
1H, J = 11.3 Hz), 3.42 (s, 1H), 1.29 (t, 3H, J = 7.2 Hz), 0.96 (s,
9H), 0.74 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H), −0.01 (s, 3H), −0.17
(s, 3H); FAB-MS m/z 569 (MH+).


1 - [2,5 - Di - O - (tert - butyldimethylsilyl) - 3 - C - (ethoxycarbonyl-
ethyl)-b-D-ribo-pentofuranosyl]cytosine (34). A solution of 33
(57 mg, 0.10 mmol) and 10% Pd/C (10 mg) in MeOH (5 mL)
was vigorously stirred under H2 atmosphere at room temperature
for 30 min. The catalyst was filtered off, and the filtrate was
evaporated under reduced pressure. The residue was purified by
column chromatography (SiO2, 4% MeOH–CHCl3) to give 34
(58 mg, quant.) as a white foam: 1H NMR (CDCl3, 500 MHz)
d 7.75 (d, 1H, J = 7.4 Hz), 6.18 (d, 1H, J = 7.6 Hz), 5.76 (d, 1H,
J = 7.4 Hz), 4.18 (q, 2H, J = 7.4 Hz), 4.21 (br s, 1H), 3.94 (dd,
1H, J = 2.9, 12.1 Hz), 3.74 (dd, 1H, J = 2.0, 11.3 Hz), 3.67 (s,
1H), 2.63 (ddd, 1H, J = 1.2, 3.0, 12.8 Hz), 2.31 (ddd, 1H, J = 2.8,
6.9, 12.8 Hz), 1.28 (t, 3H, J = 7.4 Hz), 0.96 (s, 9H), 0.84 (s, 9H),
0.14 (s, 3H), 0.13 (s, 3H), −0.02 (s, 3H), −0.18 (s, 3H); FAB-MS
m/z 571 (MH+).


1-[3-C-(Carbamoylethyl)-b-D-ribo-pentofuranosyl]cytosine (18).
A solution of 33 (20.5 mg, 0.04 mmol) and NH4F (20 mg,
0.80 mmol) in MeOH (10 mL) was heated under reflux for 2 h. The
mixture was evaporated under reduced pressure, and the residue
was dissolved in methanolic ammonia (10 mL, saturated at 0 ◦C).


The mixture was heated at 80 ◦C in a sealed tube for 24 h and
allowed cool to room temperature. The mixture was evaporated
under reduced pressure. The residue was partitioned between
CHCl3 (10 mL) and H2O (50 mL). The aqueous layer was washed
CHCl3 (10 mL × 2) and evaporated under reduced pressure. The
residue was dissolved in H2O, and the charcoal was added until UV
absorption of the solution was disappeared. The suspension was
mounted on the column, and the charcoal was washed with H2O
(50 mL) and eluted with 50% aqueous MeOH. The UV positive
fractions were collected and concentrated to give 18 (8.2 mg, 2
steps 87%) as a white powder: 1H NMR (DMSO-d6, 500 MHz) d
7.92 (d, 1H, J = 7.5 Hz), 7.21 (br s, 1H), 7.14 (br s, 1H), 7.29 (br s,
1H), 6.71 (br s, 1H), 5.84 (d, 1H, J = 7.8 Hz), 5.74 (d, 1H, J = 7.4
Hz), 5.24 (d, 1H, J = 6.6 Hz), 5.14 (t, 1H, J = 3.8 Hz), 4.70 (s,
1H), 3.93 (dd, 1H, J = 6.6, 7.8 Hz), 3.76 (br s, 1H), 3.51 (m, 2H),
2.31 (ddd, 1H, J = 5.6, 10.7, 15.7 Hz), 2.17 (ddd, 1H, J = 5.1,
10.8, 15.7 Hz), 1.87 (ddd, 1H, J = 5.1, 5.6, 13.6 Hz), 1.76 (ddd,
1H, J = 10.7, 13.6, 10.8 Hz); 13C NMR (DMSO-d6, 125 MHz) d
175.4, 165.4, 155.7, 142.9, 94.6, 88.0, 87.0, 77.9, 77.0, 61.1, 29.6,
29.2; EI-MS m/z 316 (M+); ESI-HRMS calcd for C12H18N4NaO6


337.1124, found 337.1124 (MNa+).


1 - [2 - O - (tert - Butyldimethylsilyl) - 3 - C - (N - methylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (35a). A solution of 10
(398 mg, 1.00 mmol) containing methylamine hydrochloride
(333 mg, 5.00 mmol) and Et3N (0.7 mL, 5.00 mmol) in DMF
(5 mL) was stirred at room temperature for 7 h. The mixture was
partitioned between EtOAc (100 mL) and H2O (100 mL). The
organic layer was washed with H2O (100 mL) and brine (50 mL),
dried (Na2SO4), filtered, and evaporated under reduced pressure.
The residue was purified by column chromatography (SiO2, 4%
MeOH–CHCl3) to give 35a (456 mg, 99%) as a yellow glass: 1H
NMR (CDCl3, 500 MHz) d 8.15 (br s, 1H), 7.70 (d, 1H, J = 8.2
Hz), 6.60 (d, 1H, J = 4.7 Hz), 5.79 (dd, 1H, J = 2.2, 8.2 Hz), 6.17
(d, 1H, J = 7.3 Hz), 4.27 (br s, 1H), 3.88 (dd, 1H, J = 2.4, 12.6
Hz), 3.76 (dd, 1H, J = 1.2, 12.6 Hz), 3.54 (s, 1H), 2.83 (d, 3H,
J = 4.7 Hz), 2.80 (d, 1H, J = 15.7 Hz), 2.56 (d, 1H, J = 15.7 Hz),
0.89 (s, 9H), 0.63 (s, 3H), −0.01 (s, 3H); 13C NMR (DMSO-d6, 125
MHz) d 170.9, 162.6, 104.6, 85.2, 85.0, 77.1, 76.9, 59.7, 25.6, 24.8,
−4.5, −4.6; FAB-MS m/z 430 (MH+).


1 - [2 - O - (tert - Butyldimethylsilyl) - 3 - C - (N - ethylcarbamoyl -
methyl)-b-D-ribo-pentofuranosyl]uracil (35b). Compound 35b
was prepared from 10 (398 mg, 1.00 mmol), ethylamine (408 mg,
5.00 mmol), and Et3N (0.7 mL, 5.00 mmol) as described above for
the synthesis of 35a. After purification by column chromatography
(SiO2, 5% MeOH–CHCl3) to give 35b (462 mg, 99%) as a yellow
glass: 1H NMR (CDCl3, 500 MHz) d 9.28 (br s, 1H), 7.78 (d, 1H,
J = 8.1 Hz), 6.80 (d, 1H, J = 5.3 Hz), 5.79 (d, 1H, J = 7.3 Hz),
5.71 (dd, 1H, J = 2.2, 8.1 Hz), 4.40 (d, 1H, J = 7.3 Hz), 4.20 (br s,
1H), 4.17 (s, 1H), 4.01 (br s, 1H), 3.80 (dd, 1H, J = 1.0, 12.1 Hz),
3.73 (dd, 1H, J = 5.0, 12.1 Hz), 3.26 (dq, 2H, J = 5.3, 7.1 Hz),
2.73 (d, 1H, J = 15.7 Hz), 2.51 (d, 1H, J = 15.7 Hz), 1.12 (t, 3H,
J = 7.1 Hz), 0.89 (s, 9H), 0.63 (s, 3H), −0.01 (s, 3H); FAB-MS
m/z 444 (MH+).


1 - [2 - O - (tert - Butyldimethylsilyl) - 3 - C - (N - benzylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (35c). Compound 35c
was prepared from 10 (398 mg, 1.00 mmol), benzylamine (546 lM,
5.00 lmol), and Et3N (0.7 mL, 5.00 mmol) as described above for
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the synthesis of 35a. After purification by column chromatography
(SiO2, 5% MeOH–CHCl3) to give 35c (405 mg, 80%) as a colorless
glass: 1H NMR (CDCl3, 500 MHz) d 8.10 (br s, 1H), 8.05 (d, 1H,
J = 8.3 Hz), 7.35–7.33 (m, 5H), 7.15 (t, 1H, J = 5.6 Hz), 6.15 (d,
1H, J = 7.3 Hz), 5.72 (dd, 1H, J = 2.3, 8.1 Hz), 4.56 (d, 2H, J =
11.2 Hz), 4.19 (br s, 1H), 4.07 (d, 1H, J = 7.3 Hz), 3.87 (dd, 1H,
J = 1.2, 12.5 Hz), 3.82 (dd, 1H, J = 2.1, 12.5 Hz), 3.40 (br s, 1H),
2.68 (d, 1H, J = 15.5 Hz), 2.44 (d, 1H, J = 15.5 Hz), 0.89 (s, 9H),
0.18 (s, 3H), −0.07 (s, 3H); 13C NMR (DMSO-d6, 100 MHz) d
169.9, 162.7, 150.9, 140.6, 140.5, 102.5, 86.8, 86.7, 84.8, 77.7, 77.6,
77.4, 60.7, 37.1, 35.7, 34.8, 25.5, −4.5, −4.6, −5.0, −5.0; EI-MS
m/z 316 (M+).


1-[2-O-(tert-Butyldimethylsilyl)-3-C-(N ,N ′-dimethylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (35d). Compound 35d
was prepared from 10 (398 mg, 1.00 mmol), dimethylamine
hydrochloride (408 mg, 5.00 mmol), and Et3N (0.7 mL,
5.00 mmol) as described above for the synthesis of 35a. After
purification by column chromatography (SiO2, 5% MeOH–
CHCl3) to give 35c (441 mg, 99%) as a yellow glass: 1H NMR
(CDCl3, 500 MHz) d 8.19 (br s, 1H), 7.32 (d, 1H, J = 8.0 Hz),
5.77 (dd, 1H, J = 2.2, 8.0 Hz), 5.41 (d, 1H, J = 7.7 Hz), 4.75 (d,
1H, J = 7.7 Hz), 4.39 (br s, 1H), 3.83 (dd, 1H, J = 2.3, 13.1 Hz),
3.57 (dd, 1H, J = 1.0, 13.1 Hz), 3.03 (s, 3H), 2.97 (s, 3H), 2.99 (d,
1H, J = 16.5 Hz), 2.75 (d, 1H, J = 16.5 Hz), 0.89 (s, 9H), 0.16
(s, 3H), −0.06 (s, 3H); 13C NMR (DMSO-d6, 125 MHz) d 169.9,
162.8, 151.1, 140.8, 102.5, 86.4, 85.0, 77.5, 60.7, 33.3, 25.5, 17.5,
14.5, −4.6, −4.6; FAB-MS m/z 444 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(N-methylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (36a). Compound 36a
was prepared from 35a (300 mg, 0.70 mmol) as described above for
the synthesis of 12. After purification by column chromatography
(SiO2, 40% EtOAc–hexane) to give 36a (398 mg, 99%) as a white
foam: 1H NMR (CDCl3, 500 MHz) d 8.06 (br s, 1H), 8.03 (d, 1H,
J = 8.2 Hz), 6.79 (d, 1H, J = 4.7 Hz), 6.16 (d, 1H, J = 7.2 Hz),
5.73 (dd, 1H, J = 2.2, 8.1 Hz), 4.22 (br s, 1H), 4.06 (d, 1H, J = 7.2
Hz), 3.88 (br s, 2H), 3.52 (s, 1H), 2.81 (d, 3H, J = 4.7 Hz), 2.63
(d, 1H, J = 15.5 Hz), 2.51 (d, 1H, J = 15.5 Hz), 0.96 (s, 9H), 0.89
(s, 9H), 0.18 (s, 3H), 0.10 (s, 3H), 0.03 (s, 3H), −0.06 (s, 3H); 13C
NMR (CDCl3, 125 MHz) d 170.2, 163.2, 151.0, 140.7, 103.4, 86.3,
85.2, 78.8, 78.5, 63.4, 40.7, 26.2, 25.8, −4.4, −4.5, −5.0, −5.5;
FAB-MS m/z 544 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(N -ethylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (36b). Compound 36 was
prepared from 35b (222 mg, 0.50 mmol) as described above for
the synthesis of 12. After purification by column chromatography
(SiO2, 40% EtOAc–hexane) to give 36b (257 mg, 92%) as a white
foam: 1H NMR (CDCl3, 500 MHz) d 8.01 (d, 1H, J = 8.1 Hz),
7.70 (br s, 1H), 6.81 (br s, 1H), 6.16 (d, 1H, J = 7.1 Hz), 5.73 (d,
1H, J = 8.2 Hz), 4.21 (br s, 1H), 4.05 (d, 1H, J = 7.2 Hz), 3.87
(br s, 2H), 3.28 (q, 2H, J = 7.3 Hz), 2.60 (d, 1H, J = 15.4 Hz), 2.50
(d, 1H, J = 15.4 Hz), 1.13 (t, 3H, J = 7.3 Hz), 0.94 (s, 9H), 0.88 (s,
9H), 0.16 (s, 6H), 0.08 (s, 3H), −0.08 (s, 3H); 13C NMR (CDCl3,
125 MHz) d 170.0, 162.5, 151.2, 102.5, 86.5, 85.0, 77.6, 77.4, 60.6,
33.3, 25.9, 25.0, 17.6, 14.7, −4.7, −4.8, −5.2, −5.6; FAB-MS m/z
544 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(N -benzylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]uracil (36c). Compound 36c


was prepared from 35c (404 mg, 0.80 mmol) as described above for
the synthesis of 12. After purification by column chromatography
(SiO2, 40% EtOAc–hexane) to give 36c (460 mg, 93%) as a colorless
glass: 1H NMR (CDCl3, 500 MHz) d 8.06 (br s, 1H), 8.01 (d, 1H,
J = 8.3 Hz), 7.37–7.26 (m, 5H), 7.13 (t, 1H, J = 5.7 Hz), 6.15 (d,
1H, J = 7.3 Hz), 5.72 (dd, 1H, J = 2.3, 8.1 Hz), 4.46 (t, 2H, J =
11.6 Hz), 4.19 (br s, 1H), 4.07 (d, 1H, J = 7.3 Hz), 3.87 (dd, 1H,
J = 1.2, 12.5 Hz), 3.82 (dd, 1H, J = 2.1, 12.5 Hz), 3.40 (br s, 1H),
2.68 (d, 1H, J = 15.5 Hz), 2.44 (d, 1H, J = 15.5 Hz), 0.96 (s, 9H),
0.89 (s, 9H), 0. 18 (s, 3H), 0.17 (s, 3H), 0.03 (s, 3H), −0.07 (s, 3H);
13C NMR (CDCl3, 125 MHz) d 169.4, 150.8, 140.6, 138.5, 128.5,
128.0, 127.8, 103.4, 86.2, 85.2, 78.8, 78.6, 63.3, 43.7, 41.0, 26.3,
25.8, −4.3, −4.4, −4.5, −5.3; FAB-MS m/z 620 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(N ,N ′-dimethylcarb-
amoylmethyl)-b-D-ribo-pentofuranosyl]uracil (36d). Compound
36d was prepared from 35d (192 mg, 0.44 mmol) as described
above for the synthesis of 12. After purification by column
chromatography (SiO2, 40% EtOAc–hexane) to give 36d (205 mg,
85%) as a yellow glass: 1H NMR (CDCl3, 500 MHz) d 7.97 (br s,
1H), 7.88 (d, 1H, J = 8.1 Hz), 6.23 (d, 1H, J = 7.5 Hz), 5.71 (dd,
1H, J = 2.3, 8.1 Hz), 4.46 (br s, 1H), 4.04 (d, 1H, J = 7.4 Hz),
3.88 (dd, 1H, J = 1.2, 12.0 Hz), 3.86 (dd, 1H, J = 2.4, 12.0 Hz),
3.51 (s, 3H), 2.80 (d, 1H, J = 16.3 Hz), 2.71 (d, 1H, J = 16.3 Hz),
0.95 (s, 9H), 0.90 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H), 0.04 (s, 3H),
−0.07 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 170.2, 162.8, 150.4,
140.5, 102.8, 102.7, 86.5, 85.8, 78.6, 78.6, 63.5, 37.3, 35.4, 25.9,
25.6, −4.5, −4.5, −4.6, −4.7; FAB-MS m/z 558 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(N-methylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]cytosine (37a). Compound 37a
was prepared from 36a (217 mg, 0.40 mmol) as described above for
the synthesis of 14. After purification by column chromatography
(SiO2, 10% MeOH–CHCl3) to give 37a (157 mg, 73%) as a white
glass: 1H NMR (CDCl3, 500 MHz) d 8.06 (d, 1H, J = 8.2 Hz),
7.05 (d, 1H, J = 4.5 Hz), 6.23 (d, 1H, J = 6.7 Hz), 6.15 (br s, 1H),
4.19 (br s, 1H), 4.05 (d, 1H, J = 6.7 Hz), 3.99 (d, 1H, J = 11.5
Hz), 3.87 (d, 1H, J = 11.5 Hz), 2.80 (d, 3H, J = 4.5 Hz), 2.60 (d,
1H, J = 15.1 Hz), 2.53 (d, 1H, J = 15.1 Hz), 0.95 (s, 9H), 0.84 (s,
9H), 0.17 (s, 3H), 0.16 (s, 3H), −0.01 (s, 3H), −0.03 (s, 3H); 13C
NMR (CDCl3, 125 MHz) d 171.5, 162.5, 155.2, 141.3, 93.6, 86.2,
85.5, 78.8, 78.1, 63.5, 27.6, 25.9, 24.7, −4.6, −4.7, −5.2, −5.3;
FAB-MS m/z 543 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(N -ethylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]cytosine (37b). Compound 37b
was prepared from 36b (280 mg, 0.50 mmol) as described above for
the synthesis of 14. After purification by column chromatography
(SiO2, 40% EtOAc–hexane) to give 37b (280 mg, 99%) as a colorless
glass: 1H NMR (CDCl3, 500 MHz) d 8.02 (d, 1H, J = 7.5 Hz),
7.10 (br s, 1H), 6.31 (d, 1H, J = 7.5 Hz), 6.31 (d, 1H, J = 7.1 Hz),
4.15 (br s, 1H), 4.05 (d, 1H, J = 7.1 Hz), 3.95 (d, 1H, J = 11.8
Hz), 3.85 (d, 1H, J = 11.8 Hz), 3.27 (dq, 2H, J = 7.2 Hz), 2.59 (d,
1H, J = 16.8 Hz), 2.52 (d, 1H, J = 16.8 Hz), 1.13 (t, 3H, J = 7.2
Hz), 0.95 (s, 9H), 0.86 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H), −0.04 (s,
3H), −0.10 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 172.1, 163.4,
151.1, 140.6, 103.5, 86.5, 85.2, 78.7, 77.9, 62.9, 33.7, 25.5, 24.7,
17.5, 14.6, −4.6, −4.6, −5.0, −5.6; FAB-MS m/z 557 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(N-benzylcarbamoyl-
methyl)-b-D-ribo-pentofuranosyl]cytosine (37c). Compound 37c
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was prepared from 36c (404 mg, 0.80 mmol) as described above for
the synthesis of 14. After purification by column chromatography
(SiO2, 40% EtOAc–hexane) to give 37c (460 mg, 93%) as a
colorless glass: 1H NMR (CDCl3, 500 MHz) d 8.03 (d, 1H, J =
7.4 Hz), 7.56 (br s, 1H), 7.34–7.24 (m, 5H), 6.31 (d, 1H, J = 7.3
Hz), 5.88 (br s, 1H), 4.44 (s, 2H), 4.15 (br s, 1H), 4.06 (d, 1H,
J = 7.3 Hz), 3.97 (d, 1H, J = 11.8 Hz), 3.82 (dd, 1H, J = 1.9,
11.8 Hz), 2.65 (d, 1H, J = 15.1 Hz), 2.59 (d, 1H, J = 15.1 Hz),
0.95 (s, 9H), 0.82 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H), −0.04 (s, 3H),
−0.06 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 169.7, 158.2, 141.8,
138.6, 128.6, 127.6, 127.3, 106.6, 88.8, 86.5, 84.8, 79.3, 78.5, 63.1,
43.3, 40.9, 26.1, 25.6, −4.7, −4.8, −5.3, −5.6; FAB-MS m/z 619
(MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C -(N ,N ′-dimethylcarb-
amoylmethyl)-b-D-ribo-pentofuranosyl]cytosine (37d). Compound
37d was prepared from 36d (167 mg, 0.3 mmol) as described
above for the synthesis of 14. After purification by column
chromatography (SiO2, 40% EtOAc–hexane) to give 37d (115 mg,
69%) as a white solid: 1H NMR (CDCl3, 500 MHz) d 8.15 (d, 1H,
J = 6.5 Hz), 6.30 (br s, 1H), 6.23 (d, 1H, J = 7.3 Hz), 4.43 (br s,
1H), 4.03 (d, 1H, J = 7.3 Hz), 3.87 (br s, 2H), 2.98 (s, 3H), 2.96
(s, 3H), 2.76 (d, 1H, J = 16.8 Hz), 2.74 (d, 1H, J = 16.8 Hz), 0.93
(s, 9H), 0.88 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H), 0.02 (s, 3H), −0.01
(s, 3H); 13C NMR (CDCl3, 125 MHz) d 172.0, 162.6, 154.6, 143.5,
91.6, 87.6, 84.2, 79.0, 78.6, 63.5, 37.5, 34.7, 25.8, 25.1, −4.2, −4.3,
−5.3, −5.4; FAB-MS m/z 619 (MH+).


1-[3-C -(N -Methylcarbamoylmethyl)-b-D-ribo-pentofuranosyl]-
cytosine (19a). Compound 19a was prepared from 37a (108 mg,
0.20 mmol) as described above for the synthesis of 6. After
purification by desalting (charcoal, 50% aqueous MeOH) to give
19a (54 mg, 86%) as a white powder: mp 262 ◦C dec (crystallized
from aqueous MeOH): 1H NMR (DMSO-d6, 500 MHz) d 8.05 (d,
1H, J = 8.1 Hz), 7.90 (q, 1H, J = 4.5 Hz), 7.28 (d, 2H), 5.91 (d,
1H, J = 8.0 Hz), 5.68 (d, 1H, J = 8.1 Hz), 5.58 (d, 1H, J = 6.0
Hz), 5.25 (t, 1H, J = 3.9 Hz), 5.10 (s, 1H), 3.96–3.93 (m, 2H), 3.75
(ddd, 1H, J = 1.5, 3.9, 12.1 Hz), 3.59 (ddd, 1H, J = 1.5, 3.5, 12.7
Hz), 2.55 (d, 1H, J = 16.2 Hz), 2.54 (d, 1H, J = 16.2 Hz); 13C
NMR (DMSO-d6, 125 MHz) d 171.6, 166.1, 156.5, 143.0, 95.0,
88.0, 87.3, 77.9, 76.9, 61.6, 26.1; FAB-MS m/z 315 (MH+); FAB-
HRMS calcd for C12H19N4O6 314.1226, found 315.1318 (MH+).


1-[3-C -(N -Ethylcarbamoylmethyl)-b-D-ribo-pentofuranosyl]-
cytosine (19b). Compound 19b was prepared from 37b (124 mg,
0.20 mmol) as described above for the synthesis of 6. After
purification by desalting (charcoal, 50% aqueous MeOH) to give
19b (55 mg, 70%) as a white powder: mp 244 ◦C dec (crystallized
from aqueous MeOH): 1H NMR (DMSO-d6, 500 MHz) d 8.32 (d,
1H, J = 7.8 Hz), 8.03 (t, 1H, J = 5.4 Hz), 6.95 (br s, 2H), 6.08 (d,
1H, J = 7.8 Hz), 5.93 (d, 1H, J = 7.8 Hz), 5.76 (d, 1H, J = 6.5 Hz),
5.33 (t, 1H, J = 3.2 Hz), 5.21 (s, 1H), 4.56 (dq, 2H, 5.4, 7.3 Hz),
4.02 (br s, 1H), 3.96 (dd, 1H, J = 6.5, 7.8 Hz), 3.77 (ddd, 1H, J =
1.3, 3.2, 12.5 Hz), 3.61 (ddd, 1H, J = 3.2, 3.2, 12.7 Hz), 2.55 (d,
1H, J = 15.3 Hz), 2.54 (d, 1H, J = 15.3 Hz).; 13C NMR (DMSO-
d6, 125 MHz) d 172.6, 165.2, 155.6, 143.2, 95.1, 88.5, 87.7, 78.0,
76.6, 63.5, 33.3, 17.4, 14.2; FAB-MS m/z 329 (MH+); ESI-HRMS
calcd for C13H20N4NaO6 351.1281, found 351.1293 (MNa+).


1-[3-C -(N -Benzylcarbamoylmethyl)-b-D-ribo-pentofuranosyl]-
cytosine (19c). Compound 19c was prepared from 37c (124 mg,


0.20 mmol) as described above for the synthesis of 6. After
purification by desalting (charcoal, 50% aqueous MeOH) to give
19c (55 mg, 71%) as a white powder: mp 235 ◦C dec (crystallized
from aqueous MeOH): 1H NMR (DMSO-d6, 500 MHz) d 8.45 (br
t, 1H, J = 5.8 Hz), 7.91 (d, 1H, J = 7.4 Hz), 7.33–7.22 (m, 5H),
7.16 (br s, 2H), 5.99 (d, 1H, J = 7.9 Hz), 5.78 (br s, 1H), 5.42 (d,
1H, J = 6.1 Hz), 5.20 (t, 1H, J = 4.4 Hz), 5.02 (s, 1H), 4.30 (d, 2H,
J = 11.6), 4.02 (dd, 1H, J = 6.1, 7.9 Hz), 3.96 (br s, 1H), 3.70 (ddd,
1H, J = 1.2, 4.4, 11.9 Hz), 3.58 (ddd, 1H, J = 1.2, 4.4, 11.9 Hz),
2.65 (d, 1H, J = 15.1 Hz), 2.61 (d, 1H, J = 15.1 Hz); 13C NMR
(DMSO-d6, 125 MHz) d 170.5, 165.5, 155.9, 142.4, 139.2, 128.2,
127.3, 126.7, 94.4, 87.4, 86.7, 77.4, 76.4, 61.0, 42.1; FAB-MS m/z
391 (MH+); FAB-HRMS calcd for C18H23N4O6 390.1539, found
390.1612 (MH+).


1 - [3 - C - (N ,N ′ - Dimethylcarbamoylmethyl) - b - D - ribo - pento-
furanosyl]cytosine (19d). Compound 19d was prepared from 37d
(111 mg, 0.20 mmol) as described above for the synthesis of 6. After
purification by desalting (charcoal, 50% aqueous MeOH) to give
19d (61 mg, 92%) as a white powder: mp 220 ◦C dec (crystallized
from aqueous MeOH): 1H NMR (DMSO-d6, 500 MHz) d 7.96 (d,
1H, J = 7.3 Hz), 7.26 (br d, 1H, J = 5.8 Hz), 5.91 (d, 1H, J = 8.1
Hz), 5.75 (d, 1H, J = 7.3 Hz), 5.27 (t, 1H, J = 3.9 Hz), 5.26 (d,
1H, J = 5.4 Hz), 5.17 (s, 1H), 4.03 (br s, 1H), 3.97 (dd, 1H, J =
5.4, 7.3 Hz), 3.58 (br s, 2H), 2.99 (s, 3H), 2.85 (s, 3H), 2.80 (d, 1H,
J = 15.3 Hz), 2.70 (d, 1H, J = 15.3 Hz); 13C NMR (DMSO-d6,
125 MHz) d 171.5, 166.3, 156.2, 143.6, 95.2, 87.6, 87.1, 78.1, 77.3,
60.5, 36.5, 34.6; FAB-MS m/z 329 (MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(carbamoylmethyl)-b-
D-ribo-pentofuranosyl]-4-N-methylcytosine (38a). A solution
of 12 (265 mg, 0.50 mmol), DMAP (182 mg, 1.50 mmol), and
Et3N (105 lL, 1.50 mmol) in MeCN (20 mL) was treated with
2,4,6-triisopropylbenzenesulfonyl chloride (TPSCl, 450 mg,
1.50 mmol), and the mixture was stirred at room temperature
for 24 h. Then, 50% aqueous methylamine (5 mL) was added,
and the mixture was stirred for additional 2 h. The mixture was
evaporated under reduced pressure, and the residue was purified
by column chromatography (SiO2, 5% MeOH–CHCl3) to give
38a (256 mg, 94%) as a yellow glass: 1H NMR (CDCl3, 500 MHz)
d 8.13 (br s, 1H), 7.79 (d, 1H, J = 8.1 Hz), 7.05 (br s, 1H), 6.24 (d,
1H, J = 7.2 Hz), 5.71 (br s, 1H), 5.47 (br s, 1H), 4.21 (br s, 1H),
4.10 (d, 1H, J = 7.2 Hz), 3.86 (br s, 2H, J = 11.8 Hz), 2.81 (d,
3H), 2.60 (t, 2H, J = 15.8 Hz), 0.93 (s, 9H), 0.86 (s, 9H), 0.18 (s,
3H), 0.17 (s, 3H), −0.01 (s, 3H), −0.10 (s, 3H); 13C NMR (CDCl3,
125 MHz) d 170.3, 162.5, 152.1, 92.6, 87.6, 84.2, 79.0, 78.4, 63.2,
34.3, 29.4, 25.1, 24.1, −4.5, −4.6, −4.8, −4.9; FAB-MS m/z 543
(MH+).


1-[2,5-Di-O-(tert-butyldimethylsilyl)-3-C-(carbamoylmethyl)-b-
D-ribo-pentofuranosyl]-4-N ,N ′-dimethylcytosine (38b). Com-
pound 38b was prepared from 12 (167 mg, 0.30 mmol) as
described above for the synthesis of 38a. After purification by
column chromatography (SiO2, 5% MeOH–CHCl3) to give 38b
(240 mg, 86%) as a yellow glass: 1H NMR (CDCl3, 500 MHz) d
7.79 (d, 1H, J = 7.9 Hz), 7.10 (br s, 1H), 6.27 (d, 1H, J = 6.7 Hz),
5.82 (d, 1H, J = 7.6 Hz), 5.39 (br s, 1H), 4.18 (br s, 1H), 4.08 (d,
1H, J = 6.7 Hz), 3.38 (dd, 1H, J = 2.9, 12.2 Hz), 3.28 (s, 3H),
3.12 (s, 3H), 2.62 (d, 1H, J = 15.7 Hz), 2.54 (d, 1H, J = 15.7 Hz),
0.97 (s, 9H), 0.86 (s, 9H), −0.17 (s, 3H), −0.17 (s, 3H), −0.01 (s,
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3H), −0.10 (s, 3H); 13C NMR (CDCl3, 125 MHz) d 172.4, 163.3,
155.9, 141.4, 92.2, 87.0, 84.6, 79.4, 78.3, 63.2, 40.8, 26.3, 25.9,
−4.4, −4.6, −5.1, −5.4; FAB-MS m/z 543 (MH+).


1-[3-C-(Carbamoylmethyl)-b-D-ribo-pentofuranosyl]-4-N-methyl-
cytosine (20a). Compound 20a was prepared from 38a (108 mg,
0.20 mmol) as described above for the synthesis of 6. After
purification by desalting (charcoal, 50% aqueous MeOH) to give
20a (50 mg, 80%) as a white powder: mp 223 ◦C dec (crystallized
from aqueous MeOH): 1H NMR (DMSO-d6, 500 MHz) d 7.96
(d, 1H, J = 7.4 Hz), 7.28 (br d, 1H), 7.24 (d, 2H), 5.93 (d, 1H, J =
7.9 Hz), 5.78 (d, 1H, J = 7.4 Hz), 5.50 (d, 1H, J = 6.0 Hz), 5.32
(t, 1H, J = 4.2 Hz), 5.10 (s, 1H), 4.03 (t, 2H, J = 4.2, 7.4 Hz),
3.97 (br s, 1H), 3.74 (ddd, 1H, J = 3.0, 4.2, 11.9 Hz), 3.62 (ddd,
1H, J = 3.2, 4.2, 11.9 Hz), 2.63 (d, 3H, J = 4.5 Hz), 2.57 (s, 2H);
13C NMR (DMSO-d6, 125 MHz) d 171.6, 163.0, 155.8, 141.3,
91.9, 87.6, 84.7, 78.8, 78.3, 63.7, 26.5; FAB-MS m/z 315 (MH+);
FAB-HRMS calcd for C12H19N4O6 314.1226, found 315.1330
(MH+).


1-[3-C -(Carbamoylmethyl)-b-D-ribo-pentofuranosyl]-4-N ,N ′-
dimethylcytosine (20b). Compound 20b was prepared from 38b
(112 mg, 0.20 mmol) as described above for the synthesis of 6.
After purification by desalting (charcoal, 50% aqueous MeOH) to
give 20b (48 mg, 76%) as a yellow glass: 1H NMR (DMSO-d6 +
D2O, 500 MHz) d 7.47 (d, 1H, J = 7.7 Hz), 6.27 (d, 1H, J = 7.7
Hz), 5.87 (d, 1H, J = 8.4 Hz), 4.43 (dd, 1H, J = 3.6, 12.7 Hz), 4.23
(dd, 1H, J = 3.6, 12.7 Hz), 4.12 (br s, 1H), 3.62 (m, 1H), 3.11 (s,
6H), 2.76 (s, 2H); 13C NMR (DMSO-d6, 125 MHz) d 172.0, 163.2,
153.8, 141.4, 91.4, 87.8, 84.6, 79.0, 78.3, 63.4, 35.6, 29.5; FAB-MS
m/z 329 (MH+); ESI-HRMS calcd for C13H20N4NaO6 351.1281,
found 351.1280 (MNa+).
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Reaction of 1-methylpyrazole with n-BuLi in THF followed by reaction with monodeuteromethanol
(CH3OD) under kinetically controlled conditions leads to functionalisation at the methyl group,
whereas reaction under thermodynamically controlled conditions leads to functionalisation at the
pyrazole 5-position. The observed regioselectivity can be correctly predicted, at least qualitatively, using
density functional B3LYP/6-31+G(d,p) calculations only when solvation effects (IEFPCM) are taken
into account. The 1H,6Li HOESY and NOESY NMR spectra of the thermodynamic product
5-lithio-1-methylpyrazole (5-Li) in [D8]THF are consistent with an oligomeric structure.


Introduction


5-Membered nitrogen-containing heteroaromatics (azoles) can of-
ten be functionalized efficiently by lithiation followed by addition
of an electrophile.1 However, lithiation of different ring positions
and exocyclic a-positions compete and the regioselectivity often
depends on the reaction conditions. Prediction of the site of
lithiation is instrumental in planning the synthesis of specific
target molecules. Traditionally, this has been based on classical
analysis of resonance structures.2 However, these analyses fail
when deprotonation of ring positions and a-positions compete.
When the regioselectivity depends on the reaction conditions,
kinetic and thermodynamic factors as well as solvent association
may influence product distribution.3 One such example is the
lithiation of N-alkylpyrazoles.


Lithiation at the alkyl group in N-alkylpyrazoles occurs in
competition with lithiation at the ring 5-position.1,4–5 Depending
on time, temperature, solvent and electrophile, the lithiation of
1-methylpyrazole (1) followed by reaction with an electrophile
was reported to give 5-substituted products,6–8 mixtures of
a- and 5-substituted products4,5,9 and mixtures of 3- and 5-
substituted products.10 Based on a study of the reactivity of 3-
and 5-substituted 1-methylpyrazoles Katritzky et al. showed
that lithiation at the a-carbon is kinetically controlled whereas
lithiation at the pyrazole 5-position occurs under thermodynamic
control.5 Product distribution changes caused by different
reactivity of various anionic species towards electrophiles and
the fact that most product distributions were determined after
work-up, i.e. extraction, chromatography or crystallisation,
implies that the product distributions reported do not necessarily
reflect the exact distribution of the intermediate anions at the
time when they were quenched.
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Theoretical calculations as a means of predicting regioselectivity
in lithiation reactions have received considerable attention.3,11–13


It has been shown that semi-empirical (PM3 and MNDO) as
well as ab initio Hartree–Fock calculations are insufficient for
prediction of the regioselectivity of lithiation of ring positions
and exocyclic a-positions.12 There seems to be a consensus in the
literature that methods taking electron correlation into account are
needed for this purpose.14 Interestingly, hybrid methods based on
density functional theory such as the B3LYP15–17 method have been
reported to give results in quantitative agreement with the more
computationally demanding second-order Møller–Plesset (MP2)
calculations.14


The choice of solvent may have a considerable influence on
the regioselectivity in lithiation reactions.18 At the theoretical
level, solvation effects in lithiation reactions have either been
studied by the introduction of explicit solvation12,19,20 or by
using a polarizable dielectric continuum21 (PCM) model.14 The
recently reported IEFPCM model22–25 based on the integral equa-
tion formalism23,24,26 (IEF) is an attractive method for studying
solvation effects in chemical reactions. The IEFPCM method
includes electrostatic as well as cavitation, dispersion and repulsion
terms in the calculation of the total free energy in solution.
Though specific donor/acceptor orbital interactions between
solvent and solute are not considered in the model, it does take
into account electrostatic effects, which are considered to be the
most important effects for solvation of lithium.27 In addition,
the model implements analytical derivatives making the method
especially attractive for difficult geometry optimisation tasks such
as transition state optimisations in solution.


We here present a study of the lithiation of 1-methylpyrazole
(1) that compares lithiation monitored by 1H, 6Li and 13C-
NMR spectroscopy and deuterium labelling with density func-
tional B3LYP calculations, considering various reaction path-
ways shown in Scheme 1. Solvation effects were taken into
account by means of the IEFPCM solvation model for all
compounds and compared to the effects of an explicit first
solvation shell for two selected compounds. The results emphasise
the importance of including solvent effects in calculations when
aiming at the prediction of the regioselectivity of lithiation
reactions.
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Scheme 1 Model for lithiation of 1-methylpyrazole.


Results


Hydrogen–deuterium exchange experiments


The results of lithiation of 1-methylpyrazole (1) in tetrahydrofuran
(THF) at −78 ◦C using n-butyllithium (n-BuLi) followed by
reaction with monodeuteromethanol (CH3OD) are shown in
Table 1. The differences in boiling points and solubilities of the
products 1a and 1b and the starting material (1) are negligible.
Therefore, the ratio between the constituents of the reaction
mixture is not influenced by the work-up. The product distribution
(site and extent of deuteration) was established by integration of
the fully relaxed 1H-NMR spectra. The measured integrals were
normalised using the pyrazole H4 signal since H4 is not subject to
exchange under the conditions used.1


The lithiation of 5-deutero-1-methylpyrazole (1b) containing
97% deuterium at the 5-position and 6% at the methyl group
followed by reaction with methanol (CH3OH) revealed 61%
deuterium incorporation at the methyl group and 23% at the 5-
position as determined by integration of the fully relaxed 1H-NMR
signals. Close examination revealed that the 1H-NMR signals


Table 1 Lithiation of 1-methylpyrazole followed by reaction with
CH3OD


Reaction time Product distribution yield (%) a


(Min.) Conversion of 1 (%)a 1a 1b


0.25 63 59 41
2 68 49 51


10 74 19 81
60 92 7 93


a Determined by 1H-NMR.


arising from the methyl group consisted of a singlet, a triplet and
a quintet in the ratio 9 : 6 : 1.


Multinuclear NMR studies


1-Methylpyrazole (1) was lithiated at −78 ◦C using n-
[6Li]butyllithium in THF or [D8]THF. 1H-NMR spectra obtained
at −20 ◦C showed the presence of 5-Li, with resonances of H3, H4
and CH3 at d 7.11 (1 H), 5.85 (1 H) and 3.66 (3 H), respectively, with
3J(H3,H4) = 1.6 Hz. The signals, as well as the corresponding 6Li-
NMR resonance, could be observed for at least 24 h without loss
of intensity. Immediately after preparation, the solution exhibited
additional, quickly vanishing resonances (broad singlets) at d 7.03,
7.15 and 2.82 in the ratio of 1 : 1 : 2, attributable to H3, H5 and
CH2 of the kinetic reaction product a-Li; the H4 signal of the
latter coincided with that of 5-Li. The 13C-NMR spectrum of the
solution of 5-Li (−20 ◦C) exhibited signals of C3, C4, C5 and CH3


at d 137.0, 115.2, 197.6 and 42.3, respectively; the low-field value
of the chemical shift of C5 is in agreement with literature data.28


The 1H,6Li HOESY spectrum29–31 of a solution of 5-Li in
[D8]THF showed strong cross-peaks between the lithium reso-
nance and the CH3 group, and somewhat weaker cross-peaks to
the H3 and H4 (Fig. 1). The integral volume ratio between the
respective cross-peaks was 100 : 48 : 33. When the spectrum was
recorded in non-deuterated THF, by far the strongest correlations
observed were those to the solvent molecules, with cross-peaks to
ring hydrogens relatively similar to those observed in [D8]THF.


Longitudinal (T 1) relaxation times measured for 5-Li using the
inversion recovery method (−10 ◦C) were 3.0, 3.3 and 1.0 s for
H3, H4 and CH3, respectively. Relaxation times of the parent
compound (1) determined at identical conditions were about 7 s
for the ring protons and 4.3 s for the methyl group. A series of
NOESY spectra recorded at −10 ◦C with mixing times in the
range 25–700 ms showed that the 5-Li molecule is in the negative
NOE regime,32 i.e., exhibiting NOESY cross-peaks with the same
phase as the diagonal. Interestingly, equally intense cross-peaks
were observed for all correlations (Fig. 2), and NOE build-up
curves for all proton pairs were closely similar (Fig. 3).
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Fig. 1 1H,6Li HOESY spectrum of 5-Li in [D8]THF at −10 ◦C (59 MHz,
mixing time 2 s).


Fig. 2 NOESY spectrum of 5-Li in [D8]THF at −10 ◦C (400 MHz, mixing
time 100 ms).


Calculations


Prediction of the regioselectivity for the lithiation of 1-
methylpyrazole (1) with n-BuLi followed by reaction with an
electrophile requires prediction of both the kinetically and the
thermodynamically favored product.


We have therefore investigated the stationary points along the
reaction coordinate by means of quantum mechanical calcula-
tions. Theoretically, 1-methylpyrazole (1) may react with n-BuLi
at the three ring positions or at the methyl group. Prediction of
the regioselectivity of the lithiation of 1-methylpyrazole (1) thus
requires comparison of the relative energies of the four different
transition states 3-TS, 4-TS, 5-TS and a-TS as well as of the four


Fig. 3 NOE build-up curves for 5-Li (−10 ◦C, [D8]THF, 400 MHz);
triangles (curve a), circles (curve b) and squares (curve c), represent
NOESY integral peak volumes for correlations between CH3 and H3,
CH3 and H4, and H3 and H4, respectively.


different lithiated intermediates 3-Li, 4-Li, 5-Li and a-Li shown in
Scheme 1.


In the calculations of geometries and energies of transition
states, methyllithium (MeLi) was used as a model for n-BuLi used
experimentally (see below) in order to reduce the size and flexibility
of the system. In addition, all species including the transition
states were assumed to be monomeric, neglecting that alkyl- and
aryl lithiums may form aggregates in THF solution.31 The final
calculations were performed with the hybrid density functional
method B3LYP using the 6-31+G(d,p) split valence basis set that
includes diffuse functions. All geometries were first optimised in
the gas phase. Solvation effects were taken into account using
the IEFPCM method, specifying THF as solvent. Atomic radii
optimised for the PBE0 level of theory33 were obtained from
the united atom topological model.34 Initially, single point total
energies in solution were calculated for the gas phase structures,
followed by calculation of total free energies in solution by ge-
ometry optimisation within the IEFPCM framework. Analytical
frequency calculations were performed for all structures to confirm
that the structures were either energy minima or transition states.
The effect of explicit THF coordination was investigated by
comparing the energy of 5-Li coordinating three molecules of THF
(5-Li·3THF) to the energy of a-Li coordinating two molecules of
THF (a-Li·2THF + THF). Geometries and energies for these
species were optimised within the IEFPCM framework and are
counterpoise corrected to allow for the direct comparison of
the energies of these two systems. For structural details of the
compounds and intermediates discussed in the present paper the
reader is referred to the electronic supplementary information
(ESI)† where xyz coordinates and absolute energies are reported.


Initial complex


Coordination of MeLi to N2 of 1-methylpyrazole (1) initially leads
to a Cs-symmetrical complex (2) stabilised by 21.1 kcal mol−1


relative to the energy of the individual reactants (1 + MeLi) in
the gas phase and by 10.9 kcal mol−1 in the solvent (Table 2).
The geometries in the gas phase and in the solvent did not differ
significantly.
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Table 2 Calculated energiesa (kcal mol−1), relative to initial complex 2


Energy:a B3LYP IEFPCM/B3LYP IEFPCM/B3LYP


Geometry: B3LYP B3LYP IEFPCM/B3LYP


Reactants
1 + MeLi 21.1 10.9 10.8
Initial complex
2 0 0 0
Transition structures (relative to a-TS)
3-TS 23.9 (6.8) 22.5 (3.9) 22.1 (3.7)
4-TS 33.2 (16.1) 28.5 (9.9) 28.1 (9.8)
5-TS 31.2 (14.2) 26.4 (7.8) 25.9 (7.5)
a-TS 17.1 (0.0) 18.6 (0.0) 18.4 (0.0)
Products (relative to a-Li)
3-Li + CH4 5.3 (9.1) −1.2 (4.9) −0.5 (5.9)
4-Li + CH4 11.6 (15.3) −1.0 (5.1) −1.3 (5.1)
5-Li + CH4 7.8 (11.6) −6.4 (−0.3) −6.7 (−0.3)
a-Li + CH4 −3.8 (0.0) −6.1 (0.0) −6.4 (0.0)
Explicit solvation for selected products (relative to a-Li·2THF + THF)a ,b


5-Li·3THF (−3.6)
a-Li·2THF + THF (0.0)


a Energy corrected for ZPE; Basis set: 6-31+G(d,p). b Counterpoise
corrected.


Transition states


All transition state structures display C1-symmetry except 3-TS,
which shows Cs-symmetry. The four transition states all display an
almost neutral hydrogen situated approximately midway between
the two reactants, giving the deprotonation the character of a
hydrogen transfer process.35 In all cases lithium is situated outside
the reaction centre. In the gas phase, the energies of the transition
states decrease in the order 4-TS > 5-TS > 3-TS > a-TS (Table 2).
The same order of energies is observed in solvent, irrespective
of whether the geometries were reoptimised or not. The relative
energies compared to a-TS are reduced by up to 3 kcal mol−1


as a result of solvation. In the two most stable transition state
structures, 3-TS and a-TS, lithium is coordinated to N2 of the
pyrazole ring.


Lithiated intermediates


All lithiated species, 3-Li, 4-Li, 5-Li and a-Li, have Cs-symmetrical
energy minima. The gas phase energies decrease in the order
4-Li > 5-Li > 3-Li � a-Li (Table 2). 3-Li and a-Li exhibit
strong coordination of lithium to N2 of the pyrazole. These
species are less stabilised by solvation compared to 4-Li and 5-
Li, which lack internal coordination to N2. Simple estimation
of the solvated energies using the gas phase geometries give the
ranking 4-Li > 3-Li > a-Li > 5-Li. However, geometry optimisation
in solvent changed the geometries and relative energies: The 3-
lithiated species 3-Li loses the coordination between lithium and
N2, and thus gains much less than the other species from the
optimisation. As a result, the predicted total energies in solvent
decrease in the order 3-Li > 4-Li � a-Li > 5-Li. The effect of
explicit THF solvation was investigated for the two most stable
lithiated intermediates a-Li > 5-Li by comparing the energies of
a-Li·2THF + THF and 5-Li·3THF (Table 2). For these species,
the total energy in solvent decreases in the order a-Li·2THF +
THF > 5-Li·3THF.


Discussion


Hydrogen deuterium exchange experiments


The results in Table 1 show that deuteration of 1-methylpyrazole
(1) initially takes place at the methyl group (1a), the deuterium
incorporation at the pyrazole 5-position (1b) is considerably
slower. This demonstrates that a prototopic shift from Me to C5
takes place. Accordantly, lithiation of 5-deutero-1-methylpyrazole
(1b) and subsequent quenching with methanol (CH3OH) gave rise
to a transfer of deuterium from C5 to the methyl group to an extent
of 61%. The presence of a singlet, a triplet and a quintet indicates
the presence of a CH3, a CH2D and CHD2 group in the ratio 3 : 3 :
1. Intermolecular transfer of lithium from the N-methyl group to
the pyrazole 5-position involving 1 accounts for these observations.
The present results confirm that lithiation of 1-methylpyrazole (1)
occurs at the a-position under kinetic control and is followed by an
intermolecular hydrogen transfer to the thermodynamically more
favoured 5-lithiated derivative 5-Li.


Transition states


The gas phase energies for the transition states decrease in the
order 4-TS > 5-TS > 3-TS > a-TS as shown in Fig. 4. The
two transition states with the lowest energy, a-TS and 3-TS, are
apparently stabilised by strong coordination of lithium to N2.
The effect of solvation of the transition states 3-TS, 4-TS and
5-TS is larger than that of a-TS, as shown in Fig. 4. However,
taking solvation into account does not change the predicted
regioselectivity of the reaction.


Fig. 4 Relative energy for transition states calculated using the
B3LYP/6-31+G(d.p)method. (A): Gas phase energy; (B): Total energy
in solution (gas phase structures); (C): Total energy in solution (solution
phase structures).


Lithiated intermediates


The energies of the lithiated intermediates 3-Li, 4-Li, 5-Li and
a-Li are heavily influenced by solvation (Fig. 5). In the gas phase
3-Li and especially a-Li, both exhibiting strong coordination of
lithium to N2, are the most stable species. However, these species
are affected significantly less by solvation compared to 4-Li and
in particular to 5-Li. 5-Li is predicted to be the most stable
species in solution, but its relative energy is closely similar to
that of a-Li. Interestingly, the coordination between lithium and
N2 in the 3-lithiated intermediate 3-Li is broken during geometry
optimisation, suggesting that the solvation model is sufficiently
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Fig. 5 Relative energy for products calculated using the B3LYP/
6-31+G(d,p) method. (A): Gas phase energy; (B): Total energy in solution
(gas phase structures); (C): Total energy in solution (solution phase
structures).


strong to approximate the electrostatic effect of coordination. The
resulting predicted order of reactivity of 3-Li and 4-Li is reversed
compared to the solvated single point energies based on the gas
phase optimised structures. The total energies in solution after
geometry optimisation decrease in the order 3-Li > 4-Li � a-Li >
5-Li, the 5-lithiated species 5-Li being 0.3 kcal mol−1 more stable
compared to a-Li. When considering explicit solvation of a-Li
and 5-Li, the two most stable species in solvent, the 5-lithiated
intermediate 5-Li·3THF is favored over a-Li·2THF + THF by ca.
3 kcal mol−1.


Reactivity


The calculated reaction profiles for the structures optimised in
THF, shown in Fig. 6, indicate that lithiation at the exocyclic
a-position occurs under kinetic control in agreement with experi-
mental results. The energies of the transition states leading to direct
lithiation of the pyrazole 4- and 5-positions (4-TS and 5-TS) are
9.8 and 7.5 kcal mol−1 higher as compared to the energy of a-TS.
Therefore, lithiation at these positions is unlikely to occur when
the reaction is run under kinetic control. Due to the stabilizing
effect of the interaction of N2 with Li, 3-TS is only 3.7 kcal mol−1


above a-TS in energy. At −78 ◦C, this corresponds to a reactivity
difference of around four orders of magnitude. No 3-deutero-
1-methylpyrazole was observed in the lithiation and quenching


Fig. 6 Reaction coordinate in THF solution [IEFPCM/B3LYP/6-31 +
G(d,p)], relative to 2 (solution phase structures).


experiments (Table 1), but the sensitivity of the analysis by 1H-
NMR used in the present work is insufficient to detect a degree
of deuteration below 5%. Azami et al.10 have isolated 3- and 5-
hydroxymethyl-1-methylpyrazole in the ratio 4 : 96 after reaction
of 1-methylpyrazole with excess of n-BuLi followed by reaction
with DMF and subsequent reduction with NaBH4. The presence
of a large excess of n-BuLi does indeed favour kinetic control
since it suppresses the presence of unreacted 1-methylpyrazole
(1) which is catalysing the formation of the thermodynamically
favoured species 5-Li. The thermodynamic product is correctly
predicted by the calculations to be the 5-lithiated compound 5-
Li, closely followed by a-Li. However, the predicted small energy
difference between a-Li and 5-Li of 0.3 kcal mol−1 is too low to
account for the product distribution of 7 : 93 (Table 1) observed
after 60 min. The inclusion of explicit solvation gives qualitatively
similar results, but predicts the energy difference between the two
species to be 3.6 kcal mol−1, which is in better agreement with the
observed product distribution described above.


The computational predictions could be fully confirmed by
NMR-spectroscopic results. Thus, stable 5-Li species were ob-
served in THF solutions at sub-zero temperatures, and could
be characterized by 1H-, 6Li- and 13C-NMR. Freshly prepared
mixtures of 1 and n-BuLi indeed contained a product with 1H-
NMR resonances compatible with the structure of a-Li, which
rapidly vanished with concomitant formation of 5-Li. No other
species were observed by low-temperature 1H-NMR, neither in
the initial nor in the equilibrated reaction mixture, except for an
excess of starting material (1) in some cases.


Solutions of 5-Li, enriched with 6Li, gave a HOESY spectrum
demonstrating close proximity not only between Li and CH3 and
H4, but also between Li and H3 (Fig. 1). In fact, the correlation
between Li and H3 was stronger than that to H4. Moreover, strong
HOESY correlations between lithium and solvent molecules were
observed (data not shown). NOESY spectra showed equally
intense cross-peaks between all hydrogen pairs in the molecule
even at mixing times very much shorter than their longitudinal
relaxation times measured at the same conditions. These results,
and the observation of negative NOE’s for 5-Li demonstrate the
presence of a molecular aggregate with substantially decreased
mobility. Although the NOESY spectra may to some extent be
affected by spin diffusion, the observed homo- and heteronuclear
NOE connectivities must in part be due to intermolecular
relaxation, demonstrating the presence of a molecular aggregate
consisting of several 5-Li molecules as well as THF molecules.
The structure of the cluster cannot be derived from the available
data, which nevertheless suggest a coordination of lithium from
one 5-Li molecule to nitrogen of another molecule or molecules.
The formation of Li-bridged fluxional clusters is well established
for organolithium compounds.31,36


Conclusion


The present results have confirmed experimentally that in THF, 1-
methylpyrazole (1) is lithiated at the exocyclic a-position, and that
the initially formed a-lithiated species form the thermodynamic
product 5-Li in an intermolecular reaction. Although NOESY
and HOESY data confirm the expected presence of a lithium-
bridged and THF-solvated oligomer, the regioselectivity could be
predicted correctly by B3LYP/6-31+G(d,p) calculations utilizing
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full geometry optimisation within the IEFPCM framework, using
monomeric species as models. A coordination from N2 to lithium
is apparently favoring formation of the kinetic product a-Li.


Experimental


General methods


All reactions were performed under nitrogen using syringe-septum
cap techniques. All glassware was flame-dried prior to use. THF
was freshly distilled over sodium/benzophenone.


Materials


All materials were obtained from commercial suppliers, except n-
[6Li]BuLi, which was prepared as reported previously using 6Li
enriched to 95%.37 n-BuLi was titrated prior to use.38


Lithiation of 1-methylpyrazole (1) and trapping of lithiated
species. 1-Methylpyrazole (1) (60.0 mg, 0.74 mmol) in THF
(10 mL) was cooled to −78 ◦C. n-BuLi (0.56 mL, 1.6 M in hexanes,
1.2 equivalents) was added at constant rate during 2 min. The
solutions were stirred at −78 ◦C for 0.25, 2, 10 and 60 min,
respectively, and quenched with CH3OD (0.1 mL). The cooling
bath was removed and the solution stirred until it reached room
temperature. Aqueous HCl (0.2 mL, 12 M) was added, and the
solvents were removed at reduced pressure (40 ◦C, 20 mbar).
D2O (1 mL) and CDCl3 (1 mL) were added, and the solution
neutralised by addition of NaHCO3. The phases were separated
by centrifugation and the CDCl3 solution was transferred to an
NMR tube for analysis.


5-Deutero-1-methylpyrazole (1b). A solution of 1-methyl-
pyrazole (1) (1.04 g, 12.7 mmol) and THF (70 mL) was cooled to
−78 ◦C. n-BuLi (9.9 mL, 1.6 M in hexanes, 1.25 equivalents) was
added at a constant rate during 2 min. The solution was stirred at
−78 ◦C for 5 min and at 23 ◦C (water bath) for 1 h before addition
of CH3OD (2 mL). The solution was stirred for 1 h before addition
of aqueous HCl (2 mL, 12 M) and subsequent evaporation of the
solvents as above. The remaining oil was dissolved in H2O (10 mL)
and neutralised with NaHCO3. The aqueous phase was extracted
with diethyl ether (4 × 4 mL). The solution was distilled (Vigreux
column, ambient pressure) and the final product collected between
125–128 ◦C (reported for 1-methylpyrazole (1) after redistillation
over Na: 126–127 ◦C).39 Yield 0.56 g (53%). 1H-NMR (CDCl3): d =
7.48 (d, J(H3,H4) = 1.6 Hz, 1 H), 7.34 (s, broad, 0.03 H), 6.23 (d,
J(H4,H3) = 1.6 Hz, 1 H), 3.90 (s, 2.94 H).


Lithiation of 5-deutero-1-methylpyrazole (1b). 5-Deutero-1-
methylpyrazole (1b) was lithiated as described above for 1, except
the solution was stirred for 5 min at −78 ◦C and 60 min at 23 ◦C
before addition of CH3OH.


NMR spectroscopy


Samples for NMR spectroscopy were obtained by mixing 1-
methylpyrazole (1) (17.2 mg, 0.23 mmol) in THF or [D8]THF
(0.55 ml, containing tetramethylsilane) with n-[6Li]BuLi (0.13 mL,
1.94 M in pentane, 1.1 equivalent) in a 5 mm NMR tube at
−78 ◦C. The solution was investigated immediately or shaken


vigorously at room temperature for 10 min to obtain equilibrium
mixture; if necessary, the tube was stored in liquid nitrogen until
the NMR experiment was performed. 1H-, 6Li- and 13C-NMR
spectra were obtained on a Bruker AMX400 instrument at 400.13,
58.88 and 100.62 MHz, respectively, using 5 mm broad-band
inverse-configuration probe-head cooled with a stream of liquid
nitrogen vapour. Temperature was controlled with a calibrated
variable temperature unit and is believed to be accurate within
2 K. 1H- and 13C-NMR spectra were referenced to internal
tetramethylsilane, whereas 6Li-NMR shifts are unreferenced.
HOESY spectra were acquired in phase-sensitive mode collecting
64 transients with 2 k data points for each of 128 increments,
using 2 s mixing time and 12 s relaxation delay. The spectra were
transformed with zero filling by a factor of two in the indirect
dimension. Phase sensitive NOESY spectra were acquired with
25–700 ms mixing times, collecting 16 transients with 1 k data
points in 512 increments, zero filled to 1 k. Waltz16-decoupled
13C-NMR spectra were acquired using standard procedures.
Quantitative (fully relaxed) spectra were recorded using 20◦ pulses
with inter-pulse delay of 12 s. Longitudinal (T 1) relaxation times
were determined using inversion recovery pulse sequence with
approx. 20 values of relaxation delay (t); T 1 was determined by
fitting line intensities into three-parameter equation [Intensity =
ConstantA + ConstantB × exp(−t/T 1)].


Computational methods


Ab initio calculations were carried out using Gaussian 03.34 All
calculations were performed using the 6-31+G(d,p) basis set
requiring tight convergence of the self-consistent field. For B3LYP
calculations an ultra fine grid was specified. For transition state
optimisations force constants were recalculated analytically at
each optimisation step. Vibrational frequencies were calculated
analytically to verify the structures as minima or transition states.
Zero-point energies (ZPE’s) were extracted from the frequency
calculations and were used unscaled. All reported energies are
corrected for ZPE’s. For all transition structures a forced 0.01 Å
contraction and extension along the reaction coordinate and
a following geometry optimisation lead to reactants (initial
complex) and products, respectively. Total free energies in solution
were calculated using the IEFPCM procedure specifying THF
as solvent. Radii optimised for the PBE0 level of theory33 were
obtained from the united atom topological model.34 Total free en-
ergies in solution were calculated for the gas phase structures and
for the structures optimised within the IEFPCM model. The first
solvation shell of 5-Li·3THF and a-Li·2THF was adapted from the
X-ray structures ZELDUP40 and TUMPOG01,41 respectively, and
subsequently geometry optimised using the IEFPCM procedure
as described above.
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A highly convergent approach for the chemical synthesis of eight structurally related trisaccharides that
contain 3 to 5 amino groups has been described. Fourier-transformation ion cyclotron resonance mass
spectrometry (FT-ICR MS) has been employed to determine the dissociation constants (Kd) for the
binding of the trisaccharides to a prototypical fragment of 16S ribosomal RNA. A compound that
contained a 4,6-dideoxy-4-amino-b-D-glucopyranoside moiety at C-3 displayed binding in the low
micromolar range. It was found that small structural changes of the saccharides resulted in large
differences in affinity. The described structure–activity relationship is expected to be valuable
for the development of novel antibiotics that target rRNA.


Introduction


Aminoglycoside antibiotics such as neomycin (Fig. 1) have been
used for more than fifty years as an effective treatment for gram-
positive and gram-negative bacterial infections. These antibiotics
exert their antibacterial activity by binding to the A-site of the 16S
ribosomal RNA of bacteria.1–4 During translation, the binding
interferes with two conformationally flexible adenine residues in-
volved in the selection of cognate aminoacyl-tRNA. The resulting
conformational changes either increase the misincorporation of
near cognate amino acids, or terminate protein biosynthesis.


Fig. 1 Chemical structures of aminoglycoside antibiotics.


Although neomycin is widely employed for the treatment of
serious infections, there are several problems associated with its
use. For example, resistant bacterial strains are emerging due to


aComplex Carbohydrate Research Center, University of Georgia, 315
Riverbend Road, Athens, GA 30602, USA. E-mail: gjboons@ccrc.uga.edu
bIbis Therapeutics, 2292 Faraday. Av., Carlsbad, CA 02008, USA
† Electronic supplementary information available: 1H NMR spectra for
compounds 7–18 and 20–31. See DOI: 10.1039/b517725a


overuse. The strains contain enzymes that can modify antibiotics
by acetylation or phosphorylation, thus rendering the antibiotics
ineffective.5,6 An additional drawback is that aminoglycoside
antibiotics display cytotoxicity and at high doses may impair
hearing and kidney function.


All naturally occurring aminoglycoside antibiotics contain a
2-deoxystreptamine (2-DOS) or streptamine moiety, which is
glycosylated with aminosugars at C-4 and C-5 to give the
neomycin class or at C-6 to give the kanamycin–gentamicin
class. Furthermore, the neomycin class shares a pseudoglycoside
commonly known as neamine, in which 2-DOS is glycosylated
at the C-4 position with an amino-substituted glucopyranoside
moiety (Fig. 1). NMR7–11 and X-ray12–15 crystallographic studies
have indicated that this subunit is the minimal motif for selective
binding to the A-site of the 16S rRNA. This unit is, however,
most susceptible to modifications by resistance-inducing enzymes
of targeted pathogens.


The emergence of aminoglycoside-resistant pathogens has trig-
gered a search for novel compounds capable of binding to specific
RNA structures. Prior approaches have been based on the chem-
ical modification of natural aminoglycosides or part structures
such as neamine.16–39 Our group has chosen a different approach
by designing and synthesizing a series of amino-containing
disaccharides which mimic the unique spatial arrangements of the
functional groups of neamine that are required for the recognition
of the RNA target.40 Fourier-transformation ion cyclotron reso-
nance mass spectrometry (FT-ICR MS) was used to determine Kd


values for the binding of the disaccharides with rRNA fragments.
The compound tested that yielded the best results was the a(1–3)-
linked disaccharide 1 (Fig. 1), which displayed an affinity similar to
that of neamine. Superimposition of compound 1 on the neamine
moiety of paramomycin indicated that three of the four amino
groups have similar spatial orientations. Overlay studies also
showed that the important amine at C-1 of the 2-deoxystreptamine
moiety was mimicked by the amines on C-2 of the a(1–3)-linked
disaccharide 1 and C-6 of the a(1–4)-linked disaccharide 2.


Neamine demonstrates exclusively weak antibiotic activity at
high concentrations and requires the attachment of other sugar
residues for increasing the affinity and proper positioning at the A-
site of rRNA. Therefore, it is to be expected that oligosaccharides
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that are more complex than 1 and 2 may bind with higher affinity
to RNA. In order to test this hypothesis, we report here the
design and synthesis of eight trisaccharides which are derived from
compounds 1 and 2 but contain an additional b-ribofuranoside
or 4,6-dideoxy-4-amino-b-D-glucopyranoside moiety. The binding
of these compounds with a prototypical 16S ribosomal RNA
fragment has been studied by FT-ICR mass spectrometry.


Results and discussion


Design and synthesis of trisaccharides


Neomycin contains a b-linked riboside at C-5 of the neamine core
(Fig. 1). It has been shown that a replacement of the riboside by a
4,6-dideoxy-4-amino-b-D-glucopyranoside results in a compound
with a potency similar to that of neomycin and ribostamycin.41


Therefore, it was expected that the attachment of a b(1–3) or
b(1–4) linked riboside or 4,6-dideoxy-4-aminoglucopyranoside to
disaccharides 1 and 2 may result in compounds that have an
increased affinity for rRNA. To this end, trisaccharides 12, 13,
16, 17, 23, 24, 30 and 31 (Schemes 1 and 2) were prepared.


It was envisaged that the targeted trisaccharides could be
prepared by a highly convergent approach employing the glycosyl
acceptor 3 and glycosyl donors 4–6 (Fig. 2).42–44 The b(1–4) linked
ribosides 12 and 13 and 4,6-dideoxy-4-aminoglucopyranosides 16
and 17 could be prepared by coupling 3 with 4 to give disaccharide
7, which after removal of the benzylidene acetal and modification
of C-6 could be glycosylated at the C-4 hydroxyl with glycosyl
donors 5 or 6. The b(1–3) linked ribosides 23 and 24 or 4,6-
dideoxy-4-aminoglucopyranosides 30 and 31 could be prepared
by first coupling 3 with 5 or 6 to give disaccharides 18 and 25,
respectively, which after removal of the benzylidene acetal and


Fig. 2 Glycosyl acceptors and donors for the preparation of a library of
trisaccharides.


modification of C-6 could be glycosylated at the C-4 hydroxyl
with glycosyl donor 4.


Thus, a TMSOTf (trimethylsilyl trifluoromethane sulfonate)
catalyzed glycosylation20 of glycosyl acceptor 3 with trichloroace-
timidate 4 in diethyl ether and dichloromethane afforded disac-
charide 7 as only the a-anomer in a yield of 72% (Scheme 1).
Removal of the benzylidene acetal of 7 using aqueous acetic
acid followed by selective acetylation of the C-6 hydroxyl with
acetyl chloride in pyridine afforded the acetate 8 in a good
overall yield. Alternatively, the C-6 azido derivative 9 could be
obtained by a regioselective tosylation of the intermediate diol
with 4-toluenesulfonyl chloride (TsCl) in pyridine followed by the
displacement of the tosyl group with sodium azide in DMF at
85 ◦C. Next, glycosyl acceptors 8 and 9 were coupled with glycosyl
donors 5 and 6 using a catalytic amount of TMSOTf to give
the corresponding trisaccharides, which were deacetylated with
sodium methoxide in methanol to give compounds 10, 11, 14 and
15, respectively. In each case, only the b-glycoside was formed due
to neighboring group participation of the ester-protecting group


Scheme 1 Reagents and conditions: (a) TMSOTf, DCM, 4Å MS; (b) 90% AcOH–H2O then for 8, AcCl, Pyr, 0 ◦C and for 9, TsCl, Pyr, 0 ◦C followed by
NaN3, DMF, 90 ◦C; (c) NaOMe, MeOH; (d) Pd/C, H2, Pyr then Pd(OH)2, H2, AcOH–H2O, 10 : 1, v/v.
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Scheme 2 Reagents and conditions: (a) TMSOTf, DCM, 4Å MS; (b) 90% AcOH–H2O then for 19/26, AcCl, Pyr, 0 ◦C and for 20/27, TsCl, Pyr, 0 ◦C
followed by NaN3, DMF, 90 ◦C; (c) NaOMe, MeOH; (d) Pd/C, H2, Pyr then Pd(OH)2, H2, AcOH–H2O, 10 : 1, v/v.


at C-2 of glycosyl donors 5 and 6. Finally, trisaccharides 10, 11,
14 and 15 were deprotected by a three-step protocol involving
treatment with sodium methoxide in methanol to remove the acetyl
and benzoyl esters, followed by catalytic hydrogenation over Pd/C
in pyridine, resulting in the selective reduction of the azido groups
to amines and, finally, a second catalytic hydrogenation using
Pd(OH)2


45 in a mixture of acetic acid and water to remove the
benzyl ethers resulting in the formation of the target compounds
12, 13, 16 and 17. Impure compounds were obtained when the
reduction of the azido and benzyl ethers was performed by a one
step-procedure.


Next, attention was focused on the preparation of the b(1–
3)-modified trisaccharides 23, 24, 30 and 31. Thus, the key
disaccharides 18 and 25 were obtained in good yield as only b-
anomers by coupling glycosyl acceptor 3 with glycosyl donors 5
and 6, respectively, using TMSOTf as the promoter (Scheme 2).
Disaccharides 18 and 25 could be converted into C-6 acetates 19
and 26, respectively by a two-step procedure involving the removal
of the benzylidene acetal followed by regioselective acetylation
of the more reactive primary C-6 hydroxyl using acetyl chloride
in pyridine. Alternatively, tosylation of the C-6 hydroxyl of
the intermediate diol followed by displacement of the resulting
tosylates with sodium azide afforded azido derivatives 20 and 27.
Next, disaccharide acceptors 19, 20, 26 and 27 were coupled with


glycosyl donor 4 using TMSOTf as the activator in a mixture of
diethyl ether and dichloromethane to give, after deacetylation with
sodium methoxide in methanol, trisaccharides 21, 22, 28 and 29,
respectively, as only a-anomers in good yield. The derivatives were
deprotected using a similar three-step protocol as described above
to afford target compounds 23, 24, 30 and 31.


Binding of the trisaccharides to rRNA


High-resolution mass spectrometry (HRMS) has considerable
potential for the monitoring of complex formations between small
molecules and RNA fragments.46,47 The mild electrospray ioniza-
tion (ESI) process effectively transfers both free and complexed
RNAs into the gas phase, resulting in a representation of the
relative distribution of bound and free RNA present in a solution.
Therefore, dissociation constants can be determined by measuring
ion abundances as a function of ligand concentration. Fourier-
transformation ion cyclotron resonance mass spectrometry (FT-
ICR MS) coupled with this approach has successfully been used
to determine Kd values for the binding of several aminoglycoside
antibiotics to rRNA fragments.48


ESI-FT-ICR mass spectra were acquired under noncompetitive
binding conditions from 0.5 lM mixtures of untagged 16S
and mass-tagged 18S RNA with 0.75, 2.5, 7.5, and 25 lM
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Table 1 Binding data of compounds 12, 13, 16, 17, 23, 24, 30 and 31 with the 16S rRNA fragment


R1 R2 Kd/lmol Kd/lmol


OH b-D-ribose 12 n.b. 23 n.b.
NH2 b-D-ribose 13 n.b. 24 43
OH 4-NH2-6-deoxy-b-D-Glu 16 115 30 22
NH2 4-NH2-6-deoxy-b-D-Glu 17 281 31 2


n.b.: no binding observed.


concentrations of trisaccharides 12, 13, 16, 17, 23, 24, 30 and 31.
The relative ion abundances were used to determine dissociation
constants and the resulting values are listed in Table 1. Similar
values were obtained for the 16S and 18S RNA fragments,
indicating no selectivity for bacterial over eukaryotic rRNA
fragments.


Previously, a Kd value of 7 lM was determined for the binding
of neamine to 16S RNA. For the a(1–4) linked disaccharide 1,
a similar affinity (Kd = 11 lM) was measured whereas the a(1–
3) linked disaccharide 2 displayed a somewhat reduced binding
(Kd = 40 lM). Compounds 16 and 17, which are derived from
the a(1–3) linked disaccharide 2 and contain an additional 4,6-
dideoxy-4-aminoglucopyranoside at C-3, showed binding in the
high micromolar range. The affinity of these trisaccharides was
substantially lower than that of the parent disaccharide, indicating
that the 4,6-dideoxy-4-aminoglucopyranoside makes unfavorable
interactions with the rRNA fragment. Apparently, unfavorable
interactions are more severe when a b-riboside is installed since
compounds 12 and 13 showed no appreciable binding.


Compounds 23, 24, 30 and 31, which are derived from
disaccharide 1, showed a more interesting structure–activity
relationship. In this series, the attachment of a b-riboside to C-
3 (compounds 23 and 24) led to either a reduction or abolishment
of binding. However, derivative 31, which contains a 4,6-dideoxy-
4-aminoglucopyranoside at C-3, displayed a significantly more
favorable Kd than the parent compound 1 or neamine, indicating
that the additional monosaccharide makes favorable interactions
with the 16S RNA fragment. Compound 30, which contains
a hydroxyl at C-6, showed a somewhat reduced affinity. This
observation indicates that the amino group at C-6 of 31 contributes
to binding. The Kd values of compounds 16 and 17 differ only
marginally, suggesting that for the a(1–3) linked series the C-
6 amine does not contribute to binding with rRNA. Thus, the
structure–activity relationship of compounds 16, 17, 30 and
31 implies that the a(1–3) and a(1–4) linked compounds bind
differently with the RNA target. Furthermore, the observation
that compound 31 has the most favorable binding is concurrent
with our previous modeling study, which showed that the amino
groups of the a(1–4) linked compound 1 overlay better with those
of neamine compared to those of the a(1–3) linked derivative
2. The finding that all b-ribosides bind with poor affinity is,
however, surprising because neomycin-based antibiotics contain
this monosaccharide.


The results described in this paper show that amino-containing
oligosaccharides can bind with high affinity to RNA fragments.
Small structural changes in the oligosaccharides resulted in
dramatic differences in affinity indicating that the spatial arrange-
ments of the amino groups of the saccharide result in specific
interactions with the RNA structure. A unique property of RNA
is that it can fold into a well defined three-dimensional structure.
Due to this well defined shape, small molecules such as the sac-
charides described in this paper can target specific RNA domains,
which may result in a modulation of biological activities.4,21,49–52


It is to be expected that the screening of a large library of
amino-containing oligosaccharides may result in compounds that
bind with very high affinities to a target RNA fragment. Such
compounds could provide leads for the development of novel
antibiotics.


Experimental


General procedures


Chemicals were purchased from Aldrich and Fluka and used with-
out further purification. Molecular sieves (AW-300, Aldrich) were
activated in a microwave oven (1.5 min, 3 times) and further dried
in vacuo. Dichloromethane was distilled from CaH2 and stored
over 4 Å molecular sieves. All reactions were performed under
anhydrous conditions under an atmosphere of argon. Reactions
were monitored by TLC on Kieselgel 60 F254 (Merck). Detection
was by examination under UV light (254 nm) or by charring
with 5% sulfuric acid in methanol. Flash chromatography was
performed on silica gel (Merck, 70–230 mesh). Iatrobeads (60 lm)
were purchased from Bioscan. 1H NMR (1D, 2D) and 13C NMR
were recorded on a Varian Merc 300 spectrometer and on Varian
500 and 600 MHz spectrometers equipped with Sun workstations.
For 1H and 13C NMR spectra recorded in CDCl3, chemical shifts
(d) are given in ppm relative to solvent peaks (1H, d 7.24; 13C,
d 77.0) as an internal standard for protected compounds. The
negative ion matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) was recorded on a VOYAGER-DE Applied
Biosystem using dihydrobenzoic acid as a matrix. High-resolution
mass spectra were obtained using a Voyager delayed extraction
STR with 2,5-dihydroxybenzoic acid as an internal calibration ma-
trix. Binding constants for the 16S A-site model RNA were deter-
mined as described previously,16 using 33% aqueous isopropanol
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containing 100 mM NH4OAc, 0.5 lM 16S target RNA, 0.5 lM
18S control RNA, and ligand concentrations of 0.75, 2.5, 7.5, and
25 lM.


General procedure for glycosylations


Glycosylations were performed with 1.0 equivalent of glycosyl
acceptor and 1.0–1.5 equivalents of the trichloroacetimidate
donor which were dissolved in a selected solvent with crushed,
activated AW 3 Å molecular sieves (1.5 times the total amount
of glycosyl acceptor and donor). TMSOTf (0.10 equivalent)
was added by syringe to a stirred and cooled mixture at an
appropriate temperature (−60 ◦C). The progress of the reactions
was monitored by TLC using a mixture of hexane and EtOAc. The
temperature of the reaction was slowly raised to approximately
−10 ◦C over 1–1.5 hours. Solid NaHCO3 was then added while
stirring was continued for 15 minutes at room temperature prior
to filtration and concentration of the filtrate. The crude material
was dissolved in a small amount of toluene and applied to a
column of silica gel which was eluted with a gradient of EtOAc in
hexane.


General procedure for hydrolysis of the 4,6-O-benzylidene acetals


The disaccharide was dissolved in 90% aqueous AcOH and the
solution was stirred at 80–85 ◦C for 3 hours. The mixture was co-
evaporated with toluene under reduced pressure and the residue
was purified by silica gel column chromatography using a mixture
of hexane and EtOAc as an eluent.


General procedure for acetylation of the C-6 hydroxyls


Acetyl chloride (1.1–2.0 equivalents) was added to a solution of the
starting disaccharide in dry pyridine and the mixture was stirred
at room temperature for 2 hours. The reaction was quenched by
the addition of CH3OH, diluted with CH2Cl2 and washed with
a saturated solution of NaHCO3, water and brine. The organic
phase was dried (MgSO4) and concentrated and the residue was
co-evaporated with toluene. The crude material was purified by
silica gel chromatography using a mixture of hexane and EtOAc
as the eluent.


General procedure for introduction of the C-6 azido substituent


4-Toluenesulfonyl chloride (1.5–2.0 equivalents) was added to
the solution of a disaccharide in dry pyridine and the mixture
was stirred at room temperature for 4 hours. The reaction was
quenched by the addition of CH3OH, diluted with CH2Cl2 and
washed with a saturated solution of NaHCO3, water and brine.
The organic phase was dried (MgSO4) and concentrated under
reduced pressure and the residue was co-evaporated with toluene.
The resulting residue was directly used in the next step. NaN3


(7.0 equivalents) was added to the crude tosylate in DMF and the
mixture was stirred at 80–90 ◦C for 2–3 hours. After cooling and
the addition of DCM, the organic phase was washed with water
(3 times) and brine. The crude material was purified by silica gel
chromatography using a mixture of hexane and EtOAc as the
eluent.


General procedure for removal of the acetyl and benzoyl groups of
the trisaccharides


A solution of trisaccharide in dry CH3OH was brought to pH 12–
13 by careful addition of a solution of 0.5 M CH3ONa in CH3OH
at room temperature. After completion of the reaction (TLC
hexane–EtOAc, 2 : 1–1 : 2, v/v), the solution was neutralized with
Dowex 50 (H+), filtered, and the solvents were evaporated and the
residue purified by silica gel chromatography using a mixture of
hexane and EtOAc as the eluent.


General procedure for the deprotection of trisaccharides


Pd/C (10%, 1.5 times the weight of the starting material) was
added to a solution of the protected azido trisaccharides in
pyridine under an atmosphere of Ar. After evacuation, the flask
was placed under an atmosphere of H2. The reaction was stirred for
18 hours until TLC analyses (hexane–EtOAc, 1 : 1, v/v, CHCl3–
CH3OH, 9 : 1, v/v, and iPrOH–28% NH4OH, 95 : 5, v/v) indicated
completion of the reaction. The mixture was filtered through a
polytetrafluoroethene (PTFE) syringe filter (diameter 25 mm, pore
size 0.2 lm), which was further washed with pyridine. The solvents
were co-evaporated with toluene. The residue was dried in vacuo
for several hours. Matrix-assisted time-of-flight (MALDI-TOF)
MS and NMR spectroscopy confirmed the reduction of the azido
groups. Pd(OH)2 (Degussa type, Aldrich, 2.0 times the weight of
the starting material) was added to the above obtained material
and dissolved in a mixture of AcOH and H2O (10 : 1, v/v, 2–
5 mL) under Ar. The mixture was placed under an atmosphere
of H2 and stirred overnight. TLC analyses (iPrOH–28% NH4OH,
95 : 5, v/v and iPrOH–H2O–28% NH4OH, 30 : 10 : 5, v/v or
30 : 20 : 10, v/v) indicated the presence of a single compound.
The mixture was filtered through a PTFE syringe filter (as above)
and further washed with AcOH. The solvents were co-evaporated
with toluene and the residue was dried in vacuo for several hours.
The recovered materials were passed through a small amount of
Iatrobeads and slowly eluted with a mixture of iPrOH and 28%
NH4OH. Fractions containing the products were collected and
concentrated in vacuo. The products were brought to pH 4.5 with
AcOH and freeze dried.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-2-azido-4,6-O-benzylidene-2-deoxy-b-D-gluco-
pyranoside (7). A TMSOTf (6 lL) catalyzed glycosylation of 3
(60 mg, 0.196 mmol) with 4 (90 mg, 0.163 mmol) in a mixture of
Et2O and CH2Cl2 (4 : 1, v/v, 2.5 ml) was performed as described
in the general procedure section. Chromatography of the product
over silica gel using a mixture of hexane and EtOAc (9 : 1, v/v)
as an eluent gave 7 (76 mg, 67%). [a]25


D +30.6 (c 1.0, CHCl3);
1H NMR (500 MHz, CDCl3): d 7.40–7.10 (m, 15H, aromatics),
5.60 (s, 1H, PhCH), 5.40 (d, 1H, J1′ ,2′ = 4.0 Hz, H-1′), 4.94–4.84
(m, 3H, PhCH2), 4.62 (d, 1H, J2 = 11.3 Hz, PhCH2), 4.42–4.34
(m, 1H, H-6a), 4.38 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.24 (m, 1H,
H-5′), 4.10 (dd, 1H, J3′ ,4′ = 10.2, J2′ ,3′ = 9.5 Hz, H-3′), 3.84–3.71
(m, 3H, H-3, H-6b, H-6a′), 3.61 (s, 3H, OCH3), 3.56–3.34 (m,
5H, H-2, H-4, H-4′, H-5, H-6b′), 3.26 (dd, J1′ ,2′ = 3.8 Hz, J2′ ,3′ =
9.5 Hz, 1H, H-2′). 13C NMR (75 MHz, CDCl3): d 137.8, 137.7,
136.8, 129.1, 128.5, 128.4, 128.3, 128.0 (x2), 127.8, 125.9, 103.9
(C-1), 101.5 (PhCH), 98.2 (C-1′), 81.4, 79.5, 78.6, 75.7, 75.3, 75.2,
70.8, 68.4, 65.9, 64.8 (C-2), 63.0 (C-2′), 57.5 (OCH3), 50.9 (C-6′).
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ESI HRMS: m/z 722.2759 [M + Na+]. Calcd for C34H37N9O8


722.2765.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-2-azido-2-deoxy-6-O-acetyl-b-D-glucopyranoside
(8). Removal of the benzylidene acetal of 7 (210.0 mg,
0.30 mmol) followed by selective acetylation of the C-6 hydroxyl
was performed as described in the general procedures section.
Chromatography over silica gel using a mixture of hexane and
EtOAc (3 : 1, v/v) as an eluent gave 8 (31 mg, 87%). [a]25


D +43.9
(c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 7.40–7.10 (m,
10H, aromatics), 5.20 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.94–4.84 (m,
3H, PhCH2), 4.63 (d, 1H, J2 = 11.0 Hz, PhCH2), 4.41 (dd, 1H,
J5,6a = 4.5 Hz, J6a,6b = 12.5 Hz, H-6a), 4.37 (dd, 1H, J5,6b = 1.8 Hz,
H-6b), 4.27 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.13 (t, 1H, J3,4 = J4,5 =
9.5 Hz, H-4), 4.01 (t, 1H, J3′ ,4′ = J2′ ,3′ = 9.5 Hz, H-3′), 3.83 (d, 1H,
J4,OH = 3.0 Hz, OH), 3.70–3.50 (m, 4H, H-2′, H-3, H-4′, H-6a′),
3.60 (s, 3H, OCH3), 3.50–3.38 (m, 3H, H-5, H-5′, H-6b′), 3.28 (dd,
1H, J1,2 = 8.0 Hz, J2,3 = 10.0 Hz, H-2), 2.12 (s, 3H, CH3CO). 13C
NMR (75 MHz, CDCl3): d 171.6 (CO), 137.7 (x2), 128.8, 128.7,
128.3 (x2), 128.2, 128.1, 103.6 (C-1), 99.7 (C-1′), 83.6, 80.9 (C-3′),
78.9, 75.9, 75.5, 73.5, 71.4 (C-4), 70.9, 64.8, 64.5, 64.4 (C-2), 63.1
(C-2′), 57.6 (OCH3), 51.1 (C-6′), 21.1 (CH3CO). ESI HRMS: m/z
676.2551 [M + Na+]. Calcd for C29H35N9O9 676.2558.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′6′-dideoxy-a-D-
glucopyranosyl)-2,6-diazido-2,6-dideoxy-b-D-glucopyranoside (9).
Removal of the benzylidene acetal of 7 (210.0 mg, 0.30 mmol)
followed by selective tosylation and introduction of the azido
substituent of the C-6 hydroxyl was performed as described in the
general procedures section. Chromatography over silica gel using a
mixture of hexane and EtOAc (6 : 1, v/v) as an eluent gave 9 (15 mg,
79%). [a]25


D +26.4 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3): d
7.40–7.20 (m, 10H, aromatics), 5.07 (d, 1H, J1′ ,2′ = 4.0 Hz, H-1′),
4.96–4.85 (m, 3H, PhCH2), 4.62 (d, 1H, J2 = 11.8 Hz, PhCH2),
4.29 (d, 1H, J1,2 = 7.4 Hz, H-1), 4.08 (m, 1H, H-5′), 4.01 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 9.5 Hz, H-3′), 3.84 (d, 1H, J4,OH = 3.0 Hz, OH),
3.65–3.41 (m, 8H, H-2′, H-3, H-4, H-5, H-6a, H-6b, H-6a′, H-6b′),
3.55(s, 3H, OCH3), 3.30–3.22 (m, 2H, H-2, H-4′). 13C NMR
(75 MHz, CDCl3): d 137.6, 137.5, 128.7, 128.4, 128.3, 128.0, 127.9,
103.4 (C-1), 100.1 (C-1′), 85.2, 81.1, 78.9, 75.9, 75.5, 74.9, 71.7,
71.6, 64.8, 64.7, 57.4 (OCH3), 51.5 (C-6), 51.0 (C-6′). ESI HRMS:
m/z 659.2523 [M + Na+]. Calcd for C27H32N12O7 659.2517.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-4-O-(b-D-ribofuranosyl)-2-azido-2-deoxy-b-D-
glucopyranoside (10). A TMSOTf (3 lL) catalyzed glycosylation
of 8 (15 mg, 0.023 mmol) with 5 (21 mg, 0.035 mmol) was
performed in CH2Cl2 (2.0 mL) to afford an intermediate
trisaccharide, which contained a small amount of impurity after
silica gel column chromatography (MALDI-TOF: m/z 1120.38
[M + Na+]). The O-acetyl protecting group was removed by a
standard procedure. The crude material was purified by silica gel
chromatography (hexane–EtOAc, 1 : 2–1 : 4, v/v) providing 10
(7.0 mg, 73%). [a]25


D +10.5 (c 0.5, CHCl3); 1H NMR (300 MHz,
CDCl3): d 7.40–7.15 (m, 10H, aromatics), 5.72 (d, 1H, J1′ ,2′ =
3.0 Hz, H-1′), 5.29 (d, 1H, J1′′ ,2′′ = 2.5 Hz, H-1′′), 4.96–4.85 (m,
3H, PhCH2), 4.61 (d, 1H, J2 = 11.4 Hz, PhCH2), 4.27 (d, 1H,
J1,2 = 7.8 Hz, H-1), 4.20–3.90 (m, 8H, H-2′′, H-3, H-3′′, H-4′,
H-5a′′, H-5b′′, H-6a, H-6b), 3.82 (d, 1H, J = 3.5 Hz, OH),


3.60–3.48 (m, 2H, H-3′, H-4), 3.46 (s, 3H, OCH3), 3.45–3.25 (m,
5H, H-2, H-2′, H-5, H-6a′, H-6b′). 13C NMR (75 MHz, CDCl3):
d 137.6 (x2), 128.5, 128.1, 128.0 (x2), 127.9, 109.2 (C-1′′), 103.3
(C-1), 96.8 (C-1′), 84.1, 79.6, 78.5, 77.7, 76.3, 75.5 (C-2′′), 75.1
(C-2), 74.8, 70.9, 70.4, 64.9 (C-2′), 63.5, 62.7, 60.8, 57.4 (OCH3),
53.4, 50.9 (C-6′). ESI HRMS: m/z 766.2881 [M + Na+]. Calcd
for C32H41N9O12 766.2875.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-4-O-(b-D-ribofuranosyl)-2,6-diazido-2,6-dideoxy-
b-D-glucopyranoside (11). A TMSOTf (3 lL) catalyzed
glycosylation of 9 (16 mg, 0.025 mmol) with 5 (22.7 mg,
0.037 mmol) was performed in CH2Cl2 (2.0 mL) to afford an
intermediate trisaccharide, which contained a small amount of
impurity after silica gel column chromatography (MALDI-TOF:
m/z 1103.37 [M + Na+]). The O-acetyl protecting group was
removed by a standard procedure. The crude material was purified
by silica gel chromatography (hexane–EtOAc, 1 : 1–1 : 2, v/v)
providing 11 (4.5 mg, 65%). [a]25


D +25.2 (c 0.5, CHCl3); 1H NMR
(300 MHz, CDCl3): d 7.40–7.15 (m, 10H, aromatics), 5.70 (d, 1H,
J1′ ,2′ = 4.0 Hz, H-1′), 4.95–4.85 (m, 3H, PhCH2), 4.79 (d, 1H,
J1′′ ,2′′ = 7.0 Hz, H-1′′), 4.62 (d, 1H, J2 = 11.5 Hz, PhCH2), 4.31 (d,
1H, J1,2 = 8.0 Hz, H-1), 4.16–3.82 (m, 4H, H-2′′, H-3, H-3′′, H-4′),
3.74–3.48 (m, 7H, H-3′, H-3′′, H-4, H-5a′′, H-5b′′, H-6a, H-6b),
3.62 (s, 3H, OCH3), 3.45–3.25 (m, 5H, H-2, H-2′, H-5, H-6a′,
H-6b′). 13C NMR (75 MHz, CDCl3): d 137.9 (x2), 128.7, 128.3,
128.2, 128.0, 103.3 (C-1), 100.0 (C-1′′), 96.8 (C-1′), 79.9, 78.7,
77.4, 75.8, 75.2 (x2), 74.9, 71.2, 71.1, 69.9, 67.4, 65.2, 64.4, 63.9,
57.3 (OCH3), 51.3 (C-6), 51.1 (C-6′). ESI HRMS: m/z 791.2933
[M + Na+]. Calcd for C32H40N12O11 791.2940.


Methyl 3-O-(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-4-
O-(b-D-ribo)-2-amino-2-deoxy-b-D-glucopyranoside (12). Trisac-
charide 10 (7.0 mg) was hydrogenated in pyridine (3.0 mL) in the
presence of Pd/C (20 mg) as described in the general procedures
section. The intermediate was further hydrogenated in AcOH and
H2O (10 : 1, v/v, 2.2 mL) in the presence of Pd(OH)2 (20 mg) to give
trisaccharide 12 (2.0 mg): 1H NMR (D2O, 500 MHz) (acetate salt):
d 5.93 (d, 1H, J1′ ,2′ = 4.0 Hz, H-1′), 5.14 (d, 1H, J1′′ ,2′′ = 2.5 Hz,
H-1′′), 4.35 (d, 1H, J1,2 = 8.5 Hz, H-1), 4.01–3.92 (m, 2H, H-2′′,
H-5′), 3.90–3.82 (m, 3H, H-3, H-3′, H-4′′), 3.80–3.72 (m, 2H, H-4′,
H-6b), 3.53 (dd, 1H, J5,6a = 2.0 Hz, J6a,6b = 11.8 Hz, H-6a), 3.46
(s, 3H, OCH3), 3.40–3.25 (m, 6H, H-2′, H-3′′, H-4, H-5a′′, H-5b′′,
H-6b′), 3.14 (dd, 1H, J5,6a′ = 1.8 Hz, J6a′ ,6b′ = 12.5 Hz, H-6a′), 2.84
(dd, 1H, J1,2 = 8.5 Hz, J2,3 = 13.5 Hz, H-2), 1.82 (s, 9H, CH3CO2).
13C NMR (75 MHz, D2O) (acetate salt) d 181.2 (CH3CO2), 109.5
(C-1′′), 101.9 (C-1), 94.5 (C-1′), 83.6, 80.0, 77.5, 75.0 (C-2′′), 74.7,
70.9, 69.3 (C-5′), 68.4, 61.9 (C-4′), 61.8 (C-6), 59.5, 59.3, 57.2
(OCH3), 55.0, 44.6 (C-2), 40.0 (C-6′), 22.6 (CH3CO2).


Methyl 3-O-(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-4-
O-(b-D-ribofuranosyl)-2,6-diamino-2,6-dideoxy-b-D-glucopyrano-
side (13). Trisaccharide 11 (12.2 mg) was hydrogenated in
pyridine (3.0 mL) in the presence of Pd/C (20 mg) as described
in the general procedures section. The intermediate was fur-
ther hydrogenated in AcOH and H2O (10 : 1, v/v, 2.2 mL)
in the presence of Pd(OH)2 (20 mg) to give trisaccharide 13
(4.9 mg): 1H NMR (D2O, 500 MHz) (acetate salt): d 5.46 (d, 1H,
J1′ ,2′ = 2.4 Hz, H-1′), 4.55 (d, 1H, J1′′ ,2′′ = 7.8 Hz, H-1′′), 4.24 (d,
1H, J1,2 = 7.8 Hz, H-1), 4.01 (m, 1H, H-5′), 3.83–3.62 (m, 6H,
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H-3, H-3′, H-3′′, H-4′, H-4′′, H-6b), 3.60–3.48 (m, 3H, H-2′′, H-4,
H-6a), 3.40 (s, 3H, OCH3), 3.38–3.20 (m, 3H, H-2′, H-5b′′, H-6b′),
3.19–3.04 (m, 3H, H-5, H-5a′′, H-6a′), 2.73 (dd, 1H, J1,2 = 7.8 Hz,
J2,3 = 9.6 Hz, H-2), 1.76 (s, 12H, CH3CO2). 13C NMR (75 MHz,
D2O) (acetate salt) d 181.2 (CH3CO2), 102.7 (C-1), 101.2 (C-1′′),
96.1 (C-1′), 79.7, 79.0, 71.2, 70.7, 70.6, 70.2, 69.3, 69.1, 66.2, 63.3
(C-2′′), 63.2, 57.5 (OCH3), 55.5 (C-2), 53.7 (C-2′), 44.3, 40.1 (C-6),
40.0 (C-6′), 22.7 (CH3CO2).


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-4-O-(4′′-azido-4′′,6′′-dideoxy-b-D-glucopyranosyl)-
2-azido-2-deoxy-b-D-glucopyranoside (14). A TMSOTf (5 lL)
catalyzed glycosylation of 8 (31 mg, 0.047 mmol) with 6 (24 mg,
0.056 mmol) was performed in CH2Cl2 (2.0 mL) to afford a
trisaccharide (MALDI-TOF: m/z 931.34 [M + Na+]) which was
de-O-acetylated as described. The crude material was purified
by silica gel chromatography (hexane–EtOAc, 3 : 1–2 : 1, v/v)
providing 14 (11.0 mg, 75%). [a]25


D +47.8 (c 1.2, CHCl3); 1H
NMR (300 MHz, CDCl3): d 7.40–7.20 (m, 10H, aromatics), 5.81
(d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.95–4.85 (m, 3H, PhCH2), 4.63 (d,
1H, J2 = 11.5 Hz, PhCH2), 4.60 (d, 1H, J1′′ ,2′′ = 8.0 Hz, H-1′′),
4.32 (m, 1H, H-5′), 4.29 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.15 (t, 1H,
J3,4 = J4,5 = 9.5 Hz, H-4), 4.06 (t, 1H, J3′ ,4′ = J4′ ,5′ = 9.0 Hz, H-4′),
3.97 (t, 1H, J2′′ ,3′′ = J3′′ ,4′′ = 7.5 Hz, H-3′′), 3.74 (t, 1H, J2,3 =
J3,4 = 9.0 Hz, H-3), 3.60 (s, 3H, OCH3), 3.58–3.44 (m, 4H, H-3′,
H-5′′, H-6b, H-6b′), 3.43–3.30 (m, 6H, H-2′, H-2′′, H-4′′, H-5,
H-6a, H-6a′), 3.12 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.5 Hz, H-2),
1.44 (d, 3H, J = 6.5 Hz, CH3). 13C NMR (75 MHz, CDCl3): d
137.9, 137.8, 128.7, 128.3, 128.2, 128.0, 103.1 (C-1), 101.6 (C-1′′),
96.4 (C-1′), 79.9, 78.9, 77.4, 75.7, 75.6, 75.5, 75.2 (x2), 75.0, 71.5,
71.1, 67.4, 65.3 (C-4′′), 63.4 (C-2), 60.9 (C-2′), 57.6 (OCH3), 51.2
(C-6′), 18.2 (CH3). ESI HRMS: m/z 805.3082 [M + Na+]. Calcd
for C33H42N12O11 805.3096.


Methyl 3-O-(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-
glucopyranosyl)-4-O-(4′′-azido-4′′,6′′-dideoxy-b-D-glucopyranosyl)-
2,6-diazido-2,6-dideoxy-b-D-glucopyranoside (15). A TMSOTf
(5 lL) catalyzed glycosylation of 9 (15 mg, 0.024 mmol) with
6 (15 mg, 0.036 mmol) was performed in CH2Cl2 (2.0 mL) to
afford a trisaccharide (MALDI-TOF: m/z 914.34 [M + Na+])
which was de-O-acetylated as described. The crude material was
purified by silica gel chromatography (hexane–EtOAc, 1 : 1–2 :
3, v/v) providing 15 (8.0 mg, 68%). [a]25


D +18.3 (c 1.0, CHCl3);
1H NMR (300 MHz, CDCl3): d 7.40–7.20 (m, 10H, aromatics),
5.76 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.95–4.85 (m, 3H, PhCH2), 4.62
(d, 1H, J2 = 11.5 Hz, PhCH2), 4.41 (d, 1H, J1′′ ,2′′ = 8.0 Hz, H-1′′),
4.30 (m, 1H, H-5′), 4.28 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.10–4.01 (m,
2H, H-4, H-4′), 3.74–3.68 (m, 2H, H-3, H-3′), 3.60 (s, 3H, OCH3),
3.58–3.46 (m, 3H, H-5′′, H-6b, H-6b′), 3.43–3.29 (m, 6H, H-2′,
H-2′′, H-4′′, H-5, H-6a, H-6a′), 3.11 (dd, 1H, J1,2 = 8.0 Hz, J2,3 =
9.5 Hz, H-2), 1.46 (d, 3H, J = 6.5 Hz, CH3). 13C NMR (75 MHz,
CDCl3): d 137.9, 137.8, 128.7, 128.3, 128.2, 128.0, 102.8 (C-1),
100.7 (C-1′′), 96.5 (C-1′), 79.5, 78.7 (C-4), 77.7 (C-4′), 76.9, 76.7,
75.5, 75.4, 75.0, 74.7, 71.6 (C-5′), 71.1, 67.5 (C-2), 65.0, 63.1, 57.1
(OCH3), 53.6, 51.0 (C-6′), 50.7 (C-6), 18.0 (CH3). ESI HRMS:
m/z 830.3174 [M + Na+]. Calcd for C33H41N15O10 830.3161.


Methyl 3-O-(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-4-
O-(4′′-amino-4′′,6′′-dideoxy-b-D-glucopyranosyl)-2-amino-2-deoxy-
b-D-glucopyranoside (16). Trisaccharide 14 (7.0 mg) was


hydrogenated in pyridine (3.0 mL) in the presence of Pd/C
(20 mg) as described in the general procedures section. The
intermediate was further hydrogenated in AcOH and H2O (10 :
1, v/v, 2.2 mL) in the presence of Pd(OH)2 (20 mg) to give
trisaccharide 16 (2.0 mg): 1H NMR (D2O, 500 MHz) (acetate
salt): d 5.50 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.60 (d, 1H, J1′′ ,2′′ =
8.5 Hz, H-1′′), 4.34 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.10 (m, 1H,
H-5′), 4.02–3.95 (m, 3H, H-4, H-4′, H-5′′), 3.90–3.74 (m, 3H,
H-3, H-3′, H-6b), 3.72–3.50 (m, 3H, H-3′′, H-5, H-6a), 3.52 (s,
3H, OCH3), 3.45–3.33 (m, 3H, H-2′, H-2′′, H-6b′), 3.22 (dd, 1H,
J5,6a′ = 2.0 Hz, J6a′ ,6b′ = 12.5 Hz, H-6a′), 2.97 (t, 1H, J3′′ ,4′′ =
J4′′ ,5′′ = 9.0 Hz, H-4′′), 2.82 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.0 Hz,
H-2), 1.87 (s, 12H, CH3CO2), 1.38 (d, 3H, J = 6.0 Hz, CH3). 13C
NMR (75 MHz, D2O) (acetate salt) d 181.3 (CH3CO2), 103.2
(C-1), 102.1 (C-1′′), 96.9 (C-1′), 81.5, 75.8, 74.9, 73.7, 72.0, 70.9,
70.1, 69.2, 59.4, 57.6 (OCH3), 56.9 (C-2), 56.0 (C-4′′), 54.1 (C-2′),
40.1 (C-6′), 23.2 (CH3CO2), 16.8 (CH3).


Methyl 3-O-(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-4-
O-(4′′-amino-4′′,6′′-dideoxy-b-D-glucopyranosyl)-2,6-diamino-2,6-
dideoxy-b-D-glucopyranoside (17). Trisaccharide 15 (15.0 mg)
was hydrogenated in pyridine (3.0 mL) in the presence of
Pd/C (20 mg) as described in the general procedures section.
The intermediate was further hydrogenated in AcOH and H2O
(10 : 1, v/v, 2.2 mL) in the presence of Pd(OH)2 (20 mg) to give
trisaccharide 17 (6.6 mg): 1H NMR (D2O, 500 MHz) (acetate
salt): d 5.38 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.42 (d, 1H, J1′′ ,2′′ =
8.0 Hz, H-1′′), 4.28 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.07 (m, 1H, H-5′),
3.95–3.70 (m, 3H, H-4, H-4′, H-5′′), 3.65–3.43 (m, 3H, H-3, H-3′,
H-6b), 3.51 (s, 3H, OCH3), 3.40–3.28 (m, 5H, H-2′, H-3′′, H-5,
H-6a, H-6b′), 3.19 (dd, 1H, J5,6a′ = 2.0 Hz, J6a′ ,6b′ = 12.5 Hz,
H-6a′), 3.15 (dd, 1H, J1′′ ,2′′ = 8.0 Hz, J2′′ ,3′′ = 9.8 Hz, H-2′′),
3.01 (t, 1H, J3′′ ,4′′ = J4′′ ,5′′ = 9.5 Hz, H-4′′), 2.92 (dd, 1H, J1,2 =
8.0 Hz, J2,3 = 9.5 Hz, H-2), 1.80 (s, 15H, CH3CO2), 1.29
(d, 3H, J = 6.5 Hz, CH3). 13C NMR (75 MHz, D2O) (acetate salt) d
181.3 (CH3CO2), 103.2 (C-1), 102.5 (C-1′′), 97.0 (C-1′), 81.5, 78.6,
73.6, 71.8, 71.1, 70.7, 70.0 (C-5′), 69.2, 69.0, 57.7 (OCH3), 56.7
(C-4′), 55.8 (C-2), 54.0, 40.0 (C-6), 39.8 (C-6′), 22.7 (CH3CO2),
16.7 (CH3).


Methyl 3-O-(2′,3′,5′-tri-O-benzoyl-b-D-ribofuranosyl)-2-azido-
4,6-O-benzylidene-2-deoxy-b-D-glycopyranoside (18). A TMSOTf
(6 lL) catalyzed glycosylation of 3 (49 mg, 0.160 mmol) with
5 (115 mg, 0.160 mmol) was performed in CH2Cl2 (2.0 mL) as
described in the general procedures section. Chromatography of
the product over silica gel using a mixture of hexane and EtOAc
(5 : 1, v/v) as an eluent gave 18 (116 mg, 97%). [a]25


D +38.7 (c
1.5, CHCl3); 1H NMR (500 MHz, CDCl3): d 8.20–7.80 (m, 6H,
PhCO), 7.60–7.20 (m, 14H, aromatics), 5.80 (t, 1H, J2′ ,3′ = J3′ ,4′ =
7.2 Hz, H-3′), 5.62 (s, 1H, PhCH), 5.58 (dd, 1H, J1′ ,2′ = 1.8 Hz,
J2′ ,3′ = 7.2 Hz, H-2′), 5.50 (m, 1H, H-3), 5.31 (d, 1H, J1′ ,2′ = 1.8 Hz,
H-1′), 4.55 (m, 1H, H-4′), 4.39 (d, 1H, J1,2 = 7.8 Hz, H-1), 4.37
(m, 1H, H-6a), 4.15 (m, 1H, H-5a′), 3.90–3.64 (m, 3H, H-4, H-
5b′, H-6b), 3.61 (s, 3H, OCH3), 3.59–3.38 (m, 2H, H-2, H-5). 13C
NMR (75 MHz, CDCl3): d 166.5, 166.2, 165.5 (PhCO), 137.0,
133.4, 133.3, 133.2, 130.3, 130.2, 130.0, 129.6, 128.6, 128.5 (x2),
126.3, 104.1 (C-1), 101.9 (PhCH), 99.0 (C-1′), 79.3, 76.6, 68.8,
67.9, 67.1, 66.8, 66.2, 61.8, 60.7 (C-2), 57.8 (OCH3). ESI HRMS:
m/z 774.2385 [M + Na+]. Calcd for C40H37N3O12 774.2377.
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Methyl 3-O-(2′,3′,5′-tri-O-benzoyl-b-D-ribofuranosyl)-2-azido-
2-deoxy-6-O-acetyl-b-D-glucopyranoside (19). Removal of the
benzylidene acetal of 18 (60.0 mg, 0.08 mmol) followed by selective
acetylation of the C-6 hydroxyl was performed as described in
the general procedures section. Chromatography over silica gel
using a mixture of hexane and EtOAc (2 : 1, v/v) as an eluent gave
19 (28 mg, 97%). [a]25


D +50.2 (c 1.2, CHCl3); 1H NMR (300 MHz,
CDCl3): d 8.20–7.80 (m, 6H, PhCO), 7.60–7.20 (m, 9H, PhCO),
6.01 (s, 1H, H-1′), 5.48–5.35 (m, 2H, H-2′,3′), 5.20 (dd, 1H, J3,4 =
1.8 Hz, J2,3 = 7.5 Hz, H-3), 4.34–4.20 (m, 1H, H-4′), 4.21 (d, 1H,
J1,2 = 8.0 Hz, H-1), 4.15 (m, 1H, H-5a′), 3.50 (s, 3H, OCH3), 3.48–
3.41 (m, 4H, H-4, H-5b′, H-6a, H-6b), 3.29–3.22 (m, 2H, H-2,
H-5), 2.08 (s, 3H, CH3CO). 13C NMR (75 MHz, CDCl3): d 170.8
(CH3CO), 165.5, 165.4, 165.3, 133.7, 133.6, 133.5, 130.1, 130.0,
129.9, 129.6, 129.3, 128.8, 128.6 (x2), 103.3 (C-1), 100.7 (C-1′),
85.5, 75.4, 70.1, 69.7, 68.6, 67.4, 64.9, 62.5 (C-2), 57.4 (OCH3),
20.9 (CH3CO). ESI HRMS: m/z 728.2159 [M + Na+]. Calcd for
C35H35N3O13 728.2170.


Methyl 3-O -(2′,3′,5′ -tri-O -benzoyl-b-D-ribofuranosyl)-2,6-
diazido-2,6-dideoxy-b-D-glucopyranoside (20). Removal of the
benzylidene acetal of 18 (60.0 mg, 0.08 mmol) followed by
selective tosylation and azido substitution of the C-6 hydroxyl
was performed as described in the general procedures section.
Chromatography over silica gel using a mixture of hexane and
EtOAc (3 : 1, v/v) as an eluent gave 20 (18.2 mg, 68%). [a]25


D +
19.3 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3): d 8.20–7.80
(m, 6H, PhCO), 7.60–7.20 (m, 9H, PhCO), 6.03 (s, 1H, H-1′),
5.47–5.36 (m, 2H, H-2′, H-3′), 5.18 (dd, 1H, J3,4 = 1.8 Hz, J2,3 =
8.1 Hz, H-3), 4.35–4.22 (m, 1H, H-4′), 4.20 (d, 1H, J1,2 = 8.1 Hz,
H-1), 4.10 (m, 1H, H-5a′), 3.49 (s, 3H, OCH3), 3.46–3.39 (m,
4H, H-4, H-5b′, H-6a, H-6b), 3.30–3.25 (m, 2H, H-2, H-5). 13C
NMR (75 MHz, CDCl3): d 165.5, 165.4, 165.3, 133.7, 133.6, 133.5,
130.1, 130.0, 129.9, 129.6, 129.3, 128.8, 128.6 (x2), 103.3 (C-1),
100.7 (C-1′), 85.4, 75.6, 70.1, 69.6, 68.6, 67.2, 64.8, 62.4 (C-2), 57.3
(OCH3), 51.7 (C-6). ESI HRMS: m/z 711.2136 [M + Na+]. Calcd
for C33H32N6O11 711.2129.


Methyl 3-O-(b-D-ribofuranosyl)-4-O-(2′,6′-diazido-3′,4′-di-O-
benzyl-2′,6′ -dideoxy-a-D-glucopyranosyl)-2-azido-2-deoxy-b-D-
glucopyranoside (21). A TMSOTf (6 lL) catalyzed glycosylation
of 19 (28 mg, 0.040 mmol) with 4 (24 mg, 0.044 mmol) was
performed in a mixture of Et2O–CH2Cl2 (4 : 1, v/v, 2.5 ml)
and afforded an intermediate trisaccharide which contained a
small amount of impurity after silica gel column chromatography
(MALDI-TOF: m/z 1121.08 [M + Na+]). The O-acetyl protecting
group was removed by a standard procedure. The crude material
was purified by silica gel chromatography (hexane–EtOAc, 1 :
1–2 : 3, v/v) providing 21 (6.0 mg, 69%). [a]25


D +16.6 (c 0.5,
CHCl3); 1H NMR (300 MHz CDCl3): d 7.40–7.15 (m, 10H,
aromatics), 5.82 (d, 1H, J1′ ,2′ = 3.0 Hz, H-1′), 5.19 (d, 1H, J1′′ ,2′′ =
5.5 Hz, H-1′′), 4.95–4.84 (m, 3H, PhCH2), 4.61 (d, 1H, J2 =
11.0 Hz, PhCH2), 4.31 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.20–3.96 (m,
2H, H-4′′, H-5′), 3.95–3.72 (m, 8H, H-2′′, H-3, H-3′′, H-4′, H-5a′′,
H-5b′′, H-6a, H-6b), 3.62 (s, 3H, OCH3), 3.58–3.51 (m, 2H, H-3′,
H-4), 3.47–3.35 (m, 5H, H-2, H-2′, H-5, H-6a′, H-6b′). 13C NMR
(75 MHz, CDCl3): d 137.8, 137.7, 128.8, 128.3, 128.2 (x2), 103.4
(C-1), 100.3 (C-1′′), 96.3 (C-1′), 80.9, 79.9, 78.5, 77.4, 75.7, 75.4,
74.7, 71.4, 69.6, 68.6, 68.1, 65.9, 64.4, 63.6 (C-2′), 61.6 (C-2), 57.6


(OCH3), 51.4 (C-6′). ESI HRMS: m/z 766.2887 [M + Na+]. Calcd
for C32H41N9O12 766.2875.


Methyl 3-O-(b-D-ribofuranosyl)-4-O-(2′,6′-diazido-3′,4′-di-O-
benzyl-2′,6′-dideoxy-a-D-glucopyranosyl)-2,6-diazido-2,6-dideoxy-
b-D-glucopyranoside (22). A TMSOTf (5 lL) catalyzed glyco-
sylation of 20 (18.2 mg, 0.026 mmol) with 4 (16 mg, 0.031 mmol)
was performed in a mixture of Et2O–CH2Cl2 (4 : 1, v/v, 2.5 ml)
and afforded an intermediate trisaccharide, which contained a
small amount of impurity after silica gel column chromatography
(MALDI-TOF: m/z 1103.37 [M + Na+]). The O-acetyl protecting
group was removed by a standard procedure. The crude material
was purified by silica gel chromatography (hexane–EtOAc, 2 : 1–1 :
1, v/v) providing 22 (6.6 mg, 62%). [a]25


D +41.8 (c 0.5, CHCl3); 1H
NMR (300 MHz, CDCl3): d 7.40–7.15 (m, 10H, aromatics), 5.82
(d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 5.17 (d, 1H, J1′′ ,2′′ = 5.5 Hz, H-1′′),
4.95–4.84 (m, 3H, PhCH2), 4.61 (d, 1H, J2 = 11.5 Hz, PhCH2),
4.30 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.11 (s, 1H, OH), 4.02–3.82
(m, 3H, H-4′′, H-5′, H-6a), 3.80–3.64 (m, 5H, H-2′′, H-3, H-3′′,
H-4′, H-6b), 3.63 (s, 3H, OCH3), 3.60–3.41 (m, 7H, H-2, H-3′,
H-4, H-5, H-5a′′, H-5b′′, H-6a′), 3.40–3.35 (m, 2H, H-2′, H-6b′).
13C NMR (75 MHz, CDCl3): d 137.7, 137.5, 128.8, 128.7, 128.4,
128.2, 103.1 (C-1), 100.4 (C-1′′), 96.3 (C-1′), 80.6, 79.8, 78.4, 77.4,
75.7, 75.5, 74.3, 71.8, 71.4, 71.3, 68.7, 68.1, 65.8, 64.4 (C-2′), 63.5
(C-2), 57.3 (OCH3), 51.6 (C-6), 51.3 (C-6′). ESI HRMS: m/z
791.2934 [M + Na+]. Calcd for C32H40N12O11 791.2943.


Methyl 3-O-(b-D-ribofuranosyl)-4-O-(2′,6′-diamino-2′,6′-dideoxy-
a-D-glucopyranosyl)-2-amino-2-deoxy-b-D-glucopyranoside (23).
Trisaccharide 21 (17.5 mg) was hydrogenated in pyridine (3.0 mL)
in the presence of Pd/C (20 mg) as described in the general
procedures section. The intermediate was further hydrogenated
in AcOH and H2O (10 : 1, v/v, 2.2 mL) in the presence of
Pd(OH)2 (20 mg) to give trisaccharide 23 (7.2 mg): 1H NMR
(D2O, 500 MHz) (acetate salt): d 5.68 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′),
4.95 (d, 1H, J1′′ ,2′′ = 8.5 Hz, H-1′′), 4.37 (d, 1H, J1,2 = 8.0 Hz,
H-1), 4.01–3.92 (m, 2H, H-2′′, H-5′), 3.92–3.72 (m, 7H, H-3, H-3′,
H-4′, H-4′′, H-5a′′, H-5b′′, H-6b), 3.71–3.60 (m, 2H, H-6a, H-6b′),
3.54 (s, 3H, OCH3), 3.40–3.25 (m, 3H, H-2′, H-3′′, H-5), 3.20–3.08
(m, 2H, H-4, H-6a′), 2.85 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.7 Hz, H-
2), 1.82 (s, 9H, CH3CO2). 13C NMR (75 MHz, D2O) (acetate salt) d
181.6 (CH3CO2), 102.4 (C-1′′), 101.8 (C-1), 96.1 (C-1′), 84.1, 74.4,
72.6, 71.0, 70.9, 70.8, 69.8, 69.4, 66.1, 63.3, 59.8, 57.6 (OCH3),
57.1, 53.9, 40.2 (C-6′), 23.4 (CH3CO2).


Methyl 3-O-(b-D-ribofuranosyl)-4-O-(2′,6′-diamino-2′,6′-dideoxy-
a-D-glucopyranosyl)-2,6-diamino-2,6-dideoxy-b-D-glucopyranoside
(24). Trisaccharide 22 (8.4 mg) was hydrogenated in pyridine
(3.0 mL) in the presence of Pd/C (20 mg) as described in the
general procedures section. The intermediate was further hydro-
genated in AcOH and H2O (10 : 1, v/v, 2.2 mL) in the presence
of Pd(OH)2 (20 mg) to give trisaccharide 24 (4.8 mg): 1H NMR
(D2O, 500 MHz) (acetate salt): d 5.60 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′),
4.95 (d, 1H, J1′′ ,2′′ = 7.5 Hz, H-1′′), 4.37 (d, 1H, J1,2 = 8.0 Hz,
H-1), 3.98–3.86 (m, 2H, H-2′′, H-5′), 3.85–3.70 (m, 7H, H-3, H-3′,
H-4′, H-4′′, H-5a′′, H-5b′′, H-6b), 3.70–3.61 (m, 2H, H-6a, H-6b′),
3.54 (s, 3H, OCH3), 3.45–3.08 (m, 5H, H-2′, H-3′′, H-4, H-5,
H-6a′), 2.88 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.5 Hz, H-2), 1.74 (s,
12H, CH3CO2). 13C NMR (75 MHz, D2O) (acetate salt) d 181.6
(CH3CO2), 102.8 (C-1), 101.7 (C-1′′), 97.0 (C-1′), 83.5, 76.8, 70.8,
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70.7, 70.6, 70.5, 69.8, 69.6, 66.1, 63.3, 57.7 (OCH3), 56.9, 53.8,
40.9 (C-6), 40.1 (C-6′), 23.4 (CH3CO2).


Methyl 3-O-(4′-azido-2′,3′-di-O-acetyl-4′,6′-dideoxy-b-D-gluco-
pyranosyl)-2-azido-4,6-O-benzylidene-2-deoxy-b-D-glycopyranoside
(25). A TMSOTf (25 lL) catalyzed glycosylation of 3 (213 mg,
0.760 mmol) with 6 (378 mg, 0.912 mmol) was performed in
CH2Cl2 (4.0 mL) as described in the general procedures section.
Chromatography of the product over silica gel using a mixture
of hexane and EtOAc (4 : 1, v/v) as an eluent gave 25 (394 mg,
92%). [a]25


D +29.4 (c 1.5, CHCl3); 1H NMR (500 MHz, CDCl3):
d 7.50–7.20 (m, 5H, aromatics), 5.52 (s, 1H, PhCH), 5.05 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 9.3 Hz, H-3′), 4.93 (dd, 1H, J1′ ,2′ = 8.1 Hz, J2′ ,3′ =
9.6 Hz, H-2′), 4.68 (d, 1H, J1′ ,2′ = 8.1 Hz, H-1′), 4.35–4.30 (m,
1H, H-5), 4.26 (d, 1H, J1,2 = 8.1 Hz, H-1), 3.77 (dd, 1H, J1,2 =
8.1 Hz, J2,3 = 9.5 Hz, H-2), 3.64–3.58 (m, 2H, H-4, H-6a), 3.57 (s,
3H, OCH3), 3.40–3.08 (m, 4H, H-3, H-4′, H-5′, H-6b), 2.04 (m,
6H, CH3CO), 1.18 (d, 3H, J = 6.0 Hz, CH3). 13C NMR (75 MHz,
CDCl3): d 170.3, 170.0 (CH3CO), 137.1, 129.4, 128.4, 126.3, 103.8
(C-1), 101.6 (PhCH), 101.0 (C-1′), 79.8, 79.6, 73.9 (C-3′), 72.5
(C-5′), 70.9 (C-2′), 68.6 (C-5), 66.5, 66.2 (C-2), 65.6 (C-4′), 57.7
(OCH3), 20.9, 20.8 (2 x CH3CO), 18.3 (CH3). ESI HRMS: m/z
585.2017 [M + Na+]. Calcd for C24H30N6O10 585.2023.


Methyl 3-O-(4′-azido-2′,3′-di-O-acetyl-4′,6′-dideoxy-b-D-gluco-
pyranosyl)-2-azido-2-deoxy-6-O-acetyl-b-D-glucopyranoside (26).
Removal of the benzylidene acetal of 25 (91 mg, 0.162 mmol)
followed by selective acetylation of the C-6 hydroxyl was per-
formed as described in the general procedures section. Chro-
matography over silica gel using a mixture of hexane and EtOAc
(2 : 1, v/v) as an eluent gave 26 (33 mg, 87%). [a]25


D +30.6
(c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 5.18 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 9.3 Hz, H-3′), 4.96 (dd, 1H, J1′ ,2′ = 8.1 Hz,
J2′ ,3′ = 9.2 Hz, H-2′), 4.58 (d, 1H, J1′ ,2′ = 8.1 Hz, H-1′), 4.43
(dd, 1H, J5,6a = 2.7 Hz, J6a,6b = 12.3 Hz, H-6a), 4.39 (dd, 1H,
J5,6b = 5.1 Hz, J6a,6b = 12.4 Hz, H-6b), 4.18 (d, 1H, J1,2 = 7.5 Hz,
H-1), 3.73 (bs, 1H, OH), 3.55 (s, 3H, OCH3), 3.52–3.35 (m, 3H,
H-3, H-4, H-5), 3.34–3.08 (m, 3H, H-2, H-4′, H-5′), 2.04 (m, 6H,
CH3CO), 1.18 (d, 3H, J = 6.0 Hz, CH3). 13C NMR (75 MHz,
CDCl3): d 171.0, 170.1, 169.9 (3 x CH3CO), 103.3 (C-1), 101.6
(C-1′), 85.6, 73.6, 73.5 (C-3′), 71.7 (C-2′), 71.3, 68.8, 65.4 (C-2),
65.2 (C-4′), 63.2 (C-6), 57.5 (OCH3), 21.0, 20.8, 20.7 (3 x CH3CO),
18.3 (CH3). ESI HRMS: m/z 539.1827 [M + Na+]. Calcd for
C19H28N6O11 539.1816.


Methyl 3-O-(4′-azido-2′,3′-di-O-acetyl-4′,6′-dideoxy-b-D-gluco-
pyranosyl)-2,6-diazido-2,6-dideoxy-b-D-glucopyranoside (27).
Removal of the benzylidene acetal of 25 (91 mg, 0.162 mmol)
followed by selective tosylation and azido substitution of the C-6
hydroxyl was performed as described in the general procedures
section. Chromatography over silica gel using a mixture of hexane
and EtOAc (4 : 1, v/v) as an eluent gave 27 (64 mg, 67%). [a]25


D +
42.4 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3): d 5.15 (t, 1H,
J2′ ,3′ = 9.6 Hz, H-3′), 4.94 (dd, 1H, J1′ ,2′ = 8.4 Hz, J2′ ,3′ = 9.6 Hz,
H-2′), 4.58 (d, 1H, J1′ ,2′ = 8.4 Hz, H-1′), 4.23 (d, 1H, J1,2 = 7.8 Hz,
H-1), 3.76 (bs, 1H, OH), 3.57 (s, 3H, OCH3), 3.49–3.38 (m, 5H,
H-3, H-4, H-5, H-5′, H-6a), 3.36–3.23 (m, 2H, H-4′, H-6b), 3.18
(dd, 1H, J1,2 = 7.8 Hz, J2,3 = 9.0 Hz, H-2), 2.04 (m, 6H, CH3CO),
1.18 (d, 3H, J = 6.0 Hz, CH3). 13C NMR (75 MHz, CDCl3): d
170.1, 169.9 (2 x CH3CO), 103.2 (C-1), 101.6 (C-1′), 85.4, 75.6,


73.7 (C-3′), 71.6, 71.3, 69.8, 65.4 (C-2), 65.2 (C-4′), 57.4 (OCH3),
51.6 (C-6), 20.9, 20.7 (2 x CH3CO), 18.3 (CH3). ESI HRMS: m/z
522.1764 [M + Na+]. Calcd for C17H25N9O9 522.1775.


Methyl 3-O-(4′′-azido-4′′,6′′-dideoxy-b-D-glucopyranosyl)-4-O-
(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-glucopyranosyl)-
2-azido-2-deoxy-b-D-glucopyranoside (28). A TMSOTf (14 lL)
catalyzed glycosylation of 26 (33 mg, 0.064 mmol) with 4 (55 mg,
0.096 mmol) was performed in a mixture of Et2O–CH2Cl2 (2 : 1,
v/v, 3.0 ml) and afforded an intermediate trisaccharide, which
contained a small amount of impurity after silica gel column
chromatography (MALDI-TOF: m/z 931.34 [M + Na+]). The
O-acetyl protecting group was removed by a standard procedure.
The crude material was purified by silica gel chromatography
(hexane–EtOAc, 3 : 1–2 : 1, v/v) providing 28 (20.0 mg, 67%).
[a]25


D +11.7 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3): d 7.40–
7.20 (m, 10H, aromatics), 5.90 (d, 1H, J1′ ,2′ = 3.6 Hz, H-1′), 4.86
(d, 1H, J1′′ ,2′′ = 8.4 Hz, H-1′′), 4.84–4.81 (m, 3H, PhCH2), 4.60 (d,
1H, J2 = 10.8 Hz, PhCH2), 4.28 (d, 1H, J1,2 = 7.8 Hz, H-1), 4.04
(t, 1H, J2,3 = J3,4 = 9.5 Hz, H-3), 3.97–3.70 (m, 5H, H-3′, H-4′,
H-5′, H-6a, H-6b), 3.65–3.48 (m, 4H, H-3′′, H-5a′′, H-5b′′, H-6a′),
3.58 (s, 3H, OCH3), 3.46–3.20 (m, 6H, H-2, H-2′, H-2′′, H-4, H-5,
H-6b′), 3.10–3.06 (m, 2H, H-4′′, OH), 1.39 (d, 3H, J = 6.0 Hz,
CH3). 13C NMR (75 MHz, CDCl3): d 137.8, 137.7, 128.7 (x2),
128.3, 128.2, 103.3 (C-1), 101.5 (C-1′′), 96.4 (C-1′), 79.8, 79.6, 78.7,
75.6, 75.5, 75.4, 74.9, 74.7 (C-3′′), 71.4, 71.3, 69.5, 67.4, 66.4 (C-4′′),
63.2, 61.5, 57.7 (OCH3), 51.3 (C-6′), 18.3 (CH3). ESI HRMS: m/z
805.3088 [M + Na+]. Calcd for C33H42N12O11 805.3096.


Methyl 3-O-(4′′-azido-4′′,6′′-dideoxy-b-D-glucopyranosyl)-4-O-
(2′,6′-diazido-3′,4′-di-O-benzyl-2′,6′-dideoxy-a-D-glucopyranosyl)-
2,6-diazido-2,6-dideoxy-b-D-glucopyranoside (29). A TMSOTf
(7 lL) catalyzed glycosylation of 27 (16 mg, 0.032 mmol) with 4
(22 mg, 0.038 mmol) was performed in a mixture of Et2O–CH2Cl2


(2 : 1, v/v, 3.0 ml) and afforded an intermediate trisaccharide,
which contained a small amount of impurity after silica gel column
chromatography (MALDI-TOF: m/z 914.34 [M + Na+]). The O-
acetyl protecting group was removed by a standard procedure. The
crude material was purified by silica gel chromatography (hexane–
EtOAc, 3 : 1–1 : 1, v/v) providing 29 (8.5 mg, 81%). [a]25


D +37.0
(c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3): d 7.40–7.20 (m,
10H, aromatics), 5.89 (d, 1H, J1′ ,2′ = 3.6 Hz, H-1′), 4.85 (d, 1H,
J1′′ ,2′′ = 8.4 Hz, H-1′′), 4.84–4.81 (m, 3H, PhCH2), 4.59 (d, 1H, J2 =
10.8 Hz, PhCH2), 4.27 (d, 1H, J1,2 = 7.8 Hz, H-1), 3.95–3.70 (m,
3H, H-3, H-3′, H-6a), 3.70–3.51 (m, 6H, H-3′′, H-4′, H-5′, H-5a′′,
H-6b, H-6a′), 3.58 (s, 3H, OCH3), 3.50–3.30 (m, 6H, H-2, H-2′′, H-
4, H-5, H-5b′′, H-6b′), 3.24 (dd, 1H, J1′ ,2′ = 3.6 Hz, J2′ ,3′ = 10.2 Hz,
H-2′), 3.10 (t, 1H, J3′′ ,4′′ = J4′′ ,5′′ = 9.6 Hz, H-4′′), 1.38 (d, 3H, J =
6.0 Hz, CH3). 13C NMR (75 MHz, CDCl3): d 137.6, 137.5, 128.8,
128.7, 128.3, 128.2, 102.9 (C-1), 101.4 (C-1′′), 96.3 (C-1′), 79.6 (C-
6a), 79.3 (C-3′), 78.6 (C-3), 77.4, 75.6, 75.5, 75.4, 74.8, 74.3, 71.7,
71.4, 71.3, 67.3, 66.3 (C-4′′), 63.1 (C-2′), 57.3 (OCH3), 51.6 (C-6),
51.3 (C-6′), 18.3 (CH3). ESI HRMS: m/z 830.3155 [M + Na+].
Calcd for C33H41N15O10 830.3161.


Methyl 3-O-(4′′-amino-4′′,6′′-dideoxy-b-D-glucopyranosyl)-4-O-
(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-2-amino-2-deoxy-
b-D-glucopyranoside (30). Trisaccharide 28 (6.1 mg) was hydro-
genated in pyridine (3.0 mL) in the presence of Pd/C (20 mg)
as described in the general procedures section. The intermediate
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was further hydrogenated in AcOH and H2O (2.2 mL, 10 : 1,
v/v) in the presence of Pd(OH)2 (20 mg) to give trisaccharide
30 (1.3 mg): 1H NMR (D2O, 500 MHz) (acetate salt): d
5.58 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.83 (d, 1H, J1′′ ,2′′ =
7.0 Hz, H-1′′), 4.41 (d, 1H, J1,2 = 7.5 Hz, H-1), 4.08 (t, 1H,
J2,3 = J3,4 = 11.5 Hz, H-3), 3.98 (m, 1H, H-6a), 3.92–3.70 (m, 4H,
H-3′, H-3′′, H-4′, H-6b), 3.65–3.20 (m, 6H, H-2′, H-2′′, H-4, H-5,
H-5′, H-6a′), 3.49 (s, 3H, OCH3), 3.15–3.10 (m, 2H, H-5′′, H-6b′),
3.04 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 11.5 Hz, H-2), 2.92 (t, 1H,
J3′′ ,4′′ = J4′′ ,5′′ = 8.0 Hz, H-4′′), 1.82 (s, 12H, CH3CO2), 1.30 (d,
3H, J = 5.0 Hz, CH3). 13C NMR (75 MHz, D2O) (acetate salt) d
181.3 (CH3CO2), 101.3 (C-1), 101.0 (C-1′′), 96.3 (C-1′), 81.9, 74.3,
73.7, 72.6, 72.0, 70.7, 69.6, 69.0, 59.6, 57.3 (OCH3), 56.2 (C-2),
56.0 (C-2′), 53.7, 40.3 (C-6′), 22.8 (CH3CO2), 16.5 (CH3).


Methyl 3-O-(4′′-amino-4′′,6′′-dideoxy-b-D-glucopyranosyl)-4-O-
(2′,6′-diamino-2′,6′-dideoxy-a-D-glucopyranosyl)-2,6-diamino-2,6-
dideoxy-b-D-glucopyranoside (31). Trisaccharide 29 (8.5 mg) was
hydrogenated in pyridine (3.0 mL) in the presence of Pd/C
(20 mg) as described in the general procedures section. The
intermediate was further hydrogenated in AcOH and H2O (2.2 mL,
10 : 1, v/v) in the presence of Pd(OH)2 (20 mg) to give trisaccharide
31 (3.0 mg): 1H NMR (D2O, 500 MHz) (acetate salt): d 5.46 (d,
1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.78 (d, 1H, J1′′ ,2′′ = 7.0 Hz, H-1′′), 4.34
(d, 1H, J1,2 = 7.5 Hz, H-1), 4.09 (t, 1H, J2,3 = J3,4 = 8.0 Hz, H-3),
3.85–3.64 (m, 3H, H-3′, H-3′′, H-6a), 3.56–3.32 (m, 4H, H-4, H-5′,
H-5′′, H-6b), 3.46 (s, 3H, OCH3), 3.30–3.10 (m, 4H, H-2′, H-2′′,
H-5, H-6a′), 3.16 (dd, 1H, J5′ ,6b′ = 7.5 Hz, J6a′ ,6b′ = 8.0 Hz, H-6b′),
3.01 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 9.5 Hz, H-2), 2.85 (t, 1H, J3′′ ,4′′ =
J4′′ ,5′′ = 7.5 Hz, H-4′′), 1.82 (s, 10H, CH3CO2), 1.30 (d, 3H, J =
5.0 Hz, CH3). 13C NMR (75 MHz, D2O) (acetate salt) d 181.3
(CH3CO2), 101.6 (C-1), 101.2 (C-1′′), 96.9 (C-1′), 81.5, 75.8, 73.9,
72.8, 71.4, 70.7, 70.3, 57.9, 57.5 (OCH3), 56.9 (C-2′), 55.5 (C-2),
41.9 (C-6), 41.3 (C-6′), 23.8 (CH3CO2), 17.3 (CH3).
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The thermodynamics and kinetics of zinc–cytochrome c (ZnCyt c) interactions with Escherichia coli
molecular chaperone GroEL (Chaperonin 60; Cpn60) are described. Zinc(II)-porphyrhin represents a
flexible fluorescent probe for thermodynamic complex formation between GroEL and ZnCyt c, as well
as for stopped-flow fluorescence kinetic experiments. Data suggests that GroEL and GroEL/
GroES-assisted refolding of unfolded ZnCyt c takes place by a mechanism that is quite close to the
Anfinsen Cage hypothesis for molecular chaperone activity. However, even in the presence of ATP,
GroEL/GroES-assisted refolding of ZnCyt c takes place at approximately half the rate of refolding of
ZnCyt c alone. On the other hand, there is little evidence for refolding behaviour consistent with the
Iterative Annealing hypothesis. This includes a complete lack of GroEL or GroEL/GroES-assisted
enhancement of refolding rate constant k2 associated with the unfolding of a putative misfolded state
IH


NC (Zn) on the pathway to the native state. Reviewing our data in the light of data from other
laboratories, we observe that all forward rate enhancements or reductions could be accounted for in
terms of thermodynamic coupling (adjusting positions of refolding equilibria) due to binding
interactions between GroEL and unfolded protein substrates, driven by thermodynamic considerations.
Therefore, we propose that passive kinetic partitioning should be considered the core mechanism of the
GroEL/GroES molecular chaperone machinery, wherein the core function is to bind unfolded protein
substrates leading to a blockade of aggregation pathways and to increases in molecular flux through
productive folding pathway(s).


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/refolding of many unfolded
protein substrates. Literature remains at odds concerning the
mechanism of GroEL/GroES assisted refolding of proteins, and
discussion post-1999 is contradictory. The two extremes of the
argument are represented by the Anfinsen Cage hypothesis and the
Iterative Annealing hypothesis.


In the Anfinsen Cage hypothesis, protein-folding intermediates
are sequestered as if at “infinite dilution” within GroEL cavities
and so avoid even the remotest possibility for aggregation.2–4 This
requires that unfolded substrate proteins must fold completely
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within GroEL cavities, only to emerge when the native state is
reached. In this hypothesis, each GroEL cavity is regarded as a
passive “box of infinite dilution”.2 There is reasonable evidence
against this hypothesis. For instance, the GroEL/GroES-assisted
folding/refolding of large proteins (>60 kDa; too “large” for the
GroEL cavities) is well established.5,6 Also, the retention time of
smaller protein folding intermediate states within GroEL cavities
is ATP hydrolysis dependent, not protein dependent, hence
folding intermediates as well as native state can be returned to
free solution during the GroEL/GroES cycle depending upon the
protein substrate involved (Fig. 1).7,8 These folding intermediates
have the option to rebind to GroEL in the next cycle with the
possibility of then entering the native state.


The Iterative Annealing hypothesis highlights the unfolding of
kinetically trapped, misfolded protein folding intermediates, but
not the prevention of aggregation, thereby allowing for multiple
possible attempts at correct folding.9–11 The Iterative Annealing
hypothesis does not require localisation within GroEL cavities
but always assumes substrate protein binding to GroEL to be
an active process that drives the unfolding of misfolded protein
states, thereby increasing folding/refolding rates.10 Such an active
process suggests that the protein folding energy landscape is
being remoulded thereby allowing for increases in rates (even
catalysis) of protein folding/refolding.3 Evidence against the
Iterative Annealing hypothesis is also available.12,13 For instance,
although binding to GroEL can destabilize secondary structure,14


this is not necessarily coordinated12 and could equally well have
more to do with the formation of minimum energy complexes
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Fig. 1 Top view (a) and side view (b) of the GroEL/GroES/(ADP)7 complex. GroEL is 14mer (yellow and red), each subunit 57 259 Da stacked in
two rings with central cavities for protein substrate binding. GroES is 7mer (blue), each subunit 10 368 Da in a single ring of 7 subunits.54 (c) Complete
GroEL/GroES molecular chaperone machine mechanism illustrating the regular cycle of binding and release of protein substrate (in various states of
unfolding).19,43 This regular process of binding and release of protein substrate 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. 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). The term I1−n refers to discrete substrate protein folding intermediates, I, of between 1 and n in
number.
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between substrate protein folding intermediates and GroEL, than
a systematic and regular process of controlled unfolding through
binding.15 An Iterative Annealing mechanism should also be
expected to ensure a 100% yield of folding/refolding to the native
state in the absence of aggregation effects, but this is not always
the case15–17 owing to the impact of the extrinsic environment
(buffer concentration, ionic strength, pH, temperature) on protein
folding/refolding yields, something over which GroEL appears to
have little control.18,19


The usual way to minimise the significance of model pro-
tein folding/unfolding data is to suggest that the substrate
proteins used are “not-authentic”, thereby invalidating most of
the available mechanistic data concerning GroEL, including all
previously published stopped-flow kinetics experiments. However,
the concept that there is somehow a “pure” GroEL/GroES
mechanism applicable to “real substrates” seems too extreme.20


The wide range of model studies with different GroEL/GroES-
assisted folding/refolding of model protein substrates should not
be dismissed so lightly since they demonstrate how adaptive
the GroEL/GroES-molecular chaperone machine can be to
“meeting the needs” of individual unfolded substrate proteins
in their quest for efficient, high yielding folding/refolding to
the native state.20,21 In our case, we originally considered that
since GroEL and GroES share high levels of sequence identity
and similarity with mammalian Hsp60 and Hsp10 respectively,
then protein substrates for the Hsp60/Hsp10 machinery might
reasonably be expected to be appropriate substrates for the
GroEL/GroES molecular machinery as well. Accordingly, since
the Hsp60/Hsp10 machinery is involved in protein import into
the matrix of mammalian cell mitochondria, we surmised that
mitochondrial proteins/enzymes should be appropriate analogue
substrates for the GroEL/GroES-molecular machinery. This
analysis led to the original selection of commercially available
porcine mitochondrial malate dehydrogenase (mMDH).18,19,22,23 In
the experiments described here, equine heart cytochrome c was
selected as an alternative model unfolded protein substrate for
the GroEL/GroES molecular chaperone machine on the basis
that this is a well characterised, small, single domain protein that
folds/refolds in a known manner over an unusually long time-scale
(several seconds),15 making this protein an almost ideal substrate
for spectroscopic and stopped-flow kinetic refolding studies. It
is our contention that data obtained with these model unfolded
protein substrates should be regarded as both meaningful and
useful, to be interpreted alongside data obtained from other
diverse model protein folding/refolding systems.


Data acquired from these two assays actually suggested an
alternative mechanistic hypothesis, namely passive kinetic parti-
tioning (Fig. 2). According to this mechanism, the primary role
of GroEL is to bind, isolate and then release protein folding
intermediates (U to I2) otherwise vulnerable to bi-/multimolecular
nth-order aggregation processes (where n > 2), in a controlled
and cyclical fashion so as to suppress their free, solution con-
centrations below a critical threshold for aggregation. In so
doing, protein folding intermediates are encouraged to partition
kinetically along the unimolecular pathway(s) to correct folded
protein, N, in preference to being trapped in aggregated states
[(I1)m and (I2)m]. Essentially, the yield of correct folded protein
can be maximized by a passive kinetic partitioning mechanism
without requiring catalysis of the productive folding pathway(s)


Fig. 2 Passive kinetic partitioning mechanism of the GroEL/GroES
molecular chaperone machine. 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 adenosine 5′-triphosphate (ATP) and
then GroES binding, after which the protein substrate is retained by the
GroEL intra-cavity until ATP hydrolysis is complete (t1/2 6–8 s). Thereafter,
the 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.15


or any other significant intervention. That is unless the yield is
otherwise reduced by unimolecular protein misfolding resulting
from incorrect intramolecular interactions formed in response to
the extrinsic folding conditions. In this latter case, such misfolded
proteins could in principle rebind/bind to GroEL but would
only be rescued if the molecular chaperone were able to muster
sufficient binding energy to reverse those incorrect intramolecular
interactions by means of unfolding mechanisms.14,24 According
to this mechanism, GroEL is otherwise unlikely to have much
capacity to influence the role of the extrinsic folding conditions in
protein folding.


The utility of the passive kinetic partitioning mechanism is that
it can accommodate features of both of the two main mechanistic
hypotheses in such a way as to make sense of the negative
evidence against both. For instance, the binding of large and small
protein folding intermediates and their subsequent release into
free solution (in contradiction to the Anfinsen Cage mechanism),
and the fact that GroEL/GroES assisted folding/refolding of
proteins rarely results in a 100% recovery of correct folded
protein in assay systems15 (in contradiction to Iterative Annealing),
makes sense with the passive kinetic partitioning mechanism. The
Iterative Annealing mechanism also suggests the likelihood of rate
enhancements in protein folding/refolding as a consequence of
GroEL/GroES assistance. By contrast, an important consequence
of the passive kinetic partitioning mechanism is to diminish the
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likelihood that the GroEL/GroES machinery is able to enhance
rates or catalyse protein folding/unfolding as a rule. Instead,
the mechanism suggests that protein folding/refolding is assisted
primarily by increasing molecular flux through productive folding
pathways, employing cyclical binding and release to retard the
kinetic partition of molecular flux though irreversible, higher-
order aggregation pathways. Previously, we showed very clearly
that mMDH will refold to give a 100% yield of the native state
in the presence of GroEL and GroES, by increasing molecular
flux through the correct folding pathway, and without changing
first and second order rate constants for refolding.22,23 Here we
report additional information concerning GroEL/GroES assisted
folding/refolding of proteins using a novel zinc form of equine
heart cytochrome c, known as zinc-cytochrome c (ZnCyt c).
Data from thermodynamic and stopped-flow fluorescence kinetic
studies are reported that agree closely with conclusions obtained
with the mMDH model.


Results and discussion


Various thermodynamic binding and kinetic studies were per-
formed using specially prepared ZnCyt c in place of equine cy-
tochrome c. ZnCyt c has an essentially identical three-dimensional
structure to cytochrome c (Scheme 1),25,26 and hence binds to
cytochrome c oxidase in an equivalent manner to cytochrome c.27


There are three main differences. Firstly, ZnCyt c exhibits intrinsic
Zn(II)porphyrin fluorescence (Imax 588 nm), whereas cytochrome
c exhibits little intrinsic heme fluorescence, and both Imax and the
fluorescence quantum yield are sensitive to protein conformation.
Secondly, ZnCyt c is structurally a little less stable than cytochrome
c.28 Thirdly, Zn(II) unlike Fe(II) or Fe(III) is not redox active owing
to complete 3d orbital occupancy.


For the first two reasons, we considered that ZnCyt c would
be a more useful tool (cf. to cytochrome c) to evaluate the
effects of the GroEL/GroES molecular chaperone machine on
protein folding/refolding. Changes in intrinsic Zn(II)porphyrin
fluorescence offer a unique, sensitive probe for extent of folding
as a function of time at concentrations of ZnCyt c well below
the potential threshold for aggregation. Also, the lower intrinsic
stability suggested that GroEL-protein interactions would be
stronger than those observed with cytochrome c previously,15


and hence lead to more pronounced and realistic molecular
chaperone effects. Hence, ZnCyt c was prepared from cytochrome
c as described (see Materials and Methods) and thermodynamic
binding studies were carried out initially to verify comparable
behaviour with cytochrome c. Thereafter a series of stopped-flow
kinetics studies were performed.


Thermodynamic interactions with GroEL


As with cytochrome c,15 both native and 8 M urea-unfolded
ZnCyt c were able to form complexes with GroEL (in 25 mM
Tris-acetate, pH 7.4) that were stable enough to be isolated by
gel filtration (Sephadex S-300) free of unbound ZnCyt c protein
(results not shown). UV–Visible spectra of GroEL-bound and free
ZnCyt c were recorded and absorption maxima data compiled
(Table 1). The spectral properties of the complex formed between
unfolded ZnCyt c protein and GroEL were found to lie between
the properties of unfolded and native ZnCyt c. Therefore, GroEL-


Scheme 1 Refolding of cytochrome c and ZnCyt c. (Top) Ribbon
display structure (side view) of the X-ray crystal structure of horse heart
cytochrome c (RCSB Protein Data Bank: 1 hrc).55 The ribbon represents
the a-carbon backbone. Illustrated amino acid residues are: histidine
residue 18 (H18) (green) and histidine residues (H26 and H33) (light
purple): methionine residue (M80) (cyan): proline residues (P71 and P76)
(blue). The covalently attached heme group of cytochrome c may be seen
at the centre of the structure, sideways on (yellow) with the central iron
atom illustrated (white sphere). (Middle) Cytochrome c folding pathway
adapted from Colón et al.32 U corresponds to unfolded states and I to
intermediate states. N* is a native-like state of cytochrome c with the
M80 ligand displaced and NM the final biologically active native state of
cytochrome c. See text for details. (Bottom) Equivalent folding pathway
deduced for ZnCyt c.


bound unfolded ZnCyt c appears to be trapped in a state closer in
character to the ZnCyt c native state than the unfolded state. In a
similar way, the spectral properties of the complex formed between
native ZnCyt c protein and GroEL were found to lie even closer to
the properties of native ZnCyt c. Therefore, GroEL-bound native
ZnCyt c appears to be trapped in an almost native-like state. These
properties are essentially very similar to those reported previously
for cytochrome c.15
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Table 1 Summary of UV–visible fluorescence and absorption data obtained from unfolded ZnCyt c, native ZnCyt c, GroEL-bound unfolded ZnCyt c
and GroEL-bound native ZnCyt c. All data were recorded in 25 mM Tris-acetate, pH 7.4, at 22 ◦C in a 1 cm pathlength cell with slit-widths of 5 nm
(excitation and emission) for fluorescence. [ZnCyt c] was normalized to 3 lM


ZnCyt c state Soret band absorption kmax/nm Soret band fluorescence Imax/nm (excitation kmax/nm) a/b bands


Native 423 588.0 (412) 549 585
GroEL-bound native 424 587.8 (411) 550 583
GroEL-bound unfolded 422 587.4 (408) 550 583
Unfolded 421 582.8 (407) 547 582


Fluorescence titration binding experiments were then per-
formed in which a fixed concentration of either native or 8 M
urea-unfolded ZnCyt c (1 lM) was titrated with GroEL (0–
1 lM) at 22 ◦C over a period of 30 min (Fig. 3), and the
change in intensity of I 588, DI 588, plotted as a function of GroEL


concentration. The apparent association constants, Kd app, were
then determined. These values of Kd app were determined given a
number of assumptions. These were;


1) each GroEL binding site has equal affinity for unfolded
ZnCyt c,


Fig. 3 ZnCyt c fluorescence spectra. (a) Fluorescence unfolding titration experiment showing porphyrin fluorescence emission spectra of ZnCyt c
(7 lM) in 25 mM Tris-acetate, pH 7.4, with 2 mM b-ME, in the presence of increasing concentrations of urea from 0 M (i) up to 9 M (ii). (b) Porphyrin
fluorescence emission spectra of unfolded ZnCyt c (1 lM final concentration) added to 25 mM Tris-acetate, pH 7.4, with 2 mM b-ME in the presence of
increasing concentrations of GroEL from (0–1 lM final homo-oligomer concentration) where (i) is spectrum without GroEL and (ii) is spectrum with
1 lM GroEL. (c) Fluorescence binding titration isotherm for the binding of unfolded ZnCyt c to GroEL obtained by plotting fluorescence intensity
change at 588 nm, DI 588, against GroEL homo-oligomer concentration. (d) Fluorescence binding titration isotherm for the binding of native ZnCyt c
to GroEL obtained by plotting fluorescence intensity change at 588 nm, DI588, against GroEL homo-oligomer concentration. Data from (c) and (d)
was fitted to a one site-binding model to obtain dissociation constant data. Fluorescent excitation was at 423 nm throughout. The temperature was at
22 ◦C. For other parameters see Table 1.
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2) each unfolded ZnCyt c molecule interacts with only one
potential GroEL binding site and therefore is unable to interact
with any other GroEL molecule at the same time,


3) binding sites are spectroscopically indistinguishable from
each other and the binding of each ZnCyt c results in an equal
change in fluorescence.


Kd app values were found to be 1.2 ± 0.3 nM or 0.8 ± 0.4 nM
for native or 8 M urea-unfolded ZnCyt c respectively. The tight
binding of native ZnCyt c (Fig. 3) probably reflects the capacity of
GroEL to interact with a small equilibrium pool of native ZnCyt c
possessing transiently unfolded regions that GroEL is able to bind
to, thus shifting the ZnCyt c conformational equilibrium towards
further unfolding and further binding to GroEL according to the
law of mass action. Another single domain protein dihydrofolate
reductase (DHFR) has been shown to behave similarly.29 The
binding of unfolded ZnCyt c reflects kinetic trapping of a variety
of folding intermediate states converging to a minimum energy
bound state. Other studies have shown that each GroEL may bind
up to five cytochrome c molecules.15 Therefore, assuming this to
be the case, we can use the following eqn (1):


jd = nKd, app (1)


to determine microscopic dissociation constant values, jd, where
n is the number of putative binding sites (in this case 5). Hence the
jd value for unfolded ZnCyt c is 3.9 nM and the value for native
ZnCyt c is 5.8 nM. These figures compare very well with previous
Kd app and jd values,24 and if anything, suggest that ZnCyt c binds
to GroEL with an affinity as great if not greater than most other
proteins examined recently.


Finally, ZnCyt c aggregation studies were performed using
light scattering intensity at 500 nm, I 500, as a means to detect
the formation of protein aggregates in solution. This technique
was used previously to demonstrate that the presence of GroEL
can suppress the aggregation of unfolded citrate synthase (CS)
by binding and sequestration of vulnerable CS protein folding
intermediates.17 Unfolded ZnCyt c was found not to undergo
visible aggregation below 10 lM. Above this concentration
aggregation was observed (Fig. 4), but an equimolar concentration
of GroEL was sufficient to reduce this aggregation substantially,
presumably through the binding and sequestration of vulnerable
ZnCyt c protein folding intermediates in a comparable manner
to CS. At concentrations of below 10 lM, unfolded ZnCyt c
in the process of folding may be assumed to be at minimal risk
of aggregation (under these experimental conditions). Therefore,
10 lM represents the upper limit for the concentration of unfolded
ZnCyt c in stopped-flow kinetic studies that is required to avoid
analytical complications from aggregation processes and also
that is required in order to test one of the key predictions of
the Iterative Annealing hypothesis, that assisted folding through
iterative annealing should result in enhancements in rates of
refolding at concentrations below the aggregation threshold.


Stopped-flow kinetic analyses; cytochrome c versus ZnCyt c


The refolding behaviour of ZnCyt c has not been substantially
characterised, therefore our first objective was to verify whether
or not the refolding characteristics of ZnCyt c were similar to
those of cytochrome c using stopped-flow kinetic analyses. The
refolding of cytochrome c has been studied intensively.30 For such


Fig. 4 Aggregation of unfolded ZnCyt c observed by light scattering.
8 M Urea-unfolded ZnCyt c (15 lM final concentration) is dispersed in
25 mM Tris-acetate, pH 7.4, with 2 mM b-ME, at 22 ◦C, in the absence (�)
or presence of GroEL (�) (15 lM final homo-oligomer concentration).
Scattered light intensity, I 500, was observed over time.


a small, single domain protein, the rate of refolding is surprisingly
slow compared with other equivalent proteins (<20 kDa) that
usually refold spontaneously in a matter of a few milliseconds. By
contrast, unfolded cytochrome c takes approximately 10 s to reach
its native state at 22 ◦C and neutral pH. This is an ideal time-scale
to study GroEL/GroES-assisted refolding by means of stopped-
flow kinetics experiments since this time-scale is almost equivalent
to the half-life (6–8 s) of substrate protein sequestration within
GroEL cavities.31 Hence, if ZnCyt c were similar to cytochrome c
then refolding ZnCyt c might be expected to be an almost ideal
probe to study the kinetic impact of cavity sequestration (Fig. 1).
Furthermore, refolding ZnCyt c might be expected to form a
transient misfolded state at neutral pH, that could act as an ideal
probe to study whether or not binding to GroEL leads to assisted
unfolding of the misfolded state with concomitant increases in
refolding rates.


The unusually slow refolding behaviour of cytochrome c is
down to the presence of the heme group. In the native state
of cytochrome c, the heme iron atom is axially coordinated by
histidine 18 (H18) and methionine 80 (M80). At neutral pH, the
predominant unfolded state of cytochrome c is known as UH. In
this state, the heme iron remains coordinated by H18 but the M80
ligand found in the native state is replaced either by histidine 26
(H26) or histidine (H33) (Scheme 1).32 Of these latter two residues,
H33 is used most frequently.33 The first event in refolding at low
denaturant concentrations (<1.5 M guanidinium chloride [Gu–
HCl]), is the rapid formation (≈1 ms) of a compact intermediate,
IH


C (Scheme 1). Refolding then continues through a partially folded
intermediate, IH


NC, which is stabilised through the interaction of
the main N- and C-terminal a-helices.34 In this transient misfolded
state the heme iron still remains coordinated by either H26 or H33,
thereby preventing the formation of stable secondary and tertiary
structures in other regions of the protein. In order for the native
state to form, the non-native histidine residue must dissociate
to generate a five-coordinate molten globule intermediate I*NC.
This dissociation step is one of the key rate limiting steps in
cytochrome c refolding at neutral pH. The refolding process is then
completed by slow cis to trans isomerisation of proline 71 (P71) and
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Table 2 Summary of stopped-flow fluorescence kinetic data obtained from the refolding of 8 M urea unfolded cytochrome c (10 lM) monitored at
22 ◦C in 25 mM Tris-acetate buffer, pH 7.4, by intrinsic tryptophan fluorescence (excitation 280 nm; emission >320 nm), compared with data obtained
from 8 M urea unfolded ZnCyt c refolding under the same conditions but monitored by both intrinsic tryptophan (excitation 280 nm; emission >320 nm)
and Zn(II)porphyrin fluorescence (excitation 409 nm; emission >455 nm). [ZnCyt c] was 10 lM and 2 lM respectively for the two ZnCyt c refolding
experiments as described in the text


Protein Fluorophore k1/s−1 Amp1 (%) k2/s−1 Amp2 (%) k3/s−1 Amp3 (%)


Cytochrome c Trp 52.1 ± 1.6 37.9 ± 0.7 2.9 ± 0.4 44.8 ± 2.2 0.34 ± 0.04 17.3 ± 1.9
ZnCyt c Trp 18.1 ± 2.6 46.7 ± 1.1 3.0 ± 1.0 26.9 ± 2.6 0.17 ± 0.05 26.4 ± 2.2
ZnCyt c Porphyrin 22.3 ± 4.8 46.1 ± 3.2 5.8 ± 1.7 29.0 ± 4.2 0.10 ± 0.04 24.9 ± 4.2


proline 76 (P76) to give a five-coordinate state N* that rapidly
assembles into the native state, NM, wherein methionine 80 (M80)
coordinates the central heme iron atom (Scheme 1).32,35,36


This mechanism in effective kinetic terms represents a three-
state refolding process in which dilution from the denaturant
initially involves a fast phase (k1) of refolding culminating in
the formation of a transient misfolded state IH


NC. Thereafter,
formation of the five-coordinate molten globule state I*NC takes
place from the misfolded state in a slow phase (k2) of refolding.
Finally, cis to trans prolyl isomerisation takes place during a
second slow phase (k3) of refolding to give the five-coordinate
state N*. By means of a sequence of stopped-flow fluorescence
kinetic experiments, we obtained a complete set of kinetic data by
monitoring the refolding of both 8 M urea unfolded-cytochrome
c and 8 M urea unfolded-ZnCyt c post dilution into 25 mM
Tris-acetate buffer, pH 7.4 (Table 2). Cytochrome c refolding was
monitored by means of intrinsic tryptophan [W59] fluorescence,
ZnCyt c refolding by means of both intrinsic tryptophan and
Zn(II)porphyrin fluorescence. The results clearly demonstrate that
unfolded-ZnCyt c refolds in a comparable manner to cytochrome
c (see Scheme 1), and so is a worthy surrogate after all, even if k1


is slower then the cytochrome c equivalent rates.
A reasonable explanation for this rate constant difference is


that Zn(II) coordination of histidine residues H26 or H33 is less
avid than Fe(II)/Fe(III) coordination hence the transition state
leading to this putative transient, misfolded state IH


NC (Zn) of
ZnCyt c should be of a higher energy than that of cytochrome
c and hence forms less readily. We note in consideration of the
kinetic similarity of cytochrome c and ZnCyt c refolding, that
the observed thermodynamic complex formed between unfolded
ZnCyt c and GroEL may be regarded as a primary combination
of GroEL with the transient, misfolded state IH


NC (Zn) and the five-
coordinate molten globule-state I*NC (Zn). In a similar way, the
observed thermodynamic complex formed between native ZnCyt
c and GroEL may be represented as a primary combination of
GroEL with the putative five-coordinate state N* (Zn). Such in-
terpretations would be consistent with the observed spectroscopic
data (Fig. 3) and would also be consistent with our previous work
concerning GroEL-cytochrome c complexes.15


Stopped-flow kinetic analyses with GroEL and GroES


Representative stopped-flow fluorescence data is shown following
the high speed mixing of 8 M urea-unfolded ZnCyt c (2 lM final
concentration) and various concentrations of GroEL (0–4 lM
final concentration of oligomer) (Fig. 5). Calculated values of k1, k2


and k3 are shown as a function of increasing GroEL concentration,


as well as the change in signal amplitude as a function of increasing
GroEL concentration (Fig. 5), all recorded at 22 ◦C in 25 mM Tris-
acetate buffer, pH 7.6. Rates of k1 and k2 decline markedly with
increasing GroEL. k3 is essentially unaffected. In other words,
GroEL is actively retarding k1, the rate constant for formation of
the putative misfolded state IH


NC (Zn), and also k2 the rate constant
for unfolding the putative misfolded state IH


NC (Zn) into the putative
five-coordinate molten globule-state I*NC (Zn). Since aggregation
of ZnCyt c occurs at >10 lM (Fig. 4), then GroEL alone is clearly
not promoting rate enhancements through unfolding misfolded
ZnCyt c under conditions where there is no aggregation. Such an
observation runs completely counter to the Iterative Annealing
hypothesis. GroEL made no impact on the k3 rate constant for
cis to trans prolyl isomerisation, but then GroEL has never been
noted to possess a cis to trans isomerisation role, so this result is
consistent with known GroEL behaviour.


Another interesting point to note is that fluorescence signal
amplitude was observed to increase when GroEL was combined
with unfolded ZnCyt c, an effect that reached a plateau from
2 lM concentration upwards (Fig. 5). This result can be explained
with reference to an increase in Zn(II)porphyrin fluorescence
quantum yield following thermodynamic complex formation with
GroEL (Fig. 3). When equimolar concentrations of GroEL
and unfolded ZnCyt c are combined by stopped-flow mixing
then all the ZnCyt c must remain bound to GroEL at the
conclusion of the mixing. Given the observed rate data indicative
of substantial perturbations in k1 and k2 but not in k3, this complex
presumably involves primarily the I*NC (Zn) state in GroEL-bound
equilibrium with the putative five-coordinate state N* (Zn) and the
transient misfolded IH


NC (Zn) state. Our kinetic observations here
and previous thermodynamic observations concerning complex
formation (see above) appear to be in good agreement.


There is another important point to note however, namely that
the values of k1 and k2 were finite throughout and did not reduce
to zero as the concentrations of GroEL and unfolded ZnCyt c
approached equimolar. The retarding effect of GroEL on the first
kinetic constant rate k1 [correlating with the formation of IH


NC (Zn)],
suggests that the binding between protein and GroEL is rapid and
close to diffusion control. Furthermore, suppression of the second
kinetic constant k2 [correlating with the formation of I*NC (Zn)] is
consistent with further “on-chaperone refolding”. If refolding of
unfolded ZnCyt c was taking place off-chaperone then values of k1


and k2 should approach zero at high GroEL concentrations owing
to inhibition of refolding as a result of complete sequestration
of unfolded ZnCyt c. Similar results with similar conclusions
were obtained when the refolding behaviours of either unfolded
barnase or staphylococcal nuclease (SNase) were studied using
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Fig. 5 Effect of GroEL on the rate of refolding of unfolded ZnCyt c determined by stopped-flow fluorescence kinetic experiments. 8 M Urea unfolded
ZnCyt c (2 lM final concentration) and various concentrations of GroEL (0–4 lM final homo-oligomer concentration) were rapidly combined in 25 mM
Tris-acetate, pH 7.4, with 2 mM b-ME, at 22 ◦C. Fluorescence changes observed with time were used to calculate variations in rate parameters as a
function of GroEL homo-oligomer concentration. (a) Variation of k1. (b) Variation of k2. (c) Variation of k3. (d) Variation of total amplitude.


stopped-flow fluorescence in the presence of GroEL by the
research groups of Fersht and Kuwajima respectively.37–39 By
contrast, when the refolding of a-lactalbumin (a-LA) was studied
by stopped-flow fluorescence in the presence of GroEL, then the
slow phase of refolding was found to be retarded by GroEL to
zero.40–42 Accordingly, Kuwajima and colleagues concluded that
unlike barnase and SNase, a-LA refolding on-chaperone was
negligible and that “off-chaperone refolding” was in fact taking
place. The difference was explained by variations in binding
strength to GroEL. Kd app values of unfolded barnase or SNase
were estimated in the nM-range and the Kd app value of unfolded a-
LA was estimated in the lM-range. The implication is that binding
in the nM-range is necessary to achieve on-chaperone folding,
and that much weaker binding in the lM-range promotes off-
chaperone folding by default. Consistent with this argument is the
fact that the values of Kd app for unfolded ZnCyt c are in the nM-
range, and unfolded ZnCyt c also appears to fold “on-chaperone“
according to kinetic arguments, in common with unfolded barnase
or SNase. However, although observed “on-chaperone refolding”


appears to be associated with certain kinetic constants and
steps of partial refolding, this observed process could just as
well be a process of structural accommodation between GroEL
and unfolded protein substrate required to minimize complex
free energy and optimise binding affinity.15 Given this scenario,
unfolded a-LA could be said to have weaker capacity for structural
accommodation than unfolded barnase, SNase and ZnCyt c, and
therefore is able to bind less effectively to GroEL than the other
three proteins by three orders of magnitude. The key point is
that “on-chaperone refolding” as well as “off-chaperone refolding”
could be seen as being driven fundamentally by thermodynamic
considerations.


Representative stopped-flow fluorescence data is also shown
following the high speed mixing of 8 M urea-unfolded ZnCyt c
(2 lM final concentration) and ADP-GroEL, ATP-GroEL and
ATP-GroEL/GroES together with a number of other control
combinations (Fig. 6). The illustrated data shows the saturating
rate constant values and total amplitudes measured with equimo-
lar GroEL (2 lM final concentration) and equimolar GroES (2 lM
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Fig. 6 Maximal effects on the kinetics of refolding of unfolded ZnCyt c as determined by stopped-flow fluorescence kinetic experiments. 8 M Urea
unfolded ZnCyt c (2 lM final concentration) and various additives as indicated were rapidly combined in 25 mM Tris-acetate, pH 7.4, with 2 mM
b-ME, at 22 ◦C, and then fluorescence changes were observed with time and used to calculate maximal rate parameters as a function of the presence of
different additives. (a) Variation of k1. (b) Variation of k2. (c) Variation of total amplitude. Additives were either absent (ZnCyt c) or were respectively
GroEL (EL) (2 lM final homo-oligomer final concentration), GroES (S) (2 lM final homo-oligomer final concentration), ADP or ATP (each 1 mM final
concentration) with KCl and MgCl2 (each 10 mM final concentration), bovine serum albumin (BSA) (2 lM final concentration), or 8 M Urea unfolded
malate dehydrogenase (MDH) (2 lM final concentration). These were used with unfolded ZnCyt c in the combinations indicated on the Figure.


final concentration when required), where initial ADP or ATP
concentrations were 1 mM with 10 mM KCl and 10 mM MgCl2 to
promote ATP hydrolysis (where appropriate). The data trends are
interesting. In all cases, saturating k1 and k2 values were suppressed
when unfolded ZnCyt c was refolded in the presence of different
main GroEL-species (unless GroEL was preblocked with mMDH
to prevent ZnCyt c binding at all). However, both values of k1


and k2 were seen to increase according to the main GroEL-species
involved in the order GroEL < GroEL-ADP < GroEL-ATP <


GroEL/GroES-ATP. By contrast, saturating fluorescence signal
amplitude values were found to decrease in the order GroEL >
GroEL-ADP > GroEL-ATP > GroEL/GroES-ATP. There are
simple explanations for these effects in terms of the known binding
affinities of the various GroEL species for unfolded protein
substrates that also decease in the order GroEL > GroEL-ADP >
GroEL-ATP > GroEL/GroES-ATP.42,43 Firstly, since k1 and k2


rate constants appear to increase as the substrate affinities of each
main GroEL-species decline, then refolding rates clearly increase


as the strengths of interaction of substrate protein with each
respective main GroEL-species decrease. Such effects have been
seen previously with barnase38 and especially with a-LA,42 and
interpreted in the same way. Secondly, since saturating fluorescence
signal amplitude values appear to decrease as the affinities of
each main GroEL-species decrease, then the proportion of ZnCyt
c remaining complexed to GroEL at the end of each mixing
experiment must decrease as the strength of interaction with each
respective main GroEL-species decreases.


Experiments involving the combination of GroEL/GroES-ATP
with unfolded ZnCyt c are closest to stopped-flow observations
on the complete GroEL/GroES molecular chaperone machine.
Therefore, these data are very important. In this case, k1 and k2


rate constants were approximately 50% lower than values obtained
from the refolding of ZnCyt c alone, and the fluorescence signal
amplitude was only approximately 20% higher. In other words,
under conditions where there is no ZnCyt c aggregation there is a
general kinetic similarity between GroEL/GroES-ATP assisted
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refolding of unfolded ZnCyt c, and the refolding of unfolded
ZnCyt c alone. Such an observation aligns quite closely with the
Anfinsen Cage hypothesis, but not precisely since rate constants
are still partially suppressed (Fig. 6). On the basis of our data
with ZnCyt c, we would favour a mechanism for GroEL/GroES-
assisted refolding/folding of ZnCyt c that is aligned with the
Anfinsen Cage hypothesis. Our data does not appear to align with
the Iterative Annealing hypothesis at all. There is a complete lack
of enhancement of forward rate constants especially of k2 that is
associated with the unfolding of a putative misfolded state IH


NC (Zn)
on the pathway to the native state.


The results of a number of stopped-flow kinetics studies have
been reported in which actual rate enhancements have been
measured as compared with our data. These rate enhancements
are modest, 1.7-fold in the case of the slow phase of lysozyme
refolding,44 and 2-fold in the case of the fast phase of barstar
refolding.45 In both cases, an excess of GroEL was required
to see the rate enhancement. In the particular case of barstar
refolding, the rate enhancing effect could be titrated to saturation
with additional GroEL, a result inconsistent with catalysis. In the
particular case of lysozyme refolding, the rate enhancing effect did
not lead to any obvious change in the protein-refolding pathway,
a result consistent with catalysis.


However, such modest enhancements in forward rate constants
have been and can be accounted for primarily in terms of
simple shifts in the positions of refolding equilibria caused by
the transient binding of intermediate protein refolding states
to GroEL during the folding/refolding cycle (thermodynamic
coupling).15,45–47 All equilibrium constants equate via Haldane
relationships with ratios of forward and reverse rate constants.
A change in forward rate constant, not matched by an equal
change in reverse rate constant (or vice versa), will be manifest as a
change in equilibrium position. Clearly, reductions in forward rate
constants observed with barnase, SNase, and here with ZnCyt c,
could also be accounted for by shifts in the positions of refolding
equilibria by transient binding to GroEL. Even the Iterative
Annealing phenomenon where it has been observed could be
neatly accounted for by extensive shifts in the positions of refolding
equilibria (extensive thermodynamic coupling).9–11 Data to date
have shown that transient binding to GroEL does not appear
to alter reverse protein refolding rate constants connected with
protein unfolding,47 therefore forward refolding rate constants
would seem to be primarily susceptible to transient binding to
GroEL and the root cause of shifts in refolding equilibria. Thus far,
changes in forward rate constants (enhancements or reductions)
appear to be essentially unpredictable and arbitrary. However, the
extent of rate constant susceptibility should be related to a number
of physical factors that may be understood in due course, including
the variable natures of the unfolded substrate proteins themselves,
their complexes with GroEL, the nature of the GroEL cavities,
and the extrinsic refolding conditions.


Critically, since corresponding forward and reverse rate con-
stants are apparently not being affected to equal extents by
transient interactions with GroEL then there can be no catalytic
effect of GroEL/GroES on protein folding/refolding, as we noted
previously.23 This whole variety of refolding rate enhancements or
reductions in forward rate constants that have been observed by
many research groups must surely represent little more than ar-
bitrary substrate-dependent variations in GroEL/GroES-assisted


refolding behaviour and surely cannot be the primary intended
consequences of the molecular chaperone machine. Therefore,
what can be the primary, core function of the GroEL/GroES
molecular chaperone machine?


A unified “final theory” of GroEL/GroES-assisted protein
folding/refolding has to be able to provide for a primary,
core function that is also flexible enough to accommodate the
evidence both for and against the Anfinsen Cage and Iterative
Annealing mechanisms. We suggest that the passive kinetic
partitioning mechanism proposed by ourselves and others in
various guises15,45–47 and restated here (Fig. 2), should define
that core function. This mechanism provides a fundamentally
thermodynamic explanation in which equilibria positions are
altered through a cyclical process of binding to GroEL and timed
release (“thermodynamic coupling”) thereby avoiding aggregation
of vulnerable folding intermediates. In our view, this process
increases molecular flux through productive folding pathways and
may also inadvertently generate enhancements in the forward rates
of folding/refolding perhaps due to a “constructive influence on
folding” by the hydrophilic character of the GroEL cavities.20,48


Alternatively, there may be inadvertent reductions in the forward
rates of folding/refolding leading in extremis to assisted unfolding
if substrate protein-GroEL interactions are such as to encourage
this to happen instead. Multiple rounds of unfolded substrate
binding and release may be necessary and may take place either
in the GroEL cavities or in free solution according to the size of
the substrate protein involved and difficulties encountered during
folding/refolding. However, we feel that such variations are best
considered as arbitrary functions of either the substrate protein
concerned or extrinsic refolding conditions and that the core
function of GroEL/GroES-assisted folding/refolding, defined by
the passive kinetic partitioning mechanism, is left unaffected.


Material and methods


General


All water used throughout was first treated with a Purite Prestige
water purification system fitted with C750 carbon pre-treatment
and HP700 deioniser filters. Filtered water was then further
purified by the Millipore Synergy185 system to a resistance of
18.2 MXcm. Protein purification and association experiments
involving elution from a column were performed on an Amersham
Pharmacia Biotech Fast Protein Liquid Chromatography (FPLC)
593 system with constant monitoring of the eluant at A280


absorbance. All buffers used were filtered and degassed. Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS PAGE)
was used to visualise both the presence and purity of proteins: a
full outline of the method is given in Sambrook et al.49 Briefly,
samples were prepared with SDS and DTT, boiled for 3 min and
loaded onto Invitrogen Novex 15% Tris-Glycine Pre-cast gels in a
Novex Mini-cell tank. The gels were stained with Pierce Gelcode
blue stain.


GroEL and GroES purification


All experiments involving the GroE system were carried out
with chaperone protein purified from Escherichia coli (E. coli)
strain TG2. E. coli TG2 was transformed with plasmid pAM1
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providing a recombinant strain, TG2/pAM1, that is able to over-
express both GroEL and GroES. The construction of pAM1, its
transformation into E. coli TG2 cells and the growth of E. coli
TG2/pAM1 are described by Hutchinson et al.22,50 E. coli were
grown in 20 L cultures and provided as a homogenised frozen cell
paste. GroEL and GroES were purified free of aromatic impurities
from E. coli TG2/pAM1 cell paste according to procedures
outlined by Tabona et al.51 and Preuss et al.24 The concentrated,
purified solutions of both GroEL and GroES were dialysed into
50 mM Tris-HCl, pH 7.6, containing 2 mM DTT at 4 ◦C. Then
glycerol was added up to 50% (v/v) so that samples could be stored
at −20 ◦C without freezing. The activity of the chaperone proteins
stored in these conditions was found to be undiminished over many
months.24 Concentrations of GroEL or GroES were determined
by A280


1% values calibrated by quantitative amino acid analysis
for each main sample.51 Stated GroEL and GroES concentrations
always refer to the oligomer. In all cases, before experiments with
ZnCyt c or cytochrome c, GroEL and GroES were dialysed into
25 mM Tris-acetate, pH 7.4, containing 2 mM b-mercaptoethanol
(b-ME) (3 × 500 ml), overnight at 4 ◦C.


Preparation of ZnCyt c from cytochrome c


Metal free porphyrin cytochrome c (PoCyt c), was produced by
removal of the Fe(II)/Fe(III) atom from the heme group of native
horse-heart cytochrome c using hydrogen fluoride (HF). Owing to
the hazardous nature of HF, PoCyt c production was carried out
at the specialised laboratories of Dr Hoajula at the University of
Manchester (Peptide Products Ltd.), based on procedures outlined
by Ye et al.25 Briefly, cytochrome c was dried in a desiccator
in vacuo for 3 h to remove all traces of moisture. The dried protein
was then added to anhydrous liquid HF in a Teflon flask protected
from light at 0 ◦C. The solution was stirred for 5 min before excess
HF was removed in vacuo; any remaining HF was blown off with
dry N2 gas. The resulting solid was dissolved in 50 mM sodium
phosphate, pH 7.0, and desalted by elution through a Bio-Rad
desalting column (4 × 1.5 cm) prior to lyophilisation. The dried
protein was stored at −20 ◦C and protected from light.


ZnCyt c was prepared from PoCyt c as follows based on
procedures outlined by Ye et al.25 Since ZnCyt c is light sensitive,
all procedures were performed in the dark and, wherever possible,
at 4 ◦C. PoCyt c was dissolved in 25 mM Tris-acetate, pH 7.4, to
a concentration of 0.5 mM, and then the solution was acidified
to pH 2.5 with glacial acetic acid. An approximate 20-fold excess
(w/w) of ZnCl2 was added and the mixture incubated at 50 ◦C in
a water bath for no more than 40 min. The incorporation of Zn(II)
into the porphyrin was monitored by fluorescence excitation and
emission spectra in an analogous manner to that described below.
Following completion of the reaction, as judged by fluorescence
spectroscopy, excess ZnCl2 was removed by dialysis against 10%
glacial acetic acid in water (made pH 3 with NaOH) for 2 h
at room temperature. The mixture was then dialysed against
three changes of 25 mM Tris-acetate, pH 7.4, for a total of
4 h at room temperature. Finally, the ZnCyt c solution was
applied to a Pharmacia Biotech Mono S cationic exchange column
(10 × 1.5 cm) previously equilibrated with 25 mM Tris-acetate,
pH 7.4. The column was then washed (2 × bed volume) and the
protein was eluted with 25 mM Tris-acetate, pH 7.4, containing
0.3 M NaCl. The eluant was monitored by A280 absorbance and


peak fractions were collected manually to prevent exposure to
light. SDS PAGE and UV–visible spectroscopy were used to
identify peak fractions that were then concentrated using Millipore
Ultrafree-15 centrifugal filters.


The concentrated solution of ZnCyt c was dialysed against
three changes of 25 mM Tris-acetate, pH 7.4, to remove NaCl,
after which glycerol was added to 50% glycerol (v/v) for storage
at −20 ◦C, protected from light. The ZnCyt c concentration
was determined spectroscopically using the extinction coefficient
e423 of 2.43 × 105 M−1 cm−1.52 Cytochrome c concentration was
determined spectroscopically using the extinction coefficient e412


of 1.06 × 105 M−1 cm−1.53 All spectroscopic measurements were
performed in quartz cuvettes. In all cases, before experiments with
GroEL and GroES, ZnCyt c and cytochrome c were dialysed into
25 mM Tris-acetate, pH 7.4, containing 2 mM b-ME (3 × 500 ml),
overnight at 4 ◦C.


ZnCyt c denaturation in urea


Aliquots of ZnCyt c (7 lM) were equilibrated in 25 mM Tris-
acetate, pH 7.4, containing 2 mM b-ME and various con-
centrations of urea (0–9 M) for 2 h at room temperature.
Fluorescence emission spectra were recorded (Shimadzu RF-
5301PC spectrofluorophotometer) for each aliquot added and
corresponding background spectra, obtained from blank titrations
were subtracted to give spectral data showing the increase in
fluorescence intensity as a function of urea concentration.


Fluorescence binding titrations


One sample of unfolded ZnCyt c (1 lM) was prepared in 25 mM
Tris-acetate, pH 7.4, containing 2 mM b-ME and 8 M urea,
and left to equilibrate at room temperature for 2 h. A second
sample of native ZnCyt c (1 lM) was prepared in 25 mM Tris-
acetate, pH 7.4, containing 2 mM b-ME, then left to equilibrate
at room temperature for 2 h as well. Aliquots of unfolded or
native ZnCyt c samples were separately combined with solution
aliquots containing various amounts of GroEL (0–1 lM, final
concentration) in 25 mM Tris-acetate, pH 7.4, containing 2 mM
b-ME. In all cases, the resulting mixtures were incubated for 30 min
at 22 ◦C. Afterwards, fluorescence emission spectra were recorded
for each mixture in turn and corresponding background spectra,
obtained from blank titrations were subtracted to give spectral
data showing the increase in fluorescence intensity as a function
of GroEL concentration. From this data, fluorescence binding
isotherms were plotted and dissociation constants determined.


Light scattering measurements


Experiments were performed in a quartz magnetic stirrer cuvette
(1 cm path length). An aliquot of ZnCyt c was concentrated using
Millipore Ultrafree-15 centrifugal filters (10 kDa membrane) to
a concentration of 200 lM. Concentrated ZnCyt c was then
equilibrated at a concentration of 150 lM in 25 mM Tris-acetate,
pH 7.4, containing 2 mM b-ME and 8 M urea, for 2 h at 22 ◦C to
unfold the protein. Unfolded, ZnCyt c was then diluted ten-fold
into 25 mM Tris-acetate, pH 7.4, containing 2 mM b-ME in the
presence or absence of GroEL (15 lM). Samples were placed in
a cuvette and excited at 500 nm. The scattered intensity, I 500, was
recorded as a function of time in 1 s intervals over 20 min.
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Stopped flow fluorescence kinetic experiments


ZnCyt c or cytochrome c was dialysed into 25 mM Tris-acetate,
pH 7.4, 2 mM b-ME (3 × 500 ml) overnight at 4 ◦C. The protein
(20 lM) was unfolded by incubation in 25 mM Tris-acetate, pH 7.4,
containing 2 mM b-ME and 8 M urea for 2 h at room temperature
in order to unfold. Unfolded ZnCyt c or cytochrome c was refolded
by rapid ten-fold dilution into either 25 mM Tris-acetate, pH 7.4,
containing 2 mM b-ME alone (2 lM, final ZnCyt c or cytochrome
c concentration), or else ZnCyt c alone was diluted ten-fold into
the same buffer containing in addition either; 0.05–4 lM GroEL:
1.2–4.8 lM bovine serum albumin (BSA): 2 lM GroEL-mMDH
(see below): 0.05–4 lM GroEL, 1 mM ADP, 10 mM MgCl2 and
10 mM KCl: 0.05–4 lM GroEL, 1 mM ATP, 10 mM MgCl2 and
10 mM KCl: or 0.05–4 lM GroEL, 0.05–10 lM GroES, 1 mM
ATP, 10 mM MgCl2 and 10 mM KCl.


Measurements were carried out on a BioLogic SFM-3 Stopped
Flow in conjunction with an MPS-52 microprocessor. Fluores-
cence measurements were made using an ALX-220 arc lamp.
For intrinsic tryptophan fluorescence, the excitation wavelength
was set at 280 nm and the intrinsic fluorescence monitored
above 320 nm with a cut-off filter. For intrinsic Zn(II)porphyrin
fluorescence, the excitation wavelength was 409 nm and the
intrinsic fluorescence was monitored above 455 nm. Temperature
was maintained constant at 22 ◦C throughout by means of a
water bath. Between experiments, in order to ensure expulsion
of aged samples, the cuvette was first cleared with three shots
of unrecorded sample. Data points for each recorded shot were
collected every 500 ls for the first 500 ms, every 2 ms between
500 ms and 2.3 s and every 20 ms from 2.3 s to 30 s. Each
pure ZnCyt c refolding experiment was repeated five times in
succession and data was averaged using the Biokine software. For
experiments involving different concentrations of GroEL, each
ZnCyt c refolding experiment concentration was performed in
triplicate, interpreted separately and errors calculated by standard
deviation. Data were output into the BioLogic Biokine software as
plots of voltage against time. Kinetic rates were then determined
by fitting the curve to eqn (2):


V = at + b
∑


ci·exp(−kit) (2)


where V is voltage (amplitude), a, b, and ci are constants, t is time
and ki the i-th rate constant (where i = 1–3).


Preparation of GroEL–mMDH complex


mMDH (100 lM) was incubated in 25 mM Tris-acetate, pH 7.4,
containing 2 mM b-ME and 8 M urea for 2 h at room temperature,
in order to unfold. Thereafter unfolded mMDH was diluted ten-
fold into 25 mM Tris-acetate, pH 7.4, containing 2 mM b-ME and
GroEL (5 lM). The mixture was incubated for 30 min at room
temperature. The mixture was then applied to a Sephadex S-300
column (0.9 × 15 cm) and eluted with 25 mM Tris-acetate, pH 7.4,
containing 2 mM b-ME at a flow rate of 1 ml min−1. The eluant
was collected in fractions (1 ml) on ice. SDS PAGE was used
to identify fractions containing GroEL–mMDH complex which
were then combined and concentrated using Millipore Ultrafree-
15 centrifugal filters (100 kDa membrane). The concentration of
free GroEL was assumed to be negligible.


Conclusion


In conclusion, we propose that the passive kinetic partitioning
mechanism should be adopted as the cleanest and simplest way
to characterise the core function of the GroEL/GroES molecular
chaperone, a primary, basic function that gives a clear cut reason
for why the GroEL/GroES molecular chaperone is known as a
“folding machine for many but a master of none”.21


Abbreviations


GroEL, Hsp60 class oligomeric molecular chaperone (chaper-
onin); GroES, Hsp10 class oligomeric molecular co-chaperone
(co-chaperonin); ZnCyt c, zinc-cytochrome c; PoCyt c, metal free
porphyrin cytochrome c; mMDH, mitochondrial malate dehy-
drogenase; DHFR, dihydrofolate reductase; CS, citrate synthase;
SNase, staphylococcal nuclease; a-LA, a-lactalbumin; b-ME, b-
mercaptoethanol.
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The irreversible inhibition of 8-amino-7-oxononanoate syn-
thase by trifluoroalanine involves decarboxylative defluorina-
tion of the inhibitor-PLP aldimine followed by attack of the
conjugated imine by the amino group of the active site lysine
to afford a covalently bound difluorinated intermediate which
can subsequently undergo further HF losses and hydrolysis to
afford a 2-(pyridoximine phosphate) acetoyl protein adduct.


The a-oxamine synthases are a small but metabolically important
family of pyridoxal phosphate (PLP) dependent enzymes which
typically catalyse the decarboxylative condensation of amino
acids with acyl-CoA derivatives to afford vicinal aminoketones
(Scheme 1).1


Scheme 1 The a-oxamine synthase reactions; AONS (R = CH3, R′ =
(CH2)5CO2H), ALAS (R = H, R′ = (CH2)2CO2H), STP (R = CH2OH,
R′ = (CH2)7CH=CH(CH2)5CH3).


The family includes 8-amino-7-oxononanoate synthase
(AONS), the first committed enzyme of the biotin biosynthetic
pathway;2 5-aminolevulinate synthase (ALAS), the enzyme re-
sponsible for generating the precursor of the porphyrin rings
of hemes in microorganisms and animals;3 serine palmitoyl-
transferase (SPT), which catalyses the first step in sphingolipid
biosynthesis;4 and 2-amino-3-ketobutyrate CoA ligase (KBL),
which is involved in the threonine degradation pathway.5 KBL
formally catalyses the reverse reaction and is the only member
of the family the mechanism of which does not involve a
decarboxylation step. Mutations in some of these enzymes have
been implicated in a number of human disease states, for example,
hereditary sideroblastic anemia caused by a single amino acid
substitution in erythroid-specific ALAS (ALAS2)6 and hereditary
sensory neuropathy type I caused by mutations in the SPT
subunit-1 (SPTLC1).7


The similarity of the reactions involved and the high sequence
homology between the different enzymes of the family strongly
suggests that all the a-oxamine synthases share a common catalytic
mechanism. The crystal structures of bacterial AONS, KBL and
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ALAS have now been determined5,8–10 and it is apparent that
all of these have a similar fold and active site geometry. Our
understanding of the chemical mechanisms culminates from the
results of early radiolabeling studies on Rhodobacter spheroides
ALAS,11 and from kinetic studies on E. coli8,9 and Bacillus
sphericus12 AONS, and murine ALAS.13 Crystallographic studies
of the product aldimines of E. coli AONS and KBL and the
substrate aldimine of Rhodobacter capsulata ALAS have also
been carried out.5,9,10 In a recent communication we described
trapping experiments which provide good evidence for a b-
ketoacid intermediate aldimine (AONS-OA) in the AONS reaction
sequence.14 The overall reaction catalysed by AONS can now be
conjectured to take place by the route summarised in Scheme 2.


Since biotin synthesis is restricted to plants and microorgan-
isms there has been significant interest in developing specific
inhibitors of the enzymes of this pathway as potential biocides.15


Halogenated substrate analogues have been usefully exploited
as inhibitors of PLP dependent enzymes, a therapeutic example
being 2,2-difluoromethylornithine which is a suicide inhibitor of
ornithine decarboxylase.16 In the course of our mechanistic studies
on AONS we have investigated the suicide inhibition of this
enzyme by the substrate analogue, L-trifluoroalanine, and here
we describe the characterisation of the covalent enzyme adducts
formed, which reveal that the mechanism of inhibition involves a
complex sequence of reactions.


It is well established that pyridoxal phosphate (PLP) depen-
dent amino acid racemases, transaminases and decarboxylases
can be inhibited by b-halo- and b-polyhalo-analogues of their
substrate amino acids. Several inhibitory mechanisms have been
described.17–21 For several enzymes monohaloalanines act as
competitive inhibitors, while for others they can lead to enzyme
inactivation. The inhibition of alanine racemases by D- and
L-fluoroalanines was studied in some depth by Walsh and his
coworkers and shown to proceed by two different mechanisms
depending on the number of halogen substituents.17 In all cases
Ca-H abstraction and halide loss occurs from the corresponding
amino acid PLP-imine to afford the unsaturated Schiff ’s bases
4–4b. In the monofluoro case, 4 undergoes transimination with
the active site lysine leading to release of dehydroalanine, which
can inactivate the enzyme by attacking the PLP-lysine imine.17a


Where 3,3-difluoroalanine is the substrate the predicted product,
3-fluorodehydroalanine, is produced but Michael attack of the
monofluorinated unsaturated PLP-imine 4a by the amino group
of the active site lysine may lead to reversible formation of
the corresponding covalent adduct 5.17b 3,3,3-Trifluoroalanine is
a suicide inhibitor and in the case of alanine racemases, the
difluorinated unsaturated imine 4b, formed as above, undergoes
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Scheme 2 Catalytic mechanism of the AONS reaction.


Michael attack as before with subsequent fluoride loss to give
a stable monofluororinated unsaturated complex 6. The stability
of this structure is surprising and it has been conjectured that
complex formation results in the racemase active site becoming
impermeable to solvent water.17b In contrast the inhibition of
cystathione b-lyase by DL-trifluoroalanine results in formation of
a complex with loss of all three fluorine atoms suggesting that in
this case attack of the complex 6 by water does occur. This leads
to further HF loss and formation of the corresponding amide 7.18


Validation of this mechanism was provided by elucidation of the
crystal structure of the lysine adduct 7 formed when cystathionine
b-lyase is incubated with trifluoroalanine.22


In our studies we found that incubation of E. coli AONS with
L-trifluoroalanine (50 mM in pH 7.5 phosphate buffer at 25 ◦C) led
to slow inactivation of the enzyme (t 1


2
∼20 min) with no detectable


activity remaining after 2 h. However the PLP internal aldimine
chromophore (kmax 390 & 425 nm) characteristic of the active
holoenyme appeared essentially unchanged and no absorption
characteristic of formation of an external aldimine was observed.
The inhibition could not be reversed by prolonged dialysis with
PLP containing buffers. Electrospray mass spectrometry of the
inhibited enzyme showed a molecular ion at 41 746 ± 3 amu


corresponding to an increase of 56 ± 3 amu over the native PLP-
AONS monomer (41 690 amu). Dialysis of the inactivated protein
against 50 mN hydroxylamine removed the PLP cofactor leaving
a protein derivative with a monomer molecular weight of 61 ± 3
greater than that of the apo-enzyme showing that the PLP moiety
was attached by a labile imine bond. When the initial complex
was treated with NaCNBH3 the reduced complex had a molecular
mass of 41 751 ± 3 and showed no change on treatment with
hydroxylamine confirming the presence of a PLP Schiff ’s base
in the unreduced protein adduct. Although consideration of the
AONS mechanism and the previous work on cystathionine b-
lyase had led us to predict that an aminomalonoyl adduct of the
enzyme might be formed, the mass spectrometry results clearly
show that decarboxylation of the substrate skeleton to give an
adduct with a mass consistent with structure 9 (predicted mass
41 747 amu) had occurred. This is unexpected since, although a
decarboxylation occurs in its catalytic mechanism, AONS itself
has no known decarboxylase activity on amino acids. This begs
the question at what stage this decarboxylation (presumably with
concomitant loss of fluoride) occurs and whether a-H proton
abstraction from the trifluoroalanine-PLP imine is the first step
in the process. An additional uncertainty was the nature of the
enzyme nucleophilic group involved. In alanine racemases and
cystathionine b-lyase the nucleophile is the active site lysine
which both anchors the PLP and acts as the base for a-H
abstraction. However in the analogous adducts formed between
2,2-difluoromethylornithine and ornithine and diaminopimelate
decarboxylases, cysteine thiol groups act as the nucleophiles in the
Michael addition.16,23


To resolve these uncertainties we attempted to prepare the
enzyme trifluoroalanine adduct in a crystalline form. However
we were unable to crystallise the preformed adduct and so single
crystals of holo-AONS were soaked in a solution containing L-
trifluoroalanine (10 mM) and PLP (10 mM) in crystallisation
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buffer containing 1.6 M ammonium sulfate (1.6 M) and 1,3-
bis[tris(hydroxymethyl)methylamino]propane (200 mM) at pH 8.5
and rapidly frozen in liquid nitrogen. The X-ray diffraction data
(space group P3112; a = b = 58.22 Å, c = 194.83 Å, and c =
120◦ with k = 1.488 Å) were collected to a resolution of 1.99 Å.
The data were reduced with DENZO/SCALEPACK,24 and the
structure refined with SHELX97 starting from the coordinate set
1bs08.25 The refinement calculation was interleaved with several
rounds of model building with the program O.26 Water molecules
were added using the program SHELXWAT.25 The final R-factor
was 17.9% and the coordinates have been deposited in the Protein
Data Bank27 with accession number 2G6W; the RCSB code is
rcsb036763. The electron density map shown in Fig. 1 revealed
that the ‘active site’ lysine (lys236) was modified.


Fig. 1 Electron density around Lys236 calculated with coefficients
3|F obs| − 2|F calc|, acalc and contoured at 1.6r. The diagram was prepared
with the program O.26


A surprising finding was that the crystal structure was not
that of the final 2-aminoacetoyl adduct 9, which contains no
fluorine, but rather that of the difluorinated adduct 8. This implies
that decarboxylation occurs at an early stage in the sequence of
reactions. A mechanistic rationalisation is shown in Scheme 3. The
initial step is formation of the enzyme bound trifluoroalanine-PLP
aldimine. Analogy with the mechanisms previously reported for
a-haloamino acid inhibition and the normal catalytic mechanism
of AONS shown in Scheme 2 would suggest that the first step


after aldimine formation would be proton abstraction by the
amino group of lys236 at C-2 which would lead to elimination
of a fluoride anion affording 5b, the double bond of which is
activated (by the conjugated carboxylate and imine groups) for
Michael attack by the lysine amino group. However, this would
require deprotonation of the lysine amino group and that the
structure 5b, which is anchored by the lysine side chain and the
PLP group, can then twist to adopt a suitable conformation to
facilitate decarboxylation.


The alternative is that decarboxylation and loss of fluoride
occurs immediately after aldimine formation (Scheme 3). This
gives rise to a reactive 2,3-unsaturated imino species which is
attacked by the amino group of lys236. In the crystal phase the
reaction terminates at this point. However when the reaction
was carried out in solution this complex was not observed. It
is reasonable to assume that the next step is HF loss to give a
second 2,3-unsaturated imine which is attacked by water to give
the intermediate gem hydroxyfluoro which then loses HF to give
the amide 9. The lack of stability of the difluorinated intermediate
8 in solution is not unexpected since it has been shown that the
AONS structure undergoes significant changes in geometry in the
course of its normal catalytic cycle.9 This inherent flexibility could
allow the difluorinated intermediate complex to adopt a suitable
conformation for HF elimination and allow attack by a solvent
water molecule.


The reason why decarboxylation of trifluoroalanine occurs is
unclear since AONS exhibits no native decarboxylase activity
with L- or D-alanine. Decarboxylation in the normal mechanism
occurs after formation of the ketoacid intermediate (AONS-OA
in Scheme 2). In view of the geometric constraints imposed by
binding of the pimeloyl derived side chain and the PLP moiety,
stabilization of the Dunathan-type intermediate conformation
required for a PLP-decarboxylation transition state does not
appear likely and we have suggested that the electron sink in
decarboxylation may be provided by the protonated ketone.14


However, crystallographic studies suggest that, prior to binding
of the pimeloyl CoA substrate, there may be sufficient conforma-
tional flexibility in the active site to allow the carboxylate of the
amino acid-PLP aldimine to interact with a number of potential


Scheme 3 Formation of AONS adducts with trifluoroalanine (R = OPO3
2−).


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1209–1212 | 1211







Fig. 2 Comparison of the AONS active site in the apo-enzyme (A), the
holo-enzyme (B), the difluoro-adduct (C) and the product aldimine (D). In
the difluoro adduct (C), the two fluorine atoms, one of which obscures the
NZ of Lys236, are green. The figure was prepared using MOLSCRIPT.28


carboxylate docking sites (his133, asn47, arg361). This would
allow the Ca–CO2 bond to adopt an orientation perpendicular
to the plane of the extended PLP ring imine system and thus
facilitate decarboxylation. Determination of which of the basic
residues interact with the carboxylate in the transition state will
require detailed kinetic studies with single residue mutants.


This study was funded by the BBSRC (Grants B13955 &
SBD07593).
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An artificial lignin polymer containing only the b-O-4 substructure was synthesized. The procedure
consists of two key steps: 1) polycondensation of a brominated monomer by aromatic Williamson
reaction; and 2) subsequent reduction of the carbonyl polymer. 13C-NMR and HMQC spectra of the
polymer were consistent with b-O-4 substructures in milled wood lignin isolated from Japanese fir
wood. The weight average degree of polymerization (DPw) ranged from 19.5 to 30.6, which is
comparable to enzymatically synthesized artificial lignin from p-hydroxycinnamyl alcohols
(dehydrogenation polymer, DHP) and some isolated lignins. Using this new lignin model polymer, it
will now be possible to reinvestigate the properties and reactivity of the main lignin structure in terms
of its polymeric character.


Introduction


Lignin is the second most abundant biopolymer after cellulose. In-
creasing attention has been paid to its potential use as a renewable
raw material. However, despite much investigation in this area,
most lignins produced as byproducts in the pulp industry are not
used as raw materials and it is still a challenging issue to develop
new utilization methods of lignin. This is partly because lignin
is a complicated branched polymer.1,2 The b-O-4 linkage is both
the most abundant and the most important substructure in lignin
(Fig. 1). It greatly affects the chemical and physical properties of
lignin. In order to elucidate the property and reactivity of this
complex biomacromolecule, b-O-4 type lignin model dimers are
often used. These small model compounds are quite simple and
are easy to characterize, but they cannot mimic the polymeric
nature of lignin. It is becoming more important to use larger
lignin model compounds. To address this problem, polymer-
supported lignin model compounds3 and a polymeric material
of lignin model dimer4 were synthesized. Unfortunately, their
structures were unlike native lignin polymer. Oligomeric lignin
model compounds were also synthesized by several groups.5–7


Recently, a b-O-4 type oligomer was synthesized by addition
polymerization,8 but the degree of polymerization was limited to
an oligomeric level in this case as well. Alternatively, synthetic
lignin or artificial lignin has been enzymatically synthesized from
p-hydroxycinnamyl alcohols (dehydrogenation polymer, DHP).9


DHP resembles native lignin in many respects, but its structure
is as complicated as isolated lignin. The preparation of syringyl
type DHP specifically linked with b-O-4 bonds was reported,10 but
here, the unusually high phenolic content suggests that the DHP
contains crosslinks between relatively short linear b-O-4 chains.


We recently reported a remarkably simple method for the
synthesis of lignin related polymers composed exclusively of the
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Fig. 1 The b-O-4 linkage in lignin.


b-O-4 substructure.11 Although these polymers are b-O-4 type
linear polymers with well-defined structures, they lack c -CH2OH
groups that are crucial for lignin model polymer. Despite several
attempts, introduction of the c -CH2OH into the intermediate
b-O-4 type carbonyl polymer failed11 due to the impracticality
of adding formaldehyde completely into each monomer unit of
the carbonyl polymer. To overcome this problem, we revised
our strategy in the present investigation to utilize a monomer
containing a three-carbon side chain instead of a two-carbon side
chain. We subsequently succeeded in synthesizing an artificial
lignin polymer composed exclusively of the b-O-4 substructure
with three-carbon side chains. This artificial lignin polymer has
a well-defined structure, and the structural changes caused by
various treatments are much easier to analyze than DHP. The
relationship between the structure and properties of lignin polymer
can now be better understood by using this lignin model polymer.
The properties of b-O-4 rich lignin in wood cell wall12 can also be
elucidated in more detail.


Results and discussion


Synthesis of artificial lignin polymer


The synthesis of the b-O-4 type artificial lignin consists of two
key steps: 1) polycondensation of a brominated three-carbon
side chain monomer by aromatic Williamson reaction; and 2)
subsequent reduction of the carbonyl polymer (Fig. 2). Inspired
by the literature,13 compound 3 was selected as the new monomer
from several possible compounds. A similar, but benzylated,
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Fig. 2 Synthesis of artificial lignin polymer 2. Reaction conditions: (a) Pd/C–H2–EtOH–0 ◦C, (b) CuBr2–HBr–EtOAc–reflux, (c) Cs2CO3–anhydrous
DMF–rt, (d) NaBH4–CH3OH–rt, Bn = benzyl, Et = ethyl.


compound had been used to synthesize a b-O-4 type lignin model
dimer. The coupling of the two aromatic moieties was carried out
in 70% yield.


Compound 1 was synthesized from 4-hydroxy-3-methoxyben-
zaldehyde (vanillin) in five steps.13 Debenzylation of compound
1 was carried out with palladium charcoal at 0 ◦C in 97.2%
yield without reduction of the carbonyl group at the a-position.
Bromination of compound 2 with CuBr2 gave compound 3 in
79.7% yield after purification on silica gel.


Polymerization of compound 3 was carried out with cesium
carbonate or potassium carbonate in anhydrous DMF. The reac-
tion conditions were similar to those for b-O-4 type lignin related
polymers with two-carbon side chains.11 Because of the highly
hygroscopic nature of cesium carbonate, the base was dried under
vacuum at 110 ◦C before use. After reaction at room temperature
for 24 h, polymer 1 was obtained in 93–97% yield. Contrary to the
b-O-4 type two-carbon side chain polymer,11 polymer 1 did not pre-
cipitate from solution during the polymerization of compound 3.


Reduction of polymer 1 was problematic. Reduction with
lithium aluminum hydride in anhydrous THF was unsuccessful


because the reaction products could not be separated from a
gelatinous precipitate of aluminium salts possibly due to the
phenolic nature of the polymer. The best results were obtained
with sodium borohydride in methanol at room temperature. A
suspension of polymer 1 in methanol gradually became a clear
solution and the reaction proceeded to completion. Polymer 2 was
obtained in 34–45% yield. While DMSO also dissolved polymer 1,
gelation occurred during reduction with borohydride and resulted
in incomplete reaction.


Structure of artificial lignin polymer 2


13C-NMR spectroscopy is a powerful tool to elucidate complicated
lignin structures, and most of the signals in lignin have been
assigned previously.14 The 13C-NMR spectrum of polymer 2 is
shown in Fig. 3. The signals were assigned by comparison with
phenolic and non-phenolic lignin model dimers (Fig. 4).15 Polymer
2 exists as a mixture of many isomers which have asymmetric
carbon atoms at a and b positions. The side chain signals at
59.8, 71.4 and 83.6 ppm were assigned to c , a and b carbons and


Fig. 3 13C-NMR spectra of b-O-4 type artificial lignin polymer 2 and Japanese fir MWL. 1′,4′: phenolic end units; e: erythro, t: threo; MWL: milled
wood lignin. The structure of non-phenolic end units is uncertain.
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Fig. 4 13C-NMR spectral data in DMSO-d6 for b-O-4 type lignin model
compounds.15


occur at almost the same positions as those for the erythro form
of veratrylglycerol b-guaiacyl ether (60.0, 71.5 and 83.6 ppm).
Small resonances at 70.8 and 84.4 ppm correspond to the threo
form of the b-O-4 substructure and correspond to those in the
model dimer (70.8 and 84.3 ppm). Aromatic carbons were also
assigned by comparison with lignin model dimers. Signals in
polymer 2 were compared with those in milled wood lignin (MWL)
obtained from Japanese fir (Abies sachallnensis MAST) wood.
Softwood lignin mostly consists of guaiacyl lignin, which has only
one methoxy group in each aromatic ring. MWL contains several
substructures other than the b-O-4 substructure, but the amount
of b-O-4 substructure is 41% in this specific sample.16 As illustrated
in Fig. 3, all signals in polymer 2 exist in MWL, and all correspond
to the b-O-4 substructure.


2D NMR spectra, especially HMQC and HSQC, are frequently
used to elucidate lignin structures.17–19 Signals of the main sub-
structure in lignin are well resolved and assigned. Fig. 5 shows
partial HMQC spectra of polymer 2 and Japanese fir MWL in
side chain regions. The crosssignals at dC/dH 71.4/4.75, 83.6/4.28
and 59.8/3.15–3.26, 3.36–3.71 ppm in the HMQC spectrum of
polymer 2 are assigned to a, b, and c -positions in the b-O-4 sub-
structure and are consistent with those in Japanese fir MWL. The
HMBC spectrum of polymer 2 is shown in Fig. 6. The distinct
crosspeak at dC/dH 146.7/4.28 ppm indicates the correlation
between Hb and C4 in polymer 2. These results clearly indicate
that polymer 2 has b-O-4 linkages between monomer units.


Characterization of acetylated polymer 2


The structure of polymer 2 was further characterized by analysis
of the NMR spectrum of the acetyl derivative of polymer 2.
Acetylation was performed with acetic anhydride and pyridine at
room temperature. 1H and 13C-NMR spectral data are shown in the
Experimental section. The 1H-NMR spectrum of the acetylated
polymer 2 in CDCl3 is shown in Fig. 7. The signals were assigned
by comparison with b-O-4 type acetylated lignin model dimers.15,20


Aliphatic acetyl protons at 2.00 ppm are assigned to c -OAc in
erythro form anda, c -OAc in threo form. Aliphatic acetyl protons
at 2.06 ppm are a-OAc in erythro form. Acethyl protons at
2.29 ppm correspond to aromatic OAc in phenolic end units.20


The content of phenolic end units were roughly estimated to be
around 8–10% from signal area, although some signals seem to
overlap with acetyl protons. It is quite strange that there are no
distinct signals corresponding to non-phenolic end unit. It is likely
that some unexpected side-reactions took place at the end group,
when polymer 1 was treated with NaBH4. The structure of non-
phenolic end unit is uncertain at this moment. Further chemical


Fig. 5 HMQC spectra of b-O-4 type artificial lignin polymer 2 and
Japanese fir MWL in DMSO-d6.MWL: milled wood lignin.


analyses such as thioacidolysis and pyrolysis–gas chromatography
are necessary to clarify this point.


The number- and weight-average molecular weights of the
acetylated polymer 2 were determined by gel permeation chro-
matography (GPC), and were Mn = 3440 and Mw = 5990, respec-
tively. The number and weight average degrees of polymerization
were calculated to be DPn = 12.3 and DPw = 21.4, respectively.
The average molecular weight of polymer 2 was comparable
to enzymatically synthesized artificial lignin (DHP) and some
isolated lignins.16,21


Effects of base and catalyst on the polymerization


Effects of base and catalyst on the polymerization are summarized
in Table 1. While both potassium carbonate and cesium carbonate
were effective, cesium iodide increased both the yield and degree
of polymerization and the DPw of polymer 2 reached 30.6. The
catalyst works better in these experiments than with the b-O-
4 type two-carbon side chain polymer.11 This is most likely
due to a lack of precipitate formation during polymerization
as was observed previously with experiments using the two-
carbon side chain monomer. The molecular weight distribution
of acetylated polymer 2 is shown in Fig. 8. Addition of cesium
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Fig. 6 HMBC spectrum of b-O-4 type artificial lignin polymer 2 in
DMSO-d6.


Fig. 7 1H-NMR spectrum of acetylated b-O-4 type artificial lignin
polymer 2 in CDCl3.


iodide exhibited bimodal distribution, and a shoulder appeared at
a higher molecular weight. This peak suggests that the presence of
cesium iodide accelerated the coupling between growing polymer
chains, although further investigations are necessary in order to
clarify this point.


Conclusions


The artificial lignin polymer composed exclusively of the b-O-4
substructure was synthesized by a polycondensation method. The
molecular weight of the polymer was comparable to DHP and
some isolated lignins. Its structure is also well-defined and much


Table 1 Effect of base and catalyst on the polymerization of compound
3


Base/catalyst Yielda (%) Mn Mw DPn DPw


K2CO3 32.8 3390 5460 12.1 19.5
Cs2CO3 35.4 3440 5990 12.3 21.4
Cs2CO3–CsI 43.5 4420 8570 15.8 30.6


a Overall yields of polymer 2 from compound 3.


Fig. 8 GPC profile of acetylated b-O-4 type artificial lignin polymer 2.


simpler than DHP which is structurally as complex as isolated
lignins. Cesium iodide effectively increased both yield and degree
of polymerization with the DPw of the polymer reaching 30.6. It
will now be possible to reinvestigate the properties and reactivity
of the main lignin structure by using this new lignin model polymer
instead of small molecular weight lignin model dimers.


Experimental


Measurements


1H- and 13C-NMR spectra were recorded with a JEOL JNM
EX-270 FT-NMR (270 MHz) or a Bruker AMX500 FT-NMR
(500 MHz) spectrometer. HMQC and HMBC NMR spectra
were recorded with a Bruker AMX500 FT-NMR (500 MHz)
spectrometer. Chemical shifts (d) and coupling constants are
reported in d-values (ppm) and Hz, respectively. Exponential
multiplication with line broadening of 5.0 and 2.0 Hz was applied
for processing of 13C-NMR spectra of MWL and polymer 2,
respectively. Average molecular weights were analyzed with acetyl
derivatives of polymer 2 by gel permeation chromatography (GPC)
in tetrahydrofuran. A HITACHI Liquid Chromatograph L-6200
with a UV detector, L-4000 (Hitachi, 280 nm), and a RI detector
(JASCO RI-2031 Plus) was used. Shodex GPC packed columns
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KF-803l and 802 (30 cm × 8.0 mm) were connected in series
and molecular weight was calibrated with polystyrene standard
(tetrahydrofuran, flow-rate: 0.5 mL min−1, 40 ◦C).


Compound 2. A stirred solution of compound 1 (2.835 g) in
ethanol (60 mL) was treated with 10% palladium carbon (300 mg)
under H2 at 0 ◦C for 2.5 h. The reaction mixture was filtered
and concentrated to dryness in vacuo. The product was purified
on a silica gel column with ethyl acetate–hexane (1 : 2, m/m)
to afford a syrup (2.00 g, 97.2%). 1H-NMR (CDCl3): d 1.26
(t, 3H, J = 7.0, OCH2CH3), 3.94 (s, 2H, Cb–H), 3.95 (s, 3H,
OCH3), 4.21 (q, 2H, J = 7.0, OCH2CH3), 6.95 (d, 1H, J =
8.1, C5–H), 7.50 (dd, 1H, J = 8.1, J = 1.8, C6–H), 7.54 (d, 1H, J =
1.8, C2–H).


Compound 3. To a stirred solution of compound 2 (2.00 g, 8.4
mmol) and CuBr2 (5.09 g, 22.8 mmol) in ethyl acetate (30 mL),
a small amount of 25% HBr in acetic acid was added via capillary.
The reaction mixture was refluxed for 6 h. The reaction mixture
was diluted with ethyl acetate, washed with brine, dried over
anhydrous Na2SO4 and concentrated to dryness in vacuo. The
product was purified on a silica gel column with chloroform to
afford crystals (2.13 g, 79.7%). 1H-NMR (CDCl3): d 1.26 (t, 3H,
J = 7.1, OCH2CH3), 3.96 (s, 3H, OCH3), 4.28 (q, 2H, J = 7.1,
OCH2CH3), 5.63 (s, 1H, Cb–H), 6.97 (d, 1H, J = 8.6, C5–H),
7.56–7.59 (m, 2H, C2–H, C6–H).


Polymerization of compound 3. In a typical experiment, finely
powdered Cs2CO3 (830 mg, 2.36 mmol) was placed in a 10-mL flask
and dried at 110 ◦C under vacuum. Compound 3 (500 mg, 1.57
mmol) in anhydrous DMF (2.5 mL) was added to the flask. The
solution was kept under nitrogen atmosphere at room temperature
for 24 h. The reaction mixture was poured into ice water (100 mL)
and the pH of the solution was adjusted to 3 with 2 M HCl to
precipitate the polymer. The polymer was filtered, washed with
water, and dried over P2O5 under vacuum to give polymer 1
(360 mg, 97 mol%). Polymer 1: 13C-NMR (CDCl3): d 14.1 (CH3),
56.0 (OCH3), 62.6 (CH2), 81.8 (b), 112.9, 115.5, 124.0, 128.9, 149.8,
150.9, 165.8 (c), 188.7 (a).


Reduction of polymer 1. To a stirred suspension of polymer
1 (300 mg) in CH3OH (5 mL) was added NaBH4 (385 mg)
portionwise carefully at 0 ◦C. The reaction mixture was kept at
room temperature for 24 h. The suspension gradually became a
clear solution. Acetic acid was added to the solution to decompose
excess NaBH4. The reaction mixture was poured into acidified
water (100 mL, pH 2). The obtained precipitate was filtered,
washed with water, and dried. The precipitate was dissolved in 1,2-
dichloroethane–ethanol (2 : 1, v/v, 5 mL), and poured into diethyl
ether (100 mL) to remove low molecular weight compounds. The
precipitate was filtered and then dried in vacuo to give polymer
2 (113 mg). Polymer 2: 13C-NMR (DMSO-d6): erythro: d 55.5
(OCH3), 59.8 (c), 71.4 (a), 83.6 (b), 111.7 (2), 115.0 (5), 119.1 (6),
133.1 (1′), 135.0 (1), 145.2 (4′), 146.7 (4), 148.9 (3); threo: d 70.8
(a), 84.4 (b), 111.3 (2), 114.5 (5), 118.7 (6), 134.7 (1), 147.0 (4); 1′,
4′: phenolic end units.


Acetylation of polymer 2. Polymer 2 (30 mg) was acetylated
with acetic anhydride–pyridine (2 : 1, v/v, 3 mL) at room
temperature for 21 h. The reaction mixture was diluted with
ethyl acetate, washed with brine, dried over anhydrous Na2SO4


and concentrated to dryness in vacuo. The molecular weight of
acetylated polymer 2 was analyzed by GPC. Polymer 2 (acetate):
1H-NMR (CDCl3): d 2.00, 2.06, 2.29 (s, OCOCH3), 3.81 (s, OCH3),
3.95 (Cc –H, threo), 4.14 (Cc –H, erythro), 4.24 (Cc –H, threo), 4.37
(Cc –H, erythro), 4.67 (Cb–H), 6.00 (Ca–H, erythro), 6.05 (Ca–H,
threo), 6.80–7.08 (aromatics); 13C-NMR (CDCl3): erythro: d 20.8,
21.0 (OCOCH3 × 2), 55.9 (OCH3), 62.4 (c ), 73.9 (a), 79.7 (b),
111.9 (2), 118.3 (5), 119.7 (6), 131.3 (1), 147.0 (4), 150.6 (3), 169.5
(a-OCOCH3), 170.5 (c-OCOCH3); threo: d 63.1 (c ), 74.7 (a), 80.1
(b).
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A spacer-equipped tetrasaccharide, p-aminocyclohexylethyl a-L-Colp-(1→2)-b-D-Galp-(1→3)-[a-L-
Colp-(1→4)]-b-D-GlcpNAc, containing a 4,6-cyclic phosphate in the galactose residue, has been
synthesised. The structure corresponds to a part of the repeating unit of the capsular (and lipo-)
polysaccharide of the endemic bacteria Vibrio cholerae type O139 synonym Bengal. The synthetic
strategy allows continuous syntheses of the complete O139 hexasaccharide repeating unit as well as of
the structurally related repeating unit of serotype O22. Starting from ethyl 2-azido-4,6-O-benzylidene-
2-deoxy-1-thio-b-D-glucopyranoside, a thioglycoside tetrasaccharide donor block was constructed
through two orthogonal glycosylations with glycosyl bromide donors. First, a properly protected
galactose moiety was introduced using silver triflate as promoter and subsequently the two colitose
residues, carrying electron-withdrawing protecting groups for stability reasons, under halide-assisted
conditions. The tetrasaccharide block was then linked to the spacer in a NIS–TMSOTf-promoted
coupling. Transformation of the azido group into an acetamido group using H2S followed by removal
of temporary protecting acetyl groups gave a 4′,6′-diol, which was next phosphorylated with methyl
dichlorophosphate and deprotected to yield the 4,6-cyclic phosphate tetrasaccharide target structure.


Introduction


A new form of the bacterium Vibrio cholerae, serotype O139
containing the cholera toxin, has rather recently been found to
be the causative agent of endemics of cholera in Asia.1–4 The
surface carbohydrate structures of this serotype are completely
different from those of the only other endemic serotype O1. The
structure of both the lipo- and the capsular polysaccharide of
serotype O139 has been elucidated,5–8 and was found to contain
identical structures, a hexasaccharide repeating unit containing,
i.a., dideoxy sugars (Col = colitose = 3,6-dideoxy-L-xylo-hexose)
and a 4,6-cyclic phosphate (Fig. 1).


Fig. 1 Repeating unit of V. cholerae type O139.


This structure shows a strong resemblance to the capsu-
lar polysaccharide structure of the non-endemic serotype O22
(Fig. 2)7 differing only in the anomeric configuration of the
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Fig. 2 Repeating unit of V. cholerae type O22.


GlcNAc residue, and in the nature and substituents of position
4 and 6 in the galactose moiety.


To evaluate the immunological properties of these surface
carbohydrate structures, and to investigate if glycoconjugates of
part structures of the pathogenic form O139 could function as a
vaccine against the bacteria, synthetic derivatives were in demand.
In an earlier publication we have described the synthesis of two
colitose-containing trisaccharides and one tetrasaccharide.9 This
paper describes the synthesis of an O139 tetrasaccharide structure,
containing both colitose residues and the cyclic phosphate. The
synthetic strategy also allows syntheses of larger parts of the O139
structures as well as of O22 structures.


Results and discussion


In our former synthesis9 of colitose-containing structures from
Vibrio cholerae O139, the perbenzylated ethyl thioglycoside
was used as colitosyl donor in glycosylations with dimethyl-
(methylthio)sulfonium trifluoromethanesulfonate (DMTST)10 as
promoter. Due to the activating benzyl protecting groups in
combination with the deoxy functions this residue is quite acid
labile, and care has to be taken both in the glycosylation reactions
as well as in subsequent steps so as not to lose colitosyl moieties.
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Consequently, a differently protected, more stable colitose deriva-
tive was desired. Since the colitose residues are a-linked in the
target substances, a non-participating group has to be chosen
in the 2-position. After several attempts a derivative, 5 (6),
was developed,11 which functioned well as a donor and was
stable when introduced into an oligosaccharide structure. This
compound was more efficiently synthesised from ethyl 1-thio-
b-L-fucopyranoside12 (1) than the corresponding perbenzylated
derivative. Recently, Buttens and Kováč published a similar
approach towards colitose thioglycosides.13


Formation of the 3,4-O-orthobenzoate of 1 (→2), followed by 2-
O-p-chlorobenzylation and subsequent opening of the orthoester
gave compound 3 with a free 3-OH group in an overall yield
of 61% (Scheme 1). Deoxygenation14 of this through formation
of the thiocarbonylimidazole derivate 4 and ensuing tin hydride
reduction then gave 5 (67%).


Scheme 1 (i) PhC(EtO)3, TsOH, CH3CN; (ii) pClBnCl, NaH, DMF;
(iii) TFA (90% aq.), CH3CN; (iv) C(S)Im2, imidazole, (CH2Cl)2;
(v) Bu3SnH, AIBN, toluene, reflux; (vi) Br2, CH2Cl2.


As compared to the earlier synthesis, the protecting group
pattern in the galactosyl part also had to be altered to allow
introduction of the cyclic phosphate in the 4,6-positions. In our
strategy, this modification was planned to be performed as one of
the last steps in the synthesis, just prior to deprotection. Further-
more, a synthetic pathway suitable also for the synthesis of the
complete hexasaccharide repeating unit was desired, and, hence, a
thioglycoside tetrasaccharide building block was designed, which
can be glycosylated either with a spacer to give the spacer-equipped
tetrasaccharide structure or with a GalA–QuiNAc-disaccharide
acceptor to give the complete hexasaccharide repeating unit.
Experiences from a structurally similar donor block, used in the
synthesis of Lewis b structures,15 made us hesitant to use a phthal-
imide as amino protecting group, since problems were encountered
both with the stability of the thioglycoside block (elimination of
ethyl mercaptan) and in deprotection steps, both deacetylation and
dephthalimidisation. This prompted us to select an azido group as
an amino equivalent instead, and choose the known derivative
716 as the GlcNAc residue precursor. The probable lower b-
stereoselectivity in glycosylations with the non-participating azido
group as compared to a phthalimido derivative was considered as
a not too severe problem, since this would implement the simulta-
neous formation of structures corresponding to the O22 serotype.


Originally, a 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl (TIPS)
group, in combination with a 2-O-acetate, was chosen as a
temporary protecting group for the galactosyl 4- and 6-hydroxyl
groups to be phosphorylated. However, later in the synthesis,


during the introduction of the colitose residues, it was found that
this bulky protecting group prohibited the colitosylation at the 4-
position of the GlcNAc-residue resulting only in 2′-glycosylation
and a trisaccharide product. In the native structure, the 4,6-cyclic
phosphate is found in very close vicinity of the 4-O-linked colitose
residue,17 which indicates similar conformations for the native and
the protected oligosaccharide. Consequently, the TIPS-group was
exchanged for acetyl protecting groups, which made the use of a
chloroacetyl group in the 2-position necessary. Monochloroacety-
lation of ethyl 3-O-benzyl-4,6-benzylidene-1-thio-b-D-galacto-
pyranoside18 followed by acetal hydrolysis, acetylation (→8,
60%), and finally treatment with bromine afforded donor 9.


Coupling between donor 9 and acceptor 7 (Scheme 2) promoted
by silver triflate gave the b-linked disaccharide 10 in 83% yield.
Reductive opening (NaBH3CN–HCl19,20) of the benzylidene acetal
in 10 produced the 4-OH regioisomer 11 (91%), from which
the monochloroacetyl group was removed chemoselectively by
hydrazine acetate treatment21 to yield the 2′,4-diol 12 (91%).
Glycosylation of this acceptor with the new colitose donor,
was best performed using the bromosugar 6 and halide-assisted
conditions.22 Also this time glycosylation in the 4-position was
sluggish,9 and 15% of the trisaccharide 13 was isolated together
with the tetrasaccharide 14 (79%).


Scheme 2 (i) Br2, CH2Cl2; (ii) AgOTf, CH2Cl2, −50 ◦C; (iii) NaBH3CN,
HCl–Et2O, THF; (iv) H2NNHAc, CH2Cl2–EtOAc; (v) Et4NBr, CH2Cl2–
DMF.


Introduction of a spacer into block 14 was then investigated
(Scheme 3), the a-anomer of interest for the O22 and the b-anomer
for the O139 serotype structures. Two analogues of the 2-(4-
aminophenyl)ethanol, the nitro and the Cbz protected derivatives,
were tried as spacers with similar results. NIS–TMSOTf23,24 as
promoter in CH2Cl2 gave predominantly the b-anomer (a/b 1 :
2, 83%), whereas DMTST in diethyl ether gave slightly more of
the a-anomer (a/b 1 : 1.2–1.8, 73–92%) in accordance with earlier
findings.25 The corresponding bromosugar of 14 promoted by the
heterogeneous catalyst silver zeolite26 gave, as expected, the by far
best b-selectivity (a/b 1 : 7, 74%). Perhaps most important was that
the separation of the anomers by silica gel chromatography caused
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Scheme 3 (i) NIS–TMSOTf, CH2Cl2, 0 ◦C; (ii) (a) H2S, Et3N, pyridine;
(b) Ac2O, pyridine; (iii) NaOMe, MeOH; (iv) MeOP(O)Cl2, pyridine.


no problems, since the a- and b-anomers showed a DRf-value of
about 0.2 (pentane–EtOAc 2 : 1).


Further transformations were performed on the b-linked spacer-
equipped derivative 15b. Reduction of the azido group and
subsequent acetylation of the resulting amino group was carried
out through reduction with H2S followed by acetylation to give
compound 16 (91%). Removal of the acetyl groups was first
accomplished by treatment with HCl in MeOH,27 to prevent
cleavage of the benzoyl groups. However, it was later found that
these benzoates are unusually base stable and the selective removal
could easily be performed with NaOMe in MeOH in a 90% yield
(→17). Finally, treatment of 17 with methyl dichlorophosphate in
pyridine28 followed by work-up with triethylamine introduced the
4′,6′-cyclic phosphate as its triethylammonium salt (→18, 78%).
The cyclic structure was proven by MALDI-TOF in combination
with the 3JPH coupling constant, which was 22 Hz8 as compared
to 5–10 Hz in phosphate monoesters.29


Deprotection starting with catalytic hydrogenolysis of benzyl
protecting groups afforded no distinct product. However, by
changing the order of the deprotection steps and start with the
deacylation, effective deprotection was accomplished (Scheme 4).
As mentioned the benzoyl groups were quite base-stable and
required prolonged (4 d) methoxide treatment to be removed
completely (→19, 82%). Catalytic hydrogenolysis over palladium
on charcoal afforded the target structure 20 in 76% yield. The
cyclic phosphate had survived the prolonged base treatment as
shown by 31P-NMR (3JPH = 22 Hz8).


Conclusions


In conclusion, a working methodology, including the introduction
of stable colitose residues and a cyclic phosphate, has been
developed for the synthesis of a tetrasaccharide part of the repeat-
ing unit of the Vibrio cholerae type O139 capsular polysaccharide.
The strategy also includes the possibility of continued synthesis
of the complete hexasaccharide structure as well as O22 serotype
structures.


Experimental


General methods


Organic solutions were concentrated under reduced pressure at
<40 ◦C (bath temp). NMR spectra were recorded at 25 ◦C
at 400 MHz (1H), 100 MHz (13C) in CDCl3 with Me4Si as
internal standard (d = 0 ppm) or 162 MHz (31P) in H2O with
H3PO4 as external standard (d = 0 ppm), unless otherwise
stated. TLC was performed on Silica Gel F254 (E. Merck) with
detection by UV light and/or by charring with 8% sulfuric
acid. Silica gel (0.040–0.063 mm, Amicon) was used for column
chromatography.


Ethyl 4-O-benzoyl-2-O-p-chlorobenzyl-1-thio-b-L-fucopyrano-
side (3). Triethyl orthobenzoate (4.05 mL, 17.9 mmol) and TsOH
(136 mg, 715 lmol) were added to a solution of ethyl 1-thio-b-
L-fucopyranoside11 (1, 2.483 g, 11.9 mmol) in MeCN (30 mL).
After 2 h the reaction was made basic by addition of Et3N and
concentrated. The crude ethyl 3,4-O-(1-ethoxybenzylidene)-1-
thio-b-L-fucopyranoside and p-chlorobenzyl chloride (2, 2.888 g,
17.9 mmol) in DMF (30 mL) were added dropwise to NaH (95%,
500 mg, 20.8 mmol), covered with DMF, at 0 ◦C. After 30 min the
reaction mixture was brought to room temperature, and after one
additional hour MeOH was carefully added. The mixture was
diluted with H2O and then extracted with toluene three times. The
combined organic phases were washed with H2O, dried (MgSO4),
filtered and concentrated to yield crude ethyl 2-O-p-chlorobenzyl-
3,4-O-(1-ethoxybenzylidene)-1-thio-b-L-fucopyranoside, which
was dissolved in MeCN (33 mL) and 90% aqueous TFA (5 mL).
After 15 min the reaction mixture was concentrated and purified
by flash chromatography (toluene→10 : 1 toluene–EtOAc) to
afford 3 (3.171 g, 61%). [a]D −3.5 (c 1.0 CHCl3); NMR (CDCl3)
13C, d 15.0 (SCH2CH3), 16.6 (C-6), 24.7 (SCH2CH3), 73.0, 73.7,
73.8, 74.3, 78.5 (C-2, 3, 4, 5 and CH2Ph), 84.4 (C-1), 128.1–136.4
(aromatic C) and 166.5 (CO).


Ethyl 4-O-benzoyl-2-O-p-chlorobenzyl-3,6-dideoxy-1-thio-b-L-
xylo-hexopyranoside (5). Compound 3 (1.433 g, 3.28 mmol),


Scheme 4 (i) NaOMe, MeOH; (ii) H2, Pd/C, H2O–MeOH.
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imidazole (91 mg, 1.34 mmol) and thiocarbonyldiimidazole
(1.174 g, 6.59 mmol) in 1,2-dichloroethane (30 mL) were heated
for 18 h at 75 ◦C. After concentration, the residue was purified
by flash chromatography (15 : 1, toluene–EtOAc) to give
ethyl 4-O-benzoyl-2-O-p-chlorobenzyl-3-O-thiocarbonylimida-
zole-1-thio-b-L-fucopyranoside (4, 1.539 g, 86%). [a]D −138
(c 1.0 CHCl3); NMR (CDCl3) 13C, d 15.0 (SCH2CH3), 16.6
(C-6), 25.2 (SCH2CH3), 70.3, 73.0, 74.5, 76.1, 82.2 (C-2-5 and
CH2Ph), 84.9 (C-1), 117.5–136.2 (imidazole and aromatic C),
165.4 (CO) and 182.5 (CS). Compound 4 and a catalytic amount
of AIBN, dissolved in toluene (8.5 mL), were added dropwise to
a refluxing solution of Bu3SnH (1.2 mL, 4.53 mmol) in toluene
(7.5 mL). After 35 min the reaction mixture was concentrated and
partitioned between MeCN–hexane. The layers were separated
and the hexane layer extracted with MeCN twice. The MeCN
phases were combined and concentrated, and the residue was
purified by flash silica gel chromatography (20 : 1, toluene–
EtOAc) to yield 5 (919 mg, 78%). [a]D +23.5 (c 1.0 CHCl3); NMR
(CDCl3) 13C, d 14.9 (SCH2CH3), 16.9 (C-6), 24.5 (SCH2CH3),
35.5 (C-3), 71.2, 71.4, 72.6, 75.0 (C-2, 4, 5 and CH2Ph), 86.5
(C-1), 128.3–136.1 (aromatic C) and 165.7 (CO). Anal. calcd for
C22H25ClO4S: C, 62.77; H, 5.99. Found C, 62.62; H, 6.00.


Ethyl 4,6-di-O-acetyl-3-O-benzyl-2-O-chloroacetyl-1-thio-b-D-
galactopyranoside (8). A solution of ethyl 3-O-benzyl-4,6-O-
benzylidene-1-thio-b-D-galactopyranoside16 (3.884 g, 9.65 mmol)
and pyridine (3.9 mL, 48.5 mmol) in CH2Cl2 (97 mL) was cooled
to 0 ◦C and chloroacetyl chloride (1.15 mL, 14.5 mmol) in CH2Cl2


(20 mL) was added dropwise. After 25 min ice-water was added to
the reaction mixture, the phases were separated and the organic
layer was washed with 1 M HCl and H2O, dried (MgSO4), filtered
and concentrated to yield ethyl 3-O-benzyl-4,6-O-benzylidene-
2-O-chloroacetyl-1-thio-b-D-galactopyranoside [a]D +11.1 (c 1.0
CHCl3); NMR (CDCl3) 13C, d 14.8 (SCH2CH3), 22.6 (SCH2CH3),
40.7 (COCH2Cl), 69.1, 69.8, 69.9, 71.2, 73.2, 78.0, 82.2 (C-1-6
and CH2Ph), 101.1 (CHPh), 126.1–137.5 (aromatic C) and 165.6
(COCH2Cl). This derivative was dissolved in CH2Cl2 (30 mL) and
TFA (60 mL) was added at 0 ◦C. After 20 min ice was added.
The organic phase was washed with H2O, 3 × NaHCO3 (aq. satd)
and H2O, dried (MgSO4), filtered and concentrated. The residue,
ethyl 3-O-benzyl-2-O-chloroacetyl-1-thio-b-D-galactopyranoside,
was dissolved in pyridine (40 mL) and Ac2O (20 mL) together with
a catalytic amount of DMAP. After 17 h at room temperature
the reaction mixture was concentrated, co-evaporated twice with
toluene and partitioned between toluene–H2O. The organic phase
was washed with 1 M HCl and H2O, dried (MgSO4), filtered,
concentrated and purified by flash chromatography (8 : 1 toluene–
EtOAc) and gravity chromatography (4 : 1 toluene–EtOAc) to
yield 8 (2.762 g, 60%). [a]D +37.7 (c 1.0 CHCl3); NMR (CDCl3)
13C, d 14.9 (SCH2CH3), 20.7, 20.8 (COCH3), 24.1 (SCH2CH3),
40.6 (COCH2Cl), 62.0, 66.0, 70.5, 71.3, 74.6, 77.2, 83.4 (C-1-6 and
CH2Ph), 127.8–137.0 (aromatic C), 165.7 (COCH2Cl), 170.0 and
170.2 (COCH3). Anal. calcd for C21H27ClO8S: C, 53.11; H, 5.73.
Found C, 52.92; H, 5.81.


Ethyl (4,6-di-O-acetyl-3-O-benzyl-2-O-chloroacetyl-b-D-galac-
topyranosyl)-(1→3)-2-azido-4,6-O-benzylidene-2-deoxy-1-thio-b-
D-glucopyranoside (10). Bromine (150 lL, 2.93 mmol) was added
to a cooled (0 ◦C) solution of ethyl 4,6-di-O-acetyl-3-O-benzyl-
2-O-chloroacetyl-1-thio-b-D-galactopyranoside (8, 930 mg,


1.96 mmol) in CH2Cl2 (15 mL). After 1.5 h the reaction mixture
was concentrated and co-evaporated with toluene. The residue,
crude 9, and ethyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-b-
D-glucopyranoside14 (7, 410 mg, 1.22 mmol) and crushed 4 Å
molecular sieves in CH2Cl2 (15 mL), were stirred under nitrogen
for 30 min and then cooled to −50 ◦C prior to addition of AgOTf
(805 mg, 2.47 mmol). After 30 min Et3N (1 mL) was added, the
mixture was filtered through a pad of Celite and concentrated.
The crude product was purified by flash chromatography (10 :
1→5 : 1, toluene–EtOAc) to yield the pure b-anomer (10,
754 mg, 83%). [a]D −20.1 (c 1.0 CHCl3); NMR (CDCl3) 13C, d
15.1 (SCH2CH3), 20.6, 20.7 (COCH3), 24.9 (SCH2CH3), 40.8
(COCH2Cl), 61.5, 65.5, 65.6, 68.2, 70.3, 71.0, 71.3, 72.7, 76.4,
79.0, 80.7, 85.5 (C-1-6, 2′-6′ and CH2Ph), 100.6, 101.0 (C-1′ and
CHPh), 125.0–137.5 (aromatic C), 165.6 (COCH2Cl), 169.9 and
169.9 (COCH3). Anal. calcd for C34H40ClN3O12S: C, 54.43; H,
5.37; N, 5.60. Found C, 54.25; H, 5.49; N, 5.72.


Ethyl (4,6-di-O-acetyl-3-O-benzyl-2-O-chloroacetyl-b-D-galac-
topyranosyl)-(1→3)-2-azido-6-O-benzyl-2-deoxy-1-thio-b-D-glucopy-
ranoside (11). NaBH3CN (1.039 g, 16.5 mmol) and crushed 3 Å
molecular sieves (6.3 g) were added to a stirred solution of 10
(878 mg, 1.17 mmol) in THF (83 mL). After 5 min, HCl–Et2O
was added drop-wise until evolution of gas ceased. After 25 min
the mixture was filtered through Celite, concentrated and purified
by flash chromatography (4 : 1→3 : 1, toluene–EtOAc) to yield
11 (797 mg, 91%). [a]D +19.8 (c 1.0 CHCl3); NMR (CDCl3) 13C,
d 15.1 (SCH2CH3), 20.5, 20.7 (COCH3), 24.7 (SCH2CH3), 40.6
(COCH2Cl), 61.9, 64.7, 65.5, 68.6, 69.4, 71.4, 71.6, 71.9, 73.4,
76.3, 79.4, 84.4, 87.7 (C-1-6, 2′-6′ and 2 CH2Ph), 101.5 (C-1′),
127.3-138.0 (aromatic C), 165.8 (COCH2Cl), 169.9 and 170.1
(COCH3).


Ethyl (4,6-di-O -acetyl-3-O -benzyl-b-D-galactopyranosyl)-
(1→3)-2-azido-6-O-benzyl-2-deoxy-1-thio-b-D-glucopyranoside
(12). Hydrazine acetate (78 mg, 1.17 mmol) in MeOH (4.2 mL)
was added to 11 (176 mg, 234 lmol) in CH2Cl2–EtOAc (1 :
1, 8.4 mL). After 22 h at room temperature the mixture was
concentrated and purified by flash chromatography (2 : 1, toluene–
EtOAc) to yield 12 (144 mg, 91%). [a]D −7.2 (c 1.0 CHCl3);
NMR (CDCl3) 13C, d 15.1 (SCH2CH3) 20.5, 20.7 (COCH3), 24.8
(SCH2CH3), 62.2, 64.8, 65.7, 68.7, 69.4, 70.3, 71.5, 72.0, 73.3, 78.6,
79.3, 84.1, 88.5 (C-1-6, 2′-6′ and 2 CH2Ph), 104.0 (C-1′), 127.3–
138.0 (aromatic C), 169.9 and 170.2 (COCH3). Anal. calcd for
C32H41N3O11S: C, 56.88; H, 6.12; N, 6.22. Found C, 56.62; H, 6.15;
N, 6.20. Anal. calcd for C72H79Cl2N3O19S: C, 62.06; H, 5.71; N,
3.02. Found C, 61.95; H, 5.78; N, 2.83.


Ethyl (4-O-benzoyl-2-O-p-chlorobenzyl-3,6-dideoxy-a-L-xylo-hexo-
pyranosyl)-(1→2)-(4,6-di-O-acetyl-3-O-benzyl-b-D-galactopyranosyl)-
(1→3)-[4-O-benzoyl-2-O-p-chlorobenzyl-3,6-dideoxy-a-L-xylo-hexo-
pyranosyl-(1→4)]-2-azido-6-O-benzyl-2-deoxy-1-thio-b-D-gluco-
pyranoside (14). Bromine (150 lL, 2.93 lmol) was added to
a cooled (0 ◦C) solution of ethyl 4-O-benzoate-2-O-p-chloro-
benzyl-3,6-dideoxy-b-L-xylo-1-thio-hexopyranoside (5, 1.05 g,
2.49 mmol) in CH2Cl2 (10 mL). After 20 min the reaction
mixture was concentrated, co-evaporated with toluene, dissolved
in CH2Cl2 (3.0 mL) and added to a solution of 12 (420 mg,
637 lmol), Et4NBr (546 mg, 2.60 mmol) and crushed 4 Å
molecular sieves in CH2Cl2 (1.0 mL) and DMF (400 lL). After
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7 d the reaction was quenched by addition of Et3N (0.5 mL) and
MeOH (0.5 mL), diluted with CH2Cl2, filtered through Celite,
concentrated and purified by flash chromatography (4 : 1→1 : 1,
toluene–EtOAc) to yield the tetrasaccharide 14 (699 mg, 79%)
and the trisaccharide 13 (98 mg, 15%). 14: [a]D −60.9 (c 1.0,
CHCl3); NMR (CDCl3) 13C, d 15.2 (SCH2CH3), 16.1, 16.3 (C-6′′,
6′′′), 20.8, 20.9 (COCH3), 24.9 (SCH2CH3), 27.8, 28.3 (C-3′′, 3′′′),
61.5, 65.0, 65.6, 65.8, 67.2, 67.7, 69.3, 69.4, 70.1, 70.5, 70.9, 71.3,
71.9, 72.0, 72.5, 73.4, 74.1, 77.9, 80.1, 80.7, 85.4 (C-1-6, 2′–6′, 2′′,
4′′–5′′, 2′′′, 4′′′–5′′′and 4 CH2Ph), 96.9, 97.7 (C-1′′, 1′′′), 100.9 (C-1′),
126.6–138.1 (aromatic C), 165.8, 165.9 (COPh), 170.2 and 170.5
(COCH3). Anal. calcd for C72H79Cl2N3O19S: C, 62.06; H, 5.71; N,
3.02. Found C, 61.95; H, 5.78; N, 2.83.


2-(4-Benzyloxyamidophenyl)ethanol. 2-(4-Aminophenyl)etha-
nol (3.00 g, 21.9 mmol) and NaOH (892 mg, 22.3 mmol) were
dissolved in H2O (170 mL). Benzyl chloroformate (3.1 mL,
21.7 mmol) was added, with another addition after 30 min (1 mL,
7.0 mmol). The reaction mixture was cooled to 0 ◦C and the
precipitate was collected by filtration. NaOH (487 mg, 12.3 mmol)
and benzyl chloroformate (2 mL, 14.0 mmol) was added to the
mother liquor and after another 40 min the precipitate was col-
lected by filtration. The combined precipitates were recrystallized
from toluene–EtOAc to yield white needles (3.807 g, 64%); mp
124.0 ◦C; NMR (CD3OD) 13C, d 39.5 (HOCH2CH2Ar), 64.1
(HOCH2CH2Ar), 67.3 (CH2Ph), 119.5–138.0 (aromatic C) and
155.6 (CO).


2-(4-Benzyloxyamidophenyl)ethyl (4-O-benzoyl-2-O-p-chloro-
benzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl)-(1→2)-(4,6-di-O-
acetyl-3-O-benzyl-b-D-galactopyranosyl)-(1→3)-[4-O-benzoyl-2-
O-p-chlorobenzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-2-
azido-6-O-benzyl-2-deoxy-b-D-glucopyranoside (15). 2-(4-Benzyl-
oxyamidophenyl)ethanol (154 mg, 568 lmol), NIS (128 mg,
569 lmol) and 4 Å molecular sieves (1.13 g) were added to a
solution of tetrasaccharide 14 (395 mg, 284 lmol) in CH2Cl2


(19 mL). After 50 min stirring under argon the solution was cooled
to 0 ◦C and 12 drops of TMSOTf in CH2Cl2 (2 drops TMSOTf in
1 mL CH2Cl2) were added. After 1 h the reaction mixture was
filtered through Celite, washed with Na2S2O3 (aq. satd), H2O,
dried (Na2SO4), filtered and concentrated. The crude product was
purified by flash chromatography (6 : 1 toluene–acetone) and the a
and b anomers were separated by gravity chromatography (2 : 1 →
1.5 : 1, pentane–EtOAc) to yield 15a (134 mg, 30%) and 15b
(242 mg, 53%). 15b: [a]D −46.3 (c 1.0 CHCl3); NMR (CDCl3) 13C,
d 16.0, 16.3 (C-6′′, 6′′′), 20.8, 20.9 (COCH3), 27.9, 28.3 (C-3′′, 3′′′),
35.5 (HOCH2CH2Ar), 61.5, 65.0, 65.6, 65.8, 66.9, 67.0, 67.5, 69.3,
69.5, 70.1, 70.5, 70.7, 70.9, 71.4, 72.0, 72.1, 72.6, 73.5, 73.9, 75.7,
76.3, 80.9 (C-2-6, 2′–6′, 2′′, 4′′–5′′, 2′′′, 4′′′–5′′′, HOCH2CH2Ar and 4
CH2Ph), 96.8, 97,5 (C-1′′, 1′′′), 100.9, 102.1 (C-1, 1′), 126.6–138.0
(aromatic C), 153.4 (NHCOOPh), 166.8, 166.0 (COPh), 170.2 and
170.5 (COCH3).


2-(4-Benzyloxyamidophenyl)ethyl (4-O-benzoyl-2-O-p-chloro-
benzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl)-(1→2)-(4,6-di-O-
acetyl-3-O-benzyl-b-D-galactopyranosyl)-(1→3)-[4-O-benzoyl-2-
O-p-chlorobenzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-2-
acetamido-6-O-benzyl-2-deoxy-b-D-glucopyranoside (16). H2S was
bubbled through a solution of 15b (218 mg, 136 lmol) in pyridine
(3.0 mL) and triethylamine (1.5 mL) for 3 h and the solution was


concentrated. Pyridine (0.30 mL) and Ac2O (0.10 mL) were added
to a solution of the residue in dry CH2Cl2 (5 mL), stirred for
30 min, concentrated and coevaporated with toluene. Purification
by flash chromatography (1 : 1→1 : 2, pentane–EtOAc) yielded
16 (201 mg, 91%). [a]D −42.4 (c 1.0 CHCl3); NMR (CDCl3) 13C, d
16.2, 16.4 (C-6′′, 6′′′), 20.8, 20.8 (COCH3), 23.5 (NHCOCH3), 28.1,
28.5 (C-3′′, 3′′′), 35.3 (HOCH2CH2Ar), 58.0, 61.6, 64.9, 65.5, 65.9,
66.9, 67.9, 69.3, 69.7, 70.0, 70.4, 70.7, 71.0, 71.4, 71.5, 72.0, 72.1,
72.9, 73.0, 73.4, 75.1, 76.6, 80.9 (C-2-6, 2′–6′, 2′′, 4′′–5′′, 2′′′, 4′′′–5′′′,
HOCH2CH2Ar and 4 CH2Ph), 96.3, 96.6 (C-1′′, 1′′′) 99.1, 101.3 (C-
1, 1′), 118.9–138.1 (aromatic C), 153.5 (NHCOOPh), 165.8, 165.9
(COPh), 170.2, 170.3 and 170.5 (COCH3, NHCOCH3). Anal.
calcd for C88H94Cl2N2O23: C, 65.30; H, 5.85; N, 1.73. Found C,
65.13; H, 5.83; N, 1.78.


2-(4-Benzyloxyamidophenyl)ethyl (4-O-benzoyl-2-O-p-chloro-
benzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl)-(1→2)-(3-O-benzyl-
b-D-galactopyranosyl)-(1→3)-[4-O-benzoyl-2-O-p-chlorobenzyl-
3,6-dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-2-acetamido-6-O-
benzyl-2-deoxy-b-D-glucopyranoside (17). 16 (141 mg, 87 lmol),
was deacetylated with 1 M NaOMe (4 drops) in MeOH (4 mL)
and CH2Cl2 (1.5 mL). Dowex H+ ion-exchange resin was added
after 1 h, the reaction mixture was filtered, concentrated and
purified by flash chromatography (50 : 1, CHCl3–MeOH) to yield
17 (120 mg, 90%). [a]D −49.4 (c 1.0 CHCl3); NMR (CDCl3) 13C, d
16.2, 16.3 (C-6′′, 6′′′), 23.5 (NHCOCH3), 28.1, 28.3 (C-3′′, 3′′′), 35.3
(HOCH2CH2Ar), 56.2, 62.3, 65.4, 65.5, 66.2, 66.9, 68.1, 69.4, 69.8,
70.0, 70.5, 71.0, 71.5, 72.2, 72.3, 72.6, 73.3, 73.5, 74.4, 74.7, 74.8 (C-
2-6, 2′–6′, 2′′, 4′′–5′′, 2′′′, 4′′′–5′′′, HOCH2CH2Ar and 4 CH2Ph), 95.6,
96.9 (C-1′′, 1′′′), 100.1, 101.3 (C-1, 1′), 118.9–138.1 (aromatic C),
153.5 (NHCOOPh), 165.9, 166.0 (COPh) and 170.2 (NHCOCH3).


2-(4-Benzyloxyamidophenyl)ethyl (4-O-benzoyl-2-O-p-chloro-
benzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl)-(1→2)-(4,6-O-cyclic
phosphate-3-O-benzyl-b-D-galactopyranosyl)-(1→3)-[4-O-benzoyl-
2-O-p-chlorobenzyl-3,6-dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-
2-acetamido-6-O-benzyl-2-deoxy-b-D-glucopyranoside, triethyl-
ammonium salt (18). Diol 17 (98 mg, 63.9 lmol) was co-
evaporated three times with pyridine, dissolved in pyridine
(1.2 mL) and added to a 0 ◦C solution of methyl dichlorophosphate
(40 lL, 400 lmol) in pyridine (800 lL). After 10 min the reaction
was allowed to attain room temperature and 70 min later 10%
Et3N in H2O (1 mL) was added. The mixture was diluted with
CHCl3 and washed with 3 × NaCl (aq. satd). The combined water
phases were extracted with CHCl3, and the combined organic
phases were dried (Na2SO4), filtered, concentrated and purified
twice by flash chromatography (6 : 1→3 : 1, EtOAc–MeOH) and
(100 : 1→15 : 1, CHCl3–MeOH) to yield the cyclic phosphate
18 (85 mg, 78%). [a]D −41.9 (c 1.0 CHCl3); NMR (CDCl3)
13C, d 8.6 (Et3N), 16.4, 16.4 (C-6′′, 6′′′), 23.1 (NHCOCH3),
28.2, 28.7 (C-3′′, 3′′′), 35.4 (HOCH2CH2Ar), 45.7 (Et3N), 57.8,
65.1, 65.7, 66.4, 68.0, 68.2, 69.1, 69.2, 69.4, 69.8, 70.0, 70.4,
70.6, 70.9, 71.1, 71.2, 71.6, 71.8, 72.3, 72.6, 72.7, 73.1, 73.5,
80.7, 80.8 (C-2-6, 2′–6′, 2′′, 4′′–5′′, 2′′′, 4′′′–5′′′, HOCH2CH2Ar, 4
CH2Ph), 94.8, 96.0 (C-1′′, 1′′′), 99.8, 102.5 (C-1, 1′), 118.6–138.3
(aromatic C), 153.6 (NHCOOPh), 165.5, 165.6 (COPh) and 169.8
(NHCOCH3); 31P, d −4 (3JPH 22 Hz). MALDI-TOF MS: Calcd
for C84H88Cl2N2Na2O23P ([M + 2Na]+): 1639.47. Found 1639.46.
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2-(4-Benzyloxyamidophenyl)ethyl (2-O-p-chlorobenzyl-3,6-di-
deoxy-a-L-xylo-hexopyranosyl)-(1→2)-(4,6-O-cyclic phosphate-3-
O-benzyl-b-D-galactopyranosyl)-(1→3)-[2-O-p-chlorobenzyl-3,6-
dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-2-acetamido-6-O-benzyl-
2-deoxy-b-D-glucopyranoside (19). The triethylammonium salt
of 18 (72 mg, 42 lmol) was dissolved in MeOH (3 mL) and 1 M
NaOMe (300 lL) was added. After 4 d of stirring, the solution
was neutralized with Dowex H+ ion-exchange resin, filtered and
concentrated. The residue was purified by flash chromatography
(100 : 1→10 : 1, CH2Cl2–MeOH) to produce 19 (48 mg, 82%).
[a]D −40.6 (c 0.6 CHCl3); NMR (CD3OD) 13C, d 15.4 (C-6′′, 6′′′),
22.1 (NHCOCH3), 30.4, 31.5 (C-3′′, 3′′′), 35.0 (OCH2CH2Ar), 55.8,
66.0, 66.1, 66.4, 67.6, 67.9, 68.3, 68.5, 68.5, 68.9, 68.9, 69.5, 69.8,
70.1, 70.9, 71.9, 72.0, 72.2, 73.0, 73.2, 73.3, 75.6, 76.0, 80.3, 80.4
(C-2-6, 2′–6′, 2′′, 4′′–5′′, 2′′′, 4′′′–5′′′, HOCH2CH2Ar, 4 CH2Ph, and
impurities), 96.8, 97.3 (C-1′′, 1′′′), 101.1, 101.7 (C-1, 1′), 118.6–
138.4 (aromatic C), 154.6 (NHCOOPh) and 171.7 (NHCOCH3);
MALDI-TOF MS: Calcd for C70H81Cl2N2O21P ([M − H+]−):
1385.44, found 1385.38.


2-(Aminocyclohexyl)ethyl (3,6-dideoxy-a-L-xylo-hexopyranosyl)-
(1→2)-(4,6-O-cyclic phosphate-b-D-galactopyranosyl)-(1→3)-[3,6-
dideoxy-a-L-xylo-hexopyranosyl-(1→4)]-2-acetamido-2-deoxy-b-D-
glucopyranoside (20). A catalytic amount of 10% Pd/C was
added to a solution of 19 (42 mg, 30 lmol) in MeOH (1.5 mL)
and H2O (0.8 mL) and the reaction was stirred under H2 (1 atm)
for 20 h. The mixture was filtered and the obtained solution
concentrated. The residue was filtered through a short reversed
phase column and the combined fractions concentrated to afford
20 (19 mg, 76%). [a]D −36.0 (c 0.5 H2O); NMR (D2O) 1H
(selected data), d 1.18, 1.20 (2s, 6H, H-6′′, H-6′′′), 2.02 (s, 3H,
NHCOCH3), 4.56 (d, 1H, J = 2.9 Hz, H-4′), 4.70 (d, 1H, J =
8.0 Hz), 4.75 (d, 1H, J = 7.0 Hz), 4.89 (d, 1H, J = 3.0 Hz), 4.99
(d, 1H, J = 3.3 Hz); NMR (D2O) 13C, d 15.5, 15.7 (C-6′′, 6′′′), 22.1
(NHCOCH3), 26.1–32.9 (cyclohexyl), 29.9, 30.0 (C-3′′, 3′′′), 34.0
(OCH2CH2R), 49.1, 50.6, 55.9, 59.7, 63.4, 63.7, 66.2, 66.8, 67.2,
68.5, 68.6, 68.8, 72.5, 72.8, 75.7, 76.3, 76.5 (C-2-6, 2′–6′, 2′′, 4′′–5′′,
2′′′, 4′′′–5′′′, OCH2CH2R), 97.9, 99.6, 101.1, 102.0 (C-1, 1′, 1′′, 1′′′)
and 173.4 (NHCOCH3);31P, d −3.20 (3JPH 22 Hz); MALDI-TOF
MS: calcd for C34H59N2O19P ([M − H+]−): 829.34 found 829.35.
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A convenient synthesis of a novel heterobifunctional linker molecule is described. The linker contains a
thiol-reactive nitropyridyl disulfide group (Npys) and an aldehyde-reactive aminooxy group with a
propensity to form disulfide and oxime linkages. The utility of the linker molecule to cross-link different
biomolecules has been demonstrated by employing it in the efficient preparation of a peptide–
oligonucleotide conjugate. The linker reported herein could be a useful tool for cross-coupling of
different but appropriately functionalised biomolecules.


Introduction


Bioconjugation has generated significant research interest as it
provides an easy way to couple two or more molecules with distinct
properties thereby producing a novel complex structure (biocon-
jugate) that possesses the combined properties of its individual
components.1,2 This usually involves the joining (by chemical
or biological methods) of molecules such as antibodies (their
fragments), nucleic acids and their analogues, liposomal compo-
nents, polysaccharides, hormones, proteins and peptides to drugs,
radionuclides, toxins, fluorophores or photoprobes, inhibitors,
enzymes and haptens.3 Bioconjugation may also involve the simple
joining of two or more different biomolecules to combine their
useful properties. Examples in this category include peptide–
oligonucleotide,4 peptide–carbohydrate5 or oligonucleotide–
carbohydrate conjugates6 and so on. Over the years, several
bioconjugates have been prepared for use in research, therapeutics
and diagnostics. The results from these studies show that biocon-
jugation indeed adds significant benefits to the biomolecules being
conjugated. For instance, it may result in an increase in stability
to chemical or proteolytic degradation, reduced immunogenicity,
or improved pharmacokinetics, biodistribution and targeting.1,2,7


The conjugation of two or more biomolecules is mostly achieved
by incorporating mutually reactive groups into the individual
components, followed by their coupling in solution, leading to
the formation of stable chemical linkages like amides, thioethers,
disulfides or oximes.1,2 Such strategies have found wide acceptance
because of the high coupling efficiency and ease of purification. In
this context, the design and synthesis of appropriately derivatised
homo/heterofunctional linkers that can be utilized to cross-couple
two or more individual components (multiple conjugation) is
important. The requirements for bioconjugation are stringent,
for instance the use of a largely aqueous medium, physiological
pH, ambient temperature, short reaction time, equimolar pro-
portions of the components and formation of stable linkages.
This has spurred an interest in the synthesis of bioconjugates
based on chemoselective ligation techniques1–3 and therefore
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the synthesis of heterobifunctional linkers that can be utilized
to cross-link biomolecules through chemoselective linkages has
assumed greater significance. Several such cross-coupling agents
have been developed and studied earlier for the preparation
of bioconjugates.8 For instance, a linker with reactive groups
like succinimidyl ester and maleimide has been used to cross-
couple proteins and enzymes.9 More recently, the conjugation of
carbohydrates to proteins was achieved by using an aminooxy-
thiol containing linker.10 Herein, the thiol moiety was reacted to a
bromoacetylated protein to form a thioether linkage.


The linker containing a thiol-reactive nitropyridyl disulfide
group (Npys) and an aldehyde-reactive aminooxy group is of
particular importance because such a linker molecule would
provide the possibility of generating two very versatile chemical
linkages, disulfide and oxime, in a single molecule. It would
be relevant to mention that the oxime bond formation has
been extensively used earlier to prepare a wide variety of
bioconjugates such as peptide–oligonucleotide,11 carbohydrate–
peptide,12 and carbohydrate–oligonucleotide conjugates.13 It has
also been used to anchor oligonucleotides and carbohydrates
onto glass surfaces with potential applications in the area of
microarray technology.14 The oxime ligation is chemoselective,
gives high coupling efficiency without additives and the oxime
bond is stable over a pH range and yet can be hydrolysed under
harsh conditions. The routine method employed for oxime bond
formation involves an addition–elimination reaction between an
aminooxy group and an aldehyde/ketone.15 Similarly, the disulfide
bond represents another linkage of choice for the conjugation
of biomolecules because it is stable and yet reversible in a
reducing environment where it is converted to a free sulfhydryl.16


This last property allows the selective release of biomolecules
in the intracellular medium. A thiol-reactive group is useful as
a potential precursor for the formation of the disulfide bond
because under physiological conditions a thiol group is more
nucleophilic than an amine. Several thiol-reactive reagents have
been used earlier to modify peptides and proteins at specific sites17


but the advantage associated with the use of a pyridyl disulfide
group is that it is thiol-specific under acidic as well as basic
conditions. Moreover, the pyridyl disulfide undergoes exchange
by oxidative coupling to a free sulfhydryl group to provide a
disulfide linkage and pyridine thione is released as a side product,
which is non-reactive and hence prevents contamination of the
disulfide.
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We herein report on the synthesis and characterisation of a new
heterobifunctional linker molecule 1 that contains a thiol-reactive
nitropyridyl disulfide group and an aldehyde-reactive aminooxy
group (Fig. 1). The efficacy of this linker to cross-couple two
different biomolecules has been illustrated by employing it for the
preparation of a peptide–oligonucleotide conjugate.


Fig. 1 Heterobifunctional linker 1.


Results and discussion


Syntheses


The synthesis of linker 1 was carried out in two straight steps
starting from the commercially available N-a-Boc-S-(3-nitro-2-
pyridylthio)-L-cysteine 2 (Scheme 1). The Boc protection on the
a-amino group in 2 was removed by treatment with 50% aqueous
trifluoroacetic acid at room temperature for 4–5 h to obtain 3 after
ether precipitation. This derivative was found to be sufficiently
pure (on TLC) and hence used in the next step without further
purification. The protected aminooxy moiety was incorporated
into 3 by an overnight reaction with the N-hydroxysuccinimide
ester of N-Boc-O-(carboxymethyl)-hydroxylamine in the presence
of N-methyl morpholine in anhydrous DMF at room temperature.
It would be relevant to note that the quantity of the base added
must be carefully controlled because the Npys group is known to
be unstable in basic conditions. The linker 1 was obtained in good
yield after purification on a silica gel column and characterized by
satisfactory 1H, 13C NMR, mass and elemental data.


Scheme 1 Preparation of the linker 1. (a) Aqueous TFA–CH2Cl2,
r.t., 73%; (b) N-hydroxysuccinimide ester of N-Boc-O-(carboxymethyl)-
hydroxylamine, N-methyl morpholine (1 equiv.) in DMF, overnight, r.t.,
89%.


The efficiency of the linker 1 to cross-couple different ap-
propriately functionalised biomolecules was investigated next. A
peptide–oligonucleotide conjugate 4 was prepared by using the
linker 1 (Scheme 2). Peptide–oligonucleotide conjugate was chosen
because such conjugates have been reported to enhance cellular
uptake efficiency, cell-specific targeting, stability to degradation
and binding affinity towards the target sequence of synthetic
oligonucleotides.18 Synthesis of such conjugates is considered


important insofar as improvement in the therapeutic properties
of synthetic oligonucleotides is concerned. The cyclopentapeptide
used in the present work contains an arginine–glycine–aspartic
acid (RGD) tripeptide motif and is known for its selective and
powerful binding to avb3 integrin receptors.19 The oligonucleotide
conjugate of this peptide has been investigated for tumour
targeting20 and DNA delivery.21 The key question was to ascertain
whether the disulfide linkage is stable in the reaction conditions
employed for oxime bond formation and vice versa. It was therefore
decided to employ two synthetic routes for the preparation of
the conjugate 4. In the first approach, the linker 1 was coupled
to a peptide thiol followed by reaction to an oligonucleotide
aldehyde (Route A) whereas in the second approach, linker 1
was first reacted to an oligonucleotide aldehyde followed by
reaction to a peptide thiol (Route B). The reaction conditions and
their influence on the stability of other linkages were thoroughly
investigated.


Cross-coupling through disulfide linkage formation followed by
oxime linkage formation (Route A). The preparation of RGD
peptide 5 containing the thiol functionality has been described
earlier.11a Similarly, the preparation of oligonucleotide 8 contain-
ing the 3′-aldehyde moiety (5′-CGCACACACGCX-3′ where X =
aldehydic linker) has also been reported.11c The RGD peptide 5
was reacted with a slight excess of linker 1 in DMF–phosphate
buffer (pH = 4.8) at room temperature for one hour to obtain
linker–peptide 6. As expected, the reaction was found to be
fast and efficient. The HPLC profile of the crude conjugation
reaction mixture showed almost complete consumption of the
peptide thiol (Fig. 2A). The peptide derivative 6 was used in
the next step without further purification. It was treated with
50% trifluoroacetic acid in dichloromethane in the presence of
scavengers (triisopropyl silane–water) to remove the Boc protec-
tion. The reaction was carried out at room temperature for about
an hour and complete removal of the Boc group was achieved. The
linker–peptide derivative 7 containing the free aminooxy group
was obtained in a satisfactory yield after HPLC purification.
The second conjugation to the oligonucleotide was carried out
next. The linker derivative 7 was reacted with oligonucleotide-3′-
aldehyde 8 in a solution of ammonium acetate buffer (pH = 4.8)
at room temperature for 6–8 h. The slightly acidic conditions were
used for the reaction because these are conducive to the formation
of oxime bonds.1 The HPLC profile of the conjugation reaction
mixture is shown in the accompanying figure and two facts are
clearly evident from it (Fig. 2B). First, the conjugation reaction
is highly efficient as is known for oxime ligations and second,
no unaccounted side products are present (HPLC/mass analysis)
thereby suggesting that the reaction conditions used for the oxime
bond formation do not influence the disulfide linkage holding the
peptide. The conjugate 4 was obtained in a satisfactory yield after
HPLC purification. The derivatives 4 and 5–8 described above
were characterised by ESIMS analysis and an excellent agreement
between the calculated and the observed molecular weight was
observed.


Cross-coupling reaction through oxime linkage formation fol-
lowed by disulfide linkage formation (Route B). Once the syn-
thesis of the peptide–oligonucleotide conjugate was successfully
achieved, the opposite route for the synthesis of the conjugate 4
was also attempted. Consequently, the linker 1 was treated with
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Scheme 2 Preparation of peptide–oligonucleotide conjugate 4 by using the linker 1. (a) DMF–phosphate buffer, 1 h, r.t.; (b) TFA–CH2Cl2–triisopropyl
silane–H2O, 1 h, r.t.; (c) ODN-3′-aldehyde 8, ammonium acetate buffer, 6–8 h, r.t.; (d) aqueous TFA, 3 h, r.t.; (e) peptide 5, DMF–phosphate buffer, 1 h,
r.t.


an aqueous solution of trifluoroacetic acid (50%, v/v) at room
temperature for 3 h to remove the Boc protecting group masking
the aminooxy functionality. The linker 9 with a free aminooxy
group was used in the next step without purification. It was
reacted with a slight excess of 11-mer-oligonucleotide-3′-aldehyde
8 (5′-CGCACACACGCX-3′) in a solution of ammonium acetate
buffer (pH = 4.6) at room temperature for 5–6 h. An efficient
conjugation led to the formation of conjugate 10, which was
purified by HPLC (Fig. 3A and 3B). Dual wavelengths of detection
were used to monitor this reaction: 260 nm for the oligonucleotide


and 400 nm for Npys. The ESIMS analysis however suggested the
loss of the Npys group. To ascertain whether the Npys group is
lost during the course of the conjugation reaction/purification or
during the mass analysis, conjugate 10 was treated with DTT. It
was found that peaks corresponding to Npys-on or Npys-off
products are well resolved (see ESI†) and hence possibly could
not be collected together during the purification of the conjugate
10. In our case, this loss of the Npys group could probably
be due to the basic conditions employed during the ESIMS
analysis of the conjugate (CH3CN–H2O–Et3N, 49 : 49 : 2). The
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Fig. 2 RP-HPLC profiles of crude conjugation reaction mixtures. (A) Linker 1 with RGD peptide 5 (disulfide bond formation); (B) linker–peptide 7
with oligonucleotide-3′-aldehyde 8 (oxime bond formation).


Fig. 3 RP-HPLC profiles of crude reaction mixtures. (A–B) Linker 9 with oligonucleotide-3′-aldehyde 8 (oxime bond); (C–D) peptide 5 with
linker–oligonucleotide 10 (disulfide).


linker–oligonucleotide conjugate 10 was next treated with a slight
excess of peptide 5 at room temperature for about an hour.
An efficient conjugation led to the formation of peptide–linker–
oligonucleotide conjugate 4 (Fig. 3C and 3D). Two different
wavelengths of detection as described above were also employed
to monitor this conjugation reaction. It was not possible to detect
the formation of the product at 260 nm but well-resolved peaks
for the disappearance of Npys on the oligonucleotide (RT =
12.6 min) and the appearance of a pyridine thione peak (RT =
9.2 min) were obtained when the reaction was monitored at
400 nm. The conjugate 4 was purified by HPLC. The derivatives
4, 9 and 10 were characterised by satisfactory ESIMS data. This
preparation of conjugate 4 conclusively established that an oxime
bond can be formed in the presence of a disulfide bond and
vice versa.


Biophysical studies


A linker employed to cross-couple biomolecules could be consid-
ered efficient if it does not diminish the useful and characteristic
biological features of the individual components. For instance, in
the present case, it is of the utmost importance to ascertain whether
the presence of the linker 1 in the conjugate induces an instability
and/or conformational perturbations in oligonucleotide duplexes.


This is crucial because oligonucleotide conjugates showing duplex
instability and/or conformational perturbations may not be
desirable for various therapeutic applications where a high degree
of sequence specificity and affinity is demanded. Consequently, the
oligonucleotide duplexes with the complementary sequence were
prepared and investigated by thermal denaturation and circular
dichroism studies. The Tm value for the duplex formed by the
bioconjugate 4 with the complementary sequence was estimated
as 62.1 ◦C whereas the Tm value for the natural duplex was
found to be 61 ◦C (see ESI†). This suggests that conjugation
of an oligonucleotide to a peptide through the linker molecule
stabilizes the duplex slightly (DTm = 1.1 ◦C). A small to moderate
increase in the stability of the duplex has been observed earlier with
various other peptide–oligonucleotide conjugates.18 It is therefore
difficult to ascertain whether the slight increase in stability is
due to the presence of the peptide or the linker. However, it
is important to note that the linker does not destabilize the
duplex. Similarly, the CD spectrum for the duplex formed by the
conjugate 4 was found to be identical to the CD spectrum of
the natural duplex. The individual spectrum showed negative and
positive excitations respectively at 255 nm and 275 nm thereby
suggesting an unperturbed B-type duplex conformation (see
ESI†). An unperturbed duplex conformation is consistent with
several earlier studies with peptide–oligonucleotide conjugates13a,15
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and the presence of linker 1 does not appear to have any significant
influence.


Conclusion


Thus, an efficient preparation of a novel heterobifunctional linker
with a propensity to generate disulfide and oxime linkages is
reported. The linker reported herein could be of general utility
to cross-couple potentially any two appropriately functionalised
biomolecules. This has been demonstrated in the present work
by utilizing the linker molecule for the preparation of a peptide–
oligonucleotide conjugate. The disulfide linkage could be formed
first followed by the formation of the oxime linkage and vice versa.
The introduction of a linker does not influence the stability and/or
the conformation of the duplex. The linker 1 also contains a free
carboxylic group, which can be used for on-support modification
of peptides and this makes it compatible with solid phase synthetic
procedures. The heterobifunctional linker reported herein could be
further explored to cross-couple various other biomolecules such
as proteins, carbohydrates, enzymes, drugs or fluorescent labels
and hence could be of immense use in the field of bioconjugation.


Experimental


General


All solvents and reagents used were of the highest purity available.
N-a-Boc-S-(3-nitro-2-pyridylthio)-L-cysteine was obtained from
Bachem. 1H and 13C NMR spectra were recorded on a Bruker
AVANCE 300 spectrometer. Mass spectra (DCI mode) for 1
and 3 were recorded on a Thermoquest spectrometer. ESI mass
spectra were measured on an Esquire 3000 spectrometer from
Bruker. The analysis was performed in positive mode for 5–7
and in negative mode for 4, 8–10. Aqueous acetonitrile (50%)
was used as the eluent for 5–7 and 2% Et3N was added for 4,
8–10. RP-HPLC analysis and purification were performed on
a Waters RP-HPLC system equipped with a dual wavelength
detector. For RP-HPLC analysis of 1, 5–7 and 9 a Nucleosil C18


column (Macherey Nagel, 30 × 4 mm, 3 lm) was used with the
following solvent system. Solvent A, 0.1% TFA in water; solvent
B, acetonitrile containing 10% water and 0.1% TFA; flow rate
of 1.3 mL min−1; a linear gradient of 5–100% B was applied in
15 minutes. The RGD peptide 5 and peptide–linker conjugate
7 were purified using a Delta Pak C18 column (Waters, 25 ×
200 mm, 15 lm) at a flow rate of 22 mL min−1. RP-HPLC
analysis of 4, 8 and 10 was performed on a Nucleosil C18 column
(Macherey Nagel, 250 × 4.6 mm, 5 lm) using the following solvent
system. Solvent A, 20 mM ammonium acetate buffer containing
5% acetonitrile; solvent B, acetonitrile containing 5% water; flow
rate of 1 mL min−1; a linear gradient of 0–30% B was applied in
20 minutes. These compounds were purified on a Nucleosil C18


column (Macherey Nagel, 10 × 250 mm, 7 lm) at a flow rate of
4 mL min−1.


Syntheses


Amino-S-(3-nitro-2-pyridylthio)-L-cysteine (3). 2 (1.0 g, 2.66
mmol) was dissolved in CH2Cl2 (20 mL) and 50% aqueous TFA
(40.0 mL) was added. The reaction mixture was stirred for 4–5 h
(until the reaction shows complete consumption of the starting


material on TLC) at ambient temperature. The reaction mixture
was concentrated under vacuum and further evaporated with
toluene to completely remove the TFA from the reaction mixture.
The residue so obtained was re-dissolved in acetonitrile and
precipitated with ether. The precipitate was collected and dried
in vacuum. This crude product (0.85 g, 73%) was found to be
sufficiently pure and was hence used in the next step without
further purification. m/z (DCI) 276 (20%, (M + H)+), 157 (100),
139 (100).


Heterobifunctional linker (1). 3 (250 mg, 0.64 mmol) was
dissolved in anhydrous DMF (12.0 mL) and N-methyl mor-
pholine (65 mg, 70 ll, 0.64 mmol) was added followed by
the N-hydroxysuccinimide ester of N-Boc-O-(carboxymethyl)-
hydroxylamine (222.5 mg, 0.77 mmol). The reaction mixture was
stirred overnight at ambient temperature under anhydrous con-
ditions. Afterwards, the reaction mixture was concentrated under
vacuum to remove the DMF and the residue so obtained was re-
dissolved in CH2Cl2. The organic layer was washed with 0.1 N HCl
and dried over anhydrous sodium sulfate. The linker 1 (258 mg,
89%) was obtained after purification by column chromatography
on a silica gel column using 10–20% MeOH in CH2Cl2 as the eluent
(found: C, 38.25; H, 4.25; N, 11.65. C15H19N4O8S2Na requires C,
38.30; H, 4.1; N, 11.1%); dH(300 MHz, CD3CN–D2O 6 : 1) 8.87
(1H, dd, J 1.5, 4.6 Hz, CHNpys=N), 8.71 (1H, dd, J 1.5, 8.2 Hz,
CHNpys–C(NO2)=), 7.50 (1H, dd, J 4.6, 8.2 Hz, CH=CHNpys–CH),
4.77 (1H, dd, J 5.3, 7.9 Hz, CH(CO2H)–NH), 4.28 (2H, 2 x d, J
16.1 Hz, CH2–O–NH), 3.40 (1H, dd, J 5.3, 14.1 Hz, S–CHA(HB)–
CH), 3.22 (1H, dd, J 7.9, 14.1 Hz, S–CHB(HA)–CH), 1.45 (1H, s,
OC(CH3)3); dC (300 MHz, CD3CN) 170.4 (Cq), 168.8 (Cq), 157.4
(Cq), 155.4 (Cq), 153.8 (CH), 142.8 (Cq), 134.0 (CH), 121.5 (CH),
81.8 (Cq), 74.9 (CH2), 51.1 (CH), 39.1 (CH2), 27.1 (CH3); m/z
(DCI) 448.8 (60%, M−), 392.8 (100, (M − tBu)−), 348.8 (86, (M −
Boc)−).


Peptide RGD–cysteine (5). The procedure to prepare this pep-
tide has been described earlier.11a Linear peptide H-Asp(OtBu)-
Phe-Lys(Aloc)-Arg(Pmc)-Gly-OH was prepared by using stan-
dard solid-phase peptide synthesis protocols. Head to tail cycliza-
tion was effected in the presence of PyBOP in DMF. The Aloc
moiety was then cleaved by using the standard Pd0 procedure and
the peptide was purified by HPLC. Finally, the peptide was reacted
with Fmoc-Cys(Trt)–OH/PyBOP to introduce the cysteine group.
The Fmoc group was removed with piperidine in DMF. The tBu-
and Pmc-protecting groups were removed by using 90% TFA with
ethanedithiol as a scavenger to obtain 5.


Boc-aminooxy linker–peptide (6). 5 (10.0 mg, 0.014 mmol) was
dissolved in DMF–phosphate buffer (75 : 25 v/v; 1.0 mL; pH
= 4.8). A solution of linker 1 in DMF (0.015 mmol, 6.9 mg)
was added. The reaction mixture was stirred at room temperature
under argon for 3 h (monitored by HPLC). After, the reaction
mixture was concentrated and used in the next step without further
purification. m/z (ESI) 999.3 (M + H)+.


Aminooxy linker–peptide (7). The crude 6 obtained from the
above step was dissolved in a solution of 50% TFA in CH2Cl2


containing 5% triisopropylsilane and 5% water as scavengers.
The reaction mixture was stirred at room temperature for 1 h
(monitored by HPLC). The reaction mixture was concentrated
in a speed vac and the residue was re-dissolved in 50% aqueous
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acetonitrile. The crude product was purified by HPLC. The pure
product (5.2 mg, 41% with respect to 5) was obtained as a white
powder after freeze-drying the appropriate fractions. m/z (ESI)
899.2 (M + H)+.


Oligonucleotide-3′-aldehyde (8). The preparation of the 11-
mer oligonucleotide (5′-CGCACACACGC-3′) containing 3′-
aldehyde functionality has been described by us.11d Briefly, auto-
mated synthesis of the oligodeoxynucleotide (ODN) was carried
out on an Expedite DNA synthesiser (Perkin-Elmer) by using
standard b-cyanoethyl nucleoside phosphoramidite protocols at
a 1 lM scale. The automated synthesis was carried out on
a modified solid support, (3-[(4,4′-dimethoxytrityl)-glyceryl-1-
succinyl]) long chain alkylamino controlled pore glass obtained
from Eurogentec. This support introduces a protected diol group
(an aldehyde precursor) into ODNs. Afterwards, the ODNs were
cleaved from the solid support and released into the solution by
treatment with 28% ammonia (1.5 mL) for 2 h and were finally
deprotected by keeping in the ammonia solution for 16 h at
55 ◦C. The oligonucleotides containing free 3′-diol groups were
obtained after HPLC purification. The 5′-dimethoxytrityl group
was removed by treatment with 80% aqueous acetic acid for 1 h at
room temperature (standard procedure). These ODN-3′-diols were
subjected to oxidative cleavage with aqueous sodium-m-periodate
to obtain ODNs 8 with 3′-aldehyde functionality after HPLC
purification.


Aminooxy linker (9). Linker 1 (20 mg, 44.6 lmol) was dissolved
in a solution of 50% TFA in water (1 mL). The reaction mixture
was stirred at room temperature for 3 h (monitored on HPLC).
After, the reaction mixture was concentrated and the residue was
re-dissolved in water. The aminooxy linker 9 was obtained after
freeze-drying and the crude product was used in the next step
without further purification. m/z (ESI) 346.8 (M + H)+.


Linker–oligonucleotide conjugate (10). Oligonucleotide 3′-
aldehyde 8 (0.36 mg, 0.105 lmol) was dissolved in 0.1 M
ammonium acetate buffer (95 ll; pH = 4.6) and an aqueous
solution of aminooxy linker 9 was added (10 ll, 0.195 lmol).
The reaction mixture was stirred at room temperature for 8 h
(monitored by HPLC). The linker–oligonucleotide conjugate 10
(0.26 mg, 67% with respect to 8) was obtained after RP-HPLC
purification. m/z (ESI) 3721.2 (M − H)−, 3565.0 (M − Npys)−


(see ESI†).


Peptide–linker–oligonucleotide conjugate (4).


A) From linker–peptide conjugate (7). Oligonucleotide alde-
hyde 8 (0.7 mg, 0.206 lmol) was dissolved in a solution of 0.1 M
ammonium acetate buffer (0.7 mL, pH = 4.6) and an aqueous
solution of linker–peptide conjugate 7 (0.74 mg, 0.824 lmol)
was added. The reaction mixture was stirred at ambient temper-
ature for 7–8 h (monitored by RP-HPLC). The peptide–linker–
oligonucleotide conjugate 4 (0.48 mg, 55%) was obtained after
RP-HPLC purification. m/z (ESI) 4273.5 (M − H)−.


B) From linker–oligonucleotide conjugate (10). A solution of
peptide 5 (100 ll, 0.118 lmol) in phosphate buffer (0.1 M,
pH = 4.6) was added to the linker–oligonucleotide conjugate
10 (0.36 mg, 0.097 lmol). The reaction mixture was stirred at
room temperature for 1 h (monitored by HPLC) and conjugate 4
(0.17 mg, 41%) was obtained after RP-HPLC purification.


Thermal denaturation (Tm) studies


The melting curves (absorbance versus temperature) were recorded
at 260 nm on a UV–visible spectrophotometer equipped with a
temperature controller. The melting experiments were carried out
by mixing the equimolar amount of two oligonucleotide strands in
a solution of sodium phosphate buffer (10 mM, pH 7.0) containing
EDTA (1 mM) and NaCl (100 mM). The ODN concentration was
kept at 12 lM. The absorbance was recorded in the temperature
range of 10–80 ◦C at a sweep rate of 1 ◦C min−1. All experiments
were done in triplicate.


Circular dichroism (CD) studies


The CD experiments were carried out by using similar solutions
as described above for the thermal denaturation studies.
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Using modular, monodentate phosphoramidite ligands, enantioselective palladium catalysed
diethylzinc mediated allylation of aldehydes was achieved. The scope of the asymmetric C–C bond
formation was investigated with respect to nucleophilic and electrophilic components and an alternative
reaction mechanism is proposed based on our findings.


Introduction


The asymmetric allylic alkylation (AAA, Scheme 1) protocol
pioneered by Trost and Tsuji represents one of the most studied
and highly developed tools in current asymmetric catalysis.1 High
levels of stereocontrol have been demonstrated for an impressive
range of allyl (and analogous) systems in conjunction with C, O, N
and S nucleophiles, resulting in a large number of target molecule
syntheses.2 Since an initial publication concerning umpolung
allylation by H. C. Brown in 1987,3 Tamaru et al. have effectively
demonstrated that the latent reactivity of the palladium allyl
complex 1 can be reversed from electrophilic to nucleophilic in
the presence of dialkylzinc or trialkylboron species.4 The resulting
umpolung reaction represents a complementary reaction to the
existing AAA methodology.


Scheme 1


To date, there has been one enantioselective example of this
dialkylzinc mediated umpolung allylation reported in the liter-
ature. Zanoni et al. described the coupling of 2-cyclohexenyl
acetate 2 and benzaldehyde (Scheme 2) to yield the syn-homo-
allylic alcohol 3 in modest yield (60%) and ee (50%).5 The authors
found that monodentate phosphorous ligands were well suited to
this particular procedure and an impressive range of ligands was
screened, with phospholane 4 providing the best results. In recent
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Scheme 2


months, Zhou et al. (Scheme 2) described the first enantioselective
example of the presumably analogous, trialkylboron mediated
version of this umpolung reaction, coupling simple allyl and
cinnamyl alcohols with aldehydes in good yield and with increased
levels of enantioselectivity (58–83% ee); the spiro phospholane
ligand 5 was utilised throughout.6


We believe that this umpolung protocol is of significant interest
as the homoallylic alcohol products, and particularly the func-
tionalised cyclohexyl systems 3 described by Zanoni, represent
valuable building blocks for synthesis.7 Moreover, the opportunity
to gain further mechanistic insight into the origins of stereocontrol
in this interesting and little-studied reaction would be a worthy
exercise. Accordingly, we report the highest enantioselectivities
for the diethylzinc mediated, umpolung allylation of aldehydes yet
disclosed in the literature, using monodentate phosphoramidite
ligands. The results described are comparable to those of Zhou
et al. concerning the analogous trialkylboron umpolung of allylic
alcohols. We also discuss the mechanistic implications of our
results and propose a simple reaction pathway involving r-
allylpalladium intermediates.


Results and discussion


Our primary goal was to investigate the use of modular, chiral,
monodentate phosphoramidite ligands 6 (Scheme 3) in this
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Scheme 3


umpolung protocol. We have previously found this ligand family
to be effective in a range of copper and rhodium catalysed


procedures.8 The modular properties of the phosphoramidite
skeleton allow for facile synthesis of structural variants and, as
such, we hoped to find a readily attainable and high-performing
ligand structure.


Ligand screening


As a test reaction, we studied the combination of cyclohexenyl
acetate 2 with benzaldehyde (Scheme 3) using Et2Zn and [(g3-
C3H5PdCl)2] as catalyst. A wide range of phosphoramidite
ligands was screened (Fig. 1), and the crude reaction mixtures
were analysed by chiral HPLC to allow determination of the
enantioselectivity of reaction. The results of the stereoselectivity
obtained via this initial screen can be seen in Fig. 2.


To summarise our findings, simple N,N-dialkyl substi-
tuted phosphoramidites (A1–A10, B5–B8) gave low levels of


Fig. 1


Fig. 2
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Table 1 Variation of reaction parameters


Entry Solvent Pd Sourcea Zn Sourceb Conversion (%)c Ee (%)d


1 THF [(g3-C3H5PdCl)2] Et2Zn >95 70
2 THF Pd(OAc)2 Et2Zn >95 75
3 THF Pd(CF3CO2)2 Et2Zn >95 72
4 THF Pd(MeCN)2Cl2 Et2Zn >95 60
5 THF Pd(PhCN)2Cl2 Et2Zn >95 81
6 THF Pd(acac)2 Et2Zn >95 66
7 DCM Pd(PhCN)2Cl2 Et2Zn >95 (−)15
8 Toluene Pd(PhCN)2Cl2 Et2Zn >95 42
9 Et2O Pd(PhCN)2Cl2 Et2Zn >95 35


10 TBME Pd(PhCN)2Cl2 Et2Zn >95 28
11 THF Pd(PhCN)2Cl2 n-Bu2Zn >95 30
12 THF Pd(PhCN)2Cl2 i-Pr2Zn 60 69
13 THF Pd(PhCN)2Cl2 Me2Zn >95 (−)25


a 5.0 mol% Pd used throughout with 10.0 mol% ligand A11. b 3.5 eq. used throughout. c Determined by 1H-NMR. d Determined by HPLC.


enantiocontrol, although the sense of induction was the same
in all cases. The introduction of a-branched N-substituents to
the phosphoramidite structure resulted in a marked increase
in the magnitude of enantioselectivity. As in previous studies
by this group8 and others9 concerning phosphoramidite based
asymmetric transformations, N,N-bis-a-methylaryl ligands of the
type A11–A14 and C/D/E11 were found to be particularly
effective, with 70% ee being obtained for the product 3 when using
ligand A11 (S,R,R, as shown in Fig. 1, indicating S configuration
for A and R,R configuration for 11). Interestingly, the R,R,R-
diastereomer of A11 gave the same sense of induction with reduced
(21%) ee.


Using ligand A11, we investigated the effects of varying the
Pd and Zn source on the reaction (Table 1). Of the Pd(II)
complexes tested, bis-benzonitrile palladium dichloride (entry 5)
gave the highest degree of enantiocontrol (81% ee). Exchange of
the reaction solvent from THF to toluene, DCM, Et2O or TBME
resulted in attenuation of enantioselectivity. The identity of the Zn
source used was found to have a pronounced effect on the reactivity
and enantioselectivity of the reaction, with Et2Zn proving optimal.
The use of Et3B as an umpolung reagent was ineffective in this
reaction with little or no conversion to product 3 being observed.
In conjunction with the observations made by Zhou et al.,6 this
may suggest that Et2Zn is a superior umpolung reagent to Et3B
when applied to allylic acetates, whilst Et3B is better suited to
allylic alcohols. Attempts to vary the stoichiometries of the various
reagents had no beneficial effect, and lowering of the reaction
temperature below 0 ◦C resulted in a severely retarded reaction
requiring excessive reaction times.


Substrate screening


Using the conditions outlined in entry 5 (Table 1), we tested the
scope of this procedure with a range of aromatic and aliphatic
aldehydes and ketones in conjunction with three allylic-substrates
(Scheme 4, Table 2). The absolute stereochemistry of products 3, 16
and 18 was assigned using comparison of [a]D measurements with
literature values. The absolute configuration 1S, 1′R of compounds
3b–f was assigned by analogy with compounds 3 and 16.


This protocol worked efficiently for a range of aromatic
aldehydes (entries 1–5), with good yields and enantioselectivities
being obtained along with very high syn-selectivity. The pres-


Scheme 4


ence of electron withdrawing groups in the aldehyde appeared
beneficial (entry 3) compared to electron releasing groups. The
heteroaromatic aldehyde (entry 6) did not perform as well with
lower enantioselectivity being recorded. As suggested by Tamaru
et al.,4 this Et2Zn mediated protocol is not applicable to aliphatic
aldehydes (entries 7 & 8). We found that the allyl-moiety was
consumed with no observed homoallylic alcohol formation and we
were unable to isolate or identify the products of reaction. Ketones
(entries 9 & 10) proved unreactive in this system with the allylic
acetate 2 being recovered, even after prolonged reaction times
(60 h). We also conclude that this catalyst system is sensitive to the
identity of the allyl-fragment, with cyclopentyl and allyl acetate
giving lower enantioselectivities (entries 11 & 12).


Mechanistic discussion


Based on a series of experimental observations concerning the
racemic version of this umpolung reaction, Tamaru et al. proposed
a mechanism involving the generation of a stereochemically
defined allylzinc intermediate (20, Scheme 5),4 and subsequent
combination with the aldehyde electrophile through a closed,
chair transition state (21a/b). Whilst the proposed mechanism
gives a satisfactory explanation for the racemic reaction, it is
more difficult to reconcile with the results gained from the recent,
enantioselective versions of this reaction.


If we consider the proposed mechanism as applied to the
umpolung of cyclohexenyl acetate 2 with benzaldehyde, two di-
astereomeric chair-structures are possible (21a/b), each satisfying
the observed syn-selectivity. As the phosphoramidite ligands are
the only source of chirality in this catalytic umpolung reaction,


1280 | Org. Biomol. Chem., 2006, 4, 1278–1283 This journal is © The Royal Society of Chemistry 2006







Table 2 Examining the scope of the reaction


Entry Acetate Carbonyl Product Yield (%)a syn : antib Ee (%)c


1 2 R=H, R′=C6H5 3 77 >20 : 1 81
2 2 R=H, R′=MeO-4-C6H4 3b 73 >20 : 1 71
3 2 R=H, R′=MeO2C-4-C6H4 3c 73 >20 : 1 80
4 2 R=H, R′=Me-4-C6H4 3d 82 >20 : 1 72
5 2 R=H, R′=Me-2-C6H4 3e 79 >20 : 1 68
6 2 R=H, R′=2-furyl 3f 80 >20 : 1 60
7 2 R=H, R′=Et — <5 — —
8 2 R=H, R′ = i-Pr — <5 — —
9 2 R=R′=Me — <5 — —


10 2 R=Ph, R′=Me — <5 — —
11 15 R=H, R′=Ph 16 66 >20 : 1 45
12 17 R=H, R′=Ph 18 73 — 37


a Isolated yield after column chromatography. b Determined by 1H-NMR. c Determined by HPLC.


Scheme 5


we must assume that they are involved in the enantio-determining
step (20 → 21). Thus, the chiral ligands (L*) are required to be
bound to the zinc centre in 20 and will ultimately reside on the
zinc centre in the alcoholate product 22a/b. Since zinc is not
catalytic (3.5 eq.), the source of chirality (L*) would be removed
from any catalytic cycle after a single turnover, unless the ligands
(L*) were capable of continually switching between allyl-Pd, allyl-
Zn (20) and alkoxide-Zn (22) centres. We have studied reaction
systems utilising phosphoramidite ligands in the presence of
dialkylzinc species and have never observed zinc–phosphoramidite
interactions, moreover, we were unable to find any examples of
zinc–phosphoramidite complexes in the literature. Based on this,
and the known stability of palladium/phosphoramidite systems,10


we believe that continual migration of the chiral ligands (L*)
between various zinc and palladium centres is, at best, unlikely.


This problem of ligand migration might be avoided by proposing
that treatment of the p-allylpalladium species 19 with diethylzinc
proceeds directly, and in enantioselective fashion to a configura-
tionally stable, r-allylzinc species 23 (Scheme 6). However, the
analogous reaction with allyl acetate (17, Table 2, entry 12, and
reference 6) would generate a r-allylzinc species 24 that contains no


Scheme 6


chiral information and would be incapable of generating product
18 with any enantioselectivity. This is in direct conflict with the
observed experimental data in this study.


Based on experimental observations and computational
calculations,11 Szabó et al. have shown that g1-allylpalladium
species can undergo electrophilic allylation with aldehydes; this re-
quires the presence of electron-releasing substituents on palladium
to promote the change from g1 to g3. By analogy, we propose that
the role of Et2Zn in this umpolung reaction is to alkylate the g3-
allylpalladium species 19 (Scheme 7) and promote the formation of
the corresponding g1-allylpalladium species 25. This could proceed
in enantioselective fashion and allow formation of the observed
product 3 via a transition state such as 26. Although suggested
to be of low nucleophilicity, allyl-alkyl-palladium species have


Scheme 7
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previously been shown to allylate electrophiles12 and have also
been considered as possible intermediates in this reaction pathway
by Tamaru et al.4 We would suggest that a pathway such as
that shown in Scheme 7 provides a more satisfactory explanation
of our results, and the recently reported results of Zanoni5 and
Zhou.6 The possibility that this umpolung reaction proceeds via a
more complex, zinc-palladium aggregated species should also be
considered; detailed studies are required to investigate this further.


Conclusions


In summary, we have shown that phosphoramidites are versatile
ligands in the palladium catalysed diethylzinc mediated umpol-
ung allylation of aldehydes, and provide the highest levels of
enantioselectivity yet reported. We have investigated the scope
of this methodology with regards to both the nucleophilic and
electrophilic reagents and proposed an alternative mechanism that
accounts for the formation of enantio-enriched products.


Experimental


General


1H-NMR spectra were recorded at 200, 300 or 400 MHz with
CDCl3 (referenced to 7.27 ppm) as solvent. 13C-NMR spectra
were recorded at 200 or 300 MHz with CDCl3 (referenced to
77.1 ppm) as solvent. Coupling constants (J) are given in Hz.
Varian Gemini 200, VXR300 and AMX400 spectrometers were
used throughout. HRMS data was obtained using a Jeol JMS-
600H spectrometer. Infra-red spectra were recorded using an
Avatar-series spectrometer. A Shimadzu 10A system was used
for HPLC and Hewlett-Packard HP6890 for GC analysis. Optical
rotations were measured using a Schmidt & Haendsch polarimeter
(Polartronic MH8) with a 10 cm cell (c given in g per 100 mL
and measurements are given in 10−1 deg cm2 g−1). Thin layer
chromatography was performed on commercial Kieselgel 60F254


silica gel plates; KMnO4 and H3[P(Mo3O10)4].H2O were used for
visualisation. Flash chromatography was performed using silica
gel.


Synthesis of allylic acetates


Allylic acetate 17 was purchased from Aldrich and used without
further purification. Racemic 2-cyclohexenyl acetate 213 and 2-
cyclopentenyl acetate 1514 are known compounds and were
synthesised via a 2-step procedure comprising ‘Luche’ reduction15


of the corresponding cyclic enone and acylation of the resulting
allylic alcohol.13


Synthesis of phosphoramidite ligands


Ligand A1 was kindly donated by DSM. Ligands A2, A4, A8, A6,
A11;16 A3, A5, A7, A9, A10, B8, B7, B5;17 A13;18 C11;19 D1120 and
E1121 have been reported previously in the literature.


O,O′ -(S)-(1,1′ -Dinaphthyl-2,2′ -diyl)-N -2-methoxy-benzyl-N ′ -
(R)-1-phenylethylphosphoramidite (A14). To a flame-dried,
round-bottomed flask fitted with a reflux condenser was added
(S)–BINOL (1.76 mmol, 490 mg). The system was placed under
nitrogen and PCl3 (2.50 mL) was added. The mixture was heated
to reflux for 16 h, then allowed to cool to room temperature.


The excess PCl3 was removed in vacuo and 3 cycles of toluene
addition/evaporation were completed to give the crude BINOL-
PCl product as a white semi-solid which was dissolved in toluene
(20.0 mL). To a separate flame-dried flask was added (R)-(2-
methoxy-benzyl)-(1-phenylethyl)-amine (1.95 mmol 471 mg). The
flask was placed under nitrogen and dry THF (15.0 mL) was
added. The mixture was cooled to 0 ◦C with stirring and n-BuLi
(2.10 mmol) was added to give a bright red solution. This mixture
was added to the BINOL-PCl–toluene solution at 0 ◦C and the
resulting mixture was stirred for 3 h. The mixture was warmed to
room temperature and Et2O (25.0 mL) was added. The mixture
was filtered (celite) and the solvent was removed in vacuo to give
a pale yellow oil. Flash column chromatography (20 : 1 hexane–
EtOAc) gave phosphoramidite A14 as an off-white solid (340 mg,
35%); [a]22


D +216.4 (c 1.0 in CHCl3); mmax/cm−1 (solid) 3061, 1589,
1462, 1230, 949, 821 and 750; dH (400 MHz; CDCl3) 1.51 (3H,
d, J 6.8, CHMe), 3.65 (3H, s, OMe), 3.84, (1H, dd, J 16.6,
6.4, NCHH′), 3.94 (1H, dd, J 16.6, 8.4, NCHH ′), 4.62, (1H, m,
CHMe), 6.76 (1H, d, J 8.3, Ar–H), 7.00 (1H, t, J 7.3, Ar–H), 7.10
(1H, d, J 8.8, Ar–H), 7.20–7.50 (12H, m, Ar–H), 7.60 (2H, m, Ar–
H), 7.71 (1H, d, J 8.8, Ar–H), 7.84 (1H, d, J 8.3, Ar–H), 7.94 (1H,
d, J 7.8, Ar–H), 8.00 (1H, d, J 8.8, Ar–H); dC (400 MHz; CDCl3)
18.2, 38.7, 52.5, 53.2, 107.6, 116.8, 117.8, 119.4, 119.6, 119.9, 121.9,
122.3, 123.4, 123.5, 124.6, 125.3, 125.4, 125.6, 125.8, 126.1, 126.9,
127.1, 127.7, 128.0, 128.9, 130.1, 130.3, 140.0, 147.0, 147.4, 147.5;
dP (400 MHz; CDCl3) 146.1; m/z (EI+) 555 (7%, M+), 524 (50%),
450 (15%), 434 (100%), 433 (59%), 268 (20%), 121 (17%), 91 (20%),
HRMS C36H30NO3P 555.1946 (requires 555.1963).


General procedure for the palladium catalysed,
diethylzinc-mediated umpolung allylation of aldehydes


To a flame-dried, round-bottom flask was added Pd(PhCN)2Cl2


(0.05 eq., 10 lmol, 3.80 mg) and ligand A11 (0.10 eq., 20 lmol,
10.80 mg). The flask was placed under nitrogen, THF (1.50 mL)
was added and the mixture was stirred at 0 ◦C for 15 min.
The allyl acetate (1.20 eq., 0.24 mmol) and aldehyde (1.00 eq.,
0.20 mmol) were added, followed by Et2Zn (1.0 M in hexanes,
3.50 eq., 0.70 mmol, 0.70 mL). The mixture was allowed to warm
to room temperature over 16 h before quenching with saturated
NH4Cl (aq.). After stirring for 30 min, Et2O (5 mL) was added
and the organic phase was separated, washed with brine (2 ×
10 mL), dried (MgSO4) and evaporated to give the crude homo-
allylic alcohol product. Purification was achieved via flash column
chromatography (hexane–EtOAc).


(1S, 1′R)(Cyclohex-2-enyl)(phenyl)methanol (3). Obtained as
a clear oil (29 mg, 77%); absolute stereochemistry assigned
by optical rotation [a]22


D +14.8 (c 0.85 in C6H6) (lit.,22 +11.1);
HPLC (Chiralcel OD-H [300 mm], heptane–propan-2-ol 99 : 1,
0.50 mL min−1, 30.3 min [major], 35.6 min [minor]) shows 81% ee;
1H and 13C-NMR in full agreement with literature.23


(1S, 1′R)(Cyclohex-2-enyl)(4-methoxy-phenyl)methanol (3b).
Obtained as a clear oil (32 mg, 73%); absolute stereochemistry
assigned by analogy to compounds 3 and 16; HPLC (Chiralcel
OD–H [300 mm], heptane–propan-2-ol 99 : 1, 0.50 mL min−1,
47.8 min [minor], 52.8 min [major]) shows 71% ee; 1H and 13C-
NMR in full agreement with literature.24
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(1S, 1′R)-4-(Cyclohex-2-enyl-hydroxy-methyl)-benzoic acid
methyl ester (3c). Obtained as a clear oil (36 mg, 73%); absolute
stereochemistry assigned by analogy to compounds 3 and 16;
HPLC (Chiralcel OD-H [300 mm], heptane–propan-2-ol 95 : 5,
0.50 mL min−1, 23.5 min [minor], 27.8 min [major]) shows 80%
ee; mmax/cm−1 (deposited on KBr powder) 3507 (OH), 2928, 1723
(CO), 1436, 1280, 1112; dH (400 MHz; CDCl3) 1.42–1.70 (6H, m),
1.93 (2H, m), 2.46 (1H, br-s, OH), 3.86 (3H, s, COMe), 4.64 (1H,
d, J 5.9, CHOH), 5.35 (1H, d, J 10.2), 5.80 (1H, m), 7.35 (2H, d,
J 8.0, Ar–H), 7.95 (2H, d, J 8.0, Ar–H); dC (200 MHz; CDCl3)
18.5, 20.8, 22.6, 40.5, 49.5, 74.2 (COMe), 123.9, 125.0, 126.5,
127.0, 128.6, 145.5, 164.5; m/z (EI+) 215 (3%, M+), 166 (14%),
165 (100%); HRMS C15H18O3 246.1253 (requires 246.1256).


(1S, 1′R)(Cyclohex-2-enyl)(p-tolyl)methanol (3d). Obtained as
a clear oil (33 mg, 82%); absolute stereochemistry assigned by
analogy to compounds 3 and 16; HPLC (Chiralpak AD [300 mm],
heptane–propan-2-ol 99 : 1, 1.00 mL min−1, 19.9 min [major],
21.2 min [minor]) shows 72% ee; 1H and 13C-NMR in full
agreement with literature.25


(1S, 1′R)(Cyclohex-2-enyl)(o-tolyl)methanol (3e). Obtained as
a clear oil (32 mg, 82%); absolute stereochemistry assigned
by analogy to compounds 3 and 16; HPLC (Chiralcel OD–H
[300 mm], heptane–propan-2-ol 99 : 1, 0.50 mL min−1, 27.4 min
[major], 32.3 min [minor]) shows 68% ee; mmax/cm−1 (deposited
on KBr powder) 3403 (OH), 2927, 1488, 1448, 1017, 760, 730;
dH (400 MHz; CDCl3) 1.40–1.80 (4H, m), 1.95 (2H, m), 2.27
(3H, ArMe), 2.42 (1H, m, CHCHOH), 4.80 (1H, dd, J 6.6, 2.6,
CHOH), 5.27 (1H, dd, J 10.3, 2.2), 5.77 (1H, m), 7.05–7.22 (3H,
m, Ar–H), 7.44 (1H, d, J 7.7, Ar–H); dC (200 MHz; CDCl3) 17.9,
19.6, 22.6, 23.7, 40.4, 71.8 (CHOH), 124.5, 124.6, 125.6, 126.5,
128.7, 128.9, 133.3, 139.6; m/z (EI+) 202 (1%, M+), 122 (9%), 121
(100%), 93 (25%), 91 (14%), 77 (11%); HRMS C14H18O 202.1361
(requires 202.1357).


(1S, 1′R)(Cyclohex-2-enyl)(furan-2-yl)methanol (3f). Obtained
as a clear oil (28 mg, 80%); absolute stereochemistry assigned
by analogy to compounds 3 and 16; HPLC (Chiralcel OD–H
[300 mm], heptane–propan-2-ol 99 : 1, 0.50 mL min−1, 29.6 min
[major], 33.1 min [minor]) shows 60% ee; mmax/cm−1 (deposited
on KBr powder) 3399 (OH), 2927, 2856, 1448, 1148, 1009, 734;
dH (400 MHz; CDCl3) 1.42–1.58 (2H, m), 1.64–1.84 (3H, m),
1.88–2.00 (2H, m), 2.60 (1H, m, CHCHOH), 4.49 (1H, d, J 7.3,
CHOH), 5.33 (1H, dd, J 10.2, 2.2), 5.75 (1H, m), 6.21 (1H, d, J 2.9,
furyl-H), 6.28 (1H, dd, J 2.9, 1.9, furyl-H), 7.38 (1H, d, J 1.9,
furyl-H); dC (200 MHz; CDCl3) 19.4, 22.9, 23.6, 39.2, 69.8, 105.3,
108.6, 125.7, 128.6, 140.3, 157.5; m/z (EI+) 178 (6%, M+), 157
(28%), 149 (13%), 132 (34%), 131 (37%), 116 (19%), 103 (13%), 97
(100%), 91 (30%); HRMS C11H14O2 178.0999 (requires 178.0994).


(1S, 1′R)(Cyclopent-2-enyl)(phenyl)methanol (16). Obtained
as a clear oil (23 mg, 66%); absolute stereochemistry assigned
by optical rotation [a]22


D +13.8 (c 1.00 in CHCl3) (lit.,22 +27.2); GC
(Chiralsil-L-val, [25.0 m × 0.25 mm], 0.50 mL min−1, initial temp.
120 ◦C for 15 min, then 5 ◦C min−1 to final temp. 160 ◦C, 22.7 min
[minor], 22.8 min [major]) shows 45% ee; 1H and 13C-NMR in full
agreement with literature.26


(R)-1-Phenyl-but-3-en-1-ol (18). Obtained as a clear oil (22 mg,
73%); absolute stereochemistry assigned by optical rotation


[a]22
D +22.8 (c 1.00 in C6H6) (lit.,27 +45.0); HPLC (Chiralcel OD-H


[300 mm], heptane–propan-2-ol 99 : 1, 0.50 mL min−1, 35.2 min
[major], 39.0 min [minor]) shows 37% ee; 1H and 13C-NMR in full
agreement with literature.27
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The Sonogashira cross-coupling of 4,6-dichloro-2-pyrone
with terminal acetylenes proceeds in good yields and high re-
gioselectivity for the 6-position; dibenzylidene acetone (dba)
type ligands play a non-innocent role in reactions mediated by
Pd(dba)2/PPh3; theoretical studies indicate that C-6 oxidative
addition is favoured both kinetically and thermodynamically.


The 2-pyrone motif (1) is ubiquitous in many natural products, dis-
playing beneficial and exploitable therapeutic potential (Fig. 1).1


Non-natural substituted 2-pyrones, prepared via cross-coupling
reactions of 2 (Negishi, Sonogashira, Stille, and Suzuki, etc.),2 are
effective inhibitors of specific types of human ovarian carcinoma
(A2780) and human chronic myelogenous leukemia (K562) cell
lines (in an in vitro cell culture system).3 4-Alkynyl variants of 2
also exhibit pronounced solvatochromism in fluorescence, which
is expected to aid the identification of their mode of action.4


Transition metal carbonyl complexes containing the 2-pyrone
ring-system, which are g1-carbonyl- 5 and g4-diene-coordinated,6


undergo Suzuki coupling; interestingly, the latter complexes
possess useful carbon monoxide-releasing ability which could be
used in vasorelaxation and inflammatory diseases.7


Fig. 1 Readily available halogenated 2-pyrones.


Recently, the application of halogenated 2-pyrones (2–7) has
been of considerable interest to us and several other research
groups. The cross-coupling reactions of 3 and 4 have been
investigated by ourselves,8 Bellina and co-workers,9 and Kalinin
et al.10 Cho and co-workers have reported extensively on the cross-
coupling reactions of 5-bromo- and 3-bromo-2-pyrones (5 and
6), as well as 3,5-dibromo-2-pyrone 7.11 Compound 7 undergoes
regioselective Stille coupling reactions with aryl-, heteroaryl-
and vinyl-stannanes to produce various 3-substituted-5-bromo-
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2-pyrones, where remarkable Cu(I) effects are observed, resulting
in a switch in regioselectivity for the 5-position in the presence of
stoichiometric amounts of Cu(I).12 Generally, coupling occurs at
the 3-position for Sonogashira coupling,13 Suzuki coupling14 and
amination reactions.15


Other halogenated 2-pyrones in cross-coupling processes in-
clude 5-iodo-6-substituted-2-pyrones16 and 3-bromo-5-iodo-2-
pyrones.17 Meinwald and co-workers have coupled 3-methyl-5-
bromo-2-pyrone to an alkylzinc reagent, which was a key step
in the synthesis of the cockroach sex pheromone, supellapyrone
[5-(2′R,4′R-dimethylheptanyl)-3-methyl-2-pyrone].18


Herein, we detail investigations into the regioselective Sono-
gashira couplings of 4,6-dichloro-2-pyrone 8, a remarkably versa-
tile 2-pyrone.19 Some unusual observations and side-reactions are
discussed.


One of the remarks made by Cho and co-workers for the
underlying reasons for selective cross-coupling at the 3-position
of 7 was the difference in electron density at C3 versus C5 (Dd =
13.8).11–15 The 13C NMR spectrum of 7 clearly indicates that C3 is
more deshielded than C5 (Fig. 2).


Fig. 2 13C NMR chemical shifts in 7 and 8.


However, the small difference between C4 and C6 in 8 (Dd =
1.8) implies that a regioselective coupling with this substrate ought
to be difficult; nevertheless, 8 was predicted to be as reactive
as 7 based on latent polarity. Given the potential high value
of the alkynylated products from 8 vide supra, the Sonogashira
coupling of 8 with phenylacetylene under various conditions was
studied (Scheme 1 and Table 1). Three primary products were
expected: 4-chloro-6-(2-phenylethynyl)-2-pyrone 9a, 6-chloro-4-
(2-phenylethynyl)-2-pyrone 10a and 4,6-bis(2-phenylethynyl)-2-
pyrone 11a. Mindful of the known side-reactions8 of Et3N (used as
a base in Sonogashira coupling) with 6-chloro-2-pyrone 3 we did
expect to detect the amine adducts derived from 8 (i.e. compound
12) as well as 1,3-diyne products (e.g. 13a) resulting from oxidative
dimerisation (note: the use of DBU, DABCO or common mineral
bases results in negligible reaction).


Under the first set of conditions tested, 9a was the major cross-
coupled product, formed in 69% yield (entry 1).‡ § This was
accompanied by 11a in 5% yield and the amine adduct 12 in
9% yield. Compound 12 was shown by UV spectroscopy to be
formed by a non-palladium-mediated background reaction in an
identical solvent system (and concentration of Et3N) to that used
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Table 1 Sonogashira alkynylation of 8 under various reaction conditions


Product % yield


Entry Reaction conditions 9a 11a 12


1 Pd(PPh3)2Cl2 (5 mol%), CuI (3 mol%), Et3N (3 equiv.), toluene, PhC≡CH (1.1 equiv.), 25 ◦C, 21 h 69 5 9
2 As for entry 1, in a glove-box (O2 < 5 ppm; H2O < 10 ppm) 68 10 5
3 As for entry 1, using 3 equiv. PhC≡CH 71 14 0
4 As for entry 3, in a glove-box 67 18 0
5 As for entry 1, 60 ◦C 55 0 17
6 As for entry 5, with no added CuI 37 0 16
7 Pd(dba)2 (5 mol%), PPh3 (10 mol%), CuI (3 mol%), Et3N (3 equiv.), toluene, 25 ◦C, PhC≡CH (1.1 equiv.), 21 h a 34 7 5
8 As for entry 7, in a glove-box b 41 10 8
9 As for entry 7, 60 ◦C 0 19 48


10 As for entry 9, with no added CuI 0 0 45


a Compound 13a was formed in 5% yield. b Compound 13a was formed in 8% yield.


Scheme 1 Sonogashira coupling of 4,6-dichloro-2-pyrone 8.


in Sonogashira cross-coupling (Fig. 3 and 4). The kinetics indicate
that the reaction is first order with respect to 8.


Fig. 3 Decay of 8 in a toluene–Et3N (4%) solvent mixture as monitored
by UV spectroscopy.


Fig. 4 Kinetics for the reaction of 8 (ClPyr) in a toluene–Et3N (4%)
solvent mixture.


Small quantities of 13a (3–5%) were formed in all reactions
using Pd(PPh3)2Cl2 as a precatalyst.¶This can be balanced against
the pre-reduction of Pd(PPh3)2Cl2 with copper(I) phenylacetylide
to give the active catalyst Pd(0)(PPh3)n. The identical reaction
conducted in a glove-box gave similar results (entry 2). The global
yields of 9a and 11a were slightly higher in this latter reaction. In
the presence of 3 equiv. of phenylacetylene, the yield of 9a was 71%,
with the yield of 11a increasing to 14% (entry 3). The formation
of 12 was not observed in this reaction. A similar distribution was
seen in the identical reaction conducted in a glove-box (entry 4). At
60 ◦C, a lower yield of 9a and higher yield of 12 was seen (entry 5).
In the absence of CuI at 60 ◦C the reaction was less efficient
(entry 6).


Alkynylation was also assessed using a palladium(0) source
(entry 7). Thus, PPh3 was added to Pd(dba)2 to generate Pd(PPh3)2-
g2-dba in situ under identical conditions to the reaction employing
Pd(PPh3)2Cl2 (entry 1). The reaction was sluggish, with 9a pro-
duced in 34% yield, with both 11a and 12 observed. However, the
formation of 13a raised the possibility that hydrodechlorination
was taking place or that adventitious O2 was promoting oxidative
dimerisation. To address the latter issue, the identical reaction
was run in a glove-box (entry 8). The yield of 9a was slightly
improved, although 13a increased to 8% yield. We were unable
to detect 4-chloro-2-pyrone by GC–MS (a potential product
of hydrodechlorination). Increasing the temperature to 60 ◦C
increased the yield of 11a, with 12 being the dominant product
(entry 9). In the absence of CuI, 12 was produced exclusively
(entry 10). It therefore appears that the dba ligand is non-innocent
in these reactions. Intrigued by the extent of dba involvement, and
the hydrodechlorination side-reaction, a stoichiometric reaction
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of Pd(PPh3)-g2-dba with 8 in C7D8 (0.023 M) was monitored by
31P NMR spectroscopy (Fig. 5), providing a snap-shot of the initial
oxidative addition step in the catalytic cycle. The oxidative addition
product, Pd(PPh3)-g2-dba and Pd(PPh3)2Cl2 were all detected after
20 min at 25 ◦C. The formation of the latter complex, in part,
accounts for the formation of 13a under glove-box conditions
using a palladium(0) precatalyst source.20


Fig. 5 Snap-shot of the reaction of Pd(PPh3)2-g2-dba with 8 in C7D8 at
25 ◦C by 31P NMR spectroscopy (202 MHz).


Using the best conditions (entry 1, Table 1), a series of other
terminal alkynes was cross-coupled with 8 (Table 2), which in
all cases were regioselective for the 6-position. 1-Pentyne and
1-hexyne reacted with 8 to give 9b and 9c in reasonable yields,
respectively (entries 1 and 2). Trimethylsilylacetylene produced 9d
in better yield when used in excess with respect to 8 (entry 3).
Several para-substituted aryl terminal alkenes reacted with 8 with
varying success. For example, with 4-methoxyphenylacetylene the
yield of the coupled product 9f was 70% (entry 5), whereas 4-
acetophenylacetylene gave the coupled product 9g in 50% (entry 6).
In the presence of excess terminal alkyne, the yield of the coupled
product dropped substantially. Moreover, oxidative dimerisation
was a serious side-product in this reaction, although somewhat
curiously the background reaction (to give 12) did not occur. 4-
Nitrophenylacetylene gave the coupled product 9h in poor yield
(entry 7). However, the more hindered 1-ethynylferrocene reacted
well with 8 to give the coupled product 9i in very good yield
(entry 8). It is of interest that these cross-coupled products exhibit
fluorescence properties.21


Theoretical studies. Preliminary density functional theory
calculations at the B3LYP level (see ESI† for the computational
details and for Cartesian coordinates of the calculated structures)
facilitate an understanding of the origin of the regioselectivity,
which clearly derives from the oxidative addition step. Here, a
PMe3 ligand was employed to model the larger PPh3 ligand.
The oxidative addition leading to palladium(II) intermediate I is
more favorable than II, both kinetically and thermodynamically
(Fig. 6). Here, the a-oxygen appears to act like a p-donor ligand,
stabilising the developing positive charge on the carbon in TS-I.
The TS-II structure does not bear this additional stabilisation. We


Table 2 Sonogashira alkynylation of 8 with various terminal alkynes


Product % yield


Entry Product (R =) Conditionsa 9 11 12 13


1 CH3(CH2)2C≡C– 9b A 47 0 21 —
B 49 19 18 —


2 CH3(CH2)3C≡C– 9c A 67 3 3 —
B 76 8 7 —


3 TMSC≡C– 9d A 19 14 9 —
B 53 14 9 —


4 A
B


48
54


0
5


4
6


—
—


5 A 70 13 0 5


6 A
B


50
20


0
14


0
0


15
31


7 A 35 15 0 4


8 A
B


75
60


5
11


0
4


5
5


a A: Pd(PPh3)2Cl2 (5 mol%), CuI (3 mol%), Et3N (3 equiv.), toluene,
RC≡CH (1.1 equiv.), 25 ◦C, 21 h; B: as for A, using 3 equiv. RC≡CH.


Fig. 6 Energy profiles for the two possible pathways in the oxidative
addition of 4,6-dichloro-2-pyrone 8 with (PMe3)2Pd(0). The relative free
energies and reaction energies (in parentheses) are given in kcal mol−1.
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anticipate that this type of electron delocalisation also influences
the reactivity of the carbon–palladium bond in I.


In summary, we have detailed reaction conditions that facilitate
the rather tricky Sonogashira alkynylation of 4,6-dichloro-2-
pyrone 8. Side-reactions of 8 with Et3N are a problem that
can be suppressed by careful selection of the palladium cata-
lyst/precatalyst source. The dba ligands from Pd(dba)2 clearly
hinder the cross-coupling reactions of 8. This outcome appears to
be more convoluted than the simple situation where dba ligates and
lowers the concentration of (PPh3)nPd(0) in the catalytic cycle,22


and potentially hints at a secondary role for this ligand. The high
regioselectivity seen at the 6-position in 8 shows that a certain
degree of caution is required when using 13C NMR chemical shifts
to predict the reactivity of halogenated 2-pyrones. It is of particular
note that cross-coupling at the 4-position in 8 is not observed.
The fact that dialkynylation is possible suggests that the 4-chloro
substituent is more activated in the mono-alkynylated products
9 relative to 8 (under the described reaction conditions). In due
course, the biological effects and fluoresecence properties of the
novel cross-coupled products will be reported.
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confirm the C6-substitution pattern. The regiochemistry was also con-
firmed by an independent synthesis of 6-(2-phenylethynyl)-2-pyrone;9


the spectroscopic data for 4-(2-phenylethynyl)-2-pyrone8 were used for
comparison purposes.
§ General procedure for Sonogashira cross-coupling: to a degassed solution
containing 8 (0.38 mmol, 1 equiv.) and the terminal acetylene (0.42 mmol,
1.1 equiv) in dry toluene (2 mL) under a nitrogen atmosphere, was
added Et3N (0.16 ml, 1.15 mmol, 3 equiv.), followed by Pd(PPh3)2Cl2


(1.3 mg, 1.9 lmol, 5 mol%) and CuI (0.2 mg, 1.1 lmol, 3 mol%). The
solution was allowed to stir for 21 h at 25 ◦C. After this time, the
mixture was concentrated in vacuo and the resultant oil purified by column
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viscous oils. Representative data: 4-chloro-6-(phenylethynyl)-2-pyrone (9a)
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CDCl3) 7.52 (m, 3H), 7.40 (m, 2H), 6.51 (d, 1H, 4J = 1.7 Hz) 6.41
(d, 1H, 4J = 1.7 Hz); dC (400 MHz, CDCl3) 160.6, 144.3, 138.4, 132.0,
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1728 (C=O), 1618 (C=C), 1531; LRCI m/z 231 (MH+, 100), 248 (M +
NH4


+, 73); HRCI m/z exact mass calc. for C13H11NO2Cl (M + NH4
+):


248.04785. Found: 248.04780. 4,6-Dichloro-2-pyrone (8) was prepared
according to the procedure described by Afarinkia et al. in 65% yield
as a pale white solid.19 Mp 44–46 ◦C, lit. 43–45 ◦C; dH (400 MHz, CDCl3)
6.31 (s, 2H); LRCI m/z 164 (M+, 55), 129 (M+ − Cl, 100). 4-Chloro-6-(N-
diethylamino)-2-pyrone (12) was isolated as a viscous oil (see Tables 1 and


2 and text for yields); dH (400 MHz, CDCl3) 5.45 (d, 1H, 4J = 1.6 Hz),
5.18 (d, 1H, 4J = 1.6 Hz), 3.39 (q, 4H, 3J = 7.1 Hz), 1.23 (t, 6H, 3J =
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218 (M + NH4
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Seven (+)-sparteine-like diamines and (−)-sparteine were evaluated in the diamine-mediated
asymmetric lithiation–trapping of an O-alkyl carbamate. The (+)-sparteine-like diamines (≥98 : 2 er by
chiral shift NMR spectroscopy) were prepared from (−)-cytisine (>99 : 1 er by chiral HPLC of
N-benzyl cytisine) and two new (+)-sparteine-like diamines containing N-CD3 substituents were
included as part of this study. The following results from the ligand evaluation study were obtained:
(−)-sparteine is unrivalled in its ability to induce near-perfect enantioselectivity (99 : 1 er); N-methyl
diamine and the two N-CD3-substituted diamines are the optimal (+)-sparteine surrogates (up to 96 : 4
er); sterically more hindered N-alkyl substituents gave reduced enantioselectivity (N-iso-propyl: 86 : 14
er; N-CH2


tBu: 54 : 46 er). From a synthetic point of view, these results show that either enantiomer of
a-substituted O-alkyl carbamates can be obtained by enantioselective lithiation–trapping using
(−)-sparteine and the N-methyl (+)-sparteine surrogate.


Introduction


In 1990, Hoppe and co-workers reported the conversion of O-alkyl
carbamates into a-substituted O-alkyl carbamates of high %ee via
enantioselective lithiation with sec-butyllithium and (−)-sparteine
followed by reaction with a range of electrophiles.1 This was the
first example of high enantioselectivity in sec-butyllithium/(−)-
sparteine-mediated asymmetric deprotonation.2 A typical exam-
ple is shown in Scheme 1. Thus, treatment of O-alkyl carbamate
1 with 1.4 equivalents of sec-butyllithium/(−)-sparteine in diethyl
ether at −78 ◦C for five hours followed by electrophilic trapping
with carbon dixode and work-up gave acid (R)-2 of >95% ee (75%
isolated yield). The reaction was shown to proceed via a highly
enantioselective lithiation process to give configurationally stable
organolithium intermediate 3 which was subsequently trapped
with retention of configuration. In a recent report,3 Würthwein
and Hoppe studied O-alkyl carbamate lithiation using quantum
chemical DFT calculations at the B3LYP/6-31G(d) level and
found good agreement between experiment and theory for the
preferred abstraction of the pro-S proton of O-alkyl carbamates
such as 1 using alkyllithiums/(−)-sparteine.


Since Hoppe’s disclosure of the asymmetric deprotonation of
O-alkyl carbamates using sec-butyllithium/(−)-sparteine, its gen-
erality and synthetic utility have been amply demonstrated (Fig. 1).
For example, Hoppe and co-workers reported a concise synthesis
of (S)-1-methyldodecyl acetate 4,4 a pheromone of Drosophila
mulleri, as well as developing routes to (R)-pantolactone 55 and
protected cyclopropanols such as 6.5,6 Over the years, the Hoppe
group has comprehensively studied many aspects of selectivity (e.g.
match/mismatch effects) in a wide range of O-alkyl carbamates.2
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† Electronic supplementary information (ESI) available: Chiral HPLC
chromatograms for (−)- and rac-N-benzyl cytisine 19 and chiral shift
NMR spectra of (+)-sparteine surrogate 12. See DOI: 10.1039/b600032k


Scheme 1


Fig. 1 Synthetic applications of Hoppe’s O-alkyl carbamate
methodology.


These studies have included new routes to chiral amino alcohols7


and the asymmetric deprotonation reactions have been combined
with intramolecular carbolithiation onto alkenes and alkynes.8


Not surprisingly, other groups have also utilised the methodology.
As a representative example, Menges and Brückner reported the
preparation of diol 7 as a key building block in a projected
synthesis of an algae nonaether from Tolypothrix conglutinata.9


Most recently, there have been several reports of transmetallating
the organolithium (e.g. 3) to other metals thus opening up new elec-
trophilic trapping opportunities. For example, transmetallation
of organolithiums to the corresponding organocopper reagents


1376 | Org. Biomol. Chem., 2006, 4, 1376–1382 This journal is © The Royal Society of Chemistry 2006







was independently developed by Taylor,10 Dieter,11 Nakai12 and
Kocienski13 and, using such an approach, Papillon and Taylor
developed an asymmetric synthesis of (R)-japonilure 8 in which an
enantioenriched organocopper reagent was trapped with decynyl
bromide.10 In a further significant development, Hoppe et al.
reported an elegant route to secondary alcohols via initial boronate
trapping and subsequent homologation of the intermediate alkylb-
oranates with Grignard reagents.14


To date, there has been limited investigation of other chiral
ligands in the asymmetric lithiation of O-alkyl carbamates. This
presumably reflects the commercial availability of (−)-sparteine
and the fact that sec-butyllithium/(−)-sparteine induces such high
enantioselectivity in these reactions. Indeed, as far as we are
aware, there has been only one report of ligand variation in the
asymmetric deprotonation of O-alkyl carbamates (Scheme 2).15


Würthwein, Behrens and Hoppe investigated lithiation–trapping
of O-alkyl carbamate 9 using sec-butyllithium and each of (−)-
sparteine, (−)-a-isosparteine and cyclohexane diamine 11. (−)-
Sparteine gave adduct (R)-10 with the highest enantioselectivity
(99 : 1 er). Diamine 11 promoted lithiation such that a high yield
(81%) of adduct (R)-10 was obtained but the enantioselectivity
was modest (63 : 37 er). In contrast, use of the sterically
more hindered (−)-a-isosparteine did not generate any of adduct
10. The reduced reactivity of sec-butyllithium/(−)-a-isosparteine
compared to (−)-sparteine has been noted with other related
deprotonation reactions (e.g. N-Boc pyrrolidine).16 Furthermore,
if the methyl substituent of the O-alkyl carbamate in 9 was changed
to a more sterically demanding group (e.g. iso-propyl or tert-
butyl), the yield of the a-substituted adduct decreased significantly
using (−)-sparteine. With these more sterically hindered O-alkyl
carbamates, the “slimmer” diamine 11 gave much higher yields
of the adducts (and improved ers up to 89.5 : 10.5) compared to
(−)-sparteine.


Scheme 2


One limitation of Hoppe’s O-alkyl carbamate methodology is
the fact that sparteine is only commercially available as its (−)-
antipode. Although it is possible to change the order in which
substituents are introduced using the (−)-sparteine-mediated
reactions as a way of accessing each enantiomer of a product,
we have focused our attention on developing a (+)-sparteine
surrogate. Thus, over the last few years, our group has been active
in the development and evaluation of a series of (+)-sparteine
surrogates 12–16 (Fig. 2).17–22


Diamines 12–16 can be readily prepared in three steps from
(−)-cytisine, itself extracted from Laburnum anagyroides seeds.23


Fig. 2 The (+)-sparteine surrogates.


Results from our group indicate that, in three different reactions,
diamines 12 (N-methyl) and 13 (N-ethyl) are comparable and
they each behave in an enantiocomplementary fashion to (−)-
sparteine.20,21 Similar results have been reported by Kann et al.
for lithiation of phosphine boranes24,25 and by Wilkinson et al. for
some benzylic functionalisation reactions.26 However, as the steric
hindrance of the N-alkyl group in the diamines was increased
(e.g. 14–16), the yield and enantioselectivity generally decreased.
This was particularly pronounced in the asymmetric lithiation of
N-Boc pyrrolidine where use of sec-butyllithium/diamine 16 (N-
iso-propyl) gave no product after electrophilic trapping.21


To show that either enantiomer of a-substituted O-alkyl car-
bamates could be accessed using Hoppe’s methodology simply
by switching the ligand from (−)-sparteine to one of the (+)-
sparteine surrogates and to provide additional ligand variation
results for comparison with the one previous study,15 we decided
to investigate a representative O-alkyl carbamate asymmetric
lithiation reaction using sec-butyllithium and diamines 12–16. As
part of this study, we included new deuterated diamines 17 and
18. In our previous study on N-Boc pyrrolidine,21 it appeared that
the sterically small N-methyl group in diamine 12 was optimal
for high enantioselectivity. Since a CD3 group is even smaller in
size, we speculated that the N-CD3-substituted diamines 17 and
18 might show improved enantioselectivity to that obtained with
the other diamines. Herein, we report the results of this study.


Results and discussion


Synthesis of (+)-sparteine surrogates


Diamines 12–16 were prepared starting from extracted (−)-
cytisine using the procedures previously described.19–21,25 We
also report here an accurate determination of the %ee of (−)-
cytisine via chiral HPLC of N-benzyl cytisine 19 (prepared in
94% yield from (−)-cytisine, Scheme 3). Thus, racemic N-benzyl
cytisine 19, prepared using our new route,27 showed two well-
resolved peaks on a Chiralcel OD column. In contrast, N-
benzyl cytisine 19 synthesied from (−)-cytisine (obtained by
extraction form Laburnum anagyroides seeds) showed only one
peak under identical HPLC conditions (see Experimental). This


Scheme 3 Reagents and conditions: (i) K2CO3, BnBr, MeCN, reflux, 5 h.
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establishes that extracted (−)-cytisine is of >99 : 1 er. Previously,
we have shown that diamine 12 was of high %ee using 1H NMR
spectroscopy in the presence of a chiral shift reagent ((R)- and
(S)-2,2,2-trifluoro-1-(9-anthryl)ethanol)).18,19 As detailed in the
Experimental section, quantitative chiral shift NMR experiments
have been carried out to demonstrate that diamine 12 is of
≥98 : 2 er. Taking the chiral HPLC and chiral shift NMR
experiments together with the fact that all (−)-cytisine-derived
diamines are obtained as single diastereomers, we conclude that all
(+)-sparteine surrogates synthesised from extracted (−)-cytisine
are of ≥98 : 2 er.


Next, we synthesised the two new deuterated diamines 17 and
18. For 17, a simple modification of the published route to the
N-methyl diamine 12 was all that was required. Hence, methyl car-
bamate 20 (prepared from the reaction of (−)-cytisine with methyl
chloroformate) was hydrogenated and then reduced using lithium
aluminium deuteride to directly give pentadeuterated diamine 17
in 94% yield over the two steps (Scheme 4). Successful incorpo-
ration of the expected CD2 and CD3 groups was established by
HRMS and 13C NMR spectroscopy: dC 56.6 (quin, J 21.0, CD2N)
and 46.8–45.8 (m, NCD3). The synthesis of trideuterated diamine
18 required a modified strategy and a more convoluted synthetic
sequence (Scheme 4). Firstly, N-benzyl diamine 2225 was prepared
in good yield using the standard three-step route (benzoylation
of (−)-cytisine followed by hydrogenation–lithium aluminium
hydride reduction). Then, N-benzyl hydrogenolysis was achieved
using transfer hydrogenation, a method we have found particularly
successful for N-benzyl amines that are resistant to other typical
hydrogenolysis conditions, and subsequent reaction with methyl
chloroformate gave methyl carbamate 23 (82% over two steps). A
final lithium aluminium deuteride reduction furnished us with the
desired diamine 18 in 73% yield. In this case, the presence of only
a CD3 group was verified by HRMS and 13C NMR spectroscopy:
dC 46.8–45.8 (m, NCD3). With a range of diamines in hand, we
were now ready to evaluate them in comparison with (−)-sparteine


Scheme 4 Reagents and conditions: (i) (a) PtO2, H2, MeOH, rt, 12 h;
(b) LiAlD4, THF, reflux, 16 h; (ii) Et3N, PhCOCl, CH2Cl2, rt, 5 h;
(iii) (a) PtO2, H2, MeOH, rt, 12 h; (b) LiAlH4, THF, reflux, 16 h.; (iv)
(a) Pd(OH)2/C, NH4


+HCO2
−, EtOH, reflux, 2 h; (b) Et3N, MeO2CCl,


CH2Cl2, rt, 16 h; (v) LiAlD4, THF, reflux, 16 h.


in the asymmetric lithiation-electrophilic trapping of an O-alkyl
carbamate.


Evaluation of diamines in lithiation of an O-alkyl carbamate


To evaluate (−)-sparteine and diamines 12–18 in the lithiation–
trapping of an O-alkyl carbamate, we selected the conversion
of O-alkyl carbamate 24 (obtained from 3-phenylpropanol28)
into a-stannylated carbamate 2529 since analysis of the product
by chiral HPLC was well-described. In addition, a-stannylated
carbamate 25 is a useful synthetic building block since tin–lithium
exchange (with or without subsequent transmetallation) allows
further elaboration. The conversion of O-alkyl carbamate 24
into 25 was originally reported by Nakai et al. and was used
by us to demonstrate the effectiveness of diamine 12 as a (+)-
sparteine surrogate.18 The results obtained for the evaluation of
(−)-sparteine and diamines 12–18 are summarised in Table 1
(Scheme 5).


Scheme 5


Typical reaction conditions for the lithiation–electrophilic
trapping involve deprotonation using 1.4 equiv. of sec-
butyllithium/diamine in diethyl ether for 5 h followed by trapping
with tributyltin chloride. Subsequent work-up and chromatogra-
phy afforded adduct (R)- or (S)-25 in 17–84% yields with different
enantioselectivity (Table 1). When the reaction was conducted
with sec-butyllithium (no diamine ligand), a 17% yield of racemic
adduct 25 (Entry 1) was obtained showing that uncomplexed sec-
butyllithium does lead to some lithiation of O-alkyl carbamate 24.
As expected, reaction in the presence of (−)-sparteine gave adduct
(S)-25 in high yield (73%) and an impressive 99 : 1 er (Entry 2).
This clearly demonstrates that (−)-sparteine complexes the


Table 1 Lithiation–trapping of O-alkyl carbamate 24 using (−)-sparteine
and diamines 12–18


Entry Diamine R Yield (%)a Er (R : S)b


1 — — 17 —
2 (−)-sp — 73 1 : 99
3 (−)-spc — 17 15 : 85
4 12 Me 84d 95 : 5
5 17 CD3


e 82 96 : 4
6 18 CD3 68 96 : 4
7 13 Et 64 95 : 5
8 14 nBu 72 91 : 9
9 15 iPr 55f 86 : 14


10 16 tBuCH2 18 54 : 46


a Isolated yield after chromatography. b Er determined by chiral HPLC.
c Reaction carried out using 0.2 equiv. (−)-sparteine only. d Reference 18.
e Diamine also contains a CD2 group. f 36% starting material also isolated.
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sec-butyllithium and activates it for lithiation of 24. An attempt
at asymmetric catalysis using sub-stoichiometric (−)-sparteine
(0.2 equiv.) was not successful (Entry 3): adduct (S)-25 was
obtained in only 17% yield with reduced er (85 : 15). The yield
suggests that after the initial lithiation, (−)-sparteine does not
dissociate from the lithiated carbamate complex (analogous to
3 in Scheme 1) and is therefore not available to activate more
sec-butyllithium for deprotonation. Instead, some unselective de-
protonation by uncomplexed sec-butyllithium presumably occurs
to account for the reduced enantioselectivity. A similar effect has
been noted by Hoppe with other O-alkyl carbamates30 and by
Beak and co-workers in the asymmetric deprotonation of N-Boc
pyrrolidine.31


When the same reaction was carried out with (+)-sparteine
surrogates 12 (N-methyl), 13 (N-ethyl) and 14 (N-n-butyl), as well
as the new deuterated diamines 17 and 18, good yields (64–84%)
and high enantioselectivity (>90 : 10 er) in the opposite sense
to that obtained with (−)-sparteine were obtained (entries 4–7).
There was essentially no difference between the N-methyl diamine
12 (entry 4) and the deuterated diamines 17 and 18 (entries 5
and 6). The most sterically hindered N-alkyl substituents gave the
worst results in terms of yield and enantioselectivity (entries 9 and
10). Although this is the same general trend that we had previously
observed in the lithiation–trapping of N-Boc pyrrolidine,21 there
are some important differences. The N-iso-propyl diamine 15
behaved far better than expected in the lithiation of O-alkyl
carbamate 24: adduct (R)-25 of 86 : 14 er was generated in 55%
yield. In contrast, lithiation trapping of N-Boc pyrrolidine using
sec-butyllithium/diamine 15 gave no product whatsoever. For the
N-CH2


tBu diamine 16, enantioselectivity was similarly poor for
the O-alkyl carbamate reaction (54 : 46 er, entry 1) and the N-
Boc pyrrolidine reaction (51 : 49 er) but the yield was higher with
N-Boc pyrrolidine. To date, we have been unable to rationalise
the subtle differences between the N-Boc pyrrolidine and O-alkyl
carbamate results even on inspection of the calculated transition
state models that have recently been disclosed.3,21,32


Conclusion


Using the diamine-mediated enantioselective lithiation-trapping
of O-alkyl carbamate 24 as a representative example, some impor-
tant conclusions can be drawn. First of all, (−)-sparteine remains
unrivalled in its ability to induce near-perfect enantioselectivity
(Table 1, entry 2). Secondly, the O-alkyl carbamate lithiation is
far more tolerant of ligand structure than the corresponding N-
Boc pyrrolidine lithiation, with a range of diamines (12, 13, 14,
17 and 18) producing >90 : 10 er. Thirdly, the readily accessible
N-methyl diamine 12 and N-CD3-substituted diamine 17 are the
optimum (+)-sparteine surrogate producing the highest yields
and enantioselectivity (Table 1, entries 4 and 5). Finally, as
the steric hindrance of the N-alkyl substituent increased, the
enantioselectivity was lowered (Entries 9–10). This is the same
broad trend as previously noted in our N-Boc pyrrolidine study21


although the results are not perfectly in line. Indeed, the O-alkyl
carabamate results presented here are more reminiscent of those
observed by Kann et al. for the lithiation–trapping of phosphine–
boranes25 in that the sterically hindered N-iso-propyl diamine 15
gives satisfactory yield and high enantioselectivity. Thus, it appears
that lithiation of N-Boc pyrrolidine is far more sensitive to ligand


structure than lithiation of O-alkyl carbamates. In summary, this
ligand variation study emphasises that either enantiomer of a-
substituted O-alkyl carbamates can be obtained by asymmetric
deprotonation using (−)-sparteine and (+)-sparteine surrogate 12.


Experimental


General


General details have been described previously.19 (−)-Cytisine was
extracted from Cytisus (Laburnum anagyroides) seeds (from Vil-
morin, France) using the published procedure23 and as described
elsewhere.18,19 Methyl carbamate 20,19 diamines 12,19 13,20 14,20 1520


and 1621,25 and N,N-diisopropylcarbamoyl-3-phenylpropanol 2428


were synthesised using the published procedures. For Kugelrohr
distillation, the temperatures quoted correspond to the oven
temperatures. Chiral stationary phase HPLC was performed on
a Gilson system with 712 controller software and a 118 UV/Vis
diode array detector.


(1R,9R)-11-Benzyl-7,11-diazatricyclo[7.3.1.02,7]trideca-2,4-
dien-6-one (19). A stirred suspension of (−)-cytisine (100 mg,
0.52 mmol), benzyl bromide (0.14 cm3, 1.04 mmol) and K2CO3


(380 mg, 2.60 mmol) in MeCN (3 cm3) was heated at reflux under
N2 for 5 h. After cooling to rt, the solvent was evaporated under
reduced pressure and CH2Cl2 (10 cm3) was added to the residue.
The solids were removed by filtration through Celite and the
filtrate was evaporated under reduced pressure to give the crude
product. Purification by flash chromatography with CH2Cl2–
MeOH (97 : 3) as eluent gave N-benzyl cytisine 19 (137 mg, 94%,
>99 : 1 er by chiral HPLC) as a white solid, mp 139–141 ◦C
(lit.,33 143–145); RF (9 : 1 CH2Cl2–MeOH) 0.6; [a]D −302 (c
0.5 in CHCl3) (lit.,33 +216 (c 0.42 in CHCl3) for (1S,9S)-19).
Spectroscopic data identical to that reported in the literature.33


HPLC: Chiralcel OD, 20% iPrOH in heptane containing 0.1%
Et2NH, 0.5 cm3 min−1, 254 nm, 18 min [(1R,9R)-19]. Under the
same conditions, a sample of rac-1927 showed two peaks: 18 min
[(1R,9R)-19] and 23 min [(1S,9S)-19].


Analysis of enantiomer ratio (er) of diamine 12 using 1H NMR
spectroscopy in the presence of (R)- and (S)-2,2,2-trifluoro-1-(9-
anthryl)ethanol) as a chiral shift reagent. The enantiomer ratio
(er) was determined by 1H NMR spectroscopy (400 MHz, CDCl3)
in the presence of 3 equiv. of (R)- or (S)-2,2,2-trifluoro-1-(9-
anthryl)ethanol). A 0.12 M solution of diamine 12 in CDCl3


was prepared by dissolving diamine 12 (46 mg, 0.24 mmol) in
CDCl3 (2 cm3); a 0.06 M solution of (R)-2,2,2-trifluoro-1-(9-
anthryl)ethanol) was prepared by dissolving (R)-2,2,2-trifluoro-
1-(9-anthryl)ethanol) (33 mg, 0.12 mmol) in CDCl3 (2 cm3). The
sample for 1H NMR spectroscopy analysis was then prepared us-
ing 0.05 cm3 of the 0.12 M of the diamine in CDCl3 (0.006 mmol),
0.30 cm3 of the 0.06 M solution of (R)-2,2,2-trifluoro-1-
(9-anthryl)ethanol) in CDCl3 (0.018 mmol, 3 equiv.) and
0.15 cm3 of CDCl3 (total volume of NMR sample = 0.5 cm3).
Key signals: dH(400 MHz; CDCl3) 2.95 (1 H, br d, J 11.0), 2.85
(1 H, br d, J 11.0), 2.64 (1 H, br s), 2.50 (1 H, br s) and 2.11
(3 H, s). In a similar way, a sample for 1H NMR spectroscopy
analysis was prepared using 0.05 cm3 of the 0.12 M of the diamine
in CDCl3 (0006 mmol), 0.30 cm3 of a 0.06 M solution of (S)-2,2,2-
trifluoro-1-(9-anthryl)ethanol) in CDCl3 (0.018 mmol, 3 equiv.)
and 0.15 cm3 of CDCl3 (total volume of NMR sample = 0.5 cm3).
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Key signals: dH (400 MHz; CDCl3) 2.93 (1 H, br d, J 11.0), 2.85–
2.62 (2 H, m) and 1.96 (3 H, s). The absence of any signals due
to the other diastereomeric complex in each of these 1H NMR
spectra indicates that diamine 12 is ≥98 : 2 er.


(1R,2S,9S)-d5-11-Methyl-7,11-diazatricyclo[7.3.1.02,7]tridecane
(17). A suspension of methyl carbamate 20 (1.37 g, 5.5 mmol)
and PtO2 (150 mg, 0.66 mmol) in MeOH (20 cm3) was stirred
at rt under a H2 atmosphere (balloon) for 12 h. The solids were
removed by filtration through Celite and the filter cake was washed
with CH2Cl2 (100 cm3). The filtrate was evaporated under reduced
pressure to give the crude product as a white solid. A solution
of this crude product in THF (20 cm3) was added dropwise to a
stirred suspension of LiAlD4 (1.30 g, 31.0 mmol) in THF (40 cm3)
at 0 ◦C under N2. The resulting suspension was stirred and heated
at reflux for 16 h. After cooling to 0 ◦C, Et2O (10 cm3) was added
followed by the portionwise addition (CARE) of solid hydrated
Na2SO4 until effervescence ceased. The solids were removed by
filtration through Celite and the filter cake was washed with
CH2Cl2 (100 cm3). The filtrate was dried (Na2SO4) and evaporated
under reduced pressure to give the crude product. Purification by
Kugelrohr distillation gave pentadeuterated diamine 17 (927 mg,
84%) as a colourless oil, bp 170–175 ◦C/3.5 mmHg; [a]D +26.7
(c 1.1 in EtOH); mmax(CHCl3)/cm−1 2220 (C–D), 2170 (C–D) and
2015 (C–D); dH(400 MHz; CDCl3) 3.02–2.90 (2 H, m), 2.86 (1 H,
d, J 11.0), 2.22 (1 H, ddd, J 11.0, 3.5 and 2.5), 2.12 (1 H, ddd,
J 11.0, 3.5 and 2.5), 1.94 (1 H, dd, J 11.5, 3.0), 1.88 (1 H, d, J
11.0), 1.83–1.77 (1 H, m), 1.76–1.58 (3 H, m), 1.58–1.41 (4 H, m)
and 1.34–1.18 (2 H, m); dC(100.6 MHz; CDCl3) 66.2 (CHN), 60.2
(CH2N), 60.1 (CH2N), 56.6 (quin, J 21.0, CD2N), 56.0 (CH2N),
46.8–45.8 (m, NCD3), 35.0 (CH), 33.8 (CH2), 30.6 (CH2), 30.4
(CH), 25.2 (CH2) and 24.9 (CH2); m/z (CI; NH3) 200 [100%,
(M + H)+][Found: (M + H)+, 200.2169. C12H17D5N2 requires
M + H, 200.2175].


(1S,9S)-11-Benzoyl-7,11-diazatricyclo[7.3.1.02,7]trideca-2,4-dien-
6-one (21). Benzoyl chloride (4.3 cm3, 36.8 mmol) was added
dropwise over 10 min to a stirred solution of (−)-cytisine (700 mg,
3.68 mmol) and Et3N (5.1 cm3, 36.8 mmol) in CH2Cl2 (15 cm3)
at 0 ◦C under N2. After stirring for 5 h at rt, the solvent was
evaporated under reduced pressure. EtOAc (10 cm3) was added
to the residue and the solids were removed by filtration. The
filtrate was evaporated under reduced pressure to give the
crude product. Purification by flash column chromatography
on silica with CH2Cl2–MeOH (9 : 1) as eluent gave N-benzoyl
pyridone 21 (919 mg, 85%) as a white solid, mp 184–188 ◦C
(lit.,34 193); [a]D −277.0 (c 1.0 in CHCl3)(lit.,34 −277.9 (c 1.0 in
CHCl3)). Spectroscopic data were identical to that reported in the
literature.34


(1R,2S,9S)-11-Benzyl-7,11-diazatricyclo[7.3.1.02,7]tridecane (22).
A suspension of N-benzoyl pyridone 21 (3.60 g, 12.2 mmol) and
PtO2 (250 mg, 1.1 mmol) in MeOH (30 cm3) was stirred at rt under
a H2 atmosphere (balloon) for 12 h. The solids were removed
by filtration through Celite and the filter cake was washed with
CH2Cl2 (100 cm3). The filtrate was evaporated under reduced
pressure to give the crude product as a yellow oil. A solution
of this crude product in THF (50 cm3) was added dropwise to a
stirred suspension of LiAlH4 (2.60 g, 67.0 mmol) in THF (100 cm3)
at 0 ◦C under N2. The resulting suspension was stirred and heated


at reflux for 16 h. After cooling to 0 ◦C, Et2O (20 cm3) was added
followed by the portionwise addition (CARE) of solid hydrated
Na2SO4 until effervescence ceased. The solids were removed by
filtration through Celite and the filter cake was washed with
CH2Cl2 (150 cm3). The filtrate was dried (Na2SO4) and evaporated
under reduced pressure to give the crude product. Purification by
Kugelrohr distillation gave N-benzyl diamine 22 (2.70 g, 87%) as a
colourless oil, bp 210–220 ◦C/2.5 mmHg (lit.,25 180–190 ◦C/6
mmHg); [a]D +38.0 (c 1.1 in CHCl3)(lit.,25 +44.6 (c 2.79 in
CHCl3)). Spectroscopic data were identical to that reported in
the literature.25


(1R,2S,9R)-11-Methyl-7,11-diazatricyclo[7.3.1.02,7]tridecane 11-
carboxylate (23). A stirred solution of N-benzyl diamine 22
(1.80 g, 6.65 mmol) and NH4


+HCO2
− (1.30 g, 20.0 mmol) in


EtOH (25 cm3) under N2 was heated at reflux. Then, 10 mol %
Pd(OH)2 on C (500 mg, 4.0 mmol) was added in one portion and
the resulting suspension was heated at reflux for 2 h. After cooling
to rt, the solids were removed by filtration through Celite and the
filter cake was washed with Et2O (50 cm3). 2 M NH4OH(aq) (30 cm3)
was added and the layers were separated. The aqueous layer was
extracted with Et2O (3 × 30 cm3) and the combined organic layers
were dried (Na2SO4) and evaporated under reduced pressure to
give the crude product as a colourless oil. To a stirred solution
of this crude product in CH2Cl2 (25 cm3) at 0 ◦C under N2 was
added Et3N (1.0 cm3, 7.3 mmol) and then methyl chloroformate
(0.6 cm3, 7.3 mmol). After stirring for 16 h at rt, the solvent was
evaporated under reduced pressure. EtOAc (10 cm3) was added
to the residue and the solids were removed by filtration. The
filtrate was evaporated under reduced pressure to give the crude
product. Purification by flash column chromatography on silica
with hexane–EtOAc (1 : 1) as eluent gave methyl carbamate 23
(1.32 g, 82%) as a yellow oil, RF (9 : 1 CH2Cl2–MeOH) 0.9;
[a]D +21.2 (c 1.0 in CHCl3); mmax(CHCl3)/cm−1 1700 (C=O);
dH(400 MHz; CDCl3) approx. 60 : 40 mixture of rotamers: 4.44 (0.6
H, br d, J 13.5), 4.33–4.24 (1 H, m), 4.10 (0.4 H, br d, J 13.5), 3.70
(1.8 H, s, MeO), 3.66 (1.2 H, s, MeO), 3.06 (0.4 H, br d, J 13.0), 2.98
(0.6 H, br d, J 13.0), 2.88 (1.2 H, br d, J 12.5), 2.81 (0.8 H, br d, J
12.5), 2.68 (0.6 H, br d, J 11.0), 2.62 (0.4 H, br d, J 11.0), 2.29–2.18
(1 H, m) and 1.98–1.13 (12 H, m); dC(100.6 MHz; CDCl3) approx.
60 : 40 mixture of rotamers: 156.4 (C=O), 65.5 (CHN), 61.1 and
60.8 (CH2N), 57.2 and 57.0 (CH2N), 52.3 and 52.1 (OMe), 48.9
and 48.8 (CH2N), 44.9 and 44.6 (CH2N), 34.5 (CH), 34.1 (CH2),
30.5 (CH2), 29.6 and 29.4 (CH), 25.9 and 25.7 (CH2) and 24.9
(CH2); m/z (CI; NH3) 239 [100%, (M + H)+][Found: (M + H)+,
239.1760. C13H22N2O2 requires M + H, 239.1760].


(1R,2S,9S)-d3-11-Methyl-7,11-diazatricyclo[7.3.1.02,7]tridecane
(18). A solution of methyl carbamate 23 (1.30 g, 5.8 mmol)
in THF (20 cm3) was added dropwise to a stirred suspension
of LiAlD4 (1.30 g, 31.0 mmol) in THF (30 cm3) at 0 ◦C under
N2. The resulting suspension was stirred and heated at reflux for
16 h. After cooling to 0 ◦C, Et2O (10 cm3) was added followed
by the portionwise addition (CARE) of solid hydrated Na2SO4


until effervescence ceased. The solids were removed by filtration
through Celite and the filter cake was washed with CH2Cl2


(100 cm3). The filtrate was dried (Na2SO4) and evaporated under
reduced pressure to give the crude product. Purification by
Kugelrohr distillation gave trideuterated diamine 18 (800 mg,
73%) as a colourless oil, bp 170–180 ◦C/3 mmHg; [a]D +27.7
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(c 1.1 in EtOH); mmax(CHCl3)/cm−1 2220 (C–D), 2170 (C–D) and
2015 (C–D); dH(400 MHz; CDCl3) 3.00 (2 H, t, J 11.0), 2.90
(1 H, br d, J 11.5), 2.86 (1 H, br d, J 11.5), 2.25 (1 H, ddd, J 11.0,
3.5 and 2.0), 2.16 (1 H, ddd, J 11.0, 3.5 and 2.0), 1.98 (1 H, dd,
J 11.5, 3.0), 1.90 (1 H, d, J 11.0), 1.87–1.82 (1 H, m), 1.81–1.63
(3 H, m), 1.62–1.47 (5 H, m) and 1.38–1.19 (2 H, m); dC(100.6 MHz;
CDCl3) 66.2 (CHN), 60.3 (CH2N), 60.2 (CH2N), 57.5 (CH2N),
56.0 (CH2N), 46.8–45.8 (m, NCD3), 35.0 (CH), 33.9 (CH2), 30.7
(CH2), 30.5 (CH), 25.5 (CH2) and 25.0 (CH2); m/z (CI; NH3)
198 [100%, (M + H)+][Found: (M + H)+, 198.2046. C12H19D3N2


requires M + H, 198.2050].


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
(rac-25) (Table 1, entry 1). A solution of O-alkyl carbamate 24
(400 mg, 1.52 mmol) in Et2O (2.0 cm3) was added dropwise via
a cannula to a stirred solution of sec-butyllithium (1.8 cm3 of
a 1.1 M solution in cyclohexane, 2.0 mmol) in Et2O (4.0 cm3)
at −78 ◦C under Ar. After stirring for 5 h at −78 ◦C, Bu3SnCl
(0.54 cm3, 2.0 mmol) was added and the solution was allowed to
warm to rt over 16 h. Then, 2 M HCl(aq) (10 cm3) was added, the
layers were separated and the aqueous layer was extracted with
Et2O (3 × 10 cm3). The combined Et2O extracts were washed
with saturated KF(aq) (10 cm3), dried (Na2SO4) and evaporated
under reduced pressure. Purification by flash chromatography
using 40 : 1 petrol–Et2O gave adduct rac-25 (148 mg, 17%) as a
colourless oil and starting O-alkyl carbamate 24 (230 mg, 58%) as
a colourless oil. Spectroscopic data were identical to that reported
in the literature.29


General procedure for asymmetric lithiation–trapping of O-alkyl
carbamate (24). A solution of (−)-sparteine or diamine 12–18
(1.4 or 0.2 equiv.) in Et2O (4.0 cm3) was added dropwise via a
cannula to a stirred solution of sec-butyllithium (1.2 M solution
in cyclohexane, 1.4 equiv.) in Et2O (4.0 cm3) at −78 ◦C under Ar.
After stirring for 10 min at −78 ◦C, a solution of O-alkyl carbamate
24 (503 mg, 1.8 mmol) in Et2O (3.0 cm3) was added dropwise over
10 min via a cannula and the resulting solution was stirred at
−78 ◦C for 5 h. Then, Bu3SnCl (1.4 equiv.) was added dropwise
and the solution was allowed to warm to rt over 16 h. 2 M HCl(aq)


(10 cm3) and Et2O (10 cm3) were added, the layers were separated
and the aqueous layer was extracted with Et2O (3 × 10 (10 cm3)).
The combined Et2O extracts were washed with saturated KF(aq) (10
(10 cm3)), dried (Na2SO4) and evaporated under reduced pressure
to give the crude product. The er was determined by chiral HPLC:
Daicel Chiralcel OD, 600 : 1 v/v hexane–iPrOH, 0.5 cm3 min−1,
226 nm, 6.5 min [(S)-25] 7.1 min [(R)-25].


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((S)-25) (Table 1, entry 2). Using the general procedure,
(−)-sparteine (576 mg, 2.46 mmol), sec-butyllithium (2.5 cm3 of a
1.0 M solution in cyclohexane, 2.5 mmol), O-alkyl carbamate 24
(462 mg, 1.75 mmol) and Bu3SnCl (0.68 cm3, 2.5 mmol) in Et2O
(11 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(S)-25 (710 mg, 73%, 99 : 1 er by chiral HPLC) as a colourless oil,
[a]D +22 (c 1.0 in CHCl3)(lit.,29 [a]D +21.9 (c 1.0 in CHCl3) for
(S)-25 of 98.5 : 1.5 er). Spectroscopic data were consistent with
that reported in the literature.29


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((S)-25) (Table 1, entry 3). Using the general procedure,


(−)-sparteine (184 mg, 0.786 mmol), sec-butyllithium (5.0 cm3 of
a 1.0 M solution in cyclohexane, 5.0 mmol), O-alkyl carbamate
24 (1.03 g, 3.9 mmol) and Bu3SnCl (1.2 cm3, 5.1 mmol) in Et2O
(11 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(S)-25 (365 mg, 17%, 85 : 15 er by chiral HPLC) as a colourless
oil, [a]D +10.0 (c 1.0 in CHCl3).


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
(R)-25 (Table 1, entry 5). Using the general procedure, diamine
17 (501 mg, 2.5 mmol), sec-butyllithium (2.5 cm3 of a 1.0 M
solution in cyclohexane, 2.5 mmol), O-alkyl carbamate 24
(487 mg, 1.8 mmol) and Bu3SnCl (0.6 cm3, 2.2 mmol) in Et2O
(9 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (820 mg, 82%, 96 : 4 er by chiral HPLC) as a colourless
oil, [a]D −22.9 (c 1.0 in CHCl3).


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((R)-25) (Table 1, entry 6). Using the general procedure,
diamine 18 (408 mg, 2.1 mmol), sec-butyllithium (1.7 cm3 of a
1.2 M solution in cyclohexane, 2.1 mmol), O-alkyl carbamate 24
(407 mg, 1.5 mmol) and Bu3SnCl (0.5 cm3, 1.8 mmol) in Et2O
(9 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (630 mg, 68%, 96 : 4 er by chiral HPLC) as a colourless
oil, [a]D −21.4 (c 1.3 in CHCl3).


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((R)-25) (Table 1, entry 7). Using the general procedure,
diamine 13 (634 mg, 3.0 mmol), sec-butyllithium (2.9 cm3 of a
1.0 M solution in cyclohexane, 2.9 mmol), O-alkyl carbamate 24
(572 mg, 2.2 mmol) and Bu3SnCl (0.8 cm3, 3.0 mmol) in Et2O
(10 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (768 mg, 64%, 95 : 5 er by chiral HPLC) as a colourless
oil, [a]D −20.3 (c 0.8 in CHCl3).


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((R)-25) (Table 1, entry 8). Using the general procedure, diamine
14 (272 mg, 1.15 mmol), sec-butyllithium (1.0 cm3 of a 1.15 M
solution in cyclohexane, 1.15 mmol), O-alkyl carbamate 24
(218 mg, 0.8 mmol) and Bu3SnCl (0.3 cm3, 1.2 mmol) in Et2O
(9 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (332 mg, 72%, 91 : 9 er by chiral HPLC) as a colourless
oil, [a]D −20.9 (c 1.0 in CHCl3).


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((R)-25) (Table 1, entry 9). Using the general procedure,
diamine 15 (530 mg, 2.4 mmol), sec-butyllithium (2.4 cm3 of a
1.0 M solution in cyclohexane, 2.4 mmol), O-alkyl carbamate 24
(442 mg, 1.7 mmol) and Bu3SnCl (0.65 cm3, 2.4 mmol) in Et2O
(10 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (513 mg, 55%, 86 : 14 er by chiral HPLC) as a colourless
oil, [a]D −20.0 (c 1.1 in CHCl3) and recovered O-alkyl carbamate
24 (160 mg, 36%) as a colourless oil.


3-Phenyl-1-tributyltin-1-N ,N-diisopropylcarbamoyloxypropane
((R)-25) (Table 1, entry 10). Using the general procedure, di-
amine 16 (463 mg, 1.8 mmol), sec-butyllithium (1.8 cm3 of a 1.0 M
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solution in cyclohexane, 1.8 mmol), O-alkyl carbamate 24
(345 mg, 1.3 mmol) and Bu3SnCl (0.4 cm3, 1.5 mmol) in Et2O
(9 cm3) gave the crude product. Purification by flash column
chromatography using 40 : 1 petrol–Et2O as eluent gave adduct
(R)-25 (135 mg, 18%, 54 : 46 er by chiral HPLC) as a colourless
oil, [a]D −2.6 (c 1.0 in CHCl3).
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Electrostatic effects exert strongly stabilizing influences on cations, in many cases controlling the
conformational preferences of these cations. The lowest energy conformers are ones where the positive
charge is brought closest to substituents bearing partial negative charges. These conformational biases,
along with stereoelectronic effects, can control the stereoselectivity of reactions involving carbocationic
intermediates.


Introduction


Attractive electrostatic interactions between oppositely charged
atoms exert powerful influences on the courses of chemical reac-
tions. These interactions are particularly important in biological
systems, where electrostatic effects govern the specificity and
reactivity of various processes.1–4 For example, electrostatic effects
operate at the active site of enzymes to lower activation barriers
and guide protein interactions.5–7 A detailed understanding of
uncatalyzed processes in the gas phase and in solution have
elucidated the factors that lower the energy barriers of the chemical
reaction within an enzyme pocket.5 Electrostatic effects also
influence the efficacy of enzyme inhibitors. For example, exchange
of a hydrogen atom with an electronegative fluorine on an
inhibitor adds an attractive interaction with a polarized carbonyl
functionality at the active site of the target enzyme.8,9 Electrostatic
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attractions can also be used as a tool to confer specificity to
macromolecular organization in non-biological systems.10


Electrostatic effects operate not only between molecules, but
also within a molecule. These electrostatic effects can control
both the structure and reactivity of certain systems. This account
will describe examples of how intramolecular electrostatic effects
control the structures and reactivities of organic molecules. An
overview of our work on the stereoselective reactions of oxocar-
benium ions will highlight how attractive electrostatic interactions
provide a powerful new approach to controlling stereochemistry
in synthetic organic chemistry.


Electrostatic effects and conformational analysis


Electrostatic effects can exert a dramatic effect on the confor-
mational preferences of small organic molecules. For example,
4-methoxycyclohexanone favors the pseudoaxial conformation
2 in a number of solvents (eqn 1).11,12 Similar conformational
preferences are exhibited by 4-halocyclohexanones, with the
fluoro derivative having the highest axial preference.13,14 This
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trend indicates that electrostatic forces between the partially
negatively charged substituent and the partially positively charged
carbonyl carbon atom are most likely the origin of the contrasteric
conformational preference.15 The stabilization provided from this
interaction compensates for the steric repulsions associated with
bringing the two polar groups in proximity to each other.16,17 Other
cyclic carbonyl compounds bearing heteroatom substituents also
favor axial conformers.18–23


(1)


Electrostatic effects exert an even more dramatic effect on
the conformational preferences of charged organic molecules.
For example, the formal charge of a bicyclic nitrogen atom
governs the substituent orientation of the fluorinated derivatives
3 and 4.24 The neutral amine 3 resides in the exo conformation,
positioning the fluorine atom away from the nitrogen lone pair
and alleviating unfavorable steric interactions. Upon protonation
of the nitrogen atom to form ammonium ion 4, the conformational
preference changes to position the fluorine substituent in the
opposite direction. This reversal in the structural stability of 4
is attributed to a favorable through-space interaction between the
electronegative fluorine and the acidic hydrogen.24


The conformational preferences of piperidinium ions are
strongly influenced by electrostatic effects.25,26 For example, in-
vestigations involving fluorine-substituted piperidinium ions27,28


revealed an unusual affinity for the fluorine atom to reside in the
axial position of the chair conformation 6, despite the presence of
destabilizing 1,3-diaxial interactions (eqn 2).29 The preference for
the axial conformer 6 results from attractive forces between the
positively charged hydrogen atoms on the axial N-methyl group
and the electronegative fluorine substituent. In the absence of a
cationic center, the fluorine substituent of cyclohexane 7 weakly
prefers the equatorial position.


(2)


The presence of oxygen-containing substituents also exerts a
powerful influence on the conformational preferences of charged
species. Piperidinium ions bearing substituents such as hydroxyl
or acetoxy groups adopt conformations that place the partially
negatively charged substituent close to the positively charged
ammonium group.25,26 This effect modifies the acidities of piperi-
dinium ions 8 and 9 bearing hydroxyl substituents.30,31 The pKa


values for these piperidines reflect the lower acidity of the all-axial
piperidinium conformer 9 that possesses a stabilizing electronic
interaction between the partial negative charge on the substituents
and the formal positive charge residing on nitrogen. This interac-
tion is not present in the all-equatorial conformer 8. The preference
of a charged species for the all-axial conformer 9 is related to
the conformational preferences of hydroxylated sulfonium salts
that have been employed as glycosidase inhibitors.32–35 Although
the axial conformer 11 is destabilized by numerous 1,3-diaxial
interactions, this conformer is preferred both in solution and in
the solid state (eqn 3).32,33 The axial hydroxyl groups maximize the
through-space electrostatic stabilization of the sulfonium ion.


(3)


While the conformational analysis of stable compounds has
been examined in detail, determining the conformational prefer-
ences of reactive intermediates is more challenging. For example,
knowledge of the three-dimensional structures of cyclic oxocar-
benium ions is important to understanding both uncatalyzed and
enzymatic reactions of carbohydrates, since these reactions often
involve oxocarbenium ion intermediates.36–40 It is not possible,
however, to observe oxocarbenium ions, particularly in aqueous
environments, because the charged intermediates are much too
reactive.41,42


Theoretical studies of oxocarbenium ions suggested that elec-
trostatic effects control the conformational preferences of these re-
active intermediates.43–46 Computational studies of carbohydrate-
derived oxocarbenium ions revealed that methyl substituents
favor equatorial positions in oxocarbenium ions, while hydroxyl
groups assume axial positions preferentially at certain positions
(eqn 4).43 These conclusions were reinforced by ab initio calcula-
tions (RHF/6-31G**) on C-4 alkoxy-substituted oxocarbenium
ions.46 These authors conclude that a through-space electrostatic
effect,47,48 not anchimeric assistance, stabilizes the axial confor-
mation 12 (X = OMe) by about 4 kcal mol−1 relative to the
equatorial conformer 13 (eqn 4).46 It is important to note that
although oxocarbenium ions are typically drawn with a formal
positive charge on the oxygen atom (as shown in eqn 4), it is the
carbon atom that bears positive charge, not the oxygen atom.47,48
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(4)


Consideration of the preferences for alkoxy groups to adopt
axial conformers at certain positions, as shown in eqn 4, explains
the relative rates of monosaccharide hydrolysis.43,46 For example,
the reactivity pattern exhibited by methyl pyranosides 14–16
showed a trend that the more axial hydroxyl groups present in the
acetal, the faster the rate of hydrolysis (eqn 5).49,50 Since the tran-
sition state structures of exocyclic C–O bond cleavage resemble
the oxocarbenium ion intermediates, favorable interactions that
stabilize the charged intermediates would facilitate hydrolysis.51


The pyranoside 16 bearing axial substituents at C-3 and C-4
reacted at the highest rate via an oxocarbenium ion 17 stabilized
by two partially negatively charged oxygen atoms positioned near
the positively charged carbon atom of the oxocarbenium ion.47,48


(5)


Investigations and applications of electrostatically
stabilized intermediates


Our laboratory became interested in applying the concept of
electrostatic stabilization of conformations to stereoselective
bond-forming reactions. We reasoned that if electrostatic effects
controlled the conformational preferences of alkoxy-substituted
cations, then reactions via these low-energy conformers should
lead to stereoselective reactions. A benefit of using electrostatic
effects rather than steric effects to control conformations arises
from the fact that the stereochemical controlling element, a
protected hydroxyl group, would be amenable to a myriad of
synthetic manipulations after the stereochemistry-determining
event. Our investigations have required defining the magnitude
of the conformational biases imposed by these electronic effects
as well as understanding their origin. In addition, we have needed
to analyze the interactions that develop in the transition states of
reactions to understand the outcomes of these reactions.


Recent studies from our laboratory provided unambiguous
evidence for the preferred axial orientation of a partially nega-
tively charged substituent in an oxygen-substituted carbocation.52


The isolable but unstable benzyloxy-substituted cation 19 was
prepared by ethylation of the corresponding lactone 18 (eqn 6).53


Spectroscopic analysis of the dioxocarbenium ion 19 revealed that


Hb exhibited a splitting pattern characteristic of an equatorial
proton, suggesting that the C-4 alkoxy substituent preferred the
axial position in solution (eqn 6). An X-ray crystal structure of
cation 19 confirmed that the low energy ground state conformer
orients the alkoxy substituents proximal to the electron-deficient
carbon. The distance between C-4 oxygen substituent and the
cationic carbon (3.301 Å) is consistent with a through-space
Coulombic interaction, excluding stabilization from covalent
bond formation between the two charged atoms.54 We prepared
the corresponding alkyl-substituted cation, which displayed the
alkyl group equatorially both in solution and in the solid state.55


(6)


The strong preference for an alkoxy substituent to reside in
an axial position (eqn 4 and 6) can be utilized to control the
conformation of oxocarbenium ions, permitting the formation
of carbon–carbon bonds in a contrasteric manner. Nucleophilic
substitution of the acetate 20 (X = OBn) in the presence of
a Lewis acid afforded the 1,4-trans product trans-21 with high
diastereoselectivity (eqn 7);54,56 similar selectivities have been
observed with vinyl oxocarbenium ions.57,58 Control experiments
indicate that these reactions proceed via free oxocarbenium
ions and not contact ion pairs.59 This trans-selective outcome
can be understood by considering that the alkoxy-substituted
oxocarbenium ion favors the axial conformer 23, in accord
with the structural data52 of the dioxocarbenium ion 19 (eqn 6)
as well as computational predictions (eqn 4).43,46 Nucleophilic
addition to the lower energy conformer 23 (eqn 8) through the
stereoelectronically preferred chair-like transition structure60–62


leads to the observed trans product. This explanation can be used
to understand the reactions of related N-acyliminium ions.63–65


Reaction of the corresponding alkyl-substituted acetate 20 (X =
Me) in the presence of a Lewis acid afforded the 1,4-cis product
cis-21, consistent with an equatorial preference for the substituent
at C-4 (namely 22) followed by stereoelectronically controlled
nucleophilic addition.60–62


(7)


(8)


Examination of halogen-substituted C-4 analogs confirmed that
stabilization of the C-1 center does not occur through anchimeric
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assistance, but is instead more consistent with an electrostatic
effect (eqn 9). The trans-selectivity of substitution decreased as
the halogen atom became less electronegative (F > Cl > Br > I,
eqn 9). If the high trans selectivities were attributable to anchimeric
assistance through formation of a bond as shown in 25, the
iodine substituent should lead to the highest trans selectivity.
Instead, the iodinated acetate 20 (X = I) provided mostly the
cis product cis-21, similar to the outcome for the alkyl-substituted
substrate 20 (X = Me, eqn 7). This outcome requires the iodine
to favor an equatorial position in the oxocarbenium ion. The
highly selective reaction of the fluorinated substrate 20 (X = F)
suggests that the conformational preference for the halogen atom
is caused by electrostatic effects holding the electronegative atom
closer to the oxocarbenium ion (as in 24). The more negatively
charged the halogen atom, the greater the preference for the axial
conformation.


(9)


Conformational control through electrostatic stabilization is
also observed with an alkoxy substituent at the C-3 position of a
six-membered ring oxocarbenium ion intermediate. In contrast to
the trans product obtained with an alkyl substituent, nucleophilic
addition to 26 (X = OBn) in the presence of a Lewis acid
afforded the contrasteric 1,3-cis product cis-27 (eqn 10). The cis
product arises from addition of the nucleophile to the psuedoaxial
conformer 28, which would be favored for X = OBn.43 The
high selectivity for the contrasteric cis product indicates that
the electrostatic stabilization compensates for the development
of steric interactions between the C-3 alkoxy substituents and the
approaching nucleophile in the chair-like transition structure.66


Without the electrostatic stabilization, substituents at the C-3 po-
sition reside in the pseudoequatorial position of the oxocarbenium
ion (29) to give the sterically preferred 1,4-trans product trans-27.


(10)


(11)


The conformational preferences exerted by a single alkoxy
substituent can be manifested in systems with several alkoxy
groups. In our studies of carbohydrate oxocarbenium ions that
serve as models for enzyme inhibitors,67 we treated the pentose
acetal 30 with allyltrimethylsilane in the presence of a Lewis acid
to provide the product 31 with high diastereoselectivity (eqn 12).68


This stereochemical outcome can be analyzed by considering that
the cation prefers the conformation 32, where the alkoxy groups
at C-2, C-3, and C-4 are all in their favored orientations.43,54,56


(12)


Analyzing the reactions involving highly oxygenated five-
membered ring oxocarbenium ions added another level of com-
plexity. For example, analyzing the C-glycosylation reactions of
ribose derivatives (eqn 13)69 required not only understanding the
conformational preferences of the intermediate carbocations but
also the preferred direction of nucleophilic attack. A reliable,
predictive stereochemical model would be necessary to analyze
which face of the cation would be attacked. Unfortunately, few
systematic studies of stereoselective reactions of five-membered
ring oxocarbenium ions were available,70–72 and it was not clear
how to adapt the available models to analyze the selectivity shown
in eqn 13.


(13)


Our studies of the reactions of five-membered ring oxocarbe-
nium ions culminated in a stereoelectronic model to explain these
processes.73–76 This model is illustrated by analyzing the stereos-
elective reaction of the bicyclic lactol acetate 35 (eqn 14).74 The
intermediate oxocarbenium ion was constrained to one possible
envelope conformation (as shown in 37, eqn 15).74 Although this
system provides no impediment to approach from either inside or
outside the envelope, the reaction was highly selective (eqn 14).
Formation of the 1,3-trans diastereomer demonstrated that an
inherent stereoelectronic preference directs nucleophilic addition
from the inside face of the five-membered ring oxocarbenium ion
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envelope structure. This preference arises from the development of
destabilizing eclipsing interactions upon nucleophilic attack from
outside the envelope conformation (as shown in 39, eqn 15). Inside
attack instead provides a staggered product 38, so transition states
leading to this favored product should be lower in energy.


(14)


(15)


With this stereoelectronic model in hand, the reactions
of alkoxy-substituted five-membered ring acetals can be
understood.76 We recently completed a detailed study analyzing
the counter-intuitive a-selective C-glycosylation reactions of
substituted five-membered ring oxocarbenium ions related to
ribose and deoxyribose (eqn 13).76 This study was achieved by
preparing approximately 20 substrates with a range of substituents
at different positions on the ring to establish their effects on
selectivities. These experiments revealed that the reactions of
furanose oxocarbenium ions are governed by the stereoelectronic
effect embodied in eqn 14 along with the electronic effects
established during our studies of six-membered ring oxocarbenium
ions.54,56 For example, the reaction of the 3-benzyloxy-substituted
acetal 40 provided high stereoselectivity for the 1,3-cis product 41
(eqn 16). This result can be understood by considering that a
through-space electrostatic effect stabilizes conformer 43, and
addition of the nucleophile to this conformer from the stereoelec-
tronically preferred inside face of the oxocarbenium ion affords the
observed 1,3-cis product 41 (eqn 17). A related analysis explains
the selective reactions in the corresponding oxygen-substituted N-
acylpyrrolidinium ion77,78 as well as the ribose case (eqn 13).


(16)


(17)


Electrostatic effects between heteroatom substituents and
cationic carbon atoms are also powerful enough to control the
reactions in medium-ring systems,79 which can reside in many more
conformations compared to the smaller six- and five-membered
rings.80 We prepared the eight-membered ring acetal 44 and


subjected it to nucleophilic substitution according to eqn 18.
The cyanohydrin product 45 was obtained with high selectivity.
The stereochemistry of the product, which was proven by X-ray
crystallography, is consistent with reaction through the sterically
disfavored conformer 47, which benefits from stabilizing electro-
static effects between the benzyloxy group and the carbocationic
center (as determined by computational methods).79 In contrast,
the 4-methyl analogue of 44 provided a nearly 1 : 1 mixture of two
diastereomeric products.


(18)


(19)


Future directions


Although numerous studies in the area of carbocationic chemistry
can be considered, future studies of the application of electrostatic
effects in organic synthesis could also address the reactivities of
anionic intermediates. A demonstration that electrostatic effects
operate in enolates was recently reported.81 Arylation of enolates
derived from b-ketoesters 48 provided products where the elec-
trophile approached from the face opposite to the substituent at
C-4, and the selectivities were highest for silyl-protected alcohols
(eqn 20).81 Computational studies suggested that electrostatic
interactions between the negatively charged enolate moiety and
the positively charged silicon atom stabilized conformer 50, where
the large silyl group blocked one face.


(20)


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1195–1201 | 1199







Conclusions


Electrostatic effects are powerful forces that can be used to
control the structures and reactivities of organic compounds.
These forces play a dramatic role in biological systems, influencing
the interactions between small molecules and proteins as well as
the stabilities of reactive intermediates in biological processes. Our
work has shown that these systems provide a potent stereochemical
control element that can be used for stereoselective synthesis. In
the future, additional new phenomena as well as application of
these phenomena will lead to new approaches for the analysis of
stereoselective reactions.
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22 S. Brandänge, M. Färnbäck, H. Leijonmarck and A. Sundin, J. Am.
Chem. Soc., 2003, 125, 11942–11955.


23 These counterintuitive conformational preferences are likely involved
in the unusual stereochemical courses of reactions of alkoxy-substituted
ketones: C. Cianetti, G. Di Maio, V. Pignatelli, P. Tagliatesta, E. Vecchi
and E. Zeuli, Tetrahedron, 1983, 39, 657–666; G. Di Maio, W. Li and
E. Vecchi, Tetrahedron, 1985, 41, 4891–4896; Y. Nagao, M. Goto and
M. Ochiai, Chem. Lett., 1990, 1507–1510; Y.-D. Wu, J. A. Tucker and
K. N. Houk, J.Am. Chem. Soc., 1991, 113, 5018–5027; Z. Shi and R. J.
Boyd, J. Am. Chem. Soc., 1993, 115, 9614–9619; V. K. Yadav and D. A.
Jeyaraj, J. Org. Chem., 1998, 63, 3474–3477; S. Tomoda and T. Senju,
Tetrahedron, 1999, 55, 3871–3882; G. Di Maio, M. G. Mascia and E.
Vecchi, Tetrahedron, 2002, 58, 3313–3318; G. Catanoso and E. Vecchi,
Tetrahedron, 2003, 59, 5555–5561.


24 J. Olsen, P. Seiler, B. Wagner, H. Fischer, T. Tschopp, U. Obst-Sander,
D. W. Banner, M. Kansy, K. Müller and F. Diederich, Org. Biomol.
Chem., 2004, 2, 1339–1352.


25 M.-L. Stien, G. Chiurdoglu, R. Ottinger, J. Reisse and H. Christol,
Tetrahedron, 1971, 27, 411–423.


26 Y. Terui and K. Tori, J. Chem. Soc., Perkin Trans. 2, 1975, 127–133.
27 D. C. Lankin, N. S. Chandrakumar, S. N. Rao, D. P. Spangler and J. P.


Snyder, J. Am. Chem. Soc., 1993, 115, 3356–3357.
28 D. C. Lankin, G. L. Grunewald, F. A. Romero, I. Y. Oren and J. P.


Snyder, Org. Lett., 2002, 4, 3557–3560.
29 A. Sun, D. C. Lankin, K. Hardcastle and J. P. Snyder, Chem.–Eur. J.,


2005, 11, 1579–1591.
30 H. H. Jensen, L. Lyngbye, A. Jensen and M. Bols, Chem.–Eur. J., 2002,


8, 1218–1226.
31 A. Gregersen, C. M. Pedersen, H. H. Jensen and M. Bols, Org. Biomol.


Chem., 2005, 3, 1514–1519.
32 L. Svansson, B. D. Johnston, J.-H. Gu, B. Patrick and B. M. Pinto,


J. Am. Chem. Soc., 2000, 122, 10769–10775.
33 M. G. Szczepina, B. D. Johnston, Y. Yuan, B. Svensson and B. M.


Pinto, J. Am. Chem. Soc., 2004, 126, 12458–12469.
34 A. Siriwardena, H. Strachan, S. El-Daher, G. Way, B. Winchester, J.


Glushka, K. Moremen and G.-J. Boons, ChemBioChem, 2005, 6, 845–
848.


35 J. Gonzalez-Outeiriño, J. Glushka, A. Siriwardena and R. J. Woods,
J. Am. Chem. Soc., 2004, 126, 6866–6867.


36 D. L. Zechel and S. G. Withers, Acc. Chem. Res., 2000, 33, 11–18.
37 B. Allart, M. Gatel, D. Guillerm and G. Guillerm, Eur. J. Biochem.,


1998, 256, 155–162.
38 N. S. Banait and W. P. Jencks, J. Am. Chem. Soc., 1991, 113, 7951–7958.
39 J. Zhu and A. J. Bennet, J. Am. Chem. Soc., 1998, 120, 3887–3893.
40 A. Vasella, G. J. Davies and M. Böhm, Curr. Opin. Chem. Biol., 2002,
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Europium(III) chelates based on b-diketone and thienylpyridine subunits tethered to an acrylamide
function were synthesized. They were polymerised with styrene and acrylic acid in the presence or
absence of trioctylphosphine. The photophysical properties of the nanobeads obtained are also
discussed.


Introduction


The high specific activity and very low background signal has
made time-resolved fluorescence (TR-F) based on lanthanide(III)
chelates an extremely successful detection technology.1–3 Indeed,
lanthanide(III) chelates have been used in in vitro diagnostics
over two decades. The commercially available DELFIA R© assay
method uses a non-luminescent europium(III) chelate as the label.4


After immunoreaction, the europium(III) ion is dissociated from
the non-luminescent chelate by lowering the pH to 3.2 and the
luminescence is enhanced with a mixture of b-diketone (4,4,4-
trifluoro-1-(2-naphthyl)-butane-1,3-dione), detergent (Triton X-
100) and chelator (trioctylphosphine oxide, TOPO). The new
chelate formed has a very high luminescence, giving a detection
sensitivity of ca. 50 × 10−15 M. However, the DELFIA R© tech-
nology cannot be used in applications requiring site-specificity.
Furthermore, the use of the chelator, TOPO, is essential for high
luminescence. To overcome these limitations, stable luminescent
lanthanide(III) chelates have been developed.2,3 These chelates
consist of a ligand with a reactive group for covalent conjugation
to bioactive molecules, an aromatic structure which absorbs the
excitation energy and transfers it to the lanthanide ion, and
additional chelating groups such as carboxylic acid moieties
and amines. Unlike organic chromophores, these molecules do
not suffer from Raman or Rayleigh scattering or concentration
quenching. Although numerous stable luminescent lanthanide(III)
chelates have been synthesized, none of them has a quantum yield
as high as the best b-diketone based chelates.


It has been shown that detection sensitivity can be dramati-
cally enhanced by incorporating the lanthanide(III) chelates into
particles.5–17 The beads containing lanthanide(III) chelates as dye
molecules have most commonly been prepared simply by swelling
chelates into the polymer. Few of this type of labelled beads are
currently commercially available. Since the lanthanide(III) chelates
are not covalently bound to the polymer particles, the signal
obtained from the particles may decrease as a function of the
time because of leaking. This problem can be avoided by linking
the chelate covalently to the matrix. Indeed, this type of silica
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based nanobead has recently been published.17 However, the use
of the silica-based nanoprobes for bioassays has the problem that
the silica network may dissolve in basic aqueous conditions.18 We
report here the first synthesis of polystyrene based nanoparticles
where the europium(III) chelates are covalently linked to the
bead. Also, the chemical and photophysical properties of the
nanospheres are discussed.


Results and discussion


Synthesis of the polymerisable europium(III) chelates


b-Diketones are widely studied ligands in the research of eu-
ropium(III) chelates. Their synthesis is simple starting from a
monoketone and a carboxylic acid ester using a strong base.19 The
highest luminescence enhancement is achieved with ligands having
a fluorinated alkyl group in the a-position of the keto function.4


In the present work, the b-diketone-based chelate, which allows
polymerisation, was synthesized as shown in Scheme 1. Accord-
ingly, acylation of 3-aminoacetophenone with methacroyl chloride
yielded the amide 1 in a moderate yield. Claisen condensation of 1
with ethyl trifluoroacetate gave rise to the b-diketone 2. Treatment
of this with 0.25 equiv. of europium chloride in the presence of
piperidine yielded the desired europium(III) chelate 3.


Lanthanide(III) chelates are often extremely hydrophilic, and
their solubilities in organic solvents are low. Naturally, this is
a serious problem when developing luminescent chelates which
should be polymerised to nanobeads. We have found that certain
europium(III) chelates having furylpyridine subunits have moder-
ate solubility in organic solvents such as THF.20 The lipophilicity
can be further increased by substituting furane moieties with
thiophene units. The synthesis of such a polymerisable luminescent
europium(III) chelate is depicted in Scheme 2. Accordingly, 4-
bromo-6-bromomethyl-2-pyridylmethylene-nitrilobis(acetic acid)
di(tert-butyl ester), 4,21 was allowed to react with N-tert-
butyloxycarbonylhexane-1,6-diamine to give 5, the reaction of
which with tributylstannylthiophene in the presence of Pd(0)
yielded 6. Acid catalyzed removal of the protecting groups gave the
ligand 7, which was converted to the corresponding europium(III)
chelate, 8, by treatment with europium(III) chloride. Finally, the
reaction of the amine 8 with methacroyl chloride gave the chelate
tethered to a methacroyl function, 9.
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Scheme 1 Synthesis of the b-diketone-based europium(III) chelate.


The polystyrene based nanoparticles were synthesized using the
method of Härmä et al.,14 except the polymerisable chelates (3, 9)
were included in the copolymerisation mixture. In the case of the
b-diketone 3, the polymerisation was performed in the presence


and absence of trioctylphosphine oxide. The amount of the chelate
3 was either 10 or 20% of the weight of the polymer components.
It is worth noting that higher chelate concentrations could not be
used because of the limited solubility of 3 in the polymerisation
matrix. In the case of 9, only a single concentration was used.


Photophysical properties of the nanoparticles


The nanoparticles prepared (A–D) showed typical fluorescence
spectra of europium chelates:4 excitation and emission maxima
were at 336 and 614 nm, respectively for beads A–C. The
corresponding maxima for bead D were 318 and 615 nm.


The relative fluorescences of the beads prepared are presented in
Table 1. It is clearly seen that the higher the loading of the chelate
in the particle, the higher is the relative fluorescence.


As expected,4 the addition of TOPO has a significant effect
on the fluorescence of the beads polymerised with 3: addition of
TOPO to the polymerisation mixture caused an almost sevenfold
increase of the fluorescence (compare beads B and C). The
enhancement could be obtained, although to a smaller extent, even
when TOPO was not added to the polymerisation mixture, but it


Table 1 Properties of the nanospheres prepared


Bead Size/nm Chelate (w/w)a Relative fluorescenceb


A 101 3 (10%) 0.097c (0.19)d


B 115 3 (20%) 0.210c (0.39)d


C 111 3 (20%) + TOPO 1.52c (1.40)d


D 93 9 (27%) 0.42c (0.42)d


a Percentage of dry weight of the chelate in the polymerisation mixture.
b Compared to DELFIA enhancement solution. c Measured in Tris–saline
buffer, pH 7.75. d Tris–saline buffer, pH 7.75 + TOPO + Triton X-100.


Scheme 2 Synthesis of the europium(III) chelate based on thienylpyridine subunits. R = –COO-t-Bu.
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was present in the Tris–saline buffer where the relative fluorescence
was measured. This indicates that TOPO is able to swell into the
beads. The relative fluorescence of bead D (i.e. where TOPO was
not in the polymerisation mixture), did not increase in the presence
of external TOPO.


As shown above, the addition of TOPO is essential for the high
fluorescence of b-diketone-based nanobeads. Although the chelate
is covalently bound to the matrix, TOPO is not. Accordingly,
there is a danger that TOPO may leak from the beads especially
if the beads have to be used or stored in non-aqueous or
partially aqueous media. This, in turn, may lead to a decrease
of fluorescence as a function of the time. The problem can be
avoided by using a stable luminescent europium(III) chelate, such
as 8. As shown in Table 1, the nanobeads containing the chelate 8
have a higher relative fluorescence than beads A and B without
an external chelator. Although the fluorescence of bead D is
remarkably lower than that of bead C, it has the advantage that
no TOPO is needed in the polymerisation mixture. According to
our knowledge bead D is one of the brightest directly luminescent
stable europium(III) chelates synthesized.


Experimental


General


Adsorption column chromatography was performed on columns
packed with silica gel 60 (Merck). All dry solvents were from
Merck and they were used as received. NMR spectra were recorded
on a Bruker 250 or on a Jeol LA 400 spectrometer operating at
250.13 and 399.7 MHz for 1H, respectively. The signal of TMS
was used as an internal reference. Coupling constants are given in
Hertz. ESI-TOF mass spectra were recorded on an Applied Biosys-
tems Mariner instrument. Luminescence measurements were
measured with a PerkinElmer LS-5 luminescence spectrometer.
IR and UV–VIS spectra were recorded on PerkinElmer Spectrum
One and Shimadzu 2400 instruments, respectively. Particle size
analyses were performed on a Coulter LS-230 instrument, and
are based on volume statistics. Photophysical properties of the
nanoparticles prepared were measured as described previously,22


but the chelate concentration measurements were based on the
weight of dry beads.


N-(3-Acetylphenyl)methacrylamide (1). 3-Aminoacetophenone
(20.9 g, 0.15 mol) was dissolved in dry pyridine (60 mL) on an ice–
water bath. Methacryloyl chloride (26.1 cm3, 0.24 mol) was added
dropwise during 1


2
h, and the mixture was stirred for an additional


1
2


h. The stirring was continued for 3 h at RT. All volatiles were
removed in vacuo. The residue was dissolved in dichloromethane
(150 cm3), washed with 0.5 M HCl (2 × 100 cm3) and water (2 ×
100 cm3) and dried (Na2SO4). Purification was performed on silica
gel. The column was first eluted with CH2Cl2 to elute fast migrating
impurities, and then with 5% (v/v) methanolic dichloromethane to
elute the product. The yield was 18.1 g (59%). 1H NMR (CDCl3):
d 8.10 (1H, m); 8.00 (1H, br); 7.95 (1H, m); 7.43 (1H, m); 7.23 (1H,
m); 5.85 (1H, s); 5.51 (1H, s); 2.61 (3H, s); 2.08 (3H, s). ESI-TOF
MS: required for C12H14NO2


+ 204.10 (M + H)+, found 204.08.


4,4,4-Trifluoro-1-[3-(methacrylamido)phenyl]-1,3-butanedione
(2). To a stirred solution of compound 1 (11.9 g, 58.55 mmol)
in dry THF (100 cm3) sodium hydride (3.52 g, 88 mmol; 60%


dispersion in oil) was added portionwise. After 5 min, ethyl
trifluoroacetate (13.9 cm3, 0.18 mol) was added, and the mixture
was stirred for an additional 1 h before being concentrated in vacuo.
The residue was suspended in ethyl acetate (220 cm3) and acidified
with 10% aqueous H2SO4 (80 cm3), and washed with water. The
organic layer was separated and dried over Na2SO4. Purification
on silica gel (eluent, petroleum ether, bp 40–60 ◦C–ethyl acetate,
1 : 1, v/v) yielded 8.71 g (50%) of the title compound. 1H NMR
(CDCl3): d 8.14 (1H, s); 7.87 (1H, d, J 7.5); 7.74 (1H, br s); 7.74
(1H, d, J 7.8); 7.48 (1H, t, J 8.0); 6.58 (1H, s); 5.85 (1H, s); 5.54
(1H, s); 2.09 (3H, s). kmax(EtOH)/nm: 208, 250, 326. ESI-TOF MS:
required for C14H12F3NNaO3


+ 322.07 (M + Na)+, found 322.03.


Synthesis of the europium chelate (3). Compound 2 (9.8 g,
32.7 mmol) was dissolved in the mixture of abs. ethanol (100 cm3)
and piperidine (3.2 cm3), and the mixture was warmed to
45 ◦C. Europium chloride hexahydrate (2.40 g, 6.54 mmol, predis-
solved in 20 cm3 of water) was added dropwise. The mixture was
allowed to cool to RT, and water (100 cm3) was added dropwise.
The precipitation formed was collected by filtration, washed with
water, and dried in vacuo. The yield was 7.9 g. kmax(H2O + 1%
DMF, v/v)/nm: 326 (e 50552). mmax(KBr)/cm−1: 3440; 1663; 1620;
1586; 1534; 1489; 1301; 1187; 1138; 780; 580. Exmax 353 nm; Emmax


614 nm (tris–saline buffer, pH 7.75). Attempted characterization
on ESI-TOF mass spectrometry was not successful. Accordingly,
the structure shown in Scheme 1 is based on the molecular ratio
of the reagents used in the preparation of 3.


Tetra-(tert-butyl)-2,2′,2′′,2′′′ -{[6-(tert-butyloxycarbonylamino)-
hexylimino]bis(methylene)bis(4-bromopyridine-6,2-diyl)bis(meth-
ylenenitrilo)}tetrakis(acetate) (5). 4-Bromo-6-bromomethyl-2-
pyridylmethylenenitrilobis(acetic acid) di(tert-butyl ester) (4,
8.50 g, 16.7 mmol) and 6-tert-butoxycarbamoylhexane-1,6-
diamine (1.80 g, 8.4 mmol) were dissolved in dry acetonitrile
(60 cm3). K2CO3 (9.2 g, 66.8 mmol) was added, and the mixture was
heated overnight at 50 ◦C. The precipitation formed was removed
by filtration, and the filtrate was concentrated. Purification on
silica gel (eluent: petroleum ether, bp 40–60 ◦C–ethyl acetate, from
10 : 1 to 5 : 2, v/v) yielded 5.9 g (65%) of compound 5. 1H NMR
(CDCl3): d 7.73 (2H, d, J 1.9); 7.58 (2H, d, J 1.9); 4.00 (4H, s);
3.74 (4H, s); 3.47 (8H, s); 3.08 (2H, q, J 5.5); 2.51 (2H, t, J 7.2);
1.53–1.42 (4H, m); 1.46 (36H, s); 1.44 (9H, s); 1.33–1.22 (4H,
m). mmax(film)/cm−1: 3401 (N–H); 1734 (C=O); 1565 (arom. C–
C). kmax(EtOH)/nm 268. ESI-TOF MS for C49H78Br2N6O10 (M +
2H)2+: calcd, 536.22; found, 536.18.


Tetra-(tert-butyl)-2,2′,2′′,2′′′ -{[6-(tert-butyloxycarbonylamino)-
hexylimino]bis(methylene)bis(4-{thiophen-2-yl}pyridine-6,2-diyl)-
bis(methylenenitrilo)}tetrakis(acetate) (6). Compound 5 (2.85 g,
2.66 mmol) and 2-(tributylstannyl)thiophene (1.86 cm3,
5.86 mmol) were dissolved in dry DMF (25 cm3) and deaerated
with argon. (Ph3P)4Pd (0.215 g, 0.22 mmol) was added, and
the mixture was stirred at 90 ◦C for 6 h in the dark. The
mixture was cooled to room temperature and concentrated in
vacuo. Purification was performed on silica gel (eluent: petroleum
ether, bp 40–60 ◦C–ethyl acetate–triethylamine, from 5 : 1 : 1 to
5 : 3 : 1, v/v/v). The yield was 2.2 g (76%). 1H NMR (CDCl3): d
7.76 (2H, s); 7.70 (2H, s); 7.55 (2H, d, J 3.1); 7.36 (2H, d, J 4.9);
7.09 (2H, m); 4.05 (4H, s); 3.82 (4H, s); 3.50 (8H, s); 3.03 (2H,
m); 2.60 (2H, m); 1.49–1.43 (4H, m); 1.45 (36 H, s); 1.42 (9H, s);


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1383–1386 | 1385







1.39–1.32 (4H, m). mmax (film)/cm−1 1730 (C=O). kmax(EtOH)/nm
293. ESI-TOF MS for C57H85N6O10S2(M + 2H)2+: calcd, 539.29;
found, 539.23.


2,2′,2′′,2′′′-{(6-Aminohex-1-yl-imino)bis(methylene)bis[4-(thiophen-
2-yl)pyridine-6,2-diyl]bis(methylenenitrilo)}tetrakis(acetic acid)
(7). Compound 6 (2.16 g, 2.00 mmol) was dissolved in
trifluoroacetic acid (25 cm3), and the mixture was stirred for
2 h at room temperature before being concentrated. The residue
was triturated with diethyl ether. The precipitation formed was
filtered, washed with diethyl ether and dried in vacuo. The yield
was quantitative. 1H NMR (DMSO-d6): 7.90 (2H, s); 7.78 (2H,
d, J 4.9); 7.73 (2H, d, J 3.4); 7.71 (2H, s); 7.25 (2H, dd, J 3.4
and 4.9); 3.95 (4H, s); 3.86 (4H, s); 3.30 (8H, s); 3.22 (2H, m);
2.74 (2H, m); 1.78 (2H, m); 1.50 (2H, m); 1.33–1.23 (4H, m);
mmax(KBr)/cm−1 1735; 1675; 1609 (C=O); 1559 (arom. C–C).
kmax(EtOH)/nm 300.


2,2′,2′′,2′′′-{(6-Aminohex-1-yl-imino)bis(methylene)bis[4-(thiophen-
2-yl)pyridine-6,2-diyl]bis(methylenenitrilo)}tetrakis(acetic acid)
europium(III) (8). Compound 7 (1.9 g) was dissolved in water
(30 cm3), and the pH of the solution was adjusted to 6.5 with solid
NaHCO3. Europium chloride hexahydrate (0.81 g, 2.2 mmol;
predissolved in 30 cm3of water) was added dropwise keeping the
pH at ca. 6. The mixture was stirred for 1.5 h at RT. The pH was
raised to 8.5 with aq. NaOH. The precipitation was removed by
centrifugation. The clear solution was collected and concentrated
in vacuo. It was used for the next step without further purification.
mmax(KBr)/cm−1 1684; 1638; 1615 (C=O); 1552 (arom. C–C).
kmax(EtOH)/nm 312. ESI-TOF MS for C36H40EuN6O8S2


−(M −
H)−: calcd, 901.16; found, 901.16.


2,2′,2′′,2′′′ -{(6-Methacroylamidohex-1-yl-imino)bis(methylene)-
bis[4-(thiophen-2-yl)pyridine-6,2-diyl]bis(methylenenitrilo)}tetrakis-
(acetic acid) europium(III) (9). Compound 8 (2.6 g, 2.8 mmol)
was dissolved in a mixture of water (20 cm3), THF (40 cm3) and
DIPEA (1.7 cm3). Methacroyl chloride (0.42 g, 4.0 mmol) was
added, and the mixture was stirred for 5 min at RT before being
concentrated in vacuo. The residue was suspended in chloroform
(30 cm3). The precipitation formed was removed by filtration. The
filtrate was concentrated to give the title compound. ESI-TOF
MS for C40H44EuN6O9S2


− (M − H)−: calcd, 969.18; found,
969.18. The partition coefficient of compound 9 between H2O
and CHCl3, was ca. 1 : 1.


Polymerisation. A typical procedure


A mixture of styrene (1.83 cm3), acrylic acid (234 mm3), hexade-
cane (94 mg), divinyl benzene (0.12 g) and compound 3 (0.512 g,
0.358 mmol; 20% of the dry weight; predissolved in 2.0 cm3 of
chloroform) and TOPO (0.208 g, 0.534 mmol) were dissolved in
water (40.0 cm3) containing sodium dodecyl sulfate (0.09 g) and
sodium borate decahydrate (0.017 g). The resulting suspension
was deaerated with argon and homogenized using ultrasound
(1 min, 215 W). The resulting emulsion was transferred into a
reactor, and it was stirred mechanically (140 rpm) at 60 ◦C for
20 min under argon (pH 3). The polymerisation was initiated
by the addition of potassium persulfate (0.05 g, predissolved in


3.00 cm3 of degassed water). The reaction was allowed to proceed
for 5 h. The mixture was allowed to cool to RT and was purified
by dialysis. The following beads were prepared:


10% (w/w) chelate 3 [bead A]
20% (w/w) chelate 3 [bead B]
20% (w/w) chelate 3 + 1.5 equiv. TOPO [bead C]
27% (w/w) chelate 8 [bead D]
where % w/w is the percentage of the weight of the chelate from


the dry weight of the polymerisation mixture.


Conclusions


Presented here is the synthesis of nanospheres with covalently
linked europium(III) chelates. The chelates were either derivatives
of a b-diketone or a stable luminescent thienylpyridine. The
highest relative fluorescence was obtained with the b-diketone
copolymerised with the chelating agent TOPO. Although the
relative fluorescence of the thienylpyridine derivative was lower
than that of the b-diketone derivative, no additives were required.
Accordingly, the present method for particle derivatization can
be, in all likelihood, used in the future when developing brighter
stable nanoparticles loaded with lanthanide(III) chelates.
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Nitric oxide (NO) is a biologically active species and its carrier molecules RXNO (X = S, O, NH) have
drawn significant attention recently. In the present work, the CBS-QB3 level of theory was used to study
the transnitrosation and thiolation reaction between MeXNO (X = S, O, and NH) molecules and three
reactive forms of the methanethiol: the neutral molecule, MeSH, the anion, MeS−, and the radical,
MeS•. The transnitrosation and thiolation reactions between MeXNO and MeSH have the highest
barriers, both with and without a molecule of water assisting. Reactions with MeS− proceed with much
lower barriers, while reactions with radical MeS• have the lowest barriers. Comparing the reactions of
MeXNO (X = S, O, NH), both transnitrosation and thiolation are more favorable for X = S than X =
O or NH.


Introduction


The endogenous production of nitric oxide (NO) is associated with
crucial biological events, such as endothelium-dependent relax-
ation, neurotransmission, and cell mediated immune response.1,2


Since NO is a highly reactive, short-lived free radical, biological
systems have evolved specific systems for NO storage, transport,
and delivery. S-Nitrosothiols (RSNO) have been shown to be
potent smooth muscle relaxants and inhibitors of platelet aggre-
gation, and are the best candidates for the endogenous storage
and transport of NO.3–5 S-Nitrosylation is also an important
mechanism for post-translational regulation of many classes of
proteins.6


N-Nitroso compounds have been extensively studied because
of their potent carcinogenic activities.7 In 1956, nitrosodimethy-
lamine was reported to induce liver cancer when fed to rats.8 Later
it was found that nitrosamines could alkylate proteins and nucleic
acids.9,10 As a result of these early findings, N-nitrosamines are
generally considered as carcinogens.7 O-Nitroso compounds, such
as tert-butyl nitrite (TBN), amyl nitrite (AMN), and isoamyl
nitrite (IAMN), have been used clinically as angina pectoris
relieving agents for more than a century.11,12 It has been shown
that the vasodilator effect of these agents is exerted by releasing
NO.13 Currently, specific attention has been focused on S-nitroso
compounds which are directly involved in many NO related
biological functions. Extensive experimental studies have been
carried out on the generation, stability and reactivity of these
nitroso compounds.12,14–28


Two aspects of these nitroso compound activities are of
particular interest in the present study. One is transnitrosation
which contributes to NO transfer but does not involve free NO
during the procedure. In aqueous solution, experiments show that
sulfur-to-sulfur transnitrosation is a second order reaction with a
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barrier height in the range of 13–18 kcal mol−1. The reaction rate
depends on pH, suggesting that RS− is the reactive species.26,29–33


This is supported by Houk’s work34 which has shown that transni-
trosation between thiol and nitrosothiol proceeds by the attack of
a nucleophilic thiolate anion on an electrophilic RSNO through a
novel anionic RSN(O)SR− intermediate. This intermediate has
recently been characterized by 15N and 1H NMR.35 Sulfur-to-
nitrogen transnitrosation has also been observed experimentally.36


Whether it plays a biological role in the generation of nitrosamines
needs further research; nevertheless, it is a possible pathway for
NO trafficking.


Another important reaction is thiolation in which both ho-
molytic and heterolytic cleavage of the X–NO bond contribute
to NO release. Several groups have reported the homolytic and
heterolytic bond dissociation energies (BDEs) of selected nitroso
compounds.14,19,37,38 It has been shown that heterolytic BDEs are
on average 29 ± 3.5 kcal mol−1 higher than homolytic BDEs,
and the latter are in the range of 25–32 kcal mol−1. Given these
bond dissociation energies, thermal dissociation of these bonds is
difficult under physiological conditions. However, previous studies
revealed that metal ions, such as Cu+, Fe2+, and Hg2+ can catalyze
the decomposition of S-nitroso compounds.39


Several theoretical studies have been focused on the bond disso-
ciation energies of X–NO bonds and numerous studies of the kinet-
ics of RXNO reactions have been reported in vitro.14,15,19,20,28,36–38,40,41


However, elementary reactions of nitroso compounds are not
yet well understood. In this paper, we present some further
explorations of possible mechanisms for transnitrosation and
thiolation reactions under a variety of conditions.


MeSH + MeXNO � MeSNO + MeXH (1)


MeSH + MeXNO � MeSXMe + HNO (2)


Depending on the conditions and the solvent, the reactive form
of the thiol can be in the neutral molecule, MeSH, the anion,
MeS−, or the radical, MeS•. In aqueous solution, the pKa of MeSH
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is 10.3. At pH = 7.0, it exists mainly as neutral MeSH, but there
is also a significant concentration of the anion, MeS−. In organic
solvents, the pKa is much higher; for example in MeCN, the pKa


of MeSH is 26.3 and only the neutral form of MeSH is present.
The radical MeS• can be generated from MeSNO photochemically
or by thermal decomposition. Therefore, we have examined each
of these three forms as reagents in transnitrosation and thiolation
reactions.


Methodology


Molecular orbital calculations were carried out using a develop-
ment version of the Gaussian series programs42 and the CBS-
QB3 method developed by Petersson and co-workers.43,44 This
method uses B3LYP45–47 density functional theory and the 6-
311G(2d,d,p) basis set to calculate optimized geometries and
vibrational frequencies, and single point calculations at CCSD(T),
MP4SDQ, and MP2 levels with smaller basis sets. The known
asymptotic convergence of pair natural orbital expansions is used
to extrapolate the MP2 calculations with a finite basis set to
the estimated complete basis set limit. The CBS-QB3 level of
theory has a mean absolute deviation of 0.87 kcal mol−1 for
comparisons in the G3 validation set of atomization energies,
proton affinities, ionization energies and electron affinities. It has
also been shown to give reliable bond dissociation energies and
heats of reactions for nitric oxide compounds.14,34,37 Free energies
of solvation were estimated using the conductor-like polarizable
continuum model (CPCM)48 computed using the B3LYP45–47


density functional theory with the 6-31G(d,p)49,50 basis set and
gas phase B3LYP/6-31G(d,p) optimized geometries. Enthalpies in
solution were obtained by adding the solvation energy difference
to the CBS-QB3 gas phase enthalpies. We chose the smallest
molecules MeSNO, MeONO and MeNHNO as models. Since
previous work showed that the cis conformer is the most stable one
for primary RXNO compounds,14,19 our study is based on the cis
conformer only.


Results and discussion


Transnitrosation


As a free radical, NO has a very short life-time. However, NO stor-
age molecules such as RXNO significantly increase its life-time and
enable NO to be transported in biological systems. An important


reaction of RXNO molecules is transnitrosation, in which NO can
be transferred from one molecule to another without involving
free NO. Binding to an RX group alters the stability of NO
and transnitrosation reactions can lead to a variety of molecules,
possibly including N-nitrosamines which are known to be harmful.
In this section we examine transnitrosation reactions involving
MeXNO (X = S, O, NH) with neutral methanethiol, MeSH, the
anion, MeS−, and the radical, MeS•. For consistency the reactions
are written and discussed in the MeXNO → MeSNO direction,
but some reactions are energetically more favorable in the reverse
direction.


MeSH + MeXNO Transnitrosation reactions. Fig. 1 shows
the structures and energetics for sulfur-to-sulfur transnitrosation,
MeSH + MeSNO → MeSNO + MeSH, in the gas phase. This
would also be a suitable model for reactions in a non-polar solvent
where the neutral form of methanethiol is more stable than the thi-
olate. Because the transition state (TS) involves a four-membered
ring, the barrier is rather high (40.9 kcal mol−1 relative to the reac-
tant complex). From this transition state, the reaction proceeds to
an intermediate that is 38.4 kcal mol−1 more stable than the TS. A
similar intermediate has been found by Houk in transnitrosation
reactions with thiolate, MeS− attacking MeSNO.34 However, the
barrier for transnitrosation with MeS− is much lower since it does
not require the breaking of an S–H bond. For both MeSH and
MeS−, the reaction proceeds from the intermediate over a second
transition state that is the mirror image of the first, and then on to
products.


Barriers that involve hydrogen transfer in a four membered ring
can be dramatically lowered by adding one or two molecules
of water.51–60 Therefore, we studied the reaction catalyzed by a
molecule of water. As shown in Fig. 2, the energy profile along
the reaction coordinate is qualitatively similar to the uncatalyzed
reaction, with two transition states separated by an intermediate.
In the transition state, the water accepts a proton from MeSH
and donates a different proton to the nitrogen of MeSNO. The
barrier height is lowered significantly, but is still relatively high
(33.4 kcal mol−1 above the reactant complex) and comparable to
the homolytic dissociation energy of MeSNO (CBS-QB3: 32.4
kcal mol−1).14,19,37,38 In the absence of water, a second molecule
of MeSH can catalyze the reaction, though the effect may not
be as large. The effect of bulk solvent can be modeled implicitly
with the CPCM polarizable continuum method (Fig. 2). When
measured from the reactant complex, the barriers in water and


Fig. 1 Transnitrosation between MeSH and MeSNO in the gas phase at the CBS-QB3 level of theory.
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Fig. 2 Transnitrosation between MeSH and MeSNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using the
CPCM model).


acetonitrile are only 4 kcal mol−1 lower than in the gas phase. Thus
solvation lowers the barrier by only a modest amount, provided
one molecule of water is included explicitly to assist in the proton
shuttle.


The reaction profiles for MeSH + MeNHNO � MeSNO +
MeNH2 and MeSH + MeONO � MeSNO + MeOH (Fig. 3–6)
are similar to the sulfur case in that there are two high energy
transition states separated by an intermediate. The reaction for
MeONO is slightly exothermic in the gas phase and in solution,
whereas the reaction for MeNHNO is slightly endothermic.
For both systems, the gas phase barriers are higher than for
transnitrosation with MeSH and comparable to the MeX–NO
homolytic bond dissociation energies (BDE: 43.9 and 49.0 kcal
mol−1, respectively at CBS-Q level of theory).19 Introducing an


explicit molecule of water brings the barriers relative to the
reactant complex into the same range as for MeSH. Similar to
the sulfur case, adding the effect of solvents via CPCM cause only
a 2–4 kcal mol−1 change in the barrier height relative to the reactant
complexes.


MeS− + MeXNO Transnitrosation reactions. In experiment,
the rate of transnitrosation between thiols is increased by an
increase of thiol acidity, elevated pH, and enhanced electrophilicity
of the nitrosothiol. These results suggest a mechanism involving
the attack of a nucleophilic thiolate anion on an electrophilic
RSNO. As mentioned above, Houk has found a low energy
pathway for transnitrosation between MeS− and MeSNO via a
novel intermediate, MeSNO(−)SMe.34 The optimized structures


Fig. 3 Transnitrosation between MeSH and MeONO in the gas phase at the CBS-QB3 level of theory.
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Fig. 4 Transnitrosation between MeSH and MeONO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).


Fig. 5 Transnitrosation between MeSH and MeNHNO in the gas phase at the CBS-QB3 level of theory.


for reaction MeS− + MeSNO in CBS-QB3 level of theory are
shown in Fig. 7 for comparison with MeS− + MeXNO (X =
O, NH). For the reaction between MeS− and MeONO (Fig. 8),
the first transition state and the anionic intermediate are ca.
5 kcal mol−1 above the reactant complex (before correction for zero
point energy and higher order correlation effects, the transition
state is 0.98 kcal mol−1 higher than the intermediate). For MeS−


and MeNHNO (Fig. 9), no transition states could be located
and the energy increases monotonically from reactant complex to
products. The reactions of MeS− with MeXNO (X = O, NH) are
both quite endothermic (18.4 and 50.1 kcal mol−1, respectively)
and are unlikely to occur in the gas phase or in non-polar


solvents without some means of stabilizing the MeX− anions.
These energetics are consistent with the fact that the gas phase
basicity of MeO−, and MeNH− are 24.3 and 43.8 kcal mol−1 greater
than MeS−.


For MeS− + MeSNO and MeONO, the largest solvent effect
is for the energy of the reactant and product complexes to the
isolated species. By contrast solvent has only a modest effect on the
barriers relative to these complexes. Because of the high barrier for
X = O, sulfur-to-sulfur transnitrosation occurs much more ready
than oxygen-to-sulfur transnitrosation by this mechanism. The
large solvent effect computed for MeS− + MeNHNO in aqueous
solution is probably an artifact.
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Fig. 6 Transnitrosation between MeSH and MeNHNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).


Fig. 7 Transnitrosation between MeS− and MeSNO in the gas phase and in solution (water and CH3CN using the CPCM model).


Fig. 8 Transnitrosation between MeS− and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).
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Fig. 9 Transnitrosation between MeS− and MeNHNO in the gas phase
and in solution (water and CH3CN using the CPCM model).


MeS• + MeXNO Transnitrosation reactions. In solution, thiol
radicals can be produced either by thermal dissociation or by
photodissociation. MeS• + MeSNO form a weakly bound complex
in the gas phase (Fig. 10). However, a relaxed scan shows that there
is no barrier for the direct reaction between MeS• + MeSNO to


Fig. 10 Transnitrosation between MeS• and MeSNO in the gas phase
and in solution (water and CH3CN using the CPCM model).


form the intermediate which is 10.8 kcal mol−1 lower than reactant
complex. Thus NO can be very easily transferred between MeS•


and MeSNO. The reactions between MeS• and MeXNO (X = O,
NH, shown in Fig. 11 and 12) have higher barriers (15.5 and
24.6 kcal mol−1, respectively) and are both endothermic (10.8
and 16.5 kcal mol−1, respectively). However, compared with the
corresponding reactions between MeS− and MeXNO (X = O,
NH), these two reactions are less endothermic, especially for X =
NH. In contrast to the reactions with MeS− anion, solvation causes
only modest changes in the energetics of reactions between MeS•


radical and MeXNO. The barriers for MeS• in the gas phase and
in solution are lower than the homolytic bond dissociation energy
for the corresponding MeX–NO bond (32.4, 43.9, and 49.0 kcal
mol−1 for X = S, O, and NH respectively), and are consistent with
the trend in the BDEs.


Thiolation


In vivo, thiolation occurs in competition with transnitrosation
and may be associated with the release of NO which contributes
the bioactivity of S-nitrosothiols. It has been established that S-
nitrosothiols are sensitive to both photolytic61,62 and transition
metal ion-dependent decomposition39 but are stable in the presence
of transition metal ion chelators in the dark. A recent theoretical
study demonstrates that CuI complexation promoted degradation
of S-nitrosothiols is the result of S–NO bond weakening by the
formation of a CuI–RSNO complexes.63 In the present work, we
limit our study to non-metal-catalyzed mechanisms. Similar to
transnitrosation, thiolation can be also considered via neutral
MeSH, anion MeS−, or radical MeS•.


MeSH + MeXNO Thiolation reactions. The uncatalyzed thi-
olation reaction between MeSH and MeSNO has a prohibitively
high barrier in the gas phase. The optimized geometries and
energetics are shown in Fig. 13 and 14. Without a molecule of
water, the barrier is ca. 12 kcal mol−1 higher than transnitrosation
in gas phase. Inclusion of an explicit water lowers the difference
to 9 kcal mol−1 and adding bulk solvent reduces the difference to
3–5 kcal mol−1.


Fig. 11 Transnitrosation between MeS• and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).
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Fig. 12 Transnitrosation between MeS• and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).


Fig. 13 Thiolation reaction between MeSH and MeSNO in the gas phase at the CBS-QB3 level of theory.


Fig. 14 Thiolation reaction between MeSH and MeSNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).
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Fig. 15 Thiolation reaction between MeSH and MeONO in the gas phase at the CBS-QB3 level of theory.


Fig. 16 Thiolation reaction between MeSH and MeONO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).


Fig. 17 Thiolation reaction between MeSH and MeNHNO in the gas phase at the CBS-QB3 level of theory.
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Fig. 18 Thiolation reaction between MeSH and MeNHNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN
using the CPCM model).


Fig. 19 Thiolation reaction between MeS−, MeS• and MeSNO in the gas
phase and in solution (water and CH3CN using the CPCM model).


The uncatalyzed thiolation reactions of MeSH with MeONO
and MeNHNO have even high barriers than with MeSNO. Addi-
tion of an explicit water lowers the barriers for MeNHNO but not
for MeONO. Bulk solvent does not change the barrier heights or
reaction energies significantly (Fig. 15–18).


MeS− + MeXNO Thiolation reactions. Thiolation via MeS−


is complicated by the fact that the singlet NO− is higher in
energy than the ground state triplet NO− (∼17 kcal mol−1


experimentally,64,65 24.2 kcal mol−1 at CBS-QB3). The crossing
from singlet to triplet surface must occur somewhere along the
reaction path. For the present study, it is sufficient to calculate
the stationary points along reaction path on singlet and triplet
surface separately. The optimized structures and energies at CBS-
QB3 level of theory are shown in Fig. 19, 20, 21. On a singlet
surface, all three of these reactions are significantly endothermic
(energies of the isolated products relative to isolated reactants are
34.6, 46.6, and 51.0 kcal mol−1 for MeXNO, X = S, O, and NH,
respectively), and consequently the barriers are also very high. For
X = O and NH (Fig. 20 and 21), the transition states are 40.3 and
72.9 kcal mol−1 above the corresponding reactant complex,
respectively. For X = S, a relaxed scan along the reaction path
shows that transition state does not exist, which means that
MeSSMe + NO−(singlet) react without a barrier producing
MeS− + MeSNO. On a triplet surface, a relaxed scan indicates
that MeS− + MeSNO also does not have transition state. However,
the triplet MeSSMe + NO− product is 24.2 kcal mol−1 more stable
than the singlet case. For X = O and NH, both in the gas phase and
in solvent, the singlet and triplet surfaces cross just before or just
after the transition states (Fig. 16 and 17). For X = O (Fig. 20) the
transition state is 1.0 kcal mol−1 higher than the product complex at
the B3LYP/6-311G(2d,d,p) level of theory, but additional electron
correlation effects stabilize the transition structure more than the
product complex. In the gas phase the reactions are ca. 20 kcal
mol−1 more endothermic than for thiolation via thiol. In solution,
the barriers for thiolation via thiolate are lower than via neutral
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Fig. 20 Thiolation reaction between MeS− and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).


MeSH. The calculations for X = S suggest that solvation by water
or acetonitrile may lower the energetics by ca. 10 kcal mol−1, but
the barriers are still very high. Computational and experimental
work find the pKa of NO− is around 11.4 indicating that NO−


tends to be protonated in water around pH = 7 (However, HNO
can dimerize readily to give hyponitrous acid which dehydrates
to give N2O).66–68 Potentially, protonation could occur during the
course of the reaction, leading to more reasonable energetics. In
addition, the fast consumption of NO− by reaction with oxygen or
by other mechanisms may make this reaction thermodynamically
more favorable.28,69


MeS• + MeXNO Thiolation reactions. Similar to transnitro-
sation, thiolation reactions with MeS• radical are facile (Fig. 19, 22
and 23). In particular, the reaction of MeS• with MeSNO to form a
disulfide bond is barrierless. This is in accord with the autocatalytic


effect of MeS• on the decomposition reaction of MeSNO at high
MeSNO concentration and the increase of the decomposition rate
at the increase concentration of MeSH.17 Reactions are exothermic
and the barriers are modest between MeS• and MeXNO (X = NH,
O). Optimized structures and energetics are shown in Fig. 22 and
23. Solvation does not change the barrier height significantly and
the reactions remain exothermic.


Summary


Molecular orbital calculations have been used to study transni-
trosation and thiolation reactions. Depending on the reaction
conditions, neutral MeSH, anion MeS−, and radical MeS• are
all possible reactive species. Barriers for neutral MeSH are very
high, but can be lowered by the participation of an explicit water
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Fig. 21 Thiolation reaction between MeS− and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).


Fig. 22 Thiolation reaction between MeS• and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).


molecule. Formation of the anion MeS− brings down the barrier
heights even more. In each case, MeS• radicals reacting with
RXNO (X = S, O, NH) have the lowest barrier for both
transnitrosation and thiolation reactions. The transnitrosation
and thiolation reaction of RXNO are more favorable for X =
S than for X = O or NH.


Recent experimental work shows that the S-transnitrosation
reaction is facile and several orders of magnitude faster than
S-thiolation reaction at pH 7 and room temperature.21,41 Under


these conditions, the neutral thiol is the majority species, but
there is a significant amount of thiolate. Since the mechanisms
for both reactions involving neutral thiol have very high barriers,
the reactions involving thiolate species will contribute the most.
The mechanisms involving radical MeS• have the lowest barriers;
however, the concentration of radical MeS• in the solution is very
low, making the contribution from the radical MeS• mechanism
very small. At high temperatures or in the presence of transition
metals or in light, the radical mechanism may contribute more.
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Fig. 23 Thiolation reaction between MeS• and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).


Acknowledgements


This work was supported by a grant from the National Science
Foundation. The authors thank C & IT and ISC at Wayne State
University and NCSA for computer time.


References


1 S. Moncada, R. M. J. Palmer and E. A. Higgs, Nitric-Oxide-Physiology,
Pathophysiology, and Pharmacology, Pharmacol. Rev., 1991, 43, 109–
142.


2 P. G. Wang, M. Xian, X. P. Tang, X. J. Wu, Z. Wen, T. W. Cai and
A. J. Janczuk, Nitric oxide donors: Chemical activities and biological
applications, Chem. Rev., 2002, 102, 1091–1134.


3 G. Gabor, N. Allon and H. H. Weetall, Are thiols the carrier of nitric
oxide in biological systems? A kinetic model, Microchem. J., 1997, 56,
177–187.


4 A. Hirayama, A. A. Noronha-Dutra, M. P. Gordge, G. H. Neild and
J. S. Hothersall, S-Nitrosothiols are stored by platelets and released
during platelet-neutrophil interactions, Nitric Oxide, 1999, 3, 95–
104.


5 P. R. Myers, R. L. Minor, R. Guerra, J. N. Bates and D. G. Harrison,
Vasorelaxant Properties of the Endothelium-Derived Relaxing Factor
More Closely Resemble S-Nitrosocysteine Than Nitric-Oxide, Nature,
1990, 345, 161–163.


6 K. L. Rossman, C. J. Der and J. Sondek, GEF means go: Turning
on Rho GTPases with guanine nucleotide-exchange factors, Nat. Rev.
Mol. Cell Biol., 2005, 6, 167–180.


7 W. Lijinsky, Chemistry and Biology of N-nitroso Compounds, Cambridge
University Press, Cambridge, 1992.


8 P. N. Magee and J. M. Barnes, The production of malignant primary
hepatic tumours in the rat by feeding dimethylnitrosamine, Br. J. Can-
cer, 1956, 10, 114.


9 P. N. Magee and E. Farber, Toxic liver injury and carcinogenesis.
Methylation of rat-liver nucleic acids by dimethylnitrosamine in vivo,
Biochem. J., 1962, 83, 114.


10 P. N. Magee and T. Hultin, Toxic liver injury and carcinogenesis.
Methylation of proteins of rat-liver slices by dimethylnitrosamine in
vitro, Biochem. J., 1962, 83, 106.


11 L. T. Brunton, Use of nitrite in angina pectoris, Lancet, 1867, 97–
98.


12 L. J. Ignarro, Nitric oxide: A unique endogenous signaling molecule
in vascular biology (Nobel lecture), Angew. Chem., Int. Ed., 1999, 38,
1882–1892.


13 B. Cederqvist, M. G. Persson and L. E. Gustafsson, Direct demon-
stration of no formation in vivo from organic nitrites and nitrates, and


correlation to effects on blood pressure and to in vitro effects, Biochem.
Pharmacol., 1994, 47, 1047–1053.


14 C. Baciu and J. W. Gauld, An assessment of theoretical methods for the
calculation of accurate structures and S–N bond dissociation energies
of S-nitrosothiols (RSNOs), J. Phys. Chem. A, 2003, 107, 9946–9952.


15 N. Bainbrigge, A. R. Butler and C. H. Gorbitz, The thermal stability
of S-nitrosothiols: Experimental studies and ab initio calculations
on model compounds, J. Chem. Soc., Perkin Trans. 2, 1997, 351–
353.


16 A. R. Butler and P. Rhodes, Chemistry, analysis, and biological roles
of S-nitrosothiols, Anal. Biochem., 1997, 249, 1–9.


17 M. G. de Oliveira, S. M. Shishido, A. B. Seabra and N. H. Morgon,
Thermal stability of primary S-nitrosothiols: Roles of autocatalysis and
structural effects on the rate of nitric oxide release, J. Phys. Chem. A,
2002, 106, 8963–8970.


18 A. P. Dicks, P. H. Beloso and D. L. H. Williams, Decomposition of S-
nitrosothiols: The effects of added thiols, J. Chem. Soc., Perkin Trans.
2, 1997, 1429–1434.


19 Y. Fu, Y. Mou, B. L. Lin, L. Liu and Q. X. Guo, Structures of the
X–Y–NO molecules and homolytic dissociation energies of the Y–NO
bonds (Y = C, N, O, S), J. Phys. Chem. A, 2002, 106, 12386–12392.


20 L. Grossi and P. C. Montevecchi, A kinetic study of S-nitrosothiol
decomposition, Chem.–Eur. J., 2002, 8, 380–387.


21 N. Hogg, The kinetics of S-transnitrosation—A reversible second-order
reaction, Anal. Biochem., 1999, 272, 257–262.


22 D. R. Noble and D. L. H. Williams, Nitrosation products from S-
nitrosothiols via preliminary nitric oxide formation, J. Chem. Soc.,
Perkin Trans. 2, 2002, 1834–1838.


23 R. J. Singh, N. Hogg, J. Joseph and B. Kalyanaraman, Mechanism
of nitric oxide release from S-nitrosothiols, J. Biol. Chem., 1996, 271,
18596–18603.


24 S. P. Singh, J. S. Wishnok, M. Keshive, W. M. Deen and S. R.
Tannenbaum, The chemistry of the S-nitrosoglutathione glutathione
system, Proc. Natl. Acad. Sci. U. S. A., 1996, 93, 14428–14433.


25 J. M. Tullett, D. D. Rees, D. E. G. Shuker and A. Gescher, Lack
of correlation between the observed stability and pharmacological
properties of S-nitroso derivatives of glutathione and cysteine-related
peptides, Biochem. Pharmacol., 2001, 62, 1239–1247.


26 K. Wang, Z. Wen, W. Zhang, M. Xian, J. P. Cheng and P. G.
Wang, Equilibrium and kinetics studies of transnitrosation between
S-nitrosothiols and thiols, Bioorg. Med. Chem. Lett., 2001, 11, 433–
436.


27 D. L. H. Williams, The chemistry of S-nitrosothiols, Acc. Chem. Res.,
1999, 32, 869–876.


28 P. S. Y. Wong, J. Hyun, J. M. Fukuto, F. N. Shirota, E. G. DeMaster,
D. W. Shoeman and H. T. Nagasawa, Reaction between S-nitrosothiols
and thiols: Generation of nitroxyl (HNO) and subsequent chemistry,
Biochemistry, 1998, 37, 5362–5371.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1352–1364 | 1363







29 D. J. Barnett, J. McAninly and D. L. H. Williams, Transnitrosation
between Nitrosothiols and Thiols, J. Chem. Soc., Perkin Trans. 2, 1994,
1131–1133.


30 D. J. Barnett, A. Rios and D. L. H. Williams, NO-Group Transfer
(Transnitrosation) between S-Nitrosothiols and Thiols. Part 2, J. Chem.
Soc., Perkin Trans. 2, 1995, 1279–1282.


31 D. J. Meyer, H. Kramer and B. Ketterer, Human glutathione transferase
catalysis of the formation of S-nitrosoglutathione from organic nitrites
plus glutathione, FEBS Lett., 1994, 351, 427–428.


32 A. P. Munro and D. L. H. Williams, Reactivity of sulfur nucleophiles
towards S-nitrosothiols, J. Chem. Soc., Perkin Trans. 2, 2000, 1794–
1797.


33 R. Rossi, L. Lusini, F. Giannerini, D. Giustarini, G. Lungarella and
P. Di Simplicio, A method to study kinetics of transnitrosation with
nitrosoglutathione: Reactions with hemoglobin and other thiols, Anal.
Biochem., 1997, 254, 215–220.


34 K. N. Houk, B. N. Hietbrink, M. D. Bartberger, P. R. McCarren, B. Y.
Choi, R. D. Voyksner, J. S. Stamler and E. J. Toone, Nitroxyl disulfides,
novel intermediates in transnitrosation reactions, J. Am. Chem. Soc.,
2003, 125, 6972–6976.


35 L. L. Perissinotti, A. G. Turjanski, D. A. Estrin and F. Doctorovich,
Transnitrosation of nitrosothiols: Characterization of an elusive inter-
mediate, J. Am. Chem. Soc., 2005, 127, 486–487.


36 A. H. Al-Mustafa, H. Sies and W. Stahl, Sulfur-to-nitrogen transni-
trosation: transfer of nitric oxide from S-nitroso compounds to
diethanolamine and the role of intermediate sulfur-to-sulfur transni-
trosation, Toxicology, 2001, 163, 127–136.


37 M. D. Bartberger, J. D. Mannion, S. C. Powell, J. S. Stamler, K. N.
Houk and E. J. Toone, S–N dissociation energies of S-nitrosothiols:
On the origins of nitrosothiol decomposition rates, J. Am. Chem. Soc.,
2001, 123, 8868–8869.


38 J. M. Lu, J. M. Wittbrodt, K. Wang, Z. Wen, H. B. Schlegel, P. G. Wang
and J. P. Cheng, NO affinities of S-nitrosothiols: A direct experimental
and computational investigation of RS–NO bond dissociation energies,
J. Am. Chem. Soc., 2001, 123, 2903–2904.


39 J. McAninly, D. L. H. Williams, S. C. Askew, A. R. Butler and C.
Russell, Metal-IonCatalysis in Nitrosothiol (RSNO) Decomposition,
J. Chem. Soc., Chem. Commun., 1993, 1758–1759.


40 A. P. Dicks, E. Li, A. P. Munro, H. R. Swift and D. L. H. Williams,
The reaction of S-nitrosothiols with thiols at high thiol concentration,
Can. J. Chem., 1998, 76, 789–794.


41 E. A. Konorev, B. Kalyanaraman and N. Hogg, Modification of
creatine kinase by S-nitrosothiols: S-nitrosation vs. S-thiolation, Free
Radical Biol. Med., 2000, 28, 1671–1678.


42 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox,
H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrewski, S. Dapprich, A. D. Daniels, M. C. Strain, Ö Farkas,
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Received 9th January 2006, Accepted 1st February 2006
First published as an Advance Article on the web 14th February 2006
DOI: 10.1039/b600220j


The efficiency of the photoinduced radical addition of tertiary
amines to olefinic double bonds is significantly enhanced
and the stereoselectivity is influenced when thiocarbonyl
compounds are added to the reaction mixture.


Radical reactions have become an important tool in organic
chemistry.1,2 Much research in this field presently concerns
the investigation or the improvement of selectivity, especially
stereoselectivity.3


Radical addition of simple tertiary amines to alkenes represents
an interesting example. Despite the great variety of resulting
products possessing biological activity, this reaction has rarely
been applied to organic synthesis since the products are often
isolated in low or moderate yields. Recently, we have developed
an efficient method for performing such transformations.4 A
photochemically-induced electron transfer step using an electron
donor-substituted aromatic ketone as a sensitizer in catalytic
amounts was used to initiate the radical chain reaction. In this
way, a-aminoalkyl radicals were generated and added to electron
deficient alkenes. In contrast to using conventional sensitizers
like benzophenone or acetophenone, high yields (up to 94%)
were observed and the sensitizer could be recovered up to 80%
after the reactions. Heterogeneous catalysis using an inorganic
semiconductor as a sensitizer was also successfully applied with
yields of up to 98%.5 The reaction could be performed with
a large variety of electron deficient alkenes. More complex
transformations like radical tandem addition cyclization reactions
have also been carried out.6 For a recent application of this method
in the field of catalytic enantioseletive reactions see ref. 7.


Although a large variety of nitrogen-containing heterocycles
were accessible, only a restricted number of tertiary amines, mainly
cyclic compounds, could be transformed. In order to enhance
the scope of our method, we became particularly interested in
extending the reaction to tertiary amines possessing only a weak
reactivity under our standard conditions. In such cases, the
primary photochemical processes should also take place. One
possibility of optimization might be structure variation of the
sensitizer in order to influence these primary processes. Therefore,
we investigated various aromatic ketones in combination with
different tertiary amines, reactive and unreactive ones.8 However,


Laboratoire des Réactions Sélectives et Applications, UMR CNRS et
Université de Reims Champagne-Ardenne, UFR Sciences, B.P. 1039,
F-51687 Reims, cedex 02 France. E-mail: norbert.hoffmann@univ-reims.fr;
Fax: +33 (0)3 26 91 31 66; Tel: +33 (0)3 26 91 31 96
† Electronic supplementary information (ESI) available: NMR data of
radical addition products of tertiary amines and mass spectra from 16 and
17. See DOI: 10.1039/b600220j


all significant values like triplet quenching rates were of the
same order of magnitude.


Therefore, we wondered whether we could influence the in-
terplay between the different radical intermediates involved in
the mechanism. In the field of radical polymerization, it is well
known that regulating reagents like thiocarbonyl compounds can
trap a terminal radical of a growing chain and thus start a new
one.9 Furthermore, it has been recently shown in the radical
addition of xanthates to alkenes that the xanthate group can
reversibly add to reactive radical intermediates in such a way as
to stabilize these intermediates.10 In contrast to the previously
investigated reactions, none of the substrates of our reaction
contained a thiocarbonyl function. We therefore decided to add
simple thiocarbonyl compounds to the reaction mixture. Their
influence on the reactivity and stereoselectivity are described in
this paper.


We started our investigation with the addition of triethylamine
2 to furanone 1 (Scheme 1). The irradiation was carried out
at k = 350 nm and 4,4′-dimethoxybenzophenone was used as
the sensitizer. Under standard reaction conditions as described
in ref. 4 no significant reaction was observed. However, in the
presence of the dithiocarbamate 3 (5 equiv. with respect to 1), a
fast reaction was observed and the diastereomeric adducts 4 were
isolated in high yields.‡ The amine was added in excess [1 : 1 (v/v)
mixture with acetonitrile as solvent]. Preliminary tests revealed the
thiocarbonyl derivative 3 to be a particularly efficient regulator. In
the case of dimethylisopropylamine 5, two regioisomers 6 and 7
were isolated. It should be mentioned that the addition occurred
preferentially at the isopropyl substituent which indicates that
the thermodynamically more stable tertiary radical is more easily
added. This observation is in contrast to previous ones where
the formation of the a-aminoalkyl radicals occurred under kinetic
conditions and the kinetic products (in our case 6) were favored.11


Therefore, not only the reactivity but also the regioselectivity is
affected by the presence of the thiocarbonyl compound.


Using the same reaction conditions, the cyclic tertiary amines
8 and 9 were successfully transformed. In the absence of 3 these
transformations were significantly slower and unselective so that
no pure product could be isolated. The sensitizer, although used
in catalytic amounts (0.1 equiv.) was recovered up to 90%. The
regulating reagent 3 was recovered up to 70%. Compound 3
absorbed at k = 350 nm, but this compound was not capable
of sensitizing the reaction. In the presence of the thiocarbonyl
compound and in the absence of the sensitizer, no significant
transformation took place.


Using the same reaction conditions, the amines 2, 8, 9 and
10 were added to the acrylamide 11 (Scheme 2). Owing to the
restricted Michael acceptor activity, this alkene possessed only low
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Scheme 1


reactivity with respect to the addition of nucleophilic a-aminoalkyl
radicals. Consequently, no significant reactivity was observed in
the absence of the dithiocarbamate 3. However, in the presence
of 3, the adducts were obtained in good yields. Owing to its
enhanced reactivity, the addition of N-methylpyrrolidine 10 4,5 was
particularly efficient. In these cases, the reaction was carried out in
a 1 : 1 (v/v) mixture of acetonitrile and the corresponding amine.


Using the more sensitive menthyloxyfuranone 12 as the olefinic
reaction partner and dithiocarbamate 3 as the regulator, the
reaction was less efficient. Although a transformation took place,
product isolation in the presence of 3, even in small quantities,
caused problems since the amine adducts partially decomposed
during workup. In this case, the reaction could be efficiently
performed using the xanthate 13 (11 equiv. with respect to 12)
(Scheme 3). In the presence of the thiocarbonyl compound and the
absence of the sensitizer, no significant transformation took place.
The radical addition occurred stereospecifically anti with respect
to the menthyloxy substituent. As with furanone 1 (Scheme 1),
the configuration of the chiral center in the a-position of the
nitrogen was not controlled. The regioselectivity of the reaction
of dimethylisopropylamine 5 was almost the same as for 1. For
the addition of N-methylpiperidine 8, we have shown that the
presence of a thiocarbonyl compound in the reaction mixture also
affects the stereoselectivity of the reaction. In the absence of such
a compound, only diastereoisomer 14 was formed, however, in
lower yield.4 The corresponding isomer 15 was not detected.


Scheme 2


Scheme 3


At this stage, we can only present a restricted mecha-
nistic interpretation of all of these observations. Using 4,4′-
dimethoxybenzophenone as an efficient sensitizer, nucleophilic a-
aminoalkyl radicals A are first generated by photoinduced electron
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Scheme 4 Possible reversible trapping of radical intermediates by thiocarbonyl compounds.


transfer (equation 1, Scheme 4). They add easily to the alkene,
and electrophilic oxoallyl radicals B are generated (equation 2,
Scheme 4) (see refs. 4 and 5 and refs. cited therein). After hydrogen
abstraction from the tertiary amine, the final product is obtained
and a-aminoalkyl radicals A are generated. Frequently, radical
intermediates are unstable and their formation is reversible. For
these reasons, the radical chain process is not always efficient
for the radical addition of tertiary amines. Only low quantum
yields have been measured.4 Thiocarbonyl compounds like 3 or
13 are able to reversibly trap such intermediates and stabilize
them (D, E). Such an effect is well established as ‘persistent
radicals’.9,10,12 In this way, equilibria of the radical chain are
shifted. After demethylation, the thiocarbonyl derivative 16 can
be formed. Indeed, using electropray mass spectrometry, we were
able to detect this product in the reaction mixture containing
triethylamine at a concentration of 6 × 10−2 mol L−1. Using
the MS/MS technique, we were able to record the fragmentation
and the high resolution spectra were also obtained. Both were in
accordance with the proposed molecular structure. We observed
that the signal intensity in the mass spectrum of the intermediate
16 decreased considerably when the concentration of triethylamine
2 was increased to 23.5 × 10−2 mol L−1 and the signal intensity
increased when the amine concentration was diminished to 1.3 ×
10−2 mol L−1. The reductive elimination of the xanthate function
in the presence of hydroxyalkyl radicals has been previously
described.10 An increased concentration of 2 and the correspond-
ing a-aminoalkyl radicals should act in the same way to generate
the final product 4 from 16. The thiocarbamade derivative 17
was also detected by electrospray mass spectrometry which proves
that a-aminoalkyl radicals A can add to thiocarbonyl compounds
like 3 or 16. An interaction of the thicarbonyl compounds with
the radical ion pair or ketyl radicals C of the starting reaction is
also possible and could affect the efficiency of this reaction step.
Further mechanistic investigations will be carried out in order to
explain the influence on reactivity, regio- and stereo-selectivity.
It will be checked whether or not the addition of thiocarbonyl


compounds more generally affects radical reactions, in particular
those initiated by other means (BEt3, AIBN, . . .).


In summary, the photoinduced radical addition of tertiary
amines with olefins is significantly accelerated by the presence
of thiocarbonyl compounds like dithiocarbamates or xanthates.
Regio- and stereo-selectivity are also affected. Otherwise unreac-
tive amines have also been efficiently added. Very likely, persistent
radical effects are involved in the mechanism.


S. M. thanks the Ministère de l’Education Nationale, de
l’Enseignement Supérieur et de la Recherche for a doctoral
fellowship. This work was funded by the CNRS and the Deutsche
Forschungsgemeinschaft in the context of a bilateral French
German research project.


Notes and references


‡ Typical procedure: 84 mg (1.00 mmol, 1.0 equiv.) of 2,4-dihydrofuran-
2-one 1, 24 mg (0.10 mmol, 0.1 equiv.) of 4,4′-dimethoxybenzophenone,
817 mg (5.00 mmol, 5.0 equiv.) of 3 and 50 mL of the appropriate amine
are dissolved in 50.0 mL of absolute acetonitrile. The solution is evenly
distributed to four Pyrex tubes (Ø = 2 cm) and degassed with argon for
20 min. After irradiation under UV-light (Rayonet, k = 350 nm) for 15–
30 min, the solvent and the excess amine are removed in vacuo. The pure
products are obtained after flash chromatography on silica gel or neutral
alumina.
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An unexpected reaction of aryl isocyanides with 4-chloro-2-oxo-2H-chromene-3-carbaldehyde leads to
chromeno[4,3-b]quinolin-6-ones in good yields.


A goal of chemical genetics is to find small molecules that
modulate the individual functions of gene products with high po-
tency and high specificity.1 Natural products and natural product-
derived compounds provide many of the most striking examples,
particularly in terms of their specificity. It seems unlikely that
natural products alone will provide the hypothetical “complete”
set of small molecules that would allow the functions of all
proteins, as well as their individual domains, to be determined.
For chemistry to have its maximal effect on biology, efficient
methods for discovering natural product-like compounds are in
great demand in the field of chemical genetics.1 On the other
hand, multicomponent reactions (MCR) have emerged as a
powerful tool for delivering the molecular diversity needed in
the combinatorial approaches for the preparation of bioactive
compounds.2 In 1998, Bienaymé reported a highly efficient and
practical approach to fused 3-amino-imidazoles of high structural
diversity3 (Scheme 1). Its reliability, the ready availability of the
starting materials, and the versatility of the resulting products
make it a very important process for library generation.


Scheme 1 MCRs reported by Bienaymé.


As part of a program aimed at developing new approaches
to construct natural product-like compound libraries, we are
interested in isocyanide involved multicomponent reactions de-
veloped by Bienaymé,3 based on 4-chloro-2-oxo-2H-chromene-
3-carbaldehyde 1, due to our ongoing research in coumarin
chemistry.4


The reaction was initially studied with 4-chloro-2-oxo-2H-
chromene-3-carbaldehyde 1a, which was selected as suitable
substrate for reaction development. During an attempt to prepare
compound A or B from 1a, 4-methoxyphenyl isocyanide 2a,
and 2-aminopyrimidine in MeOH, treated with 10 mol% of


aDepartment of Chemistry, Fudan University, 220 Handan Road, Shanghai,
200433, China. E-mail: jie_wu@fudan.edu.cn; Fax: +86 21 6510 2412;
Tel: +86 21 5566 4619
bDepartment of Chemistry, College of Science, Tianjin University of Science
and Technology, Tianjin, 300222, China
† Electronic Supplementary Information (ESI) available: 1H and 13C NMR
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perchloric acid (Scheme 2), a white crystalline solid precipitated
from the reaction mixture when left to stand overnight at room
temperature (46% yield). After purification, however, the product
of this reaction was not the expected one (A or B). From
spectral characterization, it was found to be generated from 1
equiv. of 1a and 1 equiv. of 2a. Structure elucidation by 1H,
13C NMR and mass spectroscopy, as well as comparison of the
standard 1H NMR spectra of the compound we made from
4-(4-methoxyphenyl)amino coumarin and POCl3,5 revealed this
precipitate to be 9-methoxychromeno[4,3-b]quinolin-6-one 3a.


Following an extensive investigation, we found that, without
any promoters, the reaction of 4-chloro-2-oxo-2H-chromene-
3-carbaldehyde 1a with 4-methoxyphenyl isocyanide 2a in
MeOH also proceeded smoothly to give 9-methoxychromeno[4,3-
b]quinolin-6-one 3a at room temperature in high yield (87%). It
is noteworthy that this reaction could be run under air without
loss of efficiency. In contrast to the formation of A or B, which
results from multicomponent reaction of the Bienaymé product,3


the formation of 3a is less easy to understand.
Although the mechanism is not clear, a possible mechanistic


rationalization for the reaction is given in Scheme 3. The initial
event is the formation of amine a from the isocyanide and
methanol. The amine a can react with compound 1 via 1,4-addition
and elimination resulting in the formation of 5. After cyclization by
attacking the aldehyde, intermediate 6 could be formed, which then
delivers the primary adduct 7. The latter then losses a molecule of
H2O to give the final product 3. Evidence in support of this is now
being investigated.


Further screening revealed that methanol is the solvent of
choice. Other solvents, such as benzene and DMF, gave unsat-
isfactory results. To explore the scope of the reaction, a set of
substrates were subjected to the reaction (Table 1). Complete
conversion and moderate to good isolated yields were observed for
all substituted coumarin substrates employed. Electronic effects
both in the 4-chloro-2-oxo-2H-chromene-3-carbaldehyde 1 and in
the aryl isocyanides 2 showed similar influences on the reaction.
It is interesting that hydroxyl products 4a and 4b were obtained
when 4-diethylaminophenyl isocyanide 2c reacted with 1b and 1d
(entries 5 and 9). This is maybe due to the isomerization via [1,3]-H
shift from intermediate 7. The operation process is very simple:
after completion of reaction, the reaction mixture was filtered
and precipitate was collected. The solid obtained could be used
for spectra analysis directly without further purification in some
cases.
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Scheme 2 Initial studies.


Scheme 3 Proposed possible mechanism.


Conclusions


In summary, the reaction described here represents a highly
efficient and practical route to chromeno[4,3-b]quinolin-6-ones.
It is likely that the efficiency and novelty of this method combined
with the operational simplicity of the present process will make it
potentially attractive for library construction. Mechanism studies
and investigations aimed at exploring the scope of the reaction are
currently under way.


Experimental


General procedure for the reaction of 4-chloro-2-oxo-2H-
chromene-3-carbaldehyde 1 with aryl isocyanide 2


Aryl isocyanide (0.25 mmol) was added to a solution of 4-chloro-
2-oxo-2H-chromene-3-carbaldehyde 1 (0.25 mmol) in MeOH
(4 mL). The reaction mixture was stirred at room temperature
overnight. After the reaction was complete (monitored by TLC),
the mixture was filtered. The precipitate was collected and
purified by flash chromatography column (silica gel) to afford the
corresponding product 3 or 4. (The solid obtained could be used
for spectral analysis directly without further purification in some
cases.)


9-Methoxy-6H -chromeno[4,3-b]quinolin-6-one 3a5. White
solid. Mp: 237–238 ◦C. 1H NMR (500 MHz, CDCl3) d (ppm):
4.00 (s, 3H), 7.27 (s, 1H), 7.39–7.46 (m, 2H), 7.56–7.60 (m, 2H),
8.14 (d, J = 9.5 Hz, 1H), 8.75 (d, J = 8.0 Hz, 1H), 9.10 (s, 1H).
13C NMR (125 MHz, CDCl3) d (ppm): 56.0, 105.8, 116.2, 117.5,
120.1, 125.0, 125.1, 127.3, 128.8, 131.2, 132.0, 139.2, 147.7, 147.9,
152.6, 158.6, 161.8. MS [C17H11NO3], m/z (M+ + 1): calcd 278.08,
found 278.25. HRMS: Anal. Calcd. for C17H11NO3, 277.0739.
Found, 277.0742.


9-Chloro-6H -chromeno[4,3-b]quinolin-6-one 3b5. White solid.
Mp: 246–247 ◦C. 1H NMR (500 MHz, CDCl3) d (ppm): 7.38–7.46
(m, 2H), 7.58–7.63 (m, 1H), 7.84 (dd, J = 9.5, 2.5 Hz, 1H), 7.99
(d, J = 2.5 Hz, 1H), 8.18 (d, J = 8.5 Hz, 1H), 8.75 (dd, J = 8.0,
1.5 Hz, 1H), 9.13 (s, 1H). 13C NMR (125 MHz, CDCl3) d (ppm):
116.7, 117.7, 119.6, 125.3, 125.5, 127.9, 128.0, 131.4, 132.9, 133.6,
134.5, 140.2, 149.7, 150.1, 152.9, 161.2. MS [C16H8ClNO2], m/z
(M+ + 1): calcd 282.03, found 282.22. HRMS: Anal. Calcd. for
C16H8ClNO2, 281.0244. Found, 281.0237.


2-Fluoro-9-methoxy-6H -chromeno[4,3-b]quinolin-6-one 3c.
White solid. Mp: 226–227 ◦C. 1H NMR (500 MHz, CDCl3) d
(ppm): 4.00 (s, 3H), 7.22–7.28 (m, 2H), 7.34–7.38 (m, 1H), 7.58
(dd, J = 9.5, 2.5 Hz, 1H), 8.13 (d, J = 9.0 Hz, 1H), 8.40 (dd,
J = 8.0, 1.5 Hz, 1H), 9.08 (s, 1H). 13C NMR (125 MHz, CDCl3)
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Table 1 Reaction of 4-chloro-2-oxo-2H-chromene-3-carbaldehydes with aryl isocyanidesa


Entry Aldehyde Isocyanide Product Yield (%)b


1 77


2 79


3 82


4 80


5 63


6 78


7 75


8 76


9 61


a Reaction conditions: aryl isocyanide (0.25 mmol), 4-chloro-2-oxo-2H-chromene-3-carbaldehyde (0.25 mmol) in MeOH (4 mL) at room temperature,
overnight. b Isolated yield.


d (ppm): 56.0, 105.8, 110.8, 111.0, 115.9, 119.2, 121.4, 127.6,
129.1, 131.3, 139.2, 146.9, 147.8, 148.6, 158.9, 160.8, 161.5. MS
[C17H10FNO3], m/z (M+ + 1): calcd 296.07, found 296.24. HRMS:
Anal. Calcd. for C17H10FNO3, 295.0645. Found, 295.0651.


9-Chloro-2-fluoro-6H-chromeno[4,3-b]quinolin-6-one 3d. White
solid. Mp: 239–240 ◦C. 1H NMR (500 MHz, CDCl3) d (ppm):


7.27–7.33 (m, 1H), 7.36–7.40 (m, 1H), 7.86 (dd, J = 9.0, 2.5 Hz,
1H), 8.01 (d, J = 2.0 Hz, 1H), 8.18 (d, J = 9.0 Hz, 1H), 8.40 (dd,
J = 8.0, 1.5 Hz, 1H), 9.13 (s, 1H). 13C NMR (125 MHz, CDCl3) d
(ppm): 111.1, 111.3, 116.5, 119.3, 120.0, 120.9, 128.0, 128.2, 131.4,
134.0, 134.8, 140.4, 149.2, 149.6, 158.9, 160.8. MS [C16H7ClFNO2],
m/z (M+ + 1): calcd 300.02, found 300.18. HRMS: Anal. Calcd.
for C16H7ClFNO2, 299.0149. Found, 299.0143.
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9-Chloro-2-methyl-6H-chromeno[4,3-b]quinolin-6-one 3e. White
solid. Mp: 252–253 ◦C. 1H NMR (500 MHz, CDCl3) d (ppm): 2.51
(s, 3H), 7.24–7.27 (m, 1H), 7.37–7.40 (m, 1H), 7.82 (dd, J = 9.0,
2.5 Hz, 1H), 7.95 (d, J = 2.0 Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H),
8.48 (s, 1H), 9.08 (s, 1H). 13C NMR (125 MHz, CDCl3) d (ppm):
21.2, 115.6, 116.7, 117.4, 119.0, 125.1, 127.9, 131.2, 133.5, 133.8,
134.4, 135.1, 140.2, 149.6, 150.1, 151.0, 161.3. MS [C17H10ClNO2],
m/z (M+ + 1): calcd 296.05, found 296.26. HRMS: Anal. Calcd.
for C17H10ClNO2, 295.0400. Found, 295.0396.


2-Chloro-9-methoxy-6H -chromeno[4,3-b ]quinolin-6-one 3f.
White solid. Mp: 247–248 ◦C. 1H NMR (500 MHz, CDCl3) d
(ppm): 4.00 (s, 3H), 7.22 (d, J = 3.0 Hz, 1H), 7.33 (d, J = 8.5 Hz,
1H), 7.50 (dd, J = 9.0, 2.0 Hz, 1H), 7.60 (dd, J = 9.5, 3.0 Hz, 1H),
8.13 (d, J = 9.0 Hz, 1H), 8.70 (d, J = 2.5 Hz, 1H), 9.08 (s, 1H). 13C
NMR (125 MHz, CDCl3) d (ppm): 56.0, 105.8, 115.9, 119.0, 121.4,
124.7, 127.6, 129.0, 130.8, 131.3, 131.8, 139.2, 146.5, 147.8, 150.9,
158.9, 161.2. MS [C17H10ClNO3], m/z (M+ + 1): calcd 312.04,
found 312.20. HRMS: Anal. Calcd. for C17H10ClNO3, 311.0349.
Found, 311.0355.


2,9-Dichloro-6H -chromeno[4,3-b]quinolin-6-one 3g6. White
solid. Mp: 272–273 ◦C. 1H NMR (500 MHz, CDCl3) d (ppm):
7.48 (d, J = 9.0 Hz, 1H), 7.55 (dd, J = 9.0, 2.5 Hz, 1H), 7.88 (dd,
J = 9.5, 3.0 Hz, 1H), 8.02 (s, 1H), 8.20 (d, J = 9.5 Hz, 1H), 8.72 (s,
1H), 9.14 (s, 1H). MS [C16H7Cl2NO2], m/z (M+ + 1): calcd 316.00,
found 316.17. HRMS: Anal. Calcd. for C16H7Cl2NO2, 314.9854.
Found, 314.9851.


9-(Diethylamino)-2-fluoro-7-hydroxy-7H -chromeno[4,3-b ] -
quinolin-6(12H)-one 4a. White solid. Mp: 212–213 ◦C. 1H NMR
(500 MHz, CDCl3) d (ppm): 1.32 (t, J = 7.0 Hz, 6H), 3.20–3.80
(m, 5H), 6.55 (d, J = 9.0 Hz, 1H), 7.23–7.33 (m, 2H), 7.42 (d,
J = 9.0 Hz, 2H), 7.88 (s, 2H), 10.24 (s, 1H). IR: 3350 cm−1. MS


[C20H19FN2O3], m/z (M+ + 1): calcd 355.15, found 355.35. HRMS:
Anal. Calcd. for C20H19FN2O3, 354.1380. Found, 354.1386.


2-Chloro -9 - (diethylamino) -7 -hydroxy-7H - chromeno[4,3 -b] -
quinolin-6(12H)-one 4b. White solid. Mp: 231–232 ◦C. 1H NMR
(500 MHz, CDCl3) d (ppm): 1.32 (t, J = 7.0 Hz, 6H), 3.20–3.80 (m,
5H), 6.94 (s, 1H), 7.26–7.30 (m, 2H), 7.40–7.49 (m, 3H), 7.60–7.90
(br, 1H), 10.24 (s, 1H). IR: 3400 cm−1. MS [C20H19ClN2O3], m/z
(M+ + 1): calcd 371.12, found 371.31. HRMS: Anal. Calcd. for
C20H19ClN2O3, 370.1084. Found, 370.1076.
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We describe new methodology for the synthesis of symmetric bis-benzimidazoles carrying 2-aryl
moieties, including 2-[4-(3′-aminopropoxy)phenyl] and 2-[4-(3′-aminopropanamido)phenyl]
substituents, together with the synthesis of novel hybrid molecules comprising bis-benzimidazoles
in ester and amide combination with the N-mustard chlorambucil. The in vitro activities of these
compounds against five cancer cell lines are also provided.


Introduction


We have recently described the synthesis and DNA-binding affini-
ties of the symmetrical bis-benzimidazole 11 and the dimeric bis-
benzimidazole 2.2 The former exhibited high sequence-selectivity
for four consecutive A/T base pairs in the dodecanucleotide
sequence d[CGCGAATTCGCG], which is a model for longer
oligonucleotide sequences in the A/T region of the minor groove.
It also exhibited sub-micromolar activity against nine cancer cell
lines in vitro, including IC50 values of 50 nM against MCF-7 (breast
cancer) and 80 nM against H838 (lung cancer) cells.3 In contrast,
compound 2 exhibits levels of activity at least ten times less than
exhibited by 1, but has high affinity for ten base pairs4 of the DNA
sequence d[A.T]4–[G.C]–[A.T]4. This site-size selectivity compares
well with the best selectivities reported by Dervan5 and Bruice.6


In this paper we report on bis-benzimidazole molecules with
covalent-binding functionality and similar site-size requirements
to compound 2, that further define the structural requirements for
potent anticancer activity in this series.


Results and discussion


We decided initially to investigate the coupling of the well-
established alkylating agent chlorambucil to the bis-benzimidazole
motif. Chlorambucil, in common with the majority of DNA
alkylating compounds, has a preference for cross-linking via N7 of
guanine in the DNA major groove,7 but can also bind to phosphate
groups and to N3 in the minor groove, as has been found with
a chlorambucil–polyamide conjugate.8 We have used computer
modelling to provide a guide to the optimal length of linker groups
between bis-benzimidazole moieties and chlorambucil, assuming
alkylation at N3.


Molecular modelling has been used to develop a
stereochemically-plausible structural model that would guide
the synthesis of possible targets, and we have not at this stage
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employed extensive simulation methods to produce a set of
detailed structures. The initial, energy-minimised structure of
a DNA complex with compound 18 is shown in Fig. 1. The
ligand binding site-size is 10 base pairs, with one arm of each
alkylating group positioned to interact covalently with N3
sites on purines. Inter-strand cross-linking is also feasible. The
ester–(CH2)3-linkers are in stereochemically acceptable, extended
conformations, suggesting that this linker length is appropriate.
We also find that the replacement of the ester group in the linkage
by an amide group is similarly feasible, now with the potential for
a hydrogen bond between the amide nitrogen atom and a thymine
O2 atom (Fig. 2).


Our general synthetic strategy is shown in Scheme 1 and
involved condensation of the commercially available 3,3′,4,4′-
tetraaminobiphenyl 3 with 4-(3′-bromopropoxy)benzaldehyde 4
(prepared by a Mitsunobu reaction9 between 3-bromopropanol
and 4-hydroxybenzaldehyde) in the presence of the oxidising agent
Oxone R©.10 This reagent proved to be more convenient than the
nitrobenzene that we used in our earlier work.1 The resultant
bis-benzimidazole 5 was then reacted with the requisite amine
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Fig. 1 Molecular model of compound 18 bound to a 12-mer DNA
sequence. The ligand is shown in space-filling mode.


Fig. 2 View of the modelled structure of compound 19 bound to the
12-mer DNA sequence, showing a potential hydrogen bond between the
linker amide nitrogen atom and a thymine O2 atom.


(piperidine or N-methylpiperazine) to provide the required bis-
benzimidazoles 6a,b. For pyrrolidine, a higher yield was obtained
using a sequence involving Michael addition of the amine to
methylacrylate, followed by reduction (LiAlH4), chloride forma-
tion (SOCl2), and reaction of the 3-(N-pyrrolidinyl)propyl chloride
7 with 4-hydroxybenzaldehyde (Cs2CO3, NaI)11 to yield the 4-
(N-pyrrolidinyl)propoxybenzaldehyde 8, ready for condensation
with 3,3′,4,4′-tetraaminobiphenyl in the presence of Oxone R© to
yield bis-benzimidazole 6c. These compounds were tested in vitro
against four cancer cell lines and the inhibition curves are shown
in Fig. 3–5.


The relatively high activities of compounds 6a–c prompted
an examination of similar compounds, e.g. 9 wherein an aniline
replaced the phenol, since such compounds would allow us to
probe the effect of an O to N replacement in terms of efficacy
of binding to the minor groove of DNA. These new compounds
were prepared from the N–BOC derivative 10 of 4-aminobenzyl
alcohol12 which, after oxidation with MnO2 was condensed with
3,3′,4,4′-tetraaminobiphenyl in the presence of Oxone R© to produce
the expected bis-benzimidazole 11. Upon treatment with TFA
this provided the key 2-(4′-aminophenyl)-bis-benzimidazole 12,
and this was reacted with chloropropionyl chloride and then
dimethylamine13 to yield the dimethylaminopropyl derivative 13,
and this chemistry is shown in Scheme 2. Unfortunately, we have
not yet been able to synthesise the reduced compound 9.


Alternative routes to the key 2-(4′-aminophenyl)-bis-benzimida-
zole 12 were explored as shown in Scheme 3. Thus condensation
of the tetraaminobiphenyl 3 with 4′-nitrobenzaldehyde in the pres-
ence of Oxone R© provided the 2-(4′-nitrophenyl)-bis-benzimidazole
14 (83% yield) and condensation of 3 with 4-fluorobenzaldehyde
provided the 2-(4′-fluorophenyl-bis-benzimidazole) 15 (84%).
Unfortunately, attempted reduction of 14 to produce 12 using a
number of reducing agents (H2/Pd, transfer hydrogenation with
ammonium formate and Pd, Zn/HOAc, and Fe/HCl) all failed.
In addition, attempted displacement of fluoride from compound
15 with 3-dimethylaminopropylamine was also non-productive.
Despite these failures, this new methodology for producing
2-aryl-bis-benzimidazoles has proved to be both high-yielding
and compatible with a variety of 4-substituted benzaldehydes.


As a first foray into the production of hybrid molecules that
combine a bis-benzimidazole (for binding to the DNA minor
groove) and a known anticancer agent, we have prepared two
novel hybrids that incorporate chlorambucil (Scheme 4). Thus
reaction of 2-(4′-hydroxyphenyl)-bis-benzimidazole 16 (already
prepared by us,1 but now prepared more efficiently from 3 and 4-
hydroxybenzaldehyde in conjunction with Oxone R©) with the acid
chloride of chlorambucil 17 (oxalyl chloride in DMF) provided the
novel ester hybrid 18. Similarly, reaction of 2-(4′-aminophenyl)-
bis-benzimidazole 12 with the acid chloride of chlorambucil
provided the novel amide hybrid 19. Interestingly, this amide
hybrid 19 was around 12-fold more cytotoxic (IC50 of 0.47 lM)
than the ester hybrid 18 (IC50 6.2 lM), possibly due to greater
metabolic stability, though the possibility of more effective binding
to the DNA minor groove by means of hydrogen bonding as shown
in Fig. 2 cannot be excluded. A range of similar compounds with
different side-chains will be prepared to explore further the SARs
for these hybrids.


These IC50 values were obtained in MCF-7 breast carcinoma
cell lines, in which the non-covalently-binding analogues 6a–c have
also been evaluated (Fig. 3–5). These also have an IC50 of ca. 1 lM,
which suggests that the mustard group in compounds 18 and 19
is not contributing significantly to the cytotoxicity, probably on
account of the known preference of this group for binding to N7
of guanine in the major groove of DNA, rather than the minor
groove.


These results suggest that it could be profitable to attach
alternative anticancer drugs with different modes of action (e.g.
anthracyclinones) to the side-chains of bis-benzimidazoles in order
to probe the efficacy of these molecules as drug delivery agents,
and this work is in progress.
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Scheme 1 Preparation of analogues of bis-benzimidazoles 1 using Oxone R©.


Scheme 2 Preparation of a nitrogen isostere of 1.
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Scheme 3 An alternative method of preparing bis-benzimidazoles.


Scheme 4 Coupling of bis-benzimidazoles 12 and 16 with chlorambucil.


Experimental


General


1H-NMR spectra were obtained using a Bruker 300 NMR Avance
DPX spectrometer or a Bruker DRX Avance spectrometer at
300 MHz and 500 MHz respectively. 13C-NMR spectra were
recorded on a Bruker Avance DPX or Avance DRX spectrometer
at a frequency of 75 MHz or 125 MHz respectively. 1H–13C-NMR
correlation experiments were carried out on a Bruker Avance DRX
spectrometer. Chemical shifts (d) are given in parts per million
(ppm). Mass spectra were recorded on a VG Autospec instrument


Fig. 3 The effect of piperidinyl analogue (compound 6a) on the prolifer-
ation of human cancer cells in vitro.


Fig. 4 The effect of N-methylpiperazinyl analogue (compound 6b) on the
proliferation of human cancer cells in vitro.


Fig. 5 The effect of pyrrolidyl analogue (compound 6c) on the prolif-
eration of human cancer cells in vitro. Human cells used were: MCF-7,
MDA468-Breast carcinoma; HT29, RKO-Colon carcinoma; MalMe3M,
SKMe128-Melanoma.


for electron impact (EI) and chemical ionisation (CI) techniques,
or a VG Quattro spectrometer for the electrospray method.
Infrared spectra were obtained on a Perkin Elmer Spectrum
RX I FTIR System instrument. Melting points were taken on
a Gallenkamp R© apparatus and are uncorrected.


Methyl-3-pyrrolidin-1′-yl propanoate. A solution of methyl
acrylate (1.21 g, 1.26 mL, 14.06 mmol) in dichloromethane
(15 mL) at 0 ◦C was treated dropwise with pyrrolidine (1 g,
14.06 mmol). The mixture was left stirring and warming to
room temperature for 4 h, and was then evaporated to yield
the desired product as a pale yellow oil (2.12 g, 96%). mmax


(film)/cm−1 2953, 2790, 1740, 1653, 1436, 1205; dH (300 MHz,
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CDCl3, Me4Si) 1.80 (4H, m, CH2 × 2), 2.54 (4H, m, CH2N × 2),
2.54 (2H, t, J 7 Hz, CH2CO), 2.76 (2 H, t, J 7 Hz, CH2N),
3.68 (3H, s, CH3); dC (125 MHz, CDCl3, Me4Si) 23.8 (CH3),
34.3 (CH2 × 2), 51.8 (CH2CO), 51.9 (CH2N), 54.4 (CH2N), 173.3
(C=O); m/z (CI) 158 (MH+, 100%), 130 (47), 84 (30), 70 (15).


3-Pyrrolidin-1′-yl propan-1-ol. A suspension of lithium alu-
minium hydride (525 mg, 13.84 mmol) in dry diethyl ether
(10 mL) at 0 ◦C was treated dropwise with a solution of methyl-
3-pyrrolidin-1′-yl propanoate (2.12 g, 13.84 mmol) in diethyl
ether (10 mL). The reaction mixture was left to stir for 1 hour.
Water (525 lL) was then added slowly, followed by a solution of
sodium hydroxide (15%, 525 lL), and finally water (1.58 mL). A
white precipitate formed. Dichloromethane (15 mL) was added to
solubilise the alcohol, the suspension was filtered and the filtrate
was concentrated in vacuo to give the title product as a colourless
oil (1.52 g, 85%). mmax (film)/cm−1 3367, 2944, 2877, 2803, 1457,
1134, 1065; dH (300 MHz, CDCl3, Me4Si) 1.56–1.78 (6H, m, 2-H2


and CH2 × 2), 2.56 (4H, CH2N × 2), 2.73 (2 H, t, J 6 Hz, 3-H2),
3.81 (2H, t, J 6 Hz, 1-H2), 5.50 (1H, s, OH); dC (125 MHz, CDCl3,
Me4Si) 23.7 (CH2 × 2), 29.5 (C-2), 54.6 (CH2N × 2), 56.8 (C-3),
65.1 (C-1); m/z (CI) 130 (MH+, 100%), 84 (22), 58 (100).


4-(3′-Pyrrolidin-1′′-ylpropoxy)benzaldehyde 8. A solution of
3-pyrrolidin-1′-yl propan-1-ol (250 mg, 1.93 mmol) in
dichloromethane was cooled to 0 ◦C, then treated dropwise with
thionyl chloride (3 mL, 41 mmol). The reaction mixture was stirred
in the cold for 2.5 h. The solvent and excess reagent were then
removed in vacuo and the solid residue was then dried under high
vacuum to give the desired chloride 7 as a white solid that was
used fresh and without further purification in the next step.


A solution of 4-hydroxybenzaldehyde (207 mg, 1.70 mmol) in
dry DMF (15 mL) was treated with caesium carbonate (1.4 g,
4.3 mmol), followed after 5 minutes by sodium iodide (220 mg,
1.46 mmol) and the chloride 7 (270 mg, 1.46 mmol). The reaction
mixture was stirred vigorously and heated to 100 ◦C, in the dark,
for 10 hours. After cooling, the mixture was treated with a solution
of sodium hydroxide (2 M, 50 mL). Sodium chloride was added
to help the separation of the layers, and the aqueous mixture
was extracted with ethyl acetate (4 × 50 mL). The combined
organic layer was washed with brine (100 mL), and a solution
of sodium hydroxide (2 M, 100 mL). It was then dried over
magnesium sulfate, concentrated, and dried under high vacuum to
give the desired product as an orange oil. (253 mg, 74%). mmax (KBr
disc)/cm−1 2957, 2796, 1690, 1601, 1259 and 1159; dH (300 MHz,
CDCl3, Me4Si) 1.82 (4H, m, CH2 × 2), 2.04 (2H, quintet, J 6.5 Hz,
2-H2), 2.52 (4H, m, CH2N × 2), 2.63 (2H, t, J 7 Hz, 3-H2), 4.12 (2H,
t, J 6.5 Hz, 1-H2), 7.04 (2H, d, J 7 Hz, 2′-H and 6′-H), 7.82 (2H, d,
J 7 Hz, 3′-H and 5′-H), 9.87 (1H, s, CHO); dC (125 MHz, CDCl3,
Me4Si) 23.8 (C-3′′ and C-4′′), 29.1 (C-2′), 53.3 (C-3′), 54.6 (C-2′′ and
C-5′′), 67.2 (C-1′), 115.2 (C-3 and C-5), 130.2 (C-1), 132.36 (C-2
and C-6), 164.5 (C-4), 191.2 (C=O); m/z (CI+) 234.1489 (MH+,
C14H20NO2 requires 234.1494), 234 (100%), 112 (12), 84 (43).


4-(3′-Bromo-1′′-propoxy)benzaldehyde 4. A solution of bro-
mopropanol (500 mg, 3.6 mmol), triphenylphosphine (1.575 g,
5.4 mmol) and 4-hydroxybenzaldehyde (440 mg, 3.6 mmol) in
dry tetrahydrofuran (15 mL) at 0 ◦C was treated with diethyl
azodicarboxylate (DEAD) (0.62 mL, 5.4 mmol), dropwise. The
reaction mixture was left to stir and warm to room temperature for


4 hours. The reaction mixture was then evaporated to dryness to
give a thick yellow oil that was purified by column chromatography
using 10% ethyl acetate in petroleum ether on neutralised silica gel.
The title compound 4 was obtained as a pale yellow oil (536 mg,
61%). mmax (film)/cm−1 2940, 2880, 2828, 1688, 1600, 1468 and
1159; dH (300 MHz, CDCl3, Me4Si) 2.36 (2H, quintet, J 6 Hz,
2′-H2), 3.62 (2H, t, J 6 Hz, 3′-H2), 4.20 (2H, t, J 6 Hz, 1′-H2), 7.02
(2H, d, J 8.5 Hz, 3-H and 5-H), 7.69 (2H, d, J 8.5 Hz, 2-H and
6-H), 9.89 (1H, s, CHO); dC (125 MHz, CDCl3, Me4Si) 25.7 (C-
2′), 29.9 (C-3′), 66.0 (C-1′), 115.2 (C-3 and C-5), 130.6 (C-1), 132.4
(C-2 and C-6), 164.1 (C-1), 191.2 (CHO); m/z (EI) 241.9940 (M+,
C10H11O2Br requires 241.9942), 244 (40%), 242 (41), 138 (40), 122
(47), 121 (100), 77 (23), 65 (33).


2,2-Bis[4′-(3′′-pyrrolidinopropoxy)phenyl]-5,5-bi-1H-benzimida-
zole 6c. A solution of 3,3′-diaminobenzidine tetrahydrochloride
dehydrate (200 mg, 541 mmol), in N,N-dimethylformamide
(15 mL) was treated with sodium hydroxide (80 mg) in water
(1 mL), followed by a solution of aldehyde 8 (252 mg, 1.082 mmol)
in DMF (14 mL), and finally Oxone R© (432 mg, 0.703 mmol).
The reaction mixture was left stirring for 18 hours. A solution of
potassium carbonate in water (1 M, 2 mL) was added, followed
by water (30 mL). The solid that precipitated was then filtered
under vacuum, and washed with water. It was then left to dry in
the air. The title compound was obtained as a tan-coloured solid
(301 mg, 87%). Mp 192–194 ◦C (decomp.); mmax (KBr disc)/cm−1


3400, 2959, 1612, 1254 and 1179; dH (500 MHz, DMSO-d6) 1.66
(8H, m, 3′′′-H2 and 4′′′-H2), 1.89 (4H, quintet, J 7 Hz, 2′′-H2),
2.48 (8H, m, 2′′′-H2 and 5′′′-H2), 2.52 (4H, t, J 7 Hz, 3′′-H2), 4.08
(4H, t, J 6.5 Hz, 1′′-H2), 7.10 (4H, d, J 8.5 Hz, 3′-H2 and 5′-H2),
7.50 (2H, d, J 8.5 Hz, 7-H), 7.61 (2H, d, J 8.5 Hz, 6-H), 7.78
(2H, s, 4-H), 8.12 (4H, d, J 8.5 Hz, 2′-H and 6′-H); dC (125 MHz,
DMSO-d6) 24.0, 29.1, 53.1, 54.4, 67.0, 115.7, 122.4, 123.5, 128.9,
136.4, 152.9, 160.9; m/z (ES) 641.6 (M, 17), 321.6 (100).


General procedure for the preparation of 2,2-bis[4′-(3′′-
piperidinylpropoxy)phenyl]-5,5-bi-1H-benzimidazole 6a and
2,2-bis[4′-(3′′-N-methylpiperazinylpropoxy)phenyl]-5,5-bi-1H-
benzimidazole 6b


A solution of 3,3′-diaminobenzidine tetrahydrochloride dehydrate
(1 equivalent), in N,N-dimethylformamide (29 mL) was treated
with sodium hydroxide (3 equivalents) in water (1 mL), followed
by a solution of 4-bromopropoxybenzaldehyde (2 equivalents) in
DMF, and Oxone R© (1.3 equivalents). The reaction mixture was left
to stir for 18 hours, then excess methyl piperazine or piperidine
was added. The mixture was left to stir for an additional hour. A
solution of potassium carbonate in water (1 M, 1.5 mL/100 mg
starting tetraamine) was added, followed by water (30 mL/100 mg
starting tetraamine). The solid that precipitated was filtered under
vacuum, and washed with water. It was then left to dry in air.


Bis-benzimidazole derivative 6a. The reaction was carried
out following the procedure described above with tetraamine
3 (394 mg), aldehyde 4 (480 mg), Oxone R© (782 mg), sodium
hydroxide (163 mg), DMF (29 mL), water (1 mL), and piperidine
(2.5 mL). The title compound was obtained as a tan-coloured solid
(541 mg, 82%). Mp 164–166 ◦C (decomp.); mmax (KBr disc)/cm−1


3400, 3152, 2854, 2818, 1611, 1492, 1180, 1038 and 803; dH


(500 MHz, DMSO-d6) 1.37 (4H, m, 4′′-H2), 1.49 (8H, m, 3′′-H2
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and 5′′-H2), 1.89 (4H, J 7 Hz, CH2CH2CH2), 2.32 (8H, m, 2′′-
H2 and 6′′-H2), 2.38 (4H, t, J 7 Hz, CH2N), 4.07 (4H, t, J 6.5 Hz,
CH2O), 7.12 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 7.53–7.91 (6H, m, 4′-
H, 6′-H, 7′-H), 8.14 (4H, d, J 8.5 Hz, 2′-H and 6′-H); dC (75 MHz,
DMSO-d6) 24.5, 25.9, 26.6, 54.3, 55.4, 67.0, 115.1, 122.9, 128.4,
136.1, 145, 152, 160.4; m/z (ES) 669.5 (M+, 100%).


Bis-benzimidazole derivative 6b. The reaction was carried
out following the procedure described above with tetraamine 3
(448 mg), aldehyde 4 (540 mg), Oxone R© (890 mg), sodium hydrox-
ide (180 mg), DMF (29 mL), water (1 mL), and methylpiperazine
(3 mL). The title compound was obtained as a tan-coloured solid
(701 mg, 90%). Mp 158–160 ◦C (decomp.); mmax (KBr disc)/cm−1


3400, 2939, 2807, 1610, 1490, 1177, 1048, 837 and 808; dH


(300 MHz, DMSO-d6) 1.90 (4H, m, 2′′-H2), 2.19 (6H, s, CH3N),
2.23–2.41 (20H, m, 3′′-H2 and CH2N), 4.08 (4H, t, J 6 Hz, 1′′-
H2), 7.11 (4H, d, J 8.5 Hz, 3′-H2 and 5′-H2), 7.52 (2H, d, J 8 Hz,
6-H), 7.64 (2H, d, J 8 Hz, 7-H), 7.80 (2H, s, 4-H), 8.13 (4H, d,
J 8.5 Hz, 2′H and 6′-H); dC (125 MHz, DMSO-d6) 26.5 (2C, 2′′-C),
31.1 (10C, 3′′-C and CH2N), 54.8 (2C, 1′′-C), 115.2 (4C, C-3′ and
C-5′), 122.9 (2-C, C-6), 128.4 (2C, C-2′ and C-6′), 135.0 (4C, C-3a
and C-7a), 152.3 (2C, C-2), 160.4 (2C, C-4′); m/z (ES) 699.4 (M+,
28%), 680 (100), 617 (52).


General procedure for the preparation of bis-benzimidazoles 14, 15
and 16


A solution of 3,3′-diaminobenzidine tetrahydrochloride dehy-
drate (1 equivalent) in DMF (20 mL) was treated with sodium
hydroxide (3–4 equivalents) in water (1 mL). Oxone R© (1.3
equivalents) was then added to the resulting red solution,
followed by 4-nitrobenzaldehyde, 4-fluorobenzaldehyde or 4-
hydroxybenzaldehyde (2 equivalents) in solution in DMF (10 mL),
using a syringe pump, over 3 hours. The reaction mixture was
left to stir for 18 hours after the end of the addition. It was
then treated with a solution of potassium carbonate in water
(1 M, 1.5 mL/100 mg starting tetraamine), and poured in water
(60 mL/200 mg starting tetraamine). The resulting suspension was
filtered, washed with water and diethyl ether, and left to dry in air
on the filter paper. It was subsequently collected and dried in vacuo.


2,2-Bis(4′-nitrophenyl)-5,5-bi-1H-benzimidazole 14. The re-
action was carried out as described above using 3,3′-
diaminobenzidine tetrahydrochloride dehydrate (200 mg), 4-
nitrobenzaldehyde (152 mg), DMF (29 mL), water (1 mL), sodium
hydroxide (80 mg) and Oxone R© (400 mg). The product was
precipitated in water after addition of a solution of potassium
carbonate. The bis-benzimidazole 14 was obtained as a brown
solid (200 mg, 83%). Mp >300 ◦C; mmax (KBr disc)/cm−1 3400,
1603, 1515, 1346 and 856; dH (500 MHz, DMSO-d6) 7.69 (2H, d,
J 8.5 Hz, 6-H), 7.81 (2H, d, J 8.5 Hz, 7-H), 7.98 (2H, s, 4-H), 8.49
(4H, d, J 8.5 Hz, 3′-H and 5′-H), 8.52 (4H, d, J 8.5 Hz, 2′-H and
6′-H); dC (125 MHz, DMSO-d6) 121.7, 123.3, 126.3, 135.2, 135.3,
146.6, 148.9; m/z (ES) 477.0 (M+, 25%), 223 (100).


2,2-Bis(4′-fluorophenyl)-5,5-bi-1H-benzimidazole 15. The re-
action was carried out as described above using 3,3′-
diaminobenzidine tetrahydrochloride dehydrate (200 mg), 4-
fluorobenzaldehyde (125 mg), DMF (29 mL), water (1 mL),
sodium hydroxide (80 mg) and Oxone R© (400 mg). The product
was precipitated in water after addition of a solution of potassium


carbonate. The title compound was obtained as a brown solid
(179 mg, 84%). Mp 158–160 ◦C (decomp.); mmax (KBr disc)/cm−1


3400, 3109, 1608, 1505, 1250 and 840; dH (300 MHz, DMSO-d6)
7.45 (4H, m, 3′-H and 5′-H), 7.62 (2H, d, J 8 Hz, 6-H), 7.71 (2H,
d, J 8 Hz, 7-H), 7.88 (2H, s, 4-H), 8.29 (4H, m, 2′-H and 6′-H); dC


(125 MHz, DMSO-d6) 115.8, 116.8, 117.2, 123.2, 126.92, 129.8,
129.9, 136.9, 137.7, 148.9, 151.6; 162; m/z (ES) 422.9 (M+, 90%),
318 (100), 172 (41).


4′,4′-(5,5-Bi-1H-benzimidazol)-2,2-diylbis(phenol) 16. The re-
action was carried out as described above using 3,3′-
diaminobenzidine tetrahydrochloride dehydrate (400 mg), 4-
hydroxybenzaldehyde (246 mg), DMF (29 mL), water (1 mL),
sodium hydroxide (160 mg) and Oxone R© (800 mg). The product
was precipitated in water without addition of the solution of
potassium carbonate. The bis-benzimidazole 16 was obtained as
a tan-coloured solid (238 mg, 57%). (Spectroscopic data identical
to that previously described.1)


4-[N-(tert-Butoxycarbonyl)amino]benzyl alcohol 10. (As syn-
thesised in reference 12.)


4-[N-(tert-Butoxycarbonyl)amino]benzylaldehyde. A solution
of alcohol 10 (200 mg, 0.95 mmol) in dry dichloromethane (5 mL)
was treated with manganese dioxide (165 mg, 1.9 mmol). The
reaction mixture was regularly monitored by TLC. Once no more
progress of the reaction was observed, the mixture was filtered over
Celite R© to remove the residues of oxidising agent and the resulting
filtrate was treated with an additional portion of manganese
dioxide. After 2 h, TLC revealed that the reaction had gone to
completion. The reaction mixture was filtered through Celite R©


and the filtrate was concentrated in vacuo. The title compound
was obtained as a white crystalline solid (152 mg, 72%). Mp
130–132 ◦C (from ethyl acetate–hexane) (lit.8 138 ◦C); mmax (KBr
disc)/cm−1 3253, 1734, 1674, 1150 and 836; dH (300 MHz, CDCl3,
Me4Si) 1.57 (9H, s, (CH3)3), 7.56 (2H, d, J 8.5 Hz, 2-H and 6-H),
7.86 (2H, d, J 8.5 Hz, 3-H and 5-H), 9.92 (1H, s, CHO); m/z (CI)
222 (MH+, 62%), 166 (100), 122 (9).


2,2-Bis(4′ -[N -(tert-butoxycarbonyl)amino]phenyl)-5,5-bi-1H -
benzimidazole 11. A solution of 3,3′diaminobenzidine tetrahy-
drochloride dehydrate (188 mg, 0.475 mmol) in DMF (15 mL)
was treated with a solution of sodium hydroxide (75 mg) in water
(1 mL), followed by a solution of BOC-protected aminobenzalde-
hyde (200 mg, 0.95 mmol) in DMF (14 mL), and Oxone R© (376 mg,
0.61 mmol). A solution of potassium carbonate in water (1 M,
2 mL) was added, followed by water (30 mL). The solid that
precipitated was filtered off under vacuum, and washed with water.
It was then left to dry in air. The title compound was obtained as
a yellowish solid (246 mg, 84%). Mp 252–254 ◦C (decomp.); mmax


(KBr disc)/cm−1 3421, 2977, 1697, 1614 and 1158; dH (500 MHz,
DMSO-d6) 1.52 (18H, s, (CH3)3), 7.52–7.96 (6H, m, 4-H, 6-H, 7-
H), 7.65 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 8.10 (4H, d, J 8.5 Hz,
2′-H and 6′-H); dC (125 MHz, DMSO-d6) 28.9, 80.3, 112.1, 118.9,
127.9, 142.0, 153.4, 257.4; m/z (ES) 617.5 (M+, 100%), 309.4 (94).


4′,4′-(5,5-Bi-1H-benzimidazol)-2,2-diylbis(aniline) 12. The
solid, 11, was then treated with trifluoroacetic acid (5 mL) and
left to stir for 20 minutes. The acid was evaporated at room
temperature and the resulting solid was triturated in a solution
of potassium carbonate (1 M, 10 mL). The resulting dark brown
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solid was filtered off and dried under high vacuum (180 mg, 91%).
Mp 242–244 ◦C (decomp.); mmax (KBr disc)/cm−1 3380, 1610, 1489
and 804; dH (500 MHz, DMSO-d6) 5.62 (4H, s, NH2), 6.67 (4H,
d, J 8.5 Hz, 3′-H2 and 5′-H2), 7.44 (2H, dd, J 8, 1.5 Hz, 6-H),
7.55 (2H, d, J 8 Hz, 7-H), 7.87 (4H, d, J 8.5 Hz, 2′-H and 6′H);
dC (125 MHz, DMSO-d6) 114.5, 118.2, 121.9, 128.7, 136.1, 151.5,
154.1; m/z (ES) 417.04 (M+, 100%).


Coupling of bis-benzimidazole 12 and bis-benzimidazole 16 with
chlorambucil. Oxalyl chloride (50 lL, 0.58 mmol) was added
dropwise to dry DMF (4 mL) at −20 ◦C under argon. A solution
of chlorambucil (73 mg, 0.24 mmol) in dry DMF 90.5 mL) was
added to the resulting slurry and the reaction mixture was left
to warm to room temperature. After two hours, the solution was
cooled to −20 ◦C and a solution of bis-benzimidazole 12 or 16
(50 mg, 0.12 mmol) in dry pyridine (0.5 mL) was added. The
reaction mixture was left to warm to room temperature, then to
stir for 48 h. The mixture was then poured into water (40 mL).
After a few seconds a dark brown solid precipitated. It was filtered
off and rinsed with water (3 × 10 mL). The dry solid was then
triturated in acetone (1 mL). The resulting suspension was filtered,
and the filtrate was concentrated under vacuum. Both adducts
were prepared on the same scale.


2,2-Bis{4′ -[4′′ -(p-N ,N -(chloroethyl)aminophenyl)butanamido]-
phenyl}-5,5-bi-1H-benzimidazole 19. The bis-benzimidazole 19
was obtained as a light brown solid (53 mg, 41%). Mp 108–112 ◦C;
mmax (KBr disc)/cm−1 3400, 2957, 1666, 1613, 1518 and 804; dH


(500 MHz, DMSO-d6) 1.71 (4H, quintet, J 7 Hz, 3′′-H2), 2.17
(4H, t, J 7.5 Hz, 2′′-H2 or 4′′-H2), 2.45 (4H, J 7.5 Hz, 2′′-H2 or
4′′-H2), 3.66 (8H, m, NCH2CH2Cl), 5.58 (2H, s, NH), 6.64 (4H,
d, J 8.5 Hz, Ar CHCN and CHCC), 6.66 (4H, d, J 8.5 Hz, Ar
CHCC), 7.01 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 7.43 (2H, dd,
J 8.5, 1.5 Hz, 6-H), 7.53 (2H, d, J 8.5 Hz, 7-H), 7.70 (2H, s, 4-H),
7.85 (4H, d, J 8.5 Hz, 2′-H and 6′-H); dC (125 MHz, DMSO-d6)
27.5, 33.9, 34.2, 42.1, 53.1, 112.8, 114.4, 118.2, 121.9, 128.7, 130.2,
130.6, 136.1, 145.4, 151.5, 153.9, 175.2; m/z (ES) 703.4 (M+ −
C14H16NOCl2, 13%), 417 (100).


2,2-Bis{4′-[4′′-(p-N ,N-(chloroethyl)aminophenyl)butanoyl(oxy)]-
phenyl}-5,5-bi-1H-benzimidazole 18. The bis-benzimidazole 18
was obtained as a golden solid (48 mg, 40%). Mp 111–114 ◦C; mmax


(KBr disc)/cm−1 3401, 2929, 1612, 1179 and 803; dH (500 MHz,
MeOD) 1.89 (4H, quintet, J 7 Hz, 3′′-H2), 2.27 (4H, t, J 7.5 Hz,
2′′-H2 or 4′′-H2), 2.55 (4H, J 7.5 Hz, 2′′-H2 or 4′′-H2), 3.71 (8H,
m, NCH2CH2Cl), 6.69 (4H, d, J 8.5 Hz, Ar CHCN), 6.97 (4H, d,
J 8.5 Hz, Ar CHCC), 7.06 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 7.58
(2H, dd, J 8.5, 1.5 Hz, 6-H), 7.65 (2H, d, J 8.5 Hz, 7-H), 7.84
(2H, s, 4-H), 7.98 (4H, d, J 8.5 Hz, 2′-H and 6′-H); dC (75 MHz,
DMSO-d6) 26.8, 33.3, 33.6, 41.5, 52.6, 112.3, 121.9, 122.9, 128.0,
129.8, 130.1, 134.9, 135.9, 151.5, 152.0, 159.4, 171.9; m/z (ES)
998.4 (21%), 990.6 (M+, 54).


2,2-Bis(4′ -[3′′ -chloropropanamido]phenyl)-5,5-bi-1H -benzimi-
dazole. A solution of chloropropionyl chloride (0.3 mL, 400 mg,
3.14 mmol) in dry DMF (3 mL) at −10 ◦C was treated dropwise
with a solution of bis-benzimidazole 12 (118 mg, 0.28 mmol) in
dry pyridine (2 mL). The reaction mixture was left stirring for
30 min. A solution of potassium carbonate (1 M, 5 mL) was then


added. A precipitate formed and was filtered off under reduced
pressure. The desired bis-benzimidazole was obtained as a light
brown powder (138 mg, 82%). Mp > 250 ◦C mmax (KBr disc)/cm−1


3460, 1675, 1602, 841, 738; dH (300 MHz, DMSO-d6) 2.90 (4H,
t, J 7 Hz, 3′′-H2), 3.92 (4H, t, J 7 Hz, 2′′-H2), 7.54–7.86 (6H, m,
4-H, 6-H, 7-H), 7.81 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 8.16 (4H,
d, J 8.5 Hz, 2′-H and 6′-H); dC (75 MHz, DMSO-d6) 57.2, 113.5,
119.5, 119.8, 124.3, 125.5, 127.5, 128.2, 132.1, 136.5, 145.7, 149.9,
163.8, 168.7; m/z (ES) 600.1/597.1 (M+, 5/19%), 563.4/562.1
(25/100), 527 (48).


2,2-Bis(4′-[3′′-N ,N -dimethylaminopropanamido]phenyl)-5,5-bi-
1H-benzimidazole 13. The reaction mixture containing bis-
benzimidazole prepared above was treated with excess
dimethylamine in solution in methanol (2 M, 2 mL) before
work up. The reaction mixture was left stirring overnight at
room temperature. Methanol was removed under vacuum, then a
solution of potassium carbonate (1 M, 10 mL) was added, followed
by water (60 mL). The precipitate that formed was filtered off and
dried under reduced pressure. The desired bis-benzimidazole was
obtained as a dark brown powder (18 mg, 11%). Mp > 250 ◦C,
mmax (KBr disc)/cm−1 3423, 1664, 1602, 1536; dH (500 MHz,
DMSO-d6) 2.15 (12H, s, N(CH3)2), 2.48 (4H, m, 3′′-H2), 2.55
(4H, t, J 7 Hz, 2′′-H2), 7.51 (2H, d, J 8.5 Hz, 6-H), 7.62 (2H,
d, J 8.5 Hz, 7-H), 7.75 (4H, d, J 8.5 Hz, 3′-H and 5′-H), 7.79
(2H, s, 4-H), 8.12 (4H, d, J 8.5 Hz, 2′-H and 6′-H); dC (75 MHz,
DMSO-d6) 35.7, 45.8, 55.9, 114.4, 119.9 (4 C), 122.5, 125.75,
127.9 (4 C), 136.5, 141.5, 152.8, 163.1, 171.4; m/z (ES) 615.3 (M+,
12%), 308.2 (100), 279.6 (30).


Molecular modelling


The crystal structure1 of the 12-mer duplex DNA, of sequence
d(CGCGAATTCGCG), with the bis-benzimidazole compound
1 bound (PDB id number 1FTD), was used as a starting-point
for modelling. The chlorambucil groups and linkers were added
using the HYPERCHEM program,14 and conformations manually
adjusted in order to bring the mustard groups into close proximity
to base edges. The conformation of the resulting ligands and DNA
were minimised using the AMBER force-field as implemented in
HYPERCHEM.


Sulforhodamine B (SRB) short term cytotoxicity assay


Short term growth inhibition was measured using the SRB assay as
described previously.1,3 Briefly, cells were seeded (4000 cells/wells)
into the wells of a 96 well-plate in Dulbecco modified Eagle
medium (DMEM) and incubated overnight as before to allow the
cells to attach. Subsequently cells were exposed to freshly made
compounds at increasing concentrations of 0, 0.1, 1, 5 and 25 lM
in quadruplicate and incubated for a further 96 h. Following this
the cells were fixed with ice-cold trichloroacetic acid (TCA) (10%
w/v) for 30 min and stained with 0.4% SRB dissolved in 1%
acetic acid for 15 min. All incubations were carried out at room
temperature. The IC50 values, concentrations required to inhibit
cell growth by 50%, were determined from the mean absorbances
at 540 nm for each drug concentration expressed as a percentage
of the control untreated well absorbance.
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The stereocontrolled synthesis of the C1–C16 ABC spiroacetal-containing tricyclic fragment of
pectenotoxin-7 6 has been accomplished. The key AB spiroacetal aldehyde 9 was successfully
synthesized via acid catalyzed cyclization of protected ketone precursor 28 that was readily prepared
from aldehyde 12 and sulfone 13. The syn stereochemistry in aldehyde 12 was installed using an
asymmetric aldol reaction proceeding via a titanium enolate. The stereogenic centre in sulfone 13 was
derived from (R)-(+)-glycidol. The absolute stereochemistry of the final spiroacetal aldehyde 9 was
confirmed by NOE studies establishing the (S)-stereochemistry of the spiroacetal centre. Construction
of the tetrahydrofuran C ring system began with Wittig olefination of the AB spiroacetal aldehyde 9
with (carbethoxyethylidene)triphenylphosphorane 10 affording the desired (E)-olefin 32. Appendage of
a three carbon chain to the AB spiroacetal fragment was achieved via addition of acetylene 11 to the
unstable allylic iodide 39. Epoxidation of (E)-enyne 8 via in situ formation of L-fructose derived
dioxirane generated the desired syn-epoxide 36. Semi-hydrogenation of the resulting epoxide 36
followed by dihydroxylation of the alkene effected concomitant cyclization, thus completing the
synthesis of the ABC spiroacetal ring fragment 6.


Introduction


The pectenotoxins are a family of polyether lactones that were first
isolated in 1985 by Yasumoto et al.1 They were named after the
generic name of the scallop initially used for the toxin extraction,
Patinopecten yessoensis and were originally produced by toxic
dinoflagellate species of the genera Dinophysis (D. acuta and
D. fortii). The first pectenotoxins to be isolated were pectenotoxin-
1 (PTX1, 1), −2 (PTX2, 2), −3 (PTX3), −4 (PTX4 3) and −5
(PTX5) (Fig. 1). The absolute stereochemistry of PTX1 1 was
established by X-ray crystallography1 and the remaining structure
of the family was elucidated by comparison of NMR and mass
spectroscopic data. Since then, more pectenotoxins have been
isolated2,3,4,5,6 and characterised and the most recent compound
to be isolated from algae and mussels in Norway is PTX12.6


The pectenotoxins comprise a macrolide structure containing a
spiroacetal, three substituted tetrahydrofurans and 19 (or 20 in the
case of PTX11) stereocentres embedded within a 40-carbon chain
(Fig. 1). PTX2 2 exhibited selective and potent cytotoxicity against
several cancer cell lines at the nanomolar level.7 PTX2 2 and PTX6
4 have also been shown to interact with the actin cytoskeleton at
a unique site8 thus providing an important research tool for the
study of basic cellular behaviour.


The architecturally complex structure of the pectenotoxins
together with their potent biological activity has attracted the
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† Electronic supplementary information (ESI) available: General experi-
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NMR and mass spectral data for compounds 12, 13 and 14–24. See DOI:
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Fig. 1 Structure of PTXs and the key disconnections used for their
synthesis.


attention of several research groups9,10,11,12 however, only Evans
et al.13 have achieved the total synthesis of PTX4 2 and PTX8. In
light of this research group’s interest in the synthesis of spiroacetal-
containing natural products we herein report the full details14


of our synthetic work focused on the synthesis of the ABC
spiroacetal-containing tricyclic ring system.


Results and discussion


Our retrosynthetic analysis of the key spiroacetal containing ABC
tricyclic fragment 6 is depicted in Scheme 1. The ABC fragment
6 is constructed via a 5-exo-tet cyclisation of epoxy-diol 7, in
which all the necessary stereogenic centres of the C ring are
already installed. Epoxy-diol 7 in turn is obtained from enyne
8 by asymmetric epoxidation followed by semi-hydrogenation and
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Scheme 1 Retrosynthetic analysis of ABC fragment 6.


asymmetric dihydroxylation. Enyne 8 is prepared from spiroacetal
aldehyde 9, stabilised ylide 10 and acetylene 11. Finally spiroacetal
9 is derived from the union of aldehyde 12 with sulfone 13.


The synthesis of PTX2 2 requires establishment of the (7R)
configuration of the spirocentre. However, the (7S)-configuration
as present in PTX4 3 and PTX7 5 is stabilized by the anomeric


effect and is in fact thermodynamically favoured stereochemistry
when the spiroacetal ring is not embedded in the macrocyclic
structure. It was therefore planned to obtain the natural (7R)-
isomer of PTX2 2 at a later stage in the synthesis after assembly of
macrolide ring based on the precedent reported by Sasaki and co-
workers4 for PTX4 3. Our initial attention was therefore directed
towards the synthesis of spiroacetal 9 with the (7S)-configuration
as present in PTX7 5.


The execution of our synthetic plan towards the synthesis of the
ABC tricyclic system of PTX7 5 commenced with the synthesis
of the C1-C11 AB spiroacetal fragment starting from aldehyde 12
and sulfone 13. The first issue to address was to install the syn
stereochemistry in the aldehyde fragment 12 using an asymmetric
aldol reaction (Scheme 2). Initial attempts to execute the aldol
reaction between aldehyde 1615 and propanoyloxazolidinone 1416


using commercial (Aldrich R©) dibutylboron triflate (Bu2BOTf) as
a 1 M solution in dichloromethane with diisopropylethylamine
as the base to form the Z-enolate of propanoyloxazolidinone 14
followed by condensation with aldehyde 16 at 0 ◦C gave the desired
syn-adduct 17 exclusively in only 43% yield. It was postulated
that the quality of the boron reagent was responsible for the low
yields observed in this reaction. Fuentes et al.17 reported non-
reproducible results in related aldol reactions using commercial
dibutylboron triflate18 as a solution in CH2Cl2 and diethyl ether.


In 1997, Crimmins and co-workers19 reported the formation of
titanium enolates of N-acyloxazolidinethiones rather than acylox-
azolidinones using TiCl4. The use of (−)-sparteine (2.5 equiv.) was
found to be the most effective base, giving high rate enhancement
and high selectivity for the Evans’ syn adducts using only 1
equiv. of aldehyde and 1 equiv. of TiCl4. Further investigation
showed that there was minimal asymmetric induction provided
by (−)-sparteine and the rate enhancement may be related to
bidentate coordination of (−)-sparteine to the metal centre. The
Evans syn adduct is the major product as coordination of the
diamine to the metal centre prevents coordination of the imide
or thioimide carbonyl group to the metal. Crimmins et al.20


later found that use of N-methyl-2-pyrrolidinone (NMP, 1 equiv.)


Scheme 2 Reagents and conditions and yields: (i) 14, TiCl4 (1 M in CH2Cl2), (−)-sparteine, CH2Cl2, 0 ◦C then NMP, 16, CH2Cl2, −78 ◦C to 0 ◦C, 17,
90%; or 15, TiCl4 (1 M in CH2Cl2), (−)-sparteine, CH2Cl2, 0 ◦C then NMP, 16, CH2Cl2, −78 ◦C to 0 ◦C, 18 : 19 : 20 (4.6 : 2 : 1), 76%; (ii) LiBH4, THF,
0 ◦C, 5 min, 87%; (iii) TBDPSCl, imidazole, CH2Cl2, 20 h, 77%; (iv) TBDMSOTf, 2,6-lutidine, DMAP, DMF, 20 h, 95%; (v) 10% Pd/C, MeOH, H2,
99%; (vi) PCC, K2CO3, CH2Cl2, 3 h, 99%.
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as a co-reagent proved to be compatible with the reaction and the
amount of (−)-sparteine could be reduced to 1.0 equiv.


It was next decided to use propanoyloxazolidinethione 1521


rather than propanoyloxazolidinone 14 and form the titanium
enolate in the presence of (−)-sparteine as the base. Attempts
to perform the aldol reaction following the Crimmins’ protocol
using neat TiCl4 and oxazolidinethione 15 were not successful.
Using a 1 M solution of TiCl4 in dichloromethane to form the
enolate improved the yield of the reaction (76% yield) however, the
diastereoselectivity observed was disappointing giving a 4.6 : 2 : 1
mixture of Evans syn isomer 18 : non-Evans syn isomer 19 : anti
isomer 20. The absolute stereochemistry of the Evans syn adduct
18 compared to the non-Evans syn adduct 19 was determined
by cleaving the chiral auxiliary with lithium borohydride and
comparing the optical rotation of the resulting diols with the diol
21 derived from syn-adduct 17 that was prepared using a boron
enolate as discussed above. The diol derived from compound 18
has the same optical rotation as the diol derived from compound
17 and was therefore assigned as the Evans syn adduct. On the
other hand, the diol derived from compound 19 had the opposite
optical rotation and was assigned as the non-Evans syn adduct.


The reasons for the low selectivity using the Crimmins’ pro-
cedure using propanoyloxazolidinethione 15 were not clear but
the different substituents on the oxazolidinethione employed may
play a role in the selectivity. In the Crimmins’ experiments, an
oxazolidinethione possessing a benzyl group at C4 was used19,20


while in our case oxazolidinethione 15 only contains a methyl
group at C4 and a phenyl group at C5.


The next attempt to generate the syn configuration involved the
use of oxazolidinone 14 that had been prepared earlier for the aldol
reactions using boron enolates. This study also probed whether
the nature of the substituents attached to the chiral auxiliary was
responsible for the low selectivity in the reaction of the titanium
enolate of oxazolidinethione 15 with aldehyde 16. Enolisation of 14
with 1.0 equiv. of 1 M TiCl4 in CH2Cl2 in the presence of 1.0 equiv.
of (−)-sparteine was carried out at 0 ◦C. The mixture was cooled
to −78 ◦C, NMP was then added followed by the addition of
1.1 equiv. of aldehyde 16. Pleasingly, this reaction afforded the
desired Evans syn adduct 17 in 90% yield with the anti isomer
only being observed in small quantities (<1% yield). This reaction
was reproducible giving consistent and satisfactory results and was
adopted as the method of choice for use in the subsequent steps
towards the ABC ring of PTX7 5.


The fact that oxazolidinethione 15 was less selective for for-
mation of the expected Evans syn adduct 18 than the analogous
formation of Evans syn adduct 17 from oxazolidinone 14 might
be attributed to the known higher affinity of sulfur for titanium
than oxygen22 resulting in a competitive pathway proceeding via
a chelation transition state TS I rather than a non-chelation
transition state TS II (Fig. 2). In the case of oxazolidinone
14, where the oxygen of the oxazolidinone carbonyl group has
less affinity to bind to titanium, reaction proceeds via the non-
chelation transition state TS II affording the Evans syn adduct 17
especially in the presence of (−)-sparteine which coordinates to the
titanium and prevents further coordination of the oxazolidinone
carbonyl group.


Having finally fully ascertained the conditions required to
execute the aldol reaction with the desired syn stereochemistry,
the next step was to remove the chiral auxiliary and install a


Fig. 2 Chelation and non-chelation transition states.


protecting group at the resulting terminal hydroxyl group. The
chiral auxiliary in 17 was first removed using lithium borohydride
to give diol 21. The primary alcohol in diol 21 was then selectively
protected as a TBDPS ether 22 and the secondary alcohol was
also protected to give TBDMS ether 23 (Scheme 2). These steps
proceeded smoothly giving an overall yield of 64% over three steps
from the syn adduct 17. The benzyl group was next removed by
hydrogenolysis using palladium on carbon as catalyst to give a
quantitative yield of alcohol 24. Oxidation of 24 using pyridinium
chlorochromate in the presence of potassium carbonate afforded
the desired aldehyde 12 in 99% yield.


Sulfone 13 was prepared starting from (R)-(+)-benzylglycidol
25 (Scheme 3). Treatment of methyl phenyl sulfone with BuLi
in a mixture of THF and hexamethylphosphoramide (HMPA)
followed by addition of glycidol 25 effected regioselective ring
opening of the epoxide. The resulting alkoxide was then trapped
directly with a premixed solution of tert-butyldimethylsilyl tri-
fluoromethanesulfonate and 2,6-lutidine in THF affording the
required sulfone 13 in 97% yield. It was also crucial to use two
molar equivalents of HMPA in this reaction in order to obtain a
high yield.23


With sulfone 13 efficiently in hand, the next step was to effect its
union with aldehyde 12. The union of aldehyde 12 with sulfone 13
in THF using BuLi as base proceeded smoothly giving a mixture
of the four diastereomeric alcohols 26 (Scheme 3). Oxidation of
the resulting alcohols 26 to the two diastereomeric ketones 27
was next effected using Dess–Martin reagent24 in dichloromethane
with pyridine as base proceeding in 82% yield over 2 steps. Excess
unreacted sulfone 13 could be recovered from the coupling reaction
and reused in the synthesis. The mixture of sulfone diastereomers
27 was then exposed to sodium mercury amalgam in methanol to
give ketone 28 as a single isomer in 68% yield.


Selective deprotection of the TBDMS groups in the presence of
the benzyl and TBDPS groups was achieved by heating ketone 28
at reflux with p-toluenesulfonic acid in toluene for several hours.
This method resulted in clean cyclisation of the resulting diol to
give the 5,6-spiroacetal 29 as a single isomer in 84% yield. The
next step after formation of spiroacetal 29 required removal of
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Scheme 3 Reagents and conditions and yields: (i) MeSO2Ph, BuLi, HMPA, 25, THF, then premixed solution of TBDMSOTf and 2,6-lutidine, THF,
97%; (ii) BuLi, THF, then 12, −78 ◦C, 88%; (iii) Dess–Martin periodinane, py, CH2Cl2, 93%; (iv) 10% Na/Hg, Na2HPO4, MeOH, 68%; (v) p-TsOH,
toluene, 80 ◦C, 4 h, 84%; (vi) Raney Ni, EtOH, 35 ◦C, 2 d, 30, 82%; or 10% Pd/C, EtOAc, 4.5 h, 30 : 31 (3 : 1), 100%; (vii) Dess–Martin periodinane, py,
CH2Cl2, 95%.


the terminal benzyl group to the primary alcohol 30. Initially, the
deprotection step was carried out using 10% palladium on carbon
under a hydrogen atmosphere in ethyl acetate. Unfortunately these
conditions also effected ring opening of the spiroacetal resulting
in formation of a 3 : 1 mixture of the desired 5,6-spiroacetal 30
and the more thermodynamically favoured 6,6-spiroacetal system
31. Changing the nature of the palladium catalyst to palladium
hydroxide also afforded substantial quantities of the undesired
6,6-spiroacetal 31 and use of lithium aluminium hydride afforded
a low yield of 5,6-spiroacetal 30 together with several other by-
products. Finally, use of Raney nickel in ethanol at 35 ◦C for 48 h
gave exclusively the desired 5,6-spiroacetal 30 in 82% yield and no
6,6-spiroacetal 31 was detected.


The formation of 6,6-spiroacetal 31 was confirmed by the 13C
NMR spectrum that exhibited a spiroacetal carbon at dC 94.6 ppm,
similar to the 6,6-spiroacetal carbon observed in the natural
products PTX8 or PTX94 (Fig. 3). The methine carbon assigned
to C-3 in 31 was observed at dC 69.6 ppm, considerably upfield


Fig. 3 NOE correlations for spiroacetal 31.


from the corresponding methine carbon in 5,6-spiroacetal systems
(cf. 78–85 ppm).25,26 Further support for structure 31 comes from
the coupling pattern observed for H-2ax (dd, Jgem 10.3, J2ax,3ax


10.3 Hz), consistent with the presence of an axial proton at C-
3 with the hydroxyl group at C-3 being assigned to an equatorial
position. The absolute configuration of the spiroacetal centre was
determined from NOE studies. As depicted in Fig. 3, the isomer
with the (6R)-configuration at the spirocentre shows a correlation
between H-2ax and the methyl group at C-1′. A similar NOE effect
was not expected in the spiroacetal with the (6S)-configuration.
An additional correlation was expected between H-2ax and H-
8ax. However, the resonance for H-8 in the 1H NMR spectrum
overlapped with other signals, namely H-3 and H-2′B. However,
given the correlation observed between H-2 and the methyl group,
spiroacetal 31 was assigned the (6R)-configuration. The (6R)-
isomer was also expected to be the major product due to operation
of the anomeric effect. Similar observations were also reported for
PTX8 and PTX9 that also contain a 6,6-spiroacetal ring system.4


The structure of the 5,6-spiroacetal ring system in 30 was
established from the resonance assigned to the spirocarbon at dC


106.4 ppm in the 13C NMR spectrum similar to the spirocarbon
observed at dC 106.2 ppm in PTX7 5.4 The methine proton H-2 in
5,6-spiroacetal 30 was observed at dC 77.6 ppm. A summary of the
characteristic 13C NMR resonances is given in Table 1.


Once the debenzylation step had been successfully achieved,
oxidation of the alcohol to the corresponding aldehyde 9 was
required in preparation for the Wittig olefination step (see
retrosynthesis, Scheme 1). The oxidation step was effected us-
ing Dess–Martin reagent24 in pyridine affording aldehyde 9 in
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Table 1 Characteristic 13C NMR resonances for spiroacetals 31 and 30 compared to PTX9 and PTX7, respectively


31 PTX9 (R)-6,6-spiroacetal 30 PTX7 (R)-5,6-spiroacetal


spirocarbon centre (dC) 94.6 ppm 96.6 ppm 106.4 ppm 106.2 ppm
CHO of B ring (dC) C3 = 69.6 ppm C3 = 67.4 ppm C2 = 77.6 ppm C2 = 79.7 ppm


quantitative yield (Scheme 3). The aldehyde thus obtained was not
stable upon prolonged storage and was therefore freshly prepared
immediately before use in the subsequent step. NOE correlations
were observed for spiroacetal 9 (Fig. 4) between H-2 and H-7 and
also between H-2 and the methyl group, thus suggesting that O1
and O6 are axial to each other and that C4 adopts an equatorial
position on the A ring. These observations established the (5S)-
configuration of the 5,6-spiroacetal ring system as was expected
due to anomeric stabilization dominating the thermodynamically
controlled cyclization process. This conclusion was also consistent
with the NOE studies carried out for PTX7 5 that also contains
a 5,6-spiroacetal core system with the (S)-configuration at the
spirocentre.4 Furthermore these NOE studies also established
that no epimerisation had occurred during the debenzylation and
oxidation steps.


Fig. 4 NOE correlations for spiroacetal 9.


Assembly of the ABC tricyclic ring system began with Wittig
olefination of spiroacetal aldehyde 9 with ylide 10 (Scheme 4) af-
fording olefin 32 (E : Z = 100 : 1 by 1H NMR) in quantitative yield.
Reduction of ester 32 to alcohol 33 was then achieved in 91% yield
using di-iso-butylaluminium hydride in CH2Cl2 at −78 ◦C. With
our sights set on epoxydiol 7 as the immediate precursor to the
desired tricyclic fragment 6 (see retrosynthesis, Scheme 1) it was
decided to install the epoxide functionality at this stage by taking
advantage of the allylic alcohol which can be used to effect a
Sharpless asymmetric epoxidation. Treatment of allylic alcohol
33 with Ti(O-iPr)4, (+)-diethyl L-tartrate, tert-butylhydroperoxide
afforded epoxy alcohol 34 in 71% yield with the required (S,S)-
stereochemistry in accordance with the Sharpless mnemonic. The
1H NMR spectra established the diastereomeric ratio to be >100 :
1. Conversion of the primary alcohol 34 to an iodide 35 was
successfully carried out in 83% yield via formation of the mesylate.
Iodide 35 was isolated as a yellow oil and was able to be stored in
the freezer for a few days before subsequent use.


With iodide 35 in hand, the next step was to install the
remaining three carbons required for subsequent assembly of
the tetrahydrofuran ring. Attempts to displace iodide 35 with
the lithium acetylide generated from acetylene 1127 in THF only
afforded recovered starting material. Use of hexamethylphospho-
ramide (HMPA) as an additive to improve the reactivity of the
acetylide28 only led to the formation of allylic alcohol 37 (86%
yield) presumably resulting from lithium–halogen exchange of


Scheme 4 Reagents and conditions and yields: (i) CH2Cl2, 0 ◦C to 20 ◦C, 20 h, 99%; (ii) 1 M DIBAL-H, CH2Cl2, −78 ◦C, 91%; (iii) Ti(OiPr)4 (10 mol%),
L-(+)-DET (12 mol%), tBuOOH, 4 Å MS, CH2Cl2, 71%; (iv) MsCl, Et3N, DMAP, THF, 0 ◦C, 1 h, then NaI, NaHCO3, acetone, 50 ◦C, 24 h, 83%;
(v) acetylene 11, BuLi, THF, −78 ◦C, then HMPA, 35, THF, −78 ◦C to 20 ◦C, 86%.
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the epoxy iodide 35 followed by rapid elimination of the b-epoxy
bond. None of the desired displacement product 36 was observed.
Formation of the acetylenic Grignard reagent of 11 followed by
reaction with iodide 35 in the presence of copper iodide (0.1 equiv.)
and HMPA in THF also only afforded allylic alcohol 37.


At the time this work was being carried out, Millar and
Underhill29 reported that the addition of 1-iodo-cis-2,3-epoxides
to alkynyl-lithium or alkynyl-Grignard reagents in THF–HMPA,
with or without CuI catalysis, afforded the allylic alcohol products
in preference to the displacement product. This study con-
firmed that reductive elimination as a result of metal halogen
exchange was a common issue faced when attempting to dis-
place halides in a halo epoxide, by an acetylide. An alternative
method involving addition of 1-halo or 1-tosyl-cis-2,3-epoxides to
divinylcuprates30,31 in either THF, ether, or a THF–ether mixture
with varying proportions of HMPA and/or triethyl phosphite,
also afforded the elimination product rather than the desired
displacement product. In order to overcome this problem, Millar
and Underhill used methodology initially reported by Nicolaou
et al.32 whereby inverse addition of a substituted vinylmagnesium
bromide to preformed solutions of 1-iodo-2,3-epoxides with a
catalytic amount of copper iodide in THF–HMPA afforded good
yields of the nucleophilic substitution products.29 In our case,
however, attempts to displace iodide 35 with either (E)- or (Z)-
vinylmagnesium bromide 38 were unsuccessful.


In light of the fact that nucleophilic substitution of AB
spiroacetal epoxy iodide 35 by the derived-from acetylene 11 was
not successful, it was decided to pursue an alternative strategy
involving epoxidation at a later stage. It was postulated that the
remaining carbon chain of the C1–C16 fragment 8 could be
installed via nucleophilic substitution of allylic iodide 39 rather
than epoxy iodide 35 (Scheme 5).


AB spiroacetal-containing allylic alcohol 33 was converted to
the corresponding iodide 39 via the mesylate. Treatment of the
mesylate with sodium iodide at room temperature for 2 h afforded
iodide 39, which was used in the next step without any purification.
Addition of the iodide 39 in THF to the acetylide formed from
acetylene 11 with BuLi in THF at −78 ◦C followed by warming the
mixture to 0 ◦C afforded the (E)-enyne 8 in 56% yield together with
(Z)-enyne 40 in 18% yield. The formation of two diastereomers of
the coupled product was unexpected given that the starting allylic
alcohol used was a pure single isomer therefore only a single isomer
of the coupled product was expected. The NOESY spectra for the
major (E)-alkene 8 showed a correlation between H-1′ and H-3′


and no correlation between H-3′ and H-2 (Fig. 5). For the minor
alkene 40, an NOE correlation was observed between H-2 and H-
3′ and no NOE correlation was observed between H-1′ and H-3′,
thereby establishing the (Z)-stereochemistry of alkene 40.


Having finally fully assembled the C1–C16 carbon chain frag-
ment of PTX7 5, in the form of spiroacetal enyne 8, our attention
next focused on the conversion of the enyne unit to the required
epoxy diol fragment 7 which could be transformed into the target
ABC ring fragment 6 by acid catalysed cyclization (Scheme 5).
The syn-epoxide was envisaged to be formed via asymmetric
epoxidation and the diol by asymmetric dihydroxylation of the
olefin formed upon subsequent semi-hydrogenation of the triple
bond.


The first attempts to effect epoxidation of alkene 8 were carried
out using achiral epoxidation reagents m-CPBA and dimethyl-


dioxirane (DMDO) hoping that the neighbouring C–O bond
on the adjacent chiral centre may influence the stereochemical
outcome of epoxidation. Epoxidation of (E)-enyne 8 using m-
CPBA in CH2Cl2 afforded a 1.2 : 1 mixture of the syn-epoxide
36 and anti-epoxide 42 in 76% yield. Epoxidation of (E)-enyne 8
using freshly prepared DMDO33,34,35 in acetone for 36 h afforded
a 1.8 : 1 mixture of the syn-epoxide 36 and anti-epoxide 42 in 78%
yield.


Disappointed by the lack of selectivity in the epoxidation of
(E)-enyne 8 using achiral epoxidation agents, it was decided to use
a chiral dioxirane generated in situ from potassium peroxomono-
sulfate (Oxone R©) and a chiral fructose-derived ketone, a method
reported by Shi et al.36 to effect epoxidation of unfunctionalised
(E)-olefins in a highly enantioselective fashion. Based on the
predictive model, invoking the spiro transition state model36 it was
envisaged that use of ketone 41, derived from L-fructose, would
generate the desired syn-epoxide 36 whilst use of the enantiomeric
D-fructose derived ketone would result in predominant formation
of the undesired anti-epoxide 42.


The chiral ketone ent-41, derived from naturally occurring
D-fructose, was commercially available whereas the ketone 41,
derived from L-fructose, was not commercially available and was
prepared from L-sorbose.37 Reaction of (E)-enyne 8 with the more
readily available chiral dioxirane prepared in situ from D-fructose
derived ketone ent-41 (3 equiv.) and oxone R© (3 equiv.) at −10 to
20 ◦C in acetonitrile and dimethoxymethane (DMM) (1 : 2 v/v)
for 2 h afforded an inseparable 1 : 8 mixture of the syn-epoxide
36 : anti-epoxide 42 in 52% yield (see Table in Scheme 5). In this
case the major epoxide formed had the opposite configuration to
the major epoxide formed using m-CBPA and DMDO.


Epoxidation of (E)-enyne 8 with the chiral dioxirane formed
from L-fructose derived ketone 41 was then attempted in an effort
to produce more of the desired syn-epoxide 36. Epoxidation of
(E)-enyne 8 using chiral ketone 41 and oxone R© was carried out
using the same conditions as those described above using D-
fructose derived ketone ent-41. However, in this case (see Table
in Scheme 5) conversion to the epoxide proceeded in a lower 37%
yield. Encouragingly the stereoselectivity observed was promising
with a 5.5 : 1 ratio of the desired syn-epoxide 36 to anti-epoxide
42 being observed.


Although the epoxides 36 and 42 obtained were in fact
an inseparable mixture of two isomers, the two isomers were
distinguishable by 1H NMR, with the epoxide resonance, H-1′,‡
providing a diagnostic tool. H-1′ in syn-epoxide 36 resonated as a
doublet at dH 2.89 ppm with coupling constant, J 8.0 Hz whereas
H-1′ in anti-epoxide 42 resonated as a doublet further downfield
at dH 2.92 ppm with J 7.6 Hz.


The 5.5 : 1 mixture of syn-epoxide 8 : anti-epoxide 41 was
subjected to semi-hydrogenation over Lindlar catalyst affording
a 5.5 : 1 mixture of (Z)-olefin 43: (Z)-olefin 44 in 88% yield
in preparation for the subsequent asymmetric dihydroxylation38


(AD) step. High enantioselectivity in the AD of (Z)-olefins is
usually observed when the size of the two olefinic substituents is
significantly different. In the case of (Z)-olefin 43, we hoped that
high enantioselectivity would be observed given that it contains
two sterically different substituents. High enantioselectivity in


‡ The numbering system based on a 1,7-dioxaspiro[5.5]undecane ring
system is used rather than PTX numbering system.
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Scheme 5 Reagents and conditions and yields: (i) MsCl, Et3N, THF, 0 ◦C, 20 min, then NaI, THF, 20 ◦C, 2 h, filter; (ii) acetylene 11, BuLi, THF,
−78 ◦C, then iodide 39, THF, −78 ◦C to 0 ◦C, 20 h, 8: 56%, 40: 18%; (iii) see Table in Scheme; (iv) H2, Pd/CaCO3 (5% Pb), Et3N, hexane, 50 min, 43,
88%; (v) DHQ-IND, K3Fe(CN)6, MeSO2NH2, OsO4, tBuOH–H2O (1 : 1), 20 h, 6, 38%; or OsO4, acetone–H2O (5 : 1), 18 h, 6, 70%.


Fig. 5 NOE correlations for (E)-8 and (Z)-40.
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the AD of (Z)-olefins can be achieved by using an indoline
type of ligand (DHQ-IND or DHQD-IND)39 and application
of the mnemonic developed for predicting stereoselectivity in
AD reactions predicts that using DHQ-IND, the hydroxyl group
would be predominantly delivered to (Z)-olefin 43 from the a-
face affording diol 7 that would undergo cyclization to the desired
spiroacetal-containing tetrahydrofuran 6.


AD reaction of the 5.5 : 1 mixture of (Z)-olefins 43 : 44 using
DHQ-IND as the chiral ligand afforded the ABC ring fragment
6 in 38% yield together with a complex diastereomeric mixture of
diols (43% yield). The exact stereochemistry of the diol mixture
obtained was not established and the lack of diastereoselectivity
observed in this reaction was disappointing.


The low yield of the desired tricyclic fragment 6 obtained using
DHQ-IND as the chiral ligand prompted us to investigate the
use of OsO4 without the asymmetric catalyst to see whether the
neighbouring chiral centres in the olefin substrate might influence
the stereoselectivity in the dihydroxylation step. Somewhat sur-
prisingly treatment of the 5.5 : 1 mixture of (Z)-olefins 43 : 44
with OsO4 afforded the desired tricyclic fragment 6 as the major
product in 70% yield together with a mixture of diols (<10% yield).
Thus, the neighbouring chiral centres in this system clearly play
a role in the hydroxylation which may contribute to the lower
diastereoselectivity being observed in the above reaction using
DHQ-IND as the chiral ligand.


The NOESY spectrum for tricyclic fragment 6 showed a
clear correlation between C2′′-Me and H-5′′ thus establishing
the desired syn relationship between these two groups on the
tetrahydrofuran C ring system. The 13C NMR data for the ABC
tricyclic fragment 6 was compared to the 13C NMR data reported
for the ABC fragment of PTX7 5 since both of these compounds
contain a spiroacetal ring system with the (S)-configuration at
the spiroacetal centre (cf. PTX2 2 has the (R)-configuration at
the spirocentre). The 13C NMR data obtained for both tricyclic
fragments were in fact similar rendering support for the successful
synthesis of the ABC tricyclic fragment 6 of PTX7 5 (Fig. 6).
Synthetic efforts towards the synthesis of the E and FG fragments
of the pectenotoxins are now underway in preparation for union
with the ABC fragment 6 reported herein.


Experimental


(2S, 9S, 10S)-(−)-1-Benzyloxy-2,9-bis-(tert-
butyldimethylsilyloxy)-11-(tert-butyldiphenylsilyloxy)-10-
methylundecane-5-one (28)


To a solution of sulfone 13 (0.1 g, 0.23 mmol) in dry THF (1 mL)
at −78 ◦C was added a solution of BuLi (0.15 mL, 1.6 M solution
in hexane, 0.24 mmol). After 30 min, a solution of aldehyde 12
(0.11 g, 0.21 mmol) in dry THF 1.5 mL) was added and the mixture


was stirred for 2.5 h at −78 ◦C. The reaction was quenched with
saturated NH4Cl solution (1 mL), warmed to room temperature
and extracted with Et2O (3 × 5 mL). The combined organic phase
was washed with brine (2 × 3 mL) and dried over MgSO4. The
solvent was removed under reduced pressure to give the crude
mixture that was purified by flash chromatography using hexane–
ethyl acetate (9 : 1) as eluent to afford alcohols 26 as a mixture of
four diastereomers (0.185 g, 88%) as a pale yellow oil.


The mixture of alcohols 26 (0.176 g, 0.19 mmol), Dess–
Martin periodinane24 (0.15 g, 0.37 mmol) and pyridine (0.06 mL,
0.74 mmol) in dry CH2Cl2 (3 mL) was stirred at room temperature
for 5 h. Saturated NH4Cl solution (2 mL) was added and the
organic layer was separated. The aqueous layer was extracted with
CH2Cl2 (3 × 10 mL). The combined organic layers were washed
with brine (2 × 10 mL) and dried over MgSO4. The solvent was
removed under reduced pressure and the residue purified by flash
chromatography using hexane–ethyl acetate (95 : 5) as eluent to
afford sulfones 27 (0.163 g, 93%) as a mixture of diastereomers.


To a stirred solution of sulfones 27 (0.13 g, 0.14 mmol) and
anhydrous Na2HPO4 (0.078 g, 0.55 mmol) in MeOH (2 mL)
was added 10% Na/Hg amalgam (0.1 g) at room temperature.
The reaction mixture was vigorously stirred for 1 h then poured
into saturated NH4Cl solution (4 mL). Residual amalgam was
removed by decantation and the mixture extracted with Et2O (3 ×
10 mL). The combined organic layers were washed with brine
(2 × 15 mL) and dried over NaSO4. The solvent was removed
under reduced pressure. The crude mixture was purified by flash
chromatography using hexane–ethyl acetate (95 : 5) as eluent to
afford the title compound 28 (75 mg, 68%) as a pale yellow oil;
[a]D −2.5◦ (c = 1.4, CHCl3); found: MH+, 805.5079, C47H77O5Si3


requires 805.5079; mmax (cm−1) 1604s (C=O), 1495s, 1460m, 1250w
(Si–O–C); dH (300 MHz, CDCl3) −0.001 (3H, s, Me2


tBuSi), 0.02
(3H, s, Me2


tBuSi), 0.05 (6H, s, Me2
tBuSi), 0.83 (3H, d, J 7.5 Hz,


Me), 0.85 (9H, s, Me2
tBuSi), 0.89 (9H, s, Me2


tBuSi), 1.07 (9H, s,
tBuPh2Si), 1.20–1.98 (7H, m, H-3, H-7, H-8, H-10), 2.37 (2H, t,
J 7.0 Hz, H-6), 2.46 (2H, m, H-4), 3.34–3.41 (2H, m, H-1), 3.48
(1H, dd, J 6.6, 9.8 Hz, H-11A), 3.62 (1H, dd, J 6.6, 9.8 Hz, H-1B),
3.79–3.82 (2H, m, H-2 and H-9), 4.52 (2H, s, CH2Ph), 7.26–7.43
(11H, m, Ph), 7.64–7.70 (4H, m, Ph); dC (75 MHz, CDCl3) −4.8
(CH3, Me2


tBuSi), −4.6 (CH3, Me2
tBuSi), −4.4 (CH3, Me2


tBuSi),
−4.2 (CH3, Me2


tBuSi), 10.7 (CH3, Me), 18.0 (C, Me2
tBuSi), 18.1


(C, Me2
tBuSi), 19.2 (C, Ph2


tBuSi), 20.1 (CH, C-7), 25.7 (CH3,
Me2


tBuSi), 25.8 (CH3, Me2
tBuSi), 26.9 (CH3, Ph2


tBuSi), 28.4 (CH2,
C-3), 34.1 (CH2, C-8), 38.1 (CH2, C-4), 39.9 (CH, C-10), 42.8 (CH2,
C-6), 66.1 (CH2, C-1), 70.4 (CH, C-2), 71.9 (CH, C-9), 73.3 (CH2,
CH2Ph), 74.4 (CH2, C-11), 127.55 (CH, Ph), 127.57 (CH, Ph),
127.6 (CH, Ph), 128.3 (CH, Ph), 128.47 (CH, Ph), 128.5 (CH, Ph),
133.9 (C, Ph), 134.0 (C, Ph), 135.6 (CH, Ph), 138.3 (C, Ph), 210.5
(C, C-5); m/z (FAB) 806 (MH+, 0.24%), 748 (M–tBu, 0.48%), 269
(5%), 135 (CH2CH2OBn, 34%), 91 (CH2Ph, 100%), 73 (76%).


Fig. 6 Comparison of 13C NMR data for 6 and the ABC fragment of PTX7 5.
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(2S, 5S, 7S, 1′′S)-(+)-2-(1′-Benzyloxymethyl)-7-{2′′-(tert-butyl-
diphenylsilyloxy)-1′′-methylethyl}-1,6-dioxaspiro[4.5]decane (29)


A mixture of ketone 28 (0.91 g, 1.13 mmol) and p-toluenesulfonic
acid monohydrate (0.43 g, 2.26 mmol) in toluene (10 mL) was
heated under reflux for 4 h. The brown solution was cooled to room
temperature, diluted with Et2O (20 mL) and washed with brine
(3 × 20 mL). The organic phase was dried over MgSO4 and the
solvent was evaporated under reduced pressure. The crude mixture
was purified by flash chromatography using hexane–ethyl acetate
(95 : 5) as eluent to afford the title compound 29 (0.53 g, 84%) as a
pale yellow oil; [a]D +21.5◦ (c = 0.9, CHCl3) [lit.10 [a]D +13.9◦ (c =
0.9, CHCl3)]; found: M+•, 558.3160; C35H46O4Si requires 558.3165;
mmax (cm−1) 1427w, 1265s (Si–O–C); dH (300 MHz, CDCl3) 0.94
(3H, d, J 6.8 Hz, Me), 1.04 (9H, s, tBuPh2Si), 1.28 (1H, m, H-8A),
1.45–1.69 (7H, m, H-3A, H-4A, H-8B, H-9A, H-10, H-1′′), 1.82
(2H, m, H-4B and H-9B), 2.04 (1H, m, H-3A), 3.48 (3H, m, H-1′


and H-2′′A), 3.66 (1H, dd, J 5.5, 9.9 Hz, H-2′′B), 3.76 (1H, m,
H-7), 4.18 (1H, m, H-2), 4.56 (2H, s, CH2Ph), 7.25–7.43 (11H, m,
Ph), 7.64–7.68 (4H, m, Ph); dC (75 MHz, CDCl3) 12.6 (CH3, Me),
19.3 (C, tBuPh2Si), 20.5 (CH2, C-9), 26.4 (CH2, C-3), 26.9 (CH3,
tBuPh2Si), 28.1 (CH2, C-8), 32.9 (CH2, C-10), 37.3 (CH2, C-4),
40.8 (CH, C-1′′), 66.1 (CH2, C-2′′), 71.1 (CH, C-7), 72.6 (CH2,
C-1′), 73.2 (CH2, CH2Ph), 106.3 (C, C-5), 127.4 (CH, Ph), 127.5
(CH, Ph), 127.6 (CH, Ph), 128.3 (CH, Ph), 129.5 (CH, Ph), 134.1
(C, Ph), 135.6 (CH, Ph), 138.6 (C, Ph); m/z 558 (M+, 0.1%), 501
(M–tBu, 501), 437 (M–OBn, 9%), 91 (CH2Ph, 100%).


(2S, 5S, 7S, 1′′S)-(+)-7-{2′′-(tert-Butyldiphenylsilyloxy)-1′′-
methylethyl}-2-hydroxymethyl-1,6-dioxaspiro[4.5]decane (30)


To a slurry of Raney nickel (washed twice with absolute EtOH)
in absolute EtOH (2 mL) was added a solution of benzyl ether 29
(130 mg, 0.23 mmol) in absolute EtOH (2 mL) and the mixture
was stirred vigorously at 35 ◦C for 2 d. The mixture was then
filtered under nitrogen and the solvent evaporated under reduced
pressure. The residue was purified by flash chromatography using
ethyl acetate–hexane (4 : 1) as eluent to afford the title compound
30 (89 mg, 82%) as a colourless oil; [a]D +31.0◦ (c = 0.75, CHCl3);
found: MH+, 469.2768, C28H41O4Si requires 469.2774; mmax (cm−1)
3434br (OH), 1463m, 1428m,1215s (Si–O–C); dH (300 MHz,
CDCl3) 0.93 (3H, d, J 6.8 Hz, 1′′-Me), 1.05 (9H, s, tBuPh2Si),
1.26 (1H, m, H-8A), 1.53–2.10 (10H, m, H-3, H-4, H-8B, H-9, H-
10, H-1′′), 3.50 (2H, m, H-1′A and H-2′′A), 3.65 (2H, m, H-1′B and
H-2′′B), 3.79 (1H, m, H-7), 4.09 (1H, m, H-2), 7.39 (6H, m, Ph),
7.65 (4H, m, Ph); dC (75 MHz, CDCl3) 12.4 (CH3, Me), 19.3 (C,
tBuPh2Si), 20.6 (CH2, C-9), 25.3 (CH2, C-3), 26.9 (CH3, tBuPh2Si),
28.0 (CH2, C-8), 32.8 (CH2, C-10), 37.9 (CH2, C-4), 40.7 (CH, C-
1′′), 65.0 (CH2, C-1′), 66.0 (CH2, C-2′′), 70.9 (CH, C-7), 77.6 (CH,
C-2), 106.4 (C, C-5), 127.5 (CH, Ph), 129.5 (CH, Ph), 134.1 (C,
Ph), 135.59 (CH, Ph), 135.6 (CH, Ph); m/z (CI) 486 (MH + NH3,
12%), 469 (MH+, 100%), 391 (M–Ph, 53%), 313 (54%), 195 (44%),
127 (41%).


(3S, 6R, 8S, 1′S)-(+)-8-{(2′-tert-Butyldiphenylsilyloxy)-1′-
methylethyl}-3-hydroxy-1,7-dioxaspiro[5.5]undecane (31)


A solution of benzyl ether 29 (130 mg, 0.23 mmol) in ethyl acetate
was stirred with 10% palladium on charcoal (10 mg) under a
balloon of hydrogen for 4.5 h. After removal of the catalyst by


filtration the solvent was evaporated and the residue purified
by flash chromatography using ethyl acetate–hexane (4 : 1) as
eluent to afford 5,6-spiroacetal 30 (80 mg, 75%) for which the
spectroscopic data was in agreement with that reported above and
6,6-spiroacetal 31 (26 mg, 25%) as a colourless oil; [a]D +25.5◦


(c = 0.59, CHCl3); found: MH+, 469.2778, C28H42O4Si requires
469.2774; mmax (cm−1) 3413br (OH), 1427m, 1216s (Si–O–C); dH


(300 MHz, CDCl3) 0.99 (3H, d, J 6.8 Hz, 1′-Me), 1.04 (9H, s,
tBuPh2Si), 1.15–1.82 (12H, m, H-4, H-5, H-9, H-10, H-11, H-
1′, OH), 3.35 (1H, dd, J 10.3, 10.3 Hz, H-2A), 3.50–3.58 (2H,
m, H-2B and H-2′A), 3.64–3.72 (3H, m, H-3, H-8, H-2′B), 7.24–
7.42 (6H, m, Ph), 7.62–7.68 (4H, m, Ph); dC (75 MHz, CDCl3)
12.5 (CH3, Me), 19.1 (CH2, C-10), 19.3 (C, tBuPh2Si), 26.9 (CH3,
tBuPh2Si), 28.1 (CH2, C-9), 28.4 (CH2, C-4), 34.3 (CH2, C-5 or C-
11), 35.0 (CH2, C-11 or C-5), 40.9 (CH, C-1′), 64.7 (CH2, C-2), 65.9
(CH2, C-2′), 66.5 (CH, C-8), 69.6 (CH, C-3), 94.6 (C, C-6), 127.58
(CH, Ph), 127.60 (CH, Ph), 129.5 (CH, Ph), 133.9 (C, Ph), 135.6
(CH, Ph); m/z (CI) 486 (MH+ + NH3, 8%), 469 (MH+, 100%),
411 (M–tBu, 33%), 391 (M–Ph, 56%), 313 (51%), 195 (64%),
127 (57%).


(2S, 5S, 7S, 1′′S)-(+)-7-{2′′-(tert-Butyldiphenylsilyloxy)-1′′-
methylethyl}-2-formyl-1,6-dioxaspiro[4.5]decane (9)


A mixture of alcohol 30 (68 mg, 0.14 mmol), dry pyridine (0.18 mL,
2.18 mmol) and Dess–Martin periodinane24 (120 mg, 0.29 mmol)
was stirred in dry CH2Cl2 (4 mL) at room temperature for 3 h.
Saturated NH4Cl solution (2 mL) was added and the mixture
was extracted with Et2O (3 × 10 mL). The organic layer was
washed with brine (3 × 10 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure and the crude
mixture was purified by flash chromatography using ethyl acetate–
hexane (4 : 1) as eluent to afford the title compound 9 (64 mg,
95%) as a pale yellow oil; [a]D +8.8◦ (c = 0.66, CHCl3) [lit.10 [a]D


+10.0◦ (c = 0.16, CHCl3)]; found: MH+, 467.2618, C28H39O4Si
requires 467.2618; mmax (cm−1) 1735s (C=O), 1463m,1255s (Si–
O–C); dH (300 MHz, CDCl3) 0.91 (3H, d, J 6.8 Hz, 1′′-Me),
1.05 (9H, s, tBuPh2Si), 1.28 (1H, m, H-8A), 1.45–1.79 (6H, m,
H-4A, H-8B, H-9A, H-10, H-1′′), 1.80–1.98 (3H, m, H-3A, H-
4B, H-9B), 2.25 (1H, m, H-3B), 3.50 (1H, dd, J 6.1, 9.9 Hz,
H-2′′A), 3.63 (1H, dd, J 6.1, 9.9 Hz, H-2′′B), 3.87 (1H, m, H-
7), 4.29 (1H, m, H-2), 7.39 (6H, m, Ph), 7.65 (4H, m, Ph), 9.67
(1H, d, J 1.2 Hz, H-1′); dC (75 MHz, CDCl3) 12.1 (CH3, Me),
19.2 (C, tBuPh2Si), 20.4 (CH2, C-9), 25.8 (CH2, C-3), 26.8 (CH3,
tBuPh2Si), 27.8 (CH2, C-8), 32.4 (CH2, C-10), 37.0 (CH2, C-4),
40.5 (CH, C-1′′), 65.8 (CH2, C-2′′), 71.1 (CH, C-7), 81.6 (CH, C-
2), 107.4 (C, C-5), 127.5 (CH, Ph), 129.5 (CH, Ph), 133.9 (C, Ph),
135.52 (CH, Ph), 135.53 (CH, Ph), 202.5 (CH, C-1′); m/z 437 (M–
CHO, 13%), 409 (M–CHO–CO, 46%), 253 (41%), 199 (100%),
125 (65%).


(1′E, 2S, 5R, 7S, 1′′S)-(+)-7′-{2′′-(tert-Butyldiphenylsilyloxy)-1′′-
methylethyl}-2-(2′-ethoxycarbonyl-2′-methyl-1′-propenyl)-1,6-
dioxaspiro[4.5]decane (32)


To a solution of aldehyde 9 (115 mg, 0.25 mmol) in dry CH2Cl2


(3 mL) at 0 ◦C was added ylide 10 (270 mg, 0.74 mmol).
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The yellow solution was stirred at room temperature overnight.
Et2O (10 mL) was added and the solution was washed with brine
(2 × 7 mL) and dried over MgSO4. The solvent was evaporated
under reduced pressure and the crude mixture was purified by
flash chromatography using ethyl acetate–hexane (1 : 9) as eluent
to afford the title compound 32 (130 mg, 99%) as a pale yellow
oil; [a]D +13.7◦ (c = 1.22, CHCl3) [lit.10 [a]D +11.9◦ (c = 0.16,
CHCl3)]; found: M+•, 550.3117, C33H46O5Si requires 550.3115; mmax


(cm−1) 1713s (C=O), 1428m, 1247s (Si–O–C), 1111s; dH (300 MHz,
CDCl3) 0.98 (3H, d, J 6.8 Hz, 1′′-Me), 1.04 (9H, s, tBuPh2Si),
1.29 (4H, m, OCH2CH3 and H-8A), 1.40–1.95 (12H, m, H-3A,
H-4, H-8B, H-9, H-10, H-1′′, 2′-Me), 2.24 (1H, m, H-3B), 3.52
(1H, dd, J 6.5, 9.9 Hz, H-2′′A), 3.67 (1H, dd, J 5.3, 9.9 Hz,
H-2′′B), 3.76 (1H, ddd, J 1.7, 5.1, 11.5 Hz, H-7), 4.18 (2H, q,
J 7.1 Hz, OCH2CH3), 4.72 (1H, q, J 7.6 Hz, H-2), 6.74 (1H,
dq, J 1.4, 7.6 Hz, H-1′), 7.37 (6H, m, Ph), 7.65 (4H, m, Ph);
dC (75 MHz, CDCl3) 12.5 (CH3, 1′′-Me), 12.9 (CH3, OCH2CH3),
14.3 (CH3, 2′-Me), 19.3 (C, tBuPh2Si), 20.5 (CH2, C-9), 26.9 (CH3,
tBuPh2Si), 28.0 (CH2, C-8), 30.4 (CH2, C-3), 33.0 (CH2, C-10),
37.9 (CH2, C-4), 40.8 (CH, C-1′′), 60.6 (CH2, OCH2CH3), 66.2
(CH2, C-2′′), 71.4 (CH, C-7), 73.8 (CH, C-2), 106.5 (C, C-5), 127.6
(CH, Ph), 128.7 (C, C-2′), 129.5 (CH, Ph), 134.1 (C, Ph), 135.58
(CH, Ph), 135.60 (CH, Ph), 141.9 (CH, C-1′), 167.9 (C, C-3′);
m/z 550 (M+•, 100%), 493 (M–tBu, 34%), 415 (14%), 277 (46%),
199 (100%).


(1′E, 2S, 5R, 7S, 1′′S)-(+)-7′-{2′′-(tert-Butyldiphenylsilyloxy)-1′′-
methylethyl}-2-(3′-hydroxy-1′-propenyl)-1,6-dioxaspiro[4.5]decane
(33)


To a solution of ester 32 (120 mg, 0.22 mmol) in dry CH2Cl2


(3 mL) at −78 ◦C was added a solution of di-iso-butylaluminium
hydride (0.36 mL, 20% solution in toluene, 0.44 mmol) and the
resulting solution was stirred at −78 ◦C for 45 min. An aqueous
solution of potassium sodium tartrate tetrahydrate (2 mL) was
added and the mixture was warmed to room temperature and
stirred until both phases became clear. The aqueous phase was
extracted with Et2O (3 × 10 mL) and the combined organic
extracts were dried over MgSO4. Removal of the solvent under
reduced pressure followed by flash chromatography using ethyl
acetate–hexane (4 : 1) as eluent afforded the title compound 33
(100 mg, 91%) as a colourless oil; [a]D +29.1 (c = 0.95, CHCl3) [lit.10


[a]D +9.0◦ (c = 0.19, CHCl3)]; found: M+•, 508.3003, C31H44O4Si
requires 508.3009; mmax (cm−1) 3411br (OH), 1427m, 1221m (Si–
O–C), 1112s; dH (300 MHz, CDCl3) 1.01 (3H, d, J 6.8 Hz, 1′′-Me),
1.05 (9H, s, tBuPh2Si), 1.26 (1H, m, H-8A), 1.50–1.95 (12H, m,
H-3A, H-4, H-8B, H-9, H-10, H-1′′, 2′-Me), 2.10 (1H, m, H-3B),
3.56 (1H, dd, J 6.6, 9.9 Hz, H-2′′A), 3.67 (1H, dd, J 5.0, 9.9 Hz,
H-2′′B), 3.76 (1H, ddd, J 1.7, 5.1, 11.5 Hz, H-7), 3.99 (2H, s, H-3′),
4.69 (1H, q, J 7.6 Hz, H-2), 5.49 (1H, dq, J 1.4, 7.6 Hz, H-1′),
7.37 (6H, m, Ph), 7.66 (4H, m, Ph); dC (75 MHz, CDCl3) 12.8
(CH3, 1′′-Me), 14.0 (CH3, 2′-Me), 19.3 (C, tBuPh2Si), 20.5 (CH2,
C-9), 26.9 (CH3, tBuPh2Si), 28.1 (CH2, C-8), 30.7 (CH2, C-3), 33.1
(CH2, C-10), 38.1 (CH2, C-4), 40.8 (CH, C-1′′), 66.3 (CH2, C-2′′),
68.0 (CH2, C-3′), 71.5 (CH, C-7), 73.4 (CH, C-2), 106.0 (C, C-5),
126.0 (CH, C-1′), 127.5 (CH, Ph), 129.4 (CH, Ph), 134.0 (C, Ph),
135.56 (CH, Ph), 135.58 (CH, Ph), 138.1 (C, C-2′); m/z 508 (M+•,
0.8%), 451 (M–tBu, 14%), 433 (M–tBu–H2O, 12%), 309 (22%),
199 (100%).


(2S, 5S, 7S, 1′S, 2′S, 1′′S)-(+)-7-{2′′-(tert-Butyldiphenylsilyloxy)-
1′′-methylethyl}-2-(1′,2′-epoxy-3′-hydroxy-2′-methylprop-1′-yl)-
1,6-dioxaspiro[4.5]decane (34)


To a suspension of activated 4 Å molecular sieves (ca. 50 mg) in
dry CH2Cl2 (0.5 mL) at −20 ◦C was added (+)-diethyl L-tartrate
(0.8 lL, 4.7 lmol) followed by titanium(IV) tetraisopropoxide
(1 lL, 3.9 lmol). After 5 min, anhydrous tert-butylhydroperoxide
(16 lL, 0.08 mmol) was added dropwise maintaining the tem-
perature of the mixture at −20 ◦C. The resulting complex was
stirred at −20 ◦C for 30 min then a solution of allylic alcohol 33
(20 mg, 0.04 mmol) in dry CH2Cl2 (0.5 mL) was slowly added. The
mixture was stirred for 4 h at −20 ◦C then warmed to 0 ◦C for
5 min. Water (ca. 0.2 mL) was added and the mixture was stirred
at room temperature for 30 min. 30% NaOH saturated with NaCl
(ca. 1 mL) was added and the mixture was vigorously stirred for
15 min to hydrolyze the tartrate. The mixture was extracted with
CH2Cl2 (3 × 10 mL) and the combined organic extracts were
dried over MgSO4. The solvent was evaporated under reduced
pressure and the excess peroxide removed azeotropically with
toluene. The crude mixture was purified by flash chromatography
using hexane–ethyl acetate (3 : 1) as eluent to give the title
compound 34 (15 mg, 71%) as a pale yellow oil; [a]D +16.5◦ (c =
0.98, CHCl3) [lit. [a]D +13.2◦ (c = 0.42, CHCl3)]; found: MH+,
525.3050, C31H45O5Si requires 525.3036; mmax (cm−1) 3436br (OH),
1427m, 1112s (Si–O–C); dH (300 MHz, CDCl3) 0.97 (3H, d, J
6.8 Hz, 1′′-Me), 1.04 (9H, s, tBuPh2Si), 1.25 (1H, m, H-8A), 1.29
(3H, s, 2′-Me), 1.48–1.95 (9H, m, H-3A, H-4, H-8B, H-9, H-10,
H-1′′), 2.24 (1H, m, H-3B), 2.98 (1H, d, J 8.0, H-1′), 3.53 (1H,
dd, J 6.1, 9.9 Hz, H-2′′A), 3.62 (2H, m, H-3′A and H-2′′B), 3.67
(2H, m, H-3′B and H-7), 3.82 (1H, m, H-2), 7.39 (6H, m, Ph),
7.64 (4H, m, Ph); dC (75 MHz, CDCl3) 12.9 (CH3, 1′′-Me), 14.3
(CH3, 2′-Me), 19.3 (C, tBuPh2Si), 20.5 (CH2, C-9), 26.9 (CH3,
tBuPh2Si), 28.1 (CH2, C-8), 28.2 (CH2, C-3), 32.8 (CH2, C-10),
37.3 (CH2, C-4), 40.8 (CH, C-1′′), 61.2 (CH, C-1′), 61.4 (C, C-2′),
65.2 (CH2, C-3′), 66.1 (CH2, C-2′′), 71.6 (CH, C-7), 75.0 (CH,
C-2), 106.5 (C, C-5), 127.6 (CH, Ph), 129.5 (CH, Ph), 134.0 (C,
Ph), 135.6 (C, Ph); m/z (CI) 525 (MH+, 4%), 507 (M–OH, 32%),
467 (M–tBu, 100%).


(2S, 5S, 7S, 1′S, 2′S, 1′′S)-(+)-7-{2′′-(tert-
Butyldiphenylsilyloxy)-1′′-methylethyl}-2-(1′,2′-epoxy-3′-iodo-2′-
methylprop-1′-yl)-1,6-dioxaspiro[4.5]decane (35)


To a solution of alcohol 34 (10 mg, 0.02 mmol) in dry THF
(1 mL) at 0 ◦C was added dry triethylamine (3 lL, 0.02 mmol)
followed by methanesulfonyl chloride (2 lL, 0.02 mmol). After
1 h, the mixture was filtered, NaI (4 mg, 0.03 mmol) and NaHCO3


(6 mg, 0.08 mmol) were added to the filtrate. The resulting yellow
mixture was heated under reflux for 24 h. The mixture was filtered
to remove the precipitate and the filtrate was concentrated under
reduced pressure. The residue was dissolved in Et2O (10 mL),
washed with saturated Na2S2O3 (5 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure. The crude mixture
was purified by flash chromatography using hexane–ethyl acetate
(9 : 1) as eluent to give the title compound 35 (10 mg, 83%) as a
yellow oil; [a]D +21.3◦ (c = 1.1, CHCl3); found: MH+, 635.2052,
C31H44IO4Si requires 635.2054; mmax (cm−1) 1427m, 1387m, 1265s
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(Si–O–C); dH (300 MHz, CDCl3) 0.96 (3H, d, J 6.8 Hz, 1′′-Me),
1.04 (9H, s, tBuPh2Si), 1.25 (1H, m, H-8A), 1.42 (3H, s, 2′-Me),
1.48–1.95 (9H, m, H-3A, H-4, H-8B, H-9, H-10, H-1′′), 2.24 (1H,
m, H-3B), 2.88 (1H, d, J 7.8, H-1′), 3.14 (1H, d, J 10.1 Hz, H-3′A),
3.28 (1H, d, J 10.1 Hz, H-3′B), 3.51 (1H, dd, J 6.1, 9.9 Hz, H-
2′′A), 3.61 (1H, dd, J 5.1, 9.9 Hz, H-2′′B), 3.65–3.77 (2H, m, H-2
and H-7), 7.34–7.44 (6H, m, Ph), 7.64 (4H, m, Ph); dC (100 MHz,
CDCl3) 12.8 (CH3, 1′′-Me), 14.1 (CH2, C-3′), 16.6 (CH3, 2′-Me),
19.3 (C, tBuPh2Si), 20.5 (CH2, C-9), 26.9 (CH3, tBuPh2Si), 28.0
(CH2, C-8), 28.04 (CH2, C-3), 32.9 (CH2, C-10), 37.3 (CH2, C-4),
40.7 (CH, C-1′′), 60.2 (C, C-2′), 66.0 (CH2, C-2′′), 67.9 (CH, C-
1′), 71.6 (CH, C-7), 75.7 (CH, C-2), 106.6 (C, C-5), 127.6 (CH,
Ph), 129.5 (CH, Ph), 133.9 (C, Ph), 135.6 (CH, Ph); m/z (CI)
635 (MH+, 17%), 577 (M–tBu, 11%), 437 (100%), 379 (67%),
199 (96%), 181 (68%).


(2S, 5S, 7S, 1′R, 1′′S)-(+)-7-{2′′-(tert-Butyldiphenylsilyloxy)-
1′′-methylethyl}-2-(1′-hydroxy-2′-methyl-2′-propen-1′-yl)-1,6-
dioxaspiro[4.5]decane (37)


To a solution of acetylene 1127 (17 mg, 0.12 mmol) in dry THF
(1.5 mL) at −78 ◦C was added BuLi (0.07 mL, 1.6 M solution
in hexane, 0.11 mmol). After 45 min, hexamethylphosphoramide
(0.02 mL, 0.11 mmol) was added followed by a solution of iodide
35 (15 mg, 0.02 mmol) in dry THF (1 mL). The mixture was stirred
at −78 ◦C for 15 min and then at room temperature overnight.
Saturated NH4Cl solution (1 mL) was added and the mixture was
extracted with Et2O (3 × 5 mL). The combined organic phase
was washed with brine (2 × 5 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure and the crude
mixture was purified by flash chromatography using hexane–ethyl
acetate (9 : 1) as eluent to give the title compound 37 (8.7 mg,
86%) as a pale yellow oil; [a]D +34.4◦ (c = 0.8, CHCl3); found:
MH+, 509.3093, C31H45O4Si requires 509.3087; mmax (cm−1) 3468br
(OH), 1428s, 1224m; dH (400 MHz, CDCl3) 0.94 (3H, d, J 6.8 Hz,
1′′-Me), 1.05 (9H, s, tBuPh2Si), 1.25 (1H, m, H-8A), 1.48–1.87
(13H, m, H-3, H-4, H-8B, H-9, H-10, H-1′′, 2′-Me), 2.17 (1H,
br, OH), 3.51 (1H, dd, J 6.1, 9.9 Hz, H-2′′A), 3.67 (1H, dd, J
5.1, 9.9 Hz, H-2′′B), 3.82 (1H, ddd, J 1.9, 5.6, 11.6 Hz, H-7),
4.16 (1H, m, H-2), 4.25 (1H, br, H-1′), 4.89 (1H, d, J 1.3 Hz, H-
3′A), 5.08 (1H, br, H-3′B), 7.34–7.44 (6H, m, Ph), 7.64 (4H, m,
Ph); dC (100 MHz, CDCl3) 12.3 (CH3, 1′′-Me), 19.3 (C, tBuPh2Si),
19.7 (CH3, 2′-Me), 20.5 (CH2, C-9), 22.5 (CH2, C-3), 26.9 (CH3,
tBuPh2Si), 28.0 (CH2, C-8), 32.9 (CH2, C-10), 38.0 (CH2, C-4),
40.7 (CH, C-1′′), 66.0 (CH2, C-2′′), 70.9 (CH, C-7), 74.5 (CH, C-
1′), 78.7 (CH, C-2), 106.5 (C, C-5), 111.0 (CH2, C-3′), 127.6 (CH,
Ph), 129.5 (CH, Ph), 133.9 (C, Ph), 135.6 (CH, Ph), 143.3 (C, C-2′);
m/z 508 (M+•, 0.05%), 451 (M–tBu, 40%), 437 (M–tBu–CH2, 31%),
199 (100%).


(1′E, 2S, 5R, 7S, 1′′S)-(+)-2-(6′-Benzyloxy-2′-methyl-1′-hexen-4′-
yn-1′-yl)-7-{2′′-(tert-butyldiphenylsilyloxy)-1′′-methylethyl}-1,6-
dioxaspiro[4.5]decane 8 and (1′Z, 2S, 5R, 7S, 1′′S)-(+)-2-(6′-
benzyloxy-2′-methyl-1′-hexen-4′-yn-1′-yl)-7-{2′′-(tert-
butyldiphenylsilyloxy)-1′′-methylethyl}-1,6-dioxaspiro[4.5]decane
(40)


To a solution of alcohol 33 (96 mg, 0.19 mmol) in dry THF
(2 mL) at 0 ◦C was added dry triethylamine (0.028 mL,


0.20 mmol) followed by methanesulfonyl chloride (0.015 mL,
0.19 mmol). After stirring for 20 min at 0 ◦C, the mixture
was filtered and washed with dry THF. To the filtrate was
added sodium iodide (31 mg, 0.21 mmol) and the yellow
mixture was stirred at room temperature for 2 h. The mixture
was then filtered to remove the precipitate and the solvent
was removed under reduced pressure. The resulting unstable
iodide 39 (110 mg) was used directly without further
purification.


To a solution of acetylene 1127 (57 mg, 0.39 mmol) in dry
THF (1.5 mL) at −78 ◦C was added BuLi (0.27 mL, 1.6 M
solution in hexane, 0.43 mmol). After 45 min, iodide 39 (110 mg)
in dry THF (2 mL) was added. The mixture was stirred at −78 ◦C
for 1 h then transferred to an ice-bath and stirred overnight.
Saturated NH4Cl (1 mL) was added and the mixture extracted
with Et2O (3 × 5 mL). The combined organic phase was washed
with brine (3 × 5 mL) and dried over MgSO4. The solvent was
evaporated at reduced pressure and the mixture was purified by
flash chromatography using hexane–ethyl acetate (95 : 5) as eluent
to give (E)-enyne 8 (68 mg, 56%) and (Z)-enyne 40 (22 mg,
18%) both as colourless oils; 8: [a]D +12.8◦ (c = 1.38, CHCl3);
found: M+•, 636.3627, C41H52O4Si requires 636.3635; mmax (cm−1)
1455m, 1427s; dH (300 MHz, CDCl3) 1.02 (3H, d, J 6.9 Hz, 1′′-
Me), 1.04 (9H, s, tBuPh2Si), 1.21 (1H, m, H-8A), 1.50–1.91 (12H,
m, H-3A, H-4, H-8B, H-9, H-10, 2′-Me, H-1′′), 2.11 (1H, m, H-
3B), 2.96 (2H, s, H-3′), 3.54 (1H, dd, J 6.5, 9.9 Hz, H-2′′A), 3.67
(1H, dd, J 4.8, 9.9 Hz, H-2′′B), 3.78 (1H, ddd, J 1.7, 5.1, 11.5 Hz,
H-7), 4.19 (2H, t, J 1.9 Hz, H-6′), 4.60 (2H, s, CH2Ph), 4.67
(1H, q, J 7.6 Hz, H-2), 5.52 (1H, dq, J 1.1, 7.6 Hz, H-1′), 7.24–
7.43 (11H, m, Ph), 7.65 (4H, m, Ph); dC (75 MHz, CDCl3) 12.9
(CH3, 1′′-Me), 16.6 (CH3, 2′-Me), 19.3 (C, tBuPh2Si), 20.5 (CH2,
C-9), 26.8 (CH3, tBuPh2Si), 28.0 (CH2, C-8), 28.9 (CH2, C-3′),
30.7 (CH2, C-3), 33.1 (CH2, C-10), 38.1 (CH2, C-4), 40.8 (CH,
C-1′′), 57.7 (CH2, C-6′), 66.2 (CH2, C-2′′), 71.3 (CH2, CH2Ph),
71.5 (CH, C-7), 73.6 (CH, C-2), 78.3 (C, C-4′), 83.9 (C, C-5′)
106.0 (C, C-5), 127.1 (CH, C-1′), 127.5 (CH, Ph), 127.8 (CH,
Ph), 128.1 (CH, Ph), 128.4 (CH, Ph), 129.5 (CH, Ph), 133.7 (C,
Ph), 134.0 (C, Ph), 135.56 (CH, Ph), 135.58 (CH, Ph), 137.6
(C, C-2′); m/z 636 (M+•, 0.4%), 579 (M–tBu, 8%), 199 (68%),
91 (CH2Ph, 100%).


40: [a]D +47.8◦ (c = 0.97, CHCl3); found: M+•, 636.3636,
C41H52O4Si requires 636.3635; mmax (cm−1) 1428m, 1220m; dH


(300 MHz, CDCl3) 1.01 (3H, d, J 6.8 Hz, 1′′-Me), 1.05 (9H, s,
tBuPh2Si), 1.26 (1H, m, H-8A), 1.45–1.92 (12H, m, H-3A, H-4,
H-8B, H-9, H-10, 2′-Me, H-1′′), 2.13 (1H, m, H-3B), 2.88 (1H, m,
H-3′A), 3.10 (1H, m, H-3′B), 3.53 (1H, dd, J 6.5, 9.9 Hz, H-2′′A),
3.64–3.77 (2H, m, H-7 and H-2′′B), 4.14 (2H, t, J 2.0 Hz, H-6′),
4.57 (2H, s, CH2Ph), 4.63 (1H, m, H-2), 5.31 (1H, d, J 8.4 Hz, H-
1′), 7.24–7.41 (11H, m, Ph), 7.66 (4H, m, Ph); dC (75 MHz, CDCl3)
13.0 (CH3, 1′′-Me), 19.3 (C, tBuPh2Si), 20.5 (CH2, C-9), 22.0 (CH2,
C-3′), 26.9 (CH3, tBuPh2Si), 28.0 (CH2, C-8), 28.9 (CH2, C-3′), 30.9
(CH2, C-3), 33.2 (CH2, C-10), 38.1 (CH2, C-4), 40.8 (CH, C-1′′),
57.7 (CH2, C-6′), 66.1 (CH2, C-2′′), 71.3 (CH2, CH2Ph), 71.7 (CH,
C-7), 73.5 (CH, C-2), 76.3 (C, C-4′), 84.3 (C, C-5′), 106.0 (C, C-5),
127.2 (CH, C-1′), 127.5 (CH, Ph), 127.7 (CH, Ph), 127.9 (CH,
Ph), 128.0 (CH, Ph), 128.37 (CH, Ph), 128.43 (CH, Ph), 129.5
(CH, Ph), 134.0 (C, Ph), 134.03 (C, Ph), 135.6 (CH, Ph), 137.6
(C, C-2′); m/z 636 (M+•, 0.6%), 579 (M–tBu, 4%), 199 (64%), 91
(CH2Ph, 100%).
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(2S, 5S, 7S, 1′S, 2′S, 1′′S)-2-(6′-Benzyloxy-1′,2′-epoxy-2′-
methylhex-4′-yn-1′-yl)-7-{2′′-(tert-butyldiphenylsilyloxy)-1′′-
methylethyl}-1,6-dioxaspiro[4.5]decane (syn-epoxide 36) and (2S,
5S, 7S, 1′R, 2′R, 1′′S)-2-(6′-benzyloxy-1′-epoxy-2′-methylhex-4′-
yn-1′yl)-7-{2′′-(tert-butyldiphenylsilyloxy)-1′′-
methylethyl}-1,6-dioxaspiro[4.5]decane (anti-
epoxide 42)


(E)-Enyne 8 (0.02 mmol) was dissolved in a mixture of CH3CN–
DMM (0.3 mL, 1 : 2 v/v). A solution of buffer [0.05 M of
Na2B4O7·10H2O in 4 × 10−4 M of Na2(EDTA)] (0.2 mL) was
added followed by tetrabutylammonium sulfate (0.02 mmol) and
ketone 41 or ent-41 (0.06 mmol). After cooling to −10 ◦C, a
solution of oxone (0.1 mmol) in 4 × 10−4 M Na2(EDTA) (0.3 mL)
and a solution of K2CO3 (0.3 mmol) in water (0.3 mL) were added
dropwise simultaneously over 40 min. After the last addition, the
mixture was stirred for 1 h. Water was added and the mixture was
extracted with diethyl ether (3 × 3 mL). The combined organic
extracts were washed with brine (3 × 1 mL) and dried over
MgSO4. The solvent was evaporated and the mixture was purified
by flash chromatography using hexane–ethyl acetate (9 : 1) as
eluent.


Using ketone ent-41 derived from D-fructose afforded a
1 : 8 mixture of syn-epoxide 36 : anti-epoxide 42 in 52%
yield.


Using ketone 41 derived from L-fructose afforded a 5.5 :
1 mixture of syn-epoxide 36 : anti-epoxide 42 in 37%
yield.


syn-Epoxide 36 and anti-epoxide 42, colourless oil; found: M+•,
652.3589, C41H52O5Si requires 652.3584; mmax (cm−1) 1428m, 1265m
(Si–O–C); dH (300 MHz, CDCl3)§ 0.94 (1.35H, d, J 6.7 Hz, 1′′-
Me*), 0.96 (1.65H, d, J 6.7 Hz, 1′′-Me), 1.036 (4.95H, s, tBuPh2Si),
1.043 (4.05H, s, tBuPh2Si*), 1.20 (1H, m, H-8A), 1.35 (1.65H, s,
2′-Me), 1.37 (1.35H, s, 2′-Me*), 1.59–1.90 (9H, m, H-3A, H-4,
H-8B, H-9, H-10, H-1′′), 2.18 (1H, m, H-3B), 2.59 (2H, m, H-
3′), 2.89 (0.55H, d, J 8.0 Hz, H-1′), 2.92 (0.45H, d, J 7.7 Hz,
H-1′*), 3.48 (1H, m, H-2′′A), 3.58–3.84 (3H, m, H-2, H-7, H-
2′′B), 4.17 (2H, m, H-6′), 4.58 (1.1H, s, CH2Ph), 4.59 (0.9H, s,
CH2Ph*), 7.26–7.42 (11H, m, Ph), 7.65 (4H, m, Ph); dC (75 MHz,
CDCl3) 12.6 (CH3, 1′′-Me), 12.9 (CH3, 1′′-Me*), 16.9 (CH3, 2′-Me),
17.3 (CH3, 2′-Me), 19.3 (C, tBuPh2Si), 20.36 (CH2, C-9), 20.42
(CH2, C-9*), 26.85 (CH3, tBuPh2Si), 26.87 (CH3, tBuPh2Si*), 27.0
(CH2, C-3), 27.9 (CH2, C-3*), 28.05 (CH2, C-8), 28.09 (CH2, C-
8*), 28.6 (CH2, C-3′), 29.1 (CH2, C-3′*), 32.8 (CH2, C-10), 32.9
(CH2, C-10*), 37.3 (CH2, C-4), 37.5 (CH2, C-4*), 40.7 (CH, C-
1′′), 57.6 (CH2, C-6′), 58.1 (C, C-2′), 59.5 (C, C-2′*), 63.8 (CH,
C-1′), 64.6 (CH, C-1′*), 66.03 (CH2, C-2′′), 66.07 (CH2, C-2′′*),
71.36 (CH2, CH2Ph), 71.44 (CH2, CH2Ph*), 71.6 (CH, C-7),
75.2 (CH, C-2), 76.7 (CH, C-2*), 78.4 (C, C-4′), 78.5 (C, C-4′*),
81.8 (C, C-5′), 81.9 (C, C-5′*), 106.5 (C, C-5), 106.8 (C, C-5*),
127.5 (CH, Ph), 127.6 (CH, Ph), 127.80 (CH, Ph), 127.84 (CH,
Ph), 128.0 (CH, Ph), 128.1 (CH, Ph), 128.4 (CH, Ph), 128.42
(CH, Ph), 129.4 (CH, Ph), 129.5 (CH, Ph), 133.9 (C, Ph), 133.95
(C, Ph), 134.0 (C, Ph), 134.1 (C, Ph), 135.6 (CH, Ph), 137.5
(C, Ph); m/z 652 (M+•, 0.2%), 595 (M–tBu, 5%), 379 (20%),
199 (81%), 181 (57%), 135 (41%), 91 (CH2Ph, 100%).


§ Resonances assigned with the anti-epoxide 42 are designated with an
asterisk *.


(4′Z, 2S, 5S, 7S, 1′S, 2′S, 1′′S)-2-(6′-Benzyloxy-1′,2′-epoxy-2′-
methylhex-4′-en-1′-yl)-7-{2′′-(tert-butyldiphenylsilyloxy)-1′′-
methylethyl}-1,6-dioxaspiro[4.5]decane (syn-epoxide 43) and (4′Z,
2S, 5S, 7S, 1′R, 2′R, 1′′S)-2-(6′-benzyloxy-1′,2′-epoxy-2′-
methylhex-4′-en-1′-yl)-7-{2′′-(tert-butyldiphenylsilyloxy)-1′′-
methylethyl}-1,6-dioxaspiro[4.5]decane (anti-epoxide 44)


A mixture of epoxides 36 and 42 (14 mg, 0.04 mmol, syn-
epoxide 36 : anti-epoxide 42 = 5.5 : 1), Lindlar catalyst (1–2 mg)
and triethylamine (0.1 mL) in hexane (1.5 mL) was stirred
under an atmosphere of hydrogen (balloon pressure) for 50 min.
The progress of the reaction was monitored by 1H NMR. The
mixture was filtered through a pad of Celite R© and the solvent
was evaporated under reduced pressure. The crude mixture was
purified by flash chromatography using hexane–ethyl acetate (9 :
1) as eluent to give the title compounds (12 mg, 91%) as an
inseparable 5.5 : 1 mixture of syn-epoxide 43 : anti-epoxide 44;
found: MH+, 655.3821, C41H55O5Si requires 655.3819; mmax (cm−1)
1458m, 1265s (Si–O–C); dH (300 MHz, CDCl3)¶ 0.94 (1.07H, d, J
6.7 Hz, 1′′-Me*), 0.96 (1.93H, d, J 6.7 Hz, 1′′-Me), 1.03 (5.79H, s,
tBuPh2Si), 1.04 (3.21H, s, tBuPh2Si*), 1.18–1.27 (4H, m, H-8A,
2′-Me), 1.45–1.93 (9H, m, H-3A, H-4, H-8B, H-9, H-10, H-1′′),
2.04–2.42 (3H, m, H-3B and H-3′), 2.69 (0.64H, d, J 8.0 Hz, H-1′),
2.74 (0.36H, d, J 7.7 Hz, H-1′*), 3.45–3.82 (4H, m, H-2, H-7, H-2′′),
4.06 (2H, m, H-6′), 4.51 (2H, s, CH2Ph), 5.53–5.67 (1H, m, H-5′),
5.71–5.82 (1H, m, H-4′), 7.26–7.42 (11H, m, Ph), 7.65 (4H, m,
Ph); dC (75 MHz, CDCl3) 12.7 (CH3, 1′′-Me), 12.9 (CH3, 1′′-Me*),
17.0 (CH3, 2′-Me), 17.5 (CH3, 2′-Me*), 19.3 (C, tBuPh2Si), 20.3
(CH2, C-9), 20.4 (CH2, C-9*), 26.85 (CH3, tBuPh2Si), 26.87 (CH3,
tBuPh2Si*), 26.9 (CH2, C-3), 27.9 (CH2, C-3*), 28.08 (CH2, C-8),
28.10 (CH2, C-8*), 32.9 (CH2, C-10), 36.1 (CH2, C-3′), 36.6 (CH2,
C-3′*), 37.3 (CH2, C-4), 37.5 (CH2, C-4*), 40.7 (CH, C-1′′), 59.2
(C, C-2′), 60.9 (C, C-2′*), 63.9 (CH, C-1′), 64.5 (CH, C-1′*), 65.7
(CH2, C-6′), 66.03 (CH2, C-2′′), 66.09 (CH2, C-2′′*), 71.49 (CH,
C-7), 71.53 (CH, C-7*), 72.2 (CH2, CH2Ph), 72.3 (CH2, CH2Ph*),
75.3 (CH, C-2), 76.8 (CH, C-2*), 106.4 (C, C-5), 106.7 (C, C-5*),
127.49 (CH, Ph), 127.54 (CH, Ph), 127.55 (CH, Ph), 127.6 (CH,
C-4′), 127.6 (CH, C-4′*), 127.80 (CH, Ph), 128.4 (CH, Ph), 129.0
(CH, C-5′), 129.2 (CH, C-5′*), 129.3 (CH, Ph), 129.4 (CH, Ph),
129.5 (CH, Ph), 133.9 (C, Ph), 133.96 (C, Ph), 134.1 (C, Ph), 135.6
(CH, Ph), 138.16 (C, Ph), 138.24 (C, Ph); m/z (FAB) 655 (MH+,
3%), 437 (16%), 199 (25%), 91 (CH2Ph, 82%).


(2S, 5S, 7S, 1′S, 2′′R, 4′′S, 5′′R, 1′′′′S)-(+)-2-[5′′-
Benzyloxymethyl-4′′-hydroxy-2′′-methyltetrahydrofur-2′′-yl)-
hydroxymethyl]-7-{2′′′′-(tert-butyldiphenylsilyloxy)-1′′′′-
methylethyl}-1,6-dioxaspiro[4.5]decane (6)


To a 5.5 : 1 mixture of syn-epoxide 43 : anti-epoxide 44 (10 mg,
15.2 lmol) in acetone–H2O (0.5 mL, 5 : 1 v/v) at room temperature
was added OsO4 (50 lL, 2.5wt% in tBuOH). The mixture was
left at room temperature for 18 h. Saturated Na2S2O3 solution
(0.5 mL) was added and the mixture stirred vigorously for 45 min
at room temperature. The mixture was extracted with CH2Cl2


(5 × 1 mL) and dried over MgSO4. The solvent was evaporated
under reduced pressure and the crude mixture was purified by flash
chromatography using hexane–ethyl acetate (7 : 3) as eluent to give


¶Resonances assigned with the anti-epoxide 44 are designated with an
asterisk *.
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ABC spiroacetal 6 (5.8 mg, 70%) as a colourless oil; [a]D +23.5◦


(c = 0.13, CHCl3); found: M+•, 688.3792, C41H56O7Si requires
688.3795; mmax (cm−1) 3444 br (OH), 1427m, 1362s, 1262s; dH


(300 MHz, CDCl3) 0.99 (3H, d, J 6.7 Hz, 1′′′′-Me), 1.05 (9H, s,
tBuPh2Si), 1.25 (1H, m, H-8A), 1.42 (3H, s, 2′′-Me), 1.44–2.21
(11H, m, H-3, H-4, H-8B, H-9, H-10, H-3′′A, H-1′′′′), 2.41 (1H,
dd, J 7.6, 13.3 Hz, H-3′′B), 3.45 (1H, d, J 7.6 Hz, H-1′), 3.48–
3.65 (5H, m, H1′′′, H-7, H-2′′′′), 3.80 (1H, q, J 7.0 Hz, H-2), 3.97
(1H, q, J 3.7 Hz, H-5′′), 4.32 (1H, m, H-4′), 4.56 (2H, AB, JAB


12.3 Hz, CH2Ph), 7.27–7.42 (11H, m, Ph), 7.64–7.67 (4H, m, Ph);
dC (75 MHz, CDCl3) 12.9 (CH3, 1′′′′-Me), 19.4 (C, tBuPh2Si), 20.6
(CH2, C-9), 25.6 (CH3, 2′′-Me), 26.9 (CH3, tBuPh2Si), 27.3 (CH2,
C-3), 28.1 (CH2, C-8), 33.2 (CH2, C-10), 37.1 (CH2, C-4), 40.2
(CH2, C-3′′), 40.8 (CH, C-1′′′′), 66.2 (CH2, C-1′′′), 69.7 (CH2, C-
2′′′′), 71.7 (CH, C-7), 73.4 (CH2, CH2Ph), 74.1 (CH, C-4′′), 77.4
(CH, C-2), 78.1 (CH, C-1′), 83.2 (CH, C-5′′), 86.5 (C, C-2′′), 106.2
(C, C-5), 127.6 (CH, Ph), 127.8 (CH, Ph), 127.82 (CH, Ph), 128.5
(CH, Ph), 129.5 (CH, Ph), 134.1 (C, Ph), 135.6 (CH, Ph), 137.6
(C, Ph); m/z 688 (M+•, 0.2%), 631 (9%), 221 (52%), 199 (49%), 91
(CH2Ph, 100%).
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The modified small pore size zeolite E4a has been found to be
an efficient catalyst for the synthesis of isochromans via the
oxa-Pictet–Spengler reaction. This method is simple, cheap,
environmentally-friendly and gives the isochromans in high
yield.


The oxa-Pictet–Spengler reaction is the oxygen analogue of the
Pictet–Spengler reaction. While in the Pictet–Spengler reaction a
b-phenylethylamine derivative reacts with a carbonyl compound,
generating an imine (Schiff’s base), which undergoes cyclization
via an intramolecular electrophilic aromatic substitution yielding
an isoquinoline derivative,1 in the oxa-Pictet–Spengler reaction
a 2-phenylethanol derivative reacts with an aldehyde or a ketone
to give an isochroman (3,4-dihydro-1H-benzo[c]pyrane) structure.
This reaction was reported for the first time by Wunsch and Zott
in 1992.2 The authors used ZnCl2 and HCl gas, 2–3 equivalents
p-toluenesulfonic acid or Lewis acids (TiCl4, AlCl3, SnCl4) as
catalyst, dioxane, nitrobenzene or benzene as solvent, and high
reaction temperatures. This method has some disadvantages:
harmful, not recoverable catalysts and long reaction times (24–
66 h).


There are some new methods in the literature for the oxa-Pictet–
Spengler reaction, for example the use of catalytic amounts of p-
toluenesulfonic acid in methanol at 4 ◦C,3 oleic acid in methanol at
21 ◦C, or using dehydrating agents (molecular sieves or anhydrous
Na2SO4) beside the catalyst.4 But these methods also require long
reaction times (48 h for ketones and 24 h for aldehydes; and
one week in the case of oleic acid catalyst). Using HCl gas as
catalyst in dioxane, the reaction time was only one hour.5


The application of solid acids and bases (natural and modified
clay minerals, montmorillonites, zeolites, mixed oxides, layered
double hydroxides) as efficient catalysts in organic synthesis has
been widely studied.6 They are important from the environmental
point of view, because they produce less waste, but have excellent
activity and selectivity even on industrial scales, and in most cases
these substances can be recovered from the reaction mixtures and
reused with good results.


Ersorb-4 (E4) is a clinoptylolite-type zeolite material with high
silicon content (Si : Al ratio 5 : 1).7 The original mineral is mod-
ified by ion exchanges and with other water-phase technologies
followed by a thermal treatment yielding a Ca–K mixed cation-
based adsorbent with 4 Å pore size. The composition of E4 can be
described as follows: SiO2 73.0%, Al2O3 11.2%, Fe2O3 1.17%, K2O
5.12%, Na2O 0.38%, CaO 2.20%, MgO 0.44%. The XRD spectrum
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of E4 was identical to the spectrum of clinoptylolite. It has a
specific surface of 40 m2 g−1 (determined by the BET method with
nitrogen at the temperature of liquid nitrogen). E4 has a slightly
surface acidic character. The pH of its aqueous suspension is
about 5.5. The high silicon content yields high chemical resistance.
It is stable until 500–600 ◦C. It can adsorb small molecules
such as water, hydrochloric acid, ammonia, methanol, etc. It
is environmentally-friendly, nontoxic, recoverable, reusable and
inexpensive. E4a is the more acidic modification of E4 (the pH of
its aqueous suspension is about 3). The original E4 was modified
by ionic exchange to change the surface acidity of the material.


Recently we reported that E4 showed good activity in
different condensation reactions such as synthesis of oxazo-
line derivatives from b-aminoalcohols and carboxylic acids,8


preparation of 2-arylimidazolines, 2-arylbenzoxazoles,9 and 2-
arylbenzimidazoles.10 E4a has been found to be a good cat-
alyst in the synthesis of 3,4-dihydropyrimidin-2(1H)-ones,11


and 1,5-benzodiazepine derivatives,12 and in the preparation
of 1-substituted tetrahydroisoquinolines via the Pictet–Spengler
reaction.13


Based on the results obtained for the Pictet–Spengler cycliza-
tion, we examined the oxa-Pictet–Spengler reaction under mild
conditions. The reaction of 2-(3,4-dimethoxyphenyl)ethanol and
4-chlorobenzaldehyde in the presence of E4a in toluene resulted
in the formation of 1-(4-chlorophenyl)-6,7-dimethoxyisochroman
with good yield (Fig. 1). The optimal reaction conditions were
determined in this reaction. The best result was obtained using
0.5 g E4a and 2 mmol 2-phenylethanol in toluene as solvent at
110 ◦C. The weaker acidic E4 showed no activity. No reaction
was observed using the strongly acidic KSF/0 montmorillonite
alone or in a mixture with 4 Å molecular sieves. This can be
explained by the fact that in the Ersorb catalysts both acidic sites
and pores for binding water are present, thus, deliberated water
can be immediately fixed in the pores of the catalyst.


We examined the reaction of 2-phenylethanol derivatives with
aromatic and aliphatic aldehydes and ketones. The results are
summarized in Tables 1 and 2. The optimal reaction time was
15 h for aldehydes and 35 h for ketones in the reaction of 2-
(3,4-dimethoxyphenyl)ethanol. These were significantly shorter
than the reaction time required using p-toluenesulfonic acid or
ZnCl2/HCl as catalyst.2–4 In the case of 2-phenylethanol the
required reaction time was 40 h for aldehydes and 48 h for ketones,
because of the lack of the activating methoxy groups. Aliphatic
aldehydes and ketones also gave the appropriate isochroman
derivatives. For aliphatic aldehydes the optimal reaction time was
20 h. In these cases the reaction temperature was lower (Table 1,
entries 10 and 11), because of the lower boiling points of the
aldehydes. The workup of the reaction mixture was very easy;
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Fig. 1


Table 1 Reaction of 2-phenylethanol derivatives with aldehydesa


Entry R1 R2 R3 R4 Reaction time/h Yieldb (%)


1 CH3O CH3O 4-Cl–C6H4 H 15 97
2 CH3O CH3O 4-Cl–C6H4 H 15 95c


3 CH3O CH3O 4-Cl–C6H4 H 15 95d


4 CH3O CH3O 4-CH3O–C6H4 H 15 92
5 CH3O CH3O C6H5 H 15 83
6 CH3O CH3O C6H5 H 15 83c


7 CH3O CH3O 4-(CH3)2N–C6H4 H 15 89
8 CH3O CH3O 3-NO2–C6H4 H 15 85
9 CH3O CH3O 2-Br–C6H4 H 15 77


10 CH3O CH3O CH3–CH2 H 20 70e


11 CH3O CH3O CH3–CH2–CH2 H 20 79f


12 O–CH2–O 4-CH3O–C6H4 H 15 91
13 O–CH2–O C6H5 H 15 86
14 H H C6H5 H 40 81
15 H H 4-Cl–C6H4 H 40 88
16 H H 4-CH3O–C6H4 H 40 90
17 H H 3-NO2–C6H4 H 40 84


a 2 mmol alcohol, 2 mmol aldehyde, 0.5 g E4a, toluene, 110 ◦C. b Preparative yield. c Recycled E4a. d Third use of E4a. e Reaction temperature 50 ◦C.
f Reaction temperature 70 ◦C.


Table 2 Reaction of 2-phenylethanol derivatives with ketonesa


Entry R1 R2 R3 R4 Reaction time/h Yieldb (%)


1 CH3O CH3O C6H5 CH3 35 83
2 CH3O CH3O C6H5 CH3 35 80c


3 CH3O CH3O 4-CH3O–C6H4 CH3 35 87
4 CH3O CH3O 4-CH3–C6H4 CH3 35 90
5 CH3O CH3O 4-Cl–C6H4 CH3 35 91
6 CH3O CH3O 3-CH3O–C6H4 CH3 35 77
7 CH3O CH3O 2-CH3–C6H4 CH3 35 75
8 CH3O CH3O CH3–CH2 CH3 35 64d


9 H H C6H5 CH3 48 77
10 H H 4-CH3O–C6H4 CH3 48 82


a 2 mmol alcohol, 2 mmol ketone, 0.5 g E4a, toluene, 110 ◦C. b Preparative yield. c Recycled E4a. d Reaction temperature 80 ◦C.


the catalyst was filtered out and the solvent was evaporated. The
catalyst could be recycled easily without significant loss of activity
after washing it with acetone following by heating at 120 ◦C for
4 h (Table 1, entries 2, 3 and 6; Table 2, entry 2).


In the literature there is a three-step mechanism for the oxa-
Pictet–Spengler reaction.3 In the first step, the reaction of the
carbonyl compound and the alcohol results in a hemiacetal in
the presence of acid catalyst, then this hemiacetal loses water
and gives a reactive intermediate, which finally undergoes an
intramolecular electrophilic aromatic substitution yielding the
isochroman derivative (Scheme 1). We examined the mecha-
nism of the reaction of 2-(3,4-dimethoxyphenyl)ethanol and 4-
chlorobenzaldehyde. The reaction was stopped after 8 h and the
reaction mixture was investigated by TLC. Two compounds were
detected; the expected product and another, which was separated
by column chromatography. The 1H NMR spectrum of this


compound showed a sharp singlet at 6.2 ppm which corresponds
to the signal of the CH group in the appropriate diphenylmethanol
derivative.14 This compound subjected to further reaction under
the same reaction conditions gave the appropriate isochroman.
Based on these data we propose a new two-step mechanism for the
oxa-Pictet–Spengler reaction catalyzed by zeolite; the first step is
an electrophilic aromatic substitution, and the intermediate thus
formed loses water yielding the isochroman (Scheme 2).


In summary, the results show that the modified zeolite-
type adsorbent E4a is a suitable catalyst for the oxa-Pictet–
Spengler reaction. The method is simple, convenient, cheap and
environmentally-friendly, the catalyst can be recycled without any
loss of activity.†
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Scheme 1


Scheme 2


Notes and references


† Pretreatment of the catalyst: before each experiment, a sample of E4a
was powdered and heated at 120 ◦C for 2 h. A typical protocol for the
reaction: a mixture of 2 mmol of 2-phenylethanol derivative, 2 mmol of
aldehyde/ketone and 0.5 g E4a in toluene (10 mL) was heated at 110 ◦C
for a time indicated in Tables 1 and 2. The solid was filtered off, the
filtrate was evaporated and the residue characterized. All products have
satisfactory physical and spectral data (melting point, 1H NMR). Selected
data of 1-(4-methoxy-phenyl)-6,7-dimethoxyisochroman (Table 1, entry
4): mp 97–98 ◦C (ethanol); 1H NMR (300 MHz, CDCl3): 2.60 and 2.95
(m, 2H, CH2), 3.90 and 4.18 (m, 2H, CH2), 3.72 (s, 9H, CH3O), 5.62 (s,
1H, CH), 6.30–7.20 (m, 6H, Ar).
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10 A. Hegedüs, Z. Hell and A. Potor, Synth. Commun., in press.
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For an improved synthesis of the recently described expanded
octamethoxycubane with a central C56 core, formally ob-
tained by inserting buta-1,3-diynediyl moieties into all C(sp3)–
C(sp3) bonds of octamethoxycubane, the preparation of the
optically pure methyl ether of a differentially silyl-protected
trispropargylic alcohol was required. The key step of the
preparation involved a diastereoselective addition of a lithium
acetylide to an optically active alkynyl ketone under Cram
chelation control.


Since the early 1990s, we have pursued the geometrically defined
expansion of molecules by insertion of buta-1,3-diynediyl frag-
ments into all C–C single bonds of polyacetylenes, arenes,
annulenes, radialenes or dendralenes, thereby generating new one-
and two-dimensional carbon-rich chromophores with enhanced
optoelectronic properties.1 The application of this concept to
three-dimensional structures recently led to the synthesis of the
first expanded cubane 1.2,3 However, passing via the sequential
construction of corners, edges and faces, an overall yield of 1 of
only 0.2% was obtained. The main drawback of this first synthesis,
which employed a racemic corner building block as starting
material, was the formation of undesired as well as inseparable
stereoisomers at the stage of the various intermediates. By starting
from optically pure corner modules, the formation and low-
yielding transformations of mixtures of stereoisomers can be
largely avoided and the overall yield of 1 improved. This should
provide sufficient material for desirable investigations such as
the experimental determination of the heat of formation of the
highly strained carbon cage.2,3 Here, we report the stereoselective
synthesis of the differentially silyl-protected tris(alkynyl)methyl
methyl ether (R)-2, the first optically active trispropargylic alcohol
derivative.4


Laboratorium für Organische Chemie, ETH-Hönggerberg, CH-8093 Zürich,
Switzerland. E-mail: diederich@org.chem.ethz.ch; Fax: +41 44 632 11 09;
Tel: +41 44 632 29 92
† Electronic supplementary information (ESI) available: synthetic proto-
cols and crystal packing of (R)-13. See DOI: 10.1039/b601380e


We envisaged the asymmetric synthesis to begin with enan-
tiomerically pure ethyl lactate (−)-(S)-3 (Scheme 1). Our strategy
hinged on the presence of an a-oxygen donor atom that was
expected to assist, by chelation, the diastereoselective addition of
a metal acetylide to an alkynyl ketone. According to Cram’s cyclic
model, the nucleophile would be expected to attack from the steri-
cally less hindered side, thus leading to the predominant formation
of the anti-diastereoisomer (1,2-asymmetric induction).5


Scheme 1 Synthesis of the optically active bispropargylic alcohols
(R,S)-7a/b. Reagents and conditions: (i) PMB-OC(NH)CCl3, TfOH (cat.),
cyclohexane–CH2Cl2 1 : 1, 0 → 20 ◦C; 86%; (ii) PriMgCl, Me(MeO)NH·
HCl, THF, −20 ◦C; 78%; (iii) RC≡CLi, THF, −78 ◦C; 96% [(S)-6a],
89% [(S)-6b]; (iv) Me3SiC≡CLi, Et2O, −78 ◦C; 83% (7b); for conditions
and yields in the conversion (S)-6a → (S)-7a, see Table 1. PMB =
p-methoxybenzyl, Tf = CF3SO2, THF = tetrahydrofuran.


We chose the p-methoxybenzyl (PMB) residue as a protecting
group for the hydroxy function in (−)-(S)-3, since benzyl ethers
are frequently employed in chelation-controlled nucleophilic
additions6 and since this group can be oxidatively removed without
affecting the alkyne moieties. In order to avoid epimerization,
the introduction of the PMB group under formation of (S)-4
was achieved by employing a non-basic procedure7 using cata-
lytic TfOH and p-methoxybenzyl 2,2,2-trichloroacetimidate.8 The
Weinreb amide (S)-5 was prepared following a protocol reported
by Paterson et al.9 and subsequently transformed into ketone
(S)-6a by reaction with lithium (triisopropylsilyl)acetylide.


The subsequent chelation-controlled addition of (trimethylsi-
lyl)acetylide was investigated under a variety of conditions
summarized in Table 1. The lithium acetylide reacted with good
diastereoselectivity (diastereoisomeric excess, de = 82%) but gave
a moderate yield (64%) only (entry 1). The Grignard reagent
(entry 2) was prepared by transmetallation of the lithium acetylide
with MgBr2·OEt2. Addition did not occur at −78 ◦C and therefore
the temperature was raised slowly to 20 ◦C. The products were
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Table 1 Diastereoselective addition of acetylide nucleophiles (Me3SiC≡CM) to ketone (S)-6a providing alcohols (R,S)-7a and (S,S)-7a


dr (R,S)-7a : (S,S)-7a (de) dr (de)


Entry M Conditions Total yield (%) 1H NMRa GCb


1 Li −78 ◦C, 1.5 h 64 91 : 9 (82%) 91 : 9 (82%)
2 MgBr −78 → 20 ◦C, 24 h 76 83 : 17 (66%) 86 : 14 (72%)
3 CeCl2/TiCl4 −78 ◦C, 30 min 65 51 : 49 (2%) 50 : 50 (0%)


a Determined by integrating the HO resonances (d = 3.15 and 3.19 in CDCl3) in the 1H NMR spectrum. b Determined by GC analysis (Column: WCOT
Fused Silica, CP-Sil 8CB, 30 m × 0.32 mm; Detector: FID; Isotherm: 210 ◦C; Carrier gas: Helium).


obtained in good yield (76%) but the diastereoselectivity was lower
than in the previous case. The pre-chelation of ketone (S)-6a with
TiCl4, followed by the addition of Ce(III) (trimethylsilyl)acetylide,
did not improve the yield and, moreover, the diastereoselectivity
was lost (entry 3).10 Extremely high reactivity was observed and
this may account for the lack of diastereoselection. In all cases, the
major diastereoisomer (R,S)-7a, presumed to arise from chelation
control, was not separable from the minor diastereoisomer (S,S)-
7a. The diastereoisomeric ratio (dr) was determined by integrating
the HO resonances [d = 3.19 (R,S) and 3.15 (S,S)] in the 1H NMR
spectrum in CDCl3. Separation of the diastereoisomers by ana-
lytical gas chromatography (GC) supported the 1H NMR results.


Within the context of the synthesis of the expanded cubane
1, the yield (64%) together with the optical purity (de 82%) of
(R,S)-7a obtained in entry 1 were not very satisfactory. Therefore,
we changed from the larger triisopropylsilyl to the smaller
triethylsilyl protecting group. Chelation-controlled addition of
lithium (triethylsilyl)acetylide to Weinreb amide (S)-5, as described
above, gave ketone (S)-6b in high yield (Scheme 1). The following
addition of lithium (trimethylsilyl)acetylide in Et2O at −78 ◦C
finally provided the diastereoisomeric mixture (R,S)-7b/(S,S)-7b
in a total yield of 83%. Gratifyingly, the diastereoselectivity had
improved to dr 95 : 5 (de 90%), as determined by integrating the
HO resonances [d = 5.13 (R,S) and 5.16 (S,S)] in the 1H NMR
spectrum in (CD3)2CO, with (R,S)-7b being the major product as
predicted by Cram’s cyclic model.


Methylation of (R,S)-7b and (S,S)-7b by deprotonation at
−78 ◦C with n-BuLi, followed by addition of an excess of
iodomethane, led to the stable methyl ethers (R,S)-8 and (S,S)-
8 (Scheme 2). All attempts to separate the diastereoisomeric
mixture of (R,S)-7b/(S,S)-7b or (R,S)-8/(S,S)-8 by either column
chromatography, GC or HPLC were unsuccessful.


The subsequent selective deprotection of the trimethylsily-
lalkyne unit by stirring (R,S)-8 and (S,S)-8 for about 1 h in MeOH–
THF (1 : 1) containing a few drops of 1 M NaOH afforded (R,S)-
9 and (S,S)-9 in very good yield (89%). Gratifyingly, separation
by preparative HPLC (‘Hibar R© 250–25’) of the diastereoisomeric
mixture was possible at this stage. Both diastereoisomers were
obtained in pure form and the major isomer (R,S)-9 was used for
the completion of the synthesis.


Indeed, treating the semi-protected bispropargyl methyl ether
(R,S)-9 with NaHMDS and trimethylchlorosilane in THF at
−78 ◦C furnished the differentially protected bispropargyl methyl
ether (R,S)-8 as a single diastereoisomer (Scheme 3). Subsequently,
the PMB protecting group was removed by oxidation using 2.2
equivalents of CAN in MeCN/H2O 9:1, providing alcohol (R,S)-
10 in 90% yield after purification by column chromatography
(SiO2; hexane/CH2Cl2 1:2). Alcohol (R,S)-10 was readily oxidized


Scheme 2 Synthesis of the optically active mono-protected bispropargyl
methyl ether (R,S)-9. Reagents and conditions: (i) n-BuLi, THF, −78 ◦C,
then MeI, −78 → 20 ◦C; 91%; (ii) 1 M NaOH, MeOH–THF 1 : 1, 20 ◦C,
89%.


to the corresponding ketone (R)-11 using the mild Dess-Martin
periodinane (DMP) reagent.11 Finally, the generation of the
targeted tris(alkynyl)methyl methyl ether (R)-2 was accomplished
in two steps, comprising (i) the preparation of an enol triflate and
(ii) elimination of the leaving group from the latter by a strong,
non-nucleophilic base. Trapping of the enolate of (R)-11 with a
triflating agent such as N-(5-chloro-2-pyridyl)triflimide (Comins
reagent)12 afforded enol triflate (R)-12. Subsequent elimination
with LDA provided (R)-2 in 37% yield (from (R)-11).


An unambiguous assignment of the configuration of the in-
duced stereogenic center in 7b was achieved by means of converting
ketone (R)-11 into the corresponding tosylhydrazone (R)-13.
Upon evaporation of a hexane solution, crystals suitable for X-
ray analysis were obtained.‡ The crystal structure (Fig. 1) confirms
the absolute configuration of the major diastereoisomer of 7b to
be (R,S), in accordance with the Cram chelate model. The unit
cell contains six symmetrically independent molecules. The silyl
groups are heavily disordered. Three dimers are formed by pairs
of N(8)–H · · · O(5) H-bonds (N · · · O distance 2.87 to 2.98 Å),
with a gauche orientation of the phenyl ring and the N–N bond
[dihedral angle N(7)–N(8)–S(1)–C(26) = 57 to 67◦]. All dimers
show a pseudo-centre of symmetry when ignoring the different
silyl substituents. Each dimer combines two molecules with the
C(10)–N(7) bond eclipsed to C(9)–C(17) (dihedral angle = 4 to
10◦) or to C(9)–C(12) (dihedral angle = −5 to −2◦), respectively.


In summary, we accomplished the first synthesis of an optically
pure trispropargylic alcohol derivative, (R)-2, by a stereoselective,
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Scheme 3 Synthesis of the optically active tris(alkynyl)methyl methyl ether (R)-2. Reagents and conditions: (i) NaHMDS, THF, −78 ◦C, then Me3SiCl,
−78 ◦C; 86%; (ii) CAN, MeCN–H2O 9 : 1, 20 ◦C; 90%; (iii) DMP, CH2Cl2, 20 ◦C; 96%; (iv) NaHMDS, THF, −78 ◦C, then Comins reagent, −78 → −40 ◦C;
45%; (v) LDA, THF, −78 → −40 ◦C; 82%; (vi) p-TsNHNH2, EtOH, 20 ◦C; 95%. Ts = toluenesulfonyl, CAN = cerium ammonium nitrate, DMP =
Dess–Martin periodinane, NaHMDS = sodium hexamethyldisilazane, LDA = lithium diisopropylamide.


Fig. 1 ORTEP plot of (R)-13, showing one of the six independent
molecules contained in the unit cell. Arbitrary numbering. Atomic
displacement parameters obtained at 172 K are drawn at the 50%
probability level.


11-step synthesis involving preparative HPLC separation. The
other enantiomer, (S)-2 is readily prepared in the same way,
starting from (+)-lactate. We are now applying the optically active
corner modules to an improved synthesis of expanded cubane 1,
providing sufficient material for a detailed investigation of the
physical properties of this interesting cage compound.


This work was supported by a grant from the ETH Research
Council.


Notes and references


‡ X-Ray data for (R)-13: crystal data at 172 K for (C24H38N2O3SSi2)
(Mr = 490.81): triclinic, space group P1, Z = 6, Dc = 1.095 g cm−3,
a = 11.2537(2), b = 13.9426(2), c = 28.9064(5) Å, a = 83.0511(6),
b = 88.3274(5), c = 82.8675(9)◦, V = 4466.96(13) Å3. Bruker-Nonius


Kappa-CCD diffractometer, Mo-Ka radiation, k = 0.7107 Å. Number of
reflections measured = 24 791. The structure was solved by direct methods
(SIR97)13 and refined by full-matrix least-squares analysis (SHELXL-
97),14 using an isotropic extinction correction. Final R(F) = 0.0724,
wR(F2) = 0.1961 for 1727 parameters and 22370 reflections with I > 2r(I)
and 0.998 < h < 25.028◦ (corresponding R-values based on all 24 791
reflections are 0.0827 and 0.2102 respectively). CCDC reference number
275886. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b601380e
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The anti-tumour natural product cis-solamin has been shown
to occur as a mixture two of tetra-epimeric diastereoisomers
1A and 1B, whereas solamin (6) was isolated as a single
diastereoisomer; the biosyntheses of 1A/B and 6 are likely to
involve enzyme-mediated cyclohydrations of the bis-epoxide
acetogenins anti-diepomuricanin A2 and syn-diepomuricanin
A1 respectively, where addition of water occurs regioselec-
tively at either C15 or C20.


Acetogenins isolated from the plant family Annonaceae are the
subject of intense interest due to their potent cytotoxic anti-
tumour activity.1 Many acetogenins posses common structural fea-
tures which include: one or more 2,5-disubstituted tetrahydrofuran
(THF) rings; methylene chains attached to the 2- and 5-positions
of each THF; and a butenolide moiety attached to the end of one of
the methylene chains (Fig. 1). Structural elucidation of acetogenins
is typically achieved using mass spectrometry fragmentation data
in combination with careful analysis of their 1H and 13C NMR
spectra.1 The latter techniques now permit reliable assignment of
the relative stereochemistry around the THF regions of the natural
products. Absolute stereochemistry of hydroxyalkyl THF subunits
and remote hydroxyl groups have been established via synthetic
derivatives such as Mosher’s esters and 2-naphthylmethoxy acetic
esters.2,3


The unambiguous determination of stereochemistry in aceto-
genins is a prerequisite to structure–activity relationship studies,
and it also provides important evidence to support biosynthetic
hypotheses. Despite advances in characterisation methods, the
stereochemical assignment of certain members of this important
family of natural products is still incomplete. For example, whilst
the stereochemistry within the butenolide ring is known to be S,
the absolute stereochemistry of the THF regions of certain mono-
and bis-THF acetogenins remains undetermined (e.g. cis-solamin,
cis-uvariamycin I and carolins A–C, Fig. 1).4,5 Here we present
results from synthetic and analytical studies that establish the true
structure of natural cis-solamin, and discuss the implications of
our findings in relation to the biosynthetic origin of mono-THF
acetogenins.
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Fig. 1 Structures of selected Annonaceous acetogenins.


The structure of the mono-THF acetogenin cis-solamin, iso-
lated from Annona muricata, was determined using mass spec-
troscopy and NMR data.4 At the time of isolation, the absolute
stereochemistry of the THF core was not established, and it
was concluded that the likely structure of cis-solamin was either
1A or 1B (Fig. 2).4,6 Total syntheses of the diastereoisomers
1A and 1B in our laboratory showed that the two compounds
displayed practically identical NMR and optical rotation data,7


although it was discovered that the diastereoisomers were readily
differentiated by chiral HPLC.7


Fig. 2 Possible structures for cis-solamin: cis-solamin A (1A) and
cis-solamin B (1B).


Use of the chiral HPLC conditions described above would
permit for the first time the unambiguous assignment of the
structure of cis-solamin by analysis of a sample of the authentic
natural product. Surprisingly, it was discovered that the chro-
matogram obtained from natural cis-solamin displayed two peaks
of approximately equal intensity (1A : 1B = 9 : 8) and with
similar retention times to the tetra-epimeric diastereoismers 1A
and 1B.8 Subsequent doping experiments using the synthetic
samples clearly demonstrated that the natural product is in fact
a mixture of two tetra-epimeric diastereoisomers, cis-solamin A
(1A) and B (1B).


This curious discovery has interesting implications for the
biosynthesis of cis-solamin.9 At first inspection one might be
tempted to suggest that cis-solamin A and B isomers could arise
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from a non-enzymatic cyclisation of the bis-epoxide acetogenins
syn-diepomuricanin A1 (5) and anti-diepomuricanin A2 (4).10,11


Indeed, SN2 attack by water at C15, C16, C19, or C20 could give
rise to a mixture of cis-solamins A and B (Scheme 1).9a However,
the lack of regioselectivity expected from such a process would
also lead to the formation of 15,16,19,20-tetra-epi-solamin (7)
along with solamin (6). In view of the fact that solamin (6) has
been isolated and characterised as a single stereoisomer,12–14 it
seems unlikely that cis-solamins A and B and solamin arise from
a non-enzymatic hydrolytic cyclisation of 4 and 5.


Scheme 1 Possible pathways for non-enzymatic hydrolytic THF forma-
tion from syn- and anti-diepomuricanins (the absolute stereochemistry of
C15, C16, C19 and C20 in 4 and 5 has not been established).


Our observations would be more accurately accounted for
by enzyme-catalysed cyclohydration of the pseudo-C2-symmetric
and pseudo-meso bis-epoxides 4 and 5, where attack of water
is directed to C15 or C20 (Scheme 2). Accordingly, activation
of either epoxide in the pseudo-C2-symmetrical core of anti-
diepomuricanin A2 (4) would lead to the formation of cis-solamins
A and B respectively. We suggest that syn-diepomuricanin A1
(5) would undergo a related cyclisation, except that in this case
the two epoxides present in its pseudo-meso bis-epoxide core are
differentiated by the enzyme, resulting in the formation of solamin
(6) as a single diastereoisomer. The absolute stereochemistry of
the bis-epoxide cores of 4 and 5 have not been unambiguously
established,9a and it is important to note that similar enzyme-
catalysed processes could lead to the same end results com-
mencing from any of four possible diastereoisomeric bis-epoxides
(Scheme 2).


In conclusion, we have shown that natural cis-solamin isolated
from the seeds of Annona muricata is a mixture of tetra-epimeric
diastereoisomers 1A and 1B, whereas natural solamin (6) has been


Scheme 2 Possible pathways for the biosynthesis of solamin and
cis-solamins A and B from diepomuricanins.


isolated as a single diastereoisomer. The bis-epoxide acetogenins
anti-diepomuricanin A2 (4) and syn-diepomuricanin A1 (5) have
also been isolated from the same plant source, and are the
likely biosynthetic precursors to cis-solamin and solamin. The
formation of the three stereoisomers from 4 and 5 may be catalysed
by enzymes capable of differentiating the two epoxides present
in the pseudo-meso bis-epoxide motif, but not in the pseudo-
C2 bis-epoxide. On the basis of our results, we predict that
natural anti-diepomuricanin A2 (4) is a single diastereoisomer,
whereas syn-diepomuricanin A1 (5) could be a mixture of tetra-
epimeric diastereoisomers. These remaining questions are under
investigation in our laboratories.
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5 Isolation of carolins A–C: E. F. Queiroz, F. Roblot, B. Figadère, A.
Laurens, P. Duret, R. Hocquemiller, A. Cavé, L. Serani, O. Laprévote,
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