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The turn-forming D-Pro-L-Pro template has been frequently used to promote regular ß-hairpin
conformations in cyclic protein epitope mimetics. Here the use of three isomeric biaryl templates has
been studied as alternatives to D-Pro-L-Pro in the preparation of ß-hairpin peptidomimetics. The o,o′-
o,m′- and m,m′-isomers of carboxymethyl- and aminomethyl-substituted biaryl templates have been
incorporated into novel macrocyclic mimics of the naturally occurring cationic antimicrobial peptide
protegrin I. The presence of the o-carboxymethyl-o′-aminomethyl-biaryl template within the
macrocyclic peptide resulted in the appearance of slowly interconverting atropisomers. Although none
of the resulting mimetics adopted stable ß-hairpin structures in aqueous solution, they all nevertheless
retained a significant antimicrobial activity against Gram positive and Gram negative bacteria. These
mimetics provide interesting starting points for an optimization program in the search for potent and
novel antimicrobial compounds.


Introduction


The large class of naturally occurring cationic antimicrobial
peptides has attracted great interest recently in the search for new
antibiotics to combat the growing threat posed by multiple antibi-
otic resistant bacteria.1–4 The antimicrobial peptides discovered so
far display divergent sequences and secondary structures, although
for many, an underlying common feature is their ability to
adopt amphiphilic conformations, with hydrophobic and cationic
residues clustered in spatially distinct regions. This can endow on
the peptide an ability to selectively bind and disrupt bacterial cell
membranes.3


Protegrin-I (PG-I), for example, is an 18 amino acid disulfide
bridged cationic antimicrobial peptide from porcine leucocytes
(Fig. 1),5,6 which adopts an amphiphilic ß-hairpin structure both
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Fig. 1 Protegrin-I sequence (dashed lines indicate disulfide bridges), template-bound mimetic 1 and the biaryl templates (2–4) studied here.


in solution and bound to lipid micelles.7–10 The ß-hairpin structure
of PG-I is important for its ability to interact with lipid membranes
and its broad spectrum antimicrobial activity.11–15 Unfortunately,
PG-I is also highly hemolytic towards mammalian cells, reflecting
a poor selectivity in binding bacterial cell membranes rather than
eukaryotic cell membranes. The mechanism(s) underlying this
selectivity in membrane binding is (are) still incompletely un-
derstood. Macrocyclization is an effective strategy for restricting
peptide conformation, and the introduction of semi-rigid linkers
or templates provides a further opportunity for influencing the
conformation, as well as the biological activity and selectivity.


In previous work,16–18 we described PG-I peptidomimetics
comprising a backbone cyclic peptide attached to a ß-hairpin-
inducing D-Pro-L-Pro template (Fig. 1).19–21 The mimetic 1, for
example, retains much of the antimicrobial activity of PG-I,
but shows a much reduced hemolytic activity against human
red blood cells, reflecting an enhanced selectivity for bacterial
membranes.17 In this work, we set out to test whether templates
based on biaryl amino acids could be used in place of D-Pro-L-
Pro to generate new PG-I mimetics with antimicrobial activity.
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Biaryl units represent interesting semi-rigid templates to control
peptide conformation. Biaryls occur in many peptide natural
products, such as the glycopeptide antibiotic vancomycin, the
proteosome inhibitor TMC-95A,22 and the peptide antibiotic WS-
43708A.23 Biaryl units have also been incorporated previously into
various cyclic loop mimetics.24–28 The biaryl units chosen for study
here are the positional isomers 2–4, which have been inserted
directly into the mimetic 1 in place of the D-Pro-L-Pro template.


Results and discussion


The o,o′-biphenyl template 2 has been prepared previously from
commercially available diphenic anhydride by Brandmeier and
Feigel,24 whereas a related (but not identical) o,m′-biphenyl
template has been prepared by Suich et al. using a Suzuki
coupling.25 Here the required Fmoc-protected building blocks
15–17 could all be prepared by the route shown in Scheme 1,
which is based on the Suzuki chemistry reported by Suich et al.25


The target peptidomimetics 18–20 were then synthesized by a
two-step strategy, using Fmoc solid-phase peptide chemistry to
assemble a linear precursor on the resin, followed by a solution-
phase macrocyclization and then deprotection (Scheme 2). These
mimetics contain the same hairpin sequence as in the mimetic 1.
The desired products were obtained in 50–80% yield after HPLC
purification, and each was fully characterized by NMR and MS.


The mimetics 19 and 20 produced in this way showed single
peaks upon reverse phase HPLC analysis, and 1H NMR spectra
were consistent with the presence of one major average conformer
in solution. The mimetic 18, however, behaved differently, showing
two peaks in a 1 : 1 ratio by HPLC, which could be separated,
but upon re-analysis by HPLC each appeared again as the


same two peaks in a 1 : 1 ratio. This is due to the presence
of two atropisomeric forms, which interconvert slowly on the
HPLC timescale at room temperature. Heating the HPLC column
to 60 ◦C caused the two peaks to coalesce to a single peak.
Furthermore, when each step of the assembly of the linear peptide
precursor of 18 was followed by HPLC analysis of peptides
released from the resin with 95% TFA, all the linear peptides
obtained up to and including the coupling of the template showed
only a single HPLC peak, whereas linear peptides obtained after
coupling valine to the template each appeared as two peaks
by HPLC, again consistent with the slow interconversion of
diastereomers due to atropisomerism at the biphenyl template
within the peptide chain. Variable temperature 1H NMR spectra
of 18 in aqueous solution also revealed a coalescence of signals
over the range 300–330 K, consistent with a faster interconversion
of the biaryl atropisomers on the NMR timescale at the elevated
temperature.


We also tested whether the rate of atropisomer interconversion
around the biaryl link could be slowed down by incorporating
the o,o′-biphenyl template into the smaller macrocyclic pep-
tidomimetic 21 (Scheme 2). This cyclic molecule was prepared in
an analogous way, and again appeared upon analysis by HPLC as
two peaks. Now, however, the two components could be separated
by HPLC and were stable (i.e. did not interconvert rapidly) at room
temperature. NMR studies in aqueous solution (H2O–D2O 9 : 1,
pH 3, 300 K) were then pursued with these two cyclic mimetics
21a (elutes first from a C18 reverse phase HPLC column with a
MeCN–H2O gradient of 5–100% MeCN over 30 min) and 21b
(elutes second). Both samples gave 1H NMR spectra consistent
with a single average conformer present in solution, with all amide
bonds trans. However, they differed clearly in the pattern of NOE


Scheme 1 Synthetic route to template building blocks 15–17. Reagents: (a) Pd2(dba)3, P(o-Tol)3, 2 M Na2CO3, MeOH–toluene (1 : 4), 70–80 ◦C, 16 h; 9
(30%), 10 (85%), 11 (87%). (b) NH2OH·HCl, NaOMe, MeOH 50 ◦C, 16 h. (c) Pd/C (10%), H2 (1 bar), MeOH, rt, 16 h; 12 (72%), 13 (72%), 14 (85%).
(d) i. NaOH, MeOH; ii. FmocOSu, dioxane–H2O, rt, 15 h; 15 (56%), 16 (70%), 17 (70%).


Scheme 2 Synthesis of the template-bound protegrin mimetics 18–20, and the small loop mimetic 21.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3100–3105 | 3101







contacts observed in 2D NOESY plots. For both, most observed
NOEs were intra-residue or sequential, with very few being longer-
range NOEs. The resulting NOE-derived distance restraints were
used to calculate compatible average solution structures, using the
program DYANA.29 For each molecule, the resulting 20 lowest
energy structures are shown in Fig. 2, and statistics from the
calculations are given in Table 1.


Fig. 2 Superposition of the final 20 NMR structures for 21a (left) and
21b (right), with the N-terminal phenyl ring of the biaryl template pale
green and the C-terminal phenyl ring dark green. A single representative
NMR structure is represented as a stick model (N atoms blue and O atoms
red).


It is notable that for each molecule, the 20 lowest energy
backbone conformers populate divergent regions of �/w-space
(Table 2), although there were no significant NOE violations


Table 1 Summary of the upper distance restraints and statistics for the
NMR structure calculations


21a 21b


NOE upper-distance limits 32 41
Intraresidue 12 22
Sequential 20 17
Medium- and longe-range 0 2
Residual target function value/Å2 0.31 ± 0.01 0.42 ± 0.04
Mean rmsd values/Å
All backbone atoms 1.17 ± 0.50 0.72 ± 0.23
All heavy atoms 3.31 ± 1.13 2.39 ± 0.67
Residual NOE violation
Number > 0.2 Å 0 2
Maximum/Å 0 0.22
Residues in
- most favoured �/w regions 1% 10%
- additional allowed �/w regions 55% 55%
- generously allowed �/w regions 28% 30%
- disallowed regions 16% 5%


Table 2 Averaged backbone torsion angles of the 20 NMR structures


21a 21b


Leu1 U 69.1 ± 95.1 43.6 ± 87.0
w 83.7 ± 52.9 134.9 ± 46.4


Arg2 U 25.3 ± 94.2 35.1 ± 49.4
w 58.7 ± 29.6 68.1 ± 74.8


Arg3 U 156.5 ± 70.6 62.2 ± 80.2
w −64.4 ± 18.5 169.0 ± 75.0


Val4 U −133.3 ± 28.1 76.8 ± 94.2
w 58.5 ± 18.4 18.5 ± 2.5


Biaryl5 na 130.7 ± 3.2 −119.8 ± 5.9


a The torsion is defined as C2–C1–C1′–C2′ from the NH2 to COOH
terminus.


(Table 1). No regular ß-turn-like conformers are seen within the
tetrapeptide motif LRRV. Rather, several residues exhibit �/w
values in non-allowed regions of Ramachandran space, suggesting
either that the structures are strained, or that they represent
averages of two or more rapidly interconverting backbone con-
formations. However, the structure calculations generated unique
configurations around the biaryl template, with 21a having the S
and 21b the R absolute configuration at the biaryl axis of chirality
(Fig. 2). That the biaryl template of type 2 does not stabilize a
regular ß-turn or ß-hairpin in the tetrapeptide motif within 21
is consistent with an earlier modelling study, which suggested
that the geometry of this o,o′-biphenyl template (in at least one
configuration) is incompatible with such a ß-turn loop structure,30


at least when occupying a non-hydrogen-bonding position within
a ß-hairpin loop.


Further insights into the solution conformations of 21a and 21b
were obtained from CD spectra. In the aromatic region (238 nm),
21a displayed a positive CD peak ([h] = +3000 deg cm2 dmol−1),
whereas at this wavelength 21b showed a very weak negative CD
peak ([h] = −400 deg cm2 dmol−1). Earlier studies of the aromatic
adsorption bands in the CD spectra of optically active biphenyls
have shown that the sign and shape of the curves is dependent
upon the type of substituent in the biphenyl nucleus as well as on
the absolute configuration.31–33 For this reason, an unambiguous
correlation between the sign of the 238 nm band and the sense of
chirality in the template has not been attempted here. On the other
hand, in the amide region, larger mirror image-related CD peaks
are observed. Thus, 21a displayed a negative peak at 190 nm ([h] =
−31·500 deg cm2 dmol−1) and a positive peak at 212 nm ([h] =
+8400 deg cm2 dmol−1), whereas 21b displayed a positive peak
at 190 nm ([h] = +32·100 deg cm2 dmol−1) and a negative one
at 212 nm ([h] = −16·500 deg cm2 dmol−1). The shape of the
CD curve for 21b thus resembles those typically seen for ß-sheet
structures, whereas that of 21a resembles more the CD profile of
polyproline-II and unordered peptide conformations.34 These data
confirm the divergent chiroptical properties of 21a and 21b, and
support the proposal that they are related as atropisomers in the
biphenyl template.


1H NMR studies were also undertaken on the mimetics 18,
19, and 20. The appearance of two signal sets, for the two
interconverting biaryl rotamers of 18, made complete chemical
shift assignments impossible. However, no evidence could be found
in 2D NOESY plots of long range NOEs. This suggested that a
single stable folded structure is not populated under the conditions
used (H2O–D2O, 9 : 1, pH 6). In the case of 19 and 20, only a single
set of signals was observed for each. Again, no long range NOEs
were observed, suggesting strongly that a stable fold, such as a
ß-hairpin, is not significantly populated in solution. These studies
strongly suggest that 18, 19, and 20 have relatively flexible (i.e.
disordered) backbones in aqueous solution. Similar results were
found for the peptidomimetic 1 in earlier work.17


Finally, the antimicrobial activities of the peptidomimetics 18,
19, and 20 were determined by the NCCLS broth microdilution
method,35 using representative gram positive and gram negative
test microorganisms. The hemolytic activity was also measured
on fresh human red blood cells, as described earlier.16,17 The
results, given in Table 3, show that all three peptidomimetics retain
significant antimicrobial activity against all the organisms tested.
Moreover, the hemolytic activities of all three are much lower than
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Table 3 Antimicrobial activities (minimal inhibitory concentrations (MIC) in lg ml−1) and hemolytic activity (% hemolysis of human red blood cells at
100 lg ml−1)


Peptide
E. coli
(ATCC 25922)


P. aeruginosa
(ATCC 27853)


S. aureus
(ATCC 29213)


S. aureus
(ATCC 25923) Hemolysis (%)


1 12 6 12 25 1.0
18 64 32 16 16 2.5
19 32 16 8 16 0
20 16 32 16 16 0.2


seen with PG-I. Indeed the o,m′-biaryl templated mimetic 19 was
essentially non-hemolytic under the conditions tested, despite the
fact that the biaryl unit is quite hydrophobic in character and might
be expected to enhance association of the molecule with a lipid
bilayer. The retention of significant antimicrobial activity with all
three mimetics is interesting, given that the three templates used
have different geometries and will influence the preferred peptide
backbone conformation in different ways. Nevertheless, all three
mimetics may still be capable of adopting amphiphilic structures
in a membrane environment.


One of the most important conclusions of this work is that novel
macrocyclic mimetics of PG-I containing the biaryl templates
2–4 can be made, which retain significant antimicrobial activity
and show low to zero hemolytic activity. As such, the mimetics
18–20 represent interesting starting points for the discovery of
new antimicrobial compounds, whose properties might be further
optimized through cycles of combinatorial library synthesis and
screening.16


Experimental


2-Methyl carboxymethyl-2′-formyl-biphenyl (9)


To a solution of methyl 2-bromophenylacetate (5) (4.8 g, 20 mmol)
in toluene (100 mL) with aqueous Na2CO3 (20 mL, 2 M) was
added Pd2(dba)3 (0.6 g, 3 mol%) and P(o-tolyl)3 (0.4 g, 6 mol%)
followed by 2-formylbenzeneboronic acid (7) (2.7 g, 18.2 mmol) in
MeOH (25 mL), and the reaction mixture was heated to 70–80 ◦C
under Ar for 16 h, then cooled to 25 ◦C, diluted with EtOAc,
and washed sequentially with aq. NaHCO3, 10% citric acid and
brine. The organic layer was dried (Na2SO4) and concentrated.
Flash chromatography (silica, cyclohexane–EtOAc 9 : 1) afforded
the desired product 9 as a yellow oil (1.6 g, 30%). Rf (silica,
cyclohexane–EtOAc: 3 : 1): 0.4. IR (CHCl3): 1735 s, 1693 s. 1H-
NMR (300 MHz, CDCl3): 9.65 (s, CHO), 7.98–7.15 (m, 8 arom.
H), 3.45 (d, J = 15.9, PhCH), 3.44 (s, OMe), 3.35 (d, J = 15.9,
PhCH). 13C-NMR (75 MHz, CDCl3): 191.83, 171.31, 144.27,
137.86, 134.08, 133.34, 132.63, 130.64, 126.92, 51.77, 38.78. MS
(CI): m/z 272.1 (100, [M + NH4]+).


2-(N-9-Fluorenylmethyloxycarbonyl)aminomethyl-2′-
carboxymethyl-biphenyl (15)


To NH2OH·HCl (0.12 g, 1.47 mmol) and NaOMe (0.079 g, 1.47 m
mol) in H2O–MeOH (6 mL, 1 : 4), was added 9 (0.25 g, 0.98 mmol),
heated at 50–55 ◦C for 16 h. The solvent was then removed and the
residue partitioned between 1 N NaHSO4 and EtOAc. The organic
layer was dried (MgSO4) and evaporated. Flash chromatography
(silica, cyclohexane–EtOAc, 85 : 15) afforded the desired oxime as


a pale yellow oil (0.2 g, 80%). Rf (silica, cyclohexane–EtOAc 3 :
1) 0.24. 1H-NMR (300 MHz, CDCl3): 7.89–7.08 (m, 10H, 8 arom.
H, HC=N, OH), 3.47 (s, OMe), 3.42 (d, J = 16.0, PhCH), 3.31
(d, J = 16.0, PhCH). MS (CI): m/z 270.1 (100, [M + H]+). The
oxime (0.26 g, 0.96 mmol) and 10% palladium on charcoal (0.06 g,
10% by wt) in methanol (5 mL), was stirred under hydrogen gas.
Upon completion, the catalyst was removed by filtration through
celite and washed with MeOH. Saturated aq. Na2CO3 was added
and extracted with CH2Cl2. The organic layers were combined,
dried over Na2SO4, and the solvent evaporated to afford the
amine (12) Rf (silica, EtOAc–MeOH 3 : 1): 0.18. The amine in
EtOH (15 mL) and H2O (30 mL) was treated with NaOH (10 mL
10 N), refluxed for 16 h, to 25 ◦C, acidified to pH 2, and extracted
with EtOAc. The combined organic layers were dried (Na2SO4)
and concentrated to yield the amino acid. A suspension of the
amino acid (1.9 g, 7.8 mmol) in dioxane (20 mL) was treated with
10% Na2CO3 (55 mL), cooled to 0 ◦C, treated with a solution
of Fmoc-O-succinimide (FmocOSu) (2.4 g, 7.3 mmol) in dioxane
(20 mL) over 15 min and stirred at rt for 1 h. Water (pH 3) was
added, and extracted with EtOAc. The organic layer was dried and
concentrated. Flash chromatography (silica, cyclohexane–EtOAc–
AcOH 80 : 20 : 1) afforded the desired protected amino acid 15
(1.2 g, 56%). Rf (silica, cyclohexane–EtOAc–AcOH 60 : 40 : 1):
0.2. Mp: 80–82 ◦C. IR (CCl4): 3449 m, 3068 s, 1716 s. 1H-NMR
(300 MHz, CDCl3): 7.95–7.28 (m, 16 arom. H), 5.31 (br. s, NH),
4.53 (d, J = 6.5, OCH2), 4.30 (m, 3H, PhCH, PhCH2), 3.68 (d,
J = 15.9, PhCH), 3.56 (d, J = 15.9, PhCH). 13C-NMR (75 MHz,
CDCl3): 172.54, 156.10, 143.74, 133.16, 132.40, 119.94, 65.19,
46.67, 41.38, 38.42. MS (ESI): m/z 486.1 (100, [M + Na]+). HR-
MS (CI): m/z 464.1864 ([M + H]+; C30H26NO4


+, calc. 464.1856).


3-Methyl carboxymethyl-2′-formyl-biphenyl (10)


Was prepared by the same method as for 9 (see above) as a yellow
oil. Rf (silica, cyclohexane–EtOAc 3 : 1): 0.38. IR (CHCl3): 1736 s,
1690 s. 1H-NMR (300 MHz, CDCl3): 10.22 (s, CHO), 8.27–7.51
(m, 8 arom. H), 3.95 (s, OMe), 3.93 (s, 2H, PhCH2). 13C-NMR
(75 MHz, CDCl3): 192.20, 171.53, 145.46, 137.96, 134.21, 133.66,
133.42, 127.49, 52.02, 40.88. MS (CI): m/z 272.1 (100, [M +
NH4]+).


3-(N-9-Fluorenylmethyloxycarbonyl)aminomethyl-2′-
carboxymethyl-biphenyl (16)


Was prepared by the same method as for 15 (see above). Rf


(silica, cyclohexane–EtOAc–AcOH 60 : 40 : 1): 0.22. Mp: 145–
146 ◦C. IR (KBr): 3409 m, 1813 m, 1790 m, 1739 s, 1713 s. 1H-
NMR (300 MHz, DMSO): 7.68–7.13 (m, 16 arom. H), 4.88 (br. s,
NH), 4.29 (d, J = 6.8, OCH2), 4.23 (d, J = 5.7, PhCH2), 4.09 (t,
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J = 6.7, PhCH), 3.59 (s, PhCH2). 13C-NMR (75 MHz, CDCl3):
172.51, 156.20, 143.74, 135.06, 130.04, 119.95, 65.20, 46.68, 41.41,
40.60. MS (ESI): m/z 486.1 (100, [M + Na]+). HR-MS (CI): m/z
464.1870 ([M + H]+; C30H26NO4


+, calc. 464.1856).


3-Methyl carboxymethyl-3′-formyl-biphenyl (11)


Was prepared by the same method as for 9 (see above) as a yellow
oil. Rf (silica, cyclohexane–EtOAc 3 : 1): 0.42. IR (neat): 1732 s,
1694 s, 1600 m. 1H-NMR (300 MHz, CDCl3): 10.19 (s, CHO),
8.21–7.37 (m, 8 arom. H), 3.824 (s, OMe), 3.819 (s, CH2). 13C-
NMR (75 MHz, CDCl3): 192.12, 171.70, 141.75, 139.97, 136.84,
134.69, 132.98, 125.87, 52.00, 41.04. MS (CI): m/z 272.2 (100,
[M + NH4]+).


3-(N-9-Fluorenylmethyloxycarbonyl)aminomethyl-3′-
carboxymethyl-biphenyl (17)


Was prepared by the same method as for 15 (see above). Rf


(silica, cyclohexane–EtOAc–AcOH 60 : 40 : 1): 0.19. Mp: 187–
189 ◦. IR (KBr): 3345 m, 1734 m, 1698 s. 1H-NMR (300 MHz,
DMSO): 7.69–7.19 (m, 16 arom. H), 5.58 (br. s, NH), 4.39 (s,
2H, OCH2), 4.37 (s, 2H, PhCH2), 4.17 (t, J = 6.9, PhCH), 3.59 (s,
2H, PhCH2). 13C-NMR (75 MHz, CDCl3): 172.51, 156.22, 143.72,
135.66, 128.75, 119.93, 65.26, 46.63, 43.72, 40.67. MS (ESI): m/z
486.1 (100, [M + Na]). HR-MS (CI): m/z 464.1867 ([M + H]+;
C30H26NO4


+, calc. 464.1856).


Table 4


Peptide tR/min MS (m/z) [M + H]+


18 18.2, 18.5 1906.8
19 14.6 1906.7
20 14.5 1906.7
21a 13.2 748.9
21b 13.6 749.0


Synthesis of peptidomimetics 18, 19, 20 and 21


The synthesis of mimetic 18 is a typical procedure: Fmoc-
Arg(Pbf)-OH (1.2 equiv.) was coupled to 2-chlorotrityl chlo-
ride resin (1.08 mmol g−1) in the presence of diisopropylethy-
lamine (4 equiv.) in CH2Cl2. Following removal of the Fmoc
group with 20% piperidine in N-methylpyrrolidine (NMP), chain
elongation was performed sequentially with Fmoc-Lys(Boc)-
OH (2×), Fmoc-Leu-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH,
15, Fmoc-Val-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(tBu)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Trp(Boc)-OH, and Fmoc-Arg(Pbf)-
OH (each 4 equiv.), using 20% piperidine–NMP for Fmoc
deprotection, HOBt–HBTU for activation, diisopropylethylamine
as a base and NMP as solvent. After completion of the syn-
thesis, the linear peptide was cleaved from the resin with 0.6%
CF3COOH in CH2Cl2, and then cyclized overnight at RT in
1% diisopropylethylamine–dimethylformamide with HOBt and
HBTU (3 equiv.). Deprotection with CF3COOH–iPr3SiH–H2O
(95 : 2.5 : 2.5), precipitation with diethyl ether, followed by
purification by preparative HPLC-MS (C18 column, gradient 20–
50% MeCN in H2O in 5 column volumes) gave 18 in 10% overall
yield, and >95% purity by HPLC.


The retention times (tR) on analytical C18 reverse phase HPLC
(Vydac C18 218TP104, 10 lm, 125 Å, 4 × 100 mm, 1 ml min−1)
using a gradient 5–50% MeCN in H2O (+0.1% TFA) in 3 column
volumes, and the mass by ESI-MS are reported below:


Antimicrobial assays


Innocula of each microorganism were diluted into Mueller–
Hinton (MH) broth to give approximately 106 colony form-
ing units (CFU) per mL. Aliquots (50 lL) of the innocula were
added to MH broth (50 lL) containing the peptide in serial
twofold dilutions. Antimicrobial activities are expressed as the
minimal inhibitory concentration (MIC) in lg mL−1 at which
100% inhibition of growth was observed after 18–20 h incubation
at 37 ◦C.


Table 5 The 1H NMR assignments of peptides 21a and 21b are given below (H2O–D2O 9 : 1, pH 3, 300 K):


Residue 3J(NHCaH) NH H-C(a) H-C(b) Others


21a
Leu1 5.2 7.72 3.67 1.42, 1.42 CH(c) 1.42; CH3(d) 0.86, 0.86
Arg2 5.6 8.55 3.96 1.86, 1.86 CH2(c) 1.58, 1.58; CH2(d) 3.19, 3.19; NH(e) 7.20
Arg3 7.7 8.15 4.17 1.78, 1.93 CH2(c) 1.54, 1.54; CH2(d) 3.18, 3.18; NH(e) 7.19
Val4 8.7 7.60 4.02 2.01 CH3(c) 0.77, 0.87
Biaryl5 — 8.23 (NH)CH2 4.15, 4.37


Phenyl ring (N-term.): H(d1) 7.35, H(e1) 7.45, H(f) 7.40, H(e2) 7.22
Phenyl ring (C-term.): H(d1) 7.41, H(e1) 7.22, H(f) 7.44, H(e2) 7.28
CH2 (CO) 3.64, 3.76


21b
Leu1 5.1 7.67 4.16 1.47, 1.47 CH(c) 1.55; CH3(d) 0.87, 0.91
Arg2 5.6 8.35 4.03 1.77, 1.85 CH2(c) 1.56, 1.60; CH2(d) 3.18, 3.18; NH(e) 7.20
Arg3 6.3 8.17 4.01 1.74, 1.89 CH2(c) 1.50, 1.50; CH2(d) 3.14, 3.14; NH(e) 7.16
Val4 8.0 7.84 3.91 2.16 CH3(c) 0.91, 0.97
Biaryl5 — 8.16 (NH)CH2 3.88, 4.57


Phenyl ring (N-term.): H(d1) 7.43, H(e1) 7.22, H(f) 7.42, H(e2) 7.22
Phenyl ring (C-term.): H(d1) 7.46, H(e1) 7.44, H(f) 7.40, H(e2) 7.23
CH2 (CO) 3.52, 3.60
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Hemolytic activity


Fresh human red blood cells were washed three times with
phosphate buffered saline (PBS), and then incubated with peptide
at a concentration of 100 lg mL−1 for 1 h at 37 ◦C. The final
erythrocyte concentration was ca. 0.9 × 109 per mL. The values
of 0% and 100% lysis were determined by incubation of cells with
PBS or 0.1% Triton X-100 in water, respectively. The samples
were centrifuged, the supernatant diluted 20-fold in PBS, and the
optical density was measured at 540 nm.


Abbreviations


Boc, t-butoxycarbonyl; DIEA, N,N ′-diisopropylethylamine;
DMF, N,N-dimethylformamide; Fmoc, [(9H-fluorenyl)-
methoxy]carbonyl; HBTU, 2-[1H-benzotriazole-1-yl]-1,1,3,3-
tetramethyluronium hexafluorophosphate; HOBt, N-hydroxy-
benzotriazole; NCCLS, National Committee for Clinical
Laboratory Standards (now, Clinical and Laboratory Standards
Institute, CLSI); Pbf, 2,2,4,6,7-pentamethyldihydrobenzofuran-
5-sulfonyl; NMP, N-methylpyrrolidone; TFA, trifluoroacetic
acid.
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Radical rearrangements are important transformations in organic synthesis. The stabilisation of
a-nitrogen radicals is shown to be a useful effect for the control of radical rearrangements and is applied
to the synthesis of a variety of azabicyclic frameworks. The utility of this method is illustrated in the
synthesis of bioactive targets.


1. Introduction


Carbon-centred radicals are important intermediates in organic
chemistry: they can demonstrate a high degree of selectivity in
their reactions and their applications in synthesis have become
widespread.1–6 Methods involving radicals can exhibit significant
advantages over those proceeding via ionic pathways.7 Radicals
are highly reactive intermediates with fast reaction kinetics, yet
can be generated under mild conditions without the need for
strongly acidic or basic conditions. They are also widely tolerant of
functional groups (e.g. amines and alcohols usually do not require
protection), and radicals are generally much less sensitive to steric
effects since the counter-ions or aggregation spheres associated
with charged intermediates are not involved. Furthermore, the
understanding of radical chain reactions has enabled radical-based
methods to be applied to the synthesis of complex targets,7,8 and
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routes using radical intermediates can readily be considered during
retrosynthetic planning.9


For the successful execution of any radical chain reaction it is
necessary to be able to generate the initial radical on a substrate
in a site specific manner and for each radical generated within the
propagation steps to persist with sufficient lifetime to undergo
the desired subsequent reactions.7 The utility of radical-based
methodologies is further enhanced by the potential for effecting
cascade reactions, where the careful design of a substrate will
allow several radical reactions to proceed in sequence, often with
a considerable enhancement of molecular complexity,10 e.g. in
the synthesis of steroid rings.11 An elegant example is found in
Feldman’s approach to the brefeldins (Scheme 1).12


One interesting radical intermediate is the cyclopropylmethyl
radical 1, which is known to ring open to give homoallyl radical
2 (Scheme 2).13 The rate of such a process can be very fast: ring-
opening of the cyclopropylmethyl radical is known to proceed
with a rate of 1.2 × 108 s−1 at 37 ◦C.14 More substituted
cyclopropylmethyl–homoallylic radical systems can be found
embedded in a range of more complex substrates, e.g. in the
brefeldin study above. These systems have also found significant
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Scheme 1 An approach to the brefeldins using a radical cascade.12


application as so-called ‘radical clock reactions’,15 in kinetic
competition experiments for the determination of the rates of
other radical reactions. One such group of structures is that based
upon the bicyclo[2.2.1]heptene (norbornenyl) framework, where
a nortricyclyl radical 3 undergoes ring-opening to a norbornenyl
radical 4 (Scheme 2). Starting from nortricyclyl or norbornenyl
bromide, treatment with Bu3SnH and AIBN is known to lead
to the same (approximately equal) mixture of nortricyclane and
norbornene.


Scheme 2 Cyclopropylmethyl–homoallyl and nortricyclyl–norbornenyl
radical systems.


Both the ionic16 and radical17 intermediates that may be
generated on the norbornenyl framework have been the subject
of considerable interest; norbornenyl radicals have been shown
not to exhibit the ‘non-classical’ behaviour that is seen in the
corresponding cation, and studies have shown that the norbor-
nenyl and nortricyclyl radicals are discrete intermediates.18,19 In
the structurally similar system created by the formal fusion of
the norbornenyl skeleton with an aromatic ring, the ‘nortricyclyl’


radical 5 (Scheme 3) is delocalised in the originally aromatic p-
system. Ring-opening of this ‘nortricyclyl’ radical species can
lead to an overall 1,2-aryl (neophyl) migration.20 Related aryl
migrations are widely known.21


Scheme 3 Neophyl rearrangement.


As indicated in the above Schemes, homoallyl–
cyclopropylmethyl interconversions can be readily reversible, and
the final product distribution is found to be heavily dependent
upon reactant concentrations as well as substrate structure.17 In
order to make these reactions useful in synthesis, it is helpful
to have substrate structural directing effect(s) that will favour
the radical leading to the desired product.22 In the brefeldin
studies (Scheme 1), this was achieved by the incorporation of
gem-dichloro functionality on the cyclopropane ring, which
biased ring-opening [to give a tertiary (doubly datively stabilised)
radical] and aided macrocyclisation. Our research has focussed
on using the potential dative stabilising effect of an a-nitrogen
in the product producing radical to direct homoallyl radical
rearrangements for use in azacycle synthesis.


2. Nitrogen-directed homoallylic radical
rearrangements using azanortricyclanols: synthesis of
an epibatidine analogue


Our interest in nitrogen-directed radical rearrangements be-
gan with the synthesis of endo-6-(6-chloropyridin-3-yl)-2-azabi-
cyclo[2.2.1]heptane (6), an isomer of epibatidine (7) (Fig. 1).23,24


The latter alkaloid, isolated from the skin of the Ecuadorian frog
Epipedobates tricolor, is a potent non-opioid analgesic, and acts
as a nictotinic acetylcholine receptor (nAChR) agonist.25–27 We
considered that azabicycle 6 represented an interesting analogue
of epibatidine, since it translocates the secondary amine from
the 7-position to the 2-position of the rigid bicyclo[2.2.1]heptyl
framework, but retains the same basic framework connectivity and
maintains a similar orientation of the amine group with respect to
the chloropyridyl substituent. It was hoped that such an analogue
might provide useful SAR information in the search for less toxic
epibatidine analogues.28,29


Fig. 1 An isomeric analogue 6 of epibatidine (7).


We anticipated using the radical rearrangement of 7-azanor-
tricyclyl radical 8 to 2-azanorbornyl radical 9 as a key step in our
synthesis of azabicycle 6 (Scheme 4),30 a related rearrangement in
a [3.2.1] system having been reported by Rigby (see Section 6).31
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Scheme 4 Proposed radical rearrangement as a key step in the synthesis
of epibatidine analogue 6.


The synthesis of the radical progenitor to azanortricyclic
radical 8 used Boc-protected 7-azanorbornene 11, which was most
concisely prepared via [4+2] cycloaddition of N-Boc pyrrole and
tosyl acetylene to give diene 10, followed by hydrogenation and
sodium amalgam induced desulfonylation.32–33 We also envisaged
that this route would have the potential for an asymmetric syn-
thesis, by using enantioselective deprotonation to desymmetrise
the derived (achiral) epoxide 12.34 This strategy was successfully
developed to furnish the epibatidine analogue 6 in 10 steps
from cycloadduct 10 (Scheme 5), as well as related 6-substituted-
2-azabicyclo[2.2.1]hept-5-enes.33 Biological studies showed that
analogue 6 had a high binding affinity with nAChR, showing
analgesic activity equivalent to that of epibatidine.


Since the radical rearrangement (8 → 9, Scheme 4) proceeds
even if a potentially radical-stabilising alkyl or aryl group is present
at the site of initial radical generation (Scheme 4, R = alkyl, aryl),
it suggests that a driving force for this rearrangement might be due
to the dative stabilisation conferred upon the product producing
radical 9 by the presence of the a-nitrogen. The latter can be argued
from a consideration of the interaction of the nitrogen lone-pair
and the radical SOMO: the overlap of these orbitals is expected
to result in an overall lowering of free energy (Fig. 2).1,35,36 This
interaction also results in the radical SOMO being raised in energy,
enhancing the nucleophilic character of the radical—a feature we
have subsequently exploited in selective functionalisation of the
azabicyclo[2.2.1] framework (see Section 5).


Fig. 2 Radical SOMO–a-nitrogen lone-pair interaction.


The above observations led us conclude that the ‘nitrogen-
directed’ radical rearrangement had the potential to be more
widely applied and we began to consider ways to broaden
its scope. These investigations commenced with the synthesis
of various 5-substituted 7-azanortricyclanols by the addition
of Grignard reagents to epoxide 13 (Scheme 6, available by
epoxidation of cycloadduct 10).37 These alcohols were obtained
in good yields (72–96%) and were subsequently converted to the
corresponding methyl xanthates 14 for radical deoxygenation–
rearrangement. For alkyl substituents (14, R = Me, iPr) the
anticipated deoxygenation–rearrangement proceeded in 65% and
52% yields, respectively (Scheme 6). However, in the case of the
methoxy, phenyl, 6-chloropyridin-3-yl, 4-methoxyphenyl and 6-
methoxypyridin-3-yl substituents (several of which were of interest
for the synthesis of further epibatidine analogues), the deoxygena-
tion reaction proceeded cleanly to furnish 1,2-dihydropyridines
15 in 37–78% yield.38 A suggested pathway for the divergence
to dihydropyridine formation is shown in Scheme 6, and this
was supported by the observation that use of Bu3SnD resulted
in deuterium incorporation at the side chain methylene group of
the dihydropyridine.


3. Nitrogen-directed homoallylic radical
rearrangements initiated by thiol addition


During studies on the preparation of alkene 11 (Scheme 5) it was
found that desulfonylation of sulfone 16 gave rearranged alkene
20 as a by-product, in 18% yield (Scheme 7).33 It was reasoned that
alkene 20 could be derived by homolysis of the likely intermediate
radical anion initially generated in the desulfonylation, followed


Scheme 5 Synthesis of epibatidine analogue 6.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3071–3082 | 3073







Scheme 6 Radical deoxygenation of azanortricyclanols to 7-substituted
2-azanorborn-5-enes and 1,2-dihydropyridines.


by radical cyclisation from azabicyclic radical 17 to azanortricyclyl
radical 18 and subsequent ring-opening to nitrogen-stabilised
radical 19.


Given the above observations, we sought to develop a con-
venient route to azabicyclic radical 17 in order to investigate
the synthetic utility of this process, which would avoid the
synthesis of a tricyclic starting material. An attractive and ex-
perimentally straightforward method of generating alkyl radicals
is by addition of thiols to alkenes (cf. Scheme 1), and such
additions to norbornadiene have been well-studied, though the
nortricyclanes are reported to be the major products.39 In contrast,


we found that aromatic and aliphatic thiols reacted with N-Boc
7-azanorbornadiene 21 to give only the corresponding rearranged
azabicyclic sulfides 22 (Scheme 8).40a,c


Scheme 8 Radical addition of thiols to N-Boc 7-azanorbornadiene 21.


Benzeneselenol behaved in a similar fashion to the thiols, though
the greater hydrogen atom-donating ability of the benzeneselenol41


was reflected in the isolation of mixtures of diastereomers of both
the rearranged and unrearranged products (Scheme 9).


Scheme 9 Phenylselenol radical addition to N-Boc 7-azanorbornadiene
21.


The combined results of the thiol and selenol radical addition
experiments allowed an estimation of the rate of the radical rear-
rangement. The absence of unrearranged products in the addition
of the aromatic thiols suggests that the rate of rearrangement
is at least an order of magnitude faster than hydrogen atom
transfer from the thiol, which is known to be of the order of
108 dm3 mol−1 s−1.41 Conversely, the formation of small amounts
of the unrearranged adduct in the reaction with benzeneselenol
suggests that the rate of rearrangement cannot be more than an
order of magnitude greater than that of hydrogen atom transfer
from the selenol, known to be of the order of 109 dm3 mol−1 s−1.41


Thus, the rate of the rearrangement lies within the range of
108–109 s−1. Another noteworthy feature of this reaction is that
no products from hydrogen-atom-transfer to the azanortricyclyl


Scheme 7 Desulfonylation of alkene 16.
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intermediates (cf. 18) are isolated, suggesting the lifetime of
this intermediate is very brief, presumably due to the stabilising
interaction between the new radical SOMO and the a-nitrogen
lone pair developing in the transition state (cf. Fig. 2).


4. Nitrogen-directed homoallylic radical
rearrangements by tin-mediated reductions and
application in the synthesis of kainoids


Having developed methodology for the formation of 7-
substituted-2-azanorbornenes, we considered its potential as
a key step in the synthesis of kainoids, a family of 2,3,4-
trisubstituted pyrrolidine-based non-proteinogenic amino acids.42


Such compounds exhibit potent neuroexcitory effects, and are
potentially applicable in the treatment of Alzheimer’s and other
neurodegenerative diseases. They likely function biologically as
conformationally-restricted forms of glutamic acid; some kainoids
are shown in Fig. 3.


Fig. 3 Example kainoids.42


We considered that oxidative cleavage of a 7-substituted 2-
azanorbornene 25 would give a pyrrolidine with the characteristic
kainoid substitution pattern (Scheme 10).


Scheme 10 2-Azanorbornenes as potential kainoid precursors.


Before commencing specifically-targeted kainoid syntheses, a
series of model studies were undertaken to prove the viability
of the proposed key step and to probe the scope of the reaction.


Dienyl sulfone 10 was chosen as a substrate for these investigations
because of its convenient (1 step) preparation and because
resolution of the enantiomers has been demonstrated.43 Unlike
symmetrical 7-azanorbornadiene 21, dienyl sulfone 10 has four
different potential sites for radical addition, with the further
possibility of exo or endo attack at each of these sites. There
was also the possibility of the formation of direct addition or
addition–rearrangement products: it was clear that a high degree
of selectivity would need to be achieved in order for this reaction
to be applied successfully in kainoid synthesis.


Initial attempts to add electrophilic radicals to 10 were disap-
pointing, leading to complex mixtures in all cases. In contrast,
nucleophilic radicals discriminated between the alkenes, favouring
reaction at the more electron-deficient sulfonyl-substituted alkene.
Reaction with t-butyl iodide led to a 2 : 1 mixture of unrearranged
(27) and rearranged (30) adducts respectively, in an encouraging
83% combined yield (Scheme 11);44 the product distribution
presumably reflecting the stabilisation conferred upon the initially-
formed radical by the presence of the a-tosyl group. Screening of
other iodides with various steric demands showed radical addition
to be efficient in all cases, with addition occurring exclusively to
the exo face, however the ratio of unrearranged to rearranged
products was found to be markedly dependent upon both the
nature of the radical undergoing the addition. Tertiary radicals
gave predominantly unrearranged products, secondary radicals
gave mixtures whereas primary radicals gave almost exclusively
the rearranged products.


Intrigued by the above trend in reactivity an azanortricyclic
xanthate was synthesised37,38,44 and deoxygenated with Bu3SnH–
AIBN to generate the putative intermediate azanortricyclyl radical
28 (Scheme 11 R = tBu). Only 2-azanorbornene 30 (R =
tBu) was obtained from this reaction, suggesting that once the
intermediate tricyclic radical is formed, the reaction proceeds only
forwards to the ‘rearranged’ 2-azanorbornenyl radical and that the
‘unrearranged’ and ‘rearranged’ radicals are not in equilibrium.
It follows, therefore, that the product ratio in additions to diene
10 is determined by the rate of formation of the tricyclic inter-
mediate from the initially-formed adduct radical 26 (Scheme 11).
Interestingly, the same product ratio was obtained from addition
of the t-butyl radical and the 1-adamantyl radical. These species
are sterically similar, but differ in their electronic nature because
the 1-adamantyl group is unable to participate in hyperconjugative
radical stabilisation.45,46 From these latter observations it may be


Scheme 11 Alkyl radical addition to cycloadduct 10.
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inferred that the origin of the selectivity is mainly due to the steric
demand of the adding radical alkyl group.


Electronic effects are also likely to be important in determining
the product distribution when the rigidity of the bicyclo[2.2.1]
framework is taken into consideration. The initially formed radical
26 is likely to be of mainly sp3 character, because the 120◦ bond
angle required for sp2 hybridisation cannot be accommodated.47


The radical must therefore adopt either an exo or an endo
conformation, as shown in Scheme 11. The exo radical is likely
to be preferred, since steric interactions between the alkyl group
and the sulfone are minimised, but this conformation does not
permit orbital overlap with the alkene p-orbitals and prevents
the formation of the tricyclic intermediate. Only when the radical
is in the endo conformation can the overlap necessary for bond
formation occur. Thus, a bulky tertiary alkyl group will make
the formation of the tricyclic intermediate less favourable, whilst
a less sterically demanding primary alkyl group will allow the
intermediate to adopt the required conformation, giving access to
28 and then desired rearranged product 30.


Having established that the desired alkyl-substituted rearranged
products could be formed, attention turned to the synthesis of the
kainoids. Our strategy was to introduce the carboxymethylene
group at C-3 via reductive radical addition of 2-iodoethanol, fol-
lowed by oxidation. Optimisation of the addition of 2-iodoethanol
led to the conclusion that the reaction was most effectively
performed at room temperature.


A first target was triacid 34 (Scheme 12), itself known to exhibit
strong neuroexcitatory activity.48 The rearrangement proceeded
without difficulty when Bu3SnH was employed as the radical
reductant. The addition of a hydroxyethyl radical was found to
occur exclusively at the exo face giving alcohol 31 (cf. the epimeric
mixtures obtained by the addition of thiols and selenides) and only


Scheme 12 Synthesis of triacid 34.


trace amounts of the adduct arising from simple addition across
the sulfone-bearing double bond were recovered, implying that
the putative a-radical from the initial addition is not significantly
stabilised by the presence of the sulfone. Desulfonylation to 32
was effected by the use of 6% sodium amalgam with boric acid in
refluxing methanol.49 It was noted that when the latter was carried
out on a mixture of rearranged and unrearranged sulfones (1 :
0.33) the quantity of 2-azabicycle produced from desulfonylation
exceeded the quantity of 2-azabicyclic sulfone initially present.
This fortuitous enhancement in yield presumably derives from
the possibility of a radical generated during desulfonylation, as
described in Section 3 (Scheme 7). Oxidative cleavage and a
separate Jones′ oxidation of the primary alcohol 33 furnished the
desired triacid 34.43,49


With this result in hand, a synthesis of a-kainic acid 23 was
then developed, in 13 steps from rearranged azabicyclic alcohol
31 (Scheme 13).44,50 Key features of the synthesis included Swern
oxidation of the equilibrating mixture of lactols (35 and 36)
following ozonolysis of azabicyclic alcohol 31, which proceeded
selectively via lactol 36. Also, subsequent lactone methanolysis
and carbonate formation provided fused bicyclic sulfone 37, which
underwent desulfonylation to generate the cis 3,4-disubstitution
required for kainic acid 23 (Scheme 13).


A modified form of intermediate 31 was then developed as a
starting point for the synthesis of racemic a-isokainic acid 24
and a-dihydroallokainic acid 39 (Scheme 14).44,51 The use of a
sulfone bearing a CClMe2 group, rather than the pMe-C6H4 group,
provided the functionality required for a subsequent cascade
oxidation–decarboxylative Ramberg–Bäcklund process, allowing
direct introduction of the isopropylidene unit at C-4.


5. Nitrogen-directed homoallylic radical
rearrangements by silane-mediated xanthate
deoxygenation in 7-azabenzonorbornenes


While radical rearrangements in norbornenes are well-
documented, there are fewer reported rearrangements in ben-
zonorbornadienes (cf. Scheme 3), presumably due to the en-
ergetic barrier to the disruption of aromaticity. However, 2-
azabenzonorbornenes 41 are attractive synthetic targets e.g. as
conformationally defined adrenergic agents,52 and are syntheti-
cally challenging when approached from conventional routes. We
considered that the radical rearrangement that we had developed
in the norbornene system could be extended to the benzo-fused
analogue, allowing access from the conveniently available53,54 7-
azabenzonorbornadienes 40 (Scheme 15).


However, our first attempts to effect rearrangement by the
addition of thiocresol to cycloadduct 40 were disappointing,
resulting only in direct addition to the alkene. Hydroboration–
oxidation, followed by Barton–McCombie deoxygenation55 was
considered to be an attractive alternative strategy, since hydrobo-
ration is known to proceed with high facial and regioselectivity in
substituted alkenes,56 and this method also offered the potential
for desymmetrising the achiral 7-azabenzonorbornane system via
asymmetric hydroboration–oxidation (vide infra).


Xanthate 42 was first prepared in 2 steps from cycloadduct 40.
Barton–McCombie deoxygenation mediated by Bu3SnH (0.04 M
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Scheme 13 Synthesis of kainic acid 23.


Scheme 14 Syntheses of a-isokainic acid 24 and a-dihydroallokainic acid 39.


in xanthate 42) gave a 3 : 1 mixture of rearranged and unrearranged
azacycles and also chromatographic removal of tin residues was
problematic. We reasoned that the formation of the putative
cyclopropyl intermediate (cf. Scheme 3) would be a relatively slow
process, and that extending the lifetime of the precursor radical


should favour the rearrangement. To this end the reaction was
repeated, but using the slower H-atom donor (and non-toxic)
(TMS)3SiH57–59 which gave an improved 7 : 1 mixture of rearranged
and unrearranged azacycles (Scheme 16). Further optimisation
using a slow (syringe pump) addition of the silane and the initiator
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Scheme 15 2-Azabenzonorbornenes from 7-azabenzonorbornenes.


Scheme 16 Tandem deoxygenation–rearrangement–reduction of benzo–
fused azacyclic xanthate 42.


led to a 90% isolated yield of rearranged–reduced azacycle 41, with
only ∼5% of the unrearranged product.


With these results in hand, we were interested in the effects
of substitution at both the azabicyclo[2.2.1] framework and at
the aromatic ring. More substituted xanthates were prepared
and deoxygenation was performed with slow addition as before
(Scheme 17). NOESY NMR experiments demonstrated that H-
atom transfer from (TMS)3SiH to the rearranged intermediate
occurred exclusively from the exo face, leading to a single product
diastereomer, and that the 7-alkyl substituents are anti with respect
to the nitrogen atom in the rearranged product.40c


Scheme 17 Deoxygenation–rearrangement–reduction of more substi-
tuted 7-azabenzonorbornenyl xanthates.


Having demonstrated a wider reaction scope, we wanted to try
to understand more of the mechanistic detail: in particular we
wished to investigate the driving force for the reaction. Variation
of the exocyclic N-substituent gave the results shown in Scheme 18.


These results suggest that in systems where the nitrogen lone pair
is less available due to amide resonance, there is a lesser driving
force for rearrangement, supporting the previous suggestion that
interaction between the N-lone-pair and the radical SOMO is
the key effect. The observation that variation of the exocyclic
N-substituent affects the rate of the rearrangement also has
implications for understanding the nature of the intermediates in
the reaction and the detail of the reaction profile. The fact that the
electronic structure of the final radical 44 has an effect upon the
rate of reaction, coupled with the postulate that ring-opening of a
benzonortricyclyl radical is unlikely to be rate-limiting,60 suggests
that 43 is a transition state, rather than a discrete intermediate
(Scheme 18). With this in mind, it is possible to estimate the
rate of the rearrangement based upon the rate of hydrogen atom
transfer from (TMS)3SiH to a secondary alkyl radical, for which
the Arrhenius function has been derived by Chatgilialoglu et al.61


For reaction in refluxing toluene, the second order rate constant is
calculated to be approximately 7 × 105 dm3 mol−1 s−1. Reduction of
xanthate 42 using (TMS)3SiH at an initial concentration of 0.12 M
gave approximately equal amounts of rearranged and directly
reduced products, suggesting that the rate of rearrangement is,
within an order of magnitude, equal to the rate of hydrogen atom
transfer—i.e. the rate of rearrangement is approximately 105 s−1.


Having developed the deoxygenation–rearrangement method
for the preparation of 2-azabenzonorbornanes, our attention
turned to developing an asymmetric access. Initial efforts to per-
form rhodium-catalysed asymmetric hydroboration–oxidation62


did not give ees at a synthetically useful level,63 however stoichio-
metric hydroboration–oxidation with (−)-diisopinocampheyl-
borane [(−)-Ipc2BH], 45 followed by oxidative workup gave
alcohol 46 in 84% yield and 95% ee (Scheme 19).64 This method
was found to be applicable to representative members of the
other more substituted 7-azabenzonorbornadienes, with good
yields and excellent ees. The absolute sense of asymmetric in-
duction was confirmed in the case of 2-azabenzonorbornadiene
41 by chemical correlation64 and the others were assigned by
analogy.


Having developed an asymmetric entry into the 2-azabenzo-
norbornenes, we investigated whether the more nucleophilic
character of the rearranged radical (cf. Fig. 2) could be exploited
in electrophile trapping in tandem with the deoxygenation–
rearrangement. The optimised conditions for deoxygenation–
rearrangement [slow addition of (TMS)3SiH and AIBN to a
solution of xanthate in refluxing toluene] closely matched those
developed for deoxygenation–direct electrophile trapping by Chat-
gilialoglu et al.,57 and we were pleased to find that by including an
electrophile, the rearranged-trapped products 47 could be isolated
in good yields for a range of electron-deficient alkenes (Scheme 20).


With phenyl vinyl sulfone, a roughly 1 : 1 mixture of reduced
and trapped rearranged azacycles was obtained, suggesting that
for this electrophile the rate of addition to radical 44 (R = Boc)
is approximately equal to that of hydrogen atom transfer from
(TMS)3SiH. Less electron-deficient alkenes, such as N,N-dimethyl
acrylamide and acrolein diethyl acetal returned only rearranged
reduced azacycle 41.


3078 | Org. Biomol. Chem., 2007, 5, 3071–3082 This journal is © The Royal Society of Chemistry 2007







Scheme 18 Effect of varying the exocyclic N-substituent.


Scheme 19 Asymmetric hydroboration–oxidation of 40 by (−)-Ipc2BH.


Scheme 20 Preparation of 3-substituted 2-azabenzonorbornenes by
rearrangement–electrophile trapping.


When the deoxygenation–rearrangement–electrophile trapping
reaction was investigated with the xanthates derived from the more
substituted alcohols, we found that the desired reactions occurred,
but were followed by isomerisation to pharmaceutically relevant65


aminomethyl indenes, presumably via trace acid-catalysed ring-
opening (Scheme 21).


6. Nitrogen-directed homoallylic radical
rearrangements in the 8-azabicyclo[3.2.1]octane
system


Prior to commencing our studies with azabicyclo[2.2.1] systems
(Section 2), we had noted that a related homoallylic radical
rearrangement had been reported by Rigby and Pigge in an 8-
azabicyclo[3.2.1]octane system, where a 6-azabicyclo[3.2.1]octane
was detected as a minor byproduct of a radical decarboxylation
reaction.31 In this latter chemistry, photochemically-induced de-
composition of a pyridine-2-thione-N-oxycarbonyl (PTOC) ester
48 generates radical 50, which is postulated to undergo transan-
nular cyclisation to 51, followed by ring-opening to radical 52
(Scheme 22). Optimisation studies allowed isolation of rearranged
product 49, in 42% yield.


Furthermore, it has been demonstrated that the capto effect of
carbonyl groups can direct homoallylic radical rearrangements
in bicyclo[2.2.2] systems. Markó and co-workers have shown
that radical-mediated skeletal rearrangements can occur in bi-
cyclo[2.2.2]octenone 5366,67 and applied this to the synthesis of
Corey’s lactone, by subsequent acid-catalysed rearrangement of
bicyclic lactone 54 (Scheme 23). This system has also found
application in the synthesis of oxatriquinanes.68


This precedent, in combination with the understanding we had
accrued from our own studies in bicyclo[2.2.1] systems, led us to
consider the application of nitrogen-directed homoallylic radical
rearrangement to the synthesis of isoquinuclidine-containing
alkaloids. The isoquinuclidines (2-azabicyclo[2.2.2]octanes) are
found in several bioactive natural products, such as (+)-ibogamine
(55, Scheme 24).69,70 Furthermore, the isoquinuclidine framework
is employed in medicinal chemistry as a rigid azabicyclic scaffold.71


We reasoned that a nitrogen-directed homoallylic radical rear-
rangement reaction could be used as a key step in the preparation
of (+)-ibogamine (55),72 with enantioselective desymmetrisation73


of the readily-available tropenone 56 allowing an asymmetric
access (Scheme 24).
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Scheme 21 Tandem deoxygenation–rearrangement–electrophile trap-
ping followed by trace acid-catalysed ring-opening to aminomethylindenes.


Scheme 22 Radical decarboxylation–rearrangement–reduction in an
8-azabicyclo[3.2.1]system.30


Achiral tropinone precursor 56 was made via cycloaddi-
tion of commercially available N-(carbomethoxy)pyrrole and
1,1,3,3-tetrabromoacetone (Scheme 25).74 Desymmetrisation was


Scheme 23 Homoallylic radical rearrangement in a bicyclo[2.2.2]-
octenone.67


Scheme 24 Homoallylic radical rearrangement strategy for the synthesis
of (+)-ibogamine 55.


achieved in 80% yield and 80% ee using chiral lithium amide
57 and, after incorporation of bromo and ethyl substituents, the
resulting radical precursor 58 was subjected to our previously
developed radical rearrangement conditions.40,44 Disappointingly,
these conditions did not effect the desired rearrangement. We
postulated that the radical initially formed by abstraction of the
bromine atom might be stabilised with respect to rearrangement
by the capto effect of the a-carbonyl group. Both deoxygenation
and acetal protection of the carbonyl proved to be unsuccessful,
but careful reduction to bromohydrin 59, followed by treatment
with NaBH4, 15% Bu3SnCl and AIBN as an initiator in ethanol
at reflux gave the desired rearranged alcohol 60. Furthermore, we
were pleased to discover that these reactions could be combined
in a one pot procedure to give rearranged alcohol 60 directly.
Subsequent Barton deoxygenation55 of the alcohol, followed by
deprotection, coupling with tryptophyl bromide and cyclisation
under Trost’s conditions75 gave (+)-ibogamine 55 (Scheme 25).


Conclusions


Radical induced skeletal reorganisation by homoallylic rearrange-
ment in readily assembled bridged azabicyclic systems has been
demonstrated to be a synthetically useful protocol for accessing
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Scheme 25 Synthesis of (+)-ibogamine 55.


2-azabicyclo[2.2.1]hept-5-enes, 2-azabenzonorbornanes and 2-
azabicyclo[2.2.2]oct-5-enes, containing substitution patterns not
otherwise easily attainable. Especially noteworthy, because of the
convergency and associated rapid generation of molecular com-
plexity, are the processes developed involving tandem intermolec-
ular radical addition followed by homoallylic rearrangement, and
homoallylic rearrangement followed by intermolecular radical
trapping. A guiding principle in the rearrangement chemistry is
the likely stability engendered by placement of the final, product
forming radical adjacent to nitrogen. The strategy has been
exemplified in the synthesis of a variety of bioactive unnatural
and natural products.


In this research area, progress can be envisioned in: demon-
strations of the principle with other azacyclic systems, the use
of other guiding heteroatoms, the development of strategically
different (and more benign) ways of radical generation prior to


rearrangement and radical manipulation post rearrangement, and
further applications towards targets of specific interest.
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evaluation of cytotoxicity against human malignant melanoma (A375) and
laryngeal carcinoma (Hep2)


Madhushree Das Sarma,a Rina Ghosh,*b Amarendra Patra,c Rajdeep Chowdhury,d Keya Chaudhurid and
Banasri Hazra*a


Received 24th May 2007, Accepted 6th August 2007
First published as an Advance Article on the web 22nd August 2007
DOI: 10.1039/b707851j


Glycoside derivatives of diospyrin (1) were synthesized for the first time, and the cytotoxicity of the
novel compounds vis-à-vis their precursors were evaluated against two human cancer cell lines, viz.
malignant melanoma (A375) and laryngeal carcinoma (Hep2). The IC50 values were in the low
micromolar range for all the compounds tested, and A375 cells showed comparatively greater
sensitivity than Hep2. Most of the compounds exhibited enhanced activity as compared to the
plant-derived quinonoid precursor of the series (1), while the aminophenyl mannosyl (6) was found to
be the most effective derivative. In A375 cells, 6 (IC50 = 0.02 lM) showed the maximum increase in
cytotoxicity (∼35-fold) over that of 1 (IC50 = 0.82 lM). Again, when the glycosides were evaluated at a
given concentration (0.1 lM) for their relative capacity to generate ROS from A375 cells, the compound
6 could produce the highest amount of ROS. Incidentally, this derivative also showed a comparatively
lower toxicity (IC50 ∼ 41 lM) when tested against normal human peripheral blood mononuclear cells,
indicating a fair prospect of its development as a novel chemotherapeutic agent for the treatment of
malignant melanoma.


Introduction


Natural products, many of which are glycosylated secondary
metabolites, have inspired the development of a large number
of modern pharmaceuticals, particularly against microbial and
cancerous diseases.1,2 The sugar moiety imparts unique chemical
diversity to these metabolites, and also contributes towards
modulation of their biological activity and pharmacokinetic
properties at the tissue, cellular and molecular levels.3 Fur-
thermore, the carbohydrate has recently been shown to play
critical roles in the recognition of DNA (calicheamicin),4 RNA
(streptomycin),5 and membrane (amphotericin),6 inhibition of
translation (erythromycin),7 as well as targeting of specific proteins
(staurosporine)8 and protein complexes (cardiac glycosides, e.g.,
digitoxin).9 Natural product-derived glycoconjugates like vanco-
mycin, etoposide, anthracycline and aminoglycoside antibiotics
have been designed to target microbial and viral infections as
well as cancer.10–15 Recently, assorted strategies such as total
or semisynthesis and genetic engineering have been adopted
to alter the glycosylation state of natural products, leading to
combinatorial libraries of structurally diverse analogues.16,17
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Anthracycline antibiotics, which are highly functionalised gly-
cosides containing the quinonoid chromophore, have been exten-
sively used for more than four decades, and currently constitute the
second largest class of anticancer drugs in clinical application.18,19


Naturally occurring as well as semisynthetic anthracyclines have
played an ever-increasing role, either alone or in combination
with other clinical agents against cancer.20 For example, daunoru-
bicin and its hydroxylated analogue doxorubicin, isolated from
various Streptomyces strains, are the prototypes of this family
of antibiotics widely used for the treatment of various types of
malignancy.21 Daunorubicin is particularly useful against acute
myelocytic and lymphocytic leukemia, whereas doxorubicin is
the most effective single agent against soft-tissue sarcomas in
adults, and also exhibits a broader spectrum of action in many
solid tumors, such as osteosarcoma, non-Hodgkin’s lymphoma,
and carcinomas of breast, ovary, thyroid and lung.22 However,
the potential clinical utility of anthracyclines, as for the majority
of antitumor drugs, is often limited by dose-limiting side effects
like bone marrow suppression and cardiotoxicity, and also by
the appearance of multi-drug resistance in tumor cells.23 Hence,
continuous efforts are in progress to design less toxic anthracycline
analogues. Also, quinonoid prodrugs were created for antibody-
directed enzyme-linked therapy to achieve a targeted concentra-
tion of the drug at the tumor site.24


Thus, designing of quinone-sugar conjugates would be an at-
tractive proposition in the pursuit of novel anticancer chemother-
apeutics with minimal side effects.25 Presumably, the sugar moiety
would play a dual role in the recognition of the receptor at
the malignant site, and influence the pharmacokinetic drug
distribution,26 while the quinone part would contribute to the
lipophilicity and redox cycling property of the compound.27
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Incidentally, several plant-derived anthraquinones (such as aloe-
emodin, chrysophanol, quinizarin, etc.) and naphthoquinones
(e.g. lapachol, lawsone, naphthazarin, 7-methyl juglone, etc.) have
been successfully employed as synthons for preparing quinone–
sugar hybrids with excellent regio and stereo-specificity.28–31 It may
be mentioned that several derivatives of diospyrin, a naturally
occurring bisnaphthoquinone, were found to be active against
murine and human cancer cells.32–36 In this context, we envisaged
that appropriately glycosylated adducts of diospyrin may have
antitumor activity. Consequently, coupling of diospyrin and its
derivatives with several carbohydrate moieties was achieved, which
is presented here for the first time. Thereafter, cytotoxicity of the
novel glycosides was evaluated in two human cancer cell lines,
viz. A375 (malignant skin melanoma) and Hep2 (epidermoid la-
ryngeal carcinoma), in vitro, followed by the estimation of reactive
oxygen species (ROS) generation in A375 cells. Further, the toxicity
of the test compounds on human peripheral blood mononuclear
cells (PBMC) was estimated for a preliminary assessment of the
therapeutic prospect of the glycosylated quinones.


Results and discussion


1. Synthesis


Diospyrin (1; crude; ∼1 g) was isolated from the stem bark (1 kg)
of Diospyros montana Roxb. (family: Ebenaceae), and purified
following methods developed in our laboratory.37 The structure
has finally been confirmed to be 2,6′-bis (5-hydroxy-7-methyl-1,4-
naphthoquinone) through total synthesis,38 and recently, by crys-
tallographic analysis.39 In order to synthesise a glycoside derivative
of 1, Koenigs–Knorr glycosidation40 of 1 with 2,3,4,6-tetra-O-
acetyl-a-D-glucopyranosyl bromide41 was attempted, using freshly
prepared silver oxide.31 However, most of the starting material 1
(∼80%) remained ‘unreacted’, even continuing the reaction for
3 days, while the desired product was obtained as an anomeric
mixture (2; Fig. 1) with very poor yield (∼15%).42 Change of
solvent or promoter in this reaction did not lead to any notable
improvement in the overall yield of 2. Incidentally, in a similar
work carried out on another plant-derived hydroxynaphtho-
quinone (naphthazarin), Caygill et al. had reported the recovery


Fig. 1 Structure of 5-(2,3,4,6-tetra-O-acetyl-D-glucopyranosyloxy)dio-
spyrin 2.


of ∼35% of the starting material, and the glycosylated product
was obtained at a yield of ∼29% only.31 However, a moderate
yield (∼40%) was reported for a similar reaction carried out
on 2-hydroxy-1,4-naphthoquinone (lawsone).28 Probably, the peri-
hydroxy groups in diospyrin and naphthazarin would not allow the
optimum participation of these quinonoids in this glycosidation
reaction.


Hence, in order to obtain a series of novel glycosyl analogues in
substantial amounts for carrying out the desired biological studies,
it was decided to utilise 3, the dimethyl ether derivative of 1 as a
synthon. Actually, the use of 3 had another advantage, because
preparation of highly pure 1 through repeated crystallization of
the ‘crude’ sample would have caused substantial loss of the
precious natural product. On the other hand, ‘crude’ 1 could be
converted almost quantitatively to 3 by treatment with methyl
iodide and silver oxide, followed by purification over a neutral
alumina column.37 In fact, for carrying out the synthesis of various
other derivatives in this hydroxy-bisnaphthoquinonoid series, 3
had always been preferred as a substrate in view of the apparent
reluctance of 1 to undergo most of the chemical transformations
involving the quinonoid moiety. It may be worth mentioning here
that a series of amino-derivatives with promising antiproliferative
activity were also obtained from 3.36,43 Hence, p-aminophenyl-D-
glycosides were chosen to carry out 1,4-Michael addition on 3,
whereupon the expected adducts (4–6) were obtained in fairly
good yields (80–92%; Scheme 1). It may be noted that although
the aforesaid glycoside reagent has been widely documented
in formulation of glycosylated liposomes for encapsulation and
targeted delivery of chemotherapeutic agents,44,45 to the best of
our knowledge, the same has not been commonly encountered in
the literature for the synthesis of anchored natural product–sugar
conjugates. Further modification of 4–6 was carried out by using
pyridine–acetic anhydride reagent to produce the corresponding
acetyl derivatives (4a–6a). Incidentally, under the reaction condi-
tion given in Scheme 1, only the –OH groups were preferentially
acetylated leaving the –NH–group unreacted, as confirmed by the
NMR, MS and elemental analyses.


The position of the side-chain substitutions with the p-amino-
phenyl-D-glycoside moiety in compounds 4, 4a, 5, 5a, 6 and 6a,
was established unequivocally from one-dimensional NMR [1H,
13C (NDC and DEPT-135)] spectral studies, and two-dimensional
13C-1H NMR correlations optimized for 1JC–H ≈160 Hz and 3JC–H


≈7 Hz. Taking 4 as a representative structure (Fig. 2), the most
downfield proton resonance observed at d 7.75 (s) was assignable
to H-8′, and in the long-range HETCORR spectrum, this proton
showed correlation to the carbonyl carbon (C-1′) resonating at
d 184.6. Incidentally, the NH proton resonating at d 7.49 had
correlation with a different carbonyl carbon resonance (displayed
at d 180.6 in 4) and was assignable to C-4′. The amino-sugar
substituents in 4 could be either at C-2′ or C-3′. The location at C-3′


was conclusively settled from the long-range correlation observed
between the C-4′ signal and H-2′ signal (d 5.94) in consonance with
the structures of 3′-substituted analogues of diospyrin dimethyl
ether.


In Scheme 2, we describe the synthesis of a couple of mod-
ified sugar derivatives, based on an ethanolamine derived from
diospyrin dimethyl ether (7),36 in which the aromatic (phenyl)
spacer has been replaced by an aliphatic one (8 and 9). Thus, 7 was
treated with a tri-O-acetyl-D-glycal46 in the presence of anhydrous
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Scheme 1 Synthesis of glycosylated adduct of diospyrin dimethyl ether. Reagents and conditions: (a) CH3I, Ag2O, CHCl3, stir, rt; (b) p-aminophenyl a
or b-D-glycopyranoside (A), CHCl3, EtOH, reflux, N2 atm; (c) Ac2O, pyridine, rt, 12 h.


Fig. 2 Long range 13C-1H correlations of 4.


indium chloride, when the corresponding 2,3-unsaturated glyco-
sides were obtained through Ferrier rearrangement in ∼72–80%
yield, with the a-anomer as the major product.47 The anomeric
mixtures were separated by semi-preparative RP-HPLC. In the
case of the galactal derivative (9), both the anomers were isolated,
whereas only the major a-isomer of the glucal derived product
could be collected for further assessment. Incidentally, in this case,
anhydrous InCl3


48–50 was found to be the most effective activator,
whereas other Lewis acids, like In(OTf)3


51 and Yb(OTf)3,52,53 failed
to give the desired result.


2. Antitumor activity


The aforesaid glycoconjugates, their precursors and two standard
clinical agents (doxorubicin and camptothecin) were evaluated for
antiproliferative activity against two human cancer cell lines, viz.
malignant melanoma (A375) and laryngeal carcinoma (Hep2) by
MTT assay, based on colorimetric estimation of the blue formazan
compound produced by reduction of the tetrazolium ring in
MTT.54 Subsequently, the effect of these compounds on PBMC
were also assessed similarly. Marked inhibition was observed in
the growth of tumor cells incubated with each of the compounds
for 24 h. It was obvious from the respective IC50 values (Table 1)
that the cytotoxicity profile of the natural product could be
substantially enhanced, in most of the cases, through its conversion
to glycosides. Incidentally, as compared to Hep2, the A375 tumor
cells were found to be more sensitive to treatment with these drugs,
as had been observed previously with a few other derivatives of
diospyrin.36


The derivative 2 obtained through the direct glycosylation
of diospyrin (Fig. 1) did not show notable improvement in its
cytotoxicity profile. Hence, apropos of the earlier discussion on
its poor yield, it was not worthwhile to expand the study on this
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Scheme 2 Synthesis of glycosylated adduct of ethanolamine derivative of diospyrin dimethyl ether. Reagents and conditions: (a) HOCH2CH2NH2,
CHCl3, EtOH 0–10 ◦C, 3 h; (b) tri-O-acetyl-D-glycal (B), anhydrous InCl3, DCM, rt, 2 days.


Table 1 Evaluation of cytotoxicity towards tumor cells and PBMC by
diospyrin and its derivatives


IC50/lM a


Compound A375 Hep2 PBMC


1 0.82 ± 0.03 3.58 ± 0.56 78.32 ± 3.41
2 b 1.03 ± 0.05 4.24 ± 1.04 72.65 ± 2.53
3 0.20 ± 0.02 0.39 ± 0.03 53.26 ± 3.80
4 0.52 ± 0.02 1.80 ± 0.08 >100.0
4a 0.67 ± 0.02 0.48 ± 0.04 32.71 ± 4.64
5 0.13 ± 0.01 4.54 ± 1.28 41.91 ± 4.12
5a 0.17 ± 0.07 0.85 ± 0.08 >100.0
6 0.02 ± 0.01 0.26 ± 0.05 41.27 ± 2.82
6a 0.19 ± 0.03 2.95 ± 0.26 24.63 ± 2.13
7 3.18 ± 0.09 1.41 ± 0.16 21.82 ± 1.40
8a 0.19 ± 0.04 5.68 ± 1.38 59.34 ± 3.62
9a 0.06 ± 0.01 0.66 ± 0.07 74.98 ± 1.84
9b 0.06 ± 0.01 1.01 ± 0.10 79.15 ± 6.81


a Inhibitory concentration to reduce 50% cell growth evaluated by MTT
assay. Data represent mean values (±SE) for three independent deter-
minations. b With anomeric mixture (a–b 1 : 4) IC50/lM of doxorubicin,
clinically used anticancer drug with a quinonoid structure, in A375: 0.007 ±
0.001; Hep2: 0.42 ± 0.04; PBMC: 15.51 ± 1.74. IC50/lM of camptothecin,
anticancer drug as ‘standard clinical agent’, in A375: 0.003 ± 0.001; Hep2:
20.13 ± 2.42; PBMC: 32.28 ± 2.04.


series of analogues any further. On the other hand, among the
next series of six aminophenyl glycopyranosides (Scheme 1), four
showed enhanced cytotoxicity in A375 cells, and a marked change


was observed in the mannosyl adduct (6), which was found to be
approximately 10-fold more active than its synthon, 3, with IC50


values of 0.02 and 0.20 lM, respectively. However, these conjugates
did not exhibit such activity against Hep2 cells, although the
mannosyl adduct (6) was the sole exception, showing an IC50 value
of 0.26 lM, which was comparatively less than that of 3 (0.39 lM).
Further, the structural modifications of 3 led to significant
reduction in cytotoxicity of two of the derivatives (4 and 5a; IC50 >


100 lM) towards ‘normal’ PBMC. Again, it was interesting to
compare the IC50 values of the three glycopyranosides (4, 5 and 6)
with respect to the corresponding O-acetylated products (4a, 5a
and 6a). In the case of the mannosyl conjugate (6a), acetylation did
not lead to any improvement, considering its effect on the tumors
as well as on the ‘normal’ PBMC. However, for both glucosyl (4)
and galactosyl (5) adducts, the acetylated sugars produced 4- to
5-fold enhanced cytotoxicity towards Hep2 cells.


In Scheme 2, the compound 7 (IC50 = 3.18 lM), when converted
to its glucal derivative, 8a, produced ∼17-fold enhanced activity
in A375 cells, while a more dramatic improvement (>50-fold) was
observed for its galactal analogues (9a and 9b). In addition, the
glycals, 8a, 9a and 9b, were relatively less toxic to the normal
lymphocytes as compared to 7.


Taken together, the ten glycosides presented above generally
displayed a greater specificity towards the human melanoma cell
line, rather than Hep2. The compounds 6, 9a and 9b were the most
cytotoxic in A375, with IC50 values at a low micromolar level, while
the rest were also more effective than the natural diospyrin (1),
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only 2 being an exception. However, when tested against Hep2,
no substantial advantage of glycosylation could be observed; in
fact, compounds 2, 5 and 8a showed IC50 values higher than the
respective precursors.


In view of above, diospyrin glycoconjugates could be considered
as prospective ‘leads’ for designing novel therapeutic agents
against malignant melanoma, which is the most aggressive form
of cutaneous cancer.55 Reportedly growing at an annual rate
of 5% in USA, the incidence of melanoma is becoming rather
alarming, particularly among Caucasians in many countries.56


For the treatment of disseminated melanoma, chemotherapy
would be the standard option, despite the recent advances
in immunotherapy and vaccines against cancer. Several plant-
derived chemotherapeutic agents, such as vinorelbine tartrate and
paclitaxel, have been clinically applied to patients with advanced
malignant melanoma.57,58 Unfortunately, metastatic melanoma
cells tend to escape the induction of apoptotic death, and thereby
acquire resistance to conventional chemotherapeutic agents. Thus,
multidrug resistance has been frequently observed in such cases,
hence, new drugs with novel modes of action might help to increase
the sensitivity of melanoma to chemotherapeutic treatments.59


Since diospyrin analogues are known to induce apoptosis in
several human cancer cell lines, it would be relevant to explore
the mechanism of action of its glycosides in this respect.34 Further,
involvement of a ROS-mediated pathway was established,35 reveal-
ing dramatic changes in mitochondrial transmembrane potential
and other associated events signaling apoptotic cell death, in
MCF-7 cells, caused by diospyrin diethyl ether.60,61 This prompted
us to evaluate glycoside analogues for the ability to generate ROS
in melanoma cells using fluorimetric assessment.35,62 It was found
that all quinonoids generated ROS in a dose-dependent manner
(data not shown). However, for a comparative analysis, the R.F.I.
values for all of them was determined at a concentration of
0.1 lM, and substantial generation of ROS was recorded by all the
quinonoids as presented in Fig. 3. It was interesting to find that
among all the glycosides, the highest ROS-generators, viz. 6, 9a
and 9b (∼5.5 to 7-fold with respect to the untreated control cells)
were the most active in terms of the IC50 values as well (Table 1).


Fig. 3 ROS generation, in vitro, in A375 cells (2 × 105 per mL) treated
with quinonoids (0.1 lM) in the presence or absence of pre-incubation
with NAC (100 lM), followed by incubation with DCFH-DA (10 lM) for
20 min at 37 ◦C. R.F.I. = relative fluorescence intensity of sample (Fs)
with respect to control (Fc). Error bars represent the standard error in
each group (n = 3).


Table 2 Retention time of diospyrin derivatives


Compound Rt/min a


3 12.3
6 3.8
7 5.0
8a 15.2


a Retention time for pure diospyrin analogues obtained from analytical
RPHPLC using isocratic eluent, acetonitrile–water = 50 : 50 (v/v) at a flow
rate of 1.0 mL min−1 at ambient temperature followed by UV detection at
255 nm.


Again, a parallel experiment with addition of N-acetyl cysteine
(NAC), a specific scavenger for H2O2, showed dramatic reduction
in fluorescence intensity, almost to the level of ‘untreated control’.
This observation would confirm the formation of H2O2 as the
predominant ROS generated by 1 and its derivatives.62


In view of the above observation on generation of intracellular
ROS through cellular uptake of the compounds, it was decided
to determine the fate of the glycosides following their incubation
with the A375 tumor cells. Thus, 6 and 8a were chosen for a
stability study involving HPLC analysis of the sample containing
the cellular metabolites, as given in Table 2 and Fig. 4. HPLC
chromatograms, with appropriate spiking, confirmed the presence
of both glycosides in the sample, even after 24 h of incubation,
with formation of one major and a few minor metabolites, none
of which corresponded with their respective quinonoid precursors
(Fig. 4). When estimated after 3 and 24 h, the amount of the
‘unchanged’ glycoside derivative, 6, in the sample was found to be
∼62 and 42%, respectively, while the major metabolite accounted
for ∼13 and 30%, respectively. A similar trend was observed for
the derivative 8a, as given in Fig. 4. The results indicate that
the glycoside derivatives (6 and 8a) are responsible for enhanced
antiproliferative activity in A375 cells and not their precursors, 3
and 7, respectively.


The A375 cells treated for 24 h with compounds 1 and 6
were fixed and stained with Giemsa, and suitably mounted for
photomicroscopic observation (Fig. 5). Rounding of cells with
condensed nuclei was observed at 2 lM concentration of 1.
Additionally, irregular plasma membrane shapes with blebbing
were also found, which was not observed at 1lM concentration
of 1 (data not shown). With compound 6, at 0.1 lM, the cells
were found to be in condensed form with visible intracellular
granules. In contrast, the control cells maintained a regular plasma
membrane without blebbing, with few intracellular granules and
little condensation of cytoplasm.


Experimental section


1. Chemistry


p-Aminophenyl-b-D-glucopyranoside, p-aminophenyl-b-D-gala-
ctopyranoside and p-aminophenyl-a-D-mannopyranoside were
purchased from Sigma Chemical Company, USA; anhydrous
indium trichloride was procured from CDH, India. All other
reagents and solvents used were obtained from Sisco Research
Laboratory, India. Column chromatography was performed on
silica gel (60–120 mesh) and preparative TLC on 20 cm × 20 cm
glass plates coated with a 2 mm layer of silica gel G from Merck,
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Fig. 4 In vitro stability of glycoside derivatives of diospyrin at 37 ◦C in A375 tumor cells by RPHPLC analysis. The chromatograms indicate analyses
after (a) 3 h incubation of compound 6; (b) 24 h incubation of compound 6; (c) spiking with pure 6 after 24 h incubation; (d) 3 h incubation of compound
8a; (e) 24 h incubation of compound 8a; (f) spiking with pure 8a after 24 h incubation.


Fig. 5 Morphological observation of the cultured A375 cells under
a light microscope [magnification 1000 ×]. (a) Untreated control cells
showing regular plasma membrane without blebbing. (b) Cells treated
with 1 (2 lM) for 24 h showing condensed nuclei with plasma membrane
blebbing (A). (c) Cells treated with 6 (0.1 lM) for 24 h showing intracellular
granules (B).


India. Petroleum ether was used in the boiling range of 60–
80 ◦C. All organic solvents were distilled prior to use. Melting
points were determined on Toshniwal melting point apparatus
(cat no: CL-0301) and are uncorrected. Optical rotations were
determined with an Atago, POLAX 2 L polarimeter, Japan.
UV–Vis absorption spectra were recorded with a Shimadzu UV


1601 spectrophotometer. IR spectra were obtained on a Perkin-
Elmer RXI FT-IR spectrophotometer system in KBr pellets.
The 1H and 13C NMR spectra were recorded on a Bruker AM
300 L Supercon NMR spectrometer operating at 300.13 and
75.47 MHz, respectively. Chemical shifts were expressed in ppm
(d) downfield relative to the internal reference Me4Si and J values
were reported in Hertz (Hz). The splitting pattern abbreviations
in the 1H spectra are as follows: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, bs = broad singlet. FAB
MS was run on a JEOL JMS600 and ESI MS were run on a
WATERS Micromass Q-Tof microinstrument. Elemental analyses
were carried out on a Perkin-Elmer instrument 2400 Series II CHN
analyzer. Results obtained were within ±0.3% of the theoretical
value. Semipreparative HPLC was performed on a Shimadzu LC-
10 ATVP model instrument using a reverse phase C18 phenomenex
column (250 mm × 10 mm i.d.; particle size 5 lm), with a UV–Vis
variable wavelength detector set at 255 nm. Elution was carried
out with isocratic mobile phase acetonitrile–water at a flow rate of
0.6 mL min−1 at ambient temperature.


General procedure for the preparation of 3′-[4-(D-
glycopyranosyloxy)anilinyl]diospyrin dimethyl ether 4, 5 and 6


A mixture of diospyrin dimethyl ether (80 mg, 0.2 mmol) and p-
aminophenyl-D-glycopyranoside (27 mg, 0.1 mmol) in chloroform
(4 mL), ethanol (2 mL) and distilled water (4 drops) was refluxed
at 80 ◦C under a nitrogen atmosphere. The mixture was then
evaporated to dryness under reduced pressure. The residue thus
obtained was subjected to preparative TLC on silica gel G using
the solvent mixture CHCl3–EtOAc–MeOH = 3 : 3 : 2 (v/v/v) to
furnish the desired glycosyl derivative.
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Acetylation of 4, 5 and 6


The prepared glycosides viz. 4, 5 and 6 were subjected to acety-
lation by stirring overnight with acetic anhydride and pyridine
to furnish, after usual work-up, the corresponding acetylated
products 4a, 5a and 6a respectively in almost quantitative yield.


3′-[4-(b-D-Glucopyranosyloxy)anilinyl]diospyrin dimethyl ether 4


53.5 mg, yield 80%, dark red powder, mp 130–138 ◦C (from
chloroform–petroleum ether). TLC Rf 0.45 (chloroform–ethyl
acetate–methanol = 3 : 3 : 1, v/v/v). [a]29


D −11.6◦ (c 1.18 in
CH3OH). Found: C, 64.51; H, 4.97; N, 2.16. Calc. for C36H33NO12:
C, 64.38; H, 4.95; N, 2.09%. UV–Vis kmax (CH3OH)/nm 224,
266 and 406 (e/dm3 mol−1 cm−1 15 488, 15 849 and 3630). IR
mmax(KBr)/cm−1 3428, 2925, 1658, 1606, 1515, 1460, 1354, 1257
and 1071. dH (300 MHz; CD3OD; Me4Si) 2.27 (3H, s, 7′-CH3),
2.43 (3H, s, 7-CH3), 3.34–3.43 (4H, m, H-2′′′, H-3′′′, H-4′′′, H-
5′′′), 3.62 (3H, s, 5′-OCH3), 3.67 (1H, dd, J1 = 12.0 Hz, J2 =
5.1 Hz, Ha-6′′′), 3.86 (1H, dd, J1 = 12.0 Hz, J2 = 1.7 Hz, Hb-
6′′′), 3.92 (3H, s, 5-OCH3), 4.87 (1H, d, J = 7.3 Hz, H-1′′′), 5.94
(1H, s, H-2′), 6.79 (1H, s, H-3), 7.12 (2H, d, J = 9.0 Hz, H-2′′


and H-6′′), 7.18 (1H, s, H-6), 7.21 (2H, d, J = 9.0 Hz, H-3′′ and
H-5′′), 7.49 (1H, s, -NH), 7.68 (1H, s, H-8), 7.75 (1H, s, H-8′). dC


(75 MHz; CD3OD; Me4Si) 21.0 (7′-CH3), 22.3 (7-CH3), 56.9 (5-
OCH3), 62.6 (C-6′′′), 62.8 (5′-OCH3), 71.4 (C-3′′′), 74.9 (C-4′′′), 77.9
(C-5′′′), 78.2 (C-2′′′), 101.2 (C-1′′′), 102.5 (C-2′), 118.5 (C-4a), 118.8
(C-2′′ and C-6′′), 120.1 (C-6), 121.4 (C-8), 121.5 (C-4′a), 124.7 (C-
8′), 126.4 (C-3′′ and C-5′′), 133.3 (C-1′′), 135.2 (C-8′a), 135.3 (C-6′),
136.6 (C-3′), 141.3 (C-3), 145.1 (C-8a), 147.2 (C-7′), 148.8 (C-7),
149.5 (C-2), 157.2 (C-4′′), 159.8 (C-5′), 161.4 (C-5), 180.6 (C-4′),
184.6 (C-1′), 184.9 (C-4), 185.4 (C-1). ESI-MS: 672 (M + H),
694 (M + Na).


3′-[4-(2,3,4,6-Tetra-O-acetyl-b-D-
glucopyranosyloxy)anilinyl]diospyrin dimethyl ether 4a


Yield almost quantitative, orange powder, mp 174 ◦C (from
dichloromethane–diethyl ether). TLC Rf 0.59 (chloroform–ethyl
acetate = 3 : 2, v/v). [a]28


D −13.8◦ (c 1.0 in CHCl3). Found: C,
62.88; H, 4.86; N, 1.61. Calc. for C44H41NO16: C, 62.93; H, 4.92; N,
1.67%. UV–Vis kmax (CHCl3)/nm 262, and 406 (e/dm3 mol−1 cm−1


25 119 and 5754). IR mmax(KBr)/cm−1 3335, 2930, 1753, 1658, 1598,
1503, 1351, 1252, 1065. dH (300 MHz; CDCl3; Me4Si) 2.04–2.09
(12H, 4 × s, 4 × COCH3), 2.29 (3H, s, 7′-CH3), 2.51 (3H, s, 7-
CH3), 3.72 (3H, s, 5′-OCH3), 3.86–3.90 (1H, m, H-5′′′), 4.04 (3H, s,
5-OCH3), 4.19 (1H, dd, J1 = 12.4 Hz, J2 = 1.4 Hz, Ha-6′′′), 4.31
(1H, dd, J1 = 12.3 Hz, J2 = 5.1 Hz, Hb-6′′′), 5.08 (1H, d, J =
7.2 Hz, H-1′′′), 5.18 (1H, t, J = 9.3 Hz, H-4′′′), 5.25–5.35 (2H, m,
H-2′′′ and H-3′′′), 6.22 (1H, s, H-2′), 6.80 (1H, s, H-3), 7.05 (2H, d,
J = 8.7 Hz, H-2′′ and H-6′′), 7.17 (1H, s, H-6), 7.21 (2H, d, J =
8.9 Hz, H-3′′ and H-5′′), 7.58 (1H, s, -NH), 7.62 (1H, s, H-8), 7.88
(1H, s, H-8′). dC (75 MHz; CDCl3; Me4Si) 20.4, 20.5, 20.6, 20.7
(4 × COCH3), 20.9 (7′-CH3), 22.3 (7-CH3), 56.5 (5-OCH3), 61.9
(5′-OCH3), 62.3 (C-6′′′), 68.2 (C-4′′′), 71.2 (C-2′′′), 72.2 (C-5′′′), 72.7
(C-3′′′), 99.3 (C-1′′′), 101.8 (C-2′), 117.7 (C-4a), 118.3 (C-2′′ and
C-6′′), 118.5 (C-6), 120.7 (C-4′a), 120.7 (C-8), 124.2 (C-8′), 124.7
(C-3′′ and C-5′′), 132.4 (C-1′′), 132.8 (C-8′a), 134.0 (C-6′), 135.1
(C-3′), 140.0 (C-3), 143.4 (C-8a), 146.1 (C-7), 146.2 (C-7′), 146.7
(C-2), 154.6 (C-4′′), 158.6 (C-5′), 159.9 (C-5), 169.3, 169.4, 170.2,


170.5 (4 × OCOCH3), 179.7 (C-4′), 183.0 (C-1′), 183.3 (C-4), 184.1
(C-1). ESI-MS: 862 (M + Na).


3′-[4-(b-D-Galactopyranosyloxy)anilinyl]diospyrin dimethyl ether 5


Yield 61.5 mg, 92%, dark red powder, mp 142–146 ◦C (from
chloroform–petroleum ether). TLC Rf 0.45 (chloroform–ethyl
acetate–methanol = 3 : 3 : 1, v/v/v). [a]29


D −23.8◦ (c 0.58 in
CH3OH). Found: C, 64.29; H, 4.89; N, 2.03. Calc. for C36H33NO12:
C, 64.38; H, 4.95; N, 2.09%. UV–Vis kmax (CH3OH)/nm 219,
267 and 405 (e/dm3 mol−1 cm−1 28 840, 25 119 and 6166). IR
mmax(KBr)/cm−1 3398, 2927, 1657, 1606, 1514, 1459, 1353, 1256,
1069. dH (300 MHz; CD3OD; Me4Si) 2.26 (3H, s, 7′-CH3), 2.44
(3H, s, 7-CH3), 3.37–3.42 (4H, m, H-2′′′, H-3′′′, H-4′′′ and H-5′′′),
3.57 (1H, dd, J1 = 11.9 Hz, J2 = 4.7 Hz, Ha-6′′′), 3.64 (3H, s,
5′-OCH3), 3.85 (1H, br d, J = 11.9 Hz, Hb-6′′′), 3.94 (3H, s, 5-
OCH3), 4.85–4.89 (1H, m, H-1′′′), 5.96 (1H, s, H-2′), 6.80 (1H, s,
H-3), 7.11 (2H, dd, J1 = 9.2 Hz, J2 = 2.6 Hz, H-2′′ and H-6′′),
7.14 (1H, s, H-6), 7.22 (2H, dd, J1 = 9.1 Hz, J2 = 2.6 Hz, H-3′′


and H-5′′), 7.33 (1H, s, -NH), 7.51 (1H, s, H-8), 7.75 (1H, s, H-8′).
dC (75 MHz; CDCl3; Me4Si) 20.9 (7′-CH3), 22.2 (7-CH3), 56.9 (5-
OCH3), 62.6 (C-6′′′), 62.8 (5′-OCH3), 71.4 (C-3′′′), 74.9 (C-4′′′), 78.0
(C-5′′′), 78.2 (C-2′′′), 101.2 (C-1′′′), 102.5 (C-2′), 118.5 (C-4a), 118.8
(C-2′′ and C-6′′), 120.2 (C-6), 121.4 (C-8), 121.6 (C-4′a), 124.7 (C-
8′), 126.5 (C-3′′ and C-5′′), 133.3 (C-1′′), 135.2 (C-8′a), 135.4 (C-6′),
136.6 (C-3′), 144.4 (C-3), 145.2 (C-8a), 147.2 (C-7′), 148.8 (C-7),
149.6 (C-2), 157.2 (C-4′′), 159.8 (C-5′), 161.4 (C-5), 180.7 (C-4′),
184.7 (C-1′), 184.9 (C-4), 185.4 (C-1). ESI-MS: 672 (M + H),
694 (M + Na).


3′-[4-(2,3,4,6-Tetra-O-acetyl-b-D-
galactopyranosyloxy)anilinyl]diospyrin dimethyl ether 5a


Yield almost quantitative, orange powder, mp 168 ◦C (from
dichloromethane–diethyl ether). TLC Rf 0.59 (chloroform–ethyl
acetate = 3 : 2, v/v). [a]28


D +11.6◦ (c 1.5 in CHCl3). Found: C,
62.84; H, 4.90; N, 1.72. Calc. for C44H41NO16: C, 62.93; H, 4.92; N,
1.67%. UV–Vis kmax (CHCl3)/nm 264, and 404 (e/dm3 mol−1 cm−1


26 303 and 6026). IR mmax(KBr)/cm−1 3325, 2928, 1752, 1661, 1606,
1515, 1460, 1363, 1224, 1070. dH (300 MHz; CDCl3; Me4Si) 2.06–
2.08 (12H, 4 × s, 4 × COCH3), 2.30 (3H, s, 7′-CH3), 2.52 (3H, s,
7-CH3), 3.73 (3H, s, 5′-OCH3), 4.05 (3H, s, 5-OCH3), 4.09–4.13
(2H, m, H-5′′′ and Ha-6′′′), 4.20–4.35 (1H, m, Hb-6′′′), 5.39 (1H, t,
J = 9.9 Hz, H-2′′′), 5.48 (1H, bs, H-4′′′), 5.54 (1H, bs, H-1′′′), 5.56
(1H, dd, J1 = 10.2 Hz, J2 = 3.4 Hz, H-3′′′), 6.23 (1H, s, H-2′), 6.81
(1H, s, H-3), 7.15 (2H, d, J = 8.8 Hz, H-2′′ and H-6′′), 7.18 (1H, s,
H-6), 7.27 (2H, d, J = 9.7 Hz, H-3′′ and H-5′′), 7.61 (1H, bs, -NH),
7.63 (1H, bs, H-8), 7.89 (1H, s, H-8′). dC (75 MHz; CDCl3; Me4Si)
20.6, 20.7, 20.8 (4 × COCH3), 20.9 (7′-CH3), 22.3 (7-CH3), 56.5
(5-OCH3), 62.1 (C-6′′′), 62.3 (5′-OCH3), 65.9 (C-4′′′), 68.8 (C-2′′′),
69.3 (C-5′′′), 69.4 (C-3′′′), 96.1 (C-1′′′), 101.8 (C-2′), 117.7 (C-2′′ and
C-6′′), 118.2 (C-4a), 118.5 (C-6), 120.2 (C-4′a), 120.7 (C-8), 124.2
(C-8′), 124.7 (C-3′′ and C-5′′), 132.4 (C-1′′), 134.0 (C-8′a and C-6′),
135.2 (C-3′), 140.0 (C-3), 143.4 (C-8a), 146.1 (C-7 and C-7′), 146.7
(C-2), 153.4 (C-4′′), 158.6 (C-5′), 159.9 (C-5), 169.7, 170.0, 170.1,
170.5 (4 × OCOCH3), 179.7 (C-4′), 183.0 (C-1′), 183.4 (C-4), 184.1
(C-1). ESI-MS: 862 (M + Na).


3′-[4-(a-D-Mannopyranosyloxy)anilinyl]diospyrin dimethyl ether 6


Yield 57.5 mg, 86%, dark red powder, mp 160–165 ◦C (from
chloroform–petroleum ether). TLC Rf 0.66 (chloroform–ethyl
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acetate–methanol = 3 : 3 : 2, v/v/v). [a]29
D +31.0◦ (c 0.76 in


CH3OH). Found: C, 64.32; H, 4.90; N, 2.01. Calc. for C36H33NO12:
C, 64.38; H, 4.95; N, 2.09%. UV kmax (CH3OH)/nm 218, 251
and 358 (e/dm3 mol−1 cm−1 25 119, 17 378 and 38 906). IR
mmax(KBr)/cm−1 3399, 2923, 1658, 1604, 1512, 1460, 1353, 1258,
1031. dH (300 MHz; CD3OD; Me4Si) 2.23 (3H, s, 7′-CH3), 2.45
(3H, s, 7-CH3), 3.58 (1H, m, H-4′′′), 3.65 (3H, s, 5′-OCH3), 3.69
(1H, m, H-3′′′), 3.73 (2H, m, H2-6′′′), 3.86 (1H, m, H-5′′′), 3.91 (1H,
m, H-2′′′), 3.95 (3H, s, 5-OCH3), 5.97 (1H, d, J = 2.7 Hz, H-1′′′),
6.55 (1H, s, H-2′), 6.80 (1H, s, H-3), 7.15 (2H, dd, J1 = 12.6 Hz,
J2 = 8.9 Hz, H-2′′ and H-6′′), 7.17 (1H, s, H-6), 7.23 (2H, dd,
J1 = 12.6 Hz, J2 = 8.9 Hz, H-3′′ and H-5′′), 7.35 (1H, s, -NH),
7.53 (1H, s, H-8), 7.73 (1H, s, H-8′). dC (75 MHz; CDCl3; Me4Si)
20.9 (7′-CH3), 22.2 (7-CH3), 56.9 (5-OCH3), 62.4 (C-6′′′), 62.8 (5′-
OCH3), 71.3 (C-3′′′), 74.8 (C-4′′′), 77.8 (C-5′′′), 78.4 (C-2′′′), 101.1
(C-1′′′), 102.3 (C-2′), 118.3 (C-4a), 118.7 (C-2′′ and C-6′′), 120.2 (C-
6), 121.4 (C-4′a), 124.7 (C-8), 126.0 (C-8′), 126.5 (C-3′′ and C-5′′),
133.5 (C-1′′), 135.1 (C-8′a), 136.5 (C-6′), 138.1 (C-3′), 141.3 (C-3),
145.1 (C-8a), 147.3 (C-7′), 148.9 (C-7), 149.4 (C-2), 157.0 (C-4′′),
159.6 (C-5′), 161.3 (C-5), 182.5 (C-4′), 184.7 (C-1′), 185.0 (C-4),
185.4 (C-1). FAB-MS: 672 (M + H), 694 (M + Na).


3′-[4-(2,3,4,6-Tetra-O-acetyl-a-D-
mannopyranosyloxy)anilinyl]diospyrin dimethyl ether 6a


Yield almost quantitative, orange powder, mp 90 ◦C (from
dichloromethane–diethyl ether). TLC Rf 0.59 (chloroform–ethyl
acetate = 3 : 2, v/v). [a]28


D +14.0◦ (c 1.12 in CHCl3). Found: C,
62.84; H, 4.89; N, 1.65. Calc. for C44H41NO16: C, 62.93; H, 4.92;
N, 1.67%. UV kmax (CHCl3)/nm 255 and 380 (e/dm3 mol−1 cm−1


17 378 and 3715). IR mmax(KBr)/cm−1 3324, 2932, 1751, 1662, 1608,
1514, 1459, 1361, 1222, 1036. dH (300 MHz; CDCl3; Me4Si) 2.02–
2.06 (12H, 4 × s, 4 × COCH3), 2.21 (3H, s, 7′-CH3), 2.51 (3H, s,
7-CH3), 3.71 (3H, s, 5′-OCH3), 3.86–3.92 (1H, m, H-5′′′), 4.04
(3H, s, 5-OCH3), 4.19 (1H, dd, J1 = 12.3 Hz, J2 = 2.0 Hz, Ha-6′′′),
4.31 (1H, dd, J1 = 12.3 Hz, J2 = 2.0 Hz, Hb-6′′′), 5.10 (1H, d,
J = 7.4 Hz, H-1′′′), 5.13–5.25 (1H, m, H-3′′′), 5.28–5.35 (2H, m,
H-2′′′ and H-4′′′), 6.21 (1H, s, H-2′), 6.80 (1H, s, H-3), 7.05 (2H, dd,
J1 = 8.9 Hz, J2 = 2.7 Hz, H-2′′ and H-6′′), 7.17 (1H, s, H-6), 7.22
(2H, d, J = 8.9 Hz, H-3′′ and H-5′′), 7.60 (2H, bs, H-8 and -NH),
7.87 (1H, s, H-8′). dC (75 MHz; CDCl3; Me4Si) 20.4, 20.5, 20.57,
20.64 (4 × COCH3), 20.9 (7′-CH3), 22.3 (7-CH3), 56.4 (5-OCH3),
61.9 (C-6′′′), 62.2 (5′-OCH3), 68.2 (C-3′′′), 71.1 (C-4′′′), 72.1 (C-5′′′),
72.7 (C-2′′′), 99.1 (C-1′′′), 101.8 (C-2′), 117.7 (C-4a), 118.2 (C-2′′


and C-6′′), 118.5 (C-6), 120.1 (C-4′a), 120.6 (C-8), 124.2 (C-8′),
124.7 (C-3′′ and C-5′′), 132.7 (C-1′′), 133.9 (C-8′a and C-6′), 135.1
(C-3′), 139.9 (C-3), 143.4 (C-8a), 146.1 (C-7′), 146.2 (C-7), 146.7
(C-2), 154.5 (C-4′′), 158.5 (C-5′), 159.9 (C-5), 169.2, 169.3, 170.1,
170.5 (4 × OCOCH3), 179.6 (C-4′), 182.9 (C-1′), 183.3 (C-4), 184.1
(C-1). ESI-MS: 862 (M + Na).


General procedure for the preparation of 3′-[2-(4,6-di-O-acetyl-
2,3-dideoxy-D-hex-2-enopyranosyloxy)ethyl]amino diospyrin
dimethyl ether 8 and 9


To a mixture of ethanolamine derivative of diospyrin dimethyl
ether (6, 40 mg, 0.087 mmol) and tri-O-acetyl-D-glycal (50 mg,
0.184 mmol) in dry dichloromethane (3 mL), anhydrous InCl3


(42.2 mg, 0.191 mmol) and activated molecular sieves (4 Å,


90 mg) were added at ambient temperature. The mixture was
stirred at room temperature for 2 days. Then the mixture was
filtered through a celite bed, washed well with dichloromethane
(10 mL), and the combined filtrate and washings (20 mL) was
finally washed with saturated NaHCO3 solution (2 × 10 mL)
followed by water (2 × 10 mL). The organic layer was dried
over anhydrous Na2SO4 and evaporated to dryness to get a crude
product. It was then chromatographed over silica gel using a
mixture of CHCl3–EtOAc–petroleum ether (3 : 2 : 1, v/v/v) as
eluent to furnish an orange residue. The a and b diastereomers
were separated by preparative reverse phase HPLC. Elution was
carried out with an isocratic mobile phase acetonitrile–water at a
flow rate of 0.6 mL min−1 at ambient temperature.


3′-[2-(4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-
enopyranosyloxy)ethyl] amino diospyrin dimethyl ether 8


Combined column chromatographic yield 72%, (a–b = 10 : 1 by
HPLC). Anomers were separated by semipreparative RPHPLC;
diastereomeric mixture (15 mg) eluted with an isocratic mobile
phase CH3CN–H2O = 80 : 20, v/v, at a flow rate of 0.6 mL min−1 at
ambient temperature, furnished 12 mg (57.5%) of pure a-anomer.
b-Anomer could not be separated in analytically pure form.


3′-[2-(4,6-Di-O-acetyl-2,3-dideoxy-a-D-erythro-hex-2-
enopyranosyloxy)ethyl] amino diospyrin dimethyl ether 8a


Orange powder, mp 72 ◦C (from dichloromethane–diethyl ether).
TLC Rf 0.57 (chloroform–ethyl acetate = 3 : 2, v/v). [a]28


D +17.5◦


(c 1.1 in CHCl3). Found: C, 64.26; H, 5.33; N, 2.12. Calc. for
C36H35NO12: C, 64.18; H, 5.24; N, 2.08%. UV kmax (CHCl3)/nm
244, 275 and 358 (e/dm3 mol−1 cm−1 21 878, 13 378 and 6166). IR
mmax(KBr)/cm−1 3379, 2927, 1742, 1658, 1614, 1511, 1459, 1359,
1246, 1051. dH (300 MHz; CDCl3; Me4Si) 2.07 (3H, s, COCH3),
2.08 (3H, s, COCH3), 2.27 (3H, s, 7′-CH3), 2.49 (3H, s, 7-CH3),
3.42 (2H, q, J = 5.4 Hz, -NHCH2CH2), 3.67 (3H, s, 5′-OCH3),
3.80 (1H, t, J = 5.2 Hz, -NHCH2CHaHb), 4.02 (1H, t, J = 5.0 Hz,
-NHCH2CHaHb), 4.03 (3H, s, 5-OCH3), 4.06–4.16 (1H, m, H-5′′),
4.19–4.30 (2H, m, H-6′′ and H-6′′′), 5.08 (1H, bs, H-1′′), 5.31 (1H,
dd, J1 = 9.6 Hz, J2 = 1.4 Hz, H-4′′), 5.73 (1H, s, H-2′), 5.84 (1H, dt,
J1 = 10.3 Hz, J2 = 2.0 Hz, H-3′′), 5.92 (1H, d, J = 11.1 Hz, H-2′′),
6.30 (1H, t, J = 5.5 Hz, -NH), 6.77 (1H, s, H-3), 7.15 (1H, s, H-6),
7.60 (1H, s, H-8), 7.87 (1H, s, H-8′). dC (75 MHz; CDCl3; Me4Si)
20.8, 20.90 (2 × COCH3), 20.93 (7′-CH3), 22.3 (7-CH3), 42.4 (-
NHCH2CH2O), 56.5 (5-OCH3), 62.2 (5′-OCH3), 62.9 (C-6′′), 65.1
(C-4′′), 65.9 (-NHCH2CH2O), 67.3 (C-5′′), 94.8 (C-1′′), 100.0 (C-
2′), 117.7 (C-4a), 118.5 (C-6), 120.3 (C-4′a), 120.7 (C-8), 124.3
(C-8′), 127.1 (C-3′′), 129.7 (C-2′′), 133.7 (C-8′a), 133.9 (C-6′), 135.5
(C-3′), 140.0 (C-3), 143.5 (C-8a), 145.9 (C-7′), 146.7 (C-7), 148.7
(C-2), 158.4 (C-5′), 159.9 (C-5), 170.2, 170.7 (2 × OCOCH3),179.5
(C-4′), 182.1 (C-1′), 183.4 (C-4), 184.1 (C-1). ESI-MS:
696 (M + Na).


3′-[2-(4,6-Di-O-acetyl-2,3-dideoxy-D-threo-hex-2-
enopyranosyloxy)ethyl] amino diospyrin dimethyl ether 9


Combined column chromatographic yield 80%, (a–b = 3 : 2 by
HPLC). Anomers were separated by semipreparative RPHPLC;
diastereomeric mixture (15 mg) eluted with an isocratic mobile
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phase CH3CN–H2O = 85 : 15, v/v, at a flow rate of 0.6 mL min−1


at ambient temperature, furnished 7.3 mg (39%) of pure a-anomer,
and 5.2 mg (28%) of pure b-anomer.


3′-[2-(4,6-Di-O-acetyl-2,3-dideoxy-a-D-threo-hex-2-
enopyranosyloxy)ethyl] amino diospyrin dimethylether 9a


Orange powder, mp 68 ◦C (from dichloromethane–diethyl ether).
TLC Rf 0.57 (chloroform–ethyl acetate = 3 : 2, v/v). [a]28


D −54.1◦


(c 1.4 in CHCl3). Found: C, 64.03; H, 5.15; N, 2.10. Calc. for
C36H35NO12: C, 64.18; H, 5.24; N, 2.08%. UV kmax (CHCl3)/nm
243, 277 and 357 (e/dm3 mol−1 cm−1 18 621, 21 380 and 7943). IR
mmax(KBr)/cm−1 3375, 2924, 1741, 1691, 1606, 1511, 1460, 1342,
1239, 1027. dH (300 MHz; CDCl3; Me4Si) 2.04 (3H, s, COCH3),
2.08 (3H, s, COCH3), 2.46 (3H, s, 7′-CH3), 2.48 (3H, s, 7-CH3),
3.42 (2H, dt, J1 = 5.3 Hz, J2 = 5.3 Hz, -NHCH2CH2), 3.72
(3H, s, 5′-OCH3), 3.88 (1H, m, -NHCH2CHaHb), 3.96 (1H, m,
-NHCH2CHaHb), 3.98 (3H, s, 5-OCH3), 4.22 (2H, t, J = 6.2 Hz,
H2-6′′), 4.32–4.36 (1H, m, H-5′′), 5.03 (1H, dd, J1 = 5.3 Hz, J2 =
2.3 Hz, H-4′′), 5.11 (1H, d, J = 2.5 Hz, H-1′′), 5.29 (1H, s, H-2′),
5.73 (1H, s, H-3), 6.04 (1H, dd, J1 = 10.0 Hz, J2 = 3.0 Hz, H-2′′),
6.15 (1H, dd, J1 = 10.0 Hz, J2 = 5.3 Hz, H-3′′), 6.30 (1H, m, -NH),
7.13 (1H, s, H-6), 7.44 (1H, s, H-8), 7.84 (1H, s, H-8′). dC (75 MHz;
CDCl3; Me4Si) 20.3, 20.7 (2 × COCH3), 20.8 (7′-CH3), 22.3 (7-
CH3), 42.4 (-NHCH2CH2O), 56.5 (5-OCH3), 62.1 (5′-OCH3), 62.6
(C-5′′), 62.8 (C-6′′), 65.6 (-NHCH2CH2O), 67.2 (C-4′′), 94.3 (C-1′′),
100.0 (C-2′), 117.9 (C-4a), 118.7 (C-6), 119.9 (C-4′a), 120.6 (C-8),
124.7 (C-8′), 125.7 (C-3′′), 129.9 (C-2′′), 130.0 (C-8′a), 133.8 (C-6′),
135.9 (C-3′), 140.2 (C-3), 146.9 (C-8a), 148.6 (C-7, C-7′), 148.8 (C-
2), 159.4 (C-5′), 159.7 (C-5), 170.3, 170.5 (2 × OCOCH3), 179.4
(C-4′), 181.9 (C-1′), 189.7 (C-4), 191.6 (C-1). ESI-MS: 674 (M + H),
696 (M + Na).


3′-[2-(4,6-Di-O-acetyl-2,3-dideoxy-b-D-threo-hex-2-
enopyranosyloxy)ethyl] amino diospyrin dimethylether 9b


Orange powder, mp 76 ◦C (from dichloromethane–diethyl ether).
TLC Rf 0.57 (chloroform–ethyl acetate = 3 : 2, v/v). [a]28


D −114.3◦


(c 0.9 in CHCl3). Found: C, 64.11; H, 5.21; N, 2.05. Calc. for
C36H35NO12: C, 64.18; H, 5.24; N, 2.08%. UV kmax (CHCl3)/nm
244, 275 and 357 (e/dm3 mol−1 cm−1 21 417, 15 488 and 5888).
IR mmax(KBr)/cm−1 3374, 2922, 1740, 1692, 1608, 1513, 1462,
1349, 1246, 1052. dH (300 MHz; CDCl3; Me4Si) 2.04 (3H, s,
COCH3), 2.08 (3H, s, COCH3), 2.27 (3H, s, 7′-CH3), 2.50 (3H, s,
7-CH3), 3.43 (2H, q, J = 5.3 Hz, -NHCH2CH2), 3.67 (3H, s, 5′-
OCH3), 3.80–3.88 (1H, m, -NHCH2CHaHb), 3.96–3.99 (1H, m, -
NHCH2CHaHb), 4.03 (3H, s, 5-OCH3), 4.21–4.24 (2H, m, H2-6′′),
4.32–4.35 (1H, m, H-5′′), 5.03 (1H, dd, J1 = 5.4 Hz, J2 = 2.4 Hz,
H-4′′), 5.11 (1H, d, J = 2.6 Hz, H-1′′), 5.73 (1H, s, H-2′), 6.04 (1H,
dd, J1 = 10.1 Hz, J2 = 2.8 Hz, H-2′′), 6.16 (1H, dd, J1 = 9.8 Hz,
J2 = 5.4 Hz, H-3′′), 6.29 (1H, t, J = 5.3 Hz, -NH), 6.77 (1H, s,
H-3), 7.15 (1H, s, H-6), 7.60 (1H, s, H-8), 7.87 (1H, s, H-8′). dC


(75 MHz; CDCl3; Me4Si) 20.3, 20.6, 20.7 (2 × COCH3), 22.2 (7′-
CH3), 22.3 (7-CH3), 42.3 (-NHCH2CH2O), 56.4 (5-OCH3), 62.2
(5′-OCH3), 62.5 (C-5′′), 62.8 (C-6′′), 65.6 (-NHCH2CH2O), 67.1
(C-4′′), 94.2 (C-1′′), 99.8 (C-2′), 118.4 (C-4a), 118.6 (C-6), 120.5
(C-4′a), 120.6 (C-8), 124.2 (C-8′), 125.6 (C-2′′), 129.8 (C-3′′), 133.7
(C-6′), 134.0 (C-8′a), 135.3 (C-3′), 139.9 (C-3), 143.5 (C-8a), 145.8
(C-7′), 146.7 (C-7), 148.6 (C-2), 159.2 (C-5′), 159.8 (C-5), 170.2,


170.5 (2 × OCOCH3), 179.4 (C-4′), 182.1 (C-1′), 183.3 (C-4), 184.1
(C-1). ESI-MS: 674 (M + H), 696 (M + Na).


2. Biological studies


Cell culture. Two human cancer cell lines, viz. A375 (malignant
skin melanoma) and Hep2 (epidermoid laryngeal carcinoma)
were obtained from the National Centre for Cell Science, Pune,
India. The cells were grown in DMEM (GIBCO-BRL, Gaithers-
burg, MD, USA) supplemented with 10% heat-inactivated FCS
(GIBCO-BRL, Gaithersburg, MD, USA) containing a 5% mixture
of penicillin (100 U mL−1), streptomycin (100 lg mL−1) and
gentamicin (3 lg mL−1) in the presence of 5% CO2 in humidified air
at 37 ◦C, and routinely subcultured using a 0.25% trypsin–0.02%
EDTA solution.


Fresh heparinized whole blood was collected from a normal
human volunteer with informed consent. PBMC were isolated by
Ficoll-Paque density gradient centrifugation.63 The blood (5 mL)
was layered carefully over the Hypaque (3 mL, Sigma Diagnostics,
USA) and centrifuged at room temperature at 1000 rpm for
45 min. The buffy coat layer containing PBMC at the interface
was carefully taken out, washed twice with PBS and centrifuged
at 1500–2000 rpm for 10 min. The cells were suspended in RPMI
1640 with phenol red (GIBCO-BRL, Gaithersburg, MD, USA),
supplemented with 20% FCS and antibiotics (as above), and
incubated in the presence of 5% CO2 in air at 37 ◦C.


Assessment of cytotoxicity in vitro


The in vitro growth inhibition effect of the test-compounds on
A375, Hep2 and normal human PBMC was assessed by colori-
metric determination of the conversion of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemicals,
USA) into ‘formazan blue’ by the living cells.54 Briefly, cells (2 × 105


per mL) were seeded in 96-well flat-bottomed microplates (Nunc,
Roskilide, Denmark), and treated with different concentrations,
in triplicate, of the test compounds appropriately diluted with
DMSO. After 24 h incubation at 37 ◦C in a 5% CO2 atmosphere,
the medium was replaced with MTT solution (100 lL, 1 mg mL−1


in sterile PBS) for a further 24 h incubation. The supernatant
was aspirated carefully, the precipitated crystals of ‘formazan
blue’ were solubilized by adding DMSO (200 lL) to each well,
and the optical density was measured with a microplate reader
(Emax precision microplate reader, Molecular Devices, USA) at a
wavelength of 570 nm. Doxorubicin and camptothecin (Sigma
Chemicals, USA) were used as the positive controls in this
experiment. The result represents the mean of three independent
experiments and are expressed as IC50, the concentration at which
the optical density of the treated cells were reduced by 50% with
respect to the untreated control.


Evaluation of ROS generation in tumor cells


The production of intracellular ROS in A375 cells was as-
sessed with the oxidation sensitive, lipid permeable fluores-
cence probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA; Sigma Chemicals, USA),62 which readily diffuses into the cells
and hydrolysed by intracellular esterase to form 2′,7′- dichlorodi-
hydrofluorescein (DCFH). This is trapped within the cells and
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oxidised by cellular hydrogen peroxide or other oxidizing ROS
to produce highly fluorescent compound 2′,7′-dichlorofluorescein
DCF. A375 cells (2 × 105 cells per mL) were first loaded with
DCFH-DA (10 lM) at 37 ◦C for 20 min followed by treatment
with diospyrin and its derivatives (0.1 lM) for 1 h. The increase
in fluorescence intensity of DCF, as a measure of ROS, was
determined by a spectrofluorimeter (Perkin-Elmer LS 55) at
kex/kem = 490/520 nm (slit width, 5 nm). The same determination
was repeated in the presence of N-acetyl-L-cysteine (NAC; Sigma
Chemicals, USA), an antioxidant, by preincubating the cells with
NAC (100 lM) for 2 h, followed by treatment with DCFH-DA
and incubating with the sample as done before.62 A minimum of
three separate determinations was carried out for each compound.


Stability of glycosides in A375 cell culture


A375 tumor cells (2 × 105 per mL; 2 mL) were seeded in two
sets of 6-well tissue culture plates, and grown in the same culture
conditions as described before. After 24 h, when the cells reached
95% confluency, the two sets of culture plates were treated with
the compounds 6 and 8a (1 lM each), respectively. At selected
time points (3 and 24 h), the supernatant was discarded from
the respective culture plate, and the adherent tumor cells were
washed with phosphate buffered saline (PBS; 3 × 1 mL), followed
by trypsinisation and centrifugation in PBS at 2500 rpm for
5 min. The pellet was centrifuged at 12 000 rpm for 10 min with
1 mM sodium chloride solution (500 lL), to disrupt the cells
by hypotonic shock. A mixture of methanol and chloroform (1 :
4, v/v; 500 lL) was added to this sample, centrifuged at 5000 rpm
for 10 min, and the clear organic layer containing the compound
and its metabolites was collected. After evaporation of the solvent,
the residue was dried, dissolved in acetonitrile (100 lL), and
filtered (Millipore; 0.45 lm). HPLC analysis was performed on
a reverse phase C18 phenomenex column (250 mm × 4.6 mm
i.d.; particle size 5 lm), under isocratic conditions (acetonitrile–
water = 50 : 50, v/v), at a flow rate of 1.0 mL min−1 at
ambient temperature, followed by UV detection at 255 nm.64 The
compounds, viz. 6 and 8a, and their respective precursors, viz. 3
and 7, were analysed separately for necessary standardization of
their retention times under the same HPLC conditions.


Microscopic study


A375 cells (2 × 105 per mL; 200 lL) were seeded in coverslips
and grown in DMEM till 95% confluency as described above and
treated with the compounds 1 and 6. After 24 h of incubation at
37 ◦C in a 5% CO2 atmosphere, the supernatant was removed,
and the adhering cells were fixed with methanol after washing
with normal saline. The samples on the coverslips were left to dry
in open air, followed by staining with Giemsa solution (Sigma
Chemicals, USA) for 15 min, and then washed thrice with PBS for
microscopic observation (Olympus, Japan).


Statistical analysis


The IC50 values were calculated by using linear regression analysis
(MINITAB Release 13.31, USA).


Conclusion


Starting with diospyrin (1), a plant-derived quinonoid, a variety
of glycoconjugates were synthesized for the first time in fairly
good yields. In general, the glycoconjugates exhibited significant
enhancement of the antiproliferative activity against A375 and
Hep2 cells at low micromolar concentrations. However, the
aminophenyl mannosyl derivative (6) was found to be the most
potent, particularly against the malignant melanoma cell line
(IC50 ∼23nm). Obviously, this would necessitate synthesis and
evaluation of a wider variety of glycosidic quinonoids. This is
currently precluded by the scarcity of diospyrin, which might be
overcome by carrying out the total synthesis of this plant-derived
starting material in future.
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The polyhydroxylated b-amino acids (2S,3R,4S,5S,7E)-3-amino-8-phenyl-2,4,5-trihydroxyoct-7-enoic
acid (APTO) and (2S,3R,4S,5S,7E,9E)-3-amino-10-(4-ethoxyphenyl)-2,4,5-trihydroxydeca-7,9-dienoic
acid (AETD) are key components of the microsclerodermin family of anti-fungal cyclic peptides. They
have been synthesised in protected form in twelve steps using a unified strategy, with the introduction of
the unsaturated sidechain in the final step of the synthesis from a common aldehyde intermediate. The
synthesis features the ordered application of asymmetric aminohydroxylation and dihydroxylation
reactions to efficiently introduce the stereochemistry of the targets with high selectivity.


Introduction


The microsclerodermins are a family of cyclic hexapeptides iso-
lated from marine sponges of the Microscleroderma and Theonella
genera in waters off New Caledonia and the Philippines.1 Nine
members of this natural product family, microsclerodermins A–
I, have been isolated to date and all exhibit anti-fungal activity
against the clinically significant fungal pathogen Candida albicans
in a paper disc diffusion assay. In addition, microsclerodermins
F–I display moderate cytotoxicity against the HCT-116 cell line
(1.0–2.4 lg mL−1).1


Structurally, members of the family are typified by micro-
sclerodermin C (1, Fig. 1), which contains a 23-membered
ring constructed of six amino acid residues. Three of these,
glycine, N-methylglycine and (3R)-4-amino-3-hydroxybutyric
acid (GABOB) are common to all members of the microsclero-
dermin family. The remaining three unusual amino acids display
considerable variation across the microsclerodermin family and
for microsclerodermin C consist of (R)-N-carbamoyl-6-chlorotry-
ptophan, [(2R,3S)-3-amino-2-hydroxy-5-oxo-2-pyrrolidin-2-yl]-
acetic acid and (2S,3R,4S,5S,7E)-3-amino-8-phenyl-2,4,5-
trihydroxyoct-7-enoic acid (APTO).


The synthetic challenge posed by the microsclerodermins com-
bined with their significant biological activity has made them
an attractive target for total synthesis. A key issue for any
projected total synthesis is the efficient construction of the unusual
amino acids and in particular the 3-amino-2,4,5-trihydroxyacid
typified by APTO in microsclerodermin C. Without exception, the
congeners of APTO contain the same 3-amino-2,4,5-trihydroxy-
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Fig. 1 Microsclerodermin C 1 and AETD.


alkanoic acid head group but vary in the nature of the aromatic
terminated sidechain.


A number of synthetic studies targeting the microsclerodermins
have appeared to date. Foremost among these reports is the
total synthesis of microsclerodermin E by Zhu and Ma in 2003.2


This group developed an enantiospecific 21-step synthesis of a
protected AETD–GABOB dipeptide fragment wherein the stere-
ochemistry of the head group was derived from d-gluconolactone.


Synthetic studies targeting the 3-amino-2,4,5-trihydroxy acid
component of the microsclerodermins have also been reported.
These include the pioneering work of Shioiri and co-workers3


who completed a 31-step enantiospecific synthesis of the 3-
amino-2,4,5-trihydroxy acid component of microsclerodermins
A and B, (2S,3R,4S,5S,6S,11E)-3-amino-12-(4-methoxyphenyl)-
6-methyl-2,4,5-trihydroxydodec-11-enoic acid (AMMTD), from
methyl (R)-(−)-3-hydroxy-2-methylpropionate. Recently, Chan-
drasekhar and Sultana4 have reported the 26-step enantiospe-
cific synthesis of AMMTD from (S)-(−)-citronellal as starting
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material. Herein we disclose the efficient enantioselective synthesis
of 3-amino-2,4,5-trihydroxy acid components of microscleroder-
mins C and D (APTO) and microsclerodermin E (AETD) in
protected form.


Results and discussion


On consideration of the target structures, it was envisaged that
protected APTO 2 and AETD 3 (Scheme 1) could be derived from
a common, aldehyde intermediate 4 in a single step, by Wittig
olefination with an appropriate phosphonium salt. Aldehyde 4
could be derived from diol 5 in three steps: protection of the
C4–C5 diol as the acetonide, oxidative deprotection of the p-
methoxyphenyl protecting group and oxidation of the resulting
alcohol to the aldehyde. Diol 5 could in turn be formed from
(E)-alkene 6 by Sharpless asymmetric dihydroxylation (AD). The
diastereoselectivity of this key transformation would depend on
effective stereochemical induction from the AD catalyst and any
induction derived from the chiral substrate.


(E)-Alkene 6 could be obtained by modified Julia olefination
of aldehyde 7, which could in turn be prepared from b-amino
alcohol 8. Finally, it was envisaged that b-amino alcohol 8 could
be constructed with high enantioselectivity from (E)-alkene 9 by
Sharpless asymmetric aminohydroxylation (AA), wherein careful
matching of substrate and catalyst controls the enantio- and regio-
selectivity of the reaction.


This strategy allows for the synthesis of both unusual amino
acids APTO 2 and AETD 3 from aldehyde 4 through introduction
of the unsaturated sidechain in the final step of the synthesis.
The synthesis also features a carefully orchestrated sequence
of Sharpless AA and AD reactions to efficiently install the
polyhydroxylated amino acid functionality present in APTO,
AETD and other common amino acid building blocks of the
microsclerodermin family.1


Two synthetic routes were developed for the synthesis of the (E)-
alkene substrate required for the substrate directed AA reaction
(Scheme 2). Cross metathesis of allyl 4-methoxybenzoate 105


and methyl acrylate using Grubbs’ second generation catalyst
116 selectively afforded (E)-alkene 9 in 65% yield. Although this
process was efficient on a small scale, the need for substantial


Scheme 2 (a) CH2=CHCOOMe, Grubbs’ second generation catalyst
11 (7 mol%), CH2Cl2, D, 36 h, 65%; (b) OsO4 (1 mol%), NaIO4, Et2O,
H2O, rt, 39 h; (c) (EtO)2POCH2COOMe 13, n-BuLi, THF, −78 ◦C
to rt, 5 h, 91% over two steps; (d) t-BuOCONH2, K2OsO2(OH)4


(5 mol%), (DHQD)2PHAL 14 (7 mol%), 1,3-dichloro-5,5-dimethyl-
hydantoin, NaOH, n-PrOH, H2O, rt, 48 h, 84%; (e) Ac2O, Et3N,
4-(dimethylamino)pyridine, CH2Cl2, rt, 1 h, 40%.


quantities of (E)-alkene 9 demanded the development of a more
cost effective alternative. Oxidative cleavage of allyl ester 10 gave
aldehyde 127 in quantitative yield which was used directly in a
Horner–Wadsworth–Emmons reaction with methyl diethylphos-
phonoacetate 13 to give the products with an E : Z ratio of 25 : 1.
Separation of the diastereomers was readily achieved by flash
chromatography to afford pure (E)-alkene 9 in 91% yield over
two steps.


The (DHQD)2PHAL 14 mediated AA reaction8 of (E)-alkene
9 proceeded smoothly to afford b-amino alcohol 8 as a single


Scheme 1 Retrosynthetic analysis.
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regioisomer in 84% yield and 97% enantiomeric excess as de-
termined by chiral HPLC of the acetate derivative 15.9 The
(S)-absolute configuration of the secondary alcohol bearing C2
stereocentre was established by the modified Mosher’s method10


and was consistent with the outcome predicted by the Sharpless
mnemonic.8 The high regioselectivity obtained in this AA reaction
derives from the high levels of substrate direction afforded by 4-
methoxybenzoate ester protection of the adjacent allylic alcohol
functionality.5,7


With b-amino alcohol 8 in hand two avenues for the elaboration
to AD substrate 6 were explored. Initially, protection of secondary
alcohol 8 gave silyl ether 16 in 75% yield and transesterification
of the 4-methoxybenzoate ester protecting group gave primary
alcohol 17 in 64% yield (Scheme 3). Despite the success of
this sequence, attempted oxidation of alcohol 17 by a range of
methods11 failed to give the desired aldehyde required for the
Julia olefination and instead gave decomposition to a range of
unidentified products. Alcohol 17 was also observed to undergo
lactonisation on prolonged storage.


Scheme 3 (a) TBSOTf, 2,6-lutidine, CH2Cl2, −78 ◦C to rt, 22 h, 75%;
(b) Cs2CO3, MeOH, rt, 24 h, 64%.


In an effort to overcome these difficulties the protection of b-
amino alcohol 8 as the oxazolidine derivative 18 was explored
(Scheme 4, Table 1). In addition to protecting both amine
and alcohol functional groups, it was anticipated that the trans
relationship of the ester and alcohol functional groups in this cyclic
derivative would eliminate the propensity for lactone formation.
The protection of alcohol 8 to give oxazolidine 18 proved
difficult under a range of conditions.12 The use of excess 2,2-
dimethoxypropane (2,2-DMP) and p-toluenesulfonic acid (TsOH)
(Table 1, entry 1) gave mixtures of starting alcohol 8, intermediate


Scheme 4


acetal 19 and product 18. The use of 2-methoxypropene (2-
MP) at lower temperature (entry 2) also failed to give full
conversion. The use of 2-methoxypropene and pyridinium p-
toluenesulfonate (PPTS) at elevated temperature (entry 3) gave
complete conversion and an improved yield of oxazolidine 18 but
also afforded condensation by-product 20 as a single diastereomer
of undetermined configuration. Finally, it was discovered that
reaction of alcohol 8 at room temperature for 2 h gave clean
conversion to intermediate acetal 19, after which, the volatile
components were removed from the reaction mixture on a rotary
evaporator and oxazolidine formation was promoted by heating
the remaining toluene solution. In this manner oxazolidine 18 was
formed in 84% yield with a small amount of amino alcohol 8 (15%)
being recovered.


Transesterification of the 4-methoxybenzoate ester 18 with
caesium carbonate gave an 81% yield of primary alcohol 21
(Scheme 5). This was oxidised to aldehyde 7 in quantitative yield
using Dess–Martin periodinane,13 setting the stage for the Julia
olefination chain extension.


Both benzothiazol-2-yl (BT)14 and 1-phenyl-1H-tetrazol-5-yl
(PT)15 sulfones were synthesised in order to evaluate the influence
of the aromatic substituent on the selectivity of the modified Julia
olefination reaction.16 The synthesis started with mono-protected
propanediol 2217 (Scheme 6). In each case, formation of the
thioether was achieved under Mitsunobu conditions18 followed by
molybdenum(VI) mediated oxidation19 to give the corresponding
sulfones 23 and 24.


Julia olefination using BT-sulfone 23 (Table 2, entry 1) or PT-
sulfone 24 (entry 2) and lithium diisopropylamide (LDA) as the


Table 1 Conditions for oxazolidine formation


Yield (%)


Entry Reagent Acid Solvent Temp./◦C (time/h) 8 18 19 20


1 2,2-DMP TsOH Benzene 95 (32) 40 36 2 —
2 2-MP TsOH Benzene 0 (2), rt (5) 22 60 — —
3 2-MP PPTS Toluene rt (1), 110 (3) — 77 — 20
4a 2-MP PPTS Toluene rt (2), 110 (3) 15 84 — —


a Low boiling volatile components were removed on a rotary evaporator prior to heating the reaction mixture.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3183–3189 | 3185







Table 2 Julia olefination of aldehyde 7 with sulfones 23 and 24


Entry Sulfone Solvent Base Temp./◦C Time/h Yield (%) E : Za


1 23 THF LDA −78 17 42 1.2 : 1
2 24 THF LDA −78 17 35 1.6 : 1
3 24 1,2-DME NaHMDS −60 0.5 58 1.8 : 1
4 24 1,2-DME KHMDS −60 0.75 67 2.7 : 1


a Determined by integration of the C3-H signals in the 200 MHz 1H NMR spectrum of the crude reaction mixture.


Scheme 5 (a) Cs2CO3, MeOH, rt, 16 h, 81%; (b) Dess–Martin perio-
dinane, CH2Cl2, rt, 1 h, quant.; (c) 23 or 24; then base (see Table 2);
(d) PhSH, AIBN, benzene, 85 ◦C, 10 days, 98%, E : Z 6.5 : 1.


Scheme 6 (a) ArSH, PPh3, THF, diisopropyl azodicarboxylate, 0 ◦C to
rt, Ar = BT, 15 h, 82%, Ar = PT, 2.5 h, 69%; (b) (NH4)6Mo7O24·4H2O,
H2O2, EtOH, 0 ◦C to rt, Ar = BT, 30 h, 98%, Ar = PT, 20 h, 99%.


base under Barbier conditions16 gave alkene 6 in modest yields and
selectivities. The PT-sulfone was found to most strongly favour
formation of the (E)-alkene. The effect of solvent polarity and
base counter-ion on the selectivity of the reaction was studied


using the more polar solvent 1,2-dimethoxyethane (1,2-DME)
in conjunction with sodium bis(trimethylsilyl)amide (NaHMDS,
entry 3) or potassium bis(trimethylsilyl)amide (KHMDS, entry 4).
The results were in agreement with previous studies16 with the
most (E)-selective conditions being 1,2-DME with KHMDS. The
highest yield was also obtained under these conditions. Despite
the modest selectivity of the modified Julia olefination, it was
discovered that alkene mixtures enriched in (Z)-alkene (Z)-6 could
be successfully isomerised to the (E)-alkene isomer (E)-6 using
phenylthiyl radical.20


With quantities of the (E)-alkene (E)-6 in hand, the AD
reaction21 to install the 4,5-diol functionality was investigated
(Scheme 7). It was envisaged that the diastereoselectivity of this
reaction would be governed by both the influence of the resident
stereocentres within the substrate and the control imparted by
the chiral ligands of the dihydroxylation catalyst. The intrinsic
diastereoselectivity imparted by the substrate was determined
by performing the reaction in the absence of chiral ligand
(Table 3, entry 1); this favoured the (4S,5S)-product (4S,5S)-
5 in a modest 2 : 1 ratio of diastereomers as determined by
1H NMR integration of the C2-H and C3-H signals.22 This
modest preference for the 3,4-anti diastereomer was consistent
with previous reports regarding the dihydroxylation of N-tert-
butoxycarbonyl-2,2-dimethyloxazolin-3-yl substituted olefins.23


Scheme 7


Table 3 Diastereoselective dihydroxylation of alkene 6


Entry Temperature/◦C (time/h) Ligand Yield (%) (4S,5S) : (4R,5R)a


1b 28 (2) none 48 2.0 : 1
2c 0 (5), 28 (72) (DHQ)2PHAL 0 n/a
3c 0 (5), 28 (72) (DHQD)2PHAL 0 n/a
4d 17 (17) DHQ–CLB 11 3.3 : 1
5d 17 (17) DHQD–CLB 5 1 : 2.5
6d 17 (17) DHQ–IND 42 7.4 : 1
7d 17 (17) DHQD–IND 19 1 : 5.1
8d 17 (10), 27 (4) DHQ–IND 85 7.4 : 1


a Determined by integration of the C2-H and C3-H signals in the 300 MHz 1H NMR spectrum of the crude reaction mixture. b OsO4 (10 mol%),
N-methylmorpholine-N-oxide (3.2 eq.), THF–t-BuOH–H2O. c AD-mix-a (entry 2) or AD-mix-b (entry 3),21 MeSO2NH2 (1.0 eq.), NaHCO3 (3.0 eq.),
t-BuOH–H2O. d K2OsO2(OH)4 (1 mol%), ligand (6 mol%), K3Fe(CN)6 (3.0 eq.), K2CO3 (3.2 eq.), NaHCO3, (3.2 eq.), MeSO2NH2 (3.2 eq.), t-BuOH–H2O.
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Fig. 2 Sharpless ligands.


Dihydroxylation with the phthalazine-derived chiral ligands
(DHQ)2PHAL (Fig. 2) and (DHQD)2PHAL 14 failed to afford
the desired product, instead leading to slow formation of a polar
compound consistent with base mediated hydrolysis of the methyl
ester to a carboxylic acid. The low reactivity of the alkene was
presumed to be due to the large steric demands imposed by
the proximal N-(tert-butoxycarbonyl)-2,2-dimethyloxazoline ring
system, which prevented effective interaction with the catalyst.


To overcome this problem sterically less demanding mono-
alkaloid ligands were investigated. Although these have been
found to typically provide lower levels of catalyst derived stere-
ocontrol in the AD reaction,21 it was anticipated that matching
the stereocontrol of the ligand and substrate would increase
the modest preference for the (4S,5S)-diastereomer (4S,5S)-5
observed above.24 Asymmetric dihydroxylation reaction with the
mono-alkaloid ligand DHQ–CLB gave a modest increase in
selectivity for the desired diastereomer (entry 4). Conversely,
the pseudo-enantiomeric DHQD–CLB ligand overturned the
substrate bias to favour the (4R,5R)-diastereomer (entry 5). The
use of the mono-alkaloid ligand DHQ–IND gave a 7.4 : 1 ratio
favouring the desired (4S,5S)-diastereomer in a matched reaction
(entry 6), which was overturned by the DHQD–IND ligand
(entry 7). On a larger scale, it was observed that higher yields could
be obtained through the use of elevated temperature providing
an 85% yield of the diols, favouring the (4S,5S)-diastereomer,
with no loss of diastereoselectivity. The diastereomers produced
by the dihydroxylation reaction were inseparable by column
chromatography so the mixture was carried through the remaining
steps and separated at the conclusion of the synthesis.


The successful application of the AA followed by AD sequence
for the synthesis of the protected 3-amino-2,4,5-trihydroxy acid
head group of APTO and AETD is noteworthy. In the synthesis
of AMMTD reported by Chandrasekhar and Sultana4 the alter-
native sequence of AD followed by AA reaction was attempted to
construct a closely related stereochemical array. In this case the
AA reaction failed to provide the desired product and necessitated
a lengthy synthetic detour to install the required functionality. The
failure of the AA reaction in this context can be explained given
the generally lower substrate tolerance of the AA reaction when
compared to its AD counterpart.8,21


Protection of diol 5 to give acetonide 25 proceeded smoothly
(99%) and oxidative deprotection of the PMP ether then afforded
primary alcohol 26 in 95% yield (Scheme 8). Oxidation13 afforded
aldehyde 4, which was used without purification in the subsequent
step.


Scheme 8 (a) 2,2-DMP, CH2Cl2, (1S)-(+)-10-camphorsulfonic acid,
35 min, 99%; (b) (NH4)2Ce(NO3)6, CH3CN, H2O, 0 ◦C, 18 min, 95%;
(c) Dess–Martin periodinane, CH2Cl2, rt, 45 min, quant.; (d) benzyltri-
phenylphosphonium chloride, KHMDS, benzene, 0 ◦C to rt, 15 min; then
aldehyde 4, benzene, 0 ◦C to rt, 1 h, 78%.


Wittig reaction of aldehyde 4 using the ylide derived from
treatment of benzyltriphenylphosphonium chloride with potas-
sium bis(trimethylsilyl)amide gave alkene 2 in 78% yield, in a
3.5 : 1 ratio of (7E) : (7Z)-diastereomers as determined by 1H
NMR integration of the C7-H and C8-H signals. The isomers
were inseparable by flash chromatography. Preparative HPLC was
used to separate the two major isomers and a mixed fraction
containing trace by-products. The by-products were not analysed
further but were assumed to be alkene products derived from the
minor diastereomer formed in the AD reaction which were carried
through the subsequent steps. The assigned (E)-stereochemistry of
the major isomer (E)-2 was consistent with the magnitude of the
C7-H vicinal coupling constant (3J7,8 = 15.9 Hz). In contrast,
a smaller C7-H vicinal coupling constant (3J7,8 = 11.7 Hz) was
observed for the minor (7Z)-isomer (Z)-2. Protected APTO (E)-
2 was synthesised in twelve linear steps from allyl ester 10 in an
overall yield of 12% and in 97% ee. With this target in hand the
project turned to focus on the synthesis of protected AETD which
contains the same polyhydroxylated amino acid core but differs in
the unsaturated sidechain.


The phosphonium salt 27 required for the synthesis of protected
AETD 3 was prepared in two steps from the known (E)-allylic
alcohol 28 (Scheme 9).25 Bromination using phosphorus tribro-
mide afforded unstable allylic bromide 29 which was immediately
treated with triphenylphosphine to give phosphonium salt 27 as a
colourless hygroscopic solid.


The Wittig reaction with aldehyde 4 was conducted under
analogous conditions to those developed for the synthesis of
APTO derivative 2 and gave diene product 3 in 63% yield, with
a 3.2 : 1 ratio of (7E,9E) : (7Z,9E) diastereomers as determined
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Scheme 9 (a) PBr3, diethyl ether, 0 ◦C to rt, 80 min, 89%; (b) PPh3,
benzene, rt, 15 h, 87%; (c) KHMDS, benzene, 0 ◦C to rt, 10 min; then
aldehyde 4, benzene, 0 ◦C to rt, 25 min, 63%.


by 1H NMR integration of the C7-H signals. Preparative HPLC
was used to separate the two major isomers and a mixed fraction
containing trace by-products. The assigned (7E)-stereochemistry
of the major isomer (7E,9E)-3 was consistent with the magnitude
of the C7-H vicinal coupling constant (3J7,8 = 14.8 Hz). In contrast,
a smaller C7-H vicinal coupling constant (3J7,8 = 10.9 Hz) was
observed for the minor (7Z)-isomer (7Z,9E)-3.


Conclusions


Protected APTO (E)-2 and AETD (7E,9E)-3 were synthesised in
twelve linear steps from allyl ester 10 in an overall yield of 12%
and 9% respectively and in 97% ee. The strategy allowed for the
synthesis of both unusual amino acids from aldehyde 4 through
the introduction of the unsaturated sidechain in the final step. This
synthesis features a carefully orchestrated sequence of Sharpless
AA and AD reactions to install the polyhydroxylated amino acid
functionality present in these targets and which is common to other
amino acid building blocks of the microsclerodermin family.


Experimental


(4R,5S)-3-tert-Butyl-5-methyl-4-{(4S,5S)-5-[(E)-3-phenylprop-2-
enyl]-2,2-dimethyl-1,3-dioxolan-4-yl}-2,2-dimethyloxazolidine-
3,5-dicarboxylate (7E)-2 and (4R,5S)-3-tert-butyl-5-methyl-4-
{(4S,5S)-2,2-dimethyl-5-[(Z)-3-phenylprop-2-enyl]-1,3-dioxolan-
4-yl}-2,2-dimethyloxazolidine-3,5-dicarboxylate (7Z)-2


To a suspension of benzyltriphenylphosphonium chloride (0.10 g,
0.26 mmol) in benzene (6.0 mL) at 0 ◦C was added a solution of
potassium bis(trimethylsilyl)amide (0.50 M in toluene, 0.53 mL,
0.27 mmol). The bright orange solution was allowed to warm to
room temperature for 15 min and was cooled to 0 ◦C. A solution
containing a mixture of aldehyde (4S,5S)-4 and aldehyde (4R,5R)-
4 [(4S,5S)-4 : (4R,5R)-4 = 7 : 1, 0.11 g, 0.27 mmol] in benzene
(2.5 mL) was added. The brown solution was allowed to warm to
room temperature and was stirred for 1 h. Dry methanol (4.0 mL)
was added followed by ammonium chloride solution (sat. aq.,


10 mL) and the crude product was extracted into ethyl acetate
(3 × 30 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated under reduced pressure to give an orange
residue (0.24 g). Flash chromatographic purification (20% ethyl
acetate : hexanes) of the crude product gave an inseparable mixture
of (7E)-alkene (7E)-2 and (7Z)-alkene (7Z)-2 as a viscous, clear
colourless liquid (0.096 g, 78%); [a]19


D −2.2 (c 1.7, CH2Cl2); mmax


(thin film)/cm−1 1763 (m), 1740 (m), 1701 (s, C=O); HRMS (+ESI)
calc. for C26H37O7N + Na 498.2468, found 498.2458; m/z (+ESI)
498 ([M + Na]+, 100%), 442 (24). Preparative HPLC purification
(RTI Zorbax Sil, 7.5% ethyl acetate : hexanes) of a portion
of the purified product (0.048 g) gave pure (7E)-alkene (7E)-2
(tR ≈31.5 min) as a viscous, clear, colourless liquid (0.038 g, 31%);
[a]21


D −3.1 (c 3.8, CH2Cl2); dH (200 MHz; 340 K; CDCl3) 7.36–7.12
(5H, m, Ph), 6.49 (1H, d, J 15.9 Hz, C8-H), 6.26 (1H, dt, J 15.9,
6.8 Hz, C7-H), 4.71 (1H, d, J 2.1 Hz, C2-H), 4.47 (1H, dd, J 5.2,
2.1 Hz, C3-H), 4.19–4.10 (1H, m, C5-H), 4.01 (1H, dd, J 7.9, 5.2 Hz,
C4-H), 3.73 (3H, s, C1–OCH3), 2.65–2.39 (2H, m, C6-H), 1.61
(3H, s, NC(CH3)A(CH3)BO), 1.56 (3H, s, NC(CH3)A(CH3)BO),
1.49 (9H, s, OC(CH3)3), 1.41 (6H, s, OC(CH3)2O); dC (50 MHz;
340 K; CDCl3) 172.1, 151.9, 137.7, 133.0, 128.5, 127.1, 126.3,
125.6, 109.0, 96.8, 80.9, 80.1, 78.4, 75.2, 61.4, 52.2, 36.6, 28.5, 27.7,
27.4, 27.2 (2C). A second fraction gave pure (7Z)-alkene (7Z)-2
(tR ≈28.5 min) as a viscous, clear, colourless liquid (0.0080 g,
6.5%); [a]21


D +3.7 (c 0.8, CH2Cl2); dH (200 MHz; 340 K; CDCl3)
7.30–7.16 (5H, m, Ph), 6.58–6.52 (1H, m, C8-H), 5.79 (1H, dt,
J 11.7, 7.0 Hz, C7-H), 4.68 (1H, d, J 2.1 Hz, C2-H), 4.44 (1H,
m, C3-H), 4.22–4.10 (1H, m, C5-H), 3.97 (1H, dd, J 7.8, 5.5 Hz,
C4-H), 3.73 (3H, s, C1–OCH3), 2.66–2.59 (2H, m, C6-H), 1.58
(3H, s, NC(CH3)A(CH3)BO), 1.48 (3H, s, NC(CH3)A(CH3)BO),
1.42 (12H, s, OC(CH3)3, OC(CH3)2O), 1.40 (3H, s, OC(CH3)2O);
dC (50 MHz; 340 K; CDCl3) 172.1, 151.8, 137.5, 131.4, 128.9,
128.2, 127.2, 126.8, 109.1, 96.8, 80.9, 80.4, 78.3, 75.3, 61.5, 52.2,
32.5, 28.4, 27.6, 27.4, 27.2, 27.0.


(4R,5S)-3-tert-Butyl-5-methyl-4-{(4S,5S)-5-[(2E,4E)-5-(4-
ethoxyphenyl)penta-2,4-dienyl]-2,2-dimethyl-1,3-dioxolan-4-yl}-
2,2-dimethyloxazolidine-3,5-dicarboxylate (7E,9E)-3 and
(4R,5S)-3-tert-butyl-5-methyl-4-{(4S,5S)-5-[(2Z,4E)-5-(4-
ethoxyphenyl)penta-2,4-dienyl]-2,2-dimethyl-1,3-dioxolan-4-yl}-
2,2-dimethyloxazolidine-3,5-dicarboxylate (7Z,9E)-3


To a suspension of phosphonium salt 27 (0.083 g, 0.16 mmol)
in benzene (4.0 mL) at 0 ◦C was added drop-wise a solution of
potassium bis(trimethylsilyl)amide (0.50 M in toluene, 0.32 mL,
0.16 mmol). The crimson solution was allowed to warm to room
temperature for 10 min and was cooled to 0 ◦C. A solution of
a crude mixture of aldehyde (4S,5S)-4 and aldehyde (4R,5R)-4
[(4S,5S)-4 : (4R,5R)-4 = 7 : 1, 0.065 g, 0.16 mmol] in benzene
(2.0 mL) was added. The brown solution was allowed to warm
to room temperature and was stirred for 25 min. Dry methanol
(3.0 mL) was added followed by ammonium chloride solution (sat.
aq., 10 mL) and the crude product was extracted into ethyl acetate
(3 × 30 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated under reduced pressure to give an orange
residue (0.14 g). Flash chromatographic purification (15% ethyl
acetate : hexanes) of the crude product gave an inseparable
mixture of dienes 3 as a viscous, clear colourless liquid (0.056 g,
63%); Rf 0.30 (20% ethyl acetate : hexanes), 0.11 (10% ethyl
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acetate : hexanes); [a]17
D +4.7 (c 1.4, CH2Cl2); mmax (thin film)/cm−1


1763 (m), 1740 (m), 1701 (s, C=O), 1605, 1510 (s, Ar(C=C)),
1250, 1175, 1089 (C–O–C); HRMS (+ESI) calc. for C30H43O8N +
Na 568.2886, found 568.2871; m/z (+ESI) 584 ([M + K]+, 28%),
568 ([M + Na]+, 100), 512 (43). Preparative HPLC purification
(RTI Zorbax Sil, 10% ethyl acetate : hexanes) of a portion of
the purified product (0.029 g) gave pure (7E,9E)-diene (7E,9E)-3
(tR ≈33.0 min) as a viscous, clear, colourless liquid (0.020 g, 23%);
[a]18


D −1.8 (c 1.8, CH2Cl2); dH(200 MHz; 340 K; CDCl3) 7.29–7.21
(2H, m, Ar-H), 6.85–6.78 (2H, m, Ar-H), 6.61 (1H, dd, J 15.5,
10.0 Hz, C9-H), 6.39 (1H, d, J 15.6 Hz, C10-H), 6.26 (1H, dd, J
15.1, 10.0 Hz, C8-H), 5.79 (1H, dt, J 14.8, 7.3 Hz, C7-H), 4.70
(1H, d, J 2.1 Hz, C2-H), 4.45 (1H, dd, J 5.1, 2.0 Hz, C3-H), 4.11–
3.94 (4H, m, C5-H, C4-H, OCH2CH3), 3.76 (3H, s, C1–OCH3),
2.52–2.31 (2H, m, C6-H), 1.61 (3H, s, NC(CH3)A(CH3)BO), 1.57
(3H, s, NC(CH3)A(CH3)BO), 1.50 (9H, s, OC(CH3)3), 1.42–1.35
(9H, m, OC(CH3)2O, OCH2CH3); dC (50 MHz; 340 K; CDCl3)
172.1, 158.7, 151.9, 133.7, 130.9, 130.5, 128.4, 127.5, 127.1, 115.0,
109.0, 96.8, 80.9, 80.1, 78.4, 75.3, 63.7, 61.4, 52.2, 36.5, 28.5, 27.7,
27.4, 27.2, 27.1, 14.8. A second fraction gave pure (7Z,9E)-diene
(7Z,9E)-3 (tR ≈29.0 min) as a viscous, clear, colourless liquid
(0.0067 g, 7.5%); [a]18


D +10.3 (c 0.57, CH2Cl2); dH (200 MHz; 340 K;
CDCl3) 7.36–7.32 (2H, m, Ar-H), 6.97–6.81 (3H, m, C9-H, Ar-
H), 6.49 (1H, d, J 15.9 Hz, C10-H), 6.26 (1H, t, J 11.0 Hz, C8-
H), 5.56 (1H, dt, J 10.9, 7.5 Hz, C7-H), 4.72 (1H, d, J 2.2 Hz,
C2-H), 4.49 (1H, dd, J 4.6, 1.9 Hz, C3-H), 4.15–4.00 (4H, m,
C5-H, C4-H, OCH2CH3), 3.75 (3H, s, C1–OCH3), 2.61 (2H, t,
J 6.2 Hz, C6-H), 1.63 (3H, s, NC(CH3)A(CH3)BO), 1.58 (3H, s,
NC(CH3)A(CH3)BO), 1.50 (9H, s, OC(CH3)3), 1.44–1.37 (9H, m,
OC(CH3)2O, OCH2CH3); dC (50 MHz; 340 K; CDCl3) 172.2,
158.1, 151.9, 132.9, 131.5, 130.5, 127.8, 125.6, 122.5, 115.0, 109.1,
96.9, 80.9, 80.3, 78.4, 75.2, 63.7, 61.5, 52.3, 31.8, 28.5, 27.8, 27.5,
27.2 (2C), 14.8.
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stereochemistry at C5.


23 A. Dondoni, P. Merino and D. Perrone, Tetrahedron, 1993, 49, 2939.
24 K. Morikawa and K. B. Sharpless, Tetrahedron Lett., 1993, 34, 5575.
25 G. Cignarella, E. Occelli and E. Testa, J. Med. Chem., 1965, 8, 326.
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The prototropic tautomerism of 2-, 4-selenouracil and 2,4-diselenouracil has been studied using density
functional theory (DFT) methods, at the B3LYP/6–311 + G(3df,2p)//B3LYP/6–31G(d,p) level. The
relative stability order of selenouracil tautomers does not resemble that of uracil tautomers, but it is
similar to that of thiouracils, even though the energy gaps between the different tautomers of
selenouracils are smaller than for thiouracils. The tautomerism activation barriers are high enough as
to conclude that only the oxo-selenone or the diselenone structures should be found in the gas phase.
The specific interaction with one water molecule reduces these barriers by a half, but still the
oxo-selenone form is always the most stable tautomer. The addition of a second water molecule has a
relatively small effect, as well as bulk effects, evaluated by means of a continuum-polarized model. For
isolated 2- and 4-selenouracils, the more favorable tautomerization process corresponds to a hydrogen
transfer towards the selenium atom, the activation barriers for transfer towards the oxygen atom being
much higher. This situation changes when specific and bulk effects are included, and the latter process
becomes the more favorable one. For 2,4-diselenouracil the more favorable tautomerization, in the gas
phase, corresponds to the H shift from N1 to the Se atom at C2, while solvation effects favor the
transfer from N3 to the Se atom at C4.


Introduction


A great deal of attention has been devoted over the last decade
to investigate the properties and reactivity of uracil and uracil
derivatives1–13 because uracil is one of the five nucleobases and
therefore an important component of nucleic acids, among other
reasons. Also, the thio-derivatives of uracil have attracted a
similar interest14–18 because 2-thiouracil and 4-thiouracil have been
identified as minor components of t-RNA, and they can be used
as anticancer and antithyroid drugs.19 Surprisingly, selenouracils
have received much less attention, in spite of the fact that
selenium is also present in anaerobic enzymes in the form of
selenocysteine,20–22 and in the t-RNA of some species as 5-
methylaminomethyl-2-selenouracil. Furthermore, this compound
seems to be involved in condon–anticondon interactions.20 Also
importantly, some selenouracil derivatives, such as the 6-propyl-
2-selenouracil, were found to be more potent inhibitors of Type I
iodothyronine deiodinase, associated with Grave’s disease,21 than
their thio-analogues. The high potency of selenouracils seems to
be related to their capacity to form stable enzyme–selenouracil
diselenide.23 It has been also found that the replacement of sulfur
by selenium in 6-n-propyl-2-thiouracil increases the antiperoxidase
activity of this compound.24


One of the more important characteristics of uracil and its thio-
and seleno-derivatives is that they may exist in many tautomeric
forms, which seem to be crucial in order to explain the mutation
occurring during DNA duplication.25,26 Not surprisingly then,
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the tautomerism in uracil and in thio-uracils is nowadays a well
characterized phenomenon.14,16–18,27 However, the same cannot
be said with respect to the tautomerism in selenouracils. As
a matter of fact, and to the best of our knowledge, only the
relative stabilities of the different tautomers of 2,4-diselenouracil
have been reported in the literature,28 while there is a complete
lack of both experimental and theoretical studies on the relative
stability of the different tautomers of 2- and 4-selenouracil, and
in no cases have the prototropic tautomerization barriers been
reported. The aim of this paper is to provide reasonably accurate
estimates of these relative stabilities as well as of the activation
barriers connecting the different tautomers, through the use of
density functional theory calculations. The substitution of oxygen
or sulfur by a bulkier and more polarizable selenium atom may
significantly alter the structural patterns of nucleic acids as well
as their relative stabilities.22,29–33 Such geometrical and energetic
changes might play a role in nucleic acid conformation and in the
hydrogen-bonding potentiality of the seleno derivatives. Hence,
a good knowledge of the structure and relative stability of the
different tautomers of the three selenouracils might constitute a
first step in the understanding of reasons behind the differential
role of uracil, thiouracil and selenouracil in biological processes.
It is also a well established fact that a reduced number of water
molecules catalyze this kind of tautomeric processes,34–41 due to
the ability of water to behave both as proton donor and proton
acceptor. Hence, our second goal will be to investigate the effect
of hydration in this prototropic tautomerism. For this purpose
we have also investigated the specific effect of one and two
solvating water molecules, and the effect of the bulk on both the
relative stability of the more stable tautomers and on the barriers
connecting them.
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Computational details


The different tautomers (I–VI) of selenouracils are shown in
Scheme 1. In what follows we will designate as X and Y the
heteroatoms bonded to C4 and C2, respectively. It should be noted
that most of these tautomers have several conformers, two for
tautomers II, III, IV and V, and four for tautomers VI. Hence,
in principle for each derivative there are 13 different structures.
The geometries of the 39 different conformers of 2-, 4- and 2,4-
selenouracil have been optimized by using the hybrid density
functional B3LYP method, which combines the three-parameter
nonlocal hybrid exchange potential used by Becke42 with the
nonlocal correlation functional of Lee et al.43 This approach has
been shown to yield reliable geometries for a wide variety of
systems,44–48 and in particular for the study of tautomerization
processes in compounds similar to those studied here.14,49–51 All
the calculations were performed using the 6–31G(d,p) basis set
for all atoms in the system. The harmonic vibrational frequencies
of the different stationary points of the potential energy surface
(PES) have been calculated at the same level of theory used for the
geometry optimization in order to identify the local minima and
the transition states (TS), as well as to estimate the corresponding
zero-point energy (ZPE) corrections.


Scheme 1


In order to obtain more reliable energies for the local minima as
well as for the transition states, final energies have been evaluated
by the use of the same functional combined with the 6–311 +
G(3df,2p) basis set.


The binding characteristics were analyzed by means of the atoms
in molecules (AIM) theory of Bader.52 For this purpose we have
located the relevant bond critical points (bcp) in order to obtain
the corresponding molecular graphs. To perform the AIM analysis
we have used the AIMPAC series of programs.53 Also the natural
bond orbital (NBO) approach,54 has been employed to obtain
atomic charges and to analyze possible second-order perturbation
orbital interactions.


Hydration effects have been analyzed for the three most stable
tautomers of each derivative and for the transition states con-


necting them, using a mixed model as follows. Specific hydration
effects were taken into account by considering hydrated complexes
with one and two molecules of water. The effect of the bulk was
then accounted for by introducing these hydrated complexes in a
solvent cavity, through the use of a continuum-polarized model,
as implemented in the Gaussian-03 series of programs.55 The effect
of the second solvating water molecule was only investigated for
2-selenouracil and 4-selenouracil.


Results and discussion


Tautomer stability


The energy profiles associated with the tautomerization processes
of 2-, 4- and 2,4-selenouracils are given in Fig. 1(a–c). The relative
energies of all tautomers, after including the ZPE corrections, are
given in Table 1. Tables S1 and S2 in the electronic supplementary
information (ESI†) contain the total energies of the different
stationary points and their optimized geometries, respectively.


The first conspicuous fact is that, as it has been found previously
for uracil and its thio-derivatives, for selenouracils the oxo-
selenone form I is always the global minimum of the potential-
energy surface. Moreover, the energy gap between this form and
the remaining tautomers is large enough as to conclude that
form I will be the only one found in the gas phase for the three
derivatives under investigation. Also importantly, the calculated
dipole moments of forms I are quite large (4.72, 4.97 and 4.88
D, for 2-, 4- and 2,4-selenouracils, respectively) and they decrease
significantly on going to the second or third more stable tautomers
(IVb: 2.97, 4.32, and 3.97 D, respectively, and VIc: 1.28, 1.86 and
1.77 D, respectively). Hence, the interaction of forms I with polar
solvents will be significantly large. We shall show in forthcoming
sections, that indeed this form is also the dominant one in aqueous
solution.


Similar to what has been found for uracil and thiouracils, the
enol-selenol structures (VIa–c) are systematically among the more
stable tautomers, which has been explained by the tendency of
the pyrimidine ring to adopt the aromatic structure.17 However, as
shown in Fig. 1(a–c), for the three selenouracils the tautomer IVb is
equally as stable or slightly more stable than tautomers VIa or VIc.


It is also worth noting that tautomer IVb is always more stable
than tautomer Va. In other words, the hydrogen shift from N1
towards the heteroatom Y yields a tautomer which is 8–10 kcal


Table 1 Relative energies (DE, kcal mol−1) of 2-, 4- and 2,4-selenouracils


DE/kcal mol−1


Tautomer 2-Selenouracil 4-Selenouracil 2,4-Diselenouracil


I 0.0 0.0 0.0
IIa 11.7 11.4 11.3
IIb 17.9 12.0 11.9
IIIa 22.9 16.0 16.1
IIIb 20.8 16.2 16.3
IVa 9.5 17.2 8.4
IVb 9.3 10.4 8.0
Va 17.5 19.1 17.6
Vb 18.1 28.1 18.2
VIa 9.6 12.3 10.4
VIb 14.0 12.1 8.1
VIc 9.5 11.8 7.9
VId 13.9 12.4 8.1
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Fig. 1 Energy profile for the different tautomerization processes of a) 2-selenouracil, b) 4 selenouracil, and c) 2,4-diselenouracil. Relative energies in
kcal mol−1 include ZPE corrections.


mol−1 more stable than the tautomer produced when the hydrogen
atom is shifted from N3. The lower stability of tautomer Va may be
understood taking into account that the stabilizing non-bonded
interaction between the positively charged hydrogen atom (natural


net charge +0.46) attached to N3 and the negatively charged
heteroatom X (natural net charge −0.61) that takes place in I
and in IVb is replaced in form Va by the repulsive interactions
between the N3 nitrogen lone-pair and the lone pairs of X. On the
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other hand, a second-order NBO analysis clearly shows that while
form Va exhibits a typical quinonoid structure, with two double
bonds localized at C2N3 and C5C6, in form IVb, besides the two
double bonds localized at N1C2 and C2C3, there is also a certain
delocalization affecting the N1C2 and the C3C4 bonds, which,
accordingly, have a partial double bond character. Consistently,
these two bonds are 0.008 and 0.024 Å shorter in IVb than in Va.


For similar reasons, the activation barrier connecting the global
minimum with IVb is from 5 to 7 kcal mol−1 lower than that
connecting I and Va.


Tautomer IIa is also always lower in energy than tautomer IIIa,
because while in the former there is a stabilizing non-bonded
interaction between the hydrogen atom of the X–H group and
N3, in the latter there is a repulsive one between the hydrogen
atom of the X–H group and the hydrogen atom attached to N3.
Similar reasons are behind the larger stability of tautomer IVb
with respect to tautomer IVa, particularly for 4-selenouracil.


There are however, some subtle dissimilarities among the three
derivatives. For instance, for 2-selenouracil and 2,4-selenouracil
form VIc is very close in energy to form IVb, and form IIa lies more
than 2 kcal mol−1 higher, whereas for 4-selenouracil these three
forms are very close in energy, form IIa being slightly more stable
than form VIc. In general, one should expect a stabilization of the
system on going from IIa towards VIc, due to the aromatization
of the system. However, in 4-selenouracil this involves going from
a keto to an enol function and therefore, in this case, form VIc
becomes slightly less stable than form IIa


However, the larger dissimilarities are associated with the
tautomerization barriers. Although, as mentioned above, form
IVb is always the second most stable tautomer, it is not always
the more favorable one from a kinetic point of view. As illustrated
in Fig. 1(a), for 2-selenouracil the formation of IVb from the
global minimum requires a much lower activation barrier than
the formation of IIa, while for 4-selenouracil it is the other way
around (see Fig. 1(b,c)). This can be easily explained if one takes
into account that the evolution from I to IIa in the latter case
changes a C=Se group into a C–SeH group, while in 2-selenouracil
the same process changes a C=O group into a C–OH group. For
2,4-diselenouracil, both barriers are much closer, since in both
cases a C=Se group is changed into a C–SeH group, although
the formation of tautomer IVb is slightly more favorable than
the formation of tautomer IIa. The same arguments explain why
the IIa–VIc and the VIa–IIIa tautomerization barriers are much
larger for 4-selenouracil than for 2- and 2,4-selenouracils. Hence,
we may conclude that for 2, and 4-selenouracil the more favorable
tautomerization process, with origin in the global minimum I,
corresponds to a hydrogen shift towards the Se atom from N1
in 2-selenouracil and from N3 in 4-selenouracil. Accordingly,
although IVb is in both cases the second more stable tautomer, in 4-
selenouracil form IIa is kinetically favored. For 2,4-diselenouracil,
IVb is thermodynamically and kinetically favored with respect
to IIa.


We have considered it of interest to compare the relative
stabilities of the different selenouracil tautomers with those of
their thiouracil counterparts at the same level of theory.14 This
comparison is carried out in Fig. 2(a–c).


It is apparent that there is a reasonably good linear correlation
between both sets of values for 2- and 4-substituted derivatives
(Fig. 2(a,b)), whereas the scatter is a little bit larger for the 2,4-


Fig. 2 Linear correlation between the relative stabilities of selenouracils
and thiouracils: a) 2-selenouracil vs. 2-thiouracil; b) 4 selenouracil vs.
4-thiouracil; and c) 2,4-diselenouracil vs. 2,4-dithiouracil.


disubstituted compounds (Fig. 2c). It is also worth noting that the
slope of the correlation is always around 0.86, which implies that,
although relative stabilities follow similar trends for both families,
the energy gaps between the different tautomers of selenouracils
are smaller than for thiouracils. The same is observed as far as the
tautomerization energy barriers are concerned.


Since, as it has already been reported in the literature, the relative
stability order of thiouracil tautomers does not resemble that
of uracil tautomers,14,17,18 we can conclude, in view of the good
correlations found above between selenouracils and thiouracils,
that the same behavior will be found when comparing uracils and
selenouracils. Also, in general, the energy gap between the thione-
oxo (or the dithione) forms and the closest hydroxy-mercapto (or
dimercapto) tautomers is also much smaller in thiouracils than in
uracils,17,18 and even lower as far as selenouracils are concerned.


Structure and bonding


The optimized geometry of the most stable tautomer for each
compound is presented in Fig. S1, ESI†.
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Although a detailed discussion of the geometries of these
species is not the aim of this paper, some structural features
deserve to be commented on. The six-membered rings are rather
similar, although both the N1–C2 and the C2–N3 bonds are
longer in 4-selenouracil than in 2- and 2,4-selenouracil. In the
former compound C2 has an enhanced electronegativity because
it is bonded to an oxygen atom, and accordingly it withdraws
electron density from the bonds in which it participates. This is
actually reflected in the charge densities at the N1–C2 and N3–
C2 bond critical points, which are smaller for 4-selenouracil than
for the other two derivatives, as illustrated by the corresponding
molecular graphs (see Fig. 3). The N1–H bond is systematically
slightly shorter than N3–H bond. Consistently the charge density
at the corresponding bond critical point is slightly larger in the
former than in the latter (see Fig. 3). Also interestingly, as we
shall see in forthcoming sections, this difference is also reflected
in the molecular force field and the N1–H stretch has a slightly
greater frequency than the N3–H stretch. Another interesting
structural feature is the fact that the C=Y bond (Y = O, Se)


Fig. 3 Molecular graphs of the most stable tautomer of 2-selenouracil, 4
selenouracil, and 2,4-diselenouracil. Red dots denote bond critical points,
and yellow dots ring critical points. Electron densities are given in a.u.


is systematically longer than the C=X (X = O, Se) bond, which
can be explained in terms of the bond-activation reinforcement
(BAR) rule.56 In the first case the heteroatom is attached to C2,
whose electronegativity is enhanced with respect to that of C4, by
being bonded to two nitrogen atoms. Consequently, C2 polarizes
the electron density around Y more strongly that C4 polarizes
that around X, and therefore the charge density at the C2=Y
bcp is always slightly greater than that at the C4=X bcp, and
the bond slightly shorter. Also coherently, as we shall see later,
the C2=Se stretching frequency in 2-selenouracil is slightly larger
than the C4=Se stretching frequency in 4-selenouracil. Similarly,
the C2=O stretching frequency in 4-selenouracil is also slightly
larger than the C4=O stretching frequency in 2-selenouracil.


Hydration effects


The energy profile corresponding to the prototopic tautomerisms
connecting I with IIa, IVb and Va, for the corresponding mono-
hydrated species are presented in Fig. 4(a) for 2-selenouracil. For
each tautomerization pathway, relative energies are calculated with
respect to the corresponding monohydrated clusters, I1, I2 and I3,
respectively. The relative energies of the mono- and dehydrated
clusters are given in Table S3, ESI†. In all cases cluster I1 is the
more stable. Fig. 4(a) clearly shows that the most dramatic effect
in the prototopic tautomerism of monohydrated 2-selenouracil is
associated with the size of the activation barriers, which become
almost half or even less than half of those obtained for the isolated
compound. It is also worth noting that the inclusion of a molecule
of water closes the gap between Va and IVb, because N3 in the
former is a better hydrogen-bond acceptor than N1 in the latter,
yielding a stronger hydrogen bond (HB) with the molecule of
water. Also the hydrated form of IIa becomes slightly stabilized
with respect to the global minimum, because the –OH group is a
better hydrogen-bond donor than the NH group. When the effect
of the bulk is added, by enclosing this monohydrated species
in a solvent cavity, the changes observed in the energy profile
are small (see Fig. 4(b)). The energy gap between Va and IVb
decreases further, because the former hydrate has a larger dipole
moment than the latter (6.2 vs. 2.7 D). Conversely, the effects
on the activation barriers are rather small, because the three
monohydrated transition states have rather similar (ca. 4.6 D)
dipole moments.


When a second water molecule is added to the complex, as
shown in Fig. 4(c), the energetic profile for the prototropic
tautomerism does not change much, but what is more important is
that the values of the activation barriers do not change in relative
terms, so that the barriers to yield forms IVb and Va are still about
4 kcal mol−1 higher than that to yield form IIa.


It is also worth noting that the relative stability of IIa monohy-
drate increases by 2 kcal mol−1 when the second molecule of water
is added. Bulk effects are in this case quite significant, in particular
concerning the barrier to yield tautomer IIa, which decreases from
13 to 9 kcal mol−1 (see Fig. 4(d)), while those involved in the
tautomerization processes leading to IVb and Va increase slightly.
As a consequence, the gap between these barriers increases from
about 4 to 10 kcal mol−1, and form IIa, which was the less favorable
from a kinetic point of view for isolated 2-selenouracil, becomes
the more favorable one both thermodynamically and kinetically
when specific and bulk solvation effects are taken into account.
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Fig. 4 Energy profile for the tautomerization processes of 2-selenouracil: a) monohydrated species; b) solvated monohydrated species; c) dihydrated
species; d) solvated dihydrated species. Relative energies in kcal mol−1 include ZPE corrections.


The situation is rather similar as far as 4-selenouracil and 2,4-
diselenouracil are concerned (see Fig. S2 and S3, ESI†). The
specific solvation effects in the monohydrated complexes slightly
reduces the gap between forms Va and IVb, but have a huge effect
on the activation barriers that decrease by a factor greater than 2.
However, this effect is quantitatively larger for the transition states
connecting form I with forms IVb and Va, than for the transition
states connecting I with IIa. The most obvious consequence is that
while for the isolated compound form IIa was clearly favored from
a kinetic point of view, for the monohydrated species all barriers
become rather similar, being that connecting I and IVb the lowest
one. Once more, bulk effects on these monohydrated complexes
are rather small, except, as for the case of 2-selenouracil, for the
energy gap between forms Va and IVb, which almost disappear in
the case of 2,4-diselenouracil. No significant changes are observed
when adding a second water molecule to specifically solvate the
system. Hence, for 4-selenouracil the more favorable tautomer,
both thermodynamically and kinetically, is IVb.


Finally, it is worth mentioning that the profiles of the potential-
energy surfaces so far discussed, do not change significantly when
they are obtained in terms of free energies, because there are
no significant entropic changes on going from one minimum to
another, or on going from the minima to the transition state
connecting them.


Vibrational frequencies


Very often infrared spectra are used to identify pyrimidinic
residues in nucleic acids strands,57–60 so we have considered it of
interest to report and assign the calculated harmonic vibrational


frequencies of the more stable tautomers of selenouracils, that may
guide future experimental work. The values have been summarized
in Table S4, ESI†, together with a short discussion.


As expected, the interaction with water molecules involves a
significant red-shifting of the N–H bonds of selenouracil acting
as hydrogen-bond donors with respect to the solvating water
molecule, while the effect on the C=O or the C=Se stretching
frequencies of the groups acting as hydrogen-bond acceptors is
rather small. For monohydrated clusters, the red-shifting of the
N–H groups are, on average, about 350 cm−1, while the C=O and
the C=Se stretching displacements are red-shifted by 27 cm−1 and
blue-shifted 15 cm−1, respectively. Interestingly, the red-shifting of
the NH groups increases significantly (about 200 cm−1) on going
from the monohydrated to the dehydrated complexes, because
the hydrogen bond between this group and the solvating water
molecule becomes reinforced, due to a better orientation of the
latter with respect to the former. The inclusion of bulk effects
implies a further reduction of the N–H stretching frequency of the
order of 50 cm−1, on average.


Conclusions


From the theoretical survey of the prototropic tautomerism of
2-, 4- and 2,4-selenouracils we can conclude that for the three
compounds the oxo-selenone form is the more stable tautomer.
The relative stability order of selenouracil tautomers does not
resemble that of uracil tautomers, but it is similar to that of
thiouracils, even though the energy gaps between the different
tautomers of selenouracils are smaller than for thiouracils. The
tautomerism activation barriers are high enough as to conclude
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that only the oxo-selenone or the diselenone structures should be
found in the gas phase. This situation does not change in aqueous
solution, because, although the tautomerization barriers decrease
dramatically when solvent effects are accounted for, they are still
high enough in energy as to conclude that only oxo-selenone or
diselenone structures will be found in solution.


For isolated 2- and 4-selenouracils, the more favorable tau-
tomerization process corresponds to a hydrogen transfer towards
the selenium atom, the activation barriers for transfer towards the
oxygen atom being much higher. However, when specific and bulk
solvation effects are taken into account, the transfer towards the
oxygen atom to produce the corresponding enol becomes clearly
favored, for both derivatives. For isolated 2,4-diselenouracil the
more favorable tautomerization corresponds to the H shift from
N1 to the selenium atom at C2, while solvation effects slightly
favor the transfer from N3 to the Se atom at C4.


Although the oxo-selenone forms are the more stable structures,
both in the gas phase and in solution, for 2-selenouracil and 2,4-
diselenouracil the relative stabilities of the other stable tautomers
change when specific and bulk solvation effects are taken into
account. In both cases the second most stable tautomer in the gas
phase is structure IVb, whereas IIa is the second most stable in
aqueous solution.
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Abboud and M. Yáñez, J. Phys. Chem. A, 2000, 104, 5122.
15 A. R. Katritzky, G. Baykut, S. Rachwal, M. Szafran, K. C. Caster and


J. Eyler, J. Chem. Soc., Perkin Trans. 2, 1989, 1499.
16 A. R. Katritzky and M. Szafran, J. Chem. Soc., Perkin Trans. 2, 1990,


871.


17 A. Les and L. Adamowicz, J. Am. Chem. Soc., 1990, 112, 1504.
18 J. Leszczynski and K. Lammertsma, J. Phys. Chem., 1991, 95, 3128.
19 W. Saenger, Principles of Nucleic Acid Structure, Springer, New York,


1984.
20 G. F. Kramer and B. N. Ames, J. Bacteriol., 1988, 170, 736.
21 A. Taurog, M. L. Dorris, W. X. Hu and F. S. Guziec, Biochem.


Pharmacol., 1995, 49, 701.
22 R. Spezia, G. Tournois, T. Cartailler, J. Tortajada and Y. Jeanvoine,


J. Phys. Chem. A, 2006, 110, 9727.
23 T. J. Visser, E. Kaptein and H. Y. Aboulenein, Biochem. Biophys. Res.


Commun., 1992, 189, 1362.
24 H. Y. Aboulenein, A. A. Awad and N. M. Alandis, J. Enzyme Inhib.,


1993, 7, 147.
25 Em Gottscha, E. Kopp and A. G. Lezius, Eur. J. Biochem., 1971, 24,


168.
26 W. Saenger and D. Suck, Eur. J. Biochem., 1973, 32, 473.
27 B. Lesyng and W. Saenger, Z. Naturforsch., C: Biosci., 1981, 36, 956.
28 J. Leszczynski and J. Sponer, J. Mol. Struct. (THEOCHEM), 1996,


388, 237.
29 T. C. Castle, R. I. Maurer, F. E. Sowrey, M. J. Went, C. A. Reynolds,


E. J. L. McInnes and P. J. Blower, J. Am. Chem. Soc., 2003, 125, 10040.
30 J. C. Guillemin, E. H. Riague, J. F. Gal, P. C. Maria, O. Mó and M.
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The synthesis and NMR analysis of a 2′-O-alanyl, 3′-O-[1-13C]valyl-pdCpA derivative has permitted the
definitive assignment of the positions of acylation of tandemly activated pdCpAs, and the
bisaminoacylated transfer RNAs derived therefrom.


Introduction


A number of strategies for the preparation of transfer RNAs
bearing noncognate amino acids have been developed during the
last two decades.1,2a One of the most versatile involves enzyme-
mediated condensation of an N-protected, chemically synthesized
aminoacyl-pdCpA derivative with a tRNA lacking the 3′-terminal
dinucleotide, pCpA. The misacylated tRNAs produced in this
fashion have been useful in protein synthesizing systems for the
elaboration of numerous proteins containing unnatural amino
acids at predetermined positions.2


Recently, our laboratory has demonstrated that tRNAs
tandemly activated with amino acids on both the 2′- and 3′-OH
groups of the 3′-terminal adenosine moiety participate normally
in protein synthesis.3 While this was the first report describing a
biochemical function of bisaminoacyl-tRNAs, bisphenylalanyl-
tRNA has been reported to occur naturally in Thermus ther-
mophilus.4 While most of the bisaminoacylated pdCpA derivatives
described to date have had the same amino acids on the 2′-
OH and 3′-OH positions of the adenosine ribose moiety,5 the
synthesis of analogues differentially substituted at these positions
was necessary for mechanistic studies of peptide bond formation.3


The synthesis of bisaminoacylated dinucleotides parallels that
of the monoacylated pdCpA derivatives, with only a second
acylation being necessary. However, the chemical synthesis of
the dinucleotides containing two different amino acids at the
2′- and 3′-OH groups of the terminal adenosine moiety in a
regiochemically defined fashion is more complex, owing to the
rapid migration of the aminoacyl residue of the intermediate
monoacylated pdCpAs between the vicinal cis-hydroxyl groups of
adenosine.6 This phenomenon results in an equilibration between
the 2′- and 3′-aminoacyl isomers of pdCpA complicating product
analysis (vide infra). Presently, we describe the preparation and
positional assignment of bisaminoacyl-pdCpA derivatives having
different amino acids on the 2′- and 3′-OH groups of the adenosine
moiety.


Departments of Chemistry and Biology, University of Virginia, Char-
lottesville, VA 22904, USA. E-mail: sidhecht@virginia.edu; Fax: +1
434/924-7856; Tel: +1 434/924-3906
† Electronic supplementary information (ESI) available: gDQCOSY spec-
trum of [13C]labeled bisaminoacylated pdCpA and HPLC separation of
regioisomeric 2′,3′-O-valyl-pdCpAs


Results and discussion


The syntheses of bisaminoacylated pdCpA derivatives 3 and 4,
which are differentially substituted with valine and alanine, was
accomplished by acylation of a monoacylated pdCpA derivative,
as shown in Scheme 1. The monoacylated valyl-pdCpA was
prepared as described previously.7a (S)-Alanine and (S)-valine
were Na-protected using succinimidyl 4-pentenoate to afford the
respective N-pentenoyl amides. Treatment with chloroacetoni-
trile in the presence of NEt3 gave the respective cyanomethyl
esters 1a and 1b.7 Treatment of activated ester 1b with the
tris(tetrabutylammonium)salt of pdCpA in DMF provided the
N-(4-pentenoyl)valyl-pdCpA (2) as a mixture of 2′- and 3′-O-valyl


Scheme 1 Synthesis of bisaminoacylated pdCpA derivatives 3 and 4.
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esters. It has been demonstrated previously that related species
having an unprotected amino group undergo rapid equilibration
between the 2′- and 3′-OH groups of ribose [t1/2 = 1–11 s−1, pH 7.3,
37 ◦C],6 but it seemed possible that acylation of the a-amino group
would slow the equilibration to a manageable rate. However, while
the two isomers could be cleanly separated by HPLC, immediate
reinjection of the ostensibly pure 2′- or 3′-isomers resulted in two
peaks with the same retention times as the original mixture (ESI†).
Further, the relative intensity of these peaks was comparable to
that in the original mixture of positional isomers, indicating that
despite Na-protection, rapid equilibration between the 2′- and 3′-
aminoacyl isomers of pdCpA had taken place.8 It is likely that
the mechanism of equilibration involves the intermediacy of an
orthoacid (Fig. 1).


Fig. 1 Putative mechanism for equilibration between the 2′-OH and
3′-OH groups.


As the individual monoacylated pdCpA derivatives equilibrate
rapidly, they could not be separated for regiocontrolled introduc-
tion of the second requisite aminoacyl group. Therefore, the mix-
ture of the 2′- and 3′-isomers was treated with an ion exchange resin
to form the tris(tetrabutylammonium) salt of the regioisomeric
valyl-pdCpAs. The resulting salt was treated with a large excess of
N-pentenoylalanine cyanomethyl ester (1a), affording the isomeric
substituted 2′,3′-bisaminoacylated pdCpA derivatives in about a 3 :
2 ratio. Because the equilibrium abundance of 3′- and 2′-isomers of
monoacylated nucleosides typically falls within the same range as
the approximate 3 : 2 ratio of products noted for the regioisomers
of pdCpA acylated with both valine and alanine (3 and 4), it was
tempting to assign the major product as regioisomer 3, i.e. the
product resulting from acylation of the major positional isomer of
2 with N-pentenoylalanine (Fig. 2). However, given the observed
rapid equilibration between positional isomers of precursor 2 (Fig.
S1, ESI†) and significant difference in pKas of the 2′- and 3′-OH
groups of adenosine,8 we could not exclude the possibility that
the major bisacylated regioisomer of pdCpA actually arose from
acylation of the 2′-O-valyl-pdCpA (2) with 1a (Fig. 2).9 In any
case, these products could be separated by C18 reversed phase
HPLC using a gradient of 1–50% CH3CN in 50 mM NH4OAc,
pH 4.5, over a period of 75 min (Fig. 3).


To resolve the ambiguity concerning the position of acylation,
the synthesis of 3 and 4 shown in Scheme 1 was repeated using
[1-13C]valine. The major bisaminoacylated product was isolated
by HPLC for NMR analysis. Initially, we sought to define the
chemical shifts of the various protons on the ribose moiety in
the 1H NMR spectrum. Analysis of 1H-1H COSY and TOCSY
NMR spectral data clearly revealed the chemical shifts of these
protons: dH 6.31 (H-1′), dH 5.99 (H-2′), dH 5.78 (H-3′) and dH 4.58
(H-4′) (Fig. S2). Additionally, these NMR experiments allowed


Fig. 2 Proposed mechanism for the formation of the isomeric bisaminoa-
cylated pdCpAs.


Fig. 3 C18 reversed phase HPLC analysis of two isomeric pdCpA
derivatives (also indicating the putative regiochemical assignments). The
retention times of 3 and 4 were 38.3 min and 39.2 min, respectively.


for the assignment of the chemical shifts of both Ha and Hb of
the 13C-labeled valine ester (Fig. 4). With this information, the
analysis of the 1H-13C HMBC NMR spectral data was possible.
Importantly, this technique is typically limited to two- and
three-bond couplings. Thus one would only expect the following
correlations for the putative 2′-O-alanyl-3′-O-13C-valyl-pdCpA
product: (13C-H-3′), (13C-Ha) and (13C-Hb). Notably, the unlabeled
carbonyl carbon of alanine would not be seen in the NMR
spectrum due to the low natural abundance of 13C and the limited
quantity used for spectral analysis. As shown in Fig. 4, intense
cross peaks were observed between the valine carbonyl carbon
and H-3′, Hb and Ha, i.e. exactly what would be expected for
2′-O-alanyl-3′-O-13C-valyl-pdCpA. Had the 13C-valine been on
the 2′-OH group, an intense cross peak with H-2′ (at 5.99 ppm)
would have been present; this was not observed. These results
indicate that the major bisacylation product is 2′-O-alanyl-3′-
O-valyl-pdCpA (3). The ratio of this product to the isomeric
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Fig. 4 1H-13C Heteronuclear correlation (HMBC) of 2′-O-alanyl-3′-O-
[13C]valyl-pdCpA.


3′-O-alanyl-2′-O-valyl-pdCpA (4) was comparable to the ratio of
the intermediate monovalyl-pdCpA derivatives (2) (Scheme 1 and
Fig. 2), arguing that the product ratio is likely defined by the ratio
of the (equilibrating) monovalyl-pdCpA intermediates.


Conclusion


This paper describes the synthesis and positional assignment
of a bisaminoacyl-pdCpA derivative. It provides unambiguous
assignment of the position of acylation through the use of 2D
NMR techniques. The acylation of pdCpA with an activated
valine gave predominantly the 3′-O-valyl derivative, with the
second acylation occurring at the 2′-position. Further, this paper
provides a strategy for unambiguously assigning the positions
of substitution of other unsymmetrical bisaminoacylated pdCpA
derivatives.


Experimental


General methods


Anhydrous grade THF, CH2Cl2 and acetonitrile were purchased
from VWR. All reactions involving air or moisture-sensitive
reagents or intermediates were performed under a nitrogen or
argon atmosphere. Flash chromatography was performed using
Silicycle 40–60 mesh silica gel. Analytical TLC was performed
using 0.25 mm EM silica gel 60 F250 plates that were visualized
by irradiation (254 nm) or by staining with ninhydrin. 1H and
13C NMR spectra were obtained using 300 MHz and 500 MHz
Varian NMR instruments. Chemical shifts are reported in parts
per million (ppm, d) referenced to the residual 1H resonance of the


solvent (CDCl3: 7.26 ppm; DMSO-d6: 2.49 ppm). 13C spectra were
referenced to the residual 13C resonance of the solvent (CDCl3:
77.3 ppm; DMSO-d6: 39.5 ppm). Splitting patterns are designed
as follows: s, singlet; br, broad; d, doublet; m, multiplet. High
resolution mass spectra were obtained at the Michigan State
University-NIH Mass Spectrometry Facility.


2′-O-[N -(4-Pentenoyl)-(S)-alanyl]-3′-O-[N -(4-pentenoyl)-(S)-
valyl]-pdCpA ester (3). To a conical vial containing 120 mg
(0.57 mmol) of N-(4-pentenoyl)-(S)-alanine cyanomethyl ester
(1a) was added a solution of the tetrabutylammonium salt of
2.0 mg (2.45 lmol) of N-(4-pentenoyl)-(S)-valyl-pdCpA7a (2) in
50 lL of freshly distilled DMF, followed by 5 lL of triethylamine.
The reaction mixture was stirred at 25 ◦C and monitored by
HPLC. A 5 lL aliquot of the mixture was diluted with 45 lL of 1 :
2 CH3CN–50 mM NH4OAc, pH 4.5. Ten microlitres of the diluted
aliquot was analyzed by HPLC on a C18 reversed phase column
(250 × 10 mm). The column was washed with 1 → 63% CH3CN
in 50 mM NH4OAc, pH 4.5, over a period of 45 min at a flow rate
of 3.5 mL min−1 (monitoring at 260 nm). After 4 days, the reaction
mixture was diluted to a total volume of 400 lL with 1 : 1 CH3CN–
50 mM NH4OAc, pH 4.5, and purified using the same semi-
prep C18 reversed phase column (retention time 22.3 min). After
lyophilization of the appropriate fractions, 2′-O-[N-(4-pentenoyl)-
(S)-alanyl]-3′-O-[N-(4-pentenoyl)-(S)-valyl]-pdCpA ester (3) was
obtained as a colorless solid: yield 0.6 mg (25%); mass spectrum
(electrospray ionization), m/z 969.4 (M − H)+, theoretical m/z
969.3 (M − H)+. A smaller amount of isomeric 4 was also isolated.


2′ -O-[N -(4-Pentenoyl)-(S)-valyl]-3′ -O-[N -(4-pentenoyl)-(S)-
alanyl]-pdCpA ester (4). Prepared as described for the synthesis
of 3; however, 1b was treated with N-(4-pentenoyl)-(S)-alanyl-
pdCpA.7b Compound 4 was obtained as a colorless solid: 0.4 mg
(21%); mass spectrum (electrospray ionization) m/z 969.5 (M −
H)+, theoretical m/z 969.3 (M − H)+. A smaller amount of
isomeric 3 was also isolated.


N-(4-Pentenoyl)-(S)-[1-13C]valine. Prepared as described for
the unlabeled derivative in ref. 7. Colorless solid: 0.39 g (93%);
1H NMR (CDCl3) d 0.94 (d, 3H, J = 6.9 Hz), 0.98 (d, 3H, J =
6.9 Hz), 2.20–2.27 (m, 1H), 2.35–2.42 (m, 4H), 4.95–5.17 (m, 2H),
5.79–5.95 (m, 1H), 6.15 (d, 1H, J = 8.1 Hz) and 6.16–6.50 (br s,
1H); 13C NMR (CDCl3) d 17.9, 19.3, 29.8, 31.2, 35.9, 57.4, 116.2,
136.9, 173.6 and 177.3; mass spectrum (electrospray ionization),
m/z 201 (M + H)+, theoretical m/z 201 (M + H)+; mass spectrum
(FAB) m/z 201.1319 (M + H)+ (C9H18O3N13C requires 201.1321).


N-(4-Pentenoyl)-(S)-[1-13C]valine cyanomethyl ester. Prepared
as described for the unlabeled derivative in ref. 7. Colorless solid:
yield 0.30 g (73%); 1H NMR (CDCl3) d 0.91 (d, 3H, J = 6.9 Hz),
0.94 (d, 3H, J = 6.9 Hz), 2.00–2.20 (m, 1H), 2.31–2.40 (m, 4H),
4.51–4.60 (m, 1H), 4.64–4.85 (m, 2H), 4.97–5.00 (m, 2H), 5.65–
5.85 (m, 1H) and 6.15 (m, 1H); 13C NMR (CDCl3) d 18.0, 19.1,
29.6, 31.1, 35.6, 48.9, 56.0, 57.5, 116.0, 137.0, 171.1 and 172.8;
mass spectrum (electrospray ionization), m/z 240 (M + H)+, 262
(M + Na)+, theoretical m/z 240 (M + H)+; mass spectrum (FAB)
m/z 240.1430 (C11H19O3N2


13C requires 240.1430).


N-(4-Pentenoyl)-(S)-[1-13C]valyl-pdCpA. Prepared as des-
cribed for the synthesis of the unlabeled derivative in ref. 7.
Colorless solid: 1.9 mg (49%); mass spectrum (electrospray
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ionization) m/z 819.2 (M + H)+, theoretical m/z 819 (M + H)+;
mass spectrum (FAB), m/z 819.2305 (M + H)+ (C29H42O15N9P2


13C
requires 819.2310).


2′-O-[N-(4-Pentenoyl)-(S)-alanyl]-3′-O-[N-(4-pentenoyl)-(S)-[1-
13C]valyl-pdCpA ester. Prepared as described for the synthesis of
unlabeled 3. Colorless solid: yield 2.8 mg (28%); mass spectrum
(electrospray ionization) m/z 972 (M + H)+, 995 (M + H +
Na)+, theoretical m/z 972 (M + H)+; mass spectrum (FAB) m/z
972.3103 (C36H53O17N10P2


13C requires 972.3099).
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Preliminary studies of a synthetic approach to the alkaloid stemofoline 1 are reported. Stereoselective
cyclisation of the ketoester 14 gave the 1-butyl-2,8-bis(methoxycarbonyl)-8-azabicyclo[3.2.1]octane 21
in which the 2-methoxycarbonyl group is in the axial position. The analogous ketones 15, 18 and 19
were also cyclised to give the 8-azabicyclo[3.2.1]octanes 22–24 with axial electron-withdrawing
2-substituents. The structure of the bicyclic ketosulfone 22 was confirmed by X-ray diffraction.
Conversion of ester 21 into the tricyclic lactams 31 and 39, in which the amide fragments are
significantly distorted from planarity, was achieved by treatment of the iodides 29 and 38 with
tert-butyllithium. The structure of the deprotected tricyclic hydroxylactam 40 was confirmed by X-ray
diffraction, which showed the non-planar geometry of the lactam fragment and the distortion induced
into the bicyclo[3.2.1]octane by the additional two-carbon bridge. This meant that the endo hydrogen at
C9 was significantly closer to the 5-hydroxyl group than the endo hydrogen at C8. This structural
feature was utilised to direct a regioselective remote oxidation of the hydroxylactam 40 using lead
tetraacetate, which was accompanied by selective insertion into the closer endo C–H bond to give the
tetracyclic ether 41. Lactam 39 was converted into the tricyclic aminoketone 49 by reduction to the
aminol 44 using lithium aluminium hydride and reduction of the intermediate, possibly the chloride 46,
formed from aminol 44 using thionyl chloride, with more lithium aluminium hydride, followed by
O-deprotection and oxidation. The bicyclic ketoester 21 was also protected as its ketal 50, which was
taken through via the tricyclic lactam 54 into the ketoamine 49. Finally, allylation of the tricyclic lactam
42 and amine 49 gave the axial allylated products 60 and 58, but further elaboration for incorporation
of C10 and C11 (of stemofoline) was not straightforward. Alkylation of the protected hydroxyketone
64, which was prepared from the bicyclic ketoester 21, gave the axial alkylated products 65 and 69, and
the ketoester 69 was converted into the tricyclic hydroxylactone 73. However, the formation of a
tetracyclic lactam by treatment of the iodide 75 with tert-butyllithium was not successful.


Introduction


Extracts of the roots and leaves of several Stemonacea have been
widely used in traditional Chinese, Japanese and Thai medicine
to treat respiratory complaints and parasitic infections, and as
insecticides. More than twenty alkaloids have been isolated from
these species of which the most complex are stemofoline 1 and its
dehydro analogue, asparagamine A 2, which has also been isolated
from Asparagus racemosus.1 Because of their biological activities,
many synthetic studies have been carried out on the synthesis of the
stemona alkaloids including a synthesis of (±)-isostemofoline [the
(E)-isomer of stemofoline],2 and a synthesis of (±)-asparagamine
and its (E)-isomer,3 together with total syntheses of stenine,4


tuberostemonine,5 croomine,6 stemospironine,7 stemonamide8 and
stemoamide.9 Several other synthetic approaches to these alka-
loids have been reported,10 and simplified analogues of stemofoline
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have also been prepared for evaluation of their biological activity.11


No biosynthetic studies have been carried out on Stemona
alkaloids but, on the basis of their structures, a biogenetic route
from spermidine and isoprenoid fragments, has been proposed.12


A possible strategy for the synthesis of stemofoline is outlined in
Scheme 1. 8-Azabicyclo[3.2.1]octanes, e.g. 6, should be available
via iminium ion cyclisations, such reactions having been widely
used for the synthesis of alkaloids.13 Construction of the third
ring of the stemofoline nucleus by regioselective alkylation would
provide a tricyclic intermediate, e.g. 5, and addition of the
remaining three-carbon fragment would deliver the ketolactam
4. At some point it will be necessary to introduce the oxygen
functionality which is to become the ethereal bridge between
C2 and C8 (stemofoline numbering). It may be necessary to
introduce this additional functionality earlier in the synthesis, but
an attractive strategy would be to use the ketoacid present in 4 to
effect a regioselective remote oxidation generating an intermediate
such as the pentacyclic acetal 3. Reduction of the lactam and
addition of the tetronic acid would then complete a synthesis of
stemofoline 1. We now report details of a synthesis of the tricyclic
hydroxylactam 40, which is analogous to 5, together with studies
of its regioselective remote oxidation and other functional group
interconversions that will underpin future attempts to complete a
synthesis of stemofoline.14,15
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Scheme 1 Outline of a possible synthesis of stemofoline.


Results and discussion


Assembly of the tropanone


Cyclisation precursors were prepared from 5-prop-2-enyl-
pyrrolidinone 7, as outlined in Scheme 2. Reaction of the
racemic§ pyrrolidinone N-tert-butoxycarbonyl derivative 816 with
butylmagnesium bromide17 gave ketone 9, which was protected as
its acetal 10. Ozonolysis gave the aldehyde 11, which was converted
into the ketoester 14 via an aldol condensation followed by oxida-
tion, and into the ketosulfone 18 by addition of lithiated methyl
phenyl sulfone followed by oxidation. The allylated analogues 15
and 19 were similarly prepared. In the nucleophilic additions to
aldehyde 11, it was found not to be necessary to allow for complete
deprotonation of the N-tert-butoxycarbonyl group, the use of ca.
25% of an excess of the lithiated esters and sulfones was generally
found to be sufficient.


§ All of the work in this paper was carried out using racemic compounds.
However, the use of (S)-5-prop-2-enylpyrrolidinone would lead to an
asymmetric synthesis of stemofoline.


Scheme 2 Synthesis of cyclisation precursors. Reagents and condi-
tions: i) (t-BuCO2)2O, DMAP, Et3N (76%); ii) n-BuMgBr, THF (91%);
iii) (CH2OH)2, pyH·OTs, benzene (81%); iv) O3, MeOH, then Ph3P (90%);
v) MeCO2Me, LDA, −78 ◦C (12, 95%) or ethyl pent-4-enoate, LDA,
−78 ◦C (13, 92%); vi) PDC (14, 73%) or Dess Martin (15, 59%; 18, 72%;
19, 66%); vii) PhSO2Me, LDA, −78 ◦C (16, 58%) or but-3-enyl phenyl
sulfone, LDA, −78 ◦C (17, 80%).


Treatment of the ketoester 14 with trifluoroacetic acid in
dichloromethane gave the imine 20, which was characterised by
a peak at tmax 1642 cm−1 in its IR spectrum corresponding to the
C=N stretch, and by 1H NMR, see Scheme 3.18,19 The imine was
unstable to chromatography, and so the crude imine was treated
with methyl chloroformate followed by an excess of triethylamine
at −78 ◦C, which gave a mixture of two products in the ratio 85 :
15. The major product was isolated (71% from 14) and identified


Scheme 3 Cyclisations of ketoesters.


3140 | Org. Biomol. Chem., 2007, 5, 3139–3155 This journal is © The Royal Society of Chemistry 2007







as the 8-azabicyclo[3.2.1]octane 21. The minor product could
not be isolated free of the major product and was not formally
identified, but may have been the C2-epimer of 21. The structure
of the tropanone 21 was consistent with its spectroscopic data,
but the configuration at C2 was not unequivocally assigned at
this point. The structure shown was assigned by analogy with the
stereoselectivities of analogous cyclisations and was subsequently
confirmed by later transformations, vide infra.


Cyclisation of the sulfone 18 was carried out in a similar
manner except using 2,2,2-trichloroethyl chloroformate to form
the iminium ion. This gave a 51% yield of a single crystalline
product shown to be the azabicyclooctane 22 with a chair
conformation for the six-membered ring and the phenylsulfonyl
group in the axial position, by X-ray crystallography, see Fig. 1. Of
interest was the broadening of the 1H NMR peaks assigned to the
diastereotopic methylene protons of the trichloroethyl ester, which
indicated hindered rotation about this fragment. On warming to
100 ◦C, these broad peaks were replaced by two doublets at d 5.24
and 5.02, each with J 11.5 Hz.


Fig. 1 ORTEP projection of the sulfone 22 as determined by X-ray
crystallography, ellipsoids shown at 30% probability.


The ester 15 and sulfone 19 had been prepared with a view to
using the allyl groups to introduce the third ring of the stemofoline
nucleus, cf. the conversion of 6 into 5. In the event, on cyclisation


of these using trichloroethyl chloroformate each gave a single
product identified as the corresponding 8-azabicyclooctane 23
(42%) and 24 (40%). Neither of these cyclised products was
crystalline. However, the observation of an NOE enhancement
of H-4ax on irradiation of the phenyl ortho protons for the product
from cyclisation of the sulfone 19 indicated that the sulfone was
axial, as shown in structure 24. The ester 23 was identified by
analogy.


In these cyclisations, which are likely to be under thermody-
namic control, the electron-withdrawing group a to the ketone
seems to prefer the axial position in all cases, perhaps to avoid
unfavourable dipolar interactions with the ketone at C3. This
means that the allyl group at C2 in the bicyclic products 23 and 24
is unfavourably disposed for elaboration to form the third ring of
the stemofoline nucleus. Moreover, the hydrogen at C2 in products
21 and 22 is in the plane of the carbonyl group and so is not
particularly acidic. For these reasons, it was decided to study the
chemistry of the ketoester 21 with a view to modifying the axial 2-
methoxycarbonyl group to introduce the third ring of stemofoline.


Synthesis of a tetracyclic ether corresponding to the nucleus of
stemofoline


Reduction of the ketone 21 using sodium borohydride gave a
50 : 50 mixture of the epimeric alcohols 25 and 26. With zinc
borohydride, the reaction was 60 : 40 in favour of the axial alcohol
26, and with zinc cyanoborohydride, the selectivity improved to
75 : 25 in favour of alcohol 26, see Scheme 4. The configurations
of these alcohols were assigned on the basis of the diaxial 3,4-
coupling of 13 Hz observed for the equatorial alcohol 25. As
this equatorial alcohol could be re-oxidised back to the ketone
21 using pyridinium dichromate (87%), procedures with improved
stereoselectivity were not investigated at this stage for the reduction
of ketone 21. Attempts to protect alcohol 26 using benzyl chloride
and sodium hydride led to mixtures of products, perhaps due
to a competing reverse aldol reaction, but the benzyl ether 27
was obtained in excellent yield using benzyl trichloroacetimidate
under acidic conditions. Reduction of the ester 27 into the primary
alcohol 28 using diisobutylaluminium hydride at 0 ◦C gave the


Scheme 4 Synthesis of tricyclic lactam 31. Reagents and conditions: i) ZnCl2, NaBH3CN, Et2O (25 : 26 = 25 : 75, 91%); ii) benzyl trichloroacetimidate,
TfOH (99%); iii) DIBAL-H, hexane, 0 ◦C (28, 59%; 30, 18%) or DIBAL-H, hexane, −78 ◦C to rt (28, 75%); iv) I2, PPh3, imid. (81%); v) t-BuLi, −78 ◦C
to rt (31, 71%) or t-BuLi, −78 ◦C (31, 20%; 32, 65%); vi) LiAlH4, ether, 0 ◦C (99%); vii) Ac2O, DMAP (cat.), Et3N (72%).
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tricyclic aminoacetal 30 as a side product, but the formation of this
aminoacetal, which confirmed the axial stereochemistry assigned
to the ester 21, could be avoided by carrying out the reduction
at a lower temperature. Aminoacetal 30 was of interest, however,
since its formation must have involved capture of an iminium
ion derived from the methyl carbamate by the primary alkoxide
formed on reduction of the ester. This observation suggested that
the carbonyl carbon of the carbamate could be incorporated into
the third ring of stemofoline. To investigate this possibility, the
alcohol 28 was converted into the iodide 29, and cyclisation of
the corresponding organolithium species formed by treatment
of 29 with tert-butyllithium was investigated. It was found that
reaction of the iodide 29 with an excess of tert-butyllithium with
an immediate quench gave a mixture of the aminoester 32 (65%)
and the tricyclic lactam 31 (20%). However, if after the addition of
the tert-butyllithium at −78 ◦C, the cooling bath was removed and
the reaction mixture stirred for 15 min, the aminoester 32 was not
formed and the tricyclic lactam 31 was isolated on work-up in a
good yield. These results were interpreted in terms of protonation
of the carbamate adduct 35 during an immediate quench or loss
of lithium methoxide on standing.


The geometry of the lactam 31 was determined by its tricyclic
structure, which required the lone-pair on nitrogen to be more or
less orthogonal to the P-orbitals of the carbonyl group.20 This
distortion from the usually planar amide geometry was reflected
in the IR spectrum of 31, which showed a carbonyl stretching
absorption at tmax 1747 cm−1, and in its chemistry. For example,
reduction using lithium aluminium hydride gave the aminol 33 as a
single diastereoisomer, characterised as its acetate 34, although the
configuration of the hydroxyl bearing carbon was not established.


The benzyl-protected hydroxylactam 31 was an oil, but the cor-
responding tert-butyldimethylsilyloxylactam 39 was crystalline.
This was prepared from the bicyclic aminoester 26 in a similar
fashion by O-silylation, reduction of the ester 36, conversion of the
alcohol 37 into the primary iodide 38, and treatment of the iodide
with tert-butyllithium, see Scheme 5. Lactam 39 was deprotected
to give the crystalline alcohol 40, the structure of which was
confirmed by X-ray crystallography, see Fig. 2.21 The N–C2 bond
length of 1.432 Å in the X-ray crystal structure of 40 confirmed
the single-bond character of this bond due to the non-planarity of
the lactam. It also revealed a twist in the azabicyclo[3.2.1]octane
fragment induced by the additional two-carbon bridge, which
positioned the endo hydrogens at C8 and C9 2.97 and 2.32 Å,
respectively, from the oxygen atom of the hydroxyl group. This


Fig. 2 ORTEP projection of the tricyclic lactam 40 as determined by
X-ray crystallography, ellipsoids shown at 30% probability.


Scheme 5 Synthesis of the pentacyclic lactam 41. Reagents and conditions:
i) TBSOTf, 2,6-lutidine (86%); ii) DIBAL-H, hexane, −78 ◦C to rt (78%);
iii) I2, PPh3, imid. (83%); iv) t-BuLi, −78 ◦C to rt (81%); v) TBAF, THF,
rt (99%); vi) Pb(OAc)4, benzene, reflux (40, 12%; 41, 35%; 42, 16%).


suggested that the hydroxyl oxygen could be used to discriminate
between these two endo hydrogens, providing a model for the
regioselective remote oxidation proposed for the conversion of
ketone 4 into acetal 3. Indeed, this was found to be the case, in that
oxidation of the alcohol 40 using an excess of lead(IV) acetate gave
the tetracyclic ether 41 as the major product (35%) together with
ketone 42 (16%) and unchanged starting material 40 (12%). The
structure of ether 41 was confirmed by 2D COSY 1H NMR studies.
In particular, H-7 showed vicinal couplings with the methylene
protons at both C6 and at C8 confirming the regioselectivity of
the oxidation.


The structure of ether 41 corresponds to the tetracyclic nucleus
of stemofoline. Indeed it has been suggested that an oxidation
akin to the conversion of alcohol 40 into ether 41 is involved in
the biosynthesis of stemofoline via protostemonine 43, another
alkaloid isolated from Stemonacea.12 Fig. 3 shows a comparison
of the structures of stemofoline 1 and protostemonine 43. It can be


Fig. 3 A comparison of the structures of stemofoline and
protostemonine.
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seen that the polycyclic core components of these two structures
differ only by the extra oxygen in stemofoline between C2 and
C8, and the C–C bond between C3 and C7. The regioselective
introduction of the C5–C9 oxygen bridge in 41 could therefore be
regarded as mimicking the biosynthetic introduction of the oxygen
between C3 and C8 into stemofoline 1 albeit using very different
chemistry.


At this point, a procedure was developed to convert lactam 39
into the tricyclic ketoamine 49, see Scheme 6, since this conversion
will have to be carried out at some point in the synthesis of
stemofoline. As observed for the benzyl-protected lactam 31,
reduction of lactam 39 using lithium aluminium hydride gave the
aminol 44 (97%) as a single epimer, characterised as its acetate
45. After unsuccessful attempts to deoxygenate the aminol 44
using free-radical chemistry,22 it was converted into the amine
47 by treatment with thionyl chloride followed by reduction of
the intermediate so formed, possibly the chloride 46, with lithium
aluminium hydride (92% overall). Desilylation of the silyl ether 47
to the corresponding alcohol 48 was more efficient using boron
trifluoride diethyl etherate than with either aqueous acid or TBAF,


Scheme 6 Synthesis of the tricyclic aminoketone 49. Reagents and
conditions: i) LiAlH4, ether (97%); ii) Ac2O, py, DMAP (93%); iii) SOCl2,
then LiAlH4, ether (92%); iv) BF3·Et2O (85%); v) DMSO, (COCl)2, Et3N,
CH2Cl2 (85%).


and the hydroxyamine 48 was oxidised to give the aminoketone 49
using Swern conditions.


This preparation of the aminoketone 49 had involved reduc-
tion of the ketoester 21, protection of the alcohol as its tert-
butyldimethylsilyl ether 36 and, following introduction of the
third ring, desilylation and reoxidation of alcohol 48 to the
ketone. To avoid the unnecessary steps of ketone reduction
and alcohol oxidation, an alternative sequence was investigated
with protection, rather than reduction, of the ketone 21, see
Scheme 7. Protection of the ketone 21 as its acetal 50 was best
achieved using 2-methoxy-1,3-dioxolane and toluene p-sulfonic
acid (cat.) in methanol–toluene. Reduction of the ester 50 into
the primary alcohol 52 required rather forceful conditions and
gave the aldehyde 51 as a side product, even with a large excess of
diisobutylaluminium hydride. Following conversion to the iodide
53, cyclisation using tert-butyllithium gave the tricyclic lactam 54
accompanied by small amounts of the bicyclic carbamate 55. The
lactam 54 was taken through via the aminol 56 to the acetal 57,
which was hydrolysed to the aminoketone 49 using dilute aqueous
acid. This second synthesis of the aminoketone 49 is slightly
shorter than the first but is, if anything, less efficient with a ca.
15% overall yield from the bicyclic ketone 21 as compared to a ca.
20% overall yield for the first route.


Alkylation of bi- and tricyclic ketones


It was now necessary to develop procedures for the incorporation
of the fragment corresponding to C10 and C11 of stemofoline to
complete an assembly of the intact pentacyclic nucleus of stemo-
foline. Initial studies were based on alkylation of the advanced
tricyclic ketoamine 49 and ketolactam 42 since the configuration
at C-4 in these compounds is fixed, see Scheme 8. Alkylation of the
amine using allyl iodide and potassium hexamethyldisilazide gave
a mixture of the axial and equatorial allylated products 58 and 59,
ratio 80 : 20, combined yield 56%. With lithium diisopropylamide,
a slightly lower yield, 42%, was obtained but only the axial product
58 was isolated. Treatment of 58 with potassium tert-butoxide led
to clean epimerisation to the equatorial product 59. Allylation
of the ketolactam 42 took place regioselectively a to the ketone,
with a mixture of the axial and equatorial products 60 and 61,
ratio 65 : 35, being obtained in modest yield using lithium
diisopropylamide and allyl bromide.


Scheme 7 A second synthesis of aminoketone 49. Reagents and conditions: i) 2-methoxy-1,3-dioxolane, TsOH, MeOH, toluene, 50 ◦C (87%); ii) DIBAL-H
(51, 9%; 52, 55%); iii) I2, PPh3, imid. (78%); iv) t-BuLi, THF, −78 ◦C (54, 74%; 55, 4%); v) LiAlH4, Et2O (83%); vi) SOCl2 then LiAlH4 (75%); vii) 1%
aq. H2SO4 (90%).


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3139–3155 | 3143







Scheme 8 Allylation of tricyclic intermediates. Reagents and conditions:
i) KHMDS, allyl iodide, −78 ◦C (58 : 59 = 80 : 20, 56%) or LDA, allyl
iodide, −78 to rt (60, 42%); ii) KOt-Bu, CH2Cl2, methanol, rt (88%);
iii) LDA, allyl bromide, −78 ◦C to rt (60 : 61 = 65 : 35, 39%).


The structures of these allylated products were assigned on the
basis of spectroscopic data. Vicinal bond angles between the C–H
bond at C-7 and the methylene C–H bonds at C-6 and C-8 in the
X-ray structure of the tricyclic hydroxylactam 40 were 71◦ and
49◦ for the equatorial and axial hydrogens at C-6 and 85◦ and
28◦ for the endo and exo-hydrogens at C-8, respectively. For the
major products from the alkylation reactions, H-7 was observed as
a doublet with a coupling constant of ca. 7 Hz due to the coupling
with 8-Hexo, no coupling being observed between H-6eq and H-
7, and so these products were identified as the axially alkylated
products 58 and 60. For the epimeric products, H-7 was a triplet
with J ca. 7 Hz, due to coupling with both H-8exo and H-6axial


consistent with the structures assigned to 59 and 61. The equili-
bration of the axial isomer 58 into its equatorial epimer 59 is also
consistent with these structural assignments. However, oxidative
cleavage of the terminal double bond of the equatorial allylated
ketoamine 59 by ozonolysis or hydroxylation – periodate oxidation
was unsuccessful in our hands and alkylation of the aminoketone
49 using methyl bromoacetate was also unsuccessful. As the
allylation of the ketolactam 42 was less efficient than allylation
of the ketoamine 49, it was decided not to investigate alkylation of
the ketolactam 42 using methyl bromoacetate, but instead to inves-
tigate alkylation of more accessible bicyclic ketones earlier in the
synthesis.


Reduction of the bicyclic ester 26 using diisobutylaluminium
hydride gave the diol 62, which was converted into the ketone
64 by regioselective monoprotection and oxidation of the mono-
tert-butyldimethylsilyl ether 63, see Scheme 9. Allylation of the
ketone 64 using lithium hexamethyldisilazide and allyl iodide gave
the axially allylated product 65 in a moderate 55% yield, and
epimerisation to the equatorial epimer 66 was achieved using
potassium tert-butoxide in dichloromethane. The configuration
of epimers 65 and 66 at C4 was assigned on the basis of J4,5


in their 1H NMR spectra with H-5 being observed as a doublet
(J 7 Hz) for the axially alkylated product 65, and as a double
doublet (J 4, 7.5 Hz) for the equatorially alkylated product 66
(cf. the 1H NMR data for 58–61). Their retained configuration
at C2 was provisionally assigned on the basis of unchanged 1H
NMR chemical shifts and coupling constants for H-2 and 2-
CH2. However, partial epimerisation at C2 was observed during
desilylation using tetrabutylammonium fluoride of both 65 and
66, which gave mixtures of the C2 epimers 67 and 68. For both 67
and 68, H-5 was a double doublet consistent with the allyl group


Scheme 9 Alkylation and further modification of bicyclic intermediates. Reagents and conditions: i) DIBAL-H, CH2Cl2, −78 ◦C, then NaBH4 (63%);
ii) TBSOTf, 2,6-lutidine, CH2Cl2 (94%); iii) PDC, CH2Cl2 (98%); iv) KHMDS, allyl iodide, −78 ◦C (63%); v) KOt-Bu, CH2Cl2, methanol (56%);
vi) TBAF, THF (67 : 68 = 60 : 40, 56% from 65; 67 : 68 = 50 : 50, 36%, from 66); vii) KHMDS, BrCH2CO2Me, −78 ◦C to rt (58%); viii) KOt-Bu, CH2Cl2,
methanol (70, 66%; 71, 9%); ix) ZnCl2, NaCNBH3, (74%); x) TBAF, THF (84%); xi) Ac2O, DMAP, Et3N (69%); xii) I2, PPh3, imid. (80%).
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being in the equatorial position at C4, i.e. 67 and 68 had to be
epimers at C2.


In the case of the bicyclic ketone 64, alkylation using
methyl bromoacetate and potassium hexamethyldisilylazide was
successful, albeit only in a moderate 58% yield, and gave the
diaxial product 69. Epimerisation using potassium tert-butoxide
in dichloromethane–methanol gave the C4 epimer 70 (66%)
together with the doubly epimerised methyl ether 71 (9%). The
configuration of this methyl ether was established by 1H NMR
with an enhancement of H-4 on irradiation of H-2 and vice versa. It
may have been formed by elimination of tert-butyldimethylsilanol
from the b-silyloxyketone 69 followed by conjugate addition of
methanol with axial protonation at C2. For the silyl ether 70, an
NOE enhancement of H-4 was observed on irradiation of one of
the 2-CH protons and vice versa. For the compounds 69–71, the
configurations at C4 were also consistent with the coupling be-
tween H-4 and H-5 observed for the equatorially alkylated epimers
70 and 71 but not for the axially alkylated product 69. Reduction
of the silyloxyketone 70 using zinc borohydride gave the alcohol
72. As observed for the reduction of ketone 21, the reduction of
ketone 70 was stereoselective in favour of the axial alcohol, as
shown by the 1H NMR spectrum of 72 in which J2,3 = J3,4 = 4, i.e.
H-3 must be equatorial. Desilylation of 72 using either amberlite
resin or tetrabutylammonium fluoride in tetrahydrofuran was
accompanied by cyclisation and gave the hydroxylactone 73, the
structure of which was confirmed by conversion to its acetate
74. In particular the axial configuration at C2 was confirmed by
NOE. Finally, the iodide 75 was prepared from the hydroxylactone
73, but attempts to cyclise this via halogen–metal exchange using
tert-butyllithium were unsuccessful, complex mixtures of products
being obtained.


Summary and conclusions


This work has provided a useful basis for a synthesis of stemo-
foline 1. Several 2-substituted-1-butyl-8-azabicyclo[3.2.1]octanes,
including the ester 21, in which the 2-substituents are in the axial
position ready for incorporation into the second pyrrolidine ring of
stemofoline, have been prepared stereoselectively. The tricyclic lac-
tams 31 and 39, in which the amides are significantly distorted from
planar geometry, have been prepared by cyclisation of the iodides
29 and 38 using tert-butyllithium, and lactam 39 was taken through
to the tetracyclic ether 41 by regioselective remote oxidation of the
alcohol 40, and to the tricyclic ketoamine 49 by reduction of the
lactam. However, although allylation of the tricyclic amide 42 and
amine 49 en route to appending the final ring of stemofoline was
successful, further elaboration of the products 59 and 61 proved
difficult. Although the bicyclic ester 21 could be converted into
the tricyclic lactone 73, this sequence was rather inefficient, and
preliminary studies on the conversion of the tricyclic iodide 75 into
a tetracyclic lactam were unsuccessful. At this point, rather than
incorporate the C(10)–C(11) fragment of stemofoline by alkylation
of cyclic intermediates, it was decided to study the synthesis and
cyclisation of more complex precursors analogous to the ketoester
14, which already contain this additional fragment, and which
could lead to an asymmetric synthesis of stemofoline. This work is
on-going.


Experimental


Melting points were recorded on a Koffler heated stage mi-
croscope. Proton NMR spectra were recorded in deuterated
chloroform, unless otherwise indicated, on Bruker AC300, Varian
XL300 and Varian Unity 500 spectrometers; coupling constants
are given in Hz and chemical shifts relative to Me4Si. IR spectra
were recorded on a Perkin Elmer 1710FT spectrometer and were
run as evaporated films. Mass spectra were measured on a Kratos
MS20 and MS25 spectrometers.


Chromatography refers to flash chromatography using Merck
silica gel 60 H (40–63 mm3, 230–400 mesh). Light petroleum refers
to the fraction boiling at 40–60 ◦C, and ether to diethyl ether.
All solvents and reagents were purified by standard techniques
before use. All non-aqueous reactions were performed under an
atmosphere of dry argon or nitrogen.


2-Butyl-5-(3-methoxycarbonyl-2-oxopropyl)pyrroline 20


Trifluoroacetic acid (36.0 cm3, 462 mmol) was added dropwise
to the ketoester 14 (12.4 g, 30.8 mmol) in dichloromethane
(250 cm3) at 0 ◦C, and the mixture allowed to warm to ambient
temperature, stirred for 5 h, then concentrated under reduced
pressure. The residue in ethyl acetate was washed with saturated
aqueous sodium hydrogen carbonate, water and brine, then dried
(MgSO4). Concentration under reduced pressure afforded the title
compound 20 as a bright yellow oil (7.36 g, ca.100%) used without
further purification. A small quantity was chromatographed
using dichloromethane–methanol–triethylamine (89 : 10 : 1) for
characterisation. Found: M+, 239.1521. C13H21NO3 requires M,
239.1521; tmax 1747, 1714, 1642, 1551, 1367, 1245, 1199 and
1169 cm−1; dH (300 MHz, CDCl3) 0.93 (3 H, t, J 9.5 Hz, CH3),
1.28–1.48 (3 H, m, 3′-H2 and 4-H), 1.50–1.62 (2 H, m, 2′-H2), 2.15
(l H, m, 4-H′), 2.30 (2 H, m, 1′-H2), 2.44–2.58 (2 H, m, 3-H2), 2.61
and 2.87 (each l H, dd, J 17 Hz, 9.5 Hz, 1′-H), 3.56 (2 H, s, 3′-H2),
3.73 (3 H, s, OCH3) and 4.28 (l H, m, 5-H); dC (50 MHz, CDCl3)
15.87, 24.62, 30.32, 30.54, 30.68, 35.22, 39.32, 50.72, 51.46, 54.42,
68.96, 169.51 and 184.14; m/z CI(NH3) 241 (15%), 240 (M+ + 1,
100).


(1RS,2RS,5SR)-l-Butyl-2,8-dimethoxycarbonyl-8-
azabicyclo[3.2.1]octan-3-one 21


Methyl chloroformate (3.58 cm3, 46.2 mmol) was added dropwise
to the imine 20 (7.36 g, 30.8 mmol) in dichloromethane (250 cm3)
at −78 ◦C and the mixture stirred for 15 min. Triethylamine
(26.0 cm3, 185 mmol) was added dropwise, maintaining the
reaction mixture below −70 ◦C, then the mixture was stirred at
−78 ◦C for 9 h and allowed to warm to ambient temperature over
3 h. Saturated aqueous ammonium chloride was added, and the
organic phase washed with water and brine, then dried (MgSO4).
After concentration under reduced pressure, chromatography
using light petroleum–ethyl acetate (80 : 20) as eluent gave the title
compound 21 as a colourless oil (6.51 g, 71% from 14). Found: M+,
297.1574. Cl5H23NO5 requires M, 297.1576; tmax 1740, 1713, 1369,
1279, 1235, 1195, 1157, 1126 and 1098 cm−1; dH (300 MHz, CDCl3)
0.97 (3 H, t, J 7.5, CH3), 1.20–1.75 (6 H, m, 2 × CH2, 6-H and
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7-H), 1.88–2.24 (4 H, m, CH2, 6-H′ and 7-H′), 2.35 (1 H, d, J
17.5 Hz, 4-Heq), 3.24 (1 H, dd, J 17.5 Hz, 4 Hz, 4-Hax), 3.33 (1 H,
s, 2-H), 3.69 and 3.71 (each 3 H, s, OCH3) and 4.66 (1 H, m, 5-H);
m/z CI(NH3) 298 (M+ + 1, 100%).


(1RS,2RS,5SR)-l-Butyl-2-phenylsulfonyl-8-(2,2,2-trichloro-
ethoxycarbonyl)-8-azabicyclo[3.2.1]-octan-3-one 22


Following the procedure outlined for the synthesis of pyrroline
20, trifluoroacetic acid (0.536 cm3, 7.35 mmol) and ketosulfone
18 (237 mg, 0.49 mmol) in dichloromethane (5.0 cm3) gave the
corresponding pyrroline as a yellow oil (156 mg, 99%) used without
further purification. Found: M+, 321.1398. C17H23NO3S requires
M, 321.1399; trnax 1719, 1641, 1448, 1323 and 1154 cm−1; dH


(300 MHz, CDCl3) 0.92 (3 H, t, J 9.5 Hz, CH3) 1.23–1.42 (2 H, m,
3′-H2), 1.40 (1 H, m, 4-H), 1.47–1.60 (2 H, m, 2′-H2), 2.14 (1 H,
m, 4-H′), 2.25–2.36 (2 H, br t, J 7.5 Hz, 1′-H2), 2.37–2.62 (2 H,
m, 3-H2), 2.83 (1 H, dd, J 17 Hz, 7.5 Hz, 1′′-H), 3.03 (1 H, dd,
J 17 Hz, 6.5 Hz, 1′′-H′), 4.29 (1 H, m, 5-H), 4.25 and 4.32 (each
1 H, d, J 15 Hz, 3′′-H), 7.58 (2 H, m, ArH), 7.67 (1 H, ArH)
and 7.90 (2 H, m, ArH); m/z CI(NH3) 322 (M+ + 1, 12%) and
182 (100).


Following the procedure outlined for the synthesis of az-
abicyclooctane 21, 2,2,2-trichloroethyl chloroformate (0.1 cm3,
0.98 mmol) and the pyrroline (156 mg, 0.49 mmol) in
dichloromethane (10.0 cm3), after chromatography using light
petroleum–ethyl acetate (85 : 15) as eluent, gave the title compound
22 as a white solid (124 mg, 51% from 18), recrystallised
from ethyl acetate–hexane to give colourless crystals, m.p. 144–
145 ◦C. Found: C, 48.4; H, 4.8; Cl, 21.2; N, 2.9; S, 6.6%.
C20H24Cl3NO5S requires C, 48.35; H, 4.85; Cl, 21.45; N, 2.8; S,
6.45%; tmax 1714, 1402, 1326, 1205 and 1145 cm−1; dH (300 MHz,
C6D6) 0.80–1.84 (11 H, m, CH2CH2CH2CH3, 6-Hexo and 7-Hexo),
2.13 (1 H, d, J 17 Hz, 4-Heq), 2.44 (1 H, m, 6-Hendo), 3.28 (1 H,
td, J 15 Hz, 5.5 Hz, 7-Hendo), 3.58 (1 H, dd, J 17 Hz, 5 Hz,
4-Hax), 3.87 (1 H, s, 2-H), 4.79 (1 H, m, 5-H), 4.90 and 5.67
(each 1 H, br s, OHCHCCl3), 6.92–7.08 (3 H, m, ArH) and 7.67–
7.86 (2 H, m, ArH); m/z CI(NH3) 500 (27%), 498 (74) and 496
(M+, 100).


(1RS,2RS,5SR)-1-Butyl-2-ethoxycarbonyl-2-prop-2-enyl-8-(2,2,2-
trichloroethoxycarbonyl)-8-azabicyclo[3.2.1]octan-3-one 23


Following the procedure outlined for the synthesis of the pyrroline
20, trifluoroacetic acid (1.6 cm3, 22.4 mmol) and the ketoester
15 (1.02 g, 2.24 mmol) in dichloromethane (20.0 cm3) gave the
corresponding pyrroline (644 mg, 99%) used without further pu-
rification. Found: M+, 293.1986. C17H27NO3 requires M, 293.1991;
tmax 1740, 1715, 1640, 1370, 1182 and 1030; dH (300 MHz, CDCl3)
0.85 (3 H, t, J 7.5 Hz, CH3), 1.18 (3 H, t, J 8 Hz, CH3), 1.21–1.37
(3 H, m, 4-H and CH2), 1.40–1.58 (2 H, m, CH2), 2.10 (1 H, m,
4-H′), 2.20–2.32 (2 H, m, CH2), 2.32–2.58 (5 H, m, 1′′-H, 3-H2,
4′′-H2), 2.97 and 3.06 (each 0.5 H, dd, J 17 Hz, 7.5 Hz, 1′′-H),
3.52 and 3.55 (each 0.5 H, t, J 7.5 Hz, 3′′-H), 4.11 (2 H, q, J
8 Hz, OCH2), 4.28 (1 H, m, 5-H), 4.93–5.09 (2 H, m, 6′′-H2) and
5.68 (1 H, m, 5′′-H); dC (75 MHz, CDCl3) 13.68, 13.96, 22.41,
28.42, 28.75, 31.87, 33.36, 37.09, 48.53, 48.82, 58.59, 61.24, 67.76,
117.26, 134.14, 169.31, 178.67 and 203.11; m/z (FAB) 402 (50%),
294 (M+ + 1, 34) and 124 (100).


Following the procedure outlined for the preparation of the
azabicyclooctane 21, 2,2,2-trichloroethyl chloroformate (0.5 cm3,
8.8 mmol) and the imine (644 mg) with triethylamine (1.85 cm3,
13.2 mmol) in dichloromethane (15 cm3), after chromatography
using light petroleum–ethyl acetate (98 : 2) as eluent, gave the
title compound 23 (436 mg, 42% from the ketoester 15), as a
colourless oil. Found: M+ + H, 467.1015. C20H28


35Cl3NO5 requires
M, 467.1033; tmax 1717, 1639, 1397 and 1114 cm−1; dH (300 MHz,
CDCl3) 0.96 (3 H, t, J 7.5 Hz, CH3), 1.13–2.08 (9 H, m, 3 × CH2,
6-H2 and 7-H), 1.28 (3 H, t, J 8 Hz, OCH2CH3), 2.37 (1 H, d, J
17 Hz, 4-Heq), 2.49 (1 H, dd, J 13.5 Hz, 5.5 Hz, l′-H), 2.60 (1 H,
dd, J 13.5 Hz, 9.5 Hz, l′-H′), 2.99 (1 H, m, 7-H′), 3.50 (1 H, dd,
J 17 Hz, 5.5 Hz, 4-Hax), 3.97–4.19 (2 H, m, OCH2), 4.58 (1 H, d,
J 13 Hz, HCHCCl3), 4.73 (1 H, m, 5-H), 4.79 (1 H, d, J 13 Hz,
HCHCCl3), 4.99–5.17 (2 H, m, 3′-H2) and 5.87–6.03 (1 H, m, 2′-
H); dH (75 MHz, CDCl3) 13.84, 14.16, 23.13, 25.73, 28.36, 30.56,
30.84, 34.61, 48.37, 56.69, 61.58, 69.82, 71.13, 74.66, 95.50, 118.19,
134.48, 151.10 and 169.51; m/z (+FAB) 472 (2%), 470 (6) and 468
(M+ + 1, 8).


(1RS,2RS,5SR)-l-Butyl-8-(2,2,2-trichloroethoxycarbonyl)-2-
phenylsulfonyl-2-prop-2′-enyl-8-azabicyclo[3.2.l]octan-3-one 24


Trifluoroacetic acid (0.428 cm3, 5.60 mmol) was added to a mixture
of the ketosulfones 19 (195 mg, 0.37 mmol) in dichloromethane
(5.0 cm3) at 0 ◦C. The mixture was stirred at ambient temperature
for 3 h then concentrated under reduced pressure. A solution of
the residue in ethyl acetate was washed with saturated aqueous
sodium hydrogen carbonate, water and brine, then dried (MgSO4).
Concentration under reduced pressure afforded a mixture of
diastereoisomers of the corresponding pyrroline (132 mg, 98%), a
mobile yellow oil used without further purification. Found: M+ +
H, 362.1788, C20H28NO3S requires M, 362.1790; tmax 1719, 1641,
1586, 1448, 1323, 1153 and 1086 cm−1; dH (300 MHz, CDCl3) 0.90
(3 H, t, J 8 Hz, CH3), 1.1–2.75 (12 H, m), 2.83 (0.5 H, dd, J 18.5 Hz,
9.5, 1′-H), 2.93 (0.5 H, dd, J 18.5 Hz, 11.5 Hz, 1′-H), 3.21 (0.5 H,
dd, J 18.5 Hz, 7.5 Hz, 1′-H), 3.30 (0.5 H, dd, J 18.5 Hz, 5.5 Hz,
1′-H), 4.21–4.44 (2 H, m, 5-H and 3′-H), 4.96–5.02 (2 H, m, 6′-H),
5.50–5.18 (1 H, m, 5′-H), 7.49–7.65 (2 H, m, ArH), 7.65–7.76 (1 H,
m, ArH) and 7.76–7.90 (2 H, m, ArH); m/z CI(NH3) 362 (M+ +
1, 100%) and 222 (95).


2,2,2-Trichloroethyl chloroformate (0.103 cm3, 0.75 mmol) was
added to the pyrroline (132 mg, 0.37 mmol) in dichloromethane
(5.0 cm3) at −78 ◦C. The mixture was stirred for 20 min then
triethylamine (0.314 cm3, 2.22 mmol) was added. After stirring
for 9 h, the mixture was allowed over 3 h to warm to ambient
temperature. Saturated aqueous ammonium chloride was added
and the mixture was stirred for 30 min. The organic phase was
washed with water and brine then dried (MgSO4). Concentration
under reduced pressure and flash chromatography of the residue,
using light petroleum–ethyl acetate (90 : 10) as eluent, gave the title
compound 24 (80 mg, 40%) as a colourless oil. Found: M+ + H,
536.0860. C23H29


35Cl3NO5S requires M, 536.0832; tmax 1737, 1611,
1387, 1307, 1286, 1152 and 1127 cm−1; dH (200 MHz, C6D6) 0.95
(3 H, m, CH3), 1.16–1.87 (8 H, m), 2.28–2.47 (2 H, m), 2.92 (1 H,
br dd, J 17.5 Hz, 5, 4-Heq), 3.26 (1 H, ddd, J 15 Hz, 6.5 Hz, 2,
l′-H), 3.40 (1 H, ddd, J 15 Hz, 7.5 Hz, 2.0 Hz, l′-H′), 3.73 (1 H,
dd, J 17.5 Hz, 2.5 Hz, 4-Hax), 4.30 (1 H, m, 5-H), 4.30 and 4.59
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(each 1 H, d, J 12.5 Hz, HCHCCl3), 5.00 (1 H, dq, J 10 Hz, 2 Hz,
3′-H), 5.16 (1 H, dq, J 17 Hz, 2 Hz, 3′-H′), 5.98 (1 H, dddd, J
17 Hz, 10 Hz, 7.5 Hz, 6.5 Hz, 2′-H), 6.93–7.04 (3 H, m, ArH) and
7.82–7.94 (2 H, m, ArH); m/z (+FAB) 536 (M+ + 1, 24%), 394
(10) and 298 (15).


Dimethyl (1RS,2RS,3SR,5SR)- and (1RS,2RS,3RS,5SR)-1-butyl-
3-hydroxy-8-azabicyclo[3.2.1]-octane-2,8-dicarboxylates 25 and 26


Zinc chloride (940 mg, 6.87 mmol) and sodium cyanoborohydride
(840 mg, 13.38 mmol) were added to the b-ketoester 21 (810 mg,
2.73 mmol) in ether (50 cm3) at ambient temperature. After
15 h, aqueous potassium iodate (80 cm3, 0.1 M) was added,
and the mixture extracted with ethyl acetate. The organic phase
was dried (Na2SO4) and concentrated under reduced pressure.
Chromatography of the residue using light petroleum–ethyl acetate
(13 : 7) as eluent gave first the title compound 26 (555 mg, 68%),
as a colourless oil. Found: M+, 299.1742. Cl5H25NO5 requires M,
299.1733; tmax 3450, 1733, 1712, 1687, 1451, 1383 and 1193 cm−1;
dH (500 MHz, CD2Cl2) 0.96 (3 H, t, J 7 Hz, 4′-H3), 1.20–1.40
(4 H, m, 2′-H2 and 3′-H2), 1.45 (1 H, m, 1′-H), 1.59 (1 H, br d,
J 14.5 Hz, 4-Heq), 1.72–2.05 (4 H, m, 1′-H′, 6-H2 and 7-H), 2.20
(1 H, br s, OH), 2.35–2.46 (2 H, m, 4-Hax and 7-H), 2.72 (1 H, s,
2-H), 3.57 and 3.61 (each 3 H, s, OCH3), 4.15 (1 H, d, J 6 Hz,
3-H) and 4.64 (1 H, m, 5-H); m/z CI(NH3) 300 (M+ + 1, 100%).
The second eluted product was the title compound 25 (188 mg,
23%). Found: M+, 299.1734, Cl5H25NO5 requires M, 299.1733; tmax


3437, 1740, 1713, 1695, 1448, 1381 and 1169 cm−1; dH (500 MHz,
CD2Cl2) 0.92 (3 H, t, J 7 Hz, 4′-H3), 1.17–1.53 (6 H, m), 1.67–1.98
(5 H, m), 2.08 (1 H, s, OH), 2.21 (1 H, m, 4-Hax), 2.95 (1 H, d, J
6.5 Hz, 2-H), 3.57 and 3.64 (each 3 H, s, OCH3), 4.06 (1 H, dt, J
13 Hz, 6.5 Hz, 3-H) and 4.39 (1 H, m, 5-H); m/z (EI) 300 (M+ +
1, 28%), 299 (M+, 56), 282 (13), 268 (15), 257 (34), 240 (76), 197
(23) and 183 (100).


The equatorial hydroxyketone 25 (2.45 g, 8.36 mmol) was stirred
with pyridinium dichromate (4.36 g, 12.5 mmol) and powdered 4 Å
molecular sieves (2.5 g) in dichloromethane (40 cm3) at ambient
temperature for 12 h to give the ketone 21 (1.96 g, 87%) after
chromatography.


Dimethyl (1RS,2RS,3RS,5SR)-3-benzyloxy-l-butyl-8-
azabicyclo[3.2.1]octane-2,8-dicarboxylate 27


Benzyl-2,2,2-trichloroacetimidate (0.09 cm3, 0.13 mmol) was
added to the alcohol 26 (121 mg, 0.11 mmol) in cyclohexane
and dichloromethane (3.0 cm3, 65:35) at ambient temperature.
Trifluoromethane sulfonic acid (0.006 cm3, 0.02 mmol) was added
and the mixture stirred for 12 h. The precipitate was removed
by filtration and the filtrate washed with saturated aqueous
sodium hydrogen carbonate, water and brine then dried (Na2SO4).
Concentration under reduced pressure and chromatography of
the residue using light petroleum–ethyl acetate (80 : 20) as eluent
afforded the title compound 27 (160 mg, 99%), as a colourless
oil. Found: M+ + H, 390.2269. C22H32NO5 requires M, 390.2280;
tmax 1733, 1709, 1444, 1377 and 1099 cm−1; dH (200 MHz, CDCl3)
0.94 (3 H, t, J 7.5 Hz, 4′-H3), 1.16–1.58 (5 H, m), 1.74–2.03 (5 H,
m), 2.30–2.50 (2 H, m), 2.91 (1 H, s, 2-H), 3.62 and 3.68 (each
3 H, s, OCH3), 3.83 (1 H, d, J 6.5 Hz, 3-H), 4.40 (1 H, m, 5-H),
4.47 and 4.55 (each 1 H, d, J 11.5 Hz, HCHPh) and 7.22–7.42


(5 H, m, ArH); m/z CI(NH3) 390 (M+ + 1, 100%), 300 (46) and
298 (37).


(1RS,2SR,3RS,5SR)-3-Benzyloxy-1-butyl-2-hydroxymethyl-8-
methoxycarbonyl-8-azabicyclo-[3.2.1]octane 28


Diisobutylaluminium hydride (0.55 cm3, 1 M in hexane,
0.55 mmol) was added to the ester 27 (69 mg, 0.18 mmol) in
hexane (3.0 cm3) at −78 ◦C. After 1 h, the mixture was allowed
to warm to ambient temperature, and celite (250 mg) and water
(0.25 cm3) were added. The slurry was diluted with ether (3.0 cm3),
and after 30 min, magnesium sulfate was added in small portions
until the mixture became granular. After a further 30 min, the
mixture was filtered and the filtrate washed with ethyl acetate
and concentrated under reduced pressure. Chromatography of the
residue using light petroleum–ethyl acetate (70 : 30) as eluent gave
the title compound 28 (48 mg, 75%) as a colourless oil. Found: M+,
361.2265. C21H31NO4 requires M, 361.2253; tmax 3442, 1705, 1684,
1453, 1382, 1098, 1066, 755 and 698 cm−1; dH (300 MHz, C6D6)
0.98 (3 H, t, J 8 Hz, 4′-H3), 1.25–1.50 (5 H, m), 1.63–1.87 (3 H,
m), 1.95–2.22 (4 H, m), 2.37–2.60 (2 H, m, 7-H and 2-H), 3.48
(3 H, s, OCH3), 3.65–3.86 (2 H, m, 2-CH2), 3.86 (1 H, d, J 6 Hz,
3-H), 4.31 (2 H, s, CH2Ph), 4.43 (1 H, m, 5-H) and 7.12–7.38
(5 H, m, ArH); m/z CI(NH3) 362 (M+ + 1, 35%), 331 (27) and
330 (100).


Reduction of the benzyloxyester 27 using diisobutylaluminium
hydride in hexane at 0 ◦C following the above procedure gave the al-
cohol 28 (59%) and (5SR,6RS,8SR,11RS)-6-benzyloxy-11-butyl-
l-aza-3-oxatricyclo[6.3.0.05.11]undecane 30 (18%). Found: M+,
315.2195. C20H29NO2 requires M, 315.2198; tmax 3029, 1384, 1210,
1145, 1092, 1070, 1043, 840, 734 and 697 cm−1; dH (200 MHz,
CDCl3) 0.94 (3 H, t, J 7.5 Hz, 4′-H3), 1.16–1.50 (5 H, m), 1.57
(1 H, dt, J 4 Hz, 12.5 Hz, 9-H), 1.69–2.05 (4 H, m, 7-Heq, 9-H,
10-H and 5-H), 2.21 (1 H, m, 1′-H), 2.46–2.66 (2 H, m, 10-H and
7-Hax), 3.53–3.70 (2 H, m, 8-H and 4-H), 3.92 (1 H, d, J 6.3 Hz,
6-H), 4.19 (1 H, dd, J 11.5 Hz, 2.5 Hz, 4-H), 4.50 and 4.59 (each
1 H, d, J 12.5 Hz, HCHPh), 4.63 and 4.89 (each 1 H, d, J 11.5 Hz,
2-H) and 7.21–7.43 (5 H, m, ArH); m/z Cl(NH3) 316 (M+ + 1,
100%) and 208 (37).


(1RS,2RS,3RS,5SR)-3-Benzyloxy-1-butyl-2-iodomethyl-8-
methoxycarbonyl-8-azabicyclo[3.2.1]-octane 29


The alcohol 28 (49 mg, 0.14 mmol), iodine (26 mg, 0.21 mmol),
imidazole (14 mg, 0.21 mmol) and triphenylphosphine (54 mg,
0.21 mmol) were stirred in dichloromethane (3.0 cm3) at ambient
temperature for 3 h. Saturated aqueous sodium thiosulfate was
added until the yellow colour disappeared then saturated aqueous
sodium hydrogen carbonate was added until the solids had
dissolved. The organic phase was washed with water and brine,
then dried (MgSO4) and concentrated under reduced pressure.
The residue was triturated with light petroleum–ethyl acetate
(90 : 10) and the mixture filtered. Concentration of the filtrate
under reduced pressure and chromatography of the residue using
light petroleum–ethyl acetate (94 : 6) as eluent gave the title
compound 29 (52 mg, 81%) as a colourless oil. Found: M+ −
I, 344.2230. C21H30NO3 requires M, 344.2226; tmax 1703, 1443,
1377 and 1098 cm−1; dH (200 MHz, C6D6) 0.92 (3 H, t, J 7.5 Hz,
4′-H3), 1.19–1.44 (4 H, m, 2′-H2 and 3′-H2), 1.50–2.10 (6 H, m,


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3139–3155 | 3147







2-H, 4-Heq, 6-H, 7-H and 1′-H2), 2.32–2.50 (3 H, m, 6-H, 7-H and
4-Hax), 2.88 (1 H, t, J 11.5 Hz, 2-CH), 3.44 (3 H, s, OCH3), 3.91
(1 H, d, J 6.5 Hz, 3-H), 4.06 (1 H, dd, J 11.5 Hz, 2.5 Hz, 2-CH′),
4.10 (1 H, m, 5-H), 4.40 and 4.51 (each 1 H, d, J 12.5 Hz, HCHPh)
and 7.13–7.40 (5 H, m, ArH); m/z (EI) 344 (M+ − 127, 13%) and
182 (22).


(4RS,5RS,7SR,l0RS)-5-Benzyloxy-10-butyl-1-
azatricyclo[5.3.0.04,10]decan-2-one 31


tert-Butyllithium (0.195 cm3,1.6 M in hexanes, 0.31 mmol) was
added to the iodide 29 (52 mg, 0.11 mmol) in tetrahydrofuran
(1.5 cm3) at −78 ◦C. The cooling bath was removed and the
reaction mixture stirred for 5 min before the addition of water
(3 drops). The organic phase was diluted with ethyl acetate,
washed with saturated aqueous ammonium chloride and brine,
then dried (MgSO4). After concentration under reduced pressure,
chromatography of the residue using light petroleum–ethyl acetate
(80 : 20) as eluent gave the title compound 31 (25 mg, 71%) as
a colourless oil. Found: M+, 313.2034. C20H27NO2 requires M,
313.2042; trnax 1747, 1255, 1133, 1092, 1066, 736 and 697 cm−1; dH


(500 MHz, C6D6) 0.94 (3 H, t, J 8 Hz, 4′-H3), 1.18–1.30 (4 H, m,
2′-H2 and 3′-H2), 1.31 (1 H, d, J 16 Hz, 6-H), 1.36 and 1.47 (each
1 H, m, 1′-H), 1.65 (1 H, dt, J 3 Hz, 12.5 Hz, 9-Hexo), 1.75 (1 H, d,
J 18 Hz, 3-H), 1.79 (1 H, ddd, J 2.5 Hz, 9.5 Hz, 3 Hz, 8-Hexo), 2.10
(2 H, m, 6-Hax and 8-Hendo), 2.40 (1 H, dd, J 3 Hz, 2.5 Hz, 4-H),
2.66 (1 H, dd, J 18 Hz, 6.5 Hz, 3-H′), 3.03 (1 H, ddd, J 12.5 Hz,
9.5 Hz, 6.5 Hz, 9-Hendo), 3.20 (1 H, dd, J 5.5 Hz, 2.5 Hz, 5-H), 4.10
(1 H, m, 7-H), 4.23 (2 H, s, CH2Ph) and 7.17–7.35 (5 H, m, ArH);
dC (50 MHz, C6D6) 14.13, 23.41, 26.90, 30.23, 30.88, 31.42, 39.15,
41.56, 45.36, 65.76, 70.18, 71.02, 79.34 and 194.16; m/z CI(NH3)
314 (M+ + 1, 100%) and 206 (10).


Addition of water immediately after the tert-butyllithium gave
rise to reduced yields of lactam 31 (ca. 20%). Filtration of the
residue after extraction into ethyl acetate through silica gel eluting
with methanol gave (1RS,2RS,3RS,5SR)-3-benzyloxy-1-butyl-2-
methoxycarbonylmethyl-8-azabicyclo-[3.2.1]octane 32 (65%); tmax


1736, 1563, 1455, 1435, 1403, 1198, 1175, 1095, 1065, 736 and
699 cm−1; dH (200 MHz, C6D6) 0.87 (3 H, t, J 7.5, 4′-H3), 1.04–
1.76 (11 H, m), 1.89–2.28 (3 H, m), 2.52 (l H, m, 7-H), 3.35 (3 H,
s, OCH3), 3.45 (1 H, d, J 5 Hz, 3-H), 3.68 (1 H, m, 5-H), 4.40 and
4.57 (each 1 H, d, J 13 Hz, HCHPh), 5.05 (1 H, br s, NH) and
7.08–7.39 (5 H, m, ArH); m/z CI(NH3) 346 (M+ + 1, 93%) and
100 (100).


(4RS,5RS,7SR,10RS)-5-Benzyloxy-l0-butyl-l-
azatricyclo[5.3.0.04,10]decan-2-ol 33


Lithium aluminium hydride (6 mg, 0.16 mmol) was added to the
lactam 31 (25 mg, 0.08 mmol) in ether (1.0 cm3) at 0 ◦C. The
mixture was stirred for 30 min, then celite (25 mg) was added,
followed by water (2 drops). Stirring was continued for 15 min, then
small portions of magnesium sulfate were added until the solid
material became granular. Filtration and concentration under
reduced pressure afforded the title compound 33 (25 mg, 99%),
apparently a single diastereoisomer, as a colourless oil. Found: M+,
315.2223. C20H29NO2 requires M, 315.2198; tmax 3120, 1455, 1096,
1069, 733 and 697 cm−1; dH (200 MHz, CDCl3) 0.92 (3 H, m, 4′-
H3), 1.13–2.30 (13 H, m), 2.55 (1 H, m, 4-H), 2.80 (1 H, m, 9-H),


3.34–3.60 (3 H, m, 5-H, 7-H and OH), 4.44 and 4.55 (each 1 H, d,
J 16.5 Hz, HCHPh), 5.15 (1 H, m, 2-H) and 7.24–7.42 (5 H, m,
ArH); m/z CI(NH3) 316 (M+ + 1, 9%).


(4RS,5RS,7SR,10RS)-2-Acetoxy-5-benzyloxy-l0-butyl-l-
azatricyclo[5.3.0.04,10]decane 34


Triethylamine (0.045 cm3, 0.324 mmol) was added to the aminol
33 (8.5 mg, 0.027 mmol.), 4-N,N-dimethylaminopyridine (1 mg,
0.008 mmol) and acetic anhydride (0.016 cm3, 0.162 mmol) in
dichloromethane (1.5 cm3) at 0 ◦C, and the mixture was stirred
at ambient temperature for 12 h. Concentration under reduced
pressure and chromatography of the residue using light petroleum–
ethyl acetate (60 : 40) as eluent gave the title compound 34 (6.9 mg,
72%) as a colourless oil. Found: M+, 357.2284. C22H31NO3 requires
M, 357.2304; tmax 1736, 1650, 1366, 1244, 1122, 1099, 1021, 735
and 698 cm−1; dH (300 MHz, C6D6) 1.00 (3 H, t, J 7.5 Hz, 4′-H3),
1.25–1.88 (10 H, m, 3 × CH2, 3-H, 6-Heq, 8-Hexo and 9-Hexo), l.82
(3 H, s, CH3CO), 2.07–2.29 (3 H, m, 8-Hendo, 3-H′, 6-Hax), 2.35 (1 H,
dd, J 7.5 Hz, 2.5 Hz, 4-H), 2.97 (1 H, ddd, J 13 Hz, 9 Hz and 6 Hz,
9-Hendo), 3.18 (1 H, dd, J 5 Hz, 2.5 Hz, 5-H), 3.55 (1 H, m, 7-H), 4.22
and 4.28 (each 1 H, d, J 14 Hz, HCHPh), 6.14 (1 H, dd, J 7.5 Hz,
4 Hz, 2-H) and 7.15–7.48 (5 H, m, ArH); dC (50 MHz, CDCl3),
14.42, 21.77, 23.73, 27.14, 29.25, 30.14, 31.26, 38.58, 39.55, 45.71,
53.64, 61.67, 71.15, 79.61, 88.28, 127.25, 127.54, 128.51, 138.91
and 170.76; m/z CI(NH3) 358 (M+ + 1, 100%) and 298 (26).


(lRS,2RS,3RS,5SR)-1-Butyl-3-tert-butyldimethylsilyloxy-2,8-
dimethoxycarbonyl-8-azabicyclo-[3.2.1]octane 36


tert-Butyldimethylsilyl triflate (5.0 cm3, 22.3 mmol) was added to
the hydroxyester 26 (3.90 g, 13.1 mmol) and 2,6-lutidine (6.0 cm3,
52.5 mmol) in dichloromethane (39 cm3) at 0 ◦C. After 1 h, the
reaction mixture was washed with saturated aqueous ammonium
chloride and water. The aqueous phase was washed with ethyl
acetate, and the combined organic phase was washed with brine
and dried (MgSO4). Concentration under reduced pressure and
chromatography of the residue using light petroleum–ethyl acetate
(90 : 10) as eluent gave the title compound 36 (4.7 g, 86%) as a
colourless oil. Found: M+, 413.2591. C21H39NO5Si requires M,
413.2597; tmax 1734, 1713, 1443, 1376, 1257, 1191, 1159, 1130,
1098, 1081, 836 and 776 cm−1; dH (300 MHz, C6D6) 0.00 and 0.02
(each 3 H, s, SiCH3), 0.96 (9 H, s, C(CH3)3), 1.03 (3 H, t, J 7 Hz,
4′-H3), 1.42–1.60 (5 H, m, 2′-H2, 3′-H2 and 4-Heq), 1.60–1.82 (2 H,
m, 6-Hendo and 4-Hax), 1.90 (1 H, dt, J 3 Hz, 12 Hz, 7-Hexo), 2.02
(1 H, dt, J 3 Hz, 9.5 Hz, 6-Hexo), 2.24 (1 H, m, 1′-H), 2.55 (1 H,
ddd, J 12 Hz, 9.5 Hz, 5 Hz, 7-Hendo), 2.80 (1 H, m, 1′-H′), 2.91
(1 H, s, 2-H), 3.55 (3 H, br s, OCH3), 3.60 (3 H, s, OCH3), 4.33
(l H, d, J 5 Hz, 3-H) and 4.53 (1 H, m, 5-H); dC (75 MHz, C6D6)
−5.35, −5.24, 14.22, 17.89, 23.69. 25.80, 26.01, 26.67, 35.4, 36.28,
37.32, 51.26, 51.52, 56.44, 56.63, 64.64, 68.20, 156.12 and 172.20;
m/z CI(NH3) 415 (100%) and 414 (M+ + 1, 99.5).


(1RS,2SR,3RS,5SR)-1-Butyl-3-tert-butyldimethylsilyloxy-2-
hydroxymethyl-8-methoxycarbonyl-8-azabicyclo[3.2.1]octane 37


Diisobutylaluminium hydride (25.0 cm3,1 M in pentane, 25 mmol)
was added to the ester 36 (4.7 g, 11.4 mmol) in hexane (90 cm3) at
−78 ◦C. The mixture was stirred for 1 h then allowed to warm to
ambient temperature over 1 h. Celite (5.0 g) was added, followed
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by water (3.0 cm3) and stirring was continued for 2 h. Magnesium
sulfate was added in small portions until the solid material
became granular. The solid material was removed by filtration
and washed with ethyl acetate. The combined organic phases
were concentrated under reduced pressure and chromatography
of the residue using light petroleum–ethyl acetate (75 : 25) as
eluent gave the title compound 37 (3.40 g, 78%) as a colourless oil.
Found: M+ + H, 386.2722. C20H40NO4Si requires M, 386.2726);
tmax 3463, 1710, 1685, 1451, 1382, 1255, 1098, 1056, 837 and
776 cm−1; dH (300 MHz, C6D6) 0.10 and 0.14 (each 3 H, s, SiCH3),
0.98 (3 H, t, J 7.5 Hz, 4′-H3), 1.03 (9 H, s, C(CH3)3), 1.33–1.51
(4 H, m), 1.59 (1 H, m, 4-Heq), 1.67–1.92 (3 H, m), 2.05–2.26
(4 H, m), 2.44–2.61 (2H, m), 3.51 (3 H, s, OCH3), 3.69 (1 H, dd,
J 13 Hz, 7.5, 2-CH), 3.90 (1 H, dd, J 13 Hz, 3 Hz, 2-CH′), 4.30
(1 H, d, J 4.8 Hz, 3-H) and 4.41–4.49 (1 H, m, 5-H); dC (75 MHz,
C6D6) −5.04, −4.89, 14.22, 17.93, 23.71, 25.88, 25.94, 26.61, 35.77,
36.40, 37.67, 51.62, 54.79, 56.62, 61.88, 64.81, 69.33 and 155.33;
m/z CI(NH3) 386 (M+ + 1, 7%), 355 (23) and 354 (100).


(1RS,2SR,3RS,5SR)-1-Butyl-3-tert-butyldimethylsilyloxy-2-
iodomethyl-5-methoxycarbonyl-8-azabicyclo[3.2.1]octane 38


The alcohol 37 (3.40 g, 8.83 mmol), imidazole (0.89 g, 13.3 mmol),
triphenylphosphine (3.48 g, 13.3 mmol) and iodine (3.36 g,
13.7 mmol) were stirred in dichloromethane (100 cm3) for 12 h.
Saturated aqueous sodium thiosulfate and saturated aqueous
sodium hydrogen carbonate were added and the reaction mixture
stirred for 30 min. The organic phase was washed with water
and brine then dried. Concentration under reduced pressure and
chromatography of the residue using light petroleum–ethyl acetate
(95 : 5) as eluent gave the title compound 38 (3.64 g, 83%) as a
white amorphous, hygroscopic solid. Found: C, 48.4; H, 8.1; I,
25.7; N, 2.8. M+, 495.1634. C20H38INO3Si requires C, 48.5; H, 7.7;
I, 25.7; N, 2.8%; M, 495.1667; tmax 1707, 1444, 1376, 1256, 1150,
1098, 1050, 836 and 776 cm−1; dH (300 MHz, C6D6) 0.19 and 0.31
(each 3 H, s, SiCH3), 1.94 (3 H, t, J 7.5 Hz, 4′-H3), 1.02 [9 H, s,
C(CH3)3], 1.29–1.49 (5 H, m), 1.58–1.80 (2 H, m), 1.85–2.10 (3 H,
m), 2.36 (1 H, d, J 11.5 Hz, 4-Hax), 2.44–2.65 (2 H, m), 2.82 (1 H,
t, J 11 Hz, 2-CH), 3.46 (3 H, s, OCH3), 4.03 (1 H, dd, J 11 Hz, 2,
2-CH′), 4.31 (1 H, d, J 4.5 Hz, 3-H) and 4.31–4.40 (1 H, m, 5-H);
dC (75 MHz, C6D6) −4.69, −3.99, 6.64, 14.16, 17.88, 23.54, 25.92,
26.03, 26.78, 35.36, 35.44, 36.11, 51.54, 56.00, 56.52, 66.49, 70.60
and 154.59; m/z CI(NH3) 496 (M+ + 1, 36%), 495 (M+, 100) and
370 (71).


(4RS,5RS,7SR,10RS)-10-Butyl-5-tert-butyldimethylsilyloxy-1-
azabicyclo[5.3.0.04,10]decan-2-one 39


tert-Butyllithium (12.65 cm3,1.6 M in hexanes, 20.24 mmol) was
added to the iodide 38 (3.55 g, 7.17 mmol) in tetrahydrofuran
(100 cm3) at −78 ◦C. The mixture was stirred at −78 ◦C for
30 min, then at ambient temperature for 3 h. Saturated aqueous
ammonium chloride was added, and the organic phase diluted
with ether and washed with water. The combined aqueous phase
was washed with ethyl acetate, and the combined organic phase
washed with brine and dried (MgSO4). Concentration under
reduced pressure and chromatography of the residue using light
petroleum–ethyl acetate (85 : 15) as eluent gave the title compound
39 (1.94 g, 81%) as a white microcrystalline solid, m.p. 70–


71 ◦C. Found: C, 67.9; H, 10.2; N, 4.3; M+, 337.2446. C19H35NO2Si
requires C, 67.7; H, 10.4; N, 4.15%; M, 337.2437; tmax 1749, 1254,
1192, 1133, 1091, 1060, 834 and 776 cm−1; dH (300 MHz, C6D6)
−0.02 and 0.01 (each 3 H, s, SiCH3), 0.89 (3 H, t, J 7.5 Hz, 4′-H3),
0.97 (9 H, s, C(CH3)3), 1.09 (1 H, d, J 15.5 Hz, 6-Heq), 1.17–1.54
(6 H, m), 1.65 (1 H, dt, J 3 Hz, 12.5 Hz), 1.80 (1 H, m), 1.78 (1 H,
d, J 17.5 Hz, 3-H), 2.03–2.24 (2 H, m), 2.24 (1 H, dd, J 5.5 Hz,
2.5 Hz, 4-H), 2.64 (1 H, dd, J 17.5 Hz, 5.5 Hz, 3-H), 3.10 (1 H,
ddd, J 12.5 Hz. 9.5 Hz, 6.5 Hz, 9-Hendo), 3.61 (1 H, dd, J 5.5 Hz,
2.5 Hz, 5-H) and 4.08 (1 H, m, 7-H); dC (75 MHz, C6D6) −5.12,
−5.07, 14.07, 17.96, 23.41, 25.83, 26.92, 30.17, 30.89, 35.40, 39.29,
41.51, 48.73, 66.22, 70.41, 72.72 and 194.16; m/z CI(NH3) 338
(M+ + 1, 100%).


(4RS,5RS,7SR,10RS)-10-Butyl-5-hydroxy-1-
azatricyclo[5.3.0.04,10]decan-2-one 40


Tetrabutylammonium fluoride (0.40 cm3, 1 M in tetrahydrofuran,
0.40 mmol) was added to the silyl ether 39 (68 mg, 0.2 mmol) in
tetrahydrofuran (2.0 cm3) at ambient temperature. The reaction
mixture was stirred for 12 h, then diluted with ethyl acetate and
washed with saturated aqueous ammonium chloride and water.
The combined aqueous phase was washed with ethyl acetate,
and the organic phase washed with brine and dried (MgSO4).
Concentration under reduced pressure and chromatography of
the residue using light petroleum–ethyl acetate (60 : 40) gave the
title compound 40 (45 mg, 99%) as a white solid recrystallised
from hexane–ethyl acetate to give colourless prismatic crystals,
m.p. 86–88 ◦C. Found: M+, 223.1576. C13H21NO2 requires M,
223.1572; tmax 3426, 1746, 1724, 1460, 1133, 1017 and 941 cm−1;
dH (200 MHz, C6D6) 0.90 (3 H, t, J 8.7 Hz, 4′-H3), 0.96 (1 H,
d, J 19 Hz, 6-Heq), 1.06–1.50 (7 H, m, 3 × CH2 and OH), 1.50–
1.84 (3 H, m, 3-H, 8-Hexo and 9-Hexo), 2.06–2.24 (3 H, m, 4-H,
8-Hendo and 6-Hax), 2.60 (1 H, dd, J 17.5 Hz, 6.5 Hz, 3-H′), 3.04
(1 H, ddd, J 12.5 Hz, 10 Hz and 7 Hz, 9-Hendo), 3.32 (1 H, dd,
J 6.5 Hz, 4 Hz, 5-H) and 3.95–4.09 (1 H, m, 7-H); dC (75 MHz,
C6D6) 14.25, 23.63, 27.25, 30.25, 31.10, 35.13, 39.50, 41.88, 48.50,
66.25, 70.25, 71.88 and 194.50; m/z CI(NH3) 225 (13%) and 224
(M+ + 1, 100).


(4RS,5RS,7SR,9SR,10SR)-10-Butyl-1-aza-11-oxatetracyclo-
[5.3.0.04,10.15,9]undecan-2-one 41 and (4RS,7SR,10RS)-l0-butyl-1-
azatricyclo[5.3.0.04,10]decane-2,5-dione 42


The hydroxylactam 40 (17 mg, 0.08 mmo1) and lead(IV) acetate
(38 mg, 0.08 mmol) were heated under reflux in benzene (2.0 cm3)
for 12 h, more lead(IV) acetate (10 mg, 0.02 mmol) was added,
and the mixture heated for a further 6 h before being concentrated
under reduced pressure and diluted with ethyl acetate. The solution
was washed with saturated aqueous sodium thiosulfate, water, and
brine, then dried (MgSO4). Concentration under reduced pressure
and chromatography of the residue using hexane–ethyl acetate
(75 : 25) as eluent gave the title compound 41 (6 mg, 35%), as an
oil. Found: M+, 221.1414. Cl3Hl9NO2 requires M, 221.1416); tmax


1747, 1188, 1148, 1082, 1044, 1022, 993, 943, 864 and 848 cm−1;
dH (500 MHz, CDCl3) 0.88 (3 H, t, J 7.5 Hz, 4′-H3), 1.21 (1 H, m,
1′-H), 1.32 (2 H, dq, J 9 Hz, 7.5 Hz, 3′-H2), 1.45 (1 H, m, 1′-H′),
1.55–1.63 (2 H, m, 2′-H2), 1.72 (1 H, dd, J 15 Hz, 3.5 Hz, 6-H), 1.84
(1 H, ddt, J 15 Hz, 4 Hz, 2 Hz, 6-H), 1.98 (1 H, dddt, J 12.5 Hz,
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5.5 Hz, 3.5 Hz, 1.2 Hz, 8-H), 2.23 (1 H, dd, J 12.5 Hz, 1 Hz, 8-H′),
2.47 (1 H, dd, J 19 Hz, 1 Hz, 3-Hendo), 2.76 (1 H, t, J 6 Hz, 4-H),
2.87 (1 H, dd, J 19 Hz, 6 Hz, 3-Hexo), 4.02 (1 H, m, 7-H), 4.35 (1 H,
m, 5-H) and 4.46 (1 H, m, 9-H); dC (75 MHz, CDCl3) 13.96, 23.12,
27.15, 30.70, 33.54, 38.28, 40.01, 52.04, 63.42, 79.44, 80.00, 83.08
and 194.53; m/z (EI) 221 (M+, 57%), 192 (20), 179 (44) and 164
(22). The next product eluted was the title compound 42 (3 mg,
16%). Found: M+, 221.1421. Cl3Hl9NO2 requires M, 221.1416; tmax


1752, 1718 and 1132 cm−1; dH (200 MHz, CDCl3) 0.82 (3 H, t,
J 7.5 Hz, 4′-H3), 0.82–1.78 (10 H, m), 1.78 (1 H, d, J 16.5 Hz,
6-H), 1.87 (1 H, d, J 17.5 Hz, 3-Hendo), 2.45 (1 H, dd, J 16.5 Hz,
2 Hz, 6-H′), 2.47 (1 H, dd, J 17.5 Hz, 5 Hz, 3-Hexo), 2.74 (1 H, d, J
5 Hz, 4-H) and 3.75 (1 H, t, J 4.5 Hz, 7-H); dC (75 MHz, CDCl3)
13.9, 23.0, 26.6, 30.7, 32.4, 36.3, 40.9, 43.7, 61.0, 62.0, 72.2, 192.5,
208.5; m/z (EI) 221 (M+, 30%), 193 (47), 164 (31), 151 (26), 136
(37) and 123 (100). Finally, starting material 40 (2 mg, 12%) was
recovered.


Following the procedure outlined for the preparation of ketone
49, the alcohol 40 (160 mg, 0.717 mmol), after chromatography
using light petroleum–ethyl acetate (75 : 25) as eluent, gave the
ketone 42 (155 mg, 98%).


(4RS,5RS,7SR,10RS)-10-Butyl-5-tert-butyldimethylsilyloxy-1-
azatricyclo[5.3.0.04,10]decan-2-ol 44


Lithium aluminium hydride (18 mg, 0.474 mmol) was added to
the lactam 39 (80 mg, 0.237 mmol) in ether (1.0 cm3) at 0 ◦C. The
mixture was stirred at ambient temperature for 30 min, then celite
(70 mg) was added, followed by 10 drops of water. Stirring was
continued for 45 min, then small portions of magnesium sulfate
were added until the solid material became granular. Filtration and
concentration under reduced pressure afforded the title compound
44 (78 mg, 97%) as a white solid, m.p. 148–149 ◦C. Found: M+ +
H, 340.2677. C19H38NO2Si requires M, 340.2672; tmax 3115, 1256,
1096, 1061, 1026, 861, 836 and 776 cm−1; dH (300 MHz, C6D6)
0.03 and 0.07 (each 3 H, s, SiCH3), 0.89–1.10 (12 H, m, 4′-H3 and
C(CH3)3), 1.15 (1 H, d, J 15.5 Hz, 6-Heq), 1.29–1.68 (5 H, m),
1.68–1.98 (4 H, m), 2.16–2.45 (4 H, m), 3.15 (1 H, m, 9-H), 3.47
(1 H, m, 7-H), 3.65 (1 H, m, 5-H) and 5.26 (1 H, m, 2-H); m/z
CI(NH3) 341 (27%) and 340 (M+ + 1, 100).


(4RS,5RS,7SR,10RS)-2-Acetoxy-10-butyl-5-tert-butyldimethyl-
silyloxy-1-azatricyclo[5.3.0.04,10]-decane 45


Triethylamine (5 ll, 0.359 mmol) was added to the aminol 44
(10 mg, 0.029 mmol), DMAP (1 mg, 0.008 mmol) and acetic
anhydride (15 ll, 0.159 mmol) in dichloromethane (1.0 cm3) at
0 ◦C. The mixture was stirred at ambient temperature for 15 h.
Concentration under reduced pressure and chromatography of
the residue using light petroleum–ethyl acetate (60 : 40) as eluent
gave the title compound 45 (10.5 mg, 93%) as a white solid, m.p.
40.5–42.5 ◦C. Found: M+, 381.2693. C21H39NO3Si requires M,
381.2699); tmax 1737, 1250, 1112, 1065, 1021, 835 and 776 cm−1;
dH (300 MHz, C6D6) 0.01 and 0.05 (each 3 H, s, SiCH3), 0.94–1.04
(12 H, m, 4′-H3 and C(CH3)3), 1.08 (1 H, d, J 15.5 Hz, 6-Heq),
1.35–1.49 (3 H, m), 1.49–1.89 (7 H, m), 1.81 (3 H, s, CH3CO),
2.08–2.29 (3 H, m), 3.08 (1 H, m, 9-H), 3.53–3.63 (2 H, m, 5-H
and 7-H), 6.14 (1 H, dd, J 7 Hz, 4 Hz, 2-H); m/z (EI) 382 (M+ +
1, 12%) and 381 (34).


(4RS,5RS,7SR,10RS)-10-Butyl-5-tert-butyldimethylsilyloxy-1-
azatricyclo[5.3.0.04,10]decane 47


Thionyl chloride (0.38 cm3, 5.21 mmol) was added dropwise to a
stirred solution of hydroxyamine 45 (515 mg, 1.52 mmol) in ether
(14.0 cm3). After 90 min, the solvent was removed under reduced
pressure, the residue was dissolved in ether (15 cm3), and the
solution added dropwise to lithium aluminium hydride (450 mg,
11.8 mmol) in ether (2 cm3) at 0 ◦C. The mixture was stirred
at ambient temperature for 3 h, then cooled to 0 ◦C, and water
(2 cm3) and celite (500 mg) were added. Stirring was continued for
30 min, then small portions of magnesium sulfate were added until
the solid material became granular. Filtration and concentration
under reduced pressure, after chromatography using ethyl acetate–
triethylamine (96 : 4) as eluent, gave the title compound 47 (450 mg,
92%), as a yellow oil. Found: M+, 323.2650. C19H37NOSi requires
M, 323.2644; tmax 1254, 1096, 1058, 863, 834 and 774 cm−1; dH


(300 MHz, CDCl3) 0.03 and 0.05 (each 3 H, s, SiCH3), 0.87–0.93
(12 H, m, 4′-H3 and C(CH3)3), 1.20–1.48 (8 H, m), 1.64 (1 H, td, J
14 Hz, 3 Hz), 1.90 (1 H, ddd, J 13 Hz, 10 Hz, 5.5 Hz), 1.95–2.14
(4 H, m), 2.90 (1 H, ddd, J 14 Hz, 10 Hz and 5.5 Hz, 9-H), 2.95–
3.03 (2 H, m, 2-H2), 3.31 (1 H, t, J 5.5 Hz, 7-H) and 3.76 (1 H,
br s, 5-H); m/z (EI) 324 (22%), 323 (M+, 72), 24 (45), 281 (29), 280
(37), 266 (27), 224 (38) and 192 (100).


(4RS,5RS,7SR,10RS)-10-Butyl-1-azatricyclo-
[5.3.0.04,10]decan-5-ol 48


Boron trifluoride diethyletherate (0.60 cm3, 4.78 mmol) was
added to the silyl ether 47 (450 mg, 1.39 mmol) in chloroform
(15 cm3) at ambient temperature. After 20 h, the solvent and
excess boron trifluoride diethyletherate were removed completely
under reduced pressure, and the mixture was taken up in aqueous
sodium hydroxide (10%) and extracted with chloroform. The
organic phase was dried (MgSO4) and concentrated under reduced
pressure. Chromatography of the residue using ethyl acetate–
triethylamine (90 : 10) as eluent gave the title compound 48
(248 mg, 85%) as a white solid, m.p. 113–115 ◦C. Found: M+,
209.1778. C13H23NO requires M, 209.1780; tmax 3300, 1461, 1096,
1027 and 954 cm−1; dH (500 MHz, CDCl3) 0.87 (3 H, t, J 6.5 Hz,
4′-H3), 1.10 (1 H, m, 2′-H), 1.20–1.43 (5 H, m), 1.36–1.43 (2 H,
m), 1.61 (1 H, td, J 13 Hz, 3 Hz), 1.81 (1 H, ddd, J 13 Hz, 10 Hz,
3 Hz), 1.95 (1 H, m, 3-H), 1.98–2.07 (4 H, m), 2.78 (1 H, ddd, J
15.5 Hz, 10 Hz, 6 Hz, 9-H), 2.88 (1 H, ddd, J 17 Hz, 10 Hz, 4.5 Hz,
2-H), 2.94 (1 H, ddd, J 17 Hz, 9 Hz, 5.5 Hz, 2-H′), 3.20 (1 H, t, J
5.5 Hz, 7-H) and 3.83 (1 H, t, J 3.5 Hz, 5-H); dC (75 MHz, CDCl3)
14.09, 23.49, 27.06, 28.89, 29.76, 30.23, 32.37, 37.46, 44.87, 45.92,
61.89, 72.13 and 73.06; m/z (EI) 209 (M+, 3%) and 192 (11).


(4RS,7SR,10RS)-10-Butyl-1-azatricyclo[5.3.0.04,10]decan-5-one 49


Dimethyl sulfoxide (1.50 cm3, 21.16 mmol) was added dropwise
to oxalyl chloride (1.08 cm3, 12.38 mmol) in dichloromethane
(15.0 cm3) at −50 ◦C. After 2 min, the aminol 48 (800 mg,
3.83 mmol) in dichloromethane (40 cm3) was added, and the
reaction stirred at −50 ◦C for 30 min. Triethylamine (5.60 cm3,
40.18 mmol) was added, and the mixture was allowed to warm to
ambient temperature. After concentration under reduced pressure,
the residue was dissolved in water and extracted with ethyl
acetate. The organic phase was dried (MgSO4) and concentrated
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under reduced pressure. Chromatography of the residue using
ethyl acetate–pyridine (99 : 1) as eluent gave the title compound
49 (670 mg, 85%) as a pale yellow oil. Found: M+, 207.1631.
C13H21NO requires M, 207.1623; tmax 1715 and 1103 cm−1; dH


(500 MHz, CDCl3) 0.86 (3 H, t, J 6.5 Hz, 4′-H3), 1.09–1.34 (5 H,
m, 1′-H, 2′-H2 and 3′-H2), 1.40–1.47 (1 H, m, 1′-H′), 1.57 (1 H, ddd,
J 3.5 Hz, 8 Hz, 11.5 Hz), 1.72 (1 H, ddd, J 3.5 Hz, 8.5 Hz, 13 Hz,
3-H), 1.76–1.80 (2 H, m), 1.97 (1 H, d, J 16 Hz, 6-Heq), 2.07 (1 H,
m, 8-H), 2.11 (1 H, m, 3-H), 2.50 (1 H, br dd, J 16 Hz, 5.5 Hz,
6-Hax), 2.58 (1 H, d, J 6 Hz, 4-H), 3.08 (1 H, ddd, J 14 Hz, 8.5 Hz,
5, 2-H), 3.16 (1 H, ddd, J 14 Hz, 9 Hz, 3.5 Hz, 2-H′) and 3.50 (1 H,
t, J 5.5 Hz, 7-H); dC (75 MHz, C6D6) 14.75, 24.03, 27.14, 29.50,
31.25, 31.50, 35.50, 42.85, 46.52, 60.22, 64.23, 76.70 and 209.81;
m/z (EI) 207 (M+, 11%).


(4RS,6SR,7SR,10RS)- and (4RS,6RS,7SR,10RS)-10-Butyl-6-
prop-2′-enyl-1-azatricyclo[5.3.0.04,10]-decan-5-one 58 and 59


Potassium bis(trimethylsilyl)amide (0.7 cm3, 0.5 M in toluene,
0.35 mmol) was added to the ketone 49 (24 mg, 0.116 mmol)
in tetrahydrofuran (0.75 cm3) at −78 ◦C. After 30 min, allyl iodide
(86 ll, 0.94 mmol) was added, and the mixture was stirred for
75 min. Water was added, and the mixture was allowed to warm to
ambient temperature and extracted with chloroform. The organic
extracts were dried (MgSO4) and concentrated under reduced
pressure. Chromatography of the residue using 1% pyridine in
light petroleum–ethyl acetate (50 : 50) as eluent gave a mixture of
the title compounds 58 and 59 (16 mg, 56%), 58 : 59 = 80 : 20, as
a pale yellow oil.


n-Butyllithium (0.45 cm3, 1.6 M in hexane, 0.72 mmol) was
added to diisopropylamine (92 ll, 0.656 mmol) in tetrahydrofuran
(3.5 cm3) at 0 ◦C, and the solution was stirred for 30 min. An
aliquot (1.7 cm3, 0.276 mmol) was added to the ketone 49 (20 mg,
0.097 mmol) in tetrahydrofuran (1.0 cm3) at −78 ◦C. After 1 h, allyl
iodide (70 ll, 0.766 mmol) was added and the mixture was allowed
to warm to ambient temperature. Water was added and the mixture
extracted with chloroform. The organic phase was dried (MgSO4)
and concentrated under reduced pressure. Chromatography of the
residue using 1% pyridine in light petroleum–ethyl acetate (50 :
50) as eluent gave the title compound 58 (10 mg, 42%) as a pale
yellow oil. Found: M+, 247.1944. C16H25NO requires M, 247.1936;
tmax 1706, 1466, 1097 and 913 cm−1; dH (500 MHz, CDCl3) 0.87
(3 H, t, J 7 Hz, 4′′-H3), 1.18–1.36 (5 H, m), 1.41–1.52 (2 H, m),
1.71–1.86 (3 H, m), 2.04 (1 H, m, 8-H), 2.11 (1 H, dd, J 10.5 Hz,
7 Hz, 6-Heq), 2.19 (1 H, m, 3-H), 2.34 and 2.48 (each 1 H, m, 1′-H),
2.66 (1 H, d, J 7 Hz, 4-H), 3.15 (1 H, ddd, J 14 Hz, 10 Hz, 4.5 Hz,
2-H), 3.27 (1 H, ddd, J 14 Hz, 9 Hz, 5.5 Hz, 2-H′), 3.47 (1 H, d,
J 5.5 Hz, 7-H), 5.12–5.09 (2 H, m, 3′-H2) and 5.70 (1 H, m, 2′-H);
dC (75 MHz, C6D6) 14.25, 23.54, 26.54, 29.16, 30.16, 34.15, 34.63,
38.37, 45.57, 54.24, 60.10, 64.17, 74.53, 116.43, 136.95 and 211.47;
m/z (CI) 249 (19%) and 248 (M+ + 1, 100).


Potassium t-butoxide (3.0 mg, 0.027 mmol) was added to ketone
58 (8 mg, 0.032 mmol) in a mixture of dichloromethane (1.0 cm3)
and methanol (0.5 cm3) at ambient temperature. After 15 h, water
was added and the mixture extracted with dichloromethane. The
organic phase was dried (MgSO4) and concentrated under reduced
pressure to yield the title compound 59 (7 mg, 88%) as a pale yellow
oil. Found: M+ + H, 248.2012. C16H26NO requires M, 248.2012;
tmax 1707, 1467, 1091 and 911 cm−1; dH (500 MHz, CDCl3) 0.88


(3 H, t, J 7 Hz, 4′-H3), 1.18–1.41 (5 H, m), 1.47 (1 H, m), 1.52–1.87
(6 H, m), 2.13 (1 H, m, 3-H), 2.49 (1 H, q, J 6.5 Hz, 8-H), 2.57 (1 H,
m), 2.62 (1 H, d, J 6.5 Hz, 4-H), 3.11–3.25 (2 H, m, 2-CH2), 3.43
(1 H, t, J 5 Hz, 7-H), 4.96–5.05 (2 H, m, 3′-H2) and 5.73 (1 H, m,
2′-H); dC (75 MHz, CDCl3) 14.00, 23.21, 25.02, 26.83, 28.85, 29.83,
30.99, 34.87, 45.71, 47.20, 58.20, 67.97, 77.02, 116.38, 135.98 and
211.06; m/z (CI) 265 (M+ + 18, 2%), 264 (11), 249 (22) and 248
(100).


(4RS,6SR,7SR,10RS)- and (4RS,6RS,7SR,10RS)-10-Butyl-6-
prop-2′-enyl-1-azatricyclo[5.3.0.04,10]decane-2,5-dione 60 and 61


n-Butyllithium (0.30 cm3, 1.6 M in hexanes, 0.48 mmol) was
added to diisopropylamine (70 ll, 0.50 mmol) in tetrahydrofuran
(1.0 cm3) at 0 ◦C. The solution was stirred for 20 min, cooled to
−78 ◦C and the ketolactam 42 (50 mg, 0.226 mmol) was added.
After 30 min, the mixture was allowed to warm to −35 ◦C, then
recooled to −78 ◦C, and allyl bromide (82 ll, 0.969 mmol) was
added. The mixture was allowed to warm to ambient temperature
over 2 h, then saturated aqueous ammonium chloride was added
and the mixture extracted with ethyl acetate. The organic phase
was washed with water, dried (MgSO4) and concentrated under
reduced pressure. Chromatography of the residue using light
petroleum–ethyl acetate (65 : 35) as eluent gave a mixture of the
title compounds 60 and 61 (23 mg, 39%) as a colourless oil, along
with some recovered ketoamide 42 (19 mg, 38%). HPLC using
acetonitrile–water (45 : 55) as eluent gave the title compound
60 (15 mg, 25%). Found: M+, 261.1725. C16H23NO2 requires M,
261.1729; tmax 1748, 1708 and 1136 cm−1; dH (300 MHz, C6D6)
0.84 (3 H, t, J 7 Hz, 4′′-H3), 0.86–1.24 (7 H, m), 1.40–1.48 (2 H,
m), 1.76 (1 H, m), 2.03 (1 H, dd, J 10.5 Hz, 6, 6-Heq), 2.09 (1 H,
d, J 18.5 Hz, 3-H), 2.36–2.57 (2 H, m, 1′-H2), 2.57 (1 H, dd, J
18.5 Hz, 5.5 Hz, 3-H′), 2.86 (1 H, d, J 5.5 Hz, 4-H), 4.08 (1 H,
d, J 5 Hz, 7-H), 5.05 and 5.20 (each 1 H, m, 3′-H) and 5.58
(1 H, m, 2′-H); m/z (EI) 262 (M+ + 1, 4%), 261 (19), 125 (38)
and 124 (100). The next eluted product was the title compound
61 (8 mg, 14%). Found: M+, 261.1720. C16H23NO2 requires M,
261.1729); tmax 1751, 1713 and 1132 cm−1; dH (300 MHz, C6D6)


0.84 (3 H, t, J 7 Hz, 4′-H3), 0.87–1.18 (4 H, m), 1.18–1.31, 1.36–
1.46, and 1.46–1.65 (each 2 H, m), 1.66–1.79 (1 H, m, 6-Hax),
1.89 (1 H, d, J 18.5 Hz, 3-H), 2.49 (1 H, dd, J 18.5 Hz, 5.5 Hz,
3-H′), 2.55–2.74 (2 H, m, 1′-H2), 2.77 (1 H, d, J 5.5 Hz, 4-H),
3.98 (1 H, t, J 5.5 Hz, 7-H), 4.91–5.01 (2 H, m, 3′-H2) and 5.55
(1 H, m, 2′-H); m/z (EI) 262 (M+ + 1, 3%), 261 (11), 125 (36) and
124 (100).


Methyl (1RS,2SR,3RS,5SR)-1-butyl-3-hydroxy-2-
hydroxymethyl-8-azabicyclo[3.2.1]octane-8-carboxylate 62


Diisobutylaluminium hydride (8.5 cm3, 1 M in dichloromethane,
8.5 mmol) was added to the b-hydroxyester 26 (695 mg, 2.32 mmol)
in dichloromethane (40 cm3) at −78 ◦C. After 90 min, water
(1 cm3) and celite (1.0 g) were added, and the mixture was
stirred at ambient temperature for 1 h. Magnesium sulfate was
added until the solid material became granular. The solid was
removed by filtration and washed with dichloromethane. The
organic phase was concentrated under reduced pressure, and the
residue was dissolved in ethanol (30 cm3). Sodium borohydride
(230 mg, 6.08 mmol) was added, and the mixture was stirred
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at ambient temperature for 2 h, then water (10 cm3) was added
and the mixture extracted with ethyl acetate. The organic extracts
were dried (Na2SO4) and concentrated under reduced pressure.
Chromatography of the residue using light petroleum–ethyl acetate
(65 : 35) as eluent, yielded the title compound 62 (397 mg, 63%)
as a white solid, m.p. 121–122 ◦C. Found: C, 62.0; H, 9.4; N,
5.2; M+, 271.1789. C14H25NO4 requires C, 61.95; H, 9.3; N, 5.15%;
M, 271.1783); tmax 3401, 1679, 1452, 1385, 1096 and 1048 cm−1;
dH (500 MHz, CDCl3) 0.90 (3 H, t, J 7.5 Hz, 4′-H3), 1.17–1.38
(4 H, m, 2′-H2 and 3′-H2), 1.59–1.67 (2 H, m, 4-Heq and 3-OH),
1.75 (1 H, ddd, J 16 Hz, 11.5 Hz, 4.5 Hz, 1′-H), 1.80–1.91 (3 H,
m), 1.97 (1 H, m), 2.12 (1 H, dt, J 14.5 Hz, 4.5 Hz, 4-Hax),
2.35–2.47 (3 H, m, 7-H, 1′-H′ and OH), 3.61 (3 H, s, OCH3),
3.68 and 3.76 (each 1 H, m, 2-CH), 4.19 (1 H, d, J 4.5 Hz, 3-
H) and 4.35 (1 H, m, 5-H); dC (50 MHz, CDCl3) 14.63, 23.88,
26.26, 27.04, 36.04, 37.26, 37.71, 52.55, 53.87, 56.42, 62.36, 64.98,
68.97 and 155.84; m/z (EI) 271 (M+, 7%), 254 (23), 212 (84),
196 (26), 184 (30), 183 (100), 182 (68), 155 (32), 140 (66) and
126 (46).


Methyl (1RS,2SR,3RS,5SR)-1-butyl-2-tert-butyldimethylsilyloxy-
methyl-3-hydroxy-8-azabicyclo-[3.2.1]octane-8-carboxylate 63


tert-Butyldimethylsilyl triflate (0.35 cm3, 1.52 mmol) was added
to the diol 62 (397 mg, 1.46 mmol) and 2,6-lutidine (0.21 cm3,
1.80 mmol) in dichloromethane (40 cm3) at ambient temperature.
After 3 h, saturated aqueous ammonium chloride solution was
added, and the organic phase separated. The aqueous phase
was extracted with dichloromethane and the combined organic
phase dried (Na2SO4) and concentrated under reduced pressure.
Chromatography of the residue using light petroleum–ethyl acetate
(90 : 10) as eluent gave the title compound 63 (530 mg, 94%)
as a colourless oil. Found: M+, 385.2651. C20H39NO4Si requires
M, 385.2648; tmax 3470, 1710, 1683, 1452, 1385, 1256, 1094 and
836 cm−1; dH (300 MHz, CDCl3) 0.04 and 0.05 (each 3 H, s, SiCH3),
0.86 (9 H, s, C(CH3)3), 0.90 (3 H, t, J 7 Hz, 4′-H3), 1.19–1.40 (4 H,
m, 2′-H2 and 3′-H2), 1.59 (1 H, d, J 15 Hz, 4-Heq), 1.65–1.98 (5 H,
m), 2.11 (1 H, dt, J 14.5 Hz, 4.5 Hz, 4-Hax), 2.30–2.48 (2 H, m),
3.26 (1 H, t, J 10.5 Hz, 2-CH), 3.59 (3 H, s, OCH3), 3.94 (1 H, dd,
J 10.5 Hz, 4 Hz, 2-CH′), 4.24 (1 H, d, J 5 Hz, 3-H) and 4.32 (1 H,
m, 5-H); dC (75 MHz, CDCl3), −5.24, 14.24, 18.35, 23.48, 26.02,
26.26, 26.80, 35.51, 35.62, 36.61, 51.72, 54.72, 55.79, 61.73, 64.48,
67.27 and 154.47; m/z (EI) 386 (M+ + 1, 6,%), 328 (79), 326 (43),
184 (55), 183 (100) and 182 (94).


Methyl (1RS,2SR,5SR)-1-butyl-2-tert-butyldimethylsilyloxy-
methyl-3-oxo-8-azabicyclo[3.2.1]-octane-8-carboxylate 64


Following the procedure outlined for the oxidation of alcohol 12,
alcohol 63 (330 mg, 0.857 mmol), after chromatography using
light petroleum–ethyl acetate (93 : 7) gave the title compound 64
(322 mg, 98%) as a colourless oil. Found: M+ + H, 384.2570.
C20H37NO4Si requires M, 384.2570); tmax 1711, 1444, 1375, 1098
and 838 cm−1; dH (300 MHz, CDCl3) 0.01 and 0.03 (each 3 H,
s, SiCH3), 0.86 (9 H, s, C(CH3)3), 0.93 (3 H, t, J 7 Hz, 4′-H3),
1.19–1.45 (4 H, m, 2′-H2 and 3′-H2), 1.52 and 1.74 (each 1 H,
m), 1.84–2.09 (3 H, m), 2.22 (1 H, m), 2.27 (1 H, d, J 15 Hz,
4-Heq), 2.60 (1 H, t, J 6.5 Hz, 2-H), 2.74 (1 H, dd, J 15 Hz, 4,
4-Hax), 3.71 (3 H, s, OCH3), 3.79 (1 H, dd, J 10.5 Hz, 7.5 Hz,


2-CH), 3.96 (1 H, dd, J 10.5 Hz, 6 Hz, 2-CH′) and 4.64 (1 H,
m, 5-H); dC (75 MHz, CDCl3) −5.69, −5.59, 14.04, 18.20, 23.18,
25.78, 26.41, 26.50, 34.39, 36.10, 47.77, 52.05, 55.85, 60.95, 64.98,
66.03, 154.56 and 209.26; m/z (CI) 384 (M+ + 1, 100%) and
326 (14).


Methyl (1RS,2SR,4SR,5SR)-1-butyl-4-prop-2′-enyl-2-tert-
butyldimethylsilyloxymethyl-3-oxo-8-azabicyclo[3.2.1]-
octane-8-carboxylate 65


Potassium bis(trimethylsilyl)amide (0.16 cm3, 15% in tetrahydro-
furan, 0.12 mmol) was added to the ketone 64 (23 mg, 0.06 mmol)
in tetrahydrofuran (1.0 cm3) at −78 ◦C. The mixture was allowed
to warm to −25 ◦C over 1 h, then recooled to −78 ◦C. Allyl iodide
(35 ll, 0.382 mmol) was added, and the mixture was warmed
to ambient temperature over 2 h. Saturated aqueous ammonium
chloride was added and the mixture extracted with ethyl acetate,
and the extracts dried (Na2SO4) and concentrated under reduced
pressure. Chromatography of the residue using light petroleum–
ethyl acetate (30 : 1) gave the title compound 65 (16 mg, 63%) as
a colourless oil. Found: M+ + H, 424.2870. C23H42NO4Si requires
M, 424.2883; tmax 1705, 1446, 1382, 1256, 1099, 839 and 778 cm−1;
dH (500 MHz, CDCl3) 0.00 and 0.03 (each 3 H, s, SiCH3), 0.84
(9 H, s, C(CH3)3), 0.89 (3 H, t, J 7 Hz, 4′-H3), 1.17 (1 H, m, 2′-H),
1.21–1.39 (3 H, m, 2′-H′ and 3′-H2), 1.45–1.52 (1 H, m), 1.71 (1 H,
m), 1.87–2.00 (3 H, m), 2.14 (1 H, m, 1′′-H), 2.19–2.28 (2 H, m,
4-Heq and 1′′-H′), 2.39 (1 H, td, J 13, 3, 1′-H), 2.63 (1 H, t, J 7 Hz,
2-H), 3.67 (3 H, s, OCH3), 3.72 and 3.98 (each 1 H, dd, J 10.5 Hz,
7 Hz, 2-CH), 4.59 (1 H, d, J 7 Hz, 5-H), 5.02–5.09 (2 H, m, 3′′-H2)
and 5.76 (1 H, m, 2′′-H); dC (75 MHz, CDCl3) −5.50, 14.12, 18.20,
23.31, 25.85, 26.89, 27.76, 34.08, 34.60, 36.46, 51.94, 57.39, 59.52,
61.67, 65.20, 66.29, 117.25, 135.37, 154.78 and 211.39; m/z (CI)
424 (M++1, 100%) and 366 (13). Further elution yielded recovered
starting material 64 (6 mg, 26%).


Methyl (1RS,2SR,4RS,5SR)-1-butyl-4-prop-2′-enyl-2-tert-
butyldimethylsilyloxymethyl-3-oxo-8-azabicyclo[3.2.1]-
octane-8-carboxylate 66


Potassium tert-butoxide (28 mg, 0.25 mmol) was added to
the tropanone 65 (32 mg, 0.076 mmol) in dichloromethane
(1.5 cm3) and methanol (0.75 cm3) at ambient temperature. After
36 h, saturated aqueous ammonium chloride was added, and
the mixture extracted with dichloromethane. The organic phase
was dried (Na2SO4) and concentrated under reduced pressure.
Chromatography of the residue using light petroleum–ethyl acetate
(95 : 5) gave the title compound 66 (18 mg, 56%) as a colourless oil.
Found: M+ + H, 424.2884. C23H42NO4Si requires M, 424.2883);
tmax 1708, 1443, 1377, 1257, 1096, 839 and 779 cm−1; dH (500 MHz,
CDCl3) −0.03 and −0.01 (each 3H, s, SiCH3), 0.81 (9 H, s,
C(CH3)3), 0.89 (3 H, t, J 7 Hz, 4′-H3), 1.15–1.39 (4 H, m, 2′-
H2 and 3′-H2), 1.46 (1 H, m), 1.61–1.73 (2 H, m), 1.81–1.91 (2 H,
m), 1.95 and 2.12 (each 1 H, m, 1′-H), 2.55–2.66 (2 H, m, 2-H
and 1′′-H), 2.74 (1 H, dt, J 8.5 Hz, 4.5 Hz, 4-Hax), 3.70 (3 H, s,
OCH3), 3.77 (1 H, t, J 9.5 Hz, 2-CH), 3.92 (1 H, dd, J 10.5 Hz,
6.5 Hz, 2-CH′), 4.46 (1 H, dd, J 7.5 Hz, 4 Hz, 5-H), 5.00–5.09
(2 H, m, 3′′-H2) and 5.78 (1 H, m, 2′′-H); m/z (CI) 424 (M+ + 1,
100%).
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Methyl (1RS,2SR,4RS,5SR)- and (1RS,2RS,4RS,5SR)-1-butyl-
2-hydroxymethyl-4-prop-2′-enyl-3-oxo-8-azabicyclo[3.2.1]octane-
8-carboxylates 67 and 68


Following the procedure outlined for the synthesis of alcohol
40, tert-butyldimethylsilyl ether 65 (17 mg, 0.040 mmol), after
chromatography using light petroleum–ethyl acetate (75 : 25) as
eluent gave the title compound 68 (3 mg, 24%), as a colourless oil.
Found: M+ + H, 310.2015. C17H28NO4 requires M, 310.2018); tmax


3477, 1700, 1443, 1358, 1193 and 1103 cm−1; dH (300 MHz, CDCl3)
0.86 (3 H, t, J 7.5 Hz, 4′-H3), 1.08–1.45 (5 H, m), 1.47–1.61 (2 H,
m), 1.68–1.94 (3 H, m), 2.29 (1 H, m), 2.58–2.69 (2 H, m), 2.88 (1 H,
m, 2-H), 3.74 (3 H, s, OCH3), 3.63–3.81 (2 H, m, 2-CH2), 4.41 (1 H,
dd, J 4.5 Hz, 6 Hz, 5-H), 5.01–5.12 (2 H, m, 3′′-H2) and 5.75 (1 H,
m, 2′′-H); m/z (CI) 327 (M+ + 18, 21%), 311 (20) and 310 (100).
The second eluted product was the title compound 67 (4 mg, 32%),
a colourless oil. Found: M+ + H, 310.2021. C17H28NO4 requires
M, 310.2018); tmax 3460, 1704, 1446 and 1379 cm−1; dH (300 MHz,
CDCl3) 0.91 (3 H, t, J 7, 4′-H3), 1.10–1.43 (4 H, m), 1.51 (1 H,
m), 1.62–1.93 (3 H, m), 1.94–2.06 (2 H, m), 2.30 (1 H, m), 2.45
(1 H, t, J 5 Hz, 2-H), 2.66–2.78 (2 H, m), 3.71 (3 H, s, OCH3),
3.82 (1 H, dd, J 12 Hz, 4, 2-CH), 3.94 (1 H, dd, J 12 Hz, 5.5 Hz,
2-CH′), 4.50 (1 H, dd J 7.5 Hz, 3.5 Hz, 5-H), 5.02–5.11 (2 H, m,
3′′-H2) and 5.76 (1 H, m, 2′′-H); dC (75 MHz, CDCl3) 14.04, 21.74,
23.23, 26.47, 29.78, 33.95, 37.17, 52.54, 54.74, 58.38, 61.21, 63.57,
66.00, 116.72, 128.35, 135.26 and 156.53; m/z (CI) 327 (M++18,
3%), 311 (20) and 310 (100).


Following this procedure, tert-butyldimethylsilyl ether 66
(15 mg, 0.035 mmol) gave the alcohol 68 (2 mg, 18%) then the
more polar alcohol 67 (2 mg, 18%).


Methyl (1RS,2SR,4SR,5SR)-1-butyl-2-tert-butyldimethyl-
silyloxymethyl-4-methoxycarbonyl-methyl-3-oxo-8-
azabicyclo[3.2.1]octane-8-carboxylate 69


Potassium bis(trimethylsilyl)amide (6.5 cm3,15% in tetrahydrofu-
ran, 4.89 mmol) was added to the ketone 64 (350 mg, 0.914 mmol)
in tetrahydrofuran (11 cm3) at −78 ◦C. The mixture was allowed
to warm to 5 ◦C over 90 min, then recooled to −78 ◦C. Methyl
bromoacetate (1.4 cm3, 15.15 mmol) was added and the mixture
warmed to ambient temperature over 2 h. Saturated aqueous
ammonium chloride was added and the mixture extracted with
ethyl acetate. The organic phase was dried (Na2SO4) and con-
centrated under reduced pressure. Chromatography of the residue
using light petroleum–ethyl acetate (95 : 5) gave first recovered
starting material 64 (136 mg, 39%) and then the title compound
69 (244 mg, 58%), as a colourless oil. Found: M+ + H, 456.2774.
C23H42NO6Si requires M, 456.2781); tmax 1743, 1706, 1444, 1381,
1256, 1098 and 838 cm−1; dH (500 MHz, CDCl3) 0.01 and 0.04
(each 3 H, s, SiCH3), 0.84 (9 H, s, C(CH3)3), 0.90 (3 H, t, J 7.5 Hz,
4′-H3), 1.14–1.40 (4 H, m, 2′-C2 and 3′-C2), 1.54 and 1.72 (each
1 H, m), 1.88–2.05 (3 H, m), 2.32 (1 H, dd, J 17.5 Hz, 4 Hz, 4-CH),
2.35 (1 H, m, 1′-H), 2.56–2.63 (2 H, m, 2-H, 4-CH′), 2.77 (1 H,
dd, J 11 Hz, 4 Hz, 4-Heq), 3.61 and 3.69 (each 3 H, s, OCH3), 3.79
(1 H, dd, J 10.5 Hz, 7 Hz, 2-CH), 3.94 (1 H, dd, J 10.5 Hz, 6.5 Hz,
2-CH′) and 4.65 (1 H, d, J 7 Hz, 5-H); dC (75 MHz, CDCl3) −5.59,
−5.51, 14.10, 18.25, 23.28, 25.89, 26.87, 27.34, 33.19, 34.37, 36.50,
51.84, 54.63, 57.25, 61.76, 64.48, 66.14, 154.46, 171.57 and 210.87;
m/z (CI) 473 (M+ + 18, 4%), 457 (36) and 456 (100).


Methyl (1RS,2SR,4RS,5SR)-1-butyl-2-tert-butyldimethyl-
silyloxymethyl-4-methoxycarbonyl-methyl-3-oxo-8-azabicyclo-
[3.2.1]octane-8-carboxylate 70 and methyl (1RS,2RS,4RS,5SR)-
1-butyl-4-methoxycarbonylmethyl-2-methoxymethyl-3-oxo-8-
azabicyclo[3.2.1]octane-8-carboxylate 71


Potassium tert-butoxide (5 mg, 0.045 mmol) was added to the
ketoester 69 (29 mg, 0.064 mmol) in a mixture of dichloromethane
(1.0 cm3) and methanol (0.5 cm3) at ambient temperature. After
24 h, saturated aqueous ammonium chloride was added and the
mixture extracted with dichloromethane. The organic extracts
were dried (Na2SO4) and concentrated under reduced pressure.
Chromatography using light petroleum–ethyl acetate (90 : 10)
gave the title compound 70 (19 mg, 66%), as a colourless oil.
Found: M+ + H, 456.2784. C23H42NO6Si requires M, 456.2781);
tmax 1744, 1709, 1442, 1371, 1256, 1101, 839 and 778 cm−1; dH


(300 MHz, CDCl3) 0.04 and 0.06 (each 3 H, s, SiCH3), 0.87 (9 H,
s, C(CH3)3), 0.93 (3 H, t, J 7 Hz, 4′-H3), 1.15–1.50 (5 H, m), 1.61–
1.84 and 1.87–2.10 (each 2 H, m), 2.13 (1 H, dd, J 16 Hz, 6.5 Hz,
4-CH), 2.31 (1 H, m, 1′-H), 2.66 (1 H, t, J 7 Hz, 2-H), 2.80 (1 H,
dd, J 16.5 Hz, 7 Hz, 4-CH′), 3.25 (1 H, m, 4-Hax), 3.69 and 3.73
(each 3 H, s, OCH3), 3.82 (1 H, dd, J 10.5 Hz, 8 Hz, 2-CH), 3.98
(1 H, dd, J 10.5 Hz, 6 Hz, 2-CH′) and 4.49 (1 H, dd, J 7 Hz,
4.5 Hz, 5-H); dC (75 MHz, CDCl3) −5.58, −5.69, 14.09, 18.21,
22.27, 23.23, 25.82, 26.71, 30.82, 34.33, 36.17, 50.73, 51.83, 52.30,
59.50, 61.06, 64.49, 66.94, 154.57, 172.09 and 208.40; m/z (CI)
473 (M+ + 18, 3%) and 456 (100). The second eluted product was
the title compound 71 (2 mg, 9%), a colourless oil. Found: M+ +
H, 356.2076. C18H30NO6 requires M, 356.2073; tmax 1740, 1706,
1441, 1359 and 1119 cm−1; dH (300 MHz, CDCl3) 0.96 (3 H, t, J
7 Hz, 4′-H3), 1.23–1.61 (6 H, m), 1.76–1.96 (3 H, m), 2.13 (1 H,
dd, J 16.5 Hz, 5.5 Hz, 4-CH), 2.46 (1 H, m, 1′-H), 2.81 (1 H, dd,
J 16.5 Hz, 8 Hz, 4-CH′), 2.95 (1 H, m, 2-H), 3.14–3.24 (1 H, m,
4-H), 3.34 (3 H, s, OCH3), 3.63 (1 H, dd, J 10 Hz, 3.5 Hz, 2-CH),
3.72 (1 H, m, 2-CH′), 3.74 and 3.81 (each 3 H, s, CO2CH3) and
4.44 (1 H, t, J 5.5 Hz, 5-H); dC (75 MHz, CDCl3) 14.20, 23.12,
23.50, 25.27, 30.97, 31.12, 34.26, 51.22, 51.92, 52.59, 59.09, 60.78,
67.21, 67.84, 77.24, 155.11, 172.23 and 206.68; m/z (CI) 355 (M+,
1.5%), 182 (82) and 181 (100).


Methyl (1RS,2SR,3RS,4RS,5SR)-1-butyl-2-tert-butyldimethyl-
silyloxymethyl-3-hydroxy-4-methoxy-carbonylmethyl-
8-azabicyclo[3.2.1]octane-8-carboxylate 72


Following the procedure outlined for the reduction of ketone 21,
ketone 70 (65 mg, 0.143 mmol), after chromatography using light
petroleum–ethyl acetate (90:10) as eluent gave the title compound
72 (48 mg, 74%), as a colourless oil. Found: M+ + H, 458.2934.
C23H44NO6Si requires M, 458.2938; tmax 3471, 1741, 1710, 1684,
1448, 1385, 1254, 1100 and 838 cm−1; dH (500 MHz, CDCl3) 0.00
and 0.02 (each 3 H, s, SiCH3), 0.85 (9 H, s, C(CH3)3), 0.90 (3 H,
t, J 7 Hz, 4′-H3), 1.17–1.39 (4 H, m, 2′-H2 and 3′-H2), 1.61 (1 H,
m, 6-H), 1.70 (1 H, m, 1′-H), 1.76 (1 H, td, J 12.5 Hz, 3.5 Hz),
1.95–2.04 (2 H, m), 2.10 (1 H, d, J 4 Hz, OH), 2.27 (1 H, m, 4-H),
2.32–2.48 (3 H, m, 7-H, 1′-H′ and 4-CH), 2.54 (1 H, dd, J 15,
11, 4-CH′), 3.26 (1 H, t, J 10.5 Hz, 2-CH), 3.60 and 3.67 (each
3 H, s, OCH3), 3.91 (1 H, dd, J 11 Hz, 4 Hz, 2-CH′), 4.07 (1 H,
dd, J 7.5 Hz, 2.5 Hz, 5-H) and 4.18 (1 H, t, J 4 Hz, 3-H); dC


(75 MHz, CDCl3) −5.42, −5.39, 14.14, 18.25, 21.82, 23.43, 25.92,
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26.93, 33.87, 35.44, 36.22, 38.14, 51.81, 53.44, 53.98, 59.61, 61.15,
64.67, 67.89, 154.49 and 173.27; m/z (CI) 475 (M+ + 18, 3%), 460
(7), 459 (26) and 458 (100).


Methyl (1RS,2SR,3RS,7RS,8RS)-1-butyl-2-hydroxymethyl-5-
oxo-4-oxa-11-azatricyclo[6.2.1.03,7]-undecane-11-carboxylate 73


Following the procedure outlined for deprotection of the silyl ether
39, silyl ether 72 (7 mg, 0.015 mmol), after chromatography using
light petroleum–ethyl acetate (50 : 50) as eluent, gave the title
compound 73 (4 mg, 84%) as a colourless oil. Found: M+ + H,
312.1808. C16H26NO5 requires M, 312.1811; tmax 3472, 1778, 1760,
1705, 1686, 1448, 1383, 1190, 1160 and 1042 cm−1; dH (500 MHz,
CDCl3) 0.92 (3 H, t, J 7.5 Hz, 4′-H3), 1.15–1.43 (4 H, m, 2′-H2 and
3′-H2), 1.54 (1 H, ddd, J 13.5 Hz, 10 Hz, 3.5 Hz), 1.75–1.89 (2 H,
m), 1.94–2.10 (2 H, m), 2.16 (1 H, t, J 3.5 Hz, 2-H), 2.25 (1 H, d,
J 18 Hz, 6-H), 2.40 (1 H, m, 1′-H′), 2.69–2.82 (3 H, m), 3.64 (3 H,
s, OCH3), 3.69 (1 H, m, 2-CH), 3.95 (1 H, dt, J 12.5 Hz, 4.5 Hz, 2-
CH′), 4.28 (1 H, dd, J 8 Hz, 5.5 Hz, 8-H) and 4.73 (1 H, d, J 5.5 Hz,
3-H); dC (75 MHz, CDCl3) 14.08, 21.24, 23.28, 26.31, 33.41, 34.90,
36.22, 37.67, 47.51, 52.43, 58.09, 61.74, 63.78, 81.65, 155.30 and
176.23; m/z (EI) 311 (M+, 17%), 269 (45) and 182 (100).


Methyl (1RS,2SR,3RS,7RS,8RS)-2-acetoxymethyl-1-butyl-5-
oxo-4-oxa-11-azatricyclo[6.2.1.03,7]-undecane-11-carboxylate 74


Following the procedure outlined for the acetylation of alcohol
44, the alcohol 73 (4.5 mg, 0.014 mmol), after chromatography
using light petroleum–ethyl acetate (65 : 35) as eluent, gave the
title compound 74 (3.5 mg, 69%) as a colourless oil. Found: M+,
353.1829. C18H27NO6 requires M, 353.1838; tmax 1782, 1741, 1705,
1446, 1380, 1238, 1189, 1163 and 1038 cm−1; dH (500 MHz, CDCl3)
0.91 (3 H, t, J 7 Hz, 4′-H3), 1.21 (1 H, m, 2′-H), 1.30–1.39 (3 H, m,
2′-H and 3′-H2), 1.54 (1 H, m), 1.73–1.87 (2 H, m, 9-H and 1′-H),
1.95 (1 H, td, J 13 Hz, 3 Hz), 2.04 (3 H, s, CH3CO), 2.13 (1 H,
ddd, J 16 Hz, 9.5 Hz, 6.5 Hz), 2.29 (1 H, d, J 18 Hz, 6-H), 2.44
(1 H, dd, J 9 Hz, 3.5 Hz, 2-H), 2.43 (1 H, m, 1′-H), 2.72 (1 H, dd,
J 18 Hz, 8 Hz, 6-H′), 2.86 (1 H, m, 7-H), 3.63 (3 H, s, OCH3), 3.93
(1 H, dd, J 12 Hz, 9 Hz, 2-CH), 4.30 (1 H, t, J 6 Hz, 8-H), 4.43
(1 H, dd, J 12 Hz, 4 Hz, 2-CH′) and 4.57 (1 H, d, J 5.5 Hz, 3-H);
m/z (EI) 354 (M+ + 1, 5%), 353 (9), 311 (17), 183 (19), 182 (100)
and 181 (85).


Methyl (1RS,2SR,3RS,7RS,8RS)-1-butyl-2-iodomethyl-5-oxo-4-
oxa-11-azatricyclo[6.2.1.03,7]undecane-11-carboxylate 75


Following the procedure outlined for the preparation of iodide
38, the alcohol 73 (12 mg, 0.039 mmol), after chromatography
using light petroleum–ethyl acetate (85 : 15) as eluent gave the
title compound 75 (13 mg, 80%) as colourless oil. Found: M+ +
H, 422.0824. C16H25INO4 requires M, 422.0828); tmax 1782, 1701,
1443, 1379, 1188, 1162 and 985 cm−1; dH (500 MHz, CDCl3) 0.93
(3 H, t, J 7.2 Hz, 4′-H3), 1.16–1.42 (4 H, m, 2′-H2 and 3′-H2), 1.52
(1 H, m), 1.72–1.87 (2 H, m, 9-H and 1′-H), 1.94 (1 H, td, J 13 Hz,
3 Hz), 2.13 (1 H, ddd, J 16 Hz, 9.5 Hz, 6.5 Hz), 2.29 (1 H, d, J
18 Hz, 6-H), 2.43–2.55 (1 H, m), 2.48 (1 H, dd, J 11.5 Hz, 2 Hz),
2.68–2.77 (2 H, m, 2-CH and 6-H), 2.85 (1 H, m 7-H), 3.63 (3 H,
s, OCH3), 3.74 (1 H, dd, J 10.5 Hz, 2 Hz, 2-CH′), 4.29 (1 H, t, J
6.5 Hz, 8-H) and 4.75 (1 H, d, J 5.5 Hz, 3-H); m/z (EI) 422 (M+ +
1, 1%), 294 (80) and 182 (100).


Crystal data for 22‡


C20H24Cl3NO5S, colourless, acicular, m.p. 144–145 ◦C, crystal
dimensions 0.550 × 0.150 × 0.010 mm, monoclinic, a = 10.716(1),
b = 20.066(2), c = 10.835(1) Å, b = 91.767(9)◦, U = 2328.8(4) Å3,
space group P21/c (No. 14), Z = 4, F(000) = 1032. x/2h scans
of (1.21 + 0.30 tanh)◦ were made at a speed of 16.0◦ min−1 at
296 ± 1 K; 2963 reflections were collected with 0◦ < 2h < 120.2◦;
of these 2804 were unique and had I > 3.0r(I), and were used
in the analysis. The data were collected on a Rigaku AFC5R
diffractometer using graphite monochromated Cu Ka radiation.
Lorentz, polarisation and linear intensity drift (maximum 13.0%)
corrections were applied. The structure was solved by direct
methods. The refinement converged with R = 0.077, Rx = 0.078.
All calculations were performed using the TEXSAN crystallo-
graphic software package of the Molecular Structure Corporation
(1985). Atomic coordinates, bond lengths and angles, and thermal
parameters have been deposited at the CCDC‡.
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The 1-oxaspiro[2.5]octane moiety is a common motif in many biologically active spiroepoxide
compounds. Stereochemistry plays an important role in the action of these spiroepoxides, since the
O-axial C3 epimers are predominantly responsible for biological activity. In view of this, the reactivity
of the yeast epoxide hydrolase (YEH) from Rhodotorula glutinis towards both O-axial and O-equatorial
C3 epimers of various 1-oxaspiro[2.5]octanes was investigated. O-axial C3 Epimers were hydrolyzed
faster than the O-equatorial C3 epimers. The stereochemical preference was greatly dependent on the
type of substitution on the cyclohexane ring. The preference of YEH for O-axial C3 epimers, found
throughout this study, illustrates the effectiveness of YEH in enzymatic detoxification of spiroepoxides.


Introduction


Many natural products and synthetic drugs are biologically active
through the covalent modification of proteins.1,2 The biologically
active compounds possess reactive groups which are able to
selectively label and inactivate specific proteins. A prominent
example of such reactive groups is the electrophilic spiroepoxide
moiety which is present in various fungal toxins and synthetic
derivatives thereof. Spiroepoxides in most cases are highly reactive
due to the spiro attachment of the epoxide which makes this
group easy accessible and thus sensitive for nucleophilic ring
opening.3 Common spiroepoxide motifs in fungal toxins are the
1-oxaspiro[2.5]octane and corresponding spiro-epoxypyranose
functionalities which are present in fumagillin-related toxins and
in the group of luminacins, respectively (Scheme 1).4–6


Luminacins as well as fumagillin-related toxins show, besides
their antibiotic activities, a remarkable inhibition of endothe-
lial cell growth and subsequently selectively block angiogenesis
(formation of new blood vessels).7 Inhibition of tumor-induced
angiogenesis has a great therapeutic potential for the treatment
of a variety of cancers. The spiroepoxide-containing fungal toxins
have therefore inspired synthetic chemists to prepare numerous
derivatives of fumagillin.8


For the fumagillin molecule, it was found that two stable
conformers of the cyclohexane ring may exist. In the dominant
form of fumagillin (and related fungal toxins), the cyclohexane ring
adopts a conformation in which the position of the spiroepoxide
oxygen is (pseudo) axial. It is also this conformation which
is to be necessary for biological activity, since the opposite
conformer is by far less active.4 Similar stereoselectivity had been
observed in experiments using a synthetic thioureido derivative
of fumagillin, showing only weak anti-angiogenic activity due
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Scheme 1 Spiroepoxide-containing fungal toxins.


to an opposite chair conformation of the cyclohexane ring (and
equatorial position of the spiroepoxide oxygen).9


The question arises whether Nature’s defence mechanism is
active against spiroepoxide containing compounds and what role
stereochemistry plays in such detoxification reactions. In order
to study this, epoxide hydrolase should be the enzyme to focus
on. Enzymatic hydrolysis of 1-oxaspiro[2.5]octane compounds
has been reported for epoxide hydrolases from Mycobacterium
aurum, mammalian rabbit liver, fungal strains of Ulocladium and
Zopfiella, and the enzyme from Rhodotorula glutinis which was
over expressed in recombinant E. coli.10 More recently, we used the
yeast epoxide hydrolase (YEH) in wild-type cells of Rhodotorula
glutinis ATCC 201718 for the kinetic resolution of a range of
methyl substituted 1-oxaspiro[2.5]octanes.11 In that study, we
found a preference of the YEH enzyme for Re substituted and for
O-axial spiroepoxide substrates. The observed epimeric preference
of YEH could however be influenced by equilibria of C3-epimeric
conformers of the conformationally inhomogeneous mono methyl
1-oxaspiro[2.5]octanes which were used as substrates.
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1-Oxaspiro[2.5]octane is a conformationally mobile compound
which is rapidly interconverting between two different chair
conformations (Scheme 2).12 A small enthalpy difference of
0.13 kcal mol−1 in favor for the O-axial epimer has been reported,
which corresponds to a 55 : 45 O-axial–O-equatorial ratio at room
temperature.13


Scheme 2 Conformational equilibrium of 1-oxaspiro[2.5]octane.13


Conformational equilibria can thus influence the stereoselec-
tivities and substrate specificities of epoxide hydrolases in the
conversion of C3 epimeric 1-oxaspiro[2.5]octanes. In the present
study, we therefore prepared conformationally homogeneous
C3 epimers of 1-oxaspiro[2.5]octanes with different substitution
patterns, and tested these compounds as substrates for YEH
(Scheme 3).


Scheme 3 1-Oxaspiro[2.5]octanes used as YEH substrates in this study.


Results and discussion


Synthesis of spiroepoxide epimers


Epimeric mixtures of 1-oxaspiro[2.5]octanes 1–2a–d were pre-
pared by sulfur ylide epoxidation with the dimethyl sulfonium
ylide of the corresponding cyclohexanones as described before.10


Epimers of 1a–2a were indistinguishable under the experimental
conditions and therefore the 1a–2a mixture was used as the YEH
substrate. For separation of the C3 epimers of substrates 1–2b–
e, we increased their difference in polarity via conversion to the
corresponding b-bromohydrins (Scheme 4). For this, magnesium
perchlorate-catalyzed ring opening with ammonium bromide of


Scheme 4 Synthesis of spiroepoxide C3 epimers.


the spiroepoxides was performed.14 The b-bromohydrins were
subsequently purified by column chromatography and isolated
as pure epimers. Spiroepoxide epimers were eventually obtained
by base-catalyzed ring closure of the individual b-bromohydrins
using concentrated NaOH.15


Preparation of C3 epimeric mixtures of 1e–2e appeared un-
successful by sulfur ylide epoxidation using dimethyl sulfonium
ylide. Due to increased steric effects, the O-axial C3 epimer
1e was formed exclusively in all experiments.16 We therefore
prepared the mixture 1e–2e in an alternative way, starting from the
conversion of 3,3,5-trimethylcyclohexanone to 3,3,5-trimethyl-1-
methylenecyclohexane by a Wittig reaction.17 Subsequent epoxi-
dation by using mCPBA gave the corresponding spiroepoxides as
an 1 : 2 mixture of 1e–2e. Purification and isolation of the pure
C3 epimers 1e and 2e took place as described for spiroepoxides
1–2b–d (Scheme 4)


Substrate binding in the YEH active site


The YEH of Rhodotorula glutinis has been characterized as an a/b
hydrolase fold enzyme, being a member of the microsomal EH
superfamily.18 Substrate docking in the active site of a/b hydrolase
fold epoxide hydrolases is known to be initiated by hydrogen
bonding with two conserved Tyr residues.19 Epoxide substrates
are thereby positioned and activated for nucleophilic attack by a
catalytic Asp residue. A two-step mechanism is generally accepted
for this group of a/b hydrolase fold enzymes.20 For the YEH of
Rhodotorula glutinis, the catalytic triad has been determined as
Asp190 (nucleophile), Glu359 (charge relay acidic residue) and
His385 (general base).21 Proton donation to the epoxide oxygen is
performed by Tyr262 and Tyr331, respectively.
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Based on this information, orientations of spiroepoxide C3
epimers in the YEH active site are proposed and shown in
Scheme 5. In the depicted substrate bindings, the epoxide moieties
are similarly oriented for most optimum binding with the two
Tyr residues, resulting in a different spatial orientation of the
connected cyclohexane rings. Consistent regio- and enantioselec-
tivities of YEH in the hydrolysis of racemic 1-oxaspiro[2.5]octanes
have been explained by the proposed binding conformations and
were described in a previous study.11


Scheme 5 Proposed binding of spiroepoxide C3 epimers in the active site
of the YEH enzyme.


Mono-substituted spiroepoxide substrates


Enzymatic hydrolysis of spiroepoxides was studied with YEH-
containing cells of wild-type Rhodotorula glutinis ATCC 201718.
In this way, the membrane associated YEH enzyme was still
present in its physiological surroundings for optimum perfor-
mance. For substrates 1b and 2b, a preference for the O-axial
C3 epimer 1b had already been observed in the hydrolysis of
a 4 : 6 epimeric mixture in a previous study.11 In the present


study, equal initial concentrations of epimers 1b and 2b were used
in separate reactions, in order to exclude a previously observed
sequential reaction profile due to mutual competition of epimers.
Determination of the individual initial reaction rates is more
accurate in this way. The time courses of the YEH-catalyzed
hydrolysis of individual C3 epimers of 1b and of 2b are shown
in Fig. 1.


Fig. 1 Time courses of biohydrolysis of 200 lmol O-axial 1b (�) and
of 200 lmol O-equatorial 2b (�) by YEH-containing cells of Rhodotorula
glutinis (103.9 mg dw and 196.7 mg dw, respectively).


A clear, but nevertheless not absolute, preference for O-axial
substrate 1b can be concluded from the results shown in Fig. 1.
However, mono methyl substituted substrates like 1b and 2b are
conformationally mobile compounds which will interconvert to
their opposite chair conformers (Scheme 6). For equilibria in
aqueous solution at room temperature between 1b and 1b′ and
between 2b and 2b′, free energy differences −DG were reported as


Scheme 6 Proposed contribution of conformational equilibria to the enzymatic hydrolysis of spiroepoxides 1a, 2a, 1b and 2b.
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1.84 and 1.55 kcal mol−1 respectively.22 These values correspond
with opposite conformer populations of 4% for 1b′ and 7% for
2b′. In Scheme 6, a possible contribution of conformational
equilibria in the YEH-catalyzed hydrolysis of substrates 1b and
2b is schematically depicted.


The phenomenon can play a role in the biohydrolysis of the
non-preferred O-equatorial spiroepoxide 2b, and will be of less
significance in the hydrolysis of 1b. Enzymatic hydrolysis of 2b
can proceed in a direct way, and/or indirectly via its opposite
conformer 2b′ which in that case can be recognized by YEH
as an O-axial substrate. However, if YEH would only be able
to hydrolyze exclusively O-axial substrates like 1b and 2b′, a
much lower (overall) reaction rate for 2b should be observed
and consequently a higher stereoselectivity. This is based on the
given free energy differences for equilibria of 1b–1b′ and 2b–
2b′, and expected comparable reaction rates for the structurally
corresponding compounds 1b and 2b′. Only a possible small
contribution by hydrolysis of the opposite chair conformer 2b′


to the overall reaction rate of O-equatorial substrate 2b can
thus be concluded from our experiments. Analysis of the formed
diols will not assist to unravel to what extend 2b and 2b′ are
converted by YEH, due to the equilibrium between diols 4b and
4b′. We therefore continued our study with the biohydrolysis of
conformational homogeneous substrates 1c and 2c.


Determination of the intrinsic stereochemical preference of
YEH for hydrolysis of substrates 1c and 2c was not hampered
by interconversion of these epimers to their opposite chair
conformers, due to the bulky tert-butyl substituent present.23


Interestingly, all experiments demonstrated a nearly absolute
preference for the O-axial C3 epimer 1c. Even in cases of raising the
amount of biocatalyst and simultaneously lowering the substrate
concentration there was almost no conversion of 2c. Due to
increased steric effects of the tert-butyl substituent, and blocked
interconversion of 2c to its opposite conformer, YEH appeared
not to be able to hydrolyze this O-equatorial spiroepoxide in a
direct nor indirect way.


YEH-catalyzed hydrolyzes of all individual epimeric substrates
were followed in detail by direct headspace analysis and the initial
reaction rates could be determined accurately in this way. Initial
reaction rates for the biohydrolysis of all substrates tested in this
study are summarized in Fig. 2.


From the results shown in Fig. 2 it is clear that increase of ring
substitution caused lowering of activities for the substrates tested.
The specific activity for the non-substituted compound 1a–2a is
high, due to (i) smallest steric effects by substrate docking in the
tunnel-shaped active site cavity of YEH, and, to a lesser extend,
(ii) rapid conversion of O-equatorial 2a to the more preferred
O-axial 1a (Schemes 2 and 6).


Methyl substitution at C6 causes only a small decrease in specific
activity for substrate 1b. For O-equatorial epimer 2b, the activity
is significantly lower but still moderate. Increased steric effects
are caused by tert-butyl substitution at C6, resulting in a further
decrease of specific activity for O-axial substrate 1c, and moreover,
an almost absolute preference for this epimer.


Di- and trimethyl-substituted spiroepoxides


Spiroepoxide substrates with different substitution patterns were
accordingly prepared and tested. cis-3,5-Disubstituted cyclo-


Fig. 2 Effect of ring substitution on the activity of YEH-contain-
ing cells of Rhodotorula glutinis for the individual C3 epimers of
1-oxaspiro[2.5]octanes.


hexane compounds are generally accepted as conformation-
ally homogeneous.24 For the present study, the conformation-
ally homogeneous epimers 1d and 2d of cis-5,7-dimethyl-1-
oxaspiro[2.5]octane should be the ideal substrates: no intercon-
version of conformers and no extreme bulky substituents reducing
the activity too much. An absolute preference of YEH for O-axial
1d was therefore expected. However, substrates 1d as well as 2d
were found to be hydrolyzed by the enzyme (Fig. 3).


Fig. 3 Time courses of hydrolysis of 200 lmol O-axial 1d (�) and of
200 lmol O-equatorial 2d (�) by YEH-containing cells of Rhodotorula
glutinis (602.8 mg dw and 583.2 mg dw, respectively).


Although the O-axial C3 epimer 1d was still hydrolyzed much
more rapidly, there was only moderate stereoselectivity observed in
this case. Apparently, substrates 1d and 2d can be accommodated
in the YEH active site with less difference in spatial requirements.


The influence of axial substituents on the cyclohexane ring
was studied by YEH-catalyzed hydrolysis of spiroepoxides 1e
and 2e. Each single C3 epimer of 1e–2e can be regarded as a
conformationally homogeneous compound but still consisting
of a pair of enantiomers. Stereochemical preferences of YEH
will therefore include enantiomeric discrimination as well. For
substrate 1e, a preference for the (3S,7R)-1e enantiomer had
already been described in a previous study.11 Time courses of
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the presently investigated enzymatic hydrolysis reactions of the
individual C3 epimers 1e and 2e are presented in Fig. 4.


Fig. 4 Time courses of hydrolysis of 50 lmol O-axial 1e and of 50 lmol
O-equatorial 2e by YEH-containing cells of Rhodotorula glutinis (550.7 mg
dw and 561.6 mg dw, respectively). The four enantiomers are represented
as: (3S,7R)-1e (�), (3R,7S)-1e (�), (3R,7R)-2e (�) and (3S,7S)-2e (♦).


A high preference for the O-axial substrate 1e can be concluded
from results presented in Fig. 4. Moreover, an enantioselective
hydrolysis in favor of the (3S,7R)-1e enantiomer is shown. When
compared to the activity for substrate 1d, we found a much
lower activity for 1e, caused by the axial methyl substituent on
the cyclohexane ring (Scheme 7). The steric effect apparently is
so considerable that it even generated a change in the general
enantioselectivity as observed for other spiroepoxide substrates.11


No suitable accommodation of O-equatorial 2e seemed possible
due to hindrance of the axial methyl substituent.


Comparison of the spatial orientations of the tested substrates
is shown in Scheme 7. For catalytic activity, the orientation and
substitution pattern of O-axial substrate 1b can be regarded as
being most optimal. Deviations in either substrate substitution
or orientation will cause a decrease in catalytic activity by
YEH. Spiroepoxides 2c and 2e were not hydrolyzed by the enzyme,
so apparently their spatial requirements exceed the tunnel-shaped
substrate binding area. Also the acceptance of both the cis-
5,7-disubstituted C3 epimers 1d and 2d but nevertheless clear


preference for 1d, can accordingly be understood due to their
relatively smaller ‘steric volume’ than 2c and 2e.


Conclusions


Most epoxide hydrolases belong to the a/b hydrolase fold family of
enzymes and are ubiquitous in Nature. For studying spiroepoxide
hydrolysis, the yeast epoxide hydrolase (YEH) is an appropriate
representative of the a/b hydrolase fold epoxide hydrolases. We
used YEH-containing cells of Rhodotorula glutinis ATCC 201718
to investigate the degree of stereochemical recognition in the
hydrolysis of spiroepoxide substrates.


Throughout this study, we found a consistent preference for
O-axial spiroepoxides by YEH. We described the proposed
orientations of spiroepoxides in the YEH active site and took into
account that O-equatorial C3 epimers of conformationally mobile
spiroepoxides could possibly be hydrolyzed via their O-axial
opposite chair conformers. For spiroepoxide substrate 6-methyl 1-
oxaspiro[2.5]octane, we looked at this phenomenon in more detail.
We found a still moderate activity for the O-equatorial C3 epimer
which was predominantly caused by the moderate stereoselectivity
of the enzyme and to a much lesser extend by hydrolysis of the O-
axial opposite chair conformer. This makes contribution of the
latter phenomenon to the hydrolysis of conformationally mobile
substrates quite unlikely.


Conformationally homogeneous C3 epimers were prepared and
used as substrates to determine the intrinsic stereoselectivity of the
YEH enzyme. Substrate binding after possible interconversion of
conformers will be excluded in this way. We found an almost
absolute preference for the O-axial C3 epimers of tert-butyl
and trimethyl substituted spiroepoxides. High, but no absolute
stereoselectivity was observed in the biohydrolysis of cis-5,7-
dimethyl substituted substrates. The latter substitution pattern
apparently caused a less distinctive orientation of C3 epimers in
the YEH active site.


Nature has developed the constitutively present epoxide hy-
drolases for enzymatic detoxification. Based on our experiments,
it is likely that the natural substrate for YEH is an O-axial
spiroepoxide, possibly a fungal toxin of the fumagillin type.
Since the mammalian microsomal epoxide hydrolase shows a
very close sequence similarity to YEH,21,25 the present study
supplies useful information for further development of drug design
for the treatment of tumor-induced angiogenesis based on the


Scheme 7 Proposed accommodations for catalytic activity of substituted spiroepoxides in the YEH active site. Steric differences caused by substrate
docking of the spiroepoxide C3 epimers are shown in comparison to the most optimal spatial orientation of O-axial substrate 1b. For spiroepoxides
1e and 2e, only the accepted enantiomer (3S,7R)-1e and the correspondingly substituted (in proposed binding conformation) C3 epimer (3S,7S)-2e are
shown.
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1-oxaspiro[2.5]octane scaffold, and subsequent metabolic studies
of these compounds.


Experimental


General experimental procedures


Analyses of the epimers of all used spiroepoxides and the
enantiomers of 1e and 2e, ketones, bromohydrins and diols were
performed by gas chromatography (GC) on a b-DEX 120 fused
silica cyclodextrin capillary column, with either H2 or N2 as
carrier gas. Concentrations of spiroepoxides and diols were derived
from calibration curves in the presence of heat-killed cells of
Rhodotorula glutinis in order to correct for possible adsorption
of compounds to the cells and any spontaneous hydrolysis.


Molecular formula assignment was performed by HRMS analy-
sis. Combustion elemental analysis appeared not to be appropriate
for molecular formula assignment of the volatile spiroepoxides
used in this study. HRMS data were consistent and in agreement
with values calculated for the expected structures.


All reagents were obtained from commercial sources and used
without further purification. The yeast Rhodotorula glutinis ATCC
201718 was originally obtained from the culture collection of the
Dept. of Industrial Microbiology WU, and previously referred to
as Rhodotorula glutinis CIMW 147.


1-Oxaspiro[2.5]octane (1a–2a)


Spiroepoxide substrate 1a–2a was prepared as follows. To a clear
yellow solution of trimethylsulfonium iodide (16.6 g, 81 mmol) in
150 mL dry DMSO was added 5.9 g (50 mmol) cyclohexanone
with stirring. The mixture was brought under N2 atmosphere
and a solution of potassium tert-butoxide (8.5 g, 75 mmol) in
100 mL dry DMSO was slowly added. The resulting solution was
stirred at room temperature for 16 hours under N2. The reaction
was quenched by addition of water (300 mL), and extracted with
diethyl ether (3 × 100 mL). Combined organic layers were washed
with water (100 mL), dried over Na2SO4, and concentrated under
reduced pressure.


1-Oxaspiro[2.5]octane was obtained in an indistinguishable
mixture of 1a–2a (4.5 g, 89%) as a colorless liquid. dH (300 MHz,
CDCl3) 1.44–1.68 (8 H, m), 1.66–1.68 (2 H, m), 2.52 (2 H, s); dC


(75 MHz, CDCl3) 24.8 (2 × CH2), 25.2 (CH2), 33.6 (2 × CH2),
54.4 (CH2), 58.9 (C); m/z (EI) 112.0882 (M+, 46%, C7H12O requires
112.0888), 41 (52%), 54 (64), 67 (88), 84 (100), 97 (59), 111 (73).


O-ax 6-Methyl-1-oxaspiro[2.5]octane (1b). General synthetic
procedure for stereochemically pure spiroepoxide substrates


Spiroepoxide substrates 1b and 2b were prepared via base-
catalyzed ring closure of their corresponding b-bromohydrins,
obtained by conversion of a synthesized spiroepoxide mixture 1b–
2b and subsequent purification by column chromatography.


For synthesis of spiroepoxide mixture 1b–2b, trimethylsul-
fonium iodide (31.0 g, 151 mmol) was dissolved in 150 mL
dry DMSO and subsequently 10.1 g (90 mmol) 4-methylcyclo-
hexanone was added with stirring at room temperature. The
mixture was brought under N2 atmosphere and a solution of
potassium tert-butoxide (15.8 g, 158 mmol) in 100 mL dry DMSO
was slowly added. The resulting solution was stirred at room


temperature for 16 hours under N2. The reaction was quenched
by addition of water (300 mL), and extracted with diethyl ether
(3 × 100 mL). Combined organic layers were washed with water
(100 mL), dried over Na2SO4, and concentrated under reduced
pressure. The resulting spiroepoxides were obtained in 90% yield
as a colorless liquid (10.2 g) in an epimeric mixture of 1b (40%)–2b
(60%).


For conversion to their corresponding b-bromohydrins, 10.2 g
(81 mmol) spiroepoxide mixture 1b–2b was dissolved in 75 mL
acetonitrile. To this solution, 26.8 g (120 mmol) Mg(ClO4)2 and
11.7 g (120 mmol) NH4Br were added. The mixture was stirred
at 65 ◦C under reflux for 28 hours. After cooling to room
temperature, the reaction was quenched by addition of 75 mL
water and the product extracted with diethyl ether (3 × 100 mL).
Combined organic layers were washed with water (100 mL), dried
over Na2SO4, and concentrated under reduced pressure. The b-
bromohydrins of 1-bromomethyl-4-methyl-1-cyclohexanol were
obtained in 78% yield as a yellow oil (8.0 g) in a mixture of OH-ax
4b (40%)–OH-eq 5b (60%).


Purification of the individual b-bromohydrin epimers was by
careful chromatography on silica gel with petroleum ether (bp 40–
60 ◦C)–diethyl ether (2 : 1) pooling only the very pure fractions,
followed by concentration under reduced pressure. In this way,
stereochemically pure OH-ax 4b was isolated as a yellow oil: de
>98%; yield 19% (1.5 g). dH (300 MHz, CDCl3) 0.91 (3 H, d), 1.27–
1.38 (5 H, m), 1.53 (2 H, d), 1.77 (2 H, d), 1.91 (1 H, s, broad),
3.41 (2 H, s); dC (75 MHz, CDCl3) 21.9 (CH3), 30.0 (2 × CH2),
32.2 (CH), 35.2 (2 × CH2), 47.4 (CH2), 69.2 (C).


For subsequent conversion of the b-bromohydrin towards the
corresponding spiroepoxide, 1.5 g (7.0 mmol) OH-ax 4b was
dissolved in 50 mL of a water–isopropanol (2 : 3) mixture. The
solution was stirred at room temperature and 1.5 mL 0.1 M NaOH
solution (1 eq) was added dropwise. After stirring for 1 hour, the
formed spiroepoxide was extracted with pentane (3 × 50 mL). The
combined organic layers were washed with water (3 × 50 mL),
dried over Na2SO4 and concentrated under reduced pressure.


Spiroepoxide O-ax 1b was obtained as a colorless liquid: de
>98%; overall yield 8% (0.8 g) from the starting ketone. dH


(300 MHz, CDCl3) 0.88 (3 H, d), 1.16–1.31 (4 H, m), 1.39 (1 H, m),
1.60–1.63 (2 H, m), 1.74–1.83 (2 H, m), 2.55 (2 H, s); dC (75 MHz,
CDCl3) 21.9 (CH3), 31.2 (CH), 32.2 (2 × CH2), 32.5 (2 × CH2),
53.7 (CH2), 57.9 (C); m/z (EI) 126.1043 (M+, 3%, C8H14O requires
126.1045), 43 (11%), 54 (11), 55 (16), 67 (6), 81 (15), 84 (100),
97 (4), 111 (21).


O-eq 6-Methyl-1-oxaspiro[2.5]octane (2b)


Spiroepoxide substrate 2b was prepared from its corresponding
b-bromohydrin OH-eq 5b, which was isolated by the procedure
as described for OH-ax 4b. Stereochemically pure OH-eq 5b was
accordingly isolated as a yellow oil: de >98%; yield 16% (1.3 g).
dH (200 MHz, CDCl3) 0.89 (3 H, d), 1.44–1.56 (3 H, m), 1.62–1.72
(4 H, m), 1.81–1.89 (2 H, m), 2.19 (1 H, s, broad), 3.59 (2 H, s);
dC (50 MHz, CDCl3) 21.0 (CH3), 31.2 (2 × CH2), 31.3 (CH), 35.3
(2 × CH2), 43.9 (CH2), 70.3 (C).


For conversion of the b-bromohydrin towards the correspond-
ing spiroepoxide, 1.3 g (6.4 mmol) OH-eq 5b was submitted to the
base-catalyzed ring closure reaction as described.
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Spiroepoxide O-eq 2b was accordingly obtained as a colorless
liquid: de >98%; overall yield 7% (0.8 g). dH (300 MHz, CDCl3)
0.88 (3 H, d), 1.03–1.16 (2 H, m), 1.20–1.25 (2 H, m), 1.34–1.50
(1 H, m), 1.73–1.82 (4 H, m), 2.50 (2 H, s); dC (75 MHz, CDCl3)
21.5 (CH3), 31.4 (CH), 33.1 (2 × CH2), 33.8 (2 × CH2), 54.7 (CH2),
59.3 (C); m/z (EI) 126.1044 (M+, 4%, C8H14O requires 126.1045),
43 (14%), 54 (16), 55 (21), 81 (20), 84 (100), 97 (7), 111 (26).


O-ax 6-tert-Butyl-1-oxaspiro[2.5]octane (1c)


Substrate 1c was prepared according to the procedure described
for compound 1b. The starting spiroepoxides 1c–2c were syn-
thesized by epoxidation of 4-tert-butylcyclohexanone (13.9 g,
90 mmol) using trimethylsulfonium iodide (31.0 g) and obtained
in 87% yield as a colorless liquid (13.5 g), in an epimeric mixture
of 1c (38%)–2c (62%).


From mixture 1c–2c (13.5 g, 80 mmol), the corresponding b-
bromohydrins were obtained in 89% yield as a yellow oil, as
a mixture of OH-ax 4c (42%)–OH-eq 5c (58%). Purification by
chromatography on silica gel with petroleum ether (bp 40–60 ◦C)–
diethyl ether (2 : 1) resulted in stereochemically pure OH-ax 4c as
a yellow oil: de = 97%; yield 13% (1.8 g). dH (300 MHz, CDCl3)
0.88 (9 H, s), 0.92–0.98 (1 H, m), 1.26–1.44 (4 H, m), 1.62–1.65
(2 H, m), 1.83–1.86 (2 H, m), 3.42 (2 H, s, broad); dC (75 MHz,
CDCl3) 22.4 (2 × CH2), 27.5 (3 × CH3), 32.3 (C), 35.8 (2 × CH2),
47.5 (CH2), 47.7 (CH), 69.2 (C).


Spiroepoxide O-ax 1c was eventually formed by ring closure of
OH-ax 4c and obtained as a colorless liquid: de = 97%; overall
yield 10% (1.1 g). dH (300 MHz, CDCl3) 0.87 (9 H, s), 0.94–1.08
(1 H, m), 1.09–1.41 (4 H, m), 1.75–1.89 (4 H, m), 2.61 (2 H, s); dC


(75 MHz, CDCl3) 25.2 (2 × CH2), 28.0 (3 × CH3), 32.9 (C), 33.8
(2 × CH2), 47.6 (CH), 54.2 (CH2), 58.7 (C); m/z (EI) 168.1516
(M+, 4%, C11H20O requires 168.1514), 41 (30%), 57 (86), 79 (24),
81 (26), 84 (100), 95 (13), 111 (40), 112 (23), 153 (56).


O-eq 6-tert-Butyl-1-oxaspiro[2.5]octane (2c)


Substrate 2c was accordingly prepared by ring closure from its cor-
responding b-bromohydrin OH-eq 5c. For this, stereochemically
pure OH-eq 5c has been isolated as a yellow oil: de >98%; yield
9% (1.2 g). dH (300 MHz, CDCl3) 0.86 (9 H, s), 0.93–1.10 (2 H, m),
1.20–1.30 (1 H, m), 1.54–1.61 (2 H, m), 1.73–1.76 (2 H, m), 2.00
(2 H, d), 2.27 (1 H, s, broad), 3.64 (2 H, s, broad); dC (75 MHz,
CDCl3) 24.3 (2 × CH2), 27.5 (3 × CH3), 32.1 (C), 36.6 (2 × CH2),
43.3 (CH2), 47.3 (CH), 70.4 (C).


Spiroepoxide 2c was obtained as a colorless liquid: de >98%;
overall yield 7% (0.5 g). dH (300 MHz, CDCl3) 0.87 (9 H, s), 1.02–
1.33 (5 H, m), 1.81–1.91 (4 H, m), 2.57 (2 H, s); dC (75 MHz, CDCl3)
26.6 (2 × CH2), 27.6 (3 × CH3), 32.3 (C), 33.9 (2 × CH2), 47.2
(CH), 55.0 (CH2), 60.0 (C); m/z (EI) 168.1516 (M+, 2%, C11H20O
requires 168.1514), 41 (36%), 57 (100), 79 (21), 81 (21), 84 (92),
95 (13), 111 (37), 112 (18), 153 (45).


cis-3,5-Dimethylcyclohexanone (3d)


Ketone 3d was used as the starting compound for the synthesis of
substrates 1d and 2d. Ketone 3d was prepared by stereoselective
hydrogenation of 3,5-dimethylcyclohex-2-enone.26 From prelimi-
nary experiments, the sterically hindered isopropanol was selected


as the appropriate solvent for stereoselective hydrogenation, since
the use of methanol and ethanol resulted in undesired byproducts.


For stereoselective hydrogenation, 5.0 g (40 mmol) 3,5-
dimethylcyclohex-2-enone was dissolved in 50 mL isopropanol
and 0.3 g Pd/C 5% was added. Hydrogenation was conducted at
2 atm for 1 hour at room temperature using a Parr apparatus.


The reaction mixture was filtered through Celite and the filtrate
diluted with 50 mL water. The ketone was extracted with pentane
(3 × 50 mL). The combined organic layers were washed with water
(3× 50 mL), dried over Na2SO4 and concentrated under reduced
pressure.


Ketone 3d was obtained as a yellow oil: de >99%; yield 93%
(4.7 g), containing trace amounts of solvent. dH (300 MHz, CDCl3)
0.94 (6 H, d), 1.75–1.89 (4 H, m), 2.24 (4H, d); dC (75 MHz, CDCl3)
22.1 (2 × CH3), 33.0 (2 × CH), 42.5 (CH2), 49.1 (2 × CH2), 211.0
(C). The reaction was repeated several times to obtain sufficient
amounts of starting ketone.


O-ax 5,7-Dimethyl-1-oxaspiro[2.5]octane (1d)


Substrate 1d was prepared according to the procedure de-
scribed for compound 1b. The starting spiroepoxides 1d–
2d were synthesized by epoxidation of the prepared cis-3,5-
dimethylcyclohexanone 3d (19.0 g, 151 mmol) using trimethyl-
sulfonium iodide (55.2 g). Spiroepoxides 1d–2d were obtained in
90% yield as a colorless liquid (19.0 g), as an epimeric mixture of
1d (67%)–2d (33%).


From mixture 1d–2d (19.0 g, 140 mmol), the corresponding
b-bromohydrins were obtained in 93% yield as a yellow oil, as
a mixture of OH-ax 4d (70%)–OH-eq 5d (30%). Purification by
chromatography on silica gel with petroleum ether (bp 40–60 ◦C)–
diethyl ether (2 : 1) resulted in stereochemically pure OH-ax 4d as
a yellow oil: de = 93%; yield 15% (2.9 g). dH (300 MHz, CDCl3)
0.44 (2 H, q), 0.84 (6 H, d), 1.57–1.83 (6 H, m), 1.87 (1 H, s, broad),
3.34 (2 H, s); dC (75 MHz, CDCl3) 22.1 (2 × CH3), 27.8 (2 × CH),
43.4 (CH2), 43.5 (2 × CH2), 47.3 (CH2), 70.9 (C).


Spiroepoxide O-ax 1d was formed by ring closure of OH-ax 4d
and obtained as a colorless liquid: de = 93%; overall yield 10%
(0.6 g). dH (300 MHz, CDCl3) 0.54 (2 H, q), 0.85 (6 H, d), 1.14
(2 H, t, broad), 1.37 (2 H, t), 1.64–1.79 (2 H, m), 2.54 (2 H, s); dC


(75 MHz, CDCl3) 22.2 (2 × CH3), 30.1 (2 × CH), 41.0 (2 ×CH2),
43.0 (CH2), 53.5 (CH2), 58.6 (C); m/z (EI) 139.1123 (M+, 2%,
C9H15O requires 139.1127), 41 (10%), 55 (13), 67 (10), 68 (8),
69 (10), 95 (13), 98 (11), 125 (100), 139 (4).


O-eq 5,7-Dimethyl-1-oxaspiro[2.5]octane (2d)


Substrate 2d was accordingly prepared by ring closure from its
corresponding b-bromohydrin OH-eq 5d. For this, stereochemi-
cally pure OH-eq 5d has been isolated as a yellow oil: de = 90%;
yield 12% (2.3 g). dH (300 MHz, CDCl3) 0.48 (1 H, q), 0.86 (6 H,
d), 1.07 (1 H, t), 1.28–1.41 (2 H, m), 1.58–1.63 (2 H, m), 1.84 (2 H,
d, broad), 2.11 (1 H, s, broad), 3.55 (2 H, s); dC (75 MHz, CDCl3)
22.2 (2 × CH3), 29.7 (2 × CH), 43.3 (CH2), 44.3 (CH2), 44.6 (2 ×
CH2), 71.3 (C).


Spiroepoxide 2d was obtained as a colorless liquid: de = 90%;
overall yield 12% (0.4 g). dH (300 MHz, CDCl3) 0.58 (2 H, q), 0.88
(6 H, d), 1.14–1.19 (2 H, m), 1.38 (2 H, t), 1.50–1.64 (2 H, m), 2.51
(2 H, s); dC (75 MHz, CDCl3) 22.2 (2 × CH3), 31.8 (2 × CH), 41.9
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(2 × CH2), 43.0 (CH2), 55.0 (CH2), 59.2 (C); m/z (EI) 139.1125
(M+ − 1, 4%, C9H15O requires 139.1127), 41 (13%), 55 (14),
67 (11), 68 (10), 69 (10), 83 (10), 95 (15), 98 (13), 125 (100).


O-ax 5,5,7-Trimethyl-1-oxaspiro[2.5]octane (1e)


For this, 4.0 g (100 mmol) of a 60% suspension of sodium
hydride in mineral oil was added to 200 mL dry DMSO, under
N2 atmosphere. The mixture was heated to 65 ◦C for 2 h and
subsequently cooled to room temperature. To this solution, 36.5 g
(100 mmol) methyl-triphenylphosphonium bromide was added
stepwise and stirred for 1 h at room temperature. The starting
ketone, 10.0 g (70 mmol) 3,3,5-trimethylcyclohexanone 3e, was
added dropwise and the reaction was performed at 50 ◦C for
18 h. The reaction was quenched by addition of 250 mL water,
resulting in the formation of a white precipitate which was filtered
off. The filtrate was extracted with pentane (3 × 200 mL). The
combined pentane layers were washed with water (3 × 200 mL),
dried over Na2SO4 and concentrated under reduced pressure.
3,3,5-Trimethyl-1-methylenecyclohexane 6e was obtained in 64%
yield as a colorless liquid (6.2 g). dH (300 MHz, CDCl3) 0.84 (6 H,
s), 0.89 (3 H, d), 1.25 (2 H, d), 1.52–1.56 (2 H, m), 2.15–2.19 (2 H,
m), 4.49 (1 H, s), 4.58 (1 H, s); dC (75 MHz, CDCl3) 22.3 (CH3),
22.6 (CH3), 25.0 (CH3), 25.0 (CH), 29.7 (CH2), 32.6 (C), 43.5
(CH2), 48.3 (CH2), 108.1 (CH2), 147.7 (C). Synthesis of alkene 6e
was performed in duplicate and the products combined.


For subsequent epoxidation, 22.6 g (75 mmol) mCPBA was
added stepwise to a 0.3 M solution of NaHCO3 in water at
0 ◦C. The mixture was stirred vigorously, 9.7 g (70 mmol) of alkene
6e was added stepwise and stirring continued for 3 h, while slowly
warming up to room temperature. Formed epoxides were extracted
with diethyl ether (3 × 200 mL). The combined organic layers were
washed with 10% NaOH solution (3 × 200 mL), saturated NaCl
solution (200 mL), dried over Na2SO4 and concentrated under
reduced pressure. The resulting spiroepoxides were obtained in
68% yield as a light yellow liquid (7.3 g) in an epimeric mixture of
1e (34%)–2e (66%).


The corresponding b-bromohydrins were prepared as described
and obtained in 22% yield as a yellow oil (2.5 g) in a mixture of
OH-ax 4e (75%)–OH-eq 5e (25%). The epimeric ratio has changed
significantly, due to the favored formation of the energetically more
stable OH-ax b-bromohydrin. Purification by chromatography on
silica gel with petroleum ether (bp 40–60 ◦C)–diethyl ether (2 :
1) resulted in stereochemically pure OH-ax 4e as a yellow oil: de
>98%; yield 16% (0.4 g). dH (300 MHz, CDCl3) 0.72–1.00 (2 H, m),
0.91 (3 H, d), 0.92 (3 H, s), 1.11 (3 H, s), 1.12 (1 H, d), 1.38–1.46
(1 H, m), 1.56 (1 H, dt), 1.73–1.86 (2 H, m), 1.92–2.08 (1 H, m),
3.39 (2 H, s); dC (75 MHz, CDCl3) 22.2 (CH3), 24.4 (CH3), 27.0
(CH3), 31.5 (C), 34.1 (CH), 44.1 (CH2), 46.7 (CH2), 48.3 (CH2),
48.6 (CH2), 71.6 (C).


Spiroepoxide O-ax 1e was formed by ring closure and obtained
as a colorless liquid: de >98%; overall yield 1% (0.12 g) from the
starting ketone. dH (300 MHz, CDCl3) 0.84 (3 H, d), 0.86 (3 H, s),
0.92 (1 H, dt), 0.98 (3 H, s), 1.11–1.14 (1 H, m), 1.17 (1 H, d), 1.32
(1 H, d), 1.37–1.43 (1 H, m), 1.61 (1 H, d), 1.84–1.95 (1 H, m), 2.42
(2 H, dd); dC (75 MHz, CDCl3) 22.3 (CH3), 26.1 (2 × CH3), 32.3
(C), 32.9 (CH), 41.3 (CH2), 44.7 (CH2), 47.7 (CH2), 51.1 (CH2),
57.6 (C); m/z (EI) 154.1358 (M+, 1%, C10H18O requires 154.1358),


41 (14%), 55 (13), 67 (11), 69 (9), 83 (13), 98 (6), 109 (7), 139 (100),
153 (1).


O-eq 5,5,7-Trimethyl-1-oxaspiro[2.5]octane (2e)


Substrate 2e was prepared by ring closure from its corresponding
b-bromohydrin OH-eq 5e. For this, stereochemically pure OH-eq
5e has been isolated as a yellow oil: de >98%; yield 8% (0.2 g).


Spiroepoxide 2e was obtained as a colorless liquid: de >98%;
overall yield <1% (0.09 g) from starting ketone. The compound
is not pure, which hampers the interpretation of the 1H NMR
spectrum. Attempts for further purification failed because of
the small quantity and the similar polarity of the impurities. dC


(75 MHz, CDCl3) 22.3 (CH3), 25.8 (CH3), 28.1 (CH3), 32.6 (CH),
33.3 (C), 42.1 (CH2), 46.0 (CH2), 47.7 (CH2), 55.8 (CH2), 57.8 (C);
m/z (EI) 154.1351 (M+, 1%, C10H18O requires 154.1358), 41 (13%),
55 (13), 67 (11), 69 (10), 83 (13), 98 (6), 109 (6), 139 (100), 153 (1).


General procedure for biohydrolysis by YEH-containing
Rhodotorula glutinis cells


Cells of Rhodotorula glutinis ATCC 201718 were cultivated for
48 h in a mineral medium supplemented with 2% glucose and
0.2% yeast extract, at 30 ◦C in a shaking incubator. The yeast cells
were harvested by centrifugation at 10000g, washed with 50 mM
potassium phosphate buffer pH 8.0, concentrated, and stored at
−20 ◦C for future experiments.


Hydrolysis of spiroepoxides was routinely performed in 100 mL
screw-capped bottles sealed with rubber septa. The bottles
contained cells of Rhodotorula glutinis (0.1–1.0 g dw) and
50 mM potassium phosphate buffer pH 8.0 to a total volume
of 10 mL. The bottles were placed into a shaking water bath at
35 ◦C and the reaction was started by addition of 0.20 mmol of
the appropriate (neat) substrate. The course of the reaction was
followed by monitoring headspace samples with enantioselective
GC. Initial reaction rates were determined from substrate disap-
pearance, from data obtained by duplicate experiments.


Subsequently, yeast cells were removed from the reaction
mixture by centrifugation. Residual spiroepoxides and formed
diols were isolated from the supernatants by selective extraction
with pentane and ethyl acetate, respectively.
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Short synthetic routes to a range of BEDT-TTF derivatives functionalised with two, four or eight
hydroxyl groups are reported, of interest because of their potential for introducing hydrogen bonding
between donor and anion into their radical cation salts. The cycloaddition of 1,3-dithiole-2,4,5-
trithione with alkenes to construct 5,6-dihydro-1,3-dithiolo[4,5-b]1,4-dithiin-2-thiones is a key step, with
homo- or hetero-coupling procedures and O-deprotection completing the syntheses. The first synthesis
of a single diastereomer of tetrakis(hydroxymethyl)BEDT-TTF, the cis,trans product, was achieved by
careful choice of O-protecting groups to facilitate separation of homo- and hetero-coupled products.
Cyclisation of the trithione with enantiopure 1R,2R,5R,6R-bis(O,O-isopropylidene)hex-3-ene-1,2,5,6-
tetrol (from D-mannitol) gave two separable diastereomeric thiones, which can be transformed to
enantiomeric BEDT-TTF derivatives with four or eight hydroxyl groups.


Introduction


Following on from the extensive studies on tetrathiafulvalene
(TTF),1 bis(ethylenedithio)tetrathiafulvalene, more commonly
known as BEDT-TTF or ET 1, has played a prominent role
in the recent development of molecular conductors, supercon-
ductors and bifunctional materials, and a wide range of its
radical cation salts have been prepared and their properties
investigated.2 Particular highlights are the salts (ET)2(Cu(NCS)2)
and (ET)2(N(CN)2)X (X = Cl or Br) which become supercon-
ducting at low temperatures,3 the paramagnetic superconducting
radical salt (ET)4[Fe(oxalate)3]·H2O·C6H5CN,4 a layered salt with
a mixed chromium(III)/manganese(II) oxalate network which has
independent electrical and ferromagnetic properties,5 and salts
with MHg(SCN)4


− (M = K or Tl) which form a chiral surface
metal in a magnetic field.6 The superconducting salts are of great
interest to theoretical physicists since the salts are clean systems
whose electrical behaviour can be modelled, and provide test beds
for exploring new aspects of superconductivity. A range of substi-
tuted ET derivatives is now becoming available.7 The installation
of a substituent on one of the ethylene bridges forms a stereogenic
centre, and a number of racemic monosubstituted ET donors
have been prepared, for example with sidechains terminating in
amino8 or amido9 groups, e.g. 2 and 3, or a long hydrocarbon
chain,10 e.g. 4. The enantiopure ester 511 has also been reported.
Disubstituted and tetrasubstituted derivatives e.g. the enantiopure
dimethyl-ET12 6 and its meso-isomer,12 enantiopure tetramethyl-
ET13 8 and racemic dichloro-ET14 7 as well as materials with
additional ring systems such as 915 have been prepared. However,
care is necessary to avoid preparing mixtures of stereoisomers
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when each “end” of the ET molecule is substituted.7 A number of
interesting properties are emerging. Thus, a 2 : 1 superconducting
perchlorate salt of enantiopure dimethyl-ET 6 (T c = 3.0 K,
5.0 kbar) was reported by Hilti, Zambounis et al., while a 2 : 1
hexafluorophosphate superconducting salt was obtained from the
meso-isomer of this donor (T c = 4.3 K, 4.0 kbar) by Mori et al.12


Troitksy has used the hexadecyl-ET 4 to prepare conducting thin
films.16 New ET derivatives containing metal binding sites such
as 10 with potential for preparing bifunctional materials with
magnetic metal ions,17,18 and an enantiopure donor 11 derived
from (−)-b-pinene, have recently been prepared.11 Cross-coupling
reactions have been utilised to prepare substituted derivatives
of the ethylenedithio-TTF system 12.19 Furthermore, substituted
derivatives of selenium-containing donors, such as BETS20 13,
may soon become available following developments in synthetic
approaches,21 which will be of interest since some BETS radical
cation salts have electrical properties which can be modified by an
external magnetic field.20


Here we describe the synthesis of a range of ET donors
carrying between one and eight hydroxyl groups. Introduction
of hydroxyl groups on to a donor molecule brings not only
the possibility of hydrogen bonding in the radical cation salts
to anchor the anions in unique sites and orientations, but also
provides a point for attachment of further functionality. In the
TTF series mono-, di- and tetra-(hydroxymethyl) derivatives have
been reported,22–24 hydrogen bonding to anions in their radical
cation salts has been observed,24 and they have been utilised in
the construction of more complex systems.25 We and others have
reported synthetic routes to racemic hydroxymethyl-ET 14,18,26,27


the cheapest and most efficient using the acetyl protecting group,
and we have also synthesized the enantiopure form.28 A number
of semiconducting microcrystalline 2 : 1 radical cation salts of
racemic 14 have been prepared.26 Routes to the ET donor with cis-
oriented hydroxymethyl groups 15,27 a stereoisomeric mixture of
the tetrakis(hydroxymethyl)-ET 1629 and donors with expanded
outer rings substituted with hydroxyl or hydroxymethyl groups
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17 and 1830,31 have been reported. Two radical cation salts of
bis(hydroxymethyl)-substituted materials have been described:
(15)2Cl and (17)2I3. In the former27 the chloride is hydrogen bonded
by hydroxyl groups from three donors, and lies between stacks of
donors, while in the latter32 the donors hydrogen bond with each
other while the triiodides lie in isolated pockets. Here we describe,
with experimental details, syntheses of racemic hydroxyethyl-ET
19 and trans-bis(hydroxymethyl)-ET 20, the first synthesis of
a single diastereoisomer of the tetrol tetrakis(hydroxymethyl)-
ET, the cis,trans isomer 21, and the syntheses of the enan-
tiopure tetrol 22 and octol 23, with the aim of making these
new interesting donors accessible to the materials chemistry
community.


Discussion


Preparation of hydroxyethyl-ET 19


The general approach in these syntheses is illustrated by the
synthesis of hydroxyethyl-ET, HEET, 19. The synthetic routes rely
on the cyclisation of the trithione 24 with the appropriate alkene,
a reaction first used by Neilands.33 Refluxing but-3-en-1-ol with
trithione 24 in toluene gave the thione 25 in 83% yield, followed
by protection of the hydroxyl group as an acetate to give 26,
which was necessary for a successful subsequent cross-coupling
reaction. Thione sulfur/oxygen exchange gave oxo compound
27, which was cross-coupled with the unsubstituted thione 28
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Scheme 1


to give the protected donor 29 in 54% yield. Hydrolysis gave
HEET 19 in five steps with an overall yield of 14% (Scheme 1).
Both hydroxymethyl-ET 1418 and HEET 19 have been func-
tionalised either by ester formation or by tosylation and sub-
stitution. For example, HEET forms ester 32 with thiophene-
3-carbonyl chloride and ester 34 with the thiophene-containing
carboxylic acid 33 in the presence of DCC/DMAP, and its
tosylate 30 is substituted with thiophene-3-methylthiolate to give
sulfide 31.


Preparation of trans-vic-bis(hydroxymethyl)-ET 20


The ET derivative with two vicinal trans-oriented hydroxymethyl
groups was prepared in a similar way. Cyclisation of trithione
24 with the trans-but-2-en-1,4-diol, which was prepared from
butyn-1,4-diol by reduction with lithium aluminium hydride,34


gave diol 35 in 41% yield. Protection of hydroxyl groups as
acetates, to give 36, was followed by the standard three steps of
(a) sulfur/oxygen exchange to give oxo compound 37, (b) cross-
coupling with unsubstituted thione 28 to give the protected donor
38 in 55% yield, and (c) deprotection to give the trans diol 20 in an
overall yield of 17% (Scheme 2). The different disposition of the
hydroxymethyl groups, compared to the cis isomer 15, is expected
to affect the structures of its radical cation salts with anions which
can act as hydrogen bond acceptors.


Preparation of cis,trans-tetrakis(hydroxymethyl)-ET 21


Tetrakis(hydroxymethyl)-substituted ETs are very attractive
donors because of the hydrogen bonding potential at both “ends”
of the molecule. However, there are five possible stereoisomers
depending on whether the two groups at each end of the molecule
lie cis or trans, 41–45 (R = CH2OH) (Scheme 3), and two
of these stereoisomers (41 and 45) are racemic mixtures. It is
important to develop syntheses of individual stereoisomers, since
electrocrystallisation of a stereoisomeric mixture is a strategy
fraught with problems; identification of the product relies on X-ray
crystallography to determine which stereoisomer or stereoisomers
are present,35 assuming that all crystals have the same composition
of course. An outline of the stereochemical consequences of
various coupling strategies is given in Scheme 3. Homo-coupling
of a racemic trans-disubstituted oxo compound 39 will give a
racemic mixture of the tetrasubstituted ET 41 from self-coupling
of each enantiomer of 39, as well as a meso compound 42 arising
from coupling of the two opposite enantiomers. Homo-coupling
of a cis-disubstituted oxo compound 40 will give diastereomeric
products 43 and 44. In both cases, separation of the products is
likely to be extremely difficult. Homo-coupling of one enantiomer
of the trans oxo compound 39 would yield one enantiomer of the
all-trans isomer 41, but attempts to prepare the appropriate single
enantiomer of the trans oxo compound 42 (R = CH2OH) have so
far been unsuccessful. The fifth stereoisomer 45 is the product of
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Scheme 2


cross-coupling of the cis- and trans-disubstituted oxo compounds
39 and 40, but is accompanied by all other homo-coupled products.


However, we have now developed a strategy for isolation of
this last stereoisomer cis,trans-tetrakis(hydroxymethyl)-ET 21.
The overall synthetic plan is shown in Scheme 4. The key step
is the protection of the hydroxyl groups of the cis and trans
compounds for coupling with groups of quite different polarities.
Thus, hydroxyl groups of the cis-bis(hydroxymethyl)thione 46 were
protected with two BTDMS groups to give thione 47,27 which
was converted to its oxo compound 48. The hydroxyl groups of
the trans-bis(hydroxymethyl)thione 35 were protected as acetates
to give thione 36. Cross-coupling of cis- and trans-compounds
48 and 36 in triethyl phosphite gave three sets of materials: the
desired cross-coupled material 53 (2 × TBDMS, 2 × acetyl O-
protecting groups) and the two pairs of homo-coupled materials:
49 and 50 (4 × TBDMS O-protecting groups) and 51 and 52
(4 × acetyl O-protecting groups). The three groups of materials
were separated by chromatography. The cross-coupled product,
with two protecting groups of each type, runs between the two
sets of homo-coupled products which each carry four protecting
groups of the same type. Finally, the tetrol 21 was prepared by


hydrolysis of the protecting groups of 53 with aqueous 20% HCl
in THF. We believe this principle of using two protecting groups
of quite different polarities will find application in the synthesis of
further polysubstituted donors.


Preparation of enantiopure tetrol and octol donors 22 and 23


We have already reported the total diastereoselectivity of the
reactions of the trithione 24 with enantiopure alkenes (−)-a-
pinene, (−)-b-pinene and (+)-2-carene.11 Encouraged by this, we
extended the study to the structurally less complex enantiopure
alkene 54 (Scheme 5) which has two stereocentres adjacent to the
double bond and four protected hydroxyl groups and which is
readily prepared from D-mannitol.36 Trithione 24 reacted with this
alkene to give major (31%) and minor (5%) 1 : 1 addition products
which were assigned structures 55 and 56 respectively, based on
the X-ray crystal structure of the minor isomer 56 (Fig. 1). Thus,
the major product is formed by addition of trithione 24 to the Si
face of enantiopure alkene 54 as shown in Fig. 2, while the minor
adduct is formed by addition to the Re face. Molecular mechanics
studies indicated there was no strong conformational preference


Scheme 3
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Scheme 4


Scheme 5
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Fig. 1 Molecular structure of minor diastereomer 56.


Fig. 2 Preferred conformation of alkene 54 with the Si face upwards.


for rotation about the bonds between the alkene and each cyclic
ketal, with a small energy minimum for the conformation shown
in Fig. 2.


The X-ray structure of the minor product 56 shows that the
dithiin ring takes up a twisted boat conformation with both ring
sp3 carbon atoms strongly displaced to the same side of the plane
defined by the other atoms of the fused ring system but with C5
displaced by more than C4 (C4: by 1.277(4), C5 by 1.486(5) Å).
The torsions about the dithiin sp2 C–S bonds are −48.8(5) and
52.0(5)◦, and the twist in the boat structure is indicated by the
largest torsion in this ring about the C5–S5 bond: −66.3(4)◦,
much larger than that of 28.4(5)◦ for the C4–S4 bond. The trans
arrangement of the dioxolane rings means that one lies over the
organosulfur ring system and the other lies away from it. Each
dioxolane ring adopts an envelope conformation with the flap at
the carbon atom between the oxygen atoms. The best planes of
these rings lies at 40.3(2) and 50.7(2)◦ to the best plane through
the planar portion of the organosulfur system. There are distinct
differences in the chemical shifts of the carbon atoms in the dithiin
ring for the major and minor diastereoisomers 55 and 56. The
major isomer exhibits chemical shifts for the sp3 C atoms at dC


44.3 and for the sp2 C atoms at dC 118.9, similar to those of other
trans-disubstituted derivatives e.g. the dimethyl derivative 60 (dC


43.5 and 120.4) whose solid-state conformation lies between a half-
chair and an envelope.37 In contrast, for the minor diastereomer
the shifts of the corresponding carbon atoms are larger: dC 51.7
and 128.3. The trans diester 61, which like the minor isomer also


Table 1 Cyclic voltammetry data for selected donorsa


Compound E1 E2


1 0.51 0.94
19 0.49 0.90
20 0.50 0.88
21 0.52 0.86
22 0.52 0.85
58 0.55 0.93
59 0.55 0.89


a Measured relative to Ag/AgCl at a platinum electrode in
dichloromethane containing 0.1 M Bu4NPF6 as charge carrier and using
a 100 mV s−1 scan.


shows a boat conformation in the solid state, has corresponding
shifts at dC 50.2 and 129.9.38 These larger shifts may relate in part
to the poorer conjugation of the dithiin S atoms with the dithiole
ring when the former has the boat conformation.


The major product 55 was converted to its oxo compound 57
with mercuric acetate and coupled to the unsubstituted thione 28
using triethyl phosphite to give the protected donor 58 in 35% yield
after chromatography. Finally, deprotection with 2 M HCl in THF
yielded the enantiopure tetrol 22 in 94% yield. Furthermore, self-
coupling of the oxo compound 57 in triethyl phosphite furnished
the donor bearing four ketal groups 59 in 60% yield, which
could be deprotected in a similar way to give the enantiopure
octol 23.


The oxidation potentials of the new hydroxyl-substituted
donors, measured in dichloromethane, indicate that the overall
pattern of two reversible oxidations is retained (Table 1), though
the octol 23 was completely insoluble in this solvent, and
measurements in THF did not indicate a reversible system. We
are now investigating the electrocrystallisation of these materials.
Of particular interest will be to see how the interaction of the
hydroxyl groups with the anions control the solid-state structures
of the radical cation salts.


Conclusion


We have reported syntheses of a series of ET-derivatives carrying
one, two, four and eight hydroxyl groups, two of them in
enantiopure form. Molecules 22 and 23 are particularly attractive
donors, since, apart from the potential for having chiral hydrogen
bonding networks in their radical cation salts, these donors are
starting materials for preparing dendrimeric materials. These
single enantiomers will also provide important substrates for
investigating the influence of chirality on electrical and magnetic
properties. The second enantiomer of 23 will be available from the
other enantiomer of alkene 54, and the racemate is available by
mixing equal amounts of the two enantiomers, a rare case where
it is more work to prepare the racemate than the enantiomer.
Rikken has reported magnetochiral anisotropy in the conductivity
of carbon nanotubes,39 and our donors will provide a test bed for
investigating the effect of chirality on the electrical properties of
organosulfur donors. Furthermore, the diastereoselectivity of the
cycloaddition of thione 24 with alkene 54 is a very encouraging
result, suggesting that cycloadditions of trithione 24 with further
enantiopure alkenes will be a key step in designing and preparing
further enantiopure donors.
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Experimental


General


NMR spectra were measured on a JEOL JNM-EX270 spec-
trometer at 270 MHz for 1H and at 67.8 MHz for 13C using
CDCl3 as solvent and tetramethylsilane (TMS) as standard unless
otherwise stated, and measured in ppm downfield from TMS with
coupling constants reported in Hz. IR spectra were recorded
on a PerkinElmer Spectrum RX 1 FT-IR spectrometer, and
are reported in cm−1. Optical rotation data were measured on
a PerkinElmer 241 polarimeter. Mass spectra were recorded at
the EPSRC Mass Spectrometry Centre. Chemical analysis data
were obtained from Mr T. Spencer, University of Nottingham.
An X-ray diffraction dataset was measured by the EPSRC
National Crystallography Service at Southampton University.
Flash chromatography was performed on 40–63 silica gel (Merck).


5,6-Dihydro-5-(2′-hydroxyethyl)-1,3-dithiolo[4,5-b]-1,4-dithiin-
2-thione, 25. 3-Buten-1-ol (7.00 g, 104.4 mmol) and trithione 2440


(8.00 g, 40.8 mmol) were refluxed in toluene (400 ml) for 4 h. After
cooling to room temperature the reaction mixture was filtered, and
the solid washed with ethanol. Combined washings and filtrate
were evaporated and the residue purified by flash chromatography
(ethyl acetate) to furnish 25 as an orange oil (8.84 g, 83.0%), which
solidified on standing; mp 52–53 ◦C; dH: 3.88 (3H, m, 2′-CH2 and
5-H), 3.46 (1H, dd, J = 13.4, 2.8, 6-Ha), 3.22 (1H, dd, J = 13.4, 6.7,
6-Hb), 2.02 (2H, m, 1′-CH2), 1.52 (1H, s, OH); dC: 207.7 (C=S),
121.9, 121.5 (3a- & 7a-C), 59.3 (2′-CH2), 39.8 (5-C), 37.1 (6-C),
34.9 (1′-CH2); mmax (thin film): 3386, 2924, 1483, 1412, 1293, 1057,
890; found C, 31.3, H, 2.9%, C7H8OS5 requires C, 31.3, H, 3.0%.


5,6-Dihydro-5-(2′-acetyloxyethyl)-1,3-dithiolo[4,5-b]-1,4-dithiin-
2-thione, 26. Acetic anhydride (4 ml, 36.3 mmol) was added to
a solution of 25 (8.84 g, 33.9 mmol) in pyridine (50 ml) at room
temperature and then stirred at 70 ◦C for 12 h. Water (300 ml)
was added and the mixture extracted with CH2Cl2 (3 × 100 ml).
The organic solution was washed consecutively with 0.5 M HCl
solution (3 × 100 ml) and H2O (100 ml), dried (Na2SO4) and
evaporated to yield 26 as a brown oil (8.86 g, 86.0%); dH: 4.25 (2H,
m, 2′-CH2), 3.73 (1H, m, 5-H), 3.43 (1H, dd, J = 13.3, 3.0, 6-Ha),
3.20 (1H, dd, J = 13.3, 6.8, 6-Hb), 2.14 (2H, m, 1′-CH2), 2.05
(3H, s, CH3); dC: 207.7 (2-C), 170.7 (C=O) 122.0, 121.7 (3a- &
7a-C), 60.8 (2′-CH2), 39.7 (5-C), 34.6 (6-C), 33.8 (1′-CH2), 20.9
(CH3); mmax (thin film): 2955, 1737, 1485, 1426, 1384, 1364, 1236,
1062, 890; found C, 34.8, H, 3.1%, C9H10O2S5 requires C, 34.8, H,
3.3%.


5,6-Dihydro-5-(2′-acetyloxyethyl)-1,3-dithiolo[4,5-b]-1,4-dithiin-
2-one, 27. To a solution of 26 (8.86 g, 29.2 mmol) in CHCl3


(100 ml) and glacial acetic acid (30 ml) was added mercuric acetate
(15.02 g, 47.1 mmol). After 2 h stirring at room temperature the
mixture was filtered. The filtrate was washed consecutively with
saturated NaHCO3 solution (3 × 100 ml) and water (100 ml),
dried (Na2SO4) and evaporated to afford 27 as a light brown solid
(5.65 g, 67.5%); mp 46–47 ◦C; dH: 4.23 (2H, m, 2′-CH2), 3.74
(1H, m, 5-H), 3.45 (1H, dd, J = 13.3, 2.7, 6-Ha), 3.20 (1H, dd,
J = 13.3, 6.7, 6-Hb), 2.14 (2H, m, 1′-CH2), 2.03 (3H, s, CH3);
dC: 188.3 (2-C), 170.7 (CH3C=O), 112.4, 112.3 (3a- & 7a-C),
60.8 (2′-CH2), 41.2 (5-C), 35.8 (6-C), 33.8 (1′-CH2), 20.8 (CH3);
mmax (KBr): 2967, 1729, 1670, 1634, 1509, 1464, 1425, 1398, 1368,


1247, 1049, 895, 767, 469; found C, 36.7, H, 3.3%, C9H10O3S4


requires C, 36.7, H, 3.4%.


(2-Acetyloxyethyl)-ET, 29. A mixture of oxo compound 27
(2.83 g, 9.90 mmol) and unsubstituted thione 28 (4.43 g,
19.8 mmol) were heated in triethyl phosphite to 80 ◦C under
N2 for 5 h to give an orange solution. Triethyl phosphite was
removed by distillation in vacuo and the residue purified by flash
chromatography (5 : 1 cyclohexane–ethyl acetate) to yield 29 as a
red–orange solid (2.50 g, 54.5%); mp 109–110 ◦C; dH: 4.23 (2H,
m, 2′-CH2), 3.64 (1H, m, 5-H), 3.34 (1H, dd, J = 13.1, 3.2, 6-Ha),
3.32 (4H, s, 5′′- & 6′′-H2), 3.32 (1H, dd, J = 13.1, 6.5, 6-Hb), 2.05
(5H, m, CH3 & 1′-CH2); dC: 170.7 (C=O) 113.9 & 113.0 (sp2-C),
61.2 (1′-CH2), 40.1 (5-C), 35.3 (6-C), 33.7 (1′-CH2), 30.2 (5′′- &
6′′-C), 20.9 (CH3); mmax(KBr): 2955, 2920, 1731, 1365, 1239, 1039,
905, 772, 668; found C, 35.8, H, 3.0%, C14H14O2S8 requires C, 35.7,
H, 3.0%.


(2′-Hydroxyethyl)-ET, 19. A solution of 29 (0.65 g, 1.40 mmol)
in THF (10 ml) and 20% HCl solution (5 ml) was stirred under
N2 for 48 h. The solution was neutralised by the addition of solid
NaHCO3. The organic layer was collected, dried (Na2SO4) and
purified by flash chromatography (2 : 1 cyclohexane–ethyl acetate)
to afford 19 (0.31 g, 51%) as a bright orange powdery solid; mp
141–142 ◦C; dH: 4.69 (1H, t, J = 5.1, OH), 3.81 (1H, m, 5-H), 3.55
(2H, m, 2′-CH2), 3.45 (1H, dd, J = 13.2, 3.0, 6-Ha), 3.38 (4H, s, 5′′-,
6′′-H2), 3.27 (1H, dd, J = 13.2, 6.5, 6-Hb), 1.84 (2H, m, 1′-CH2);
dC: 115.1, 115.0 & 114.4 (sp2-C), 59.8 (2′-CH2), 42.5 (5-C), 39.5
(6-C), 36.9 (1′-CH2), 31.2 (5′′- & 6′′-C); mmax (KBr): 3450, 2922,
1652, 1458, 1280, 1046, 767; found C: 33.7, H: 3.0%, C12H12OS8


requires C: 33.6, H: 2.8%.


(2′-Tosyloxyethyl)-ET, 30. Hydroxyethyl-ET 19 (0.20 g,
0.47 mmol) and tosyl chloride (0.36 g, 1.88 mmol) were stirred
together in dry pyridine (2 ml) under nitrogen for 2 h. The resulting
solution was diluted with chloroform (25 ml), absorbed on silica
and purified by flash chromatography (2 : 1 cyclohexane–ethyl
acetate) to give 30 (0.17 g, 64%) as an orange solid, mp 90 ◦C;
dH: 7.78 (2H, d, J = 8.2, Ar-H2), 7.36 (2H, d, J = 8.2, Ar-H2),
4.18 (2H, t, J = 5.7, -CH2O), 3.63 (1H, m, 5-H), 3.33 (1H, dd,
J = 3.1, 13.3, 6-Ha), 3.27 (4H, s, 5′′-,6′′-H2), 2.99 (1H, dd, J =
5.7, 13.3, 6-Hb), 2.45 (Ar-CH3), 2.03 (2H, m, 1′-CH2); dC (DMSO-
d6): 145.1, 132.3, 130.0, 127.8 (Ar-C6), 113.7, 113.0, 112.1 (sp2-C),
67.0 (2′-C), 38.3 (5-C), 34.8 (6-C), 33.6 (1′-CH2), 30.1 (5′′- & 6′′-
C), 21.6 (CH3); mmax (KBr): 2922, 1596, 1410, 1349, 1286, 1187,
1172, 1094, 966, 905, 811, 769, 663, 553; m/z (CI): 583 ([M + 1]+,
10), 411 ([M − TsO]+, 100); HRMS (ES): found [M+] 582.8822,
C19H18O3S9 requires 582.8820.


Thiophen-3-ylmethylthioethyl-ET, 31. To a solution of sodium
metal (0.03 g, 1.2 mmol) in dry methanol (5 ml) under nitrogen
and in the dark was added a solution of thiophene-3-methylthiol41


(0.12 g, 1 mmol) in dry THF (10 ml). After 10 min stirring, a
solution of tosylate 30 (0.30 g, 0.52 mmol) in dry THF (20 ml)
was added and the resulting mixture stirred for 20 h. The mixture
was partitioned between DCM and water and the organic layer
collected, dried over MgSO4 and purified by flash chromatography
(8 : 1 cyclohexane–ethyl acetate) to yield 31 (0.21 g, 71%) as an
orange solid; mp 159–162 ◦C; dH: 7.30 (dd, 1H, J = 3.0, 5.0, 4′′-H),
7.10 (dd, 1H, J = 1.2, 3.0, 5′′-H), 7.07 (dd, 1H, J = 1.2, 5.0, 2′′-H),
3.74 (s, 2H, SCH2Ar), 3.65 (m, 1H, 5-H), 3.28 (m, 5H, 6a-, 5′-,
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6′-H), 2.95 (dd, 1H, J = 6.4, 13.1, 6b-H), 2.58 (m, 2H, SCH2CH2),
1.94 (m, 2H, SCH2CH2); dC: 138.4 (3′′-C), 128.0 (2′′-C), 126.3 (5′′-
C), 122.4 (4′′-C), 113.0, 112.9, 111.7, 111.6 (sp2-C), 42.0 (5-C),
35.1 (SCH2Ar), 33.8 (6-C), 30.9 (SCH2CH2), 30.1 (5′-, 6′-C), 28.4
(SCH2CH2); mmax (KBr): 2916, 1408, 1284, 1233, 886, 773, 726, 678,
616; m/z (EI): 540 ([M]+, 20%), 236 (55%), 224 (100%); HRMS
(EI): found [M+] 539.8454, C17H16S10 requires 539.8454.


Thiophene-3-carboxylic acid, HEET ester, 32. To a solution
of HEET 19 (0.16 g, 0.38 mmol) in dry THF (10 ml) was
added triethylamine (2 ml) and thiophene-3-carbonyl chloride
(0.11 g, 0.77 mmol), which had been prepared from the carboxylic
acid42 and thionyl chloride. This mixture was stirred for 12 h,
concentrated and purified by flash chromatography (10 : 1
cyclohexane–ethyl acetate) to yield 32 (0.13 g, 62%) as an orange
solid; mp 125–128 ◦C; dH: 8.11 (dd, 1H, J = 1.1, 3.1, 2′′-H), 7.51
(dd, 1H, J = 5.0, 1.1, 5′′-H), 7.32 (dd, 1H, J = 3.1, 5.0, 4′′-H), 4.46
(m, 2H, CH2O), 3.66 (m, 1H, 5-H), 3.40 (dd, 1H, J = 3.1 13.1,
6-Ha), 3.27 (s, 4H, 5′-, 6′-H2), 3.14 (dd, 1H, J = 6.4, 13.1, 6-Hb),
2.22 (m, 2H, 5-CH2); dC: 162.4 (C=O), 133.1 (4′′-C), 133.0 (3′′-C),
127.8 (2′′-C), 126.2 (5′′-C), 113.8, 113.0, 112.9, 111.4 (sp2-C), 61.4
(CH2O), 40.3 (5-C), 35.3 (6-C), 33.9 (5-CH2), 30.1 (5′-, 6′-C); mmax


(KBr): 3000, 2909, 1703, 1518, 1414, 1266, 1189, 1109, 1008, 824,
771, 752, 700, 502; m/z (EI): 537.8 ([M]+, 100%); HRMS (EI):
found 537.8463 [M]+, C17H14O2S9 requires 537.8480.


Thiophen-3-ylmethoxyacetic acid, HEET ester, 34. To a solu-
tion of HEET 19 (0.20 g, 0.47 mmol), thiophen-3-ylmethoxyacetic
acid43 (0.08 g, 0.47 mmol) and 4-dimethylaminopyridine
(5 mg) in dry dichloromethane (10 ml) was added N,N ′-
dicyclohexylcarbodiimide (0.13 g, 0.61 mmol). This was stirred
for 20 h at room temperature, after which the mixture was
concentrated and purified by chromatography (5 : 1 cyclohexane–
ethyl acetate) to yield 34 (0.15 g, 56%) as an oily orange solid;
dH: 7.25 (dd, 1H, J = 3.0, 5.0, 5′′-H), 7.20 (br s, 1H, 2′′-H), 7.03
(br d, 1H, J = 5.0, 4′′-H), 4.57 (s, 2H, OCH2Ar), 4.25 (m, 2H,
CH2CH2O), 4.03 (s, 2H, C(O)CH2O), 3.55 (m, 1H, 5-H) 3.29 (dd,
1H, J = 3.0, 13.1, 6-Ha), 3.21 (s, 4H, 5′-, 6′-H2), 3.00 (dd, 1H, J =
6.2, 13.1, 6-Hb), 2.02 (d, 2H, J = 6.4, 5-CH2); dC: 170.0 (C=O),
137.9 (3′′-C), 127.3 (2′′-C), 126.2 (5′′-C), 123.7 (4′′-C), 113.7, 112.9,
112.5, 111.8 (sp2-C), 68.3 (OCH2Ar), 66.8 (C(O)CH2O), 61.5
(CH2CH2O), 39.8 (5-C), 35.1 (6-C), 33.5 (5-CH2), 30.0 (5′-, 6′-C);
mmax (KBr): 2916, 2853, 1747, 1659, 1456, 1415, 1275, 1192, 1155,
1119, 1010, 917, 885, 854, 766, 693; m/z (CI): 583 ([M]+, 10%), 244
(100%); HRMS (EI): found 581.81737 [M]+, C19H18O3S9 requires
581.8741.


trans-5,6-Bis(hydroxymethyl)-5,6-dihydro-1,3-dithiolo[4,5-b]-
1,4-dithiin-2-thione, 35. A mixture of (E)-but-2-en-1,4-diol34


(1.50 g, 17.0 mmol) and trithione 24 (2.23 g, 11.3 mmol) in toluene
(220 ml) was refluxed for 5 h. The solvent was removed under
reduced pressure and the residue purified by flash chromatography
(1 : 1 cyclohexane–ethyl acetate) to give 35 as a brown powdery
solid (1.33 g, 41.2%); mp 110–112 ◦C; dH (MeOH-d4): 3.80 (6H, m,
5-, 6-H & 2 × CH2O); dC (MeOH-d4): 209.5 (2-C), 122.7 (3a-, 7a-
C), 64.9 (2 × CH2OH), 45.4 (5-, 6-C); mmax (KBr): 3260, 2931, 2872,
1485, 1459, 1070, 1041, 1019; found C, 29.6, H, 2.8%, C7H8O2S5


requires C, 29.6, H, 2.8%.


trans-5,6-Bis(acetyloxymethyl)-5,6-dihydro-1,3-dithiolo[4,5-b]-
1,4-dithiin-2-thione, 36. Acetic anhydride (0.70 ml, 7.40 mmol)


was added to a solution of 35 (1.05 g, 3.70 mmol) in pyridine
(15 ml) at 0 ◦C and the mixture stirred at room temperature
overnight. DCM (100 ml) and water (30 ml) were added. The
mixture was shaken and the organic layer collected. This was
washed sequentially with 1 M HCl (3 × 100 ml) and water (50 ml),
dried (MgSO4) and evaporated to yield 36 as a dark orange–brown
oil (1.28 g, 94.1%); dH: 4.32 (4H, m, 2 × CH2O), 3.74 (2H, m, 5,
6-H), 2.07 (6H, s, 2 × OCH3); dC: 206.5 (2-C), 170.7 (2 × C=O)
118.8 (3a-, 7a-C), 64.7 (2 × CH2O), 40.1 (5-, 6-C), 20.7 (2 × CH3);
mmax (thin film): 2923, 1743, 1381, 1363, 1222, 1064, 1034; m/z (AP):
369 ([M + H]+,100), 309 (5); HRMS (ES): found: 368.9419 (M +
H)+, C11H12O4S5 + H requires: 368.9417.


trans-5,6-Bis(acetyloxymethyl)-5,6-dihydro-1,3-dithiolo[4,5-b]-
1,4-dithiin-2-one, 37. To a solution of 36 (0.15 g, 0.41 mmol) in
CHCl3 (10 ml) and glacial acetic acid (3 ml) was added mercuric
acetate (0.19 g, 0.61 mmol). After 2 h stirring at room temperature
the mixture was filtered. The filtrate was washed consecutively
with saturated NaHCO3 solution (3 × 10 ml) and H2O (10 ml),
dried (Na2SO4) and evaporated to afford 37 as a light brown oil
(0.13 g, 90.6%); dH: 4.34 (4H, m, 2 × CH2O), 3.72 (2H, m, 5-, 6-H),
2.04 (6H, s, 2 × CH3); dC: 187.2 (2-C), 169.7 (2 × C=O) 109.6
(3a-, 7a-C), 64.5 (5-, 6-CH2O), 41.2 (5-, 6-C), 20.4 (2 × CH3); mmax


(thin film): 3025, 2943, 1744, 1692, 1644, 1507, 1440, 1381, 1364,
1222, 1035, 891, 755; m/z (AP): 352 ([M]+,80), 293 (100); HRMS
(ES): found: 369.9914 (M + NH4)+, C11H12O5S4 + NH4 requires:
369.9911.


trans-vic-Bis(acetyloxymethyl)-ET, 38. A mixture of oxo com-
pound 37 (0.75 g, 2.13 mmol) and thione 28 (0.72 g, 3.20 mmol)
were heated in triethyl phosphite (10 ml) to 90 ◦C under N2


for 5 h to give an orange solution. Triethyl phosphite was
removed by distillation in vacuo and the residue purified by flash
chromatography (3 : 1 cyclohexane–ethyl acetate) to yield 38 as an
orange solid (0.62 g, 55.1%); mp 122–123 ◦C; dH: 4.27 (2H, dd, J =
11.2, 5.7, 2 × CHaO), 4.23 (2H, dd, J = 11.2, 8.0, 2 × CHbO), 3.65
(2H, m, 5-, 6-H), 3.24 (4H, s, 5′-, 6′-H2), 2.04 (6H, s, 2 × CH3);
dC: 170.2 (2 × C=O) 113.7, 110.2 (sp2-C), 64.7 (2 × CH2O), 40.6
(5-, 6-C), 30.0 (5′-,6′-C), 20.7 (2 × CH3); mmax (KBr): 2931, 1740,
1381, 1362, 1230, 1033, 909, 772; m/z (AP): 529 ([M + H]+, 100),
357 (80); HRMS (ES): found: 528.8886 (M + H)+, C16H16O4S8 +
H requires: 528.8892.


trans-vic-Bis(hydroxymethyl)-ET, 20. A solution of donor 38
(0.20 g, 0.38 mmol) in THF (20 ml) and 20% HCl solution (10 ml)
was stirred under N2 overnight. The solution was neutralised by
the addition of solid NaHCO3. The organic layer was collected,
dried (Na2SO4) and evaporated to afford 20 (0.15 g, 89.2%) as a
bright orange powdery solid; mp 150 ◦C (dec.); dH (MeOH-d4):
3.65 (6H, m, 2 × CHCH2), 3.25 (4H, s, 5′-, 6′-H2); dC (MeOH-d4):
114.8, 112.6 (sp2-C), 65.0 (2 × CH2O), 45.9 (5, 6-C), 31.1 (5′-,
6′-C); mmax (KBr): 3401, 2919, 2861, 1451, 1417, 1298, 1167, 1026,
1005, 884, 773; m/z (AP): 445 ([M + H]+, 100), 357 (51); HRMS
(EI): found: 443.8605, C12H12O2S8 requires: 443.8603.


cis-5,6-Bis(hydroxymethyl)-5,6-dihydro-1,3-dithiolo[4,5-b]-1,4-
dithiin-2-thione, 4629,33. A mixture of cis-but-2-en-1,4-diol
(1.70 ml, 20.4 mmol) and the trithione 24 (2.00 g, 10.2 mmol)
in toluene (200 ml) was refluxed for 5 h. The solvent was
removed under reduced pressure and the residue purified by flash
chromatography (1 : 1 cyclohexane–ethyl acetate) to give 5 as a
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bright yellow powder (1.10 g, 38.0%); dH: 4.96 (2H, s, 2 × OH),
4.06 (4H, m, 5-, 6-H & 2 × CHaO), 3.91 (2H, m, 2 × CHbO); dC:
209.9 (2-C), 122.7 (3a-, 7a-C), 63.0 (2 × CH2OH), 45.4 (5-, 6-C);
mmax (KBr): 3218, 2938, 1494, 1459, 1069, 1041, 1017, 894.


cis-5,6-Bis(tert-butyldiphenylsilyloxymethyl)-5,6-dihydro-1,3-
dithiolo[4,5-b]-1,4-dithiin-2-thione, 47. To a solution of 46
(2.00 g, 7.04 mmol) in dry DMF (120 ml) was added sequen-
tially imidazole (9.59 g, 140.8 mmol) and tert-butyldiphenylsilyl
chloride (4.51 ml, 17.6 mmol). After stirring at room temperature
overnight, water (100 ml) and dichloromethane (200 ml) were
added, the dichloromethane layer separated, and the aqueous
layer extracted twice more with dichloromethane (2 × 40 ml).
The combined organic solution was washed sequentially with ice-
cold HCl (3 M, 3 × 50 ml) and water (50 ml) and dried over
MgSO4. The solvent was removed under reduced pressure and
the residue purified by flash chromatography (dichloromethane)
to afford 47 as an orange oil (2.67 g, 49.8%); dH: 7.75 (8H, m,
Ar-H8), 7.50 (12H, m, Ar-H12), 4.06 (6H, m, 2 × CH2O, 5-, 6-H),
1.15 (18H, s, 2 × C(CH3)2); dC: 207.8 (2-C), 135.4, 132.4, 129.9,
127.8 (Ar-C24), 121.4 (3a-, 7a-C), 63.5 (2 × CH2O), 47.9 (5, 6-C),
26.7 (2 × C(CH3)3), 19.0 (2 × C(CH3)3); mmax (thin film): 2933,
2922, 2856, 1720, 1470, 1427, 1273, 1113, 1067, 823, 739, 701, 614;
m/z (AP): 778 ([M + H2O]+, 38), 249 (100); HRMS (EI): found:
760.1473, C39H44O2S5 Si2 requires: 760.1483.


cis-5,6-Bis(tert-butyldiphenylsilyloxymethyl)-5,6-dihydro-1,3-
dithiolo[4,5-b]-1,4-dithiin-2-one, 48. To a solution of thione 47
(2.50 g, 3.28 mmol) in CHCl3 (60 ml) and glacial acetic acid
(20 ml) was added mercuric acetate (1.57 g, 4.92 mmol). After 2 h
stirring at room temperature the mixture was filtered. The filtrate
was washed consecutively with saturated NaHCO3 solution (3 ×
100 ml) and H2O (100 ml), dried (Na2SO4) and evaporated to
afford 48 as an orange oil (2.37 g, 97.0%); dH: 7.80 (8H, m, Ar-
H8), 7.49 (12H, m, Ar-H12), 4.10 (6H, m, 2 × CH2O, 5-, 6-H), 1.18
(18H, s, 2 × C(CH3)3); dC: 188.5 (2-C), 135.2, 132.3, 129.6, 127.5
(Ar-C24), 111.3 (3a-, 7a-C), 63.5 (2 × CH2O), 48.9 (5-, 6-C), 26.5
(2 × C(CH3)3), 18.9 (2 × C(CH3)3); mmax (thin film): 3075, 2955,
2932, 2856, 1682, 1627, 1471, 1427, 1112, 823, 738, 700; found C,
62.5, H, 5.8%, C39H44O3S4Si2 requires C, 62.9, H, 6.0%.


cis-Bis(tert -butyldiphenylsilyloxymethyl)-trans-bis(acetyloxy-
methyl)-ET, 53. A mixture of oxo compound 47 (2.37 g,
3.19 mmol) and thione 36 (1.20 g, 3.26 mmol) were heated in
triethyl phosphite (30 ml) to 90 ◦C under N2 for 5 h to give an
orange solution. Triethyl phosphite was removed by distillation
in vacuo and the residue purified by flash chromatography (5 : 1
cyclohexane–ethyl acetate) to yield 53 as an orange oil (0.68 g,
20.0%) from the second orange band; dH: 7.70 (8H, m, Ar-H8),
7.40 (12H, m, Ar-H12), 4.33 (2H, m, 5′, 6′-H), 3.80 (10H, m, 5-,
6-H & 5-, 6-, 5′, 6′-CH2O), 2.10 (6H, s, 2 × COCH3), 1.01 (18H, s,
2 × C(CH3)2); dC: 170.2 (2 × C=O), 135.5, 132.5, 129.8, 127.7 (Ar-
C24), 113.7, 112.0, 110.4, 109.3 (sp2-C), 64.8 (5, 6-CH2O), 63.7 (5′,
6′-CH2O), 48.3 (5-, 6-C), 40.7 (5′-, 6′-C) 26.7 (2 × C(CH3)3), 20.7
(2 × COCH3), 19.0 (2 × C(CH3)3); mmax (thin film): 2955, 2922,
2856, 1749, 1721, 1462, 1428, 1380, 1273, 1224, 1114, 1073, 1034,
739, 701; m/z (AP): 1065 ([M]+, 2), 893 (3), 565 (15), 383 (100);
HRMS (EI): found: 1065.1469, C50H56O6S8Si2 requires: 1065.1459.


cis,trans-Tetrakis(hydroxymethyl)-ET, 21. A solution of 53
(0.23 g, 0.22 mmol) in a mixture of THF (20 ml) and 20% HCl


solution (10 ml) was stirred under N2 for 60 h. The solution was
neutralised by the addition of solid NaHCO3. The organic layer
was collected, dried (Na2SO4) and evaporated to afford 21 (0.08 g,
73.3%) as an orange–brown solid; mp 154–155 ◦C; dH (MeOH-d4):
3.83 (2H, m, 5′-, 6′-H), 3.64 (10H, m, 5-, 6-H & 5-, 6-, 5′, 6′-CH2O);
dC (MeOH-d4): 113.1, 112.3, (sp2-C), 65.0 (5-, 6-CH2O), 63.0 (5′,
6′-CH2O) 45.9 (5-, 5′-, 6-, 6′-C); mmax (KBr): 3378, 2912, 2862,
1654, 1384, 1179, 1028; m/z (AP): 505 ([M + H]+, 22); HRMS
(EI): found: 503.8817, C14H16O4S8 requires: 503.8814.


Reaction of trithione 24 with alkene 54. A mixture of the
diketal 5436 (0.50 g, 2.20 mmol) and the trithione 24 (0.86 g,
4.40 mmol) in toluene (25 ml) was refluxed for 8 h. The
solvent was removed under reduced pressure and the residue
purified by flash chromatography (5 : 1 cyclohexane–ethyl ac-
etate) to elute 5R,6R-5,6-bis((4′R)-2′,2′-dimethyl-1,3-dioxolan-
4′-yl)-5,6-dihydro-1,3-dithiolo[4,5-b]1,4-dithiin-2-thione 55 as a
yellow solid (0.28 g, 30.0%), mp 164–165 ◦C; dH (400 MHz): 4.45
(2H, m, 2 × CHO), 4.18 (2H, dd, J = 9.1, 6.0, 2 × CHaHO),
4.03 (2H, dd, J = 9.1, 4.2, 2 × CHHbO), 3.71 (2H, d, J = 9.8, 5-,
6-H), 1.41 (6H, s, 2 × CH3), 1.33 (6H, s, 2 × CH3); dC (100 MHz):
206.5 (2-C), 118.9 (3a-, 7a-C), 110.6 (2 × 2′-C), 75.9 (2 × 4′-C),
67.8 (2 × 5′-C), 44.3 (5, 6-C), 27.1 (2 × CH3), 25.3 (2 × CH3);
mmax (KBr): 2988, 2935, 1488, 1458, 1377, 1368, 1235, 1148, 1066,
830; m/z (AP): 425 ([M + H]+, 31), 177 (100); HRMS (ES): found:
425.0038 [M + H]+, C15H20O4S5 + H requires: 425.0035; [a]25


D =
+489 (c = 0.12, DCM). Further elution with 1 : 1 cyclohexane–
ethyl acetate gave a second fraction containing 56 and starting
material 54 which was further purified by flash chromatography
(dichloromethane) to give a yellow oil, which on trituration with
ether gave 5S,6S-5,6-bis((4′R)-2′,2′-dimethyl-1,3-dioxolan-4′-yl)-
5,6-dihydro-1,3-dithiolo[4,5-b]1,4-dithiin-2-thione 56 as a yellow
solid (0.05 g, 5.4%); mp 96–98 ◦C; dH: 4.42 (2H, m, 2 × CHO),
4.12 (2H, dd, J = 8.7, 6.4, 2 × CHaHO), 3.86 (2H, dd, J = 8.7,
5.8, 2 × CHHbO), 3.46 (2H, m, 5-, 6-H), 1.44 (6H, s, 2 × CH3),
1.33 (6H, s, 2 × CH3); dC: 208.8 (2-C), 128.3 (3a-, 7a-C), 110.3
(2 × 2′-C), 75.8 (2 × 4′-C), 66.9 (2 × 5′-C), 51.7 (5-,6-C), 26.4 (2 ×
CH3), 25.0 (2 × CH3); mmax (KBr): 2990, 2929, 2877, 1464, 1380,
1269, 1212, 1154, 1052, 1024, 966, 920, 853, 514; [a]25


D = −143 (c =
0.36, DCM); m/z (EI): 424 (M+, 8), 101 (38), 84 (30), 76 (24), 72
(28), 49 (38), 43 (100); HRMS (ES): found 425.0041, C15H20O4S5 +
H+ requires: 425.0038.


Crystal data for 56. C15H20O4S5, Mr = 424.61, orthorhom-
bic, a = 9.3614(7), b = 10.3321(4), c = 20.0889(15) Å, V =
1943.1(2) Å3, Z = 4, P212121, Dc = 1.45 g cm−3, l(MoKa) =
0.061 mm−1, T = 120(2) K, 2508 unique reflections, 2239 with
F > 4r(F), R = 0.061, wR = 0.098. The structure was solved and
refined using the SHELXS and SHELXL computer packages.44


CCDC reference number 230196. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b709823e


5R,6R-5,6-Bis((4′R)-2′,2′ -dimethyl-1,3-dioxolan-4′ -yl)-5,6-di-
hydro-1,3-dithiolo[4,5-b]-1,4-dithiin-2-one, 57. To a solution of
55 (0.47 g, 1.10 mmol) in CHCl3 (20 ml) and glacial acetic acid
(6 ml) was added mercuric acetate (0.53 g, 1.65 mmol). After 2 h
stirring at room temperature the mixture was filtered. The filtrate
was washed consecutively with saturated NaHCO3 solution (3 ×
50 ml) and H2O (50 ml), dried (Na2SO4) and evaporated to afford
57 as an orange solid (0.38 g, 84.0%); mp 116–118 ◦C; dH: 4.51
(2H, m, 2 × 4′-H), 4.20 (2H, dd, J = 8.9, 6.1, 2 × 5′-Ha), 4.04 (2H,
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dd, J = 9.2, 4.2, 2 × 5′-Hb), 3.71 (2H, d, J = 9.9, 5-, 6-H), 1.42
(6H, s, 2 × CH3), 1.34 (6H, s, 2 × CH3); dC: 188.9 (2-C), 110.6
(2 × 2′-C), 109.6 (3a-, 7a-C), 76.1 (2 × 4′-C), 68.0 (2 × 5′-C), 45.7
(5, 6-C), 27.1 (2 × CH3), 25.4 (2 × CH3); mmax (KBr): 2988, 2935,
1683, 1381, 1372, 1260, 1245, 1229, 1214, 1074, 822; [a]25


D = +206
(c = 0.14, DCM); m/z (EI): 408 (100, M+), 393 (15, [M − 15]+);
HRMS (EI): found 408.0190, C15H20O5S4 requires 408.0188.


R,R-vic-Bis((4′′R)-2′′,2′′-dimethyl-1′′,3′′-dioxolan-4′′-yl)-ET, 58.
A mixture of oxo compound 57 (0.10 g, 0.25 mmol) and the thione
28 (0.08 g, 0.37 mmol) was heated in triethyl phosphite (5 ml)
to 90 ◦C under N2 for 5 h to give an orange solution. Triethyl
phosphite was removed by distillation in vacuo and the residue
purified by flash chromatography (3 : 1 cyclohexane–ethyl acetate)
to yield 58 as an orange solid (0.05 g, 34.9%); mp 88–90 ◦C; dH:
4.37 (2H, m, 2 × 4′′-H), 4.13 (2H, dd, J = 9.1, 5.9, 2 × 5′′-Ha),
4.00 (2H, dd, J = 9.1, 4.4, 2 × 5′′-Hb), 3.67 (2H, dd, J = 8.9, 1.0,
5-, 6-H), 3.26 (4H, s, 5′, 6′-H2), 1.40 (6H, s, 2 × CH3), 1.32 (6H, s,
2 × CH3); dC: 113.9, 112.3, 110.4 (sp2-C), 109.9 (2 × 2′′-C), 76.5
(2 × 4′′-C), 68.0 (2 × 5′′-C), 44.9 (5, 6-C), 30.2 (5′, 6′-C), 27.1 (2 ×
CH3), 25.4 (2 × CH3); mmax (KBr): 2978, 2916, 1654, 1650, 1638,
1618, 1560, 1510, 1456, 1384, 1368, 1249, 1213, 1145, 1062, 1016,
922, 834, 766, 507; [a]25


D = +51.2 (c = 0.13, DCM); m/z (EI): 584
(M+, 2), 356 (5), 132 (9), 101 (14), 88 (23) 43 (100); HRMS (ES):
found: 584.9507, C20H24O4S8 + H+ requires: 584.9513; found C:
41.0, H: 4.0%, C20H24O4S8 requires C: 41.1, H: 4.1%.


R,R-vic-Bis((2′′R)-1′′,2′′-dihydroxyethyl)-ET, 22. Diketal 58
(60 mg, 0.12 mmol) was stirred with a mixture of aq. HCl (4 M,
4 ml) and THF (8 ml) under nitrogen for 12 h. Evaporation and
drying in vacuo gave the tetrol 22 (49 mg, 94%) as a buff powder, mp
201–202 ◦C; dH (DMSO-d6): 3.82 (2H, br d, J = 9.5, 5-, 6-H), 3.67
(2H, d, J = 10.2, 2 × CHaHbO), 3.60 (6H, m, 2 × CHCHaHbOH),
3.34 (4H, s, 5′, 6′-H2); dC (DMSO-d6): 112.9, 110.5, 110.0, 109.9
(sp2-C), 71.8 (2 × -CH(OH)), 63.3 (2 × -CH2OH), 42.7 (5, 6-C),
29.5 (5′, 6′-C); mmax (KBr): 3293, 2920, 1425, 1329, 1296, 1259,
1182, 1109, 1078, 1051, 1026, 958, 870, 818, 766, 626, 523; [a]25


D =
+69 (c = 0.035, THF); m/z (EI): 504 (M+, 1); HRMS (EI): found:
503.8818, C14H16O4S8 requires: 503.8809; found C: 33.3, H: 3.4%,
C14H16O4S8 requires C: 33.3, H: 3.2%.


R,R,R,R-Tetrakis((4′′R)-2′′,2′′-dimethyl-1′′,3′′-dioxolane-4′′-yl)-
ET, 59. Oxo compound 57 (0.19 g, 0.46 mmol) was heated in
triethyl phosphite (3 ml) to 90 ◦C under N2 for 18 h to give an
orange solution. Triethyl phosphite was removed by distillation
in vacuo and the residue purified by flash chromatography (8 :
1 cyclohexane–ethyl acetate) to yield 59 as a pale orange solid
(0.11 g, 60.2%); mp 176–178 ◦C (dec.); dH: 4.38 (4H, m, 4 × 4′′-H),
4.18 (4H, dd, J = 9.0, 6.0, 4 × 5′′-Ha), 4.03 (4H, dd, J = 9.0, 4.3,
4 × 5′′-Hb), 3.70 (4H, dd, J = 11.8, 2.0, 5-,6-, 5′-,6′-H), 1.43 (12H, s,
4 × CH3), 1.35 (12H, s, 4 × CH3); dC: 111.0 & 109.9 (2-,2′-C & 3a-,
7a-, 3a′-, 7a′-C), 110.4 (4 × 2′′-C), 76.0 (4 × 4′′-C), 68.0 (4 × 5′′-C),
44.9 (5-, 6-, 5′-, 6′-C), 27.1 (4 × CH3), 25.4 (4 × CH3); mmax (KBr):
2986, 2933, 2880, 1458, 1382, 1371, 1248, 1215, 1150, 1065, 970,
923, 836, 774, 513; [a]25


D = +65.3 (c = 0.15, DCM); m/z (APCI):
785 ([M + 1]+, 25), 727 (24), 569 (100), 73 (58); HRMS (EI): found:
784.0485, C30H40O8S8 requires: 784.0483; found C: 46.0, H: 5.1%,
C30H40O8S8 requires C: 45.9, H: 5.1%.


R,R,R,R-Tetrakis((2′′R)-1′′,2′′-dihydroxyethyl)-ET, 23. Tetra-
ketal 33 (40 mg, 0.051 mmol) was stirred with a mixture of aq.
HCl (4 M, 1.5 ml) and THF (11 ml) under nitrogen for 24 h.
Evaporation and drying in vacuo gave the tetrol 23 (26 mg, 82%)
as a brown–buff powder, mp >330 ◦C (some contraction at 170–
172 ◦C). dH (400 MHz, DMSO-d6 + one drop D2O): 3.61 (16H, m,
4 × SCH-CH(OH)-CH2OH); dC (100 MHz, DMSO-d6): 110.5 &
109.8 (3a-, 3a′-, 7a-, 7a′-C & 2′,2′-C), 71.8 (4 × -CH(OH)), 63.3
(4 × -CH2OH), 42.7 (5-, 5-′, 6-, 6′-C); mmax (KBr): 3254 br, 2962,
1404, 1259, 1082, 1013, 869, 792, 700, 676, 661; [a]25


D = +187.5 (c =
0.048 in DMF); m/z (ES+): 647 ([M + Na], 3), 279 (20), 171 (23),
47 (100); m/z (ES−) 659 ([M + CH3OH], 4), 623 ([M − H], 6),
475 (5), 311 (8), 228 (14), 227 (15), (226, 14), 179 (12), 127 (5), 69
(100); HRMS (ES+): found: 624.9315, C18H24O8S8 + H requires:
624.9310; found C: 34.5, H: 4.1%, C18H24O8S8 requires C: 34.6, H:
3.9%.
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Synthetic routes for the preparation of O-acetyl-ADP-ribose
and two novel non-hydrolyzable analogs containing an N-
acetyl are described and shown to interact with the macro
domain of histone protein H2A1.1.


Post-translational modifications of histone proteins, specifically
acetylation, regulate transcription, DNA synthesis and repair.1


Dynamic acetylation is controlled by histone acetyltransferases
(HATs) and histone deacetylases (HDACs). Evaluation of HDACs
is of high interest due to their direct link to cancer and aging.2


To date, three classes of HDACs have been identified. Class I
and II share a conserved catalytic domain and function via a
zinc-mediated hydrolysis to afford the deacetylated substrate and
acetate.3 Class III HDACs, the sirtuin family of histone–protein
deacetylases, play a role in several cellular processes ranging
from silencing gene expression, metabolism and apoptosis.2b,4


Unlike the Class I and II HDACs, the sirtuins require NAD+


and deacetylation is coupled with the formation of a novel
metabolite, O-acetyl-ADP-ribose (OAADPr) (Fig. 1).5 Mecha-
nistic investigations support the 2′-O-acetyl regioisomer as the
enzyme product and that solution equilibrium via intra-molecular
trans-esterification affords a 1 : 1 mixture (at pH 7.5) of the 2′- and
3′-O-acetyl regioisomer.6


OAADPr is hypothesized to be a substrate for other linked
enzymatic processes or to serve as an allosteric regulator or second
messenger. Early efforts to identify the role of OAADPr in vivo
using microinjections indicated that it caused a delay/block in
maturation and cell division in starfish oocytes and blastomeres,
respectively.5b More recent work has demonstrated that OAADPr
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Fig. 1 Sirtuin-mediated deacetylation.


is capable of interacting with the macro domain of H2A1.1. An
atypical histone variant containing an additional 20 kDa domain,
macroH2A, has been implicated in transcriptional regulation and
proliferation.7 Additional findings indicate that OAADPr may
induce the assembly of the yeast Sir complex8 and modulate
cellular responses by regulating the opening of the Ca2+-permeable
long transient receptor potential channel 2 (TRPM2).9


The identification of additional targets of OAADPr is cur-
rently restricted by both its inherent instability and the limited
quantity available from enzyme derived products.4b Hydrolysis
occurs at either the acetyl functionality on the ribose sugar
or the pyrophosphate linkage by ARH3 (a poly(ADP-ribose)
glycohydrolase),10 Nudix hydrolases,11 esterases and unidentified
metabolizing enzymes.12 Thus, to effectively evaluate the cellular
function of OAADPr and to serve as biochemical tools to
overcome these limitations, a synthetic pathway to authentic
OAADPr and two non-hydrolyzable analogs have been developed
(Fig. 2). In the design of the non-hydrolyzable analogs, substitution
of the O-acetyl moiety with an N-acetyl is anticipated to greatly
stabilize this functionality to both spontaneous and enzyme-
dependent hydrolysis, in addition to preventing acyl migration
that is typically observed with OAADPr. Generation of N-acetyl
analogs at the 2′- and 3′-positions of the ribose sugar (2 and 3) will
also prove to be valuable in the identification of the biologically
active isomer for each protein target.


Retrosynthetic analysis of OAADPr and its N-acetyl analogs,
indicated that a coupling between AMP and the functionalized
ribose sugars would afford the desired products (Fig. 2). Thus,
the development of novel synthetic pathways to OAADPr and its
N-acetyl analogs would require the production of three different
phosphorylated sugars containing the appropriate substitution
at the 2- and 3-positions via orthogonal protection strategies.
Although it would have been ideal to develop synthetic routes
containing common intermediates for introducing substitution
on the ribose sugar, literature precedence dictated that different
starting materials were necessary.
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Fig. 2 Retrosynthetic analysis of OAADPr and its N-acetyl derivatives.


Generation of the functionalized O-acetyl ribose is depicted in
Scheme 1 and begins with the previously described 5-O-benzyl-
1,2-O-isopropylidene-a-D-xylofuranose (4).13 Inversion of the 3-
alcohol was necessary to afford a ribofuranose and accomplished
via a two-step process involving a PDC oxidation followed by
subsequent reduction with NaBH4. Benzylation of the resulting
alcohol provided sugar 5 in 52% yield over 3 steps.13b Selective
protection at the 1-position was initiated with isopropylidene
cleavage with Dowex-H+, followed by a dibutyl stannylene-based
benzylation to afford the tri-benzylated ribose, 6, in 74% yield.14


Acylation of the resulting alcohol,15 followed by a selective benzyl
deprotection,16 rendered 7 in 48% yield. Direct phosphorylation
using POCl3 in THF,17 followed by a hydrogenolysis,18 afforded
the TEA salt of sugar 8 (trans-esterification mixture of 2′- and
3′-O-acetyl regioisomers).


Scheme 1 Synthesis of 2-O-acetyl sugar. (a) PDC, AcOH, CH2Cl2 (65%);
(b) NaBH4, MeOH; (c) BnBr, NaH, DMF (80%, 2 steps); (d) Dowex-H+,
dioxane; (e) Bu2SnO, MeOH; (f) BnBr, K2CO3, DMF (74%, 3 steps); (g)
Ac2O, pyridine (97%); (h) H2 (50 psi), 10% Pd/C, MeOH–AcOH, 0.08%
pyridine (40–50%, 5–15% recovered); (i) POCl3, TEA, THF (85%); (j) H2


(50 psi), 10% Pd/C, EtOH (88%).


Previous syntheses of nitrogen-bearing ribose analogs substi-
tuted at the 2-position have traditionally relied upon azide instal-
lation via an activated uridine and require subsequent hydrolysis
of the uridine base.19 Due to difficulties in removing the uridine
base from the substituted ribose, an alternative synthetic pathway
was developed and utilized chemistry previously described by
Oppenheimer and Bobek.20 Instead of directly installing the
nitrogen at the desired 2-position of the ribose, the alternative
methodology involved its incorporation at the 3-position of a
substituted glucofuranose and relocation to the 2-position via a
NaIO4-mediated oxidative rearrangement.


As depicted in Scheme 2A, conversion of commercially available
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose to the azide sugar
9 was accomplished as previously described.21 Following selective
benzylation of the 6-position22 (10), acid hydrolysis of the 1,2-O-
isopropylidene afforded the requisite sugar for the rearrangement.
Oxidation of the 1,2-diol with NaIO4 yielded the correspond-
ing di-aldehyde, which underwent spontaneous ring closure to
generate 2-azido ribose sugar 11.20 Silyl ether protection of the
resulting 1,3-diol afforded 12 as a 1 : 6 mixture of a- and b-
anomers in 60% yield.23 Following reduction of the azide using
Staudinger conditions24 and subsequent acylation of the resulting
primary amine,25 benzyl deprotection was affected using standard
hydrogenolysis at 50 psi18 to afford 13 in 71% yield over three steps.
At this stage, the a- and b-anomers were separable using flash
chromatography. Direct phosphorylation of either anomer using
POCl3


17 of 13 resulted in activated sugar 14 (as the triethylamine
salt) for subsequent coupling chemistry in 93% yield.


Installation of the N-acetyl at the 3-position of the ribose is
depicted in Scheme 2B and bears a resemblance to chemistry
developed for substitution at the 2-position. Beginning with 4,
azide installation occurred via a SN2 displacement of the triflate
with LiN3


26 to provide sugar 15 in 38% yield. Upon subjection to
Dowex-H+19c to generate the 1,2-diol, subsequent reprotection as
the silyl ethers22 rendered 16 (b anomer only) in a yield of 64%.
Following Staudinger reduction of the azide24 and acylation of the
amine,25 benzyl deprotection produced 17 in 84% yield over three
steps.18 Phosphorylation17 resulted in the activated sugar 18 (as the
triethylamine salt).


To complete the synthesis of OAADPr and its N-acetyl analogs
(1–3), the chemistry condensing the adenosine and the function-
alized ribose sugar was investigated. Preliminary condensations
of sugar phosphates 14 and 18 with AMP failed to yield the
anticipated TBS-protected products. It was initially hypothesized
that TBS functionalities were interfering sterically with the desired
chemistry. Thus, silyl ether deprotection of 14 and 18 was
carried out utilizing Dowex-50 (H+) in high yeilds.27 The resulting
phosphomonoesters 19 and 20 (as the TEA salt), along with O-
acetyl phosphate 8, were successfully coupled directly to AMP
activated as the diphenyl pyrophosphate (21) using procedures
established by Michelson (Scheme 3).28 The resulting products (1,
2, and 3) were first purified by anion-exchange chromatography
(DEAE cellulose) to remove the resulting by-product diadenosine
5′-pyrophosphate (AppA) and followed by preparative HPLC to
afford authentic OAADPr and its two N-acetyl analogs. The
yields of the coupling reactions were low (typically 5–20%), but
comparable to similar couplings previously carried out.29


To validate the installation of an N-acetyl as a non-hydrolyzable
substitution, the stabilities of both 2′- and 3′-NAADPr were
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Scheme 2 Synthesis of 2-N- and 3-N-acetyl sugars. (a) 70% AcOH; (b) Bu2SnO, toluene, then BnBr and Bu4NBr (65%, 2 steps); (c) Dowex-H+, dioxane;
(d) NaIO4, NaHCO3 dioxane; (e) TBSCl, imidazole, DMF (12: 60%, 3 steps; 16: 64%, 2 steps); (f) PPh3, aqueous NH3, pyridine; (g) Ac2O, pyridine,
CH2Cl2; (h) H2 (50 psi), 10% Pd/C, EtOH (13: 71%, 3 steps; 17: 84%, 3 steps); (i) POCl3, TEA, THF (14: 93%; 18: 90%); (j) Tf2O, pyridine, CH2Cl2 (87%);
(k) LiN3, DMF (44%).


Scheme 3 Phosphate couplings to AMP. (a) Dowex-H+, ACN (19: 97%;
20: 94%); (b) 8, 19, or 20, DMF, pyridine (5–20%).


evaluated at physiological temperature and pH. Results previously
obtained with OAADPr indicated that approximately 18% was
hydrolyzed spontaneously to ADPr within 3 h.30 HPLC analysis
of both 2 and 3 using the exact conditions indicated negligible
decomposition (<1%) over 3 days and confirmed the stability of
the acetyl functionality to spontaneous hydrolysis.31


Upon completing the synthesis of the N-acetyl analogs and
confirming their stability, we sought to validate the ability of both
2′- and 3′-NAADPr to mimic OAADPr. Among several reported
protein targets, recent work demonstrated in vitro that OAADPr
binds to macroH2A1.1 histone protein.7 To establish NAADPr
binding to macroH2A1.1, isothermal titration calorimetry (ITC)
was performed and the titration of ADPr, OAADPr, and the N-
acetyl analogs individually with ligand-free macroH2A1.1 resulted
in the binding curves shown in Fig. 3. Resulting dissociation


constants and binding enthalpies produced from the binding
curves indicate comparable values to those previously determined
for ADPr and OAADPr (panel A).7 Both 2′- and 3′-NAADPr
yielded simililar Kd values (16 versus 19 lM, respectively),
although there was a small four-fold reduction in values when
compared to OAADPr (panel B). Similar DH values (∼13–15 kcal
mol−1) among the four suggests a similar mode of binding, likely
within the same ligand pocket. Most notable, the nearly identical
Kd values of 2′- and 3′-NAADPr indicate that macroH2A1.1
does not discriminate between the two regioisomers. Although the
NAADPr analogs are capable of interacting with macroH2A1.1 in
a manner that mimics the natural ligand, further evaluation of the
ability of the NAADPr analogs to bind competitively with other
OAADPr-binding proteins/enzymes will be addressed in future
studies.


Molecular modeling was performed to evaluate the interactions
of macroH2A1.1 with the N-acetyl analogs. Utilizing the crystal
structure previously determined for ADPr bound to Af152132 and
macroH2A1.1,7 both 2′- and 3′-NAADPr were modeled into the
binding pocket.33 As shown in Fig. 4, the pocket is capable of
accommodating both 2′- (panel A) and 3′-NAADPr (panel B)
and supports the observed similar dissociation constants for both
analogs. Although no obvious structural differences were observed
for macroH2A1.1 when modeled with NAADPr compared to that
obtained with OAADPr (data not shown), it is hypothesized that
the observed four-fold reduction in binding for both 2′- and 3′-
NAADPr may be due to minor alterations in the hydrogen bond
network.34 The substitution of the O-acetyl moiety with an N-
acetyl reverses the nature of the hydrogen bond (from an acceptor
to a donor).


In summary, the synthetic generation of OAADPr and two
non-hydrolyzable analogs containing an N-acetyl is reported.
Subsequent experiments indicated that both 2′- and 3′-NAADPr
are mimics of OAADPr in binding with macroH2A1.1 and
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Fig. 3 ITC curves with macroH2A1.1 for (A) ADPr (open circles)
and OAADPr (open triangles) and (B) 2′-NAADPr (open circles) and
3′-NAADPr (closed triangles). Experiments were performed at 25 ◦C in
50 mM KH2PO4, pH 6.5 and 1 mM DTT. Values previously obtained for
OAADPr are 2.6 lM and −17.8 kcal mol−1.7


demonstrate that they will be valuable chemical tools for the future
evaluation of the physiological role of OAADPr. Additionally,
these analogs are deemed useful for future studies to uncover
unidentified targets of OAADPr.
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Bicyclic cyclopentane lactones, prepared from bromodeoxyaldonolactones, were transformed into
aminocyclopentanols with an Overman rearrangement as the key step. Two of the compounds
prepared, 7 and 19, were found to be good inhibitors of jack bean a-mannosidase and
b-D-N-acetylglucosaminidase, respectively.


Introduction


Interest in obtaining access to polyhydroxylated aminocyclopen-
tanes has emerged in recent years, since they have been shown to
exhibit a wide range of biological activities.1 An important feature
is their ability to inhibit glycosidases, since it is assumed that they
are transition state mimics of the glycosyl cation formed during the
hydrolysis of glycosides.2 The first synthetic aminocyclopentanol
was prepared by Farr and co-workers in 1990, the so-called
Merrell–Dow cyclopentylamine (MDC) I (Fig. 1).3 The three
hydroxyl groups in MDC have configurations corresponding to
those of the hydroxy groups at the 2, 3, and 4 positions in D-
mannopyranose. This aminocyclopentanol can be viewed as a
ring-contracted analogue of a-D-mannose where the ring oxygen
is missing but having an external amino group for protonation
by the glycosidase. MDC was shown to be a potent inhibitor
of a-mannosidase (jack beans) with an IC50 value of 62 nM.3 A
computational study3,5 showed good overlap of two of the three
hydroxy groups of I with the 2-OH and 3-OH groups of the “flap-
up” mannopyranosyl cation.4,5 Furthermore, the N-methyl group
appeared to be located on the a-face of the ring close to C-1,
suggesting that I could mimic the oxocarbenium ion as well as the
protonated substrate.


Fig. 1


Farr and co-workers never expanded the concept to other
analogues of common carbohydrates. This was done years later
by Reymond and co-workers in the synthesis of an aminocy-
clopentanol II (Fig. 1) in which the substitution pattern matches
that of the parent carbohydrate, L-fucose. However, since the
configuration of the carbon simulating C-1 in the sugar has
the amino group in the “b”-configuration, it was shown to be
only a weak inhibitor of a-L-fucosidase.6 Soon after, the same
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group synthesized an aminocyclopentanol with a b-D-galacto
substitution pattern, III (Fig. 1), and showed that this was
selective towards b-galactosidases over a-galactosidases.7 Based on
these findings, they suggested that aminocyclopentanols could be
considered as mimics of the protonated glycosides governed by the
configuration of the amino group corresponding to the anomeric
configuration. Thus, it should be possible to synthesize selective
inhibitors of a- or b-glycosidases by matching the stereochemistry
of the aminocyclopentanol with the relevant carbohydrate. An
investigation of the structure–activity relationship has just recently
been published by Reymond and co-workers.8


Work in our group has recently been focused on the synthesis
of carbohydrate mimics, especially the synthesis of carbasugars
from easily available carbohydrate-based starting materials.9 In
particular, the building block 1, synthesized from a bromod-
eoxyheptonolactone derived from carbohydrates, has been shown
to be well suited for the synthesis of several cyclopentanols10,11


(Scheme 1) and aminocyclopentanols.11


Scheme 1


In the present work we further investigate the use of building
block 1 and its enantiomer ent-1 for the synthesis of aminocy-
clopentanols with stereochemistry mimicking common sugars in
order to find new selective and potent glycosidase inhibitors.


Results and discussion


In order to obtain an amino functionality adjacent to the carbon
side chain, either C-1 or C-6 of the building block 1 must be
functionalized with a nitrogen. Recently we have published a
method for the incorporation of nitrogen at C-1 giving access
to mimics of D-sugars,12 while introduction of nitrogen at C-6 will
give access to mimics corresponding to L-sugars (Fig. 2). To pursue
the latter strategy we took advantage of the allylic alcohol motif
in 1 by investigation of the Overman rearrangement, which is a
[3,3]-sigmatropic rearrangement of allylic trichloroacetimidates.13
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Fig. 2


This rearrangement would result in introduction of the desired
amino function at C-6.


Thus, 1 was treated with NaH and trichloroacetonitrile to give
the crude trichloroacetimidate 2, which was shown by NMR to
be sufficiently pure to be used directly in the subsequent synthesis
(Scheme 2). The imidate 2 was therefore subjected to a thermally
mediated Overman rearrangement by reflux in xylene to give the
allylic trichloroacetamide 3 in good yield.


Scheme 2 Overman rearrangement. Reagents and conditions: a) Cl3CCN,
NaH, THF, 0 ◦C, 1 h; b) xylene, reflux, 2 h (75%, 2 steps).


Introduction of hydroxyl groups at C-7 and C-8 might be
performed by either dihydroxylation or epoxidation of the double
bond in 3, leading to mimics of different sugars.


An OsO4-catalysed dihydroxylation was expected to be influ-
enced with respect to the exo–endo selectivity by the conformation
of the bicyclic system. Actually, it turned out that the allylic amide
3 gave only one product when subjected to the OsO4-catalysed
dihydroxylation using NMO·H2O as a re-oxidant. The product
was directly transformed into the acetonide 4 for purification.
Deprotection under acidic conditions gave the amino-hydroxy-
substituted lactone 5 which by reduction using Ca(BH4)2 in THF
and subsequent acetylation gave 6. Deprotection by acidic hydrol-
ysis gave the aminocyclopentanol 7 (Scheme 3). The configurations
were proven by an NOE-experiment on 6, which showed a strong
NOE from H-3 to H-4 and a medium NOE from H-2 to H-4,
indicating that the cis-dihydroxylation had occurred from the exo-
side of the bicyclic system.


The allylic amide 3 was also subjected to epoxidation using m-
CPBA to give exclusively the exo-epoxide 8 in a good yield. The
stereochemistry was confirmed by a NOESY experiment.


Not surprisingly, hydrolysis of the epoxide ring in 8 required
rather harsh conditions due to the adjacent electron-withdrawing
groups.14 Attempts to open the epoxide with aqueous TFA at room
temperature resulted in no conversion even after several days of
reaction. In contrast, heating with aqueous HCl resulted in slow
opening of the epoxide together with hydrolysis of the trichlo-
racetamide. NMR analysis of the crude mixture showed that
several products had formed, and since they were inseparable by
chromatography this strategy was not pursued further (Scheme 4).


Scheme 3 Synthesis of aminocyclopentanol 7. Reagents and conditions:
a) OsO4, NMO, CH2Cl2, rt, overnight; b) 2,2-dimethoxypropane, acetone,
H2SO4, rt, 20 min (80%); c) aq. HCl (6 M), reflux, 2.5 h (79%); d) Ca(BH4)2,
ethanol, −20 ◦C, overnight; e) Ac2O, pyridine, rt, overnight (61%); f) aq.
HCl (4 M), 60 ◦C, 4.5 h (quant.).


Scheme 4 Epoxidation of 3. Reagents and conditions: a) m-CPBA,
CH2Cl2, reflux, 4 d (98%); b) aq. HCl (4 M), 90 ◦C, 4 h.


The bicyclic cyclopentane lactone 1 was prepared from a
2,3-unsaturated 6-bromo-6-deoxyheptonolactone by a radical-
induced carbocyclisation.9 For the synthesis of ent-1 by a similar
carbacyclisation procedure, the precursor should be the 2,3-
unsaturated heptonolactone 9 (Scheme 5). 2,3-Unsaturated hep-
tonolactones are available by diastereoselective coupling of an
enantiomerically pure aldehyde with 2-(trimethylsilyloxy)furan
following the concept developed by Casiraghi and co-workers.15


For the synthesis of 9, 2,3-isopropylidene-L-glyceraldehyde and
2-(trimethylsilyloxy)furan were used.15,16 Treatment of 9 with HBr
in HOAc gave the 7-bromo-7-deoxyheptonolactone 10, which by
treatment with tributyltin hydride gave the bicyclic cyclopentane-
lactone 11 in quantitative yield. Treatment of the diol 11 with HBr–
HOAc introduced bromine in a regio- and stereoselective reaction
to 12, which by treatment with 1,8-diazabicyclo[5.4.0]undec-5-
ene (DBU) gave the unsaturated compound 13. Finally, acidic


Scheme 5 Synthesis of ent-1. Reagents and conditions: a) HBr/AcOH, rt,
20 min, then MeOH, rt, overnight, 81%; b) Bu3SnH, AIBN, EtOAc, rt,
4 h, quant.; c) HBr/AcOH, rt, 2 h, then Ac2O, rt, 2 h, 88%; d) DBU, THF,
reflux, overnight, 92%; e) HCl/MeOH, rt, 2 d, 94%.
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deacetylation provided the target ent-1 in a convenient high-
yielding reaction sequence from 9.


For the synthesis of the aminocyclopentanol ent-6, a reaction se-
quence similar to the one described from 1 was performed starting
with ent-1. The Overman rearrangement of the trichloroimidate
was followed by dihydroxylation and protection to give ent-4, and
finally reduction to give the aminocyclopentanol ent-7 (Scheme 6).


Scheme 6 Synthesis of aminocyclopentanol ent-7. Reagents and condi-
tions: a) Cl3CCN, NaH, THF, 0 ◦C, 2 h; b) xylene, reflux, 3 h (43%, 2
steps). c) OsO4, NMO, CH2Cl2, rt, overnight; d) 2,2-dimethoxypropane,
acetone, conc. H2SO4, rt, 2 h (72%); e) aq. HCl (6 M), reflux, 2.5 h (79%);
f) Ca(BH4)2, ethanol, −20 ◦C, overnight; g) Ac2O, pyridine, rt, overnight
(42%); h) aq. HCl (4 M), 60 ◦C, 4.5 h (quant.).


Furthermore, ent-3 was transformed into the epoxide ent-8
as the only product following the procedure for preparation
of 8. The aim was to open ent-8 regioselectively to give an
aminocyclopentanol, IV, which would mimic a “a-D-galacto”-
configured carbocation (Scheme 7). An “a-D-galacto”-configured
cyclopentanol was considered as the missing link in a review of the
configuration of the amino group as an anomer-selective mimic.17


We have now published the synthesis of IV12 together with the
corresponding aminocyclopentanol having a one-carbon shorter
side chain directly mimicking the parent sugar.8,12


Scheme 7 Epoxidation of ent-3. Reagents and conditions: a) m-CPBA,
CH2Cl2, reflux, 4 d (98%).


Unfortunately, ent-8 (like 8) was very sluggish in acid-catalysed
epoxide opening. Since the epoxide 8 was readily available, the
opening of the epoxide with a more efficient nucleophile than
water (as described above) was explored. Furthermore, if an
amino function could be introduced regioselectively, as shown
in Scheme 8, a possible inhibitor for N-acetylglucosaminidase
could be synthesized. The position and stereochemistry of the


Scheme 8 Retrosynthesis to the N-acetylglucosamine mimic.


groups except for the carbon side chain correspond to those of
N-acetylglucosamine.


Following the retrosynthesis in Scheme 8, epoxide 8 was treated
with NaN3 in DMF at elevated temperatures. As was apparent
from the hydrolysis of 8, the epoxide is highly stabilised by
the adjacent electron-withdrawing groups. Meanwhile, azide is
a far better nucleophile compared to water, and the opening
gave primarily one azide after a short reaction time at elevated
temperature. The major product 14 could be isolated in a moderate
yield by flash chromatography (Scheme 9). The minor isomer
was not isolated, as this could not be separated from other
impurities. The regioselectivity of the nucleophilic attack could
not be determined at this stage. but the major product was later
shown by 2D-NMR analysis of 18 to arise from nucleophilic attack
at C-7.


Scheme 9 Synthesis of the potential b-D-N-acetylglucosaminidase in-
hibitor 19. Reagents and conditions: a) NaN3, NH4Cl, DMF, 80 ◦C, 1.5 h
(65%); b) CaCl2, NaBH4, THF, −20 ◦C, overnight; c) Boc2O, NaHCO3,
acetone, H2O, rt, overnight (40%); d) H2, 5% Pd/C, ethanol, rt, 2.5 h; e)
H2O–MeOH (1 : 2), Ac2O, rt, 1 h (80%); f) aq. HCl (4 M), rt, 15 min
(quant.).


Compound 14 was reduced with Ca(BH4)2 in THF, which
resulted in reduction of both the lactone and the trichloroacetyl
group but left the azide group untouched to give 15. The free
amine could be selectively Boc-protected under basic conditions
to give 16 in a moderate yield. Reduction of the azide and selective
acetylation of the free amine in 17 gave 18 in a good yield. The
Boc-group was finally removed by acidic hydrolysis to give the
target aminocyclopentanol 19 in a quantitative yield (Scheme 9).


Biological tests


The aminocyclopentanols 7 and ent-7, together with the cy-
clopentane lactones 5 and ent-5, were assayed for inhibition of a
range of commercial enzymes: a-D-glucosidase (bakers’ yeast), b-
D-glucosidase (almonds), a-D-galactosidase (green coffee beans),
b-D-galatosidase (E. coli), b-D-galactosidase (bovine liver), a-D-
mannosidase (jack beans) and a-D-mannosidase (almonds) using
the procedure described previously.12
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The aminocyclopentanol 7 showed potent inhibition of a-
D-mannosidase from jack beans (K i = 0.3 lM). This activity
is almost identical to the inhibition data obtained for the
aminocyclopentanol 20 synthesized by Jäger and co-workers.18


This is an interesting result since 20 has the correct a-D-manno
configuration (like DMC, I), while 7 has the amino group in
the b-configuration and an extended side chain corresponding
to an L-sugar. The non-importance of the anomeric configuration
indicates that this aminocyclopentanol mimics the oxocarbenium
ion rather than the protonated substrate. For DMC I, having
the a-configuration, it was suggested that mimicking of both
the “flap-up” mannopyranosyl cation as well as the protonated
substrate might occur (see Introduction). Thus no anomer-
selective inhibition from manno-configured inhibitors has been
found, which also has been observed by Jäger and co-workers for
the two anomers 20 and 2118 (Fig. 3). The motif for inhibition of
a mannosidase is the cis-relationship of the two hydroxyl groups
at C-2 and C-3 (see Fig. 1) corresponding to the 2- and 3-hydroxyl
groups in the substrate, as has also been found by synthesis of a
range of mannostatin analogues.19


Fig. 3 K i values for inhibition of manno-configured aminocyclopentanols
towards a-D-mannosidase from jack beans.


The corresponding lactones 5 and ent-5 did not show any
activity towards the a-D-mannosidases or any of the other enzymes
assayed.


The aminocyclopentanol 19 was tested towards b-D-N-
acetylglucosaminidase from jack beans and showed inhibitory
activity with K i 8.9 lM. This confirmed our expectations, as
only the carbon side chain is of opposite stereochemistry to the
correct b-N-acetyl-D-gluco configuration. The activity was about
ten-fold less than for the aminocyclopentanol 22,18 which has the
correct configuration. Thus, for this enzyme the correct identity
and configuration of the carbon side chain seems to be crucial for
optimal activity (Fig. 4).


Conclusion


The unsaturated bicyclic lactones 1 and ent-1 were shown to be
valuable starting materials for synthesising densely functionalised
aminocyclopentanols where the key step was an Overman rear-
rangement. The possible glycosidase inhibitors 7, ent-7 and 19
were synthesised. Both 7 and 19 were identified as good glycosidase
inhibitors. In both compounds the configuration of the hydroxy


Fig. 4 K i values for inhibition of b-N-acetyl-D-gluco-aminocyclo-
pentanols towards b-D-N-acetylglucosaminidase from jack beans.


and amino groups were in accordance with the corresponding
configurations in the respective substrates for the enzymes. The
a-galactosidase could not tolerate the wrong configuration at “C-
3” in ent-7, and the b-glucosidase was not inhibited by 7 with the
wrong stereochemistry at “C-2”.


Experimental
1H NMR spectra were recorded on a Bruker AM 500 instrument
and 13C NMR spectra on Varian Mercury 300 instrument. Chemi-
cal shifts were measured in d (ppm) and coupling constants J in Hz.
For NMR spectra in deuterated solvents, the solvent peak was used
as the reference (CDCl3: d = 7.26 for 1H, 76.93 for 13C; MeOH-
d4: d = 3.31 for 1H, 49.00 for 13C). When necessary, NMR data
were assigned using H–H- and C–H-correlated spectra. Melting
points are uncorrected. Specific rotations were measured on a
Perkin-Elmer 241 polarimeter. Elemental analyses were performed
by the Institute of Physical Chemistry, Vienna. HR-MS was
performed by BioCentrum, DTU. TLC was performed on Merck
60 F254 precoated silica plates, and spots were generally detected
by spraying with a solution of 1.5% NH4Mo2O2, 1% Ce(SO4)2


and 10% H2SO4, followed by charring. Flash chromatography was
performed with silica gel 60 (Merck, 40–63 lm). Concentrations
were performed on a rotary evaporator at a temperature below
40 ◦C. All solvents were distilled before use. Celite refers to Filter
Aid from Celite Corporation.


Enzymatic assays


Inhibitory activities of the synthesized compounds were deter-
mined on a Labsystem iEMS reader MF following the procedure
described previously.12 The following commercial enzymes were
tested: a-D-glucosidase (bakers’ yeast), b-D-glucosidase (almonds),
a-D-galactosidase (green coffee beans), b-D-galatosidase (E. coli),
b-D-galactosidase (bovine liver), a-D-mannosidase (jack beans)
and a-D-mannosidase (almonds).


(1S,5R,6S)-6-Trichloroacetamido-2-oxabicyclo[3.3.0]oct-
7-en-3-one (3)


The allylic alcohol 111 (4.02 g, 28.7 mmol) was dissolved in
dry THF (45 mL) and added to NaH (1.56 g, 55–65% in
mineral oil), which prior to the addition was washed with dry
THF and subsequently suspended in dry THF (10 mL). The
reaction mixture was stirred under nitrogen at rt for 30 min, after
which the slurry was added via syringe to trichloroacetonitrile
(4 mL, 40 mmol) over 15 min at 0 ◦C. The mixture was stirred
at this temperature for an additional 1 h, warmed to rt and
filtered though a layer of MgSO4. The solvents were removed by
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evaporation in vacuo to give (1R,5R,8R)-8-O-trichloroacetimido-
2-oxabicyclo[3.3.0]oct-6-en-3-one (2) as slightly yellow crystals
(quant.). The crude product was used immediately without further
purification.


The imidate 2 (8.16 g, 28.7 mmol) was dissolved in xylene
(150 mL) and heated to reflux for 2 h. The solvent was removed
by evaporation in vacuo to give a brown oil. The residue was
dissolved in EtOAc (250 mL), treated with activated charcoal,
filtered through Celite and evaporated in vacuo to give a yellow
oil (7.47 g, 91%). Purification by flash chromatography (EtOAc–
hexane, 1 : 1) gave the title compound 3 as colourless crystals
(6.11 g, 75%), mp 100–102 ◦C. Recrystallisation of an analytical
sample (EtOAc–hexane) gave mp 105–106 ◦C. [a]20


D + 182.9 (c
1.6, CHCl3); found; C, 38.13; H, 2.84; N, 4.80; Cl, 37.34. Calc.
for C9H8O3NCl3; C, 37.99; H, 2.83; N, 4.92; Cl, 37.38;1H NMR
(500 MHz, CDCl3): dH 2.63 (1H, m, H-4′), 2.94–3.05 (2H, m, H-4,
H-5), 4.76 (1H, m, H-6), 5.66 (1H, m, H-1), 6.11 (1H, ddd, J =
1.0, 2.2, 5.5, H-7), 6.25 (1H, ddd, J = 2.2, 2.2, 6.1, H-8), 6.96 (1H,
d, J = 6.1, NH); 13C NMR (125 MHz, CDCl3): dC 34.0 (C-4), 43.6
(C-5), 64.2 (C-6), 87.3 (C-1), 92.0 (CCl3CO) 134.5, 135.3 (C-7,
C-8), 161.8 (Cl3CCO), 175.6 (C-3).


(1R,5R,6R,7R,8S)-6-Trichloroacetamido-7,8-
isopropylidenedioxy-2-oxabicyclo[3.3.0]oct-3-one (4)


The allylic amide 3 (19.8 g, 69 mmol) was dissolved in CH2Cl2


(200 mL), and NMO·H2O (11.4 g, 84 mmol) was added together
with a catalytic amount of OsO4(s). The mixture was stirred
under N2 at rt overnight. Na2SO3(s) was added and the mixture
stirred for 30 min followed by evaporation in vacuo and co-
evaporation four times with toluene. The crude residue was
dissolved in acetone (200 mL), 2,2-dimethoxypropane (100 mL)
and conc. H2SO4 (4 mL). The mixture was stirred for 20 min
at rt. NaHCO3 was then added until neutral pH, after which
the mixture was filtered and concentrated in vacuo. The residue
was dissolved in CH2Cl2, washed with H2O (100 mL) and brine
(100 mL), dried (MgSO4), filtered and evaporated in vacuo to give
colourless crystals (quant). The compound was purified by flash
chromatography (EtOAc–hexane, 1 : 3) to give the title compound
as colourless crystals (19.95 g, 80%); mp 132–133 ◦C. An analytical
sample was crystallised from EtOAc–hexane; mp 161–162 ◦C; [a]20


D


−12.6 (c 1, CHCl3); found; C, 39.94; H, 3.75; N, 4.20; Cl, 29.47.
Calc. for C12H14O5NCl3; C, 40.19; H, 3.93; N, 3.91; Cl, 29.66; 1H
NMR (500 MHz, CDCl3): dH 7.27 (1H, d, J = 9.0, NH), 4.81 (1H,
d, J = 5.4, H-8), 4.77 (1H, dd, J = 5.3, 5.4, H-7), 4.66 (1H, d,
J = 5.4, H-1), 4.20 (1H, ddd, J = 5.2, 8.0, 9.0, H-6), 3.00 (1H, d,
J = 18.5, H-4), 2.94 (1H, ddd, J = 5.5, 8.2, 8.2, H-5), 2.77 (1H,
dd, J = 8.2, 18.2, H-4′); 1.50 (3H, s, CH3), 1,36 (3H, s, CH3); 13C
NMR (125 MHz, CDCl3): dC 174.6 (CO), 162.1 (COCCl3), 112.3
((CH3)2C), 86.5 (C-1), 82.1, 80.2 (C-7, C-8), 58.3 (C-6), 44.8 (C-5),
33.7 (C-4), 26.3, 24.2 (2 × CH3).


(1R,5R,6R,7R,8R)-6-Amino-7,8-dihydroxy-2-
oxabicyclo[3.3.0]oct-3-one hydrochloride (5)


Compound 4 (455 mg, 1.26 mmol) was suspended in aq. HCl (6 M,
10 mL) and heated to reflux for 2.5 h. The mixture was cooled to
rt, evaporated in vacuo and co-evaporated 4 times with toluene
to give 5 as colourless crystals (quant.). These were recrystallised


in MeOH–acetonitrile to give the title compound as colourless
crystals (209 mg, 79%); mp 220–221 ◦C (decomposition); [a]20


D


−15.9 (c 1, H2O); Found; C, 39.81; H, 5.66; N, 6.68; Cl, 16.60.
Calc. for C7H12O4NCl; C, 40.11; H, 5.77; N, 6.68; Cl, 16.91; 1H
NMR (500 MHz, D2O): dH 5.05 (1H, dd, J = 4.4, 9.1, H-1), 4.40
(1H, dd, J = 3.5, 4.5, H-7), 4.36 (1H, dd, J = 3.5, 4.5, H-8),
3.78 (1H, dd, J = 4.5, 6.5, H-6), 3.38 (1H, m, H-5), 3.14 (1H, dd,
J = 11.1, 19, H-4), 2.76 (1H, dd, J = 4.1, 19.0, H-4′); 13C NMR
(125 MHz, D2O): dC 180.4 (CO), 88.6 (C-1), 77.0, 71.9 (C-7, C-8),
57.7 (C-6), 39.6, 33.6 (C-4, C-5).


(1R,2S,3R,4R,5R)-4-Acetamido-1,2,3-tri-O-acetyl-5-
(2-acetoxyethyl)cyclopentane-1,2,3-triol (6)


CaCl2 (551 mg, 5.0 mmol) and NaBH4 (405 mg, 10.7 mmol)
were suspended in dry ethanol (3 mL) and stirred at −20 ◦C for
2 h under N2 to ensure formation of Ca(BH4)2. The lactone 5
(210 mg, 1.0 mmol) was dissolved in EtOH (2 mL) and added at
−20 ◦C under N2, and the mixture was stirred at rt overnight. The
reaction was then quenched with aq. HCl (4 M, 8 mL), stirred for
30 min and evaporated in vacuo followed by co-evaporation with
HCl/MeOH (0.1 M). The residue was dissolved in H2O (10 mL)
and loaded onto a column of ion-exchange resin (Amberlite IR-
120, H+, 150 mL). The column was eluted with H2O (250 mL)
to neutral pH and then with 12.5% NH3 (250 mL). The alkaline
phases were concentrated to give a crude residue, which was co-
evaporated three times with toluene. The residue was dissolved
in dry pyridine (4 mL) and Ac2O (1.5 mL) and stirred at rt
overnight. The mixture was evaporated in vacuo and purified
by flash chromatography (EtOAc) to give the title compound
as slightly yellow crystals (267 mg, 68%). The compound was
then recrystallised (EtOAc–hexane) to give the title compound as
colourless crystals (235 mg, 61%); mp 110–111 ◦C; [a]20


D +28.04 (c
1, EtOAc); found; C, 52.48; H, 6.34; N, 3.47. Calc. for C17H25O9N;
C, 52.70; H, 6.50; N, 3.62; 1H NMR (500 MHz, CDCl3): dH 1.73
(1H, m, CH2CH2OAc), 1.86 (1H, m, CH2CH2OAc), 2.01, 2.03,
2.04, 2.11, 2.12 (15 H, 5 × CH3), 2.30 (1H, m, H-5), 4.02 (1H, m,
CH2CH2OAc), 4.12 (1H, m, CH2CH2OAc), 4.52 (1H, ddd, J =
5.1, 9.8, 10.7, H-4), 5.20 (1H, dd, J = 4.3, 4.7, H-2), 5.29 (1H,
dd, J = 4.3, 8.1, H-1), 5.37 (1H, dd, J = 4.7, 5.1, H-3), 5.63 (1H,
d, J = 8.9, NH); 13C NMR (75 MHz, CDCl3): dC 171.0, 169.9,
169.6, 169.4, 169.1 (5 × CO), 75.9 (C-2), 74.5 (C-1), 71.9 (C-3),
62.5 (CH2CH2OAc), 52.4 (C-4), 41.8 (C-5), 26.1 (CH2CH2OAc),
23.2 (CH3CONH), 20.9, 20.7, 20.6, 20.4 (4 × CH3COO).


(1R,2S,3R,4R,5R)-4-Amino-5-(2-hydroxyethyl)-
cyclopentane-1,2,3-triol hydrochloride (7)


Compound 6 (73 mg, 0.19 mmol) was dissolved in aq. HCl (4 M,
5 mL), the mixture was heated to 60 ◦C for 4.5 h, and then
evaporated in vacuo and co-evaporated several times with toluene
to give the title compound as a slightly yellow oil (40 mg, quant.);
[a]20


D +37.94 (c 1, MeOH); HR-EI-MS; C7H15O4N·HCl, Calc. for
[M − 1]; m/z 212.0690. Found; 212.0682; 1H NMR (500 MHz,
MeOD): dH 4.34 (1H, dd, J = 6.5, 4.5, H-3), 4.03 (1H, dd, J =
2.5, 6.3, H-1), 3.94 (1H, dd, J = 2.5, 4.5, H-2), 3.79 (1H, ddd,
J = 5.5, 5.5, 10.5, CH2CH2OH), 3.63 (1H, ddd, J = 4.3, 10.1,
10.1, CH2CH2OH), 3.30 (1H, dd, J = 8.5, 8.5, H-4), 2.32 (1H,
m, H-5), 1.89 (1H, m, CH2CH2OH), 1.76 (1H, m, CH2CH2OH);
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13C NMR (75 MHz, MeOD): dC 78.6 (C-2), 76.6 (C-1), 70.6 (C-3),
61.7 (CH2CH2OH), 57.5 (C-4), 45.0 (C-5), 31.4 (CH2CH2OH).


(1R,5R,6R,7R,8S)-6-Trichloroacetamido-7,8-epoxy-2-
oxabicyclo[3.3.0]oct-3-one (8)


The allylic amide 3 (2.01 g, 7.1 mmol) was dissolved in CH2Cl2


(50 mL), and m-CPBA (50–90% in H2O, 4.824 g, 14 mmol) was
added. The mixture was heated to reflux for 4 d, after which
CH2Cl2 (30 mL) was added and the organic phase washed with aq.
Na2SO3 (10%, 40 mL), half-saturated aq. NaHCO3 (2 × 30 mL),
H2O (25 mL) and brine (25 mL). The organic phase was dried
(MgSO4), filtered and evaporated in vacuo to give 8 as colourless
crystals; mp 152–162 ◦C (520 mg, 98%). These were recrystallised
from EtOAc–hexane to give the title compound as white crystals
(1.45 g, 68%); mp 161–163 ◦C; [a]20


D +38.74 (c 1, EtOAc); found;
C, 35.88; H, 2.67; N, 4.55; Cl, 35.27. Calc. for C9H8O4NCl3; C,
35.97; H, 2.68; N, 4.66; Cl, 35.39; 1H NMR (500 MHz, CDCl3):
dH 2.51 (1H, m, H-5), 2.88 (1H, d, J = 2.5, H-4), 2.87 (1H, s, H-4′),
3.80 (1H, dd, J = 1.7, 2.5, H-7), 3.90 (1H, d, J = 2.5, H-8), 4.33
(1H, ddd, J = 1.7, 5.5, 7.3, H-6), 5.03 (1H, d, J = 6.4, H-1), 7.05
(1H, d, J = 7.3, NH); 13C NMR (75 MHz, CDCl3): dC 33.5 (C-
4), 42.8 (C-5), 56.8, 59.0 (C-7, C-8), 59.3 (C-6), 81.5 (C-1), 162.4
(Cl3CCO), 174.8 (C-3).


7-Bromo-2,3,7-trideoxy-L-arabino-hept-2-enono-1,4-lactone (10)


6,7-O-Isopropylidene-2,3-dideoxy-L-arabino-hept-2-enono-1,4-
lactone 9 (2.90 g, 13.5 mmol) was suspended in HBr/AcOH
(33.4%, 25 mL). The system was closed with a glass stopper and
the reaction mixture was stirred vigorously at room temperature
for 20 min, followed by addition of MeOH (50 mL), and stirring
was continued at room temperature overnight. The mixture was
concentrated, and then co-concentrated 5 times with MeOH,
3 times with H2O and 3 times with toluene to give a brown
syrupy residue. This was dissolved in H2O (50 mL), extracted
3 times with CH2Cl2 (50 mL) which was re-extracted 3 times
with H2O. The combined aqueous phases were extracted 6 times
with EtOAc (50 mL) and the combined EtOAc phases were
then dried (MgSO4) and concentrated to give yellow crystals.
The combined aqueous phases from the above procedure were
continuously extracted with EtOAc overnight. The organic phase
was concentrated and purified by flash chromatography using
EtOAc as eluent to give colourless crystals (total 2.60 g, 81%); mp
102–104 ◦C; [a]20


D −83.9 (c 1, MeOH); found; C, 35.83; H, 3.78;
Br, 32.86. Calculated for C7H9O4Br; C, 35.47; H, 3.83; Br, 33.71;
1H NMR (300 MHz, D2O) d 7.84 (1H, dd, J = 5.5, 1.3, H-3),
6.36 (1H, dd, J = 6.0, 2.1, H-2), 5.67 (1H, dd, J = 3.8, 1.7, H-4),
4.08 (1H, dd, J = 9.0, 1.7, H-5), 4.03 (1H, ddd, J = 8.9, 4.7, 2.6,
H-6), 3.87 (1H, dd, J = 11.1, 2.5, H-7), 3.80 (1H, dd, J = 11.5,
4.3, H-7′); 13C NMR (75 MHz, D2O) d 176.8 (C-1), 157.4 (C-3),
121.7 (C-2), 84.2 (C-4), 70.2, 69.7 (C-5, C-6), 37.4 (C-7).


(1S,5R,7S,8S)-7,8-Dihydroxy-2-oxabicyclo[3.3.0]oct-3-one (11)


Compound 10 (2.01 g, 8.4 mmol) was dissolved in dry EtOAc
(25.0 mL) and heated to reflux under N2. A solution of AIBN
(145 mg, 0.9 mmol) and Bu3SnH (2.5 mL, 9.4 mmol) in dry EtOAc
was added slowly over 2 h. The solution was kept under reflux
for an additional 2 h. Concentration left an oily residue which


was dissolved in acetonitrile (30.0 mL) and extracted five times
with hexane. The acetonitrile phase was then concentrated to
form a crystalline crude product, which was further purified by
flash chromatography (EtOAc) to give 11 as colourless crystals
(1.33 g, quant.); mp 76–77 ◦C; [a]20


D +70.6 (c 1.0, MeOH); found;
C, 52.94 H, 6.23. Calculated for C7H10O4; C, 53.16; H, 6.37; 1H
NMR (500 MHz, D2O) d 4.96 (1H, ddd, J = 8.4, 3.4, 1.8, H-1),
4.31 (1H, ddd, J = 9.3, 5.1, 1.4, H-7), 3.29 (1H, m, H-5), 4.23 (1H,
dd, J = 7.3, 3.9, H-8), 3.02 (1H, ddd, J = 19.4, 11.0, 2.0, H-4′),
2.52 (1H, ddd, J = 19.5, 4.1, 1.9, H-4), 2.22 (1H, m, H-6), 1.87
(1H, ddd, J = 14.3, 7.4, 2.2, H-6′); 13C NMR (125 MHz, D2O)
d 182.5 (C-3), 90.4 (C-1), 77.9 (C-8), 72.9 (C-7), 37.1, 35.8 (C-4,
C-6), 34.3 (C-5).


(1S,5S,7R,8R)-8-Acetoxy-7-bromo-7-deoxy-2-
oxabicyclo[3.3.0]oct-3-one 12


Compound 11 (729 mg, 4.6 mmol) was suspended in HBr/AcOH
(33.6%, 25.0 mL). The system was closed with a glass stopper
and stirred at room temperature for 2 h, followed by addition of
acetic anhydride (50.0 mL), and stirring for an additional 2 h.
The reaction mixture was concentrated, and then co-concentrated
with MeOH to give a syrupy residue, which was dissolved in
dichloromethane (15.0 mL), washed with saturated NaCl (aq)
(10.0 mL) and concentrated in vacuo. The crude product was
purified further by flash chromatography (EtOAc–heptane, 1 : 1)
giving 12 as fine yellow crystals (1.07 g, 88%); mp 71.5–73 ◦C; [a]20


D


+21.5 (c 1.0, CHCl3); [reported for ent-12:10 mp 72–73 ◦C; [a]20
D


−24.6 (c 1.0, CHCl3)]; ES-MS; C9H11BrO4Na, Calc. for [M + Na];
m/z 283. Found; 285; 1H NMR (300 MHz, CDCl3) d 5.37 (1H,
dd, J = 3.9, 0.6, H-8), 4.76 (1H, d, J = 8.1, H-1), 4.10 (1H, ddd,
J = 5.1, 4.5, 0.9, H-7), 3.02–3.18 (1H, m, H-5), 2.81 (1H, dd, J =
18.6, 10.8, H-4′), 2.71 (1H, ddd, J = 14.7, 6.3, 2.1, H-6), 2.51 (1H,
dd, J = 18.9, 3.6, H-4), 2.09 (1H, ddd, J = 14.7, 5.7, 5.7, H-6),
2.05 (3H, s, CH3); 13C NMR (75.0 MHz, CDCl3) d 176.0 (C-3),
169.3 (CH3–C=O), 87.0 (C-1), 83.5 (C-8), 46.6 (C-7), 41.0 (C-6),
36.6 (C-4), 35.5 (C-5), 20.9 (CH3). All NMR data are identical to
those reported for the enantiomer.10


(1S,5S,8S)-8-Acetoxy-2-oxabicyclo[3.3.0]oct-6-ene-3-one 13


Compound 12 (1.26 g, 4.8 mmol) was dissolved in dry THF
(40.0 mL), and DBU (1.40 mL, 9.4 mmol) was added. The
reaction mixture was heated to reflux overnight under N2. The
reaction mixture was then cooled to room temperature, filtered
and concentrated. The residue was dissolved in CH2Cl2 (10.0 mL),
washed with H2O (15.0 mL) and HCl (1 M, 15.0 mL), and the
combined aqueous phases were re-extracted twice with CH2Cl2


(15.0 mL). The combined organic phases were washed once with
saturated aq. NaCl (15.0 mL), dried (MgSO4) and concentrated
to give a yellow syrup. The crude product was purified by
flash chromatography (EtOAc–heptane, 1 : 2), to give the title
compound as a transparent oil (0.80 g, 92%) (99%, based on
recovered starting material). Crystallization from ether gave fine
colourless crystals; mp 44.5–46 ◦C; [a]20


D +283.3 (c 1.0, CHCl3);
[reported for ent-13:11 mp 49–50 ◦C; [a]20


D −285.0 (c 1.0, CHCl3)];
ES-MS; C9H10O4Na, Calc. for [M + Na]; m/z 205. Found; 205; 1H
NMR (300 MHz, CDCl3) d 5.97 (1H, dd, J = 1.3, 5.7, H-8), 5.91
(1H, dt, J = 2.2, 4.9 H-6), 5.62 (1H, ddd, J = 0.6, 1.4, 2.8, H-7),


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3164–3171 | 3169







4.90 (1H, ddd, J = 0.6, 1.3, 5.9, H-1), 3.70 (1H, m, H-5), 2.78 (1H,
dd, J = 10.3, 18.3, H-4′), 2.40 (1H, dd, J = 2.3, 18.3, H-4), 2.04
(3H, s, CH3); 13C NMR (75.0 MHz, CDCl3) d 175.4 (C-3), 170.1
(CH3–C=O), 139.0 (C-6), 129.0 (C-7), 85.5 (C-1), 82.1 (C-8), 43.8
(C-4), 32.3 (C-5), 21.0 (CH3). All NMR data are indetical to those
reported for the enantiomer.11


(1S,5S,8S)-8-Hydroxy-2-oxabicyclo[3.3.0]oct-6-en-3-one (ent-1)


Compound 13 (280 mg, 1.5 mmol) was dissolved in a solution
of dry 1% HCl/MeOH (15.0 mL), and the solution was stirred
at room temperature for 2 days. The reaction mixture was
concentrated, co-concentrated with toluene, and the residue was
purified further by flash chromatography (EtOAc), to give the
product as an oil (204 mg, 94%), which was crystallized and
recrystallised from hexane–EtOAc; mp 60–66 ◦C; [a]20


D +169.4 (c
1.0, CHCl3); [reported for 1:11 mp 67–68 ◦C; [a]20


D +170.9 (c 1.0,
CHCl3)]; ES-MS; C7H8O3Na, Calc. for [M + Na]; m/z 163. Found;
163; 1H NMR (300.0 MHz, CDCl3) d 5.93 (1H, m, H-8), 5.88 (1H,
dd, J = 1.1, 5.7, H-6 or H-6′, 4.83 (2H, m, H-1, H-7), 3.73 (1H,
m, H-5), 3.47 (1H, d, J = 0.6, OH), 2.78 (1H, dd, J = 10.1, 18.2,
H-4′), 2.40 (1H, dd, J = 1.8, 18.2, H-4). 13C NMR (75.0 MHz,
CDCl3) d 176.2 (C-3), 137.0, 132.3 (C-7, C-6), 88.4 (C-1), 80.3
(C-8), 43.6 (C-4), 32.6 (C-5). All NMR data are identical to those
reported for the enantiomer.11


(1R,5S,6R)-6-Trichloroacetamino-2-oxabicyclo[3.3.0]oct-
7-ene-3-one (ent-3)


The allylic alcohol ent-1 (125 mg, 0.9 mmol) was transformed to
the trichloroacetamide ent-2 and rearranged immediately to ent-
3 as described for 3 to give a crude product, which was purified
by flash chromatography (EtOAc–heptane 1 : 3 → 1 : 1), giving
the title compound as colourless crystals (109 mg, 43%); mp 101–
103 ◦C; [a]20


D −166.3 (c 1.0, CHCl3); ES-MS; C9H8Cl3NO3Na, Calc.
for [M + Na]; m/z 306. Found; 306. The 1H and 13C NMR spectra
were in accordance with those for 3.


(1S,5S,6S,7S,8S)-6-Trichloroacetamido-7,8-isopropylidene-
2-oxabicyclo[3.3.0]oct-3-one (ent-4)


The allylic amide ent-3 (136 mg, 0.47 mmol) was dihydroxylated
and isolated as the isopropylidene derivative as described for 4
to give the product as colourless crystals (122 mg, 72%); mp
129–130 ◦C. Recrystallisation from EtOAc–hexane gave mp 159–
161 ◦C; [a]20


D +11.4 (c 1, CHCl3); The 1H and 13C NMR spectra
were identical to those described above for 4.


(1S,5S,6S,7S,8S)-6-Trichloroacetamido-7,8-dihydroxy-
2-oxabicyclo[3.3.0]oct-3-one (ent-5)


The isopropylidene derivative ent-4 was deprotected as described
above to give ent-5 as colourless crystals; mp 218–221 ◦C; [a]25


D


+12.1 (c 1 in MeOH). The 1H and 13C NMR spectra were identical
to those described above for 5.


(1S,2R,3S,4S,5S)-4-Acetamido-1,2,3-tri-O-acetyl-5-
(2-acetoxyethyl)cyclopentane-1,2,3-triol (ent-6)


The bicyclic lactone ent-5 (86 mg, 0.27 mmol) was subjected to
reduction with Ca(BH4)2 followed by acetylation as described


above to give the product (44 mg, 42%); [a]25
D −28.0 (c 1, EtOAc).


The 1H and 13C NMR spectra were identical to those described
above for 6.


(1S,2R,3S,4S,5S)-4-Amino-5-(2-hydroxyethyl)cyclopentane-
1,2,3-triol hydrochloride (ent-7)


The acetylated compound ent-6 (32.6 mg, 0.08 mmol) was
dissolved in aq. HCl (4 M, 15.0 mL) heated to 60 ◦C for 4.5 h.
Concentration in vacuo and co-evaporation 3 times with toluene
gave the title compound as an oil (17.0 mg, quant); [a]25


D −43.3
(c 0.5, MeOH); The 1H and 13C NMR spectra were identical to
those described above for 7.


(1S,5S,6S,7S,8R)-6-Trichloroacetamino-7,8-epoxy-
2-oxabicyclo[3.3.0]oct-3-one (ent-8)


The unsaturated compound ent-3 (37 mg, 0.14 mmol) was
epoxidised with m-CPBA (93 mg, 0.26 mmol, 50–90% in H2O)
as described above. Purification of the crude product by column
chromatography (heptane–EtOAc, 1 : 1) gave ent-8 (36 mg, 92%);
[a]22


D − 40.9 (c 0.9, EtOAc); The 1H and 13C NMR spectra were
identical to those described above for 8.


(1R,5R,6R,7S,8R)-6-Trichloroacetamido-7-azido-8-hydroxy-
2-oxabicyclo[3.3.0]oct-3-one (14)


The epoxide 8 (297 mg, 0.99 mmol), NaN3 (697 mg, 10.7 mmol)
and NH4Cl (650 mg, 12.2 mmol) were dissolved in dry DMF
(10 mL) and heated to 80 ◦C for 1.5 h. The mixture was evaporated
in vacuo, dissolved in EtOAc (50 mL) and washed with H2O (mL).
The aqueous phase was re-extracted with EtOAc (2 × 20 mL).
The organic phases were combined, washed with brine (15 mL),
dried (MgSO4), filtered and concentrated in vacuo to give a mixture
of isomeric products as colourless crystals (quant.). The residue
was purified by flash chromatography (EtOAc–hexane, 1 : 1) to
give the title compound as colourless crystals (220 mg, 65%); mp
194–196 ◦C; [a]20


D −23.6 (c 1.1, acetone); found; H, 2.64; C, 31.68;
N, 16.09; Cl, 30.86. Calc. for C9H9O4N4Cl3; H, 2.64; C, 31.46; N,
16.38; Cl, 30.96; 1H NMR (500 MHz, acetone-d6): dH 5.41 (1H, d,
J = 5.7, NH), 4.75 (1H, dd, J = 4.4, 9.7, H-1), 4.20–4.09 (3H, m,
H-6, H-7, H-8), 3.20 (1H, m, H-5), 2.84 (1H, dd, J = 18.1, 10.6,
H-4), 2.62 (1H, dd, J = 3.5, 18.2, H-4′); 13C NMR (75.5 MHz,
acetone-d6): dC 176.3 (CO), 163.0, (COCCl3), 86.4 (C-1), 79.8 (C-
8), 68.7, 59.8 (C-6, C-7), 40.6 (C-5), 33.7 (C-4).


(1R,2R,3S,4R,5R)-4-(N-tert-Butoxycarbonyl)amino-3-azido-5-
(2-hydroxyethyl)cyclopentane-1,2-diol (16).


CaCl2 (940 mg, 8.5 mmol) and NaBH4 (599 mg, 15.8 mmol) were
suspended in dry THF (15 mL) and stirred at rt for 1.5 h. The
mixture was cooled to −20 ◦C, 14 (362 mg, 1.05 mmol) was added,
and the mixture stirred at −20 ◦C overnight. The reaction was
quenched using aq. HCl (4 M, 8 mL) and stirred for 0.5 hour,
concentrated in vacuo and co-evaporated twice with 1% HCl in
MeOH. The residue was dissolved in water (10 mL) and loaded
onto a column of ion-exchange resin (Amberlite IR-120, H+,
170 mL). The column was eluted with water (200 mL) to neutral
pH and then with 12.5% aq. ammonia (300 mL). The alkaline
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phases were concentrated in vacuo and then co-evaporated with
aq. HCl (4 M, 10 mL) to give crude 15 (140 mg, 56%).


The above crude 15 was dissolved in acetone (3 mL) and H2O
(3 mL), and the pH was adjusted to pH 8 with NaHCO3(s).
Boc2O (800 mg, 4.6 mmol) was added and the mixture stirred
at rt overnight. The mixture was evaporated in vacuo, dissolved
in EtOAc (10 mL) and washed with brine (10 mL). The aqueous
phase was re-extracted with EtOAc (4 × 10 mL), the organic
phases were combined, dried (Na2SO4), filtered and evaporated
in vacuo. The crude product was purified by flash chromatography
to give the title compound as colourless crystals (123 mg, 40%); mp
117–119 ◦C.; [a]20


D +75.8 (c 0.7, MeOH); HR-EI-MS; C12H22O5N4,
Calc. for [M + Na]; m/z 225.1488; found; 225.1476; 1H NMR
(500 MHz, MeOD) : d 3.85 (1H, dd, J = 3.2, 6.8, H-1), 3.71 (1H,
dd, J = 9.5, 11.2, H-4), 3.67 (1H, dd, J = 3.1, 6.3, H-2), 3.61
(2H, m, CH2CH2OH), 3.38(1H, dd, J = 6.7, 9.3, H-3), 2.00 (1H,
m, H-5), 1.82 (1H, m, CH2CH2OH), 1.59 (1H, m, CH2CH2OH),
1.45 (3H, s, OC(CH3)3); 13C NMR (75 MHz, MeOD): dC 158.0
(CO), 82.5 (OC(CH3)3), 80.3 (C-2), 76.2 (C-1), 72.9 (C-3), 61.4
(CH2CH2OH), 59.0 (C-4), 44.4 (C-5), 30.2 (CH2CH2OH), 28.8
(OC(CH3)3). IR mmax(film)/cm−1 3316 s br (OH); 2106 s (N3); 1690 s
(C=O).


(1R,2R,3S,4R,5R)-4-(N-tert-Butoxycarbonyl)amino-3-acetamido-
5-(2-hydroxyethyl)cyclopentane-1,2-diol (17)


The azide 16 (116 mg, 0.38 mmol) was dissolved in ethanol (7 mL),
Pd/C (5%, 77 mg) was added and the mixture was stirred under
H2 for 2.5 h. The mixture was then filtered trough Celite and
evaporated in vacuo. The residue was dissolved in H2O–MeOH
(1 : 2, 6 mL). Ac2O (0.4 mL) was added and the mixture was
stirred at rt for 1 h. The mixture was concentrated in vacuo and co-
evaporated three times with toluene. The residue was then purified
by flash chromatography (EtOAc–hexane, 9 : 1), to give the title
compound as colourless crystals (98 mg, 80%); mp 213–214 ◦C;
[a]20


D +70.04 (c 1, MeOH); found; H, 8.03; C, 52.74; N, 8.54. Calc.
for C14H26O6N2; H, 8.23; C, 52.82; N, 8.80; 1H NMR (500 MHz,
MeOD): dH 3.88 (1H, dd, J = 2.3, 6.2, H-1), 3.77 (1H, dd, J =
5.9, 8.7, H-3), 3.71 (1H, dd, J = 2.3, 5.5, H-2), 3.69 (H, dd, J =
8.9, 8.9, H-4), 3.63 (2H, t, J = 6.5, H-7, H-7′), 2.02 (1H, m, H-5),
1.95 (3H, s, CH3CO), 1.84 (1H, m, H-6), 1.64 (1H, m, H-6′), 1.42
(9H, s, (CH3)3C); 13C NMR (75.4 MHz, MeOD): dC 173.8 (CO),
158.5 (CO), 82.9 (C-2), 80.1 (OCCH3), 76.6 (C-1), 63.4 (C-3),


61.5 (C-7), 58.9 (C-4), 44.7 (C-5), 30.4 (C-6), 28.7 ((CH3)3C), 22.7
(CH3CO).


(1R,2R,3S,4R,5R)-4-Amino-3-acetamido-5-
(2-hydroxyethyl)cyclopentane-1,2-diol hydrochloride (19)


Compound 18 (44 mg, 0.14 mmol) was dissolved in aq. HCl (4 M,
5 mL) and stirred at rt for 15 min. The mixture was concentrated
in vacuo and co-evaporated several times with toluene to give the
title compound as a hygroscopic oil (36 mg, quant); [a]20


D +60.06
(c 1, MeOH); HR-EI-MS; C9H18O4N2·HCl, Calc for [M − 1] m/z
253.0955. Found 253.0914; 1H NMR (500 MHz, MeOD): dH 3.97–
3.95 (2H, m, H-1, H-3), 3.91 (1H, dd, J = 2.6, 4.5, H-2), 3.82 (1H,
ddd, J = 4.5, 4.5, 10.3, H-7), 3.61 (1H, ddd, J = 3.4, 10.3, 10.3,
H-7′), 3.24 (1H, dd, J = 8.2, 9.3, H-4), 2.31 (1H, m, H-5), 2.04
(3H, s, CH3CO), 1.93 (1H, m, H-6), 1.77 (1H, m, H-6′); 13C NMR
(75.4 MHz, MeOD): dC 174.9 (CO), 81.5 (C-2), 78.0 (C-1), 62.6
(C-3), 61.7 (C-4), 61.6 (C-7), 45.3 (C-5), 30.9 (C-6), 22.3 (COCH3).
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Stereoselective nucleophilic epoxidation of protected 3-amino and 3-hydroxy-substituted
1-arylthio-1-nitroalkenes, followed by intramolecular capture involving the amino and hydroxyl
protecting groups, has led to the formation of isomeric oxazolidinones 5 and 7, and a cyclic carbonate
11. Together with the oxazolidinone precursor anti-a-bromo thioester 15a, the absolute and relative
stereochemistry of these compounds has been determined by X-ray crystallography.


Introduction


The synthesis of enantiomerically pure a-hydroxy-b-amino acids
is of great interest as this structure is present in a variety
of drugs and natural products that exhibit potent biological
activities.1–6 a-Hydroxy-b-amino acid derivatives often display
potent protease inhibition as this structural unit is an efficient
transition-state mimic of peptide hydrolysis.4 Selected examples
include the KMI- and KNI- series of compounds that contain a
3-amino-2-hydroxy-4-phenylbutyric acid derivative as an isostere.7


The KMI compounds are highly potent b-secretase (BACE1)
inhibitors8 and have therapeutic potential for Alzheimer’s disease.9


Kynostatins KNI-227, -27210,11 and -27912 are highly active HIV-
1 protease inhibitors and (−)-bestatin13 is a specific inhibitor of
aminopeptidase B. The side-chain of taxol (paclitaxel), a potent
antitumour compound, also contains an a-hydroxy-b-amino acid
derivative.14


Isomeric b-hydroxy-a-amino acids are present in many biologi-
cally active compounds such as the ustiloxins,15,16 a family of cyclic
peptides that are potent antimitotic agents that display growth
inhibition of various tumour cell lines, and numerous glycopeptide
antibiotics,17 including vancomycin.18 We have shown that 1-
arylthio-1-nitroalkenes with an allylic hydroxyl substituent 1 can
undergo stereoselective nucleophilic epoxidation and subsequent
ring-opening with ammonia to give enantiomerically pure b-
hydroxy-a-amino acid derivatives. The stereochemical outcome
of the epoxidation reaction can be controlled by the combined
influence of the presence, or absence, of a protecting group on
the allylic hydroxyl substituent, and by the choice of nucleophilic
oxidant. The combination of lithium tert-butylperoxide and an
unprotected hydroxyl group gives syn-epoxides, while potassium
tritylperoxide gives anti-epoxides (Scheme 1).19
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Scheme 1 Reagents and conditions: (i) tBuOOLi, THF, −78 ◦C;
(ii) Ph3COOK, THF, −78 ◦C; (iii) tBuMe2SiOTf, 2,6-lutidine, CH2Cl2,
−78 ◦C; (iv) aq. NH3 (d 0.880), CH2Cl2, rt; (v) PhCH2OCOCl.19


Epoxidation of 1-arylthio-1-nitroalkenes 3 possessing an allylic
nitrogen substituent, gives access to protected a-hydroxy-b-amino
acid derivatives (Scheme 2).20 In contrast to the analogous oxygen
substituted systems,19 it was found that epoxidation using either
lithium tert-butylperoxide or potassium tritylperoxide gives the
cis-oxazolidinone 5 in a highly stereoselective fashion after work-
up, presumably via the same syn-epoxide intermediate 4a.20


Scheme 2 Reagents and conditions: (i) tBuOOLi, THF, −78 ◦C or
Ph3COOK, THF, −78 ◦C; (ii) work-up.20


We now report that introduction of a carbamate protecting
group on the epoxide syn-2a allows the stereocontrolled synthesis
of a b-hydroxy-a-amino derivative 7 that is isomeric to cis-5, and
that analogous use of a carbonate protecting group allows the
synthesis of a cyclic carbonate 11. A modified strategy also permits
the synthesis of a syn-a-hydroxy-b-amino acid derivative, masked
as the trans-oxazolidinone 5, previously inaccessible using this
approach.
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Results and discussion


The key starting material, alkene 1b, was prepared by the
previously reported method.19 Although deprotection of the
tert-butyldimethylsilyl (TBS) protecting group of compound 1b
using BF3·OEt2 in dichloromethane21 had previously worked
satisfactorily,19 the process subsequently proved to be somewhat
capricious. A related observation by Yoshida prompted a change
of solvent to acetonitrile,22 which allowed deprotection of the silyl
ether 1b to give the allylic alcohol 1a in a consistent yield of
80% (Scheme 3). As previously reported,19 treatment of the allylic
alcohol 1a with tBuOOLi (prepared from nBuLi and tBuOOH)
gave the epoxide syn-2a as a single diastereoisomer, as judged
by 1H NMR. The stereoselectivity exhibited in this reaction is
believed to originate from coordination of the Li to the allylic
alcohol, delivering the nucleophilic oxygen syn to the hydroxyl
substituent.19


Scheme 3 Reagents and conditions: (i) BF3·OEt2, MeCN, 0 ◦C, 80%;
(ii) tBuOOLi, THF, −78 ◦C, 86%; (iii) CCl3CONCO, CHCl3, 86%; (iv)
SiO2, CHCl3, 46% (over 2 steps).


Since previous work had shown that epoxidation of 1-arylthio-
1-nitroalkenes bearing an allylic nitrogen, protected as a carba-
mate, resulted in the protecting group ring-opening the epoxide
intermediate generating an oxazolidinone,20 the feasibility of an
isomeric carbamate derived from the syn-epoxide 2a undergoing
a similar process was explored.


Following the strategy reported by Ichikawa et al.,23 treatment
of the syn-epoxide 2a with trichloroacetyl isocyanate gave the
trichloroacetyl carbamate 6 (86%). Although basic hydrolysis of
the trichloroacetyl carbamate would have revealed the unsubsti-
tuted carbamate, we were concerned that the basic conditions
reported by Ichikawa were incompatible with the functionalised
epoxide. Unfortunately, use of a milder deprotection method
involving neutral alumina24 resulted in extensive decomposition.
However, treatment of the trichloroacetyl carbamate 6 with
silica gel, which had previously been used to induce cyclisa-
tion of a dimethylcarbamate group,25 gave the substituted cis-
oxazolidinone 7 (isomeric to the cis-oxazolidinone 5 previously
reported)20 in an overall 46% yield from the syn-epoxide 2a.
Nucleophilic attack through the carbonyl oxygen, which would
ultimately have led to the cis-cyclic carbonate 11 after hydrolysis,
was not observed.


A crystal structure of the cis-oxazolidinone 7 (Fig. 1) confirmed
the relative and absolute stereochemistry, which results from
intramolecular nucleophilic attack with inversion at C-3 of the
epoxide. The crystal structure also revealed an unusually strong
hydrogen bonding interaction between the carbonyl oxygen (O3)


Fig. 1 cis-Oxazolidinone 7.


and the meta-hydrogen of the aromatic ring of another molecule
(2.587 Å, not shown).


Since it had already been established that intramolecular attack
at C3 of a 2-arylthio-2-nitrooxirane by the carbonyl group of a
carbamate could occur,20 the possibility that the carbonyl group of
a carbonate might also participate was explored. Thus, treatment
of the allylic alcohol 1a with di-tert-butyl dicarbonate in the
presence of N-methylimidazole,26 which reduces the formation of
the symmetrical carbonate by-product, gave the Boc-protected
alcohol 1c in 70% yield. Epoxidation of the alkene 1c with
tBuOOLi gave the cis-cyclic carbonate 11 (47%) (Route A), as
well as an epimeric mixture (10 : 3) of the a-hydroxy thioesters 10
(35%). The a-hydroxy thioesters 10 may result from hydrolysis of
either the presumed epoxide intermediate 8 (Route B1) and/or the
intermediate 9 (Route B2, Scheme 4).


Scheme 4 Reagents and conditions: (i) Boc2O, N-methylimidazole,
toluene, 70%; (ii) tBuOOLi, THF, −78 ◦C; (iii) SiO2; 10 (35% over 2 steps)
and 11 (47% over 2 steps).


The stereochemistry of the cis-cyclic carbonate 11 was de-
termined by X-ray crystallography, shown in Fig. 2. 1H NMR
showed an ABX3 system, from which the 3J coupling between
the two protons on the oxazolidinone ring was determined to be
8.5 Hz, typical for a syn-relationship in similar systems.27 The
formation of the cis-carbonate 11 suggests that the syn-epoxide 8
was preferentially formed in the epoxidation step. This implies
that, during nucleophilic epoxidation with tBuOOLi, the Boc-
protected allylic oxygen substituent was effective at coordinating
lithium, so delivering the nucleophilic oxidant syn to the carbonate
substituent.
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Fig. 2 cis-Cyclic carbonate 11.


Synthesis of epoxythioesters


We have previously demonstrated that 2-arylthio-2-nitrooxiranes
undergo regioselective ring-opening with inversion of configura-
tion in the presence of MgBr2·Et2O to afford the corresponding
a-bromo thioesters.28–30 Analogous reaction of the epoxide syn-2a
with MgBr2·Et2O gave the anti-a-bromo-b-hydroxy thioester 12a
(77%), as a single diastereoisomer. Subsequent treatment of the
alcohol 12a with NaH gave the trans-epoxy thioester 13a (47%)
(Scheme 5).


Scheme 5 Reagents and conditions: (i) MgBr2·OEt2, THF, 77%; (ii) NaH,
THF, 47%.


With the aim of preparing the isomeric cis-epoxy thioester
13b, epoxidation of the silyl-protected allylic alcohol 1b with
Ph3COOK (prepared from Ph3COOH and KH) gave the anti-
epoxide 2b with high diastereoselectivity.19 Stereospecific ring-
opening with MgBr2·Et2O gave the syn-a-bromo thioester 14
(87%). A one-pot procedure was also investigated in which
the silyl-protected allylic alcohol 1b was initially treated with
Ph3COOK, followed by the addition of solid MgBr2·Et2O, to give
the syn-a-bromo thioester 14 (79% over two steps). Deprotection
of the silyl group using BF3·OEt2 in acetonitrile22 gave the syn-a-
bromo-b-hydroxy thioester 12b (80%) (Scheme 6).


Scheme 6 Reagents and conditions: (i) Ph3COOK, THF, 74% (15 : 1 anti :
syn);19 (ii) MgBr2·OEt2, Et2O, 87%; (iii) BF3·OEt2, MeCN, 0 ◦C, 80%.


Attempts to convert the syn-a-bromo-b-hydroxy thioester 12b
into the cis-epoxy thioester 13b under a variety of conditions
failed, although there was 1H NMR evidence for the formation of
the trans-epoxide 13a in the crude reaction mixture. The transition
state for the cyclisation leading to the cis-epoxide is expected to
be more crowded than that for formation of the trans-epoxide
13a, and it is therefore likely that epimerisation of 12b to give
12a, followed by cyclisation, occurs preferentially (Scheme 7).
Epimerisation of thioesters is known to be facile.31


Scheme 7 Reagents and conditions: (i) NaH, THF.


Preparation of protected a-hydroxy-b-amino acid trans-5


Stereoselective nucleophilic epoxidation of 1-arylthio-1-nitro-
alkenes had been previously developed as a route for the
synthesis of anti-a-hydroxy-b-amino acid derivatives, masked as
oxazolidinones (Scheme 2).20 It was anticipated that the unstable
intermediate epoxide might be amenable to trapping by an external
nucleophile that could then act as a leaving group, thereby leading
to the previously inaccessible oxazolidinone trans-5. Addition of
MgBr2·Et2O to the reaction mixture containing the syn-epoxide
4a, followed by silica gel chromatography, gave a mixture of the
anti-a-bromo thioester 15a as a single diastereoisomer (15%),
the desired cyclised product oxazolidinone trans-5 (36%) and the
isomeric oxazolidinone cis-5 (14%) (Scheme 8). The relative and
absolute stereochemistry of the anti-a-bromo thioester 15a was
determined by X-ray crystallography (Fig. 3).


Scheme 8 Reagents and conditions: (i) tBuOOLi, THF, −78 ◦C; (ii) SiO2,
72%;20 (iii) MgBr2·OEt2(s); (iv) SiO2; 15a (15%), trans-5 (36%), cis-5 (14%)
(from 3a).


It is likely that the conversion of 15a into oxazolidinone trans-5,
the structure of which was confirmed by X-ray crystallography
(Fig. 4), occurs through silica gel promoted nucleophilic attack of
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Fig. 3 anti-a-Bromo thioester 15a.


Fig. 4 Oxazolidinone trans-5.


the carbonyl group of the Boc-protected amino oxygen on the anti-
a-bromo thioester. A related transformation was reported by Righi
in similar vinylogous substrates.32 Formation of the oxazolidinone
cis-5 presumably arises from direct attack of the Boc group on
the intermediate epoxide 4a, as already shown in Scheme 2. This
process competes with attack by the external bromide nucleophile.


Previous work had shown that the Fmoc protecting group is
less prone to participate in cyclisation processes than the Boc
group, an observation that has been used in the synthesis of
anti-a,b-diamino acid derivatives.20,33 Therefore, in a preliminary
study, stereoselective epoxidation of the Fmoc-protected allylic
amine 3b20 and treatment of the intermediate epoxide 4b with
MgBr2·Et2O gave the a-bromo thioester 15b, a potentially useful
synthetic intermediate, in an unoptimised 35% yield over 2 steps
(Scheme 9).


Scheme 9 Reagents and conditions: (i) tBuOOLi, THF, −78 ◦C;
(ii) MgBr2·OEt2(s), 35% (2 steps).


Conclusions


Intramolecular capture of 2-arylthio-2-nitrooxirane intermediates
has been successfully carried out using carbamate and carbon-
ate protecting groups, generating the b-hydroxy-a-amino acid
derivative, oxazolidinone 7, and the a,b-dihydroxy acid derivative,
cyclic carbonate 11, respectively. The preparation of the previously
inaccessible syn-a-hydroxy-b-amino acid derivative (masked as the
oxazolidinone trans-5) was achieved by a combination of inter-
molecular ring-opening of the epoxide followed by intramolecular
nucleophilic attack. Extension of this ring-opening/ring-closing
strategy has also allowed the synthesis of trans-epoxy thioester
13a and a-bromo thioester 15b which are both potentially useful
synthetic intermediates.


Experimental


All reagents used were purchased from commercial sources or
prepared and purified according to literature procedures. All
moisture/air sensitive reactions were conducted under a positive
pressure of nitrogen in flame dried or oven dried glassware.
Petroleum ether refers to the fraction with a boiling point between
40–60 ◦C.


Nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker AC-250, Bruker AMX2-400 or Bruker DRX-500 NMR
spectrometer at room temperature. Chemical shifts were measured
relative to residual solvent and are expressed in parts per million
(d). Coupling constants (J) are given in Hertz and the measured
values are rounded to the nearest 0.5 Hertz. High-resolution
mass spectra were recorded using a MicroMass LCT operating in
electrospray (ES) mode. Chemical analyses were performed using
a Perkin Elmer 2400 CHN elemental analyser. Optical rotations
were measured on a Perkin Elmer 241 automatic polarimeter
at k 589 nm (Na, D-line) with a path length of 1 dm at the
stated temperature and concentrations. The concentration is
given in g per 100 cm3 and the optical rotations are quoted in
10−1 deg cm2 g−1. Infra-red spectra were recorded on a Perkin
Elmer Paragon 100 FTIR spectrophotometer (mmax in cm−1) as thin
films using NaCl plates. Melting points were determined using a
Linkam HFS91 heating stage, used in conjunction with a TC92
controller and are uncorrected.


Thin layer chromatography (TLC) was performed on precoated
plates (Merck aluminium sheets silica 60 F254, art. no. 5554).
Column chromatography was performed using silica gel 60 (Merck
9385).


(2,2,2-Trichloroacetyl)-carbamic acid (S)-1-[(2R,3R)-3-nitro-p-
tolylsulfanyl-oxiranyl]-ethyl ester 6


Trichloroacetyl isocyanate (12 ll, 0.1 mmol, 1.05 eq.) was added
in one portion to a stirred solution of the epoxide syn-2a (pre-
pared according to the procedure previously reported,19 24.4 mg,
0.0956 mmol) in chloroform (2 cm3) under a nitrogen atmosphere
at room temperature. After 1.5 h, the solution was dried over
MgSO4, filtered and the solvent was removed under reduced
pressure to afford the carbamate 6 (36.3 mg, 86%) as a colourless
waxy solid. [a]22


D −44.0 (c 1.0 in CHCl3); mmax (film)/cm−1 3479,
3351, 3290, 2987, 1799, 1725, 1569, 1494 and 824; dH (250 MHz;
CDCl3) 1.47 (3H, d, J 6.5 Hz, CH3CH), 2.29 (3H, s, ArCH3),
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3.77 (1H, d, J 8.0 Hz, COCH), 5.19 (1H, dq, J 8.0 and 6.5 Hz,
CH3CHO), 7.18 (2H, d, J 8.5 Hz, Ar), 7.45–7.49 (2H, m, Ar) and
8.47 (1H, s, br, NH); dC (62.5 MHz; CDCl3) 16.8, 21.3, 65.1, 72.4,
81.1, 94.9, 121.1, 130.6, 135.2, 141.3, 148.6 and 157.8.


(4S,5S)-4-(p-Tolylthiocarbonyl)-5-methyloxazolidin-2-one 7


Trichloroacetyl isocyanate (17.4 ll, 0.146 mmol, 1.05 eq.) was
added in one portion to a stirred solution of the epoxide syn-
2a (prepared according to the procedure previously reported,19


35.5 mg, 0.139 mmol) in chloroform (2 cm3) under a nitrogen
atmosphere at room temperature. After 1.5 h, silica gel (355 mg,
10× w/w) was added in one portion and the mixture was stirred for
a further 1 h at 65 ◦C. The slurry was filtered, washed with EtOAc
(2 × 5 cm3) and the solvent was removed under reduced pressure.
The crude mixture was purified by column chromatography (20%
EtOAc–petroleum ether) to afford the cis-oxazolidinone 7 (16 mg,
46%) as a pale yellow solid. Recrystallisation by slow evaporation
from petroleum ether–Et2O gave colourless needles which were
analysed by X-ray crystallography. Mp 94–96 ◦C; [a]22


D −76.9 (c
0.33 in CHCl3); mmax (film)/cm−1 3283 (br), 1756 and 1699; dH


(250 MHz; CDCl3) 1.41 (3H, d, J 6.5 Hz, CH3CH), 2.31 (3H, s,
ArCH3), 4.46 (1H, d, J 9.0 Hz, NHCH), 4.94 (1H, dq, J 9.0 and
6.5 Hz, CH3CH), 6.28 (1H, br s, NH) and 7.18–7.20 (4H, m, Ar);
dC (125 MHz; CDCl3) 16.0, 21.4, 64.0, 75.6, 122.2, 130.4, 134.4,
140.5, 158.6 and 197.5; m/z (ES) 525 (M2Na+, 14%), 503 (M2H+,
12), 274 (MNa+, 30) and 252 (MH+, 100); found (MH+) 252.0704,
C12H14NO3S requires 252.0694.


(Z)-(3S)-3-(tert-Butoxycarbonyloxy)-1-nitro-1-p-tolylthio-but-
1-ene 1c


N-Methylimidazole (76 ll, 0.95 mmol, 1 eq.) was added dropwise
to a stirred cooled solution (∼5 ◦C) of the allylic alcohol 1a
(227 mg, 0.95 mmol, 1 eq.), prepared according to the procedure
previously reported,19 and di-tert-butyl dicarbonate (208 mg,
0.95 mmol, 1 eq.) in toluene (14 cm3) under a nitrogen atmosphere.
The reaction mixture was allowed to warm to room temperature
and was stirred for 40 min. The crude reaction mixture was filtered
through a short plug of silica gel and the solvent was evaporated
to give the Boc-protected allylic alcohol 1c (226 mg, 70%) as an
oil. [a]22


D −44.3 (c 0.84 in CHCl3); mmax (film)/cm−1 2983, 2931,
1744, 1537 and 1277; dH (250 MHz; CDCl3) 1.40 (3H, d, J 6.5 Hz,
CH3CH), 1.44 (9H, s, tBu), 2.25 (3H, s, ArCH3), 5.68 (1H, dq, J
8.0 and 6.5 Hz, CH3CH), 7.03–7.11 (2H, m, Ar), 7.24–7.36 (2H,
m, Ar) and 7.39 (1H, d, J 8.0 Hz, CHC); dC (125 MHz; CDCl3)
19.8, 21.0, 27.7, 71.1, 83.2, 128.5, 130.3, 130.9, 138.7, 143.6, 148.3
and 152.5; m/z (ES) 362 (MNa+, 70%), 335 (100), 306 (7) and 279
(18); found (MNa+) 362.1044, C16H21NO5NaS requires 362.1038.


(4S,5S)-4-(p-Tolylthiocarbonyl)-5-methyl-[1,3]-dioxolan-2-one 11
and S-(p-tolyl) (2RS,3S)-3-(tert-butoxycarbonyloxy)-2-
hydroxybutanethioate 10


nBuLi (2.5 M in hexanes, 320 ll, 0.80 mmol, 1.2 eq.) was added
dropwise to a stirred solution of tert-butyl hydroperoxide (3.8 M in
toluene, 260 ll, 1.0 mmol, 1.5 eq.) in THF (10 cm3) at −78 ◦C under
a nitrogen atmosphere. A solution of the Boc-protected allylic


alcohol 1c (227 mg, 0.67 mmol, 1 eq.) in THF (7 cm3) was added
dropwise to the stirred solution at −78 ◦C and after 30 min the
reaction was quenched at that temperature by the addition of silica
gel (2.3 g, 10× w/w). The mixture was allowed to warm to room
temperature, filtered and washed with EtOAc (20 cm3). The solvent
was removed under reduced pressure and the brown residue (171
mg) was dissolved in CHCl3 (50 cm3) and silica gel (1.71 g, 10×
w/w) was added in one portion. The reaction mixture was stirred at
room temperature for 3 h, filtered and washed with EtOAc (20 cm3)
and the solvent was removed under reduced pressure. Purification
by column chromatography (10% EtOAc–petroleum ether) gave
the cis-cyclic carbonate 11 (79 mg, 47%) as an oil. Crystallisation
by slow evaporation from petroleum ether–Et2O gave colourless
cubes which were analysed by X-ray crystallography. Mp 119–
120 ◦C; [a]22


D −80.0 (c 0.13 in CHCl3); mmax (film)/cm−1 2916, 2854,
1808 and 1695; dH (500 MHz; CDCl3) 1.48 (3H, d, J 6.5 Hz,
CHCHCH3, ABX 3), 2.39 (3H, s, ArCH3), 5.07 (1H, dq, J 8.5 and
6.5 Hz, CHCHCH3, ABX3), 5.13 (1H, d, J 8.5 Hz, CHCHCH3,
ABX3) and 7.25–7.27 (4H, m, Ar); dC (125 MHz; CDCl3) 15.6,
21.4, 75.6, 81.0, 121.1, 130.5, 134.5, 140.8, 155.2 and 194.7. m/z
(ES) 275 (MNa+, 100%); found (MNa+) 275.0364, C12H12O4NaS
requires 275.0354. An inseparable 10 : 3 epimeric mixture of a-
hydroxy thioesters 10 (79 mg, 35%) was also isolated by column
chromatography as an oil; mmax (film)/cm−1 3482 (br), 2981, 2937,
1742, 1701 and 1280; dH (500 MHz; CDCl3) (3 : 10 mixture, A :
B) 1.36 (3H (A), d, J 6.5 Hz, CH3CH), 1.43 (3H (B), d, J 6.5 Hz,
CH3CH), 1.47 (9H (B), s, tBu), 1.50 (9H (A), s, tBu), 2.35 (3H
(A), s, ArCH3), 2.37 (3H (B), s, ArCH3), 4.26 (1H (B), d, J 3.0 Hz,
CHOH), 4.55 (1H (A), d, J 2.5 Hz, CHOH), 5.06 (1H (A), dq, J 6.5
and 2.5 Hz, CH3CH), 5.15 (1H (B), dq, J 6.5 and 3.0 Hz, CH3CH),
7.20–7.28 (4H (A + B), Ar); dC (125 MHz CDCl3) 14.5 (A), 16.5
(B), 21.3 (A + B), 27.7 (A + B), 73.8 (B), 75.3 (A), 79.4 (A), 79.8
(B), 82.8 (B), 83.1 (A), 123.0 (A + B), 130.1 (A + B), 134.6 (A +
B), 140.0 (A + B), 152.7 (B), 153.5 (A), 199.4 (A), 199.7 (B); m/z
(ES) 349 (MNa+, 100%) and 293 (40); found (MNa+) 349.1077,
C16H22O5NaS requires 349.1086.


S-(p-Tolyl) (2S,3S)-2-bromo-3-hydroxybutanethioate 12a


Magnesium bromide ethyl etherate (296 mg, 1.15 mmol, 1.5 eq.)
was added to a stirred solution of the epoxide syn-2a (pre-
pared according to the procedure previously reported,19 196 mg,
0.77 mmol, 1 eq.) in THF (4 cm3) under a nitrogen atmosphere. The
mixture was stirred for 2.5 h at room temperature and quenched
with water (3 cm3). The aqueous layer was extracted with EtOAc
(2 × 5 cm3) and the combined organic extracts were dried over
MgSO4, filtered and the solvent was removed under reduced
pressure. The residue was purified by column chromatography
(20% EtOAc–petroleum ether) to give the a-bromo-b-hydroxy
thioester 12a (170 mg, 77%) as a yellow oil. [a]22


D +57 (c 1.0 in
CHCl3); mmax (film)/cm−1 3435 (br), 2925 and 1685; dH (400 MHz;
CDCl3) 1.45 (3H, d, J 6.5 Hz, CH3CH), 2.42 (3H, s, ArCH3),
2.53 (1H, br s, OH), 4.30–4.33 (1H, m, CH3CH), 4.48 (1H, d, J
6.5 Hz, CHBr), 7.27 (2H, d, J 8.5 Hz, Ar) and 7.36 (2H, d, J
8.5 Hz, Ar); dC (100 MHz; CDCl3) 20.1, 21.4, 57.2, 69.1, 123.0,
130.3, 134.4, 140.4 and 195.0; m/z (ES) 291 and 289 (MH+, 100%),
245 and 243 (30); found (MH+) 288.9910. C11H14BrO2S requires
288.9898.
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S-(p-Tolyl) (2R,3S)-3-methyloxirane-2-carbothioate 13a


Sodium hydride (60% w/w dispersion in oil, 32 mg, 0.8 mmol,
1 eq.) was added in one portion to a stirred cooled (0 ◦C) solution
of the thioester 12a (230 mg, 0.8 mmol, 1 eq.) in THF (10 cm3)
under a nitrogen atmosphere. The reaction was monitored by TLC
[eluent, petroleum ether–EtOAc (8 : 2)] and quenched after 15 min
with saturated aqueous ammonium chloride solution (10 cm3).
EtOAc (10 cm3) was added, the organic phase was separated, dried
over MgSO4 and the solvent was removed under reduced pressure.
The crude mixture was purified by column chromatography (10%
EtOAc–petroleum ether) to afford the epoxide 13a (78 mg, 47%)
as a colourless oil. [a]22


D +97.0 (c 1.0 in CHCl3); mmax (film)/cm−1


2924 and 1693; dH (250 MHz; CDCl3) 1.44 (3H, d, J 5.0 Hz,
CH3CH), 2.37 (3H, s, ArCH3), 3.35 (1H, qd, J 5.0 and 2.0 Hz,
CH3CH), 3.42 (1H, d, J 2.0 Hz, CHC) and 7.12–7.24 (4H, m, Ar);
dC (125 MHz; CDCl3) 17.2, 21.2, 56.4, 60.8, 122.4, 130.1, 134.5,
139.8 and 196.7; m/z (ES) 231 (MNa+, 100%); found (MNa+)
231.0447, C11H12O2NaS requires 231.0456.


S-(p-Tolyl) (2R,3S)-3-(tert-butyldimethylsilyloxy)-2-
bromobutanethioate 14


Magnesium bromide diethyl etherate (145 mg, 0.560 mmol, 1.5 eq.)
was added to a stirred solution of the epoxide anti-2b (pre-
pared according to the procedure previously reported,19 138 mg,
0.373 mmol, 1 eq.) in Et2O (1.5 cm3) under a nitrogen atmosphere.
The mixture was stirred overnight at room temperature and
quenched with water (10 cm3). The aqueous layer was extracted
with EtOAc (2 × 5 cm3) and the combined organic extracts
were dried over MgSO4, filtered and the solvent was removed
under reduced pressure. The residue was purified by column
chromatography (20% EtOAc–petroleum ether) to give the syn-a-
bromo-b-silyloxy thioester 14 (132 mg, 87%) as an oil. [a]22


D −58.3 (c
0.64 in CHCl3); mmax (film)/cm−1 2929, 2856, 1712, 1257 and 1137;
dH (400 MHz; CDCl3) 0.08 (3H, s, SiCH3), 0.10 (3H, s, SiCH3),
0.91 (9H, s, tBu), 1.30 (3H, d, J 6.0 Hz, CH3CH), 2.37 (3H, s,
ArCH3), 4.27 (1H, qd, J 6.0 and 5.5 Hz, CH3CH), 4.39 (1H, d, J
5.5 Hz, CHBr) and 7.20–7.30 (4H, m, Ar); dC (100 MHz; CDCl3)
−4.8, −4.4, 18.1, 21.4, 21.5, 25.7, 60.5, 69.5, 123.8, 130.2, 134.3,
140.1 and 193.9; m/z (ES) 427 and 425 (MNa+, 30%), 405 and
403 (MH+, 100); found (MH+) 403.0762, C17H28BrO2SSi requires
403.0763.


One-pot procedure


Trityl hydroperoxide (295 mg, 1.07 mmol, 1.5 eq.) was added to
a stirred solution of KH (35% dispersed in mineral oil, 106 mg,
0.93 mmol, 1.3 eq.) in THF (8 cm3) under a nitrogen atmosphere
at −78 ◦C. A solution of the silyl-protected allylic alcohol
1b (prepared according to the procedure previously reported,19


251 mg, 0.71 mmol) in THF (8 cm3) was added dropwise
to the reaction mixture at −78 ◦C, followed by the addition
of magnesium bromide diethyl etherate (275 mg, 1.07 mmol,
1.5 eq.) in one portion. The reaction mixture was allowed to
warm to room temperature overnight and was quenched with
the addition of water (10 cm3). The aqueous layer was extracted
with EtOAc (8 cm3) and the combined organic extracts were
dried over MgSO4, filtered and solvent was evaporated under
reduced pressure. The crude mixture was purified by column


chromatography (20% EtOAc–petroleum ether) to give the syn-
a-bromo-b-silyloxy thioester 14 (226 mg, 79%) as an oil, which
was identical to the compound prepared previously.


S-(p-Tolyl) (2R,3S)-2-bromo-3-hydroxybutanethioate 12b


Boron trifluoride diethyl etherate (39 ll, 0.31 mmol, 2 eq.)
was added to a stirred cooled (0 ◦C) solution of the syn-a-
bromo-b-silyloxy thioester 14 (61.5 mg, 0.153 mmol) in dry
acetonitrile (7 cm3) under a nitrogen atmosphere. The clear
solution immediately turned yellow and was stirred at 0 ◦C for
a further 15 min before being quenched with pH 7 phosphate
buffer (7 cm3). The solution changed from yellow to colourless.
EtOAc (5 cm3) was added and the organic layer was separated,
dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The crude mixture was purified by column
chromatography (20% EtOAc–petroleum ether) to afford the a-
bromo-b-hydroxy thioester 12b (35 mg, 80%) as a colourless oil.
[a]22


D −33 (c 1.12 in CHCl3); mmax (film)/cm−1 3445, 2978, 2926, 1684
and 800; dH (500 MHz; CDCl3) 1.34 (3H, d, J 6.5 Hz, CH3CH),
2.38 (3H, s, ArCH3), 2.67 (1H, br s, OH), 4.19 (1H, qd, J 6.5 and
4.5 Hz, CH3CH), 4.46 (1H, d, J 4.5 Hz, CHBr) and 7.20–7.35 (4H,
m, Ar); dC (125 MHz; CDCl3) 20.2, 21.4, 60.0, 68.0, 123.0, 130.3,
134.4, 140.5 and 194.9; m/z (ES) 313 and 311 (MNa+, 100%);
found (MNa+) 310.9708, C11H13O2NaSBr requires 310.9717.


S-(p-Tolyl) (2S,3S)-3-(tert-butoxycarbonylamino)-2-
bromobutanethioate 15a, (4S,5R)-4-methyl-5-(p-
tolylthiocarbonyl)oxazolidin-2-one trans-5 and (4S,5S)-4-
methyl-5-(p-tolylthiocarbonyl)oxazolidin-2-one cis-5


nBuLi (2.5 M in hexanes, 145 ll, 0.363 mmol, 1.2 eq.) was added
dropwise to a stirred solution of tert-butyl hydroperoxide (3.8 M
in toluene, 118 ll, 0.454 mmol, 1.5 eq.) in THF (6 cm3) at −78 ◦C
under a nitrogen atmosphere. A solution of the Boc-protected
allylic amine 3a (prepared according to the procedure previously
reported,20 102.2 mg, 0.302 mmol) in THF (3 cm3) was added
dropwise to the stirred solution at −78 ◦C. After 10 min solid
magnesium bromide ethyl etherate (780 mg, 3.0 mmol, 10 eq.) was
added and the reaction was allowed to warm to room temperature
and stirred overnight. EtOAc (6 cm3) was added and the organic
fraction was separated, washed with water (3 × 15 cm3), brine
(15 cm3), dried over MgSO4, filtered and the solvent was removed
under reduced pressure. Purification by column chromatography
(10% EtOAc–petroleum ether) gave the anti-a-bromo thioester
15a (17.4 mg, 15%) as a white solid. Crystallisation by vapour
diffusion techniques using petroleum ether–Et2O gave colourless
plates which were analysed by X-ray crystallography. Mp 93–
94 ◦C; [a]22


D −65 (c 1.0 in CHCl3); mmax (film)/cm−1 3310 (br),
2977, 2926, 1768, 1702, 1163 and 809; dH (500 MHz; CDCl3)
1.27 (3H, d, J 7.0 Hz, CH3CH), 1.45 (9H, s, tBu), 2.38 (3H, s,
ArCH3), 4.20–4.29 (1H, br m, CHNH), 4.90 (1H, d, J 3.0 Hz,
CHBr), 4.93 (1H, d, J 7.0 Hz, CHNH) and 7.21–7.33 (4H, m,
Ar); dC (125 MHz; CDCl3) 17.3, 21.4, 28.4, 48.8, 58.8, 80.1,
123.3, 130.3, 134.5, 140.4, 154.8 and 193.8; m/z (ES) 412 and
410 (MNa+, 35%) and 274 (M+ − tBu − Br, 100); found (MNa+)
410.0417, C16H22NO3NaSBr requires 410.0401. The oxazolidinone
trans-5 (27 mg, 36%) was isolated as a white solid. Crystallisation
by vapour diffusion techniques from petroleum ether–Et2O gave
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colourless plates which were analysed by X-ray crystallography.
Mp 108–109 ◦C; found: C 57.1%, H 4.9%, N 5.8%, C12H13NO3S
requires C 57.35%, H 5.2%, N 5.6%); [a]22


D −45 (c 0.23 in CHCl3);
mmax (film)/cm−1 3290 (br), 2916, 1767 and 1698; dH (500 MHz;
CDCl3) 1.43 (3H, d, J 6.0 Hz, CH3CH), 2.38 (3H, s, ArCH3), 4.02
(1H, qd, J 6.0 and 4.5 Hz, CH3CH), 4.63 (1H, d, J 4.5 Hz, CHO),
5.32 (1H, br s, NH) and 7.22–7.30 (4H, m, Ar); dC (125 MHz;
CDCl3) 21.4, 21.7, 52.3, 85.0, 121.8, 130.3, 134.5, 140.4, 156.7 and
197.9. m/z (ES) 274 (MNa+, 60%) and 252 (MH+, 100); found
(MNa+) 274.0522, C12H13NO3NaS requires 274.0514.


Oxazolidinone cis-5 was also isolated (11 mg, 14%) as a white
solid, mp 100–102 ◦C (lit. mp 102–103 ◦C20). The Boc-protected
allylic amine 3a starting material was also recovered (9.1 mg, 9%).


S-(p-Tolyl) (2S,3S)-3-(9H-fluoren-9-ylmethoxycarbonylamino)-2-
bromobutanethioate 15b


nBuLi (2.5 M in hexanes, 70 ll, 0.175 mmol, 1.2 eq.) was added
dropwise to a stirred solution of tert-butyl hydroperoxide (3.8 M
in toluene, 57 ll, 0.218 mmol, 1.5 eq.) in THF (4 cm3) at −78 ◦C
under a nitrogen atmosphere. A solution of the Fmoc-protected
allylic amine 3b (prepared according to the procedure previously
reported,20 67 mg, 0.145 mmol) in THF (2 cm3) was added
dropwise to the stirred solution at −78 ◦C. After 10 min solid
magnesium bromide ethyl etherate (380 mg, 1.45 mmol, 10 eq.) was
added and the reaction was allowed to warm to room temperature
and stirred overnight. EtOAc (5 cm3) was added and the organic
fraction was separated, washed with water (3 × 10 cm3), brine
(15 cm3), dried over MgSO4, filtered and the solvent was removed
under reduced pressure. Purification by column chromatography
(20% Et2O–petroleum ether) gave the anti-a-bromo thioester 15b
(26.1 mg, 35%) as a yellow oil. [a]22


D −36.7 (c 0.3 in CHCl3); mmax


(film)/cm−1 3328, 2947, 1702, 1509, 1244 and 741; dH (250 MHz;
CDCl3) 1.25 (3H, d, J 7.0 Hz, CH3CH), 2.31 (3H, s, ArCH3),
4.10–4.45 (4H, m, CHCH2O and CH3CH), 4.77 (1H, d, J 3.0 Hz,
CHBr), 5.21 (1H, br d, J 8.5 Hz, NH), 7.14–7.38 (8H, m, Ar),
7.51 (2H, d, J 8.5 Hz, Ar) and 7.69 (2H, d, J 8.5 Hz, Ar);
dC (125 MHz; CDCl3) 17.5, 21.4, 47.2, 49.4, 57.6, 66.9, 120.0,
123.1, 125.0, 127.1, 127.8, 130.3, 134.4, 140.5, 141.3, 143.8, 155.4
and 193.9; m/z (ES) 534 and 532 (MNa+, 100%); found (MNa+)
532.0554, C26H24NO3NaSBr requires 532.0558.


X-Ray crystallography


Crystallographic data were collected and measured on a Bruker
Smart CCD area detector with an Oxford Cryosystems low
temperature system at T = 150(2) K.


Crystal data for 7: C12H13NO3S, M = 251.29, monoclinic, a =
9.243(5), b = 5.497(3), c = 12.258(7) Å, U = 620.4(6) Å3, space
group P21 (C2


2, no. 4), Z = 2, l (Mo-Ka) = 0.256 mm−1, 5727
reflections collected, 2147 independent (Rint = 0.0954). Final R
indices [I > 2r(I)] R1 = 0.0664, wR2 = 0.1539. R indices (all
data) R1 = 0.1055, wR2 = 0.1731. Absolute structure parameter
0.14(19).


Crystal data for 11: C12H12O4S, M = 252.28, orthorhombic, a =
7.5636(11), b = 10.4554(16), c = 15.375(2) Å, U = 1215.9(3) Å3,
space group P212121 (D4


2, no. 19), Z = 4, l (Mo-Ka) = 0.266 mm−1,
13372 reflections collected, 2758 independent (Rint = 0.0424). Final
R indices [I > 2r(I)] R1 = 0.0315, wR2 = 0.0770. R indices (all


data) R1 = 0.0398, wR2 = 0.0803. Absolute structure parameter
0.01(7).


Crystal data for 15a: C16H22BrNO3S, M = 388.32, monoclinic,
a = 8.587(3), b = 5.2659(18), c = 19.647(7) Å, U = 884.2(5) Å3,
space group P21 (C2


2, no. 4), Z = 2, l (Mo-Ka) = 2.454 mm−1,
6409 reflections collected, 3063 independent (Rint = 0.0504). Final
R indices [I > 2r(I)] R1 = 0.0433, wR2 = 0.0914. R indices (all
data) R1 = 0.0577, wR2 = 0.0971. Absolute structure parameter
0.037(12).


Crystal data for trans-5: C12H13NO3S, M = 251.29, monoclinic,
a = 5.249(3), b = 5.794(3), c = 20.357(12) Å, U = 617.4(6) Å3,
space group P21 (C2


2, no. 4), Z = 2, l (Mo-Ka) = 0.258 mm−1,
6821 reflections collected, 2777 independent (Rint = 0.0599). Final
R indices [I > 2r(I)] R1 = 0.0568, wR2 = 0.1300. R indices (all
data) R1 = 0.0750, wR2 = 0.1356. Absolute structure parameter
0.05(13).
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A concise, seven step synthesis of the aryl tetralin lignan lactone epi-picropodophyllin from piperonal is
described. The key steps are a silene diene Diels–Alder reaction and the Hosomi–Sakurai reaction of
the resultant silacyclohexene.


Introduction


Podophyllotoxin 1 is a naturally occurring aryltetralin lignan
lactone, first isolated from the resin mixture of the plant toxin
podophyllin by Podwyssotzki in 1880.1 The resin podophyllin
is obtained from the roots of the American Mayapple tree
(Podophyllum peltatum), and the Indian (Podophyllum emodi) and
Taiwanese (Podophyllum pleianthum) plant derivatives.2,3 Whilst
podophyllotoxin has important antitumour properties, clinical
application has been limited by serious toxicity and its major
role has been as the precursor for semi-synthetic analogues with
better therapeutic profiles. Consequently, whilst podophyllotoxin
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Fig. 1 Podophyllotoxin and selected analogues.


has proved only to be an effective and comparatively safe drug
for the treatment of genital warts,4 the semi-synthetic derivatives
etoposide, 7, etopophos 8, tenoposide 9 and GL-331 10 have all
been successfully utilised as antitumour agents in clinical trials
against a variety of malignant conditions.4,5


Reflecting both the significant clinical roles and intriguing
structures, podophyllotoxin 1 and related analogues 2–6, Fig. 1,
have received considerable attention from synthetic chemists over
the years.6–8 As a component of a project exploring the application
of silenes (compounds containing a silicon–carbon double bond)
in organic synthesis,9–15 we have recently demonstrated that the
silacyclohexene cycloadducts obtained from a silene diene Diels–
Alder reaction function as a silacyclic allyl silane in the Hosomi–
Sakurai reaction with various acetals, Scheme 1.16 When electron
rich aryl acetals are employed a second cationic cyclisation occurs
to give a one-pot synthesis of aryl tetralols with moderate to
complete diastereoselectivity.17
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Scheme 1


Recognising the similarity between these products and the aryl
tetralin lignan lactones we sought to apply this methodology to a
synthesis of this class of natural product. The basic retrosynthetic
analysis is shown in Scheme 2. Given that late stage epimerisation
of the cis lactone found in picropodophyllin 5 to the trans
lactone found in podophyllotoxin was demonstrated in the first
reported synthesis of podophyllotoxin,18,19 the initial target was
the cis lactone establishing the trans arrangement between the
aryl substituent at C-1 and the hydroxymethyl group at C-3. This
requires access to the silacycle 15 and subsequent elaboration
to the tetralol 14. In this paper we describe our efforts which
lead to a realisation of this goal and provide a concise synthesis
of (±)-epi-picropodophyllin 6, and hence a formal synthesis of
podophyllotoxin 1.


Scheme 2


Results and discussion


As described in Scheme 2, our approach to epi-picropodophyllin
6 relied on the efficient access to the silacyclohex-4-ene 15.
Accordingly, this became the first objective of the synthesis. Silyl
alcohol 20 was synthesised in good yield following procedures
previously described, Scheme 3.12 This involved generation of
the silyl potassium reagent by reaction of phenylpolysilane 18
with KOtBu followed by transmetallation to the silyl Grignard
and addition of piperonal to provide silyl alcohol 20 in 40%
yield. Similarly, the desired diene 21a could be prepared following
protocols established by Schlosser.20 This involved metallation
of piperylene 19 with KOtBu–nBuLi, reaction of the ensuing
pentadienyl potassium with trimethyl borate followed by an
oxidative workup and final protection of the resulting alcohol
to afford the TBS ether 21a as a 9 : 1 E : Z mixture of isomers.


Scheme 3


Silene generation from silyl alcohol 20 via the LiBr promoted
sila-Peterson reaction and in situ Diels–Alder reaction followed the
precedents established in our earlier reports to afford the desired
silacyclohexene 22 as an inseparable mixture of diastereoisomers
in the ratio 80 : 13 : 3 : 4, as determined by integration of the GCMS
trace (integration of peaks with m/z = 510 (M+), Rt = 28.8–29.3
min). The stereochemistry of the major silacycle stereoisomer
was determined by NMR studies with all data being consistent
with those previously reported for such reactions.12 The coupling
constant between 2-H and 3-H was of a magnitude consistent
with coupling between two axially oriented protons (J = 9.0
Hz). Moreover, NOESY correlations were observed between 2-
H and 3-CH2OTBS and for transannular interactions between
2-H and 6-H and the TMS group and 3-H, Fig. 2. Interestingly,
the yield of this process is higher than that previously obtained
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Fig. 2 Selected NOESY correlations for 22.


with simple phenyl and alkyl substituted silenes. We speculate that
this corresponds to the fact that the sesamyl silene is stabilised by
some degree of reversed polarisation and therefore is less prone to
dimerisation.21,22


With a robust, high yielding procedure established to gain access
to the desired sesamyl substituted silacyclohex-4-ene 22, subse-
quent studies focused on its application in the Hosomi–Sakurai
reaction. Initial reaction of silacyclohex-4-ene 22, under the
standard conditions with 3,4,5-trimethoxybenzaldehyde dimethy-
lacetal, was disappointing, generating only minor amounts (7%)
of the unprotected aryl tetralin diol 14. Importantly however, the
aryl tetralin diol 14 was generated as a single diastereoisomer
with all data, particularly NOESY correlations, Fig. 3, for the
tetrahydronaphthalene 14 being consistent with those observed
previously for related substrates. Suspecting that the formation
of a diol product indicated instability of the TBS group to the
acidic nature of the reaction conditions, alternative protecting
group strategies were then explored.


Fig. 3 Selected NOESY correlations for 14 (methylenedioxy group
omitted for clarity).


Simple deprotection of the silacyclohexene 22 using p-TsOH
and reaction with acetyl chloride afforded the corresponding
acetate 23. Satisifyingly, this proved stable to the Sakurai reaction
conditions and permitted the isolation of the desired tetralol 14
in 53% yield. Presumably, the acetate is cleaved during the basic
Tamao oxidation. Attempts to shorten the synthesis through
either using dienyl acetate 21c in the Diels–Alder reaction or
hydroxymethyl silacyclohexene 15 in the Sakurai reaction were
not successful. Acetate 21c proved unstable with respect to the
basic/nucleophilic nature of the silene generation conditions
whilst alcohol 15 underwent an alternative cyclisation to afford,
following oxidation of the intermediate silyl fluoride, furan 24 in
modest yield but excellent diastereoselectivity, Scheme 4.


Having established the tetrol skeleton with the correct trans
arrangement between the hydroxymethyl substituent at C-3 and
the aryl group at C-1, all that remained was to convert the ethenyl
side chain to a carboxylate and form the lactone. Initially, believing
that protection of the diol functionality would be beneficial,
various protecting groups were explored. However, attempts to
introduce either a silyl or benzylidene acetal were unsuccess-


Scheme 4


ful, leading to recovered starting material, whilst reaction with
2,2-dimethoxypropane afforded the corresponding methyl ether
25. Interestingly, this had the alternative C-4 stereochemistry
indicating the facile interconversion between the two series. In
contrast to these difficulties, formation of either the diacetate
28 or cyclic carbonate 26 proved to be straightforward. Whilst
the latter proved not to be stable to the oxidation conditions
explored, the diacetate could be converted to the aldehyde 29
on treatment with OsO4–NaIO4 albeit in only modest yield.
Moreover, subsequent oxidation to the acid proved problematic
with extensive decomposition occurring. Given these difficulties,
it was decided to circumvent protecting group issues and explore
direct oxidation of the diol 14. Whilst oxidation with ozone was
unsuccessful, reaction with OsO4–NaIO4 afforded the lactol 27 in
58% yield as a 3 : 1 mixture of anomers, Scheme 5.


Delighted with this result, attention turned to the selective
oxidation of the lactol 27 in the presence of the C-4 alcohol.
Nicolaou et al. have recently described such a transformation
using excess NIS (5 eq.) and TBAI (2 eq.).23 However, reac-
tion of lactol 27 following these precedents afforded equimolar
amounts of epi-picropodophyllin 6 and the corresponding ketone,
picropodophyllone 30, identified by comparison of the spectral
data with those reported in the literature.24 Fortunately, simply
reducing the stoichiometry of the oxidant to 1 eq. NIS and 0.4 eq.
TBAI afforded epi-picropodophyllin 6 in 63% yield with only trace
amounts of the over-oxidation product.


In conclusion, the strategy of silene Diels–Alder reaction
followed by a Hosomi–Sakurai reaction provides a very concise
entry to the aryl tetralin lignan lactones of the picropodophyllin
series, requiring only seven steps from piperonal for the synthesis
of epi-picropodophyllin. Moreover, the chemistry is modular
allowing both aryl components to be easily varied. Finally, given
that methods for epimerisation at both C-2 and C-4 are well
established,19,25,26 this work also represents a formal approach
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Scheme 5 Reagents: i. Ac2O, DIPEA, DCM; ii. OsO4 (cat.), NaIO4,
2,6-lutidine, THF, H2O; iii. NIS, Bu4NI (0.4 eq.), DCM.


to the other lignan lactone series including that of podophyllo-
toxin 1.


Experimental


All air and/or moisture sensitive reactions were carried out under
an argon atmosphere. Solvents were purified and dried following
established protocols. Petrol refers to petroleum spirit boiling in
the 40–60 ◦C range. Ether refers to diethyl ether. Aldehydes and
dienes were distilled, immediately prior to use, from anhydrous
calcium sulfate and sodium borohydride, respectively. All other
commercially available reagents were used as received unless
otherwise stated. Flash column chromatography was performed
according to the method of Still et al. using 200–400 mesh silica
gel.27 Yields refer to isolated yields of products of greater than
95% purity as determined by 1H and 13C NMR spectroscopy or
elemental analysis (Durham University Microanalytical Labora-
tory).


Melting points were determined using Gallenkamp melting
point apparatus and are uncorrected. Infrared spectra were
recorded using a Diamond ATR (attenuated total reflection)
accessory (Golden Gate) or as a solution in chloroform via


transmission IR cells on a Perkin-Elmer FT-IR 1600 spectrometer.
Unless otherwise stated, 1H NMR spectra were recorded in CDCl3


on Varian Mercury 200, Varian Unity-300, Varian VXR-400
or Varian Inova-500 spectrometers and are reported as follows;
chemical shift d (ppm) (number of protons, multiplicity, coupling
constant J (Hz), assignment). Residual protic solvent CHCl3 (dH =
7.26) was used as the internal reference. 13C NMR spectra were
recorded at 63 MHz or 126 MHz, using the central resonance of
CDCl3 (dC = 77.0 ppm) as the internal reference. 29Si NMR spectra
were recorded at 99 MHz on a Varian Inova-500. All chemical
shifts are quoted in parts per million relative to tetramethylsilane
(dH = 0.00 ppm) and coupling constants are given in Hertz. All
13C spectra were proton decoupled. Assignment of spectra was
carried out using DEPT, COSY, HSQC, HMBC and NOESY
experiments.


Gas chromatography-mass spectra (GCMS, EI or CI) were
obtained using a Thermo TRACE mass spectrometer. Electro-
spray mass spectra (ES) were obtained on a Micromass LCT
mass spectrometer. High resolution mass spectra were obtained
using a Thermo LTQ mass spectrometer (ES) at the University
of Durham, or performed by the EPSRC National Mass Spec-
trometry Service Centre, University of Wales, Swansea. Methods
for the preparation of and associated characterisation data for 20,
21b and 21c have previously been reported.17,20 Characterisation
data for compounds 21a, 24–26, 28 and 29 can be found in
the ESI.†


(1SR,2SR,3RS)-2-(3′,4′-Methylenedioxyphenyl)-1-phenyl-3-tert-
butyldimethylsilyloxymethyl-1-trimethylsilylsilacyclohex-4-ene 22


nButyllithium (1.10 ml, 1.6 M, 1.75 mmol) was added to a stirred
solution of silyl alcohol 20 (0.67 g, 1.67 mmol) and diene 21a
(0.99 g, 5.01 mmol) in diethyl ether (20 ml). The mixture was stirred
for 2 h and then cooled to −20 ◦C. An anhydrous suspension of
LiBr in diethyl ether (0.31 ml, 0.31 M, 0.096 mmol) was added
and the reaction mixture was stirred for 18 h. The reaction was
quenched with saturated ammonium chloride (20 ml) and the
aqueous layer was separated and extracted with diethyl ether.
The combined organic extracts were dried over MgSO4, filtered
and concentrated in vacuo to afford an orange oil. Flash column
chromatography [petroleum ether, petroleum ether–diethyl ether
(99 : 1)] afforded a mixture of 22 and diene 21a. The latter was
separated via Kugelrohr distillation (bp 95–100 ◦C, 1.5 mbar)
to afford 22 as a viscous colourless oil as a mixture of diastereoiso-
mers in the ratio 80 : 13 : 3 : 4 by GCMS (513 mg, 60%). Rf: 0.45
[petroleum ether–diethyl ether (95 : 5)]; spectroscopic data for
major isomer 22: mmax (ATR) 3080, 3020, 2952, 2894, 2854, 1484,
1440, 1244, 1184, 1099, 1040, 938, 909, 832, 775, 733, 698 cm−1; dH


(500 MHz, CDCl3); 7.54–7.53 (5H, m, Ar-H), 6.69 (1H, d, J 8.0, 6′-
H), 6.62 (1H, s, 2′-H), 6.55 (1H, d, J 8.0, 5′-H), 6.03 (1H, m, 5-H),
5.91 (2H, s, –OCH2O–), 5.81 (1H, d, J 10.6, 4-H), 3.42 (1H, dd, J
9.7, 5.0, 3-CHHOTBS), 3.25 (1H, dd, J 9.7, 5.0, 3-CHHOTBS),
2.73 (1H, m, 3-H), 2.54 (1H, d, J 9.0, 2-H), 1.80 (1H, m, 6-HH),
1.64 (1H, m, 6-HH), 0.82 (9H, s, –OSiC(CH3)3), −0.05 (9H, s,
–Si(CH3)3), −0.10 (6H, s, –OSi(CH3)2); dC (126 MHz) 147.6 (C-
5′), 144.7 (C-4′), 138.4 (C-1′), 137.0 (Ar-C), 134.4 (Ar-C), 132.4
(C-4), 128.6 (Ar-C), 127.6 (Ar-C), 125.7 (C-5), 120.7 (C-2′), 108.6
(C-6′), 108.2 (C-3′), 100.6 (–OCH2O–), 65.6 (–CH2OTBS), 44.9
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(C-3), 33.2 (C-2), 25.9 (–OSiC(CH3)3), 18.2 (–OSiC(CH3)3), 9.2
(6-C), −1.3 (–Si(CH3)3), −5.4 (–Si(CH3)2); m/z (EI) 510 (M+,
1%), 438 (M+ − tBu − Me, 4), 437 (M+ − TMS, 10), 135 (57), 73
(TMS, 100); HRMS (CI, NH3): found M+, 510.2432, C28H42O3Si3


requires 510.2436.


(1SR,2SR,3RS)-3-Hydroxymethyl-2-(3′,4′-methylenedioxy-
phenyl)-1-phenyl-1-trimethylsilylsilacyclohex-4-ene 15


To a solution of silacycle 22 (0.2 g, 0.4 mmol) in THF–MeOH
(1 : 1, 2 ml) was added a catalytic amount of p-toluene sulfonic
acid and 0.5 M aq. HCl. The solution was stirred for 1 h at room
temperature then diluted with Et2O and washed with water (5 ml).
The organic layer was dried over MgSO4, filtered, concentrated
and dried in vacuo. Flash chromatography [pet. ether–ether (9 :
1, 4 : 1, 7 : 3)] gave the title compound 15 as a colourless oil
(0.1 g, 64%); Rf 0.3 (pet. ether–ether 7 : 3); mmax (thin film) 3508–
3192 (broad, OH), 3016, 2950, 2882, 1606, 1502, 1484, 1246, 1041,
835 cm−1; dH (500 MHz, CDCl3) 7.29–7.28 (5H, m, Ar-H), 6.72
(1H, d, J 8, Ar-H), 6.65 (1H, s, Ar-H), 6.57 (1H, d, J 8, Ar-
H), 6.15 (1H, m, 5-H), 5.95 (2H, s, –OCH2O–), 5.76 (1H, m,
4-H), 3.55 (1H, dd, J 10, 5, 3-CHHOH), 3.45 (1H, dd, J 10,
5, 3-CHHOH), 2.82 (1H, m, 3-H), 2.63 (1H, d, J 9, 2-H), 1.87
(1H, m, 6-HH), 1.68 (1H, m, 6-HH), −0.02 (9H, s, Si(CH3)3); dC


(126 MHz, CDCl3) 148.0 (Ar-C), 145.2 (Ar-C), 137.9 (ipso-Ar-
C), 134.6 (Ar-C), 134.2 (Ar-C), 131.6 (C-4), 128.9 (Ar-C), 128.1
(Ar-C), 127.9 (C-5), 121.1 (Ar-C), 108.8 (Ar-C), 108.6 (Ar-C),
101.0 (–OCH2O–), 65.6 (3-CH2OH), 45.4 (C-3), 38.8 (C-2), 9.8
(C-6), −0.9 (Si(CH3)3); dSi (100 MHz, CDCl3) −18.96, −22.60;
m/z (ES+) 419 (MNa+); HRMS (ES+): found MNa+, 419.1473,
C22H28O3NaSi2 requires 419.1469.


(1SR,2SR,3RS)-3-Acetoxymethyl-2-(3′,4′-methylenedioxy-
phenyl)-1-phenyl-1-trimethylsilylsilacyclohex-4-ene 23


A solution of hydroxysilacycle 15 (100 mg, 0.3 mmol) in
dichloromethane (3 ml) was treated consecutively with diiso-
propylethylamine (DIPEA, 0.18 ml, 1.0 mmol), acetic anhy-
dride (0.05 ml, 0.5 mmol) and a catalytic amount of 4-
(dimethylamino)pyridine (DMAP). The reaction was stirred at
room temperature for 45 min after which time aq. NH4Cl (10 ml)
was added. The aqueous layer was separated and extracted with
dichloromethane (3 × 20 ml). The combined organic layers were
dried over MgSO4, filtered, concentrated and dried in vacuo.
Flash chromatography [pet. ether; pet. ether–ether (9 : 1, 4 :
1)] afforded the title compound 23 as a colourless oil (80 mg,
70%); Rf 0.5 (pet. ether–ether 7 : 3); mmax (thin film) 2955, 2884,
1720 (C=O), 1502, 1484, 1439, 1285, 1246, 1160, 1041, 896,
835 cm−1; dH (500 MHz, CDCl3) 7.30–7.25 (5H, m, Ar-H), 6.71
(1H, d, J 8, Ar-H), 6.62 (1H, s, Ar-H), 6.55 (1H, d, J 8, Ar-
H), 6.11 (1H, m, 5-H), 5.94 (2H, s, –OCH2O–), 5.71 (1H, m,
4-H), 4.00 (1H, dd, J 10, 5, 3-CHH), 3.81 (1H, dd, J 10,
5, 3-CHH), 2.93 (1H, m, 3-H), 2.48 (1H, d, J 9, 2-H), 1.99
(3H, s, CH3CO), 1.87 (1H, m, 6-HH), 1.69 (1H, m, 6-HH),
−0.01 (9H, s, Si(CH3)3); dC (126 MHz, CDCl3) 171.1 (C=O),
147.8 (Ar-C), 145.0 (Ar-C), 137.1 (ipso-Ar-C), 136.4 (Ar-C),
134.3 (Ar-C), 133.9 (Ar-C), 130.8 (4-C), 129.8 (Ar-C), 127.8 (Ar-
C), 127.2 (C-5), 120.7 (Ar-C), 108.4 (Ar-C), 100.8 (–OCH2O–),
67.1 (3-CH2), 41.2 (C-3), 34.4 (C-2), 20.9 (CH3CO), 9.5 (C-6),


−1.3 (Si(CH3)3); m/z (ES+) 461 (MNa+); HRMS (ES+): found
MH+, 439.1758, C24H31Si2O4 requires 439.1755.


(1RS,2SR,3RS,4SR)-2-Ethenyl-4-hydroxy-3-hydroxymethyl-6,
7-methylenedioxy-1-(3′,4′,5′-trimethoxyphenyl)-1,2,3,
4-tetrahydronaphthalene 14


A solution of silacycle 23 (2.0 g, 4.6 mmol) in dichloromethane
(75 ml) was treated with 3,4,5-trimethoxybenzaldehyde dimethy-
lacetal (9.2 mmol) and cooled to 0 ◦C. The solution was then
treated with BF3·Et2O (0.5 M in DCM, 4.6 mmol) and stirred at
0 ◦C for 6 h. The reaction mixture was then poured into aq. NH4Cl
and extracted with dichloromethane (3 × 10 ml). The combined
organic layers were dried over MgSO4, filtered and concentrated.
The crude organic material was dissolved in methanol–THF (5 ml,
1 : 1) and treated with KHCO3 (1.0 mmol) and a 35% w/w solution
of H2O2 (4.0 mmol) at room temperature. The reaction mixture
was then heated under reflux for 5 h and then poured into saturated
aq. Na2S2O3 and extracted with EtOAc (3 × 10 ml). The combined
organic extracts were dried over MgSO4, filtered and concentrated
in vacuo to afford a colourless oil. Flash column chromatography
[pet. ether–ethyl acetate (6 : 4, 4 : 6), ethyl acetate] afforded tetralol
14, which crystallised as a white solid (1.0 g, 53%); Rf: 0.52 (ethyl
acetate); mp 178–182 ◦C (from ethyl acetate); mmax (ATR) 3411–
3318, 2950, 2890, 2850, 1592, 1503, 1485, 1456, 1421, 1331, 1236,
1129, 1022, 930, 879, 796, 668 cm−1; dH (500 MHz, CDCl3) 7.09
(1H, s, 5-H), 6.38 (1H, s, 8-H), 6.15 (2H, s, 2′-H, 6′-H), 5.98 (1H,
m, 2-CH=C), 5.95 (1H, d, J 1.4, –OCHHO–), 5.94 (1H, d, J 1.4,
–OCHHO–), 5.07 (1H, bd, J 18.5, C=CHH), 5.06 (1H, bd, J
7.7, C=CHH), 4.99 (1H, m, 4-H), 3.95 (1H, m, CHHOH), 3.88
(2H, m, CHHOH, 1-H), 3.82 (3H, s, 4′-OCH3), 3.76 (6H, s, 3′-
OCH3, 5′-OCH3), 2.94 (1H, d, J 5.8, 4-OH), 2.68 (1H, m, 2-H),
2.42 (1H, m, 3-H), 1.14 (1H, d, J 6.4, –CH2OH); dC (126 MHz,
CDCl3) 153.0 (C-3′, C-5′), 147.3 (Ar-C), 146.8 (Ar-C), 140.7 (C-
1′), 139.4 (2-CH=C), 136.5 (C-4′), 132.0 (Ar-C), 130.2 (Ar-C),
116.3 (C=CH2), 109.4 (C-8), 107.7 (C-5), 106.0 (C-2′, C-6′), 101.0
(–OCH2O–), 70.4 (C-4), 62.0 (3-CH2), 60.8 (4′-OCH3), 56.1 (3′-
OCH3, 5′-OCH3), 49.5 (C-1), 47.02 (C-2), 42.03 (C-3); m/z (ES+)
437 (MNa+); HRMS (ES+): found MNa+, 437.1571, C23H26O7Na
requires 437.1571.


(1SR,2SR,3RS,4SR)-6,7-(Methylenedioxy)-4-(3,4,5-trimethoxy-
phenyl)-1,2,2′,3,3′,4-hexahydronaptho[2,2′-c]furan-1,3′-diol 27


A solution of tetralol 14 (30 mg, 0.06 mmol) in THF–H2O (1 : 1,
3 ml) was treated with 2,6-lutidine (0.01 ml, 0.1 mmol), osmium
tetroxide (2 mg, 0.006 mmol) and sodium periodate (50 mg,
0.2 mmol) at room temperature. The solution was stirred for 1 h
then poured into H2O and extracted with DCM (3 × 10 ml).
The combined organic layers were dried over MgSO4, filtered,
concentrated and dried in vacuo. Flash column chromatography
(ether) afforded the title compound 27 as a light brown oil (14 mg,
58%) as a mixture of diastereoisomers in the ratio 3 : 1 by NMR;
Rf 0.3 (ether); mmax (thin film) 3155 (broad, OH), 2982, 2901, 1793,
1591, 1482, 1382, 1238, 1130, 913, 731 cm−1; NMR data given for
major isomer: dH (500 MHz, CDCl3) 6.74 (1H, s, Ar-H), 6.48
(2H, s, Ar-H), 6.31 (1H, s, Ar-H), 5.91 (1H, s, –OCHHO–),
5.89 (1H, s, –OCHHO–), 5.19 (1H, m, 2-CHHO), 4.97 (1H,
m, 2-CHHO), 4.70 (1H, s, 3-CHOH), 4.24–4.15 (2H, m, 1-H,
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4-H), 3.88 (3H, s, Ar–OCH3), 3.83 (6H, s, Ar–OCH3), 3.03 (1H,
s, 3-CHOH), 2.87 (1H, m, 2-H), 2.73 (1H, m, 3-H); dC (126 MHz,
CDCl3) 153.8 (Ar-C), 148.1 (Ar-C), 145.8 (Ar-C), 140.0 (Ar-C),
135.6 (Ar-C), 132.0 (Ar-C), 109.3 (Ar-C), 108.6 (Ar-C), 106.3 (Ar-
C), 106.1 (Ar-C), 101.4 (OCH2O), 97.4 (2-CH2), 70.3 (3-CH), 67.2
(C-1), 61.2 (Ar–OCH3), 56.4 (Ar–OCH3), 50.1 (C-2), 43.7 (C-4),
42.0 (C-3); m/z (ES+) 855 (M2Na+); HRMS (ES+): found M2Na+,
855.2845, C44H48O16Na requires 855.2835.


(±)-epi-Picropodophyllin 628


A solution of lactol 27 (10 mg, 0.04 mmol) in DCM (2 ml) was
treated with N-iodosuccinimide (NIS, 20 mg, 0.08 mmol) and
tert-butyl ammonium iodide (TBAI, 10 mg, 0.02 mmol) at room
temperature. The solution was stirred for 1 h then poured into
saturated aq. Na2S2O3 and extracted with DCM (3 × 10 ml).
The combined organic layers were dried over MgSO4, filtered,
concentrated and dried in vacuo. Flash column chromatography
[pet. ether–ether (2 : 3, 3 : 7, 1 : 4, 1 : 9, ether] afforded the title
compound as a semi solid (9 mg, 63%); Rf 0.3 (ether); mp 185–
188 ◦C (lit.28 mp 190–192 ◦C); mmax (thin film) 3155 (broad, OH),
2903, 1765 (C=O), 1483, 1383, 1246, 1130, 1095, 927, 732 cm−1;
dH (500 MHz, CDCl3) 7.01 (1H, s, Ar-H), 6.60 (1H, s, Ar-H),
6.35 (2H, s, Ar-H), 5.98 (1H, d, J 1.0, –OCHHO–), 5.95 (1H, d,
J 1.0, –OCHHO–), 4.82 (1H, m, 1-H), 4.45 (1H, d, J 4, 4-H),
4.35 (2H, m, 2-CH2O), 3.82 (3H, s, Ar–OCH3), 3.78 (6H, s, Ar–
OCH3), 3.44 (1H, dd, J 10, 4, 3-H), 3.16 (1H, m, 2-H), 2.08 (1H,
d, J 5, 1-OH); dC (126 MHz, CDCl3) 178.8 (C=O), 153.3 (Ar-
C), 147.5 (Ar-C), 147.1 (Ar-C), 137.6 (Ar-C), 136.8 (Ar-C), 131.1
(Ar-C), 130.1 (Ar-C), 109.8 (Ar-C), 106.3 (Ar-C), 104.9 (Ar-C),
101.2 (OCH2O), 68.1 (2-CH2), 67.9 (C-1), 60.9 (Ar–OCH3), 56.2
(Ar–OCH3), 45.2 (C-4), 44.4 (C-3), 39.5 (C-2); m/z (ES+) 415
(MH+).


(±)-Picropodophyllone 3024


Obtained from oxidation of lactol 27 using excess oxidant (5 eq.
NIS) following the same procedure as described for epi-picropodo-
phyllin 6 yielded after chromatography picropodophyllone as a
white solid (26%); Rf 0.5 (ether); mp 146–148 ◦C (lit.26 mp 152–
158 ◦C); mmax (thin film) 2982, 1780 (C=O), 1722 (C=O), 1479,
1383, 1343, 1257, 1161, 1130, 1097, 899, 751 cm−1; dH (500 MHz,
CDCl3) 7.50 (1H, s, Ar-H), 6.70 (1H, s, Ar-H), 6.23 (2H, s, Ar-H),
6.06 (1H, d, J 1.2, –OCHHO–), 6.04 (1H, d, J 1.2, –OCHHO–),
4.76 (1H, d, J 9, 4-H), 4.69 (1H, s, 3-H), 4.35 (1H, m, 2-H), 3.79
(3H, s, Ar–OCH3), 3.75 (6H, s, Ar–OCH3), 3.31 (2H, m, 2-CH2O);
dC (126 MHz, CDCl3) 177.5 (C=O), 175.9 (C=O), 154.0 (Ar-C),
153.9 (Ar-C), 148.7 (Ar-C), 139.8 (Ar-C), 138.2 (Ar-C), 137.4
(Ar-C), 127.4 (Ar-C), 109.7 (Ar-C), 106.3 (Ar-C), 104.8 (Ar-C),
102.5 (OCH2O), 70.8 (C-3), 66.1 (2-CH2), 61.1 (Ar–OCH3), 56.4


(Ar–OCH3), 46.9 (C-4), 43.6 (C-2); m/z (ES+) 413 (MH+), 454
(MMeCN+).
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The synthesis of capsanthin 1 and capsorubin 2 was accomplished via the C15-cyclopentyl ketone 6
prepared by Lewis acid-promoted regio- and stereoselective rearrangement of the epoxy dienal 5.


Introduction


There are many xanthophylls that are hypothetically assumed to
be derived from 5,6-epoxycarotenoids through ring opening of
the epoxy moiety. Capsanthin 1 and capsorubin 2, having a j-
end group, are major pigments of red paprika Capsicum annuum2,3


and attract interest due to their strong antioxidant activity.4 Both
carotenoids are also considered3 to be formed in nature from 5,6-
epoxycarotenoids via a pinacolic type rearrangement. Previously,
we reported the first biomimetic type total synthesis of both
crassostreaxanthin B 3,5 possessing a novel acyclic tetrasubstituted
olefinic end group, and mytiloxanthin 4,6 containing a cyclopentyl
enolic b-diketone group, applying stereoselective rearrangement
of tetrasubstituted epoxides. In these syntheses, we employed
epoxides in which substituents at the C-67 position were alkyl
groups having an oxygen functional group as shown in Scheme 1.


In a previous communication,8 we disclosed the reaction of
various 5,6-epoxides having an olefinic group at C-6 with Lewis
acids and the total synthesis of capsanthin 1 through the C15-
cyclopentyl ketone 6 (Scheme 1), efficiently prepared by regio- and
stereoselective rearrangement of the C15-epoxy dienal 5. Recently
we have also synthesized capsorubin 2 using the common inter-
mediate 6. Here, we describe a full account of these experiments.


Results and discussion


It has been reported that the treatment of epoxide 7a9 (Scheme 2)
with hydrochloric acid and that of 7b10 with BF3·OEt2 only
provided the 5,8-epoxides 8a and 8b, respectively, by opening of
the C-6–oxygen bond of the oxirane ring (route a) and subsequent
migration of the 7,8-double bond. On the other hand, the treat-
ment of epoxide 7c with ZnBr2 or tris(4-bromophenyl)aminium
hexachloroantimonate has been known11 to predominantly give
the cyclopentyl ketone 9c, by cleavage of the oxirane ring at the C-5
position (route b) and subsequent ring contraction. It is considered
that the selective cleavage of epoxide 7c at C-5 was promoted by
destabilization of the cation at C-6 due to the electron deficiency
of the 7(b)-carbon of the a,b-unsaturated carbonyl group, whereas


Kobe Pharmaceutical University, Motoyamakita-machi, Higashinada-ku,
Kobe 658-8558, Japan. E-mail: y-yamano@kobepharma-u.ac.jp; Fax: +81
78 441 7562; Tel: +81 78 441 7562
† Carotenoids and related polyenes. Part 10.1


‡ Electronic supplementary information (ESI) available: Synthesis and
characterization data of compounds 7d–f, 8d, 8f, 9d, 9e, 11, 14–17 and
5. Spectral data of compounds 1 and 2.


the p-orbital of the 7,8-double bond in epoxides 7a and 7b acted
as an activator for C-6–oxygen bond cleavage.


Thus, the reaction of epoxides 7d–f, having olefinic groups
conjugated to carbonyl groups at C-6, was investigated toward
the synthesis of 1 and 2. The epoxides 7d–f were prepared
starting from b-ionone 10 as shown in Scheme 3. Emmons–Horner
reaction of the ketone 10 with triethyl phosphonoacetate in the
presence of sodium hydride and subsequent epoxidation with
m-chloroperbenzoic acid (MCPBA) gave an isomeric mixture of
the epoxy dienoates 7d, which was cleanly separated by column
chromatography (CC) to afford each pure isomer (all-E-isomer,
48%; 9Z-isomer, 6%). Reduction of the all-E-epoxy dienoate
7d with LiAlH4 followed by oxidation with MnO2 yielded the
epoxy dienal 7e (96%). This dienal 7e was condensed with triethyl
phosphonoacetate using n-BuLi as a base to give the epoxy
trienoate 11 (83%), which was transformed into the epoxy trienal
7f in good yield.


Treatment of the epoxy dienoate 7d with SnCl4 (2.2 equiv.) or
tris(4-bromophenyl)aminium hexachloroantimonate11 (0.1 equiv.)
gave the 5,8-epoxide 8d (75% for the former, 86% for the latter; 5,8-
trans : 5,8-cis,12 ∼8 : 1) accompanied by a trace of the cyclopentyl
ketone 9d. On the other hand, the epoxy dienal 7e predominantly
provided the cyclopentyl ketone 9e (91%) after treatment of SnCl4.
Treatment of 7e with tris(4-bromophenyl)aminium hexachloroan-
timonate afforded a complex mixture, probably due to oxidative
effect of the aminium salt. The epoxy trienal 7f was treated with
SnCl4 to preferentially give the 5,8-epoxide 8f (53%; 5,8-trans :
5,8-cis, 5 : 1). These results show that the direction of C–O bond
cleavage in the oxirane ring depends upon both the length of
the conjugated double bond system and the electron-withdrawing
ability of the substituent adjacent to the double bond.


In order to synthesize capsanthin 1 and capsorubin 2, the C15-
epoxy dienal 5 with an oxygen function at C-3 was prepared by
two methods as shown in Scheme 4. The known13 terminal alkyne
13, prepared from the optically active hydroxyketone 12,14 was
heated at 130 ◦C for 20 min with an excess amount (4 equiv.) of
azobisisobutyronitrile (AIBN)15 to give stereoselectively the E-
vinylstannane 14 in 88% yield. The regio- and stereochemical
structure of the stananne 14 was deduced from 1H NMR data
(see ESI‡), especially from the coupling patterns JHH, J117SnH,
J119SnH of vinylic protons.15,16 Cross-coupling reaction of the
stannane 14 with the vinyl triflate 2317 by the combined use
of tris(dibenzylideneacetone)dipalladium (Pd2dba2) and AsPh3


(ligand)18 in N,N-dimethylformamide (DMF) at 50 ◦C gave
the all-E-trienoate 15 (92%), whose hydroxy group at C-3 was
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Scheme 1


Scheme 2


protected (93%) with a tert-butyldimethylsilyl (TBS) group. The
resulting TBS ether 16 was then treated with MCPBA to give
a mixture of the anti (a)-epoxide 17a (28%) and syn (b)-epoxide
17b (54%). The relative configurations between the silyloxy and
epoxy groups in the two isomers were confirmed by their 1H NMR
data.19 The anti (a)-epoxide 17a could be effectively prepared20


from the known C10-epoxy aldehyde 18, which was recently
synthesized by Katsumura’s group21 via a Sharpless asymmetric
epoxidation of the corresponding allylic alcohol derived from


Scheme 3


the hydroxyketone 12. Emmons–Horner reaction of the aldehyde
18 with the phosphonate 24 in the presence of n-BuLi gave the
all-E-dienoate 17a (67%) and its 9Z-isomer (26%). Reduction of
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Scheme 4 Reagents and conditions: a, Bu3SnH, cat. AIBN, 130 ◦C; b, 23, cat. AsPh3, cat. Pd2dba2·CHCl3, 50 ◦C; c, TBSCl, cat. DMAP, Et3N; d, MCPBA;
e, (EtO)2P(O)CH2C(Me)=CHCO2Et 24, n-BuLi; f, LiAlH4; g, MnO2; h, SnCl4; i, aq. HF; j, 26, NaOMe then Dowex (H+); k, cat. PdCl2(MeCN)2, Et3N;
l, PPh3·HBr; m, TESCl, cat. DMAP, Et3N; n, NaBH4; o, LiCl, c-collidine, MsCl; p, PPh3, CH2Cl2, reflux; q, NaOMe; r, CH(OMe)2, H+, MeOH.


17a with LiAlH4 followed by MnO2 oxidation gave the C15-epoxy
dienal 5 in 98% yield.


Treatment of the epoxide 5 with SnCl4 followed by desilylation
yielded the regio- and stereoselectively rearranged cyclopentyl
ketoaldehyde 6 in good yield. The stereostructure of 6 was
determined by the comparison of its 1H NMR data with those
of known22 cyclopentyl ketones. This C15-compound 6 was then
condensed with the C10-Wittig salt 2623 in the presence of NaOMe
as a base, followed by one-pot treatment with ion exchange
resin, Dowex 50W-X8 (H+), to give an isomeric mixture of
C25-apocarotenals. Separation by preparative HPLC (PHPLC)
provided the all-E-isomer 19a (39%) and the 11Z-isomer 19b
(28%), each in pure form. The latter was isomerized to the desired
all-E-isomer in 65% yield by treatment24 with a palladium catalyst.
Stereochemistries of the newly formed 11,12-double bonds of these
isomers were determined from the coupling constants (19a: 15 Hz;
19b: 12 Hz) between 11- and 12-Hs in the 1H NMR spectra.


Wittig reaction of the C25-apocarotenal 19a with the C15-
Wittig salt 20,25 which was prepared from the trienoate 15 by
LiAlH4 reduction and subsequent treatment with PPh3·HBr,
gave the condensed products. PHPLC purification afforded all-
E-capsanthin 1 (42%) accompanied by some isomers. Spectral
data of purified capsanthin 1 were in good agreement with those
reported.22a


Next, the cyclopentyl ketoaldehyde 6 was transformed into the
C15-phosphonium salt 22 toward the synthesis of capsorubin 2.
Protection of the hydroxy group of compound 6 at C-3 with a
triethylsilyl (TES) group and subsequent partial reduction of the
formyl group of the resulting TES ether with NaBH4 provided the
alcohol 21 in 75% yield. This was then allowed to react with LiCl
and methanesulfonyl chloride (MsCl) followed by treatment of the
resulting chloride with PPh3 under reflux in CH2Cl2 to provide
the deprotected Wittig salt 22 in 69% yield from the alcohol
21. Finally, the C25-apocarotenal 19a was condensed with the
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C15-phosphonium salt 22 to give the condensed products, which
were separated by PHPLC to provide all-E-capsorubin 2 (30%)
along with some isomers. Spectral data of purified capsorubin 2
were in good accordance with those reported.22a


In summary, consideration of the ring formation in biosynthesis
has led us to apply the regio- and stereoselective rearrangement
of epoxy dienal 5 with SnCl4 to accomplish the total synthesis of
optically active capsanthin 1 and capsorubin 2.


Experimental


UV spectra were recorded on a JASCO Ubest-55 instrument. IR
spectra were measured on a Perkin Elmer FT-IR spectrometer,
model Paragon 1000, using chloroform solutions. 1H NMR and
13C NMR spectra were determined on a Varian Gemini-300 or a
Varian VXR-500 superconducting FT-NMR spectrometer, using
deuteriochloroform solutions unless otherwise stated (tetram-
ethylsilane as internal reference). J-Values are given in Hz. Mass
spectra were taken on a Hitachi M-4100 spectrometer. Optical
rotations were measured on a JASCO DIP-181 polarimeter ([a]D


values are in units of 10−1 deg cm2 g−1) and CD spectra on a
Shimadzu-AVIN 62A DS circular dichroism spectrometer.


CC was performed on silica gel (Merck Art. 7734). Short-
column chromatography (SCC) was conducted on silica gel
(Merck Art. 7739) under reduced pressure. Low-pressure CC was
conducted on a Yamazen low pressure liquid chromatography
system using a Lobar column (Merck LiChroprep Si 60). PHPLC
was carried out on a Shimadzu LC-6A with a UV–vis detector.


All operations were carried out under nitrogen or argon.
Evaporation of the extract or the filtrate was carried out under
reduced pressure. Ether refers to diethyl ether, and hexane to
n-hexane. NMR assignments are given using the carotenoid
numbering system.


(2E,4E)-6-[(1R,4S)-4-Hydroxy-1,2,2-trimethylcyclopentyl]-3-
methyl-6-oxohexa-2,4-dienal 6


To a solution of the epoxy dienoate 5 (1.24 g, 3.40 mmol) in
dry CH2Cl2 (20 ml) was added SnCl4 (1 M in CH2Cl2; 7.5 ml,
7.5 mmol) at 0 ◦C. The mixture was stirred at 0 ◦C for 45 min and
then poured into saturated aq. NaHCO3 and extracted with ether.
The extracts were washed with brine and dried. Evaporation of the
solvent gave a residue which, without purification, was dissolved
in CH3CN (10 ml) and aq. 48% HF (0.5 ml) was added to it at
0 ◦C. After being stirred at rt for 15 min, the mixture was poured
into saturated aq. NaHCO3 and extracted with ether. The extracts
were washed with brine, dried and evaporated to give a residue,
which was purified by SCC (acetone–hexane, 3 : 7) to afford the
cyclopentyl ketone 6 (697 mg, 82%) as a pale yellow oil; [a]21


D −15.2
(c 1.12, MeOH); kmax (EtOH)/nm 287; mmax/cm−1 3605 and 3466
(OH), 1667 (conj. CHO + conj. CO), 1589 (C=C); dH (300 MHz)
0.85 and 1.22 (each 3H, s, gem-Me), 1.39 (3H, s, 5-Me), 1.52 (1H,
dd, J 14.5 and 3.5, 4-Hb), 1.74 (1H, dd, J 13.5 and 4.5, 2-Hb), 1.99
(1H, dd, J 13.5 and 8, 2-Ha), 2.32 (3H, d, J 1.5, 9-Me), 2.91 (1H,
dd, J 14.5 and 8.5, 4-Ha), 4.51 (1H, m, 3-H), 6.21 (1H, br d, J 8,
10-H), 6.88 (1H, d, J 15.5, 7-H), 7.26 (1H, d, J 15.5, 8-H), 10.18
(1H, d, J 8, CHO) ppm; dC (75 MHz) 13.28 (9-Me), 20.89, 25.08
and 25.83 (gem-Me and 5-Me), 44.09 (C1), 45.02 (C4), 50.70 (C2),
59.24 (C5), 69.91 (C3), 128.29 (C7), 134.33 (C10), 143.89 (C8),


151.36 (C9), 191.19 (C11), 202.64 (C6) ppm; m/z (EI) 250.1560
(M+, C15H22O3 requires 250.1568).


(2E,4E,6E,8E,10E,12E)-, (2E,4E,6E,8Z,10E,12E)-14-[(1R,4S)-
4-Hydroxy-1,2,2-trimethylcyclopentyl]-2,7,11-trimethyl-14-
oxotetradeca-2,4,6,8,10,12-hexaenal 19a,b


An acidic solution (3.0 ml) prepared from toluene-p-sulfonic acid
(p-TsOH) (500 mg) and H3PO4 (725 mg) in MeOH (38 ml) and
methyl orthoformate (3.0 ml) was added to a solution of the C10-
phosphonium chloride 2523 (2.40 g, 5.37 mmol) in MeOH (30 ml).
The reaction mixture was stirred at rt for 2 h and neutralized with
NaOMe (1 M in MeOH) until just before the red colour of an ylide
appeared to give a solution of the Wittig salt 26. To this solution
was added a solution of the aldehyde 6 (350 mg, 1.4 mmol) in
MeOH (4 ml) and NaOMe (1 M in MeOH; 6 ml, 6 mmol) at
rt. After stirring at rt for 30 min, Dowex 50W-X8 (H+) (12 g)
was added to the reaction mixture and this was stirred at rt for
20 min. After Dowex was filtered off, the filtrate was evaporated.
The resulting residue was purified by CC (acetone–hexane, 1 : 2)
and then PHPLC [LiChrosorb Si 60 (7 lm) 2 × 25 cm; acetone–
hexane, 22 : 78] to provide all-E-apocarotenal 19a (208 mg, 39%)
and the 11Z-isomer 19b (159 mg, 28%) as orange foams.


Compound 19a


kmax (EtOH)/nm 399 sh, 423 and 442; mmax/cm−1 3612 and 3487
(OH), 1662 (conj. CHO + conj. CO), 1611, 1573 and 1542 (C=C);
dH (500 MHz) 0.84, 1.21 (each 3H, s, gem-Me), 1.37 (3H, s, 5-Me),
1.50 (1H, dd, J 14.5 and 3, 4-Hb), 1.72 (1H, dd, J 13.5 and 4.5,
2-Hb), 1.90 (3H, s, 13′-Me), 1.98 (3H, s, 9-Me), 2.00 (1H, dd, J
13.5 and 7.5, 2-Ha), 2.05 (3H, s, 13-Me), 2.95 (1H, dd, J 14.5 and
8, 4-Ha), 4.51 (1H, m, 3-H), 6.39 (1H, br d, J 11.5, 14-H), 6.49
(1H, d, J 15, 7-H), 6.53 (1H, d, J 15, 12-H), 6.56 (1H, br d, J 11.5,
10-H), 6.75 (1H, dd, J 14 and 11.5, 15′-H), 6.76 (1H, dd, J 15 and
11.5, 11-H), 6.96 (1H, br d, J 11.5, 14′-H), 7.02 (1H, dd, J 14 and
11.5, 15-H), 7.32 (1H, d, J 15, 8-H), 9.47 (1H, s, CHO) ppm; m/z
(EI) 382.2506 (M+, C25H34O3 requires 382.2506).


Compound 19b


kmax (EtOH)/nm 313, 399 sh, 421 and 439 sh; mmax/cm−1 3611 and
3492 (OH), 1663 (conj. CHO + conj. CO), 1609 and 1573 (C=C);
dH (500 MHz) 0.84, 1.21 (each 3H, s, gem-Me), 1.37 (3H, s, 5-Me),
1.50 (1H, dd, J 14.5 and 3, 4-Hb), 1.72 (1H, dd, J 13.5 and 4.5,
2-Hb), 1.90 (3H, s, 13′-Me), 1.96 (3H, s, 9-Me), 2.00 (1H, dd, J
13.5 and 8, 2-Ha), 2.13 (3H, s, 13-Me), 2.95 (1H, dd, J 14.5 and
8.5, 4-Ha), 4.51 (1H, m, 3-H), 6.18 (1H, d, J 12, 12-H), 6.38 (1H,
br d, J 12, 14-H), 6.44 (1H, t, J 12, 11-H), 6.52 (1H, d, J 15, 7-H),
6.74 (1H, dd, J 15 and 12, 15′-H), 6.97 (1H, br d, J 12, 14′-H),
6.99 (1H, dd, J 15 and 12, 15-H), 7.03 (1H, br d, J 12, 10-H), 7.34
(1H, d, J 15, 8-H), 9.48 (1H, s, CHO) ppm; m/z (EI) 382.2510
(M+, C25H34O3 requires 382.2506).


Isomerization of 11Z-isomer 19b


A solution (1 ml) prepared from PdCl2(MeCN)2 (13 mg), Et3N
(7 ll) and water (1.2 ml) in MeCN (10 ml) was added to a solution
of compound 19b (150 mg, 0.39 mmol) in MeCN (30 ml) and the
mixture was stirred at rt for 40 min. The solvent was evaporated off
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to give a residue, which was purified by SCC (acetone–hexane, 3 :
7) and then PHPLC [LiChrosorb Si 60 (7 lm) 2 × 25 cm; acetone–
hexane, 22 : 78] to provide all-E-apocarotenal 19a (96 mg, 64%).


Preparation of the Wittig salt 20


A solution of the ester 15 (1.00 g, 3.6 mmol) in dry ether (40 ml)
was added dropwise to a stirred suspension of LiAlH4 (165 mg,
4.3 mmol) in dry ether at 0 ◦C. After being stirred at 0 ◦C for 15 min,
the excess of LiAlH4 was decomposed by dropwise addition of
water and the mixture was extracted with ether. The extracts
were dried and evaporated to give a residue, which was purified
by SCC (acetone–hexane, 3 : 7) to afford the corresponding
alcohol (723 mg, 85%). A solution of this alcohol (3.1 mmol) and
triphenylphosphine hydrobromide (1.05 g, 3.1 mmol) in MeOH
(20 ml) was stirred at rt for 48 h. Evaporation of the methanol
gave a residue, which was washed with ether to provide crude
phosphonium salt 2025; dH (300 MHz) 0.97 and 0.99 (each 3H, s,
gem-Me), 1.39 (3H, d, J 4, 9-Me), 1.45 (1H, t, J 12, 2-Hax), 1.62
(3H, s, 5-Me), 1.78 (1H, br d, J 12, 2-Heq), 2.03 (1H, br dd, J
16.5 and 9.5, 4-Hax), 2.35 (1H, br dd, J 16.5 and 5.5, 4-Heq), 3.99
(1H, m, 3-H), 4.77 (2H, br dd, J 15.5 and 7.5, 11-H2), 5.33 (1H,
br q-like, J 7, 10-H), 5.93 (2H, s, 7-H and 8-H), 7.5–7.9 (15H, m,
ArH) ppm.


Preparation of capsanthin 1


To a solution of the phosphonium salt 20 (400 mg, 0.71 mmol) and
the all-E-apocarotenal 19a (75 mg, 0.20 mmol) in MeOH (15 ml)
was added NaOMe (1 M in MeOH; 1.0 ml, 1.0 mmol) at rt. After
stirring at rt for 1.5 h, Dowex 50 W-X8 (H+) (2 g) was added to the
reaction mixture and this was stirred at rt for 20 min. After Dowex
was filtered off, the filtrate was evaporated. The resulting residue
was purified by CC (acetone–CH2Cl2, 15 : 85) and then PHPLC
(CHEMCOSORB 7-ODS-H 1 × 30 cm; MeOH–H2O, 96 : 4) to
provide all-E-capsanthin 1 (48 mg, 42%) as a red solid. Its spectral
data were in agreement with those reported.22a


(2E,4E)-1-[(1R,4S)-4-Triethylsilyloxy-1,2,2-trimethylcyclo-
pentyl]-6-hydroxy-4-methylhexa-2,4-dienone 21


A solution of TESCl (307 mg, 2.04 mmol) in dry CH2Cl2 (2 ml) was
added to a stirred solution of the hydroxy compound 6 (340 mg,
1.36 mmol), DMAP (17 mg, 0.14 mmol) and Et3N (0.38 ml,
2.72 mmol) in dry CH2Cl2 (2 ml) at 0 ◦C. The mixture was stirred
at rt for 20 min, poured into chilled water and extracted with ether.
The extracts were washed successively with aq. 3% HCl, saturated
aq. NaHCO3 and brine. Evaporation of the dried solution gave a
residue, which was purified by CC (ether–hexane, 5 : 95) to afford
the TES ether of 6 (456 mg, 92%) as a pale yellow oil. To a stirred
solution of this TES ether in MeOH (10 ml) was added slowly
a solution of NaBH4 (48 mg) in MeOH (4 ml) at −20 ◦C. The
reaction was monitored by TLC. After being quenched with
saturated aq. NH4Cl, the mixture was extracted with ether. The
extracts were washed with brine, dried and evaporated to give a
residue, which was purified by SCC (acetone–hexane, 1 : 4) to
provide the alcohol 21 (377 mg, 82%; 75% from 6) as a pale yellow
oil; [a]26


D +8.2 (c 1.10, MeOH); kmax (EtOH)/nm 280; mmax/cm−1


3610 and 3449 (OH), 1671 (conj. CO), 1625 and 1598 (C=C); dH


(300 MHz) 0.57 (6H, q, J 7.5, SiCH2CH3 × 3), 0.81 and 1.17 (each


3H, s, gem-Me), 0.95 (9H, t, J 7.5, CH2CH3 × 3), 1.33 (3H, s, 5-
Me), 1.47 (1H, dd, J 14.5 and 3.5, 4-Hb), 1.71 (1H, dd, J 13.5 and
5, 2-Hb), 1.83 (3H, d, J 1, 9-Me), 1.89 (1H, dd, J 13.5 and 8, 2-Ha),
2.85 (1H, dd, J 14.5 and 8.5, 4-Ha), 4.36 (2H, d, J 6.5, 11-H2), 4.38
(1H, m, 3-H), 6.06 (1H, br t, J 6.5, 10-H), 6.46 (1H, d, J 16, 7-H),
7.23 (1H, d, J 16, 8-H) ppm; m/z (EI) 366.2597 (M+, C21H38O3Si
requires 366.2588).


Preparation of the Wittig salt 22


A solution of LiCl (162 mg, 3.82 mmol) in dry DMF (5 ml) was
added to a stirred mixture of the alcohol 21 (830 mg, 2.27 mmol) in
c-collidine (0.60 ml, 4.5 mmol) at 0 ◦C and the mixture was stirred
at 0 ◦C for 10 min. To this mixture was added MsCl (0.26 ml,
3.4 mmol) and the mixture was stirred at 0 ◦C for a further
30 min. The mixture was poured into ice-water and extracted
with ether. The extracts were washed successively with 3% aq.
HCl, saturated aq. NaHCO3 and brine. Evaporation of the dried
solution provided a residue, which was purified by SCC (ether–
hexane, 1 : 4) to afford the corresponding chloride (818 mg, 94%).
Subsequently, triphenylphosphine (615 mg, 2.34 mmol) was added
to a solution of this chloride in CH2Cl2 (20 ml) and the mixture was
refluxed for 17 h. Evaporation of the solvent gave a residue, which
was washed with ether to provide the phosphonium chloride 22
(835 mg, 69%) as a pale yellow solid; dH (300 MHz) 0.76, 1.13 and
1.28 (each 3H, s, gem-Me and 5-Me), 1.50 (1H, dd, J 14.5 and 3.5,
4-Hb), 1.55 (3H, d, J 3, 9-Me), 1.70 (1H, dd, J 14 and 5, 2-Hb),
1.92 (1H, dd, J 14 and 7.5, 2-Ha), 2.83 (1H, dd, J 14.5 and 8.5,
4-Ha), 4.45 (1H, m, 3-H), 5.00 (2H, dd, J 16 and 8, 11-H2), 5.79
(1H, q-like, J 6.5, 10-H), 6.35 (1H, dd, J 15.5 and 2, 7-H), 7.03
(1H, d, J 15.5, 8-H), 7.6–7.9 (15H, m, ArH) ppm.


Preparation of capsorubin 2


To a solution of the phosphonium salt 22 (835 mg, 1.57 mmol) and
the all-E-apocarotenal 19a (210 mg, 0.55 mmol) in MeOH (15 ml)
was added NaOMe (1 M in MeOH; 2.0 ml, 2.0 mmol) at rt. After
stirring at rt for 2 h, Dowex 50 W-X8 (H+) (2 g) was added to the
reaction mixture and this was stirred at rt for 20 min. After Dowex
was filtered off, the filtrate was evaporated. The resulting residue
was purified by SCC (acetone–hexane, 1 : 3) and then PHPLC
(CHEMCOSORB 7-ODS-H 1 × 30 cm; MeOH–H2O, 95 : 5) to
provide all-E-capsorubin 2 (99 mg, 30%) as a red solid. Its spectral
data were in agreement with those reported.22a,26,27
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16 H. X. Zhang, F. Guibé and G. Balavoine, J. Org. Chem., 1990, 55,
1857.


17 (a) M. G. Saulnier, J. F. Kadow, M. M. Tun, D. R. Langley and D. M.
Vyas, J. Am. Chem. Soc., 1989, 111, 8320; (b) G. T. Crisp and A. G.
Meyer, J. Org. Chem., 1992, 57, 6972.


18 V. Farina and B. Krishnan, J. Am. Chem. Soc., 1991, 113, 9585.
19 Y. Yamano and M. Ito, J. Chem. Soc., Perkin Trans. 1, 1993, 1599.
20 Y. Yamano and M. Ito, Chem. Pharm. Bull., 2004, 52, 780.
21 N. Furuichi, H. Hara, T. Osaki, H. Mori and S. Katsumura, Angew.


Chem., Int. Ed., 2002, 41, 1023.
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The oxidation of 2,2′-selenobis(benzamide) with N-chlorosuccinimide or hydrogen peroxide afforded
the corresponding stable azaselenonium chloride and hydroxide, respectively. Both structures were
characterized by spectroscopic and X-ray crystallographic methods. Each contains a covalent N–Se
bond, as well as a noncovalent interaction between the selenium atom and the carbonyl oxygen atom of
the other amide moiety. The treatment of the azaselenonium chloride with an excess of potassium
hydride in DMSO-d6 afforded the corresponding spirodiazaselenurane species, which proved
hydrolytically unstable, but was characterized by NMR spectroscopy. The azaselenonium chloride
displayed significant glutathione peroxidase-like catalytic activity in an assay with benzyl thiol and
either hydrogen peroxide or tert-butyl hydroperoxide.


Introduction


Although the spirodioxyselenurane 1 was first reported in 1914
by Lesser and Weiss,1 this class of selenium compounds2 at-
tracted relatively little attention until recently. The X-ray crystal
structure of 13 revealed that the selenium atom resides at the
center of a distorted trigonal bipyramid, in which two oxygen
substituents occupy apical positions, while two carbon atoms
and the selenium lone pair define the equatorial plane. Such
structures are chiral,4 prompting several investigations into their
stereochemistry. Thus, spirodioxyselenurane 2, where the carbonyl
groups of 1 are replaced by geminal dimethyl substituents, was
shown to possess high configurational stability, even when heated
to 200 ◦C.5 Both 16 and 27 have been resolved by HPLC,
using chiral stationary phases, and their absolute configurations
have been established.6,8 The carboxy derivative 3 has been
partially resolved by classical means,9 while several camphor-
derived spirodioxyselenuranes, such as 4, were prepared as pure
diastereomers.10 The syntheses and reactions of several oxaselene-
tanes of general structure 5, have also been reported.11 Several
spirotetraoxyselenuranes (e.g. 6) were prepared and observed
to undergo acid-catalyzed equilibration with the correspond-
ing selenonium species 7.12 Other spirodiacyloxyselenuranes13


and trifluoromethyl-substituted spirodioxyselenuranes14 are also
known.


Very recently, we reported the first synthesis of the unsub-
stituted, aliphatic parent structure 815 and its homologues, and
demonstrated that they act as efficient mimetics16 of the sele-
noenzyme glutathione peroxidase (GPx).17 The latter catalyzes the
reduction of harmful peroxides that are formed during aerobic


Department of Chemistry, University of Calgary, Calgary, AB, Canada T2N
1N4. E-mail: tgback@ucalgary.ca; Fax: (403) 289–9488; Tel: (403) 220-
6256
† Electronic supplementary information (ESI) available: 1H and 13C NMR
spectra of 15, 16 and 21. Catalytic activity of 15. X-Ray crystallographic
data for 15 and 16. See DOI: 10.1039/b710685h


metabolism and contribute to oxidative stress. GPx functions in
conjunction with the stoichiometric reductant glutathione, which
is oxidized to the corresponding disulfide during this process.
The corresponding tellurium analog displayed significantly higher
catalytic activity than 8 in a model assay,18 while aromatic
derivatives such as 118 and 918,19 showed generally diminished
activity18 compared to 8. Related GPx mimetics that contain
covalent Se–O bonds include cyclic seleninates such as 10 and
its benzo derivative.18–20
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Diazaselenurane 1121 was recently synthesized, while spirodi-
azasulfuranes 12, where R = alkyl or acyl, have been the subjects of
several investigations.22 Although they are hydrolytically labile,22a


several such compounds have been isolated and characterized
by X-ray crystallography.22a,e However, to our knowledge, spiro-
diazaselenuranes have not yet been reported. In view of the
interesting structural, stereochemical and biological properties of
spirodioxyselenuranes, we endeavoured to prepare the spirodiaza
derivative 13, corresponding to the oxygen analog 1.


Results and discussion


The route envisaged for the attempted preparation of 13 involved
oxidation of 2,2′-selenobis(benzamide) (14) to its selenoxide or
haloselenonium derivatives, followed by spontaneous or base-
promoted cyclization. The required selenide 14 was prepared
from anthranilic acid by a variation of literature procedures
(Scheme 1).3,23 Oxidation of 14 was then investigated under
a variety of conditions, but did not afford the corresponding
diazaselenurane 13. Instead, when the oxidation was performed
with NCS in methanol–dichloromethane solution, we obtained
a new product 15 in 81% yield (Scheme 1). Its 1H and 13C
NMR spectra (see ESI†) clearly indicated the nonequivalence
of the two aromatic rings. Moreover, three separate amide N–
H signals were apparent, including one that produced a NOE
with the corresponding aromatic proton ortho to the amide
substituent. These observations were consistent with the unsym-


Scheme 1


metrical structure 15, in which hindered rotation of the primary
amide group renders the corresponding protons nonequivalent.
Similarly, when the oxidation of selenide 14 was repeated with
hydrogen peroxide instead of NCS, it afforded the crystalline
product 16 in comparable yield (Scheme 1). The latter displayed
nonequivalent aromatic rings in its 1H and 13C NMR spectra (see
ESI†), as in the case of 15. Although the preparations, hydrolyses
and X-ray crystallographic structures of several azasulfonium salts
have been investigated,22c–f their corresponding selenium analogs
such as 15 and 16 have not yet been reported.


Products 15 and 16 afforded suitable crystals for X-ray diffrac-
tion, which confirmed their respective structures unequivocally.‡
The ORTEP diagrams for 15 and 16 are shown in Fig. 1 and 3,


Fig. 1 ORTEP diagram of 15, plotted with 50% probability thermal
ellipsoids; H-atoms have been assigned arbitrary radii.


Fig. 2 Unit cell packing of 15 showing H-bonding; H-atoms not involved
in H-bonds and disordered water of hydration have been ignored.


‡ CCDC reference numbers 653872 and 653873. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b710685h
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while their corresponding unit cells are displayed in Fig. 2 and
4, respectively. Additional crystallographic data for 15 and 16 are
provided in the ESI.† In the case of 15, the electronegative oxygen
(O2) and nitrogen (N1) atoms occupy the apical positions of a dis-
torted trigonal bipyramid, in which the N1(axial)–Se1–O2(axial)
bond angle of 169.00(9)◦ is roughly linear. The equatorial plane is
occupied by C3 and C10 (as well as by the selenium lone pair), and
the C3–Se1–C10 bond angle is 101.42(11)◦, while the N1(axial)–
Se1–C3(equatorial) angle is 84.93(11)◦. The Se1–O2 bond distance
of 2.311(2) Å is significantly longer than the typical covalent value
of 1.76 Å.24 This indicates a weak interaction between Se1 and


Fig. 3 ORTEP diagram of the cation of 16 plotted with 30% probability
thermal ellipsoids; H-atoms have been assigned arbitrary radii.


Fig. 4 Unit cell packing of 16 showing H-bonded chains of the cations
extended along the b-axis; H-atoms not involved in H-bonds have been
ignored.


O2, rather than a covalent bond. On the other hand, the Se1–
N1 bond length of 1.852(3) Å is consistent with a covalent Se–
N single bond, which is typically 1.87 Å.24 The torsion angles
N2–C8–C9–C10, O2–C8–C9–C10, N1–C1–C2–C3 and O1–C1–
C2–C3 are −177.9(3), 2.3(4), 5.2(4) and −174.8(3)◦, respectively,
indicating that each amide moiety is essentially coplanar with its
corresponding aromatic ring. On the other hand, the aromatic
rings are nearly orthogonal, as evidenced by the C3–Se1–C10
bond angle of 101.42(11)◦. The unit cell of 15, as shown in Fig. 2,
indicates a network of intermolecular hydrogen bonds between
NH2 and O=C groups, as well as chloride bridges between NH
and NH2 hydrogens on adjacent molecules.


The X-ray crystal structure of product 16 (Fig. 3) was similar to
that of 15, except that hydroxide replaced the chloride counterion.
Again, the Se1–O2 bond length of 2.492(14) Å indicates a weaker
interaction than a covalent bond. The unit cell shown in Fig. 4
indicates the presence of intermolecular H-bonding between NH2


and O=C groups, as well as between both types of nitrogen and
oxygen atoms of 16 and adjacent water molecules.


When azaselenonium salt 15 was treated with 30% aqueous
acetic acid for 5 h at 70 ◦C, it underwent hydrolysis to 1, rather
than to the corresponding hydroxyselenurane 17, or selenoxide
18 (Scheme 2). This is in contrast to the sulfur series, where the
hydrolysis of 12 (R = i-Pr) afforded the corresponding bis[2-(N-
isopropylcarbamoyl)phenyl] sulfoxide.22a While we cannot rule
out 17 or 18 as intermediates in the hydrolysis of 15, an
alternative route involves imine/iminium species such as 19 and
20 (Scheme 2).


Scheme 2
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The azaselenonium chloride 15 was treated with an excess of
potassium hydride in anhydrous DMSO-d6 in an effort to effect
ring-closure to the spirodiazaselenurane 21 (Scheme 3). The 1H
NMR spectrum of the product revealed only two doublets and
two triplets, while the 13C NMR spectrum collapsed from fourteen
to seven signals (see ESI†). This indicates equivalent aromatic
rings and is consistent with the structure 21.


Scheme 3


The GPx-like activity of 15 was also investigated using the
assay system that we had previously developed for this purpose.20


Thus, benzyl thiol was added to a solution of 10 mol% of 15
in dichloromethane–methanol in the presence of an excess of
tert-butyl hydroperoxide or hydrogen peroxide. The reaction was
monitored by HPLC and the time required for the oxidation of
50% of the thiol to dibenzyl disulfide (t1/2) was measured. The
results (entries 5 and 6) are shown in Table 1, along with the
previously determined t1/2 values for 118 (entries 1 and 2) and
815 (entries 3 and 4) that are included for comparison. The t1/2


is also given (entries 7 and 8) for ebselen (22),15 a compound
that has undergone considerable scrutiny as a GPx mimetic,25 and
is currently in clinical trials for the treatment of cardiovascular
conditions related to oxidative stress. Under these conditions, a
control reaction without any catalyst shows a t1/2 of >300 h. The
results indicate that 15 is a considerably superior catalyst to 1 and
is significantly more active than ebselen (22) with both tert-butyl
hydroperoxide and hydrogen peroxide. However, it is inferior in
this regard to the aliphatic spirodioxyselenurane 8. The catalytic
mechanism of 15 is presumably analogous to that of 8,15 involving
addition of the thiol to the selenium atom of 15, followed by


Table 1 GPx-like activity of azaselenonium chloride 15 and related
compoundsa


Entry Catalyst t1/2/h Oxidant


1 1 113 t-BuOOH
2 35 H2O2


3 8 1.9 t-BuOOH
4 0.2 H2O2


5 15 18 t-BuOOH
6 2.7 H2O2


7 22 62 t-BuOOH
8 20 H2O2


a Reactions were performed with BnSH (0.031 M), the catalyst (0.0031
M), and either tert-butyl hydroperoxide (0.038 M) or H2O2 (0.040 M) in
CH2Cl2–MeOH (95 : 5) at 18 ◦C, except for entries 5 and 6, where the
solvent was CH2Cl2–MeOH (4 : 1).


reductive elimination to afford selenide 14 and dibenzyl disulfide,
and reoxidation of 14 to the catalytic azaselenonium species.


Conclusions


The oxidation of 2,2′-selenobis(benzamide) 14 with NCS or hy-
drogen peroxide afforded the novel unsymmetrical azaselenonium
species 15 and 16, respectively, rather than the corresponding
spirodiazaselenurane 13. The structures of the two products were
confirmed by X-ray crystallography, which revealed that in each
case the selenium atom is covalently bonded to the nitrogen atoms
of one amido group and weakly coordinated to the carbonyl
oxygen atom of the other. The NMR spectra of these compounds
indicated similar unsymmetrical structures in solution. Ring-
closure to the symmetrical dipotassium salt 21 was achieved
by treatment with an excess of potassium hydride in DMSO-
d6 solution. While related sulfur-based structures containing
secondary rather than primary amide groups have been reported,22


the spirodiazaselenurane 21 and azaselenonium compounds 15
and 16, are unprecedented in the selenium series. Finally, it was
determined that 15 functions as an effective GPx mimetic, with
superior catalytic activity to that of ebselen.


Experimental


IR Spectra were recorded on a Nicolet Nexus 470 FTIR ESP
spectrometer. 1H and 13C NMR spectra were acquired on a Bruker
UG 300, Bruker DMX 300, or a Bruker AMX 300 spectrometer
(1H, 300 MHz; 13C, 75 MHz). Coupling constants J are given in Hz
and chemical shifts are referenced to the solvent. 77Se NMR spectra
were acquired at 57 MHz on a Bruker AMX 300 spectrometer with
diphenyl diselenide in CDCl3 (d 461.0 ppm) or selenium dioxide in
D2O (d 1302.6 ppm) as the standard, relative to dimethyl selenide
(d 0.0 ppm). Mass spectra were obtained by electrospray ionization
on a Bruker Esquire 3000 spectrometer. Elemental analyses were
performed by Ms. Roxanna Smith at the University of Calgary.
HPLC measurements were performed on a Waters 600 HPLC,
equipped with a Novapak C18 3.9 × 150 mm column and using a
Waters 486 Tunable Absorbance Detector (k 254 nm). Glassware
for the kinetic experiments was rinsed with acetone and was flame-
dried prior to use. Benzyl thiol was distilled prior to use and the
concentrations of tert-butyl hydroperoxide and hydrogen peroxide
were determined by iodometric analysis.


Oxidation of selenide 14 with NCS


Selenide 1423 (178 mg, 0.558 mmol) was dissolved in 30 mL of
methanol–dichloromethane (1 : 1) and cooled in an ice-bath.
NCS (150 mg, 1.12 mmol) was added in 5 mL of methanol–
dichloromethane (1 : 1). The mixture was stirred at room
temperature for 5 h, concentrated and the crude product was
recrystallized from glacial acetic acid to give 160 mg (81%) of 15
with mp 286–287 ◦C (Found: C, 46.79; H, 3.03; N, 7.61. Calc. for
C14H11ClN2O2Se·0.5H2O: C, 46.36; H, 3.34; N, 7.73%); mmax/cm−1
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(KBr) 3268, 1665, 1595, 1550, 1298, 743; dH (DMSO-d6) 10.67
(1 H, br s, N–H, exchanged with D2O), 9.77 (1 H, br s, N–H,
exchanged with D2O), 9.33 (1 H, br s, N–H, exchanged with D2O),
8.42 (1 H, d, J 6.9), 8.00–7.78 (7 H, m); irradiation of the signal
at d 9.77 enhanced the signals at d 9.33 and 8.42 by 16 and 21%,
respectively, while irradiation of the signal at d 8.42 enhanced the
signal at d 9.77 by 7%; dC (DMSO-d6) 171.1 (C=O), 171.0 (C=O),
140.5, 140.0, 136.0, 135.9, 133.8, 133.4, 130.4, 130.1, 129.8, 129.2,
127.8, 126.2; dSe (DMSO-d6) d 653.8; m/z (ESI) 319 (M − Cl)+.


Oxidation of selenide 14 with hydrogen peroxide


Selenide 1423 (208 mg, 0.652 mmol) was dissolved in 15 mL
of acetone and treated with 29% hydrogen peroxide (0.67 mL,
6.7 mmol). After three days at room temperature, white crystals
precipitated and were filtered to afford 173 mg (79%) of 16 with
mp 263–266 ◦C (Found: C, 49.98; H, 3.39; N, 8.01. Calc for
C14H12O3N2Se: C, 50.16; H, 3.61; N, 8.36%); mmax/cm−1 (KBr) 3217,
1700, 1676, 1616, 1596, 1560, 1409, 1295, 745; dH (DMSO-d6) 8.90
(1 H, br s, N–H, exchanged with D2O), 8.47 (1 H, br s, N–H,
exchanged with D2O), 8.15 (1 H, dd, J 7.2, 1.5), 7.95 (1 H, d, J
7.2), 7.81 (1 H. d, J 7.2), 7.74–7.52 (5 H, m); dC (DMSO-d6) 179.3
(C=O), 168.7 (C=O), 142.2, 139.0, 134.1, 133.6, 131.9, 131.7,
131.5, 130.8, 128.5, 127.4, 126.2, 124.7; dSe (DMSO-d6) 701.7; m/z
(ESI) 319 (M − OH)+.


Preparation of the dipotassium salt of spirodiazaselenurane 21


Azaselenonium chloride 15 (7.8 mg, 0.022 mmol) was dissolved in
0.5 mL of dry DMSO-d6 in a 5 mm NMR tube. Potassium hydride
(6.3 mg, 0.16 mmol) was added to the mixture under an argon
atmosphere. The reaction mixture turned yellow immediately.
When kept under argon at room temperature, the solution of 21
survived unchanged for at least 12 h. dH (DMSO-d6) 8.23 (2 H, d, J
7.2), 7.73 (2 H, d, J 7.2), 7.31 (2 H, t, J 7.2), 7.16 (2 H, t, J 7.2); dC


(DMSO-d6) 168.9 (C=O), 147.4, 137.8, 130.4, 129.5, 126.5, 124.3;
dSe (DMSO-d6) 723.1; m/z (ESI) 395 (M + H)+, 317 (M − 2K +
H)−.
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In the presence of a catalytic amount of Bi(OTf)3·4H2O, aldehydes together with amines react with silyl
enolates to afford the corresponding Mannich-type adducts smoothly. A wide variety of silyl enolates
derived from ketones, as well as esters and thioesters, react rapidly to afford the b-amino ketones or the
b-amino esters in high yields (up to 94%).


Introduction


The development of new methods for the synthesis of b-amino
carbonyl derivatives is an important area of synthetic research,
because b-amino ketones and esters are extremely important as
biologically active molecules.1 The Lewis acid-mediated reactions
of imines with silyl enolates are among the most efficient methods
for the synthesis of b-amino carbonyl compounds. Although
a wide range of catalytic methods has been developed for
the synthesis of b-amino carbonyl compounds,2 none are both
broadly applicable and amenable to large-scale organic synthesis.
Moreover, many imines tend to be unstable during purification
by chromatography, distillation, or prolonged storage. Thus, it
is desirable from a synthetic point of view that imines, formed
in situ from aldehydes and amines, immediately react with silyl
enolates and provide b-amino carbonyl compounds in a one-pot
process.3 Nevertheless, most Lewis acids can not be used in this
reaction because they decompose or deactivate in the presence of
the amines and water produced during imine formation. Recently,
synthetic methods involving rare-earth and lanthanide triflates as
catalysts for Mannich-type reactions have been reported.4 High
catalytic activity, low toxicity, moisture and air tolerance make
lanthanide triflates attractive catalysts. However, the high cost of
these catalysts restricts their use.


Bismuth compounds too have attracted recent attention due
to their low toxicity, low cost, and stability.5 Bismuth salts
have been reported as catalysts for the opening of epoxides,6


allylation of imines,7 Mukaiyama-aldol reactions,8 formation and
deprotection of acetals,9 Friedel–Crafts reactions,10 Diels–Alder
reactions,11 Fries rearrangements,12 Claisen rearrangements,13 and
intramolecular Sakurai cyclizations.14 Bi(OTf)3 is particularly
attractive because it is commercially available or can be easily
prepared from readily available starting materials.15


As a part of our ongoing interest in bismuth(III)-catalysed
Mannich-type and aza-Sakurai reactions,7,16 we report herein our
results in the three-component bismuth(III)-catalysed Mannich-
type reaction. A major merit of the three-component reaction is
indeed that many unique structures can be afforded rapidly when
three or more reactants are combined in a single step to afford new
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compounds. We wish to disclose our results in this area, namely,
the development of an efficient bismuth-catalysed Mannich-type
three-component reaction that combines an aldehyde, an amine,
and a silyl enolate to give compounds with a b-amino carbonyl
core structure. b-Amino esters and ketones are obtained efficiently
in the presence of 1–2 mol% of Bi(OTf)3·4H2O. Since the original
communication of our work,17 the scope and generality of the
reaction have been broadened. A large selection of carbonyl
compounds and silyl enolates have been examined, and recycling
studies are also included in this study. In addition, further insights
regarding the mechanism are presented.


Results and discussion


Catalyst screening


Initial investigations of the Mannich-type reaction of silyl enolates
with benzaldehyde and aniline employed a series of bismuth(III)
salts (Scheme 1, Table 1). These results were promising, as the
corresponding b-amino ketone could be obtained in moderate
to good yield with bismuth halides except with bismuth fluoride
(Table 1, entries 1–4). Bismuth nitrate smoothly afforded the
expected product (Table 1, entry 5). While bismuth acetate gave
no conversion, bismuth trifluoroacetate provided the product in
only moderate yield (Table 1, entries 6 and 7). Phenyl bismuth
ditriflate and diphenyl bismuth triflate appeared to be more
efficient catalysts than all previously tested ones (Table 1, entries 8
and 9). Bismuth(III) triflate led to the expected product in a good
yield and in a short reaction time without any difference between
the anhydrous and the hydrated form (Table 1, entries 10 and 11).


Scheme 1 Mannich-type reaction of benzaldehyde, aniline, and
(1-phenylvinyloxy)trimethylsilane catalysed by BiX3 salts.


Solvent screening


With Bi(OTf)3·4H2O identified as an effective catalyst for the
Mannich-type reaction, optimisation of reaction conditions us-
ing various solvents was undertaken (Scheme 1, Table 2).
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Table 1 Mannich-type reaction of benzaldehyde, aniline, and (1-phenyl-
vinyloxy)trimethylsilane using Bi(III) salts as the catalysta


Entry Catalyst Time/h Yield (%)b


1 BiF3 24 0
2 BiCl3 1.5 59
3 BiBr3 0.3 72
4 BiI3 7.5 62
5 Bi(NO3)3·5H2O 0.2 67
6 Bi(OAc)3 23 0
7 Bi(OCOCF3)3 0.8 36
8 Ph2Bi(OTf) 0.3 85c


9 PhBi(OTf)2 0.1 89c


10 Bi(OTf)3·4H2O 0.1 89c


11 Bi(OTf)3 0.1 90c


a Reagents and conditions: benzaldehyde 1a (1.0 equiv.), aniline 2a
(1.0 equiv.), (1-phenylvinyloxy)trimethylsilane 3a (1.0 equiv.), BiX3


(1 mol%), MeCN, 25 ◦C. b Isolated yield. c 1.2 equiv. of (1-phenylvinyloxy)-
trimethylsilane was used.


Table 2 Mannich-type reaction of benzaldehyde, aniline, and (1-phenyl-
vinyloxy)trimethylsilane in different solventsa


Entry Solvent Catalyst loading (x mol%) Time/h Yield (%)b


1 PhMe 1 3.5 54
2 Et2O 1 2.5 72
3 CH2Cl2 1 1.5 60
4 MeNO2 1 0.1 71
5 EtOH 1 3 80
6 MeCN 1 0.5 82c


7 MeCN 0.5 21 68
8 MeCN 2 0.5 84
9 MeCN 5 0.1 85


a Reagents and conditions: benzaldehyde 1a (1.0 equiv.), aniline
2a (1.0 equiv.), (1-phenylvinyloxy)trimethylsilane 3a (1.0 equiv.),
Bi(OTf)3·4H2O (x mol%), 25 ◦C. b Isolated yield. c On a 0.1 mol ben-
zaldehyde scale, the yield was 85%.


Benzaldehyde, aniline and (1-phenylvinyloxy)trimethylsilane were
chosen as representative substrates. Among various solvents
tested, toluene, diethyl ether, dichloromethane, and nitromethane
gave moderate yields of the expected product (Table 2, entries 1–
4). Ethanol afforded the product in good yield (Table 2, entry 5).
The best solvent was found to be acetonitrile, giving 1,3-diphenyl-
3-(N-phenylamino)propan-1-one 4a in 82% yield. Scaling up the
reaction to 0.1 mol afforded 4a in 85% yield (Table 2, entry 6). With
further optimization of the reaction conditions, we found that a
lower catalyst loading gave decreased yields (Table 2, entry 7).
Increasing the catalyst loading did not significantly affect the yield
(Table 2, entries 8 and 9).


Generality of the reaction


Several examples of Bi(OTf)3-catalysed Mannich-type reactions
with various silyl enol ethers are summarized in Table 3. Silyl
enol ethers derived from aromatic ketones and from aliphatic
ketones were reacted with an equimolar mixture of aldehyde 1
and aniline 2a (Scheme 2). The corresponding b-amino ketones
4 were obtained in good yields (Table 3, entries 1–4) from
aromatic-derived silyl enol ethers except for the more hindered
isobutyrophenone derivative. Silyl enol ethers derived from cy-


Scheme 2 Bi(OTf)3·4H2O-catalysed Mannich-type reaction involving
various aldehydes, amines, and silyl enolates.


clopentanone or cyclohexanone afforded the b-amino ketones in
good yields (Table 3, entries 5 and 6).


Other aldehydes were tested and, generally, moderate to excel-
lent yields of b-amino ketone were obtained with silyl enol ethers
and 1 mol% of Bi(OTf)3·4H2O at 25 ◦C in acetonitrile. Aromatic
aldehydes reacted smoothly to give the corresponding b-amino
ketone derivatives 4 in high yield (Table 3, entries 7–14). The
reaction worked well with a variety of aldehydes including those
bearing an electron-withdrawing group, and the corresponding
b-amino ketones 4 were obtained with very good yields. Several
electron-rich aromatic aldehydes led to the desired products in
good yields (Table 3, entries 11 and 12). 4-Acetylbenzaldehyde led
to the expected product with complete chemoselectivity toward
the aldehyde (Table 3, entry 13). Only a moderate yield was
obtained with 1-naphthylcarboxaldehyde as the substrate (Table 3,
entry 14). With a heterocyclic aldehyde (e.g., furfural) the b-amino
ketones were obtained in good yield (Table 3, entries 15–17).
However, the reaction with 3-pyridylcarboxaldehyde gave a lower
yield due to low conversion (Table 3, entry 18). A conjugated
aldehyde was a good substrate as well (Table 3, entry 19).
Aliphatic aldehydes did not react under such conditions (probably
due to self-condensation), except cyclohexane carboxaldehyde
and pivaloyl aldehyde, which afforded product 4 in good yields
(Table 3, entries 20 and 21). For enolizable aliphatic aldehydes,
it was possible to obtain the corresponding b-amino ketones by
a slight modification of the reaction conditions. Decreasing the
reaction temperature to 0 ◦C and adding the aldehyde as the
last reagent provided moderate to good yields of the expected
products (Table 3, entries 22–24). Interestingly, we never observed
side reaction products such as aldol and deamination products.


Silyl ketene acetals as the nucleophilic partner


Several examples of Bi(OTf)3-catalysed Mannich-type reactions
with various silyl ketene acetals are summarized in Table 4
(Scheme 2). Due to rapid hydrolysis of silyl ketene acetals under
our standard conditions, it was necessary to optimize the reaction
parameters. It was found that using 2 mol% of catalyst in THF
at −78 ◦C gave the best yields. Thus, silyl ketene acetals derived
from various esters were reacted with an equimolar mixture of
benzaldehyde and aniline. The corresponding b-amino esters 4
were obtained in good yields (Table 4). Silyl enolates derived from
esters as well as thioesters reacted smoothly to give the adducts.
No adducts between aldehydes and the silyl enolates were observed
in any reaction according to NMR analysis of the crude reaction
mixture. As for the diastereoselectivity of the reaction, good results
were obtained with the following substrates. ((E)-1-Methoxyprop-
1-enyloxy)trimethylsilane afforded the expected product with syn
stereoselectivity (Table 4, entry 4). Moderate syn selectivity was
observed with ((E)-1-alkoxy-2-phenylvinyloxy)trimethylsilane
(Table 4, entries 5 and 6). The geometry of the silyl ketene
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Table 3 Mannich-type reaction with silyl enol ethers derived from ketonesa


Entry Aldehyde Silyl enol ether Time/h Yield (%)b syn/anti


1 0.1 89 —


2 2 94 50 : 50


3 37 45c —


4 0.5 82 —


5 1.5 80 68 : 32


6 0.5 81 61 : 39


7 0.8 82 —


8 1.5 83 —d


9 0.5 88 —


10 0.5 87 —


11 1 81 —


12 0.7 86 —


13 0.1 92 —


14 1 44 —


15 1 76 —


16 3 80 —e


17 1 78 58 : 42


18 4.5 49 —


19 1.5 72 —
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Table 3 (Contd.)


Entry Aldehyde Silyl enol ether Time/h Yield (%)b syn/anti


20 0.8 77 —


21 1 54 —


22 17 61f —


23 18 51f —


24 3 70f —g


a Reagents and conditions: aldehyde 1 (1.0 equiv.), aniline 2a (1.0 equiv.), silyl enol ether 3 (1.0–1.2 equiv.), Bi(OTf)3·4H2O (1 mol%), 25 ◦C. b Isolated
yield. c Bi(OTf)3·4H2O (5 mol%). d dr = 66 : 34. e dr = 61 : 39. f Reaction carried out at 0 ◦C. g dr = 85 : 15


acetal did not influence the diastereoisomeric ratio, as (E)- and
(Z)-1-((ethylthio)prop-1-enyloxy)trimethylsilane afforded the b-
aminothioester with the same syn/anti ratios (Table 4, entries 8 and
9). The relative stereochemistry was confirmed by base-cyclization
to the corrersponding b-lactam and comparison of the vicinal
proton–proton coupling constants with those in the literature
(Scheme 3).18


Scheme 3 Determination of the relative stereochemistry of a b-amino
thioester.


Generally, good yields of b-amino ester were obtained with
aromatic aldehydes as well as an a,b-unsaturated aldehyde
(Table 4, entries 12–16). Interestingly, we noted that the reaction
was sterically sensitive, as ortho substitution led to a decreased
conversion (compare entries 13 and 14). Aliphatic aldehydes also
afforded the corresponding amino esters 4 in moderate to good
yields. In all cases, the corresponding aldol derivative was never
observed as a by-product.


Reaction scope: amine substrate


The scope of our method could be extended to other amines. Ben-
zaldehyde was chosen in our model reaction (Scheme 2). Ortho-
and para-anisidines gave good yields of the corresponding b-amino
carbonyl compounds (Table 5, entries 1 and 2), which are known
to be cleavable under oxidative conditions.19 Other substituted
anilines also afforded the b-amino carbonyl compounds in high
yields (Table 5, entries 3–5). The reaction with o-anisidine or 2-
aminophenol and silyl enol ether derived from propiophenone
proceeded smoothly, albeit with almost no diastereoselectivity
(Table 5, entries 6 and 7). Using benzyl carbamate instead of
an aniline gave only a moderate yield of the Cbz-protected b-


amino carbonyl compound (Table 5, entry 8). The reaction of the
same silyl enol ether with benzaldehyde and a-methylbenzylamine
gave no conversion (Table 5, entry 9). For the reactions with
a silyl ketene acetal, yields proved to be more dependent on
aniline substitution. An excellent yield was obtained with an
electron-poor aniline, but lower yields were observed with electron-
rich anilines (Table 5, entries 10–12). Changing p-anisidine for a
more sterically hindered o-anisidine also led to a decreased yield
(Table 5, compare entries 11 and 12).


Effect of additives


It is interesting to note that the ‘two-pot’ version of this reaction,
i.e. with prior formation and isolation of the imine, always
occurred in very low conversions in our hands (Scheme 4, Table 6).
Knowing that the main difference between the two-pot and the
one-pot strategy is the in situ formation of water in the latter,
the addition of a variety of acidic additives was examined. When
the model reaction was studied with N-benzilideneaniline 5, b-
aminoketone 4a was obtained in low yield using 1 mol% of
Bi(OTf)3·4H2O (Table 6, entry 1). However, addition of one equiv-
alent of water or hexafluoroisopropanol provided the expected
product (Scheme 4, Table 6, entries 2 and 3) in the usual high
yields obtained in the three-component system.


Scheme 4 Use of additives in the Bi(OTf)3·4H2O-catalysed Mannich-type
reaction.


As demonstrated, an aqueous solution of Bi(OTf)3 is acidic,15a,20


so the true catalyst is apparently HOTf released from the hydrol-
ysis of Bi(OTf)3·4H2O. The observation that the same reaction
still occurs in the presence of hindered 2,6-di-tert-butylpyridine
(1 equiv. of PhCHO 1a, 1 equiv. of PhNH2 2a, 1 equiv. of
(1-phenylvinyloxy)trimethylsilane 3a, 1 mol% of Bi(OTf)3·4H2O,
3 mol% of 2,6-di-tert-butylpyridine, 25 ◦C, 0.3 h, 80% of 4a)
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Table 4 Mannich-type reaction with silyl ketene acetals derived from esters or thioestersa


Entry Aldehyde Silyl ketene acetal Time/h Yield (%)b syn/anti


1 3.5 84 —


2 1.5 83 —


3 0.8 85 —


4 E/Z = 80 : 20 2.5 80 74 : 26


5 E/Z = 78 : 22 2.5 81 78 : 22


6 E/Z = 69 : 31 24 60 62 : 38


7 1.7 59 —


8 E/Z = 5 : 95 1 89 76 : 24


9 E/Z = 99 : 1 1.8 83 78 : 22


10 1 85 —


11 1 90 —


12 2 82 —


13 1 76 —


14 3.5 34 —


15 2 70 —


16 2.5 61 —


17 1 38 —


18 1.3 89 —


a Reagents and conditions: aldehyde 1 (1.0 equiv.), aniline 2a (1.0 equiv.), silyl ketene acetal 3 (1.2 equiv.), Bi(OTf)3·4H2O (2 mol%), THF, −78 ◦C. b Isolated
yield.
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Table 5 Bi(OTf)3·4H2O-catalysed Mannich-type reaction with aminesa


Entry Amine Silyl enolate Time/h Yield (%)b


1 2 78


2 1 79


3 0.5 88c


4 0.5 85c


5 2 78c


6 1 92 d


7 4 88e


8 0.8 49c


9 21 0


10 0.8 90


11 2 70


12 22 55


a Reagents and conditions: benzaldehyde 1a (1.0 equiv.), amine 2 (1.0 equiv.),
silyl enolate 3 (1.2 equiv.), Bi(OTf)3·4H2O (1 mol%), MeCN, 25 ◦C
(entries 1–9) or Bi(OTf)3·4H2O (2 mol%), THF, −78 ◦C (entries 10–12).
b Isolated yield. c Reaction at 0 ◦C. d dr = 60 : 40. e dr = 50 : 50.


Table 6 Mannich-type reaction of N-benzilideneaniline and (1-phenyl-
vinyloxy)trimethylsilanea


Entry Additive Time/h Yield (%)b


1 — 2 26
2 H2O 0.1 84
3 0.1 74


a Reagents and conditions: benzilideneaniline 5 (1.0 equiv.), (1-
phenylvinyloxy)trimethylsilane 3a (1.0 equiv.), Bi(OTf)3·4H2O (1 mol%),
additive (1 equiv.), MeCN, 25 ◦C. b Isolated yield.


does not indicate unambiguously that a Brønsted acid is not
involved in the process, because the pyridinium salt itself also
mediates the reaction (1 equiv. of PhCHO 1a, 1 equiv. of PhNH2


2a, 1 equiv. of (1-phenylvinyloxy)trimethylsilane 3a, 3 mol%
of 2,6-di-tert-butylpyridinium triflate, 25 ◦C, 0.3 h, 80% of
4a). However, replacing Bi(OTf)3·4H2O by HOTf as catalyst
for the three-component model reaction showed that HOTf is
indeed as effective as Bi(OTf)3·4H2O at catalysing the Mannich-
type reaction (1 equiv. of PhCHO 1a, 1 equiv. of PhNH2 2a,
1 equiv. of (1-phenylvinyloxy)trimethylsilane 3a, 3 mol% of HOTf,
25 ◦C, 0.3 h, 80% of 4a). The HOTf-catalysed Mannich-type
reaction on the preformed imine affords the same product in
good yield (1 equiv. of N-benzylideneaniline 5, 1 equiv. of (1-
phenylvinyloxy)trimethylsilane 3a, 1 equiv. H2O, 3 mol% of HOTf,
25 ◦C, 0.1 h, 77% of 4a) (compare with Table 6, entry 2).21


Moreover, the competition between the Mannich-type and the
Mukaiyama aldol reaction was studied using Bi(OTf)3·4H2O
and HOTf with (Z)-(1-phenylprop-1-enyloxy)trimethylsilane 3b
as the nucleophile (Scheme 5). In both cases, only the Mannich-
type reaction occurred without formation of the corresponding
aldol. The b-amino ketone 4b was obtained in both cases with
the same chemical yield, the same diastereoselectivity (1 mol%
Bi(OTf)3·4H2O, 0.7 h, 82% of 4b, dr = 51 : 49; 3 mol% HOTf,
0.6 h, 85% of 4b, dr = 50 : 50), and the same chemoselectivity.
This result, in addition to the previous one, indicates that, most
probably, Bi(OTf)3·4H2O is hydrolysed under these conditions,
affording triflic acid, which could be the real catalytic species.
Since HOTf is very corrosive and difficult to handle, the practical
use of Bi(OTf)3·4H2O makes our method particularly valuable.


Scheme 5 Competition studies for diastereoselective Mannich-type reac-
tion catalysed by Bi(OTf)3·4H2O or HOTf.


Catalyst recycling


From an environmental point of view, it is desirable to mini-
mize the amount of waste for each organic transformation. In
this context, we recycled the catalyst solution for subsequent
runs. We chose the reaction between benzaldehyde, aniline,
and (1-phenylvinyloxy)trimethylsilane. As the corresponding b-
aminoketone was insoluble in acetonitrile, it could be easily
recovered by simple filtration. The catalyst solution was recycled
for subsequent cycles. Up to four runs could be achieved without
noticeable decrease in yield (Scheme 6).


Scheme 6 Recycling of the catalyst solution.


Conclusions


As an improvement over other catalyst systems, Bi(OTf)3·4H2O is
a versatile catalyst for the Mannich-type reaction of a variety
of silyl enolates with imines generated in situ. The reaction
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affords up to 94% yields of b-amino carbonyl compounds in
short reaction times, and using only 1–2 mol% of the catalyst.
This method offers several advantages including mild reaction
conditions, a highly catalytic process, and no by-products. The
conditions are suitable for a variety of aldehydes, aromatic amines
and silyl enolates. Also, the practical use of Bi(OTf)3·4H2O is
highly valuable as a surrogate for HOTf since the latter is very
corrosive and difficult to handle. Moreover, our protocol does
not require prior isolation of the imine. The b-amino carbonyl
compound is directly obtained, usually as a crystalline product, in
a one-pot process. Because of its numerous benefits, this method
for the one-pot synthesis of b-amino esters and ketones using
bismuth triflate catalysis should find utility in the synthesis of
biologically active compounds.


Experimental


All reactions were carried out in flame-dried test tubes cooled
under an atmosphere of argon. Dichloromethane and acetoni-
trile were distilled from calcium hydride. Tetrahydrofuran and
ether were distilled from sodium/benzophenone. Toluene was
distilled from sodium. Benzaldehyde, cyclohexylcarboxaldehyde,
n-butyraldehyde, and isobutyraldehyde were distilled before use.
Other reagents and solvents were used as received. Flash column
chromatography was performed using silica gel (230–400 mesh)
under pressure. Analytical thin layer chromatography (TLC)
was carried out using 250 lm commercial silica gel plates, and
visualised by ultra-violet irradiation (254 nm) or by staining
with aqueous potassium permanganate and developed with
appropriate heating. Melting points were recorded on a Mel-
Temp apparatus, and are uncorrected. Infra-red spectra were
obtained on a FT-IR spectrometer and are reported in cm−1.
Mass spectra were obtained on a Waters instrument, by electron
impact or electrospray ionisation techniques, at the Department
of Chemistry, Université de Sherbrooke, Sherbrooke, Canada. 1H
NMR spectra were recorded at ambient temperature on Varian
DPX-400 spectrometer at 400 MHz with tetramethylsilane (TMS)
as the internal reference (dH = 0 ppm); chemical shifts (d) are given
in parts per million (ppm) and coupling constants (J) are given
in Hertz (Hz). The proton spectra are reported as follows: d/ppm
(number of protons, multiplicity, coupling constant J/Hz). 13C
NMR spectra were recorded at ambient temperature on the same
spectrometer at 100 MHz, with the central peak of CHCl3 as the
internal reference (dC = 77.0 ppm). For 19F NMR, CFCl3 was
used as the internal standard (d = 0). DEPT and two-dimensional
(COSY, HMQC, HMBC) NMR spectroscopy were used, where
appropriate, to aid the assignments of signals in the 1H and
13C NMR spectra. Where a compound was characterised as an
inseparable mixture of diastereoisomers, the NMR data for the
major (maj) and minor (min) isomers have been reported as far as
was discernable from the spectrum of the mixture.


General procedure for the bismuth triflate-catalysed
three-component reaction with silyl enol ethers


Under an inert atmosphere of argon, the silyl enol ether (2.4 mmol)
in 2 mL of dry acetonitrile was added in one portion to a solution
of Bi(OTf)3·4H2O (1 mol%), the aldehyde (2 mmol), and the amine
(2 mmol) in 2 mL of dry acetonitrile. The mixture was stirred at


room temperature until the reaction was complete as indicated
by TLC. The reaction was quenched with water (8 mL) and
extracted with diethyl ether (3 × 40 mL). The organic phase was
washed with water and saturated aqueous sodium chloride, dried
over magnesium sulfate, and concentrated under vacuum (rotary
evaporator). When the crude product was a solid, it was triturated
with hexane (20 mL) and filtered; otherwise, it was purified
by column chromatography (eluent hexane–ethyl acetate). The
spectral data for known compounds match with those reported in
the literature.17a,22


General procedure for the bismuth triflate-catalysed
three-component reaction with silyl ketene acetals


Under an inert atmosphere of argon, the silyl ketene acetal
(1.2 mmol) in 1 mL of dry THF was added dropwise to a solution
of Bi(OTf)3·4H2O (2 mol%), the aldehyde (1 mmol), and the
amine (1 mmol) in 1 mL of dry THF at −78 ◦C. The mixture
was stirred at −78 ◦C for 0.15 h and then allowed to reach
room temperature. The mixture was stirred until the reaction
was completed as indicated by TLC. The reaction was quenched
with water (4 mL) and extracted with diethyl ether (3 × 20 mL).
The organic phase was washed with water and saturated aqueous
sodium chloride, dried over magnesium sulfate, and concentrated
under vacuum (rotary evaporator). When the crude product was a
solid, it was triturated with hexane (10 mL) and filtered; otherwise,
it was purified by column chromatography (eluent hexane–ethyl
acetate). The spectral data for known compounds match with
those reported in the literature.3g,17b,22c,23


2,2-Dimethyl-1,3-diphenyl-3-(N -phenylamino)propan-1-one.
(Table 3, entry 3): Yield 45%; white solid; mp 117–118 ◦C; Rf


0.54 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3389, 1656;
1H NMR (CDCl3): d = 7.20–7.40 (10H, m), 7.01 (2H, m), 6.59
(1H, tt, J = 7.3, 1.0 Hz), 6.43 (2H, m), 4.76 (1H, s), 4.67 (1H, s),
1.32 (3H, s), 1.23 (3H, s); 13C NMR (CDCl3): d = 210.7, 146.2,
140.1, 138.6, 130.4, 129.2, 129.0, 128.3, 127.8, 126.9, 118.1, 114.1,
63.7, 52.3, 25.5, 20.5; HRMS: Calc. for C23H23NO (M+) 329.1780,
found 329.1783.


3-(4-Chlorophenyl)-2-methyl-1-phenyl-3-(N-phenylamino)propan-
1-one. (Table 3, entry 8): Yield 83%; major/minor = 66 : 34;
white solid; mp 146–149 ◦C; Rf 0.44 (hexane–ethyl acetate = 4 :
1); IR (KBr): m = 3417, 3394, 1670; 1H NMR (CDCl3): d = 7.92
(maj, 2H, m), 7.75 (min, 2H, m), 7.18–7.59 (7H, m), 7.02–7.09
(2H, m), 6.64 (1H, t, J = 7.3 Hz), 6.51 (min, 2H, d, J = 7.8 Hz),
6.44 (maj, 2H, m), 4.71 (maj, 1H, d, J = 5.3 Hz), 4.69 (min, 1H,
d, J = 7.4 Hz), 4.58–4.92 (1H, br s), 3.90–3.99 (1H, m), 1.31 (min,
3H, d, J = 7.0 Hz), 1.22 (maj, 3H, d, J = 7.0 Hz); 13C NMR
(CDCl3): d = 203.9, 202.6, 147.0, 146.8, 140.5, 140.3, 137.1, 136.3,
133.7, 133.6, 133.2, 129.4, 129.2, 129.08, 129.05, 129.0, 128.9,
128.51, 128.47, 128.4, 118.2, 118.0, 114.1, 113.8, 60.9, 59.0, 46.9,
46.4, 16.9, 11.9; HRMS: Calc. for C22H20ClNO (M+) 349.1233,
found 349.1241.


3-(4-Acetylphenyl)-1-phenyl-3-(N -phenylamino)propan-1-one.
(Table 3, entry 13): Yield 92%; yellowish solid; mp 168–169 ◦C; Rf


0.18 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3404, 1672; 1H
NMR (CDCl3): d = 7.89–7.93 (4H, m), 7.54–7.60 (3H, m), 7.45
(2H, t, J = 7.7 Hz), 7.07–7.11 (2H, m), 6.68 (1H, t, J = 7.3 Hz),
6.52–6.55 (2H, m), 5.06 (1H, dd, J = 7.2, 5.4 Hz), 4.64 (1H, br s),
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3.52 (1H, dd, J = 16.5, 5.4 Hz), 3.46 (1H, dd, J = 16.5, 7.2 Hz),
2.57 (3H, s); 13C NMR (CDCl3): d = 198.0, 197.9, 148.8, 146.9,
136.7, 136.6, 133.9, 129.4, 129.2, 129.0, 128.4, 126.9, 118.4, 114.1,
54.7, 46.1, 26.9; HRMS: Calc. for C23H21NO2 (M+) 343.1572,
found 343.1576.


1-Phenyl-3-(N-phenylamino)-3-(3-pyridyl)propan-1-one. (Table 3,
entry 18): Yield 49%; yellowish solid; mp 138–139 ◦C; Rf 0.16
(hexane–ethyl acetate = 1 : 1); IR (KBr): m = 3255, 1680; 1H
NMR (CDCl3): d = 8.70 (1H, d, J = 2.1 Hz), 8.46 (1H, dd, J =
4.7, 1.6 Hz), 7.86–7.89 (2H, m), 7.75 (1H, dt, J = 7.8, 1.8 Hz), 7.55
(1H, tt, J = 7.4, 1.5 Hz), 7.40–7.45 (2H, m), 7.20 (1H, ddd, J =
7.9, 4.8, 0.5 Hz), 7.05–7.10 (2H, m), 6.67 (1H, tt, J = 7.3, 1.0 Hz),
6.53 (2H, dd, J = 8.6, 1.0 Hz), 5.05 (1H, dd, J = 6.1, 6.1 Hz),
4.63 (1H, br s), 3.43–3.52 (2H, m); 13C NMR (CDCl3): d = 197.8,
149.0, 148.8, 146.7, 138.5, 136.6, 134.5, 133.9, 129.5, 129.0, 128.4,
123.9, 118.5, 114.1, 52.6, 45.9; HRMS: Calc. for C20H18N2O (M+)
302.1419, found 302.1425.


4,4-Dimethyl-1-phenyl-3-(N -phenylamino)pentan-1-one.
(Table 3, entry 21): Yield 54%; yellowish solid; mp 102–103 ◦C;
Rf 0.57 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3386, 1663;
1H NMR (CDCl3): d = 7.85–7.87 (2H, m), 7.53 (1H, tt, J = 7.3,
1.5 Hz), 7.40–7.44 (2H, m), 7.05–7.09 (2H, m), 6.56–6.68 (3H, m),
4.02 (1H, dd, J = 7.1, 5.1 Hz), 3.30 (1H, dd, J = 16.0, 5.1 Hz),
2.97 (1H, dd, J = 16.0, 7.1 Hz), 1.01 (9H, s); 13C NMR (CDCl3):
d = 199.8, 148.3, 137.5, 133.2, 129.4, 128.8, 128.3, 117.3, 113.4,
58.6, 40.9, 36.1, 26.9; HRMS: Calc. for C19H23NO (M+) 281.1780,
found 281.1783.


1-Phenyl-3-(N-phenylamino)hexan-1-one. (Table 3, entry 22):
Yield 61%; yellowish oil; Rf 0.56 (hexane–ethyl acetate = 4 : 1); IR
(film): m = 3395, 1679; 1H NMR (CDCl3): d = 7.90–7.94 (2H, m),
7.55 (1H, tt, J = 7.4, 1.5 Hz), 7.42–7.46 (2H, m), 7.13–7.18 (2H,
m), 6.66–6.70 (1H, m), 6.63 (2H, dd, J = 8.6, 1.0 Hz), 4.05 (1H,
ddt, J = 7.0, 7.0, 4.8 Hz), 3.76 (1H, br s), 3.27 (1H, dd, J = 16.5,
4.8 Hz), 3.16 (1H, dd, J = 16.5, 7.0 Hz), 1.35–1.72 (4H, m), 0.92
(3H, t, J = 7.3 Hz); 13C NMR (CDCl3): d = 199.7, 147.4, 137.4,
133.4, 129.6, 128.8, 128.3, 117.6, 113.6, 50.1, 43.0, 37.8, 19.8, 14.2;
HRMS: Calc. for C18H21NO (M+) 267.1623, found 267.1630.


4-Methyl-1-phenyl-3-(N-phenylamino)pentan-1-one. (Table 3,
entry 23): Yield 51%; yellowish solid; mp 74–76 ◦C; Rf 0.68
(hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3392, 3370, 1668;
1H NMR (CDCl3): d = 7.90–7.93 (2H, m), 7.55 (1H, tt, J = 7.3,
1.5 Hz), 7.43–7.46 (2H, m), 7.10–7.15 (2H, m), 6.65 (1H, tt, J =
7.3, 1.1 Hz), 6.58–6.61 (2H, m), 3.93 (1H, ddd, J = 11.2, 5.9,
5.9 Hz), 3.78 (1H, br s), 3.20 (1H, dd, J = 16.4, 5.9 Hz), 3.09 (1H,
dd, 16.4, 5.9 Hz), 1.99–2.07 (1H, m), 1.03 (3H, d, J = 6.8 Hz),
0.96 (3H, d, 6.8 Hz); 13C NMR (CDCl3): d = 199.8, 147.8, 137.4,
133.4, 129.6, 128.9, 128.3, 117.4, 113.6, 55.5, 40.4, 31.9, 19.3, 18.8;
HRMS: Calc. for C18H21NO (M+) 267.1623, found 267.1627.


1,4-Diphenyl-3-(N-phenylamino)pentan-1-one. (Table 3, en-
try 24): Yield 70%; major/minor = 85 : 15; yellowish solid; mp
110–112 ◦C; Rf 0.69 (hexane–ethyl acetate = 4 : 1); IR (KBr):
m = 3409, 1677; 1H NMR (CDCl3): d = 7.77–7.80 (min, 2H, m),
7.69–7.72 (maj, 2H, m), 7.47–7.55 (1H, m), 7.12–7.42 (9H, m),
6.61–6.69 (3H, m), 4.28–4.33 (min, 1H, m), 4.12–4.18 (maj, 1H,
m), 4.00 (maj, 1H, br s), 3.60 (min, 1H, br s), 3.22–3.27 (min, 1H,
m), 3.19 (maj, 1H, dq, J = 14.4, 7.2 Hz), 3.11 (min, 1H, dd, J =


16.5, 6.5 Hz), 3.10 (maj, 1H, dd, J = 16.8, 4.5 Hz), 2.96 (min,
1H, dd, J = 16.5, 6.0 Hz), 2.81 (maj, 1H, dd, J = 16.8, 6.2 Hz),
1.41 (maj, 3H, d, J = 7.2 Hz), 1.37 (min, 3H, d, J = 7.0 Hz); 13C
NMR (CDCl3): d = 199.9, 199.5, 147.8, 147.4, 143.9, 142.7, 137.4,
137.0, 133.4, 133.2, 129.6, 128.84, 128.80, 128.7, 128.6, 128.3,
128.2, 128.1, 127.1, 127.0, 117.7, 117.6, 113.80, 113.77, 56.2, 54.7,
43.9, 42.5, 41.1, 40.2, 19.0, 17.0; HRMS: Cald for C23H23NO (M+)
329.1780, found 329.1783.


Methyl 1-(phenyl-N-phenylaminomethyl)cyclohexanecarboxy-
late. (Table 4, entry 7): Yield 59%; white crystals; mp 98–99 ◦C;
Rf 0.70 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3378, 1721;
1H NMR (CDCl3): d = 7.19–7.29 (5H, m), 7.02 (2H, dd, J = 8.7,
7.3 Hz), 6.57 (1H, tt, J = 7.2, 1.1 Hz), 6.45 (2H, dd, J = 8.7,
1.1 Hz), 5.01 (1H, br s), 4.32 (1H, s), 3.63 (3H, s), 2.40 (1H, d, J =
14.1 Hz), 2.01 (1H, dd, J = 12.9, 2.9 Hz), 1.56–1.68 (3H, m), 1.04–
1.44 (5H, m); 13C NMR (CDCl3): d = 175.8, 147.2, 139.6, 129.2,
128.5, 128.1, 127.7, 117.2, 113.3, 65.3, 52.2, 52.0, 33.8, 30.6, 25.7,
23.8, 23.3; HRMS: Calc. for C21H25NO2 (M+) 323.1885, found
323.1888.


Methyl 2,2-dimethyl-3-(N-phenylamino)-3-o-tolylpropanoate.
(Table 4, entry 14): Yield 34%; yellowish solid; mp 129–130 ◦C;
Rf 0.70 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3371, 1714;
1H NMR (CDCl3): d = 7.19–7.22 (1H, m), 7.09–7.15 (3H, m),
7.01–7.07 (2H, m), 6.56–6.61 (1H, m), 6.43–6.46 (2H, m), 4.88
(1H, d, J = 7.1 Hz), 4.83 (1H, d, J = 7.1 Hz), 3.67 (3H, s), 2.54
(3H, s), 1.29 (3H, s), 1.20 (3H, s); 13C NMR (CDCl3): d = 177.5,
147.4, 138.1, 136.8, 130.8, 129.4, 127.4, 126.2, 117.5, 113.4, 59.4,
52.4, 48.5, 25.0, 20.67, 20.65; HRMS: Calc. for C19H23NO2 (M+)
297.1729, found 297.1735.


Methyl 2,2-dimethyl-3-(N-phenylamino)hexanoate. (Table 4,
entry 18): Yield 89%; colorless oil; Rf 0.78 (hexane–ethyl acetate =
4 : 1); IR (film): m = 3397, 1725; 1H NMR (CDCl3): d = 7.10–7.14
(2H, m), 6.59–6.63 (3H, m), 3.56–3.66 (2H, m), 3.61 (3H, s), 1.46–
1.50 (2H, m), 1.24–1.30 (2H, m), 1.22 (3H, s), 1.19 (3H, s), 0.86
(3H, t, J = 7.1 Hz); 13C NMR (CDCl3): d = 177.9, 149.5, 129.5,
116.8, 112.8, 59.5, 52.0, 48.2, 35.6, 23.1, 22.0, 20.5, 14.4; HRMS:
Calc. for C15H23NO2 (M+) 249.1729, found 249.1733.


3-(N -2-Hydroxyphenylamino)-1,3-diphenylpropan-1-one.
(Table 5, entry 5): Yield 78%; yellowish solid; mp 112–113 ◦C; Rf


0.27 (hexane–ethyl acetate = 4 : 1); IR (KBr): m = 3550, 3392,
1683; 1H NMR (CDCl3): d = 7.92–8.00 (2H, m), 7.55 (1H, tt, J =
7.4, 1.5 Hz), 7.41–7.45 (2H, m), 7.27–7.36 (4H, m), 7.22 (1H, tt,
J = 7.1, 1.8 Hz), 6.77 (1H, dd, J = 7.6, 1.4 Hz), 6.68 (1H, ddd,
J = 7.6, 7.6, 1.4 Hz), 6.61 (1H, ddd, J = 7.6, 7.6, 1.4 Hz), 6.46
(1H, dd, J = 7.6, 1.4 Hz), 6.29 (1H, br s), 4.87 (1H, dd, J = 8.6,
4.3 Hz), 4.10 (1H, br s), 3.54 (1H, dd, J = 17.1, 8.6 Hz), 3.42
(1H, dd, J = 17.1, 4.3 Hz); 13C NMR (CDCl3): d = 199.0, 146.9,
142.9, 136.8, 134.8, 133.8, 129.0, 128.9, 128.5, 127.7, 126.8, 120.9,
120.8, 117.8, 115.0, 56.1, 46.4; HRMS: Calc. for C21H19NO2 (M+)
317.1416, found 317.1418.
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A systematic study of the effect of substitution within the b-amino acid framework indicates that both
b2- and b3-amino acids catalyse the Hajos–Parrish–Eder–Sauer–Wiechert reaction with poor to
reasonable levels of enantioselectivity. These results led to the evaluation of the conformationally
constrained b-amino acid (1R,2S)-cispentacin, which catalyses the Hajos–Parrish–Eder–Sauer–
Wiechert reaction with comparable or higher levels of enantioselectivity to L-proline.


Introduction


The study of organocatalytic reactions has undergone enormous
expansion in the last decade.1 A range of catalysts of varying struc-
tural complexity have been developed within this field that encom-
pass imidazolidinones,2 phosphines,3 peptides,4 N-heterocyclic
carbenes,5 thioureas6 and bifunctional catalyst systems,7 among
others.8 The most readily available catalysts within this field
are undoubtedly the proteinogenic a-amino acids, with proline
arguably the most commonly used organocatalyst. One of the
first enantioselective organocatalytic reactions catalysed by L-
proline 1 was the intramolecular Hajos–Parrish–Eder–Sauer–
Wiechert reaction.9 This asymmetric variant of the Robinson ring
annelation was initially developed for the synthesis of steroid and
terpenoid intermediates. Enantioselective cyclisation of triketones
2 produces enone products (S)-3 in good yield and with high levels
of enantioselectivity (up to 93% e.e.) and has proven useful in
the generation of synthetic building blocks for the preparation of
natural products and their analogues such as 19-nortestosterone
4 (Scheme 1).10


Scheme 1 Reagents and conditions: (i) L-proline 1 (30 mol%), DMF, rt,
24 h; (ii) p-TsOH, toluene, D, 5 h.


The mechanism of the Hajos–Parrish–Eder–Sauer–Wiechert
reaction has been heavily disputed with several alternatives
proposed, although it is now widely accepted that an enamine
mechanism is operating. Hajos first suggested a model that
involves “activation” of one of the enantiotopic acceptor carbonyl
groups as a carbinol amine (transition state model 5), although
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Jung questioned the stereochemical outcome of this model in
1976.11 An enamine mechanism was suggested by various groups
throughout the 1970s and 1980s,11,12 before Agami et al. proposed
a two-proline mechanism, based on non-linear effects (transition
state model 6).13 Reinvestigation of these latter results by List and
co-workers found that a non-linear effect was not observed,14 and a
possible reconciliation of these results has recently been proposed
by Blackmond.15 In 1999 Swaminathan proposed a heterogeneous
aldolisation mechanism on the surface of crystalline proline
(transition state model 7).16 Recently Houk et al. have proposed a
one-proline enamine mechanism (transition state model 8) based
on both experimental evidence and computational modelling
studies, which is now widely accepted as an explanation for
the stereoselectivity of the Hajos–Parrish–Eder–Sauer–Wiechert
reaction (Fig. 1).17


Fig. 1 Proposed mechanisms and transition state models for the Hajos—
Parrish–Eder–Sauer–Wiechert reaction.


Many different catalysts have been screened for reactivity and
enantioselectivity in the Hajos–Parrish–Eder–Sauer–Wiechert re-
action, with the most common based upon proline derivatives.
While (S)-prolinol 12 and (S)-proline methyl ester 13 both produce
enone (S)-11 in 17% e.e.,18,19 Hanessian et al. have also shown that
cis-(2S,4S,5S)-4,5-methanoproline 14 has a comparable catalytic
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activity to L-proline 1, giving (S)-11 in 93% e.e. and good yield,
whereas catalysis with trans-(2R,4R,5R)-4,5-methanoproline 15
proceeded at a much slower rate, producing enone (S)-11 in
83% e.e. (Scheme 2).20 There are relatively few examples of
highly enantioselective catalysts that incorporate a primary amino
functionality; for example, L-phenylalanine 16 gives enone (S)-
11 in 85% yield and 25% e.e. while L-tert-leucine 17 gives (S)-11
in 95% yield but only 2% e.e.21 Notable exceptions include the
use of L-phenylalanine 16 in the presence of an acid co-catalyst
for the cyclisation of terminally substituted ketones22 2 (R′ �=
H, Scheme 1), and (S)-a-methylbenzylamine 18, which produces
enone (S)-11 in 81% yield and 45% e.e.9 Despite these numerous
investigations, L-proline 1 still remains the most enantioselective
catalyst known for this reaction (Scheme 2).23


Scheme 2 Reagents and conditions: (i) catalyst, DMF, rt; (ii) p-TsOH,
toluene, D.


Employing b-amino acids as asymmetric organocatalysts in-
volves the introduction of an additional carbon unit between
the amino and carboxylate functionalities relative to a-amino
acids. While this may intuitively lead to greater conformational
flexibility, it allows bespoke catalyst systems to be designed
through appropriate substitution at either the N- or the a- and b-
positions (Fig. 2). At the onset of these investigations, only limited
previous studies detailing b-amino acid catalysis of the cyclisation
of triketone 9 have been reported, with (S)-homoproline24 and (S)-
3-amino-4-phenylbutanoic acid21 being reported to give enone (R)-


Fig. 2 Comparision of a- and b-amino acid organocatalysts.


11 in 58% and 83% e.e. respectively. As an extension of our research
concerned with the synthesis and chemistry of enantiomerically
pure b-amino acids,25 we envisaged that a systematic study of the
effects of substitution within the b-amino acid framework would
allow efficient asymmetric organocatalysts to be developed. Our
strategy was to screen a range of simple enantiomerically pure
b3-, b2- and N-alkyl-b3-amino acid catalysts for their reactivity
in the Hajos–Parrish–Eder–Sauer–Wiechert reaction in order to
gain an insight into the structural factors that allow high catalyst
turnover and enantioselectivity. This would enable the prediction
of the structural characteristics necessary for the design of a
second-generation b-amino catalyst that would catalyse the desired
reaction with high selectivity.


Subsequent to the communication of our preliminary work
in this field,26 Limbach reported the use of b3-amino acids
in the Hajos–Parrish–Eder–Sauer–Wiechert reaction and inter-
molecular aldol reactions,27 and the application of b-amino acid
organocatalysts in other systems has also increased.28 Herein
we delineate our full investigations concerning the ability of b-
amino acids to promote the Hajos–Parrish–Eder–Sauer–Wiechert
reaction.


Results and discussion


Assessing b3- and b2-amino acids as organocatalysts


Initial studies focused upon screening a range of enantiomerically
pure b3-amino acids 19–35 (prepared in each case via the applica-
tion of our lithium amide conjugate addition methodology)25 for
their catalytic efficiency in the cyclisation of triketone 9. The stan-
dard conditions used in this catalyst screen involved treatment of
triketone 9 with a b-amino acid (30 mol%) in DMF to give ketol 10.
Ketol 10 was purified to homogeneity by chromatography before
subsequent p-TsOH-promoted dehydration to give enone 11.


The e.e. of enone 11 was unambiguously determined by chiral
GC analysis with reference to racemic enone 11. Purification of
ketol 10 to homogeneity is essential to ensure a true measure of
the enantioselectivity in this process, as treatment of triketone 9
with p-TsOH in toluene at reflux gives quantitative conversion
to racemic enone 11. As a model catalyst, (S)-3-aminobutanoic
acid 19 was evaluated, giving ketol 10 in only low conversion
(28%) after 72 hours. Purification to homogeneity and subsequent
dehydration gave enone (R)-11 in 15% isolated yield (over two
steps) and 47% e.e. Under identical conditions, (R)-3-amino-4-
phenylbutanoic acid 20 gave 89% coversion to ketol 10, giving
enone (S)-11 in 73% yield and 64% e.e. However, b-amino acids
21 and 22 bearing a- or b-branched C(3)-alkyl substituents
displayed greater levels of conversion to ketol 10 than C(3)-
methyl b-amino acid 19, with (R)-3-amino-5-methylhexanoic acid
22 giving enone (S)-11 in 86% e.e. The application of N-alkyl-
3-aminobutanoic acids 23–25 as catalysts for the cyclisation
of triketone 9 was next investigated, resulting in decreased
catalytic activity and diminished enantioselectivities relative to
the analogous N-unsubstituted-b-amino acid catalyst 19. (S)-
Homoproline 26 was subsequently tested, giving quantitative
conversion to ketol 10, and giving enone (R)-11 in 64% yield and
36% e.e. (Scheme 3). Subsequent studies investigated the catalytic
propensity of C(3)-aryl substituted b-amino acids in the cyclisation
of triketone 9. With (R)-3-amino-3-phenylpropanoic acid 27, only
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low conversion to ketol 10 (38%) was noted after 72 hours, giving
enone (R)-11 in 36% isolated yield and 40% e.e. Further C(3)-
aryl substituted b-amino acids 28–35 were all catalytically active
in this reaction, giving varying levels of conversion to ketol 10
(49%–quantitative) and enantioselectivities (37–81% e.e.) in the
formation of enone 11 (Scheme 3).


Scheme 3 Reagents and conditions: (i) catalyst (30 mol%), DMF, rt, 3 days;
(ii) p-TsOH, toluene, D, 5 h.


Attention next turned to the use of b2-amino acids 36 and 37 as
catalysts for this reaction, with (S)-2-isopropyl-3-aminopropanoic
acid 37 giving good conversion to ketol 10 (94%) and producing
enone 11 in 56% e.e. (Scheme 4).


Scheme 4 Reagents and conditions: (i) catalyst (30 mol%), DMF, rt, 3 days;
(ii) p-TsOH, toluene, D, 5 h.


These results suggest that the b-amino acid skeleton can tolerate
substitution at C(2) and C(3) and still maintain catalytic activity


in this cyclisation reaction, as both b3- and b2-amino acids
promote the Hajos–Parrish–Eder–Sauer–Wiechert reaction with
average to good conversion and enantioselectivity. The primary
amino functionality is also tolerated, although non-cyclic N-
substituted b3-amino acids gave poor conversions. It was therefore
proposed that a,b-disubstituted b2,3-amino acids would restrict
the conformational flexibility of the catalysts, providing a fixed
orientation of the carboxylic acid and amino functionalities that
should provide high enantiocontrol in this reaction manifold.


Assessing conformationally constrained b-amino acids as
organocatalysts


Cyclic a,b-disubstituted-b-amino acids containing five- and six-
membered rings in which the primary amino and carboxylate
functionalities can adopt either the cis or trans relative configura-
tion were next investigated as organocatalysts. The desired cyclic
b-amino acids (1R,2S)-cispentacin 38, (1S,2S)-transpentacin 40,
(1R,2S)-cishexacin 39 and (1S,2S)-transhexacin 41 were prepared
in diastereo- and enantiomerically pure form following our
established literature protocol.29 Treatment of triketone 9 with
the cyclic b-amino acids (1S,2S)-transpentacin 40 and (1S,2S)-
transhexacin 41 gave full conversion to ketol 10, producing
enone (R)-11 in 66% and 63% e.e. respectively. With (1R,2S)-
cispentacin 38 and (1R,2S)-cishexacin 39, quantitative conversion
to ketol 10 was also observed, giving enone (R)-11 in 94%
and 92% isolated yield respectively and with greatly improved
levels of stereoselectivity; (1R,2S)-cishexacin 39 gave enone (R)-
11 in 87% e.e. while (1R,2S)-cispentacin 38 gave enone (R)-11
in 90% e.e. The high stereoselectivity using (1R,2S)-cispentacin
38 (90% e.e.) is comparable to that using L-proline 1 (93% e.e.)
and is the highest enantioselectivity reported to date for this
particular transformation using an amino acid containing a pri-
mary amino functionality (Scheme 5). Given this promising result,
further b-amino catalysts that incorporate either an additional
C(3)-alkyl substituent30 42–44 or an oxygen atom within the
cispentacin framework31 45 were screened for their reactivity in
the cyclisation of 9. All of the catalysts screened produced ketol
10 with quantitative conversion, giving enone (R)-11 in high
yield and in good to excellent enantioselectivity (84–90% e.e.)
(Scheme 5).


Having demonstrated that (1R,2S)-cispentacin 38 promotes the
highly enantioselective cyclisation of triketone 9, the generality of
this protocol was evaluated through the enantioselective cyclisa-
tion of triketones 46 and 48 that differ in both alkyl substitution
and ring size with respect to triketone 9. Cyclisation using L-
proline 1 was also evaluated under the same reaction conditions to
afford a direct comparison of the stereoselectivity of the reaction
in each case. The cyclisations promoted by (1R,2S)-cispentacin
38 proceeded to complete conversion, giving the corresponding
enones (R)-47 and (R)-49 respectively after dehydration. In each
case, higher levels of enantioselectivity using the b-amino acid
(1R,2S)-cispentacin 38 were noted than using the a-amino acid
L-proline 1 for the same cyclisation {formation of 47; (1R,2S)-
cispentacin 38 78% e.e. [(R)], L-proline 1 74% e.e. [(S)]; formation
of 49, (1R,2S)-cispentacin 38 86% e.e. [(R)], L-proline 1 72% e.e.
[(S)]} (Scheme 6).


Subsequent studies focused upon the enantioselective cy-
clisation of terminally substituted triketone 50 using both
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Scheme 5 Reagents and conditions: (i) catalyst (30 mol%), DMF, rt, 3 days;
(ii) p-TsOH, toluene, D, 5 h.


Scheme 6 Reagents and conditions: (i) (1R,2S)-cispentacin 38 (30 mol%),
DMF, rt; (ii) p-TsOH, toluene, D; (iii) L-proline 1 (30 mol%), DMF, rt.


(1R,2S)-cispentacin 38 and L-proline 1. In each case, elevated
temperatures (60 ◦C) and extended reaction times were necessary
to promote consumption of starting material. Treatment of 50
with L-proline 1 at 60 ◦C for 7 days gave 95% conversion to
ketol (3aS,4S,7aS)-51, with purification giving ketol 51 in 81%
isolated yield. Subsequent dehydration with p-TsOH furnished
enone (S)-52 in 94% yield and 71% e.e. Treatment of triketone 50
with (1R,2S)-cispentacin 38 at 60 ◦C for 9 days gave quantitative
conversion to ketol (3aR,4R,7aR)-51, which gave enone (R)-52
in 83% yield and 27% e.e. after dehydration and purification
(Scheme 7).


Scheme 7 Reagents and conditions: (i) L-proline 1 or (1R,2S)-cispentacin
38 (30 mol%), DMF, 60 ◦C; (ii) p-TsOH, toluene, D.


Synthesis and evaluation of conformationally constrained b-amino
tetrazole derivatives as asymmetric organocatalysts


A number of recent publications have demonstrated that tetra-
zole equivalents of amino acids (proline and homoproline) are
efficient organocatalysts for a range of transformations.32 Having
demonstrated that conformationally constrained b-amino acid
derivatives offer high levels of enantioselectivity in the cyclisation
of triketones 9, 46 and 48, subsequent studies turned to the
synthesis and evaluation of the tetrazole equivalents of cispentacin
and transpentacin as organocatalysts. Starting from the known
protected cis- and trans-b-amino esters 53 and 54 (>98% d.e.
in each case), hydrogenolysis and N-Cbz-protection gave cis-
(1R,2S)-55 and trans-(1S,2S)-56 (>98% d.e.) in good yield.
Subsequent TFA-mediated ester deprotection, amide formation
and dehydration with cyanuric chloride furnished the N-Cbz-
protected nitriles cis-(1R,2S)-57 and trans-(1S,2S)-58 in 80% and
82% yield respectively over 3 steps. Attempted formation of the
tetrazole derivative of cis-(1R,2S)-57 under a range of conditions
was investigated, which demonstrated that treatment of an excess
of NaN3 (10 eq.) in a H2O–i-PrOH solvent mixture with ZnBr2


as a Lewis acid was necessary for high reaction conversion,33


with subsequent N-Cbz deprotection by hydrogenolysis giving
cis-b-amino tetrazole (1′R,2′S)-59 in >98% d.e. and 81% yield
over 2 steps. Application of this optimised procedure upon trans-
(1S,2S)-58 gave the desired trans-b-amino tetrazole (1′S,2′S)-60
in >98% d.e. and 62% yield over 2 steps (Scheme 8). Arvidsson
and Hartikka have observed that the L-proline-derived tetrazole
exists in solution as a mixture of tautomers.34 This phenomena
was also observed for the cis- and trans-b-amino tetrazoles 59 and
60. cis-b-Amino tetrazole (1′R,2′S)-59 exists as an 88 : 12 ratio
of tautomers in MeOD and an 81 : 19 ratio in D2O, while trans-
b-amino tetrazole (1′S,2′S)-60 appears to exist almost exclusively
as one tautomer in MeOD (99 : 1) and as an 81 : 19 mixture
of tautomers in D2O. Although the 1H- and 2H-tautomers could
not be unambiguously assigned in each case, for simplicity cis- and
trans-b-amino tetrazoles (1′R,2′S)-59 and (1′S,2′S)-60 respectively
are represented as the 1H-tautomers.


The catalytic activity of cis-(1′R,2′S)-59 and trans-(1′S,2′S)-
60 was then probed. Treatment of triketone 9 with cis-b-amino
tetrazole (1′R,2′S)-59 proceeded with a marked rate enhancement
(quantitative conversion within 1 day) in comparison to (1R,2S)-
cispentacin 38 and with a remarkable change in product distribu-
tion, giving only the racemic bicyclic species 61 that was isolated
in 67% yield (Scheme 9).35 The trans relative configuration of the
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Scheme 8 Reagents and conditions: (i) H2 (5 atm), Pd(OH)2/C, MeOH, rt; (ii) CbzCl, Et3N, THF, 0 ◦C to rt; (iii) TFA–DCM (1 : 4), rt; (iv) Boc2O,
NH4HCO3, MeCN, pyridine (cat.), rt; (v) cyanuric chloride, DMF, 0 ◦C; (vi) NaN3 (10 eq.), ZnBr2, i-PrOH–H2O (1 : 2), D; (vii) Pd(OH)2/C, H2 (1 atm),
MeOH, rt.


Scheme 9 Reagents and conditions: (i) (1′R,2′S)-59 (30 mol%), DMF, rt;
(ii) (1′S,2′S)-60, (30 mol%), DMF, rt; (iii) p-TsOH, toluene, D.


Fig. 3 Chem 3D R© representation of the X-ray crystal structure of (±)-61
(some H atoms omitted for clarity).


C(1) and C(5) methyl substituents in alcohol (1RS,4RS,5SR)-
61 was unambiguously established through single crystal X-ray
crystallographic analysis‡ (Fig. 3). Triketone 9 was subsequently
treated with trans-b-amino tetrazole (1′S,2′S)-60 under identical
conditions, giving quantitative conversion to ketol (3aS,7aS)-
10 after 24 hours. Chromatographic purification furnished ketol
(3aS,7aS)-10 in 90% yield, which was subjected to standard


‡ CCDC reference numbers 650320 (61) and 650321 (62). For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b711171a


dehydration conditions to afford enone (S)-11 in 86% isolated
yield and 20% e.e (Scheme 9).


Treatment of triketone 46 with b-amino tetrazoles 59 and 60 was
next investigated: addition of cis-b-amino tetrazole (1′R,2′S)-59
gave a chromatographically inseparable 80 : 20 mixture of racemic
bicyclic alcohol (1RS,4RS,5SR)-62 and ketol (3aR,7aR)-63 after
4 days. Fractional crystallisation of this mixture gave an analytical
sample of alcohol (1RS,4RS,5SR)-62 in 27% yield.36 The trans-
relative configuration of the C(1) and C(5) alkyl substituents in bi-
cyclic alcohol (1RS,4RS,5SR)-62 was unambiguously established
through single crystal X-ray crystallographic analysis‡ (Fig. 4).
Treatment of a 64 : 36 mixture of alcohol (1RS,4RS,5SR)-62
and ketol (3aR,7aR)-63 with p-TsOH gave enone (R)-47 in 98%
isolated yield and 12% e.e. The isolation of enone 47 in 98%
yield from the 64 : 36 mixture of 62 and 63 indicates that both
ketol 63 and bicyclic alcohol 62 can be converted to enone 47.
The conversion of bicyclic alcohol 62 to enone 47 presumably
occurs via acid catalysed retro-aldol reaction to generate triketone
46, followed by acid-promoted cyclisation to give (RS)-enone 47.
Consistent with this scenario, treatment of triketone 46 with p-
TsOH gave quantitative conversion to (RS)-enone 47. Using this
hypothesis, the e.e. of (R)-47 from the tetrazole-catalysed protocol
is calculated to be 33%.37 However, treatment of triketone 46 with
trans-b-amino tetrazole (1′S,2′S)-60 for 1 day gave 89% conversion
to ketol (3aS,7aS)-63, which was isolated by chromatography in
80% isolated yield. Subsequent dehydration afforded enone (S)-47
in 81% isolated yield and 7% e.e. (Scheme 10).


Fig. 4 Chem 3D R© representation of the X-ray crystal structure of (±)-62
(some H atoms omitted for clarity).
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Scheme 10 Reagents and conditions: (i) (1′R,2′S)-59 (30 mol%), DMF, rt;
(ii) (1′S,2′S)-60 (30 mol%), DMF, rt; (iii) p-TsOH, toluene, D.


Conversely, when triketone 48 was treated with cis- and trans-
b-amino tetrazoles (1′R,2′S)-59 and (1′S,2′S)-60 according to our
standard procedures, enone (R)-49 was furnished exclusively in
both cases, in 81% yield and 40% e.e. and 67% yield and 28% e.e.
respectively (Scheme 11).


Scheme 11 Reagents and conditions: (i) (1′R,2′S)-59 or (1′S,2′S)-60
(30 mol%), DMF, rt.


Product distribution and enantioselectivity in the b-amino acid
catalysed Hajos–Parrish–Eder–Sauer–Wiechert reaction


These investigations have demonstrated that b-amino acid
catalysed Hajos–Parrish–Eder–Sauer–Wiechert reactions using
(1R,2S)-cispentacin 38 generally give the corresponding ketol as
the major reaction product with high enantioselectivity, while cis-
b-amino tetrazole (1′R,2′S)-59 gives alternative racemic bicyclic
alcohol products. This is a remarkable change in product distri-
bution on simply changing the acid functionality to a tetrazole. If
it is assumed that Hajos–Parrish–Eder–Sauer–Wiechert reactions
catalysed by b-amino acids or tetrazoles proceed via enamine
formation to give these products, the formation of ketol products
65 presumably occurs via enamine 64 derived from the exocyclic
carbonyl, while bicyclic alcohol products 67 arise from enamine
66 derived from either of the endocyclic carbonyls (Fig. 5). As
racemic bicyclic alcohols are observed using cis-b-amino tetrazole
(1′R,2′S)-59 as a catalyst, the ability of this conformationally
constrained tetrazole to hydrogen bond in the transition state
and therefore undergo highly enantioselective ketol cyclisations
seems to be precluded, with the reaction pathway preferentially
proceeding through endocyclic enamine 66 (Fig. 5).


Fig. 5 Product distributions in the Hajos–Parrish–Eder–Sauer–Wiechert
reaction.


The high enantioselectivity observed for the cyclisation of
triketones 9, 46 and 48 using (1R,2S)-cispentacin 38 can be
rationalised using a simplistic model. Assuming hydrogen bonding
activation between the carboxylic acid and carbonyl undergoing
nucleophilic attack is a prerequisite for high enantioselectivity, it
is proposed that the reaction proceeds preferentially via the s-cis
enamine geometry and through transition state 68 that minimises
steric interactions (Fig. 6).


Fig. 6 Proposed transition state models for the reaction of (1R,2S)-
cispentacin 38 with triketones 9, 46 and 48.


In conclusion, the conformational constraints offered by the
homochiral b-amino acid (1R,2S)-cispentacin 38 confer high


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3190–3200 | 3195







efficiency and enantioselectivity in the Hajos–Parrish–Eder–
Sauer–Wiechert reaction, with comparable enantioselectivity to
L-proline 1 for a number of substrates. The use of b-amino
tetrazole catalysts cis-(1′R,2′S)-59 and trans-(1′R,2′S)-60 show a
marked rate enhancement in comparison with the corresponding
b-amino acid catalysts, although with much lower levels of
enantioselectivity than the corresponding b-amino acid catalysts
and with varying product distributions. Further applications of
the use of b-amino acids and their derivatives as organocatalysts
for a range of synthetic transformations are currently under
investigation in this laboratory.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame-dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.38 Water was purified by an Elix R© UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Thin layer chromatography was performed on
aluminium plates coated with 60 F254 silica. Plates were visualised
using UV light (254 nm), iodine, 1% aq. KMnO4, or 10%
ethanolic phosphomolybdic acid. Flash column chromatography
was performed on Kieselgel 60 silica. Reaction conversion was
assessed, in each case, by analysis of the 400 MHz 1H NMR
spectrum of the crude reaction mixture.


Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g per 100 mL. IR spectra were recorded on
Bruker Tensor 27 FT-IR spectrometer as either a thin film on
NaCl plates (thin film) or a KBr disc (KBr disc), as stated.
Selected characteristic peaks are reported in cm−1. NMR spectra
were recorded on Bruker Avance spectrometers in the deuterated
solvent stated. The field was locked by external referencing to
the relevant deuteron resonance. Low-resolution mass spectra
were recorded on either a VG MassLab 20–250 or a Micromass
Platform 1 spectrometer. Accurate mass measurements were run
on either a Bruker MicroTOF and were internally calibrated with
polyaniline in positive and negative modes, or a Micromass GCT
instrument fitted with a Scientific Glass Instruments BPX5 column
(15 m × 0.25 mm) using amyl acetate as a lock mass.


General procedure: Hajos–Parrish–Eder–Sauer–Wiechert reaction


Part A. A catalyst (30 mol%) was added to a stirred solution of
triketone (1.0 eq.) in anhydrous DMF at either rt or 60 ◦C. After
the designated reaction time, the reaction mixture was filtered
through a short plug of silica (eluent DMF) then concentrated
in vacuo (GenevacTM). Removal of any remaining starting material
was achieved by flash column chromatography.


Part B. The residue was then re-dissolved in toluene and
treated with p-TsOH (0.1 eq.). The resultant mixture was heated at
reflux under Dean–Stark conditions for 5 h before being allowed
to cool to rt. Addition of sat. aq. NaHCO3 solution, followed by
extraction with two portions of EtOAc gave an organic solution
which was dried over MgSO4, filtered and concentrated in vacuo.


(R)-7a-Methyl-2,3,7,7a-tetrahydro-6H-indene-1,5-dione 11


Following the general procedure, (1R,2S)-cispentacin 38 (26 mg,
0.20 mmol) was added to triketone 9 (124 mg, 0.68 mmol) in
anhydrous DMF (1.0 mL). After 2 days the reaction was worked-
up to furnish (R)-11 in 90% e.e.39 (104 mg, 94%) as a pale yellow
solid;40 mp 52–54 ◦C (lit.,41 mp 61–63 ◦C); [a]22


D −282 (c 1.0 in
CHCl3) {lit.,42 ent. [a]22


D +287 (c 0.4 in CHCl3)}; mmax/cm−1 (KBr
disc) 1732 (C(1)=O), 1695 (C(5)=O); dH (400 MHz, CDCl3) 1.32
(3H, s, C(7a)CH3), 1.81–1.91 (1H, m, C(7)HAHB), 2.08–2.15 (1H,
m, C(7)HAHB), 2.39–2.58 (3H, m, C(2)HAHB, C(6)H2), 2.72–2.85
(2H, m, C(2)HAHB, C(3)HAHB), 2.91–3.02 (1H, m, C(3)HAHB),
5.98 (1H, d, J 2.3, C(4)H); dC (100 MHz, CDCl3) 20.6 (C(7a)CH3),
26.8 (C(3)H2), 29.2 (C(7)H2), 32.9 (C(6)H2), 35.9 (C(2)H2), 48.7
(C(7a)CH3), 123.9 (C(4)H), 169.7 (C(3a)), 198.1 (C(5)O), 216.2
(C(1)O); m/z (GC ToF CI+) 165 ([M + H]+, 60%); HRMS (GC
ToF CI+) C10H13O3 ([M + H]+) requires 165.0916; found 165.0910.


(R)-7a-Ethyl-2,3,7,7a-tetrahydro-(6H)-indene-1,5-dione 47


Following the general procedure, (1R,2S)-cispentacin 38 (20 mg,
0.15 mmol) was added to triketone 46 (100 mg, 0.51 mmol) in
anhydrous DMF (2.0 mL). After 4.5 days a 1.0 mL aliquot was
removed and worked-up to furnish enone (R)-47 in 78% e.e.,43


(28 mg, 79%) as a brown oil;44 [a]23
D −19.2 (c 0.25 in CHCl3)


{lit.,45 ent. [a]25
D +18.9 (c 1.0, CHCl3)}; mmax/cm−1 (thin film)


1742 (C(1)=O), 1667 (C(5)=O), 1614 (C=C); dH (400 MHz,
CDCl3) 0.97 (3H, t, J 7.5, CH2CH3), 1.69–1.81 (3H, m, CH2CH3,
C(7)HAHB), 2.23–2.29 (1H, m, C(7)HAHB), 2.36–2.46 (3H, m,
C(2)HAHB, C(6)H2), 2.66–2.83 (2H, m, C(2)HAHB, C(3)HAHB),
2.92–3.02 (1H, m, C(3)HAHB), 5.97 (1H, s, C(4)H); dC (100 MHz,
CDCl3) 8.9 (CH2CH3), 25.7 (C(7)H2), 26.9, 27.0 (CH2CH3,
C(3)H2), 32.6 (C(6)H2), 35.8 (C(2)H2), 52.6 (C(7a)Et), 124.1
(C(4)H), 170.2 (C(3a)OH), 198.2 (C(1)O), 215.9 (C(5)O); m/z
(GC ToF CI+) 179 ([M + H]+, 100%); HRMS (GC ToF CI+)
C11H15O2 ([M + H]+) requires 179.1072 found 179.1076.


(R)-8a-Methyl-3,4,8,8a-tetrahydronapthalene-(2H ,7H)-1,
6-dione 49


Following the general procedure, (1R,2S)-cispentacin 38 (20 mg,
0.15 mmol) was added to triketone 48 (100 mg, 0.51 mmol) in
anhydrous DMF (2.0 mL). After 4.5 days a 1.0 mL aliquot was
removed and worked-up to furnish enone (R)-49 in 86% e.e.46


(34 mg, 75%) as a pale brown oil;47 [a]23
D −45.3 (c 0.75 in EtOH)


{lit.,48 [a]25
D −130 (c 0.7, EtOH)}; mmax/cm−1 (thin film) 1714


(C(1)=O), 1667 (C(6)=O), 1620 (C=C); dH (400 MHz, CDCl3)
1.43 (3H, s, CH3), 1.69 (1H, app qt, J 13.4, 4.4, C(3)HAHB), 2.08–
2.17 (3H, m, C(3)HAHB, C(8)H), 2.41–2.52 (4H, m, C(2)HAHB,
C(4)HAHB, C(7)H2), 2.65–2.76 (2H, m, C(2)HAHB, C(4)HAHB),
5.83 (1H, s, C(5)H); dC (100 MHz, CDCl3) 22.9 (C(3)H2), 23.3
(C(8a)CH3), 29.6 (C(8)H2), 31.7 (C(4)H2), 33.6 (C(7)H2), 37.6
(C(2)H2), 50.6 (C(8a)CH3), 125.8 (C(5)H), 165.8 (C(4a)), 198.3
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(C(6)O), 211.0 (C(1)O); m/z (GC ToF CI+) 179 ([M + H]+, 100%);
HRMS (GC ToF CI+) C11H15O2 ([M + H]+) requires 179.1072
found 179.1064.


tert-Butyl (1R,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-
1-carboxylate 55


Pd(OH)2/C (7.75 g, 25% w/w) was added to a stirred, degassed
solution of b-amino ester tert-butyl (1R,2S,aS)-2-[N-benzyl-N-
(a-methylbenzyl)amino]cyclopentane-1-carboxylate25 53 (31.0 g,
81.7 mmol) and AcOH (3 mL) in MeOH (150 mL). The
resulting suspension was vigorously stirred under an atmosphere
of hydrogen (5 atm) for 16 h. The reaction mixture was then filtered
through a short plug of Celite R© (eluent MeOH) and concentrated
in vacuo. The residue was then re-dissolved in DCM and the
resultant solution was washed with sat. aq. NaHCO3 solution then
dried over MgSO4, filtered and concentrated in vacuo to afford tert-
butyl (1R,2S)-2-aminocyclopentane-1-carboxylate (14.01 g, 93%)
as a colourless oil; [a]22


D −5.1 (c 1.0 in CHCl3) {lit.,29b [a]24
D –5.6 (c


0.6 in CHCl3)}.
Et3N (0.26 mL, 1.840 mmol) and CbzCl 0.26 mL, 1.84 mmol)


were added successively to a solution of tert-butyl (1R,2S)-2-
aminocyclopentane-1-carboxylate (310 mg, 1.67 mmol) in anhy-
drous THF (3.0 mL) at 0 ◦C. The resultant mixture was allowed
to warm to rt then stirred for 16 h. The reaction mixture was then
washed with brine (5 mL) and the aqueous layer was extracted with
two portions of DCM (2 × 5 mL). The combined organic extracts
were then dried over MgSO4, filtered and concentrated in vacuo.
Purification of the residue via flash column chromatography
(eluent 4 : 1 30–40 petrol–Et2O) furnished (1R,2S)-55 (400 mg,
75%) as a colourless oil, which slowly crystallised upon standing to
a white solid; (Found: C, 67.7; H, 7.9; N, 4.4. C14H16N2O2 requires
C, 67.7; H, 4.4; N, 4.4%); mp 42–43 ◦C; [a]20


D −41.5 (c 1.1 in
CHCl3); mmax/cm−1 (thin film) 3336 (N–H), 1724 (C=O carbamate,
C=O ester); dH (400 MHz, CDCl3) 1.41 (9H, m, C(CH3)3), 1.54–
1.71 (2H, m, C(3)H2), 1.74–2.02 (4H, m, C(4)H2, C(5)H2), 2.90
(1H, app q, J 7.4 C(1)H), 4.23–4.31 (1H, m, C(2)H), 5.10 (2H, s,
CH2Ph), 5.24–5.34 (1H, br m, NH) 7.28–7.42 (5H, m, Ph); dC


(100 MHz, CDCl3) 22.2 (C(4)H2), 27.7 (C(5)H2), 28.0 (C(CH3)3),
32.4 (C(3)H2), 47.6 (C(1)H), 54.2 (C(2)H), 66.6 (CH2Ph), 80.8
(C(CH3)3), 128.0, 128.1, 128.5 (o,m,p-Ph), 136.6 (i-Ph), 155.8
(CONH), 173.6 (COtBu); m/z (ESI+) 378 ([M + MeCN + NH4]+,
100%); HRMS (ESI+) C18H26N1O4 ([M + H]+) requires 320.1862;
found 320.1866.


tert-Butyl (1S,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-
1-carboxylate 56


Pd(OH)2/C (7.75 g, 25% w/w) was added to a stirred,
degassed solution of tert-butyl (1S,2S,aS)-2-[N-benzyl-N-(a-
methylbenzyl)amino]cyclopentane-1-carboxylate25 54 (20.6 g,
54.3 mmol) in MeOH (100 mL). The resulting suspension was
vigorously stirred under an atmosphere of hydrogen (5 atm.) for
16 h. The reaction mixture was then filtered through a short plug of
Celite R© (eluent MeOH) and concentrated in vacuo to afford tert-
butyl (1S,2S)-2-aminocyclopentane-1-carboxylate (7.00 g, 71%)
as a colourless oil; [a]22


D +34.7 (c 1.0 in CHCl3); mmax/cm−1 (film)
1727 (C=O); dH (400 MHz, CDCl3) 1.25 (1H, m, C(5)HAHB), 1.29
(2H, s, NH2), 1.33 (9H, s, C(CH3)3), 1.49–1.60 (2H, m, C(4)H2),


1.64–1.75 (1H, m, C(3)HAHB), 1.79–1.89 (2H, m, C(3)HAHB,
C(5)HAHB), 2.19 (1H, app q, J 8.3, C(2)H), 3.26 (1H, app q, J
7.3, C(1)H); dC (100 MHz, CDCl3) 22.4 (C(4)H2), 27.9 (C(5)H2),
28.0 (C(CH3)3), 35.1 (C(3)H2), 54.5 (C(1)H), 57.0 (C(2)H), 79.9
(C(CH3)3), 174.5 (CO2


tBu); m/z (GC ToF CI+) 186 ([M + H]+,
100%); HRMS (GC ToF CI+) C10H20NO2 ([M + H]+) requires
186.1494; found 186.1489


Et3N (5.80 mL, 41.6 mmol) and CbzCl (5.93 mL, 41.5 mmol)
were added successively to a solution of tert-butyl (1S,2S)-2-
aminocyclopentane-1-carboxylate (7.00 g, 37.8 mmol) in anhy-
drous THF (100 mL) at 0 ◦C. The resultant mixture was allowed
to warm to rt and then stirred for 16 h. The reaction mixture
was then washed with brine (150 mL) and the aqueous layer
was extracted with two portions of DCM (2 × 100 mL). The
combined organic extracts were then dried over MgSO4, filtered
and concentrated in vacuo. Purification of the residue by flash
column chromatography (eluent 9 : 1 pentane–Et2O) furnished
(1S,2S)-56 (10.2 g, 85%) as a colourless oil; [a]24


D –44.5 (c 0.7 in
CHCl3); mmax/cm−1 (thin film) 3338 (N–H), 1725 (C=O carbamate,
C=O ester); dH (400 MHz, CDCl3) 1.43 (9H, m, C(CH3)3),
1.39–1.51 (1H, m, C(3)HAHB), 1.67–1.74 (2H, m, C(4)H2), 1.83–
1.99 (2H, m, C(5)H2), 2.10–2.18 (1H, m, C(3)HAHB), 2.90 (1H,
app q, J 8.1 C(1)H), 4.13–4.20 (1H, m, C(2)H), 4.82 (1H, app
br s, NH), 5.10 (2H, s, CH2Ph), 7.27–7.38 (5H, m, Ph); dC


(100 MHz, CDCl3) 22.8 (C(4)H2), 28.0 (C(5)H2), 28.0 (C(CH3)3),
33.2 (C(3)H2), 51.7 (C(1)H), 56.2 (C(2)H), 65.4 (CH2Ph), 80.6
(C(CH3)3), 128.1, 128.5, 128.6 (o,m,p-Ph), 136.6 (i-Ph), 155.6
(CONH), 173.6 (COtBu); m/z (ESI+) 342 ([M + Na]+, 100%);
HRMS (ESI+) C18H25N1O4Na ([M + Na]+) requires 342.1681;
found 342.1677.


(1R,2S)-2-[N-(Benzyloxycarbonyl)amino]cyclopentane-
1-carbonitrile 57


TFA (15 mL) was added to a solution of ester (1R,2S)-55 (12.9 g,
40.4 mmol) in DCM (60 mL) at 0 ◦C. The resultant mixture was
then allowed to warm to rt and was stirred for 4 h. After this time
all volatiles were removed in vacuo. Purification of the residue by
flash column chromatography (eluent 1 : 1 30–40 petrol–Et2O) fur-
nished (1R,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-1-
carboxylic acid (10.6 g, quant) as a colourless oil; [a]22


D −44.7
(c 1.1 in CHCl3); mmax/cm−1 (thin film) 2963 (N–H), 1716 (C=O
carbamate, C=O acid); dH (400 MHz, MeOD) 1.54–1.75 (2H, m,
C(3)HAHB, C(4)HAHB), 1.80–2.06 (4H, m, C(3)HAHB, C(4)HAHB,
C(5)H2), 2.99 (1H, app q, J 7.4 C(1)H), 4.25 (1H, app q, J 7.1,
C(2)H), 5.07 (2H, s, CH2Ph), 7.26–7.43 (5H, m, Ph); dC (100 MHz,
MeOD) 22.1 (C(4)H2), 27.2 (C(5)H2), 31.6 (C(3)H2), 47.6 (C(1)H),
54.7 (C(2)H), 66.4 (CH2Ph), 127.7, 127.9, 128.5 (o,m,p-Ph), 137.4
(i-Ph), 157.3 (CONH), 176.3 (CO2H); m/z (ESI+) 286 ([M +
Na]+, 100%); HRMS (ESI+) C14H17N1O4Na ([M + Na]+) requires
286.1053; found 286.1005.


Pyridine (0.03 mL, 0.35 mmol) was slowly added to a solu-
tion of (1R,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-1-
carboxylic acid (150 mg, 0.57 mmol), Boc2O (162 mg, 0.741 mmol)
and NH4HCO3 (57 mg, 0.70 mmol) in MeCN (2.0 mL) at
rt.49 The reaction mixture was then left to stir for 16 h at rt,
after which time H2O (0.5 mL) was added and the volatiles
were removed in vacuo prior to filtration. The residue was
then washed with H2O (10 mL) and hexane (10 mL) then
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re-dissolved in DCM (20 mL). The resultant organic solution
was dried over MgSO4, filtered and concentrated in vacuo to
furnish (1R,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-1-
carboxamide (120 mg, 80%) as a white solid; (Found: C, 64.4;
H, 6.7; N, 10.3. C14H16N2O2 requires C, 64.1; H, 6.9; N, 10.7%);
mp 171–172 ◦C; [a]23


D −13.5 (c 1.0 in CHCl3; mmax/cm−1 (KBr
disc) 3336 (N–H), 1668 (C=O carbamate), 1633 (C=O amide);
dH (500 MHz, MeOD) 1.55–1.64 (1H, m, C(3)HAHB), 1.71–1.78
(1H, m, C(4)HAHB), 1.82–2.02 (4H, m, C(3)HAHB, C(4)HAHB,
C(5)H2), 2.91–2.96 (1H, m, C(1)H), 4.16–4.22 (1H, m, C(2)H),
5.08 (2H, s, CH2Ph), 7.28–7.37 (5H, m, Ph); dC (125 MHz, MeOD)
22.1 (C(4)H2), 27.4 (C(5)H2), 32.0 (C(3)H2), 47.6 (C(1)H), 54.4
(C(2)H), 66.0 (CH2Ph), 127.3, 127.5, 128.0 (o,m,p-Ph), 136.9 (i-
Ph), 156.9 (CO2CH2Ph), 177.3 (CONH2); m/z (ESI+) 285 ([M +
Na]+, 100%); HRMS (ESI+) C14H18N2O3Na ([M + Na]+) requires
285.1215; found 285.1207.


Cyanuric chloride (3.27 g, 17.7 mmol) was added to a
flask containing a solution of (1R,2S)-2-[N-(benzyloxycarbonyl)-
amino]cyclopentane-1-carboxamide (7.15 g, 27.3 mmol) in DMF
(140 mL) at 0 ◦C.49 The reaction mixture was then allowed to
warm to rt and stirred for 16 h. H2O (500 mL) was then added
and the resultant mixture was extracted with three portions of
EtOAc (3 × 400 mL). The combined organic extracts were washed
with five portions of H2O (5 × 500 mL) then dried over MgSO4,
filtered and concentrated in vacuo. The residue was then dissolved
in a 1 : 2 mixture of EtOAc and hexane and passed through a
short plug of silica (eluent 1 : 2 EtOAc–hexane). The resultant
solution was concentrated in vacuo to furnish nitrile (1R,2S)-57
(6.90 g, quant) as a colourless oil; (Found: C, 68.65; H, 6.7; N,
11.5. C14H16N2O2 requires C, 68.8; H, 6.6; N, 11.5%); [a]22


D −91.0
(c 1.0 in CHCl3); mmax/cm−1 (thin film) 3333 (N–H), 2240 (C≡N),
1698 (C=O); dH (500 MHz, MeOD) 1.64–1.72 (2H, m, C(3)HAHB,
C(4)HAHB), 1.85–2.17 (4H, m, C(3)HAHB, C(4)HAHB, C(5)H2),
3.23 (1H, app q, J 6.9, C(1)H), 4.18 (1H, app q, J 7.4, C(2)H),
5.13 (2H, s, CH2Ph), 7.29–7.39 (5H, m, Ph); dC (125 MHz, MeOD)
21.9 (C(4)H2), 28.8 (C(5)H2), 30.0 (C(3)H2), 34.4 (C(1)H), 53.6
(C(2)H), 66.2 (CH2Ph), 120.0 (CN), 127.3, 127.6, 128.1 (o,m,p-
Ph), 136.9 (i-Ph), 171.6 (NHCO); m/z (CI+) 245 ([M + H]+, 100%);
HRMS (CI+) C14H17N2O2 ([M + H]+) requires 245.129003; found
245.129085.


(1S,2S)-2-[N-(Benzyloxycarbonyl)amino]cyclopentane-
1-carbonitrile 58


TFA (12 mL) was added to a solution of ester (1S,2S)-56
(9.30 g, 29.1 mmol) in DCM (50 mL) at 0 ◦C. The resul-
tant mixture was then allowed to warm to rt and was stirred
for 4 h. After this time all volatiles were removed in vacuo.
Purification of the residue by recrystallisation (DCM–pentane)
furnished (1S,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-
1-carboxylic acid (7.66 g, quant) as a white solid; mp 100–
101 ◦C (CHCl3–n-heptane); [a]23


D +23.5 (c 1.3 in CHCl3); mmax/cm−1


(KBr disc) 3320 (N–H), 1710 (C=O carbamate, C=O acid); dH


(500 MHz, MeOD) 1.52–1.59 (1H, m, C(3)HAHB),1.65–1.77 (2H,
m, C(4)H2), 1.78–1.91 (1H, m, C(5)HAHB), 1.96–2.07 (2H, m,
C(3)HAHB, C(5)HAHB), 2.64–2.72 (1H, m, C(1)H), 4.19–4.26
(1H, m, C(2)H), 5.06 (2H, s, CH2Ph), 7.26–7.37 (5H, m, Ph); dC


(100 MHz, MeOD) 24.3 (C(4)H2), 30.0 (C(5)H2), 33.9 (C(3)H2),
51.6 (C(1)H), 57.4 (C(2)H), 67.5 (CH2Ph), 128.9, 129.0, 129.6


(o,m,p-Ph), 138.4 (i-Ph), 158.4 (CONH), 178.7 (CO2H); m/z
(ESI−) 262 ([M − H]−, 85%); HRMS (ESI−) C14H16N1O4 ([M −
H]−) requires 262.1079; found 262.1078.


Pyridine (13 lL, 0.17 mmol) was slowly added to a solu-
tion of (1S,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-1-
carboxylic acid (70 mg, 0.27 mmol), Boc2O (76 mg, 0.35 mmol)
and NH4HCO3 (27 mg, 0.33 mmol) in MeCN (1.0 mL) at rt.49 The
reaction mixture was then left to stir for 16 h at rt, after which
time H2O (0.5 mL) was added and the volatiles were removed
in vacuo prior to filtration. The residue was washed with H2O
(10 mL) and hexane (10 mL) then re-dissolved in MeOH (20 mL),
filtered and concentrated in vacuo to furnish (1S,2S)-2-[N-
(benzyloxycarbonyl)amino]cyclopentane-1-carboxamide (57 mg,
82%) as a white solid; mp 193–197 ◦C; [a]24


D +30.8 (c 0.25 in
CHCl3); mmax/cm−1 (KBr disc) 3415, 3319 (N–H), 1662 (C=O
carbamate, C=O amide); dH (500 MHz, DMSO-d6) 1.39–1.45 (1H,
m, C(3)HAHB), 1.52–1.67 (3H, m, C(4)H2, C(5)HAHB), 1.81–1.92
(2H, m, C(3)HAHB, C(5)HAHB), 2.46–2.51 (1H, m, C(1)H), 3.31
(1H, app obsc s CONH) 3.94–4.01 (1H, m, C(2)H), 5.00 (2H, s,
CH2Ph), 6.77, 7.19 (2H, 2 × app br s, CONH2) 7.31–7.39 (5H,
m, Ph); dC (125 MHz, DMSO-d6) 23.2 (C(4)H2), 28.9 (C(5)H2),
32.9 (C(3)H2), 50.2 (C(1)H), 55.4 (C(2)H), 65.2 (CH2Ph), 127.8,
127.9, 128.4 (o,m,p-Ph), 137.1 (i-Ph), 155.5 (CO2CH2Ph), 175.7
(CONH2); m/z (ESI+) 285 ([M + Na]+, 100%); HRMS (ESI+)
C14H19N2O3 ([M + H]+) requires 263.1396; found 263.1390.


Cyanuric chloride (2.92 g, 15.8 mmol) was added to a solu-
tion of (1S,2S)-2-[N-(benzyloxycarbonyl)amino]cyclopentane-1-
carboxamide (6.38 g, 24.3 mmol) in DMF (120 mL) at 0 ◦C.49 The
reaction mixture was then allowed to warm to rt and stirred for
16 h. H2O (500 mL) was then added and the resultant mixture
was extracted with three portions of EtOAc (3 × 400 mL). The
combined organic extracts were washed with five portions of H2O
(5 × 500 mL) then dried over MgSO4, filtered and concentrated
in vacuo. The residue was then dissolved in a 1 : 2 mixture of EtOAc
and hexane and passed through a short plug of silica (eluent 1 : 2
EtOAc–hexane). The resultant solution was concentrated in vacuo
to furnish nitrile (1S,2S)-58 (6.00 g, quant.) as a pale yellow
oil that slowly solidified upon standing to a pale yellow solid;
(Found: C, 68.3; H, 6.8; N, 11.2. C14H16N2O2 requires C, 68.8;
H, 6.6; N, 11.5%); mp 53–56 ◦C; [a]22


D +71.0 (c 1.0 in MeOH);
mmax/cm−1 (KBr disc) 3327 (N–H), 2239 (C≡N), 1688 (C=O);
dH (500 MHz, MeOD) 1.53–1.63 (1H, m, C(3)HAHB), 1.75–1.85
(2H, m, C(4)H2), 1.85–1.93 (1H, m, C(5)HAHB), 2.06–2.20 (2H,
C(3)HAHB, C(5)HAHB), 2.80–2.85 (1H, m, C(1)H), 4.16–4.21
(1H, m, C(2)H), 5.11 (2H, s, CH2Ph), 7.29–7.43 (5H, m, Ph); dC


(125 MHz, MeOD) 23.5 (C(4)H2), 30.2 (C(5)H2), 32.4 (C(3)H2),
36.0 (C(1)H), 58.2 (C(2)H), 67.6 (CH2Ph), 122.9 (CN), 128.9,
129.1, 129.5 (o,m,p-Ph), 138.2 (i-Ph), 158.2 (NHCO); m/z (CI+)
267 ([M + Na]+, 100%); HRMS (CI+) C14H17N2O2 ([M + H]+)
requires 245.1290; found 245.1282.


(1′R,2′S)-5-(2′-aminocyclopentan-1′-yl)tetrazole 59


Nitrile (1R,2S)-57 (1.02 g, 4.15 mmol), NaN3 (2.70 g, 41.5 mmol)
and ZnBr2 (1.40 g, 6.22 mmol) in propan-2-ol (6 mL) and H2O
(12 mL) was heated at reflux for 5 days. After this time 3.0 M
aq. HCl solution (6 mL) and EtOAc (6 mL) were added to the
mixture, and stirring was continued until all solid residues had
dissolved. The organic layer was then separated and the aqueous
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layer was extracted with three portions of EtOAc (3 × 5 mL).
The combined organic extracts were dried over MgSO4, filtered
and concentrated in vacuo to furnish an 89 : 11 mixture of the
desired tetrazole and hydrolysis product respectively. The residue
was partitioned between 1.0 M aq. NH4OH (15 mL) and CHCl3


(15 mL). The aqueous layer was then washed with CHCl3 (3 ×
15 mL) and concentrated in vacuo to afford (1′R,2′S)-5-{2′-[N-
(benzyloxycarbonyl)amino]cyclopentan-1′-yl}tetrazole (970 mg,
81%) as a white solid; mp 220 ◦C (dec.); [a]22


D +5.4 (c 1.0
in MeOH); mmax/cm−1 (KBr disc) 3441 (N–H), 1631 (C=N,
C=O), 1524 (N=N); dH (500 MHz, MeOD) 1.64–1.73 (1H, m,
C(4′)HAHB), 1.80–1.86 (1H, m, C(3′)HAHB), 1.90–1.98 (1H, m,
C(4′)HAHB), 2.03–2.18 (3H, m, C(3′)HAHB, C(5′)H2), 3.79–3.84
(1H, m, C(1′)H), 4.34–4.38 (1H, m, C(2′)H), 4.86 (2H, obsc s,
CH2Ph), 7.21–7.37 (5H, m, Ph); dC (125 MHz, MeOD) 21.9
(C(4′)H2), 29.4 (C(5′)H2), 32.1 (C(3′)H2), 39.4 (C(1′)H), 54.9
(C(2′)H), 66.0 (CH2Ph), 127.3, 127.5, 128.1 (o,m,p-Ph), 136.7 (i-
Ph), 156.6 (NHCO), 162.2 (C(5)N); m/z (ESI−) 286 ([M − H]−


100%); HRMS (ESI−) C14H16N5O2 ([M − H]−) requires 245.1304;
found 245.1308.


Pearlman’s catalyst (260 mg, 25% w/w) was added to
a stirred solution of (1′R,2′S)-5-{2′-[N-(benzyloxycarbonyl)-
amino]cyclopentan-1′-yl}tetrazole (1.05 g, 3.65 mmol) in degassed
MeOH (20 mL). The resulting suspension was stirred under a H2


atmosphere (5 atm) for 40 h, after which time the reaction mixture
was filtered through Celite R© (eluent MeOH) and concentrated
in vacuo to furnish cis-b-amino tetrazole (1′R,2′S)-59 (552 mg,
quant.) as a white solid; mp 250–252 ◦C; [a]23


D −1.2 (c 1.0 in
MeOH); mmax/cm−1 (KBr disc) 1387 (N=N), 1473 (N=N), 1618
(C=N) 1639 (C=N), 3418 (N–H); dH (500 MHz, D2O) [(1′R,2′S)-
59 exists as a mixture of 1H- and 2H-tautomers in solution,
only data for the major tautomer is given] 1.42–1.51 (1H, m,
C(3′)HAHB), 1.55–1.67 (1H, m, C(4′)HAHB), 1.74–1.83 (1H, m,
C(4′)HAHB), 1.88–2.03 (3H, m, C(3′)HAHB, C(5′)H2), 3.31 (1H,
app q, J 7.7, C(1′)H), 3.45–3.52 (1H, m, C(2′)H); dC (125 MHz,
D2O); 21.4 (C(4′)H2), 27.5 (C(5′)H2), 31.7 (C(3′)H2), 38.4 (C(2′)H),
40.7 (C(1′)H), 163.0 (C(5)N); m/z (ESI+) 217 ([M + MeCN + Na]+


100%); HRMS (ESI+) C6H12N5 ([M + H]+) requires 154.1093;
found 154.1089.


(1′S,2′S)-5-(2′-aminocyclopentan-1′-yl)tetrazole 60


Nitrile (1S,2S)-58 (954 mg, 3.91 mmol), NaN3 (2.53 g, 38.9 mmol)
and ZnBr2 (1.32 g, 5.86 mmol) in i-PrOH (6 mL) and H2O
(12 mL) was heated at reflux for 3 days. After this time 3.0 M
aq. HCl solution (1 mL) and EtOAc (6 mL) were added to
the mixture, and stirring was continued until all solid residues
had dissolved. H2O (10 mL) was added and the aqueous layer
was then extracted with three portions of EtOAc (3 × 10 mL).
The combined organic extracts were dried over MgSO4, filtered
and concentrated in vacuo to furnish a 98 : 2 mixture of
the desired tetrazole and hydrolysis product. The residue was
partitioned between 1.0 M aq. NH4OH (15 mL) and CHCl3


(15 mL). The aqueous layer was then washed with CHCl3 (3 ×
15 mL) and concentrated in vacuo to afford (1′S,2′S)-5-{2′-[N-
(benzyloxycarbonyl)amino]cyclopentan-1′-yl}tetrazole (694 mg,
62%) as a white solid; mp 230 ◦C (dec.); [a]22


D +43.4 (c 1.0
in MeOH); mmax/cm−1 (KBr disc) 3392 (N–H), 1699 (C=N,
C=O), 1553 (N=N); dH (500 MHz, MeOD) 1.61–1.68 (1H,


m, C(3′)HAHB), 1.81–1.87 (2H, m, C(4′)H2), 1.92–2.00 (1H, m,
C(5′)HAHB), 2.13–2.23 (2H, m, C(3′)HAHB, C(5′)HAHB), 3.31–
3.36 (1H, m, C(1′)H), 4.25–4.29 (1H, m, C(2′)H), 5.00 (2H, s,
CH2Ph), 7.24–7.39 (5H, m, Ph); dC (125 MHz, MeOD) 23.7
(C(4′)H2), 32.3 (C(5′)H2), 33.6 (C(3′)H2), 43.6 (C(1′)H), 59.5
(C(2′)H), 67.3 (CH2Ph), 128.7, 128.9, 129.5 (o,m,p-Ph), 138.4
(i-Ph), 158.3 (NHCO), 165.0 (C(5)N); m/z (ESI+) 310 ([M +
Na]+ 100%); HRMS (ESI+) C14H17N5O2Na ([M + H]+) requires
310.1274; found 310.1263.


Pd(OH)2/C (170 mg, 25% w/w) was added to a stirred solution
of (1′S,2′S)-5-{2′-[N-(benzyloxycarbonyl)amino]cyclopentan-1′-
yl}tetrazole (694 mg, 2.42 mmol) in degassed MeOH (20 mL).
The resulting suspension was stirred under a H2 atmosphere
(1 atm) for 16 h, after which time the reaction mixture was filtered
through Celite R© (eluent MeOH) and concentrated in vacuo to
furnish trans-b-amino tetrazole (1′S,2′S)-60 (370 mg, quant) as
a white solid; mp 194 ◦C (dec); [a]23


D +47.2 (c 1.0 in MeOH);
mmax/cm−1 (KBr disc) 3407 (N–H), 1650 (C=N), 1583 (C=N), 1412
(N=N), 1395 (N=N); dH (500 MHz, MeOD) [(1′S,2′S)-60 exists as
a mixture of 1H- and 2H-tautomers in solution, only data for the
major tautomer is given] 1.55–1.63 (1H, m, C(3′)HAHB), 1.80–1.92
(2H, m, C(4′)H2), 1.92–1.99 (1H, m, C(5′)HAHB), 2.11–2.18 (1H,
m, C(3′)HAHB), 2.20–2.26 (1H, m, C(5′)HAHB), 3.05–3.11 (1H,
m, C(1′)H), 3.42–3.51 (1H, m, C(2′)H); dC (125 MHz, MeOD)
23.4 (C(4′)H2), 32.3 (C(3′)H2), 33.5 (C(5′)H2), 46.3 (C(1′)H), 59.8
(C(2′)H), 165.2 (C(5)N); m/z (ESI+) 154 ([M + H]+ 100%); HRMS
(ESI+) C6H12N5 ([M + H]+) requires 154.1093; found 154.1098.
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A series of 3-(4-chlorophenyl)-2-(2-aminothiazol-4-yl)benzo-
[b]furan derivatives 6–10 were prepared and their leukotriene
B4 inhibitory activity was evaluated. We found that sev-
eral compounds showed strong inhibition of calcium
mobilization in CHO cells overexpressing human BLT1


and BLT2 receptors. Among them, 3-(4-chlorophenyl)-2-
[5-formyl-2-[(dimethylamino)methyleneamino]thiazol-4-yl]-
5-methoxybenzo[b]furan 9b showed the most potent and
selective inhibition for the human BLT2 receptor, and its IC50


value was smaller than that of the selected positive control
compound, ZK-158252.


Introduction


Leukotriene B4 (LTB4), a dihydroxy fatty acid produced mainly
by macrophages and neutrophils, has been shown to be a potent
mediator of the inflammatory process, playing important physi-
ological roles in leukocyte trafficking to the site of infection and
clearance of invading microorganisms.1 However, elevated levels
of LTB4 have been observed in patients with various inflammatory
diseases.2


Much work has been done to develop LTB4 receptor antagonists
for clinical use as an anti-inflammatory drug.3 The structures
of representative compounds are shown in Fig. 1.4 However,
no antagonist has yet been developed for clinical applications.
Recently, a second LTB4 receptor (BLT2) was found and its molec-
ular cloning established.5 The results encouraged new studies
to find novel BLT1 and/or BLT2 inhibitors, which may lead to
the development of new clinical drugs for immunosuppression
of allograft rejection in organ transplantation,6 arteriosclerosis,7


psoriasis,8 cancer,9 and rheumatoid arthritis.10


In a previous paper, we reported the preparation of 2- and
4-[(2-alkylcarbamoyl)-1-methylvinyl]benzo[b]furan derivatives 1
and 2, and their selective LTB4 receptor (BLT1, BLT2) in-
hibitory activities.11 We also demonstrated that several furo[2,3,4-
jk][2]benzazepin-4(3H)-one derivatives 3 showed moderate human
BLT2 receptor inhibitory activity (Fig. 2).12 From these studies, we
suggested that the torsion angle between the benzo[b]furan ring
plane and the (2-alkylcarbamoyl)-1-methylvinyl functional group
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Fig. 1 Structures of representive LTB4 receptor antagonists.


may affect the inhibitory potency and the selectivity for BLT1


and/or BLT2.
In the present study, the (E)-2-alkylcarbamoyl-1-methylvinyl


group, the conjugated chain functional group, was modified to
an aromatic five-membered heterocyclic ring with the (dimethy-
lamino)methyleneamino group. The thiazole ring may be advan-
tageous to various types of receptors,13 including leukotriene D4.14


2-(2-Aminothiazol-4-yl)benzo[b]furan was prepared as the key
intermediate and several derivatives were prepared to investigate
their activity for the LTB4 receptor.15


Fig. 2 Structures of reported LTB4 receptor inhibitory benzo[b]furan
derivatives.


Here we describe the preparation of 2-(2-aminothiazol-4-
yl)benzo[b]furan derivatives and the evaluation of their inhibitory
potency and selectivity for BLT1 and/or BLT2.
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Chemistry


In the literature, only a few examples of the preparation of 2-(2-
aminothiazol-4-yl)benzo[b]furan derivatives have been reported.16


We planned the preparation of a series of 2-(2-aminothiazol-
4-yl)benzo[b]furan derivatives by applying Hantzsch thiazole
synthesis as a key step to construct the thiazole moiety at the 2-
position of the benzo[b]furan ring by using 2-(chloroacetyl)benzo-
[b]furan 5 and thiourea (Scheme 1).17


Chloromethyl ketone 5 was prepared by the reaction of
chloroacetyl chloride with 3-(4-chlorophenyl)-5-methoxybenzo-
[b]furan 4, which was easily obtained from 1-(4-chlorophenyl)-
2-(4-methoxyphenoxy)ethanone by dehydration with polyphos-
phoric acid.18 Thiazole ring formation by treatment of the
chloromethylketone 5 with thiourea proceeded smoothly in re-
fluxing EtOH to give 2-(2-aminothiazol-4-yl)-3-(4-chlorophenyl)-
5-methoxybenzo[b]furan 6 in 56% yield as a crystalline com-
pound. Acylation of the aminothiazole 6 with acetyl chloride
or 5-methylisoxazole-4-carbonyl chloride gave the corresponding
carboxamides 7a and 7b in 77% and 31% yields, respectively.
Treatment of the 5-methylisoxazol-4-yl derivative 7b with Et3N
in refluxing THF afforded the characteristic (Z)-2-cyano-3-
hydroxybut-2-enoyl compound 8 in 50% yield by opening of the
isoxazole ring followed by enolization of the a-cyano-b-ketoamide.
The structure of 8 was supported by the observation of enol OH
proton at 14.49 ppm in the 1H-NMR spectrum.19


In order to formylate the 5-position of the thiazole ring,
aminothiazole 6 was treated with 2 equiv. of POCl3 in DMF at −10
to −5 ◦C. The reaction proceeded smoothly and selectively only
at the primary amino group of the 2-position on the thiazole ring
to give the N,N-dimethylformimidamide product 9a in 74% yield.
However, the same reaction using a large excess (8 equiv.) of POCl3


at room temperature provided the N ′-(5-formylthiazol-2-yl)-N,N-


dimethylformimidamide 9b in 60% yield as the sole product.
Although the N,N-dimethylformimidamide group derived from 2-
amino-4-phenylthiazole has been reported to be relatively sensitive
to hydrolysis conditions,20 the 3-(4-chlorophenyl)-2-[5-formyl-2-
[(dimethylamino)methyleneamino]thiazol-4-yl]-5-methoxybenzo-
[b]furan 9b that we prepared was stable enough to allow evaluation
of its biological activities.


The imine derivatives 10a and 10b were obtained by condensa-
tion of the aldehyde 9b with 2-aminoethanol or glycine ethyl ester
in 72% and 17% yields, respectively.


Biological study


The prepared 2-(2-aminothiazol-4-yl)-3-(4-chlorophenyl)-5-
methoxybenzo[b]furan derivatives 6, 7a, 7b, 8, 9a, 9b, 10a and 10b
were evaluated for their LTB4 inhibitory activity by inhibition of
calcium mobilization in both CHO cells overexpressing human
BLT1 (CHO-hBLT1) and human BLT2 (CHO-hBLT1)21 together
with 1 and 2.11 First, all thiazolyl derivatives were evaluated at
a concentration of 10 lM, with the results shown in Table 1.
Six 2-(2-aminothiazol-4-yl)benzo[b]furans 7a, 8, 9a, 9b, 10a and
10b prepared in this study showed more than 70% inhibition of
calcium mobilization in CHO-hBLT2 cells. In contrast, the 5-
methylisoxazole-4-yl carboxamide 7b was inactive to both hBLT1


and hBLT2. All of the active 2-(2-aminothiazol-4-yl)benzo[b]furan
compounds 6, 7a, 8, 9a, 9b, 10a and 10b were more potent for
CHO-hBLT2 than CHO-hBLT1.


The 2-cyano-3-hydroxy-2-butenamide 8 and N,N-dimethyl-N ′-
(2-thiazolyl)formamidines 9b, 10a and 10b were selected based on
the results of screening at a concentration of 10 lM, and were
evaluated at five concentrations (1, 10, 100 nM, 1 and 10 lM)
in comparison with ZK-158252.4a All of the evaluated compounds


Scheme 1 Preparation of a series of 2-(2-aminothiazol-4-yl)benzo[b]furan derivatives. Reagents and conditions: (a) ClCH2COCl, AlCl3, CHCl3, reflux,
79%. (b) H2NC(S)NH2, EtOH, reflux, 56%. (c) CH3COCl, THF, reflux, 77% (7a). (d) 5-methylisoxazole-4-carbonyl chloride, THF, reflux, 31% (7b).
(e) Et3N, THF, reflux, 50% (from 7b). (f) 2 equiv. POCl3, DMF, −10 to −5 ◦C, 74% (9a). (g) 8 equiv. POCl3, DMF, rt, 60% (9b). (h) NH2CH2CH2OH,
EtOH, reflux, 72% (10a). (i) NH2CH2CO2Et·HCl, EtOH, 3 Å molecular sieves, reflux, 17% (10b).
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Table 1 Evaluation of prepared compounds for LTB4 receptor (BLT1,
BLT2) inhibitory activitiesa


% Inhibition (10 lM) IC50/lM


Compound CHO-hBLT1 CHO-hBLT2 CHO-hBLT1 CHO-hBLT2


6 4.8 70.6 — —
7a 11.2 68.7 — —
7b N.I.b N.I.b — —
8 13.6 82.1 — 3.29
9a 11.6 72.0 — —
9b 24.4 97.9 3.55 0.19
10a 51.3 >100 3.19 0.20
10b 49.4 88.3 6.81 0.35
1 69.9 >100 2.88 0.48
2c 92.6 92.8 0.42 0.68
ZK158252 — — 1.70 1.18


a Effect of calcium mobilization by LTB4 (300 nM) in CHO-hBLT1 and
CHO-hBLT2 cells, unless otherwise noted. b Not inhibited. c Stimulated by
LTB4 at 100 nM.


Fig. 3 Effect of 9a, 10a and 10b on calcium mobilization by LTB4


(300 nM) in CHO-hBLT1 and CHO-hBLT2 cells (mean ± S.D., n = 3,4). *
p <0.001 (two-way ANOVA).


exhibited dose-dependent inhibition of hBLT1 and hBLT2 (Fig. 3),
and IC50 values are summarized in Table 1.


Three of the compounds tested, 9b, 10a and 10b, showed potent
inhibitory activity to the LTB4 receptor, and inhibited BLT2 16.0–
19.5 times more potently than BLT1. In contrast, ZK-158252
showed nearly equal inhibition of BLT1 and BLT2. Compounds
9b, 10a and 10b inhibited BLT2 3.4–6.0 times more strongly than
ZK-158252. In comparison with 1, found in our current study to
be a BLT2-selective compound, the test compounds 9b, 10a and
10b were more potent and selective inhibitors of BLT2. These three
compounds showed lower inhibitory activity than ZK-158252 to
BLT1.


In summary, among the 2-(2-aminothiazol-4-yl)benzo[b]furans
6–10, the 2-[2-[(dimethylamino)methyleneamino]-5-substituted-
thiazol-4-yl]benzo[b]furans 9b, 10a and 10b show highly potent
and significantly selective inhibitory activity to BLT2. These results
indicate that substituents at both the 2- and 5-positions on the
thiazolyl group (at the 2-position of the benzo[b]furan skeleton)
have a significant effect on the selective and potent BLT2 inhibitory
activity of these compounds.


Conclusion


Several 2-(2-aminothiazol-4-yl)benzo[b]furan derivatives 6–10
were prepared in order to find more potent and selective
BLT2 inhibitors on the basis of 2- and 4-[(2-alkylcarbamoyl)-
1-methylvinyl]benzo[b]furan derivatives 1 and 2. The potent
and selective inhibitors 9b, 10a, 10b were found. A common
structural feature of these compounds is the 2-[(dimethylamino)-
methyleneamino]thiazole group with substituents at the 5-
position. Their inhibitory potencies towards BLT2 were 6.2–
3.4 times higher than ZK-158252. Further experiments to confirm
these preliminary results are in progress, with the ultimate aim of
developing them as agents for clinical purposes.
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