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C-(2-Benzyloxy)-ethyl-C¢-N-tert-butoxycarbonyl-aminomethyl-o-carborane (8), a potentially useful
intermediate for BNCT, has been synthesised. This intermediate can be readily functionalised with
several biological vectors and MRI contrast agents. In this work intermediate 8 has been functionalised
with a palmityl chain for lipophilic targeting and with Gd(III)-DOTAMA-C6-NH2 as MRI detector.
This combination yielded Gd(III)-C-palmitamidomethyl-C¢-DOTAMA-C6-o-carborane (14) as a dual
MRI-BNCT agent.


Introduction


BNCT (boron neutron capture therapy) is a type of binary
radiation therapy for the treatment of cancer, especially of
malignant brain tumors, based on the capture of thermal neutrons
by boron-10 (10B) nuclei that have been selectively delivered to
tumor cells. The neutron capture event results in the formation
of excited boron-11 nuclei that undergo fission to yield highly
energetic 4He2+ and 7Li3+ ions. Cell death is triggered by the
release of these charged particles which create ionisation tracks
along their trajectories, resulting in cellular damage. It has been
estimated that approximately 10–30 mg of boron for g of tumor
mass is needed to attain an acceptable therapeutic advantage.1


Thus an important task relies on the possibility of delivery
high payloads of boron-10 at the target sites. Although clinical
exploitation of the BNCT strategy is currently being carried
out with lower molecular weight boron delivery agents, it has
been straightforward to consider polynuclear boron derivatives as
potential candidates for BNCT applications.


In fact several readily functionalised carboranes have been
employed to construct boron delivery vehicles for BNCT, because
of their high content of boron and their stability in vivo.2,3


Furthermore, in order to improve boron delivery to the diseased
cells, new higher molecular weight carriers are under study,
with the main goal of increasing the tumor to healthy tissue
accumulation ratio.2b Among them hyaluronan,4 low density
lipoprotein (LDL),5 thymidine6 and porphyrine7 analogues have
been considered.
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An important issue is the assessment of the amount of boron-
10 that has reached the target sites. This is important in order
to proceed with the neutron irradiation step, because successful
outputs can be expected only if the treshold boron concentration
has been raised. One may envisage a route to this goal by means
of the MRI detection provided by a boron-containing compound
which is functionalised with the proper imaging reporter.8


With this goal in mind we have developed a synthesis of an o-
carborane that bears, on one side a lipophilic chain and on the
other side a gadolinium (III) ion complex which acts as an MRI
contrast agent. As a matter of fact MRI (Magnetic Resonance
Imaging) is a powerful, non-invasive, and widely applied diagnos-
tic technique which permits the production of images of the inside
of the human body.9 Gadolinium increases the contrast in the
image and can also be used to effectively quantify its concentration
at the target. Furthermore, a dual gadolinium/boron compound
will show an improved NCT efficiency in respect to a system
containing boron alone. This is because gadolinium contains at
least two stable isotopes (gadolinium-155 and gadolinium-157)
that have high thermal neutron cross-sections. In particular, the
gadolinium-157 thermal neutron cross-section provides a roughly
65-fold improvement upon boron-10.10


The lipophilic probe herein reported is expected to bind to
LDLs (Low Density Lipoproteins) and to accumulate at tumor
cells that overexpress transporters for these lipoproteins. In fact,
it is well established that fast-dividing tumor cells avidly consume
LDLs as suppliers of cholesterol and other lipidic components for
the newly formed cell membranes. Alternatively, this lipid-based
system may be used to form mixed micelles containing components
that bear, on the outer surface of the particles, the synthons for the
recognition of the cellular epitopes. Finally, the DOTA ligand may
be used for the coordination of other metal ions besides Gd(III),
as it forms very stable complexes with a variety of radiometals of
interest to other imaging modalities such as SPECT and PET.11


Results and discussion


In order to obtain the bifunctionalised o-carborane, it was neces-
sary to prepare the suitable internal alkyne from the commercially
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available 3-butyn-1-ol which was protected with benzyl bromide.
Unfortunately all attempts to alkylate the protected butynol 2 with
various electrophiles (alkyl halides, epoxides, and silanes) under
different experimental conditions were unsuccessful. As shown in
Scheme 1 only paraformaldehyde, as reported by Quintana et al.,12


led to the desired 5-benzyloxy-pentyn-1-ol (3).


Scheme 1 Synthesis of 5-(benzyloxy)pent-2-yn-1-amine (6). Reaction
conditions and yields: a) BnBr, NaH, THF, rt (90%); b) BuLi, (CH2O)n,
THF, -20 ◦C → rt (65%); c) MsCl, TEA, Et2O, 0 ◦C (98%); d) NaN3,
DMF, rt (92.5%); e) SnCl2, MeOH, rt (99%).


NMR evidence for the formation of the desired product has
been gained from the disappearance of the triplet centered
at 2.08 ppm corresponding to the acetylenic proton, and the
concomitant appearance of the singlet at 4.23 ppm pertinent to
the HOCH2 group. Alcohol 3 was subsequently converted into
the corresponding amine 6, according to Scheme 1. Alcohol 3
was first transformed into azide 5 exploiting the intermediate
mesylate 4 according to the procedures reported in literature.13


Finally, treatment with SnCl2 at room temperature afforded 5-
benzyloxy-pent-1-inylamine (6), with an 90% overall yield.14


Reaction outcomes were confirmed by 1H NMR analysis: the
singlet at 4.23 ppm, assigned to the HOCH2 group, shifted to
4.53 ppm for mesylate 4, and to 3.91 and 3.39 ppm for azide 5 and
amine 6, respectively. In order to construct the carborane unit, a
modification of the procedure proposed by Sneddon et al.15 was
used. The decaborane alkyne insertion reaction was carried out
in a biphasic system, ionic liquid (bmim)+Cl- (bmim = 1-butyl-3-
methylimidazolium) and toluene, without the need of any catalyst.


Intermediate amine 6 was protected as tert-butoxycarbonyl
derivative 7 (Scheme 2),16 and then allowed to react with decab-
orane. Carborane 817 was isolated in 41% yield, after chromato-
graphic purification. The carborane structure was confirmed on
the basis of the 13C NMR spectrum. In particular, the signals
corresponding to the sp carbons of alkyne 7 centered at 77.16 and
77.25 ppm were shifted to 78.45 and 79.68 ppm in 8, respectively.
All quaternary C resonances were detected by a DEPT experiment.


After the tert-butoxycarbonyl deprotection the resulting amino
carborane 9 was coupled with palmitic acid, acting as a lipophilic
chain, according to the procedure proposed by Kamiński.18 This
affords the palmitamide 10 (64% yield, after chromatographic
purification). 13C NMR analysis confirmed the proposed structure,
in particular the signals relevant to quaternary carbon atoms of
the carborane cage shifted to 78.77 and 78.98 respectively.


Scheme 2 Synthesis of C-palmitamidomethyl-C¢-2-hydroxyethyl-o-car-
borane (11). Reaction conditions and yields: a) (tert-Butoxycarbonyl)2O,
NH2SO3H, rt (99%); b) B10H14, (bmim)+Cl-, toluene, 120 ◦C (41%);
c) CH2Cl2, CF3COOH, rt (99%); d) CDMT, N-methylmorpholine, palmitic
acid, CH2Cl2, - 5 ◦C → rt (64%); e) H2, Pd/C, CH3Cl/MeOH, rt (98%).


At this point it was possible to go on with the functionalisation
of the other arm of the o-carborane (Scheme 3). The benzylic pro-
tecting group was removed by Pd/C-catalysed hydrogenation, and
alcohol 11 was readily oxidised to the corresponding carboxylic
acid 12 by CrO3 in acetone-sulfuric acid solution as shown in
Scheme 3.19


The structure of derivative 12 is supported by the 1H and 13C
NMR data. The 1H NMR spectrum shows the disappearance of
the signal at 3.84 ppm assigned to the HOCH2 group whereas
the 13C spectrum shows a new signal centered at 170.00 ppm
ascribed to the carboxylic group. On the other side, the shift
of the signals of the quaternary carboranyl carbon from 78.47
and 78.92 ppm to 74.07 and 78.98 ppm. Carboxylic derivative
12 was subsequently coupled, without purification, to the suitable
DOTAMA(tert-Bu)3-C6-NH2,20 to produce the desired bifunction-
alised o-carborane 13. The structure of the target compound was
confirmed by the ESI mass spectrum, which clearly shows the
MH+ peak (1124). After removal of the tert-butyl ester group
(CF3CO2H/CH2Cl2) the Gd(III) complex 14 was finally obtained
by adding stoichiometric amounts of GdCl3 in MeOH/H2O.


In spite of the long hydrophobic chain and the neutrality of
the coordination cage, the Gd(III) complex 14 showed good
water solubility. This observation supports the view that, in
aqueous solutions, complex 14 self-assembles to yield micellar
aggregates. Size measurements were performed using a dynamic
light scattering instrument (DLS) (also known as photon correla-
tion spectroscopy), which measures Brownian motions in solution
and relates them to the sizes of the particles. The obtained size
distribution diagram for a 0.517 nM solution of complex, showed
that one main species present that has a mean diameter of 38
±10 nm. The measured size appears in the high range values for
micelles likely as consequence of the concomitant presence of
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Scheme 3 Synthesis of Gd(III)-C-(DOTAMA-C6-amidomethyl)-C¢-pal-
mitamidomethyl-o-carborane complex (14). Reaction conditions and yields:
a) CrO3, acetone, H2SO4 3M, rt (71%); b) CDMT, N-methylmorpholine,
DOTAMA-C6-NH2, CH2Cl2, -5 ◦C→rt (40%); c) CH2Cl2, CF3COOH, rt
(99%), d) GdCl3, MeOH/H2O, r. t. (64%).


two bulky substituents such the DOTA cage and the carborane
moiety. As the high paramagnetism of Gd(III) ions prevents the
detection of high resolution NMR spectra, the characterisation
of the Gd(III) complex has been pursued by investigating its
relaxometric properties. The 1/T 1 water proton NMRD profile
has been measured, at 25 ◦C and pH = 7, over the interval
of proton Larmor frequencies from 0.01 to 80 MHz (Fig. 1).
The experimental data have been analysed with an iterative least-
squares fitting procedure assuming contributions to the relaxivity
from inner- and outer-hydration sphere water molecules.21 In the
analysis the following parameters were kept fixed: the hydration
number q = 1, the distance of closest approach of the outer sphere


Fig. 1 NMRD profile of a water solution of Gd(III) complex 14 at 25 ◦C
and pH = 7. The solid line indicates the best-fit curve.


solvent proton nuclei to the Gd(III) ion (a = 3.8 Å), the relative
diffusion coefficient D = 2.24 ¥ 105 cm2 s-1 and the distance
between the inner sphere water molecule and metal center r =
3.05. The other parameters were considered as adjustable within
a range of values typical of this class of macrocyclic Gd(III)
complexes: reorientational correlation time, tR ~ 70 ps to 70 ns;
water molecule residence life time, tM ~ 1 ms (tM = ); correlation
time characterising the electron spin relaxation, tV ~ 1–50 ps; and
trace of the square of the transient zero-field splitting tensor, D2 ~
0.4–50 ¥ 1019 s-2.22


The fit between the calculated and experimental values is very
good in the high field region. The resulting tR (10.5 ns) is definitely
much longer than the values shown by molecular complexes of
similar size, and indicates the occurrence of large micelles. An
attempt to assess the cmc value by measuring the change in
relaxivity upon decreasing the concentration of paramagnetic
complex failed; no change in slope was observed down to 15 mM,
and therefore the actual cmc could be less than this threshold.


The relaxivity value at 0.5 T (20 MHz) and 25 ◦C is
17.3 mM-1 s-1, i.e. in the typical range of slowly moving
supramolecular adducts involving the neutral Gd(III)-DOTA
monoamide moiety. In fact in such systems, the relaxivity is
“quenched” by the long exchange lifetime of the coordinated water
molecule. From the fitting of the experimental data, a value of
1.16 ms has been obtained for the last parameter, fully consistent
with those reported for other related Gd(III)-DOTA monoamide
systems.23


Conclusions


The bifunctionalised carborane 14 has been obtained in fourteen
steps, with the carborane cage being introduced only at the
sixth step to reduce waste of the very expensive decaborane.
The decaborane-bifunctionalised alkyne insertion reaction in the
biphasic system (ionic liquid (bmim)+Cl- and toluene) is the key
step. A very lipophilic palmityl chain has been introduced in
order to endow the probe with binding affinity towards LDL,
whose transporters are overexpressed on the outer membrane
of several tumor cells. On the other side, carborane has been
bonded to a Gd(III)-DOTA complex which is a very efficient
MRI contrast agent and will allow the quantitative determination
of boron in cells. Furthermore, the presence of Gd(III) will
improve the NCT properties of this probe. C-(2-Benzyloxy)-
ethyl-C¢-tert-butoxyamidomethyl-o-carborane (8) is a versatile
intermediate which can be readily functionalised with different
biological vectors and MRI contrast agents to build a series of
substituted o-carboranes. Moreover, thanks to the versatility of
metal complexation of DOTA, product 14 could be considered
for use in PET or SPECT–BNCT applications. Finally the
formation of tightly assembled micelles suggests additional uses of
complex 14 in targeting experiments; for example, forming mixed
micelles with suitably functionalised amphiphilic molecules.


Experimental


General


Flasks and all equipments used for the generation and reaction
of moisture-sensitive compounds were dried by electric heater
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under Ar. THF was distilled from benzophenone ketyl, anhydrous
Et2O was distilled from LiAlH4 and anhydrous CH2Cl2 from CaH2


prior to use. BuLi (1.6 M in hexanes) was obtained from Aldrich.
(Bmim)+Cl- was purchased from Solvent Innovation GmbH. De-
caborane was bought from KATCHEM spol. s r. o. All com-
mercially obtained reagents and solvents were used as received.
Products were purified by preparative column chromatography
on Macherey Nagel silica gel for flash chromatography, 0.04–
0.063 mm/230–400 mesh.


Reactions were monitored by TLC using Silica gel on TLC-
PET foils Fluka, 2–25 mm, layer thickness 0.2 mm, medium pore
diameter 60 Å. Carboranes and their derivatives were visualized
on TLC plates using a 5% PdCl2 aqueous solution in HCl. 1H
NMR spectra were recorded at 400 and 200 MHz,24 13C NMR
spectra at 100.4 and 50.2 MHz. Data were reported as follows:
chemical shifts in ppm from tetramethylsilane as internal standard,
integration, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, dd = double-doublet, m = multiplet, br = broad),
coupling constants (Hz), and assignment. 13C NMR spectra were
measured with complete proton decoupling. Chemical shifts were
reported in ppm from the residual solvent as an internal standard.
GC-MS spectra were obtained on a mass selective detector HP
5970 B instrument operating at an ionizing voltage of 70 eV
connected to a HP 5890 GC with a cross linked methyl silicone
capillary column (25 m X 0.2 mm X 0.33 mm film thickness).
ESI MS spectra were obtained on a Waters micromass ZQ
spectrometer equipped with ESI ion source. IR spectra were
recorded on a Perkin Elmer BX FT-IR. Benzylbut-2-inylether (2)
and 5-benzyloxy-pentyn-1-ol (3) were synthesised as described in
literature and their spectroscopic data corresponded with those
reported.12


The 1/T 1 nuclear magnetic relaxation dispersion profiles of
water protons were measured over a continuum of magnetic
field strengths from 0.00024 to 2.4 T (corresponding to 0.01–
80 MHz in proton Larmor frequency) on the fast field-cycling
Stelar Spinmaster FFC relaxometer (from 0.01 to 20 MHz) and
on the Stelar Spinmaster variable magnetic field instrument (from
20 to 80 MHz). The NMRD profile was acquired on 0.5 ml of an
aqueous solution of the complex at 0.5 mM. The exact relaxivity
(at 20 MHz and 25 ◦C was determined after mineralizing a given
quantity of the sample with 37% HCl at 120 ◦C overnight in order
to determine the exact concentration of Gd(III) present in the
solution. This value is obtained by dividing the relaxation rate (R1


obs) of the mineralized solution by the relaxivity of the Gd(III)
aquaion in acidic solution (13.5 mM-1 s-1 at 20 MHz and 25 ◦C).
The excess of free Gd(III) eventually present in the solution used
for the NMRD measurement was removed by increasing the pH
of the solution to 8–9 followed by centrifugation and filtering
the basic solution on 0.2 micron syringe filters. Orange Xylenol
UV spectrophotometry was used to check for the absence of free
Gd(III) ions”.25 Dynamic light scattering measurements, made to
determine the size of the micellar system, were performed on the
Malvern Zetasizer SZ apparatus. A laser is used as the light source
to illuminate the sample particles within the cell.


5-(Benzyloxy)-pent-2-ynyl methanesulfonate (4). 5-benzyloxy-
pentyn-1-ol (3) (3.0 mmol, 572 mg) in a 50 mL three necked
round bottom flask was dissolved in 25 mL of anhydrous Et2O
and cooled to 0 ◦C, then Et3N (1.5 equiv, 4.5 mmol, 0.627 mL)


followed by MsCl (1.5 equiv, 4.5 mmol, 0.348 mL) were added.
The reaction mixture was stirred for 1 h then quenched with H2O
and extracted with Et2O (3 ¥ 10 mL). The combined extracts were
washed H2O (2 ¥ 10 mL), dried and evaporated under reduced
pressure leaving 0.794 g (98%) of a pale yellow oil which was at
once used for the following reaction. Found C, 58.35; H, 5.99;
S, 11.98%. Calc. for C13H16O4S: C, 58.19; H, 6.01; S, 11.95%.
nmax(neat)/cm-1 3063, 2239, 1367, 1103, 939. dH (200 MHz;
CDCl3, Me4Si) 2.55 (2 H, m, PhCH2OCH2CH2), 3.02 (3 H, s,
CH2SO3CH3), 3.59 (2 H, m, PhCH2OCH2CH2), 4.52 (2 H, s,
CH2SO3CH3), 4.81 (2 H, s, PhCH2OCH2CH2), 7.33 (5 H, bs,
PhCH2OCH2CH2); dC (50.2 MHz; CDCl3, Me4Si) 18.0 (1 ¥ t),
36.5 (1 ¥ q), 56.5 (1 ¥ t), 65.6 (1 ¥ t), 70.6 (1 ¥ t), 71.4 (1 ¥ s), 86.1
(1 ¥ s), 125.6 (2 ¥ d), 125.7 (2 ¥ d), 126.3 (1 ¥ d), 136.0 (1 ¥ s). MS
(EI, 70 eV): m/z (%) = 268 (0.4) [M+], 171 (25), 91 (100), 66 (12),
65 (25).


[(5-Azidopent-3-ynyloxy)methyl]benzene (5). A mixture of 5-
(benzyloxy)pent-2-ynyl methanesulfonate 4 (5 mmol, 1.36 g) and
NaN3 (2.5 equiv, 12.5 mmol, 0.812 mg) was stirred in 5 mL of
DMF at rt overnight. quenched with brine (10 mL) and extracted
with Et2O (3 ¥ 10 mL). The combined extracts were washed with
brine (5 ¥ 10 mL), dried and evaporated under reduced pressure to
afford 1.00 g (92.5%) of a pale yellow oil which was at once used for
the following reaction. Found (C, 67.02; H, 5.99; N, 19.89% Calc.
for C12H13N3O: C, 66.96; H, 6.07; N, 19.52%. nmax (neat)/cm-1 3031,
2128, 1248, 1103, 738. dH (200 MHz; CDCl3, Me4Si) 2.61 (2 H, m,
PhCH2OCH2CH2), 3.63 (2 H, t, J = 6.8 Hz, PhCH2OCH2CH2),
3.91 (2 H, s, CH2N3), 4.58 (2 H, s, PhCH2OCH2CH2), 7.35 (5 H,
bs, PhCH2OCH2CH2); dC (50.2 MHz; CDCl3, Me4Si) 20.0 (1 ¥ t),
40.0 (1 ¥ t), 68.1 (1 ¥ t), 72.7 (1 ¥ t), 73.1 (1 ¥ s), 85.0 (1 ¥ s), 127.5
(3 ¥ d), 128.3 (2 ¥ d), 138.0 (1 ¥ s). MS (EI, 70 eV): m/z (%) = 161
(13) [M+ –CN·, –N2], 107 (19), 91 (100), 79 (39), 77 (26).


5-(Benzyloxy)pent-2-yn-1-amine (6). [(5-Azidopent-3-ynyl-
oxy)methyl]benzene 5 (1.7 mmol, 0.36 g) was dissolved in 15 mL
of MeOH, then SnCl2 was slowly added (1.5 eq, 2.5 mmol, 0.56 g)
the reaction mixture became yellow. The solution was stirred at
room temperature overnight. Then the solvent was evaporated
under reduced pressure, the residue was dissolved in 10% aqueous
NaOH, and this solution was extracted with CH2Cl2 (5 ¥ 10 mL).
The combined extracts were dried and evaporated under reduced
pressure to afford 0.32 g (99%) of a pale yellow oil which was at
once used for the following reaction. Found C, 76.30; H, 8.01;
N, 7.33% Calc. for C12H15NO: C, 76.16; H, 7.99; N, 7.38%. nmax


(neat)/cm-1 3367, 1586, 1334, 1099, 738. dH (200 MHz; CDCl3,
Me4Si) 1.64 (2 H, bs, CH2NH2), 2.49 (2 H, bs, PhCH2OCH2CH2),
3.38 (2 H, s, CH2NH2), 3.56 (2 H, m, PhCH2OCH2CH2), 4.54
(2 H, s, PhCH2OCH2CH2), 7.35 (5 H, bs, PhCH2OCH2CH2); dC


(50.2 MHz; CDCl3, Me4Si) 19.9 (1 ¥ t), 31.4 (1 ¥ t), 68.3 (1 ¥ t),
72.7 (1 ¥ t), 79.0 (1 ¥ t), 81.7 (1 ¥ s), 127.5 (3 ¥ d), 128.2 (2 ¥ d),
137.9 (1 ¥ s). MS (EI, 70 eV): m/z (%) = 189 (0.24) [M+], 171 (33),
91 (100), 65 (29), 51 (12).


tert-Butyl-5-(benzyloxy)pent-2-ynylcarbamate (7). Di-tert-
butyl dicarbonate (1.05 equiv, 10.3 mmol, 2.24 g) and sulfamic
acid (5% mol, 0.48 mmol, 0.047 g) were mixed at room temperature
in a 10 mL round bottom flask with a magnetic stirbar, then 5-
(Benzyloxy)pent-2-yn-1-amine 6 was added dropwise (9.7 mmol,
1.83 g). The solution was stirred for 15 min, then the reaction
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was quenched with brine, extracted with EtOAc (2 ¥ 10 mL), the
combined organic phases were washed with brine (2 ¥ 10 mL) and
H2O (2 ¥ 10 mL). Solvent was evaporated under reduced pressure,
leaving 1.81 g (99%) of pale yellow oil which was at once used for
the following reaction. Found C, 70.43; H, 8.03; N, 4.85%. Calc.
for C17H23NO3: C, 70.56; H, 8.01; N, 4.84%. nmax (neat)/cm-1


3348, 2980, 2933, 1808, 1714. dH (200 MHz; CDCl3, Me4Si) 1.43
(9 H, s, C(CH3)3), 2.46 (2 H, m, PhCH2OCH2CH2), 3.56 (2 H, bt,
J = 6.8 Hz, PhCH2OCH2CH2), 3.86 (2 H, m, CH2NHCOtBu),
4.51 (2 H, s, PhCH2OCH2CH2), 7.27 (6 H, m, PhCH2OCH2CH2


and CH2NHCOtBu); dC (50.2 MHz; CDCl3, Me4Si) 19.9 (1 ¥ t),
28.2 (3 ¥ q), 68.1 (1 ¥ t), 72.7 (1 ¥ t), 76.4 (1 ¥ t), 77.2 (1 ¥ s), 77.7
(1 ¥ s), 79.8 (1 ¥ s), 127.5 (3 ¥ d), 128.2 (2 ¥ d), 137.8 (1 ¥ s), 155.1
(1 ¥ s). MS (EI, 70 eV): m/z (%) = 232 (13) [M+ - tBu], 159 (32),
91 (100), 65 (19), 57 (55).


C-(2-Benzyloxy)-ethyl-C ¢-tert-butoxyamidomethyl-o-carborane
(8). In a dried heavy wall tube containing a stirring bar, 2 mmol
of tert-Butyl-5-(benzyloxy)pent-2-ynylcarbamate 7 (0.58 g) and
decaborane (1.3 mmol, 0.16 g), were reacted under Ar in a biphasic
mixture of 0.10 g (bmim)+Cl- and 3 mL of anhydrous toluene with
vigorous stirring at 120 ◦C for 1 h. After cooling to rt the reaction
mixture was filtered on a silica gel column (eluant: CH2Cl2). The
crude was purified by column chromatography (eluant: CH2Cl2)
giving 0.33 g (41%) of a white solid. Found C, 49.98; H, 8.30;
B, 26.20; N, 3.26%. Calc. for C17H33B10NO3: C, 50.10; H, 8.16;
B, 26.53; N, 3.44%. Mp 89–92 ◦C nmax (neat)/cm-1 2575, 1688,
1537, 1253, 749. dH (200 MHz; CDCl3, Me4Si) 1.46 (9 H, s,
C(CH3)3), 2.70 (2 H, bt, J = 3.8 Hz, PhCH2OCH2CH2), 3.63
(2 H, bt, J = 5.28 Hz, PhCH2OCH2CH2), 3.90 (2 H, d, J = 6.6 Hz,
CH2NHCOtBu), 4.51 (2 H, s, PhCH2OCH2CH2), 5.29 (1 H, bt,
J = 1.0 Hz, CH2NHCOtBu), 7.35 (5 H, s, PhCH2OCH2CH2); dC


(50.2 MHz; CDCl3, Me4Si) 28.0 (3 ¥ q), 35.2 (1 ¥ t), 43.0 (1 ¥ t),
68.1 (1 ¥ t), 73.0 (1 ¥ t), 78.4 (1 ¥ s), 79.7 (1 ¥ s), 80.2 (1 ¥ s), 127.6
(3 ¥ d), 128.0 (2 ¥ d), 137.0 (1 ¥ s), 154.8 (1 ¥ s). m/z (ESI+) 430
[M + Na]+.


C-(2-Benzyloxy)-ethyl-C ¢-aminomethyl-o-carborane (9). C-
(2-Benzyloxy)-ethyl-C¢-tert-butoxyamidomethyl-o-carborane 8
(0.6 mmol, 0.29 g) was dissolved in 10 mL of anhydrous CH2Cl2,
then 10 mL of CF3COOH were added dropwise. The solution was
stirred for 2 h at rt, then quenched with 10 mL of brine, extracted
with CH2Cl2, the organic phases were washed with brine (10 mL)
and dried. The solvent was evaporated under reduced pressure
giving 0.17 g (99%) of a pale yellow oil. Found C, 47.01; H, 8.18;
N, 4.55%. Calc. for C12H25B10NO: C, 46.88; H, 8.20; N, 4.56%. nmax


(neat)/cm-1 3401, 3339, 2582, 1106, 738. dH (200 MHz; CDCl3,
Me4Si) 1.25 (2 H, bs, NH2), 2.51 (2 H, m, PhCH2OCH2CH2),
3.34 (2 H, m, CH2NH2), 3.62 (2 H, m, PhCH2OCH2CH2), 4.44
(2 H, m, PhCH2OCH2CH2), 7.34 (5 H, s, PhCH2OCH2CH2); dC


(50.2 MHz; CDCl3, Me4Si) 35.0 (1 ¥ t), 46.0 (1 ¥ t), 68.2 (1 ¥ t),
73.2 (1 ¥ t), 77.4 (1 ¥ s), 82.2 (1 ¥ s), 127.8 (2 ¥ d), 127.9 (2 ¥ d),
128.4 (1 ¥ d), 137.0 (1 ¥ s). m/z (ESI+) 308 [M + H]+.


C-(2-Benzyloxy)-ethyl-C ¢-palmitamidomethyl-o-carborane (10).
To a stirred solution of CDMT (2-chloro-4,6-dimethoxy-1,3,5-
triazine, 0.32 mmol, 57 mg) and palmitic acid (1.02 equiv,
0.37 mmol, 85 mg) in anhydrous CH2Cl2, N-methylmorpholine
was added dropwise (1.02 equiv, 0.332 mmol, 36.5 mL) keeping
the temperature at -5 to 0 ◦C. The reaction was stirred at 0 ◦C


and followed by TLC (petroleum ether/Et2O 50/50) until the
disappereance of CDMT spot (nearly 4 h). To the crude
solution above described, a mixture of amino-o-carborane 9
(1 equiv, 0.325 mmol, 100 mg) and N-methylmorpholine (1 equiv,
0.325 mmol, 36 mL) in CH2Cl2 was added, maintaining the
temperature at 0 ◦C for 2 h, then the mixture was left at
rt overnight. The solvent was evaporated and the residue was
suspended in CH2Cl2 (10 mL), washed with H2O (10 mL), 10%
aqueous citric acid (10 mL), saturated NaHCO3 (10 mL) and
H2O (10 mL). The organic layer was dried, the solvent evaporated
under reduced pressure. The crude was purified on silica gel
(CH2Cl2) giving 113 mg (64%) of a white solid. Found C, 61.80;
H, 10.02; N, 2.56%. Calc. for C28H54B10NO2: C, 61.72; H, 9.99;
N, 2.57%. mp 52–53 ◦C nmax (neat)/cm-1 3289, 2564, 1655, 1541,
1093, 1073, 700. dH (200 MHz; CDCl3, Me4Si) 0.88 (3 H, bt, J =
7.2 Hz, (CH2)14CH3), 1.23 (24 H, m, CH2CH2(CH2)12CH3), 1.51
(2 H, m, CH2CH2(CH2)12CH3), 1.82 (2 H, m, PhCH2OCH2CH2),
2.71 (2 H, bt, J = 5.6 Hz, CH2CH2(CH2)12CH3), 3.67 (2 H,
m, PhCH2OCH2CH2), 3.99 (2 H, m, CH2NHCO), 4.50 (2 H,
m, PhCH2O), 6.04 (1 H, m, CH2NHCO), 7.34 (5 H, m,
PhCH2OCH2CH2); dC (50.2 MHz; CDCl3, Me4Si) 14.0 (1 ¥ q),
22.5 (1 ¥ t), 25.2 (1 ¥ t), 29.0 (1 ¥ t), 29.1 (1 ¥ t), 29.2 (1 ¥ t), 29.3
(3 ¥ t), 29.5 (4 ¥ t), 31.7 (1 ¥ t), 35.4 (1 ¥ t), 35.8 (1 ¥ t), 40.9 (1 ¥
t), 68.5 (1 ¥ t), 73.2 (1 ¥ t), 78.8 (1 ¥ s), 79.0 (1 ¥ s), 127.7 (1 ¥ d),
128.0 (2 ¥ d), 128.5 (2 ¥ d), 136.9 (1 ¥ s) 172.5 (1 ¥ s),. m/z (ESI+)
546 [M + H]+.


C-Palmitamidomethyl-C ¢-2-hydroxyethyl-o-carborane (11). In
a 50 mL two necked round bottom flask, C-(2-benzyloxy)-ethyl-
C¢-palmitamidomethyl-o-carborane 10 (0.3 mmol, 0.16 g) was
dissolved in 20 mL of a mixture of MeOH-CH2Cl2 (50–50),
then Pd/C was wet with few drops of water and added (10%,
0.03 mmol, 17 mg). The reaction mixture was stirred overnight
at rt in a H2 saturated atmosphere, then filtered and the solvent
was evaporated under reduced pressure giving 0.13 g (98%) of
pale yellow oil. Found C, 55.60; H, 10.61; N, 3.07%. Calc. for
C21H49B10NO2: C, 55.47; H, 10.64; N, 3.08%. nmax (neat)/cm-1


3297, 2586, 1655, 1551. dH (200 MHz; CDCl3, Me4Si) 0.85 (3 H,
m, CH3), 1.25 (24 H, m, CH2CH2(CH2)12CH3), 1.61 (2 H, m,
CH2CH2(CH2)12CH3), 2.21 (2 H, bt, J = 7.2 Hz, HOCH2CH2),
2.64 (2 H, m, CH2CH2(CH2)12CH3), 2.88 (1 H, bs, OH), 3.80 (2 H,
m, HOCH2CH2), 4.05 (2 H, bd, J = 5.4 Hz, CH2NHCO), 6.54
(1 H, bs, CH2NHCO); dC (50.2 MHz; CDCl3, Me4Si) 13.9 (1 ¥ q),
22.5 (1 ¥ t), 25.4 (2 ¥ t), 29.1 (2 ¥ t), 29.2 (2 ¥ t), 29.4 (2 ¥ t), 29.5
(2 ¥ t), 31.7 (2 ¥ t), 36.2 (1 ¥ t), 37.6 (1 ¥ t), 41.4 (1 ¥ t), 60.7 (1 ¥ t),
78.5 (1 ¥ s), 78.9 (1 ¥ s), 173.4 (1 ¥ s). m/z (ESI+) 457 [M + H]+;
495 [M + K]+.


C-Carboxymethyl-C ¢-palmitamidomethyl-o-carborane (12).
C-2-Hydroxyethyl-C¢-palmitamidomethyl-o-carborane 11
(0.37 mmol, 0.17 g) was dissolved in 10 mL of (CH3)2CO, then a
solution of CrO3 (4 equiv, 1.5 mmol, 0.15 g) in H2SO4 3 M was
added carefully at 0 ◦C. The reaction mixture was left overnight
at rt, then quenched with H2O. The solvent was evaporated under
reduced pressure and the mixture was extracted with CH2Cl2


(5 ¥ 10 mL), the organic layers were washed once with 10 mL of
brine, dried and evaporated giving 0.13 g (71%) of a pale yellow
oil. Found C, 54.76; H, 10.18; N, 2.89%. Calc. for C21H47B10NO3:
C, 53.70; H, 10.09; N, 2.98%. nmax (neat)/cm-1 3292, 2584, 1721,
1548. dH (200 MHz; CDCl3, Me4Si) 0.88 (3 H, m, CH3), 1.26 (24
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H, m, CH2CH2(CH2)12CH3), 1.63 (2 H, m, CH2CH2(CH2)12CH3),
2.26 (2 H, m, CH2CH2(CH2)12CH3), 3.48 (2 H, s, CH2COOH),
4.12 (2 H, bd, J = 6.4 Hz, CH2NHCO), 5.80–6.50 (1 H, bs,
COOH), 6.49 (1 H, bs, CH2NHCO); dC (50.2 MHz; CDCl3,
Me4Si) 13.9 (1 ¥ q), 22.5 (1 ¥ t), 25.3 (1 ¥ t), 29.0 (1 ¥ t), 29.1 (1 ¥
t), 29.2 (1 ¥ t), 29.3 (3 ¥ t), 29.5 (3 ¥ t), 31.7 (1 ¥ t), 36.1 (1 ¥ t),
40.6 (1 ¥ t), 41.4 (1 ¥ t), 41.7 (1 ¥ t), 74.1 (1 ¥ s), 79.0 (1 ¥ s), 170.0
(1 ¥ s), 173.9 (1 ¥ s); m/z (ESI+) 493 [M + Na]+.


C -(tert-ButylDOTAMA-C6-amidomethyl)-C ¢-palmitamidome-
thyl-o-carborane (13). Method for the preparation of 10 was
used, derivative 12 (0.527 mmol, 0.255 g), CMDT (0.517 mmol,
0.91 g) and N-methylmorpholine (0.527 mmol, 60 mL) were
dissolved in 5 mL of in anhydrous CH2Cl2 at 0 ◦C. After
4 h N-tert-ButDOTAMA-C6-NH2 (0.517 mmol, 0.347 g), N-
methylmorpholine (0.517 mmol, 57 mL) in 10 mL of anhydrous
CH2Cl2 were added. The solution was stirred for 60 h, then treated
as described above. A pale yellow solid was obtained and purified
by chromatography (CH2Cl2-MeOH 96–4, then CH2Cl2-MeOH
80–20) affording 237 mg of a viscous colorless oil (40%). Found
C, 59.00; H, 9.94; N, 8.75% Calc. for C55H111B10N7O9: C, 58.84;
H, 9.97; N, 8.76%. nmax (neat)/cm-1 3437, 2581, 1732, 1670. dH


(200 MHz; CDCl3, Me4Si) 0.86 (3 H, m, CH3), 1.23 (24 H,
m, CH2CH2(CH2)12CH3), 1.44 (27 H, s, COOtBu), 1.00–2.00
(12 H, m, CH2CH2(CH2)12CH3, CH2CH2NH), 2.00–3.00 (22 H,
m, CH2NCOOtBu, CH2CONH, CH2NH), 3.00–4.20 (10 H, m,
CH2COOtBu), 8.10 (1 H, bs, J = 6.4 Hz, NHCH2CO), 8.80 (2 H,
bs, CH2NHCO); dC (50.2 MHz; CDCl3, Me4Si) 13.9 (1 ¥ q), 25.1
(1 ¥ t), 25.3 (2 ¥ t), 25.5 (2 ¥ t), 27.3 (9 ¥ q), 28.2 (2 ¥ t), 28.4 (2 ¥
t), 29.1 (3 ¥ t), 29.3 (2 ¥ t), 29.5 (2 ¥ t), 31.7 (1 ¥ t), 36.0 (1 ¥ t),
38.0 (1 ¥ t), 38.4 (1 ¥ t), 41.1 (1 ¥ t), 41.4 (1 ¥ t), 48.0–56.0 (8 ¥ t),
55.3 (2 ¥ t), 55.5 (1 ¥ t), 55.9 (1 ¥ t), 75.8 (1 ¥ s), 80.8 (1 ¥ s), 81.6
(2 ¥ s), 81.7 (1 ¥ s), 166.3 (1 ¥ s), 171.0 (1 ¥ s), 171.9 (1 ¥ s), 172.2
(2 ¥ s), 173.6 (1 ¥ s); m/z (ESI+) 1124 [M + H]+.


Gd(III)-C -(DOTAMA-C6-amidomethyl)-C ¢-palmitamidometh-
yl-o-carborane complex (14). In a 50 mL round bottom flask,
140 mg (0.12 mmol) of product 13 were cooled to 0 ◦C, dissolved in
5 mL of a mixture of CF3COOH-CH2Cl2 (50–50) and stirred for 4 h
at rt. After evaporation of CF3COOH-CH2Cl2 115 mg of viscous
colorless oil were obtained (99%). Found C, 54.28; H, 9.16; N,
10.24%. Calc. for C43H87B10N7O9: C, 54.12; H, 9.19; N, 10.27%. nmax


(neat)/cm-1 3323, 2922, 2585, 1682. dH (200 MHz; MeOD, Me4Si)
0.87 (3 H, m, CH3), 1.29 (24 H, m, CH2CH2(CH2)12CH3), 1.00–
2.00 (14 H, m, CH2CH2(CH2)12CH3, CH2CH2NH, CH2CH2CO),
2.25 (2 H, bt, J = 6.8 Hz (CH2)12CH2CO), 3.00–4.30 (28 H, m,
CH2NCOOH, CH2CONH, CH2NH), 7.20 (3 H, bs, NHCH2CO,
CH2NHCO); dC (50.2 MHz; CDCl3, Me4Si) 12.9 (1 ¥ q), 22.1 (1 ¥
t), 25.2 (1 ¥ t), 25.6 (1 ¥ t), 28.4 (1 ¥ t), 28.7 (2 ¥ t), 28.8 (3 ¥
t), 28.9 (5 ¥ t), 29.2 (3 ¥ t), 31.4 (2 ¥ t), 35.1 (1 ¥ t), 38.9 (1 ¥ t),
41.3 (1 ¥ t), 52.5 (2 ¥ t), 52.6 (1 ¥ t), 53.9 (1 ¥ t), 76.1 (1 ¥ s),
80.1 (1 ¥ s), 159.8 (1 ¥ s), 160.5 (1 ¥ s), 166.8 (1 ¥ s), 174.5 (3 ¥
s);26 m/z (ESI+) 956 [M + H]+. In a 10 mL round bottom flask,
110 mg of deprotected intermediate (0.11 mmol) and 1 equivalent
of GdCl3 were dissolved in a 50:50 mixture of water and MeOH
at rt. The pH solution was checked and maintained to 6.5 by 1 M
NaOH aqueous solution. The solution was stirred overnight, then
the pH was adjusted to 8.5 by 1 M NaOH aqueous solution and
the mixture was stirred for 2 h, then filtered over 0.2 mm syringe
filter, the pH was adjusted to 7 by a 1 M HCl aqueous solution


and the solvent evaporated. Inorganic salts were removed by gel
filtration on Sephadex R© G10 column using a 50:50 mixture of
water and MeOH as eluent. The solvent was removed affording
80 mg of complex 15 (0.07 mmol, 64%). Found C, 46.61; H, 7.65;
N, 8.83%. Calc. for C43H84B10GdN7O9: C, 46.59; H, 7.64; N, 8.84%.
nmax (neat)/cm-1 3447, 2926, 2589, 1683, 1626, m/z (ESI+) 1131
[M + Na]+.
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It was found that iodine-catalyzed reactions of geminal bishydroperoxides with acetals proceed with the
replacement of only one alkoxy group by the peroxide group to give previously unknown structures of
1-hydroperoxy-1¢-alkoxyperoxides in yields up to 64%. The same compounds are formed in the
iodine-catalyzed reactions of geminal bishydroperoxides with enol ethers. The nature of the solvent has
a decisive influence on the formation of 1-hydroperoxy-1¢-alkoxyperoxides. In the series of Et2O, THF,
EtOH, CHCl3, CH3CN, and hexane, the best results were obtained with the use of Et2O or THF as the
solvent.


Introduction


In the last decade, organic peroxides have attracted great attention
of chemists and researchers engaged in drug design due to
their high antimalarial1–3 and antitumor4 activities. Tetraoxanes,
ozonides, and trioxanes having activity5 comparable to or higher
than the activity of artemisinin, which is the natural peroxide used
for the treatment of malaria, have been synthesized.


Organic peroxides hold a leading position as radical polymeriza-
tion initiators in the industrial synthesis of such polymer materials
as polyacrylates, polystyrene, styrene-containing resins, and high-
pressure polyethylene and have found use as cross-linking reagents.


Geminal bishydroperoxides belong to a relatively new and
important class of organic peroxides. In the last two decades,
there has been considerable progress in the development of
methods for the preparation and the use of these compounds.6–8


Geminal bishydroperoxides containing six or more carbon atoms
are the key compounds in the synthesis of a wide range of
cyclic peroxides1–5 having antimalarial and antitumor activities
and can be used as oxidants9 or radical polymerization initiators.10


The easily accessible (unlike its high-molecular-weight analogs)
geminal bishydroperoxide methyl ethyl ketone peroxide (MEKPO)
is widely used in the manufacturing process of acrylic resins, as a
hardening agent for fiberglass reinforced plastics, and as a curing
agent for unsaturated polyester resins.11


In the present study, we report a new transformation of gem-
inal bishydroperoxides, to be more precise, the iodine-catalyzed
reaction with acetals and enol ethers giving rise to previously
unknown structures of 1-hydroperoxy-1¢-alkoxyperoxides. The
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terentev@ioc.ac.ru; Fax: +7 (499) 1355328
bDepartment of Chemistry, Moscow State University, 119992, Moscow,
Russian Federation
cA.N. Frumkin Institute of Physical Chemistry and Electrochemistry,
Leninsky prospect 31, 119991, Moscow, Russian Federation
† Electronic supplementary information (ESI) available: 1H and 13C NMR
spectra for peroxides 3c-f, 4a-e, 5a-c, 6a,d. CCDC reference number
689447]. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/b809661a


distinguishing feature of this reaction is that only one alkoxy
group of acetals is replaced by the peroxide group under the
conditions used. This result is unexpected and differs from the
results obtained in our earlier studies, where the boron trifluoride-
catalyzed reaction of gem-bishydroperoxides and related 1,1¢-
dihydroperoxyperoxides with acetals in diethyl ether has been
demonstrated to proceed with the replacement of both alkoxy
groups accompanied by the formation of cyclic products, such as
tetraoxanes12 and hexaoxonanes13 (Scheme 1).


An idea of combining iodine with hydroperoxides or hydrogen
peroxide proved to be successful. In recent years, this idea has
been advantageously realized in the synthesis of peroxides from
carbonyl compounds8 and alkenes.14 The I2-H2O2 system reveals
versatile reactivities. Thus, depending on the reaction conditions,
hydrogen peroxide involved in this system can act not only as the
reagent for the formation of the C–O–O fragment but also as an
activator for iodine in iodoalkoxylation of alkenes15 and iodination
of arenes,16 ketones,17 and alkynes.18 This system was also used for
the Baeyer–Villiger oxidation of ketones to lactones.19


The transformation of bishydroperoxides, acetals, and enol
ethers discovered in the present study is a new step in the
development of methods for the synthesis of compounds con-
taining the monoperoxyacetal fragment, which is of importance
for the antimalarial activity of artemisinin and ozonides. 1-
Hydroperoxy-1¢-alkoxyperoxides are of interest as intermediates
in the synthesis of structurally more complex peroxides because
they contain the following two active centers, whose reactivity is
well known: the nucleophilic bishydroperoxide center (containing
the free hydroperoxide group)3,20 and the “latent” electrophilic
monoperoxyacetal center.21 In addition, it is known that com-
pounds containing the monoperoxyketal fragment are convenient
radical reaction initiators.22


Results and discussion


Peroxides 3c-f, 4a-e, 5a-c, and 6a,d were synthesized at 20–25 ◦C
by the addition of iodine as the reaction catalyst to a solution
of geminal bishydroperoxide 1a-d and acetal 2a-f. The reaction
mixture was kept for 24 h (Scheme 2).
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Scheme 1 Boron trifluoride- and iodine-catalyzed reactions of acetals with bis- and dihydroperoxides.


Scheme 2 Synthesis of peroxides 3–6 by the iodine-catalyzed reaction of geminal bishydroperoxides 1 with acetals 2. Using the synthesis of peroxide 4e
as an example, the optimal conditions of this reaction, such as the ratio of 1b, 2e, and iodine, the reaction time, and the nature of the solvent, were found
(Table 1).


As can be seen from Table 1, the nature of the solvent has a
decisive influence on the condensation of bishydroperoxide 1b with
acetal 2e. The best results were obtained with the use of diethyl
ether as the solvent (runs 7–13). The reactions in tetrahydrofuran
(runs 5 and 6) are somewhat less efficient. In chloroform, hexane,
acetonitrile, and methanol (runs 1–4), the yields of the target
peroxide are 2–5 times lower (10–34%) than those achieved in
diethyl ether (60%). The reaction time is an important factor. For
example, the reaction is completed in 24 h at 20 ◦C; after 1 h the
conversion of the reagents is ca. 25%. An increase in the time of
storage of the reaction mixture to 48 h has virtually no effect on
the results.


The optimal iodine-to-acetal 2e ratio is evidently close to 0.4.
A decrease (runs 7–9) or an increase (runs 14 and 15) in this ratio
has a negative effect on the yield of peroxide 4e.


An attempt to prepare peroxide 4e directly from cycloheptanone
and, by this means, to eliminate the additional step involving the
synthesis of 1,1-dimethoxycycloheptane 2e failed. The reaction of
bishydroperoxide 1b with cycloheptanone in MeOH (run 16) and


in a MeOH-Et2O mixture (run 17) affords peroxide 4e in low yield
(6–8%). Hence, this procedure is unsuitable for the preparative
synthesis because it produces the target peroxide 4e in low yield.


Diethyl ether not only serves as the solvent but, judging from
the results, is also involved in the chemical reaction acting as an
activator for iodine. Other tested solvents exhibit this property to
a lesser extent (tetrahydrofuran), if at all.


The reaction giving rise to peroxide 4e proceeds through the
iodine-catalyzed replacement of the methoxy group in acetal
(Scheme 3).


Initially, iodine, which exists apparently as a complex with
diethyl ether (or tetrahydrofuran)23 where it behaves as a Lewis
acid, reacts with the methoxyl group of acetal 2e. Then gem-
inal bishydroperoxide attacks the electrophilic center that is
formed at the quaternary carbon atom. Finally, methanol is
eliminated to give the target peroxide 4e. The reaction stops with
the monosubstitution stage presumably as the result of steric
strain arising from 1,2,4,5-tetraoxane (disubstitution product)
forming.
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Scheme 3 Iodine-catalyzed reaction of acetal 2e with bishydroperoxide 1b in diethyl ether.


Table 1 Influence of the molar ratio of the reagents, the reaction time,
and the nature of the solvent on the yield of 4ea


Run Solvent
Molar ratio
I2/2e


Molar ratio
1b/2e


Yield of
4e,%b


1 CHCl3 0.4 1 10c


2 Hexane 0.4 1 34c


3 MeOH 0.5 1 16c


4 CH3CN 0.5 1 10c


5 THF 0.5 1 44
6 THF 1.1 1 31
7 Et2O 0.1 1 21
8 Et2O 0.2 1 37
9 Et2O 0.4 1 49


10 Et2O 0.4 0.8 44
11 Et2O 0.4 1.2 60
12 Et2O 0.4 1.2 21d


13 Et2O 0.4 1.2 59e


14 Et2O 1.1 1.2 24
15 Et2O 1.1 0.8 24
16 MeOHf 0.5 1 8c


17 MeOH-Et2Og 0.5 1 6


a Reaction conditions: I2 (0.13–0.35 g, 0.5–1.38 mmol) was added to a
solution of bishydroperoxide 1b (0.16–0.24 g, 1.00–1.50 mmol), and acetal
2e (0.2 g, 1.25 mmol) in Et2O, THF, MeOH, CHCl3, CH3CN, or hexane
(4 mL), and the reaction mixture was kept for 24 h. b The yield based on
the isolated product. c Iodocycloheptanone as the by-product; the yield
was 23% (run 1), 30% (run 2), 29% (run 3), 18% (run 4), and 17% (run 16).
d The reaction time was 1 h. e The reaction time was 48 h. f The reaction
of 1b with cycloheptanone in MeOH (4 mL). g The reaction of 1b with
cycloheptanone in MeOH (2 mL) + Et2O (2 mL).


Taking into account the conditions used for the synthesis of
4e (Table 1), we prepared peroxides 3–6 in yields from 45 to 64%
by the reaction of cyclic bishydroperoxides 1 (C6, C7, and C12)
with acetals generated from cyclic ketones 2c-f (C5, C6, and C7)
and linear ketones 2a and 2b (acetone and methyl heptyl ketone)
(Table 2).


It should be noted that the yield of peroxides depends only
slightly on the structures of the reagents, due to which the
results of application of this reaction to other structurally similar
compounds are predictable.


The reactions with the use of enol ethers 7 and 8 instead of
related acetals 2d and 2e afford the target peroxides 3d,e, 4d,e, and
6d in the same yields (Table 2, Scheme 4).


Table 2 Structures and yields of peroxides 3–6a


Run Structures of 3–6, yield%.b Run Structures of 3–6, yield%.b


1 2


3c, 48 3d, 45, 40c


3 4


3e, 64, 61c 3f, 61
5 6


4a, 54 4b, 55
7 8


4c, 59 4d, 54, 53c


9 10


4e, 60, 60c 5a, 64, 57d


11 12


5b, 63 5c, 62
13 14


6a, 51, 57d 6d, 50, 53c, 59d


a Reaction conditions: I2 (0.13 g, 0.5 mmol; 0.4 mol/1 mol 2) was added to
a solution of bishydroperoxide 1 (1.5 mmol; 1.2 mol/1 mol 2) and acetal
2 (1.25 mmol) in Et2O (4 mL), and the reaction mixture was kept for 24 h.
b The yield based on the isolated product. c The yield in the reaction with 1-
methoxycyclohexene and 1-methoxycycloheptene under the same reaction
conditions. d The yield in the reaction with the use of THF as the solvent.


The reaction of bishydroperoxides with enol ethers is probably
catalyzed by HI formed in a little amount as the result of
interaction of iodine and bishydroperoxide.
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Scheme 4 Iodine-catalyzed synthesis of peroxides 3d,e, 4d,e, and 6d from
bishydroperoxides 1a, b, d and enol ethers 7 and 8.


The structures of peroxides 3–6 were established by NMR
spectroscopy and elemental analysis. The 13C NMR spectra
of peroxides show signals at 105–117 ppm characteristic of
monoperoxyacetal and bisperoxide fragments. The signals for
the protons of the OOH groups in the 1H NMR spectra are
observed at 9.7–10.2 ppm, which is consistent with the spectra
of structurally related 1,1-bishydroperoxycycloalkanes and 1,1¢-
dihydroperoxy(dicycloalkyl)peroxides.7,8,13 Compounds 4a-e were
synthesized as mixtures of diastereomers. The 1H NMR spectra
show twice the number of signals for the protons of the OOH
groups, and the 13C NMR spectra have twice the number of signals
with similar chemical shifts.


The molecular structure of 6d (CCDC 689447) drawn with
ORTEP-III24 is presented in Fig. 1.


Fig. 1 Molecular structure of 6d.


All bond lengths and bond angles in 6d have typi-
cal values and are comparable with those observed in two
related compounds, 1,1-bis(hydroperoxy)cyclododecane25 and
1,1¢-dihydroperoxy-1,1¢-bis(cyclododecyl)peroxide.26 The hydroxy
group is involved in intramolecular O5-H5 ◊ ◊ ◊ O1 hydrogen bond-
ing (D ◊ ◊ ◊ A, H ◊ ◊ ◊ A, and D–H ◊ ◊ ◊ A are 2.763(4) Å, 2.08 Å, and
141 ◦, respectively). In the crystal, there are no intermolecular
H ◊ ◊ ◊ O contacts shorter than 2.75 Å. Hence, the crystal packing
is typical of branched hydrocarbons, with hydrophobic space-
filling contacts reflecting the simple close packing of hydrophobic
molecules.27


The removal of iodine is one of the difficulties in preparing
analytically pure compounds 3–6. We found that it is convenient
to perform isolation in the following way. After completion of the
reaction, hexane and an aqueous Na2S2O3 solution were added
to the reaction mixture, and the mixture was stirred until the
organic layer became almost colorless, after which peroxides were
easily isolated by column chromatography. During this work-up of
the reaction mixture, almost no reduction of the target peroxides
occurred. After chromatographic purification and drying in vacuo


(10–20 Torr), the products contained a few weight percents of
iodine, but they were visually colorless. Apparently, peroxides and
iodine form rather strong complexes, in which the iodine molecule
is coordinated by the hydroperoxide and alkoxy groups. Similar
complexes of iodine with ethers were documented.23 The complete
removal of residual iodine (determined by elemental analysis) was
achieved after storage of peroxides under a vacuum of ~ 0.1–
0.5 Torr for one hour.


Conclusions


Previously unknown 1-hydroperoxy-1¢-alkoxyperoxides were syn-
thesized in 45–64% yield by the iodine-catalyzed reaction of
geminal bishydroperoxides with acetals and enol ethers. The nature
of the solvent has a decisive influence on the yield of the target
peroxides. Good results were obtained in the reactions performed
in Et2O and THF. Under the optimal conditions, no replacement
of the second alkoxy group giving rise to cyclic peroxides
was observed. 1-Hydroperoxy-1¢-alkoxyperoxides can easily be
isolated from the reaction mixture by column chromatography.


Experimental


The NMR spectra were recorded on Bruker AC-200 (200.13 MHz
for 1H) and Bruker AM-300 (75.4 MHz for 13C) spectrometers
in CDCl3. The TLC analysis was carried out on Silufol UV-254
chromatographic plates. Flash chromatography was performed
on silica gel L 40/100 mm. Melting points were determined on
a Kofler hot stage. MeOH, Et2O, CH3CN, CHCl3, hexane, I2,
Na2S2O3, and MgSO4 of high-purity grade were home made.
Geminal bishydroperoxides were synthesized according to the
procedures described earlier.7,8 Acetals and enol ethers were
prepared according to a known procedure.28


Determination of the influence of the molar ratio of the reagents,
the reaction time, and the nature of the solvent on the yield of 4e
(Table 1, runs 1–15)


Iodine (0.13–0.35 g, 0.5–1.38 mmol) was added to a solution of
bishydroperoxide 1b (0.16–0.24 g, 1.00–1.5 mmol) and acetal 2e
(0.2 g, 1.25 mmol) in Et2O, THF, MeOH, CHCl3, CH3CN, or
hexane (4 mL). The reaction mixture was kept at 20–25 ◦C for 1, 24,
or 48 h. Then hexane (30 mL) and a 2–5% Na2S2O3 solution were
added. The mixture was stirred until it became almost colorless
and then was washed with water (3 ¥ 5 ml). The organic layer
was dried with MgSO4 and filtered. The filtrate was concentrated
to the volume of approximately 1 mL. Peroxide 4e was isolated
by silica gel column chromatography using gradient elution in a
hexane–diethyl ether mixture, the ratio being changed from 20:1
to 7:1 (v/v).


The reactions of 1b with cycloheptanone in MeOH (4 mL; run
16) and a MeOH + Et2O mixture (2 mL + 2 mL; run 17) were
carried out analogously for 24 h.


General procedure for the synthesis of peroxides 3–6 (Table 2)


Iodine (0.13 g, 0.5 mmol; 0.4 mol/1 mol 2a-f) was added to a
solution of bishydroperoxide 1a-d (1.5 mmol; 1.2 mol/1 mol 2a-f)
and acetal 2a-f (1.25 mmol) in Et2O or THF (4 mL). The reaction
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mixture was kept for 24 h. Then the reaction mixture was worked
up and the target peroxides were isolated as described above.


Compounds 3d,e 4d,e, and 6d were synthesized analogously
with the use of 1-methoxycyclohexene 7 and 1-methoxycyclo-
heptene 8.


1-(1-Ethoxycyclopentylperoxy)-1-hydroperoxycyclohexane, 3c.
Oil. Rf 0.30 (hexane:EtOAc, 20:1). Calcd for C13H24O5: C, 59.98;
H, 9.29. Found: C, 59.67; H, 9.64. nmax/cm 1 (CCl4) 3365br (OOH).
1H NMR (300.13 MHz, CDCl3), d: 1.22 (t, 3H, CH3, J = 7.3 Hz),
1.33–1.83 (m, 16H, CH2), 1.99–2.10 (m, 2H, CH2), 3.68 (q, 2H,
CH2, J = 7.3 Hz), 9.73 (s, 1H, OOH). 13C NMR (75.48 MHz,
CDCl3), d: 14.8 (CH3), 22.5, 23.3, 25.4, 29.9, 33.9 (CH2), 59.5
(OCH2) 109.1 (COOH), 117.3 (COEt).


1-Hydroperoxy-1-(1-methoxycyclohexylperoxy)cyclohexane, 3d.
Oil. Rf 0.33 (hexane:EtOAc, 20:1). Calcd for C13H24O5: C, 59.98;
H, 9.29. Found: C, 59.75; H, 9.53. nmax/cm 1 (CCl4) 3360br (OOH).
1H NMR (300.13 MHz, CDCl3), d: 1.35–1.91 (m, 20H, CH2), 3.38
(s, 3H, CH3), 10.0 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3),
d: 22.5, 22.7, 25.3, 25.5, 29.9, 31.7 (CH2), 49.2 (OCH3) 106.1,
109.30 (C).


1-[(1-methoxycycloheptyl)peroxy]cyclohexyl hydroperoxide, 3e.
Oil. Rf 0.52 (hexane:EtOAc, 5:1). Calcd for C14H26O5: C, 61.29; H,
9.55. Found: C, 61.43; H, 9.36. nmax/cm 1 (CCl4) 3360br (OOH).
1H NMR (300.13 MHz, CDCl3), d: 1.33–1.93 (m, 22H, CH2), 3.35
(s, 3H, CH3), 9.89 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3),
d: 22.2, 22.5, 25.4, 29.6, 29.8, 34.6, 35.1 (CH2), 49.6 (OCH3) 109.3
(COOH), 111.0 (COEt).


1-Ethoxy-1-(1-hydroperoxycyclohexylperoxy)cycloheptane, 3f.
Oil. Rf 0.57 (hexane:EtOAc, 5:1). Calcd for C15H28O5: C, 62.47; H,
9.79. Found: C, 62.58; H, 9.57. nmax/cm 1 (CCl4) 3355br (OOH).
1H NMR (300.13 MHz, CDCl3), d: 1.25 (t, 3H, CH3, J = 7.3 Hz),
1.32–1.98 (m, 22H, CH2), 3.67 (q, 2H, CH2, J = 7.3 Hz), 9.83 (s,
1H, OOH). 13C NMR (75.48 MHz, CDCl3), d: 14.7 (CH3), 22.3,
22.5, 25.5, 29.7, 29.9, 35.7 (CH2), 57.4 (OCH2) 109.1 (COOH),
111.0 (COEt).


1-Hydroperoxy-1-(2-methoxypropan-2-ylperoxy)-4-methylcyclo-
hexane (mixture of isomers), 4a. Oil. Rf 0.38 (hexane:EtOAc,
20:1). Calcd for C11H22O5: C, 56.39; H, 9.46. Found: C, 56.53; H,
9.31. nmax/cm 1 (CCl4) 3340br (OOH). 1H NMR (300.13 MHz,
CDCl3), d: 0.85–0.92 (m, 3H, CH3), 1.14–1.65 (m, 13H, CH, CH2,
CH3), 2.10–2.21 (m, 2H, CH2), 3.37, 3,39 (s, 3H, CH3), 10.01,
10.05 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3), d: 21.4, 21.6,
22.89, 22.94, 29.3, 29.4, 30.7, 30.8 (CH3, CH2, CH), 50.4, 50.5
(OCH3) 106.0, 109.4, 109.5 (C).


1-Hydroperoxy-1-(2-methoxynonan-2-ylperoxy)-4-methylcyclo-
hexane (the mixture of isomers), 4b. Oil. Rf 0.45 (hexane:EtOAc,
20:1). Calcd for C17H34O5: C, 64.12; H, 10.76. Found: C, 64.33; H,
10.54. nmax/cm 1 (CCl4) 3355br (OOH). 1H NMR (200.13 MHz,
CDCl3), d: 0.77–0.92 (m, 6H, CH3), 1.11–1.75 (m, 22H, CH, CH2,
CH3), 2.06–2.21 (m, 2H, CH2), 3.33, 3.36 (s, 3H, CH3), 9.97, 10.02
(s, 1H, OOH). 13C NMR (50.32 MHz, CDCl3), d: 14.0 (CH3), 19.6,
19.7, 21.4, 21.5, 22.6, 24.2, 29.0, 29.1, 29.2, 29.4, 29.6, 29.8, 30.6,
30.7, 30.9, 31.7, 35.6, 35.7 (CH3, CH2, CH), 50.0, 50.1 (OCH3)
107.86, 107.91, 109.19, 109.30 (C).


1-(1-Ethoxycyclopentylperoxy)-1-hydroperoxy-4-methylcyclo-
hexane, 4c. Oil. Rf 0.32 (hexane:EtOAc, 20:1). Calcd for
C14H26O5: C, 61.29; H, 9.55. Found: C, 61.45; H, 9.72. nmax/cm
1 (CCl4) 3385br (OOH). 1H NMR (300.13 MHz, CDCl3), d: 0.87–
0.95 (m, 3H, CH3), 1.15–1.89 (m, 16H, CH, CH2, CH3), 2.05–2.22
(m, 4H, CH2), 3.69–3.80 (m, 2H, CH2), 9.84, 9.89 (s, 1H, OOH).
13C NMR (75.48 MHz, CDCl3), d: 14.8, 14.9 (CH3), 21.4, 21.5,
23.38, 23.44, 29.4, 29.6, 30.7, 30.9, 31.7, 31.8, 34.0 (CH2), 59.5,
59.7 (OCH2) 109.2, 109.3 (COOH), 117.4, 117.5 (COEt).


1-Hydroperoxy-1-(1-methoxycyclohexylperoxy)-4-methylcyclo-
hexane (mixture of isomers), 4d. Oil. Rf 0.57 (hexane:EtOAc,
5:1). Calcd for C14H26O5: C, 61.29; H, 9.55. Found: C, 61.42; H,
9.37. nmax/cm 1 (CCl4) 3330br (OOH). 1H NMR (300.13 MHz,
CDCl3), d: 0.82–0.89 (m, 3H, CH3), 1.09–1.83 (m, 17H, CH, CH2),
2.05–2.19 (m, 2H, CH2), 3.32, 3.34 (s, 3H, CH3), 9.89, 9.98 (s, 1H,
OOH). 13C NMR (75.48 MHz, CDCl3), d: 21.3, 21.4, 22.6, 22.7,
25.2, 25.3, 29.2, 29.4, 30.6, 30.8, 31.6, 31.7 (CH3, CH2, CH), 49.1,
49.2 (OCH3) 106.05, 106.10, 109.1, 109.2 (C).


1-(1-Hydroperoxy-4-methylcyclohexylperoxy)-1-methoxycyclo-
heptane, 4e. Oil. Rf 0.60 (hexane:EtOAc, 5:1). Calcd for
C15H28O5: C, 62.47; H, 9.79. Found: C, 62.15; H, 9.71. nmax/cm
1 (CCl4) 3335br (OOH). 1H NMR (300.13 MHz, CDCl3), d: 0.85–
0.94 (m, 3H, CH3), 1.11–1.65 (m, 15H, CH, CH2), 1.85–2.01 (m,
4H, CH2), 2.10–2.20 (m, 2H, CH2), 3.36, 3.38(s, 3H, CH3), 9.96,
10.03 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3), d: 21.4, 21.5,
22.2, 22.3, 29.3, 29.4, 29.6, 29.8, 30.7, 30.8, 31.7, 31.8 (CH3, CH2,
CH), 49.6, 49.7 (OCH3) 109.3, 109.4, 111.0, 111.3 (C).


1-Hydroperoxy-1-(2-methoxypropan-2-ylperoxy)cycloheptane,
5a. White crystals. Mp 17–19 ◦C (hexane). Rf 0.37 (hex-
ane:EtOAc, 20:1). Calcd for C11H22O5: C, 56.39; H, 9.46. Found:
C, 56.44; H, 9.61. nmax/cm 1 (CCl4) 3340br (OOH). 1H NMR
(300.13 MHz, CDCl3), d: 1.25–1.60 (m, 14H, CH2, CH3), 1.85–
1.95 (m, 4H, CH2), 3.36 (s, 3H, CH3), 10.08 (s, 1H, OOH). 13C
NMR (75.48 MHz, CDCl3), d: 22.8 (CH3), 22.9, 30.0, 32.6 (CH2),
50.4 (OCH3), 105.6, 114.7 (C).


1-Hydroperoxy-1-(2-methoxynonan-2-ylperoxy)cycloheptane,
5b. Oil. Rf 0.45 (hexane:EtOAc, 20:1). Calcd for C17H34O5: C,
64.12; H, 10.76. Found: C, 64.29; H, 10.91. nmax/cm 1 (CCl4) 3335br
(OOH). 1H NMR (200.13 MHz, CDCl3), d: 0.89 (t, 3H, CH3, J =
7 Hz), 1.21–2.00 (m, 27H, CH, CH2, CH3), 3.39 (s, 3H, OCH3),
10.11 (s, 1H, OOH). 13C NMR (50.32 MHz, CDCl3), d: 14.0 (CH3),
19.8, 22.6, 22.9, 24.2, 29.1, 29.7, 29.9, 31.7, 32.6, 35.8 (CH3, CH2),
50.1 (OCH3) 108.1, 114.5 (C).


1-(1-Ethoxycyclopentylperoxy)-1-hydroperoxycycloheptane, 5c.
Oil. Rf 0.32 (hexane:EtOAc, 20:1). Calcd for C14H26O5: C, 61.29;
H, 9.55. Found: C, 61.41; H, 9.68. nmax/cm 1 (CCl4) 3325br (OOH).
1H NMR (300.13 MHz, CDCl3), d: 1.23 (t, 3H, CH3, J = 7.3 Hz),
1.47 -1.98 (m, 18H, CH2), 2.00–2.11 (m, 2H, CH2), 3.70 (q, 2H,
CH2, J = 7.3 Hz), 9.94 (s, 1H, OOH). 13C NMR (50.32 MHz,
CDCl3), d: 14.8 (CH3), 22.8, 23.3, 29.9, 32.7, 34.0 (CH2), 59.6
(OCH2), 114.3, 117.4 (C).


1-Hydroperoxy-1-(2-methoxypropan-2-ylperoxy)cyclododecane,
6a. White crystals. Mp 77–78 ◦C (hexane). Rf 0.42 (hex-
ane:EtOAc, 20:1). Calcd for C16H32O5: C, 63.13; H, 10.60. Found:
C, 63.01; H, 10.47. nmax/cm 1 (CCl4) 3360br (OOH). 1H NMR
(300.13 MHz, CDCl3), d: 1.21 -1.75 (m, 28H, CH2,CH3), 3.42 (s,
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3H, CH3), 10.18 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3), d:
19.3, 21.8, 22.1, 22.9, 25.9, 26.1, 26.3 (CH2), 50.5 (OCH3) 105.9,
113.8 (C).


1-Hydroperoxy-1-(1-methoxycyclohexylperoxy)cyclododecane,
6d. White crystals. Mp 85–87 ◦C (hexane). Rf 0.38 (hex-
ane:EtOAc, 20:1). Calcd for C19H36O5: C, 66.24; H, 10.53. Found:
C, 66.57; H, 10.83. nmax/cm 1 (CCl4) 3330br (OOH). 1H NMR
(300.13 MHz, CDCl3), d: 1.25 -1.92 (m, 32H, CH2), 3.38 (s, 3H,
OCH3), 10.14 (s, 1H, OOH). 13C NMR (75.48 MHz, CDCl3),
d: 19.4, 21.9, 22.1, 22.8, 25.3, 25.9, 26.2, 26.3, 31.7 (CH2), 49.4
(OCH3) 106.2, 113.5 (C).
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Azobenzene derivatives can be used to reversibly photo-regulate conformation and activity when
introduced as intramolecular bridges in peptides and proteins. Here we report the design, synthesis, and
characterization of an azobenzene derivative that absorbs between 400–450 nm in aqueous solution to
produce the cis isomer, and relaxes back to the trans isomer with a half-life of a few seconds at room
temperature. In the trans form, the linker can span a distance of approximately 25 Å, so that it can
bridge Cys residues spaced i, i + 15 in an a-helix. Switching of the azobenzene cross-linker from trans
to cis causes a decrease in the helix content of peptides where the linker is attached via Cys residues
spaced at i, i + 15 and i, i + 14 positions, no change in helix content with Cys residues spaced i, i + 11
and an increase in helix content in a peptide with Cys residues spaced at i, i + 7. In the presence of
10 mM reduced glutathione, the azobenzene cross-linker continued to photo-switch after 24 hours. This
cross-linker design thus expands the possibilities for fast photo-control of peptide and protein structure
in biochemical systems.


Introduction


Reversible optical control of protein structure offers the pos-
sibility of remote control of protein function in a variety of
environments.1–5 The azobenzene chromophore exhibits numerous
desirable properties for use as an optical switch including robust
reversibility and good quantum yields.6 In applying azobenzenes
to direct protein conformational change in biochemical systems,
a number of requirements must be met. These include (i) a
substantial structural change associated with isomerization that
can be coupled to protein conformational change, (ii) a suitable
wavelength and rate of thermal relaxation, (iii) stability in a cellular
environment.


The effectiveness of conformational control will depend to
a large degree on the end-to-end distance of the chromophore
and how this changes upon isomerization. Certain urea and
carbamate-substituted azobenzene derivatives, in particular, can
accommodate a wide range of end-to-end distances in their cis
isomers,7 a feature that may limit their ability to affect the
conformation of an attached peptide or protein.8 A minimum
number of bonds or a conformational constraint between the azo
moiety that isomerizes and the peptide/protein backbone is likely
to maximize the conformational switching effect.9,10


For unmodified azobenzene, the wavelength of maximal absorp-
tion of the more stable trans isomer occurs at 340 nm.6 Light of
this wavelength is scattered strongly by biological samples and
can be absorbed by cellular constituents (e.g. NADH). Longer
wavelengths lead to less light scattering and better penetration
in biological samples.11 Since the absorption spectra of trans and
cis forms of azobenzenes overlap extensively, irradiation typically
produces photostationary states of ~80% cis or ~95% trans.6,12


This fact limits the degree of photo-switching that is possible; e.g.
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the fraction of cis isomer can be changed from 5% to 80% (16-
fold).12 Thermal isomerization, in contrast, yields >99.99% trans
isomer.7 Thus, to maximize the extent of photo-switching, it is
preferable to use thermal isomerization to reset the switch; in that
way, a much greater fold change in the cis isomer is possible. Since
many cellular signaling processes operate on the time frame of
seconds to minutes (e.g. ref. 13,14), the switch resetting process
should occur at least on this timescale. The half-life for thermal
cis-to-trans isomerization of unmodified azobenzene is on the
order of 3–4 days at room temperature; however, this can be
varied substantially by altering the nature of substituents on the
aromatic rings (e.g. ref. 15–18). For instance, an amino-substituted
azobenzene compound relaxes with a half-life of ~50 ms at room
temperature.19


Finally, the photo-switch must be chemically stable under the
desired operating conditions. Whereas azobenzenes are generally
robust photo-switches, if they are to operate intracellularly, they
must be stable to the reducing environment created by the
presence of glutathione at millimolar concentrations.20,21 Such an
environment precludes the use of disulfide linkages for attaching
the photo-switch as was used previously.19 In addition, the N=N
double bond itself may be sensitive to reduction in certain cases.22,23


With these considerations in mind, we designed the thiol-
reactive azobenzene-based photo-switch 5. We report here the
synthesis and characterization of this new photo-switch.


Results and discussion


Design and synthesis of the cross-linker


We wished to create a long-wavelength absorbing, conforma-
tionally constrained, cross-linker to permit effective coupling
of the geometrical change at the azo group with the peptide
backbone. Linkages of photo-switches to Cys residues (as opposed
to Lys (e.g. ref. 24)) ensure a minimum number of single bonds
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(four rotatable sigma bonds) between the cross-linker and the
backbone. So that it might be stable in the reducing intracellular
environment, we wished the linker to produce thioether linkages,
rather than disulfides,19 with peptide Cys residues. Based on
previous studies,18,19 we expected that an azobenzene derivative
with a dialkylamino substituent in the para position would exhibit
a wavelength of maximal absorption substantially longer than
alkyl and amide substituted azobenzene derivatives, together with
a faster thermal relaxation rate. These considerations led us to the
design of 5, which was synthesized as outlined in Scheme 1.


Scheme 1


The yield of the first step was excellent, however, yields for step
two and three were poor (7%) and modest (33%), respectively.
Although protection of the amino group in (2) would be expected
to increase the yield in the second step, isolation of 4 by silica gel
chromatography was straightforward and the direct route avoided
two extra steps (protecting group introduction and removal).
The cross-linker (5) was then reacted with the peptides shown
in Fig. 1. The peptide sequences including the incorporation
of the non-natural Aib residue in peptide JRK-7 were designed
as described previously.7 Reaction with AB-15, FZ-14, FK-11W
and JRK-7, produces an intramolecular cross-link between Cys
residues spaced i, i + 15, i, i + 14, i, i + 11, and i, i + 7,
respectively. As a control, the cross-linker was also reacted with
two molecules of the small tripeptide glutathione, which is too
short to exhibit substantial secondary structure in solution. The
cross-linked peptides were purified by HPLC and characterized by
mass spectrometry.


UV–Vis spectra: solvent and pH dependence


Fig. 2 shows a representative UV–Vis spectrum of the cross-
linker attached to a peptide (FK-11W) obtained in aqueous buffer
(pH 7.0). A broad maximum near 450 nm is observed that is shifted
to shorter wavelengths relative to the unconstrained diamino-
substituted azobenzene studied previously (lmax ~480 nm).19


Hallas et al.25,26 have studied the effects of cyclic vs. acyclic
alkylamino substituents on azobenzene dyes (e.g. compounds 6,
7) and reported a similar hypsochromic shift in the UV absorbance
of the cyclic compound (7).


Fig. 1 Primary sequences of the cross-linked peptides examined in this
study: (a) AB-15 (azo-linker 5 reacted via Cys residues spaced i, i + 15);
(b) FZ-14 (azo-linker 5 reacted via Cys residues spaced i, i + 14); (c)
FK-11W (azo-linker 5 reacted via Cys residues spaced i, i + 11); (d) JRK-7
(azo-linker 5 reacted via Cys residues spaced i, i + 7); (e) cross-linked
glutathione.


Molecular modeling of 7 using the AM1 method shows that
the piperidine ring is twisted relative to the phenyl ring and
the nitrogen exhibits sp3 character (Fig. 3). This conformation
is preferred to reduce steric interactions between the equatorial
protons on the piperidine ring with the ortho protons on the phenyl
ring.25,27 Rotation of the piperidine ring reduces the extent of
p-overlap between the lone pair on the N atom and the adjacent
aromatic p-electrons thereby bringing about a hypsochromic shift
of lmax.25,26 A decreased resonance interaction between the N-atom
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Fig. 2 UV–Vis spectrum of the cross-linker attached to the peptide
FK-11W in 10 mM sodium phosphate buffer, pH 7.0, 22 ◦C.


Fig. 3 Models of compounds (6) (A) and (7) (B, C). Whereas rotation
of diethylamino groups in 6 can permit orbital overlap between the N
atom lone pair and the aromatic system (A), for 7, the piperidine ring
structure leads to steric overlap of ortho protons if the N-atom is fully
sp2 hybridized (steric clashes are indicated by red dashed lines) (B). Steric
overlap is relieved and the N atom becomes more sp3-like as the piperidine
ring is rotated relative to the aromatic system in the AM1 minimized
structure (C).


and the aromatic system for the cyclic compound is supported by
13C-NMR shift data.28


The UV–Vis spectrum of the cross-linker changes somewhat
in shape and intensity depending on which peptide it is attached
to. Addition of co-solvents (methanol/propanol/acetonitrile) is
also observed to change the shape and intensity of the spectrum
(cf. Fig. 2 vs. Fig 5). Although such changes have previously


been ascribed to self-association of azo dyes,29 we found a linear
absorbance vs. concentration relationship over the concentration
ranges examined, no dependence of the spectra on temperature
(up to 80 ◦C in aqueous buffer), and no effect of cross-linked
peptide concentration on thermal relaxation kinetics (see below).


Fig. 4 shows UV spectra of the cross-linker in aqueous buffer
at a series of pH values from 1 to 7. At pH values of 5 and above,
only the single broad maximum near 450 nm was observed. As the
pH is lowered below 5, a second absorption band emerges near
600 nm. Based on previous studies with aminoazobenzenes,26,27 the
protonated cross-linker is expected to be in tautomeric equilibrium
between the ammonium and azonium species (Scheme 2); the latter
accounting for the absorbance near 600 nm.


Fig. 4 UV–Vis spectra of cross-linker (attached to glutathione) in
aqueous buffer (~15 mM) at a series of pH values.


Protonated forms of the cross-linker do not appear to isomerize.
Thus, the effective pH range of this cross-linker is pH 5 and above.
Since most biological systems of interest operate in the region of
pH 7, this pH sensitivity is not likely to be problematic.


Photokinetic analysis: calculation of the absorption spectrum of
the cis isomer


The UV–Vis spectrum of the cis isomer could not be obtained
directly due to the fast rate of thermal cis-to-trans relaxation.
Therefore, the absorption spectrum of the cis isomer was cal-
culated using the photokinetic method previously employed for
diamidoazobenzenes.30 Photokinetic curves were obtained upon
irradiation of cross-linked AB-15 in 50% methanol at 2 ◦C as
described in the Experimental section. These conditions were


Scheme 2
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chosen to maximize the % cis isomer that formed and to permit
comparison with CD obtained under the same solvent conditions
(see below). Fig. 5 shows the calculated spectrum of the pure cis
isomer, together with the directly measured spectrum of the trans
isomer. The cis spectrum shows a minimum at 400 nm, where the
spectrum of the trans isomer is at a maximum. The wavelength
of 400 nm is thus optimal for irradiation when the maximum %
cis is desired. Based on the estimated trans → cis and cis → trans
quantum yields obtained from the photokinetic analysis (approx.
0.1 and 0.5 respectively), a maximum of ~50% cis isomer is possible
with 400 nm radiation of sufficient intensity.


Fig. 5 The calculated absorption spectrum of the cis isomer (dashed line)
of cross-linked AB-15 in 50% methanol in 10 mM sodium phosphate buffer
pH 7.0. The spectrum of the trans isomer (solid line) in the same solvent
is shown for reference.


Kinetics of thermal relaxation


If the cross-linker can relax to the trans isomer rapidly via a thermal
process, essentially 100% trans isomer can be quickly obtained in
the dark, thereby maximizing the change in concentration of cis
isomer upon switching (i.e. <0.01% cis to 50% cis upon irradiation
at 400 nm).


Previously, we found the dialkylamino-substituted azobenzene
to be sensitive to changes in solvent polarity.19 We therefore
wished to test the effect of methanol on the rate of thermal
relaxation. cis Isomers were produced by exposure to 400 nm
light. Thermal relaxation to the trans isomer was measured by
monitoring recovery of 450 nm absorbance over time. Data were


fit to exponential decay curves and time constants calculated. The
data are collected in Table 1.


In aqueous solution, half-lives on the order of a few seconds
were obtained (Table 1). Depending on which peptide the cross-
linker is attached to, the observed half-life varies by approximately
a factor of 20. For X-JRK-7, a slow and a fast process were
observed, suggesting the presence of more than one cis-state
conformation. Multiple cis-state conformations have previously
been observed by Renner et al. in studies with a cyclic azobenzene-
containing peptide.31 In the present case, it is possible that these
correspond to different twist senses of the azo group relative to
the peptide.32 Half-lives did not appear to be sensitive to dilution,
indicating that multiple time constants were not a result of self-
association of peptides. With increasing percentages of methanol,
the half-lives of the cross-linked peptides increased and mono-
exponential relaxation behavior was observed (Table 1). Decreased
solvent polarity may slow relaxation by destabilizing the transition
state for isomerization, which has been proposed to have dipolar
character similar to that in the excited state.33 Thus, the local
environment created around the photo-switch when attached to
a peptide or protein is an important factor in determining the
timescale of switching, a finding consistent with the observed
variability of half-lives for different peptides (Table 1). Overall,
the half-lives observed are somewhat longer than that observed for
the acyclic dialkyl amino cross-linker studied previously19 (where
a ~50 ms half-life was observed in water and 1–20 s in 25–50%
MeOH), consistent with a lesser degree of delocalization of the
system (as discussed above). A half-life of ~1 s is nevertheless
sufficiently rapid that ~100% trans isomer can be obtained, ~10–
20 s after turning off irradiation, a timescale fast enough to permit
probing of a wide variety of biochemical processes.


Effect of glutathione on photo-switching


In order to be of use for intracellular applications, photochemical
switches must be stable to the reducing environment inside the
cell. Typically, this environment is maintained by the small
tripeptide glutathione present in its reduced form in ~1 mM
concentrations.20,21 Cross-linkers bearing disulfide linkages will be
reductively cleaved rapidly under such conditions.19 Glutathione
is also known to reduce azo groups under certain conditions.22,23


Moroder and colleagues have recently demonstrated that another
azobenzene based peptide photo-switch was susceptible to re-
duction by glutathione.23 The mechanism of reduction appears
to involve attack of the thiol group of glutathione on the azo
double bond to form a sulfenyl hydrazide adduct. This species


Table 1 Thermal relaxation half-lives (s) of cross-linked peptides


In 10 mM phosphate buffer, pH 7.0 +25% MeOH +50% MeOH


Peptide 2 ◦C 25 ◦C 2 ◦C 25 ◦C 2 ◦C 25 ◦C


XAB15 4.0 1.8 9.0 4.0 34 8
XFZ14 7.0 3.8 8.2 5.8 53 18
XFK11 5.0 1.7 22 7.7 165 40
XJRK7 6(0.9)/91(0.1)a 2.3(0.74)/83(0.26)a 84 19 700 197
XGSH 0.5 — 2.6 1.0 22 6.7


a X-JRK-7 decays in phosphate buffer were fit to double exponential functions. Fast and slow time constants are shown with the fractional contribution
of each process in brackets.
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can react with a second molecule of glutathione to produce
oxidized glutathione and the reduced hydrazo compound as
products.22,23 Alternatively, the sulfenyl hydrazide adduct may
dissociate to reform the initial azo species. The rates of these
reactions will depend on the glutathione concentration, the peptide
concentration, as well as the redox potential of the cross-linker.
The amino-substituted cross-linker studied here is expected to be
less sensitive to reduction than the compound studied by Moroder
and colleagues.23


The effect of glutathione on the photo-switching of the cross-
linker attached to the peptide JRK-7 was studied in aqueous buffer
pH 7.0 at 37 ◦C with 10 mM glutathione to mimic the intracellular
reducing environment. This concentration of glutathione is at the
high end of that normally found in cells.20,21 This peptide was
chosen because it had a relaxation rate slow enough to be measured
conveniently under these solution conditions (Table 1). At 37 ◦C,
X-JRK-7 displays a double exponential thermal relaxation process
with half-lives of 1 s (55% of total decay) and 20 s (45%). The
peptide was incubated with glutathione in the dark for 24 hours at
37 ◦C, to mimic conditions employed for loading cells in culture.
Fig. 6 shows thermal relaxation and photoisomerization of cross-
linked JRK-7 as monitored by measuring absorbance vs. time
for 3 h after the 24 h dark incubation. Photo-switching appeared
to be essentially unaffected (1 s (50% of total decay) and 22 s
(50%)) (Fig. 6), probably as a result of the more electron-rich
character of this azobenzene derivative compared to those studied
previously.10,23 The persistence of photo-switching for hours, even
in the presence of 10 mM glutathione, indicates that the cross-
linker should be functional in typical intracellular environments.


Conformational analysis of the cross-linker and effects
of photoisomerization


To estimate the effects of the cross-linker on the conformational
properties of attached peptides or proteins, we first examined the
conformational properties of the cross-linker itself in cis and trans
conformations. The range of end-to-end distances exhibited by
the cross-linker provides a good first approximation for predicting
its effect on conformational ensembles of helical peptides.8,34


Simplified models of 5 after reaction with Cys residues of a peptide
(where the b position of a cysteine side-chain is represented by
a methyl group) in cis and trans conformation were built using
HyperChem.


Fig. 7 shows histograms of the end-to-end (S–S) distances for
cis and trans isomers, together with some representative structures.
Depending on whether the Amber molecular mechanics forcefield
or the semiempirical AM1 method is employed for calculating


Fig. 7 (a) Probability distributions of distances between sulfur atoms in
models of the cross-linker derived from the molecular dynamics simula-
tions using the Amber forcefield (shaded areas), as well as conformational
searches using the AM1 method (histograms) (cis (red), trans (blue)).
Distances between S atoms within Cys residues spaced i, i + x in ideal
a-helices are also indicated with boxes. The centre of the box is placed
at the most probable distance and the box width indicates the range of
distances possible, considering Cys side chain rotamers. (b) Representative
structures and S–S distances observed (trans—top, cis—bottom).


conformational energies, the trans isomer has a most probable
end-to-end distance of ~21–23 Å (and a range from 16 to 26 Å).
The AM1 method tends to produce more sp3-like tetrahedral
geometry for the nitrogen atoms attached to the para positions
of the azobenzene group when compared to the Amber forcefield,
resulting in somewhat shorter end-to-end distances. Substantial


Fig. 6 Photo-switching of ~5 mM X-JRK-7 in phosphate buffer, pH 7.0, 37 ◦C with 10 mM reduced glutathione, as monitored by absorbance changes
at 400 nm over the course of 3 h. Irradiation at 400 nm was present during the periods indicated by solid bars.
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sp3 character for these atoms is consistent with the spectral data
described above. The cis isomer shows a broader distribution of
end-to-end distances with a most probable distance of ~16 Å, but
is compatible with distances from ~4 to ~21 Å.


For the trans form particularly, these end-to-end distances are
significantly longer than for the diamino- and diamido-substituted
azobenzenes studied previously so that this cross-linker can be
used to span Cys residues more distant from one another in a
peptide. Although the cyclic alkyl moiety limits the flexibility of
the cross-linker compared to an analogous acyclic version, the
molecular modeling suggests that there is still substantial flexibility
associated with the cycloalkane rings so that a large range of end-
to-end distances is still possible, especially for the cis isomer. An
even more rigid derivative will perhaps be required to maximize the
difference in end-to-end distance between cis and trans isomers.


Fig. 7(a) shows S–S spacing for Cys residues spaced i, i + 15, i, i
+ 14, i, i + 11, and i, i + 7, in an ideal a-helix. The trans distribution
of the cross-linker fits best with the a-helical conformation of AB-
15 (i, i + 15 ) and FZ-14 (i, i + 14) and least well with the JRK-7 (i,
i + 7) peptide. Molecular modeling confirms the compatibility of
the trans form of the cross-linker with a helical structure of FZ-14
and of the cis form of the cross-linker with a helical structure for
JRK-7 (Fig. 8).


Fig. 8 Molecular models of (A) FZ-14 in an a-helical conformation with
the trans form of the cross-linker attached; (B) JRK-7 in an a-helical
conformation with the cis form of the cross-linker attached.


Fig. 9 shows CD spectra of uncross-linked and dark-adapted
cross-linked peptides in aqueous buffer pH 7.0 at room tem-
perature. As expected, cross-linked AB-15 and FZ-14 show the
strongest helicity since the trans form of the linker is compatible
with the helical structure in these peptides. In contrast, cross-linked


Fig. 9 CD spectra of uncross-linked (A) and dark-adapted cross-linked
(B) peptides in aqueous phosphate buffer pH 7.0 at room temperature.
AB-15 (—), FZ-14(– – –), FK-11W (– - - –), JRK-7 (– - –).


JRK-7 is the least helical in the dark, since the trans form of the
linker is not compatible with the helical structure in this peptide.


Based on observed effects with previous cross-linkers, one
would predict that the trans form of the cross-linker (5) would
be compatible with a helical conformation of AB-15 and FZ-14
(Fig. 7) and that isomerization from trans to cis would lead to a
decrease in helical content. Conversely, a trans conformation of
the cross-linker should be incompatible with the standard helix
formation for JRK-7, but isomerization from trans to cis should
make helix formation more likely. For FK-11W the trans and cis
forms of the cross-linker appear to be about equally compatible
with helical structure.


In order to test these predictions, we performed CD studies of
the cross-linked peptides JRK-7, FK-11W, FZ-14 and AB-15 in
pH 7.0 phosphate buffer–methanol (50 : 50), as described in the
Experimental section. Although the co-solvent is likely to affect
the % helix content, the same overall conformational behaviour
is expected as in aqueous solution.35 Under these mixed solvent
conditions, the cross-linked peptides isomerize slowly enough to
monitor using a conventional CD instrument. Photoisomerization
produced ~45% of the cis isomer under these conditions, as
determined from UV–Vis experiments. Fig. 10 shows the effects
of photoisomerization on peptide conformation. As expected,
relaxation from cis to trans after irradiation increases helicity for
the cross-linked AB-15 and FZ-14 peptides, as evidenced by a
stronger negative CD signal at 225 nm. Conversely, relaxation
from cis to trans after irradiation decreases helicity for the JRK-
7 cross-linked peptide, as evidenced by a weaker negative CD
signal. No change in CD signal at 225 nm was observed for cross-
linked FK-11W upon photoisomerization. The half-lives of cis
forms of cross-linked peptides observed in the CD experiments
are comparable to the half-lives estimated from the UV data in
Table 1.


For cross-linked JRK-7, the half-life for thermal relaxation in
the absence of methanol co-solvent is slow enough to permit CD
kinetic measurements; these data are shown in Fig. 11. At low
temperatures, the relaxation is dominated by a single decay process
with a time constant near 5 s seen in both the UV data (Table 1) and
the kinetic CD data (Fig. 11). Although the overall helix content
is decreased in the absence of the co-solvent, the same trend is
observed, i.e. cis-to-trans thermal relaxation leads to a decrease
in helix content as evidenced by a weaker negative CD signal at
225 nm.


Summary


We have designed and synthesized a thiol-reactive azobenzene
cross-linker that undergoes trans-to-cis photoisomerization upon
irradiation at 400–450 nm and relaxes thermally with a half-life
of about 1 s in aqueous solution. The cross-linker can be used
to reversibly control the helical content of attached peptides. Its
effects on helix content can be predicted by comparing the range
of S–S distances in the intrinsic conformational ensemble of the
peptide with the range compatible with the chemical structure of
the linker. The trans form of the cross-linker is compatible with
Cys residues spaced i, i + 15 and i, i + 14 in an a-helix, whereas
the cis form of the cross-linker is compatible with Cys residues
spaced i, i + 7. Photo-switching is maintained for many hours
under reducing conditions similar to those found inside cells.
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Fig. 10 Time-dependent circular dichroism (CD) signals at 225 nm after irradiation of (A) cross-linked AB-15 (~17 mM, 1 cm cell, 6 ◦C (left) 25 ◦C
(right)); (B) cross-linked FZ-14 (~12 mM, 1 cm cell, 6 ◦C (left) 25 ◦C (right)); (C) cross-linked FK-11W (~17 mM, 1 cm cell, 6 ◦C (left) 25 ◦C (right)); (D)
cross-linked JRK-7 (~37 mM, 1 cm cell, 6 ◦C (left) 25 ◦C (right)); solvent conditions: 50% methanol in phosphate buffer, pH 7.0.


Fig. 11 Time-dependent circular dichroism (CD) signals at 225 nm after
irradiation of cross-linked JRK-7 (~58 mM, 1 cm cell, 6 ◦C); in phosphate
buffer, pH 7.0.


Experimental


All chemicals were purchased from Sigma-Aldrich Chemical Co.,
except if specified otherwise. All 1H and 13C NMR spectra were
recorded using a Varian Unity 400 or a Varian Gemini 300
spectrometer. High resolution mass spectra were obtained either
by electron impact (EI) or electrospray (ESI) ionization. Peptide
mass spectra were obtained by MALDI ionization.


Synthesis of the cross-linker


Bis-(2-chloroethyl)-amine hydrochloride (2). 5 g (0.048 mol) of
diethanolamine (1) were dissolved in 20 mL of chloroform and
added dropwise with stirring to a solution of 14.15 g (0.11 mol) of
thionyl chloride in 15 mL of chloroform. When all the amine had
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been added, the volatile species were distilled off and the remaining
material was recrystallized from acetone to give 2 (yield: 90%).


Bis-(4-piperazin-1-yl-phenyl)-diazene (4). A mixture of 2.5 g
(0.012 mol) 4,4¢-azobis-benzeneamine (3) (Alfa Aesar), 4.42 g
(0.025 mol) 2, 3.41 g (0.262 mol) potassium carbonate, 1.05 g
(0.007 mol) sodium iodide and xylene (100 mL) was heated at
140–145 ◦C for 1 h. The cooled reaction mixture was poured into
200 mL water and then extracted with ethyl acetate (5 ¥ 100 mL).
The combined organic extracts were dried (Na2SO4), filtered, and
the solvent was removed under reduced pressure to afford 1.8 g of
a dark oil. Column chromatography on silica using ethyl acetate–
methanol yielded 0.28 g of 4 (yield: 7%). 1H-NMR (400 MHz,
DMSO-d6) d ppm 2.80–2.85 (m, 8H, 4 CH2), 3.15–3.25 (m, 8H, 4
CH2), 6.80 (s, 2H, 2NH), 7.00 (d, 9.4 Hz, 4H, 4CH), 7.70 (d, 9.4 Hz,
4H, 4CH). HRMS-ESI calc’d (MH+)(C20H27N6) 351.2291; obs’d
351.2278.


2-Chloro-1-[4-(4-{4-[4-(2-chloroacetyl)-piperazin-1-yl]phenyl-
azo}-phenyl)-piperazin-1-yl]-ethanone (5). To a solution of
0.028 g (0.8 mmol) of 4 and 0.03 mL (0.28 mmol) of triethylamine
in 4 mL CH2Cl2 was slowly added 0.017 mL (0.21 mmol) of
chloroacetyl chloride. The reaction mixture was stirred overnight
and the solvent was removed under reduced pressure. The residue
was purified by column chromatography on silica (CH2Cl2–
EtOAc) to give 0.16 g of 5 (yield: 33%). 1H-NMR (300 MHz,
DMSO-d6) d ppm 3.30–3.35 (m, 4H), 3.40–3.45 (m, 4H), 3.60–
3.65 (m, 8H), 4.4 (s, 4H), 7.1 (d, 9.1 Hz, 4H), 7.7 (d, 9.1 Hz,
4H). HRMS-ESI calc’d (MH+)(C24H29Cl2N6O2) 503.1723; obs’d
503.1702.


Peptide synthesis


Standard Fmoc-based solid-phase peptide synthesis was used
to prepare the peptides AB-15 (Ac-WGCAEAAAREAAAREA-
ACRQ-NH2), FZ-14 (Ac-WGACEAAAREAAAREAACRQ-
NH2) and FK-11W (Ac-WGEACAREAAAREAACRQ-NH2).
The peptide JRK-7 (Ac-EACARVAibAACEAAARQ-NH2) was
purchased from Jerini Biotools (Berlin, Germany). The peptides
AB-15, FZ-14 and FK-11 were constructed on PAL-resin (capacity
0.60 mmol g-1). Coupling used 4 equivalents HATU, 6 equivalents
DIPEA and 4 equivalents amino acid to give peptides AB-
15 (yield: 52%), FZ-14 (yield: 55%) and FK-11W (yield: 50%).
Peptides were purified by HPLC on a semipreparative SB-C18
column (Zorbax, 9.4 mm ID ¥ 24 cm) using a linear gradient of 5–
70% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the course
of 30 min: AB-15 and FZ-14 eluted at 48% acetonitrile; FK-11W
eluted at 47% acetonitrile; JRK-7 eluted at 50% acetonitrile. The
peptides’ molecular compositions were confirmed by MALDI-MS
[M+]: AB-15 (C86H140N32O29S2) calc’d: 2131.0 Da; obs’d: 2131.8
Da, FZ-14 (C86H140N32O29S2) calc’d: 2131.0 Da, obs’d: 2131.5 Da;
FK-11W (C80H130N30O27S2) calc’d: 1988.9 Da, obs’d: 1988.2 Da;
JRK-7 (C65H114N24O23S2) calc’d: 1644.8 Da, obs’d: 1644.4 Da.


Peptide cross-linking


Intramolecular cross-linking of Cys residues in AB-15 and FZ-14
was performed as follows: 2.1 mg (1.0 mmol) of AB-15 or FZ-14
and 0.29 mg (1.0 mmol) of tris(carboxyethyl)phosphine were
dissolved in 150 mL of 50 mM Tris·Cl buffer (pH 8) and incubated
for 1 h at room temperature to ensure cysteine residues were in their


reduced state. The solution was stirred and 350 mL of a 5.7 mM
solution of the linker in DMSO were added dropwise. Although
DMSO is a mild oxidant, no effect on cross-linking was observed.
The mixture was heated to 40 ◦C and left to stir for 24 h, protected
from light. The modified peptides were purified by HPLC (SB-
C18 column, as described above) using a linear gradient of
5–57% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the
course of 31 min (elution at 50% acetonitrile). The modified
peptide compositions were confirmed by MALDI-MS [M+]:
calc’d for C110H166N38O31S2 (cross-linked FZ-14) = 2563.8 Da;
obs’d = 2564.1 Da; calc’d for C110H166N38O31S2 (cross-linked
AB-15) obs’d = 2562.8 Da.


Intramolecular cross-linking of Cys residues in FK-11W was
performed as follows: 3.0 mg (1.5 mmol) of FK-11W and
0.43 mg (1.5 mmol) of tris(carboxyethyl)phosphine were dissolved
in 300 mL of 15 mM Tris·Cl buffer (pH 8) and incubated for 1 h at
room temperature to ensure cysteine residues were in their reduced
state. The solution was stirred and 700 mL of a 4.2 mM solution of
the linker in DMSO were added dropwise. The mixture was heated
to 40 ◦C and left to stir for 24 h, protected from light. The modified
peptide was purified by HPLC (SB-C18 column, as described
above) using a linear gradient of 5–80% acetonitrile–H2O (+0.1%
trifluoroacetic acid) over the course of 45 min (elution at 49%
acetonitrile). The modified peptide composition was confirmed
by MALDI-MS [M+]: calc’d for C104H156N36O29S2 = 2421.6 Da;
obs’d = 2421.1 Da.


Intramolecular cross-linking of Cys residues in JRK-7 was
performed as follows: 1.0 mg (0.6 mmol) of JRK-7 and 0.17 mg
(0.6 mmol) of tris(carboxyethyl)phosphine were dissolved in
150 mL of 50 mM Tris·Cl buffer (pH 8) and incubated for 1 h at
room temperature to ensure cysteine residues were in their reduced
state. The solution was stirred and 350 mL of a 3.4 mM solution
of the linker in DMSO were added dropwise. The mixture was
heated to 40 ◦C and left to stir for 24 h. The modified peptide was
purified by HPLC (SB-C18 column, as described above) using a
linear gradient of 5–57% acetonitrile–H2O (+0.1% trifluoroacetic
acid) over the course of 31 min (elution at 50% acetonitrile).
The modified peptide composition was confirmed by MALDI-
MS [M+]: calc’d for C89H140N30O25S2 = 2077.3 Da; obs’d =
2075.9 Da.


A glutathione derivative of the linker was prepared as follows:
100 mL of a 13 mM solution of glutathione in 50 mM Tris·Cl
buffer (pH 8) was stirred and 50 mL of an 8.5 mM solution of the
linker in DMSO were added. The mixture was heated to 40 ◦C
and left to stir for 24 h, protected from light. The glutathione
derivative was purified by HPLC (SB-C18 column, as described
above) using a linear gradient of 5–50% acetonitrile–H2O (+0.1%
trifluoroacetic acid) over the course of 27 min (elution at 45%
acetonitrile). The glutathione derivative molecular composition
was confirmed by MALDI-MS [M+]: calc’d for C44H60N12O14S2 =
1045.1 Da; obs’d = 1044.3 Da.


UV–Vis spectra and photoisomerization


Ultraviolet absorbance spectra were obtained using either a
Perkin-Elmer Lambda 2 spectrophotometer or using a diode
array UV–Vis spectrophotometer (Ocean Optics Inc., USB4000)
coupled to a temperature controlled cuvette holder (Quantum
Northwest, Inc.). Measurements of thermal relaxation rates and
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photokinetic experiments used the latter arrangement. Irradiation
of the sample (at 90◦ to the light source and detector used for
the absorbance measurements) was carried out using a xenon
lamp (450 W, Osram 450XBO/2 OFR) coupled to a double
monochromator. Rates of thermal cis-to-trans isomerization were
measured for a series of temperatures by monitoring absorbance
at 450 nm after irradiation to convert a percentage of the solution
to the cis isomer. The light used for the absorbance measurement
was of sufficiently low intensity to cause negligible isomerization.
Solution conditions are described in the figure legends.


A molar extinction coefficient for the cross-linker of
16 800 M-1 cm-1 at 450 nm in pH 7.0 phosphate buffer was
determined by comparing absorbance at 450 nm vs. 280 nm for
the cross-linked peptide FK-11W. An extinction coefficient of
5625 M-1 cm-1 at 280 nm from the Trp residue at the N-terminus
of the cross-linked FK-11W was used. The UV–Vis spectrum of
cross-linked GSH (which does not have a Trp residue) was used
to correct for contributions of the cross-linker to the measured
absorbance at 280 nm.


Circular dichroism measurements


Circular dichroism (CD) measurements were performed on a Jasco
Model J-710 spectropolarimeter. Tris(carboxyethyl)phosphine
(1 mM) was present in the uncross-linked peptide samples to
ensure that cysteine residues were in their reduced form. Peptide
concentrations were determined using a molar extinction coeffi-
cient for the cross-linker of 16 800 M-1 cm-1 at 450 nm in pH 7.0
phosphate buffer. For fast CD measurements, the instrument was
set to time-drive mode. Samples were dissolved in 10 mM pH 7.0
sodium phosphate buffer and/or 50% methanol in 10 mM pH 7.0
sodium phosphate buffer. Temperatures were measured using a
microprobe directly in the sample cell. The nitrogen flow rate
was increased to minimize condensation on the cuvette when the
temperature of the sample was 6 ◦C. Samples in cuvettes were
irradiated for 1 minute with a metal halide lamp (150 W, Osram
HQI-SE150/NDX (unfiltered), then measured immediately.


Photokinetic analysis


Photokinetic analyses were performed essentially as described
previously.30 A solution of cross-linked AB-15 (~15 mM) was
prepared in 50% methanol–50% phosphate buffer pH 7.0. Ab-
sorption spectra were recorded with the diode array UV–Vis
spectrophotometer described above, using slits of 16 nm and
16 nm. Two wavelengths of irradiation (l1 = 390 nm and l2 =
405 nm), both within the p–p* band of the chromophore, were
chosen for two sets of photokinetic measurements. In the first
set, the cross-linked peptide solution was irradiated with 390 nm
light and the absorbance at 390 nm and 450 nm were recorded.
In the second set, the cross-linked peptide solution was irradiated
with 405 nm light and the absorbance at 405 nm and 450 nm
were recorded. A total irradiation time of 80–130 s was used with
a 1 s sampling period. The intensity of the light was determined
directly in the working cell using an aqueous solution of potassium
ferrioxalate.36 The working cell was a quartz cuvette of 1 cm path
length with a stir bar containing 1 mL of the cross-linked peptide
solution. Data was analyzed as described previously.30


Molecular modeling


Models of cis and trans cross-linkers were built using HyperChem
(v.8, Hypercube Inc.), with the linker terminated with methyl
groups representing the b carbon of Cys in the cross-linked peptide,
and minimized using the Amber99 forcefield. Restraints were
added to the azo bond for the cis conformation (force constant
16). Molecular dynamics runs were performed in vacuo essentially
as described previously19 with a distant dependent dielectric, and
1–4 scale factors of 0.833 for electrostatic and 0.5 for van der
Waals interactions, a step size of 1 fs and 300 K as the simulation
temperature. Trajectories were analyzed to verify that numerous
torsion angle changes occurred for all single bonds during the
course of the simulation to ensure that conformational space was
adequately sampled. All points histograms were then produced for
the S–S distance during the full set of simulations for each isomer.


Additional conformational searches were performed using the
conformational search algorithm of HyperChem (v.8, Hypercube
Inc.) and the AM1 method. The ranges for acyclic torsions and
ring torsion flexing were ±60 to 180◦ and ±30 to 120◦, respectively.
A usage directed search algorithm was employed, with structures
with non-H atom positions that varied by less than 0.25 Å RMS or
with torsion angle changes less than 5◦ considered as duplicates.
Structures less than 6 kcal mol-1 in energy above the lowest found
were retained.
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C-Ribosyl 1,2,4-triazolo[1,2,4]triazines which are able to undergo covalent hydration are of interest as
potential inhibitors of AMP deaminase. In a search for compounds with improved bioavailability we
have synthesized compounds in which the sugar has been replaced by carboxyarylalkyl based ribose
phosphate mimics. The target carboxyarylalkyl imidazotriazines 11 and 12 were synthesized using a
linear seven step sequence starting from simple benzoate derivatives. Alternatively, the hydroxyethyl
imidazotriazine 39 is available in five steps and this synthon was used to prepare the imidazotriazines 34
and 48 in a short convergent manner.


Introduction


The enzyme AMP deaminase (AMPDA, EC 3.5.4.6) is a potential
target for novel herbicides1,2 and antiischemic drugs.3 For example,
the herbicidally active natural product carbocyclic coformycin (1)4


has been shown to undergo in planta 5¢-phosphorylation to give
the nucleotide 2, which is a potent inhibitor of AMPDA (IC50 =
20 nM).1 Modified C-nucleosides are also of interest as potential
AMPDA inhibitors, as exemplified by the ribosides 32,5 and 4.6


In order to inhibit AMPDA, these compounds must undergo 5¢-
phosphorylation and a covalent hydration of the aglycone ring to
give the nucleotide derivatives 5 and 6.7 Kasibhatla and co-workers
have described simplified inhibitors, as exemplified by structures
7–9 (Ki = 0.5–32 mM),8 in which the entire sugar phosphate moiety
of inhibitor 2 has been replaced by a benzoic acid attached to the
aglycone by a 2- or 3-atom tether. Of special note is the inhibitor 10
(Ki = 15 nM),3,8 containing a more lipophilic tetrahydronaphthoic
acid side chain as the ribose phosphate mimic, which has a similar
AMPDA inhibition potency to the nucleotide 2. Inhibitors 7–
10 are important because, compared to polar nucleotide based
inhibitors such as compound 2, they are expected to show
improved bioavailability and hence, biological activity.3 However,
the diazepinol aglycone present in these structures is comparatively
difficult to synthesize and rather unstable.9 Therefore, it is of
interest to try and replace the diazepinol with a more stable and
easily accessible aglycone, such as the imidazotriazine present in
structure 4.6 In addition, because esters have often been shown to
be effective prodrugs with enhanced delivery properties,10 we were
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interested in replacing the polar acids and salts in structures 7–10
with more lipophilic methyl esters.
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This paper describes new synthetic routes leading to the
potential AMPDA hybrid-inhibitors 11–14, in which an imi-
dazotriazine aglycone is attached to a carboxyarylalkyl ribose
phosphate mimic. Disconnection of the C3-N4 bond in 11–
14, with introduction of a second methylsulfanyl group, leads
to the imines 15 which should be obtainable by condensation
of the known aminotriazine 166,11 and the bromoaldehydes 17
(Scheme 1).


Scheme 1


Results and discussion


The first two target molecules 11 and 12 were synthesized following
a common route as detailed in Schemes 2 and 3. The syntheses
began with a Sonogashira12 coupling reaction of 3-butynol and 4-
pentynol with methyl 3-iodobenzoate and methyl 2-iodobenzoate


Scheme 2 Reagents, conditions and yields: (i) 5% Pd/C, H2, EtOAc (65%);
(ii) (COCl)2, DMSO, Et3N, CH2Cl2 to give 20 (80%); (iii) Amberlyst A-26
(Br3


- form), CHCl3 to give 21 (62%); (iv) 16, CHCl3, 4 Å mol. sieve, reflux
(58%); (v) N2H4, MeOH (72%); (vi) HgO, CHCl3 (33%).


Scheme 3 Reagents, conditions and yields: (i) 5% Pd/C, H2, EtOAc (91%);
(ii) (COCl)2, DMSO, Et3N, CH2Cl2 to give 26 (79%); (iii) Amberlyst A-26
(Br3


- form), CHCl3 to give 27; (iv) 16, CHCl3, 4 Å mol. sieve, reflux (50%
over two steps); (v) N2H4, MeOH (54%); (vi) HgO, CHCl3 (37%).


to give the alkynols 18 and 24, respectively. Hydrogenation over
palladium on charcoal yielded the homologous alcohols 19 and
25 which were oxidized to the corresponding aldehydes 20 and 26
using Swern13 conditions. Bromination to give the bromoaldehydes
21 and 27 was achieved using polymer supported tribromide
according to the method described by Bongini et al.14 Subsequent
condensation of 6-aminotriazine 166 with the bromoaldehydes 21
and 27 in refluxing chloroform yielded the bis-sulfides 22 and 28.
Finally, the 8-methylmercapto group was removed in a two step
sequence involving initial displacement with hydrazine hydrate to
give the hydrazines 23 and 29, followed by oxidation with yellow
mercuric oxide to yield the target imidazotriazines 11 and 12.


We next turned our attention to the synthesis of imidazotri-
azine 13 in which the benzoate is attached to the rest of the
molecule via an ether linkage. In this case the key intermediate
30 was synthesized via a Mitsunobu15 coupling reaction of 4-
benzyloxy-1-butanol and methyl 3-hydroxybenzoate (Scheme 4).
Hydrogenolysis to remove the benzyl protecting group, followed
by oxidation and bromination as previously described, yielded
the bromoaldehyde 33. This reactive intermediate was allowed to
react without purification with the 6-aminotriazine 166 to give the
imidazotriazine 34. Although the synthetic routes to compounds
11, 12 and 34 are straightforward and work well, a more convergent
route would enable new analogues to be more efficiently prepared.
Therefore, it was decided to refocus our synthetic efforts in this
direction and the alcohol 39 was identified as an interesting
intermediate from which a variety of target molecules, including
13 and 14, should be accessible.


The synthesis of the imidazotriazine 39 was achieved in
five steps and 23% overall yield, starting from 1,4-butanediol
which was monoprotected to give the t-butyldiphenylsilyl (TB-
DPS) ether derivative 35 according to the method described by
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Scheme 4 Reagents, conditions and yields: (i) 5% Pd/C, H2, EtOAc (98%);
(ii) (COCl)2, DMSO, Et3N, CH2Cl2 to give 32 (62%); (iii) Amberlyst A-26
(Br3


- form), CHCl3 to give 33; (iv) 16, CHCl3, 4 Å mol. sieve, reflux (42%
over two steps).


Brimble and co-workers.16 Sequential oxidation, bromination and
condensation with the 6-aminotriazine 166 yielded the TBDPS
protected imidazotriazine 38 (Scheme 5). The structure of this
key intermediate was confirmed by single-crystal X-ray diffraction
(Fig. 1).17 Removal of the silyl ether using tetrabutylammonium
fluoride (TBAF) yielded the deprotected alcohol 39 ready for
further derivatisation.


Scheme 5 Reagents, conditions and yields: (i) (COCl)2, DMSO, Et3N,
CH2Cl2 to give 36 (85%); (ii) Amberlyst A-26 (Br3


- form), CHCl3 to give
37 (90%); (iii) 16, CHCl3, 4 Å mol. sieve, reflux (62%); (iv) n-Bu4N+F-,
THF (72%). TBDPS = t-butyldiphenylsilyl.


Before continuing with inhibitor synthesis it was decided to
first investigate the removal of the methylsulfanyl groups in the


Fig. 1 X-Ray crystal structure of imidazotriazine 38.


precursor 38. The 8-methylmercapto group was removed as
before in a two step sequence involving initial displacement with
hydrazine hydrate to give the hydrazine 40, followed by oxidation
with yellow mercuric oxide to yield the target imidazotriazine 41
(Scheme 6). It was also possible to remove the 6-methylsulfanyl
using a two step oxidation-reduction procedure.6 In our previous
studies, a selective oxidation of the 6-methylsulfanyl group in re-
lated systems had been achieved using either m-chloroperbenzoic
acid (MCPBA) or acidic potassium permanganate.6 In the case of
the imidazotriazine 38, only a modest conversion to the sulfone 42
was achieved using MCPBA and no product at all was obtained
using permanganate, possibly due to the acid lability of the silicon
protecting group. However, good results were obtained using
ruthenium tetroxide which gave a near quantitative yield of the
desired sulfone 42. Treatment of the sulfone with sodium boro-
hydride removed the 6-substituent to yield the 6-unsubstituted
imidazotriazine 43 (Scheme 6). In addition to the bis-sulfide 38,
the monosulfides 41 and 43 are also potential precursors for use
in more convergent inhibitor synthesis strategies.


Scheme 6 Reagents, conditions and yields: (i) N2H4, EtOH; (ii) HgO,
EtOH (51% over two steps); (iii) RuCl3, NaIO4, H2O, CH3CN, EtOAc
(96%); (iv) NaBH4, MeOH, CHCl3 (67%). TBDPS = t-butyldiphenylsilyl.
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Having confirmed the feasibility of accessing 8- and 6-
unsubstituted imidazotriazines, we turned our attention back to
the synthesis of new inhibitors starting from the key synthon 39.
Our first target was a resynthesis of compound 34, which was
efficiently achieved in a single step using a Mitsunobu15 coupling
between the alcohol 39 and methyl 3-hydroxybenzoate (Scheme 7).
In order to attach the tetrahydronaphthoate side chain required
for target inhibitor 14 we envisaged using a cross-metathesis
reaction.18 To this end, the alcohol 39 was first converted to the
mesylate derivative 44 and then treated with DBU to give the
olefin 45 (Scheme 7). The cross-metathesis partner, styrene 47, was
obtained in a single step from the previously described bromide 463


upon treatment with DBU. Although cross metathesis reactions on
sulfur-containing compounds are known,19 the presence of sulfur
in a substrate can be problematic due to catalyst sequestration.
Therefore, it was especially pleasing that the cross metathesis
reaction between the olefins 45 and 47 proceeded smoothly in
the presence of the Hoveyda-Grubbs second generation catalyst20


to give the desired product 48, albeit in a modest 38% yield.
In the next step, however, in which we tried to hydrogenate the
alkene, none of the conditions we tried (eg. H2, Pd/C or Pt/C;
TFA/Et3SiH) showed any trace of the desired hydrogenation
product, possibly due to interference by the methylsulfanyl groups.


Biological testing results showed that compounds 11 and 12
did not exhibit any significant herbicidal activity. This may be
because inhibitors bearing simple benzoic acid side chains are
insufficiently potent to achieve an in vivo effect8 and for this reason
the desulfurisation of the sulfide 34 to give the target compound 13
has not been pursued. However, significantly better inhibition is
expected for compounds bearing the tetrahydronaphthoate side
chain3,8 and we hope that the methodology developed for the
synthesis of imidazotriazines 11, 12 and 41 can be applied to the
synthesis of target inhibitor 14 in the future.


In summary, the synthesis of the first examples of potential
AMPDA inhibitors combining an imidazotriazine ring with a
carboxyalkylaryl ribose mimic, compounds 11 and 12, have been
successfully synthesized. In addition, the imidazotriazinyl alcohol
39 has been prepared and shown to be an interesting synthon
which can be used in more convergent synthetic strategies towards
other new inhibitors.


Experimental


Commercially available reagents were used without further pu-
rification and solvents were dried using standard procedures as
required. Analytical thin layer chromatography was carried out
using aluminium-backed plates coated with Merck Kieselgel 60
GF254. Plates were visualized under UV light (254, 360 nm)
or stained with KMnO4 solution. Flash chromatography was
carried out using Merck Kieselgel 60 H silica or Matrix silica
60. IR spectra were recorded using a Nicolet Magna FT-550
spectrometer. 1H and 13C NMR spectra were recorded using
Bruker 300, 400 or 500 MHz instruments (1H frequencies; the
corresponding 13C frequencies were 75, 100 or 125 MHz) and
J values are quoted in Hz. In the 13C NMR spectra, signals
corresponding to CH, CH2, or CH3 groups are assigned from
DEPT. Mass spectra were recorded on a Micromass GCT time of
flight high resolution mass spectrometer, on a Finnigan MAT 95
SQ spectrometer or on a Bruker-Daltonics esquire 2000 under
electron impact (EI), chemical ionisation (CI) or electrospray
(ES) conditions. Elemental analysis was carried out on a Perkin
Elmer 2400 CHN analyser. Melting points were determined on a
Reichert-Köfler hot stage apparatus and are uncorrected.


Experimental details for compounds 18–21, 24–26, 30–32, and
35–37 are given in the Electronic supplementary information
(ESI).


Scheme 7 Reagents, conditions and yields: (i) methyl 3-hydroxybenzoate, (NCO2i-Pr)2, PPh3, THF (54%); (ii) MeSO2Cl, Et3N, CH2Cl2; (iii) DBU, THF
(58% over two steps); (iv) 47, Hoveyda-Grubbs second generation catalyst, PhCH3, 80 ◦C (38%); (v) DBU, THF (53%).
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6,8-Bis(methylsulfanyl)-3-[2-(3-methoxycarbonylphenyl)ethyl]-
imidazo[2,1-f ][1,2,4]triazine 22


A solution of 6-amino-3,5-di(methylsulfanyl)[1,2,4]triazine 16
(0.30 g, 1,60 mmol) and 3-(3-bromo-4-oxobutyl)benzoic acid
methyl ester 21 (0.45 g, 1.58 mmol) in CHCl3 containing activated
4 Å molecular sieves (0.9 g) was heated at reflux for 48 h. The
molecular sieves were filtered off over a short pad of Celite, and the
reaction mixture washed with water and brine, dried over MgSO4


and evaporated in vacuo. Purification by column chromatography
(30–50% ethyl acetate in heptane) yielded the title compound 22 as
a colourless solid (0.34 g, 0.91 mmol, 58%); mp 122–124 ◦C (ethyl
acetate); (Found: C, 54.5; H, 4.9; N, 15.0. C17H18N4O2S2 requires C,
54.5; H, 4.9; N, 14.8%); (Found: MH+, 375.0955. C17H19N4O2S2


requires 375.0949); nmax (CHCl3)/cm-1 3689, 3600, 3054, 2956,
2932, 1720, 1575, 1508, 1441, 1356, 1280, 1204, 1150, 1107; dH


(300 MHz; CDCl3) 7.84 (1 H, s), 7.82 (1 H, m), 7.29 (3 H, m), 3.85
(3 H, s), 3.19 (2 H, t, J = 7.5), 3.04 (2 H, t, J = 7.5), 2.60 (3 H, s),
2.54 (3 H, s); dC (75 MHz; CDCl3) 167.44 (C), 163.36 (C), 161.38
(C), 141.33 (C), 133.40 (CH), 133.02 (C), 131.46 (CH), 130.79 (C),
129.87 (CH), 129.52 (C), 128.99 (CH), 128.07 (CH), 52.56 (CH3),
33.73 (CH2), 25.49 (CH2), 14.63 (CH3), 12.17 (CH3); m/z (CI) 375
(MH+, 100%), 329 (10), 225 (12), 127 (17), 101 (15), 75 (11).


8-Hydrazino-6-methylsulfanyl-3-[2-(3-methoxycarbonylphenyl)-
ethyl]imidazo[2,1-f ][1,2,4]-triazine 23


Hydrazine monohydrate (0.18 mL, 3.7 mmol) was added
to a solution of the 6,8-bis(methylsulfanyl)-3-[2-(3-methoxy-
carbonylphenyl)ethyl]imidazo[2,1-f ][1,2,4]triazine 22 (138 mg,
0.37 mmol) in MeOH (3 mL) and the reaction was stirred at
ambient temperature for 20 h. After this time the precipitated
product was removed by filtration and recrystallized from CHCl3


to give the title compound 23 as a colourless solid (95 mg,
0.27 mmol, 72%); mp 172–174 ◦C (CHCl3); (Found: MH+,
359.1283. C16H19N6O2S requires 359.1290); nmax (CHCl3)/cm-1


3427, 3335, 3060, 2972, 2954, 2932, 1719, 1630, 1600, 1556, 1523,
1443, 1406, 1341, 1289, 1264, 1178, 1109, 1084; dH (300 MHz;
CDCl3) 8.53 (1 H, s), 7.85–7.81 (2 H, m), 7.29 (2 H, m), 7.17
(1 H, s), 4.14 (2 H, s), 3.85 (3 H, s), 3.15 (2 H, m), 3.04 (2 H, m),
2.53 (3 H, s); dC (75 MHz; CDCl3) 167.52 (C), 162.47 (C), 152.01
(C), 141.60 (C), 133.44 (CH), 130.78 (C), 129.93 (CH), 129.69 (C),
129.21 (CH), 128.96 (CH), 128.47 (C), 128.01 (CH), 52.57 (CH3),
33.98 (CH2), 30.13 (CH2), 14.50 (CH3); m/z (CI) 359 (MH+, 13%),
358 (M+, 7), 205 (17), 204 (100).


6-Methylsulfanyl-3-[2-(3-methoxycarbonylphenyl)-
ethyl]imidazo[2,1-f ][1,2,4]triazine 11


Yellow mercuric oxide (4 eq.) was added to a solution of the
8-hydrazino-6-methylsulfanyl-3-[2-(3-methoxycarbonylphenyl)-
ethyl]imidazo[2,1-f ][1,2,4]triazine 23 (79 mg, 0.22 mmol) in CHCl3


(1 mL) at ambient temperature. The mixture was stirred at ambient
temperature for 18 h and then filtered through a short pad
of Celite to remove residual mercury. Purification by column
chromatography (50% ethyl acetate in heptane) yielded the title
compound 11 as a pale yellow oil (24 mg, 0.073 mmol, 33%);
(Found: M+, 328.0999. C16H16N4O2S requires 328.0994); nmax


(CHCl3)/cm-1 2973, 2955, 2929, 2856, 1720, 1592, 1522, 1468,
1436, 1422, 1344, 1309, 1290, 1269, 1114, 1086, 1070; dH (300 MHz;


CDCl3) 8.87 (1 H, s), 7.84–7.81 (2 H, m), 7.50 (1 H, s), 7.29–7.27
(2 H, m), 3.85 (3 H, s), 3.26 (2 H, m), 3.07 (2 H, m), 2.55 (3 H, s);
dC (75 MHz; CDCl3) 167.11 (C), 163.13 (C), 148.95 (CH), 140.81
(C), 134.22 (CH), 134.22 (C), 133.05 (CH), 130.57 (C), 129.64 (C),
129.54 (CH), 128.76 (CH), 127.88 (CH), 52.30 (CH3), 33.14 (CH2),
25.04 (CH2), 14.38 (CH3); m/z (EI) 328 (M+, 72%), 297 (5), 180
(10), 179 (100).


6,8-Bis(methylsulfanyl)-3-[3-(2-methoxycarbonylphenyl)-
propyl]imidazo[2,1-f ][1,2,4]triazine 28


3-(5-Oxopentyl)benzoic acid methyl ester 26 (600 mg, 2.73 mmol)
was converted to 3-(3-bromo-5-oxopentyl)benzoic acid methyl
ester 27 as described above for compound 21. The crude bromide
27 was then converted, as described above for compound 22, to the
title compound 28 which was isolated after purification as a colour-
less solid (536 mg, 1.38 mmol, 50%); mp 99–102 ◦C (MeOH);
(Found: M+, 388.1008. C18H20N4O2S2 requires 388.1028); nmax


(CH2Cl2)/cm-1 3408, 3145, 3064, 3049, 2987, 2955, 2938, 2866,
1749, 1716, 1602, 1575, 1510, 1488, 1432, 1363, 1320, 1212, 1186,
1149, 1136, 1089, 1026; dH (300 MHz; CDCl3) 7.82 (1 H, m), 7.38
(1 H, m), 7.21–7.15 (3 H, m), 3.87 (3 H, s), 3.02–2.90 (4 H, m)
2.59 (3 H, s), 2.50 (3 H, s), 2.00 (2 H, quint, J = 7.4); dC (75 MHz;
CDCl3) 168.25 (C), 163.16 (C), 161.14 (C), 144.01 (C), 132.45
(CH), 131.41 (CH), 131.36 (CH), 131.26 (CH), 130.65 (C), 129.70
(C), 126.52 (CH), 115.40 (C), 52.35 (CH3), 34.48 (CH2), 29.46
(CH2), 23.61 (CH2), 14.58 (CH3), 12.15 (CH3); m/z (EI) 388 (M+,
100%), 193 (50), 180 (29), 133 (10), 69 (15).


8-Hydrazino-6-methylsulfanyl-3-[3-(2-methoxycarbonylphenyl)-
propyl]imidazo[2,1-f ][1,2,4]-triazine 29


The reaction and purification were performed as described above
for compound 23. Starting from 6,8-bis(methylsulfanyl)-3-[3-
(2-methoxycarbonylphenyl)propyl]imidazo[2,1-f ][1,2,4]triazine
28 (122 mg, 0.31 mmol), the title product 29 was isolated as a
colourless solid (65 mg, 0.17 mmol, 54%); mp 82–85 ◦C (CH2Cl2);
(Found: MH+, 373.1429. C17H21N6O2S requires 373.1447); nmax


(CHCl3)/cm-1 3691, 3426, 3364, 2953, 2931, 1718, 1601, 1558,
1525, 1471, 1436, 1406, 1378, 1332, 1316, 1293, 1267, 1191, 1135,
1110, 1084; dH (300 MHz; CDCl3) 9.04 (1 H, s), 7.89 (1 H, d, J =
5.7), 7.45–7.38 (2 H, m), 7.28–7.23 (2 H, m), 4.22 (2 H, s) 3.86
(3 H, s), 3.07 (2 H, m), 2.97 (2 H, m), 2.58 (3 H, s), 2.08 (2 H, m);
dC (75 MHz; CDCl3) 167.61 (C), 162.31 (C), 151.92 (C), 142.35
(C), 133.52 (CH), 130.61 (C), 130.26 (CH), 129.95 (C), 129.11 (C),
128.84 (CH), 127.67 (CH), 126.34 (CH), 52.54 (CH3), 35.54 (CH2),
29.40 (CH2), 23.16 (CH2), 14.43 (CH3); m/z (CI) 373 (MH+, 43%),
356 (100), 342 (6), 326 (4).


6-Methylsulfanyl-3-[3-(2-methoxycarbonylphenyl)propyl]-
imidazo[2,1-f ][1,2,4]triazine 12


The reaction and purification were performed as described above
for compound 11. Starting from 8-hydrazino-6-methylsulfanyl-
3-[3-(2-methoxycarbonylphenyl)propyl]imidazo[2,1-f ][1,2,4]tria-
zine 29 (35 mg, 0.094 mmol), the title compound 12 was isolated
as a colourless solid (12 mg, 0.035 mmol, 37%); mp 126–129 ◦C
(CHCl3); (Found: M+, 342.1146. C17H18N4O2S requires 342.1150);
nmax (CHCl3)/cm-1 3442, 2954, 2929, 2856, 1718, 1592, 1520, 1488,
1436, 1423, 1346, 1291, 1205, 1187, 1164, 1135, 1112, 1087; dH
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(300 MHz; CDCl3) 8.93 (1 H, s), 7.90 (1 H, dd, J = 1.3, 8.2), 7.69
(1 H, s), 7.43 (1 H, dt, J = 1.3, 8.2), 7.29–7.23 (2 H, m), 3.86 (3 H,
s) 3.11–3.04 (4 H, m), 2.58 (3 H, s), 2.13 (2 H, quint, J = 7.5); dC


(75 MHz; CDCl3) 168.50 (C), 162.67 (C), 149.03 (CH), 143.93 (C),
139.23 (C), 138.93 (C), 134.51 (CH), 132.51 (CH), 131.41 (CH),
131.33 (CH), 129.62 (C), 126.61 (CH), 52.35 (CH3), 34.50 (CH2),
29.16 (CH2), 23.49 (CH2), 14.62 (CH3); m/z (EI) 342 (M+, 27%),
295 (16), 283 (100), 179 (10), 76 (34).


6-Bis(methylsulfanyl)-3-[2-(3-methoxycarbonylphenoxy)ethyl]-
imidazo[2,1-f ][1,2,4]triazine 34


Method A. 3-(4-Oxobutoxy) benzoic acid methyl ester 32
(132 mg, 0.59 mmol) was converted to methyl 3-(3-bromo-
4-oxobutoxy)benzoate 33 (Found: M+, 300.0003. C12H13


79BrO4


requires 299.9997) as described above for compound 21. The
crude bromide 33 was then converted, as described above for
compound 22, to the title compound 34 which was isolated after
purification as a colourless solid (96 mg, 0.25 mmol, 42%); mp 93–
96 ◦C (MeOH); (Found: MH+, 391.0895. C17H19N4O3S2 requires
391.0893); nmax (CHCl3)/cm-1 2954, 2848, 2257, 1721, 1588, 1489,
1448, 1290, 1233, 1192, 1104, 1081, 1053; dH (300 MHz; CDCl3)
7.60 (1 H, d, J = 8.2), 7.51 (1 H, m), 7.30 (2 H, m), 7.06 (1 H, m),
4.36 (2 H, t, J = 6.3), 3.90 (3 H, s), 3.44 (2 H, t, J = 6.3), 2.66 (3 H,
s), 2.58 (3 H, s); dC (75 MHz; CDCl3) 202.08 (CH), 167.29 (C),
165.77 (C), 162.85 (C), 161.14 (C), 159.03 (C), 157.26 (C), 131.82
(C), 129.84 (CH), 122.52 (CH), 120.20 (CH), 114.99 (CH), 67.26
(CH2), 52.59 (CH3), 40.96 (CH2), 14.52 (CH3), 12.33 (CH3); m/z
(CI) 391 (MH+, 7%), 390 (M+, 42), 374 (20), 240 (16), 239 (47),
238 (15), 226 (13), 225 (100), 192 (11), 120 (37), 106 (16), 91 (22),
86 (33), 84 (48), 49 (47), 47 (28).


Method B. The Mitsunobu reaction and purification were
performed as described for compound 30. Starting from 3-(2-
hydroxyethyl)-6,8-bis(methylsulfanyl)imidazo[2,1-f ][1,2,4]tri-
azine 39 (24 mg, 0.094 mmol), the the title compound 34 was
obtained as a colourless solid (20 mg, 0.051 mmol, 54%); physical
data identical to those given above.


3-[2-(tert-Butyldiphenylsilyloxy)ethyl]-6,8-
bis(methylsulfanyl)imidazo[2,1-f ][1,2,4]triazine 38


The reaction and purification were performed as described above
for compound 22. Starting from 4-tert Butyldiphenylsilyloxy-2-
bromobutanal 37, the title compound 38 (3.55 g, 8.76 mmol) was
obtained as a colourless solid (2.69 g, 5.44 mmol, 62%); (Found:
C, 61.0; H, 6.2; N, 11.3. C25H30ON4SiS2 requires C, 60.7; H,
6.1; N, 11.3%); (Found: MH+, 495.1703. C25H31ON4SiS2 requires
495.1703); nmax (liquid film)/cm-1 3072, 3049, 2960, 2932, 2859,
1963, 1830, 1576, 1513, 1472, 1439, 1356, 1317, 1150, 1112; dH


(300 MHz; CDCl3) 7.53–7.49 (5 H, m), 7.40–7.28 (6 H, m), 4.01
(2 H, t, J = 6.0), 3.15 (2 H, t, J = 6.0) 2.67 (3 H, s), 2.43 (3 H, s),
1.00 (9 H, s); dC (75 MHz; CDCl3) 163.08 (C), 161.61 (C), 135.82
(CH), 133.67 (C), 132.87 (C), 132.69 (CH), 130.01 (CH), 127.94
(CH), 127.80 (C), 61.15 (CH2), 27.34 (CH2), 27.23 (CH3), 19.49
(C), 14.49 (CH3), 12.14 (CH3); m/z (CI) 495 (MH+, 100%), 449
(11), 437 (8), 274 (20), 196 (16), 114 (13), 112 (22), 111 (30), 98
(33), 83 (36), 72 (55).


3-(2-Hydroxyethyl)-6,8-bis(methylsulfanyl)imidazo[2,1-
f ][1,2,4]triazine 39


A solution of tetra-n-butylammonium fluoride (TBAF) in THF
(1 M; 0.4 mL, 0.4 mmol) was added to a solution of the
methylsulfanyl imidazotriazine 38 (99 mg, 0.2 mmol) in THF
(6 mL) at ambient temperature. The mixture was heated at reflux
for 20 min and then concentrated under reduced pressure. The
crude product was purified by column chromatography (30–50%
ethyl acetate in heptane) to yield the title compound 39 as a
pale yellow oil (37 mg, 0.14 mmol, 72%); (Found: M+, 256.0449.
C9H12N4OS2 requires 256.0453); nmax (CHCl3)/cm-1 3623, 3392,
3019, 3006, 2961, 2932, 2857, 1717, 1575, 1511, 1441, 1357, 1317,
1259, 1152, 1113, 1044; dH (300 MHz; CDCl3) 7.49 (1 H, s), 4.01
(2 H, t, J 6.1), 3.23 (2 H, t, J 6.1), 2.67 (3 H, s), 2.60 (3 H, s); dC


(75 MHz; CDCl3) 163.29 (C), 161.57 (C), 132.28 (C), 132.28 (CH),
128.07 (C), 60.66 (CH2), 21.48 (CH2), 14.60 (CH3), 12.24 (CH3);
m/z (EI) 256 (M+, 100%), 225 (47), 209 (10), 179 (53), 69 (20).


3-[2-(tert-Butyldiphenylsilanyloxy)ethyl]-8-hydrazino-6-
methylsulfanylimidazo[2,1-f ][1,2,4]-triazine 40


The reaction and purification were performed as described
above for compound 23. Starting from 3-[2-(tert-butyldiphenyl-
silyloxy)ethyl]-6,8-bis(methylsulfanyl)imidazo-[2,1-f ][1,2,4]tria-
zine 38 (2.65 g, 5.4 mmol), the title product 40 was isolated as a
colourless solid (1.0 g, 2.1 mmol, 39%); mp 59–62 ◦C (CHCl3);
(Found: M+, 478.1968. C24H30N6OSiS requires 478.1971); nmax


(CHCl3)/cm-1 3668, 3364, 3070, 2995, 2961, 2932, 2860, 1959,
1900, 1827, 1601, 1560, 1527, 1473, 1440, 1381, 1333, 1189, 1110,
1029; dH (300 MHz, CDCl3) 9.58 (1 H, s), 7.56 (4 H, m), 7.49 (1 H,
s), 7.43–7.26 (6 H, m) 4.22 (2 H, s), 4.01 (2 H, t, J = 7.4), 3.47 (2 H,
t, J = 7.4), 2.43 (3 H, s), 1.01 (9 H, s); dC (75 MHz, CDCl3) 162.61
(C), 156.84 (C), 151.18 (C), 135.27 (CH), 133.20 (C), 129.93 (CH),
129.51 (CH), 127.76 (C), 127.43 (CH), 60.94 (CH2), 26.79 (CH2),
26.65 (CH3), 18.73 (C), 14.06 (CH3); m/z (CI) 478 (M+, 100%),
447 (36), 421 (27), 344 (31), 324 (40), 297 (76), 223 (21), 208 (12).


3-[2-(tert-Butyldiphenylsilanyloxy)ethyl]-6-
methylsulfanylimidazo[2,1-f ][1,2,4]triazine 41


Hydrazine hydrate (25 mL, 0.52 mmol) was added under argon
to a stirring solution of 3-[2-(tert-butyldiphenylsilyloxy)ethyl]-
6,8-bis(methylsulfanyl)imidazo-[2,1-f ][1,2,4]triazine 38 (26 mg,
0.052 mmol) in absolute ethanol (2 ml) and the solution was heated
at reflux for 1 h to give the hydrazine 40 as judged by t.l.c. The
reaction mixture was cooled to rt and yellow mercury(II) oxide
(113 mg, 0.52 mmol) was added, causing the reaction mixture to
turn black. The mixture was heated at 80 ◦C for 1 h and then
a second portion of mercury(II) oxide (56 mg, 0.26 mmol) was
added. After heating at 80 ◦C for a further 1 h, a third portion
of mercury(II) oxide (56 mg, 0.26 mmol) was added. The reaction
mixture was heated for 1 h, cooled to rt and filtered through a
column of Celite. Concentration under reduced pressure gave the
title compound 41 as a pale yellow solid (12 mg, 0.027 mmol,
51%); (Found: MH+, 449.1845. C24H29N4OSiS requires 449.1831);
dH (300 MHz; CDCl3) 8.87 (1 H, s), 7.73 (1 H, s), 7.51 (4 H, m),
7.41–7.29 (6 H, m), 4.03 (2 H, t, J = 5), 3.21 (2H, t, J = 5), 2.43
(3 H, s), 0.99 (9 H, s); dC (100 MHz, CDCl3) 162.65 (C), 148.62
(CH), 135.38 (CH), 134.79 (C), 134.08 (CH), 133.17 (C), 129.63
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(CH), 127.97 (C), 127.60 (CH), 60.50 (CH2), 26.77 (CH3), 26.54
(C) 19.06 (CH2), 14.09 (CH3).


3-[2-(tert-Butyldiphenylsilyloxy)ethyl]-6-methylsulfonyl-8-
methylsulfanylimidazo[2,1-f ][1,2,4]-triazine 42


Method A. A mixture of 3-[2-(tert-butyldiphenylsilyloxy)-
ethyl]-6,8-bis(methylsulfanyl)imidazo-[2,1-f ][1,2,4]triazine 38
(192 mg, 0.39 mmol) in CH2Cl2 (1 mL) and 3-chloroperoxybenzoic
acid (202 mg, 1.17 mmol) was stirred at ambient temperature for
24 h. The reaction was diluted with ethyl acetate, washed with
water, dried over MgSO4 and the solvent removed under reduced
pressure. The residue was purified by column chromatography
(30–100% ethyl acetate in heptane) to afford the title compound
42 as a colourless solid (47 mg, 0.089 mmol, 23%); mp 131–134 ◦C
(diethyl ether); (Found: MH+, 527.1600. C25H31N4O3S2Si requires
527.1601); nmax (CHCl3)/cm-1 3110, 3061, 3034, 2934, 2892, 1621,
1501, 1462, 1421, 1396, 1375, 1124, 1076, 1042; dH (300 MHz;
CDCl3) 7.77 (1 H, s), 7.51–7.46 (4 H, m), 7.42–7.27 (6 H, m), 4.04
(2 H, t, J = 5.8), 3.26 (3 H, s) 3.22 (2 H, t, J = 5.8), 2.81 (3 H, s),
1.00 (9 H, s); dC (75 MHz; CDCl3) 166.88 (C), 156.02 (C), 135.94
(C), 135.77 (CH), 133.40 (C), 130.09 (CH), 129.98 (C), 128.17
(CH), 128.01 (CH), 60.86 (CH2), 40.22 (CH3), 29.66 (CH2), 27.24
(CH3), 19.47 (C), 12.87 (CH3); m/z (CI) 527 (MH+, 100%), 454
(36), 451 (42), 434 (53), 423 (72), 419 (76), 406 (52), 399 (58), 391
(66).


Method B. A solution of 3-[2-(tert-butyldiphenylsilyloxy)-
ethyl]-6,8-bis(methylsulfanyl)imidazo-[2,1-f ][1,2,4]triazine 38
(46 mg, 0.093 mmol) in MeCN/EtOAc (1.2 mL/1.2 mL) was
added to a vigorously stirred solution of sodium periodate (44 mg,
0.21 mmol) dissolved in water (400 mL). Ruthenium trichloride
(2 mg, 0.013 mmol) was then added and vigorous stirring was
continued for 1 h. After this time EtOAc (50 mL) was added,
followed by brine (50 mL) and the aqueous phase was extracted
with EtOAc (2 ¥ 50 mL). The combined organic phases was
dried and evaporated in vacuo to give the title sulfone 42 (47 mg,
0.13 mmol, 96% theory); physical data identical to those described
above.


3-[2-(tert-Butyldiphenylsilyloxy)ethyl]-8-
methylsulfanylimidazo[2,1-f ][1,2,4]triazine 43


Sodium borohydride (5.5 mg, 0.14 mmol) was added to a solution
of 3-[2-(tert- butyldiphenylsilyloxy)ethyl]-6-methylsulfonyl-8-me-
thylsulfanylimidazo[2,1-f ][1,2,4]triazine 42 (37 mg, 0.070 mmol)
in methanol (0.2 mL) and CHCl3 (0.2 mL) and the mixture
was stirred at ambient temperature for 5 min. The mixture was
quenched with water, extracted with CHCl3 and washed with
water. The organic phase was dried over MgSO4 and evaporated
under reduced pressure. The residue was purified by column
chromatography (50% ethyl acetate in heptane) to afford the title
compound 43 as a pale orange oil (21 mg, 0.047 mmol, 67%);
(Found: MH+, 449.1833. C24H29N4OSiS requires 449.1831); nmax


(CHCl3)/cm-1 3924, 3606, 3149, 3084, 2950, 2902, 2854, 1648,
1595, 1523, 1409, 1356, 1204, 1126, 1014; dH (300 MHz; CDCl3)
8.24 (1 H, s), 7.54 (1 H, s), 7.44 (4 H, m), 7.32–7.19 (6 H, m), 3.94
(2 H, t, J = 6.2) 3.12 (2 H, t, J = 6.2), 2.63 (3 H, s), 0.93 (9 H,
s); dC (75 MHz; CDCl3) 166.88 (C), 146.73 (CH), 135.83 (CH),
133.66 (C), 133.40 (CH), 133.19 (C), 130.08 (C), 129.98 (CH),


127.95 (CH), 61.30 (CH2), 40.22 (CH2), 27.22 (CH3), 19.47 (C),
12.13 (CH3); m/z (CI) 449 (MH+, 100%), 392 (31), 371 (40), 345
(78), 314 (54), 193 (16).


4-[(E)-2-(2,4-Bis-methylsulfanyl-imidazo[2,1-f ][1,2,4]triazin-7-yl)-
vinyl]-5,6,7,8-tetrahydro-naphthalene-2-carboxylic acid methyl
ester 48


(a) Methanesulfonyl chloride (64 mL, 0.84 mmol) followed by
diisopropylethylamine (DIEA) (289 mL, 1.68 mmol) were added to
a solution of 3-(2-hydroxyethyl)-6,8-bis(methylsulfanyl)imidazo-
[2,1-f ]-1,2,4-triazine 39 (144 mg, 0.56 mmol) in CH2Cl2 (20 mL).
The reaction mixture was stirred for 90 minutes at room temper-
ature, then hydrochloric acid (1 M; 10 ml) was added and the
mixture was extracted with CH2Cl2 (3 ¥ 30 ml). The combined or-
ganic phases were washed with saturated aqueous NaHCO3, dried
(MgSO4) and concentrated under vacuum to afford the mesylate
44 (Rf = 0.5, 100% EtOAc) which was immediately redissolved
in THF (5 ml). 1,3-Diazabicyclo[5.4.0]undecane (DBU) (416 mL,
3.36 mmol) was added in one portion to the stirring mixture under
argon. After stirring for 3 h at room temperature, EtOAc was
added to the reaction mixture and the organic phase was washed
with hydrochloric acid (1 M; 10 ml), dried and concentrated
in vacuo. The residue was purified by column chromatography
(10–50% ethyl acetate in heptane) to afford 2,4-bis-methylsulfanyl-
7-vinyl-imidazo[2,1-f ][1,2,4]triazine 45 as a yellow solid (78 mg,
0.33 mmol, 58%); (Rf = 0.67, 50% EtOAc); dH (400 MHz; CDCl3)
7.70 (1 H, s), 7.92 (1 H, m), 6.24 (1 H, m), 5.52 (1 H, m), 2.68 (3 H,
s), 2.60 (3 H, s); dC (100 MHz; CDCl3) 164.48 (C), 161.01 (C),
133.22 (C), 131.82 (CH), 128.42 (C), 121.65 (CH), 117.56 (CH2),
14.46 (CH3), 12.03 (CH3). This material was used without further
purification directly in the next step.


(b) 1,3-Diazabicyclo[5.4.0]undecane (DBU) (44 mL, 294 mmol)
was added to a solution of the bromide 46 (44.6 g, 150 mmol,
prepared according to reference 3) in THF (300 mL) and the
mixture was heated to reflux for one hour and then stirred at
room temperature for 2 h. Hydrochloric acid (1 M; 150 ml)
was added to the reaction mixture and the aqueous phase was
extracted with t-BuOMe (3 ¥ 150 ml). The combined organic
extracts were dried (MgSO4), concentrated and purified by column
chromatography (1–8% ethyl acetate in heptane) to afford 4-vinyl-
5,6,7,8-tetrahydro-naphthalene-2-carboxylic acid methyl ester 47
as a pale yellow oil (17.3 g, 80 mmol, 53%); dH (400 MHz; CDCl3)
7.92 (1 H, s), 7.68 (1 H, s) 6.95–6.88 (1 H, m) 5.67 (1 H, m), 5.33
(1 H, m), 3.90 (3 H, s), 2.87–2.73 (4 H, m), 1.89–1.73 (4 H, m); dC


(100 MHz; CDCl3) 167.62 (C), 140.00 (C), 137.78 (C), 137.66 (C),
134.36 (CH), 129.89 (CH), 127.43 (C), 124.41 (CH), 116.77 (CH2),
52.18 (CH3), 30.24 (CH2), 27.19 (CH2), 23.21 (CH2), 22.69 (CH2).
This material was used without further purification directly in the
next step.


(c) A solution of 2,4-bis-methylsulfanyl-7-vinyl-imidazo[2,1-
f ][1,2,4]triazine 45 (67 mg, 0.28 mmol) and 4-vinyl-5,6,7,8-
tetrahydro-naphthalene-2-carboxylic acid methyl ester 47 (70 mg,
0.32 mmol) in toluene (2.8 ml) was heated to 80 ◦C under an
atmosphere of argon. When the temperature had stabilized after
ca. 20 min., Hoveyda-Grubbs 2nd Generation catalyst {[1,3-
bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene]dichloro[[2-(1-
methylethoxy)phenyl]methylene]-ruthenium} (8 mg, 0.014 mmol)
was added. After 24 h at 80 ◦C a second portion of catalyst (8 mg)
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was added and the reaction mixture was heated for a further
24 h. The resulting dark brown reaction mixture was concentrated
in vacuo and the residue was purified by column chromatography
(10–50% ethyl acetate in heptane) to afford the title compound 48
as a yellow oil (45 mg, 0.11 mmol, 38%); (Found: MH+, 427.1255.
C21H23N4O2S2 requires 427.1262); nmax (dry film)/cm-1 2938, 2862,
1725, 1662, 1580, 1430, 1354, 1310, 1215, 1160; dH (400 MHz;
CDCl3) 8.11 (1 H, s), 7.95 (1 H, d, J = 16.0), 7.79 (1 H, s), 7.71
(1 H, s), 7.22 (1 H, d, J = 16.0), 3.89 (3 H, s), 2.92–2.82 (4H,
m) 2.72 (3 H, s), 2.68 (3 H, s), 2.94–2.78 (4 H, m); dC (100 MHz;
CDCl3) 167.32 (C), 163.20 (C), 161.87 (C), 140.23 (C), 138.11 (C),
136.51 (C), 133.5 (C), 132.76 (CH), 130.16 (CH), 128.52 (CH),
128.22 (C), 127.53 (C), 123.88 (CH), 115.35 (CH), 52.14 (CH3),
30.10 (CH2), 27.36 (CH2), 23.02 (CH2), 22.46 (CH2), 14.44(CH3),
11.91 (CH3); m/z (ES) 427 (MH+, 100%).
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N-Substituted pantothenamides are a class of pantothenic acid analogues which have been shown to
act as inhibitors of coenzyme A biosynthesis and utilization, especially by blocking fatty acid
metabolism through formation of inactive acyl carrier proteins. To fully explore the chemical diversity
and inhibitory potential of these analogues we have developed a simple method for the parallel
synthesis and purification of any number of pantothenamides from a single precursor, and subsequently
evaluated a small library of these compounds as inhibitors of bacterial growth to demonstrate the
potential and utility of the method.


Introduction


Coenzyme A (CoA) is a ubiquitous and essential cofactor that is
mainly involved in carrying and activating acyl groups, especially
those involved in fatty acid metabolism. Due to its central
metabolic role, and the differences in how some of the processes
that rely on CoA operate in humans and bacteria, both CoA
biosynthesis and utilization have long been regarded as promising
targets for antimicrobial drug development.1 The search for
inhibitors of these processes have mainly focused on compounds
that are analogues of pantothenic acid (vitamin B5), the natural
precursor of CoA. Such compounds could have a multi-facetted
effect: they could potentially interfere with the cellular uptake of
exogenous pantothenic acid, or inhibit one or more of the five CoA
biosynthetic enzymes to reduce the levels of available intracellular
CoA, or be transformed by the biosynthetic enzymes into a CoA
analogue that could subsequently inhibit CoA-utilizing enzymes.


The N-substituted pantothenamides are a class of such pan-
tothenic acid analogue inhibitors that have received special
attention in several recent studies. Although these compounds
have been known as antibacterials for some time,2 it has only
recently been shown that they mainly exert their inhibitory effects
by being transformed in vivo by the CoA biosynthetic enzymes
CoaADE into the corresponding CoA analogues.3 Since these
CoA analogues do not have the essential sulfhydryl group that
confers on CoA its ability to act as an acyl carrier, they inhibit
fatty acid metabolism by transferring an inactive prosthetic group
to the acyl carrier proteins (ACPs) which are central to these
processes (Scheme 1).4,5


Pantothenamides have also been considered promising lead
compounds for the identification of pantothenate kinase (PanK,
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Scheme 1 N-Substituted pantothenamides (such as N-pentyl pan-
tothenamide shown above) act as antimetabolites by forming coenzyme
A analogues which do not contain the essential terminal thiol group of
natural CoA. These analogues subsequently transfer inactive prosthetic
groups to the acyl carrier proteins that are involved in fatty acid
metabolism, thereby blocking these processes.


or CoaA) inhibitors.6,7 As the first and committed step of CoA
biosynthesis, inhibition of PanK activity presents an obvious
strategy whereby CoA biosynthesis can be inhibited as an
alternative approach for antimicrobial development. However,
no pantothenamide characterized to date has been shown to
negatively affect a PanK enzyme’s ability to perform its ATP-
dependent phosphorylation reaction. Instead, these compounds
all seem to act as alternative (or competitive) substrates of these
enzymes which transform them into 4¢-phosphopantothenamides,
thereby reducing their effective concentration in the cell.


One reason why no pantothenamide that can inhibit PanK-
mediated phosphorylation has been identified as yet may be due
to the low-throughput manner in which they are synthesized. Each
compound is usually prepared individually by activation and sub-
sequent amidation of pantothenic acid’s carboxyl group, followed
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by purification by column chromatography.3,4,6 Although such a
synthetic protocol is relatively simple to execute, the preparation
of a large number of different N-substituted pantothenamides—a
requirement for the effective high-throughput screening of these
compounds as potential PanK inhibitors—would be a time-
consuming process.


We therefore set out to develop a simple method for the
parallel synthesis of a large number of pantothenamides for
use in such inhibitor screens. We decided to base our method
on the known reactivity of activated thioesters towards amines,
since we have successfully exploited similar aminolysis chemistry
to prepare different CoA analogues from so-called pre-CoA
thioesters (Scheme 2).8 This strategy would involve the preparation
of S-phenyl thiopantothenate 1b (n = 2) as a single activated
pantothenic acid precursor; this compound can subsequently
be treated with a range of structurally diverse amines to allow
the simultaneous preparation of a wide array of N-substituted
pantothenamide products. To increase the structural diversity
of the resulting pool of pantothenamides even further we also
looked into the utilization of S-phenyl thio-a-pantothenate 1a
(n = 1) and S-phenyl thiohomopantothenate 1c (n = 3) as similarly
activated precursors. These thioesters either have one methylene
group removed from or added to the b-alanine moiety of natural
pantothenate derivatives. Finally, to ensure the practical utility of
such a method in the preparation of pure compounds for screening
purposes we also set out to devise a purification protocol for the
removal of all excess reagents and/or unreacted starting materials
as well as any potential side products that may result from the
aminolysis reaction. Here we describe the details of such a method,
and demonstrate that it can be employed to prepare a structurally
diverse library of N-substituted pantothenamides. Subsequent
biological evaluation of these compounds identified two previously
unknown pantothenamides as inhibitors of bacterial growth,
demonstrating that this method may enable us to identify the first
inhibitors of PanK activity.


Scheme 2 The parallel synthesis and purification of a library of
N-substituted pantothenamides is possible by using S-phenyl thioesters
1 (with n number of methylene groups between the two amide groups) as
precursors in aminolysis reactions with m number of amines. The resulting
library would have an n¥m number of members.


Results and discussion


Reaction conditions for aminolysis


In the process of developing a system that will allow for the
simultaneous preparation of various types of pantothenamides
we set out to determine optimized conditions for the type of
aminolysis reaction shown in Scheme 2. While we previously used
similar aminolysis reactions to produce several CoA analogues
from an S-phenyl thioester, the reaction design in that case was
hampered by several unique limitations imposed by the chemical
nature of the precursor and the resulting products.8 For example,
to ensure the solubility of the CoA derivatives the aminolysis
reaction had to be performed in aqueous solutions, which required
the use of large (up to ten equivalents) excesses of amine, as well
as long (more than six hours) reaction times. Moreover, since
various amines are insoluble in water this protocol precluded their
use or required the addition of organic solvents to the reaction
mixtures to increase their solubility. Performing the aminolysis
in an aqueous solution also increased the rate of hydrolysis of
the thioester precursor, and in some cases it became a significant
competing side reaction. Since pantothenic acid thioesters as well
as pantothenamides are soluble in organic solvents we decided
to investigate whether performing the aminolysis reaction in polar
solvents would address these issues. We first attempted the reaction
using methanol as solvent, but excluded it since transesterification
competed with the aminolysis reaction and produced methyl
pantothenate as side product (data not shown). We subsequently
selected acetonitrile as an alternative solvent since it has a low
boiling point, allows for good solubility of reagents and was ideal
for purification.


The rate of aminolysis of S-phenyl thiopantothenate 1b in
acetonitrile was subsequently tested in the presence of three
different amines: pentylamine as an example of a primary amine,
sec-butylamine as a typical secondary amine and benzylamine
as an example of an amine with a bulky side group (Scheme 3).
Tertiary amines, such as tert-butyl amine, have previously been
shown not to be reactive and were not tested. Each reaction
was performed with five equivalents of amine at 30 ◦C and
was monitored for a decrease in the concentration of S-phenyl
thiopantothenate 1b. This was done by removing an aliquot
of the reaction mixture at regular intervals and analyzing it
by HPLC. The results are shown in Fig. 1. The data obtained
for each aminolysis reaction were subsequently fit by regression
analysis to the rate equation for a second-order reaction. The rate
constants (kobs) and the half-lifes (t 1


2
) of the various reactions were


subsequently determined from the reaction curves obtained in this
manner. These results are summarized in Table 1.


Scheme 3 Reaction conditions used to evaluate the rate of aminolysis of
S-phenyl thiopantothenate 1b with different amines.


The kinetic analysis shows that the aminolysis of 1b proceeds
the fastest in the presence of a sterically unhindered primary
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Table 1 Kinetic data for the aminolysis of S-phenyl thiopantothenate 1b
in the presence of various amines


Amine kobs/mM-1 min-1 t 1
2
/min


sec-butylamine 0.00380 ± 0.0003 12.6
benzylamine 0.0125 ± 0.0009 3.65
pentylamine 1.14 ± 1.07 0.0421


Fig. 1 Evaluation of the rate of aminolysis of S-phenyl thiopantothenate
1b at 30 ◦C in acetonitrile. The data points show the decrease in the
concentration of 1b over time in the presence of five equivalents of
sec-butylamine (�), benzylamine (�) and pentylamine (�) respectively.
A control reaction (●) contained no amine. The curves (dashed lines)
show the data fitted to the rate equation for a second-order reaction.


amine such as pentylamine, and that the reaction is essentially
complete within five minutes (reaction half-life of ~2.5 seconds).
The aminolysis with benzylamine, a primary but bulky amine
is nearly a 100-fold slower, while the reaction with a secondary
amine like sec-butylamine is nearly three-fold slower still. While
the analysis indicates that the rate of an aminolysis reaction is
clearly dependant on the structure of the amine, it also shows that
all the reactions were more than 90% complete after two hours.
Since a parallel synthesis of pantothenamides would entail the
use of a large variety of structurally diverse amines we therefore
decided to perform the aminolysis reactions for three hours at
30 ◦C to ensure the complete conversion of the thioester precursor
to pantothenamide.


Purification of pantothenamide products


With optimized aminolysis conditions in hand we set out to
develop a simple purification protocol that would also be amenable
for use in a parallel synthetic method. Such a protocol would
mainly have to focus on the removal of the excess amine used in
the aminolysis—and the thiophenol produced as a by-product of
it—as the most important contaminants of the reaction. However,
it may also be possible that with certain sterically hindered amines
the aminolysis may not be complete after three hours, which
additionally would leave some unreacted thioester in the reaction
mixture. We therefore devised a purification protocol that would
address the removal of all these components in step-wise fashion
as shown in Scheme 4.


Two purification methods were developed. In the first and
more general method (Method A), we explored the use of
cation exchange chromatography with acidic resins to remove


the excess amine. To enable the simultaneous removal of any
potentially unreacted thioester 1,4-diaminobutane was added to
the aminolysis reaction after three hours. This would result in the
formation of N-(4-amino-butyl) pantothenamide, a compound
which has a primary amine that would also be retained by a cation
exchange resin. We first used strongly acidic resins in this method
as such resins should be most effective in the removal of the excess
amine. However, the low pH of these resins (pH < 2) was found to
promote degradation of the pantothenamides to pantolactone and
a b-alanylamine which contaminated the final product and made
its purification difficult. We therefore chose to use a weakly acidic
cation exchange resin which has a higher pH (pH ~ 4) and that did
not cause any detectable degradation by lactonization, while still
removing all the excess amine. Finally, the thiophenol produced
during aminolysis as well as the reaction solvent were removed by
evaporation to give the pure pantothenamides as products.


One significant limitation to this first purification method is
that it cannot be applied to aminolysis reactions with amine
reactants that contain an additional amine functionality (such as
a tertiary amine) in its substructure as pantothenamides formed
in such cases would also be retained by cation exchange resins.
To address this problem we developed a silica chromatography-
based purification method for such pantothenamides (Scheme 4,
Method B). In this protocol, reaction mixtures were purified using
two sequential silica chromatography steps: the first removes the
unreacted thioester and thiophenol from the mixture, while the
second separates the excess amine from the final product. Pure
pantothenamides are obtained after evaporation of the solvent.


To demonstrate that these two purification methods can be
successfully applied as described above, aminolysis reactions of 1b
with pentylamine and 4-(2-aminoethyl)morpholine (the examples
shown in Scheme 4) were purified by following methods A and
B respectively. The resulting N-pentyl pantothenamide 4b and
N-(3-morpholin-4-yl-propyl) pantothenamide 45b purified in this
manner were characterized by 1H and 13C NMR. Their purity
was also assessed by LC-MS analysis (Fig. 2) which indicated that
the only identifiable impurity in both cases was a small amount
of diphenyl phosphoric acid (the broad peak at 7.2 minutes).
This contaminant is a by-product of the diphenylphosphoryl
azide (DPPA)-mediated synthesis of the S-phenyl thioesters 1a
and 1b which was found to be present in some batches of these
compounds even after flash column chromatography. However, we
found that it can be excluded through careful aqueous work-up of
the coupling reaction mixtures prior to purification. Subsequent
aminolysis reactions performed with thioester precursors purified
in this manner and similarly analyzed by LC-MS did not show
any contaminants of the aminolysis products.


Parallel synthesis


The aminolysis reaction and the purification protocol were
subsequently combined to show that these methods can be used to
produce a large number of structurally and functionally diverse N-
substituted pantothenamides in parallel. The general procedure,
carried out in 96-well 2 mL deep-well plates, is outlined in
Scheme 5. The aminolysis reactions were performed first by
incubating the thioester 1a, 1b or 1c in the presence of five
equivalents amine for a period of three hours at 30 ◦C. For
purifications by method A (Scheme 4) the reaction mixtures
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Scheme 4 Protocols used for the purification of N-substituted pantothenamides prepared by parallel aminolysis reactions of activated thioesters.
Method A: Aminolysis reactions with amines that do not contain other amino functionalities are purified using cation exchange chromatography with the
weakly acidic resin Amberlite IRC-86 to remove excess amine and unreacted thioester (after treatment of the latter with 1,4-diaminobutane), as exemplified
by the purification of pantothenamide 4b. Method B: If the amine used in the aminolysis reactions contains other amine functional groups (especially ter-
tiary amines) the resulting pantothenamide has to be purified by means of a two-step silica purification, as in the case of the morpholine-containing 45b.


Fig. 2 HPLC analysis of two pantothenamides formed by aminolysis
of 1b and purified by the two different methods shown in Scheme 4.
N-pentyl pantothenamide 4b (panel A) was purified using cation exchange
resin-based method A while N-(3-morpholin-4-yl-propyl) pantothenamide
45b (panel B) was purified via silica chromatography-based method B. The
only observable impurity in both cases is a small amount of diphenyl
phosphoric acid, represented by the broad peak at 7.2 minutes (see text for
details).


were subsequently treated with 1,4-diaminobutane to remove
any unreacted thioester and then transferred to a 96-well filter
plate preloaded with weakly acidic cation exchange resin. The
plates were allowed to elute under gravity to ensure enough


contact time with the resin to completely remove the excess amine,
as well as any N-(4-amino-butyl) pantothenamide formed from
potentially unreacted thioester. The resin was thoroughly washed
with aqueous acetonitrile and the solvent as well as the remaining
thiophenol were removed by evaporation. Reaction mixtures
containing pantothenamides with tertiary amine functionalities
were purified by method B (Scheme 4) by transferring them to
filter plates loaded with silica gel equilibrated with acetonitrile.
The microcolumns were subsequently eluted with the help of a
vacuum manifold. Due to the limited volume of commercially
available 96-well filter plates two separate silica chromatography
steps were required to remove all impurities (see Experimental
section for details).


Table 2 shows the yields obtained for the aminolysis of thioesters
1a–c with 48 structurally diverse amines to give N-substituted
a-pantothenamides 2a–49a, N-substituted pantothenamides 2b–
49b and N-substituted homopantothenamides 2c–49c respectively
after purification. The pantothenamides 2–42 were purified by
method A using cation exchange chromatography, while pan-
tothenamides 43–49 were purified on silica gel by method B. The
results show that in total 142 different pantothenamides were
prepared and purified in parallel by the procedure outlined in
Scheme 5, and that for the types of amines chosen the purified
yields are generally in excess of 75% and in many cases above 90%.
Interestingly there seems to be little correlation between the yields
obtained for the three pantothenamides formed from the same
amine. For example, while no product was recovered from the
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Scheme 5 Protocol for the parallel synthesis of N-substituted pan-
tothenamides in 96-well format. Aminolysis reactions are performed in
deep-well plates, while purifications are carried out in 96-well filter plates
which act as microcolumns for chromatography. The final products are
obtained after evaporation of the volatiles from the column eluates.


aminolysis reactions of S-phenyl pantothenate thioesters 1b and
1c with tert-butylamine (used as a supposed negative control reac-
tion) the same reaction with S-phenyl a-thiopantothenate 1a gave
the corresponding pantothenamide 8a in 49% yield. However, in
general the a-pantothenamides and homopantothenamides were
obtained in lower yields than the N-substituted pantothenamides
formed from 1b. This suggests that the structure of the thioester
also affects the yield of the reaction, and that this phenomenon
should be taken into account when such a parallel synthetic
preparation of pantothenamides is performed.


Evaluation of N-substituted pantothenamides as bacterial
growth inhibitors


To demonstrate the application and utility of the library of
prepared pantothenamides the purified compounds were tested as
inhibitors of Escherichia coli cell growth. Previous studies have
shown that N-substituted pantothenamides have antimicrobial
activities with minimal inhibitory concentration (MIC) values
ranging between 2–200 mM for different strains of E. coli.4,6 In
particular, the known growth inhibitor N-pentyl pantothenamide
4b showed inhibition of the E. coli wild-type strain UB1005 with
a MIC of 50 mM.6 This value can therefore be taken as the current
benchmark for pantothenamide inhibition of natural bacterial
strains. Consequently we decided to evaluate the inhibitory
potential of the pantothenamide library relative to this value to
determine if any of the compounds had a similar or improved
potency.


Inhibition was tested against the K12 strain of E. coli as it has
been sustained as a lab strain with minimal genetic manipulation9


and was available in our lab. We evaluated the potency of each
pantothenamide by comparing the growth of E. coli K12 in
1% tryptone growth medium to its growth in the same medium
with 50 mM of pantothenamide added. The growth inhibition
values for each of the prepared compounds are provided in
the Electronic Supplementary Information†. However, as shown
in Table 3 two pantothenamides (in addition to the known
inhibitor N-pentyl pantothenamide 4b) were identified that also
caused complete growth inhibition (less than 5% growth relative
to the controls) at this concentration. These compounds are
currently being investigated to determine their specific mechanism
of inhibition, i.e. whether like N-pentyl pantothenamide they
are mainly inhibitors of CoA utilization, or if they perhaps
inhibit one of the CoA biosynthetic enzymes such as PanK. This
result demonstrates that the parallel synthetic method for the
preparation of pantothenamides may successfully be applied in
the identification of new members of this class of pantothenic acid
analogues as potential new antimicrobials.


Conclusion


We have developed and successfully executed a general method
for the parallel synthesis of a diverse array of N-substituted
pantothenamide analogues from activated thioesters. This method
is based on determined optimal aminolysis reaction times for
most amines, regardless of structure. The devised protocol also
addresses several purification obstacles, and has been successfully
applied to the parallel purification of pantothenamides containing
diverse functional groups as amide substituents. Biological evalua-
tion of a small compound library prepared by this method allowed
for the identification of two previously unknown pantothenamides
as in vivo inhibitors of E. coli. This demonstrates its potential in
the discovery of new pantothenic acid analogues as inhibitors of
CoA biosynthesis and/or utilization.


Experimental


Material and methods


All chemicals, media and resins were purchased from Sigma-
Aldrich (Aldrich, Sigma or Fluka), Merck Chemicals or Acros
Organics and were of the highest available purity. All solvents used
for reactions and purification were CHROMASOLV HPLC grade
solvents form Sigma-Aldrich. Aminolysis reactions were done in
2 mL polypropylene 96-well deep-well plates from NUNC. Fil-
trations for purification purposes were done with AcroPrep 96-
well filter plates from Pall Life Sciences. Individual polypropylene
cluster tubes (Corning) were used in yield determination. Solvent
evaporation from deep-well plates was done on a Labconco
Centrivap concentrator. Inhibition studies were performed in
Greiner Bio-one Cellstar flat-bottomed 96-well suspension culture
plates. All ESI-MS and LC-MS analyses were also done at the
Central Analytical Facility (CAF) at Stellenbosch University using
a Waters 2690 Separations Module with a Waters 996 Photodiode
Array Detector for LC separations, followed by mass analysis on a
Waters Micromass Quattro mass spectrometer. All NMR analyses
were performed on Varian INOVA instruments (300 MHz and
400 MHz), also at CAF.
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Table 2 Aminolysis of phenyl thioesters 1a, 1b and 1c with a variety of amines (2m–49m) to form the corresponding N-substituted a-pantothenamides (2a
to 49a), N-substituted pantothenamides (2b to 49b) and N-substituted homopantothenamides (2c to 49c). Yields were determined by weight determination
of each purified compound, followed by their characterization by 1H NMR


% Yields % Yields


Entry R-group a (n = 1) b (n = 2) c (n = 3) Entry R-group a (n = 1) b (n = 2) c (n = 3)


2 84 98 78 26 86 94 82


3 85 96 75 27 87 94 94


4 85 95 76 28 96 98 89


5 90 94 74 29 91 87 88


6 86 91 74 30 81 98 68


7 86 94 75 31 84 88 74


8 49 NR NR 32 80 94 75


9 82 97 65 33 88 90 75


10 88 95 70 34 91 96 71


11 90 94 78 35 78 97 82


12 83 95 75 36 91 85 74


13 88 91 78 37 ~90a ~90a ~61a


14 94 92 75 38 78 92 81


15 65 99 73 39 81 95 80


16 80 94 77 40 48 87 71


17 77 78 72 41 80 93 75


18 83 91 73 42 74 84 43


19 86 94 78 43 87 79 83


20 86 94 82 44 89 87 76
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Table 2 (Contd.)


% Yields % Yields


Entry R-group a (n = 1) b (n = 2) c (n = 3) Entry R-group a (n = 1) b (n = 2) c (n = 3)


21 88 90 84 45 85 75 65


22 85 92 87 46 80 70 72


23 81 93 74 47 75 78 66


24 79 98 78 48 81 77 67


25 86 97 78 49 55 97 78


a Yield not accurate due to impurities present in amine starting material (based on 1H NMR analysis).


Table 3 N-substituted pantothenamides that showed inhibition of E. coli
K12 grown in 1% tryptone at a concentration of 50 mM


Compound Name Bacterial Growth (%)a


4b N-pentyl pantothenamide -2 ± 2
14a N-cyclopentyl a-pantothenamide -2 ± 5
16a N-cyclopropylmethyl


a-pantothenamide
-3 ± 1


a Inhibition was evaluated by determining cell densities (OD600) of cultures
grown in the presence of inhibitor relative to control samples with no
inhibitor added. The reported values are the averages of four separately
tested samples, with the associated standard deviation.


Aminolysis reaction conditions


Sample analysis. The rates of aminolysis were determined
by adding 20 mM S-phenyl thiopantothenate 1b to a solution
of 100 mM amine (either pentylamine, benzylamine or sec-
butylamine) in acetonitrile in a total volume of 1 mL. A negative
control reaction contained no amine. Periodically 50 mL aliquots
were removed from the solution and immediately loaded onto
30 mg (dry weight) of Amberlite IRC-86 ion exchange resin
prewashed with water. The resin was washed with 250 mL 40%
aqueous acetonitrile, and the eluent was concentrated until all the
solvent was removed. The residue was redissolved in 500 mL 50%
acetonitrile and 15 mL of each sample was analyzed by HPLC on a
Hewlett-Packard series 1100 HPLC system with dual wavelength
detection at 215 and 254 nm by using a Gemini 5 m C18 (110A), 2.0 ¥
30 mm column equilibrated with 100% solution A (0.01% TFA in
MilliQ water) and 0% solution B (acetonitrile). The column was
eluted with a linear gradient increasing to 100% B over 10 minutes,
followed by a isocratic elution with 100% solution B for a further
5 minutes. A flow rate of 0.35 mL min-1 was maintained. The


concentration of the S-phenyl thiopantothenate 1b remaining in
each sample was determined by integration of the corresponding
peak area, followed by correlation of this area to a standard curve
of known concentrations of 1b prepared as described below. All
samples were analyzed in triplicate.


Thioester standard curve. A standard curve of known S-
phenyl thiopantothenate concentrations was obtained by HPLC
analysis of thioester samples with concentrations ranging between
0 and 25 mM. From each of these samples 50 mL aliquots were
removed which were treated and analyzed exactly as described
above. Samples were injected in triplicate, and the standard curve
obtained by integration of the resulting peak areas.


Data fitting and analysis. The resulting data were analyzed
by plotting the determined concentrations of 1b against time,
followed by nonlinear regression analysis of the data using a
second-order rate eqn (1)


f x
A


A xobs


( )
[ ]


[ ]
=


+
0


01 k
(1)


The reaction rate constants (kobs) were obtained directly in this
manner (as one of the equation parameters) while the half-life
of each reaction was calculated from the rate constants. Data
analysis and plotting were performed using SigmaPlot 9.0 (Systat
software).


Parallel synthesis and purification


General procedure. The parallel aminolysis of S-phenyl
thioesters 1a, 1b and 1c with amines 2m–49m were performed
using 48 different amines (in fivefold excess) in 100% acetonitrile as
solvent. Solutions of the amines (100 mM final) in acetonitrile were
loaded into a 2 mL 96-well deep-well plate, followed by addition of
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the desired thioester (20 mM final) also dissolved in acetonitrile.
The resulting solutions had a final volume of 1 mL. The deep-well
plate was capped and incubated at 30 ◦C while shaking vigorously
for 3 hours.


Purification method A. After 3 hours the reaction mixtures
of compounds 2a–42a, 2b–42b and 2c–42c were treated with 1,4-
diaminobutane (100 mL; 550 mM). The resulting solutions were
incubated with shaking at 30 ◦C for another 60 minutes before
being loaded onto pre-washed Amberlite IRC-86 weak cation
exchange resin (300 mg dry weight per well) contained in a 1 mL
AcroPrep 96-well filter plate. The resin was eluted under gravity,
and was washed twice with 300 mL 40% aqueous acetonitrile. The
combined eluates were dried overnight on a Centrivap centrifugal
concentrator under reduced pressure. The resin was subsequently
washed with another 1200 mL 40% aqueous acetonitrile and the
eluate added to the dried products. The resulting solutions were
transferred to individual pre-weighed 96-well cluster tubes and
dried for another 72 hours by centrifugal concentration under
reduced pressure to remove all the solvent and thiophenol present
in the mixture. The cluster tubes containing the dried products
were subsequently weighed individually to determine the purified
yield of each compound.


Purification method B. The reaction mixtures of compounds
43a–49a, 43b–49b and 43c–49c were transferred to 1 mL AcroPrep
96-well filter plates pre-loaded with silica gel (300 mg dry weight
per well) that had been equilibrated with 100% acetonitrile. The
microcolumns were subsequently eluted by using a 96-well plate
vacuum manifold. The silica was then washed with 500 mL
acetonitrile, followed by elution of the product as well as some
remaining amine from the silica with ~3.6 mL methanol. The
eluates were captured in a new 96-well plate and were dried
overnight by centrifugal concentration under reduced pressure.
The resulting residues were resuspended in 150 mL methanol before
being loaded onto a second 1 mL AcroPrep 96-well filter plate
pre-loaded with silica gel (300 mg dry weight per well) that had
been equilibrated with 100% methanol. The products were eluted
with 2 mL methanol for 44a–c, 45a–c, 48a–c as well as 49a–c.
Compounds 43a–c, 46a–c and 47a–c were only fully removed from
the silica after elution with 6 mL of methanol. The eluates were
collected in individual pre-weighed 96-well cluster tubes, followed
by removal of the solvent by centrifugal concentration over
48 hours. The yields of the purified compounds were determined by
individual weighing of the cluster tubes containing the products.


Characterization of N-substituted pantothenamides. Pan-
tothenamides 4a, 4b, 4c, 45a, 45b and 45c were fully characterized
by 1H and 13C NMR to demonstrate the efficacy and utility
of the two purification methods. The purity of these com-
pounds were further verified by LC-MS analysis on a X-bridge
C18 (110A) 3.5 um, 2.1 ¥ 50 mm column. The column was
equilibrated with 100% solution A (0.01% TFA in MilliQ water)
and 0% solution B (acetonitrile). The products eluted with a
linear gradient increasing to 100% B over 10 minutes, followed
by a isocratic elution with 100% solution B for a further


5 minutes. A flow rate of 0.35 mL min-1 was maintained. In
all cases the compounds gave single peaks at 215 nm in these
analyses. The optical purity of pantothenamides 4b and 45b was
assessed by performing 1H NMR analysis in the presence of
increasing amounts of tris-[3-(trifluoromethylhydroxymethylene)-
(+)-camphorato]europium (Eu(tfc)3). All other N-substituted
pantothenamides were characterized by 1H NMR. The detailed
characterization data are provided in the Electronic Supplemen-
tary Information (ESI)†.


Growth of E. coli K12 with N-substituted pantothenamides


Inhibition assays were performed by preparing a starter culture
of E. coli K12 in 1% tryptone containing four separate colonies
grown on LB agar plates. The starter culture was grown to mid-
log phase and then diluted 30 000-fold in the same medium. A
10 mL aliquot of the diluted cell suspension was used to inoculate
each well of a 96-well flat-bottomed plate containing 100 mL of
1% tryptone broth supplemented with a specific N-substituted
pantothenamide in final concentration of 50 mM. The plates were
incubated at 37 ◦C for 20 hours before the cell densities were
measured by reading the absorbance in each well at 600 nm. The
extent of growth in each well was determined by normalizing the
OD600 values relative to those of the negative control (containing
3% acetonitrile instead of pantothenamide), which were taken as
100% growth. Each compound was tested in quadruplicate.
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The stereoselective aziridination of a range of cyclic allylic alcohols using two different chloramine salts
(4-MeC6H4SO2NClNa, TsNClNa and t-BuSO2NClNa, BusNClNa) has been explored. The
stereoselectivity of these reactions was highly dependent on the structure of the allylic alcohol and the
chloramine salt. Generally, mixtures of cis- and trans-hydroxy aziridines were obtained, in which the
major diastereomer was the cis-hydroxy aziridine, whilst complete cis-diastereoselectivity was observed
in the aziridination of 1,3-disubstituted allylic alcohols. In each case studied, aziridination using
BusNClNa gave higher cis-stereoselectivity than that observed for the same reaction using TsNClNa.
Unexpectedly, application of the aziridination conditions to 1-substituted cyclopen-2-en-1-ols did not
generate the aziridines. Instead, epoxy sulfonamides were obtained.


Introduction


As part of a programme of research on the organolithium-
mediated a-lithiation and further elaboration of N-sulfonyl
aziridines,1–5 we required a simple and general method for the
direct synthesis of a wide range of aziridines, especially those from
cyclic allylic alcohols. In most cases, aziridination was success-
fully accomplished using Sharpless–Komatsu-type conditions6,7


(chloramine-T, X+ source) and we became particularly interested
in the factors affecting the diastereoselectivity of aziridination of
cyclic allylic alcohols using these conditions. Perhaps surprisingly,
there are only a few reports on the diastereoselectivity of alkene
aziridination using any reagents. For example, Atkinson and
co-workers have described a number of highly stereoselective
aziridinations using their N-acetoxyquinazolone reagents.8 In
general, steric factors tended to control the stereoselectivity
although, for allylic alcohols, Henbest-like9 cis-stereoselectivity
was observed using an N-acetoxyquinazolone. Similarly, Cu(I) or
Cu(II) salts and iodinanes (PhI=NSO2Ar) give sterically-controlled
aziridinations, as noted by Evans,10 Hudlicky,11 Wood12 and
ourselves.13


In contrast, since the Sharpless–Komatsu aziridination
(TsNClNa, X+ source) proceeds via an intermediate bromonium
ion, it generally leads to stereoselectivity that is complementary to
the direct sterically-controlled processes. Some examples illustrat-
ing this are shown in Scheme 1. Thus, in Sharpless’ original dis-
closure, it was reported that aziridination of cyclic allylic alcohol 1
proceeded to give a 70 : 30 mixture of aziridines cis- and trans-2.6


In a similar fashion, we reported that aziridination of protected
hydroxy cyclopentene 3 gave a 63 : 37 mixture of aziridines cis-
and trans-4.13 Subsequently, O’Doherty and co-workers found
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Scheme 1 Reagents and conditions: i, 1.1 eq. TsNClNa, 0.1 eq.
PhMe3N+Br3


-, MeCN, rt, 12 h. ii, 1.1 eq. TsNClNa·3H2O, 0.1 eq.
PhMe3N+Br3


-, MeCN, rt, 16 h. iii, 3.0 eq. TsNClNa, 0.2 eq. NBS, MeCN,
rt, 1 h. iv, 3 eq. Et3SiH, 2 eq. BF3·Et2O, -78 ◦C → 0 ◦C, 2 h.


that aziridination of cyclopropyl-alkene 5 was completely cis-
stereoselective giving only cis-6 and amino bromide 7 (which could
be cyclised to cis-6 via a separate base-mediated step).14 As a
final example, Armstrong et al. used Sharpless-like aziridination
to convert enol ether 8 into a presumed intermediate aziridine
cis-9, which was eventually rearranged into keto pyrrolidine 10
with trans-relative stereochemistry.15 In all four examples, it can
be assumed that preferential bromination trans to the substituent
occurs leading to cis-aziridination after ring-opening by the amino
nucleophile (TsNClNa). However, since alkene bromination is
likely to be reversible, it may be that faster ring-opening of a trans-
bromonium ion is responsible for the overall cis-stereoselectivity
of the aziridination.
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In this paper, we report a wide range of results on the stereose-
lective aziridination of cyclic allylic alcohols 11 → cis- and trans-
12 using Sharpless reaction conditions (Scheme 2). Specifically,
we have studied cyclopentene- and cyclohexene-derived allylic
alcohols 11 with different substitution patterns (R1, R2) as well
as the effect of the N-sulfonyl part of the aziridinating reagent. In
general, moderate to good cis-stereoselectivity was observed but
we also encountered a number of unexpected results. Herein, we
report the full details of our study.


Scheme 2 Reagents and conditions: i, 1.1 eq. TsNClNa·3H2O or 1.2 eq.
BusClNa, 0.1 eq. PhMe3N+Br3


-, MeCN, rt, 12 h.


Results and discussion


Synthesis of cyclic allylic alcohols


The synthesis of the required cyclopentene- and cyclohexene-
derived allylic alcohols was carried out using established routes
as shown in Scheme 3 and Table 1. Generally, a two-step route
was employed: synthesis of the cyclic enone and subsequent
1,2-reduction or 1,2-addition of an appropriate organometallic
reagent. Cyclic enones 13, 14, 22 and 23 are commercially
available. For the preparation of 3-substituted enones 16–21 and
25, addition of a Grignard or organolithium reagent to vinyl
ether 15 or 24 and subsequent aqueous acidic work-up was
utilised (Scheme 3). In contrast, the best way of synthesising
allyl-substituted cyclopentenone 27 was via 1,2-addition of allyl
magnesium bromide to cyclopentenone 22 to give 26 and then
PDC-mediated rearrangement.16 The cyclic allylic alcohols were


Scheme 3 Reagents and conditions: i, (a) RLi, Et2O, -78 ◦C, 0.5 h;
(b) H2SO4(aq); ii, (a) RMgX, THF, 0 ◦C, 4 h; (b) H2SO4(aq); iii, (a)
homoallylMgBr, THF, rt, 2 h; (b) H2SO4(aq); iv, allylMgCl, THF, rt; v,
PDC, CH2Cl2, rt.


Table 1 Synthesis of allylic alcohols


Entry n R1 SM Reagenta R2 Product Yield (%)b


1 1 H 13 NaBH4 H 1 43
2 1 Me 14 NaBH4 H 28 64
3 1 n-Bu 16 NaBH4 H 29 81
4 1 Allyl 17 NaBH4 H 30 66
5 1 Homoallyl 18 NaBH4 H 31 95
6 1 i-Pr 19 NaBH4 H 32 75
7 1 t-Bu 20 NaBH4 H 33 85
8 1 Ph 21 NaBH4 H 34 79
9 0 H 22 NaBH4 H 35 36


10 0 Me 23 NaBH4 H 36 53
11 0 Allyl 27 NaBH4 H 37 74
12 0 Homoallyl 25 NaBH4 H 38 80
13 1 H 13 R2MgX Me 39 69
14 1 H 13 R2Li n-Bu 40 74
15 1 H 13 R2MgX Allyl 41 64
16 1 H 13 R2Li i-Pr 42 64
17 0 H 22 R2MgX Me 43 42
18 0 H 22 R2Li n-Bu 44 62
19 1 Me 14 R2Li Me 45 65
20 1 Me 14 R2Li n-Bu 46 82
21 1 n-Bu 16 R2Li Me 47 68
22 1 Allyl 17 R2Li n-Bu 48 70
23 1 i-Pr 19 R2Li n-Bu 49 87
24 0 Me 23 R2MgX Me 50 44
25 0 Me 23 R2Li n-Bu 51 60
26 0 Allyl 27 R2Li n-Bu 52 45


a Reaction conditions: NaBH4: NaBH4, CeCl3·7H2O, MeOH, 0 ◦C to rt,
0.5 h; R2MgX: R2MgX, THF, 0 ◦C to rt, 12 h; R2Li: R2Li, Et2O, -78 ◦C,
15 min. Full details of the synthesis of 1 and 28–52 are provided in the
ESI.† b Yield after distillation or chromatography.


then prepared from the enones by Luche reduction (NaBH4–
CeCl3·7H2O) for the 3-substituted allylic alcohols (Table 1,
entries 1–12) or by 1,2-addition of the appropriate Grignard or
organolithium reagent for the 1-substituted (Table 1, entries 13–
18) and 1,3-disubstituted allylic alcohols (Table 1, entries 19–26).


Aziridination of 3-substituted cyclic allylic alcohols


With the cyclic allylic alcohols in hand, we then studied
the diastereoselectivity of their aziridination using commercial
chloramine-T trihydrate (TsNClNa·3H2O) or BusNClNa (Bus =
t-BuSO2) (prepared according to a literature method17) and 0.1 eq.
of PhMe3N+Br3


- (source of Br+) in MeCN at room temperature for
typically 12 hours (Sharpless conditions6). The diastereoselectivity
was determined from the 1H NMR spectra of the crude products
and, where possible, the cis- and trans-hydroxy aziridines were
then separated by chromatography or recrystallisation.


The results of the aziridination of the 3-substituted cyclohex-
2-en-1-ols and cyclopent-2-en-1-ols are presented in Table 2.
Using TsNClNa·3H2O, the reactions were moderately cis-
diastereoselective (cis : trans 60 : 40–75 : 25) across most of
the allylic alcohols (Table 2, entries 1–5 and 9–12). The lowest
degree of stereoselectivity was obtained when R = H (1 and 35)
(Table 2, entries 1 and 9) or when R = i-Pr (32) (Table 2, entry 6).
Better levels of cis-stereoselectivity were obtained with R = Me,
n-Bu, allyl or homoallyl and this allowed useful yields of pure
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Table 2 Aziridination of 3-substituted cyclic allylic alcohols


Entry n R SM P Product cis : transa
Yield of
cis (%)b


Yield of
trans (%)b


1 1 H 1 Ts 2 60 : 40 57 25
2 1 Me 28 Ts 53 75 : 25 68 0c


3 1 n-Bu 29 Ts 54 70 : 30 45 13
4 1 Allyl 30 Ts 55 65 : 35 71d


5 1 Homoallyl 31 Ts 56 70 : 30 34 12
6 1 i-Pr 32 Ts 57 55 : 45 —e —
7 1 t-Bu 33 Ts 58 — 0 0
8 1 Ph 34 Ts 59 —f —g —g


9 0 H 35 Ts 60 60 : 40 44 23
10 0 Me 36 Ts 61 75 : 25 63 12
11 0 Allyl 37 Ts 62 65 : 35 56 22
12 0 Homoallyl 38 Ts 63 65 : 35 53 15
13 1 H 1 Bus 64 70 : 30 34 0c


14 1 Me 28 Bus 65 90 : 10 68 0c


15 1 Homoallyl 31 Bus 66 80 : 20h 50 0ci


16 0 H 35 Bus 67 80 : 20 42 0c


17 0 Me 36 Bus 68 95 : 5 51 0ci


18 0 Homoallyl 38 Bus 69 —fh 75 0ci


a Ratio determined by 1H NMR spectroscopy of the crude product.
b Yield after chromatography. c trans-Hydroxy aziridine not isolated after
chromatography. d cis- and trans-hydroxy aziridines isolated as a mixture.
e cis- and trans-57 underwent rearrangement upon chromatography on
silica (see Scheme 4). f Ratio could not be determined. g cis- and trans-59
could not be separated from other by-products. h Reaction carried out in
acetone. i Purified by chromatography and recrystallisation.


cis-diastereomers to be isolated from these reactions. Interestingly,
there was no evidence of terminal alkene aziridination from the 1H
NMR spectra of the crude products of any of the reactions with
allyl or homoallyl-substituted allylic alcohols. Apparently, there
is good regiocontrol and the adjacent hydroxyl group provides
a directing effect for the aziridination under these conditions.
We identified three troublesome allylic alcohols. With the most
sterically hindered allylic alcohol 33 (R = t-Bu), a complex mixture
of products was obtained, none of which appeared to be aziridines.
Similarly, with allylic alcohol 34 (R = Ph), only small quantities
of aziridines were formed and they could not be separated from
other unidentified by-products. Finally, with allylic alcohol 32
(R = i-Pr), a 55 : 45 mixture of aziridines cis- and trans-57 was
formed in the crude product mixture (as judged by 1H NMR
spectroscopy). However, upon purification by chromatography on
silica, cis- and trans-57 rearranged to give a 60 : 40 mixture of
hydroxy sulfonamides cis- and trans-70 in 64% yield (Scheme 4).


Scheme 4 Reagents and conditions: i, 1.1 eq. TsNClNa·3H2O, 0.1 eq.
PhMe3N+Br3


-, MeCN, rt, 12 h; ii, silica gel.


Six allylic alcohols (1, 28, 31, 35, 36 and 38) were also
aziridinated using BusNClNa for comparison (Table 2, entries 13–
18). The BusNClNa reactions were generally lower yielding but
proceeded with higher stereoselectivity than their TsNClNa·3H2O
counterparts (Table 2, compare entries 1 and 13). Indeed, the high-
est levels of cis-stereoselectivity (90 : 10–95 : 5) were observed using
BusNClNa (Table 2, entries 14 and 17). Unfortunately, BusNClNa
is not commercially available18 (unlike TsNClNa·3H2O) and the
yields were generally lower compared to TsNClNa·3H2O.


The relative stereochemistry of all of the cis- and trans-hydroxy
aziridines shown in Table 2 was established by a combination
of methods. First, four of the trans-hydroxy aziridines (2, 56,
60 and 62) were subjected to aza-Payne rearrangement19 to
the corresponding trans-epoxides. Two examples are shown in
Scheme 5. Thus, treatment of hydroxy aziridine trans-2 with
KHMDS in THF at 0 ◦C led to smooth conversion into trans-71,
a known20 compound, that was isolated in 81% yield. Similarly,
hydroxy aziridine trans-60 gave epoxide trans-72 (74% yield). Only
the trans-hydroxy aziridines can undergo such a reaction. Next,
seven of the cis-hydroxy aziridines (2, 53, 55, 56 and 60–62)
were prepared independently by reduction of their corresponding
keto aziridines. By analogy with the reduction of related keto
aziridines21 and epoxides,22 anti-addition of hydride to the keto
aziridines can be envisaged to occur (attack on the exo-face of
the keto aziridine and anti to the C–N bond). As a representative
example, oxidation of hydroxy aziridines 62 gave keto aziridine
73, which was reduced with NaBH4 to hydroxy aziridine cis-62 in
68% yield over the two steps, with no evidence for the formation
of any trans-62 (Scheme 5). Finally, using the above unequivocally
assigned examples, we have noted some useful diagnostic trends
in the 1H NMR spectra of the cis- and trans-hydroxy aziridines.
Thus, the CHN signals in the cis-hydroxy aziridines show a vicinal
coupling constant (to the adjacent CHO proton), 3J = 2.0–5.0 Hz.
In contrast, the CHN signals in the trans-hydroxy aziridines show
3J = 0 Hz i.e. the CHN proton does not couple to the CHO
proton and the dihedral angle must therefore be essentially 90◦.
In addition, in each pair of diastereomers, the CHN signal for
the cis-hydroxy aziridine appears downfield of the signal for the
corresponding trans-hydroxy aziridine. These trends in the 1H
NMR spectroscopic data are summarised in Fig. 1 and are also
consistent with Atkinson’s stereochemical assignments of related
hydroxy aziridines.23


Scheme 5 Reagents and conditions: i, 4 eq. KHMDS, THF, 0 ◦C, 3 h. ii,
Dess–Martin periodinane, CH2Cl2, rt, 2 h. iii, NaBH4, MeOH, 0 ◦C, 3 h.
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Fig. 1 Diagnostic trends in 1H NMR spectroscopic data for cis and trans
hydroxy aziridines.


The higher stereoselectivity observed using BusNClNa com-
pared to that obtained with TsNClNa deserves further comment
and discussion. In particular, different levels of stereoselectivity are
observed using both reagents for the same allylic alcohol. Thus,
it can be concluded that bromonium ion formation is reversible
and the diastereoselectivity arises from different rates of attack on
the bromonium ions (e.g. cis-74 and trans-74) by the TsNClNa or
BusNClNa (Fig. 2). We propose that ring opening of bromonium
ion trans-74 is faster (thus leading to overall cis-aziridination) due
to hydrogen-bonded delivery of the nucleophile to the C-3 carbon
(trans-diaxial opening of the bromonium ion). However, TsNClNa
attack on the less sterically hindered C-2 of bromonium ion
cis-74 is competitive, accounting for the overall moderate levels of
cis-stereoselectivity observed in these aziridinations. Presumably,
using the more sterically hindered BusNClNa, the rate of ring-
opening of bromonium ion cis-74 is retarded significantly relative
to that of trans-74 which can still benefit from the hydrogen-
bonded delivery.


Fig. 2 Ring opening of bromonium ions trans-74 and cis-74.


Aziridination of 1-substituted cyclic allylic alcohols


Next, the aziridination of 1-substituted allylic alcohols was studied
using the TsNClNa·3H2O conditions. The cyclohexene-derived
allylic alcohols were generally well-behaved and the results are
summarised in Table 3. In most cases, the reactions showed a
moderate level of cis-stereoselectivity (cis : trans 60 : 40–75 : 25).
As with the 3-substituted allylic alcohols (Table 2), the lowest
stereoselectivity was obtained when R = i-Pr (42) (Table 3,
entry 5). The relative stereochemistry of hydroxy aziridines 75
and 78 was established unequivocally as the trans-diastereomers
underwent aza-Payne rearrangement during the purification by
chromatography on silica gel (Scheme 6). In addition, hydroxy
aziridine cis-77 was independently prepared by anti-addition of
allylMgCl to keto aziridine 81 (Scheme 6).


Our working model to rationalise the moderate levels of cis-
stereoselectivity in the aziridination of 1-substituted cyclohexenols
is depicted in Fig. 3. Reversible bromonium ion formation is
followed by nucleophilic attack by the TsNClNa onto trans-82 and
cis-82. By analogy with the 3-substituted allylic alcohols (Fig. 2),


Table 3 Aziridination of 1-substituted cyclic allylic alcohols


Entry R SM Product cis : transa
Yield of
cis (%)b


Yield of
trans (%)b


1 H 1 2 60 : 40 57 25
2 Me 39 75 75 : 25 67 17c


3 n-Bu 40 76 70 : 30 80d —d


4 Allyl 41 77 65 : 35 46d —d


5 i-Pr 42 78 55 : 45 49 20c


a Ratio determined by 1H NMR spectroscopy of the crude product.
b Yield after chromatography. c trans-75 and trans-78 underwent aza-Payne
rearrangement during chromatography (see Scheme 6). d cis- and trans-
hydroxy aziridines obtained as an inseparable mixture.


Scheme 6 Reagents and conditions: i, silica gel. ii, Dess–Martin periodi-
nane, CH2Cl2, rt, 45 min. iii, AllylMgCl, THF, -78 ◦C.


Fig. 3 Ring opening of bromonium ions trans-82 and cis-82.


we propose the same hydrogen-bonded delivery of the TsNClNa
to C-3 of trans-82. This is faster than ring opening of cis-82 which
suffers from a steric clash between the substituent (R) on C-1. Our
model indicates trans-diaxial attack at C-2 of cis-82.


In contrast, aziridination of the 1-substituted cyclopentenols
did not proceed in the expected manner. Under the standard
aziridination conditions, no aziridine products were formed from
43, 44 and 26 according to the 1H NMR spectra of the crude
products. Instead, in all three cases, the same type of product was
generated as the major one. Eventually, after obtaining the X-ray
crystal structure of one of them (cis-83, Fig. 4), the major products
were identified as epoxy sulfonamides cis-83, 85, and 87 (46–54%
yield) (Scheme 7). Notably, this epoxidation did not occur with
the unsubstituted cyclopentenol 35 and with the cyclohexenols
(Table 3). On close inspection of the crude products by 1H NMR
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Fig. 4 X-Ray crystal structure of cis-83.


Scheme 7 Reagents and conditions: i, 1.1 eq. TsNClNa·3H2O, 0.1 eq.
PhMe3N+Br3


-, MeCN, rt, 12 h.


spectroscopy, it was clear that another type of product was also
formed. However, they were unstable to chromatography and
could not be isolated in pure form. From a mechanistic analysis
(vide infra), we suspected that they might be epoxy bromides trans-
84, 86 and 88. This was confirmed by an independent synthesis
of epoxy bromide trans-84: Henbest-like cis-epoxidation of allylic
alcohol 43 was followed by bromide formation using PPh3–CBr4


to give crude trans-84 which had the same 1H NMR spectrum as
the by-product from the attempted aziridination of allylic alcohol
43.


A mechanism that accounts for the formation of epoxy sulfon-
amides cis-83, 85 and 87 together with the corresponding epoxy
bromides trans-84, 86 and 88 is shown in Scheme 8. The first step
is reversible formation of bromonium ions trans-89 and cis-89
which would normally be ring-opened by TsNClNa to ultimately
give the corresponding hydroxy aziridines cis-90 and trans-90.
This process does not happen with cyclopentenols 43, 44 and
26. Instead, we propose that reversible epoxide formation occurs
from bromonium ion trans-89 to give the epoxy bromides trans-
84, 86 and 88 which subsequently undergo a slow and irreversible
nucleophilic substitution reaction with TsNClNa to give epoxy
sulfonamides cis-83, 85 and 87. Since our mechanistic conjecture


Scheme 8 Mechanistic suggestion for the formation of cis-83, 85 and 87.


indicates that the trans-epoxy bromides are intermediates in the
formation of the cis-epoxy sulfonamides, it should be possible to
increase the yields of the cis-epoxy sulfonamides by increasing the
reaction time. This did indeed prove to be the case in one example.
Whereas reaction of allylic alcohol 26 with TsNClNa·3H2O and
PhMe3N+Br3


- in MeCN for 12 hours gave epoxy sulfonamide cis-
87 in 54% yield, a 36 hour reaction time furnished the same product
in 97% yield.


Aziridination of 1,3-disubstituted cyclic allylic alcohols


Finally, the aziridination of 1,3-disubstituted cyclic allylic alcohols
was studied. The results are presented in Table 4. Remarkably,
in seven out of the eight allylic alcohols that were subjected to
aziridination, single cis-diastereomers of hydroxy aziridines were
generated (cis-91–94 and cis-96–98, Table 4, entries 1–4 and 6–8).
In these seven cases, there was no evidence of any trans-hydroxy
aziridines in the 1H NMR spectra of the crude products and similar
results were obtained for the five- and six-membered ring allylic
alcohols. The only disappointing result was with allylic alcohol 49
in which a 65 : 35 mixture of hydroxy aziridines cis- and trans-95
was formed (Table 4, entry 5).


The relative stereochemistry of these hydroxy aziridines was
established in the following way. The structure of one of the
cyclohexenol-derived hydroxy aziridines (cis-93) was determined
by X-ray crystallography (Fig. 5). In addition, the cyclopentenol-
derived hydroxy aziridine cis-97 was synthesised by anti-addition
of n-BuMgBr to keto aziridine 99 (Scheme 9). The stereochemistry
of the other hydroxy aziridines in Table 4 were assigned by
analogy.


Table 4 Aziridination of 1,3-disubstituted cyclic allylic alcohols


Entry n R1 R2 SM Product cis : transa Yield of cis (%)b


1 1 Me Me 45 91 >98 : 2 70
2 1 Me n-Bu 46 92 >98 : 2 90
3 1 n-Bu Me 47 93 >98 : 2 73
4 1 Allyl n-Bu 48 94 >98 : 2 53
5 1 i-Pr n-Bu 49 95 65 : 35 23c


6 0 Me Me 50 96 >98 : 2 77
7 0 Me n-Bu 51 97 >98 : 2 75
8 0 Allyl n-Bu 52 98 >98 : 2 32


a Ratio determined by 1H NMR spectroscopy of the crude product. b Yield
after chromatography. c trans-95 not isolated after chromatography.


Scheme 9 Reagents and conditions: i, Dess–Martin periodinane, CH2Cl2,
rt, 45 min. ii, n-BuMgCl, THF, -78 ◦C.
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Fig. 5 X-Ray crystal structure of cis-93.


The complete cis-stereoselective aziridination of the 1,3-
disubstituted allylic alcohols can be rationalised as shown in Fig. 6.
Presumably, ring-opening of bromonium ion cis-100 is very slow
due to the steric hindrance from the R1 and R2 substituents.
Attack at C-2 will be disfavoured due to a steric clash with the
R2 substituent whilst attack at the tertiary C-3 position seems
unlikely due to steric hindrance. This is in contrast to 3-substituted
allylic alcohols (Fig. 2) and 1-substituted allylic alcohols (Fig. 3)
in which steric hindrance is relieved such that nucleophilic attack
by TsNClNa on the cis-bromonium ions is at least possible (albeit
slower than attack on the trans-bromonium ions).


Fig. 6 Ring opening of bromonium ions trans-100 and cis-100.


Conclusion


In summary, a wide range of cyclic allylic alcohols with different
substitution patterns has been aziridinated under Sharpless con-
ditions and the sense and degree of stereoselectivity established.
In general, cis-stereoselectivity predominated and this has allowed
easy access to a significant number of diastereomerically pure cis-
hydroxy aziridines after purification by chromatography. These
types of cis-hydroxy aziridines are interesting synthetic building
blocks and organolithium-mediated reactions of their methyl
ethers have proved useful for further synthetic efforts.2,4,5 Through
our studies, the full scope and limitations of the Sharpless
aziridination of cyclic allylic alcohols has been determined.
An unexpected aspect of our investigation was the complete
cis-stereoselectivity observed in the aziridination of seven 1,3-
disubstituted allylic alcohols. A mechanistic rationale for this
(and the other aziridinations) involving reversible cis- and trans-
bromonium ion formation and subsequent different rates of ring-
opening of these bromonium ions has been forwarded.


Experimental


General


All non-aqueous reactions were carried out under O2-free N2 or
Ar using oven-dried glassware. CH2Cl2 was dried on an Mbraun
SPS solvent purification system. Et2O and THF were distilled
from sodium and benzophenone. Petrol refers to the fraction of
petroleum ether boiling in the range 40–60 ◦C and was purchased
in Winchester quantities. Brine refers to a saturated aqueous
solution of NaCl. Water is distilled water. Flash chromatography
was carried out using Fluka Chemie GmbH silica (220–440 mesh).
Thin layer chromatography was carried out using commercially
available Merck F254 aluminium-backed silica plates. Proton (400
or 270 MHz) and carbon (100.6 or 67.9 MHz) NMR spectra
were recorded on a Jeol ECX-400 instrument or a Jeol EX-270
instrument using an internal deuterium lock. For samples recorded
as solutions in CDCl3, chemical shifts are quoted in parts per
million relative to CHCl3 (dH 7.27) and CDCl3 (dC 77.0, central line
of triplet). Carbon NMR spectra were recorded with broad band
proton decoupling and were assigned using DEPT experiments.
Coupling constants (J) are quoted in Hertz. Melting points were
carried out on a Gallenkamp melting point apparatus. Infra-red
spectra were recorded on a Nicolet IR100 FT-IR spectrometer or
an ATI Mattson Genesis FT-IR spectrometer. Chemical ionization
high and low resolution mass spectra were recorded on a Fisons
Analytical (VG) Autospec spectrometer. Electrospray high and
low resolution mass spectra were recorded on a Bruker Daltonics
micrOTOF spectrometer.


The synthesis of all of the allylic alcohols is described in the
ESI.†


General procedure for aziridination. PhMe3NBr3 (0.1 eq.) was
added in one portion to a stirred suspension of chloramine-T
trihydrate (TsNClNa·3H2O) (1.1 eq.) or BucNClNa (1.2 eq.) and
cyclic allylic alcohol (1.0 mmol) in MeCN (5 mL) at rt under N2.
After stirring at rt for 12 h, the resulting suspension was filtered
through a silica plug and washed well with Et2O. The filtrate was
evaporated under reduced pressure to give the crude product.


7-[(4-Methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-2-ol cis-
2 and trans-2. Using the general procedure, allylic alcohol 1
(543 mg, 5.5 mmol), chloramine-T trihydrate (1.70 g, 6.0 mmol)
and PhMe3NBr3 (210 mg, 0.6 mmol) in MeCN (25 mL) gave the
crude product, which contained a 60 : 40 mixture (by 1H NMR
spectroscopy) of hydroxy aziridines cis-2 and trans-2. Purification
by flash chromatography on silica with petrol–Et2O (3 : 7) as eluent
gave hydroxy aziridine trans-2 (363 mg, 25%) as an off-white solid,
mp 76–77 ◦C (lit.,6 69–70 ◦C), RF(3 : 7 petrol–Et2O) 0.13; 1H NMR
(400 MHz, CDCl3) d 7.81 (d, J = 8.0, 2H, m-C6H4Me), 7.36 (br
d, J = 8.0, 2H, o-C6H4Me), 4.00–3.89 (m, 1H, CHO), 3.08–3.00
(m, 1H, CHN), 2.95 (d, J = 7.0, 1H, CHN), 2.44 (s, 3H, Me),
1.89–1.63 (m, 3H, 3 ¥ CH) and 1.60–1.26 (m, 3H, 3 ¥ CH) and
hydroxy aziridine cis-2 (831 mg, 57%) as a colourless oil, RF(3 : 7
petrol–Et2O) 0.09; 1H NMR (400 MHz, CDCl3) d 7.85 (d, J = 8.0,
2H, m-C6H4Me), 7.32 (br d, J = 8.0, 2H, o-C6H4Me), 4.00–3.89
(m, 1H, CHO), 3.20 (br s, 2H, 2 ¥ CHN), 2.45 (s, 3H, Me), 1.85–
1.72 (m, 2H, 2 ¥ CH), 1.61–1.46 (m, 2H, 2 ¥ CH), 1.42–1.30 (m,
1H, CH), 1.29–1.14 (m, 1H, CH). Spectroscopic data consistent
with those reported in the literature.6
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6-Methyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]hep-
tan-2-ol cis-53 and trans-53. Using the general procedure, allylic
alcohol 28 (790 mg, 7.0 mmol), chloramine-T trihydrate (2.18 g,
7.7 mmol) and PhMe3NBr3 (262 mg, 0.7 mmol) in MeCN (35 mL)
gave the crude product, which contained a 75 : 25 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-53 and trans-
53. Purification by flash chromatography on silica with CHCl3–
acetone (97 : 3) as eluent gave hydroxy aziridine cis-53 (1.34 g,
68%) as a white solid, mp 74–76 ◦C; RF(9 : 1 CHCl3–acetone)
0.40; 1H NMR (400 MHz, CDCl3) d 7.88 (d, J = 8.5, 2H, m-
C6H4Me), 7.32 (d, J = 8.5, 2H, o-C6H4Me), 3.99 (app. sextet, J =
5.0, 1H, CHO), 3.36 (d, J = 5.0, 1H, CHN), 2.44 (s, 3H, Me), 2.06–
2.00 (m, 1H, CH), 1.76 (s, 3H, Me), 1.55–1.41 (m, 2H, 2 ¥ CH),
1.40–1.38 (m, 2H, 2 ¥ CH), 1.28–1.22 (m, 2H, CH and OH); 13C
NMR (100.6 MHz, CDCl3) d 144.2 (ipso-C6H4SO2), 137.6 (ipso-
C6H4Me), 129.7 (m-C6H4Me), 127.4 (o-C6H4Me), 63.9 (CHO),
54.1 (CN), 51.7 (CHN), 31.3 (CH2), 29.6 (CH2), 21.6 (Me), 20.2
(Me), 16.7 (CH2); MS (CI, NH3) m/z 299 [(M + NH4)+, 30], 282
(100), 189 (15), 126 (15); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C14H19NO3S, 282.1164; found, 282.1159. Diagnostic signals for
hydroxy aziridine trans-53: 1H NMR (400 MHz, CDCl3) d 3.71
(br t, J = 6.5, 1H, CHO), 3.05 (s, 1H, CHN).


6-Butyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-
2-ol cis-54 and trans-54. Using the general procedure, allylic
alcohol 29 (175 mg, 1.1 mmol), chloramine-T trihydrate (352 mg,
1.2 mmol) and PhMe3NBr3 (42 mg, 0.1 mmol) in MeCN (6 mL)
gave the crude product, which contained a 70 : 30 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-54 and trans-
54. Purification by flash chromatography on silica with CH2Cl2–
acetone (95 : 5) as eluent gave hydroxy aziridine cis-54 (165 mg,
45%) as a colourless oil, RF(95 : 5 CH2Cl2–acetone) 0.4; IR (film)
3520 (OH), 2954, 2869, 1455, 1404, 1319 (SO2), 1155 (SO2), 1090,
976, 931 cm-1; 1H NMR (400 MHz, CDCl3) d 7.86 (d, J = 8.5,
2H, m-C6H4Me), 7.32 (br d, J = 8.5, 2H, o-C6H4Me), 3.92 (app.
sextet, J = 5.0, 1H, CHO), 3.29 (d, J = 5.0, 1H, CHN), 2.42 (s, 3H,
Me), 2.11–1.98 (m, 2H, 2 ¥ CH), 1.88 (ddd, J = 14.5, 8.0, 5.0, 1H,
CH), 1.69 (dt, J = 14.5, 6.0, 1H, CH), 1.59–1.17 (m, 8H, 4 ¥ CH2),
0.92 (t, J = 7.0, 3H, Me); 13C NMR (100.6 MHz, CDCl3) d 144.1
(ipso-C6H4SO2), 137.6 (ipso-C6H4Me), 129.6 (m-C6H4Me), 127.4
(o-C6H4Me), 64.7 (CHO), 58.6 (CN), 51.3 (CHN), 33.1 (CH2), 29.4
(CH2), 28.9 (CH2), 28.0 (CH2), 22.6 (CH2), 21.6 (Me), 17.8 (CH2),
14.0 (Me); MS (CI, NH3) m/z 324 [(M + H)+, 55], 168 (100),
153 (45), 140 (15); HRMS (CI, NH3) m/z: [M + H]+ calcd for
C17H25NO3S, 324.1633; found, 324.1633 and a mixture of hydroxy
aziridine trans-54 and TsNH2 (102 mg). This mixture was dissolved
in Et2O (2.5 mL) and hexane (2.5 mL) was added. The resulting
mixture was placed in the freezer for 12 h. The resulting suspension
was filtered, and the filtrate was evaporated under reduced pressure
to give hydroxy aziridine trans-54 (46 mg, 13%) as a colourless oil,
RF(95 : 5 CH2Cl2–acetone) 0.3; IR (film) 3503 (OH), 2954, 2871,
1455, 1319 (SO2), 1156 (SO2), 1089, 987 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.80 (d, J = 8.0, 2H, m-C6H4Me), 7.28 (br d, J = 8.0,
2H, o-C6H4Me), 3.92 (br dt, J = 8.0, 5.0, 1H, CHO), 3.01 (s, 1H,
CHN), 2.41 (s, 3H, Me), 2.05–1.91 (m, 3H, 3 ¥ CH), 1.77–1.71
(m, 1H, CH), 1.66 (ddd, J = 15.0, 9.5, 5.5, 1H, CH), 1.58–1.20
(m, 6H, 6 ¥ CH2), 1.10–1.01 (m, 1H, 1 ¥ CH), 0.91 (t, J = 7.0,
3H, Me); 13C NMR (100.6 MHz, CDCl3) d 143.6 (ipso-C6H4SO2),
138.4 (ipso-C6H4Me), 129.4 (m-C6H4Me), 127.0 (o-C6H4Me), 65.6


(CHO), 56.5 (CN), 51.1 (CHN), 32.9 (CH2), 29.9 (CH2), 28.9
(CH2), 28.3 (CH2), 22.5 (CH2), 21.5 (Me), 15.7 (CH2), 13.9 (Me);
MS (CI, NH3) m/z 324 [(M + H)+, 100], 306 (20), 153 (50); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C17H25NO3S, 324.1633; found,
324.1628.


6-Allyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-
2-ol cis-55 and trans-55. Using the general procedure, allylic
alcohol 30 (138 mg, 1.0 mmol), chloramine-T trihydrate (310 mg,
1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL)
gave the crude product, which contained a 65 : 35 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-55 and trans-55.
Purification by flash chromatography on silica with petrol–Et2O
(1 : 1) as eluent gave a 65 : 35 mixture (by 1H NMR spectroscopy)
of hydroxy aziridines cis-55 and trans-55 (217 mg, 71%) as a
colourless oil, RF(1 : 1 petrol–Et2O) 0.1. Further purification by
flash chromatography on silica with CH2Cl2–acetone (95 : 5) as
eluent gave a sample of hydroxy aziridine cis-55 as a colourless oil,
RF(9 : 1 CH2Cl2–acetone) 0.5; IR (film) 3521 (OH), 2944, 2865,
1319 (SO2), 1154 (SO2), 1090, 977, 930 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.86 (d, J = 8.5, 2H, m-C6H4Me), 7.31 (br d, J = 8.5, 2H,
o-C6H4Me), 5.83 (ddt, J = 17.0, 10.0, 7.0, 1H, =CH), 5.18–5.12
(m, 2H, =CH2), 3.97–3.91 (m, 1H, CHO), 3.37 (d, J = 4.5, 1H,
CHN), 2.81 (app. dt, J = 7.0, 1.0, 2H, CH2CH=CH2), 2.42 (s, 3H,
Me), 1.87–1.78 (m, 1H, CH), 1.73–1.66 (m, 1H, CH), 1.50–1.37
(m, 2H, 2 ¥ CH), 1.32–1.23 (m, 2H, CH and OH), 1.21–1.12 (m,
1H, CH); 13C NMR (100.6 MHz, CDCl3) d 143.8 (ipso-C6H4SO2),
138.1 (ipso-C6H4Me), 133.9 (=CH), 129.5 (m-C6H4Me), 127.0 (o-
C6H4Me), 118.4 (=CH2), 65.6 (CHO), 54.8 (C(N)), 50.7 (CHN),
37.8 (CH2), 29.9 (CH2), 28.2 (CH2), 21.6 (Me), 15.6 (CH2); MS (CI,
NH3) m/z 308 [(M + H)+, 90], 152 (100), 137 (25), 124 (20); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C16H21NO3S, 308.1320; found,
308.1317 and a sample of hydroxy aziridine trans-55 as a colourless
oil, RF(9 : 1 CH2Cl2–acetone) 0.4; IR (film) 3501 (OH), 2943, 1319
(SO2), 1304, 1290, 1156 (SO2), 1089, 988 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.81 (d, J = 8.0, 2H, m-C6H4Me), 7.30 (br d, J = 8.0, 2H,
o-C6H4Me), 5.92–5.82 (m, 1H, =CH), 5.21–5.12 (m, 2H, =CH2),
3.70 (br t, J = 7.0, 1H, CHO), 3.07 (s, 1H, CHN), 2.80 (app. d, J =
7.0, 2H, CH2CH=CH2), 2.43 (s, 3H, Me), 1.90 (dt, J = 14.5, 5.0,
1H, CH), 1.75 (dt, J = 13.0, 7.0, 1H, CH), 1.67 (ddd, J = 14.5,
9.5, 5.5, 1H, CH), 1.44–1.36 (m, 1H, CH), 1.29–1.18 (m, 2H, CH
and OH), 1.09–1.00 (m, 1H, CH); 13C NMR (100.6 MHz, CDCl3)
d 144.2 (ipso-C6H4SO2), 137.4 (ipso-C6H4Me), 133.6 (=CH), 129.6
(m-C6H4Me), 127.4 (o-C6H4Me), 118.6 (=CH2), 64.7 (CHO), 56.9
(C(N)), 50.9 (CHN), 37.9 (CH2), 29.2 (CH2), 27.7 (CH2), 21.6
(Me); MS (CI, NH3) m/z 308 [(M + H)+, 70], 152 (100), 137 (45),
124 (20); HRMS (CI, NH3) m/z: [M + H]+ calcd for C16H21NO3S,
308.1320; found, 308.1318.


6-Homoallyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]-
heptan-2-ol cis-56 and trans-56. Using the general procedure,
allylic alcohol 31 (250 mg, 1.64 mmol), chloramine-T trihydrate
(509 mg, 1.81 mmol) and PhMe3NBr3 (62 mg, 0.16 mmol)
in MeCN (10 mL) gave the crude product as a solution in
Et2O–MeCN. This was washed with 2 M NaOH(aq) (5 mL),
dried (MgSO4) and evaporated under reduced pressure to give
the crude product, which contained a 70 : 30 mixture (by 1H
NMR spectroscopy) of hydroxy aziridines cis-56 and trans-56.
Purification by flash chromatography on silica with CH2Cl2–
acetone (96 : 4) as eluent gave hydroxy aziridine cis-56 (106 mg,
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34%) as a pale yellow oil, RF(96 : 4 CH2Cl2–acetone) 0.3; IR
(CHCl3) 3610 (OH), 2949, 1641 (C=C), 1456, 1319 (SO2), 1159
(SO2), 1092 cm-1; 1H NMR (400 MHz, CDCl3) d 7.87 (d, J = 8.0,
2H, m-C6H4Me), 7.33 (d, J = 8.0, 2H, o-C6H4Me), 5.87–5.76 (m,
1H, CH=CH2), 5.06 (dd, J = 17.5, 1.0, 1H, CH=CHAHB), 5.02 (br
d, J = 10.5, 1H, CH=CHAHB), 3.92 (sextet, J = 5.0, 1H, CHO),
3.31 (d, J = 5.0, 1H, CHN), 2.43 (s, 3H, Me), 2.40–2.37 (m, 1H,
CH), 2.24–2.15 (m, 3H, 3 ¥ CH), 1.89 (ddd, J = 12.0, 7.5, 5.0,
1H, CH), 1.72 (dt, J = 15.0, 6.0, 1H, CH), 1.54–1.39 (m, 2H, 2 ¥
CH), 1.33–1.16 (m, 2H, 2 ¥ CH); 13C NMR (100.6 MHz, CDCl3)
d 144.1 (ipso-C6H4SO2), 137.6 (ipso-C6H4Me), 137.2 (=CH), 129.7
(m-C6H4Me), 127.4 (o-C6H4Me), 115.7 (=CH2), 64.7 (CHO), 57.7
(CN), 51.5 (CHN), 32.4 (CH2), 30.9 (CH2), 29.4 (CH2), 27.8 (CH2),
21.6 (Me), 17.8 (CH2); MS (CI, NH3) m/z 322 [(M + H)+, 100], 304
(20), 249 (6), 189 (9), 166 (73), 151 (49), 133 (5); HRMS (CI, NH3)
m/z: [M + H]+ calcd for C17H23NO3S, 322.1477; found, 322.1479
and hydroxy aziridine trans-56 (37 mg, 12%) as a pale yellow oil,
RF(96 : 4 CH2Cl2–acetone) 0.2; IR (CHCl3) 3601 (OH), 3018, 2951,
1450, 1317 (SO2), 1159 (SO2), 1090, 987 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.81 (d, J = 8.0, 2H, m-C6H4Me), 7.30 (d, J = 8.0, 2H,
o-C6H4Me), 5.84 (ddt, J = 17.0, 10.5, 6.5, 1H, CH=CH2), 5.08
(dd, J = 17.5, 1.5, 1H, CH=CHAHB), 5.01 (br d, J = 10.5, 1H,
CH=CHAHB), 3.69 (dt, J = 7.5, 5.0, 1H, CHO), 3.04 (s, 1H, CHN),
2.43 (s, 3H, Me), 2.39–2.35 (m, 1H, CH), 2.30–2.09 (m, 3H, 3 ¥
CH), 1.95 (dt, J = 15.0, 5.0, 1H, CH), 1.81–1.66 (m, 2H, 2 ¥ CH),
1.46–1.38 (m, 1H, CH), 1.32–1.23 (m, 1H, CH), 1.10–1.01 (m,
1H, CH); 13C NMR (100.6 MHz, CDCl3) d 143.7 (ipso-C6H4SO2),
138.3 (ipso-C6H4Me), 137.5 (=CH), 129.5 (m-C6H4Me), 127.0 (o-
C6H4Me), 115.5 (=CH2), 65.6 (CHO), 55.7 (CN), 51.1 (CHN),
32.2 (CH2), 31.0 (CH2), 30.0 (CH2), 28.2 (CH2), 21.5 (Me), 15.6
(CH2); MS (CI, NH3) m/z 322 [(M + H)+, 100], 304 (26), 189 (75),
168 (42), 166 (43), 151 (82), 139 (36), 133 (70), 108 (16); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C17H23NO3S, 322.1477; found,
322.1475.


N-(6-Hydroxy-2-isopropylcyclohex-2-en-1-yl)-4-methylbenzene-
sulfonamide cis-70 and trans-70. Using the general procedure,
allylic alcohol 32 (108 mg, 0.8 mmol), chloramine-T trihydrate
(239 mg, 0.8 mmol) and PhMe3NBr3 (29 mg, 0.1 mmol) in
MeCN (4 mL) gave the crude product, which contained a 55 : 45
mixture (by 1H NMR spectroscopy) of hydroxy aziridines cis-57
and trans-57. Purification by flash chromatography on silica
with hexane–EtOAc (7 : 3) as eluent gave a 60 : 40 mixture
(by 1H NMR spectroscopy) of alcohols cis-70 and trans-70
(152 mg, 64%) as a pale yellow solid. Further purification by
flash chromatography on silica with hexane–CHCl3–MeOH
(60 : 32 : 8) gave a pure sample of alcohol cis-70 as a white solid,
mp 115–117 ◦C; RF(60 : 32 : 8 hexane–CHCl3–MeOH) 0.23; IR
(Nujol mull) 3435 (OH), 3272 (NH), 1306 (SO2), 1160 (SO2),
1096, 1067, 931, 815 cm-1; 1H NMR (400 MHz, CDCl3) d 7.81
(d, J = 8.0, 2H, m-C6H4Me), 7.32 (d, J = 8.0, 2H, o-C6H4Me),
5.49 (t, J = 3.5, 1H, =CH), 4.64 (d, J = 8.0, 1H, NH), 3.85 (dd,
J = 8.0, 4.0, 1H, CHN), 3.67–3.60 (m, 1H, CHO), 2.64 (d, J =
7.0, 1H, OH), 2.42 (s, 3H, Me), 2.19–2.10 (m, 1H, CH), 2.05–1.96
(m, 1H, CH), 1.75 (ddt, J = 3.0, 6.0, 3.5, 1H, CH), 1.68 (septet,
J = 7.0, 1H, CHMe2), 1.59–1.49 (m, 1H, CH), 0.86 (d, J =
7.0, 3H, CHMeAMeB), 0.68 (d, J = 7.0, 3H, CHMeAMeB); 13C
NMR (100.6 MHz, CDCl3) d 143.7 (ipso-C6H4SO2), 141.1 (=C),
137.4 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.2 (o-C6H4Me),


123.1 (=CH), 68.7 (CHO), 54.6 (CHN), 29.8 (CHMe2), 25.9
(CH2), 23.5 (CH2), 22.4 (Me), 21.5 (Me), 20.9 (Me); MS (CI,
NH3) m/z 327 [(M + NH4)+, 70], 310 (20), 189 (100), 156 (20);
HRMS (CI, NH3) m/z: [M + NH4]+ calcd for C16H23NO3S,
327.1742; found, 327.1745 and alcohol trans-70 as a white solid,
mp 114–116 ◦C; RF(60 : 32 : 8 hexane–CHCl3–MeOH) 0.20; IR
(Nujol mull) 3493 (OH), 3271 (NH), 1306 (SO2), 1158 (SO2),
1096, 1050 cm-1; 1H NMR (400 MHz, CDCl3) d 7.80 (d, J = 8.0,
2H, m-C6H4Me), 7.31 (d, J = 8.0, 2H, o-C6H4Me), 5.59 (t, J =
4.0, 1H, =CH), 4.71 (d, J = 8.0, 1H, NH), 3.88 (br s, 1H, CHO),
3.59 (dd, J = 8.0, 4.5, 1H, CHN), 2.42 (s, 3H, Me), 2.34 (br s,
1H, OH), 2.14–1.96 (m, 2H, 2 ¥ CH), 1.84–1.76 (m, 2H, 2 ¥ CH),
1.66–1.58 (m, 1H, CH), 0.89 (d, J = 7.0, 3H, CHMeAMeB), 0.62
(d, J = 7.0, 3H, CHMeAMeB); 13C NMR (100.6 MHz, CDCl3)
d 143.6 (ipso-C6H4SO2), 139.5 (=C), 137.3 (ipso-C6H4Me), 129.7
(m-C6H4Me), 127.1 (o-C6H4Me), 123.5 (=CH), 70.3 (CHO), 55.7
(CHN), 29.8 (CHMe2), 24.5 (CH2), 22.3 (Me), 21.5 (Me), 20.9
(Me), 20.7 (CH2); MS (CI, NH3) m/z 327 [(M + NH4)+, 60], 189
(100); HRMS (CI, NH3) m/z: [M + NH4]+ calcd for C16H23NO3S,
327.1742; found, 327.1747.


6-[(4-Methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]hexan-2-ol cis-
60 and trans-60. Using the general procedure, allylic alcohol 35
(400 mg, 4.76 mmol), chloramine-T trihydrate (1.47 g, 5.23 mmol)
and PhMe3NBr3 (179 mg, 0.48 mmol) in MeCN (20 mL) gave
the crude product, which contained a 60 : 40 mixture (by 1H
NMR spectroscopy) of hydroxy aziridines cis-60 and trans-60.
Purification by flash chromatography with petrol–Et2O (2 : 8) as
eluent gave hydroxy aziridine trans-60 (275 mg, 23%) as a white
solid, mp 84–85 ◦C; RF(Et2O) 0.4; IR (CH2Cl2) 3600 (OH), 3064,
2929, 2862, 1323 (SO2), 1161 (SO2) cm-1; 1H NMR (400 MHz,
CDCl3) d 7.80 (d, J = 8.0, 2H, m-C6H4Me), 7.34 (br d, J =
8.0, 2H, o-C6H4Me), 4.32 (br s, 1H, CHO), 3.41 (br dd, J =
5.0, 1.0, 1H, CHN), 3.31 (br d, J = 5.0, 1H, CHN), 2.45 (s,
3H, Me), 1.93–1.91 (m, 2H, 2 ¥ CH), 1.83 (br s, 1H, OH), 1.75–
1.53 (m, 2H, 2 ¥ CH); 13C NMR (100.6 MHz, CDCl3) d 144.5
(ipso-C6H4SO2), 135.1 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.7
(o-C6H4Me), 71.8 (CHO), 48.4 (CHN), 45.9 (CHN), 30.3 (CH2),
24.9 (CH2), 21.6 (Me); MS (CI, NH3) m/z 271 [(M + NH4)+, 72],
254 [(M + H)+, 100]; HRMS (CI, NH3) m/z: [M + H]+ calcd for
C12H15NO3S, 254.0851; found, 254.0844 and hydroxy aziridine cis-
60 (530 mg, 44%) as a colourless oil, RF(Et2O) 0.3; IR (CH2Cl2)
3600 (OH), 3064, 2929, 2862, 1323 (SO2), 1161 (SO2) cm-1; 1H
NMR (400 MHz, CDCl3) d 7.83 (d, J = 8.0, 2H, m-C6H4Me),
7.35 (br d, J = 8.0, 2H, o-C6H4Me), 4.38–4.23 (m, 1H, CHO),
3.39 (br dd, J = 5.0, 3.0, 1H, CHN), 3.34 (br dd, J = 5.0 and 2.5,
1H, CHN), 2.45 (s, 3H, Me), 2.03 (dd, J = 13.5, 6.0, 1H, CH), 1.96
(app. dt, J = 13.5, 8.0, 1H, CH), 1.80–1.63 (m, 2H, CH and OH),
1.32–1.19 (m, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d 144.5
(ipso-C6H4SO2), 135.2 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.7
(o-C6H4Me), 72.5 (CHO), 49.1 (CHN), 45.2 (CHN), 28.5 (CH2),
25.7 (CH2), 21.6 (Me); MS (CI, NH3) m/z 271 [(M + NH4)+, 100],
254 [(M + H)+, 80]; HRMS (CI, NH3) m/z: [M + H]+ calcd for
C12H15NO3S, 254.0851; found, 254.0845.


5-Methyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]hexan-
2-ol cis-61 and trans-61. Using the general procedure, allylic
alcohol 36 (260 mg, 2.7 mmol), chloramine-T trihydrate (822 mg,
2.9 mmol) and PhMe3NBr3 (102 mg, 0.3 mmol) in MeCN (10 mL)
gave the crude product, which contained an 85 : 15 mixture (by
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1H NMR spectroscopy) of hydroxy aziridines cis-61 and trans-61.
Purification by flash chromatography on silica with petrol–Et2O
(1 : 4) as eluent gave hydroxy aziridine trans-61 (82 mg, 12%) as
a colourless oil, RF(1 : 4 petrol–Et2O) 0.2; 1H NMR (400 MHz,
CDCl3) d 7.80 (d, J = 8.0, 2H, m-C6H4Me), 7.30 (d, J = 8.0, 2H,
o-C6H4Me), 4.30 (d, J = 4.5, 1H, CHO), 3.32 (s, 1H, CHN), 2.44
(s, 3H, Me), 2.35–2.23 (m, 1H, CH), 1.96–1.93 (m, 1H, CH), 1.83
(s, 3H, Me), 1.63–1.56 (m, 2H, CH and OH), 1.25–1.14 (m, 1H,
CH); 13C NMR (100.6 MHz, CDCl3) d 143.8 (ipso-C6H4SO2),
137.8 (ipso-C6H4Me), 129.5 (m-C6H4Me), 127.2 (o-C6H4Me),
72.9 (CHO), 58.2 (CN), 54.6 (CHN), 32.6 (CH2), 31.4 (CH2),
21.6 (Me), 14.9 (Me); MS (CI, NH3) m/z 285 [(M + NH4)+, 100],
268 (12), 250 (21), 189 (55), 112 (100); HRMS (CI, NH3) m/z:
[M + NH4]+ calcd for C13H17NO3S, 285.1272; found, 285.1273
and hydroxy aziridine cis-61 (446 mg, 63%) as a white solid,
mp 104–107 ◦C; RF(1 : 4 petrol–Et2O) 0.2; IR (CDCl3) 3600
(OH), 1321 (SO2), 1159 (SO2), 1092 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.86 (d, J = 8.0, 2H, m-C6H4Me), 7.33 (d, J = 8.0, 2H,
o-C6H4Me), 4.29 (dtd, J = 10.0, 8.0, 3.0, 1H, CHO), 3.44 (d, J =
3.0, 1H, CHN), 2.44 (s, 3H, Me), 2.15 (dd, J = 14.0, 8.0, 1H, CH),
1.95 (dt, J = 13.5, 8.0, 1H, CH), 1.83 (s, 3H, Me), 1.60 (ddd, J =
14.0, 10.5, 8.0, 1H, CH), 1.20 (ddt, J = 13.5, 10.5, 8.0, 1H, CH),
1.06 (d, J = 10.0, 1H, OH); 13C NMR (100.6 MHz, CDCl3) d
144.0 (ipso-C6H4SO2), 137.8 (ipso-C6H4Me), 129.6 (m-C6H4Me),
127.1 (o-C6H4Me), 73.1 (CHO), 57.3 (CN), 55.8 (CHN), 33.4
(CH2), 29.8 (CH2), 21.6 (Me), 15.3 (Me); MS (CI, NH3) m/z
268 [(M + H)+, 26], 250 (16), 112 (100); HRMS (CI, NH3) m/z:
[M + H]+ calcd for C13H17NO3S, 268.1004; found, 268.1007.


5-Allyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]hexan-
2-ol cis-62 and trans-62. Using the general procedure, allylic
alcohol 37 (80 mg, 0.6 mmol), chloramine-T trihydrate (200 mg,
0.7 mmol) and PhMe3NBr3 (24 mg, 0.1 mmol) in MeCN (3.5 mL)
gave the crude product, which contained a 65 : 35 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-62 and trans-62.
Purification by flash chromatography on silica with hexane–Et2O
(3 : 7) as eluent gave hydroxy aziridine trans-62 (42 mg, 22%) as
a colourless oil, RF(3 : 7 hexane–Et2O) 0.22; IR (film) 3501 (OH),
2924, 1599, 1436, 1318 (SO2), 1154 (SO2), 1092, 990 cm-1; 1H NMR
(400 MHz, CDCl3) d 7.80 (d, J = 8.5, 2H, m-C6H4Me), 7.30 (d,
J = 8.5, 2H, o-C6H4Me), 5.93 (ddt, J = 17.0, 10.0, 7.0, 1H, =CH),
5.23 (app. dq, J = 17.0, 1.5, 2H, =CHAHB), 5.15 (ddt, J = 10.0,
1.5, 1.0, 1H, =CHAHB), 4.15 (d, J = 5.0, 1H, CHO), 3.35 (s, 1H,
CHN), 3.07 (br dd, J = 15.0, 7.0, 1H, CHAHBCH=CH2), 2.99
(br dd, J = 15.0, 7.0, 1H, CHAHBCH=CH2), 2.43 (s, 3H, Me),
1.99–1.88 (m, 2H, 2 ¥ CH), 1.68–1.58 (m, 1H, CH), 1.51 (ddd,
J = 13.5, 7.0, 2.0, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d
143.9 (ipso-C6H4SO2), 137.9 (ipso-C6H4Me), 133.9 (=CH), 129.5
(m-C6H4Me), 127.1 (o-C6H4Me), 118.3 (=CH2), 72.6 (CHO), 61.3
(CN), 53.7 (CHN), 33.2 (CH2), 31.1 (CH2), 29.3 (CH2), 21.6 (Me);
MS (CI, NH3) m/z 311 [(M + NH4)+, 15], 294 (100), 276 (30),
138 (85); HRMS (CI, NH3) m/z: [M + H]+ calcd for C15H19NO3S,
294.1164; found, 294.1164 and hydroxy aziridine cis-62 (105 mg,
56%) as a colourless oil, RF(3 : 7 Et2O–hexane) 0.16; IR (film) 3502
(OH), 2955, 2928, 1598, 1437, 1399, 1318 (SO2), 1156 (SO2), 1091,
986 cm-1; 1H NMR (400 MHz, CDCl3) d 7.85 (d, J = 8.5, 2H,
m-C6H4Me), 7.31 (br d, J = 8.5, 2H, o-C6H4Me), 5.87 (ddt, J =
17.0, 10.0, 7.0, 1H, =CH), 5.19–5.12 (m, 2H, =CH2), 4.28 (br m,
1H, CHO), 3.44 (d, J = 3.0, 1H, CHN), 2.96 (dd, J = 15.0, 7.0, 1H,


CHAHBCH=CH2), 2.89 (dd, J = 15.0, 7.0, 1H, CHAHBCH=CH2),
2.42 (s, 3H, Me), 2.04 (dd, J = 14.0, 8.5, 1H, CH), 1.91 (dt, J =
13.0, 8.0, 1H, CH), 1.67 (ddd, J = 14.0, 10.5, 8.0, 1H, CH), 1.26–
1.12 (m, 2H, CH and OH); 13C NMR (100.6 MHz, CDCl3) d
144.0 (ipso-C6H4SO2), 137.6 (ipso-C6H4Me), 133.3 (=CH), 129.6
(m-C6H4Me), 127.1 (o-C6H4Me), 118.6 (=CH2), 73.0 (CHO), 60.1
(CN), 54.7 (CHN), 33.7 (CH2), 29.9 (CH2), 29.3 (CH2), 21.6 (Me);
MS (CI, NH3) m/z 311 [(M + NH4)+, 20], 294 (100), 276 (30),
138 (35); HRMS (CI, NH3) m/z: [M + H]+ calcd for C15H19NO3S,
294.1164; found, 294.1162.


5-(3-Butenyl)-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]-
hexan-2-ol trans-63 and cis-63. Using the general procedure,
allylic alcohol 38 (355 mg, 2.6 mmol), chloramine-T trihydrate
(796 mg, 2.8 mmol) and PhMe3NBr3 (97 mg, 0.3 mmol) in MeCN
(12 mL) gave the crude product, which contained a 75 : 25 mixture
(by 1H NMR spectroscopy) of hydroxy aziridines cis-63 and trans-
63. Purification by flash chromatography on silica with hexane–
EtOAc (2 : 1) as eluent gave a 65 : 35 mixture (by 1H NMR
spectroscopy) of hydroxy aziridine trans-63 and TsNH2 (209 mg)
as a white solid and hydroxy aziridine cis-63 (418 mg, 53%) as a
colourless oil, RF(2 : 1 hexane–EtOAc) 0.1; IR (film) 3507 (OH),
2976, 2927, 1317 (SO2), 1155 (SO2), 1089, 998, 884, 687 cm-1; 1H
NMR (400 MHz, CDCl3) d 7.86 (d, J = 8.5, 2H, m-C6H4Me),
7.33 (d, J = 8.5, 2H, o-C6H4Me), 5.83 (ddt, J = 17.0, 10.0, 6.0,
1H, CH=CH2), 5.07 (app. dq, J = 17.0, 1.5, 1H, CH=CHAHB),
5.01 (app. dq, J = 10.0, 1.5, 1H, CH=CHAHB), 4.24 (td, J =
8.0, 2.5, 1H, CHO), 3.42 (d, J = 2.5, 1H, CHN), 2.47–2.39 (m,
1H, CH), 2.46 (s, 3H, Me), 2.46–2.20 (m, 3H, 3 ¥ CH), 2.11
(dd, J = 14.0, 8.0, 1H, CH), 1.94 (dt, J = 13.0, 8.0, 1H, CH),
1.70 (ddd, J = 14.0, 10.5, 8.0, 1H, CH), 1.20 (ddt, J = 13.0,
10.5, 8.0, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d 144.0 (ipso-
C6H4SO2), 137.9 (ipso-C6H4Me), 137.3 (=CH), 129.6 (m-C6H4Me),
127.1 (o-C6H4Me), 115.5 (=CH2), 72.9 (CHO), 61.1 (CN), 55.4
(CHN), 30.8 (CH2), 29.9 (CH2), 29.4 (CH2), 28.2 (CH2), 21.6
(Me); MS (CI, NH3) m/z 308 [(M + H)+, 70], 290 (20), 152
(100); HRMS (CI, NH3) m/z: [M + H]+ calcd for C16H21NO3S,
308.1320; found, 308.1312. Further purification of the mixture of
trans-63 and TsNH2 by partial recrystallisation from hexane–Et2O
followed by evaporation of the filtrate under reduced pressure gave
hydroxy aziridine trans-63 (118 mg, 15%) as a white solid, mp 80–
82 ◦C, RF(2 : 1 hexane–EtOAc) 0.1; IR (Nujol mull) 3520 (OH),
1456, 1378, 1308 (SO2), 1152 (SO2), 1090, 1021 cm-1; 1H NMR
(400 MHz, CDCl3) d 7.80 (d, J = 8.0, 2H, m-C6H4Me), 7.30 (d,
J = 8.0, 2H, o-C6H4Me), 5.90 (dddd, J = 17.0, 10.0, 6.5, 6.0, 1H,
CH=CH2), 5.11 (app. dq, J = 17.0, 2.0, 1H, CH=CHAHB), 5.04
(ddt, J = 10.0, 2.0, 1.0, 1H, CH=CHAHB), 4.12 (br t, J = 4.0,
1H, CHO), 3.31 (s, 1H, CHN), 2.53–2.28 (m, 3H, 3 ¥ CH), 2.44
(s, 3H, Me), 2.01 (ddd, J = 13.5, 8.5, 1.5, 1H, CH), 1.93 (ddd,
J = 13.5, 10.5, 8.0, 1H, CH), 1.69–1.50 (m, 3H, 3 ¥ CH); 13C
NMR (100.6 MHz, CDCl3) d 143.8 (ipso-C6H4SO2), 138.1 (ipso-
C6H4Me), 137.9 (=CH), 129.5 (m-C6H4Me), 127.1 (o-C6H4Me),
115.4 (=CH2), 72.6 (CHO), 62.1 (CN), 54.2 (CHN), 31.3 (CH2),
31.1 (CH2), 29.1 (CH2), 27.6 (CH2), 21.6 (Me); MS (CI, NH3)
m/z 325 [(M + NH4)+, 55], 308 (50), 189 (100), 119 (30); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C16H21NO3S, 308.1320; found,
308.1326.


7-(tert-Butylsulfonyl)-7-azabicyclo[4.1.0]heptan-2-ol cis-64.
Using the general procedure, PhMe3NBr3 (150 mg, 0.4 mmol),
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BusNClNa (928 mg, 4.8 mmol) and allylic alcohol 1 (392 mg,
4.0 mmol) in MeCN (20 mL) gave the crude product, which
contained a 70 : 30 mixture (by 1H NMR spectroscopy) of
hydroxy aziridines cis-64 and trans-64. Purification by flash
column chromatography on silica with chloroform–acetone
(9 : 1) as eluent gave hydroxy aziridine cis-64 (314 mg, 34%) as
a colourless oil, RF(9 : 1 chloroform–acetone) 0.1; IR (Nujol
mull) 3508 (OH), 1293 (SO2), 1120 (SO2), 1065, 952; 1H NMR
(400 MHz, CDCl3) d 4.11–4.04 (m, 1H, CHO), 3.23 (dd, J = 7.0,
4.0, 1H, CHN), 3.11 (ddd, J = 7.0, 5.0, 1.5, 1H, CHN), 1.94–1.76
(m, 3H, 2 ¥ CH and OH), 1.68–1.42 (m, 3H, 3 ¥ CH), 1.52 (s,
9H, CMe3), 1.36–1.25 (m, 1H, CH); 13C NMR (100.6 MHz,
CDCl3) d 64.9 (CHO), 59.4 (SO2C), 43.5 (CHN), 41.7 (CHN),
29.0 (CH2), 24.2 (CMe3), 21.7 (CH2), 18.5 (CH2); MS (CI, NH3)
m/z 251 [(M + NH4)+, 25], 234 (100), 114 (25); HRMS (CI, NH3)
m/z: [M + H]+ calcd for C10H19NO3S, 234.1164; found, 234.1166.
Diagnostic signals for hydroxy aziridine trans-64: (400 MHz,
CDCl3) d 3.06–3.03 (m, 1H, CHN) and 2.95 (d, J = 6.5, 1H,
CHN).


7-(tert-Butylsulfonyl)-6-methyl-7-azabicyclo[4.1.0]heptan-2-ol
cis-65. Using the general procedure, PhMe3NBr3 (113 mg,
0.3 mmol), BusNClNa (639 mg, 3.3 mmol) and allylic alcohol
28 (336 mg, 3.0 mmol) in MeCN (15 mL) gave the crude product,
which contained a 90 : 10 mixture (by 1H NMR spectroscopy)
of hydroxy aziridines cis-65 and trans-65. Purification by flash
chromatography on silica with petrol–Et2O (1 : 1) as eluent gave a
90 : 10 mixture (by 1H NMR spectroscopy) of hydroxy aziridines
cis-65 and trans-65 (601 mg, 81%) as a colourless oil. Further
purification by flash chromatography on silica with CH2Cl2–
hexane–acetone (18 : 1 : 1) as eluent gave hydroxy aziridine cis-65
(508 mg, 68%) as a colourless oil, RF(18 : 1 : 1 CH2Cl2–hexane–
acetone) 0.1; IR (film) 3501 (OH), 2939, 2869, 1455, 1399, 1298
(SO2), 1122 (SO2), 1096, 1017, 935 cm-1; 1H NMR (400 MHz,
CDCl3) d 4.13–4.07 (br m, 1H, CHO), 3.19 (d, J = 4.0, 1H, CHN),
1.98–1.91 (m, 2H, CH and OH), 1.65 (s, 3H, Me), 1.65–1.49 (m,
4H, 4 ¥ CH), 1.51 (s, 9H, CMe3), 1.35–1.26 (m, 1H, CH); 13C NMR
(100.6 MHz, CDCl3) d 65.5 (CHO), 60.0 (CMe3), 53.4 (CN), 49.3
(CHN), 30.7 (CH2), 28.8 (CH2), 24.2 (CMe3), 20.9 (Me), 18.2
(CH2); MS (CI, NH3) m/z 248 [(M + H)+, 45], 128 (100), 126 (30);
HRMS (CI, NH3) m/z: [M + H]+ calcd for C11H21NO3S, 248.1320;
found, 248.1318. Diagnostic signals for hydroxy aziridine trans-65:
1H NMR (400 MHz, CDCl3) d 4.03–3.98 (m, 1H, CHO), 2.93 (s,
1H, CHN).


6-(3-Butenyl)-7-(tert-butylsulfonyl)-7-azabicyclo[4.1.0]heptan-
2-ol cis-66. PhMe3NBr3 (216 mg, 0.6 mmol) was added in one
portion to a stirred suspension of BusNClNa (1.34 g, 6.9 mmol)
and allylic alcohol 31 (875 mg, 5.8 mmol) in acetone (30 mL)
at 0 ◦C under N2. After stirring for 6 h at 0 ◦C, the resulting
suspension was filtered through a silica plug, and washed with
Et2O. The filtrate was evaporated under reduced pressure to give
the crude product, which contained an 80 : 20 mixture (by 1H
NMR spectroscopy) of hydroxy aziridines cis-66 and trans-66.
Purification by flash chromatography on silica with petrol–Et2O
(6 : 4) as eluent gave an 80 : 20 mixture (by 1H NMR spectroscopy)
of hydroxy aziridines cis-66 and trans-66 (1.06 g, 64%) as a white
solid. Recrystallisation from Et2O–hexane (1 : 1) gave hydroxy
aziridine cis-66 (828 mg, 50%) as a white solid, mp 66–68 ◦C;
RF(1 : 1 petrol–Et2O) 0.2; IR (film) 3525 (OH), 1284 (SO2), 1118


(SO2), 1073, 984, 941, 907 cm-1; 1H NMR (400 MHz, CDCl3) d
5.79 (dddd, J = 17.0, 10.0, 7.0, 6.0, 1H, CH=CH2), 5.05 (app.
dq, J = 17.0, 1.5, 1H, CH=CHAHB), 5.01 (br d, J = 10.0, 1H,
CH=CHAHB), 4.03 (ddt, J = 8.5, 5.5, 3.5, 1H, CHO), 3.14 (d,
J = 3.5, 1H, CHN), 2.39–2.31 (m, 1H, CH), 2.19–2.00 (m, 3H,
3 ¥ CH), 1.88 (d, J = 5.5, OH), 1.84–1.74 (m, 2H, 2 ¥ CH),
1.67–1.52 (m, 2H, 2 ¥ CH), 1.51 (s, 9H, CMe3), 1.51–1.39 (m, 1H,
CH), 1.29–1.19 (m, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d
137.2 (=CH), 115.7 (=CH2), 66.4 (CHO), 60.4 (SO2C), 56.2 (CN),
49.8 (CHN), 33.0 (CH2), 31.2 (CH2), 28.4 (CH2), 27.4 (CH2), 24.3
(CMe3), 19.4 (CH2); MS (CI, NH3) m/z 305 [(M + NH4)+, 20], 288,
(100), 168 (65), 155 (30); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C14H25NO3S, 288.1633; found, 288.1639. Diagnostic signal for
hydroxy aziridine trans-66: 1H NMR (400 MHz, CDCl3) d 2.93 (s,
1H, CHN).


6-(tert-Butylsulfonyl)-6-azabicyclo[3.1.0]hexan-2-ol cis-67.
Using the general procedure, PhMe3NBr3 (161 mg, 0.4 mmol),
BusNClNa (1.01 g, 5.2 mmol) and allylic alcohol 35 (365 mg,
4.3 mmol) in MeCN (22 mL) gave the crude product, which
contained an 80 : 20 mixture (by 1H NMR spectroscopy)
of hydroxy aziridines cis-67 and trans-67. Purification by flash
column chromatography on silica with petrol–Et2O (1 : 4) as eluent
gave an 80 : 20 mixture (by 1H NMR spectroscopy) of hydroxy
aziridines cis-67 and trans-67 (493 mg, 52%) as a colourless
oil. Further purification by flash column chromatography with
petrol–EtOAc (1 : 1) as eluent gave hydroxy aziridine cis-67
(401 mg, 42%) as a white solid, mp 81–84 ◦C; RF(1 : 1 petrol–
EtOAc) 0.2; IR (Nujol mull) 3498 (OH), 1287 (SO2), 1121 (SO2),
1078, 971, 889; 1H NMR (400 MHz, CDCl3) d 4.41 (td, J =
8.0, 2.5, 1H, CHO), 3.36 (dd, J = 5.0, 2.5, 1H, CHN), 3.24 (dd,
J = 5.0, 2.5, 1H, CHN), 2.09 (br s, 1H, OH), 2.09 (dd, J = 14.0,
8.0, 1H, CH), 1.98 (dt, J = 13.0, 8.0, 1H, CH), 1.76 (dddd, J =
14.0, 11.0, 8.0, 2.5, 1H, CH), 1.52 (s, 9H, CMe3), 1.33 (ddt, J =
13.0, 11.0, 8.0, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d 72.6
(CHO), 59.7 (SO2C), 47.4 (CHN), 44.3 (CHN), 28.1 (CH2), 25.5
(CH2), 24.2 (CMe3); MS (CI, NH3) m/z 237 [(M + NH4)+, 100],
220 (65), 100 (40); HRMS (CI, NH3) m/z: [M + H]+ calcd for
C9H17NO3S, 220.1007; found, 220.1004. Diagnostic signals for
hydroxy aziridine trans-67: (400 MHz, CDCl3) d 3.38 (d, J = 4.5,
1H, CHN) and 3.32 (d, J = 4.5, 1H, CHN).


6-(tert-Butylsulfonyl)-5-methyl-6-azabicyclo[3.1.0]hexan-2-ol cis-
68. Using the general procedure, PhMe3NBr3 (38 mg, 0.1 mmol),
BusNClNa (232 mg, 1.2 mmol) and allylic alcohol 36 (98 mg,
1.0 mmol) in MeCN (5 mL) gave the crude product, which
contained a 95 : 5 mixture (by 1H NMR spectroscopy) of hy-
droxy aziridines cis-68 and trans-68. Purification by flash column
chromatography on silica with petrol–EtOAc (1 : 1) as eluent gave
a 95 : 5 mixture (by 1H NMR spectroscopy) of hydroxy aziridines
cis-68 and trans-68 (136 mg, 58%) as a colourless oil. Further
purification by recrystallisation from hexane–Et2O (1 : 1) gave
hydroxy aziridine cis-68 (120 mg, 51%) as a white solid, mp 115–
118 ◦C; RF(1 : 1 petrol–EtOAc) 0.2; IR (Nujol mull) 3479 (OH),
1283 (SO2), 1119 (SO2), 1084 cm-1; 1H NMR (400 MHz, CDCl3)
d 4.40 (td, J = 8.0, 2.5, 1H, CHO), 3.22 (d, J = 2.5, 1H, CHN),
2.14 (dd, J = 13.5, 8.0, 1H, CH), 2.12 (br s, 1H, OH), 1.92 (dt, J =
12.0, 8.0, 1H, CH), 1.73 (s, 3H, Me), 1.59 (ddd, J = 13.5, 11.0, 8.0,
1H, CH), 1.51 (s, 9H, CMe3), 1.47–1.39 (m, 1H, CH); 13C NMR
(100.6 MHz, CDCl3) d 73.3 (CHO), 60.9 (SO2C), 54.9 (CHN), 54.1
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(CN), 32.9 (CH2), 29.1 (CH2), 24.2 (CMe3), 15.9 (Me); MS (CI,
NH3) m/z 251 [(M + NH4)+, 15], 234 (15), 216 (60), 114 (100), 96
(30); HRMS (CI, NH3) m/z: [M + NH4]+ calcd for C10H19NO3S,
251.1429; found, 251.1433. Diagnostic signal for hydroxy aziridine
trans-68: (400 MHz, CDCl3) d 3.20 (s, 1H, CHN).


5-(3-Butenyl)-6-(tert-butylsulfonyl)-6-azabicyclo[3.1.0]hexan-2-
ol cis-69. PhMe3NBr3 (192 mg, 0.5 mmol) was added in one
portion to a stirred suspension of BusNClNa (1.2 g, 6.2 mmol) and
allylic alcohol 38 (711 mg, 5.1 mmol) in acetone (25 mL) at 0 ◦C
under N2. After stirring for 6 h at 0 ◦C, the resulting suspension was
filtered through a silica plug, and washed with Et2O. The filtrate
was evaporated under reduced pressure to give the crude product.
Purification by flash chromatography on silica with petrol–Et2O
(1 : 1) as eluent gave a mixture of hydroxy aziridine cis-69, trans-69
and TsNH2 (1.15 g). Recrystallisation from Et2O–hexane (1 : 1)
gave hydroxy aziridine cis-69 (1.06 g, 75%) as a white solid, mp
70–72 ◦C; RF(1 : 1 petrol–Et2O) 0.1; IR (film) 3599 (OH), 2986,
2939, 1298 (SO2), 1274, 1124 (SO2) cm-1; 1H NMR (400 MHz,
CDCl3) d 5.80 (ddt, J = 17.0, 10.5, 6.0, 1H, CH=CH2), 5.04
(app. dq, J = 17.0, 1.5, 1H, CH=CHAHB), 5.01 (br d, J = 10.5,
1H, CH=CHAHB), 4.42–4.36 (m, 1H, CHO), 3.22 (d, J = 2.0,
1H, CHN), 2.45–2.34 (m, 1H, CH), 2.21–2.10 (m, 4H, 4 ¥ CH),
1.97 (dt, J = 12.5, 8.0, 1H, CH), 1.95 (br s, 1H, OH), 1.74 (ddd,
J = 13.5, 10.5, 8.0, 1H, CH), 1.54–1.46 (m, 1H, CH), 1.52 (s,
9H, CMe3); 13C NMR (100.6 MHz, CDCl3) d 138.0 (=CH), 115.2
(=CH2), 73.1 (CHO), 60.8 (CN), 56.7 (SO2C), 54.7 (CHN), 31.0
(CH2), 29.4 (CH2), 29.1 (CH2), 28.8 (CH2), 24.3 (CMe3); MS (CI,
NH3) m/z 291 [(M + NH4)+, 35], 274 (30), 256 (75), 210 (25), 154
(100); HRMS (CI, NH3) m/z: [M + NH4]+ calcd for C13H23NO3S,
291.1742; found, 291.1742.


4-Methyl-N -(7-oxabicyclo[4.1.0]hept-2-yl)benzenesulfonamide
trans-71. KHMDS (3.0 mL of a 0.5 M solution in toluene,
1.5 mmol) was added dropwise to a stirred solution of hydroxy
aziridine trans-2 (104 mg, 0.4 mmol) in THF (6 mL) at 0 ◦C under
N2. The resulting solution was stirred at 0 ◦C for 3 h then cooled to
-78 ◦C. Saturated NH4Cl(aq) (10 mL) was added and the resulting
mixture was allowed to warm to rt. The layers were separated
and the aqueous layer was extracted with Et2O (3 ¥ 10 mL).
The combined organic layers were dried (MgSO4) and evaporated
under reduced pressure to give the crude product. Purification by
flash column chromatography on silica with petrol–Et2O (3 : 7) as
eluent gave epoxy sulfonamide trans-71 (84 mg, 81%) as an off-
white solid, mp 85–87 ◦C; RF(3 : 7 petrol–Et2O) 0.3; IR (CH2Cl2)
3431 (NH), 2943, 1643, 1599, 1447, 1327 (SO2), 1161 (SO2), 1089,
895, 816, 665 cm-1; 1H NMR (400 MHz, CDCl3) d 7.81 (d, J =
8.5, 2H, m-C6H4Me), 7.31 (d, J = 8.5, 2H, o-C6H4Me), 5.52 (d,
J = 8.0, 1H, NH), 3.53 (app. q, J = 8.0, 1H, CHN), 3.10 (s, 1H,
CHO), 2.98 (d, J = 3.5, 1H, CHO), 2.42 (s, 3H, Me), 1.92 (dt, J =
15.5, 5.5, 1H, CH), 1.73–1.58 (m, 2H, 2 ¥ CH), 1.35–1.17 (m, 2H,
2 ¥ CH), 1.10–1.02 (m, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d
143.6 (ipso-C6H4SO2), 137.3 (ipso-C6H4Me), 129.8 (m-C6H4Me),
127.0 (o-C6H4Me), 54.7 (CHO), 52.4 (CHO), 48.8 (CHN), 27.1
(CH2), 23.3 (CH2), 21.5 (Me), 15.1 (CH2); MS (CI, NH3) m/z
285 [(M + NH4)+, 40], 268 (100), 189 (25), 98 (20); HRMS (CI,
NH3) m/z: [M + H]+ calcd for C13H17NO3S, 268.1007; found,
268.1006. Spectroscopic data consistent with those reported in the
literature.20


4-Methyl-N -(6-oxabicyclo[3.1.0]hept-2-yl)benzenesulfonamide
trans-72. KHMDS (4.0 mL of a 0.5 M solution in toluene,
2.0 mmol) was added dropwise to a stirred solution of hydroxy
aziridine trans-60 (126 mg, 0.5 mmol) in THF (8 mL) at 0 ◦C under
N2. The resulting solution was stirred at 0 ◦C for 3 h then cooled to
-78 ◦C. Saturated NH4Cl(aq) (10 mL) was added and the resulting
mixture was allowed to warm to rt. The layers were separated
and the aqueous layer was extracted with Et2O (3 ¥ 10 mL).
The combined organic layers were dried (MgSO4) and evaporated
under reduced pressure to give the crude product. Purification by
flash column chromatography on silica with petrol–Et2O (3 : 7) as
eluent gave epoxy sulfonamide trans-72 (93 mg, 74%) as an off-
white solid, mp 93–95 ◦C; RF(3 : 7 petrol–Et2O) 0.3; IR (CH2Cl2)
3371 (NH), 3055, 2987, 1637, 1423, 1342 (SO2), 1265, 1160 (SO2),
896 cm-1; 1H NMR (400 MHz, CDCl3) d 7.80 (d, J = 8.5, 2H,
m-C6H4Me), 7.33 (d, J = 8.5, 2H, o-C6H4Me), 5.41 (br s, 1H,
NH), 3.78 (t, J = 7.5, 1H, CHN), 3.45 (s, 1H, CHO), 3.32 (d, J =
1.5, 1H, CHO), 2.44 (s, 3H, Me), 1.94 (dd, J = 7.5, 5.5, 1H, CH),
1.73–1.53 (m, 2H, 2 ¥ CH), 1.38 (dd, J = 8.0, 5.5, 1H, CH); 13C
NMR (100.6 MHz, CDCl3) d 143.4 (ipso-C6H4SO2), 137.2 (ipso-
C6H4Me), 129.9 (m-C6H4Me), 127.0 (o-C6H4Me), 57.4 (CHO),
56.5 (CHO), 53.5 (CHN), 27.0 (CH2), 24.7 (CH2), 21.5 (Me); MS
(CI, NH3) m/z 271 [(M + NH4)+, 45], 254 (100), 236 (15), 189 (15);
HRMS (CI, NH3) m/z: [M + H]+ calcd for C12H15NO3S, 254.0851;
found, 254.0853.


5-Allyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]hexan-
2-ol cis-62. Dess–Martin periodinane (1.35 g, 3.18 mmol) was
added in one portion to a stirred solution of a 95 : 5 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-62 and trans-62
(778 mg, 2.65 mmol) in CH2Cl2 (10 mL) at rt under N2. After stir-
ring for 8 h, a solution of sodium thiosulfate pentahydrate (5.3 g)
in 5% NaHCO3(aq) (10 mL) was added. After stirring for 15 min,
the layers were separated and the aqueous layer was extracted
with CH2Cl2 (3 ¥ 10 mL). The combined organic layers were
dried (MgSO4) and evaporated under reduced pressure to give
the crude keto aziridine 73. Diagnostic signal for keto aziridine
73: 1H NMR (400 MHz, CDCl3) d 3.26 (s, 1H, CHN). The
crude keto aziridine 73 was dissolved in MeOH (40 mL) under
N2 and cooled to 0 ◦C. Then, NaBH4 (301 mg, 7.95 mmol) was
added and the resulting mixture was stirred at 0 ◦C for 3 h. After
warming to rt, saturated NH4Cl(aq) (3 mL) was added and the
resulting mixture was extracted with CH2Cl2 (3 ¥ 10 mL). The
combined organic extracts were dried (MgSO4) and evaporated
under reduced pressure to give the crude product. Purification
by flash chromatography on silica with hexane–EtOAc (1 : 1) as
eluent gave hydroxy aziridine cis-62 (527 mg, 68%) as a colourless
oil.


2-Methyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]hep-
tan-2-ol cis-75 and 4-methyl-N-(6-methyl-7-oxabicyclo[4.1.0]hept-
2-yl)benzenesulfonamide trans-79. Using the general procedure,
allylic alcohol 39 (112 mg, 1.0 mmol), chloramine-T trihydrate
(310 mg, 1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN
(5 mL) gave the crude product, which contained a 75 : 25 mixture
(by 1H NMR spectroscopy) of hydroxy aziridines cis-75 and trans-
75. Purification by flash chromatography on silica with petrol–
Et2O (1 : 1) as eluent gave epoxysulfonamide trans-79 (48 mg,
17%) as a white solid, mp 104–106 ◦C; RF(1 : 1 petrol–Et2O) 0.1;
IR (Nujol mull) 3228 (NH), 1320 (SO2), 1160 (SO2), 1092 cm-1;
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1H NMR (400 MHz, CDCl3) d 7.78 (d, J = 8.0, 2H, m-C6H4Me),
7.28 (d, J = 8.0, 2H, o-C6H4Me), 5.29 (d, J = 9.0, 1H, NH), 3.70–
3.64 (m, 1H, CHN), 2.81 (d, J = 3.5, 1H, CHO), 2.40 (s, 3H, Me),
1.80 (ddd, J = 14.5, 7.5, 4.5, 1H, CH), 1.59 (dt, J = 14.5, 6.0, 1H,
CH), 1.45–1.33 (m, 3H, 3 ¥ CH), 1.24 (s, 3H, Me), 1.24–1.15 (m,
1H, CH); 13C NMR (100.6 MHz, CDCl3) d 143.2 (ipso-C6H4SO2),
138.4 (ipso-C6H4Me), 129.6 (m-C6H4Me), 126.8 (o-C6H4Me), 61.3
(CHO), 60.9 (C(O)), 49.5 (CHN), 28.2 (CH2), 27.3 (CH2), 23.5
(Me), 21.5 (Me), 18.1 (CH2); MS (CI, NH3) m/z 299 [(M + NH4)+,
100], 282 (25), 95 (15); HRMS (CI, NH3) m/z: [M + NH4]+ calcd
for C14H19NO3S, 299.1429; found, 299.1438, and hydroxy aziridine
cis-75 (188 mg, 67%) as a white solid, mp 84–85 ◦C; RF(1 : 1 petrol–
Et2O) 0.1; IR (CH2Cl2) 3563 (OH), 2948, 1326 (SO2), 1162 (SO2),
1091, 948 cm-1; 1H NMR (400 MHz, CDCl3) d 7.84 (d, J = 8.0,
2H, m-C6H4Me), 7.36 (d, J = 8.0, 2H, o-C6H4Me), 3.23 (ddd, J =
6.5, 4.5, 1.0, 1H, CHN), 2.94 (d, J = 6.5, 1H, CHN), 2.45 (s, 3H,
Me), 1.91 (s, 1H, OH), 1.84 (dt, J = 15.0, 6.0, 1H, CH), 1.76–1.67
(m, 1H, CH), 1.53–1.40 (m, 2H, 2 ¥ CH), 1.33 (s, 3H, Me), 1.33–
1.22 (m, 2H, 2 ¥ CH); 13C NMR (100.6 MHz, CDCl3) d 144.7
(ipso-C6H4SO2), 134.8 (ipso-C6H4Me), 129.8 (m-C6H4Me), 127.8
(o-C6H4Me), 66.2 (CO), 48.7 (CHN), 42.8 (CHN), 36.0 (CH2),
26.8 (Me), 22.1 (CH2), 21.7 (Me), 17.0 (CH2); MS (CI, NH3) m/z
282 [(M + H)+, 15], 264 (100), 126 (25); HRMS (CI, NH3) m/z:
[M + H]+ calcd for C14H19NO3S, 282.1164; found, 282.1167.


2-Butyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-
2-ol cis-76 and trans-76. Using the general procedure, allylic
alcohol 40 (154 mg, 1.0 mmol), chloramine-T trihydrate (310 mg,
1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL)
gave the crude product, which contained a 70 : 30 mixture
(by 1H NMR spectroscopy) of hydroxy aziridines cis-76 and
trans-76. Purification by flash chromatography on silica with
CH2Cl2–acetone (97 : 3) as eluent gave a 70 : 30 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-76 and trans-76
(260 mg, 80%) as a colourless oil. Further purification by flash
chromatography on silica with hexane–CH2Cl2–acetone (8 : 1 : 1)
gave hydroxy aziridine cis-76 as a colourless oil, RF(8 : 1 : 1 hexane–
CH2Cl2–acetone) 0.2; IR (film) 3521 (OH), 2937, 2871, 1598, 1455,
1403, 1324 (SO2), 1159 (SO2), 1091 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.83 (d, J = 8.5, 2H, m-C6H4Me), 7.35 (br d, J = 8.0,
2H, o-C6H4Me), 3.23 (ddd, J = 7.0, 3.5, 1.0, 1H, CHN), 2.95
(d, J = 7.0, 1H, CHN), 2.44 (s, 3H, Me), 1.92 (dt, J = 14.5,
5.0, 1H, CH), 1.69–1.60 (m, 2H, CH2), 1.58–1.53 (m, 2H, CH2),
1.48–1.26 (m, 7H, 3 ¥ CH2 and OH), 1.20 (ddd, J = 13.5, 11.0,
2.5, 1H, CH), 0.91 (t, J = 7.0, 3H, Me); 13C NMR (100.6 MHz,
CDCl3) d 144.7 (ipso-C6H4SO2), 134.7 (ipso-C6H4Me), 129.8 (m-
C6H4Me), 127.8 (o-C6H4Me), 67.4 (CO), 47.8 (CHN), 42.7 (CHN),
40.1 (CH2), 34.3 (CH2), 25.0 (CH2), 23.1 (CH2), 22.6 (CH2), 21.7
(Me), 15.6 (CH2), 14.1 (Me); MS (CI, NH3) m/z 324 [(M + H)+,
60], 306 (100), 168 (40); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C17H15NO3S, 324.1633; found, 324.1632. Diagnostic signals
for hydroxy aziridine trans-76: 1H NMR (400 MHz, CDCl3) d
3.70–3.64 (m, 1H, CHO), 2.76 (d, J = 3.5, 1H, CHN).


2-Allyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-
2-ol cis-77 and trans-77. Using the general procedure, allylic
alcohol 41 (138 mg, 1.0 mmol), chloramine-T trihydrate (310 mg,
1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL)
gave the crude product, which contained a 70 : 30 mixture (by 1H
NMR spectroscopy) of hydroxy aziridines cis-77 and trans-77.


Purification by flash chromatography on silica with CHCl3–
acetone (98 : 2) as eluent gave a 70 : 30 mixture (by 1H NMR
spectroscopy) of hydroxy aziridines cis-77 and trans-77 (142 mg,
46%) as a colourless oil. Hydroxy aziridines cis-77 and trans-77
could not be separated by flash chromatography on silica. Hydroxy
aziridine cis-77 was identified and characterised by independent
synthesis (vide infra).


2-Isopropyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]hep-
tan-2-ol cis-78 and N-(6-isopropyl-7-oxabicyclo[4.1.0]hept-2-yl)-
4-methylbenzenesulfonamide trans-80. Using the general
procedure, allylic alcohol 42 (119 mg, 0.9 mmol), chloramine-T
trihydrate (262 mg, 0.9 mmol) and PhMe3NBr3 (32 mg, 0.1 mmol)
in MeCN (4 mL) gave the crude product, which contained a
70 : 30 mixture (by 1H NMR spectroscopy) of hydroxy aziridines
cis-78 and trans-78. Purification by flash chromatography on
silica with petrol–Et2O (7 : 3) as eluent gave hydroxy aziridine
cis-78 (129 mg, 49%) as a white solid, mp 72–73 ◦C; RF(7 : 3
petrol–Et2O) 0.1; IR (Nujol mull) 3552 (OH), 1321 (SO2), 1306,
1160 (SO2), 1091, 963 cm-1; 1H NMR (400 MHz, CDCl3) d 7.81
(d, J = 8.5, 2H, m-C6H4Me), 7.34 (br d, J = 8.5, 2H, o-C6H4Me),
3.25 (br dt, J = 7.0, 1.5, 1H, CHN), 2.98 (d, J = 7.0, 1H, CHN),
2.43 (s, 3H, Me), 2.15 (br s, 1H, OH), 1.98 (br d, J = 14.5, 1H,
CH), 1.76 (septet, J = 7.0, 1H, CHMe2), 1.59–1.51 (m, 1H, CH),
1.43–1.34 (m, 3H, 3 ¥ CH), 1.20–1.11 (m, 1H, CH), 0.93 (d, J =
7.0, 3H, Me), 0.91 (d, J = 7.0, 3H, Me); 13C NMR (100.6 MHz,
CDCl3) d 144.8 (ipso-C6H4SO2), 134.6 (ipso-C6H4Me), 129.8
(m-C6H4Me), 127.8 (o-C6H4Me), 68.7 (CO), 47.0 (CHN), 42.6
(CHN), 37.1 (CHMe2), 31.1 (CH2), 23.1 (CH2), 21.6 (Me), 16.6
(Me), 16.5 (Me), 14.1 (CH2); MS (CI, NH3) m/z 310 [(M + H)+,
60], 292 (100), 154 (30); HRMS (CI, NH3) m/z: [M + H]+ calcd for
C16H23NO3S, 310.1477; found, 310.1474 and epoxysulfonamide
trans-80 (52 mg, 20%) as a white solid, mp 108–110 ◦C; RF(7 : 3
petrol–Et2O) 0.1; IR (Nujol mull) 3226 (NH), 1326 (SO2), 1157
(SO2), 1091, 1010 cm-1; 1H NMR (400 MHz, CDCl3) d 7.78 (d,
J = 8.0, 2H, m-C6H4Me), 7.29 (d, J = 8.0, 2H, o-C6H4Me), 5.00
(d, J = 9.5, 1H, NH), 3.68–3.62 (m, 1H, CHN), 2.78 (d, J = 3.0,
1H, CHO), 2.42 (s, 3H, Me), 1.70–1.57 (m, 2H, CH), 1.50–1.22
(m, 4H, CH), 1.19–1.09 (m, 1H, CH), 0.87 (d, J = 7.0, 3H, Me),
0.84 (d, J = 7.0, 3H, Me); 13C NMR (100.6 MHz, CDCl3) d
143.3 (ipso-C6H4SO2), 138.5 (ipso-C6H4Me), 129.7 (m-C6H4Me),
126.9 (o-C6H4Me), 67.6 (C(O)), 59.8 (CHO), 50.3 (CHN), 34.9
(CHMe2), 27.5 (CH2), 22.8 (CH2), 21.5 (Me), 19.1 (CH2), 17.9
(Me), 17.1 (Me); MS (CI, NH3) m/z 310 [(M + H)+, 100], 292
(20), 154 (25), 139 (20); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C16H23NO3S, 310.1477; found, 310.1476.


2-Allyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-
2-ol cis-77. Dess–Martin periodinane (343 mg, 0.8 mmol) was
added in one portion to a stirred solution of a 60 : 40 mixture
(by 1H NMR spectroscopy) of hydroxy aziridines cis-2 and trans-2
(180 mg, 0.7 mmol) in CH2Cl2 (10 mL) at rt under N2. After stirring
for 45 min, Et2O (10 mL) and a solution of sodium thiosulfate
pentahydrate (1.34 g) in 5% NaHCO3(aq) (15 mL) were added. After
stirring for 15 min, the layers were separated and the aqueous
layer was extracted with CH2Cl2 (3 ¥ 15 mL). The combined
organic layers were dried (MgSO4) and evaporated under reduced
pressure to give the crude keto aziridine 81. Diagnostic signals
for keto aziridine 81: 1H NMR (400 MHz, CDCl3) d 3.46 (dtd,
J = 7.0, 2.0, 1.0, 1H, CHN), 3.15 (d. J = 7.0, 1H, CHN). The
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crude keto aziridine 81 was dissolved in THF (1.5 mL) and added
dropwise via cannula to a stirred solution of allyl magnesium
chloride (0.7 mL, 1.4 mmol) in THF (0.5 mL) at -78 ◦C under N2.
The reaction mixture was allowed to warm to 0 ◦C over 15 min,
then stirred at 0 ◦C for 10 min. Saturated NH4Cl(aq) (5 mL) was
added, and the layers separated. The aqueous layer was extracted
with Et2O (3 ¥ 5 mL) and the combined organic layers were
dried (MgSO4) and evaporated under reduced pressure to give the
crude product. Purification by flash chromatography on silica with
hexane–EtOAc–CH2Cl2 (16 : 3 : 1) as eluent gave hydroxy aziridine
cis-77 (65 mg, 31%) as a colourless oil, RF(16 : 3 : 1 hexane–EtOAc–
CH2Cl2) 0.1; IR (film) 3524 (OH), 2943, 1403, 1323 (SO2), 1159
(SO2), 1091, 979 cm-1; 1H NMR (400 MHz, CDCl3) d 7.81 (d, J =
8.5, 2H, m-C6H4Me), 7.34 (br d, J = 8.5, 2H, o-C6H4Me), 5.83
(dddd, J = 17.0, 10.0, 7.5, 7.0, 1H, =CH), 5.16 (ddt, J = 10.0, 2.0,
1.0, 1H, =CHAHB), 5.13 (ddt, J = 17.0, 2.0, 1.5, 1H, =CHAHB),
3.22 (ddd, J = 7.0, 4.0, 1.0, 1H, CHN), 2.99 (d, J = 7.0, 1H, CHN),
2.45 (s, 3H, Me), 2.38 (br dd, J = 14.0, 7.0, 1H, CHAHBCH=CH2),
2.29 (br dd, J = 14.0, 7.5, 1H, CHAHBCH=CH2), 2.04 (s, 1H,
OH), 1.92 (br dt, J = 15.0, 4.5, 1H, CH), 1.65 (dddd, J = 15.0,
9.5, 6.0, 4.0, 1H, CH), 1.49–1.30 (m, 3H, 3 ¥ CH), 1.25–1.17 (m,
1H, CH); 13C NMR (100.6 MHz, CDCl3) d 144.8 (ipso-C6H4SO2),
134.6 (ipso-C6H4Me), 132.7 (=CH), 129.8 (m-C6H4Me), 127.9 (o-
C6H4Me), 119.0 (=CH2), 67.1 (CO), 47.0 (CHN), 44.7 (CH2), 42.6
(CHN), 34.6 (CH2), 22.5 (CH2), 21.7 (Me) 15.5 (CH2); MS (CI,
NH3) m/z 325 [(M + NH4)+, 25], 308 (75), 290 (100); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C16H21NO3S, 308.1320; found,
308.1319.


4-Methyl-N - (5-methyl-6-oxabicyclo[3.1.0]hex-2-yl)benzene-
sulfonamide cis-83. Using the general procedure, allylic alcohol
43 (98 mg, 1.0 mmol), chloramine-T trihydrate (310 mg, 1.1 mmol)
and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL) gave the
crude product. Purification by flash chromatography on silica
with petrol–Et2O (1 : 1) as eluent gave epoxy sulfonamide cis-
83 (122 mg, 46%) as a colourless oil, RF(1 : 1 petrol–Et2O)
0.2; IR (film) 3262 (NH), 2956, 2929, 1444, 1424, 1324 (SO2),
1160 (SO2), 1093 cm-1; 1H NMR (400 MHz, CDCl3) d 7.77
(d, J = 8.5, 2H, m-C6H4Me), 7.30 (br d, J = 8.5, 2H, o-C6H4Me),
4.75 (d, J = 10.0, 1H, NH), 3.86–3.79 (m, 1H, CHN), 3.04
(d, J = 1.0, 1H, CHO), 2.43 (s, 3H, Me), 1.89 (dd, J = 14.0,
8.5, 1H, CH), 1.74 (dt, J = 13.0, 8.5, 1H, CH), 1.52 (ddd,
J = 14.0, 10.5, 8.5, 1H, CH), 1.17 (s, 3H, Me), 1.12 (ddt, J =
13.0, 10.5, 8.5, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d
143.5 (ipso-C6H4SO2), 137.9 (ipso-C6H4Me), 129.8 (m-C6H4Me),
127.0 (o-C6H4Me), 63.81 (CO), 63.77 (CHO), 55.3 (CHN), 30.2
(CH2), 27.2 (CH2), 21.6 (Me), 17.6 (Me); MS (CI, NH3) m/z 285
[(M + NH4)+, 60], 268 (100), 250 (65), 112 (30), 96 (35); HRMS (CI,
NH3) m/z: [M + NH4]+ calcd for C13H17NO3S, 285.1273; found,
285.1277.


Crystal structure determination of 4-methyl-N-(5-methyl-6-
oxabicyclo[3.1.0]hex-2-yl)benzenesulfonamide cis-83.


Crystal data. C13H17NO3S, M = 267.34, orthorhombic, a =
9.8353(6), b = 17.4256(13), c = 31.038 (2) Å, U = 5319.5(6) Å3, T =
110(2) K, space group P212121, Z = 16, m(Mo-Ka) = 0.243 mm-1,
41 651 reflections measured, 4564 unique (Rint = 0.0470) which
were used in all calculations. The final R1 was 0.0600 (I > 2s I)
and wR2 was 0.1674 (all data). CCDC reference number 692182.


N -(5-Butyl-6-oxabicyclo[3.1.0]hex-2-yl)-4-methylbenzenesul-
fonamide cis-85. Using the general procedure, allylic alcohol 44
(140 mg, 1.0 mmol), chloramine-T trihydrate (310 mg, 1.1 mmol)
and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL) gave the
crude product. Purification by flash chromatography on silica
with petrol–Et2O (1 : 1) as eluent gave epoxy sulfonamide cis-85
(151 mg, 49%) as a white solid, mp 94–96 ◦C; RF(1 : 1 petrol–
Et2O) 0.2; IR (Nujol mull) 3197 (NH), 1326 (SO2), 1163 (SO2),
1094, 817 cm-1; 1H NMR (400 MHz, CDCl3) d 7.77 (d, J = 8.0,
2H, m-C6H4Me), 7.29 (d, J = 8.0, 2H, o-C6H4Me), 5.02 (d, J = 9.0,
1H, NH), 3.82–3.75 (m, 1H, CHN), 3.07 (d, J = 1.0, 1H, CHO),
2.42 (s, 3H, Me), 1.89 (dd, J = 14.0, 8.0, 1H, CH), 1.74–1.47 (m,
4H, 4 ¥ CH), 1.30–1.26 (m, 4H, 4 ¥ CH), 1.16–1.06 (m, 1H, CH),
0.86 (t, J = 7.0, 3H, Me); 13C NMR (100.6 MHz, CDCl3) d 143.4
(ipso-C6H4SO2), 138.0 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.0
(o-C6H4Me), 66.9 (CO), 62.9 (CHO), 55.0 (CHN), 31.1 (CH2),
28.1 (CH2), 27.2 (CH2), 26.7 (CH2), 22.6 (CH2), 21.5 (Me), 13.9
(Me); MS (CI, NH3) m/z 327 [(M + NH4)+, 30], 310 (100), 292
(70), 154 (30), 138 (35), 106 (20); HRMS (CI, NH3) m/z: [M + H]+


calcd for C16H23NO3S, 310.1477; found, 310.1476.


N -(5-Allyl-6-oxabicyclo[3.1.0]hex-2-yl)-4-methylbenzenesul-
fonamide cis-87. Using the general procedure, allylic alcohol 26
(124 mg, 1.0 mmol), chloramine-T trihydrate (310 mg, 1.1 mmol)
and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL) gave the
crude product. Purification by flash chromatography on silica with
CHCl3–acetone (95 : 5) as eluent gave epoxy sulfonamide cis-87
(158 mg, 54%) as a colourless oil, RF(9 : 1 CHCl3–acetone) 0.6; IR
(film) 3259 (NH), 2978, 2953, 1434, 1326 (SO2), 1159 (SO2), 1093,
1048, 918, 817 cm-1; 1H NMR (400 MHz, CDCl3) d 7.77 (d, J =
8.0, 2H, m-C6H4Me), 7.30 (d, J = 8.0, 2H, o-C6H4Me), 5.72–5.62
(m, 1H, =CH), 5.10–5.05 (m, 2H, =CH2), 4.74 (d, J = 10.0, 1H,
NH), 3.84–3.77 (m, 1H, CHN), 3.10 (d, J = 1.0, 1H, CHO), 2.431
(ddt, J = 15.0, 7.0, 1.0, 1H, CHAHBCH=CH2), 2.428 (s, 3H, Me),
2.38 (ddt, J = 15.0, 7.5, 1.0, 1H, CHAHBCH=CH2), 1.89 (dd, J =
14.0, 8.0, 1H, CH), 1.74 (dt, J = 13.0, 8.0, 1H, CH), 1.58–1.51 (m,
1H, CH), 1.16–1.06 (m, 1H, CH); 13C NMR (100.6 MHz, CDCl3)
d 143.5 (ipso-C6H4SO2), 137.9 (ipso-C6H4Me), 132.4 (=CH), 129.8
(m-C6H4Me), 127.0 (o-C6H4Me), 118.3 (=CH2), 66.0 (CO), 62.3
(CHO), 55.0 (CHN), 36.0 (CH2), 28.1 (CH2), 26.8 (CH2), 21.5
(Me); MS (CI, NH3) m/z 311 [(M + NH4)+, 45], 294 (100), 276
(55), 138 (25), 122 (20); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C15H19NO3S, 294.1164; found, 294.1163.


PhMe3NBr3 (24 mg, 0.1 mmol) was added in one portion to a
stirred suspension of chloramine-T trihydrate (200 mg, 0.7 mmol)
and allylic alcohol 26 (80 mg, 0.6 mmol) in MeCN (3 mL) at rt
under N2. After stirring at rt for 36 h, the resulting suspension
was filtered through a silica plug and washed well with Et2O. The
filtrate was evaporated under reduced pressure to give the crude
product. Purification by flash chromatography on silica with
CHCl3–acetone (95 : 5) as eluent gave epoxy sulfonamide cis-87
(182 mg, 97%) as a colourless oil.


2,6-Dimethyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]-
heptan-2-ol cis-91. Using the general procedure, allylic alcohol 45
(126 mg, 1.0 mmol), chloramine-T trihydrate (310 mg, 1.1 mmol)
and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL) gave the
crude product. Purification by flash chromatography on silica with
CH2Cl2–acetone (97 : 3) as eluent gave hydroxy aziridine cis-91
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(206 mg, 70%) as a colourless oil, RF(97 : 3 CH2Cl2–acetone) 0.17;
IR (film) 3525 (OH), 2936, 2872, 1661, 1599, 1319 (SO2), 1290,
1156 (SO2), 1091, 1033 cm-1; 1H NMR (400 MHz, CDCl3) d 7.85
(d, J = 8.0, 2H, m-C6H4Me), 7.33 (br d, J = 8.0, 2H, o-C6H4Me),
3.07 (s, 1H, CHN), 2.42 (s, 3H, Me), 2.08 (dt, J = 14.5, 3.5, 1H,
CH), 1.75 (s, 3H, Me), 1.61 (s, 1H, OH), 1.49–1.42 (m, 2H, 2 ¥
CH), 1.40–1.08 (m, 2H, 2 ¥ CH), 1.30 (s, 3H, Me), 1.11 (ddd, J =
14.5, 11.5, 3.0, 1H, CH); 13C NMR (100.6 MHz, CDCl3) d 144.2
(ipso-C6H4SO2), 137.4 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.4
(o-C6H4Me), 66.3 (C(O)), 56.3 (CHN), 54.4 (C(N)), 36.6 (CH2),
31.6 (CH2), 27.9 (Me), 21.6 (Me), 20.1 (Me), 16.4 (CH2); MS (CI,
NH3) m/z 296 [(M + H)+, 100], 278 (25), 140 (40), 125 (15); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C15H21NO3S, 296.1320; found,
296.1316.


2-Butyl-6-methyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]-
heptan-2-ol cis-92. Using the general procedure, allylic alcohol
46 (168 mg, 1.0 mmol), chloramine-T trihydrate (310 mg,
1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL)
gave the crude product. Purification by flash chromatography on
silica with petrol–Et2O (1 : 1) as eluent gave hydroxy aziridine
cis-92 (303 mg, 90%) as a colourless oil, RF(6 : 4 petrol–Et2O)
0.31; IR (film) 3563 (OH), 2935, 2871, 1454, 1406, 1322 (SO2),
1187, 1156 (SO2), 1091, 1020, 963 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.85 (d, J = 8.5, 2H, m-C6H4Me), 7.34 (br d, J = 8.5,
2H, o-C6H4Me), 3.09 (s, 1H, CHN), 2.43 (s, 3H, Me), 2.14–2.10
(m, 1H, CH), 1.76 (s, 3H, Me), 1.66 (s, 1H, OH), 1.57–1.53 (m,
2H, 2 ¥ CH), 1.44–1.33 (m, 8H, 8 ¥ CH), 1.15–1.08 (m, 1H, CH),
0.93 (t, J = 7.0, 3H, Me); 13C NMR (100.6 MHz, CDCl3) d 144.2
(ipso-C6H4SO2), 137.5 (ipso-C6H4Me), 129.7 (m-C6H4Me), 127.4
(o-C6H4Me), 67.9 (CO), 55.7 (CHN), 54.3 (CN), 40.9 (CH2), 34.7
(CH2), 31.9 (CH2), 25.1 (CH2), 23.2 (CH2), 21.6 (Me), 20.0 (Me),
15.7 (CH2), 14.0 (Me); MS (CI, NH3) m/z 338 [(M + H)+, 100],
320 (70), 182 (55), 167 (65); HRMS (CI, NH3) m/z: [M + H]+


calcd for C18H27NO3S, 338.1790; found, 338.1792.


6-Butyl-2-methyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]-
heptan-2-ol cis-93. Using the general procedure, allylic alcohol
47 (890 mg, 5.3 mmol), chloramine-T trihydrate (1.64 g, 5.8 mmol)
and PhMe3NBr3 (199 mg, 0.5 mmol) in MeCN (25 mL) gave
the crude product. Purification by flash chromatography on
silica with petrol–Et2O–Et3N (50 : 50 : 1) as eluent gave hydroxy
aziridine cis-93 (1.31 g, 73%) as an off-white solid, mp 66–67 ◦C,
RF(1 : 1 petrol–Et2O) 0.21; IR (film) 3566 (OH), 2937, 2871, 1456,
1407, 1381, 1322 (SO2), 1156 (SO2), 1090, 1004, 956, 862 cm-1; 1H
NMR (400 MHz, CDCl3) d 7.85 (d, J = 8.5, 2H, m-C6H4Me),
7.32 (d, J = 8.5, 2H, o-C6H4Me), 3.04 (s, 1H, CHN), 2.42 (s, 3H,
Me), 2.13–2.00 (m, 2H, CH2), 1.95 (dt, J = 14.5, 5.5, 1H, CH),
1.63 (ddd, J = 14.5, 9.0, 5.5, 1H, CH), 1.59–1.52 (m, 2H, CH2),
1.45–1.31 (m, 5H, 5 ¥ CH), 1.29 (s, 3H, Me), 1.18–1.11 (m, 1H,
CH), 0.93 (t, J = 7.0, 3H, Me); 13C NMR (100.6 MHz, CDCl3) d
144.1 (ipso-C6H4SO2), 137.6 (ipso-C6H4Me), 129.7 (m-C6H4Me),
127.4 (o-C6H4Me), 69.9 (CO), 58.8 (CN), 56.0 (CHN), 36.4
(CH2), 32.9 (CH2), 29.2 (CH2), 28.1 (CH2), 27.2 (Me), 22.5
(CH2), 21.6 (Me), 17.0 (CH2), 14.0 (Me); MS (CI, NH3) m/z 338
[(M + H)+, 85], 320 (25), 182 (100), 167 (35), 149 (20); HRMS
(CI, NH3) m/z: [M + H]+ calcd for C18H27NO3S, 338.1790; found,
338.1791.


Crystal structure determination of 6-butyl-2-methyl-7-[(4-
methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptan-2-ol cis-93.


Crystal data. C18H27NO3S, M = 337.47, monoclinic, a =
12.940(3), b = 12.042(2), c = 11.540(2) Å, b = 93.062(4)◦, U =
1795.8(6) Å3, T = 100(2) K, space group P21/c, Z = 4, m(Mo-
Ka) = 0.194 mm-1, 11 428 reflections measured, 4098 unique
(Rint = 0.0518) which were used in all calculations. The final R1 was
0.0440 (I > 2s I) and wR2 was 0.1258 (all data). CCDC reference
number 692183.†


6-Allyl-6-[(4-methylphenyl)sulfonyl]-2-butyl-7-azabicyclo[4.1.0]-
heptan-2-ol cis-94. Using the general procedure, allylic alcohol
48 (194 mg, 1.0 mmol), chloramine-T trihydrate (310 mg,
1.1 mmol) and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL)
gave the crude product. Purification by flash chromatography on
silica with petrol–Et2O (7 : 3) as eluent gave hydroxy aziridine
cis-94 (194 mg, 53%) as a colourless oil, RF(7 : 3 petrol–Et2O)
0.21; IR (film) 3563 (OH), 2935, 2870, 1441, 1405, 1326 (SO2),
1156 (SO2), 1090, 991, 920, 865 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.85 (d, J = 8.5, 2H, m-C6H4Me), 7.33 (br d, J =
8.5, 2H, o-C6H4Me), 5.83 (ddt, J = 17.0, 10.0, 7.0, 1H, =CH),
5.17 (ddt, J = 17.0, 2.0, 1.0, 1H, =CHAHB), 5.15 (ddt, J = 10.0,
2.0, 1.0, 1H, =CHAHB), 3.11 (s, 1H, CHN), 2.84 (app. d, J =
7.0, 2H, CH2CH=CH2), 2.42 (s, 3H, Me), 1.96 (dt, J = 14.5,
4.5, 1H, CH), 1.63–1.52 (m, 4H, 3 ¥ CH and OH), 1.43–1.25
(m, 7H, 7 ¥ CH), 1.15–1.08 (m, 1H, CH), 0.92 (t, J = 6.5, 3H,
Me); 13C NMR (100.6 MHz, CDCl3) d 144.3 (ipso-C6H4SO2),
137.4 (ipso-C6H4Me), 133.8 (=CH), 129.7 (m-C6H4Me), 127.4
(o-C6H4Me), 118.7 (=CH2), 68.1 (CO), 57.0 (CN), 54.9 (CHN),
40.4 (CH2), 38.0 (CH2), 34.4 (CH2), 28.2 (CH2), 25.1 (CH2), 23.1
(CH2), 21.6 (Me), 15.9 (CH2), 14.0 (Me); MS (CI, NH3) m/z 364
[(M + H)+, 70], 346 (35), 208 (100), 193 (20); HRMS (CI, NH3)
m/z: [M + H]+ calcd for C20H29NO3S, 364.1946; found, 364.1944.


2-Butyl-6-isopropyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo-
[4.1.0]heptan-2-ol cis-95. Using the general procedure, allylic
alcohol 49 (120 mg, 0.6 mmol), chloramine-T trihydrate (189 mg,
0.7 mmol) and PhMe3NBr3 (23 mg, 0.1 mmol) in MeCN (3 mL)
gave the crude product, which contained a 65 : 35 mixture (by
1H NMR spectroscopy) of hydroxy aziridines cis-95 and trans-95.
Purification by flash chromatography on silica with petrol–Et2O
(7 : 3) as eluent gave hydroxy aziridine cis-95 (51 mg, 23%) as
a colourless oil, RF(7 : 3 petrol–Et2O) 0.3; IR (film) 3563 (OH),
2956, 2935, 2872, 1325 (SO2), 1155 (SO2), 1090, 979, 723 cm-1; 1H
NMR (400 MHz, CDCl3) d 7.86 (d, J = 8.0, 2H, m-C6H4Me), 7.32
(d, J = 8.0, 2H, o-C6H4Me), 3.00 (s, 1H, CHN), 2.44 (septet, J =
7.0, 1H, CHMe2), 2.42 (s, 3H, Me), 1.95 (dt, J = 14.5, 5.0, 1H,
CH), 1.61–1.50 (m, 4H, 4 ¥ CH), 1.41–1.25 (m, 7H, 6 ¥ CH and
OH), 1.21 (d, J = 7.0, 1H, CHMeAMeB), 1.17–1.09 (m, 1H, CH),
1.03 (d, J = 7.0, 3H, CHMeAMeB), 0.91 (t, J = 7.0, 3H, Me); 13C
NMR (100.6 MHz, CDCl3) d 144.1 (ipso-C6H4SO2), 137.7 (ipso-
C6H4Me), 129.7 (m-C6H4Me), 127.4 (o-C6H4Me), 68.3 (CO), 64.0
(CN), 55.5 (CHN), 40.0 (CH2), 34.2 (CH2), 31.3 (CHMe2), 25.1
(CH2), 23.1 (CH2), 22.8 (CH2), 21.6 (Me), 20.9 (Me), 18.3 (Me),
16.1 (CH2), 14.0 (Me); MS (CI, NH3) m/z 366 [(M + H)+, 85], 348
(40), 210 (100), 195 (30); HRMS (CI, NH3) m/z: [M + H]+ calcd
for C20H31NO3S, 348.2103; found, 348.2096.


2,5-Dimethyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]-
hexan-2-ol cis-96. Using the general procedure, allylic alcohol 50
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(90 mg, 0.8 mmol), chloramine-T trihydrate (249 mg, 0.9 mmol)
and PhMe3NBr3 (30 mg, 0.1 mmol) in MeCN (4 mL) gave the
crude product. Purification by flash chromatography on silica with
CHCl3–acetone (95 : 5) as eluent gave hydroxy aziridine cis-96
(174 mg, 77%) as a colourless oil, RF(95 : 5 CHCl3–acetone) 0.40;
IR (film) 3498 (OH), 2969, 2933, 1453, 1403, 1381, 1305 (SO2),
1158 (SO2), 1090, 1069, 1021, 873, 687 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.85 (d, J = 8.5, 2H, m-C6H4Me), 7.32 (br d, J = 8.5,
2H, o-C6H4Me), 3.19 (s, 1H, CHN), 2.43 (s, 3H, Me), 2.16–2.11
(m, 1H, CH), 1.82 (s, 3H, Me), 1.62–1.51 (m, 3H, 2 ¥ CH and OH),
1.43–1.28 (m, 1H, CH), 1.24 (s, 3H, Me); 13C NMR (100.6 MHz,
CDCl3) d 144.1 (ipso-C6H4SO2), 137.7 (ipso-C6H4Me), 129.7 (m-
C6H4Me), 127.1 (o-C6H4Me), 78.1 (CO), 59.4 (CHN), 57.4 (CN),
36.4 (CH2), 33.4 (CH2), 23.4 (Me), 21.6 (Me), 15.4 (Me); MS (CI,
NH3) m/z 282 [(M + H)+, 100], 264 (75), 126 (90), 110 (15), 82 (15);
HRMS (CI, NH3) m/z: [M + H]+ calcd for C14H19NO3S, 282.1164;
found, 282.1162.


2-Butyl-5-methyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]-
hexan-2-ol cis-97. Using the general procedure, allylic alcohol 51
(154 mg, 1.0 mmol), chloramine-T trihydrate (310 mg, 1.1 mmol)
and PhMe3NBr3 (38 mg, 0.1 mmol) in MeCN (5 mL) gave the
crude product. Purification by flash chromatography on silica
with petrol–Et2O (1 : 1) as eluent gave hydroxy aziridine cis-97
(242 mg, 75%) as a colourless oil, RF(3 : 7 petrol–Et2O) 0.38;
IR (film) 3511 (OH), 2956, 2934, 2871, 1454, 1403, 1317 (SO2),
1157 (SO2), 1090, 1010, 933, 872, 688 cm-1; 1H NMR (400 MHz,
CDCl3) d 7.86 (d, J = 8.5, 2H, m-C6H4Me), 7.33 (d, J = 8.5, 2H,
o-C6H4Me), 3.24 (s, 1H, CHN), 2.43 (s, 3H, Me), 2.14 (dd, J =
13.5 and 8.5, 1H, CH), 1.83 (s, 3H, Me), 1.69 (dd, J = 13.5, 8.5,
1H, CH), 1.63–1.45 (m, 3H, 3 ¥ CH), 1.39–1.25 (m, 5H, 5 ¥ CH),
1.12 (s, 1H, OH), 0.92 (t, J = 7.5, 3H, Me); 13C NMR (100.6 MHz,
CDCl3) d 143.9 (ipso-C6H4SO2), 137.7 (ipso-C6H4Me), 129.6
(m-C6H4Me), 127.0 (o-C6H4Me), 80.3 (CO), 59.0 (CHN), 57.6
(CN), 36.6 (CH2), 34.6 (CH2), 33.7 (CH2), 25.3 (CH2), 23.1
(CH2), 21.5 (Me), 15.2 (Me), 13.9 (Me); MS (CI, NH3) m/z 341
[(M + NH4)+, 35], 324 (100), 306 (85), 189 (35), 168 (20), 153
(45); HRMS (CI, NH3) m/z: [M + H]+ calcd for C17H25NO3S,
324.1633; found, 324.1643.


5-Allyl-6-[(4-methylphenyl)sulfonyl]-2-butyl-6-azabicyclo[3.1.0]-
hexan-2-ol cis-98. Using the general procedure, allylic alcohol 52
(116 mg, 0.6 mmol), chloramine-T trihydrate (198 mg, 0.7 mmol)
and PhMe3NBr3 (24 mg, 0.1 mmol) in MeCN (3 mL) gave the
crude product. Purification by flash chromatography on silica
with petrol–Et2O (1 : 1) as eluent gave hydroxy aziridine cis-98
(72 mg, 32%) as a colourless oil, RF(1 : 1 petrol–Et2O) 0.24;
IR (film) 3520 (OH), 2956, 2933, 1320 (SO2), 1157 (SO2), 1091,
933 cm-1; 1H NMR (400 MHz, CDCl3) d 7.85 (d, J = 8.5, 2H,
m-C6H4Me), 7.32 (br d, J = 8.5, 2H, o-C6H4Me), 5.86 (ddt, J =
17.0, 10.0, 7.0, 1H, =CH), 5.21–5.13 (m, 2H, =CH2), 3.27 (s,
1H, CHN), 2.96 (br dd, J = 14.5, 7.0, 1H, CHAHBCH=CH2),
2.91 (br dd, J = 14.5, 7.0, 1H, CHAHBCH=CH2), 2.41 (s, 3H,
Me), 2.02 (dd, J = 13.0, 8.5, 1H, CH), 1.70–1.62 (m, 2H, 2 ¥
CH), 1.54–1.17 (m, 8H, 7 ¥ CH and OH), 0.90 (t, J = 7.0, 3H,
Me); 13C NMR (100.6 MHz, CDCl3) d 144.1 (ipso-C6H4SO2),
137.6 (ipso-C6H4Me), 133.3 (=CH), 129.7 (m-C6H4Me), 127.0
(o-C6H4Me), 118.7 (=CH2), 80.3 (CO), 60.5 (CHN), 58.0 (CN),
36.3 (CH2), 34.3 (CH2), 33.7 (CH2), 30.2 (CH2), 25.3 (CH2), 23.1
(CH2), 21.5 (Me), 13.9 (Me); MS (CI, NH3) m/z 350 [(M + H)+,


100], 332 (100), 294 (35), 194 (55), 179 (20); HRMS (CI, NH3)
m/z: [M + H]+ calcd for C19H27NO3S, 350.1790; found, 350.1791.


2-Butyl-5-methyl-6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]-
hexan-2-ol cis-97. Dess–Martin periodinane (952 mg, 2.2 mmol)
was added in one portion to a stirred solution of an 80 : 20 mixture
(by 1H NMR spectroscopy) of hydroxy aziridines cis-61 and
trans-61 (500 mg, 1.9 mmol) in CH2Cl2 (25 mL) at rt under N2.
After stirring for 45 min, Et2O (25 mL) and a solution of sodium
thiosulfate pentahydrate (3.92 g) in 5% NaHCO3(aq) (30 mL) were
added. After stirring for 15 min, the layers were separated and
the aqueous layer was extracted with CH2Cl2 (3 ¥ 25 mL). The
combined organic layers were dried (MgSO4) and evaporated
under reduced pressure to give the crude keto aziridine 99. The
crude keto aziridine 99 was dissolved in THF (2.5 mL) and added
dropwise via cannula to a stirred solution of butyl magnesium
bromide (1.9 mL of a 2.00 M solution in THF, 3.7 mmol) in THF
(10 mL) at -78 ◦C under N2. The resulting solution was allowed
to warm to 0 ◦C over 15 min, and stirred at 0 ◦C for 10 min.
Saturated NH4Cl (aq) (15 mL) was added and the layers separated.
The aqueous layer was extracted with Et2O (3 ¥ 10 mL) and the
combined organic layers were dried (MgSO4) and evaporated
under reduced pressure to give the crude product. Purification by
flash chromatography on silica with petrol–Et2O (3 : 7) as eluent
gave hydroxy aziridine cis-97 (414 mg, 68%) as a colourless oil.
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22 (a) J. Sepúlveda, S. Soto and R. Mestres, Bull. Soc. Chim. Fr., 1983,
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Polystyrene40-b-poly(isocyanoalanine(2-thiophen-3-yl-ethyl)amide)50 (PS-PIAT) polymersomes have the
unique property of being sufficiently porous to allow diffusion of small (organic) substrates while
retaining large biomolecules such as enzymes inside. Herein we report on the encapsulation and
protection of glucose oxidase (GOx) and horse radish peroxidase (HRP) in PS-PIAT polymersomes
and the successful employment of these functionalised nanoreactors in a cascade reaction. The
demonstrated concept allows for further application in other enzymatic cascade reactions, bio-organic
hybrid systems and biosensing devices.


Introduction


Cells consist of numerous different compartments that both
physically and functionally separate vital biochemical processes.
Communication and transport of molecules between these com-
partments can occur via an active pathway, using membrane span-
ning proteins, or a diffusional pathway. One approach to mimic
this compartmentisation is by the use of lipid or amphiphilic block
copolymer vesicles or within solgel matrices.1–3 For biotechnology
applications, polymer vesicles are superior to most of their lipid
counterparts because of their higher mechanical and thermody-
namical stability.4 The drawback of this increased thermodynamic
stability is that it is often more difficult for small substrate
molecules, or even water, to diffuse in or out of the polymersome.
A way to overcome this difficulty is by constructing stimulus-
responsive membranes5–9 that either decompose or reversibly open
and close upon exposure, or by addition of channel proteins
to the polymer membrane.10–12 Another alternative, reported by
Sukhorukov et al., makes use of a semi-permeable polyelectrolyte
membrane.13 This membrane allows small substrate molecules
to enter and leave the capsules freely whilst retaining the larger
biomolecules.


Recently, we have reported on the synthesis and use of
the diblock copolymer polystyrene40-b-poly(isocyanoalanine(2-
thiophen-3-yl-ethyl)amide)50 (PS-PIAT, Fig. 1) as a polymersome
forming amphiphile.14 This block copolymer consists of a rigid rod
polyisocyanide headgroup and a flexible polystyrene tail, making
it a rod-coil type of polymer. When injected into water, PS-PIAT
readily forms nanometre sized polymersomes that have the unique
property of being sufficiently porous to enable diffusion of low
molecular weight molecules, whilst retaining large biomolecules
such as enzymes inside.


This porosity enables the enzyme to function as in solution, but
now protected from a degrading environment, such as proteolytic


Molecular Materials, Institute for Molecules and Materials, University of
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Fig. 1 Chemical and schematic structure of PS-PIAT that forms vesicular
aggregates when injected into water.


enzymes and microbes, which are too large to penetrate the
membrane pores. In addition, by the use of block copolymer
lyophilisation followed by polymersome formation, it was demon-
strated that different enzymes can be incorporated both in the
central water pool and the membrane, respectively. This specific
positioning enabled the efficient assembly of a cascade system in
which horse radish peroxidase (HRP) and glucose oxidase (GOx)
were chemically coupled within one polymersome.15


This report further investigates the possibility of communica-
tion between enzymes located in different polymersomes using the
same GOx–HRP cascade reaction as mentioned above (Fig. 2).
The first reaction in the cascade is the conversion of glucose by
GOx into gluconolactone and H2O2. The formed H2O2 then reacts
further with HRP and added 2,2¢-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS) to form the ABTS radical cation. The
cascade reaction can be easily monitored using UV spectroscopy
due to a shift in the UV absorption spectrum from 340 nm to
405 nm when ABTS is oxidised to ABTS∑+.


To the best of our knowledge, this is the first report on communi-
cation between enzymes located in separate polymersomes without
the addition of artificial transport mediators in the membrane or
other external stimuli. Furthermore, it is a very easy and fast
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Fig. 2 Schematic representation of a cascade reaction between separate
polymersomes.


procedure to encapsulate and chemically couple two different
enzymes.


Results and discussion


Enzyme encapsulation


To study the interaction between the different enzymes located
in different polymersomes, we encapsulated GOx and HRP
separately using a standard injection method.16 The amphiphilic
block copolymer is dissolved in freshly distilled THF (1 mg mL-1),
followed by injection into an aqueous solution of the required
enzyme (0.2 mg mL-1). After 30 minutes the non-encapsulated
enzyme that remains outside of the vesicle is removed by Amicon
filtration. With transmission electron microscopy (TEM, Fig. 3),
it was determined that the diameter of polymersomes loaded with
GOx ranged from 150 to 250 nm (Table 1).


Fig. 3 Transmission electron micrographs of GOx loaded PS-PIAT
polymersomes.


Table 1 Size distribution of GOx loaded polymersomes


The average diameter of polymersomes encapsulating HRP
turned out to be somewhat smaller, viz. ca. 100 nm (Fig. 4,
Table 2). We tentatively assign this size difference to the ability
of the enzyme to stabilise the membrane by absorption to it. It
has been previously shown that the vesicle size is dependent on the
fluidity of the block copolymer.14 Monolayer studies are currently
being carried out to quantify the strength of interaction between
the polymer and the enzymes.


Fig. 4 Transmission electron micrograph of HRP loaded PS-PIAT
polymersomes.


Table 2 Size distribution of HRP loaded polymersomes


Activity of encapsulated enzymes


Initially, the activity of the two enzymes was measured individually.
To determine the activity of encapsulated GOx, glucose, HRP
and ABTS were added (in excess) to the outer environment of
the polymersomes. In the case of encapsulated HRP, we added
H2O2 and ABTS to the outside of the polymersomes. Both GOx-
and HRP-filled polymersomes catalysed the formation of ABTS∑+,
thereby showing that the encapsulated enzymes retain their activity
whilst inside the polymersomes (see Fig. 5 and 6). Furthermore,
this result indicates that in the case of encapsulated GOx, H2O2


readily diffuses out of the polymersome and reacts in a cascade
fashion with free HRP in solution.


In addition, it is noteworthy that ABTS is also capable of
permeating the membrane, which is a prerequisite in order to
detect the activity of encapsulated HRP. In order to exclude the
possibility that the observed HRP activity is due to HRP adhered
to the outside of the polymersome (even after filtration and
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Fig. 5 Absorption of ABTS∑+ at 405 nm plotted against time for free
(dotted line) and encapsulated (bold line) GOx.


Fig. 6 Absorption of ABTS∑+ at 405 nm plotted against time for free
(dotted line) and encapsulated (bold line) HRP. The control experiment in
the case of HRP is further explained in the text.


elaborate washing steps), we prepared non-filled polymersomes
to which HRP was added. This sample was left to stand for
two days at 4 ◦C and then filtered in the same manner as in
the encapsulation experiments. The same ABTS-assay as used
normally was employed to determine the activity of the filtered
polymersomes, revealing no activity (bold triangled line in Fig. 6)
and it is therefore safe to conclude that only enzyme activity on
the inside of the polymersome is measured.


From the graph in Fig. 6, it can be seen that encapsulated HRP
has a lower activity than free HRP with the same (estimated)
concentration. We believe that this is due to partial denaturation
of HRP by THF which is needed for the formation of the
polymersomes.


Prolonged enzyme activity inside polymersomes


It is known from the literature that enzymes encapsulated in
polymersomes retain their activity for longer periods of time due
to protection from their potentially harmful environment.17 To
prove that encapsulated proteins also retain their activity for longer
periods of time inside PS-PIAT polymersomes, we compared the
activity decrease of free GOx and HRP stored under the same
conditions as encapsulated GOx and HRP. The activities of both
free and encapsulated enzymes were measured over a period of
two weeks. The results are depicted in Table 3.


Table 3 Decrease of enzymatic activity over time for encapsulated and
free GOx and HRP. The relative activities are given in percentages


t = 0 t = 15 days


Free GOx 100% 59%
Encaps. GOx 100% 98%
Free HRP 100% 19%
Encaps. HRP 100% 47%


The above results indicate that enzymes can be successfully
encapsulated, resulting in protection and retained activity over
longer periods of time for both GOx and HRP in the water pool
of PS-PIAT polymersomes.


These experiments support the idea that ABTS and the
charged radical cation can readily diffuse in and out of the
polymersomes, whilst large biomolecules such as enzymes cannot.
Attempts to determine the exact molecular weight cutoff of our
polymersome membrane using standard leaching techniques were
unsuccessful.18


Cascade reaction between two polymersomes and protection from
proteolytic proteins


As mentioned before, enzymes encapsulated in polymersomes
are protected from potentially harmful proteolytic enzymes and
microbes. This accounts partially for the fact that their activity
is retained for longer periods of time than the activity of free
enzyme in solution.19 Since the PS-PIAT polymersomes possess an
intrinsically porous membrane, we investigated if GOx and HRP
are indeed protected from proteolytic enzymes, by intentionally
adding proteases to the cascade system depicted in Fig. 2.
Subtilisin A was used for this purpose, since it is perfectly
capable of denaturing enzymes such as GOx and HRP, which
was confirmed by SDS-gel. We also put the enzymes protected
inside the PS-PIAT polymersomes on the gel, but this gave no
results because the polymersomes did not denature under these
conditions. We could therefore only check the enzymatic activity
after protease addition using the ABTS assay.


To build the coupled system depicted in Fig. 2, polymersomes
containing GOx and polymersomes containing HRP were mixed
in a 1 : 1 (v/v%) ratio. Assuming that the enzyme concentration
inside both polymersomes is equal to the initial enzyme concen-
tration in solution, the effective GOx : HRP ratio was calculated
to be 1 : 2.6 (in active units U). Subsequent addition of an excess
amount of ABTS and glucose to the mixture resulted in clear
formation of the ABTS radical cation, confirming the occurrence
of a cascade reaction between the two polymersomes (bold line,
Fig. 7). Even after addition of subtilisin A, the cascade reaction
was still proceeding, proving that the encapsulated proteins are
protected inside the PS-PIAT polymersomes (bold dotted line,
Fig. 7).20 As a control, the three enzymes (GOx, HRP and SubA)
were mixed together and an excess amount of ABTS and glucose
was added. This did not result in formation of the ABTS radical
cation as can be seen from the bold squared line depicted in Fig. 7.


Conclusion and discussion


We have shown that polymersomes prepared from polystyrene40-b-
poly(isocyanoalanine(2-thiophen-3-yl-ethyl)amide)50 (PS-PIAT)
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Fig. 7 Absorption of ABTS∑+ at 405 nm as a function of time for the
cascade reaction depicted in Fig. 2. The control experiment is further
explained in the text.


can encapsulate GOx and HRP, while preserving the activity of the
enzyme inside. The encapsulation procedure is easy and reliable;
the encapsulated enzyme is protected, allowing its enzymatic
activity to be retained. The unique porous membrane of the
PS-PIAT polymersomes enables the enzyme to function as in
solution and there are no additional steps necessary to assure
substrate transport, e.g. by modifying the polymer membrane. The
encapsulation has enabled us to chemically couple the two enzymes
in a cascade reaction, by simply mixing the two polymersome
suspensions together. To the best of our knowledge, this is the first
report of such a reaction involving enzymes located in separate
polymersomes without the need of artificial transport mediators
in the membrane.


We are currently investigating the possibilities of implementing
PS-PIAT polymersomes in other enzymatic cascade reactions to
further demonstrate the strength and versatility of our system. The
above described concept allows for construction of hybrid systems
and one exciting possibility is the use of the combined GOx–HRP
system in asymmetric organic synthesis.21 Another application,
which we are currently investigating, is the implementation of PS-
PIAT polymersomes in biosensing and biofuel devices.


Experimental section


All enzyme encapsulation experiments were carried out using
freshly distilled THF and 20 mM phosphate buffer at pH 7.2.
Glucose oxidase from Aspergillus niger (E.C. 1.1.3.4), horse radish
peroxidase from Amoracia rusticana (E.C. 1.11.1.7) and 2,2¢-azine-
bis-(3-ethylbenzthiazoline-6-sulfonic acid) were obtained from
Sigma-Aldrich and used without further purification. PS-PIAT
was synthesised as reported earlier.22 Enzyme loaded polymer-
somes were filtered using Amicon micropore filters with a 100 kDa
molecular weight cutoff. All enzymatic activities were measured at
405 nm using a Victor Wallac 1420 multiplate reader. Transmission
electron microscopy was measured on a JEOL 1010, using carbon
coated copper grids.


Enzyme encapsulation


A solution of PS-PIAT in THF (1 mg mL-1) was slowly injected
into an enzyme containing buffered solution (0.2 mg mL-1),
resulting in a turbid mixture with a final THF–H2O ratio of 1 : 6.


The mixture was allowed to aggregate for 30 minutes at
room temperature before removing non-encapsulated enzymes by
filtration. The residue was thoroughly washed with phosphate
buffer until no enzymatic activity could be detected in the filtrate.
The residue was then resuspended in phosphate buffer.


Enzymatic activity measurement


GOx and HRP activity was assayed using ABTS. Stock solutions
of ABTS (50 mM), glucose (1 M) and H2O2 (0.07%) were prepared
freshly prior to measurement. Activity measurements were carried
out in 96-well plates (Greiner bio-one) in a total end volume of
300 mL per well.


Acknowledgements


NanoNed is gratefully acknowledged for their financial support.


References


1 M. Antonietti and S. Forster, Adv. Mater., 2003, 15, 1323.
2 D. E. Discher and A. Eisenberg, Science, 2002, 297, 967.
3 C. B. Park and D. S. Clark, Biotechnol. Bioeng., 2002, 78, 229.
4 B. M. Discher, Y. Y. Won, D. S. Ege, J. C. M. Lee, F. S. Bates, D. E.


Discher and D. A. Hammer, Science, 1999, 284, 1143.
5 Y. Luvov, A. A. Antipov, A. Mamedov, H. Mohwald and G. B.


Sukhorukov, Nano Lett., 2001, 1, 125.
6 O. P. Tiourina, A. A. Antipov, G. B. Sukhorukov, N. I. Larionova, Y.


Luvov and H. Mohwald, Macromol. Biosci., 2001, 1, 209.
7 A. Napoli, M. J. Boerakker, N. Tirelli, R. J. M. Nolte, N. A. J. M.


Sommerdijk and J. A. Hubbell, Langmuir, 2004, 20, 3487.
8 S. Cerritelli, D. Velluto and J. A. Hubbell, Biomacromolecules, 2007, 8,


1966.
9 F. Ahmed and D. E. Discher, J. Controlled Release, 2004, 96, 37.


10 A. Ranquin, W. Versees, W. Meier, J. Steyaert and P. Van Gelder, Nano
Lett., 2005, 5, 2220.


11 M. Nallani, S. Benito, O. Onaca, A. Graff, M. Lindemann, M.
Winterhalter, W. Meier and U. Schwaneberg, J. Biotechnol., 2006, 123,
50.


12 A. Dudia, A. Kocer, V. Subramaniam and J. S. Kanger, Nano Lett.,
2008, DOI: 10.1021/nl073211b.


13 O. Kreft, M. Prevot, H. Mohwald and G. B. Sukhorukov, Angew.
Chem., Int. Ed., 2007, 46, 5605.


14 D. M. Vriezema, A. Kros, R. De Gelder, J. J. L. M. Cornelis-
sen, A. E. Rowan and R. J. M. Nolte, Macromolecules, 2004, 37,
4736.


15 D. M. Vriezema, P. M. L. Garcia, N. Sancho Oltra, N. S. Hatzakis,
S. M. Kuiper, R. J. M. Nolte, A. E. Rowan and J. C. M. van Hest,
Angew. Chem., Int. Ed., 2007, 46, 7378.


16 A. S. Domazou and P. L. Luisi, J. Liposome Res., 2002, 12, 205.
17 S. Nema, D. M. Kiick and K. E. Avis, J. Pharm. Sci. Technol., 1994,


48, 231.
18 C. L. Kuyper, J. S. Kuo, S. A. Mutch and D. T. Chiu, J. Am. Chem.


Soc., 2006, 128, 3233.
19 L. Stryer, Biochemistry, W. H. Freeman, New York, 1988.
20 The experiments performed with subtilisin A indicate that the en-


zymes inside the polymersomes are not moving in and out of their
polymersome. To further confirm the enzyme immobilisation inside
the polymersome, we are currently developing a three-phase test by
attaching the substrate to a solid support. J. Rebek, Jr, Tetrahedron,
1979, 35, 723.


21 K. Okrasa, E. Guibe-Jampel and M. Therisod, J. Chem. Soc., Perkin
Trans. 1, 2000, 1077.


22 D. M. Vriezema, J. Hoogboom, K. Velonia, K. Takazawa, P. C. M.
Christianen, J. C. Maan, A. E. Rowan and R. J. M. Nolte, Angew.
Chem., Int. Ed., 2003, 42, 772.


4318 | Org. Biomol. Chem., 2008, 6, 4315–4318 This journal is © The Royal Society of Chemistry 2008








PAPER www.rsc.org/obc | Organic & Biomolecular Chemistry


Chemistry and folding of photomodulable peptides – stilbene and
thioaurone-type candidates for conformational switches†
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Optimized synthetic strategies for the preparation of photoswitchable molecular scaffolds based on
stilbene or on thioaurone chromophores and their conformationally directing properties, as studied by
computations and by NMR spectroscopy, are addressed. For the stilbene peptidomimetics 1, 2 and 3,
the length of connecting linkers between the chromophore and the peptide strands was varied, resulting
in photochromic dipeptidomimetics with various flexibility. Building blocks of higher rigidity, based on
para-substituted thioaurone (4 and 6) and meta-substituted thioaurone chromophores (5 and 7) are
shown to have a stronger conformationally directing effect. Design, synthesis, theoretical and
experimental conformational analyses are presented.


Introduction


Proteins capable of reversible photochemically driven conforma-
tional changes have attracted a lot of interest in recent years and
were predicted to bear tremendous potential in the fields of data
storage, molecular motors, protein and genetic engineering, in
vivo protein tracking and fluorescent optical microscopy. Built-
in switching units are expected to result in photoresponsive
materials,1 conformationally switchable nucleic acids,2 antibodies,3


and peptidomimetics.4 Among examples from Nature, photo-
switchable green fluorescent proteins (GFP) found in certain
marine organisms have recently attracted much interest, including
practical applications.5 The demand for photomodulable units
of improved and well-controlled properties motivated us to
develop photoswitchable units that can straightforwardly be
incorporated into functional peptides by standard automatable
methods. Azobenzene chromophores have been successfully ap-
plied to control the structure of synthetic peptides and proteins,6


however, their conformation inducing ability appeared to be
limited, which in combination with their sensitivity to reducing
agents and their unavoidable thermal isomerization make their
use in control of protein function difficult if not impossible.7


In contrast, in spite of their well-studied photochemistry8 and
successful incorporation into DNA,2 examples for the use of
stilbene derivatives in peptidomimetics are very rare.9 Likewise, the
thioaurone chromophore has only recently been proposed for this
purpose.10 Due to their greater chemical stability and resistance
against thermal isomerization, stilbenes are promising alternatives
to azobenzenes. Here, we propose a range of photochemically
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bDept. of Biochemistry and Organic Chemistry, Uppsala University, Box
576, 751 23, Uppsala, Sweden
cDept. of Physical and Analytical Chemistry, Uppsala University, Box 599,
751 24, Uppsala, Sweden. E-mail: adolf.gogoll@biorg.uu.se; Fax: 46 18
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interconvertible stilbene and thioaurone derivatives, which are
expected to induce turn-like conformations in their Z configu-
rations, and open, linear geometries in their E configurations.11,12


Their general synthetic strategies, suitable for the construction of
phototriggerable, functional protein- as well as peptidomimetics,
are exemplified by simple model compounds. In order to reduce
complexity and focus on the role of the chromophore, apolar,
non-aromatic amino acids were attached to the stilbene amino
acid core.


The resulting peptidomimetics were, similar to numerous
previously investigated compounds,13,14 poorly soluble in water.
Conformational studies were therefore perfomed in methanol and
dimethylsulfoxide solutions. Here, we would like to stress that
these compounds were designed to provide simplified models of
the photoswitchable core of peptides and proteins with larger
molecular weight. Their photochemical E → Z conversion as
well as conformational properties, in comparison to those of
the standard DPro-Gly13 and diphenylacetylene15 turn mimetics
(Scheme 1), is discussed.


Results and discussion


Synthesis


Based on computational design, meta,meta¢-disubstituted
stilbene-type turn-mimetics 1–3 (Scheme 1) encompassing methy-
lene linkers of various length ((CH2)n, n = 0, 1, 2), providing
different conformational flexibility, were prepared (Schemes 2–4).
E-Isomers were synthesized and the Z analogues were obtained
by photoisomerization of the former. Peptidomimetics 4–7, in-
corporating the thioaurone chromophore were prepared in their
thermally stable Z isomeric forms, and the E isomers were
then obtained by analogous photochemical isomerization. Since
peptides containing DPro-Gly13 or diphenylacetylene-type turn
mimetics are known to fold in well-defined b-turn conformations,15


mimetics 8–10 having identical amino acid strands to those
attached to the stilbene and thioaurone units were synthesized as
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Scheme 1 Model peptidomimetics incorporating reversibly switchable chromophores (1–7) and b-turn mimetics (8–10).


reference compounds. Synthesis and structural studies of 9 have
been published earlier13 and are cited here for comparison.


The anilinic amino group15 of 13 was supposed to show reduced
nucleophilicity as compared to typical amino acids, a fact known
to cause difficulties in solid phase synthesis. Therefore, E-1 was
prepared in solution following the reaction path depicted in
Scheme 2. A fast microwave mediated Heck-coupling16 of 11
with the electron rich 3-iodoaniline resulted in a 2:18:80 mixture
of the Z:internal:E products. The E-isomer was separated using
column chromatography, its ester functionality was subsequently
hydrolysed, and the zwitterionic 13 was then subjected to PyBOP
mediated attachment of alanine methylamide, yielding 14. Under
these conditions, the anilinic amino group of 13 does not react,
and therefore the coupling could be performed selectively.


In the next step, the electrone density of the amino
group of 13 was increased, by activation with N,O-bis(trime-
thylsilyl)acetamide. Now the attachment of N-acetyl-valine was
possible with HATU under mild basic conditions, yielding E-1.


The product was isolated by precipitation from the reaction mix-
ture and then investigated by 1H NMR spectroscopy. Observation
of only one set of signals ascertained that racemization at the
valine C-a had not occurred. Obviously, a single set of signals
could also result from complete inversion at this carbon, but
this is highly unlikely. Analogous tri- or tetrapeptidomimetics are
easily incorporatable into standard solid-phase peptide synthesis
(SPPS).


The switchable units of 2 and 3 and the diphenylacetylene
moiety of 10 were synthesized in solution and could subse-
quently be used in SPPS. As shown in Scheme 3, benzylic
nucleophilic substitution17 followed by a microwave-accelerated
Stille reaction,18 was utilized for the preparation of the central
part of mimetic 2. For the efficient Heck coupling16 of 17 and
18, leading to the artificial amino acid 20, both Boc-protection
of the amino group of 16, yielding 17, and esterification of
the carboxyl group of 3-iodophenyl acetic acid to give 18 are
indispensable. Base mediated hydrolysis of the resulting methyl
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Scheme 2 Outline of the synthesis of 1: (a) CH3OH, conc. HCl, 70 ◦C, 14 h, 88%. (b) 3-Iodoaniline, Pd(OAc)2, (C2H5)3N, DMF, 150 ◦C, 20 min, 56%.
(c) 6 M NaOH (aq), 100 ◦C, 6 h, 98%. (d) 2-Amino-N-methyl-propionamide, PyBOP, DIEA, r.t., 2 h, 17%. (e) 2-Acetylamino-3-methyl-butyric acid,
N,O-bis(trimethylsilyl)acetamide, HATU, DIEA, r.t., 18 h, 49%.


Scheme 3 Outline of the synthesis of 20: (a) 1) NaN(SiMe3)2, HMDS, r.t., 24 h. 2) H+, 63%. (b) Bu3SnCH=CH2, Pd(PPh3)2Cl2, Et3N, DMF, 130 ◦C,
15 min, 84%. (c) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in H2O, r.t., 72 h, 68%. (d) CH3OH, conc. HCl, r.t., 24 h, 98%. (e) Pd(OAc)2, (CH3C6H4)3P, Et3N,
DMF, 90 ◦C, 15 min, 70%. (f) 6M NaOH (aq), 120 ◦C, 20 h, 34%.


ester 19 yields 20, a photochromic amino acid mimetic suitable
for direct application in standard SPPS. The harsh conditions
used for hydrolysis of 19 and also 12, were required because
of the low reactivity that is often encountered for benzylic and
in particular aromatic esters. Peptidomimetic 3 was prepared
using Knoevenagel condensation19 followed by esterification of
the carboxyl group, resulting in the a,b-unsaturated ester 22
(Scheme 4).


Since the reduction of a double bond in the presence of an aryl
halide is known to be difficult, a nickelboride catalyzed route20


was optimized for the reduction of 22 to 23, giving 68% isolated
yield and notably only 1.5% debrominated byproduct. Compound
26 was obtained by Heck coupling of 23 and 25 in a microwave


reactor.16 After several unsuccessful attempts to hydrolyse the ester
26 by conventional methods, the hydrolysis could be achieved with
K-tert-BuO in diethyl ether, yielding 27. The stilbene derivative
artificial amino acid 27 could then be directly incorporated into 3
by standard SPPS. Details of the experimental procedure for the
preparation of 27 are presented elsewhere.12


The syntheses of the thioaurone cores followed a previously
reported general scheme via thioindoxyl (Schemes 5 and 6).21


The aldehyde required for the preparation of 34 was obtained
by the oxidation of the corresponding alcohol 29.22 Boc-protected
thioaurone derivatives 33 and 39 were synthesized by an aldol
condensation reaction between thioindoxyl 32 and the aldehydes
30 and 38, respectively.10 Here, conditions and synthetic strategy
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Scheme 4 Outline of the synthesis of 27: (a) CH2(COOH)2, pyridine, piperidine, 100 ◦C, 1.5 h, 95%. (b) CH3OH, conc. HCl, r.t., 16 h, 93%. (c) Ni(OAc)2,
NaBH4, CH3OH, EtOAc, H2 (2 bar), 20 min, r.t., 68%. (d) Bu3SnCH=CH2, Pd(PPh3)2Cl2, Et3N, DMF, 130 ◦C, 25 min, 78%. (e) O[CO2C(CH3)3]2, CH2Cl2,
K2CO3 in H2O, r.t., 24 h, 70%. (f) Pd(OAc)2, (CH3C6H4)3P, Et3N, DMF, 120 ◦C, 30 min, 43%. (g) K-tert-BuO, Et2O, 10.5 h, 99%.


Scheme 5 Outline of the synthesis of 34: (a) 1) 1,4-dioxane, 1 M NaOH, O[CO2C(CH3)3]2, 0 ◦C, 40 min. 2) HCl, 81%. (b) LAH, THF, 40 ◦C o.n., 71%.
(c) PCC, NaOAc, DCM, r.t. o.n., 72%. (d) 1) Na2CO3, Na2S2O4, reflux 30 min. 2) ClCH2COOH neutralised with Na2CO3, reflux 1 h. 3) HCl to Congo
red, 71%. (e) 1) SOCl2, reflux 2 h. 2) AlCl3, dichloroethane, r.t. o.n., 81%. (f) 1) 1% NaOH w/w, t-BuOH, 0 ◦C then reflux o.n. 2) HOAc, 81%. (g) 1) 50%
TFA in DCM, 15 min. 2) Fmoc-Cl, Na2CO3, THF, 90%.


had to be altered from the literature procedure to achieve
satisfactory results. Thus, an excess of thioindoxyl over aldehyde
was used, and the reaction time was increased. To be able to use
the thioaurone derivatives in SPPS, the protecting group had to be
changed from Boc to Fmoc. Due to the instability of thioaurones


under basic conditions, including primary but not secondary or
tertiary amines, the synthetic strategy to prepare the peptides 4–7
had to be adjusted: Instead of using Boc-chemistry and the
Kaiser oxime resin, as for 2 and 3, a resin yielding the desired
N-methylated amides after mild acidic cleavage was used, thus
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Scheme 6 Outline of the synthesis of 40: (a) Ethylene glycol, PTSA, reflux 18 h, 60% (b) LAH, THF, r.t., o.n. 40% (c) Anhyd. MeOH, TEA,
O[CO2C(CH3)3]2, r.t., o.n., 60% (d) Acetone, water, cat. PTSA, r.t. o.n., 78% (e) 1) 1% NaOH w/w, t-BuOH, 0 ◦C then reflux o.n. 2) HOAc, 45%. (f) 1)
50% TFA in DCM, 15 min. 2) Fmoc-Cl, Na2CO3, THF, 70%.


avoiding the basic conditions required for the final cleavage of the
peptidomimetic from the Kaiser oxime resin.


Reference compound 8 was prepared applying standard Boc-
SPPS methodologies. The precursor of 10 was afforded in a similar


reaction route to the one used for preparation of 2 (Scheme 7), but
using ortho-substituted starting materials and rapid Sonogashira
cross-couplings13,23 instead of a Stille and a Heck reaction. The
central part of compound 46 was obtained by benzylic nucleophilic


Scheme 7 Outline of the synthesis of 46: (a) 1) NaN(Si(CH3)3)2, hexamethyldisilazane, r.t., 40 h. 2) H+, 50%. (b) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in
H20, r.t., 72 h, 60%. (c) 1) (CH3)3Si–C∫CH, Pd(PPh3)2Cl2, CuI, (C2H5)2NH, DMF, 120 ◦C, 6 min, 98%. 2) KF·2H2O, r.t., 14 h, 63%. (d) CH3OH, HCl,
r.t., 4 h, 99%. (e) Pd(PPh3)2Cl2, CuI, (C2H5)2NH, DMF, 120 ◦C, 6 min, 81%. (f) 6 M NaOH (aq), 120 ◦C, 2 h, 61%.
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substitution, followed by Boc-protection of the amino group of
41. It is worth mentioning that protection of the benzylamine
of 41 with Boc instead of Fmoc, was necessary to facilitate the
Sonogashira coupling. Furthermore, esterification of the carboxyl
group of 44 was also required for efficient coupling of the two
sides of 45. Base mediated hydrolysis of the protected methyl ester
yielded compound 46, appropriate for incorporation into 10 by
standard SPPS.


Photochemistry


The photochemical properties of stilbene and thioaurone deriva-
tives are well documented in the literature.8,21b The absorbance
maxima of the p–p* transitions of the trans-double bonds in
peptidomimetics 1–3 at approximately 300 nm indicated that
meta-substituents do not significantly affect the lmax of the
stilbene double bond. Photoisomerizations were performed in
acetonitrile solutions and the E/Z ratio was thereafter determined
by 1H NMR measurements. In contrast to azobenzenes24 and
thioaurones,4,21b thermal isomerization was absent for stilbene
derivatives 1–3.


Conversion between E-stilbene and Z-stilbene derivatives was
achieved by irradiation at the absorption maxima of 300 nm and
280 nm, respectively. Isomerization of thioaurones was performed
by non-selective irradiation, followed by investigation of the
E-isomers, having half-lives of several hours.


Molecular mechanics calculations


Conformational analysis using molecular mechanics was used to
predict the conformational population of the photoswitchable
compounds 1–3, 6 and 7. The GB/SA CHCl3 solvation model25


was used as implemented in the program Macromodel 9.5.26 Con-
formations within 25 kJ mol-1 of the global minimum were retained
(Scheme 8). Interstrand hydrogen bonds and distances between
Ca,Ala–Ca,Val and the capping group Cmethyl–Cmethyl were recorded
to identify folded or non-folded conformations. The presence of
two hydrogen bonds (< 2.5 Å distance between HNH and O, see
Fig. 1) or an interstrand Ca–Ca distance of < 5.5 Å was used as
criterion for beta sheet and/or folded conformations, respectively.
The populations of folded conformations were estimated using the
Boltzmann equation and are summarized in Table 1.


Compared to compound 8, which has been included for
comparison as a peptide predestined to generate b-hairpin motifs,
the stilbene derivatives 1–3 show excellent preference for formation
of turn-like motifs in their Z forms whereas their E isomers
show larger interstrand distances. Compound 1 shows the most
pronounced conformational alteration, while model compounds
2 and 3 display a tendency for intramolecular interchain inter-
action in both their Z and E isomers as a result of the high
flexibility of their linker regions. It should be emphasized that
the preferred geometry of Z-2 and Z-3 does not fully resemble the
conformation of conventional turns, which is likely to be a result
of the shortness of the amino acid strands present in the model
systems. This is further supported by our previous studies which
have shown that such flexible photochromic turn mimetics can
provide a sufficient conformationally directing effect when they
are incorporated into a medium sized peptide.12 Switch candidates
6 and 7 show a pronounced difference between their respective


Scheme 8 Overlays of the most stable conformers of peptidomimetics
with stilbene and thioaurone chromophores. Conformers within 5 kJ mol-1


of the global minimum are shown.


Fig. 1 Selected interstrand NOEs (arrows) and hydrogen bonds (dashed
lines) observed in CDCl3 solutions of 8 and 9.


Z and E isomers. As for 1, their superior rigidity is indicated by
the pronounced absence (i.e., relative amount ≤ 0.1%) of turn-like
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Table 1 Relative amounts of folded conformations of the Z and E isomers
of photoswitchable compounds 1–3, 6–7, and reference compound 8


Z E


Ca,Ala–Ca,Val <


5.5 Å (%)
CMe–CMe <


5.5 Å (%)
Ca,Ala–Ca,Val <


5.5 Å (%)
CMe–CMe <


5.5 Å (%)


1 98 25 0 0
2 97 30 7 92
3 99 12 87 6
6 12 91 0 0
7 100 0 0 0.1
8 94 97 — —


conformations for their E isomers. An interesting feature is the
similar conformational behaviour of Z-7 and E-3, as well as
Z-6 compared to E-2, revealing that this geometry can easily
be reached from a tighter (Z-2 or Z-3) or a more extended
(E-6 or E-7) state through photochemical induction. However,
some of these turn motifs show a twisted geometry, which is also in-
dicated by the presence of “crossing” hydrogen bonds (e.g., in Z-1,
see ESI for details). Thus, depending on the need of the intended
application area a stilbene or a thioaurone-type switch should be
chosen to provide an optimal conformational modulator.


Spectroscopic conformational analysis


Conformational preferences were further investigated by NMR
spectroscopy. Structural assignment was performed using COSY,27


NOESY,28 ROESY,29 and TOCSY30 experiments. If necessary,
solvent signals were suppressed using the WET presaturation
scheme.30 Similarly to other investigations,4d,6b the Z-stilbene
isomers were studied in mixtures with the E isomers, obtained
by photoisomerization of the latter. The molecular conformation
in solution was examined by the study of amide temperature
coefficients (Table S1, ESI) and by analysis of NOE cross-peak
patterns.


The presence of b-hairpin populations of 9, and of folded
conformers of 8, was indicated by interstrand NOEs (Fig. 1).
The NOESY and Dd/DT values did not indicate folding for the
DMSO or methanol solutions of stilbene derivatives 1–3 nor of
the thioaurone derivatives 4–7. This result is in excellent agreement
with the extraordinarily high flexibility of low-molecular weight
peptides, frequently mentioned in the literature.31 Hence, small
peptides can only be expected to fold into a well-defined structure
when an exceptionally rigid conformational directing organic unit,
such as the tolan moiety in 9, is present in their sequence. The
uncapped peptidomimetics 4 and 5, having a free carboxy group,
and their capped congeners 6 and 7, showed similar chemical shifts,
temperature coefficients and NOE patterns. Since the presence
of an additional polar group would be expected to increase the
tendency to form interstrand hydrogen bonds, the absence of such


interactions further indicates the high conformational flexibility
of the peptidomimetics.


Discussion


Our NMR investigations (measuring NOE, DdNH/DT, and
DdNH,solv) showed that the DPro-Gly nucleated peptide 8 folds
into a b-turn in methanol and chloroform solutions. However, in
DMSO or D2O:H2O (1:1) solutions, no interchain NOEs could be
detected, an observation in line with the well-known high flexibility
and low folding propensity of small peptides. The more rigid
diphenylacetylenic mimetic 9 formed a b-hairpin in both CDCl3,
DMSO, and methanol solutions.13 The chemical shift alteration
upon change of solvent suggested that compound 9 folded into
a stable b-hairpin conformation, in which NHPh and NHCH3 were
involved in intramolecular hydrogen bonding, while only a single
interchain amide hydrogen bond (NHAla) was detectable for 8
(Ddsolv = dDMSO - dCDCl3 for the amide protons, which assumed
the following values: Ddsolv(NHPh) = 0.1 (9); Ddsolv(NHCH3) =
0.01 (9), 0.6 (9); Ddsolv(NHAla) = 1.6 (9), 0.1 (8); Ddsolv(NHVal) =
1.6 (9), 0.4 (8); Ddsolv(NHGly) = 0.8 (8)). In the DMSO solution
of the comparatively flexible non-switchable mimetic 10, a non-
folded structure was observed whereas in its methanol solution
a complicated 1H NMR spectrum was obtained, indicative for
a mixture of low energy conformations. Hence, increased turn
flexibility leads to decreased folding propensity.


In agreement with our computational studies, no sign of
folding was observable for methanolic and DMSO solutions
of neither Z-1–3 (Table 1), nor for DMSO solutions of Z-6
and Z-7. Here it should be noted that these model compounds
are insoluble in chloroform, which should be taken in account
when comparing computational and experimental results. Polar,
hydrogen bond accepting and/or donating solvents are likely
to interfere with intramolecular hydrogen bonding and thereby
support the formation of unfolded conformations in solution.32


Furthermore, water would not be an alternative choice of solvent
for these compounds, since it is known to counteract the formation
of, e.g., b-turn motifs in small peptides.33


Investigations of the non-switchable model compounds 8–10
indicate that turn rigidity is a critical factor for hairpin folding.
Thus, a thermodynamically stable b-hairpin conformation with
two interchain hydrogen bonds was observed for the most rigid
diphenylacetylene derivative 9, but not for 10.


Formation of one hydrogen bond (resulting in a b-turn) was
indicated for the less rigid 8, and no folding was observed for the
flexible derivative 10. If the flexibility is high, folding is disfavoured
for entropic reasons.


We therefore conclude that the absence of any folded conformers
in solutions of stilbene derivatives 2 and 3 is due to their flexible
(CH2)n linkers. Another factor likely to affect the formation of
folded conformers is the orientation of the amide groups of the
antiparallel chains of 1 and 2. In native hairpins, hydrogen bonds
were shown to be close to planar.34 According to our computations,
the N–H–O and N–O–C angles within the existing interchain
hydrogen bonds, in partially folded single conformations, would
be tilted for mimetics 1–2 (typically N–H–O < 155◦, N–O–
C < 135 ◦). On the other hand, the high flexibility of the
(CH2)2 linkers of 3 simultaneously decreases its turn inducing
properties through entropic factors, and allows its amino acid
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strands to align themselves in optimal angles and distance for
intramolecular hydrogen bonding. Thus, incorporation of the
stilbene chromophore of 3 into a larger cyclic peptidomimetic
resulted in a system for which photoisomerization between the Z
and E configurations lead to reversible reorientation between a
b-hairpin and random coil conformations.12


Conclusion


Synthetic strategies as well as conformationally directing prop-
erties of a set of small stilbene and thioaurone-based building
blocks, aimed to be applied as photoswitchable nucleating cores
of functional protein mimetics, have been investigated. Straight-
forward synthetic protocols were developed providing N-Boc and
N-Fmoc protected amino acid analogues, which can be directly
transferred to standard solid-phase peptide synthesis. Hence,
using the proposed synthetic routes, building blocks resembling
standard Fmoc- and Boc-protected amino acids can be prepared
and straightforwardly applied for the synthesis of peptide and
protein mimetics.


Theoretical conformational analysis indicated that these pho-
tochromic systems should be excellent conformational switch-
ing units when incorporated into a peptide environment. By
small variation of chemical structure a wide range of different
switching units were obtained. Amongst these, 1 is the most rigid,
capable of reversible alternation between a turn-like motif and an
open structure upon irradiation at 300 and 280 nm, respectively.
Compounds 2 and 3 provide the possibility of photochemical
switching between turn-like (Z, Ca–Ca < 5.5 Å) and open (E, Ca–
Ca ~ 8.0 Å) geometries. The thioaurone derivatives 6 and 7 should
provide access to more rigid open and turn-like motifs. Formation
of turns under experimental conditions was not observed, as can
be expected for small, linear peptides. However, by incorporation
into suitable petidomimetic environments, they should have the
potential to provide access to a variety of photoswitchable target
molecules. This has recently been verified using a congener of 3,12


and further studies are currently in progress.


Experimental


Starting materials were purchased from commercial suppliers and
were used without purification. Column chromatography was
performed using Merck silica gel 60 (40–63mm) or Florisil (100–
200 mesh). Thin-layer chromatography (TLC) was performed
using aluminum sheets precoated with silica gel 60 F254 (0.2 mm,
E. Merck). Chromatographic spots were visualized by UV and/or
spraying with an ethanolic solution of ninhydrin (2%), followed
by heating.


Purification of the peptides was performed on a Gilson 321
HPLC system connected to a Vydac Protein & Peptide C18
(218TP) column (10 mm, 22 ¥ 250 mm) using a gradient of MeCN
in 0.1% aq. TFA (10–85% MeCN in 75 min) at a flow rate of
5 cm3 min-1 and with detection by UV absorbance at 230 nm (LKB
2151 absorbance detector), or on a Gilson system (Gilson 231 XL
Injector, 118 UV/VIS detector, Gilson 402 Syringe pump, Gilson
333 and 334 pumps and Gilson FC204) connected to a Grace
Vydac C18 (22 ¥ 250 mm, 5 mm) with a gradient of MeCN in 0.1%
aq. TFA (20–60% MeCN in 60 min). The fractions were further
analyzed by LC-MS using a Chromolith Performance RP-18e


column (4.6 ¥ 100 mm), or by analytical HPLC using a Chromolith
Performance RP-18e column (4.6 ¥ 100 mm). The procedure
applied for microwave heating is described in ref 23. Photochemical
reactions were performed on acetonitrile solutions under N2 gas
flow using an Oriel 1000 W Xe ARC light source and a 300 nm
Oriel UV filter. The emitted light intensity was determined using
a UV enhanced Si photodiode (5.8 mm2) attached to a current
meter. The thioaurone peptides 4–7 were isomerized for 15 min
in an NMR-tube with a nonselective ACE Glass Incorporated
450 W UV-lamp connected to a 7830 Power supply. UV spectra
were measured with a Varian Cary 3 spectrometer. IR spectra
were obtained on a Perkin Elemer 1600 series FTIR instrument;
recording 16 scans on 10 mol·dm-3 samples in CHCl3 solution
using a 1 mm cuvette (NaCl windows).


Mass spectra (EI, 70 eV) were obtained with a Hewlett Packard
5971 Series Mass Selective detector interfaced with a Hewlett
Packard 5890 Series II Gas Chromatograph equipped with a DB-
1 (25 m ¥ 0.20 mm) capillary column. The ESI-MS data were
obtained with a Finnigan ThermoQuest AQA mass spectrometer
(ESI-MS 30eV, probe temperature 100 ◦C) equipped with a
Gilson 322-H2 gradient pump system and an SB-C18 column.
A water-acetonitrile-formic acid (0.05%) mobile phase was used
with a gradient of 20% to 100% acetonitrile during 3–5 minutes.
High resolution MS spectra were run on an Agilent LC/MSD
TOF instrument (Agilent Technologies, Santa Clara, CA, USA).
Detection was performed in positive ion mode. The voltage applied
at the sampling capillary at the entrance of the mass spectrometer
was 4.0 kV. Nitrogen at 300 ◦C and 7 L min-1 was used as drying
gas, and nebuliser gas flow was at 15 L min-1. Voltages fixed at
fragmentor, skimmer and octopole guides were 215 V, 60 V and
250 V, respectively. The ion pulser at the TOF analyser was set up to
a measurement frequency of 0.5 cycles/s. Agilent TOF software
and Agilent QS software were used to record and analyse mass
spectra, respectively. Standard autotune of masses was performed
in the TOF-MS instrument before the experimental runs, and
typical mass errors of 1 to 3 ppm were achieved in the calibration.


NMR spectra were recorded on a Varian UNITY INOVA
spectrometer (1H at 499.9 MHz), a Jeol JNM EX400 spectrometer
(1H at 399.8 MHz, 13C at 100.5 MHz), a Varian UNITY
spectrometer (1H at 399.9 MHz, 13C at 100.6 MHz), a Varian
Mercury plus spectrometer (1H at 300.0 MHz, 13C at 75.4 MHz),
or on a JEOL JNM EX270 spectrometer (1H at 270.2 MHz,
13C at 67.9 MHz). Data are reported in the following manner:
chemical shift (integration, multiplicity, coupling constant if
appropriate, assignment). Coupling constants (J) are reported in
Hertz. Chemical shifts are referenced indirectly to TMS via the
2H lock signal and the following abbreviations are used: s, singlet;
d, doublet; t, triplet; m, multiplet; br, broad. NOE effects were
measured from NOESY and ROESY spectra with mixing times
between 0.4 and 1.5 s.


Melting points were determined in open capillaries using a Stu-
art Scientific melting point apparatus SMP10 and are uncorrected.


Amino acid analyses were performed at the Department of
Biochemistry and Organic Chemistry, Biomedical Centre, Upp-
sala, Sweden, on 24 h hydrolyzates with an LKB 4151 Alpha Plus
analyzer, using ninhydrin detection.


Conformational analysis was performed in MacroModel 9.526


using the OPLS-AA/L force field (OPLS 2005) and the CHCl3


solvation model using the generalized Born solvent-accessible
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surface area (GB/SA) method developed by Still et al.25 The con-
formational search was conducted using the Systematic Unbound
Multiple Minimum search method,35 with 20,000 search steps.
The number of torsion angles allowed to vary simultaneously
during each search step ranged from 1 to n-1, where n is the
total number of investigated torsion angles. Truncated Newton
conjugate gradient (TNCG) energy minimization with a maximum
of 500 iterations was used with the derivative convergence criterion
set to 0.05 kJ mol-1 Å-1. Two subsequent energy minimizations
were performed on the found conformations using a derivative
convergence criterion of 0.001 kJ mol-1 Å-1, first using a maximum
of 500 TNCG minimization steps, followed by a maximum of
10,000 PR conjugate gradient minimization steps. Conformations
within 25 kJ mol-1 of the lowest energy minimum found were saved
in the conformational search. The relative population of the found
conformations was calculated using Eq 1,


%
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Ei RT


E j RT


j


= ¥
-


-Â
D


D
100 (1)


where DE is the relative potential energy of the conformation, R
is the universal gas constant and T is the temperature (T = 298 K
was used in the calculations). The conformations were classified
as folded or non-folded depending on interstrand hydrogen bond
pattern and distance. Hydrogen bonds were defined as an acceptor
atom and amide proton at a distance below 2.5 Å. The additional
criteria for optimal hydrogen bonds in a beta sheet were defined
as the angle N–H ◊ ◊ ◊ O > 155◦ and angle N ◊ ◊ ◊ O=C between 135–
165◦.34 The criteria for folded conformations based on interstrand
distance were C–C < 5.5 Å (see Table 1 for details).


E-Stilbene derivative (E-1)


A solution of 45.0 mg of 14 (0.14 mmol) in dichloromethane
(1.0 cm3) was treated with N,O-bis(trimethylsilyl)acetamide
(0.07 cm3, 0.28 mmol) for 30 minutes. 2-Acetylamino-3-methyl-
butyric acid (0.11 g, 0.70 mmol) was dissolved in a mixture of
dichloromethane (2.0 cm3), dimethylformamide (1.00 cm3) and
N,N-diisopropylethylamine (0.24 cm3, 1.40 mmol). HATU (0.26 g,
0.70 mmol) was added and the mixture was stirred for 20 minutes.
The two solutions were combined and the mixture was stirred for
18 h. Thereafter, the mixture was poured into 0.1 M HCl (10 cm3)
and was extracted three times with dichloromethane (10 cm3). A
precipitate was filtered off from the organic layer yielding a white
solid (32.0 mg, 49%); mp 198–199 ◦C; amino acid analysis: Ala,
1.00; Val, 1.00; lmax (CH3OH)/nm 246, 292; [a]D


20 +13.45 (c 0.001
in MeOH); dH (499.5 MHz; CD3OD:CH3OH (1:1)) 1.03 (6H, 2d,
J 6.8, CH3


V), 1.46 (3H, d, J 7.2, CH3
A), 2.03 (3H, s, CH3


CO), 2.14
(1H, m, CHb


V), 2.76 (3H, d, J 4.0, CH3
NH), 4.28 (1H, dd, J 6.8,


7.7, CHa
V), 4.55 (1H, dq, J 7.0, 7.2, CHa


A), 7.25 (1H, d, J 16.5,
CH), 7.26 (1H, d, J 16.5, CH), 7.31 (1H, t, J 7.9, ArH), 7.33 (1H,
m, ArH), 7.43 (1H, m, ArH), 7.46 (1H, t, J 7.7, ArH), 7.71 (1H,
m, ArH), 7.76 (1H, ddd, J 1.1, 1.6, 7.7, ArH), 7.85 (1H, dd, J
0.9, 1.5, ArH), 8.0 (1H, q, J 4.0, NHCH3), 8.10 (1H, t, J 1.6, ArH),
8.18 (1H, d, J 6.8, NHV), 8.54 (1H, d, J 7.2, NHA), 9.96 (1H, br s,
NHPh); dC (75 MHz; DMSO-d6) 18.6, 19.1, 19.8, 23.0, 26.2, 31.1,
49.6, 59.4, 117.9, 119.6, 122.2, 125.9, 127.5, 128.6, 129.2, 129.7,
129.8, 130.0, 135.1, 137.4, 137.9, 139.8, 166.4, 170.0, 171.1, 173.2;
m/z (ESI-MS, 30 eV) 465 [M + H]+, 434, 255.


Z-Stilbene derivative (Z-1)


A solution of E-1 in acetonitrile (24.00 cm3, 2.0 mmol/dm3


solution) was irradiated at 300 nm for 2 h under nitrogen gas flow.
The solution was concentrated under reduced pressure resulting in
22.0 mg of a 7:3 mixture of the cis:trans isomers. Quantum yield:
5.7%. dH (499.5 MHz; CD3OD:CH3OH (1:1)) 0.96 (6H, 2d, J 6.4,
CH3


V), 1.41 (3H, d, J 7.4, CH3
A), 2.01 (3H, s, CH3


CO), 2.14 (1H, m,
CHb


V), 2.75 (3H, d, J 4.9, CH3), 4.23 (1H, dd, J 7.3, 7.6, CHa
V),


4.49 (1H, dq, J 7.0, 7.6, CHa
A), 6.68 (1H, d, J 12.2, CH), 6.70 (1H,


d, J 12.2, CH), 6.96 (1H, d, J 7.8, ArH), 7.19 (1H, t, J 7.8, ArH),
7.30 (1H, t, J 8.3, ArH) 7.36 (1H, d, J 7.8, ArH), 7.37 (1H, d, J
8.3, ArH), 7.47 (1H, br s, ArH), 7.68 (1H, d, J 8.3, ArH), 7.77 (1H,
br s, ArH), 8.3 (1H, d, J 7.6, NHA), 7.93 (1H, q, J 4.9, NHCH3),
8.11 (1H, d, J 7.6, NHV), 9.84 (1H, s, NHPh); m/z (ESI-MS, 30 eV)
465 [M + H]+, 434, 255.


E-Stilbene derivative (E-2)


Compound 20 was incorporated into standard solid-phase pep-
tide synthesis techniques using 4-nitro-benzophenoneoxime resin
(1.1 mmol/g) on a 0.55 mmol scale. Standard Boc-Alanine or
N-acetyl-Valine and PyBOP mediated couplings were applied.
The Boc groups were deprotected with 50% trifluoroacetic acid
in dichloromethane and cleavage was performed with 2 M
methylamine in THF, purification by HPLC yielding white crystals
(17.4 mg, 7%); amino acid analysis: Ala, 1.04; Val, 0.96; UV: lmax


(CH3OH)/nm 203, 232, 297, 310, 323 nm; [a]D
20 -5.7◦ (c 0.008 in


MeOH); dH (499.5 MHz; CD3OD:CH3OH (1:1)) 0.97 (3H, d, J
6.6, CH3


V), 0.98 (3H, d, J 6.6, CH3
V), 1.35 (3H, d, J 6.9, CH3


A),
2.02 (3H, s, CH3


CO), 2.10 (1H, dh, J 6.6, 7.4, CHb
V), 2.73 (3H, d,


J 2.7, CH3
NH), 3.61 (1H, d, J 14.5, CH2


CO), 3.61 (1H, d, J 14.5,
CH2


CO), 4.19 (1H, dd, J 7.4, 8.1, CHa
V), 4.33 (1H, dq, J 6.6, 7.4,


CHa
A), 4.40 (1H, d, J 6.0, 15.0, CH2


NH), 4.43 (1H, d, J 6.0, 15.0,
CH2


NH), 7.17 (1H, d, J 16.0, CH), 7.20 (1H, d, J 16.0, CH), 7.21
(2H, 2dd, J 7.5, 7.5, ArH), 7.31 (2H, 2t, J 7.5, ArH), 7.44 (2H, 2dt,
J 1.5, 7.5, ArH), 7.51 (2H, 2t, J 1.5, ArH), 7.88 (1H, br q, J 2.7,
NHCH3), 8.05 (1H, d, J 8.1, NHV), 8.28 (1H, d, J 6.6, NHA), 8.56
(1H, t, J 6.0, NHCH2); dC (75 MHz, CD3OD:CH3OH (1:1)) 17.0,
17.5, 18.5, 21.3, 25.2, 30.5, 42.2, 42.7, 49.4, 59.5, 125.0, 125.3,
125.4, 126.7, 127.1, 128.3, 128.6 (2C), 128.7 (2C), 136.0, 137.9,
139.1, 146.7, 172.3, 172.5, 174.4, 175.8; m/z (ESI-MS, 30 eV) 986
[2M + H]+, 494 [M + H]+, 258.


Z-Stilbene derivative (Z-2)


A solution of 8.2 mg (16.60 mmol) E-2 in acetonitrile was irradiated
at 300 nm for 1.5 h under nitrogen gas flow. The solution was
concentrated under reduced pressure resulting in a 8.3:1.7 mixture
of the cis:trans isomers. Quantum yield: 3.9%. dH (499.5 MHz;
CD3OD:CH3OH (1:1)) 0.89 (6H, 2d, J 6.8, CH3


V), 1.29 (3H, d, J
6.0, CH3


A), 1.98 (1H, dh, J 6.8, 7.5, CHb
V), 2.00 (3H, s, CH3


CO),
2.72 (3H, d, J 5.0, CH3


NH), 3.45 (1H, d, J 14.5, CH2
CO), 3.48 (1H,


d, J 14.5, CH2
CO), 4.16 (1H, dd, J 7.5, 8.5, CHa


V), 4.23–4.32 (3H,
m, CH2


NH, CHa
A), 6.58 (1H, d, J 12.6, CH), 6.60 (1H, d, J 12.6,


CH), 7.07–7.18 (8H, m, ArH), 7.88 (1H, br q, J 5.0, NHCH3), 7.97
(1H, d, J 8.1, NHV), 8.20 (1H, d, J 6.0, NHA), 8.44 (1H, t, J 5.8,
NHCH2).
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E-Stilbene derivative (E-3)


Stilbene derivative 27 was incorporated into solid-phase peptide
synthesis using 4-nitro-benzophenoneoxime resin (1.1 mmol/g) on
a 0.55 mmol scale. Boc-Ala, N-acetyl-Valine and PyBOP mediated
couplings were applied. The Boc groups were deprotected with
50% trifluoroacetic acid in dichloromethane and cleavage was
performed with 2 M methylamine in THF, purification on HPLC
yielded white crystals (33.6 mg, 12%); amino acid analysis:
Val, 1.04; Ala, 0.96; UV: lmax (CH3OH)/nm 205, 232, 298,
310, 323; [a]D


20 = -11.9◦ (c 0.004 in MeOH); dH (499.5 MHz;
CD3OD:CH3OH (1:1)) 0.88 (3H, d, J 7.0, CH3


V) 0.89 (3H, d, J
7.0, CH3


V), 1.25 (3H, d, J 7.0, CH3
A), 1.98 (3H, s, CH3


CO), 2.01
(1H, dh, J 7.0, 7.4, CHb


V), 2.57 (2H, dt, J 2.5, 8.3, CH2
CH2CO), 2.69


(3H, d, J 4.5, CH3
NH), 2.83 (2H, t, J 7.4, CH2


CH2NH), 2.94 (2H, t, J
7.4, CH2


CO), 3.51 (2H, m, CH2
NH), 4.09 (1H, dd, J 7.4, 8.5, CHa


V),
4.29 (1H, dq, J 5.5, 7.0, CHa


A), 7.12 (2H, 2d, J 8.0, ArH), 7.15 (2H,
m, CH), 7.27 (2H, 2t, J 8.0, ArH), 7.39 (2H, 2d, J 8.0, ArH), 7.42
(2H, br s, ArH), 7.64 (1H, br q, J 4.5, NHCH3), 7.94, (1H, d, J 8.5,
NHV), 8.09 (2H, m, NHA, NHCH2); dC (75 MHz; CD3OD:CH3OH
(1:1)) 17.1, 17.5, 18.7, 21.5, 25.4, 30.6, 31.5, 35.3, 37.4, 40.6, 49.1,
59.4, 124.4, 124.5, 126.5, 126.9, 127.7, 128.1, 128.5, 128.6, 128.72,
128.74, 137.80, 137.81, 139.7, 141.4, 172.1, 172.5, 173.8, 174.4;
m/z (ESI-MS, 30 eV) 1042 [2M + H]+, 521 [M + H]+, 450.


Z-Stilbene derivative (Z-3)


A solution of compound E-3 (18.1 mg) dissolved in acetonitrile
was irradiated at 300 nm for 1.5 h under nitrogen gas flow. The
solution was concentrated under reduced pressure resulting in a
49:51 mixture of the cis:trans isomers. Quantum yield: 7.8%. dH


(499.5 MHz; CD3OD:CH3OH (1:1)) 0.89 (3H, d, J 6.5, CH3
V),


0.90 (3H, d, J 6.5, CH3
V), 1.25 (3H, d, J 7.5, CH3


A), 1.98 (3H, s,
CH3


CO), 2.01 (1H, dh, J 6.5, 7.4, CHb
V), 2.46 (1H, dt, J 2.5, 8.3,


CH2
CH2CO), 2.70 (3H, d, J 4.5, CH3


NH), 2.83 (1H, t, J 7.4, CH2
CH2NH),


2.94 (2H, t, J 7.4, CH2
CO), 3.44 (2H, m, CH2


NH), 4.09 (1H, dd, J
7.4, 8.5, CHa


V), 4.29 (1H, dq, J 5.5, 7.5, CHa
A), 6.57 (1H, d, J


13.2, CH), 6.59 (1H, d, J 13.2, CH), 7.05 (4H, m, ArH), 7.09 (2H,
2t, J 1.5, 6.5, ArH), 7.13–7.15 (2H, m, ArH), 7.71 (1H, br q, J 4.5,
NHCH3), 7.94 (1H, d, J 7.2, NHV), 8.03 (1H, br t, J 5.0, NHCH2),
8.06 (1H, d, J 7.5, NHA).


Z-para-Thioaurone derivative (Z-4)


Compound 34 was incorporated into standard solid-phase
peptide synthesis techniques using 2-chlorotrityl chloride resin
(1.4 mmol/g) on 0.5 mmol scale. Standard Fmoc-protected
monomers and PyBOP mediated couplings were applied. The
Fmoc groups were deprotected with 20% piperidine in DMF
and cleavage from resin was performed with 0.5% TFA in
dichloromethane. After purification on HPLC and lyophilization a
yellow fluffy solid was obtained (9.0 mg, 8%); amino acid analysis:
Val, 0.92; Ala, 1.08; dH 499.9 MHz; DMSO-d6) (0.85 (1H, dd, J
1.7, 6.9, CHg


V), 1.46 (1H, d, J 7.4, CHb
A), 1.89 (3H, s, CH3), 1.99


(1H, dq, J 6.9, CHb
V), 4.16 (1H, dd, J 6.9, 6.9, CHa


V), 4.34 (2H,
d, J 6.1, CH2), 4.48 (1H, q, J 7.4, CHa


A), 7.45 (2H, XX¢ part of
AA¢XX¢, ArH), 7.55 (1H, t, J 7.7, ArH), 7.78 (2H, AA’ part of
AA¢XX¢, ArH), 7.87 (1H, s, C=CH), 7.91 (1H, d, J 8.5, NHV),
8.05 (1H, dd, J 1.0, 7.7, ArH), 8.40 (1H, dd, J 1.2, 7.7, ArH), 8.55


(1H, br t, J 6.3, NH), 9.08 (1H, d, J 7.2, NHA), 12.66 (1H, br s,
OHA); m/z (ESI-MS, 30 eV) 523.90 [M + H]+, 540.95.


E-para-Thioaurone derivative (E-4)


The chemical shifts were elucidated from a spectrum with a 0.6:1
mixture of Z:E. dH (499.9 MHz; DMSO-d6) 0.85 (1H, dd, J 1.7,
6.9, CHg


V), 1.43 (1H, d, J 7.4 CHb
A), 1.89 (3H, s, CH3), 1.98 (1H,


dq, J 6.9, CHb
V), 4.16 (1H, dd, J 6.9, 6.9, CHa


V), 4.34 (2H, t, J 6.7,
CH2), 4.46 (1H, q, J 7.4, CHa


A), 7.32 (2H, XX¢ part of AA¢XX¢,
ArH), 7.50 (1H, t, J 7.7, ArH), 7.59 (1H, s, C=CH), 7.89 (1H, d,
J 8.5, NHV), 8.16 (2H, AA’ part of AA¢XX¢, ArH), 8.37 (1H, dd,
J 1.0, 7.7, ArH), 8.51 (1H, br t, J 6.3, NH), 9.02 (1H, d, J 7.2,
NHA), 12.64 (1H, br s, OHA).


Z-meta-Thioaurone derivative (Z-5)


Compound 40 was incorporated into standard solid-phase
peptide synthesis techniques using 2-chlorotrityl chloride resin
(1.4 mmol/g) on 0.5 mmol scale. Standard Fmoc-protected
monomers and PyBOP mediated couplings were applied. The
Fmoc groups were deprotected with 20% piperidine in DMF
and cleavage from resin was performed with 0.5% TFA in
dichloromethane. After purification on HPLC and lyophilization
a yellow, fluffy solid was obtained (13.0 mg, 5%); amino acid
analysis: Val, 0.92; Ala, 1.08; dH (499.9 MHz; DMSO-d6) 0.85
(1H, dd, J 1.7, 6.9, CHg


V), 1.46 (1H, d, J 7.4, CHb
A), 1.89 (3H, s,


CH3), 1.99 (1H, dq, J 6.9, CHb
V), 4.16 (1H, dd, J 6.9, 6.9, CHa


V),
4.33 (1H, dd, J 5.8, 15.4, CH2), 4.37 (1H, dd, J 5.8, 15.4, CH2),
4.48 (1H, q, J 7.4, CHa


A), 7.39 (1H, m, ArH), 7.55 (1H, t, J 7.6,
ArH), 7.56 (1H, t, J 7.6, ArH), 7.66 (1H, m, ArH), 7.73 (1H, m,
ArH), 7.83 (1H, s, C=CH), 7.91 (1H, d, J 8.7, NHV), 8.05 (1H, dd,
J 1.0, 7.6, ArH), 8.41 (1H, dd, J 1.0, 7.6, ArH), 8.57 (1H, br t, J
5.8 Hz, NH), 9.08 (1H, d, J 7.4, NHA), 12.66 (1H, br s, OHA); m/z
(ESI-MS, 30 eV) 523.90 [M + H]+, 540.95.


E-meta-Thioaurone derivative (E-5)


The chemical shifts were elucidated from a spectrum with a 0.3:1
mixture of Z:E. dH (499.9 MHz; DMSO-d6) 0.83 (1H, dm, J 6.9,
CHg


V), 1.43 (1H, d, J 0.7, 7.4, CHb
A), 1.87 (3H, d, J 0.9,CH3),


1.99 (1H, dq, J 6.9, CHb
V), 4.16 (1H, dd, J 6.9, 6.9, CHa


V), 4.32
(1H, d, J 5.8, CH2), 4.46 (1H, q, J 7.4, CHa


A), 7.34 (1H, dm, J
7.6, ArH), 7.40 (1H, t, J 7.6, ArH), 7.50 (1H, t, J 7.6, ArH), 7.57
(1H, s, C=CH), 7.89 (1H, d, J 8.7, NHV), 7.94 (1H, dt, J 1.0, 7.6,
ArH), 7.95 (1H, m, ArH), 8.10 (1H, dm, J 8.05, ArH), 8.37 (1H,
dt, J 1.0, 7.6, ArH), 8.51 (1H, br t, J 5.8, NH), 9.01 (1H, d, J 7.4,
NHA), 12.66 (1H, br s, OHA).


Z-para-Thioaurone derivative (Z-6)


Compound 34 was incorporated into standard solid-phase
peptide synthesis techniques using {3-[(methyl-Fmoc-amino)-
methyl]-indol-1-yl}-acetyl AM resin (0.63 mmol/g) on 0.3 mmol
scale. Standard Fmoc-protected monomers and PyBOP mediated
couplings were applied. The Fmoc groups were deprotected with
20% piperidine in DMF and cleavage from resin was performed
with 5% TFA in dichloromethane. After purification on HPLC
and lyophilization a yellow, fluffy solid was obtained (29.0 mg,
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17%); amino acid analysis: Val, 0.88; Ala, 1.12; dH (499.9 MHz;
DMSO-d6) 0.86 (1H, dd, J 2.2, 6.9, CHg


V), 1.37 (1H, d, J 7.4,
CHb


A), 1.89 (3H, s, CH3), 1.99 (1H, q, J 6.9, CHb
V), 2.62 (3H, d, J


4.6, CH3), 4.17 (1H, dd, J 6.9, 6.9, CHa
V), 4.34 (2H, d, J 6.0, CH2),


4.48 (1H, q, J 7.4, CHa
A), 7.55 (1H, t, J 7.7, ArH), 7.45 (2H, XX¢


part of AA¢XX¢), 7.78 (2H, AA¢ part of AA¢XX¢), 7.87 (1H, s,
C=CH), 7.93 (1H, d, J 8.7, NHV), 7.94 (1H, q, J 4.6, NHcap), 8.04
(1H, dd, J 1.3, 7.7, ArH), 8.40 (1H, dd, J 1.3, 7.7, ArH), 8.57 (1H,
br t, J 6.0, NH), 8.93 (1H, d, J 7.4, NHA); m/z (ESI-MS, 30 eV)
537.11 [M + H]+, 554.15, 1073.18 [2M + H]+, 1090.22.


E-para-Thioaurone derivative (E-6)


The chemical shifts were elucidated from a spectrum of a 0.6:1
mixture of Z:E. dH (499.9 MHz; DMSO-d6) 0.86 (1H, dd, J 2.2,
6.9, CHg


V), 1.35 (1H, d, J 7.4, CHb
A), 1.88 (3H, s, CH3), 1.98 (1H,


q, J 6.9, CHb
V), 2.60 (3H, d, J 4.6, CH3), 4.16 (1H, dd, J 6.9, 6.9,


CHa
V), 4.3 (2H, d, J 6.0, CH2), 4.46 (1H, q, J 7.4, CHa


A), 7.32
(2H, XX¢ part of AA¢XX¢), 7.48 (1H, t, J 7.7, ArH), 7.58 (1H, s,
C=CH), 7.92 (1H, d, J 8.7, NHV), 7.94 (1H, q, J 4.6, NHcap), 7.94
(1H, dd, J 1.3, 7.7, ArH), 8.16 (2H, AA¢ part of AA¢XX¢), 8.42
(1H, dd, J 1.3, 7.7, ArH), 8.54 (1H, br t, J 6.0, NH), 8.85 (1H, d,
J 7.4, NHA).


Z-meta-Thioaurone derivative (Z-7)


Compound 40 was incorporated into standard solid-phase
peptide synthesis techniques using {3-[(methyl-Fmoc-amino)-
methyl]-indol-1-yl}-acetyl AM resin (0.63 mmol/g) on 0.3 mmol
scale. Standard Fmoc-protected monomers and PyBOP mediated
couplings were applied. The Fmoc groups were deprotected with
20% piperidine in DMF and cleavage from resin was performed
with 5% TFA in dichloromethane. After purification on HPLC
and lyophilization a yellow, fluffy solid was obtained (29.0 mg,
11%); amino acid analysis: Val, 0.87; Ala, 1.12; dH (499.9 MHz;
DMSO-d6) 0.84 (1H, dd, J 6.9, 1.0, CHg


V), 1.37 (1H, d, J 7.4,
CHb


A), 1.89 (3H, s, CH3), 2.01 (1H, q, J 6.9, CHb
V), 2.62 (3H, d,


J 4.6, CH3), 4.15 (1H, dd, J 6.9, 6.9, CHa
V), 4.37 (2H, dd, J 6.0,


15.4, CH2), 4.33 (2H, dd, J 6.0, 15.4, CH2), 4.48 (1H, q, J 7.4,
CHa


A), 7.39 (1H, dm, J 7.6, ArH), 7.55 (1H, t, J 7.6, ArH), 7.67
(1H, m, ArH), 7.73 (1H, dm, J 7.6, ArH), 7.83 (1H, s, C=CH),
7.92 (1H, d, J 8.7, NHV), 7.94 (1H, q, J 4.6, NHcap), 8.04 (1H, dd,
J 1.2, 7.6, ArH), 8.45 (1H, dd, J 1.2, 7.6, ArH), 8.57 (1H, br t, J
6.0, NH), 8.93 (1H, d, J 7.4, NHA); m/z (ESI-MS, 30 eV) 537.11
[M + H]+, 554.15, 1073.18 [2M + H]+, 1090.22.


E-meta-Thioaurone derivative (E-7)


The chemical shifts were elucidated from a spectrum of a 0.6:1
mixture of Z:E. dH (499.9 MHz; DMSO-d6) 0.83 (dd, 1H, J 6.9,
1.0, CHg


V), 1.35 (1H, d, J 7.4, CHb
A), 1.87 (3H, s, CH3), 1.99 (1H,


q, J 6.9, CHb
V), 2.62 (3H, d, J 4.6, CH3), 4.16 (1H, dd, J 6.9, 6.9,


CHa
V), 4.32 (2H, d, J 6.0, CH2), 4.46 (1H, q, J 7.4, CHa


A), 7.34
(1H, dm, J 7.6, ArH), 7.40 (1H, t, J 7.6, ArH), 7.49 (1H, t, J 7.6,
ArH), 7.56 (1H, s, C=CH), 7.89 (1H, d, J 8.7, NHV), 7.94 (1H, q,
J 4.6, NHcap), 7.94 (1H, dd, J 1.2, 7.6, ArH), 7.96 (1H, m, ArH),
8.10 (1H, dm, J 7.6, ArH), 8.42 (1H, dd, J 7.6, 1.2, ArH), 8.51
(1H, br t, J 6.0, NH), 8.85 (1H, d, J 7.4, NHA).


CH3CO-V-DP-G-A-NHCH3 (8)


The peptide 8 was prepared by standard solid-phase peptide
synthesis techniques using 4-nitro-benzophenone-oxime resin
(1.1 mmol/g) on 0.55 mmol scale with standard Boc-protected
monomers or N-acetyl-Valine and PyBOP mediated couplings.
For deprotection of the Boc groups 50% trifluoroacetic acid
in dichloromethane was applied and cleavage was performed
with 2M methylamine in THF, purification on HPLC yielding
a colorless oil (85.0 mg, 39%); amino acid analysis: Val, 1.04;
Pro, 1.01; Gly, 0.96; Ala, 0.99; [a]D


20 -9.97◦ (c 0.02 in MeOH); dH


(499.5 MHz; CD3OD:CH3OH (1:1),) 0.97 (3H, d, J 6.5, CH3
V),


1.00 (3H, d, J 6.5, CH3
V), 1.42 (3H, d, J 7.0, CH3


A), 2.00 (3H, s,
CH3


CO), 2.06 (1H, dh, J 6.5, 7.0, CHb
V), 2.10–2.28 (4H, m, CHb


P,
CHb¢


P, CHg
P, CHg¢


P), 2.70 (3H, d, J 4.0, CH3
NH), 3.71 (1H, m,


CHd¢
P), 3.79 (1H, dd, J 6.0, 17.0, CHa¢


G), 3.86 (1H, dd, J 6.0,
17.0, CHa


G), 3.94 (1H, m, CHd
P), 4.2 (1H, m, CHa


P), 4.21 (1H,
dq, J 7.0, 7.5, CHa


A), 4.44 (1H, dd, J 7.0, 7.5, CHa
V), 7.66 (1H,


q, J 4.0, NHCH3), 7.95 (1H, d, J 7.5, NHA), 8.15 (1H, d, J 7.5,
NHV), 8.44 (1H, t, J 6.0, NHG); dC (75 MHz; CDCl3) 16.7, 19.1,
19.4, 22.4, 25.0, 26.4, 29.5, 30.4, 43.1, 48.1, 49.1, 58.2, 61.6, 170.1,
172.6, 172.7, 173.0, 173.5; m/z (ESI-MS, 30 eV) 796 [2M + H]+,
398 [M + H]+, 341.


Diphenylacetylene derivative (10)


Compound 46 was incorporated into standard solid-phase
peptide synthesis techniques 4-nitro-benzophenoneoxime resin
(1.1 mmol/g) on 0.55 mmol scale. Standard Boc-protected
monomers or N-acetyl-Valine and PyBOP mediated couplings
were applied. The Boc groups were deprotected with 50% triflu-
oroacetic acid in dichloromethane and cleavage was performed
with 2M methylamine in THF, purification on HPLC and by
recrystallization from a mixture of methanol, acetonitrile and
trifluoroacetic acid yielding white crystals (76.0 mg, 28%); mp
246–248 ◦C; amino acid analysis: Val, 1.00; Ala, 1.00; [a]D


20 =
27.8◦ (c 0.001 in MeOH); dH (499.9 MHz; DMSO-d6) 0.83 (6H,
2d, J 6.5, CH3


V), 1.14 (3H, d, J 7.0, CH3
A), 1.86 (3H, s, CH3


CO),
1.97 (1H, dh, J 6.0, 7.5, CHb


V), 2.54 (3H, d, J 5.4, CH3
NH), 3.74


(1H, d, J 15.5, CH2b
CO), 3.79 (1H, d, J 15.5, CH2a


CO), 3.94 (1H,
m, CHd


P), 4.20 (1H, m, CHa
P), 4.20 (1H, dd, J 7.5, 9.0, CHa


V),
4.23 (1H, dq, J 7.0, 7.2, CHa


A), 4.47 (1H, dd, J 6.1, 15.5, NHCH2b),
4.52 (1H, dd, J 6.1, 15.5, NHCH2a), 7.79 (1H, q, J 5.4, NHCH3), 7.93
(1H, d, J 9.0, NHV), 8.20 (1H, d, J 7.2, NHA),8.50 (1H, t, J 6.1,
NHCH2); dC (75 MHz; DMSO-d6) 18.9, 19.1, 20.0, 26.2, 30.9, 35.0,
48.9, 58.6, 70.5, 91.4, 93.2, 121.8, 123.4, 127.4, 127.6, 127.9, 129.4,
130.6, 132.6, 132.7, 138.7, 141.1, 141.2, 169.9, 170.1, 172.1, 173.2;
m/z (ESI-MS, 30 eV) 982 [2M + H]+, 491 [M + H]+, 420.


Methyl-3-vinyl-benzoate (11)


3-Vinyl-benzoic acid (2.00 g, 13.50 mmol) was dissolved in
methanol (100 cm3). Concentrated HCl (1.15 cm3, 13.50 mmol)
was added dropwise to the stirred solution. The reaction mixture
was refluxed for 14 h, then the solvent was removed by rotary
evaporation. The residual was dissolved in a mixture of water
(20 cm3) and diethyl ether (20 cm3) and the phases were allowed
to separate. The water phase was reextracted two times. The
combined ether phases were concentrated on a rotary evaporator
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giving 3-vinyl-benzoic acid methyl ester as an oil (1.94 g, 88%); dH


(270.2 MHz; CDCl3) 3.92 (3H, s, CH3), 5.31 (1H, d, J 11.0, CH2),
5.82 (1H, d, J 18.0, CH2), 6.74 (1H, dd, J 11.0, 18.0, CH), 7.39
(1H, dd, J 8.9, 9.2, ArH), 7.58 (1H, d, J 9.2, ArH), 7.92 (1H, d,
J 8.9, ArH), 8.08 (1H, br s, ArH); dC (67.9 MHz; CDCl3) 56.6,
119.5, 131.7, 133.0, 133.2, 134.8, 134.9, 140.3, 142.2, 171.4; m/z
(EI, 70 eV) 162 [M + H]+, 131, 117, 103.


E-3-(3¢-Amino-phenylethenyl)-benzoic acid methyl ester (12)


Methyl-3-vinyl-benzoate (1.00 g; 6.17 mmol), 3-iodoaniline
(0.65 cm3, 5.61 mmol), Pd(OAc)2 (50.00 mg, 0.22 mmol), triethy-
lamine (1.40 cm3, 9.81 mmol), and dimethylformamide (1.50 cm3)
was added to a Smith Process Vial and was heated to 150 ◦C
for 20 min with microwave irradiation. The procedure was
repeated two times and the reaction mixtures were combined.
The mixture was filtered through Celite to a separation funnel
with dichloromethane (25 cm3). 0.1 M HCl (25 cm3) was added
and the phases were allowed to separate. The aqueous phase was
reextracted two times. Thereafter water (25 cm3) was added to
the combined organic layers. The water phase was extracted with
three portions of dichloromethane (25 cm3) before the organic
layers were concentrated on a rotary evaporator. The residue
was purified by column chromatography using hexane:ethyl ac-
etate:dichloromethane: triethylamine (3:1:1:0.05) eluent mixture.
The fractions containing product were concentrated on a ro-
tary evaporator giving E-3-(3-amino-phenylethenyl)-benzoic acid
methyl ester as yellow solid (2.38 g, 56%); nmax (CHCl3)/cm-1 3451,
3401, 3027, 2977, 1718, 1619, 1288, 1238; UV: (CH3OH)/nm 232,
294; dH (270.2 MHz; CDCl3) 3.92 (3H, s, CH3), 6.62 (1H, ddd, J
1.0, 2.1, 7.8, ArH), 6.82 (1H, t, J 2.1, ArH), 6.92 (1H, dd, J 1.7,
7.6, ArH), 7.05 (1H, d, J 17.6, CH), 7.06 (1H, d, J 17.6, CH),
7.14 (1H, t, J 7.8, ArH), 7.39 (1H, t, J 7.7, ArH), 7.63 (1H, dt,
J 1.0, 7.8, ArH), 7.86 (1H, dt, J 1.7, 7.6, ArH), 8.12 (1H, t, J
1.7, ArH); dC (67.9 MHz; CDCl3) 52.1, 113.7, 115.6, 118.2, 127.3,
127.4, 128.3, 128.6, 129.5, 129.8, 130.3, 130.8, 137.5, 137.9, 145.1,
167.2; m/z (EI, 70 eV) 253, 220, 193, 177, 165. HRMS, m/z =
210.1248 ([M + H]+), C15H16N requires 210.1282.


E-3-(3¢-Amino-phenylethenyl)-benzoic acid (13)


3-(3¢-Amino-phenylethenyl)-benzoic acid methyl ester (600.0 mg,
2.37 mmol) and aqueous 6M NaOH (50 cm3) were stirred in a
round bottom flask at 100 ◦C for 6 h. The heating was turned off
and the reaction mixture was stirred at room temperature for 14 h.
The mixture was poured into water in a separation funnel and the
pH was decreased to 7 using 5 M HCl (aq). A yellow solid was
filtered off and by adding additional HCl the pH was increased
to 4, yielding yellow precipitate (280.0 mg, 98%); dH (270.2 MHz;
CD3OD) 6.63 (1H, ddd, J 1.0, 2.3, 7.8, ArH), 6.90 (1H, dt, J 1.5,
7.6, ArH), 6.95 (1H, t, J 2.3, ArH), 7.08 (1H, t, J 7.8, ArH), 7.11
(1H, d, J 16.5, CH), 7.12 (1H, d, J 16.5, CH), 7.33 (1H, t, J 7.6,
ArH), 7.55 (1H, dt, J 1.0, 7.8, ArH), 7.81 (1H, dt, J 1.5, 7.6,
ArH), 8.12 (1H, t, J 1.5, ArH); dC (67.9 MHz; CD3OD) 113.1,
114.9, 116.8, 126.9, 127.7, 127.8, 127.9, 128.0, 129.0 (2C), 137.2,
138.4, 138.3, 147.6, 174.0; m/z (ESI-MS, 30 eV) 240 [M + H]+,
214. HRMS, m/z = 240.0970 ([M + H]+), C15H14NO2 requires
240.1025.


E-3-[2¢-(3¢¢-Amino-phenyl)-vinyl]-N-(1¢¢¢¢-methyl-carbamoyl-
ethyl)-benzamide (14)


3-(3¢-Amino-phenylethenyl)-benzoic acid (0.20 g, 0.84 mmol) was
dissolved in DIEA (1.50 cm3) and dichloromethane (15 cm3).
PyBOP (0.87 g, 1.67 mmol) was added and the mixture was
stirred for 2 minutes. Then, a solution of 2-amino-N-methyl-
propionamide (170.0 mg, 1.67 mmol), diisopropyl-ethylamine
(0.50 cm3), dichloromethane (2.5 cm3) and dimethylformamide
(5 cm3) was added and the mixture was stirred for 2 h. The reaction
mixture was poured into 0.1 M HCl (10 cm3). The mixture was ex-
tracted three times with dichloromethane (10 cm3). The combined
organic layers were washed with conc. aqueous NaHCO3 (10 cm3),
re-extracting the aqueous phase twice with dichloromethane.
Thereafter, water (10 cm3) was added to the organic layer. The
water phase was extracted with three portions of dichloromethane
(10 cm3) before the organic layers were concentrated on a rotary
evaporator. The residue was purified by column chromatography
using ethyl acetate:diethylamine:methanol (1:0.01:0.01) eluent
mixture. The residual was precipitated from chloroform yielding
a white solid (45.00 mg, 17%); dH (270.2 MHz; CDCl3) 1.44 (3H,
d, J 6.9, CH3


NH), 2.76 (3H, s, CH3
CO), 4.65 (1H, q, J 6.9, CHa


A),
6.62 (1H, ddd, J 1.0, 2.0, 7.9, ArH), 6.83 (1H, t, J 2.0, ArH), 6.90
(1H, ddd, J 1.0, 2.0, 7.9, ArH), 7.00 (1H, d, J 16.6, CH), 7.01 (1H,
d, J 16.6, CH), 7.11 (1H, t, J 7.9, ArH), 7.34 (1H, t, J 7.8, ArH),
7.38 (1H, br q, J 6.9 NHCH3), 7.55 (1H, ddd, J 1.2, 1.7, 7.8, ArH),
7.64 (1H, ddd, J 1.2, 1.7, 7.8, ArH), 7.68 (1H, d, J 6.9 NHA),
7.91 (1H, t, J 1.7, ArH); dC (67.9 MHz; CDCl3) 18.2; 26.0, 49.0,
113.3, 115.3, 117.7, 125.1, 125.9, 127.3, 128.7, 129.5, 129.6, 129.9,
133.8, 137.7, 137.8, 145.8, 167.3, 173.3; m/z (ESI-MS, 30 eV) 324
[M + H]+, 293, 265, 222.


3-Iodobenzylamine (15)


A mixture of 3-iodobenzyl bromide (5.00 g, 16.84 mmol), sodium
bis(trimethylsilyl)amide (9.26 g, 50.51 mmol) and hexamethyl-
disilazan (24.86 cm3, 117.87 mmol) was stirred for 72 h. The
crude mixture was extracted with conc. NaHCO3 and CH2Cl2,
re-extracting the water phase three times. Then, the combined
organic phases were extracted with aqueous HCl (5M, pH = 2).
A precipitate was formed that could be dissolved in a mixture
of CHCl3 and 1M HCl. By adding NaOH pellets, the pH of
the combined water phase was increased to 14, and thereafter
it was extracted with CH2Cl2. The organic phase was filtered
through MgSO4 and concentrated under reduced pressure yielding
a yellowish oil (2.47 g, yield: 63%); nmax (neat)/cm-1 3280, 3051,
2853, 1589, 1561, 1061, 994, 880, 769, matching literature data;36


dH (270.2 MHz; CDCl3) 1.53 (2H, s, NH2), 3.64 (2H, s, CH2),
6.92 (1H t, J 7.7, ArH), 7.12 (1H ddd, J 0.7, 1.8, 7.7 ArH), 7.43
(1H ddd, J 0.7, 0.6, 7.7, ArH), 7.54 (1H dd, J 0.6, 1.8, ArH); dC


(100.5 MHz; CDCl3) 45.8, 94.9, 126.0, 130.0, 135.8, 136.1, 145.7;
m/z (EI, 70 eV) 233 [M + H]+, 217, 127, 106, 77.


3-Vinylbenzylamine (16)


3-Iodobenzylamine (0.50 g, 2.15 mmol), tributylvinyltin (1.02 g,
3.22 mmol), PdCl2(PPh3)2 (30.1 mg, 0.04 mmol), lithium chloride
(272.8 mg, 6.44 mmol) and DMF (1.5 cm3) were mixed in a
Smith Process Vial and irradiated at 130 ◦C for 20 minutes with
microwaves, repeating the procedure five times (the total amount
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of 3-iodobenzylamine used being 2.47 g). The combined products
from five runs were filtered through Celite and extracted with conc.
aqueous NaHCO3. Thereafter, the organic phase was extracted
with 1M aqueous HCl and the water phase was kept. By adding
NaOH pellets, the pH of the aqueous solution was increased to
14, followed by extraction with CH2Cl2. The organic phase was
filtered through MgSO4 and concentrated under reduced pressure
yielding a yellowish oil (1.18 g, 84%); dH (270.2 MHz; CDCl3) 1.66
(2H, s, NH2), 2.71 (2H, s, CH2), 5.14 (1H, d, J 10.9 CH2), 5.67
(1H, d, J 18.0, CH2), 6.61 (1H, dd, J 10.9, 18.0, CH), 7.0–7.2 (3H,
m, ArH), 7.83 (1H, br s, ArH); dC (67.9 MHz; CDCl3) 45.3, 112.8,
123.9, 125.7, 127.6, 127.8, 135.8, 136.6, 142.6. m/z (ESI-MS, 30
eV) 132 [M + H]+, 115, 105, 77, 51.


(3-Vinyl-benzyl) carbamic acid tert-butyl ester (17)


3-Vinylbenzylamine (1.18 g, 8.91 mmol) was dissolved in 15 cm3


CH2Cl2 and was mixed with an aqueous solution of di-tert-
butyldicarbonate (2.46 g, 26.73 mmol) and potassium carbonate
(3.69 g, 26.73 mmol). The reaction mixture was stirred for 3 h, then
an additional 2.46 g di-tert-butyldicarbonate was added and the
mixture was stirred for a further 72 h. The organic phase was sepa-
rated and extracted with water, and the water phase was three times
re-extracted with dichloromethane. Thereafter the product was
purified on a Silica 60 column using hexane:ethylacetate (9:1)
eluent mixture, yielding a yellowish oil (805.9 mg, 68%); nmax


(CHCl3)/cm-1 3345, 2974, 2923, 1699, 1514, 1370, 1252, 1168;
dH (270.2 MHz; CDCl3) 1.44 (9H, s, CH3


Boc), 4.25 (2H, s, CH2),
5.2 (1H, s, NH), 5.22 (1H, d, J 17.9, CH), 5.72 (1H d, J 10.9,
CH), 6.68 (1H, dd, J, 10.9, 17.9, CH), 7.15 (1H, m, ArH), 7.28–
7.30 (3H, m, ArH); dC (67.9 MHz, CDCl3) 28.1 (3C), 44.3, 79.1,
113.8, 124.8, 125.0, 126.6, 128.5, 136.4, 137.5, 139.1, 155.8; m/z
(ESI-MS, 30 eV) 467 [2M + H]+, 260, 234 [M + H]+, 219.


Methyl-3-iodophenyl acetic acid (18)37


3-Iodophenylacetic acid (2.26 g, 8.62 mmol) was stirred in a
mixture of 15 cm3 methanol and 10 drops of concentrated aqueous
HCl for 24 h. The solvent was evaporated, the residue dissolved in
dichloromethane and washed with water, then filtrated through
MgSO4 and concentrated under reduced pressure yielding a
colorless oil (2.34 g, 98%); nmax (CHCl3)/cm-1 3054, 2993, 2948,
1727, 1560; dH (399.8 MHz; CDCl3) 3.52 (2H, s, CH2), 3.64 (3H s,
CH3), 7.00 (1H, ddd, J 0.5, 7.8, 8.1, ArH), 7.21 (1H, d, J 1.2,
1.7, 7.8, ArH), 7.55 (1H, ddd, J 1.2, 2.2, 8.1, ArH), 7.61 (1H,
ddd, J 0.5, 1.7, 2.2, ArH); dC (100.5 MHz, CDCl3) dC 40.6, 52.3,
94.7, 128.8, 130.4, 136.3, 136.4, 138.3, 171.4; m/z (EI, 70 eV) 276
[M + H]+, 217, 107, 90.


Methyl-(3-{2¢-[3¢¢-(tert-butoxycarbonylamino-methyl)-phenyl]-
vinyl}-phenyl)-acetate (19)


Methyl-3-iodophenyl acetic acid (830.7 mg, 3.01 mmol), (3-vinyl-
benzyl)-carbamic acid tert-butyl ester (637.4 mg, 2.73 mmol),
Pd(OAc)2 (18.4 mg, 0.08 mmol), tri-o-tolyl-phosphine (49.9 mg,
0.16 mmol), triethylamine (1.40 cm3; 1.61 mmol), and dimethyl-
formamide (1.50 cm3) were stirred in a Smith Process Vial at 90 ◦C
for 15 min in the microwave cavity. The resulting mixture was
filtered through Celite into a separation funnel, then extracted with
dichloromethane (25 cm3) and 0.1 M HCl (25 cm3), re-extracting


the aqueous phase twice. The combined organic layers were
washed three times with water (25 cm3) and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy using hexane:ethyl acetate:dichloromethane:triethylamine,
(3:1:1:0.05) eluent mixture, yielding a yellowish oil (696.9 mg,
70%); nmax (CHCl3)/cm-1 3446, 3032, 2971, 2894, 1731, 1501, 1251,
1171; dH (399.8 MHz; CDCl3) 1.41 (9H, s, CH3


Boc), 3.56 (2H, br s,
CH2


NH), 3.62 (3H, s, CH3), 4.23 (2H, s, CH2
CO), 5.25 (1H, br s, NH),


6.80–7.10 (2H, m, ArH), 7.09 (2H, 2d, J 6.8, ArH), 7.20–7.25 (2H,
m, ArH), 7.27–7.35 (4H, m, ArH); dC (100.5 MHz, CDCl3) 28.4
(3C), 41.1, 44.6, 52.0, 79.4, 125.4, 125.5, 125.6, 126.8, 127.5, 128.5,
128.6, 128.8, 128.9, 129.0, 134.5, 137.5, 137.6, 139.7, 156.1, 171.9;
m/z (ESI-MS, 30 eV) 763 [2M + H]+, 707, 663, 607, 382 [M + H]+,
367.


(3-{2¢-[3¢¢-(tert-Butoxycarbonylaminomethyl)-phenyl]-vinyl}-
phenyl) acetic acid (20)


A solution of 19 (969.6 mg, 1.82 mmol) in 50 cm3 6 M aqueous
NaOH solution was refluxed for 24 h. Thereafter, the solution
was acidified to pH = 3 with 5.0 M aqueous HCl and extracted
with CH2Cl2. The organic phase was filtered through MgSO4


and concentrated under reduced pressure yielding a white solid
(230.8 mg, 0.63 mmol, 34%); nmax (CHCl3)/cm-1 3446, 3026, 2977,
2934, 1703, 1497, 1234; dH (399.8 MHz; CDCl3) 1.48 (9H, s,
CH3


Boc), 3.67 (2H, s, CH2
NH), 4.33 (2H, s, CH2


CO), 4.94 (1H, br s,
NH), 7.08 (2H, m, 2CH), 7.18 (2H, d, J 7.2, ArH), 7.28–7.34
(2H, m, ArH), 7.37–7.43 (4H, m, ArH), 9.77 (1H, br s, COOH);
dC (100.5 MHz, CDCl3) 28.5 (3C), 41.2, 44.8, 79.8, 125.6, 125.7,
125.8, 126.9, 127.6, 128.7, 128.8, 128.9, 129.0, 129.1, 134.0, 137.6,
137.7, 139.4, 156.1, 177.1; m/z (ESI-MS, 30 eV) 757 [2M + Na]+,
735 [2M + H]+, 390 [M + Na]+, 353, 312.


4-(N-tert-Butoxycarbonylaminomethyl)benzoic acid (28)22a


To a solution of 4-(aminomethyl)benzoic acid (10.00 g,
66.2 mmol), 1,4-dioxan (125 cm3), water (60 cm3) and 1 M
NaOH (64 cm3, 64 mmol) were added. To the mixture di-tert-
butylpyrocarbonate (15.9 g, 72.8 mmol) was added at 0 ◦C. The
mixture was stirred at 0 ◦C for 40 min, then stirred at r.t. for
another 30 min. The volume of the solution was reduced to
70 cm3, then ethyl acetate (150 cm3) was added. The mixture was
acidified to pH 2 with 5 M HCl (20 cm3). The white precipitate was
dissolved in ethyl acetate and the solution was washed with water.
The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure to yield a white solid.
Recrystalization from ethyl acetate (120 cm3) gave 28 as white
colorless needles (13.5 g, 81%); mp 167–168 ◦C (Lit.:22a 167–
168 ◦C); dH (499.9 MHz; CDCl3) 1.47 (9H, s, (CH3)3), 4.40 (2H, d, J
6.1, CH2), 4.94 (1H, br s, NH), 7.38 (2H, m, XX¢ part of AA¢XX¢),
8.07 (2H, m, AA’ part of AA¢XX¢); dC (125 MHz; CDCl3) 28.5,
44.5, 80.1, 127.4, 128.4, 130.7, 145.3, 156.1, 171.0.


4-(N-tert-Butoxycarbonylaminomethyl)benzyl alcohol (29)22a


Lithiumaluminium hydride (0.40 g, 10.35 mmol) was suspended
in dry THF (70 cm3). The protected benzoic acid 28 was slowly
added and the reaction mixture was stirred over night at 40 ◦C. The
reaction was quenched by addition of water and the pH was
adjusted to 5 by addition of acetic acid. The organic phase was
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separated and the remaining aqueous phase was extracted with
diethyl ether (4 ¥ 50 cm3). Unreacted carboxylic acid 28 was
removed by extracting the combined organic phases with aqueous
NaHCO3. The combined organic layers were dried over anhydrous
Na2SO4, filtrated and evaporated under reduced pressure to give a
white solid (1.09 g, 44%); mp 100–101 ◦C (Lit.:22a 100–101 ◦C); dH


(399.9 MHz; CDCl3) 1.47 (9H, s, (CH3)3); 4.31 (2H, d, J 6.4, CH2),
4.68 (2H, s, CH2OH), 4.88 (1H, br s, NH), 7.28 (2H, m, XX¢part
of AA¢XX¢), 7.34 (2H, m, AA¢part of AA¢XX¢); dC (100.5 MHz;
CDCl3) 28.6, 44.6, 79.7, 65.2, 127.4, 127.8, 138.5, 140.2, 156.1.


4-(N-tert-Butoxycarbonylaminomethyl)benzaldehyde (30)22d


The alcohol 29 (1.24 g, 5.23 mmol) was dissolved in dry
dichloromethane (25 cm3). Sodium acetate (0.12 g, 1.46 mmol)
followed by PCC (0.97 g, 4.49 mmol) were added to the solution.
The black mixture was stirred in the dark for 15 h. Diethyl ether
was added (30 cm3) and the mixture was triturated and filtered
through a pad of cellite. The filtrate was washed with water (50 cm3)
and the resulting aqueous phase was extracted with ether (70 cm3).
The combined organic layers were dried over anhydrous Na2SO4,
filtrated and evaporated under reduced pressure. The resulting
greenish solid was purified by flash chromatography (20% EtOAc
to 50% in pentane and 5% TEA) to give a off white solid (0.9 g,
72%); mp 83–84 ◦C (Lit.:22d 82–84 ◦C); dH (399.9 MHz, CDCl3)
1.45 (9H, s, (CH3)3), 4.39 (2H, s, CH2NH), 5.01 (1H, br s, NH),
7.44 (2H, m, XX¢ part of AA¢XX¢), 7.84 (2H, m, AA¢ part of
AA¢XX¢), 10.0 (1H, s, CHO); dC (100.5 MHz; CDCl3) 29.0, 44.9,
80.3, 128.1, 130.5, 136.0, 146.6, 156.2, 192.6.


o-Carboxyphenylmercaptoacetic acid (31)21a


To a solution of anhydrous sodium carbonate (20 g) in water
(150 cm3), 2,2-dithiodisalicylic acid (10 g, 32.6 mmol) and sodium
dithionite (15 g, 86.2 mmol) were added. The mixture was refluxed
for 30 min under the formation of sulfur dioxide. A solution of
chloroacetic acid (15 g, 159 mmol) was neutralized with sodium
carbonate, then added to the reaction mixture and refluxing was
continued for 1 h. The mixture was allowed to cool to room
temperature before acidified with hydrochloric acid (conc.) against
Congo red. The yellow precipitate was recrystallized from H2O,
removing the green Congo red particles by filtration of the warm
solution. Yellow powdery solid (9.77 g, 71%); mp 219–221 ◦C
(Lit.:21a 217–218 ◦C); dH (399.8 MHz; CD3OD) 3.77 (1H, s, CH2);
5.01 (2H, br s, CH2COOH), 7.21 (1H, ddd, J 1.3, 7.2, 7.8, ArH),
7.43 (1H, ddd, J 0.5, 1.3, 8.2 ArH), 7.48 (1H, ddd, J 1.6, 7.2,
8.2, ArH), 7.98 (1H, ddd, J 0.5, 1.6, 7.8, ArH); dC (100.5 MHz;
CD3OD) 34.5, 124.2, 125.7, 128.1, 131.4, 132.4, 140.8, 168.5 (CO),
172.1 (CO).


3-Oxo-2,3-dihydro-benzo[b]thiophene-7-carbonylchloride (32)21b


Following a general literature procedure,21b o-carboxyphenyl mer-
captoacetic acid 31 (3.00 g, 14.1 mmol) was refluxed in SOCl2


(18 cm3) under the formation of SO2. The excess of SOCl2 was
removed by distillation under reduced pressure. The resulting
gold coloured acid chloride was dissolved in 1,2-dichloroethane
(30 cm3). To the cold solution (< 0 ◦C), AlCl3 was added in 4
portions (4.70 g, 35.2 mmol). The green mixture was stirred under
nitrogen with cooling another 20 min, then stirred at r.t. for 14 h.


The reaction was quenched with ice/water and the orange mixture
was extracted with DCM (3 ¥ 50 cm3). The DCM solution was
washed with water, dried over anhydrous Na2SO4, filtrated and
evaporated to give the product as an orange solid (2.44 g, 81%);
mp 110–111 ◦C; dH (499.9 MHz; CDCl3) 8.06 (1H, dd, J 1.3, 7.7,
H-5), 7.43 (t, 1H, J 7.7, H-6), 3.83 (s, 2H, H-2), 8.54 (1H, dd, J
1.3, 7.7, H-4), dC (100.6 MHz; CDCl3) 39.9, 125.3, 128.7, 132.7,
133.2, 141.0, 158.3, 166.2, 198.9 (COCl).


2-[1¢-{4¢¢-(tert-Butoxycarbonylamino-methyl)-phenyl}-meth-(Z)-
ylidene]-3-oxo-2,3-dihydro-benzo[b]thiophene-7-carboxylic acid
(33)10b


To a mixture of thioindoxyl 32 (3.94 g, 18.53 mmol), 1% NaOH
w/w (110 cm3) and t-BuOH (19 cm3), 4-(N-tert-butoxyamino-
methyl)benzaldehyde 30 (2.08 g, 8.82 mmol) in t-BuOH (27 cm3)
was added at 0 ◦C. The orange mixture was refluxed over night
under nitrogen atmosphere. The mixture was cooled to r.t. and
acidified with acetic acid (pH 1–2). The reaction mixture was
extracted with ethyl acetate (3 ¥ 50 cm3). The combined organic
phases were washed with water, dried over anhydrous Na2SO4


and concentrated in vacuo to give an orange solid. After flash
chromatography (Florisil, 1:1 EtOAc:pentane and 1% HOAc) the
thioaurone 33 was obtained as an orange solid (3.0 g, 84%); dH


(499.9 MHz; CD3OD) 1.47 (9H, s, (CH3)3), 4.30 (1H, br s, CH2),
7.33 (1H, t, J 7.5, H-5), 7.42 (2H, m, XX¢ part of AA¢XX¢), 7.81
(2H, m, AA¢part of AA¢XX¢), 7.86 (1H, s, C=CH), 7.94 (1H, dd,
J 1.4, 7.5, H-4), 8.27 (1H, dd, J 1.4, 7.5, H-6), dC (125 MHz;
CD3OD) 28.8, 44.9, 96.8, 126.2, 128.7, 128.9, 132.4, 132.6, 134.0,
134.3, 134.6, 134.8, 137.8, 143.7, 149.1, 153.2 (Boc-CO), 172.3
(COOH), 191.3 (CO).


2-[1¢-{4¢¢-[(9¢¢¢H-Fluoren-9¢¢¢-ylmethoxycarbonylamino)-methyl]-
phenyl}-meth-(Z)-ylidene]-3-oxo-2,3-dihydro-benzo[b]thiophene-7-
carboxylic acid (34)38


Thioaurone derivative 33 (2.4 g, 5.8 mmol) was stirred with
50% TFA in DCM (40 cm3) for 15 min. The solution was
concentrated, yielding a dark red oily residue. The remains were
mixed with a mixture of 10% aq Na2CO3 and THF (80 cm3) and 9-
fluorenylmethyl chloroformate (1.8 g, 7.0 mmol) was added. After
three days of stirring at r.t., the pH was adjusted to pH 1 by the
addition of HCl (conc.). The mixture was extracted with DCM
and the emulsions were removed by centrifugation. The combined
organic phases were dried over anhydrous Na2SO4, filtrated and
evaporated to give an orange solid. After flash chromatography
(Florisil, gradient of CHCl3 with 0.1% MeOH to 1:1 MeOH:THF)
the product 34 was obtained yellow-orange solid (2.8 g, 90% yield
over two steps); dH (499.9 MHz; CD3OD) 4.23 (1H, t, J 7.2, Fmoc-
CH), 4.34 (2H, br s, CH2NH), 4.46 (2H, d, J 7.2, Fmoc-CH2),
7.33–7.33 (2H, m, ArH), 7.36–7.43 (5H, m, ArH) 7.67 (2H, d, J
7.6, Fmoc-ArH), 7.81 (2H, d, J 7.6, Fmoc-ArH), 7.80 (2H, m,
AA¢part of AA¢XX¢), 7.87 (1H, s, C=CH), 8.00 (1H, dd, J 1.4,
7.6 Hz ArH), 8.28 (1H, dd, J 1.4, 7.6 ArH, H7); dC (125 MHz;
CD3OD) 45.1, 48.8 (CH2), 67.6 (OCH2), 120.9, 126.1, 126.3, 128.1,
128.7, 128.8, 129.0, 132.5, 132.7, 134.0 (=CH), 134.2, 134.5, 134.8,
137.8, 142.7, 143.2, 145.3, 149.1, 159.0 (CO) 172.3 (CO), 191.2
(CO).
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3-(1,3-dioxolan-2-yl)benzonitrile (35)10a


3-Cyanobenzaldehyde (2.50 g, 19.1 mmol) was dissolved in toluene
(70 cm3) and treated with ethylene glycol (7.50 cm3, 134 mmol)
followed by PTSA (2.70 g, 14.3 mmol). The solution was refluxed
in a Dean Stark apparatus for 18 h. After cooling to r.t. the solution
was washed with 5% aq NaHCO3 (50 cm3). The yellow organic
phase was separated and dried over anhydrous Na2SO4, filtered
and concentrated under reduced pressure to give a yellow oil. The
residue was purified by bulb to bulb distillation (140 ◦C, 0.7 mbar)
and the colourless oil obtained was dissolved in diethyl ether and
washed with a 10% aq sodium bisulfite solution. The organic layer
was dried over anhydrous Na2SO4, filtered and concentrated to
give colourless oil (2.00 g, 60%, 92% purity according to the 1H
NMR spectra); dH (499.9 MHz; CDCl3) 4.04–3.93 (4H, m, CH2),
5.73 (1H, s, CH), 7.41–7.38 (1H, m, ArH), 7.57–7.54 (1H, m,
ArH), 7.64–7.62 (1H, m, ArH), 7.70 (1H, m, ArH); dC (125 MHz;
CDCl3) 65.4, 102.2, 112.4, 118.5, 129.2, 130.2, 130.9, 132.6,
139.7.


3-(1,3-dioxolan-2-yl)benzylamine (36)10a


Lithium aluminium hydride (0.50 g, 13.3 mmol) was mixed with
dry THF (40 cm3) under nitrogen at 0 ◦C. The benzonitrile (2.00 g,
12.0 mmol) was dissolved in THF (2.5 cm3) and added dropwise
to the suspension with a speed of 0.8 cm3/h. The mixture was
stirred over night at r.t., before quenching with water (0.50 cm3),
15% aq NaOH (0.50 cm3) and water (1.50 cm3). The mixture was
extracted with diethyl ether and the aqueous phase was extracted
with more diethyl ether (3 ¥ 20 cm3). The combined organic layers
were washed with water, then brine, dried over anhydrous Na2SO4,
filtered and evaporated in vacuo to give a yellow oil (0.85 g, 40%);
dH (499.9 MHz; CDCl3) 3.82 (2H, br s, CH2NH), 4.12–3.95 (m,
4H, CH2), 5.76 (s, 1H, CH), 7.41–7.27 (m, 4H, ArH); dC (125 MHz;
CDCl3) 46.1, 65.2, 103.5, 124.8, 124.9, 127.8, 128.5, 138.1,
143.4.


tert-Butyl[3-(1,3-dioxolan-2-yl)benzyl]carbamate (37)10a


The 3-(1,3-dioxolan-2-yl)benzylamine 36 (3.92 g, 21.9 mmol) was
dissolved in anhydrous MeOH (35 cm3), before the addition of
triethyl amine (3.1 cm3, 21.9 mmol). The yellow solution was
cooled to 0 ◦C before the addition of di-t-butyl dicarbonate (6.21 g,
28.4 mmol). The solution was stirred for a couple of days at r.t.
under nitrogen. The mixture was diluted with some diethyl ether
and the organic phase was separated and washed with saturated
NH4Cl. The organic layers were washed with water, then brine,
dried over anhydrous Na2SO4, filtered and evaporated in vacuo
to give a light yellow oil. The product 37 was recrystallized from
diethyl ether and pentane (2:1) (4.93 g, 81%); dH (499.9 MHz;
CDCl3) 1.46 (9H, s, (CH3)3), 4.15- 4.00 (4H, m, 2 x CH2), 4.32
(2H, br d, J 5.7, CH2NH), 4.86 (1H, br s, NH), 5.79 (1H, s,
CH), 7.41–7.27 (4H, m, ArH); dC (125 MHz; CDCl3) 28.9 (CH3),
45.1, 65.8 (CH2), 79.8, 103.9 (CH), 126.0 (2C), 128.6, 138.6, 138.9,
139.5, 155.9 (CO).


tert-Butyl(3-Formylbenzyl)carbamate (38)10a


The carbamate 37 (1.47 g, 5.26 mmol) was dissolved in acetone
(16 cm3) to form a yellow solution. After the addition of water


(2 cm3) and a catalytic amount of PTSA (3 mg, 15.8 mmol)
the solution was stirred over night at 30 ◦C under nitrogen.
After evaporation of the solvents, the residu was dissolved in
DCM (20 cm3) and washed with 10% w/w aq. NaHCO3. The
organic layers were washed with water, dried over anhydrous
Na2SO4, and concentrated in vacuo, yielding a slighly yellow-
ish oil. After purification by flash chromatography (silica, 1:1
EtOAc:pentane), compound 38 was obtained as a solid (0.79 g,
64%); dH (499.9 MHz; CDCl3) 1.43 (9H, s, (CH3)3), 4.35 (2H, d, J
6.0, CH2NH), 5.16 (1H, br s, NH), 7.46 (1H, m, ArH), 7.53 (1H,
m, ArH), 7.74 (2H, m, ArH), 9.96 (1H, s, CHO); dC (125 MHz;
CDCl3) 28.4 (CH3), 44.1 (CH2), 79.8 (quart. C), 128.2, 128.8,
129.3, 133.5, 136.7 (ipso C), 140.5 (ipso C), 156.0 (CO), 192.3
(CHO).


2-[1¢-{3¢¢-(tert-Butoxycarbonylamino-methyl)-phenyl}-meth-(Z)-
ylidene]-3-oxo-2,3-dihydro-benzo[b]thiophene-7-carboxylic
acid (39)10a


To a mixture of thioindoxyl 32 (3.11 g, 14.6 mmol), 1%
NaOH w/w (87 cm3) and t-BuOH (14.5 cm3), t-Butyl(3-
Formylbenzyl)carbamate 38 (1.64 g, 6.97 mmol) in t-BuOH
(14.5 cm3) was added at 0 ◦C. The orange mixture was refluxed
over night under nitrogen atmosphere. The mixture was cooled
to r.t. and acidified with acetic acid (pH 1–2). The red precipitate
was filtrated and purified by flash chromatography (Florisil, 20%
MeOH in EtOAc) to give the thioaurone 39 as an orange solid
(1.29 g, 45%); dH (499.9 MHz; CD3OD) 1.46 (9H, s, (CH3)3), 4.30
(2H, br s, CH2), 7.35 (1H, dd, J 2.5, 7.6, ArH), 7.36 (1H, t, J 7.5,
ArH), 7.45 (1H, t, J 7.6, ArH), 7.67 (1H,br s, ArH), 7.75 (1H,
br d, J 7.6, ArH) 7.83 (1H, s, C=CH), 7.93 (1H, dd, J 1.4, 7.5,
ArH), 8.29 (1H, dd, J 1.4, 7.5, ArH); dC (100.6 MHz; CD3OD)
29.8, 44.9, 80.4, 126.2, 129.1, 129.9, 130.1, 130.5, 131.3, 132.6,
134.0, 134.2, 134.9, 136.2, 137.9, 142.1, 149.2, 158.5 (CO), 172.4
(COOH), 191.2 (CO).


2-[1¢-{3¢¢-[(9¢¢¢H-Fluoren-9¢¢¢-ylmethoxycarbonylamino)-methyl]-
phenyl}-meth-(Z)-ylidene]-3-oxo-2,3-dihydro-benzo[b]thiophene-7-
carboxylic acid (40)


Thioaurone derivative 39 (1.0 g, 2.43 mmol) was stirred with
50% TFA in DCM (10 cm3) for 15 min. The solution was
concentrated, yielding a dark red oily residue. The remains were
mixed with a mixture of 10% aq Na2CO3 and THF (18 cm3) and
9-fluorenylmethyl chloroformate (0.75 g, 2.88 mmol) was added.
After three days of stirring at r.t., the pH was adjusted to pH 1
by the addition of HCl (conc.). After separation of the organic
phase, the aqueous phase was extracted with DCM. The combined
organic phases were dried over anhydrous Na2SO4, filtrated and
evaporated to give an orange solid. After flash chromatography
(Florisil, gradient of CHCl3 with 0.1% MeOH to 1:1 MeOH:THF)
the product 40 was obtained as a yellow solid (0.9 g, 70% yield
over two steps); mp 203–205 ◦C; nmax (neat)/cm-1 3326, 1599, 1403,
1262, 1046, 758; dH (499.9 MHz; 1:3 CD3OD:CDCl3) 4.20 (1H, br
t, J 6.5, Fmoc-CH), 4.37 (2H, br s, Fmoc-CH2), 4.42 (2H, d, J 6.9,
CH2), 7.26–7.23 (2H, m, ArH), 7.35–7.31 (3H, m, ArH), 7.39 (1H,
t, J 7.6, ArH), 7.43 (1H, t, J 7.6, ArH), 7.60–7.58 (2H,m, ArH),
7.62 (1H, br s, ArH), 7.72–7.68 (3H, m, ArH), 7.91 (1H, s, C=CH),
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8.07 (1H, dd, J 1.2, 7.6, ArH), 8.30 (1H, dd, J 1.3, 7.6 Hz, ArH); dC


(100.6 MHz; 1:3 CD3OD:CDCl3) 46.2, 49.1 (CH2), 68.5 (OCH2),
121.6, 126.7, 127.1, 129.8, 129.4, 131.0, 131.1, 131.6, 131.9, 132.0,
132.2, 133.8, 133.9, 133.9, 136.3, 136.4, 139.0, 141.7, 143.1, 145.6,
150.5, 159.0 (CO), 169.3 (CO), 190.7 (CO).


2-Iodobenzylamine (41)


2-Iodobenzyl bromide (5.00 g, 16.84 mmol), N,N-bistrimethy-
lsilylamide (9.26 g, 50.50 mmol) and hexamethyldisilazane
(25 cm3) were mixed and stirred at room temperature for 40 h.
The reaction mixture was transferred to a separation funnel with
dichloromethane (25 cm3) and was extracted three times with conc.
NaHCO3 (aq) (25 cm3). 5 M HCl (25 cm3) was added to the
dichloromethane phase and the mixture was extracted three times.
NaOH pellets were added slowly to the combined acidic layers
until pH 11. The basic aqueous layer was extracted three times
with dichloromethane (25 cm3). Thereafter the combined or-
ganic layers were concentrated on a rotary evaporator giving 2-
iodobenzylamine as brown oil (1.95 g, 50%); nmax (CHCl3)/cm-1


3051, 2957, 1588, 1467, 1432, 1011; dH (270.2 MHz CDCl3) 2.43
(2H, br s, NH2), 3.86 (2H, s, CH2), 6.94 (1 H, ddd, J 1.2, 6.7, 7.9,
ArH), 7.32 (1 H, ddd, J 2.3, 6.7, 7.9, ArH), 7.37 (1H, dd, J 2.3,
7.9, ArH), 7.82 (1H, dd, J 1.2, 7.9, ArH); dC (67.5 MHz CDCl3)
51.1, 127.9, 128.5, 128.6, 128.7, 139.4, 144.5; m/z (EI, 70 eV) 233
[M + H]+, 127, 106, 77, 51.


2-Iodobenzyl-carbamoyl acid tert-butyl ester (42)


2-Iodobenzylamine (1.75 g, 7.50 mmol) dissolved in dichloro-
methane (20 cm3) was mixed with K2CO3 (3.11 g, 22.49 mmol) in
water (20 cm3), then di-tert-butyldicarbonate (9.82 g, 44.98 mmol)
was added and stirred at room temperature for three days. The
organic phase was separated and the water phase was extracted
with dichloromethane (20 cm3) twice. The dichloromethane phase
was concentrated and purified by column chromatography yield-
ing yellowish crystals (1.49 g, 60%); nmax (CHCl3)/cm-1 3446, 3015,
1708, 1522, 1497, 1218, 1167; dH (270.2 MHz; CDCl3) 1.45 (9H, s,
CH3


Boc), 4.32 (2H, s, CH2), 5.03 (1H, br s, NH), 6.96 (1H, t, J
7.9, ArH), 7.29–7.37 (2H, m, ArH), 7.81 (1H, d, J 7.9, ArH); dC


(67.9 MHz; CDCl3) 28.4 (3C), 49.3, 79.6, 128.5, 129.1 (2C), 132.7,
139.3, 140.9, 155.6; m/z (ESI-MS, 30 eV) 667 [2M + H]+, 360, 334
[M + H]+, 319, 275.


(2-Ethynyl-benzyl)-carbamoyl acid tert-butyl ester (43)


A mixture of 42 (0.40 g, 1.20 mmol), ethynyl-trimethyl-silane
(0.19 cm3, 1.32 mmol), Pd(PPh3)2Cl2 (16.80 mg, 23.94 mmol), CuI
(9.10 mg, 47.78 mmol), diethylamine (1.50 cm3) and dimethyl-
formamide (0.50 cm3) was added to a Smith Process Vial and
was stirred at 120 ◦C for 6 min in the microwave cavity. The
combined products of three runs were filtered through celite into a
separation funnel. Dichloromethane (25 cm3) and conc. NaHCO3


(aq) (25 cm3) was added and the phases were separated, re-
extracting the aqueous phase twice. Thereafter, the organic phase
was washed with water (25 cm3), re-extracting the water phase
three times. The organic phase was concentrated and purified
by flash chromatography using hexane:ethyl acetate (9:1) eluent
mixture yielding (2-trimethylsilylethynyl-benzyl)-carbamoyl acid


tert-butyl ester as a brown oil (1.07 g, 98%); nmax (CHCl3)/cm-1


3450, 3016, 2976, 2401, 2154, 1713, 1505, 1218; dH (270.2 MHz;
CDCl3) 0.25 (9H, s, Si(CH3)3); 1.43 (9H, s, CH3


Boc), 4.43 (2H,
br d, J 5.6, CH2), 5.13 (1H, br s, NH), 7.17–7.32 (3H, m,
ArH), 7.42 (1H, dd, J 1.3, 7.3, ArH); dC (67.9 MHz; CDCl3)
dC 0.22 (3C), 28.2 (3C), 43.1, 79.1, 99.2, 102.7, 121.7, 126.8, 127.5,
128.7, 132.2, 140.9, 155.7; m/z (ESI-MS, 30 eV) 304 [M + H]+,
248, 204. The (2-trimethylsilylethynyl-benzyl)-carbamoyl acid tert-
butyl ester (1.07 g, 3.53 mmol) was dissolved in methanol (25 cm3)
and KF·2H2O (1.00 g, 10.60 mmol) was added. The mixture was
stirred for 14 h at room temperature. The solvent was removed
and the residue was extracted with dichloromethane (20 cm3) and
water (20 cm3), re-extracting the water phase twice. The combined
organic layers were concentrated and the residue purified by
column chromatography using hexane:ethyl acetate (9:1) eluent
mixture yielding a brown solid (0.51 g, 63%); nmax (CHCl3)/cm-1


3450, 3301, 3004, 2980, 2101, 1709, 1507, 1364, 1251, 1168; dH


(270.2 MHz; CDCl3) 3.31 (1H, s, CH), 1.41 (9H, s, CH3
Boc), 4.42


(2H, s, CH2), 5.14 (1H, br s, NH), 7.17 (1H, t, J 7.3, ArH), 7.25–
7.33 (2H, m, ArH), 7.44 (1H, d, J 7.3, ArH); dC (67.9 MHz;
CDCl3) 28.0 (3C), 42.9, 79.1, 81.0, 81.8, 120.6, 126.8, 127.5, 128.7,
132.5, 141.1, 155.5; m/z (ESI-MS, 30 eV) 232 [M + H]+, 217, 176,
132.


2-Iodophenyl-acetic acid methyl ester (44)39


To 2-Iodophenyl-acetic acid (2.50 g; 9.54 mmol) dissolved in
methanol (100 cm3) conc. aqueous HCl (0.81 cm3; 9.54 mmol)
was added dropwise and the mixture was stirred for 4 h at
room temperature. The solvent was concentrated under reduced
pressure. The residual was poured into water (20 cm3) and
extracted three times with dichloromethane (20 cm3). The organic
phase was concentrated yielding a yellow oil (2.61 g, 99%); nmax


(CHCl3)/cm-1 2948, 1741, 1436, 1218, 1167, 1016; dH (270.2 MHz;
CDCl3) 3.72 (3H, s, CH3), 3.81 (2H, s, CH2), 6.97 (1H, ddd, J 1.3,
2.5, 7.9, ArH), 7.27–7.35 (2H, m, ArH), 7.84 (1H, dd, J 1.3, 7.9,
ArH); dC (67.9 MHz; CDCl3) dC 46.0, 52.1, 100.9, 128.4, 128.8,
130.5, 137.6, 139.4, 170.8; m/z (EI, 70 eV) 276 [M + H]+, 217, 149,
121.


Methyl-{2-[2¢-(tert-Butoxycarbonylamino-methyl)-phenyl-
ethynyl]-phenyl}-acetate (45)


A solution of 44 (260 mg, 1.11 mmol), methyl-2-iodophenylacetate
(330 mg, 1.22 mmol), Pd(PPh3)2Cl2 (15.60 mg, 22.23 mmol), CuI
(8.50 mg, 44.63 mmol), diethylamine (1.50 cm3) and dimethylfor-
mamide (0.50 cm3) was mixed in a Smith Process Vial and stirred
at 120 ◦C for 6 min in a microwave cavity. The procedure was
repeated one time and the mixtures were combined by filtering
them through Celite into a separation funnel. The mixture was
extracted using dichloromethane (25 cm3) and conc. NaHCO3


(aq) (25 cm3) re-extracting the aqueous phase twice. The organic
phase was washed with water (25 cm3), re-extracting the water
phase three times. Then, the organic phase was concentrated under
reduced pressure yielding a yellowish solid (0.68 g, 81%); nmax


(CHCl3)/cm-1 3452, 3020, 2981, 2400, 1732, 1709, 1505, 1214,
1167; dH (270.2 MHz; CDCl3) 1.44 (9H, s, CH3


Boc), 3.69 (3H, s,
CH3), 3.91 (2H, s, CH2), 4.51 (2H, s, CH2), 5.21 (1H, br s, NH),
7.24–7.36 (5H, m, ArH), 7.42 (1H, d, J 7.3, ArH), 7.55 (2H, m,


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4356–4373 | 4371







ArH); dC (67.9 MHz; CDCl3) 28.4 (3C), 40.0, 43.5, 52.2, 79.5, 91.4,
91.9, 122.0, 123.3, 127.3, 128.1 (2C), 128.8 (2C), 129.9, 132.4 (2C),
135.8, 140.5, 155.9, 171.6; m/z (ESI-MS, 30 eV) 380 [M + H]+,
280, 263.


{2-[2¢-(tert-Butoxycarbonylamino-methyl)-phenylethynyl]-
phenyl}-acetic acid (46)


Compound 45 (1.34 g, 3.52 mmol) and 6 M NaOH (aq) (100 cm3)
were mixed in a round bottom flask. The suspension was stirred
at 120 ◦C for 2 h. Thereafter the mixture was poured into water
in a separation funnel and 5 M HCl (aq) was added to decrease
pH to 7, and was extracted with dichloromethane three times.
The pH of the aqueous phase was first adjusted to pH 5, then
pH 3, using 1 M HCl (aq), and the aqueous phase was extracted at
each pH three times with dichloromethane. The combined organic
layers were concentrated, filtered through a silica gel plug and
recrystallized from methanol giving a white solid (0.82 g, 61%);
mp 155–156 ◦C; nmax (CHCl3)/cm-1 3446, 3357, 3067, 2929, 1709,
1503, 1165; dH (399.8 MHz; Acetone-d6) 1.46 (9H, s, CH3


Boc); 3.98
(2H, s, CH2), 4.59 (2H, d, J 6.0, CH2), 6.60 (1H, br d, J 6.0,
NH), 7.31–7.48 (6H, m, ArH), 7.60 (1H, dd, J 1.6, 7.6, ArH),
7.66 (1H, dd, J 1.7, 7.6, ArH); dC (100.5 MHz; Acetone-d6) 27.8,
39.6, 42.6, 78.2, 91.2, 92.4, 121.6, 123.6, 126.9, 127.1, 128.7, 128.8,
130,4, 132.1, 132.3, 137.1, 141.6, 156.1, 171.6; m/z (ESI, 30 eV) 366
[M + H]+, 310, 266, 214, 199. HRMS, m/z = 388.1464 ([M + Na]+),
C22H23NO4Na requires 388.1525.
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Tandem addition-cyclization reactions of 2-alkynylbenzenamines with isocyanates catalyzed by
palladium chloride are described. This reaction is performed in the presence of 10 mol% of palladium
chloride in THF at 80 ◦C, which provides an efficient and practical route for the synthesis of
1,2-disubstituted indoles.


Introduction


The increasing significance of combinatorial chemistry in phar-
maceutical and material sciences demands the development of
new strategies to synthesize a collection of analogues of inter-
esting compounds.1 Since the indole skeleton is an important
substructure in both natural products and therapeutic agents,
as well as the wide application of indoles in pharmaceutical
research,2 the development of efficient methods for indole syn-
thesis has continuously attracted the attentions of many chemists.
Among the synthetic strategies developed, catalytic transforma-
tions utilizing transition-metal catalysts is one of the popular ap-
proaches for forming indoles.3,4 In particular, using functionalized
2-alkynylbenzenamines as starting material is one of the most effi-
cient ways.5–8 For instance, palladium(II)-catalyzed intramolecular
cyclization of 2-alkynylbenzenamines can produce 2-substituted
indoles in high yield.5d Regioselective synthesis of 3-allylindoles via
palladium-catalyzed cyclization of o-alkynyltrifluoroacetanilides
with allyl esters was achieved by Cacchi and co-workers.6a


Polyfunctionalized indoles were generated in the presence of large
excess amount of cesium and potassium bases (such as CsO-t-Bu,
KO-t-Bu, and KH) in N-methylpyrrolidinone.6b Hiroya and co-
workers developed Cu(II)-catalyzed indole formation and applied
this method in natural product syntheses.6c,d Arcadi and coworkers
reported reactions of 2-alkynylbenzenamines to give rise to
C-3-alkylindoles catalyzed by gold catalyst.6e Yamamoto and co-


aDepartment of Chemistry, Fudan University, 220 Handan Road, Shanghai,
200433, China. E-mail: jie_wu@fudan.edu.cn; Fax: 86 21 6510 2412; Tel: 86
21 5566 4619
bState Key Laboratory of Organometallic Chemistry, Shanghai Institute
of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Road,
Shanghai, 200032, China
† Electronic supplementary information (ESI) available: General exper-
imental information, characterization data, and copies of 1H and 13C
NMR spectra of compound 3. CCDC reference number 695031. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b812015c
‡ Crystal data and structure refinement for compound 3a. Empirical for-
mula: C21H16N2O (Molecular weight: 312.36), Crystal system: Monoclinic,
Unit cell dimensions: a = 10.974(5) A alpha = 90 deg., b = 14.927(6) A,
beta = 95.267(6) deg., c = 9.978(4) A, gamma = 90 deg. Volume:
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Reflections collected/unique: 6575/2852 [R(int) = 0.0507], Final R indices
[I>2sigma(I)]: R1 = 0.0505, wR2 = 0.1155, R indices (all data): R1 =
0.0830, wR2 = 0.1226


workers reported tandem cyclization of 2-alkynylbenzenamines in
the presence of certain nucleophiles to give the nucleophile incor-
porated indoles.7 Li described an efficient double-hydroamination
reaction of 2-alkynylbenzenamines with terminal alkynes leading
to N-alkenylindoles using gold(III) as a catalyst under neat
conditions.8


As part of a continuing effort in our laboratory toward the
development of new methods for the expeditious synthesis of bio-
logically relevant heterocyclic compounds,9 we became interested
in the possibility of developing novel and efficient method to
construct poly-substituted indoles, with a hope of finding more
active hits or leads for our particular biological assays. Herein,
we would like to disclose our recent efforts for the synthesis of
1,2-disubstituted indoles via PdCl2-catalyzed tandem reaction of
2-alkynylbenzenamine with isocyanate.


Among the strategies used for the construction of small
molecules, the design and synthesis of natural product-like com-
pounds via tandem reactions have attracted much attention, and
the development of tandem reactions has been a fertile area in
organic synthesis.10 In particular, the development of tandem
reactions for the efficient construction of small molecules is an
important goal in combinatorial chemistry from the viewpoints
of operational simplicity and assembly efficiency. In our previous
reports,9a,b,e we found that o-alkynylbenzaldehyde11 was a versatile
building block in tandem reactions for the construction of
1,2-dihydroisoquinoline skeleton. Prompted by these results, we
envisioned that 2-alkynylbenzenamine could be also utilized as
starting material due to the structural similarity for synthesis
of N-heterocycles via tandem addition-cyclization reaction. The
projected synthetic route is shown in Scheme 1. We conceived that
in the presence of suitable catalyst, 2-alkynylbenzenamine would
react with isocyanate leading to the intermediate A. Meanwhile,
the formed metal-complex renders the carbon-carbon unsaturated
bond moiety electrophilic, which triggers intramolecular attack of
the nucleophile, giving rise to the final product 3 or 4.


Results and discussion


To identify suitable conditions for the proposed metal-catalyzed
tandem addition-cyclization process, reaction screening involving
2-alkynylbenzenamine 1a, phenyl isocyanate 2a, and a series of
metal catalysts was carried out at room temperature. Results of this
preliminary survey are shown in Table 1. In an initial experiment,


4406 | Org. Biomol. Chem., 2008, 6, 4406–4412 This journal is © The Royal Society of Chemistry 2008







Table 1 Screening of Conditions for the Reaction of 2-Alkynylbenzenamine 1a with Phenyl Isocyanate 2aa


Entry Lewis acid Solvent T (◦C) Time (h) Yield (%)b


1 AgOTf (10 mol%) THF 25 4.5 90 (5a)
2 CuI (10 mol%) THF 25 24 95 (5a)
3 FeCl3 (10 mol%) THF 25 24 85 (5a)
4 In(OTf)3 (10 mol%) THF 25 40 85 (5a)
5 Bi(OTf)3 (10 mol%) THF 25 24 80 (5a)
6 PdCl2 (10 mol%) THF 25 24 15 (3a)/70 (5a)
7 AgSbF6 (10 mol%) EtOH 80 36 52 (3a)
8 PdCl2 (10 mol%) EtOH 80 7 58 (3a)
9 PdCl2 (10 mol%) MeCN 80 20 64 (3a)


10 PdCl2 (10 mol%) Toluene 80 24 trace
11 PdCl2 (10 mol%) THF 80 10 87 (3a)
12 PdCl2 (10 mol%) (CH2Cl)2 80 20 43 (3a)
13 PdCl2 (10 mol%) CH3NO2 80 20 35 (3a)
14 PdCl2 (10 mol%) 1,4-dioxane 80 20 54 (3a)
15 PdCl2 (5 mol%) THF 80 20 20 (3a)


a Reaction conditions: 2-alkynylbenzenamine 1a (0.50 mmol), phenyl isocyanate 2a (0.75 mmol, 1.5 equiv), solvent (2.0 mL). b Isolated yield based on
2-alkynylbenzenamine 1a.


Scheme 1 Proposed tandem reaction of 2-alkynylbenzenamine with
isocyanate.


only normal addition product 5a (90% yield, Table 1, entry 1) was
generated when AgOTf (10 mol%) was employed in the reaction
at room temperature in THF. Similar results were observed when
other metal catalysts such as CuI, FeCl3, In(OTf)3, and Bi(OTf)3


were utilized (Table 1, entries 2–5). To our delight, we observed
the formation of the desired product 3a (15% yield) when the
reaction was performed in THF catalyzed by PdCl2 (10 mol%)
(Table 1, entry 6) although 70% of compound 5a was obtained
meanwhile. The structure of 3a was verified by 1H and 13C NMR,
mass spectroscopy, as well as X-ray diffraction analysis (Fig. 1,
also see Supporting Information). We also found that indole 3a
could be produced in the presence of AgSbF6 as catalyst in EtOH at
80 ◦C (52% yield, Table 1, entry 7), while 58% yield of compound 3a
was generated when the reaction was catalyzed by PdCl2 (Table 1,
entry 8). Further screening of solvents revealed that the yield could


Fig. 1 ORTEP illustration of 1,2-disubstituted indole 3a (30% probability
ellipsoids).


be dramatically improved when THF was utilized in the reaction
(87% yield, Table 1, entry 11). Inferior results were displayed when
other solvents were used. When the catalytic amount of PdCl2 was
decreased to 5 mol%, the desired product was afforded in only
20% yield (Table 1, entry 15).


Subsequently, to investigate the scope of this reaction, vari-
ous 2-alkynylbenzenamines 1 were treated with isocycanates 2
under the optimized conditions [PdCl2 (10 mol%), THF, 80 ◦C]
(Table 2). With respect to the aryl isocycanates, as expected
both electron-rich and electron-poor aryl isocycanates are suit-
able partners in this process due to their high electrophilicity.
The expected 1,2-disubstituted indoles resulting from reactions
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Table 2 Tandem Reaction of 2-Alkynylbenzenamine 1 with Isocyanate 2 Catalyzed by Palladium Chloride


Entry R1/R2 R3 Indole 3 Yield (%)a


1 H/C6H5 (1a) C6H5 (2a) 87 (3a)


2 H/4-MeOC6H4 (1b) C6H5 (2a) 53 (3b)


3 4-CF3/C6H5 (1c) C6H5 (2a) 46 (3c)


4 4-CH3/C6H5 (1d) C6H5 (2a) 74 (3d)


5 H/Cyclopropyl (1e) C6H5 (2a) 90 (3e)


6 H/C6H5 (1a) 4-FC6H4 (2b) 75 (3f)


7 H/4-MeOC6H4 (1b) 4-FC6H4 (2b) 65 (3g)


8 4-CF3/C6H5 (1c) 4-FC6H4 (2b) 60 (3h)


9 4-CH3/C6H5 (1d) 4-FC6H4 (2b) 72 (3i)


10 H/Cyclopropyl (1e) 4-FC6H4 (2b) 72 (3j)


11 H/C6H5 (1a) 4-MeO C6H4 (2c) 86 (3k)


12 H/4-MeOC6H4 (1b) 4-MeO C6H4 (2c) 73 (3l)
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Table 2 (Contd.)


Entry R1/R2 R3 Indole 3 Yield (%)a


13 4-CF3/C6H5 (1c) 4-MeO C6H4 (2c) 43 (3m)


14 4-CH3/C6H5 (1d) 4-MeO C6H4 (2c) 83 (3n)


15 H/Cyclopropyl (1e) 4-MeO C6H4 (2c) 88 (3o)


a Isolated yield based on 2-alkynylbenzenamine 1.


of 2-alkynylbenzenamine 1 could be obtained and isolated in
moderate to good yields. Better results were obtained when 2-
alkynylbenzenamine substituted with an electron-rich substituent
on the aromatic ring was employed. For instance, trifluoromethyl-
substituted 2-alkynylbenzenamine 1c reacted with phenyl isocy-
canate 2a led to the desired product 3c in 46% yield (Table 2,
entry 3), while 74% yield of indole 3d was afforded when
methyl-substituted 2-alkynylbenzenamine 1d was utilized in the
reaction (Table 2, entry 4). Similar results were observed when 4-
fluorophenyl isocycanate 2b and 4-methoxyphenyl isocycanate 2c
reacted with 2-alkynylbenzenamine 1c or 1d (Table 2, entries 8, 9,
13, 14). When R2 was changed to cyclopropyl group, the reactions
also occurred smoothly to generate the corresponding products 3
in good yields. For example, reaction of 2-alkynylbenzenamine
1e with phenyl isocycanate 2a gave rise to the indole 3e in
90% yield (Table 2, entry 5). 88% yield of compound 3o was
generated when 4-methoxyphenyl isocycanate 2c was used as a
replacement (Table 2, entry 15), whereas product 3j was afforded
in 72% yield for the reaction of 4-fluorophenyl isocycanate 2b
(Table 2, entry 10). From the results shown in Table 2, the
reactions showed very high regioselectivity. We reasoned that in
the reaction process, it may presumably involve the formation of p-
complex via coordination of the alkynyl moiety of 1 to Pd(II), thus
activating the triple bond for regioselective nucleophilic attack
by the amino group in endo mode. Although factors affecting
the above regioselectivity are not yet very clear, generally in the
presence of palladium, 5-endo-cyclization is favorable.13


Conclusions


In summary, we have described a novel and efficient method
for the synthesis of 1,2-disubstituted indoles via PdCl2-catalyzed
tandem addition-cyclization reactions of 2-alkynylbenzenamines
with isocyanates. The efficiency of this method combined with the
operational simplicity of the present process makes it potential
attractive for library construction. Construction of a small library


and biological screening of these small molecules are under
investigation in our laboratory, and the results will be reported
in due course.


Experimental Section


All reactions were performed in test tubes under nitrogen at-
mosphere. Flash column chromatography was performed using
silica gel (60-Å pore size, 32–63 mm, standard grade). Analytical
thin–layer chromatography was performed using glass plates pre-
coated with 0.25 mm 230–400 mesh silica gel impregnated with
a fluorescent indicator (254 nm). Thin layer chromatography
plates were visualized by exposure to ultraviolet light. Organic
solutions were concentrated on rotary evaporators at ~20 Torr
(house vacuum) at 25–35 ◦C. Commercial reagents and solvents
were used as received.


General procedure for reaction of 2-alkynylbenzenamine 1 with
isocyanate 2 catalyzed by palladium chloride


A solution of 2-alkynylbenzenamine 112 (0.50 mmol) and iso-
cyanate 2 (0.75 mmol, 1.5 equiv) in THF (2.0 mL) was stirred
at 80 ◦C for 3 h. Then PdCl2 (10 mol%) was added to the mixture.
After completion of reaction as indicated by TLC, the solvent was
evaporated and the residue was quenched with water (10 mL),
extracted with EtOAc (2 ¥ 10 mL), dried by anhydrate Na2SO4.
Evaporation of the solvent followed by purification on silica gel
provided the corresponding product 3.


N,2-Diphenyl-1H-indole-1-carboxamide 3a


Colorless oil, yield: 87%; IR (KBr): vmax/cm-1 3298 (NH),
1670 (CO), 1598, 1532, 1440 (C=C); UV: lmax = 204.0 nm, l =
293.0 nm, l = 253.0 nm; 1H NMR (400 MHz, CDCl3) d6.69 (s,
1H), 6.72 (br, 1H), 7.04–7.08 (m, 3H), 7.20–7.27 (m, 3H), 7.33
(dt, J = 1.5, 7.82 Hz, 1H), 7.42–7.47 (m, 3H), 7.54–7.56 (m, 2H),
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7.59 (d, J = 7.8 Hz, 1H), 8.20 (d, J = 8.3 Hz, 1H); 13C NMR
(100 MHz, CDCl3) d 109.1, 114.3, 119.6, 120.6, 122.7,124.4, 124.6,
128.6, 128.8, 128.9, 129.1, 132.0, 136.7, 137.6, 137.9, 149.4; MS
(ESI) m/z 313 (M++H); HRMS calcd for C21H16N2O (M++H):
313.1341; Found: 313.1370.


2-(4-Methoxyphenyl)-N-phenyl-1H-indole-1-carboxamide 3b


Colorless oil, yield: 53%; IR (KBr): vmax/cm-1 3257 (NH),
1680 (CO), 1593, 1542, 1491, 1445 (C=C); UV: lmax = 202.0 nm,
l = 295.0 nm, l = 242.0 nm; 1H NMR (400 MHz, CDCl3) d 3.85 (s,
3H), 6.64 (s, 1H), 6.82 (br, 1H), 6.99 (d, J = 8.8 Hz, 2H), 7.06–7.13
(m, 3H), 7.23–7.27 (m, 3H), 7.33 (t, J = 7.3 Hz, 1H), 7.50 (d, J =
8.8 Hz, 2H), 7.58 (d, J = 7.8 Hz, 1H), 8.23 (d, J = 8.3 Hz, 1H);
13C NMR (100 MHz, CDCl3) d 55.4, 108.6, 114.5, 114.6, 119.7,
120.4, 122.7, 124.2, 124.3, 124.6, 128.7, 129.0, 130.3, 136.8, 137.4,
137.8, 149.5, 160.2; MS (ESI) m/z 343 (M++H); HRMS calcd for
C22H18N2O2 (M++H): 343.1447; Found: 343.1470.


N,2-Diphenyl-5-(trifluoromethyl)-1H-indole-1-carboxamide 3c


Colorless oil, yield: 46%; IR (KBr): vmax/cm-1 3288 (NH),
1690 (CO), 810; UV: lmax = 230.0 nm, l = 292.0 nm, l = 248.0 nm;
1H NMR (400 MHz, CDCl3) d 6.75 (br, 1H), 6.77 (s, 1H), 7.04–
7.12 (m, 3H), 7.23–7.27 (m, 2H), 7.49–7.51 (m, 3H), 7.56–7.59 (m,
3H), 7.89 (s, 1H), 8.30 (d, J = 8.3 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 108.9, 114.9, 118.1 (q, 3JCF = 3.8 Hz), 119.7, 121.1 (q,
3JCF = 3.8 Hz), 124.8 (q, 1JCF = 270.8 Hz), 124.9, 125.0 (q, 2JCF =
31.5 Hz), 128.2, 129.0, 129.1, 129.3, 129.5, 131.3, 136.4, 139.3,
148.9; MS (ESI) m/z 381 (M++H); HRMS calcd for C22H15F3N2O
(M++H): 381.1215; Found: 381.1241.


5-Methyl-N,2-diphenyl-1H-indole-1-carboxamide 3d


Colorless oil, yield: 74%; IR (KBr): vmax/cm-1 3334 (NH),
1670 (CO), 1598, 1521, 1440 (C=C); UV: lmax = 203.0 nm, l =
296.0 nm, l = 255.0 nm, l = 230.0 nm; 1H NMR (400 MHz,
CDCl3) d 2.45 (s, 3H), 6.62 (s, 1H), 6.70 (br, 1H), 7.04–7.06 (m,
3H), 7.15 (d, J = 8.3 Hz, 1H), 7.22 (t, J = 7.8 Hz, 2H), 7.37 (s, 1H),
7.42–7.48 (m, 3H), 7.54–7.56 (m, 2H), 8.10 (d, J = 8.3 Hz, 1H);13C
NMR (100 MHz, CDCl3) d 21.3, 109.1, 114.2, 119.6, 120.4, 124.5,
126.0, 128.9, 129.0, 129.1, 132.1, 132.2, 136.2, 136.8, 137.6, 149.5;
MS (ESI) m/z 327 (M++H); HRMS calcd for C22H18N2O (M++H):
327.1497; Found: 327.1527.


2-Cyclopropyl-N-phenyl-1H-indole-1-carboxamide 3e


Colorless oil, yield: 90%; IR (KBr): vmax/cm-1 3293 (NH),
1690 (CO), 1598, 1537, 1455 (C=C); UV: lmax = 203.0 nm, l =
261.0 nm; 1H NMR (400 MHz, CDCl3) d 1.71–1.75 (m, 2H), 1.87–
1.91 (m, 2H), 2.90–3.00 (m, 1H), 7.03 (s, 1H), 7.89–7.93 (m, 2H),
7.96–8.00 (m, 1H), 8.13 (t, J = 8.3 Hz, 2H), 8.20 (d, J = 8.3 Hz,
1H), 8.32 (d, J = 8.3 Hz, 2H), 8.83 (d, J = 8.3 Hz, 1H), 9.05
(br, 1H);13C NMR (100 MHz, CDCl3) d 8.2, 10.3, 105.4, 114.1,
119.6, 120.1, 122.3, 123.6, 124.5, 128.4, 129.2, 137.0, 137.3, 140.0,
149.8; MS (ESI) m/z 277 (M++H); HRMS calcd for C18H16N2O
(M++H): 277.1341; Found: 277.1358.


N-(4-Fluorophenyl)-2-phenyl-1H-indole-1-carboxamide 3f


Colorless oil, yield: 75%; IR (KBr): vmax/cm-1 3288 (NH),
1675 (CO), 1547, 1506 (C=C), 846; UV: lmax = 201.0 nm, l =


292.0 nm, l = 250.0 nm, l = 230.0 nm; 1H NMR (400 MHz,
CDCl3) d 6.69 (br, 1H), 6.70 (s, 1H), 6.91 (t, J = 8.7 Hz, 2H), 6.98–
7.02 (m, 2H), 7.24–7.28 (m, 1H), 7.34 (dt, J = 1.5, 8.3 Hz, 1H),
7.44–7.49 (m, 3H), 7.54–7.57 (m, 2H), 7.59 (d, J = 7.8 Hz, 1H),
8.19 (d, J = 8.3 Hz, 1H);13C NMR (100 MHz, CDCl3) d 109.3,
114.4, 115.6 (d, 2JCF = 22.9 Hz), 120.6, 121.4 (d, 3JCF = 7.6 Hz),
122.8, 124.6, 128.6, 128.9, 129.0, 129.1, 132.0, 132.7 (d, 4JCF = 2.8
Hz), 137.5, 137.9, 149.5, 159.6 (d, 1JCF = 243.1 Hz); MS (ESI) m/z
331 (M++H); HRMS calcd for C21H15FN2O (M++H): 331.1247;
Found: 331.1271.


N-(4-Fluorophenyl)-2-(4-methoxyphenyl)-1H-indole-1-
carboxamide 3g


Colorless oil, yield: 65%; IR (KBr): vmax/cm-1 3283 (NH),
1665 (CO), 1609, 1552, 1496, 1450 (C=C), 840; UV: lmax =
204.0 nm, l = 294.0 nm, l = 241.0 nm; 1H NMR(400 MHz,CDCl3)


d 3.86 (s, 3H), 6.64 (s, 1H), 6.81 (br, 1H), 6.94 (t, J = 8.3 Hz, 2H),
7.00 (d, J = 8.8 Hz, 2H), 7.05–7.09 (m, 2H), 7.25 (dt, J = 1.5,
8.3 Hz, 1H), 7.33 (dt, J = 1.5, 8.3 Hz, 1H), 7.49 (d, J = 8.8 Hz,
2H), 7.58 (d, J = 7.8 Hz, 1H), 8.21 (d, J = 8.3 Hz, 1H);13C
NMR (100 MHz, CDCl3) d 55.4, 108.7, 114.4, 114.6, 115.6 (d,
2JCF = 22.9 Hz), 120.4, 121.5 (d, 3JCF = 8.6 Hz), 122.7, 124.1,
124.3, 128.7, 130.3, 132.8, 137.3, 137.8, 149.7, 159.6 (d, 1JCF =
242.1 Hz), 160.2; MS (ESI) m/z 383 (M++Na); HRMS calcd for
C22H17FN2O2 (M++Na): 383.1172; Found: 383.1200.


N-(4-Fluorophenyl)-2-phenyl-5-(trifluoromethyl)-1H-indole-1-
carboxamide 3h


Colorless oil, yield: 60%; IR (KBr): vmax/cm-1 3421 (NH),
1711 (CO), 1537, 1511 (C=C); UV: lmax = 200.0 nm, l = 290.0 nm,
l = 247.0 nm, l = 231.0 nm; 1H NMR (400 MHz, CDCl3) d 6.70
(br, 1H), 6.77 (s, 1H), 6.91–7.00 (m, 4H), 7.50–7.52 (m, 3H), 7.56–
7.58 (m, 3H), 7.89 (s, 1H), 8.28 (d, J = 8.8 Hz, 1H);13C NMR
(100 MHz, CDCl3) d 109.0, 114.8, 115.8 (d, 2JCF = 22.9 Hz), 118.1
(q, 3JCF = 3.8 Hz), 121.1 (q, 3JCF = 3.1 Hz), 121.6 (d, 3JCF =
7.6 Hz), 124.7 (q, 1JCF = 270.2 Hz), 125.2 (q, 2JCF = 32.1 Hz),
128.1, 129.1, 129.4, 129.6, 131.3, 132.3, 139.1, 139.2, 149.0, 159.8
(d, 1JCF = 243.4 Hz); MS (ESI) m/z 399 (M++H); HRMS calcd
for C22H14F4N2O (M++H): 399.1121; Found: 399.1150.


N-(4-Fluorophenyl)-5-methyl-2-phenyl-1H-indole-1-
carboxamide 3i


Colorless oil, yield: 72%; IR (KBr): vmax/cm-1 3304 (NH),
1690 (CO), 1511 (C=C); UV: lmax = 206.0 nm, l = 293.0 nm,
l = 254.0 nm, l = 229.0 nm; 1H NMR (400 MHz, CDCl3) d 2.45
(s, 3H), 6.62 (s, 1H), 6.68 (br, 1H), 6.90 (t, J = 8.8 Hz, 2H), 6.98–
7.01 (m, 2H), 7.15 (d, J = 8.3 Hz, 1H), 7.37 (s, 1H), 7.42–7.48
(m, 3H), 7.52–7.55 (m, 2H), 8.07 (d, J = 8.3 Hz, 1H);13C NMR
(100 MHz, CDCl3) d 21.4, 109.3, 114.2, 115.7 (d, 2JCF = 21.9 Hz),
120.5, 121.6 (d, 3JCF = 7.6 Hz), 126.2, 129.0, 129.2, 132.3, 132.4,
132.9 (d, 4JCF = 2.8 Hz), 136.3, 137.6, 149.8, 159.7 (d, 1JCF = 243.1
Hz); MS (ESI) m/z 345 (M++H); HRMS calcd for C22H17FN2O
(M++H): 345.1403; Found: 345.1432.


2-Cyclopropyl-N-(4-fluorophenyl)-1H-indole-1-carboxamide 3j


Colorless oil, yield: 72%; IR (KBr): vmax/cm-1 3293 (NH),
1680 (CO), 1608, 1542, 1506, 1445 (C=C); UV: lmax = 204.0 nm,
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l = 259.0 nm; 1H NMR (400 MHz, CDCl3) d 0.97–1.01 (m, 2H),
1.12–1.17 (m, 2H), 2.15–2.24 (m, 1H), 6.30 (s, 1H), 7.08 (t, J =
7.3 Hz, 2H), 7.18 (dt, J = 1.3, 7.8 Hz, 1H), 7.25 (dt, J = 1.5,
8.6 Hz, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.52–7.55 (m, 2H), 8.08
(d, J = 8.3 Hz, 1H), 8.33 (br, 1H); 13C NMR (100 MHz, CDCl3)


d 8.2, 10.4, 105.7, 114.4, 115.9 (d, 2JCF = 21.9 Hz), 120.1, 121.4
(d, 3JCF = 8.6 Hz), 122.4, 123.7, 128.4, 133.3 (d, 4JCF = 2.8 Hz),
137.0, 139.9, 150.0, 159.5 (d, 1JCF = 242.1 Hz); MS (ESI) m/z
317 (M++Na); HRMS calcd for C18H15FN2O (M++Na): 317.1066;
Found: 317.1092.


N-(4-Methoxyphenyl)-2-phenyl-1H-indole-1-carboxamide 3k


Colorless oil, yield: 86%; IR (KBr): vmax/cm-1 3304 (NH),
1696 (CO), 1603, 1516, 1450 (C=C); UV: lmax = 203.0 nm, l =
292.0 nm, l = 255.0 nm; 1H NMR (400 MHz, CDCl3) d 3.73 (s,
1H), 6.61 (br, 1H), 6.69 (s, 1H), 6.75 (d, J = 8.8 Hz, 2H), 6.97
(d, J = 8.3 Hz, 2H), 7.24 (t, J = 7.3 Hz, 1H), 7.32 (dt, J = 1.5,
8.3 Hz, 1H), 7.42–7.47 (m, 3H), 7.54–7.60 (m, 3H), 8.18 (d, J =
8.3 Hz, 1H);13C NMR (100 MHz, CDCl3) d 55.4, 108.8, 114.1,
114.2, 120.6, 121.7, 122.6, 124.4, 128.6, 128.8, 129.0, 129.7, 132.0,
137.6, 137.9, 149.6, 156.7; MS (ESI) m/z 343 (M++H); HRMS
calcd for C22H18N2O2 (M++H): 343.1477; Found: 343.1487.


N,2-Bis(4-methoxyphenyl)-1H-indole-1-carboxamide 3l


Colorless oil, yield: 73%; IR (KBr): vmax/cm-1 3283 (NH),
1665 (CO), 1593, 1542, 1506, 1445 (C=C); UV: lmax = 204.0 nm,
l = 293.0 nm, l = 256.0 nm; 1H NMR (400 MHz, CDCl3) d 3.75
(s, 3H), 3.85 (s, 3H), 6.62 (s, 1H), 6.70 (br, 1H), 6.78 (d, J = 8.8 Hz,
2H), 6.99 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 8.3 Hz, 2H), 7.24 (d,
J = 7.3 Hz, 1H), 7.31 (dt, J = 1.0, 8.3 Hz, 1H), 7.49 (d, J = 8.3 Hz,
2H), 7.57 (d, J = 7.8 Hz, 1H), 8.20 (d, J = 8.3 Hz, 1H); 13C NMR
(100 MHz, CDCl3) d 55.4, 108.3, 114.1, 114.4, 114.5, 120.3, 121.7,
122.6, 124.1, 124.2, 128.7, 129.8, 130.2, 137.5, 137.8, 149.8, 156.7,
160.1; MS (ESI) m/z 373 (M++H); HRMS calcd for C23H20N2O3


(M++H): 373.1552; Found: 373.1579.


N-(4-Methoxyphenyl)-2-phenyl-5-(trifluoromethyl)-1H-indole-1-
carboxamide 3m


Colorless oil, yield: 43%; IR (KBr): vmax/cm-1 3349 (NH),
1685 (CO), 1598, 1511 (C=C); UV: lmax = 200.0 nm, l = 291.0 nm,
l = 251.0 nm, l = 231.0 nm; 1H NMR (400 MHz, CDCl3) d 3.76
(s, 3H), 6.62 (br, 1H), 6.76–6.79 (m, 3H), 6.98 (d, J = 7.3 Hz, 2H),
7.49–7.51 (m, 3H), 7.55–7.58 (m, 3H), 7.89 (s, 1H), 7.28 (d, J =
8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 55.5, 108.8, 114.3,
114.8, 118.2 (q, 3JCF = 4.7 Hz), 121.1 (q, 3JCF = 2.9 Hz), 121.9,
124.9 (q, 1JCF = 269.8 Hz), 125.1 (q, 2JCF = 31.5 Hz), 128.2, 129.1,
129.5, 129.7, 131.5, 139.3, 139.4, 149.3, 157.1; MS (ESI) m/z 433
(M++Na); HRMS calcd for C23H17F3N2O2 (M++Na): 433.1140;
Found: 433.1163.


N-(4-Methoxyphenyl)-5-methyl-2-phenyl-1H-indole-1-
carboxamide 3n


Colorless oil, yield: 83%; IR (KBr): vmax/cm-1 3329 (NH),
1675 (CO), 1598, 1511, 1465 (C=C); UV: lmax = 206.0 nm, l =
293.0 nm, l = 257.0 nm; 1H NMR (400 MHz, CDCl3) d 2.44 (s,
3H), 3.73 (s, 3H), 6.60 (br, 1H), 6.61 (s, 1H), 6.75 (d, J = 8.8 Hz,


2H), 6.97 (d, J = 8.8 Hz, 2H), 7.14 (d, J = 8.1 Hz, 1H), 7.36 (s,
1H), 7.41–7.46 (m, 3H), 7.51–7.55 (m, 2H), 8.06 (d, J = 8.3 Hz,
1H);13C NMR (100 MHz, CDCl3) d 21.3, 55.4, 108.8, 114.0, 114.1,
120.3, 121.6, 125.9, 128.7, 128.8, 129.0, 129.8, 132.0, 132.2, 136.2,
137.6, 149.7, 156.6; MS (ESI) m/z 357 (M++H); HRMS calcd for
C23H20N2O2 (M++H): 357.1603; Found: 357.1629.


2-Cyclopropyl-N-(4-methoxyphenyl)-1H-indole-1-carboxamide 3o


Colorless oil, yield: 88%; IR (KBr): vmax/cm-1 3298 (NH),
1675 (CO), 1593, 1521, 1450 (C=C); UV: lmax = 202.0 nm, l =
265.0 nm; 1H NMR (400 MHz, CDCl3) d 0.94–0.98 (m, 2H), 1.10–
1.05 (m, 2H), 2.16–2.24 (m, 1H), 3.80 (s, 3H), 6.27 (s, 1H), 6.91
(d, J = 9.3 Hz, 2H), 7.16 (t, J = 7.3 Hz, 1H), 7.23 (t, J = 7.8 Hz,
1H), 7.46 (t, J = 8.8 Hz, 3H), 8.07 (d, J = 8.3, 1H), 8.17 (br,
1H);13C NMR (100 MHz, CDCl3) d 8.2, 10.3, 55.5, 105.2, 114.0,
114.4, 120.0, 121.6, 122.2, 123.5, 128.4, 130.3, 137.0, 140.1, 150.1,
156.7; MS (ESI) m/z 307 (M++H); HRMS calcd for C19H18N2O2


(M++H): 307.1447; Found: 307.1473.
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A highly potent CXCR4 antagonist 2 [cyclo (-D-Tyr1-Arg2-Arg3-Nal4-Gly5-)] has previously been
identified by screening cyclic pentapeptide libraries that were designed based on pharmacophore
residues of a 14-residue peptidic CXCR4 antagonist 1. In the present study, D-Tyr and Arg in peptide 2
were replaced by a bicyclic aromatic amino acid and a cationic amino acid, respectively, and their
binding activity for CXCR4 was evaluated for identification of the novel pharmacophore.


Introduction


The chemokine receptor CXCR4 is a membrane protein, which
belongs to the G-protein coupled receptor family.1,2 Interaction of
CXCR4 with its endogenous ligand stromal-cell derived factor-
1a (SDF-1a)/CXCL12 induces various physiological functions:
chemotaxis,3 angiogenesis,4,5 neurogenesis,6,7 etc. in embryonic
stage. On the other hand, CXCR4 is also relevant to multiple
diseases: AIDS,8,9 cancer metastasis,10 progress of leukemia,11


rheumatoid arthritis,12 etc. in adulthood. Actually, CXCR4 has
been reported to be a potential drug target against these diseases.
Thus, CXCR4 antagonists are useful for development of potent
therapeutic agents against these diseases.13–15 To date, various
CXCR4 antagonists such as AMD310016,17 and KRH-163618 have
been reported.


A b-sheet-like 14-residue peptide 1 was previously identi-
fied by structure optimization of an 18-residue cyclic peptide
polyphemusin isolated from horseshoe crabs (Fig. 1).19,20 In the


Fig. 1 Development of a cyclic pentapeptide 2 based the pharma-
cophore of a CXCR4 antagonistic peptide 1. Cit = L-citrulline, Nal =
L-3-(2-naphthyl)alanine.
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downsizing of 1, a cyclic pentapeptide 2 was developed by screen-
ing libraries based on four pharmacophore residues [Arg, Arg,
3-(2-naphthyl)alanine (Nal), D-Tyr] found by alanine scanning
of 1.21


We have studied structure-activity-relationships of 2 by various
modifications.22,23 In this paper, design of cyclic pentapeptide
library based on the previous structure-activity relationship data
led to development of novel analogues of 2 to explore new
pharmacophore moieties.


Biological results and discussion


Substitution of a large aromatic amino acid for D-Tyr1 of 2


Our previous data of alanine-scanning of 2 suggested that D-Tyr1


or Arg2 was not optimalized.24 Thus, we attempted to replace these
functional groups. According to other previous reports, potent
CXCR4 antagonists absolutely contain aromatic and cationic
groups.25 It suggests that these functional groups are involved in
binding to CXCR4 mediated by hydrophobic and electrostatic in-
teraction. To evaluate significance of the hydrophobic interaction
by aromatic rings, D-Tyr1 of 2 was replaced by an L/D-bicyclic
aromatic amino acid. In addition, four epimers were synthesized
to evaluate effects of configuration of amino acids of the 1- and
2- positions (Fig. 2). Compounds 3c and 3d with replacement
of D-Tyr1 by D-3-(1-naphthyl)alanine (D-Nal(1)) showed high
CXCR4 binding activity (IC50 = 0.043 and 0.078 mM, respectively,
Table 1), although the potencies were approximately one-third
or fifth of that of the parent compound 2 (IC50 = 0.015 mM,
Table 1). Similarly, compounds 5c and 5d, replaced by D-Trp at
the 1-position, showed 5–10 fold lower CXCR4 binding activity
(IC50 = 0.15 and 0.070 mM, respectively, Table 1) than the parent
compound 2. On the other hand, compounds 4c and 4d did not
show strong CXCR4 binding activity. These data indicates that the
spatial position of aromatic ring is essential for the expression of
CXCR4 binding activity. In addition, a series of a or b except for
5a did not show strong CXCR4 binding activity (all IC50 values >


0.3 mM, Table 1). These data indicate that the chirality of L/D-Arg2


was not important for the expression of CXCR4 binding activity,
whereas the chirality of Nal(1)1 and Trp1 is influential. The
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Fig. 2 Structures of compounds having substitution of an L/D- bicyclic aromatic amino acid for Tyr1.


Table 1 Inhibitory activities of the synthetic compounds against binding
of [125I]-SDF-1a to CXCR4


Compound no. IC50/mMa Compound no. IC50/mMa


2 0.015 3c 0.043
3a 0.3–2.0 4c > 2.0
4a 0.3–2.0 5c 0.15
5a 0.22 3d 0.078
3b 0.3–2.0 4d 0.3–2.0
4b 0.3–2.0 5d 0.070
5b > 2.0


a IC50 values are the concentrations for 50% inhibition of the [125I]-SDF-1
binding to Jurkat cells. All data are the mean values for at least three
experiments.


dependence of CXCR4 binding activity on the chirality at the
1-position might be caused by a conformational change of the
peptide backbone.


Shuffling cationic and aromatic amino acids at the 1- and
2-positions of cyclic pentapeptides


An analogue of 2, having substitution of Arg1 and D-4F-
phenylalanine2 for D-Tyr1 and Arg2, respectively, was recently
found as a strong CXCR4 antagonist.22 To evaluate effects of the
sequential difference of cationic and aromatic groups at the 1- and
2-positions on CXCR4 binding activity, Arg and a large aromatic
amino acid (Nal(1), Nal or Trp) were shuffled in the pentapeptide,
and four epimers were synthesized in a similar manner (Fig. 3).
Synthetic compounds except for 7b did not show CXCR4 binding
activity up to 0.3 mM (Table 2). In particular, a series of 6 and
8 did not show CXCR4 binding activity despite of difference of
the chilality of amino acids at the 1- and 2-positions (6c, 8d >


Table 2 Inhibitory activities of the synthetic compounds against binding
of [125I]-SDF-1a to CXCR4


Compound no. IC50/mMa Compound no. IC50/mMa


2 0.015 6c 0.3–2.0
6a > 2.0 7c 0.3–2.0
7a 0.3–2.0 8c > 2.0
8a > 2.0 6d > 2.0
6b > 2.0 7d 0.3–2.0
7b 0.045 8d 0.3–2.0
8b > 2.0


a IC50 values are the concentrations for 50% inhibition of the [I125]-SDF-
1 binding to Jurkat cells. All data are the mean values for at least three
experiments.


0.3 mM, 6a, 6b, 6d, 8a, 8b, 8c > 2.0 mM). On the other hand,
a series of 7, which introduced L/D-Nal at the 2-position, did
not show a serious reduction of CXCR4 binding activity. These
data indicated that Nal(1) or Trp might not be appropriate as the
amino acid introduced at the 2-position, possibly due to spatial
configuration of aromatic rings. 7b showed the highest CXCR4
binding activity among compounds in this library. Interestingly,
7b has the opposite chirality and order of the aromatic residue at
the 1- and 2-positions compared to the parent compound 2.


Evaluation of anti-HIV activity and cytotoxicity


Anti-HIV activity and cytotoxicity of compounds 5c, 5d and 7b
that showed moderate CXCR4 binding activity and have a charac-
teristic sequence and conformation were evaluated. Since CXCR4
is a coreceptor for an X4-HIV-1 entry, CXCR4 antagonists have
anti-HIV activity.8,9 Anti-HIV activities of compounds 5d and 7b
(EC50 = 0.19 and 0.26 mM, respectively, Table 3) were nearly equal


Fig. 3 Structures of compounds having L/D-Arg1 and an L/D-bicyclic aromatic amino acid.2
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Table 3 Anti-HIV activity and cytotoxicity of the synthetic compounds


Compound no. EC50/mMa CC50/mMb


AZT 0.077 > 10
1 0.044 > 10
2 0.15 > 10
5c 0.70 > 10
5d 0.19 > 10
7b 0.26 > 10


a EC50 values are based on the inhibition of HIV-induced cytopathogenicity
in MT-4 cells. b CC50 values are based on the reduction of the viability of
MT-4 cells. All data are the mean values for at least three experiments.


to that of 2 (EC50 = 0.15 mM, Table 3). Interestingly, CXCR4
binding activity of 5d (IC50 = 0.070 mM, Table 1) was lower than
that of 7b (IC50 = 0.045 mM), whereas anti-HIV activity of 5d
(EC50 = 0.19 mM, Table 3) was slightly higher than that of 7b
(EC50 = 0.26 mM). In addition, all tested compounds did not show
significant cytotoxicity (CC50 > 10 mM, Table 3).


Conclusion


Our first approach screening cyclic pentapeptides, which have
substitution of a bicyclic aromatic amino acid at the 1-position,
disclosed that D-3-(1-naphthyl)alanine and D-Trp at the 1-position
might be alternative pharmacophore moieties, and that introduc-
tion of D-amino acid at the 1-position was required to form
an optimal cyclic pentapeptide backbone. In addition, com-
pound 5d showed high anti-HIV activity, comparable to that of
compound 2.


A cyclic pentapeptide library based on shuffling cationic and
aromatic amino acids at the 1- and 2-positions of compound 2
was designed. As a result, the order of a cationic amino acid and
an aromatic amino acid is significant to maintain strong CXCR4
binding activity of analogues of 2. Compound 7b, however,
showed the highest CXCR4 binding activity among the present
synthetic cyclic pentapeptides. 7b was proven to be a new type
lead, because of the difference of the order of cationic and
aromatic residues, and also showed high anti-HIV activity. Finding
of compound 7b indicated that Arg1 and D-Nal2 may be novel
pharmacophore moieties in the combination with Nal4 and Arg3.
To date, pharmacophore functional groups have been identified to
be two guanidino, naphthyl and phenol groups derived from two
Arg, Nal and D-Tyr in the cyclic pentapeptide scaffolds. In this
study, only guanidino and naphthyl groups have been proven to
be indispensable for CXCR4 binding activity. The present data will
provide useful approaches for simple designs of new low molecular
weight CXCR4 antagonists. These results might also give valuable
insights for understanding the ligand-receptor interactions.


Experimental


Chemistry


Cyclic peptides were synthesized by Fmoc-based solid-phase syn-
thesis on 2-Chlorotrityl resin followed by cleavage from the resin,
cyclization with the diphenylphosphoryl azide and deprotection,
as reported previously.21


Cell culture


Human T-cell lines, Jurkat cells and MT-4 cells were grown in
RPMI 1640 medium containing 10% heat-inactivated fetal calf
serum.


Virus


An X4 HIV-1 infectious molecular clone pNL4-3 was obtained
from the AIDS Research and Reference Reagent Program.26 The
virus NL4-3 was obtained from the culture supernatant of 293T
cells transfected with the pNL4-3. Aliquots of the viral stocks were
stored at -80 ◦C until use. The titer of virus stocks was determined
by endpoint titration of 5-fold limiting dilutions in MT-4 cells.


CXCR4 receptor binding assay


Jurkat cells were harvested and centrifugated at 1000 rpm for
5 min. Cells were then resuspended in RPMI buffer (20 mM
HEPES, 0.5% bovine serum albumin) and placed in silicone-
coated tubes (5.0 ¥ 105 cells/120 mL). Cold SDF-1 (final con-
centration 1 mM, 15 mL/well) and various concentrations of test
compounds (10% DMSO, 15 mL/well) were added to the above
tubes followed by addition of [125I]-SDF-1 (Perkin-Elmer Life
Sciences, 0.05 nM, 15 mL/well). After 1 h’s incubation on ice, oil
(dibutyl phthalate:olive oil = 4:1 (v/v), 500 mL/well) was added
followed by centrifugation at 14,000 rpm for 2 min. After removal
of aqueous and organic layers and cutting the bottoms from the
tubes, the bottoms were placed in RIA-tubes and the CPM was
counted by g-counter. Inhibition percentage of FC131 analogs
against the binding of [125I]-SDF-1 was calculated by the following
equation.27


Inhibition (%) = (Et–Ea)/(Et–Ec) ¥ 100
Et: the quantity of radioactivity in the absence of a test


compound
Ec: the quantity of radioactivity in the presence of cold SDF-1a


as a test compound
Ea: the quantity of radioactivity in the presence of a test


compound


Anti-HIV assay


Anti-HIV-1 activity was determined based on the protection
against HIV-1-induced cytopathogenicity in MT-4 cells. Various
concentrations of test compounds were added to HIV-1 infected
MT-4 cells at multiplicity of infection (MOI) of 0.001 and placed
in wells of a flat-bottomed microtiter tray (2.0 ¥ 104 cells/well).
After 5 days’ incubation at 37 ◦C in a CO2 incubator, the number
of viable cells was determined using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) method.
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The interaction of phenol derivatives with the self-assembled fibrillar network of two different
supramolecular gels has been studied. NMR relaxometry reveals the selective interaction of resorcinol
over other related molecules with a gel formed by the gelator 2 which contains terminal pyridine units.
No selectivity is observed for a related gelator that contains phenyl instead of pyridine moieties. The
selectivity observed by NMR experiments permits the selective suppression of the 1H NMR signals of
resorcinol. This behaviour is translated to macroscopic properties such as the thermal stability of the
gels. The observed selectivity together with X-ray diffraction data and molecular modelling suggest that
the gels formed by 2 present arrays of pyridine H-bond acceptor groups capable of selective multivalent
interaction with phenolic substrates.


Introduction


Molecular recognition of a substrate by a host molecule is a main
goal in the work related to supramolecular chemistry. It has been
described extensively that molecular recognition in solution can be
achieved with the use of host molecules containing the appropriate
arrangement of binding groups.1 Often, the preparation of the
receptor molecules requires considerable synthetic effort in order
to fulfil the required structural characteristics. A very convenient
alternative from the point of view of synthetic economy is
the use of self-assembled host systems. Relevant examples of
molecular recognition by non-covalently assembled systems have
been reported, for example, with the use of rosettes,2 capsules3


and nanoreactors.4 Related to this, the use of self assembled
monolayers as multivalent hosts that would permit the selective
positioning or immobilization of (bio)molecules on surfaces has
been described.5 Additionally, there is an increasing interest in the
potential of multivalent interactions in supramolecular chemistry.6


Following the growing activity in the study of functional
supramolecular gels,7 which has produced new materials with
exciting properties in recent years, we are interested in the use of
this type of soft matter in molecular recognition. Supramolecular
gels are formed by anisotropic aggregation of low molecular weight
molecules This process results in the formation of self-assembled
fibrillar networks that percolate the solvent and produce gela-
tion. In many cases the fibrillar structures are microcrystalline,
indicating that the fibres consist of a well ordered array of
molecules. It can be reasoned that if non-covalent binding units are
properly introduced in the gelator molecules, well defined arrays
of these units could be found in the fibres that percolate a gel.
Therefore, these systems would contain host surfaces suited for
the interaction of multivalent guest molecules with the adequate
positioning of functional groups (see Scheme 1)


Departament de Quı́mica Inorgànica i Orgànica; Universitat Jaume I,
12071, Castelló, Spain. E-mail: miravet@uji.es; escuder@uji.es; Fax: +34
964728214; Tel: +34 964729154


Scheme 1 Molecular recognition in the interaction of different substrates
with a self-assembled fibre.


Only a few reports have been concerned so far with the selective
interaction of molecules with the fibres of supramolecular gels.
Shinkai and co-workers showed that a supramolecular organogel
formed by a perylenediimide derivative was able to selectively
signal the presence of 2,6-dihydroxynaphthalene by a change in
color associated with charge-transfer interactions between the
host molecule and the molecules in the gel fibres.8 Hamachi
and co-workers reported the use of supramolecular gels in the
molecular recognition of phosphates.9 Additionally, systems based
on supramolecular gels have been used as a stationary phase for
electrophoresis10 and for the separation of enantiomeric amino
acids.11


Here we report, as a proof of principle, the study of sup-
ramolecular gels as self-assembled multivalent hosts. For this
purpose we have studied the interaction of phenol, 4-nitrophenol,
different positional isomers of dihydroxybenzene and 2,7-
dihydroxynaphthalene with the supramolecular gels formed in
acetonitrile by the low molecular weight gelators 1 and 2 (see
Chart 1).


These and related molecules have been described by us as
versatile gelators and used as templates for formation of inorganic
materials, reactive gels or as supports for metallocatalysis.12 An
aggregation model based on extended conformations and multiple
H-bonding interactions has been proposed for this family of
gelators (see Scheme 2). Previous results such as the similar
gelation properties of 1, 2 and an isomer of 2 derived from
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Chart 1 Structure of the gelators and phenolic substrates studied.


Scheme 2 Schematic model for the aggregation of 2 and its interaction
with resorcinol and hydroquinone.


nicotinic acid indicated that the pyridine groups in 2 are not
participating in the aggregation through hydrogen bonding.12b,c


Additionally, gelator 2 has been shown to present free pyridine
groups capable of interacting with palladium.12c In the present
study, it was envisaged that the presence of pyridine moieties in
gelator 2 could be exploited advantageously for the interaction
with phenol-type compounds through hydrogen bonding interac-
tions as illustrated in Scheme 2.


Results and discussion


In order to asses the interaction of the different substrates
with the studied gel networks, NMR relaxometry studies were
carried out. We have shown previously that the measurement
of NMR relaxation rates is a very convenient way to monitor
the interaction of molecules with the gel fibres.13 The significant
reduction of mobility associated with the adsorption on the fibre
surface can result in a very notable reduction of the measured
relaxation times. It has been shown that the formation of gels
does not affect the relaxation time of molecules in solution that
do not interact appreciably with the gel fibres despite the increase


in macroscopic viscosity experienced upon gel formation.13,14 This
fact is in agreement with a gel being formed by big pools of solvent
entrapped in a network.15 In this work, we have measured the
transversal relaxation time (T2) of the different substrates in the
presence of the gels formed in acetonitrile by compound 2 and with
the analogous gelator 1 in which the pyridine unit of 2 has been
replaced by a phenyl moiety. The study of intermediate situations
where aggregates are present but the gels are not formed was not
possible due to the cooperative nature of self-assembly that gives
places to a sharp change from free molecules to gels around a
critical concentration value.16


The measured relaxation times obtained in the presence of the
gel networks can be related to the relaxation time of the free
molecules and that of the fibre-bound molecules as shown in
eqn (1) (considering a fast exchange between adsorbed and free
molecules in the NMR time scale).17 In eqn (1) Tobs corresponds
to the measured relaxation time of the studied substrate in the
presence of the gel network, TF is the relaxation of the free
substrate and TB the relaxation of the substrate bound to the
surface of the gel network. Additionally, xF and xB represent,
respectively, the molar fraction of free and bound substrate
molecules.


1 1 1


T T
x


T
x


obs F
F


B
B= + (1)


A convenient way to compare the affinity of the different
substrates for the surface of the fibres is to consider the value
of the surface relaxivity, r (see eqn (2) and (3)). This magnitude
is analogous to that used, for example, in studies of porosity
determination by NMR relaxometry.18 As found previously in
NMR studies of porosity, our results indicate that the relaxation
time of the fibre-bound substrate is much higher than that
corresponding to the free species.18b,c Therefore, 1/Tobs represents
a good approximation to the value of r and eqn (3) can be
transformed to eqn (4).
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r @
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(4)


The value of r is dependant on the strength of the interaction
between the substrate and the gel network. Stronger interactions
would produce a more intense reduction of TB values (due to
restricted mobility of adsorbed molecules) and higher values
of xB (due to increased molar fraction of adsorbed molecules).
Consequently, it can be rationalized that the higher the measured
r values, the higher the affinity of a given substrate for the studied
gel network.


The results obtained for the relaxivity measurements in samples
containing different amounts of substrates and gelator are shown
in Table 1. These samples were prepared by gelation in the
presence of the phenolic additives. It has to be mentioned that
similar results were obtained when the additives were diffused
into the gels formed previously. It can be noticed that all the
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Table 1 Measured NMR (300 MHz) T2 relaxation times (Tobs) and
calculated surface relaxivity (r) in CD3CN gels at 30 ◦C. abc


Substrate Gelator Tf/sb Tobs/s r/s-1


phenol 1 6.3 1.25 0.73 (0.11)
4-nitrophenol 1 5.1 0.58 1.66 (0.25)
pyrocatechol 1 6.6 0.57 1.68 (0.21)
resorcinol 1 6.7 0.51 1.89 (0.32)
hydroquinone 1 7.3 0.72 1.32 (0.11)
DHNc 1 5.9 0.39 2.56 (0.35)
phenol 2 6.3 1.53 0.57 (0.13)
4-nitrophenol 2 5.1 0.61 1.56 (0.19)
pyrocatechol 2 6.6 0.60 1.59 (0.14)
resorcinol 2 6.7 0.16 6.17 (0.87)
hydroquinone 2 7.3 0.71 1.34 (0.12)
DHNc 2 5.9 0.23 4.35 (0.40)


a Gels formed in acetonitrile. Concentration of gelator: 21 mM. Con-
centration of substrates: 42 mM. Values in parentheses indicate the
estimated error.1H NMR signals monitored (ppm): phenol, 7.23; 4-
nitrophenol, 8.12; pyrocatechol, 6.82; resorcinol, 7.03; hydroquinone 6.66;
DHN, 7.65. b Relaxation time of free substrates; calculated for a 21 mM
solution of the studied substrate in the absence of gelator. c DHN = 2,7-
dihydroxynaphthalene.


studied molecules present analogous T2 values (5–7 s) and that
the relaxation times are considerably reduced in the presence of
the gel networks formed both by 1 and 2. This indicates that an
interaction with the self-assembled fibres is detected in all the
cases. The significantly higher reduction of T2 values experienced
in the presence of gels by 4-nitrophenol (Tobs = 0.58 and 0.61 s) or
dihydroxy compounds (Tobs < 0.7 s) as compared to phenol (Tobs =
1.25 and 1.53 s) should be noted. These data support the fact that
hydrogen bonding can be an important intermolecular interaction
for the adsorption of the substrates on the fibres. As mentioned
above, the affinity of the different substrates for the fibres can be
conveniently compared considering the values of r. In order to
visualize better the set of values of r shown in Table 1, they have
been graphically represented in Fig. 1.


Fig. 1 Surface relaxivity (r) in acetonitrile gels at 30 ◦C (300 MHz NMR,
concentration of gelator: 21 mM; concentration of substrates: 42 mM;
DHN=2,7-dihydroxynaphthalene).


It can be noticed that for all the substrates except resorcinol and
2,7-dihydroxynaphthalene, very similar r values were measured
in the gels formed by 1 and 2. These results indicate that, for
those substrates, the presence of pyridine H-bond acceptor units
in the gel fibres is not influencing noticeably their adsorption on
the fibres. The reduced relaxation times measured in these cases,
as compared to those obtained in the absence of gelator, could be
ascribed to non-specific interactions with the polar moieties of the
fibres. As is highlighted in Fig. 1, remarkably, a very significant


Table 2 Measured NMR (300 MHz) T2 relaxation times in CD3CN gels
of compound 2 with variable gelator/substrate ratios


Substrate [Gelator]/mM Substrate/gelator ratio Tobs/s


phenol 21 2 1.53
phenol 21 10 1.69
resorcinol 21 2 0.16
resorcinol 21 10 0.17
resorcinol 10 0.5 0.22
resorcinol 10 4 0.27


difference in the relaxivity is observed when the interaction of
resorcinol with the gels formed by 1 and 2 is compared. In this
case, the presence of pyridine moieties in the gel fibres results in
more than a threefold increase in the measured relaxation rate that
must be associated with a higher affinity of this substrate for the
gel fibres. These results fit well with a two point binding model
as proposed in Scheme 2 where the two hydroxy groups of the
resorcinol bind the pyridine units of adjacent gelator molecules. It
seems that the pyrocatechol and hydroquinone geometry preclude
a two point interaction with the pyridine groups and, as a matter
of fact, their surface relaxivity values in the presence of the gel
formed by 2 are comparable to that of 4-nitrophenol.


As shown in Table 2, studies carried out for variable concen-
trations of substrate and gelator (in the range of experimentally
feasible concentrations) showed little variation of T2 values as
compared to the accuracy of the measurements and precluded
the calculation of binding constants. For example, it is shown in
Table 2 that the value of T2 for resorcinol in a gel formed by 2
showed only a decrease of ca. 10% upon a fivefold increase of the
concentration of this substrate.


X-Ray diffraction data of the xerogel formed by 2 (Fig. 2)
revealed the microcrystalline nature of the aggregates with the
presence of a low angle peak at 14.8 Å that is in accordance
with an extended conformation of 2 in the fibres. A peak is
also found at ca. 4.5 Å that by analogy to previously reported
xerogels, can be ascribed to the periodicity in the direction of the
hydrogen bonding array. A tentative model for the fibre aggregates
can be built with molecular mechanics (see Fig. 3) based on our
previous findings for this family of molecules and on the data
obtained from powder X-ray diffraction of the xerogel. The models
obtained with molecular mechanics are in accordance with the
spacing between pyridine groups detected by X-ray diffraction. As


Fig. 2 X-Ray powder diffraction of a xerogel obtained from acetonitrile
gel formed by compound 2.
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Fig. 3 Molecular model for the aggregation of gelator 2 and its interaction
with resorcinol (AMBER* force-field, MACROMODEL 8.0).


shown in Fig. 3, the calculated structure for the interaction with
resorcinol nicely agrees with a two point binding model of this
molecule to the fibre aggregates. Additionally, the results shown
for 2,7-dihydroxynaphthalene in Fig. 1 also indicate a selective
interaction with the gel formed by the gelator 2 and support a
divalent interaction model. In this case, the measured distance
between the oxygen atoms in 2,7-dihydroxynaphthalene models is
ca. 7.5 Å which suggests that a two point interaction with non-
adjacent pyridine units in the fibres could take place as shown in
the model depicted in Fig. 4.


Fig. 4 Molecular model for the aggregation of gelator 2 and its interaction
with 2,7-dihydroxynaphthalene (AMBER* force-field, MACROMODEL
8.0).


In order to obtain further experimental support to the described
results, NMR experiments were carried out for equimolar mixtures
of phenol, hydroquinone and resorcinol in the presence of the gels
formed by 1 and 2. Very interestingly, the selective interaction
of resorcinol with the gel formed by the pyridine derivative 2
permits the selective suppression of the signal of that molecule
upon recording a T2 filtered spectrum (see Fig. 5). In the case of
the gel formed by 1, this was not possible due to the similar T2


values of all the species.
Additionally, the macroscopic behaviour of the gels also showed


marked differences in the presence of resorcinol. As can be seen in
Fig. 6, gels of 2 that contain resorcinol showed reduced stability
as compared to those containing the other phenolic additives.
In Table 3 are shown the values of thermal stability measured


Fig. 5 1H NMR spectra of phenol, hydroquinone and resorcinol (20 mM
each) in the gel formed by 2 (10 mM), (CD3CN, 30 ◦C). Bottom:
conventional 1H spectrum; top: T2 filtered 1H spectrum (CPMG pulse
sequence; total time for echoes = 3 s).


Fig. 6 Pictures of the samples prepared by gelation of acetonitrile in the
presence of phenol derivatives. In all the samples the concentrations of
gelator and phenol derivative were respectively 21 mM and 50 mM. a) 2
and phenol; b) 2 and hydroquinone; c) 2 and resorcinol; d) 1 and resorcinol.


for the gels formed by 1 and 2 in the presence of different
phenolic additives. It can be seen that the presence of resorcinol
dramatically affects the thermal stability of the gels formed by
the pyridine derived gelator 2. The gels formed by 2 in the
presence of a fivefold excess of hydroquinone or phenol present
a similar thermal stability (Tg ca. 70 ◦C) while the corresponding
gel with resorcinol is not self-sustained at room temperature. This
behaviour could be tentatively ascribed to a weakening of the fibril
packing or to the different solvation properties associated to the
resorcinol decorated fibres. On the other hand, the properties of


Table 3 Thermal stability for the gels formed by 1 and 2 in the presence
of phenolic additivesa


Gelator Additive Tg/
◦Cb


2 phenol 70
2 hydroquinone 75
2 resorcinol < 25
1 phenol 80
1 hydroquinone 85
1 resorcinol 80


a Concentration of gelator 21 mM. Concentration of additives 100 mM.
b Temperature at which the formed gels are not self-sustained upon vial
inversion.
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the gels formed by 1 remain basically unaltered in the presence of
resorcinol.


Conclusions


In conclusion, the results indicate that low molecular weight
molecules containing functional moieties can afford self-
assembled fibrillar networks that present ordered arrays of binding
groups. In the case reported here, it is shown, as a proof
of principle, that the assembly produces multivalent surfaces
containing H-bond acceptor pyridine units with a disposition
that is complementary to that found in for the hydroxy groups
of resorcinol and 2,7-dihydroxynaphthalene. This allows their
recognition in the presence of other related molecules, including
positional isomers. A direct application of the findings in the selec-
tive suppression of the NMR signals of resorcinol in the presence
of related substrates has been shown. This procedure may find
application in the NMR analysis of complex mixtures. Moreover,
the selective recognition is expressed also at the macroscopic level,
the thermal stability of the gels being markedly affected by the
presence of resorcinol as compared to other phenolic derivatives.
The results described reveal that self-assembled fibrillar networks
can be used in molecular recognition or positioning of substrates
with a variety of potential applications, for example, in the
development of sensing or stimuli responsive devices. Future work
will be devoted to the study of the interaction of biologically
relevant analytes with different gels.


Experimental


Synthesis


The preparation and characterization of gelators 1 and 2 has been
described previously.12b,c


Organogel samples for NMR


The gelator (6–18 mmol), substrate (6–72 mM) and internal stan-
dard (12 mmol of dioxane or tetrachloroethane) were dissolved in
methanol:dichloromethane 1:1 and transferred into a 5 mm NMR
tube. The solvent was fully removed carefully under vacuum.
To these samples CD3CN was added and the septum-capped
NMR tube was deoxygenated by four freeze-pump-thaw cycles
(using a needle connected to a vacuum source). Then the septum-
capped sample was heated gently until complete solubilization
of the mixture and the hot NMR tube was immersed first for
5 minutes in a thermostatic bath at 90 ◦C and then for 5 minutes
at 30 ◦C. Afterwards the gel formed in this way was left to
rest at room temperature for at least 12 hours before NMR
measurements.


NMR measurements


NMR spectra corresponding to the relaxation experiments were
recorded in a Varian Mercury instrument (300 MHz for 1H) at
30 ◦C. T2 measurements were performed using the Carr-Purcell-
Meiboom-Hill (CPMG) sequence with dephasing times of 0.4 ms.
A minimum of 14 points were acquired for each of the relaxation
experiments and a good fit of the data to a monoexponential decay
was obtained in all the reported data.


Thermal stability of the gels


The corresponding gels were prepared in vials (d = 1 cm) and
their thermal stability was checked using a thermostatic bath by
vial inversion at different temperatures (5 ◦C intervals).


X-Ray powder diffraction


Data collection was performed at room temperature on a Bruker
D4 Endeavor X-ray powder diffractometer using Cu-Ka radiation.
Samples of the powdered xerogels were placed on a sample holder
and data were collected for 2q values between 2◦ and 50◦ with a
step size of 0.04◦ and a time step of 8 s.
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The isolation and structure characterization of a dienone from the roots of Echinacea pallida, namely
(8Z,11Z)-pentadeca-8,11-dien-2-one, are described here. To assess the configuration of this secondary
metabolite, the stereoselective total synthesis of the two isomeric forms, (8Z,11Z)- and
(8Z,11E)-pentadeca-8,11-dien-2-one, was undertaken and the structure elucidation of the natural
compound was unambiguously carried out. The cytotoxic activity of both isomers was also evaluated
on a human T cell leukaemia cancer line (Jurkat cells). The results indicated that these compounds
exert a dose-dependent cytotoxicity with a medium-level potency on the tested cell line.


Introduction


Polyacetylenes and polyenes are classes of natural products well
known for their potent antifungal1 and antibacterial2 activity, as
well as for their ability to inhibit a number of enzymes, such
as cholesterol acyltransferase.3 Furthermore, several experiments
attested that these secondary metabolites exhibit antiallergenic4


and anti-inflammatory5 activities and have proven to be cytotoxic
against a number of solid and leukemic cancer cell lines.6


In the search for cytotoxic compounds from plants of the genus
Echinacea, the n-hexane extracts of E. pallida roots have shown
higher inhibitory activity on cell proliferation than those obtained
from E. purpurea and E. angustifolia.7 This is in agreement
with the different chemical composition of these species; in fact,
E. purpurea and E. angustifolia have alkamides as the main
lipophilic compounds,8,9 whereas E. pallida contains poly-
acetylenes and polyenes as the typical hydrophobic consti-
tuents.8,10–12 Up to now, nine compounds (1–9, Fig. 1) have
been isolated by bioassay-guided fractionation from the roots
of E. pallida and characterized by spectroscopic methods.10,11


The purified constituents have been tested for their cytotoxic
activity and (8Z,13Z)-pentadeca-8,13-dien-11-yn-2-one (8) has
been found the most active, displaying a selective cytotoxic activity
toward cancer cells and being able to cross the Caco-2 monolayer,
which indicates a potential good absorption in humans after oral
administration.13 Due to the difficulty in purifying compound 8
from E. pallida roots, we recently performed the first total synthesis
of this metabolite.14
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Fig. 1 Chemical structures of polyacetylenes and polyenes previously
isolated from E. pallida roots.


The application of a suitable RP-HPLC method that has been
developed and validated to quantify the content of the hydropho-
bic constituents in E. pallida roots and dietary supplements11


indicated that the n-hexane root extracts contain other lipophilic
compounds whose structures have not been previously elucidated
due both to instability and difficult isolation from the root extracts.


As part of our ongoing research on bioactive metabolites
from plants of the genus Echinacea, the isolation and structural
characterization of a dienone from E. pallida roots, namely
(8Z,11Z)-pentadeca-8,11-dien-2-one (10, Fig. 2) are described
here. Although the structure of this secondary metabolite was
reported by both Bauer and Baumann et al. in 1988,8,15 to the
best of our knowledge, its detailed isolation procedure, structural


Fig. 2 Structure of the newly isolated polyene (10).
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characterization and biological activity have never been fully
described in the literature.


Furthermore, to assign unambiguously the stereochemistry
of this secondary metabolite, the synthesis of the two isomeri-
cally pure forms, (8Z,11Z)-pentadeca-8,11-dien-2-one (10a) and
(8Z,11E)-pentadeca-8,11-dien-2-one (10b), was undertaken, thus
allowing the assessment of the (8Z,11Z) configuration of 10.


In view of the structural analogy of this metabolite with pre-
viously described cytotoxic polyacetylenes and polyenes isolated
from the same plant material,10,13 the cytotoxic activity of the two
synthetic isomers was also evaluated on a human T cell leukaemia
cancer line (Jurkat cells), indicating that these molecules possess
a cytotoxic activity of the same order of magnitude as previously
isolated compound 8.


Results and discussion


Isolation and structural characterization


Previous studies on the composition of the extracts of E. pallida
roots indicated that the main constituents are lipophilic com-
pounds, identified as polyacetylenes and polyenes (Fig. 1).10,11


The genuine secondary metabolites recovered from roots of
E. pallida are fairly stable compounds, that are easily converted
into the corresponding hydroxylated derivatives and eventually
into the diketo-derivatives through allylic oxidation by molecular
oxygen.9,10 The RP-HPLC analysis of the crude n-hexane extract
obtained from E. pallida roots indicated that the retention times
(tR) of these constituents clearly reflect their polarity (Fig. 3):11,16


the hydroxylated compounds (1–3) eluted first, followed by the
diketo-ones (4–5), whilst the genuine (viz. not oxidized) secondary
metabolites (6–9) displayed higher retention times.


Fig. 3 Chromatogram of a n-hexane extract of E. pallida roots on a
LiChrospher RP-18 column (125 mm ¥ 4.0 mm i.d., 5 mm). For peak
identification, see Fig. 1.


In the meantime, the RP-HPLC analysis of E. pallida roots
showed the presence of two further peaks in the region of lipophilic
metabolites, at 20.1 min (5.0%) and 23.2 min (13.1%), respectively,
thus suggesting for these constituents a structural analogy with
the less polar authentic polyacetylenes and polyenes previously
isolated and characterized from E. pallida roots.10,11


The purification of the crude n-hexane extract of E. pallida roots
by silica gel column chromatography, followed by reversed-phase
column chromatography, led to the isolation of these constituents.
A preliminary NMR and MS analysis indicated that the first
eluted fraction (tR = 20.1 min) was actually a mixture of at least


three compounds (by NMR analysis) and was not pursued further,
whilst the second eluted peak (tR = 23.2 min) was present in the
crude extract as a single metabolite (10).


The structural characterization of 10 was carried out by
IR, UV, MS as well as NMR spectroscopy, including exten-
sive homonuclear and heteronuclear techniques (COSY, HSQC,
HMBC, NOESY).


The IR spectrum of the neat sample showed the presence of
a carbonyl group (1719 cm-1) as well as olefinic double bond(s)
(1461 and 720 cm-1), while the UV spectrum only displayed
an absorption maximum at 190 nm, attesting the absence of a
conjugated chromophore in the new isolated metabolite, thus
suggesting a possible structural relation with the previously
described (8Z)-pentadeca-8-en-2-one (9).11


By comparison of the EI-MS data with those of the above
mentioned compound 9 (C15H28O, m/z 224), the presence of a
molecular ion at m/z 222 would suggest the molecular formula
C15H26O, accounting for an additional and not conjugated double
bond. Furthermore, the identification of the peak matching
[M - 15(CH3)]+ and [M - 43(CH3CO)]+ was consistent with the
observation that all lipophilic constituents nowadays isolated from
E. pallida extracts present a common aliphatic backbone ending
with an acetyl moiety.10,11


The 1H and 13C NMR spectra, supported by bidimensional
techniques, allowed the assignments reported in Table 1 for
protons and carbons from C-1 to C-7. Comparison of these
assignments with those previously obtained for related com-
pounds 1–910,11 displayed the expected strict correspondences.
Furthermore, the 1H NMR spectrum of 10, supported by HSQC-
DEPT data, showed the presence of four olefinic protons, as an
unresolved multiplet in the region 5.32–5.47 ppm, that correlates
with the corresponding olefinic carbons (dC 128.1, 128.3, 129.8
and 130.0 ppm), disclosing the presence of two double bonds
in the molecule. 1H–1H COSY confirmed that these two double
bonds were effectively not conjugated (as supposed on the basis
of the UV data), displaying a correlation of the olefinic multiplet
with a triplet at d 2.81 ppm (2H, 3JH–H 5.9 Hz), whose deshielded
chemical shift would account for a bis-allylic methylenic position
of a 1,3-pentadienyl system. In addition, the olefinic protons
also correlate with a multiplet at d 1.96–2.13 ppm, integrating
for 4H, possibly resulting from the overlapped resonances of
the external allylic protons characterized by a similar magnetic
environment. By analogy with the literature,10,11 the first of the
two double bonds was supposed to be located between carbons
C-8 and C-9; the evidence of the presence of a 1,3-pentadienyl
system allowed us to locate the second double bond between
C-11 and C-12. Long-range HMBC correlation of the olefinic
protons and carbons further corroborated this supposition and
guided the assignment of the allylic positions: the deshielded
triplet at d 2.81 ppm (dC 25.7 ppm) accounts for the bis-allylic
protons at C-10, while the multiplet at d 1.96–2.13 ppm results
from the overlapped resonances of protons at C-7 (dC 27.0 ppm)
and C-13 (dC 29.3 ppm). Finally, through COSY and HSQC-
DEPT data, it was also possible to individuate the presence of
an additional terminal methyl group, besides the acetyl one at
C-1, as a triplet at d 0.95 ppm (J 7.4 Hz, dC 13.8 ppm). Homo-
and heteronuclear correlations of the C-15 position proved it to
belong to a propyl moiety located between C-13 and C-15. In
fact, COSY and HMBC experiments allowed us to trace back the
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Table 1 1H and 13C NMR spectral data [d (ppm) and J (Hz)] of compounds 10, 10a and 10b (400 MHz and 100 MHz respectively, CDCl3, TMS as the
reference)


Natural compound 10 Synthetic compound 10a Synthetic compound 10b


Position dH dC dH dC dH dC


1 2.17 s 29.9 2.17 s 29.9 2.17 s 29.8
2 — 209.1 — 209.2 — 209.2
3 2.46 t (7.4) 43.8 2.46 t (7.4) 43.8 2.45 t (7.4) 43.7
4 1.62 quint (7.4) 23.8 1.62 quint (7.4) 23.8 1.61 quint (7.4) 23.7
5 1.28–1.48 ma 28.8 1.21–1.49 ma 28.8 1.27–1.48 ma 28.8
6 1.28–1.48 ma 29.4 1.21–1.49 ma 29.4 1.27–1.48 ma 29.4
7 1.96–2.13 m 27.0 2.00–2.14 m 27.0 2.03–2.13 m 26.9
8 5.32–5.47 ma 130.0b 5.32–5.47 ma 130.0b 5.32–5.52 ma 130.1b


9 5.32–5.47 ma 128.1c 5.32–5.47 ma 128.1c 5.32–5.52 ma 128.0c


10 2.81 t (5.9) 25.7 2.81 t (6.2) 25.7 2.76 dd (4.8;5.7) 30.5
11 5.32–5.47 ma 128.3c 5.32–5.47 ma 128.3c 5.32–5.52 ma 128.4c


12 5.32–5.47 ma 129.8b 5.32–5.47 ma 129.8b 5.32–5.52 ma 130.6b


13 1.96–2.13 m 29.3 2.00–2.14 m 29.3 1.95–2.03 m 34.7
14 1.28–1.48 ma 22.8 1.21–1.49 ma 22.8 1.27–1.48 ma 22.6
15 0.95 t (7.4) 13.8 0.95 t (7.4) 13.8 0.91 t (7.3) 13.8


a Signals are overlapped. b Signals are interchangeable. The attributions are consistent with HMBC data. c Signals are interchangeable. The attributions
are consistent with HMBC data.


resonances of the adjacent methylene at C-14 as a multiplet at d
1.28–1.48 ppm (dC 22.8 ppm), even though overlapped with C-5
and C-6, and also correlating with C-13 in the multiplet at d 1.96–
2.13 ppm (dC 29.3 ppm). HMBC data confirmed this hypothesis,
attesting that the connection between the three fragments so far
individuated was correct: in fact, a long range correlation of both
C-6 and C-14 with olefinic protons was present, indicating that
the 1,3-pentadienyl system was interposed between the alkyl chain
and the propyl moiety.


Thus, compound 10 was identified as (8Z)-pentadeca-8,11-dien-
2-one (Fig. 4).


Fig. 4


NOESY experiments were then acquired in order to determine
the configuration of the double bonds. A diagnostic correlation
was observed between H-10 (d 2.81 ppm) and H-7, H-13 multiplet
(d 1.96–2.13 ppm), assessing the Z configuration for at least one
of the two double bonds, presumably the one located between C-8
and C-9, as suggested by analogy with other polyacetylenes and
polyenes isolated from E. pallida.10,11 Unfortunately, the overlap of
both olefinic and allylic proton resonances precluded any further
assignment by this technique. Non-decoupled HSQC experiments
were also acquired with the aim of indirectly estimating the vicinal
coupling constants (3JH–H) of double bonds:17 however, 13C satellite
analysis of 1H NMR signals indicated a borderline value of 13–
15 Hz for all olefinic positions.


Synthesis


To assess the configurations of the two double bonds of this
secondary metabolite (10) and to corroborate its constitution,
the synthesis of the two isomerically pure forms (8Z,11Z)- and
(8Z,11E)-pentadeca-8,11-dien-2-one (10a and 10b respectively)


was undertaken. By analogy to the total synthesis of related
compounds,14,18,19 the route depicted in Scheme 1 was envisaged
as a facile access to the target molecules, which were retro-
synthetically disconnected into fragments 11 and 12.


Scheme 1 Retrosynthetic analysis of 10.


Terminal alkyne 11 can be obtained in three steps from
commercial 1-hexyne following literature methods,14,20 while 2-
hexenol is commercially available in both the isomeric Z and E
forms (12a and 12b, respectively) and can be easily converted into
the corresponding halides 13a and 13b, through well trodden paths
(Scheme 2).21,22 Coupling of 11 with 13 was achieved in good yields
(80–90%) by nucleophilic displacement of the alkynyllithium salt
of 11 with the halide 13 in the presence of HMPA as a co-solvent,
to obtain the stereoisomerically pure compound 14.23,24 The good
outcome of the reaction was confirmed by 1H NMR data, which
displayed a diagnostic resonance around d 2.9 ppm, corresponding
to the newly inserted propargyl-allylic protons. In particular, in
the case of 14b, it was possible to measure the olefinic coupling
constants (J = 15.1 Hz), whilst the overlap of olefinic resonances
in 14a prevented such determination. Controlled hydrogenation of
14 to 15 allowed the stereoselective reduction of the alkyne between
C-8 and C-9 to a Z-configured double bond: the reduction of 14a
was easily accomplished with in situ-generated Ni catalyst and
afforded the desired product 15a in 98% yield.18,25 Finally, removal
of the THP group in acidic methanol gave 16a in quantitative yield
and subsequent oxidation of the hydroxyl moiety with PCC18 (90%
yield) led to isomer 10a in 78% overall yield from 14a. Following
the same procedure, isomer 10b was obtained from 14b in 42%
overall yield. It is worth noting that compound 10b displayed a
small percentage (15%) of 10a, which probably arose from a partial
Z/E isomerization of 12b during its conversion into 13b.21
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Scheme 2 Synthesis of isomers 10a, b: (i) P(OPh)3, Br2, TEA, CH2Cl2, -80 ◦C → 0 ◦C, 1 h; (ii) n-BuLi, HMPA, THF, -78 ◦C → rt, overnight;
(iii) Ni(OAc)2, NaBH4, EtOH, H2, rt, 2 h; (iv) PTSA, MeOH, 40 ◦C, 2 h; (v) PCC, CH2Cl2, rt, 30 min; (vi) I2, TMSCl, CH3CN, rt.


By comparison of the spectral NMR data reported in Fig. 5a,
it appears that the olefinic resonances were not particularly
indicative of the configuration: the only difference between the two
isomers was a slight 0.03 ppm downfield shift of the unresolved
olefinic multiplet. By contrast, allylic protons H-7, H-10 and H-
13 (see Fig. 5b) were appreciably affected by the configuration of
the double bond: moving from isomer 10a to 10b, the protons
H-10 (around d 2.80 ppm) showed a 0.06 ppm upfield shift, while
protons H-7 and H-13 in the region around d 2.05, completely
overlapped in 10a, became significantly different, with a 0.08 ppm
upfield shift of the H-13 protons.


Fig. 5 Comparison of 1H NMR spectra of natural and synthetic
compounds: (a) allylic protons region, (b) aliphatic protons region.


By comparison of the NMR spectra of synthetic (8Z,11Z)-
10a and (8Z,11E)-10b with that of the natural compound 10,
the (8Z,11Z) configuration of the natural dienone 10 was finally
inferred.


Table 2


Compound IC50/mM


(8Z,11Z)-Pentadeca-8,11-dien-2-one (10a) 10.21 ± 2.06
(8Z,11E)-Pentadeca-8,11-dien-2-one (10b) 8.11 ± 1.87
(8Z,13Z)-Pentadeca-8,13-dien-11-yn-2-one (8) 9.61 ± 2.70
Doxorubicin 0.11 ± 0.03


Cytotoxicity


The two synthetic compounds (8Z,11Z)-10a and (8Z,11E)-10b
induced a concentration-dependent decrease of cell viability on
Jurkat cells after 48 h exposure, in a similar manner to that
observed with the previously isolated compound 8. In fact, no
statistically significant difference was observed in the cytotoxicity
values (IC50) of all three structurally related compounds (Table 2).
On the other hand, a significant difference was observed between
these compounds and the classic anticancer agent doxorubicin
(Fig. 6). The ability to induce apoptosis in cancer cells has been
recently observed for compound 813 and this mechanism may be
reasonably hypothesized also for the two isomers evaluated for the
first time in this study. Further investigations will clarify the exact
nature of the cytotoxic activity of these molecules.


Fig. 6 Structure of doxorubicin.


Conclusions


In the present work, chromatographic and spectroscopic tech-
niques, combined with total synthesis, were successfully applied
to the isolation and structure elucidation of a dienone from E.
pallida roots, namely (8Z,11Z)-pentadeca-8,11-dien-2-one (10).
In particular, the stereoselective total synthesis gave access to
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the two isomeric forms (8Z,11Z)-pentadeca-8,11-dien-2-one (10a)
and (8Z,11E)-pentadeca-8,11-dien-2-one (10b), whose NMR data
allowed us to unambiguously assess the exact constitution of the
natural dienone. Both isomers were tested for their cytotoxic
activity on Jurkat cancer cells and displayed a concentration-
dependent cytotoxicity with a medium-level potency on this cell
line. Additional investigations will be performed to determine the
exact mechanism of action of these molecules.


Experimental


General


IR spectra were obtained with a Bruker VERTEX 70 FT-IR
instrument. UV spectra were recorded on-line by photodiode
array detection in H2O–CH3CN mixtures. Elemental analyses
were performed with a Carlo Erba Elemental Analyzer mod.
1110. Mono- and bidimensional NMR spectra, including 1H,
13C, COSY, HSQC-DEPT, HMBC and NOESY experiments,
were acquired in CDCl3 on a Bruker FT-NMR AVANCE 400
or a DPX200 spectrometer. Chemical shifts are reported as d
values (ppm) using TMS as reference. Coupling constants (J) are
given in Hz. Mass spectra were obtained on a Finnigan MAT-
SSQ 710A mass spectrometer (direct inlet), in EI mode with an
ionization voltage of 70 eV, over the mass range 45–400 m/z. High-
performance liquid chromatography was performed on an Agilent
Technologies 1100 system, consisting of a vacuum degasser,
a quaternary pump, an autosampler, a thermostatted column
compartment and a photodiode array detector. Analyses were
carried out on a Lichrospher RP-18 column (125 mm ¥ 4 mm
i.d., 5 mm, Agilent Technologies).11 Silica gel chromatography
was performed with Kieselgel 60 (40–63 mm, Merck, Darmstadt,
Germany). Reversed-phase column chromatography was carried
out with LiChroprep RP-18 (40–63 mm, Merck). Pre-coated
glass supported Kieselgel 60 F254 plates (Merck) were used
for TLC. Compounds were visualized by dipping the plates in
potassium permanganate stain (1.5 g KMnO4, 10 g K2CO3, and
1.25 mL 10% NaOH in 200 mL of water) followed by heating on
a hot plate.


Water used for HPLC was purified using a Milli-Q PLUS 185
system from Millipore (Milford, MA, USA). All the reagents and
the HPLC grade solvents were purchased from Sigma-Aldrich
(Milan, Italy).


Extraction and purification


Authentic dried roots (1 kg) of E. pallida (Nutt.) Nutt. were kindly
donated by Dr Federica Monti, Planta Medica s.r.l., Pistrino,
Perugia, Italy, in January 2006. The plant material was kept in
the dark, protected from high temperature and humidity, until
required for extraction. The extraction of the powdered dried
roots of E. pallida (1 kg, divided in three portions) was carried out
with a Soxhlet apparatus for 8–10 h using n-hexane (2 L for each
step) as the extraction solvent. All the extracts were combined and
evaporated to dryness under vacuum to give a yellow oil (7.57 g).
The n-hexane extract was then subjected to silica gel flash column
chromatography and eluted with n-hexane–EtOAc (2 : 1, v/v),
affording to 120 fractions of 15.5 ml. Each fraction was analyzed
by RP-HPLC and combined into 7 fractions (A–G), according


to the chromatographic profile. Compound 10 was isolated as
a yellow oil from fraction A (2.82 g) by reversed-phase flash
column chromatography on LiChroprep RP-18, with a gradient
elution composed of H2O–CH3CN from initial 60 : 40 (v/v) to
final 20 : 80 (v/v), to give 160 fractions of 10 mL, which were
analyzed by RP-HPLC. The fractions 127–132 were combined and
concentrated under reduced pressure to give an aqueous residue,
which was extracted with CHCl3 (2 ¥ 20 mL). The organic phase
was dried over anhydrous Na2SO4, filtered and concentrated in
vacuo to afford a yellow oil (192 mg, 0.02% yield). The purified
compound was stored under argon atmosphere at low temperature
(-20 ◦C), protected from light and humidity. Found: 81.22; H,
11.53. C15H26O requires: C, 81.02; H, 11.79%. dH (400 MHz,
CDCl3): 0.95 (3H, t, J = 7.4 Hz, H-15); 1.28–1.48 (6H, m, H-
5, H-6, H-14); 1.62 (2H, quint, J = 7.4 Hz, H-4); 1.96–2.13 (4H,
m, H-7, H-13); 2.17 (3H, s, H-1); 2.46 (2H, t, J = 7.4 Hz, H-3);
2.81 (2H, t, J = 5.9 Hz, H-10); 5.32–5.47 (4H, m, H-8, H-12,
H-9, H-11). dC (100 MHz, CDCl3): 13.8 (C-15), 22.8 (C-14), 23.8
(C-4), 25.7 (C-10), 27.0 (C-7), 28.8 (C-5), 29.3 (C-13), 29.4 (C-6),
29.9 (C-1), 43.8 (C-3), 128.1 (C-9/C-11), 128.3 (C-9/C-11), 129.8
(C-8/C-12), 130.0 (C-8/C-12), 209.1 (C-2). EI-MS: m/z 222 (M+,
20%), 207 (M+ - CH3, 7), 179 (M+ - COCH3, 32), 164 (43), 135
(20), 121 (27), 109 (37), 95 (51), 81 (78), 79 (79), 67 (100), 55 (27).
IR (neat): nmax/cm-1 3009, 2957, 2930, 2858, 1719, 1461, 1359,
1161, 720. UV: lmax (CH3CN–H2O)/nm 190.


Synthesis


(2Z)-1-Bromo-2-hexene (13a). To a stirred solution of P(OPh)3


(0.858 mL, 3.36 mmol) in dry CH2Cl2 (12 mL) were added
sequentially, at -80 ◦C under argon, Br2 (0.155 mL, 3.02 mmol),
Et3N (0.562 mL, 4.03 mmol) and a solution of 12a (500 mL,
4.03 mmol) in dry CH2Cl2 (5 mL). The reaction mixture was
stirred for 1 h at -80 ◦C, then quickly warmed to 0 ◦C in 45 min
and finally quenched with saturated NH4Cl (15 mL). Layers were
separated and the organic phase was dried over MgSO4, filtered
and concentrated in vacuo. The crude residue was purified by
column chromatography (eluant light petroleum) to afford 13a
as a colourless oil (221 mg, 45% yield). Found: 44.03; H, 6.62.
C6H11Br requires: C, 44.20; H, 6.80%. dH (400 MHz, CDCl3): 0.98
(3H, t, J = 7.4 Hz, H-6), 1.42–1.54 (2H, m, H-5), 2.12–2.21 (2H,
m, H-4), 2.14 (2H, d, J = 7.3 Hz, H-1), 5.59–5.70 (1H, m, H-3),
5.72–5.84 (1H, m, H-2). dC (100 MHz, CDCl3): 13.7, 22.3, 27.4,
28.9, 125.4, 135.8. MS: m/z 162 (M+, 6%), 164 (M+ + 2, 6), 83
(100), 82 (10), 67 (11), 55 (100), 53 (18).


(4Z)-14-(2-Oxacyclohexyl)oxypentadeca-4-en-7-yne (14a). 8-
(2-Oxacyclohexyl)oxy-1-nonyne (11)14,20 (200 mg, 0.89 mmol) was
dissolved in freshly distilled THF (4 mL) under argon and cooled
to -78 ◦C. n-BuLi (1.6 M soln in hexane, 0.56 mL, 0.89 mmol),
a solution of HMPA (0.604 mL, 3.47 mmol) in THF (1 mL) and
finally a solution of 13a (104 mg, 0.64 mmol) in THF (1 mL)
were added in succession with 15 min intervals. The reaction
mixture was allowed to warm to rt overnight, then was partitioned
between saturated NH4Cl (50 mL) and light petroleum (100 mL).
Combined organic layers were washed with water (50 mL) and
brine (50 mL), dried over MgSO4, filtered and concentrated under
reduced pressure to afford a yellow oil, which was purified by
column chromatography (eluant 10 : 1 light petroleum–EtOAc).
14a was obtained as a mixture of two diastereoisomers, clearly
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detectable by NMR analysis (163 mg, 83% yield). Found: C, 78.59;
H, 11.33. C20H34O2 requires: C, 78.38; H, 11.18%. dH (400 MHz,
CDCl3): 0.94 (3H ¥ 2, t, J = 7.4 Hz, H-1), 1.14 (3H, d, J = 6.1 Hz,
H-15), 1.25 (3H, d, J = 6.3 Hz, H-15), 1.28–1.95 (16H ¥ 2, m, H-3¢
to H-5¢, H-10 to H-13, H-2), 2.00–2.10 (2H ¥ 2, m, H-3), (2H ¥ 2,
m, H-9), 2.93 (2H ¥ 2, quint, J = 4.4 Hz, H-6), 3.47–3.57 (1H ¥ 2,
m, H-6¢), 3.70–3.86 (1H ¥ 2, m, H-14), 3.88–4.01 (1H ¥ 2, m, H-6¢),
4.64–4.69 (1H, m, H-2¢), 4.71–4.76 (1H, m, H-2¢), 5.41–5.25 (2H ¥
2, m, H-4, H-5). dC (100 MHz, CDCl3): 13.8, 17.2, 18.7, 18.8, 19.1,
19.8, 20.1, 21.6, 22.6, 25.0, 25.56, 25.61, 29.0, 29.1, 29.2, 31.2, 31.3,
36.5, 37.5, 62.5, 62.8, 71.1, 73.9, 78.46, 78.53, 79.9, 80.0, 125.20,
125.23, 131.05, 131.07. MS: m/z 306 (M+, <1%), 223 (1), 205 (1),
191 (1), 175 (3), 161 (4), 121 (8), 101 (9), 91 (13), 85 (100), 79 (13),
67 (17), 55 (16). IR (neat): nmax/cm-1 2963, 2933, 2860, 1455, 1375,
1133, 1022, 994.


(4E)-14-(2-Oxacyclohexyl)oxypentadeca-4-en-7-yne (14b). By
analogy to the synthesis of 14a, compound 14b was obtained from
11 and 13b21 in 87% yield. Found: C, 78.47; H, 11.37. C20H34O2


requires: C, 78.38; H, 11.18%. dH (200 MHz, CDCl3): 0.85 (3H ¥
2, t, J = 7.2 Hz, H-1), 1.59 (3H, d, J = 6.1 Hz, H-15), 1.76 (3H,
d, J = 6.3 Hz, H-15), 1.20–1.86 (16H ¥ 2, m, H-3¢ to H-5¢, H-10
to H-13, H-2), 1.86–2.03 (2H ¥ 2, m, H-3), 2.03–2.20 (2H ¥ 2, m,
H-9), 2.76–2.89 (2H ¥ 2, m, H-6), 3.36–3.51 (1H ¥ 2, m, H-6¢),
3.58–3.96 (2H ¥ 2, m, H-6¢, H-14), 4.54–4.70 (1H ¥ 2, m, H-2¢),
5.35 (1H ¥ 2, dtt, J = 15.1, 5.5, 1.2 Hz, olefinic proton), 5.62 (1H ¥
2, dtt, J = 15.1, 6.6, 1.6 Hz, olefinic proton). dC (50 MHz, CDCl3):
13.6, 18.67, 18.71, 19.01, 19.7, 19.98, 21.5, 21.9, 22.4, 24.9, 25.3,
25.5, 25.6, 28.88, 28.97, 29.0, 31.16, 31.19, 34.3, 36.4, 37.4, 62.3,
62.6, 70.9, 73.8, 77.5, 77.6, 81.7, 81.8, 95.5, 98.6, 124.9, 131.4. MS:
m/z 306 (M+, <1%), 223 (2), 205 (1), 191 (1), 175 (4), 161 (5), 121
(9), 109 (8), 91 (16), 85 (100), 79 (16), 67 (20), 55 (19). IR (neat):
nmax/cm-1 2962, 2935, 2859, 1465, 1376, 1134, 1022, 993, 967.


(4Z,7Z)-14-(2-Oxacyclohexyl)oxypentadeca-4,7-diene (15a).
A solution of NiAc2·4H2O (21 mg, 0.084 mmol) in EtOH (1 mL)
was treated with NaBH4 (3 mg, 0.084 mmol) suspended in EtOH
(1 mL) under H2 and the reaction mixture turned from green to
black. The so formed catalyst was poisoned with ethylendiamine
(0.283 mL of a 0.60 M soln in EtOH, 0.17 mmol) and treated
with 14a in EtOH (2 mL). The mixture was stirred for 2.5 h
at rt, the solvent was removed under reduced pressure and the
crude product was purified by column chromatography (eluant
10 : 1 light petroleum–EtOAc) to give a pale yellow oil (15a,
127 mg, 98% yield) as a mixture of two diastereoisomers, clearly
discernable in the NMR spectra. Found: C, 78.04; H, 11.90.
C20H36O2 requires: C, 77.87; H, 11.76%. dH (400 MHz, CDCl3):
0.95 (3H ¥ 2, t, J = 7.4 Hz, H-1), 1.14 (3H, d, J = 6.1 Hz,
H-15), 1.26 (3H, d, J = 6.1 Hz, H-15), 1.27–1.94 (16H ¥ 2, m,
H-3¢ to H-5¢, H-10 to H-13, H-2), 1.98–2.15 (4H ¥ 2, m, H-9,
H-3), 2.82 (2H ¥ 2, dd, J = 6.2, 6.3 H-6), 3.47–3.58 (1H ¥ 2, m,
H-6¢), 3.70–3.87 (1H ¥ 2, m, H-14), 3.87–4.02 (1H ¥ 2, m, H-6¢),
4.64–4.71 (1H, m, H-2¢), 4.71–4.78 (1H, m, H-2¢), 5.30–5.49 (4H ¥
2, m, H-4, H-5, H-7, H-8). dC (100 MHz, CDCl3): 13.8, 19.1,
19.8, 20.1, 21.6, 22.8, 25.4, 25.56, 25.62, 25.66, 25.8, 27.19, 27.24,
29.3, 29.4, 29.7, 31.3, 36.5, 37.5, 62.4, 62.8, 71.1, 73.9, 95.6, 98.6,
128.02, 128.09, 128.14, 128.18, 129.93, 129.93, 130.05, 130.13.
MS: m/z 308 (M+, <1%), 206 (3), 177 (1), 163 (2), 123 (7), 110
(16), 95 (4), 85 (100), 81 (23), 67 (34), 55 (26). IR (neat): nmax/cm-1


3009, 2960, 2929, 2857, 1455, 1376, 1134, 1022, 994, 723.


(4Z,7E)-2-(14-Oxacyclohexyl)oxypentadeca-4,7-diene (15b).
Following the same protocol described for the synthesis of 15a,
the diene 15b was obtained from 14b in quantitative yield. Found:
C, 77.97; H, 11.88. C20H36O2 requires: C, 77.87; H, 11.76%. dH


(400 MHz, CDCl3): 0.92 (3H ¥ 2, t, J = 7.4 Hz, H-1), 1.13 (3H,
d, J = 6.1 Hz, H-15), 1.23 (3H, d, J = 6.3 Hz, H-15), 1.27–1.94
(16H ¥ 2, m, H-3¢ to H-5¢, H-10 to H-13, H-2), 1.95–2.03 (2H ¥
2, m, H-3), 2.03–2.13 (2H ¥ 2, m, H-9), 2.76 (2H ¥ 2, dd, J = 5.3,
5.6 Hz, H-6), 3.47–3.60 (1H ¥ 2, m, H-6¢), 3.69–3.88 (1H ¥ 2,
m, H-14), 3.88–4.01 (1H ¥ 2, m, H-6¢), 4.63–4.70 (1H, m, H-2¢),
4.70–4.78 (1H, m, H-2¢), 5.33–5.52 (4H ¥ 2, m, H-4, H-5, H-7,
H-8). dC (100 MHz, CDCl3): 13.6, 19.1, 19.7, 20.1, 21.6, 22.6,
25.4, 25.61, 25.66, 25.8, 27.06, 27.11, 29.4, 29.6, 30.5, 31.2, 34.7,
36.5, 37.5, 62.4, 62.8, 71.1, 73.9, 95.6, 98.6, 127.79, 127.85, 128.50,
128.54, 130.30, 130.39, 130.56, 130.58. MS: m/z 308 (M+, <1%),
290 (1), 222 (1), 206 (4), 177 (2), 163 (3), 149 (2), 123 (8), 110 (16),
95 (11), 85 (100), 81 (17), 67 (25), 55 (17). IR (neat): nmax/cm-1


3010, 2961, 2928, 2856, 1465, 1135, 1022, 994, 967, 725.


(8Z,11E)-Pentadeca-8,11-dien-2-ol (16a). A solution of 15a
(108 mg, 0.35 mmol) and p-toluenesulfonic acid (4 mg, 0.02 mmol)
in MeOH (2.5 mL) was stirred for 1 h at rt. After the removal of the
solvent under reduced pressure, the crude product was purified by
chromatography on silica (eluant 10 : 1 light petroleum–EtOAc) to
afford 16a (70 mg, 89% conversion, 100% yield). Found: C, 80.06;
H, 12.35. C15H28O requires: C, 80.29; H, 12.58%. dH (400 MHz;
CDCl3): 0.95 (3H, t, J = 7.4 Hz, H-15), 1.23 (3H, d, J = 6.2 Hz,
H-1), 1.21–1.57 (10H, m, H-3 to H-6, H-14), 1.90–2.16 (4H, m,
H-7, H-13), 2.82 (2H, t, J = 6.0 Hz, H-10), 3.78–3.89 (1H, m,
H-2), 5.33–5.48 (4H, m, H-8, H-9, H-11, H-12). dC (100 MHz,
CDCl3): 13.8, 22.8, 23.5, 25.7, 27.2, 29.30, 29.32, 29.6, 29.7, 39.3,
68.2, 128.1, 129.98, 130.01. MS: m/z 224 (M+, 2%), 206 (7), 191
(2), 177 (4), 163 (6), 149 (9), 135 (13), 125 (13), 121 (21), 110 (41),
95 (38), 93 (34), 81 (84), 79 (69), 67 (100), 55 (46), 45 (35). IR
(neat): nmax/cm-1 3343, 3009, 2959, 2926, 2855, 1462, 1376, 1126,
722.


(8Z,11Z)-Pentadeca-8,11-dien-2-ol (16b). By close analogy to
the synthesis of 16a, alcohol 16b was obtained from 15b (87%
conversion, 86% yield). Found: C, 80.10; H, 12.41. C15H28O
requires: C, 80.29; H, 12.58%. dH (200 MHz, CDCl3): 0.89 (3H, t,
J = 7.3 Hz, H-15), 1.19 (3H, d, J = 6.2 Hz, H-1), 1.22–1.60 (10H,
m, H-3 to H-6, H-14), 1.90–2.16 (4H, m, H-7, H-13), 2.74 (2H,
dd, J = 4.9, 5.8 Hz, H-10), 3.70–3.91 (1H, m, H-2), 5.30–5.54 (4H,
m, H-8, H-9, H-11, H-12). dC (50 MHz, CDCl3): 13.7, 22.6, 23.5,
25.6, 27.0, 29.2, 29.6, 30.4, 34.7, 39.3, 68.1, 127.9, 128.5, 130.3,
130.6. MS: m/z 224 (M+, 2%), 206 (8), 191 (2), 177 (4), 163 (7),
149 (9), 135 (14), 121 (20), 110 (40), 96 (42), 93 (38), 81 (89), 79
(72), 67 (100), 55 (50). IR (neat): nmax/cm-1 3350, 3010, 2962, 2929,
2857, 1464, 1375, 1133, 966, 725.


(8Z,11Z)-Pentadeca-8,11-dien-2-one (10a). A solution of 16a
(69 mg, 0.31 mmol) and PCC (137 mg, 0.62 mmol) in dry CH2Cl2


(2 mL) was stirred for 4 h at rt. The resulting black pitchy reaction
mixture was directly loaded on a silica column and purified by
chromatography (eluant 10 : 1 light petroleum–EtOAc) to afford
10a as a yellow oil (62 mg, 89% yield). Found: 80.88; H, 11.60.
C15H26O requires: C, 81.02; H, 11.79%. dH (400 MHz, CDCl3): 0.95
(3H, t, J = 7.4 Hz, H-15), 1.21–1.49 (6H, m, H-5, H-6, H-14), 1.62
(2H, quint, J = 7.4 Hz, H-4), 2.00–2.14 (4H, m, H-7, H-13), 2.17
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(3H, s, H-1), 2.46 (2H, t, J = 7.4 Hz, H-3), 2.81 (2H, t, J = 6.2 Hz,
H-10), 5.32–5.47 (4H, m, H-8, H-9, H-11, H-12). dC (100 MHz,
CDCl3): 13.8, 22.8, 23.8, 25.7, 27.0, 28.8, 29.3, 29.4, 29.9, 43.8,
128.1, 128.3, 129.8, 130.0, 209.2. MS: m/z 222 (M+, 9%), 207 (3),
179 (10), 164 (14), 151 (5), 147 (5), 135 (11), 121 (13), 109 (20), 95
(36), 93 (23), 91 (18), 81 (72), 79 (54), 67 (100) 55 (36). IR (neat):
nmax/cm-1 3009, 2957, 2930, 2858, 1719, 1461, 1359, 1161, 720.


(8Z,11E)-Pentadeca-8,11-dien-2-one (10b). Following the
procedure described for the oxidation of 16a to 10a, compound
10b was obtained from 16b in 91% yield. Found: 80.82; H, 11.55.
C15H26O requires: C, 81.02; H, 11.79%. dH (400 MHz; CDCl3):
0.91 (3H, t, J = 7.4 Hz, H-15), 1.27–1.48 (6H, m, H-5, H-6, H-
14), 1.61 (2H, quint, J = 7.4 Hz, H-4), 1.95–2.03 (2H, m, H-13),
2.03–2.13 (2H, m, H-7), 2.17 (3H, s, H-1), 2.45 (2H, t, J = 7.4 Hz,
H-3), 2.76 (2H, dd, J = 4.8, 5.7 Hz, H-10), 5.32–5.52 (4H, m, H-8,
H-9, H-11, H-12). dC (100 MHz, CDCl3): 13.8, 22.6, 23.7, 26.9,
28.8, 29.4, 29.8, 30.5, 34.7, 43.7, 128.0, 128.4, 130.1, 130.6, 209.2.
MS: m/z 222 (M+, 13%), 207 (4), 193 (1), 179 (14), 164 (20), 151
(5), 147 (6), 137 (7), 135 (12), 125 (11), 123 (12), 121 (14), 109 (24),
95 (40), 93 (24), 91 (18), 81 (76), 79 (54), 67 (100), 55 (39). IR
(neat): nmax/cm-1 3009, 2959, 2928, 2856, 1718, 1462, 1356, 1160,
967, 720.


Cytotoxicity assay


The newly synthesized compounds (10a and 10b) were evaluated
for their cytotoxic activity on the human T cell leukemia line
(Jurkat) obtained from cell bank ICLC (Interlab Cell Line
Collection) (Genova, Italy). Jurkat cells were maintained in RPMI
1640 medium supplemented with L-glutamine (2 mM), 15% fetal
bovine serum and 1% of a 1 : 1 mixture of penicillin (50 IU ml-1)
and streptomycin (50 mg ml-1) (Roche Molecular Biochemicals,
Milan, Italy). Exponentially growing cells (2 ¥ 104) were seeded
into 96 well plates in serum-free medium and after 2 h incubation,
they were exposed to the synthesized isomers 10a and 10b and,
for comparison, to the analogous compound 8, that previously
demonstrated cytotoxic activity on two human cancer cell lines.13


These compounds were dissolved in DMSO at 100 mM and diluted
to working concentrations with RPMI 1640 medium (w/o serum);
doxorubicin, used as standard anticancer agent, was dissolved in
PBS at 1 mM and then diluted in RPMI medium (w/o serum) to
working concentrations.


Cell viability was measured using a method based on the cleav-
age of the 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-
1,3-benzene disulfonate (WST-1) to formazan by mitochondrial
dehydrogenase activity (cell proliferation reagent WST-1; Roche,
Milan, Italy). Following compound exposure, WST-1 was added
to each well and after 60 min incubation at 37 ◦C, the absorbance
at 450 nm was measured by a microplate reader (Wallac Victor II,
Perkin-Elmer, MA, USA).


Cells were exposed to the investigated compounds in the
concentration range 0.1–100 mM and to doxorubicin in the range
0.01–1 mM. Inhibition of cell viability was calculated, after 48 h
exposure, by comparing the number of viable cells after treatment,
to cells exposed to DMSO (controls). IC50 values represent the
concentrations of drugs at which the absorbance data subtracted
of relative blank was 50% of that in controls. All experiments were
performed in triplicate and results are expressed as mean ± s.e.


Statistical difference among IC50 values was evaluated by means
of ANOVA analysis of variance and Bonferroni post-test.
A P value ≤ 0.05 was considered to be significant.
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The concise enantioselective synthesis of hermitamides A and B is presented utilising a rhodium
catalysed conjugate addition reaction to introduce the side chain and chiral information in a single step
via an alkenyltrifluoroborate salt.


Introduction


Marine natural products from Lyngbya mujuscula cyanobacteria
have provided a diverse set of natural products including lyngbic
acid and the malyngamide family, a range of nitrogen containing
lipopeptides derived from amino acid metabolism (Fig. 1).1


The amide portion of the malyngamide family contains varied
functionality such as amino acids, lactone, amide, alkaloid or
pyrrole affording a number of further subclasses including the
hermitamide and isomalyngamide series.2 It is important to note
that the 7-methoxytetradec-4-enoic acid unit is usually present
in these materials and the (7S)-stereoisomer (lyngbic acid) has
been the focus of most synthetic interest.3 Apart from lyngbic
acid, a small range of malyngamide natural products have been
prepared, including the synthesis of serinol-derived malyngamides
by Chen et al.4 and the enantioselective synthesis of malyngamide
U by Li et al.5 The illustrated malyngamide X contains the first
isolated (7R)-lyngbic acid side chain and is also connected to a
novel tripeptide backbone.6 The total synthesis of malyngamide
X has recently been reported by Isobe et al.7 The synthesis
of hermitamides A and B as racemic mixtures was reported
by Virolleaud et al. in 2006.8 The group employ a ruthenium
catalysed cross-metathesis reaction in the key step to install the
alkene fragment. In this paper a concise, enantioselective synthesis
of the hermitamide natural product family is presented that
utilises a unique rhodium catalysed conjugate addition of a chiral
organometallic donor to an acrylamide acceptor to assemble the
required functionalised carbon chain in a single step.


The concept involves the retrosynthesis of hermitamide A (1)
and B (2) to synthons that could be accessed via catalytic conjugate
addition methodology. The transition-metal catalysed conjugate
addition of organometallics to activated alkenes is an important
tool for organic synthesis.9 For the addition of aryl and alkenyl
groups, the elegant rhodium-catalysed addition of organoboron
reagents to a,b-unsaturated carbonyl acceptors, pioneered by
Hayashi and Miyaura offers significant advantages in terms of
accessibility of reagents, efficiency and operational simplicity.10


As illustrated in Fig. 2, a simple disconnection of hermitamide A
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Fig. 1 Natural products from L. mujuscula cyanobacteria.


Fig. 2 Synthetic strategy.
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or B reveals an alkenylboron donor and an acrylamide acceptor
(3 or 4). The chiral alkenylboron fragment required for the key
conjugate addition was envisioned to arise from the (E)-selective
hydroboration of alkyne 5. Access to enantioenriched 5 will be
addressed using the elegant hydrolytic kinetic resolution strategy
developed by Jacobsen to provide enantiopure epoxide 6, followed
by a regioselective ring opening with a suitable metal acetylide
and subsequent methylation.11


Results and discussion


The racemic epoxide 6 required for the hydrolytic kinetic reso-
lution step was prepared in high yield by the m-CPBA epoxida-
tion of 1-nonene 7. As monosubstituted aliphatic epoxides are
excellent substrates for the hydrolytic kinetic resolution process,
the standard experimental procedure was followed.12 Thus, the
chiral cobalt-salen ligand complex was formed by stirring the
commercial cobalt(II) complex 8 in air with acetic acid for
one hour. The dark brown solid remaining after removal of
solvent was resuspended in neat epoxide (rac)-6 and cooled to
0 ◦C. Finally water was added dropwise and the solution stirred for
72 h at ambient temperature. The crude reaction mixture was then
distilled to afford the chiral epoxide (S)-6 as a colourless oil in 43%
yield. The enantioselectivity was confirmed as being greater than
96% e.e. by comparison with the literature optical rotation as well
as chiral HPLC analysis of the product from ring opening with
2-naphthalene thiol.13 Addition of lithium acetylide complexed
with ethylene diamine led to the isolation of the homopropargylic
alcohol 9 in 92% yield. The alcohol was methylated in 98% yield
by treatment with sodium hydride and then methyl iodide to set
the stage for the key hydroboration-conjugate addition sequence
(Scheme 1).


A method for the tandem rhodium catalysed hydroboration-
conjugate addition has been reported by Hayashi et al.14 However,
this method was not transferable to the alkyne substrate 5. A
range of conditions were screened with no product being isolated.
Further attempts at hydroboration with catecholborane (to pre-
pare 10) or BHBr2.SMe2 followed by hydrolysis (to prepare 11)


Scheme 1 Hydrolytic kinetic resolution strategy.


were also unsuccessful (Table 1).. All NMR traces contained a
complex mixture of products with no observed peak in the 11B
decoupled NMR spectra. It is plausible that the methoxy group
could undergo elimination under the reaction conditions to give an
enyne side product previously observed on treatment with strong
bases.15


With a view to developing a mild protocol for preparing
an isolatable chiral alkenylboron species, a route of trapping
an organometallic species with pinacolborane was considered.
Knochel has shown previously that pinacolborane can be used as
an improved hydroboration reagent, which affords air and mois-
ture stable boronic esters with good yields and selectivity.16 One
potential route to the sensitive alkenylpinacol boronic ester entails
the trapping of the appropriate alkenylzirconium species with
pinacolborane. This is an attractive method as the alkenylzirco-
nium intermediate can be formed in-situ by reaction of a terminal


Table 1 Attempts at hydroboration


Entry Borane source Temperature/◦C Time % Conv.a


1b Catecholborane (Neat) 25 48 h 0
2b Catecholborane (Neat) 80 3 h 0
3b Catecholborane (0.5 M in THF) 25 72 h 0
4b Catecholborane (0.5 M in THF) 70 24 h <5%
5b Catecholborane (0.5 M in THF) 100 microwave 20 min <5%
6c BHBr2·SMe2 0 3 h 0


a Conversion by 1H NMR. b Typical reaction conditions: terminal alkyne (0.5 mmol), catecholborane source (2 eq.), temp ◦C. c Reaction conditions:
alkyne (1.0 mmol), BHBr2·SMe2 1 M in CH2Cl2 (1.05 eq.) 0 ◦C, 3 h, followed by diethyl ether/H2O (10/1), 0 ◦C, 30 min.
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alkyne with chloridobis(h5-cyclopentadienyl)hydridozirconium
(Schwartz Reagent) 12.17 Early studies of this type of reaction
were undertaken by Srebnik et al and high yields of product were
noted with a useful range of substrates.18 Wang et al determined
that with bulky silyl protected propargylic ethers an undesirable
Zr–O bond could form leading to problems with catalyst turnover
and resulting in more of the undesired (Z)-isomer.19 This could
be rectified by heating the reaction mixture to 60 ◦C, and
adding an amine base such as DMAP or triethylamine to remove
this interaction giving the (E)-zirconiate species. Trapping this
compound with pinacolborane provides optimum yields and
excellent selectivity for the (E)-pinacolboronate isomer. Following
this protocol, alkyne 5 was treated with 0.1 equivalents of Schwartz
reagent and 0.1 equivalents of anhydrous triethylamine in neat
pinacolborane and heated to 60 ◦C for 16 h. The reaction flask
was covered to reduce exposure to light as the Schwartz reagent is
sensitive to decomposition (Scheme 2). The reaction occurred with
complete conversion to the chiral alkenylpinacol boronic ester 13.
After purification by stirring with hexane to precipitate excess
pinacol and filtering through a short silica column eluting with
hexanes, a 91% yield of 13 with high (E) : (Z)-selectivity was
obtained. Using this route the reaction was reproducible on a
multigram scale.


Scheme 2 Synthesis of chiral alkenylboron derivative.


With the desired alkenylboron species in hand, rhodium-
catalysed conjugate additions could now be investigated. Both
phenylethylamine and tryptamine acrylamide (3 and 4) were
prepared by direct reaction of the appropriate amine with acryloyl


chloride and a suitable base.20 There are a number of reported ex-
amples in which pinacolboronate reagents are used successfully in
rhodium-catalysed conjugate addition processes.21 Using a range
of established conditions the addition of chiral alkenylpinacol
boronic ester 13 to phenylethylacrylamide 3 in the presence of
various rhodium sources gave no conversion to hermitamide A
(Table 2, entries 1–4). The addition of a range of bases such as
Na2CO3, LiOH and NaF and triethylamine in order to form the
more reactive boronate species gave no discernible improvement in
the reaction (Table 2, entries 5–10). A further attempt at activating
the alkenylboron derivative by treatment with methyl lithium
prior to reaction gave a trace of product formation, although the
predominant species by NMR were still the pinacolboronic ester
and acrylamide starting materials (Table 2, entry 11).22


It was clear that a more reactive and stable boronate species
would need to be employed. Removal of the diol protecting
group in boronic esters is difficult with methods generally
involving oxidative cleavage of the diol or harsh hydrolytic
protocols.23 In general all deprotection reactions suffer from
incomplete conversions or problems in separating the desired
boronic acid from a large excess of transesterification partner.24


In contrast there is significant literature precedent for the con-
version of pinacolboronic esters to the corresponding potassium
trifluoro(organo)borate salts and these are commonly air-stable,
crystalline solids.25 Subjecting the chiral alkenylpinacol boronic
ester 5 to potassium hydrogen difluoride resulted in a modest
yield of the chiral alkenyltrifluoroborate salt 14 as shown in
Scheme 3. The precipitated salts were washed successively with
chilled or room temperature acetone, rather than hot solvent as
previously described. Upon chilling in a freezer for three days
multigram quantities of product could be collected as a crystalline
solid and stored until required. NMR studies showed a single
component by multinuclear analysis and no pinacol was observed
after recrystallisation. For completeness we attempted to prepare
the corresponding alkenylboronic acid 11 using the hydrolysis


Table 2 Rhodium catalysed conjugate addition of pinacolboronate


Entrya [Rh] Ligand Base % Conversionb


1 [Rh(acac)(eth)2] cod 10 mol% — 0
2 [Rh(cod)2][BF4] — — 0
3 [Rh(nbd)2][BF4] — — 0
4 [Rh(cod)Cl]2 — — 0
5 [Rh(cod)Cl]2 cod 10 mol% Na2CO3 1 eq. 0
6 [Rh(cod)Cl]2 cod 10 mol% NaOH 1 eq. 0
7 [Rh(cod)Cl]2 cod 10 mol% LiOH 1 eq. 0
8 [Rh(cod)Cl]2 cod 10 mol% NaF 1 eq. 0
9 [Rh(cod)Cl]2 cod 10 mol% TEA 0


10 [Rh(cod)OH]2 cod 10 mol% Na2CO3 1 eq. 0
11c Rh(cod)OH]2 cod 10 mol% MeLi 5%


a Typical reaction conditions: N-phenylethyl acrylamide (0.25 mmol), (S,E)-2-(4-methoxyundec-1-enyl)-pinacolboronic ester (2 eq.), followed by rhodium
catalyst (5 mol%), ligand, dioxane/H2O (10/1), 80 ◦C, 16 h. b Conversion by1H NMR spectroscopy. c MeLi (2 eq.) added to boronic ester at 0 ◦C prior
to reaction.
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Scheme 3 Synthesis of potassium trifluoroborate salt.


protocol reported by Yuen et al.26 Thus, the chiral alkenyltrifluo-
roborate salt 14 was treated with a solution of lithium hydroxide
in acetonitrile. Following the reported procedure afforded an
intractable white gum that darkened on standing. The material
could not be successfully purified and was unsuitable for further
transformations.


It has been reported that potassium trifluoro(organo)borate
salts offer practical advantages in terms of reactivity and
stability for rhodium catalysed conjugate addition reactions.27


Pleasingly, the reaction of phenylethylacrylamide 3 with two
equivalents of chiral alkenyltrifluoroborate salt 14 in the presence
of [Rh(cod)(OH)2] and 10 mol% cyclooctadiene as the ligand
resulted in complete conversion to two new products (Scheme 4).
Upon purification by column chromatography, hermitamide A
(1) was isolated as a colourless oil in 75% yield. The spectral
data and optical rotation of synthetic hermitamide A were in
agreement with those of the natural product.2 The minor product
from the reaction was isolated in 15% yield and identified by 1H
NMR and 2D correlation experiments as the diene 15. This side-
product results from a b-hydride elimination of the a-rhodium
carbonyl intermediate formed at the carbometalation step and is
in competition with the favoured hydrolysis pathway (Scheme 5).28


The b-hydride elimination of the a-rhodium carbonyl interme-
diates arising from the conjugate addition of aryl boronic acids
has been investigated in detail by Zou et al.29 The systematic study
revealed a number of factors that affected the product distribution
including; the supporting ligand on rhodium, the ratio of aryl
boronic acid to a,b-unsaturated carbonyl and the pH value of
the aqueous phase. We examined other catalyst-ligand systems
and reaction conditions in an attempt to eliminate the b-hydride
elimination pathway and improve the yield of conjugate addition
product. Using other neutral catalysts such as [Rh(acac)(C2H4)2]
and [Rh(nbd)Cl]2 gave no improvement in selectivity (Table 3,


Scheme 5 Competition between b-hydride elimination and hydrolysis.


entries 2–4). Other rhodium complexes using achiral bidentate
phosphine ligands such as dppb, and dppf led to a lower conversion
to product, suggesting that diene ligands are superior to phosphine
based systems for this particular reaction (Table 3, entries 5–
7). Using 1.5 equivalents of trifluoroalkenylborate salt 14 with
optimal ligand catalyst permutation [Rh(cod)OH]2 with 10 mol%
cod afforded a 60 : 40 mixture of hermitamide A (1) to b-hydride
elimination product 15. The only effective method of suppressing
formation of 15 was by using at least four equivalents of the
chiral trifluoroalkenylborate salt (Table 3, entry 10). Under these
conditions hermitamide A (1) was isolated in 81% yield after
column chromatography.


With a successful approach to hermitamide A (1) demonstrated,
we turned our attention to the synthesis of hermitamide B
(2). The same chiral trifluoroalkenylborate salt 14 is employed,
the synthesis necessitates only a variation in acceptor to the
tryptamine acrylamide derivative 4. Using the original conditions
for synthesis of hermitamide A; 2 mol% rhodium catalyst, 10 mol%
cod, dioxane : water 10 : 1 gave a low conversion to product with
a number of unidentified side-products that could not be success-
fully removed by column chromatography. Upon changing the
conditions to use a higher catalyst loading, 5 mol% rhodium and
four equivalents of trifluoroalkenylborate salt 14, hermitamide B
(2) was isolated in 36% yield after column chromatography. The
spectral data and optical rotation of synthetic hermitamide B (2)
were identical with those of the natural product (Scheme 6).2


In conclusion, a unique approach to the hermitamide nat-
ural product family has been successfully developed using a
rhodium catalysed conjugate addition of a chiral potassium
trifluoroalkenylborate donor to introduce the side chain and


Scheme 4 Rhodium catalysed conjugate addition of chiral organotrifluoroborate salt.
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Table 3 Reaction optimisation


Entrya [Rh] Ligand Base % Conv 1b ,c


1 [Rh(acac)(eth)2] cod 10 mol% — 12
2 [Rh(cod)2][BF4] — — 62
3 [Rh(nbd)Cl]2 — — 0
4 [Rh(nbd)2][BF4] — — 22
5 [Rh(cod)OH]2 cod 10 mol% — 83 (72%)
6 [Rh(cod)OH]2 dppb 5 mol% — 40
7 Rh(cod)OH]2 dppf 5 mol% — 37
8 Rh(cod)OH]2 cod 10 mol% NaF 1 eq. 53
9 Rh(cod)OH]2 cod 10 mol% LiOH 1 eq. 15


10d Rh(cod)OH]2 cod 10 mol% — 91 (81%)


a Typical reaction conditions: N-phenylethyl acrylamide 3 (0.25 mmol), 14 (2 eq.), followed by rhodium catalyst (2 mol%), ligand, dioxane/H2O (10/1),
80 ◦C, 16 h. b Conversion by1H NMR spectroscopy. c Isolated yields in parentheses. d Using four equivalents of 14.


Scheme 6 Synthesis of hermitamide B by rhodium catalysed conjugate addition.


chiral information in a single step. The application of chiral
organometallic donors in rhodium catalysed conjugate addition
offers opportunities for chemists to consider new synthetic strate-
gies and access unique intermediates. This research is ongoing
in our laboratory and further applications of chiral organoboron
donors in catalytic conjugate addition reactions will be reported
in due course.


Experimental


N-Phenethyl-acrylamide (3)


Phenethylamine (2.42 g, 20 mmol) was charged to a 50 mL round
bottomed flask and dissolved in anhydrous dichloromethane
(25 mL). The resulting solution was cooled to 0 ◦C (ice/water).
To the cooled flask was added anhydrous triethylamine (2.12 g,
21 mmol) followed by dropwise addition of acryloyl chloride
(1.90 g, 21 mmol in 5 mL dichloromethane) with vigorous stirring.
The mixture was stirred for a further 3 h at 4 ◦C. Upon warming to
room temperature reaction was quenched with 1 M HCl solution
(30 mL) and the organic phase extracted, washed with 1 M NaOH
(30 mL) then brine (30 mL), dried (NaSO4) and concentrated to
give orange oils. The crude mixture was eluted through a short pad
of silica gel (6 : 1 Petrol : EtOAc) gave the title product as a light
yellow oil (Yield 3.26 g, 93%); Rf (petrol : ethyl acetate, 3 : 1) 0.15;
nmax (neat)/cm-1; 3279 (N–H), 3028,1657 (C=O), 1625, 985, 958
(C=CH2); dH (300 MHz; CDCl3), 7.22–7.10 (5H, m, Ph); 6.16 (1H,
dd, J 17.0, 1.5 Hz, CHCH2); 6.0 (1H, dd, J 17.0, 10.0 Hz, CHCH2);
5.52 (1H, br s, NH); 5.52 (1H, dd, J 10.2, 1.1 Hz, CHCH2); 3.49


(2H, q, J 7.2 Hz, CH2); 0.87 (3H, t, J 6.8 Hz, CH2). dC (75.5 MHz;
CDCl3); 138.7, 165.5, 130.8, 128.6, 128.5, 126.4, 126.1, 40.6, 35.4.
All data in correspondence with literature values.30


N-[2-(1H-Indol-3-yl)-ethyl]-acrylamide (4)


Tryptamine (2.40 g, 15 mmol) was charged to a 100 mL round
bottomed flask and dissolved in anhydrous dichloromethane
(40 mL). The resulting solution was cooled to 0 ◦C (ice/water). To
the cooled flask anhydrous triethylamine (1.62 g, 16 mmol) was
added followed by dropwise addition of acryloyl chloride (1.44 g,
16 mmol in 5 mL dichloromethane) with vigorous stirring. The
mixture was stirred for a further 3 h at 4 ◦C. Upon warming to
room temperature reaction was quenched with 1 M HCl solution
(50 mL) and the organic phase extracted, washed with 1 M NaOH
(50 mL) then brine (50 mL), dried (NaSO4) and concentrated to
give orange oils. The crude mixture was eluted through a short
pad of silica gel (2 : 1 Petrol : EtOAc) to give the title product as a
yellow oil (Yield 2.06 g, 64%); Rf (petrol : ethyl acetate, 1 : 1) 0.1;
nmax (neat)/cm-1; 3439 3309 (N–H), 3022,1667 (C=O), 1628, 976,
911 (C=CH2); dH (300 MHz; CDCl3), 8.20 (1H, br s, NH indole);
7.61 (1H, d, J 7.9 Hz, CH indole); 7.38 (1H, d, J 7.9 Hz, CH
indole); 7.22 (1H, t, J 7.9 Hz, CH indole); 7.13 (1H, t, J 7.9 Hz,
CH indole); 7.03 (1H, s, CH indole); 6.25 (1H, dd, J 17.0, 1.5 Hz,
CHCH2); 6.0 (1H, dd, J 17.0, 10.0 Hz, CHCH2); 5.68 (1H, br s,
NH); 5.60 (1H, dd, J 10.0, 1.5 Hz, CHCH2); 3.69 (2H, q, J 6.8,
CH2); 3.02 (2H, t, J 6.8 Hz, CH2); dC (75.5 MHz; CDCl3); 165.5,
136.4, 130.9, 127.3, 126.2, 122.2, 122.0, 119.5, 118.6, 112.8, 111.2,
39.7, 25.2; HRMS (ESI-) calcd for C13H14N2O1 [M + H+] m/z
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213.1028 found: m/z 213.1036. All data in correspondence with
literature values.31


2-Heptyloxirane (rac-6)


1-Nonene 7 (25.0 g, 0.20 mol) was charged to a 500 mL 3-
necked round bottomed flask equipped with nitrogen inlet and
pressure equalising dropping funnel, and dissolved in anhydrous
dichloromethane (150 mL). The resulting solution was cooled to
0 ◦C (ice/water). The dropping funnel was charged with a filtered
solution of 75% meta-chloroperoxybenzoic acid (62.0 g, 0.35 mol)
in dichloromethane (200 mL). The solution was added dropwise
over 45 min at 4 ◦C. The mixture was stirred for a further 3 h at
4 ◦C and 1 h at room temperature. The reaction was quenched
with 10% potassium thiosulfate (300 mL) and extracted with
saturated sodium bicarbonate solution (2 ¥ 250 mL) and brine
(250 mL), dried (MgSO4) and concentrated to give crude product.
The epoxide was distilled under high vacuum (55 ◦C, 5 mmHg)
to give the title product as a colourless oil (Yield 25.6 g, 90%); Rf


(petrol : ethyl acetate, 20 : 1) 0.6; nmax (neat)/cm-1; 2958, 2930, 2858
(C–H), 916, 838 (C–O epoxide); dH (300 MHz; CDCl3), 2.90–2.80
(1H, m, CHOCH2); 2.68 (1H, dd, J 4.9, 4.1 Hz, CHOCH2); 2.4
(1H, dd, J 4.9, 3.0 Hz, CHOCH2); 1.60–1.19 (12H, m, CH2); 0.83
(3H, t, J 6.6 Hz, CH3); dC (75.5 MHz; CDCl3); 52.1, 46.8, 32.3,
31.6, 29.2, 29.0, 25.8, 22.4, 13.8. All data in correspondence with
literature values.32


(S)-(-)-Heptyloxirane ((S)-6)


(S,S)-N,N¢-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanedia-
minocobalt(II) 8 (0.30 g, 0.50 mmol) was charged to a 25 mL round
bottomed flask. Dichloromethane (2 mL) and acetic acid (300 mL)
were added and the red solution stirred in air for 30 min. The
resulting brown solution was concentrated in vacuo to give a brown
residue. The active catalyst was dissolved in neat 2-heptyloxirane
(rac-6) (14.2 g, 100 mmol) with anhydrous THF (2 mL) and the
flask cooled to 0 ◦C (ice/water). Water (1.0 mL, 55 mmol, 0.55 eq.)
was added dropwise. The mixture was capped with a greased glass
stopper and stirred for 48 h at 23 ◦C. After this time the reaction
flask was attached to a short path distillation head and the volatiles
distilled under high vacuum (55 ◦C, 5 mmHg). The recovered
epoxide was passed through a short silica pad to removed residual
water and THF to give the title product as a colourless oil (Yield
6.12 g, 43%, 86% theoretical maximum); Rf (petrol : ethyl acetate,
20 : 1) 0.6; [a]20


D = -8.7◦ (c = 1.15, CHCl3); nmax (neat)/cm-1;
2958, 2930, 2858 (C–H), 916, 838 (C–O epoxide); dH (300 MHz;
CDCl3), 2.90–2.80 (1H, m, CHOCH2); 2.68 (1H, dd, J 4.9, 4.1 Hz,
CHOCH2); 2.4 (1H, dd, J 4.9, 3.0 Hz, CHOCH2); 1.60–1.19 (12H,
m, CH2); 0.83 (3H, t, J 6.6 Hz, CH3); dC (75.5 MHz; CDCl3);
52.1, 46.8, 32.3, 31.6, 29.2, 29.0, 25.8, 22.4, 13.8. All data in
correspondence with literature values.32


(S)-1-(Naphthalen-2-ylthio)nonan-2-ol


2-Naphthalene thiol (0.336 g, 2.1 mmol) was charged to a 25 mL
round bottomed flask and dissolved in anhydrous methanol
(10 mL). The resulting solution was cooled to 0 ◦C (ice/water). To
the cooled flask, anhydrous triethylamine (0.253 g, 2.5 mmol) was
added followed by (S)-2-heptyloxirane ((S)-6) (0.280 g, 2.0 mmol)
with vigorous stirring. The mixture was stirred for a further 16 h


at 4 ◦C. Upon warming to room temperature silica was added
(0.50 g) and the mixture was concentrated. Elution by column
chromatography (40 : 1–20 : 1 gradient petrol: diethyl ether) gave
the title product as a white solid (Yield 0.206 g, 34%); Rf (petrol :
ethyl acetate, 40 : 1) 0.10; mp (hexane) 65–67 ◦C; [a]20


D = -27◦


(c = 1.50, CHCl3); nmax (KBr)/cm-1; 3426 (O–H), 2927 (C–H); 2856
(C–S–Ar); dH (300 MHz; CDCl3), 7.86–7.70 (4H, m, naphthalene);
7.54–7.41 (3H, m, naphthalene); 3.78–3.66 (1H, m, CHOH); 3.26
(1H, dd, J 14.0, 3.9 Hz, CHS); 2.94 (1H, dd, J 14.0, 8.7 Hz,
CHS); 2.34 (1H, br s, OH); 1.63–1.39 (3H, m, CH2), 1.39–1.17
(9H, m, CH2); 0.87 (3H, t, J 6.8 Hz, CH3); dC (75.5 MHz; CDCl3);
134.1, 133.15, 132.4, 128.6, 128.1, 127.8, 127.6, 127.1, 126.6, 125.9,
69.4, 42.1, 36.1, 31.7, 29.5, 29.1, 25.6, 22.6, 14.0; HRMS (ESI+)
calcd for C19H26O1S1Na1 [M + Na+] m/z 325.1602 found: m/z
325.1594; Daicel Chiralcel OD-H, hexane/propan-2-ol (99.9 :
0.01), 1 mL min-1, tR = 37.95 (S) and 53.3 (R) (96% e.e.).


(S)-Undec-1-yn-4-ol (9)


Lithium acetylide EDA complex (8.38 g, 91 mmol) was charged
to a 250 mL round bottomed flask and suspended in anhydrous
dimethysulfoxide (45 mL). The resulting reaction mixture was
immersed in a room temperature water bath. To the brown-
black suspension was added (S)-2-heptyloxirane ((S)-6) (4.98 g,
35.0 mmol) in one portion with vigorous stirring. The mixture was
stirred for a further 2 h at 23 ◦C. Upon completion the suspension
was poured into 4 ◦C water (150 mL) and stirred for 30 min to
quench excess acetylide. This was then filtered through a pad of
Celite R© washing with diethyl ether (3 ¥ 100 mL). The combined
washings were then extracted with water (2 ¥ 100 mL), brine (2 ¥
150 mL), dried (NaSO4) and concentrated. Final traces of DMSO
and water were removed through a short silica pad to give the title
product as a golden yellow oil (yield 5.420 g, 92%); Rf (petrol :
ethyl acetate, 9 : 1) 0.2; [a]20


D = -23.0◦ (c = 1.23, CHCl3); nmax


(KBr)/cm-1; 3401 (O–H), 3300 (C–H alkyne); 2120 (C∫C); dH


(300 MHz; CDCl3), 3.69 (1H, quint, J = 5.5, CHOH); 2.33–2.30
(2H, m, CHOCH2); 1.99 (1H, t, J 2.6 Hz, CH2CCH); 1.58–1.64
(12H, m, CH2); 0.81 (3H, t, J 6.6 Hz, CH3); dC (75.5 MHz; CDCl3);
80.9, 70.6, 69.8, 36.1, 31.7, 29.4, 29.1, 27.2, 25.5 (2C), 22.5, 14.0;
HRMS (ESI+) calcd for C11H19O1Na1 [M + Na+] m/z 190.2577
found: m/z 190.2583. All data in correspondence with literature
values.


(S)-4-Methoxy-undec-1-yne (5)


A 60% sodium hydride suspension in mineral oil (1.06 g,
44.1 mmol) was charged to a 250 mL round bottomed flask and
suspended in anhydrous tetrahydrofuran (80 mL). The resulting
mixture was cooled to 0 ◦C (ice/water) and to this was added (S)-
undec-1-yn-4-ol (9) (5.05 g, 30.0 mmol) in one portion, followed
by methyl iodide (5.12 g, 36 mmol). The mixture was allowed
to warm to room temperature over 1 h and then refluxed for a
further 16 h. Upon completion the suspension was concentrated
in vacuo, and then resuspended in diethyl ether (100 mL). The
organic phase was extracted with water (2 ¥ 100 mL), brine (2 ¥
150 mL), dried (MgSO4) and concentrated. Product was isolated
by column chromatography (40 : 1 petrol : diethyl ether) to give
the title compound as a colourless oil (yield 5.360 g, 98%); Rf


(petrol: ethyl acetate, 20 : 1) 0.7; [a]20
D = -33◦ (c = 1.2, CHCl3);
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nmax (neat)/cm-1; 3306 (C–H alkyne); 2857 (C∫C); 2830 (C–O);
dH (300 MHz; CDCl3), 3.37 (3H, s, OCH3); 3.29 (1H, quint, J
5.7 Hz, CHOCH3); 2.20–2.24 (2H, m, CHCH2CCH); 1.97 (1H, t,
J 2.6 Hz, CHCH2CCH); 1.66–1.49 (2H, m, CH2); 1.48–1.19 (10H,
m, CH2); 0.87 (3H, t, J 6.60 Hz, CH3); dC (75.5 MHz; CDCl3);
81.1, 79.2, 69.7, 56.9, 33.5, 31.7, 29.2, 25.1, 23.0, 22.5, 14.0; HRMS
(ESI+) calcd for C12H22NaO [M + Na+] m/z 182.3025 found: m/z
182.3021. All data in correspondence with literature values.


2-((E)-(S)-4-Methoxy-undec-1-enyl)-4,4,5,5-tetramethyl-
[1,3,2]dioxaborolane (13)


(S)-4-Methoxy-undec-1-yne (5) (4.56 g, 25.0 mmol) and 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (3.36 g, 26.3 mmol) were charged
to a 25 mL Schlenk tube under a positive pressure of
dry argon. To the resulting solution was added sequen-
tially bis(cyclopentadienyl)zirconium(IV) chloride hydride (0.65 g,
2.50 mmol) followed by triethylamine (0.25 g, 2.50 mmol) the
mixture was capped then heated at 60 ◦C for 16 h protected from
light. Upon completion hexane (5 mL) was added and mixture
stirred for 10 min. The material was isolated through a short silica
pad (elution: hexanes) to give the title product as a colourless
oil (yield 7.06 g, 91%); Rf (petrol: diethyl ether, 20 : 1) 0.3;
[a]20


D = -8.9◦ (c = 0.95, CHCl3); nmax (neat)/cm-1; 1714 (C–O),
1675 (C=C), 1620 (C=C), 1358 (B–O); dH (300 MHz; CDCl3),
6.57 (1H, dt, J 17.0, 7.0 Hz CH alkene); 5.42 (1H, dt, J 17.0,
1.3 Hz CH alkene); 3.26 (3H, s, OCH3); 3.18 (1H, quint, J 5.6 Hz,
CHOCH3); 2.56–2.19 (2H, m, CHCH2CHCH); 1.33–1.26 (2H,
m, CH2); 1.04–1.25 (22H, m, CH2, CH3); 0.88 (3H, t, J 6.6 Hz,
CH3); dC (75.5 MHz; CDCl3); 151.0, 83.4, 80.5, 56.8, 40.3, 34.0,
32.2, 30.1, 29.7, 25.7, 25.17, 25.15, 24.9, 23.0, 14.5. C–B peak not
observed; dB (96.3 MHz; CDCl3); 31.1; HRMS (ESI+) calcd for
C18H35B1NaO3 [M + Na+] m/z 333.2577 found: m/z 333.2589.


Potassium 2-((E)-(S)-4-methoxy-undec-1-enyl)-trifluoroborate
(14)


2-((E)-(S)-4-Methoxy-undec-1-enyl)-4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolane (5) (1.55 g, 5.0 mmol) in acetonitrile (10 mL), was
charged to a 25 mL round bottom flask under an atmosphere of
nitrogen. The flask was cooled to 0 ◦C (ice/salt) and to the resulting
solution was added sequentially potassium hydrogen difluoride
(1.56 g, 20 mmol) followed by water (4 mL). The mixture was
capped, warmed to room temperature and stirred for 3 h until
a heavy white precipitate formed. Upon completion the reaction
mixture was concentrated in vacuo and thoroughly dried under
high vacuum (0.01 mmHg). The solids were then washed with
copious 4 ◦C acetone (250 mL) and filtered to remove inorganic
salts. The solvent was concentrated to approximately 20 mL and
diethyl ether (100 mL) was added and the flask triturated to
precipitate the product. Storage overnight in a -20 ◦C freezer gave
the product as a white solid (yield 0.62 g, 44%); Mp (Acetone) =
170 ◦C (dec.); [a]20


D = -8.4◦ (c = 0.65, MeOH); nmax (KBr)/cm-1;
1652 (C–O), 1673 (C=C), 1621 (C=C), 1378, 1299, 1103, 970
(B–F); dH (300 MHz; CD3OD), 6.81 (1H, dt, J 18.0, 6.8 Hz, CH
alkene); 6.48 (1H, dt, J 18.0, 3.8 Hz, CH alkene); 4.35 (3H, s,
OCH3); 4.24 (1H, quint, J 5.8 Hz, CHOCH3); 2.01–1.97 (2H,
m, CHCH2CHCH); 2.62–2.40 (2H, m, CH2); 2.40–2.22 (10H, m,
CH2); 1.92 (3H, t, J 6.6 Hz, CH3); dC (75.5 MHz; CD3OD); 133.8,


82.9, 82.8, 56.6, 40.8, 34.5, 33.0, 30.9, 26.4, 23.7, 14.4, C–B peak
not observed; dB (96.3 MHz; CD3OD); -4.2; HRMS (ESI+) calcd
for C14H24B1F3O1 [M + H+] m/z 251.1794 found: m/z 251.1784.


Hermitamide A (1)


A 24 mL screw-capped vial equipped with a rubber septum was
charged with hydroxy(cyclooctadiene)rhodium(I) dimer (0.002 g,
0.004 mmol) and potassium 2-((E)-(S)-4-methoxy-undec-1-enyl)-
trifluoroborate (14) (0.116 g, 0.40 mmol). 1,5-Cyclooctadiene
(0.025 g, 0.040 mmol), dioxane (2 mL) and water (0.2 mL) were
added by sequentially by syringe and the vessel was purged with
argon. The red solution was stirred for 15 min before the addition
of N-phenethyl-acrylamide (3) (0.04 g, 0.20 mmol) in dioxane
(0.5 mL). The reaction was transferred to a preheated hotplate at
80 ◦C for 24 h. Upon completion the crude reaction mixture was
taken up in diethyl ether (5 mL) and filtered through a short plug
of silica (elution; diethyl ether) and the solvent removed in vacuo.
The crude residue was purified by flash column chromatography
on silica gel (petrol : ethyl acetate 4 : 1) to give the title compound
as a light yellow oil (yield 0.052 g, 72%); Rf (petrol : ethyl acetate,
4 : 1) 0.2; [a]20


D = -9.1◦ (c = 1.05, CHCl3); lit = -9.3◦ (CHCl3);
nmax (KBr)/cm-1; 3302 (N–H), 1675 (C=C), 1658 (C=C), 1527 (C=O
amide) 1134, 1093; dH (500 MHz; C6D6), 7.24 (2H, t, J 7.3 Hz, Ph);
7.16 (1H, t, J 7.3 Hz Ph); 7.10 (2H, d, J 7.3 Hz Ph); 5.68 (1H, dt, J
15.0, 7.3 Hz CH alkene); 5.51 (1H, dt, J 15.0, 7.0 Hz CH alkene);
5.37 (1H, br s, NH); 3.42 (2H, dd, J 13.0, 6.6, NHCH2CH2);
3.21 (3H, s, OCH3); 3.19–3.15 (1H, m); 2.94 (2H, dd, J 13.0, 6.8,
Hz, NHCH2CH2); 2.68 (2H, t, J 7.0 Hz, CH2); 2.20–2.11 (2H, m);
1.63–1.53 (2H, m); 1.52–1.33 (12H, m); 1.01 (3H, t, J 7.0 Hz, CH3);
dC (125.8 MHz; CDCl3); 169.7, 139.44, 133.16, 128.9, 128.5, 126.3,
123.1, 79.7, 55.4, 40.7, 35.8, 35.3, 33.3, 32.0, 30.1, 29.6, 28.5, 25.6,
25.4, 23.2, 22.9, 14.1; HRMS (ESI+) calcd for C23H38N1O2 [M +
H+] m/z 360.2903 found: m/z 360.2897. All data in accordance
with literature values.2


(S,2E,4E)-7-methoxy-N-phenethyltetradeca-2,4-dienamide (15)


A 24 mL screw-capped vial equipped with a rubber septum was
charged with hydroxy(cyclooctadiene)rhodium(I) dimer (0.002 g,
0.004 mmol) and potassium 2-((E)-(S)-4-methoxy-undec-1-enyl)-
trifluoroborate (14) (0.116 g, 0.40 mmol). 1,5-cyclooctadiene
(0.025 g, 0.040 mmol), dioxane (2 mL) and water (0.2 mL) were
added by sequentially by syringe and the vessel was purged with
argon. The red solution was stirred for 15 min before the addition
of N-phenethyl-acrylamide (3) (0.04 g, 0.20 mmol) in dioxane
(0.5 mL). The reaction was transferred to a preheated hotplate at
80 ◦C for 24 h. Upon completion the crude reaction mixture was
taken up in diethyl ether (5 mL) and filtered through a short plug
of silica (elution; diethyl ether) and the solvent removed in vacuo.
The crude residue was purified by flash column chromatography
on silica gel (petrol : ethyl acetate 4 : 1) to give the title product
as light yellow semisolid (yield 0.012 g, 16%); Mp (petrol) = 32–
34 ◦C; Rf (petrol : ethyl acetate, 4 : 1) 0.23; [a]20


D = -8.4◦ (c = 0.70,
CHCl3); nmax (KBr)/cm-1; 3307 (N–H), 1660 (C=C), 1652 (C=C),
1525 (C=O amide) 1128, 1096; dH (500 MHz; C6D6), 7.63 (1H, dd,
J 15.0 7.7 Hz, CH alkene); 7.23 (2H, t, J 7.3 Hz, Ph); 7.16 (1H,
t, J 7.3 Hz, Ph); 7.08 (2H, d, J 7.3 Hz Ph); 6.20 (1H, dd, J 15.0
11.0 Hz, CH alkene); 5.96 (1H, dt, J 15.0, 7.6 Hz CH alkene); 5.43
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(1H, d, J 15.0 Hz, CH alkene); 4.83–4.76 (1H, m, NH); 3.48 (2H,
dd, J 13.0, 6.9 Hz, NHCH2CH2); 3.21 (3H, s, OCH3); 3.11 (1H,
quint, J 6.0 Hz, CHOCH3); 2.62 (2H, t, J 7.3, Hz, NHCH2CH2);
2.68 (2H, t, J 7.0 Hz, CH2); 2.20–2.11 (2H, m, CH2); 1.61–1.47
(2H, m, CH2); 1.44–1.32 (8H, m, CH2); 1.01 (3H, t, J 6.8 Hz,
CH3); dC (125.8 MHz; CDCl3); 165.2, 140.7, 139.5, 138.4, 130.5,
128.9, 128.2, 127.6, 122.9, 80.0, 72.2, 70.1, 56.3, 40.8, 37.3, 35.85,
33.9, 32.0, 29.6, 29.5, 25.44, 22.8, 14.1; HRMS (ESI+) calcd for
C23H35N1O2 [M + H+] m/z 358.2746 found: m/z 358.2732.


Hermitamide B (2)


A 24 mL screw-capped vial equipped with a rubber septum was
charged with hydroxy(cyclooctadiene)rhodium(I) dimer (0.003 g,
0.006 mmol) and potassium 2-((E)-(S)-4-methoxy-undec-1-enyl)-
trifluoroborate (14) (0.116 g, 0.40 mmol). 1,5-cyclooctadiene
(0.013 g, 0.012 mmol), dioxane (2 mL) and water (0.2 mL) were
added by sequentially by syringe and the vessel was purged with
argon. The red solution was stirred for 15 min before the addition
of N-[2-(1H-indol-3-yl)-ethyl]-acrylamide (4) (0.04 g, 0.20 mmol)
in dioxane (0.5 mL). The reaction was transferred to a preheated
hotplate at 80 ◦C for 36 h. Upon completion the crude reaction
mixture was taken up in diethyl ether (5 mL) and filtered through
a short plug of silica (elution; diethyl ether) and the solvent
removed in vacuo. The crude residue was purified by flash column
chromatography on silica gel (petrol : ethyl acetate 3 : 1) to give
the title product as a colourless oil (yield 0.029 g, 36%); Rf (petrol:
ethyl acetate, 3 : 1) 0.1; [a]20


D = -5.2◦ (c = 0.55, CHCl3); Lit =
-4.9◦ (c 0.15, CHCl3); nmax (KBr)/cm-1; 3309 (N–H), 3022, 2930
(C=C), 1658 (C=C), 1642 (C=C), 1527 (C=O) 976, 911 (CH=CH);
dH (300 MHz; CDCl3), 8.24 (1H, br s, NH); 7.52 (1H, d, J 7.9 Hz,
indole); 7.37 (1H, d, J 7.9 Hz, indole); 7.20 (1H, td, J 7.9, 1.1 Hz,
CH indole); 7.12 (1H, td, J 7.9, 1.1 Hz, CH indole); 7.02 (1H, br
d, J 7.2 Hz CH indole); 5.78 (1H, br s, NH); 5.60–5.40 (2H, m,
alkene); 3.56 (2H, dd, J 13.0, 7.2 Hz, NHCH2CH2), 3.27 (3H, s,
CHOCH3); 3.13 (1H, quint, J 5.7 Hz, CHOCH3); 2.97 (2H, t, J
6.8 Hz, NHCH2CH2); 1.33–1.38 (3H, m, CH2); 2.23–1.95 (3H,
m, CH2); 1.35–1.20 (12H, m, CH2); 0.88 (3H, t, J 6.6 Hz, CH3);
dC (75.5 MHz; CDCl3); 171.4, 136.1, 130.8, 127.6, 127.1, 122.3,
122.1, 119.7, 118.8, 79.7, 55.4, 40.7, 35.8, 35.3, 33.3, 32.0, 30.1,
29.6, 28.5, 25.6, 25.4, 23.2, 22.9, 14.1; HRMS (ESI-) calcd for
C25H38N2O2 [M - H+] m/z 397.2855 found: m/z 397.2860. All
data in accordance with literature values.2
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A novel series of 4-aminoquinoline-containing 2-imidazolines were synthesized via a one-pot
3-component condensation reaction of amine, aldehyde and isocyanoacetate. The products were
obtained in high yield as well as purity and were evaluated directly against two strains of Plasmodium
falciparum and Trypanosoma brucei. Compound 21 was the most active across all parasites with ED50 =
3.3 nM against a chloroquine (CQ)-sensitive 3D7 strain, ED50 = 33 nM against a CQ-resistant K1
strain and ED50 = 70 nM against T. brucei. Several compounds were able to inhibit formation of
b-haematin in vitro, suggesting haemozoin formation in the malaria parasite as a possible target. On the
other hand, evaluation against a human KB cell line revealed that the compounds were generally
non-cytotoxic to the host cells.


Introduction


Sub-Saharan Africa remains the most affected global region in
terms of the major parasitic diseases afflicting humanity. For
instance, malaria, a parasitic disease transmitted by the female
species of the Anopheles mosquito, afflicts an estimated 300–
500 million people on an annual basis. Approximately 1–2 million
of these cases result in death.1 Plasmodium falciparum is the causal
agent of malaria, and of the four species that are responsible for
transmission of human malaria, P. falciparum is the most virulent,
accounting for 95% of malaria-related deaths. The problem of
endemic malaria has been exacerbated by the emergence of
widespread resistance to the once first line treatment drugs such
as chloroquine, (CQ) 1, Fig. 1 and others.


Fig. 1


This new dimension to the malaria problem created by the
emergence of multiple drug resistance has prompted the need to
discover new chemotherapeutic agents against the parasite. Thus,
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the global significance of malaria cannot be overemphasized.
On the other hand, African trypanosomiasis (sleeping sickness)
affects both humans as human African trypanosomiasis (HAT)
and livestock as nagana in cattle. The causal agent is a parasite
within the Trypanosoma brucei complex2 that is spread to humans
through the bite of a tsetse fly and is believed to infect 300 000–
500 000 people in Africa, mostly in the sub-Saharan regions. If
it remains untreated the disease can be fatal. Unfortunately, the
chemotherapies employed for the treatment of HAT are usually
administered in large doses and are associated with high levels
of toxicity or are expensive (e.g. DL-a-difluoromethylornithine,
DFMO).


Contemporary drug discovery is faced with the challenge of
having to design chemical reactions that are highly efficient.
To this end, reactions that can provide maximum structural
complexity and diversity with minimal synthetic steps to assemble
molecules with therapeutic properties would be attractive.3 One of
the most versatile tools that has emerged as a means to rapidly
identify, generate and optimize lead compounds in the drug
discovery process is combinatorial chemistry.4,5 A survey of the
literature reveals that most drugs on the market are small organic
compounds that contain heterocyclic rings.6,7 However, easy access
and availability of suitably functionalized heterocyclic building
blocks for the synthesis of diverse libraries is rather limited.
Consequently the development of new, efficient and clean synthetic
reactions remains a vital challenge to organic and medicinal
chemists.8


The multicomponent reaction (MCR)9,10 strategy has sparked
widespread interest in the recent past as a means to discover-
ing biologically interesting entities.11 Multicomponent reactions
(MCRs) involve at least three starting materials in a one-
pot reaction and by far remain the most efficient method of
rapidly introducing molecular diversity. As such they have found
widespread use in organic and diversity-oriented synthesis by
their ability to access highly functionalized molecules in simple
and straightforward one-step transformations.12 Of the many


4446 | Org. Biomol. Chem., 2008, 6, 4446–4451 This journal is © The Royal Society of Chemistry 2008







MCRs known to date, the most valuable ones are those based on
isocyanides, also known as isocyanide-based MCRs (IMCRs).11


One such very early reaction is the Ugi 4-component condensation
(4CC) reaction10 that combines an amine, aldehyde (or ketone),
carboxylic acid and isocyanide in a single-stage reaction to afford
a-acylamino amides. Various expressions of the Ugi MCR have
been documented,11 with those delivering heterocyclic scaffolds
such as 2-imidazolines being particularly attractive.


Our interest in the 2-imidazoline scaffold stemmed from the
array of biological properties exhibited by compounds containing
this sub-structure. Indeed, imidazoline derivatives exhibit a wide
variety of biological activities including potent antidiabetic13 and
antihypertensive14 properties. Despite the great potential of 2-
imidazolines in chemotherapy, however to our knowledge, they
have not been previously investigated as antimalarial compounds,
or indeed as antiparasitic agents in general. We were thus
interested in exploring the potential of the 2-imidazoline scaffold
as an antiplasmodial as well as an antitrypanosomal entity.
In our15 continued efforts to discover new antiplasmodial and
antitrypanosomal agents by way of established MCRs and known
antiprotozoal pharmacophores, we elected to generate novel 4-
aminoquinoline-containing 2-imidazolines via MCR chemistry.
To this end we set out to explore the potential of hybridizing the
2-imidazoline sub-structure and the 4,7-diaminoquinoline sub-
structure (a well known antimalarial pharmacophore) via the
recently disclosed 3-component condensation of amine, aldehyde
and isocyanoacetate.16


Chemistry


The design of the target 4-aminoquinoline-containing 2-
imidazolines was such that the 4-aminoquinoline substructure
was incorporated in the amine input of the MCR while using
commercially available aldehydes. Thus, the synthesis of the req-
uisite 4-aminoquinoline amines followed the approach reported
previously (Scheme 1)17 in which commercially available 4,7-
dichloroquinoline 2 was treated with a 5-fold excess of terminal
alkyldiamines 3–5 in the absence of solvent, initially at 80 ◦C for
1 h followed by temperature elevation to 135 ◦C for a further 3 h.
In all three cases, the yields were excellent.


Scheme 1 Reagents and conditions i) 3–5, 80 ◦C, 1 h then 135 ◦C, 3 h.


Next, commercially available racemic phenylglycine 9 was
esterified via the acid chloride using SOCl2/MeOH at ambient
temperature (Scheme 2).18


The free base was then formylated by the method described
by Orru et al.,16 whereby a suspension of the amino ester 10 was
refluxed in DCM in the presence of the preformed mixed anhydride
of Ac2O and HCOOH. The resultant formamide 11 was isolated
by repeated dilution of the mixture with water and continued
evaporation without the need to perform any extractive processes.
Using this method of isolation, 11 was obtained in quantitative
yield and with high purity. Finally, dehydration of the formamide
11 to the isocyanide 12 was achieved by treatment of the former
with POCl3 in anhydrous DCM in the presence of 5 equivalents
of Et3N. The low product yield (20%) of 12 was attributed to
the decomposition of the product during column chromatography
of the crude material on the (SiO2) gel column. Unfortunately,
neither use of Et3N-deactivated SiO2 gel nor basic alumina could
improve the yield of 12. Having synthesized 12, we attempted the
multicomponent reaction to generate a modest exploratory library
of the 4-aminoquinoline-containing 2-imidazolines. Deliberately,
we restricted ourselves to the use of amines 3–5 and randomly
chose five aldehydes (13a–e, Scheme 3) and carried out the
multicomponent reactions as described, Scheme 3. The multicom-
ponent reaction to 2-imidazolines was previously optimized as
reported by Orru et al.16 and accordingly, MeOH was found to be
one of the better solvents for the reaction. Thus, our synthesis of
the 2-imidazolines was conducted in MeOH. Orru and co-workers
conducted their synthesis at room temperature in the presence of
a drying agent (Na2SO4) to remove the water produced during the
condensation of amine and aldehyde. Perhaps the low temperature
at which the reactions were performed was responsible for the
prolonged reaction times that were seen with these reactions (up
to 18 h). In our laboratories we found that performing the reactions
at elevated temperatures greatly accelerated the forward reactions
towards formation of the 2-imidazoline heterocycle.


Scheme 3 Reagents and conditions i) MeOH, 45 ◦C, 2 h.


Typically, all reactions were allowed to proceed for 20 min
prior to addition of isocyanoacetate 12 and were deemed complete
within a space of 2 h (TLC) after addition of 12. A temperature of
45 ◦C was established to be optimal, although higher temperatures
were tolerated. The preclusion of a drying agent from the reaction
mixtures was found to have no effect on the isolated yields of
the products. The average diastereoselectivity reported by Orru
et al. was 1 : 3 syn vs. anti diastereomer, whereas in our cases
the diastereoselectivites were comparable and in some cases as
high as 1 : 5. Thus on this basis our chosen high temperature of


Scheme 2 Reagents and conditions i) (a) SOCl2, MeOH, rt, 2 h, (b) K2CO3, MeOH, 15 min, rt, 100%; ii) HCOOH, Ac2O, DCM, reflux, 2 h, 100%;
iii) POCl3, DCM, -25 ◦C, 3 h, 20%.
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Table 1 Isolated yields and structures of 14–28


General structure of 4-aminoquinoline-containing 2-imidazolines 14–28


Compound n R % Yield dr


14 1 H 84 —
15 1 CH3 82 1 : 3
16 1 Fc 76 1 : 3
17 1 iBu 86 1 : 3
18 1 2¢¢-Furfuryl 95 1 : 4
19 2 H 78 —
20 2 CH3 55 1 : 4
21 2 Fc 77 1 : 4
22 2 iBu 56 1 : 5
23 2 2¢¢-Furfuryl 96 1 : 5
24 3 H 67 —
25 3 CH3 43 1 : 3
26 3 Fc 74 1 : 3
27 3 iBu 52 1 : 3
28 3 2¢¢-Furfuryl 99 1 : 4


45 ◦C did not appear to compromise the diastereoselectivity of
the reaction. Table 1 shows the isolated yields and diastereomeric
ratios of compounds 14–28.


Biological evaluation


In vitro antiplasmodial activity 14–28. The in vitro antiplas-
modial activity of compounds 14–28 were determined on two


different strains of the malaria parasite, namely CQ-sensitive
3D7 and CQ-resistant K1, while the determination of compound
cytotoxicity was done on a human KB cell line. The results of these
screens are tabulated in Table 2.


From the results shown in Table 2, it is apparent that most
compounds indeed show great promise as antiplasmodial agents
as most have activities comparable to chloroquine or even better.
In two separate independent experiments, the chloroquine ED50


was determined to be 0.02 mM and 1.03 mM, whereas in a third
experiment (compounds marked ‘b’), the ED50 of chloroquine was
0.16 mM. When the compounds were tested against 3D7, it was
found that 7 out of 15 compounds possessed greater potencies in
comparison to chloroquine (ED50 chloroquine = 0.02 mM). With
an ED50 of 0.34 mM, 14 was the least active, exhibiting 17 times
less efficacy than chloroquine and was the only compound whose
activity did not approach that of the standard drug. As can also
be seen from the table, the next least active compound, 19 (ED50 =
0.095 mM) was 5 times less active than chloroquine. On the other
hand, the most potent compound in this assay, 26 (ED50 = 0.00048
mM), showed a 42-fold improvement in activity over chloroquine
in the (CQS) 3D7 strain. In terms of SAR, compounds with the
shortest ethylene spacer 14, 15, 16, 17, and 18 were generally
less efficacious than those with the longer carbon spacers (in the
chloroquine-sensitive strain); in fact the former were all less active
than chloroquine (including 19 and 28). Furthermore, compounds
possessing a substituent at the 5¢-position were generally more
active than unsubstituted compounds except for 28; notably,
compounds with the ferrocenyl (16, 21 and 26) and isobutyl groups
(17, 22 and 27) were the most active among their respective groups.
Another general trend that was seen was that compounds with


Table 2 In vitro antiplasmodial activities of compounds 14–28a


Therapeutic index


Compound 3D7 ED50 (mM) K1 ED50 (mM) Cytotoxicity (mM) a b


Chloroquine 0.02 1.03 nd — —
14 0.34 0.49b 587.8 1722 1200
15 0.047 0.54 99.0 2106 183
16 0.051 0.29 41.2 808 142
17 0.043 0.15 81.2 1889 541
18 0.084 0.38b 111.4 1326 293
19 0.095 0.97b 112.3 1182 116
20 0.023 0.69b 52.5 2283 76
21 0.0033 0.033 8.4 2550 255
22 0.0063 0.084 46.8 7435 557
23 0.0041 0.38b 17.6 4297 46
24 0.0023 0.46b 111.0 48246 241
25 0.022 nd 14.0 636 —
26 0.00048 0.016 2.6 5375 163
27 0.0020 0.020 6.1 3047 305
28 0.04 0.44 24.9 622 57


a All compounds were screened as diastereomers. b Chloroquine (diphosphate salt of) ED50 was determined as 0.16 mM; nd = not determined; therapeutic
index a = cytotoxicity/3D7 ED50; therapeutic index b = cytotoxicity/K1 ED50.
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the longer 4-carbon spacer 24, 25, 26 and 27 were the more
active within their respective groups. As can be seen from the
table, all compounds show favourable therapeutic indices, with
the most active compound 26 being 5375 times more cytotoxic
to the parasite (3D7) than the mammalian KB cells used in the
cytotoxicity assays. Even more notable was compound 24 whose
cytotoxicity towards the parasite over the mammalian cells was
over 48 000.


Against the chloroquine-resistant K1 strain, the results show
that most compounds had activities comparable to those of
chloroquine except 14, 16, 18, 19, 20 and 28. Ferrocenic compound
26 (ED50 = 0.016 mM) and isobutyl compound 27 (ED50 =
0.02 mM) were again the most potent in the resistant strain within
the modest library.


A similar trend in activity in K1 as seen in 3D7 with regard
to the size of the carbon spacer between the side chain nitrogens
was only observed for compounds 16 vs. 21 vs. 26 and 17 vs.
22 vs. 27. Among these compounds, 26 and 27 showed the
best activities. These two compounds were >100 and >80 times
more active in the chloroquine-resistant strain than the standard
drug chloroquine respectively. Despite their lower antiplasmodial
activities, compounds 15, 16 and 17 all exhibited several hundred-
fold greater efficacy than chloroquine (IC50 = 1.03 mM). The
therapeutic indices reveal that the compounds were generally
nontoxic to the mammalian KB cell line used in the assay. The
low toxicities associated with the compounds are manifest in the
high therapeutic indices obtained, from which it can be seen that
the majority of compounds are over 100 times more cytotoxic to
the parasite than the human cell line. Considering the more active
ferrocenyl and isobutyl-substituted compounds, it is noted that
the former (16, 21 and 26) are generally more cytotoxic than the
latter (17, 22 and 27).


In vitro inhibition of b-haematin formation


The inhibition of b-haematin formation was determined using
the recently disclosed method called the pyridine hemichrome
inhibition of b-haematin (Phib) assay.19 This high throughput
method was chosen over other assays given its low cost, accuracy
and short assay time. Using the method, compounds are screened
for inhibitory activity below a cut-off point of 5 equivalents
prior to determination of IC50 values. Compounds with values
higher than this cut-off point are not examined further for IC50


determination.
Results for the screen are given in Table 3 and, for comparative


purposes, the Phib IC50 of CQ (the standard) is also given in
the table. It was determined that six of these compounds (22–28,
except 26) were stronger inhibitors of b-haematin formation in
vitro than CQ (IC50 = 1.91 ± 0.3). Among the compounds, 27 was
the strongest inhibitor with an IC50 of 1.26 equivalents. It was also
established that compounds bearing the ferrocenyl subunit (16, 21
and 26) did not inhibit the formation of b-haematin at or below
the desirable cut-off point, suggesting that the compounds are
inhibiting plasmodial growth by other means other than inhibition
of haemozoin formation. Considering the more active inhibitors,
the data suggest that generally there is a correlation between the
antiplasmodial activity and inhibition of b-haematin formation.
This is most clearly evident with compounds 22 and 27 against
both strains. Whilst the same generalization does not hold for


Table 3 In vitro inhibition of b-haematin formation by 14–28


Compound Phib equiv IC50


CQ 1.91 ± 0.3
14 5.60 ± 0.1
15 4.50 ± 0.2
16 2.68 ± 0.08
17 3.45 ± 0.3
18 > 5
19 4.98 ± 0.07
20 2.42 ± 0.2
21 > 5
22 1.53 ± 0.2
23 1.41 ± 0.08
24 3.09 ± 0.4
25 1.32 ± 0.2
26 > 5
27 1.26 ± 0.2
28 1.35 ± 0.1


compounds 23 and 24 against the CQ-resistant K1 strain where the
compounds are weaker inhibitors than CQ, it does hold true in the
CQ-sensitive 3D7 strain. However, it must be noted that biological
activity is likely to depend on both b-haematin inhibition and the
degree of accumulation in the food vacuole as a result of pH
trapping. The pH trapping effect is determined by the pKa of the
compounds, which are unknown. Thus a quantitative correlation
is not expected. Overall the strong b-haematin inhibition activity
of these compounds indicates that this is their mode of action.


In vitro antitrypanosomal activity


Determination of the ED50s identified the ferrocenyl compound
21 as the most potent (ED50 = 0.070 mM, Table 4), which besides
this encouraging activity remains far inferior to the efficacy of
the control drug pentamidine. Encouragingly though, 21 exhibits
good selectivity of parasite cytotoxicity over the mammalian KB
cell line used in this assay as is revealed by its high therapeutic index
of 120. Since T. brucei exists in the bloodstream as extracellular
trypomastigotes, the problems that are usually associated with
drug penetration of the macrophage are absent and the compound
is more likely to reach its site of action. In this regard 21 is a
potential valid lead compound.


Discussion


The improved activities of the novel 4-aminoquinoline-2-
imidazolines may be speculated to be a result of several factors.
It is known that the 4-amino-7-chloroquinoline subunit is an
antimalarial pharmacophore that inhibits haem dimerization and
crystallization (biomineralization) into nontoxic haemozoin.20


Therefore, the primary antiplasmodial activities associated with
these compounds may be arising from inhibition of haem biomin-
eralization causing a build up of toxic haem, which may result
in parasite death. It is also possible that the increase in basicity
caused by the two nitrogens of the imidazoline ring may be
improving the accumulation of the compounds in the acidic food
vacuole of the parasite via pH trapping.21 The presence of the
heterocycle in the lateral chain may also be resulting in secondary
interactions with other targets apart from haem, resulting in
the observed antiplasmodial activities. Considering the ferrocenyl
compounds 16, 21 and 26, whose antiplasmodial activities seem to
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Table 4 In vitro activity against T. brucei


Compound ED50 (mg ml-1) ED50 (mM) Cytotoxicity ED50 (mg ml-1) Cytotoxicity ED50 (mM) Therapeutic index


Pentamidine > 0.0001 > 0.0003 — — —
Podophyllotoxin 0.002 — 0.00024 — —
14 13.94 34.2 239.9 587.8 17
15 1.83 4.3 41.8 99.0 23
16 1.19 2.0 24.4 41.2 21
17 1.12 2.7 37.7 81.2 30
18 2.25 4.7 52.8 111.4 24
19 4.88 11.6 47.7 112.3 10
20 1.40 3.2 22.9 52.5 16
21 0.43 0.07 5.1 8.4 120
22 0.61 1.3 22.4 46.8 36
23 1.81 3.7 8.6 17.6 5
24 3.93 9.0 48.4 111.0 12
25 1.06 2.4 6.3 14.0 6
26 0.43 0.7 1.6 2.6 4
27 0.38 0.8 3.0 6.1 8
28 2.48 4.9 12.5 24.9 5


be superior to those of their counterparts, but did not necessarily
show the strongest inhibition of b-haematin formation, this result
may be explained on the basis of the influence of the ferrocenyl
moiety on the pharmacodynamic behaviour of these compounds.
Previous studies have shown that the ferrocenyl moiety alters
the shape, volume, lipophilicity, basicity and electronic profile of
the parent molecule, and by implication its pharmacodynamic
behaviour.22,23 Ferroquine, the ferrocenyl analogue of chloroquine,
which has been partially studied suggests haemozoin formation to
be the target.24 The aforementioned studies also pointed to the
importance of physico-chemical properties of ferroquine as being
important in the significant antiplasmodial activity displayed by
ferroquine. It may also be possible that the increased lipophilici-
ties of ferrocenic 4-aminoquinoline 2-imidazolines compared to
chloroquine and the other 4-aminoquinoline 2-imidazolines is
favouring their transport across the parasitic cell membrane,
causing much increased concentrations within the parasite. The
lipophilicity may also be important in circumventing chloroquine
resistance for a number of the described 2-imidazolines found
to be more potent than chloroquine against resistant strains. It
is known that the chloroquine resistance mechanism is much
less effective for certain classes of aminoquinolines as already
mentioned. Within the context of lipophilicity, the chloroquine
resistance mechanism does not seem to recognize lipophilic
compounds.25,26 For example, quinolines such as mefloquine are
more lipophilic than 4-aminoquinolines such as chloroquine. It
may be suggested that mutations in the pfcrt gene, the gene
implicated in chloroquine resistance, may not favour or recognize
more lipophilic chloroquine-based 4-aminoquinolines such as the
4-aminoquiniline 2-imidazolines described herein.


Conclusion


The multicomponent reaction strategy has been exploited to
synthesize novel 4-aminoquinoline-containing 2-imidazolines in
which diversity is introduced in a single step. The compounds
have shown great promise both as antiplasmodial and antitry-
panosomal agents and form the basis of extensive SAR studies in
search of new drugs based on the already known 4-aminoquinoline
pharmacophore. Within the context of malaria, the mechanism-


of-action studies suggest haemozoin formation to be the target.
Finally, while we acknowledge the inherently high lipophilicities
of the compounds described herein, it must be stressed that the
outlined 3CC strategy can be employed to discover compounds
with improved physicochemical properties. Work to generate other
longer chain-linkers between the aminoquinoline ring and the
imidazoline subunits, as well as new functional groups on the latter
is currently under way in our laboratories and will be reported in
due course elsewhere.
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A comparative study between bay-region and nonbay-region diol epoxide (DE) derivatives of seventeen
carcinogenic polycyclic aromatic hydrocarbons (PAHs) was carried out using the B3LYP/6–31G(d,p)
level of density functional theory to understand the factors responsible for the increased carcinogenic
activity of bay-region derivatives. Molecular electrostatic potential analysis as well as proton affinity
calculations showed that the epoxide sites of bay-region derivatives are much more reactive than the
corresponding nonbay-region analogs. The charge delocalization mode in the carbocation
intermediates resulting from the protonation reactions was followed through LUMO analysis. The
relative aromaticity in the different rings in the arenium ions was gauged by NICS(1)zz computations.
Both these calculations revealed that the protonated DEs (DEH+) are stabilized by higher aromaticity
in the bay-region derivatives than the nonbay-region derivatives. Hence, a bay-region DEH+ can be
retained in the reacting medium for a longer time than compared with the DEH+ formed from a
nonbay-region DEs. Thus the high carcinogenic activity of bay-region DEs is attributed to the high
reactivity of the epoxide system for protonation and the high thermodynamic stability of the resulting
cation. Multiple regression analysis also confirms the above results wherein proton affinity and
aromaticity significantly explain the variations in the carcinogenic activity of the molecules under
study.


Introduction


Polycyclic aromatic hydrocarbons (PAHs) belong to a class of
environmental pollutants having different biological effects.1 Some
of the members are found to be potent animal carcinogens while
others are found to be inactive upon testing. The carcinogenic
PAHs owe most of their biological activity to their ability to be
metabolized to highly reactive benzo-ring diol-epoxides where the
oxirane ring is part of the bay-region of the hydrocarbon.2 A
bay-region occurs in a PAH when an angularly fused benzo-ring is
present as in phenanthrene. Typical examples of two different bay-
region diol epoxides (bDEs) are given along with nonbay-region
diol epoxides (nbDEs) in Fig. 1. The bDE notation suggests that
one of the bay region carbon atoms is part of the epoxide ring and
in the case of nbDEs, the ‘nb’ only indicates that the epoxide ring
is not part of the bay region.


The bay-region DE of benzo[a]pyrene (BaP), which is an exten-
sively studied PAH, has two diastereomeric forms. One has the dis-
tal hydroxyl group and the epoxide oxygen in the anti position and
the other has them in syn positions. Depending on the orientation
of the hydroxyl groups relative to one another, each diastereomeric
bDE can be resolved into two pairs of optical enantiomers.
These four structures are given in Fig. 2. Among these structures,
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Fig. 1 Bay- and nonbay-region dihydrodiol epoxide derivatives of PAHs.


Fig. 2 Four diastereomers of the diol epoxide derivative of benzo[a]-
pyrene.


experimental evidence3,4 as well as theoretical calculations5 show
that the syn conformation with two hydroxyl groups lying nearly
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Scheme 1 Formation of electrophilic species in the metabolic activation
of benzo[a]anthracene.


perpendicular to the plane (syn-quasi-diaxial) and the anti con-
formation with two hydroxyl groups lying nearly in the plane of
the remainder of the molecule (anti-quasi-diequatorial) have lower
energy (Fig. 2a and b). Studies have shown that the most mutagenic
and carcinogenic of these is (7R,8S)-dihydroxy-(9S,10R)-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (Fig. 2b) and this isomer is also
the one formed in highest amounts in vivo.6,7


Once the PAH DE is formed by metabolic processes, hydrolysis
of the epoxide ring can occur through attack of a water molecule
on the epoxide ring or through a DNA-mediated, acid catalyzed
reaction in which initial attack by a proton on the epoxide oxygen
opens the epoxide ring, forming a carbocation (cf. Scheme 1).8,9


The electron deficient species thus formed would react with the
nucleophilic sites in DNA (mostly the exocyclic amine groups of
adenine and guanine) resulting in the formation of stable DNA
adducts often leading to mutation and cancer.10,11


Many theoretical studies related to the electronic, structural
and mechanistic features associated with the carcinogenic activity
of PAH dihydrodiol epoxides have been carried out by several
researchers.12–21 Most of the earlier works gave support to the
experimental observations of bay-region theory, considering in-
dividual PAHs mainly using semi empirical or ab initio methods
with small basis sets while the later works stresses the substitution
effects. Our recent work on the carcinogenicity of PAHs supported
the bay-region reactivity by identifying the bay-region as the most
electron dense centre in the molecule.22 In the present study, we will
mainly focus on the molecular electrostatic potential (MESP) and
aromaticity features of the bDEs, nbDEs, and their corresponding
protonated forms in the selected carcinogenic PAH molecules.
Further, the proton affinities of the set of 17 carcinogenic
molecules (cf. Fig. 3) having bay-regions are compared with their
nonbay analogues employing DFT methods. Interrelationship was
sought between the experimental carcinogenic potency reported
in the literature and the calculated proton affinity and electronic
properties.


Computational methods


The geometries of all the structures were fully optimized with
the Gaussian-0323 suite of programs using the hybrid B3LYP24–26


method with a 6–31G(d,p) basis set and all the structures were
confirmed as minima by vibrational frequency calculations. The
theoretical predictions for proton affinities were performed at the
same level of theory. Since proton affinity is defined as the standard
enthalpy per mole of the protonation reaction at 298 K, it is


Fig. 3 Parent PAH molecules possessing bay-regions (in red color)
selected for this study. The numbers in the round brackets are the serial
numbers used in all the tables to represent the molecules.


calculated here as the negative value of change in the enthalpy
of protonation of PAH DEs. The set of molecules given in Fig. 3
was selected based on the availability of carcinogenic indices.
The nucleus independent chemical shift (NICS) values, which
were proposed as a reliable criterion of aromaticity,27,28 were also
calculated using the gauge-independent atomic orbital (GIAO)29


method at the B3LYP/6–31G(d,p) level of theory. The NICS
values were calculated at 1Å above the centre of the six membered
rings and the notation NICS(1)28 is used to designate them. Recent
research in NICS based criteria of aromaticity suggest that the
magnitude of the tensor of the NICS(1) perpendicular to the plane
of the ring system (designated as NICS(1)zz)30,31 is a better measure
of the aromaticity of polycyclic species than NICS(1). Therefore,
we used NICS(1)zz values in the present work to quantify the
aromaticity of six membered rings.


For all the molecules, the DFT level wave function is used
to calculate the scalar field of molecular electrostatic potential
(MESP).32–36 The MESP, V (r), at a point r due to a molecular
system with nuclear charges ZA located at RA and the electron
density r(r) is defined as
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where N is the total number of nuclei in the molecule. This quantity
is defined as the energy required for bringing a test positive charge
from infinity to a point r at the unperturbed ground state of the
molecule and the topological features of MESP are widely used as
descriptors of molecular reactivity.37–41


Results and discussions


To understand the relative stability of the four different config-
urations of diol epoxide derivatives (cf. Fig. 2) in terms of their
total energy, we have modeled the bay-region diol epoxide system
of phenanthrene, the simplest PAH system having a bay-region.
The optimized structures are depicted in Fig. 4 along with their
relative energy values. The stability of the different diastereomers
is found to be decreasing in the order syn-quasi-diaxial > anti-
quasi-diequatorial > anti-quasi-diaxial > syn-quasi-diequatorial.
The difference in energy between the lowest energy syn-quasi-
diaxial and anti-quasi-diequatorial forms is only 0.25 kcal/mol.
The presence of an OH ◊ ◊ ◊ Oepoxy hydrogen bond (cf. Fig. 4)
provides anchimeric assistance to the syn-quasi diaxial isomer
(structure a) to enable it to react with water and other nucleophiles
more rapidly than the anti-isomers, thereby reducing the presence
of ring opened cationic species which are essential for forming
strong covalent bonds with the DNA bases.42 Hence, the second
stable structure with the anti-quasi-diequatorial conformation
with (R,S)-diol (S,R)-epoxide absolute configuration (structure
b) is used to construct the diol epoxide derivatives of all the PAHs
used in the study and is also reported to be the most mutagenic
isomer.6,7


Fig. 4 Stereo isomers of bay-region diol epoxide derivatives of phenan-
threne. The relative energy (E) of each conformer with respect to conformer
(a) is shown.


Molecular electrostatic potential analysis


It may be noted that the lone pair and p bond region in a molecule
is characterized by negative valued MESP while the region closer
to the nuclei is characterized by positive valued MESP.36 Therefore,
the spatial distribution and the electrostatic potential values can
be used to determine the probable site of attack of an electrophile
or nucleophile as the primary chemical reaction event.39 In the
case of DE systems, the reactivity of bay-region DEs over nonbay
DEs is conveniently assessed by the calculation of the most
negative-valued MESP (designated as Vmin) in the epoxide lone pair


Table 1 Vmin values of bay- and nonbay-region epoxy oxygens for selected
PAHs


Vmin values (kcal/mol)


PAH-DE Systems of Bay Nonbay


Dibenzo[a,i]pyrene (1) -37.46 -37.21
Dibenzo[a,h]pyrene (2) -37.53 -36.90
Benzo[a]naphtho[8,1,2-cde]naphthacene (3) -37.15 -37.15
Benzo[a]naphtho[2,1,8-hij]naphthacene (4) -37.34 -37.34
Tribenzo[a,e,i]pyrene (5) -37.65 -36.90
Dibenzo[a,l]pyrene (6) -36.27 -35.77
Tribenzo[a,c,j]naphthacene (7) -37.59 -37.46
Benzo[a]pyrene (8) -37.84 -37.27
Dibenzo[a,c]naphthacene (9) -37.59 -37.21
Dibenzo[a,e]pyrene (10) -37.78 -37.09
Benzo[a]anthracene (11) -37.96 -37.40
Dibenzo[a,h]anthracene (12) -37.71 -37.21
Dibenzo[a,j]anthracene (13) -37.27 -37.53
Dibenzo[a,c]anthracene (14) -37.59 -36.90
Benzo[g]chrysene (15) -37.59 -36.14
Benzo[c]chrysene (16) -37.90 -37.59
Chrysene (17) -37.46 -37.46


region. This approach is justifiable because the epoxide oxygen is
vulnerable to attack by protons and the Vmin measures the potential
energy of a test positive charge at the lone pair site.


The Vmin value at the epoxy oxygen is given in Table 1 for
both bay- and nonbay-region DEs. A comparison of the Vmin


values clearly suggests that the Vmin is larger in magnitude for
all the bay-region epoxy oxygens except for the diol epoxide
of dibenzo[a,j]anthracene. Interestingly, the difference in Vmin


values between bay- and nonbay-region epoxy oxygens (DVmin)
is more pronounced in the highly potent carcinogens (cf.
Table 2). At the same time, weak carcinogens like chrysene,
benzo-[a]naphtho[8,1,2-cde]naphthacene, and benzo[a]naphtho-
[2,1,8-hij]naphthacene showed the same value of Vmin for both bay-
and nonbay-derivatives. A comparison of the MESP features of the
bay and nonbay system of benzo[a]pyrene is illustrated in Fig. 5.
Thus the Vmin analysis suggests that bay-region epoxy oxygens are
more reactive than their nonbay analogues towards electrophiles.
The increased reactivity of the bay- region diol epoxides had also


Table 2 The proton affinity (PA) of bay- and nonbay-region diol epoxide
derivatives of PAH. See Table 1 for names of the compounds and Fig. 3
for the parent PAH systems


DE systems of PA of bay DE PA of nonbay DE DPA CA


1 241.7 227.8 13.9 ++++
2 240.1 227.1 13.0 ++++
3 238.0 235.7 2.3 +
4 241.1 236.2 4.9 +
5 241.5 229.1 12.4 ++
6 241.1 229.0 12.1 +++
7 238.9 238.7 0.2 +
8 238.7 224.4 12.3 ++++
9 236.9 230.3 6.6 ++
10 237.6 226.7 10.9 +++
11 232.6 225.9 6.7 +
12 233.9 232.3 1.6 ++
13 232.9 233.7 -0.8 ++
14 233.2 227.2 6.0 +
15 234.4 231.6 2.8 +
16 230.5 230.6 -0.1 +
17 227.3 225.9 1.4 +
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Fig. 5 Vmin values of the epoxy oxygens in benzo[a]pyrene DEs at an
isosurface value of -25.1 kcal/mol. The depicted values are for the Vmin


points.


been attributed as the basis for the increased mutagenicity of PAHs
in the earlier studies.16,19,21


Proton affinity calculations


The proton affinity (PA) of a diol epoxide is defined as the
negative of the change in enthalpy (DH) at 298K in the gas phase
reaction between a proton and the diol epoxide concerned, to give
the conjugate acid tetrahydrotriol carbocation (cf. Scheme 1). It
was found that the DH values become increasingly exothermic
as the number of rings increases (see the ESI† for details). In
order to calculate the PA, the enthalpy values of both bay and
nonbay diol epoxide derivatives as well as their protonated forms
at the Oepoxy site were determined at the B3LYP/6–31G(d, p)
level for all the selected carcinogenic PAHs. The PA values are
presented in Table 2. As we can see, in general all the bDE
systems showed significantly higher PA values than their nbDE
systems, especially for highly carcinogenic molecules. For instance,
the PA of bDE of benzo[a]pyrene is 238.7 kcal/mol while it is
224.4 kcal/mol for nbDE. On the other hand, for the weakly
carcinogenic molecules like chrysene, the PA values are 227.3 kcal/
mol and 225.9 kcal/mol, for bDE and nbDE respectively. How-
ever, systems 13 and 16 are exceptions as their PA values are slightly
higher for the nbDE.


In Table 2, the difference between the proton affinity (DPA)
of the bDE and corresponding nbDE of various PAHs is
correlated with their reported carcinogenic activity (CA) index.
Since the CA of PAHs varies with animal as well as the route of
exposure, Badger’s + index system (++++, +++, ++, +) which
specifies the range of CA as very high, high, moderate and weak
respectively,43,44 was used to denote the activity of the PAHs rather
than numerical Iball indices.45 From Table 2, it is very clear
that all the molecules that are classified as highly carcinogenic
molecules, with a carcinogenic index denoted by ++++/+++,
have a remarkable difference in proton affinity (DPA) between
bay and nonbay DE derivatives (more than 10 kcal/mol). The
exceptional behavior of dibenzo[a,j]anthracene (13) is attributed
to the reduced bay-region carbocation delocalization energy due
to the adjacent kinks present in the molecule as pointed out by
Lowe and Silverman.46 In the case of benzo[c]chrysene (16), a
molecule possessing both bay and fjord regions, diol epoxides at
both the regions are reported to be formed as intermediates in
metabolism.47 However the bay-region diol epoxides are found to
be inactive upon testing, which is in agreement with the calculated
negative value of DPA in the present study.48 From earlier studies,
Jerina and Lehr showed that a simple MO index derived from the
delocalization energy change for the transformation of DEs to a


bay-region carbonium ion, was useful in evaluating the relative
ease of formation of a carbocation and hence the carcinogenic
activation.49 Here we have demonstrated that the DPA of DEs of
bay and nonbay derivatives calculated at a higher level of theory
is a better measure of carcinogenicity.


Molecular orbital analysis


The bay-region systems showed more delocalized HOMO and
LUMO orbitals than their nonbay-region counterparts and there-
fore the formation of the open carbocation was more favored
in bDEs as the positive charge at the benzylic carbocation is
diminished by delocalization into the p system. This observation
also supported the greater ease of carbonium ion formation in
the bDEs than the nbDEs. In Fig. 6, the LUMO pictures of
the cations in the diol epoxide series are depicted and clearly
suggest that the more localized LUMO in the nbDE is more highly
reactive towards nucleophiles than the corresponding bDE. It
means that the bay-region derivatives must be available in the cell
media for a longer time for nucleophilic attack by the nucleic acid
bases while the highly reactive nonbay-region derived carbocations
might be undergoing hydrolysis to tetrols. The importance of the
electronic stabilization of benzylic carbocations derived from bay-
region DEs in contributing to their carcinogenic potency as well
as chemical reactivity has been pointed out in earlier studies by
Jerina and coworkers.49 However, their computed delocalization
energies derived from the Huckel MO method could not correlate
the reported tumorigenic potency.50


Fig. 6 LUMO plots of (a) bay- and (b) nonbay-region protonated DEs
of benzo[a]pyrene and (c) bay- and (d) nonbay-region protonated DEs of
dibenzo[a,i]pyrene.


NICS based analysis of aromaticity


It is expected that the marked differences in the delocalization of
the positive charge in bay- and nonbay-region DEH+ systems as
seen from their LUMO plots may also be reflected in the closely
related phenomenon of aromaticity. For measuring aromaticity,
the Nucleus Independent Chemical Shift (NICS) has been widely
used as a reliable measure.51 Hence, NICS calculations are applied
in this study to gain some insight into the relative aromaticity
in various rings in the selected DEH+ derivatives of PAHs. The
NICS values are measured at 1Å away from the ring center
(NICS(1)) to reduce the contribution of the magnetic tensor from
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s electrons. Further, the component of the tensor perpendicular
to the plane of the ring, termed as NICS(1)zz, is considered in
the calculation which is closely related to the p system and hence
widely accepted as a refined measure of NICS based aromaticity.
Ringwise, NICS(1)zz values show that metabolically activated rings
are antiaromatic with a positive value in all the DEH+ derivatives.
A comparative analysis of bay and nonbay DEH+ systems shows
that rings in bay-region derivatives are much more aromatic
than those in their corresponding nonbay-region analogues. This
feature is illustrated in Fig. 7 with the example of dibenzo[a,i]-
pyrene (1). For making an easy and direct comparison of the NICS
values, the sum of NICS(1)zz values (


∑
NICS(1)zz)were computed


and they are depicted in Table 3 (see the ESI† for NICS(1)zz


values obtained for each ring in all the systems). Very recently,
Mills et al.52 have demonstrated the use of the


∑
NICS(1)zz as a


measure of total aromaticity. They also suggest that for comparing
the aromaticity values of compounds with different sizes, the
∑


NICS(1)zz can be divided by the square of the total area of
the rings. In the present work we also adopt this normalization
procedure, and the computed


∑
NICS(1)zz/ring area2 values are


also presented in Table 3 for both bay- and nonbay-region DEH+


systems.


Fig. 7 NICS(1)zz values of a (a) bay- and (b) nonbay-region DEH+ system.


The values of both
∑


NICS(1)zz and NICS(1)zz/ring area2


clearly suggest that bay-region DEH+ systems are significantly
more aromatic than the corresponding nonbay-region DEH+


Table 3 NICS values of protonated dihydrodiol epoxide derivatives of 17
carcinogenic PAHs. See Table 1 for names of the compounds. See Fig. 3
for parent PAH systems


Bay Nonbay


System a1a b1a a2a b2a b2-b1


1 -56.71 -0.056 -16.24 -0.016 0.040
2 -61.46 -0.061 -19.15 -0.019 0.042
3 -79.08 -0.058 -64.25 -0.047 0.011
4 -81.84 -0.059 -40.25 -0.029 0.030
5 -74.54 -0.055 -33.85 -0.024 0.030
6 -51.64 -0.051 -20.14 -0.020 0.032
7 -75.15 -0.055 -58.03 -0.042 0.012
8 -40.94 -0.058 -11.70 -0.016 0.042
9 -66.77 -0.065 -43.92 -0.043 0.022
10 -55.20 -0.055 -30.30 -0.030 0.025
11 -36.36 -0.079 -27.92 -0.062 0.018
12 -51.69 -0.073 -32.52 -0.046 0.027
13 -49.95 -0.071 -36.39 -0.052 0.019
14 -47.04 -0.067 -33.57 -0.048 0.019
15 -39.49 -0.055 -33.69 -0.047 0.008
16 -56.83 -0.080 -37.25 -0.052 0.028
17 -37.10 -0.082 -21.75 -0.047 0.035


a a1 and a2 are the
∑


NICS(1)zz values. b1 and b2 are the quantities
corresponding to


∑
NICS(1)zz/ring area.2


systems. Importantly, the D
∑


NICS(1)zz/ring area2 values follow a
nearly parallel trend to the observed carcinogenic activity of their
parent PAHs which means that a DEH+ system showing a high
value of aromatic character is highly carcinogenic. For instance,
for the highly carcinogenic systems 1, 2, 8, 6, and 10 given in
Table 3, the calculated D(


∑
NICS(1)zz)/ring area2 values are 0.040,


0.042, 0.042, 0.032, and 0.025, respectively and the corresponding
Badger’s ‘+’ indices are ‘++++’, ‘++++’, ‘++++’, ‘+++’, and
‘+++’. On the other hand, most of the weakly carcinogenic system
with a carcinogenic index of ‘+’ showed D(


∑
NICS(1)zz)/ring area2


values in the range of 0.008 to 0.019.


Multiple linear regression analysis


The analysis presented so far clearly suggests that the carcinogenic
activity of DE systems is directly related to the reactivity of the
epoxide towards protonation as well as the aromatic stabilization
of the resulting carbocation. Therefore, we considered these two
key factors measured in terms of DPA (for proton affinity) and
D(


∑
NICS(1)zz)/ring area2 (for aromaticity) for a multiple linear


regression (MLR) analysis to correlate with the expected ‘+’
index values of carcinogenic activity. In order to do the MLR
analysis, the ‘+’ notations are converted to integer numbers
so that each integer gives the number of ‘+’ symbols in the
Badger’s index. The regression equation is found to be CA =
0.121261 (DPA) + 47.51856 (D(


∑
NICS(1)zz)/ring area2). The


model gives a significant fit based on F value from ANOVA and the
estimated regression coefficients are statistically significant at 5%
level of significance. For this equation, the multiple correlation
coefficient (R) has a value of 0.96. To examine the accuracy
of the model in predicting out of sample observations, ‘leave
one out cross validation’ was employed.53 Here, the model is
developed by leaving out one observation and then predicting
the carcinogenicity of it. It is repeated for each observation and
the accuracy is measured for all. Out of the sample predictions
are accurate at 76.5%, implying that the changes in proton affinity
(DPA) and aromaticity (D(


∑
NICS(1)zz/ring area2) can be used


as indicators for explaining the variations in carcinogenicity. The
regression equation obtained for CA in this work clearly suggests
that an increase in the DPA of DE as well as an increase in the
D(


∑
NICS(1)zz/ring area2) of DEH+ causes an increase in the


carcinogenic activity. In Fig. 8, the bar chart for the actual and
predicted CA values is presented where the majority of them show
a good agreement. However, notable differences can be seen in the


Fig. 8 Bar chart for carcinogenic activity (CA). Blue for actual and red
for predicted values. See text for details.
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CA values of systems 4, 13, and 17 where the predicted CA values
of the first and last are higher while that of the second is lower
than the expected CA values. It may be noted that the predicted
values of CA are given with up to two decimal digits accuracy as
this may further distinguish the finer variations in the carcinogenic
activity of diol epoxides.


Conclusions


A multifaceted approach consisting of MESP analysis, proton
affinity calculations, LUMO analysis, and NICS calculations has
been utilized to explore the high carcinogenic activity of bay-
region diol epoxide derivatives of PAHs. A comparative study
between bay- and nonbay-region diol epoxides showed that the
former compounds are more reactive towards protonation and
their cationic intermediates are stabilized by higher aromaticity.
The proton affinity values of DE systems and the NICS based
aromaticity values of DEH+ are correlated with the carcinogenic
activity of diol epoxide derivatives of PAHs. The multiple linear
regression equation obtained in this work strongly suggests that
both proton affinity and aromaticity can be used as decisive
descriptors for evaluating the carcinogenic activity of diol epoxide
derivatives of PAH systems.
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A simple assay to probe disease-associated enzyme activity
using glycosaminoglycan-assisted synthesized gold nanopar-
ticles is reported.


Glycosaminoglycans (GAGs), a common class of naturally en-
countered polysaccharides, have emerged as key players in a vast
number of important biological functions such as angiogenesis,
cell death, viral infection, tumor growth, etc.1,2 More recently,
GAG-modifying enzymes have also been directly associated with
the progression of several diseases such as cancer. For example,
increased activity of heparanases has been described as a major
hallmark in the progression of multiple myeloma and the activity
of these enzymes in the plasma of myeloma patients has been
proposed as a surrogate to diagnose the disease.3 Most current
methods used to measure the activity of polysaccharide-degrading
enzymes are very difficult to employ directly in biological en-
vironments (such as in the presence of cellular components or
body fluids).2 Given the important involvement of heparanases
in cancer, it is important to design new methods that facilitate
monitoring their activity.


Nanotechnology is becoming an increasingly recognized field
as it starts to generate novel avenues to monitor and treat diseases.
In particular, gold nanoparticles (GNPs) have received significant
attention for biosensing applications based on their exceptional
optical and electronic properties.4,5 Although GNPs have been
functionalized with proteins and DNA during the last 20 years,
it is only recently that carbohydrates have started to be used in
combination with gold nanoparticles.6–13 However most of these
studies have not employed polysaccharides.


Herein, we describe the template-assisted synthesis of GNPs
with biologically-active glycosaminoglycans and illustrate the
potential of these scaffolds to easily monitor disease-associated
enzyme activity. As an example, we have generated heparan sulfate-
coated GNPs which serve as useful scaffolds to monitor the activity
of the myeloma-associated enzyme heparanase. To the best of our
knowledge, the glycosaminoglycan-assisted aqueous preparation
of gold nanoparticles has not been reported before. Specifically,
the cleavage of the polysaccharide chains by the enzyme causes
the aggregation of the GNPs which is accompanied by a red
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shift in the absorbance spectra. One important advantage of this
assay is that alterations to the spectra are in a range that is very
sensitive to the human eye (between 500 nm and 600 nm) which
allows monitoring of the reaction visually. Also, this region of
the spectrum is more transparent to the cellular environment, and
therefore facilitates the activity-based profiling of polysaccharide-
degrading enzymes directly in biological environments; something
difficult to achieve with current available methods. Therefore,
given the proven link between heparanase’s activity and myeloma
progression and the lack of simple assays to monitor heparanase
activity, these scaffolds could potentially be used for myeloma
diagnostics applications.


A drawback of glycosaminoglycans is their propensity for
degradation (i.e. desulfation) during manipulation under harsh
conditions and their limited reactive groups for derivatization.
Therefore, in the generation of glycosaminoglycan-derived GNPs,
we were interested in using a mild approach to limit the degrada-
tion of the polysaccharide as well as a method that would not only
rely on reductive amination chemistry with the reducing end of the
polysaccharide. After trying several conditions, we interestingly
found that by mixing glycosaminoglycans in a specific sequence
with metallic precursors in aqueous conditions, we were able
to efficiently generate soluble biologically-active nanoparticles.
For example, in a typical synthesis of heparan sulfate-GNPs,
the gold precursor (HAuCl4) is first mixed with the heparan
sulfate in water followed by the addition of a trisodium citrate
solution (Na3C6H5O7) and incubation at 60 ◦C for one hour.
The resulting purple solution is then centrifuged to separate the
unbound polysaccharide from the coated GNPs. As shown in
Fig. 1, the preparation of the soluble gold nanoparticles seems
to be assisted by the polysaccharide as their successful generation
is dependent on the interaction of the gold precursor with the
polysaccharide prior to the reaction with the trisodium citrate.
That is, the soluble nanoparticles did not form under these
conditions when the polysaccharide was added after the trisodium
citrate or was not added at all. Standard methods usually generate


Fig. 1 Glycosaminoglycan-assisted synthesis of soluble GNPs. (A)
Product of the reaction between the precursors where HAuCl4 is mixed
with Na3C6H5O7 in the absence of the polysaccharide. (B) Product when
HAuCl4 is mixed with Na3C6H5O7 followed by the addition of the polysac-
charide. (C) Product when HAuCl4 is first mixed with heparan sulfate
followed by the addition of the trisodium citrate. GNP concentration is
51.2 mg/ml.
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15 to 16 nm diameter gold nanoparticles14,15 while the average
diameter of our heparan sulfate-GNPs was determined to be 20 ±
5 nm via transmission electron microscopy (TEM). Although not
significantly different, the somewhat “larger” size of our GNPs
could potentially be due to the assistance of the polysaccharides
during the reaction, which facilitates the process allowing the
particles to be formed at lower temperatures and can apparently
have an effect on the final size. In addition to the simplicity of this
method, another major advantage of this approach over standard
protocols14,15 is that the lower temperature required to generate the
particles can help preserve the stability of the glycosaminoglycans.
These heparan sulfate-GNPs can be incubated in water at 4 ◦C
for at least 2 weeks without apparent degradation. This approach
has also been successfully applied to the preparation of other
nanoparticles (e.g. CdS and PbS). This will be discussed in a
separate report.


The polysaccharide-GNPs were then tested as substrates for
polysaccharide degrading enzymes to evaluate their integrity as
well as their potential as scaffolds to measure disease-associated
enzyme activity. We first evaluated the response of the heparan
sulfate-GNPs when exposed to heparinase in a simple buffer
system. For this, 2 mL of enzyme (0.7 mg/ml heparinase III) was
added to a cuvette containing a 1.5 ml polysaccharide-GNPs
solution (GNPs: 51.2 mg/ml) and 1.5 ml of PBS buffer (without
calcium chloride or magnesium chloride) pH 7.4 at 35 ◦C. The
absorption spectrum between 400 and 800 nm was recorded as
well as the absorption maxima as a function of time (Fig. 2).
As observed in Fig. 2, treatment of the GNPs with the enzyme
is accompanied by a large red shift in the visible spectrum from
542 nm to 567 nm that can be easily monitored with the naked
eye (purple to blue). Additionally, increasing amounts of enzyme
caused increased red shifting of the maxima peak. However,
these changes to the absorbance spectra of the GNPs were not
observed when the heparan sulfate-GNPs were exposed to BSA
and human serum or plasma, which contains numerous proteins,
but no enzyme added (see ESI† Fig. S1 for effects of different
control samples on the photophysical properties of the heparan
sulfate gold nanoparticles). This effect also seems to be dependent
on the amounts of heparinase enzyme added to the GNP as a
proportional increase in the 630 nm absorbance is obtained with
the addition of heparinase (Fig. 3). The absorbances at 630 nm


Fig. 2 Photophysical alterations to heparan sulfate-GNPs (25.6 mg/ml)
upon treatment with 1.4 mg Heparinase III. Visible inspection (A) and
absorbance spectra (B) of the solution before (purple) and after (blue)
treatment with heparinase III. (C) Change in absorbance maxima as a
function of enzyme treatment time.


Fig. 3 Changes in the absorbance at 630 nm of the heparan sulfate-GNP
as a function of heparinase amounts measured 8 minutes after enzyme
addition. (25.6 g/ml GNPs, PBS buffer, pH 7.4 at 35 ◦C.)


were measured 8 minutes after addition of the enzyme to the same
amount of GNP sample.


The light-absorptive and scattering properties of GNPs depend
on the particle’s size, aggregation state, shape, environment,
and dielectric properties. Using transmission electron microscopy
(TEM), we then confirmed the change in aggregation state of the
particles upon the treatment with the enzyme. As illustrated in
Fig. 4, before enzyme treatment the GNPs are well dispersed but
they clustered together in an aggregate after the enzyme treatment
(see also ESI† Fig. S2, which shows a different magnification of
the TEM image in Fig. 4). Based on the above experiments, the
agglutination is mainly due to the degradation of glycosamino-
glycans on the surface of the nanoparticles. Fig. 4 also shows
a schematic representation of the reaction which explains the
observed biophysical responses.


Fig. 4 TEM of heparan sulfate-GNPs (25.6 mg/ml) before (A) and after
(B) treatment with 1.4 mg heparinase III. (C) Schematic representation of
the aggregation of the GNPs upon enzyme treatment. Bar scale = 20 nm.


Lyase activity is usually measured by monitoring the 232 nm
absorbance due to formation of the a, b-unsaturated uronides.16,17


This measurement is usually performed in simple buffer systems
to eliminate backgrounds since most biological species can easily
interfere with the absorbance at 232 nm. Therefore, the analysis of
enzyme activity with this method in the presence of more complex
samples (such as biological fluids) is very challenging. To further
demonstrate the use of our method, the assay was also performed
directly on serum and plasma-containing samples (Fig. 5). For
each sample, 1 ml of serum or plasma was added to a solution
containing 1.5 ml of 51.2 mg/ml heparin sulfate-GNP in water
and 0.4 ml of PBS buffer pH 7.4, and the final solution was spiked
with 2 ml of enzyme (0.7 mg/ml heparinase III). The spectra were
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Fig. 5 Photophysical alterations to heparan sulfate-GNPs (26.4 mg/ml)
before (purple) and after (blue) exposure to 1.4 mg heparinase III in serum
(A) and plasma (B).


measured after 15 minutes. Red shifts from 542 nm to 558 nm
and from 542 nm shift to 561 nm were observed for serum and
plasma respectively. The smaller red shifts observed in this case
(in comparison with the 25 nm red shift observed in buffer alone)
could presumably be due to the negative electrostatic repulsions
from plasma and serum.18 However, the red shift is significant
enough to monitor the enzyme activity.


In summary, we have described a simple approach for the
aqueous preparation of complex polysaccharide-GNPs where
the polysaccharides assist in the formation of the particles.
These polysaccharide-GNPs were used for testing the activity
of polysaccharide-degrading enzymes, e.g. heparinase III. As
the activities of many polysaccharide-degrading enzymes are
directly associated with many pathophysiological alterations in
humans—such as tumor progression, neurological disorders and
viral and bacterial infections—this method has the potential
to become valuable for a wide variety of applications such as
diagnostics, tissue-specific or site-specific profiling, monitoring
of therapeutic efficacy, etc. Additionally, this method can be
extended to other nanoparticles, such as quantum dots (PbS
or CdS), magnetic nanoparticles and other materials, and some
results have already been obtained in our lab. Therefore, this
concept of using polysaccharide-coated nanoparticles to detect
polysaccharide-modifying enzymes may have broad applicability
for assessing enzyme biomarkers in many biological processes and
disease pathologies.


Experimental Section


Materials


All chemicals were acquired from Sigma unless otherwise stated.
Human serum was acquired from Biomeda.


GNP synthesis


For the synthesis of heparan sulfate-GNPs, we first mix 5.8 mg
(0.013 mmol) of HAuCl4·3H2O with 4 mg of heparan sulfate I
in 50 ml deionized water. After heating at 60 ◦C for 15 minutes,
1 ml of aqueous trisodium citrate solution (Na3C6H5O7·2H2O,


1%w/v) is added to the solution and kept at 60 ◦C for 60 minutes
with continued stirring. The solution is then allowed to cool to
room temperature. This generates a purple clear solution that is
finally centrifuged and the supernatant is removed to separate the
unbound polysaccharide from the coated GNPs.


UV and TEM


The optical absorption spectra of all samples were recorded with
a DU 800 dual-beam Beckman Coulter spectrophotometer, using
1 cm path length quartz cuvettes. TEM images were obtained on
a JEOL model 2011 that was operated at 200 kV. The samples for
TEM analysis were prepared by evaporation of droplets placed on
Formvar-carbon TEM grids.
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The synthesis of triple-helix-forming oligonucleotides (TFOs) linked to a series of cyanine
monomethines has been performed. Eight cyanines including one thiocyanine, four thiazole orange
analogues, and three quinocyanines were attached to the 5¢-end of 10-mer pyrimidine TFOs. The
binding properties of these modified TFOs with their double-stranded DNA target were studied by
absorption and steady-state fluorescence spectroscopy. The stability of the triplex structures depended
on the cyanine structure and the linker size used to connect both entities. The most efficient cyanines
able to stabilize the triplex structures, when attached at the 5¢-end of the TFO, have been incorporated
at both ends and provided triplex structures with increased stability. Fluorescence studies have shown
that for the TFOs involving one cyanine, an important intensity increase (up to 37-fold) in the
fluorescent signal was observed upon their hybridization with the double-stranded target, proving
hybridization. The conjugates involving thiazole orange attached by the benzothiazole ring provided
the most balanced properties in terms of triplex stabilization, fluorescence intensity and fluorescence
enhancement upon hybridization with the double-stranded target. In order to test the influence of
different parameters such as the TFO sequence and length, thiazole orange was used to label 17-mer
TFOs. Hybridizations of these TFOs with different duplexes, designed to study the influence of
mismatches at both internal and terminal positions on the triplex structures, confirmed the possibility
of triplex formation without loss of specificity together with a strong fluorescence enhancement (up to
13-fold).


Introduction


The detection of specific nucleic acid sequences by the hybridiza-
tion of fluorescent oligonucleotides is widely used in basic research,
diagnostics and biotechnology.1–6 In the past few years a series
of fluorescent oligonucleotides able to produce a fluorescence
emission change in the presence of single-stranded target se-
quences, proving the hybridization, has been reported. However,
only a few examples of emission changes in the presence of their
double-stranded DNA targets have been described.7–11 The first
concerns pairs of TFOs conjugated to labels designed in such a
way as to produce FRET upon hybridization with the double-
stranded DNA target.7 The second involves light-up probes, that
is one TFO labelled with one (or two identical) fluorophores,
whose fluorescence is enhanced upon triplex formation. They were
labelled with either oxazole orange, providing a 3-fold fluorescence
enhancement upon hybridization8 or a ruthenium complex giving
a 10-fold increase.9 Pyrimidine TFOs doubly labelled with perylene
have also shown a moderate 3-fold fluorescence enhancement
in the presence of the target sequence.10 Another example of
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fluorogenic probes able to detect specific sequences on DNA
targets are peptide nucleic acid (PNA) molecular beacons.11 These
probes are able to dissociate the double strand to hybridize
with their target sequences. During the past decade a great
deal of effort has been devoted to modifying TFOs to improve
binding properties to their cognate sequences in a cellular
environment.12,13 These developments have led to TFOs able to
specifically and strongly hybridize to their double-stranded DNA
targets. These TFOs can be used to detect specific sequences on
DNA duplexes without having to separate both strands. We now
report the synthesis and photophysical properties of pyrimidine
TFOs labelled with monomethine cyanines. The influence of
the labelling on the triplex stability was studied by thermal
denaturation followed by absorption spectroscopy. The changes in
the fluorescence emission, upon triplex formation, were evaluated
by steady-state fluorescence experiments. We have also investigated
the possibility of increasing the difference in the fluorescence
emission between the free and the hybridized labelled TFO by
quenching the fluorescence of the free TFOs by hybridization
with a complementary short probe involving a quencher. The
influence of different parameters such as the TFO sequence
and length and the presence of mismatches at both the internal
and terminal positions on the triplex structures have also been
studied. The possibility of forming a triplex with increased stability
by using a labelled TFO designed to hybridize with a duplex
involving a pyrimidine–purine base-pair inversion has also been
investigated.
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Results and discussion


Structures and experimental design


These fluorescent TFOs are made of an oligopyrimidine sequence
involving either one monomethine cyanine attached at the 5¢-
end or two (identical ones) linked to both ends. Their structures
are shown in Fig. 1. The eight monomethine cyanines, including
one thiocyanine (Th), four thiazole orange analogues (2TO,
4TO, 2TO¢and 4TO¢), and three quinocyanines (22¢Q, 24¢Q and
42¢Q), used as the labels were previously prepared14 but were
not used to label TFOs. Monomethine cyanines were chosen
because they are able to intercalate into double-stranded nucleic
acid targets. Thus, reduction of the rotation around the methine
bond, provided by intercalation, has been reported to be one of
the parameters responsible for a strong increase in fluorescence
observed on binding of the most frequently used monomethine
cyanine, thiazole orange, with DNA duplexes.15–18 They were,
firstly, covalently linked to the 5¢-end of a 10-mer oligopyrimidine
sequence d-5¢TTTTCTTTTC3¢ via a phosphothiolodiester bond
and an octamethylene linker (Fig. 1). This sequence was chosen
because it had been used previously in our laboratory for the


development of intercalator–TFO conjugates.19,20 The pyrimidine
DNA sequences were reported to hybridize with their duplex
DNA targets in a parallel orientation with respect to the purine
strand.12,21–22 Labelling was first performed at the 5¢- position
because the duplex–triplex junction at the 5¢-end of the triplex
nucleic acid structure is favourable for intercalation.21–23 We chose
linkers with eight methylene groups because it has been shown that
linkers with lengths equal or superior to five or six carbon atoms
are required to enable intercalation.22,24,25


To study the influence of the linker size used to connect the TFO
and the fluorophore, the most efficient cyanine at stabilizing the
triplex structure, 4TO¢, was also linked to the 5¢- end of the TFO
via linkers involving seven, six, five and four methylene groups.26


Bis-conjugations at both the 5¢- and 3¢-ends of the TFO of the
most efficient cyanines at stabilizing the triplex structure when
attached to the 5¢-end of the TFO, 4TO¢ and 2TO, were also
performed using the linker size (eight methylene groups) showing
the strongest stability when 4TO¢ was attached to the 5¢-end. Bis-
labelling was also achieved with quinocyanine 24¢Q giving the
greatest fluorescence increase upon triplex formation. The linker
size used to connect 4TO¢ to the 3¢-end was also increased by three


Fig. 1 Structures of labelled TFOs and oligonucleotides.
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atoms because it has been demonstrated that the stabilization
of triple helices by an acridine derivative attached to the 3¢-
end of a TFO required the use of a longer linker as compared
with the size of the one used to link this intercalator at the 5¢-
position.27 We report here the synthesis of these TFO-conjugates
and their binding properties with their double-stranded DNA
targets, evaluated by absorption and fluorescence spectroscopy.


Synthesis


The attachment of labels to oligonucleotides can be achieved
following two strategies.28 The first consists in their direct in-
corporation using the phosphoramidites of the labels (or the
phosphoramidite derivatives of modified nucleosides bearing the
labels). The 3¢-modification can also be achieved by using modified
supports involving these labels. However, the direct incorporation
of labels during the oligonucleotide synthesis requires labels or
nucleoside analogues able to withstand the chemical conditions
needed for the deprotection step and that are soluble in organic sol-
vents. Another strategy consists in the post-synthetic attachment
of labels to various positions of the oligonucleotides by specific
reactions between convenient functional groups incorporated at
pre-selected positions on both entities. Since our previous work
has shown that cyanines are not very stable in strong alkali
conditions (unpublished results), we chose the post-synthetic
coupling strategy for the preparation of the labelled TFOs (vide
infra).


Synthesis of modified TFOs bearing the cyanines at their 5¢-
ends. Synthesis of conjugates involving cyanines linked to the
5¢-end of the TFO 44TO¢8 to 442¢Q8 relies on the incorporation of a
thiophosphate group at the 5¢-end of the oligonucleotide bound
to the support 7 (Scheme 1a). The TFO was synthesized by phos-
phoramidite chemistry29 and after an additional detritylation step,
a masked thiophosphate group was added using our previously
reported method.30 After the deprotection step, the crude 5¢-
thiophosphorylated TFO 4 was reacted with the halogenoalkyl
groups of the cyanines, obtained as previously described14,26 in a
mixture of an aqueous bicarbonate buffer and dimethylformamide
(see Fig. 1 for the structures). The conjugates were purified by
reversed-phase chromatography (see Fig. 2 and Table 1) and
characterized by electrospray mass spectrometry (Table 1) and
UV–visible analyses (see Table 1 for lmax absorption in the UV
and visible range). The visible absorption bands of the different
conjugates span from 427 to 561 nm. The UV–visible spectra of
the 5¢-labelled TFOs 424¢Q8, 42TO8 and 44TO¢8 are shown in Fig. 3.


Synthesis of TFOs bearing cyanines at both the 5¢- and 3¢-
ends. The synthesis of the bis-conjugated TFOs 52TO8, 524¢Q8


and 54TO¢8 involving both cyanines attached via the same linker
length was performed by incorporation of a thiophosphate group
at both ends of the TFO (Scheme 1b). The synthesis was
performed on our previously reported support 8.31 A masked
thiophosphate group was then incorporated at the 5¢-end as
described above. After the deprotection and purification steps,
the bis 5¢-,3¢-thiophosphorylated TFO 5 was reacted with the
selected iodoalkylated cyanines to give TFO conjugates 52TO8, 524¢Q8


and 54TO¢8. The synthesis of the bis-conjugated TFO involving
two cyanines attached with linkers of different sizes 64TO¢8.4 was
performed by incorporation of a thiophosphate group at its 5¢-


Scheme 1 Synthesis of 5¢-labelled TFOs 44TO¢8 to 442¢Q8 (a) and 5¢-,3¢-bis-
labelled TFOs 54TO¢8, 52TO8 and 524¢Q8 (b).


end and a thiol masked function at its 3¢-end in order to perform
a sequential coupling at each end (Scheme 2). The incorporation
of the thiol function at the 3¢-end of the TFO was achieved by
using a new modified support leading, after the deprotection step,
to oligonucleotides with a 6,6¢-dithiodihexanol linker.


The new support (Scheme 2) was obtained following a five-
step procedure. First, thiohexanol 9 was dimerized into 6,6¢-
dithiodihexanol. The latter was monodimethoxytritylated to give
10. Then reaction with succinic anhydride followed by coupling
with p-nitrophenol in the presence of N,N¢-carbodiimide led to
the activated ester. The latter was then reacted with aminopropyl
controlled pore glass to give the modified support 11 with a loading
of 36 mmol g-1. The coupling of the bis-modified TFO 6 with
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Fig. 2 Reversed-phase HPLC analysis of the coupling reaction between
TFO 5 and the cyanine-linker derivative 4TO¢-(CH2)8I performed on a
LiChrospher RP 18 (5 mm) column (125 mm ¥ 4 mm) from Merck using
a linear gradient of CH3CN (5 to 38.5% over 45 min) in 0.1 M aqueous
ammonium acetate, pH = 7, with a flow rate of 1 cm3 min-1. Detection
l = 260 nm.


4TO¢-(CH2)8-I followed by release of the thiol function by cleavage
of the disulfide bridge by treatment with a reducing agent,32


and reaction with 4TO¢-(CH2)4-I led to the bis-derivatized 64TO¢8.4


involving two TO¢ attached via linkers of different sizes. Purifi-


cation of the TFO conjugates was performed by reversed-phase
chromatography. The retention times (Table 1) for the conjugates
involving two cyanines were higher than those involving only one
cyanine. These results indicate the formation of more lipophilic
compounds. The UV–visible spectra of the bis-labelled TFOs 52TO8,
524¢Q8 and 54TO¢8 are shown in Fig. 3.


Absorption studies


Free TFO conjugates. The UV–visible spectra of the TFO-
labelled conjugates were recorded between l = 230 nm and l =
700 nm. The spectra of the 5¢-conjugated TFOs contained two
main absorption bands. The absorption band in the UV range
corresponded to the absorbance of the TFO and the cyanines with
a lUV ~267 nm for all conjugates. The second absorption band in
the visible region between l = 350 nm and l = 700 nm corresponds
to the cyanine. The general shape involves a main band with a
shoulder at a shorter wavelength. The lmax values in the visible
range and the intensity ratios of the UV–visible bands depend on
the cyanine considered (data not shown). A comparison of the
UV–visible spectra of the mono- and bis-labelled TFOs, involving
2TO, 24¢Q and 4TO¢ as the labels, shows different shapes in the
visible range (Fig. 3).


Conjugate 54TO¢8 exhibited a main band in the visible range
at l = 478 nm and a shoulder at l = 508 nm with the one at


Table 1 Characterization of conjugates and Tm data


Mass analysis b E/M-1 cm-1 c


ODNs Reversed-phase Rt
a Calculated Found lmax UV lmax vis Tm/◦C (±0.5 ◦C)d DTm/◦C (±1 ◦C)


4 11 min 37 sec C98H128N22O68P10S = 3044.00 3044.06 80 100 (267) — — —
44TO¢8 28 min 49 sec C124H158N24O68P10S2 = 3446.60 3446.37 116 500 (267) 82 700 (508) 37.5 +24.5
44TO¢7 26 min 27 sec C123H156N24O68P10S2 = 3432.57 3431.63 116 500 (267) 82 700 (508) 35.0 +22.0
44TO¢6 24 min 05 sec C122H154N24O68P10S2 = 3418.54 3417.55 116 500 (267) 82 700 (508) 32.5 +19.5
44TO¢5 22 min 28 sec C121H152N24O68P10S2 = 3404.52 3403.64 116 500 (267) 82 700 (508) 29.0 +16.0
44TO¢4 22 min 21 sec C120H150N24O68P10S2 = 3390.49 3389.88 116 500 (267) 82 700 (508) 26.5 +13.5
42TO8 28 min 42 sec C124H158N24O68P10S2 = 3446.60 3446.39 120 300 (267) 62 700 (488) 32.5 +19.5
4Th8 28 min 19 sec C122H156N24O68P10S3 = 3452.62 3452.23 95 600 (267) 77 100 (427) 31.0 +18.0
42TO¢8 28 min 36 sec C124H158N24O68P10S2 = 3446.60 3446.01 93 500 (267) 48 400 (486) 28.0 +15.0
44TO8 28 min 29 sec C124H158N24O68P10S2 = 3446.60 3446.27 89 600 (267) 65 300 (508) 27.5 +14.5
422¢Q8 28 min 20 sec C126H160N24O68P10S = 3440.57 3440.05 82 600 (267) 58 600 (526) 26.5 +13.5
424¢Q8 28 min 51 sec C126H160N24O68P10S = 3440.57 3440.00 83 600 (267) 59 200 (561) 25.5 +12.5
442¢Q8 28 min 32 sec C126H160N24O68P10S = 3440.57 3439.81 82 400 (267) 42 100 (560) 19.5 +6.5
5 11 min 48 sec C98H128N22O68P10S = 3139.03 3141.54 80 100 (267) — — —
54TO¢8 32 min 47 sec C150H188N26O70P11S4 = 3944.24 3942.79 145 000 (267) 143 600 (478) 45.0 +32.0
52TO8 34 min 27 sec C150H188N26O70P11S4 = 3944.24 3943.36 154 500 (267) 143 900 (459) 39.0 +26.0
524¢Q8 32 min 58 sec C154H192N26O70P11S2 = 3932.19 3931.59 85 800 (267) 74 500 (519) 30.5 +17.5
6 11 min 24 sec C110H153N22O72P11S3 = 3372.43 3374.41 80 100 (267) — — —
64TO¢8.4 32 min 13 sec C152H192N26O71P11S4 = 3988.30 4002.41 145 000 (267) 111 500 (479) 43.0 +30.0
12dab 25 min 50 sec C121H148N54O54P10 = 3530.58 3530.58 125 500 (256) 29 300 (477) — —
13dab 27 min 18 sec C101H124N44O43P8 = 2889.15 2888.89 103 700 (256) 29 300 (477) — —
14dab 27 min 30 sec C91H112N39O38P7 = 2575.94 2575.95 91 700 (256) 29 300 (477) — —
15dab 28 min 12 sec C81H100N34O33P6 = 2262.73 2263.10 79 700 (256) 29 300 (477) — —
164TO¢8 24 min 08 sec C191H247N41O114P17S2 = 5531.93 5532.59 169 800 (267) 82 700 (508) See Table 3
174TO¢8 23 min 24 sec C191H246N44O113P17S2 = 5556.95 5557.11 172 400 (267) 82 700 (508) See Table 3


a Retention times obtained by reversed-phase HPLC analyses for the ODNs performed on a LiChrospher RP 18 (5 mm) column (125 mm ¥ 4 mm)
from Merck using a linear gradient of CH3CN (5% to 38.5% over 45 min) in 0.1 M aqueous ammonium acetate, pH 7, with a flow rate of 1 cm3 min-1.
b Mass analysis data for the modified TFOs and their conjugates and dabcyl conjugates. c Molar absorption coefficients for the modified TFOs and their
conjugates (the values in the brackets indicate the corresponding wavelength). For 5¢-labelled TFOs 4, 16 and 17 the e values at l = 260 nm were the
approximate sum of the e values of the TFOs and labels.14 E values were determined experimentally for labelled TFOs 5 and 6. The same e values were
used for the conjugates involving the same sequence and different linker lengths to connect the label and the TFO. d Tm values for triplexes formed by
the labelled TFOs and the double-stranded target (1 + 2) in a 10 mM sodium phosphate, pH 6, buffer containing 140 mM KCl and 5 mM MgCl2.
Concentrations were 1 mM in the duplex target and TFOs. Under the same experimental conditions, the Tm value for the unmodified triplex (1 + 2 + 3)
was 13 ◦C.
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Fig. 3 UV–visible absorption spectra of water solutions of the mono-
labelled TFOs (full line) 424¢Q8 (a) 42TO8 (b) and 44TO¢8 (c); and bis-labelled
TFOs (bold line) 524¢Q8 (a), 52TO8 (b) and 54TO¢8 (c) recorded between l = 230
and l- = 700 nm.


l = 478 nm being the more intense, while for the corresponding
conjugate 44TO¢8 involving only one TO¢ residue, the absorption
at 478 nm appeared only as a shoulder and the main band was
detected at l = 508 nm. Upon a temperature increase, from 20
to 60 ◦C, a blue-shift of 3 nm was observed for the visible band
with a slight hypochromism, 2–3%, for the 5¢-mono-conjugated
TFO 44TO¢8 while only hypochromism (4% at 478 nm) was detected
for the corresponding bis-conjugated TFO 54TO¢8. Similar intensity
changes were observed for TFOs 42TO8 and 52TO8 labelled with the
2TO. The spectrum of the mono-labelled TFO 42TO8 showed a
main peak with l = 488 nm and a shoulder at l = 470 nm,
while that of the bis-labelled TFO 52TO8 exhibited a main peak
at l = 459 nm and a shoulder at l = 500 nm. When 24¢Q was
used to label the TFO the visible band of the mono-labelled TFO
showed a main band at l = 561 nm with a shoulder at l =
528 nm. The visible spectra of the corresponding bis-labelled TFO
exhibited two main bands at l = 519 nm and l = 560 nm. In


Scheme 2 Synthesis of the bis-labelled TFO 64TO¢8.4


addition to the shape difference observed for the visible spectra of
mono- and bis-labelled TFOs, the observation of the UV–visible
absorption ratio indicated that the absorbance intensities in the
visible range for the bis-labelled TFOs were not twice those of
the corresponding mono-labelled TFOs. The shift of the visible
absorption band to the shortest wavelength observed for the bis-
conjugated TFO indicated aggregation of the cyanine dyes. Similar
spectrum changes have been previously reported for the thiazole
orange dimer.16 It is likely that, even at 60 ◦C, due to the flexibility
of the oligonucleotide chain, contacts between the two labels were
possible.


Molar absorption coefficient determination. The molar ab-
sorption coefficients (e260nm values) for the conjugates derived
from TFO 4 were estimated to be the sum of the e values
of the TFO and cyanines deducted from ref. 14 (see Table 1).
The same e260nm values were used for the series of conjugates
44TO¢n involving different linker sizes (n = 4, 5, 6, 7 and 8).
Because the UV–visible absorption ratio observed for the bis-
conjugated TFOs 54TO¢8, 52TO8 and 524¢Q8 indicated intensities not
simply twice those of the corresponding mono-labelled TFOs, their
extinction coefficients at 260 nm were determined by titrations
of the conjugate solutions in a 10 mM KH2PO4 buffer (pH 6),
containing 140 mM KCl and 5 mM MgCl2 performed at 3 ◦C,
with solutions of the single-stranded complementary sequence
5¢GGGAAAAGAAAATTT3¢.19 The molar extinction coefficient
at 260 nm used for 64TO¢8.4 was the same as for 54TO¢8.


Hybridized TFO-conjugates. Mixing of the mono-conjugated
TFO derived from 4 with the double-stranded DNA target 1 + 2 at
3 ◦C induced only weak spectral modifications that were reversed
upon a temperature increase to 65◦. These changes showed a
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slight red-shift (~4 nm) of the visible absorption band and a weak
hyperchromism (4%) (data not shown). In the case of conjugate
54TO¢8 involving two cyanines attached through octamethylene
linkers, more important changes were observed resulting in a
decrease (24%) in the intensity of the band at 478 nm and an
increase (34%) at 508 nm. For conjugate 64TO¢8.4 involving two
4TO¢ attached via linkers of different sizes, hybridization with
the double-stranded target 1 + 2 resulted in similar changes except
that the intensities were 18% hyprochromism at 481 nm and 20%
hyperchromism at 511 nm. Similar trends were also observed upon
hybridization of TFO 52TO8, resulting in a slight red shift (458 to
465 nm) with 13% hypochromism, and of TFO 524¢Q8, giving a
smaller red-shift (490 to 494 nm) with 20% hyperchromism. These
changes indicate that in the presence of the duplex, the interactions
between the two cyanine units are suppressed. Since a DNA triplex
is more rigid than a single-stranded sequence, it is likely that upon
hybridization of the conjugates of TFOs 4, 5 and 6 with the double-
stranded target the cyanines are able to interact with only the end
of the triplex and a few bases on the overhanging double-stranded
target adjacent to the triplex on the side of the cyanine attachment.


Thermal denaturation studies. Experiments were carried out
by absorption spectroscopy. Triplex stabilities were determined
by thermal denaturation using a 1 : 1 mixture of the conjugates
and double-stranded target 1 + 2. The corresponding unmodified
TFO 3 was used as a reference. Two transitions were observed
in the melting of each triplex (Fig. 4). The transition with the
higher Tm corresponds to the melting of the target duplex (around
62 ◦C for all complexes) and the transitions with lower Tm to the
dissociation of the third strand. The Tm values, listed in Table 1,
indicate that the triplex structures formed between the conjugates
derived from TFOs 4–6 and the duplex 1 + 2 target were stabilized
in all cases as compared to the corresponding complexes formed
with the unmodified TFO 3 used as a reference.


Fig. 4 UV melting profiles (recorded at l = 260 nm) of the triplex
structures formed by conjugates 44TO¢8 (A) and 54TO¢8 (B) and the unmodified
TFO 3 (C) in the presence of the duplex target (1 + 2). Concentrations
were 1 mM in the duplex and in the TFO, in a 10 mM sodium phosphate,
pH 6, buffer containing 140 mM KCl and 5 mM MgCl2.


TFOs involving one label at the 5¢-end. Different stabilizations
were observed depending on the cyanine structures and the linker
sizes. A comparison of the stabilization afforded by the cyanines
attached via the same linker involving eight methylene groups
indicated that the most efficient stabilizing group was 4TO¢8
(DTm = +24.5 ◦C) followed by 2TO8 (DTm = +19.5 ◦C), Th8


(DTm = +18 ◦C), 2TO¢8 (DTm = +15 ◦C), 4TO8 (DTm = +14 ◦C)
and the four quinocyanines provided stabilizations ranging from
DTm = +6.5 ◦C to DTm = +13.5 ◦C. Since it has previously
been shown that the attachment of intercalating groups at the 5¢-
end of TFOs via linkers involving five or six methylene groups
corresponds to the optimal size for the greatest stability, we
chose to attach the most efficient cyanine 4TO¢ via linkers of
decreasing lengths involving seven to four methylene groups.
Tm measurements indicated that the stability depended on the
linker size and decreased with the length of the linker. The DTm


was approximately 3 ◦C per methylene group. TFO conjugates
involving one label attached to the 5¢-end via an eight-methylene
linker form the most stable triplex structures.


Bis-labelled TFOs 5 and 6. In all cases the presence of a second
cyanine (conjugates 54TO¢8, 52TO8, 524¢Q8 and 64TO¢8.4) induced an
increase in the stabilization of the triplex as compared with that
obtained with the mono-conjugated TFOs. UV melting profiles
corresponding to the third strand dissociation of the triplex formed
by TFOs 54TO¢8 and 44TO¢8 and by the unmodified TFO 3 are shown in
Fig. 4. Stability depended on both the cyanine and the linker length
used to attach the second cyanine to the 3¢-end. The strongest
stabilization (DTm = +32 ◦C) was observed with 54TO¢8 involving
two thiazole orange labels attached via a linker of the same length
corresponding to the eight methylene groups. An increase in the
linker length to attach the cyanine to the 3¢-end of the TFO 64TO¢8.4


led to a slight decrease of the triplex stability (DTm = +30 ◦C). This
result is different from the one observed with the TFO labelled
with an acridine derivative at both the 5¢- and 3¢-ends.27 The
presence of the second intercalator 4TO8, 2TO8 or 24¢Q8 led
to similar stability increases (DTm = +7.5 ◦C, DTm = +6.5 ◦C,
and DTm = +5 ◦C respectively). This increase in the stability of
the triple-stranded structures provided by the presence of a second
intercalator was also previously reported for TFO–naphthalene33


and TFO–perylene conjugates.10


Fluorescence studies


Fluorescence emission spectra of the conjugates were compared
with those of the triplexes. Experiments were performed under the
same conditions (concentration, buffer) as for the Tm measure-
ments (see Experimental Section and Table 2). The lexc and lem


depended on the cyanine (Table 2). Upon hybridization with the
double-stranded target 1 + 2, the lem did not change as compared
with those observed for the free conjugates. The main changes
concerned the intensity of the fluorescence emission (Table 2 and
Fig. 5).


Free labelled TFOs. As can be seen from Table 2, the lem for
the mono-conjugated TFOs 4 range from 467 nm for 4Th8 to 576 nm
for 442¢Q8. Comparison of the fluorescence intensities observed for
the mono-conjugated TFOs 4 indicated that they depend on the
cyanine composition. For the same concentrations of conjugates,
the fluorescence intensity was higher for the thiocyanine derivative,
than for the thiazole orange isomers. The quinocyanines gave the
lowest signals. The presence of a second label at the 3¢-end of
the TFOs resulted only in fluorescence intensity changes. For the
conjugates 54TO¢8, 524¢Q8 and 64TO¢8.4, fluorescence intensities were
not very different from those of the corresponding mono-labelled
TFOs. These results can be explained by intra-molecular inter-
actions between the cyanines resulting in significant fluorescence
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Table 2 Fluorescence data a


Free conjugate Triplex FTriplex/FTFO
b


TFOs lex/nm 4 ◦C lem/nm 4 ◦C Stokes shift FTFO 4 ◦C lem/nm 4 ◦C FTriplex 4 ◦C 4 ◦C 20 ◦C


44TO¢8 511 527 16 4.81 527 58.32 12.12 (12.13) 24.47 (24.60)
44TO¢7 511 528 17 4.71 528 62.78 13.33 (13.33) 27.63 (27.62)
44TO¢6 513 527 14 7.70 528 56.92 7.39 (7.43) 14.96 (14.97)
44TO¢5 512 528 16 4.14 527 40.12 9.69 (9.71) 15.36 (15.40)
44TO¢4 511 526 15 3.09 525 53.12 17.19 (17.20) 32.20 (32.90)
42TO8 491 544 53 1.42 531 17.88 12.59 (13.13) 18.29 (18.60)
4Th8 429 467 38 26.26 453 89.26 3.40 (3.70) 5.31 (5.90)
42TO¢8 490 549 59 0.90 550 10.07 11.19 (11.31) 15.57 (15.84)
44TO8 510 526 16 3.44 527 24.09 7.00 (7.06) 12.73 (12.98)
422¢Q8 527 574 47 0.22 540 5.14 23.36 (27.12) 24.07 (29.84)
424¢Q8 561 572 11 0.70 570 22.75 32.50 (32.83) 37.84 (39.51)
442¢Q8 560 573 13 0.33 576 5.69 17.24 (17.61) 16.11 (19.52)
54TO¢8 512 528 16 5.86 529 54.77 9.35 (9.39) 18.32 (18.54)
52TO8 459 579 120 4.24 529 28.93 6.82 (12.92) 7.70 (10.02)
524¢Q8 519 583 64 0.58 570 7.77 13.40 (19.15) 7.97 (15.96)
64TO¢8.4 513 528 16 3.00 528 16.26 5.42 (5.45) 6.63 (6.84)


a Emission spectra were recorded in a 10 mM sodium phosphate, pH 6, buffer containing 140 mM KCl and 5 mM MgCl2. Concentrations were 1 mM in
TFOs and the duplex target. b The values indicated are calculated from the intensities measured at the lem of the triplexes and the lem of the free labelled
TFOs. The values in the brackets correspond to the ratio of intensities measured at the lem of the triplexes.


Fig. 5 Fluorescence emission spectra of the free (a) and hybridized (b)
5¢-labelled TFOs 44TO¢8 (full line) and 44TO¢4 (dotted line) in a 10 mM sodium
phosphate buffer, pH 6, containing 140 mM KCl, and 5 mM MgCl2


recorded at 20 ◦C (bold line) and 4 ◦C (plain line). (Same concentrations
and buffer conditions as for Fig 3. lexc = 465 nm.) Hybridizations were
performed overnight.


quenching rates. Comparison of the fluorescence of the conjugates
54TO¢8 and 64TO¢8.4 indicates that the presence of the longer linker at
the 3¢-end results in greater quenching. It is possible that in this
case the interactions between both 4TO¢ units are favoured. These
results are in accordance with literature results concerning the bis-
labelling of hairpin oligonucleotides with Cy 5.5.34 For conjugate
52TO8, the presence of a second label resulted in an important red
shift of the lem (from 544 to 579 nm) and an increase in the
fluorescence intensity. A comparison of fluorescence intensities
for mono-conjugated TFOs 4 and bis-conjugated TFOs 5 and 6
at 4 and 20 ◦C indicated greater values at the lower temperature
(data not shown).


Triplex structures. Upon formation of the triplex structures
by hybridization of the conjugates derived from TFOs 4, 5 and
6 with the double-stranded target, there were either no changes
or a very slight shift of the lem [except for the conjugate 52TO8


(50 nm)] together with a great increase in the fluorescent signal
(Table 2). Measurements were performed at 4 and 20 ◦C. The
intensity increases depended on both the cyanine and linker
size.


Mono-labelled TFOs. The most important intensity increases
upon triplex formation were observed at 20 ◦C. Among the
changes, a 37-fold increase was observed for 442¢Q8, 32-fold for
44TO¢4, 27-fold for 44TO¢7, and 24-fold for 44TO¢8. Emission spectra
of the free and hybridized TFOs 44TO¢4 and 44TO¢7 are shown in
Fig. 5. Under the same experimental conditions, the hybridization
of conjugate 44TO¢8 with its complementary single-stranded target
5¢GGGAAAAGAAAATTT3¢ resulted in only a 30% fluorescence
increase, clearly showing the great potential of our new probes
for the detection of double-stranded nucleic acid structures (data
not shown). It is important to note that when 4TO¢ was used as a
label, the most important fluorescence increase did not correspond
to the more stable triplex structure. In the case of the strongest
stabilization, it is likely that its intercalation allowed efficient
quenching of the label by the neighboring nucleobases. Conversely,
when attached by a shorter linker corresponding to four methylene
groups, it is possible that the label could not be fully intercalated.
In this case, although the structure formed could block the methine
bond rotation, it is possible that it prevented efficient quenching
by the nucleobases at the duplex–triplex junction. These results
agree with our previous studies obtained with 4TO¢-conjugated
oligonucleotides able to detect terminal mismatches on DNA
duplexes, with the mismatched duplexes being more fluorescent
than the perfect ones.26


Bis-labelled TFOs. For modified TFOs involving two cyanines
54TO¢8, 52TO8, 524¢Q8, and 64TO¢8.4, an increase in the fluorescence
intensity signal was also observed upon hybridization with the
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double-stranded target (18, 10, 15 and 6-fold, respectively). These
values are lower than those observed with the corresponding
mono-labelled TFOs.


Increasing the fluorescence intensity changes between the free
labelled TFO and the triplex structure. In order to increase the
difference in the fluorescence emission intensity between the triplex
structure and the free labelled TFOs, the possibility of using the
strand transfer strategy (Fig. 6) previously reported with single-
stranded targets was studied.35 This method is based on the
hybridization of the labelled oligonucleotidic probe with a shorter
sequence complementary to the 5¢-end, bearing a quencher at its
3¢-end. In the presence of the target sequence, strand displacement
occurs allowing the hybridization with the latter. In our study,
three labelled TFOs 44TO¢8, 44TO¢4 and 54TO¢8 were used. As quenching
sequences we used the 10-mer with the complementary sequence
to the TFO, 12dab [5¢GAAAAGAAAAp-(CH2)6NH-dabcyl3¢] as
well as shorter sequences 13dab [5¢AAAGAAAAp-(CH2)6NH-
dabcyl3¢], 14dab [5¢AAGAAAAp-(CH2)6NH-dabcyl3¢] and 15dab


[5¢AGAAAAp-(CH2)6NH-dabcyl3¢] complementary to the 5¢- end
of the TFO, bearing a dabcyl residue at their 3¢-ends (See Table 1
for characterizations). The quencher was attached by the reaction
of its succinimidyl ester with an aminohexyl linker incorporated
at the 3¢-ends of the oligonucleotides. Each of the labelled TFOs
was first hybridized with the series of oligonucleotide–dabcyl
conjugates. Fluorescence measurements indicated quenching (up
to at least 50%). Then, one equivalent of the double-stranded
target was added. Hybridizations were performed in the conditions
previously used for triplex formation.


Fig. 6 Schematic representation of the strand transfer from the duplex
(44TO¢8 + 15dab) (a) to the triplex structure (b). The concentrations were 1 mM
in each duplex and the buffer was the same as described in Fig. 3.


A large increase in the fluorescence emission was observed
when the target was added to the quenched duplex involving
the 6-mer-dabcyl conjugate 15dab. The fluorescence intensity of
the mixture reached 80% of that observed for the corresponding
triplex formed in the absence of 15dab after 4 h of incubation,
indicating the efficiency of the strand transfer. The experiments
were performed at 4 and 20 ◦C. When performed at 20 ◦C, the
strand transfer strategy resulted in a 47-fold fluorescence increase
with 44TO¢8 (Fig. 7). In such a strategy, the use of the 4TO¢ labelled
TFO involving the eight methylene linker forming the more stable
triplex structure was required for efficient strand transfer. This
result is in accordance with the Tm values observed for the duplexes


Fig. 7 Fluorescence intensities for the free conjugates (hatched), the
quenched duplex (labelled TFO + 15dab) (black) and the quenched duplex in
the presence of the DNA target (1 + 2) (white). Concentrations and buffer
conditions were the same as for Fig. 3. Experiments were performed at
20 ◦C.


44TO¢8 + 15dab and 44TO¢4 + 15dab (23.5 ◦C and 18 ◦C, respectively),
and those of the corresponding triplexes (37.5 ◦C and 26.6 ◦C,
respectively).


Other sequence contexts


In order to test the ability of our labelling method to detect
triplex structures in different contexts, we have designed and
synthesized other TFOs labelled at their 5¢-end with TO¢ via
an eight methylene linker (Table 3). We chose, first, a 17-mer
pyrimidine TFO involving a cytosine at the 5¢-end 16. The
synthesis was performed as reported for the synthesis of the
conjugates of 4 (see Table 1 for characterizations). This TFO was
designed to hybridize with 17-contiguous purines on a double-
stranded DNA of 26 base-pairs (triplex I). Other double-stranded
targets were also chosen in order to allow mismatched triplex
formation. Mutations were incorporated on either the purine or
the pyrimidine strands at different positions to give either terminal
or internal mismatched triplexes (triplexes II to V). Another 5¢-
TO¢ labelled 17-mer pyrimidine TFO 17 was designed to bind to
a duplex target involving an AT base-pair inversion at an internal
position (triplex VI). On the basis of literature indicating that the
mismatched GTA triplet was among the least destabilizing,36–38


we chose to incorporate a guanine in the TFO in the position
facing the AT base-pair inversion. The stability provided by the
TO¢ labelling in these different contexts was evaluated by thermal
denaturation studies followed by absorption spectroscopy using
the corresponding unlabelled triplexes as references. Fluorescence
intensity changes observed upon hydridization were determined
by steady-state experiments.


Absorption studies. The longer length of the duplex target al-
lowed us to distinguish between the triplex-to-duplex and the
duplex-to-single strand transitions. The Tm value for the fully
matched triplex I is 41.5 ◦C (Tm value for the fully matched
duplex is 69.5 ◦C). The presence of mismatches in the triplex
structures induced different effects that depended on both their
position on the triplexes (terminal versus internal position) and
the strand where mutations were incorporated (pyrimidine versus
purine strand). In agreement with the literature,36–38 our results
indicated that the incorporation of a purine base in the pyrimidine
strand, which affects only the Watson and Crick (WC) base-pair
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Table 3 Tm and fluorescence data for the 17-mer triplexes I–VI


formation, had either no (triplex II) or only a moderate effect
on the triplex stabilities (triplex III) while the incorporation of a
pyrimidine base in the purine strand had a greater destabilizing
effect (triplexes IV and V). In addition to its effect on the Watson
and Crick (WC) base-pair formation, this kind of modification also
altered the Hoogsteen base-pairing. In this case, the stability of the
triplex involving a mismatch at the end (triplex IV) is decreased
by 2.5 ◦C while no triplex was detected, under the experimental
conditions used, when a pyrimidine was incorporated at an
internal position. The hybridization of the 17-mer TFO 17,
containing a guanine, with the duplex involving an AT base-pair
inversion also resulted in the formation of a triplex (triplex VI) but
with decreased stability (by 8.5 ◦C) as compared with that of the
perfectly matched one (triplex I). In all cases, labelling the TFOs
with the intercalator thiazole orange TO¢ induced the formation of
triplexes with increased stabilities as compared with the unlabelled
ones. However, the stability increase due to labelling of the TFOs
was reduced when the size of the triplex was increased from 10
to 17 base-triplets. Similar trends were also previously observed


with other intercalators such as acridine and perylene.10,19,25 A
comparison of the stabilities of the labelled triplexes with those
of the corresponding unlabelled ones clearly showed that the
binding specificity was not reduced due to the presence of the sta-
bilizing label. A stability increase of +6 ◦C was observed for the
fully matched triplex (I) and +5.5 ◦C for the triplex involving the
AT base-pair inversion (VI). Similar stability increases were also
observed for triplexes II and III involving the terminal mismatches
and the triplex with the internal mutation on the pyrimidic strand
(triplex IV). When the mutation was incorporated in the purine
strand (triplex V) the presence of the label induced the formation of
a triplex structure but with low stability (Tm = 26 ◦C) as compared
with those of the other triplexes.


Fluorescence studies. A comparison of the fluorescence inten-
sities emitted by the free labelled TFOs indicated that they depend
on both their length and base composition. The fluorescence of
the 17-mer pyrimidine TFO 164TO¢8 was 1.4-fold higher than that
of the 10-mer TFO 4TO¢8. The replacement of a thymine by a
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guanine in the TFO 174TO¢8 led to a further increase (about 2-fold)
in the fluorescence emission. This can be explained by the back-
binding effect previously reported for thiazole orange labelled
peptide nucleic acids and oligonucleotides.39,14 The fluorescence
emissions of the purine rich oligonucleotides labelled with thiazole
orange were also higher than those in the pyrimidine series
due to stronger stacking interactions between the purine rings
and the thiazole orange.39–41 Furthermore, in the case of TFO
174TO¢8, the concomitant presence of the intercalating molecule
and the possibility of an internal GC base-pair formation was an
additional factor in favor of the back-binding structure. Upon an
increase in temperature, a decrease in the fluorescence emission
was observed (Table 3 and data not shown). Upon hybridization
of the labelled TFOs with the different duplexes, fluorescence
emission increases were observed in all cases. A comparison of the
results obtained at 4 ◦C and 25 ◦C indicated that the intensities
were greater at a lower temperature (4 ◦C versus 25 ◦C). However,
the following observations can be made. At 4 ◦C, the fluorescence
intensities of triplexes I, III and VI were nearly identical while
that of triplex V with weak stability, was weaker. The weakest
fluorescence intensities were observed for the triplexes II and
IV involving mismatched triplets in the position adjacent to the
intercalation site at the duplex to triplex junction. When the
experiments were performed at 25 ◦C, the fluorescence intensities
were decreased by a third for all the triplexes except for triplex V for
which a more important reduction was observed (more than two
thirds). The resulting fluorescence intensity ratio at 25 ◦C, between
the triplex structures and the labelled TFOs, was ~13.7 fold for
fully matched triplex I and triplex III involving a mutation at an
internal position on the pyrimidine strand. Due to the presence of
the terminal mismatches, the ratio was slightly weaker for triplexes
II and IV (9.9-fold and 8.5-fold, respectively, Fig. 8) while it was the
weakest for triplex V with the mutation at an internal position of
the purine strand. For triplex VI with the AT base-pair inversion,
the ratio was only 6.5-fold due to the high fluorescence intensity of
the free labelled TFO 174TO¢8. These results confirm the possibility


Fig. 8 Fluorescence emission spectra of the free 5¢-labelled TFO 16 (a);


fully matched triplex I (b) and end-mismatched triplexes II (c) and IV (d)
in a 10 mM sodium phosphate buffer, pH 6, containing 140 mM KCl, and
5 mM MgCl2 recorded at 25 ◦C (same concentrations and buffer conditions
as for Fig 3. lexc = 465 nm.) Hybridizations were performed overnight.


of detection of double-stranded nucleic acid structures by triple-
helix formation with thiazole orange 5¢-labelled TFOs.


Conclusion


We have reported the possibility of detecting double-stranded
nucleic acid sequences by hybridization of “light-up” TFOs
involving fluorescent labels with intercalating properties. These
labels are monomethine cyanines. One thiocyanine, four thiazole
orange isomers and three quinocyanines were linked to the 5¢-
end of a 10-mer pyrimidine TFO. The binding properties of these
labelled TFOs with the double-stranded nucleic acid target, stud-
ied by absorption and steady-state fluorescence spectroscopies,
indicated that strong stability can be obtained by choosing a
convenient linker size. Stability also depends on the label structure.
The presence of one benzothiazole ring is required to obtain
good stability. The linkage of a second label at the 3¢-end of
the TFOs provides additional stability. Steady-state fluorescence
experiments showed an important intensity increase upon triplex
formation. While the most important fluorescence increase was
observed with a quinocyanine (37-fold), the conjugates involving
thiazole orange attached by the benzothiazole ring provided the
most balanced properties in terms of triplex stabilization, fluores-
cence intensity and fluorescence enhancement upon hybridization
with the double-stranded target. It is also possible to increase
the fluorescence emission upon triplex formation by quenching
the fluorescence of the labelled TFO by its hybridization with
a shorter sequence complementary to the 5¢-end of the TFO
and bearing a quencher at its 3¢-end. Due to the stabilizing
properties of the labels, strand displacement occurs resulting in
the formation of a triplex structure. Formation of the triplex is
accompanied by a strong fluorescence enhancement (up to about
47-fold). The formation of longer fully matched triplex structures
(17 triplets) also induced an important fluorescence increase (13-
fold), while the presence of a mismatched base-pair on the duplex,
at the duplex–triplex junction, resulted in a reduced fluorescence
increase. A 17-mer TO¢-labelled TFO involving a guanine facing
an AT inversion on the duplex target also formed a triplex structure
detectable by a large fluorescence enhancement (6.5-fold). These
new “light up” TFOs (LU-TFOs) will be useful tools for the
detection of specific sequences on double-stranded nucleic acids.


Experimental


General methods


All solvents used were of the highest purity and did not contain
more than 10 ppm H2O. All chemicals were used as obtained
unless otherwise stated. During all the syntheses and purification
steps cyanine-linker derivatives and TFO–cyanine conjugates were
protected from light. Analytical thin-layer chromatography (TLC)
was performed on precoated alumina plates (Merck silica gel 60F
254 ref. 5554). For flash chromatography, Merck silica gel 60 (40–
63 mM) (ref. 9385 from Merck) was used. NMR spectroscopy
was performed on a Varian Unity 500 spectrometer. 1H chemical
shifts were referenced to Me4Si. 1H NMR coupling constants are
reported in Hz and refer to apparent multiplicities. Mass analysis
was performed on a Quattro II (Micromass) instrument. TFOs
were synthesized using cyanoethyl phosphoramidite chemistry
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and an Expedite nucleic acid synthesis system 8909 from Perseptive
Biosystems. Reversed-phase chromatography and purification
were performed on a 600 E (System Controller) equipped with
a photodiode array detector (Waters 990) using a LiChrospher
100 RP 18 (5 mm) column (125 mm ¥ 4 mm) from Merck.
Analyses and purifications by ion-exchange chromatography were
carried out on a Pharmacia FPLC with a MonoQ (8 mm, 10 ¥
100 mm, Pharmacia). UV spectra were recorded on an Uvikon
860 spectrophotometer. Fluorescence spectra were recorded on
a Fluoromax 2 (ISA-Jobin-Yvon) spectrofluorimeter in 0.5 cm
path-length Suprasil quartz cuvettes (Hellma) with slits set at
0.5 mm (band pass = 2 nm). Oligonucleotides 1, 2, 3 and the 26-
mer oligonucleotides were from Eurogentec. Their concentrations
were calculated using molar extinction coefficients at 260 nm,
determined by the nearest-neighbor model.42


Synthesis


Synthesis of the cyanine-linker derivatives. The syntheses of
cyanine-linker derivatives 4TO¢-(CH2)n-I (n = 4, 5, 6, 7 and
8), 2TO-(CH2)8-I, 2Th-(CH2)8-I, 2TO¢-(CH2)8-I, 4TO-(CH2)8-I,
22¢Q-(CH2)8-I, 24¢Q-(CH2)8-I, and 42¢Q-(CH2)8-I were performed
as previously described.14,26


Synthesis of the 5¢-thiophosphorylated TFO 4 (Scheme 1a). The
TFO was assembled at the 1 mmol scale. At the end of the chain
assembly an additional detritylation step was performed followed
by the incorporation of the thiophosphate group according to our
previously reported procedure.30 TFO 4 was purified by reversed-
phase chromatography using a linear gradient of CH3CN (5 to
50% over 60 min) in 0.1 M aqueous ammonium acetate, pH 7,
with a flow rate of 1 cm3 min-1.


Synthesis of the bis 3¢-,5¢-bis-thiophosphorylated TFO 5
(Scheme 1b). The synthesis was performed at the 1 mmol scale
on our previously reported modified support 8 leaving, after the
deprotection step, a thiophosphate group at the 3¢-end.31 At the
end of the chain assembly an additional detritylation step and
the incorporation of the thiophosphate group were performed
following our previously reported procedure.30 TFO 5 was purified
by ion-exchange chromatography using a linear gradient of NaCl
in a 25 mM Tris–HCl buffer, pH 7, containing 10% MeOH.
Yield (30%).


Synthesis of the 3¢-thiolated-,5¢-thiophosphorylated TFO 6
(Scheme 2). The synthesis was performed at the 1 mmol scale
on modified support 11 described below. At the end of the chain
assembly an additional detritylation step and the incorporation of
the thiophosphate group at the 5¢-end were performed as described
above. TFO 6 was purified by ion-exchange chromatography using
the conditions reported above. Yield (31%).


The synthesis of the modified support involving a masked thiol
function 11 was obtained as follows. A solution of thiohexanol
9 (5 g, 37.25 mmol) in EtOH–NH4OH (1 : 2, v/v), (30 cm3) was
stirred with air bubbling for ten days with addition of NH4OH
(2 cm3) every two days to give the 6,6¢-dithiodihexanol. The
mixture was concentrated to dryness and then purified on a silica
gel column using a MeOH gradient (0 to 3%) in CH2Cl2 to give a
white powder (1.7 g, 6.4 mmol, 35%). Rf = 0.30 (CH2Cl2–MeOH,
90 : 10, v/v). ESI-MS: m/z, C12H26O2S2, calc. 266.46, found
265.40 (M-).


A solution of 4,4¢-O-dimethoxytritylchloride (550 mg,
1.65 mmol, 0.27 eq.) in pyridine (20 cm3) was then added to
6,6¢-dithiodihexanol (1.65 g, 1 eq., 6.2 mmol) previously dried
by coevaporation with anhydrous pyridine. After 5 h of stirring
at rt, 4,4¢-O-dimethoxytritylchloride (0.1 eq., 51 mg, 0.15 mmol)
was added and the stirring was continued overnight. The pyridine
was azeotroped with toluene and the residue purified on a silica
gel column using a MeOH gradient (0 to 3%) in CH2Cl2 to give
10 as yellow oil (950 mg, 1.6 mmol, 95%). Rf14 = 0.55 (CH2Cl2–
MeOH, 90 : 10, v/v). 1H NMR (500 MHz, CDCl3, TMS) d =
7.45 (2H, d, 4JH-H = 7.3 Hz, -ODMT), 7.33 (4H, d, 4JH-H = 8.9 Hz,
-ODMT), 7.29 (2H, m, -ODMT), 7.21 (1H, t, 3JH-H = 7.1 Hz,
-ODMT), 6.83 (4H, d, 4JH-H = 8.9 Hz, -ODMT), 3.80 (6H, s,
-ODMT), 3.64 (2H, t, 3JH-H = 6.5 Hz, -CH2ODMT), 3.05 (2H, t,
3JH-H. = 6.5 Hz, -CH2OH), 2.68 (4H, dd, 3JH-H = 7.5 Hz, 3JH-H =
9 Hz, -CH2-SS-CH2-), 1.68 (4H, m, -CH2CH2S-SCH2CH2-),
1.60 (4H, m, -CH2CH2OH + -CH2CH2ODMT), 1.40 [8H, m,
-(CH2)n-]. ESI-MS: m/z, C33H44O4S2, calc. 568.84, found 591.73
(M + Na+). 1-O-Dimethoxytrityl-6,6¢-dithiodihexanol 10 (900 mg,
1.6 mmol, 1 eq.), succinic anhydride (159 mg, 1.59 mmol, 0.95 eq.)
and 4-dimethylaminopyridine (183 mg, 1.5 mmol, 0.9 eq.) were
solubilized with anhydrous pyridine (12 cm3) and the mixture
was stirred for 24 h at rt. The pyridine was azeotroped with
toluene. The residue was washed with a 10% aqueous citric acid
solution (10 cm3) and H2O (10 cm3) then extracted with CH2Cl2


(3 ¥ 20 cm3). The organic phase was dried over magnesium
sulfate and concentrated. Brown oil. (1.04 g, 1.52 mmol) Yield:
95%. Rf = 0.35 (CH2Cl2–MeOH, 90 : 10, v/v). ESI-MS: m/z,
C37H48O7S2, calc. 668.90, found 667.49 (M-). Functionalization
of the support was then performed as previously reported31 by
replacing the 1-O-dimethoxytrityloxyethyl-1¢-succinyl-ethyl-2,2¢-
disulfide with 1-O-dimethoxytrityl-6,6¢-dithiodihexanol 10 and
aminopropyl fractosil with LCCA-CPG 500 Å (Chemgenes).
Loading 36 mmol g-1.


Labelling of 5¢- and bis 3¢-,5¢-thiophosphorylated TFOs 4, 5, 16
and 17. DMF solutions of the selected cyanine-linker derivatives
(1.5 mg in 0.3 cm3, 10 eq.) were added to vortexed solutions
of 5¢-thiophosphorylated TFOs 4, 5, 16 and 17 (10 OD each)
in a 2.5% aqueous bicarbonate buffer, pH = 9, (0.2 cm3). The
mixture was stirred for 4 to 10 h at rt. The coupling efficiency was
monitored by reversed-phase analysis using the same conditions
as described above. TFO–cyanine conjugates were obtained with
increased retention times as compared to those of the starting
TFOs 4 or 5. During the entire work-up, conjugate solutions were
protected from light. Mixtures were evaporated to dryness under
reduced pressure. The residue was dissolved with water (2 cm3)
and extracted several times with CH2Cl2. The aqueous phase was
passed over a size exclusion Sephadex G 10 column, using water as
the eluant. Fast eluting colored fractions were purified by reversed-
phase chromatography with a linear gradient of CH3CN (5% to
50% over 60 min for mono-labelled conjugates and bis-labelled
conjugates) in 0.1 M aqueous ammonium acetate, pH 7, with a
flow rate of 1 cm3 min-1. (See Table 1 for retention times and
mass analysis data.) Yields were: 4Th8 (37%), 42TO¢8 (32%), 44TO¢8


(30%), 42TO8 (27%), 44TO8 (35%), 422¢Q8 (48%), 424¢Q8 (28%), 442¢Q8


(40%), 54TO¢8 (27%), 52TO8 (40%), 524¢Q8 (25%), 164TO¢8 (25%) and
174TO¢8 (20%). Electrospray mass analysis confirmed the mass of
all the conjugates.
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Bis-labelling of the 3¢-thiolated,5¢-thiophosphorylated TFO 6.
5¢-Labelling was performed as described for the labelling of TFOs
4, and 5 using 20 OD of TFO 6 and the 4TO¢-(CH2)8-I cyanine-
linker derivative. After purification of the 5¢-labelled TFO by
reversed-phase chromatography, the organic solvent was removed
by evaporation and the buffer by lyophilization. The solution of
5¢-labelled TFO 6 in a 2.5% aqueous bicarbonate buffer, pH =
9, (0.2 cm3) was degassed for 15 min by a stream of argon.
Then, a degassed TCEP32 solution (5 mg in 0.75 cm3) in a 2.5%
aqueous bicarbonate buffer, pH = 9, (0.02 cm3) was added. After
10 min, a degassed DMF solution of 4TO¢-(CH2)4-I (1.5 mg in
0.3 cm3) was added and the mixture vigorously vortexed. After 2 h
of reaction, the coupling efficiency was monitored by reversed-
phase analysis using the same conditions as described above.
During the entire work-up, the conjugate solutions were protected
from light. Mixtures were evaporated to dryness using a toluene–
DMF azeotrope. The residue was dissolved with a 1 M NaCl
solution in H2O–MeOH (80 : 20, v/v) (2 mL) and extracted
several times with CH2Cl2. The aqueous phase was passed over
a size exclusion Sephadex G10 column, using water as the eluant.
Fast eluting colored fractions were purified by reversed-phase
chromatography using the conditions described above. (See Table 1
for retention times and mass analysis data.) The bis-conjugated
64TO¢8.4 was purified by reversed-phase chromatography using the
conditions described vide supra. Yield (5%).


Synthesis of the ON–dabcyl conjugates. ONs involving an
aminohexyl linker at the 5¢-end were synthesized at the 1 mmol scale
on a previously reported modified support.43 Deprotection and
purification was then performed by ion-exchange chromatography
as reported above. A DMF solution of dabcyl succinimidyl ester
(1.5 mg in 0.3 cm3, 10 eq.) was added to vortexed solutions of 3¢-
aminohexyl-ONs (10 OD each) in a 2.5% aqueous bicarbonate
buffer, pH = 9 (0.2 cm3). The mixture was stirred for 4 h
at rt. The coupling efficiency was monitored by reversed-phase
analysis using the same conditions as described above. ON–dabcyl
conjugates 12dab, 13dab, 14dab and 15dab were obtained with increased
retention times as compared with the starting 3¢-aminohexyl-
oligonucleotide conjugates. During the entire work-up, conjugate
solutions were protected from light. Mixtures were evaporated
to dryness under reduced pressure. The residue was dissolved
with water (2 cm3) and extracted several times with CH2Cl2. The
aqueous phase was passed over a size exclusion Sephadex G 10
column using water as the eluant. Fast eluting colored fractions
were purified by reversed-phase chromatography with a linear
gradient of CH3CN (5% to 50% over 60 min) in 0.1 M aqueous
ammonium acetate, pH 7, with a flow rate of 1 cm3 min-1. (See
Table 1 for retention times and mass analysis data.) Yields were
12dab (60%), 13dab (55%), 14dab (70%) and 15dab (75%). Electrospray
mass analysis confirmed the mass of all conjugates.


Absorption studies


Molar absorption coefficient determination. The molar absorp-
tion coefficients (e260nm values) for the conjugates derived from
TFOs 4, 16 and 17 were estimated to be the sum of the e values
of the TFO and cyanines deducted from ref. 14 (see Table 1).
The same e260nm values were used for the series of conjugates
44TOn involving different linker sizes (n = 4, 5, 6, 7 and 8).
The molar extinction coefficients (e) for conjugates of 5 were


determined by titrating the conjugate solutions in a 10 mM
sodium phosphate, pH 6, buffer containing 100 mM NaCl at 5 ◦C
with a solution of the single-stranded complementary sequence
5¢GGGAAAAGAAAATTT3¢. The molar extinction coefficients
(e) for oligonucleotide–dabcyl conjugates 12dab, 13dab, 14dab and
15dab were determined by titrations with the complementary
sequence 3.


Tm measurements. The Tm values for the triplex formed by the
mono- and bis-labelled TFOs and the double-stranded target 1 + 2
were determined by thermal denaturation followed by absorption
spectroscopy using 1 mM solutions of TFOs and 1 mM of the
double-stranded duplex in a 10 mM KH2PO4 buffer (pH 6),
containing 140 mM KCl and 5 mM MgCl2. The samples were
left to hybridize overnight at 4 ◦C (far below the Tm value) in the
dark. Results are given in Table 1. The uncertainty in the Tm values
reported was ±1 ◦C.


Fluorescence studies


Fluorescence excitation and emission spectra were recorded on
a Fluoromax 2 (ISA-Jobin-Yvon) spectrofluorimeter in 0.5 cm
path-length Suprasil quartz cuvettes (Hellma) with slits set at
0.5 mm (band pass = 2 nm). A 1 mM solution of labelled TFOs
was prepared in a 10 mM KH2PO4 buffer (pH 6), containing
140 mM KCl and 5 mM MgCl2 The triple-stranded samples were
prepared by the addition of a small volume (0.005 cm3) of a
concentrated solution of the target (1 eq.) at rt. The sample was left
to hybridize overnight at 4 ◦C, 20 ◦C or 25 ◦C in the dark before the
measurements were performed. The fluorescence emission spectra
of free and hybridized labelled TFOs were recorded between l =
450 and 700 nm. Errors in fluorescence values were estimated to
be ±10%.
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The optical rotation, electronic circular dichroism (ECD) and vibrational circular dichroism (VCD) of
chiral sulfinates have been studied experimentally, and analysed by density functional theory
calculation, aiming at establishing a reliable and convenient methodology to determine their absolute
configuration. Through the study on a model chiral sulfinate with known absolute configuration,
(R)-(+)-methyl p-toluenesulfinate ((R)-(+)-1), each technique was found to be reliable in assigning
chirality of sulfinates. We then applied these methods to a synthetically prepared cruciferous
phytoalexin, brassicanal C ((-)-2), and unambiguously determined its absolute configuration as S. The
advantages and disadvantages of each spectroscopy on sulfinates are also discussed.


Introduction


Chiral sulfinates have been extensively used as the primary
source for enantiopure sulfur compounds such as sulfoxides and
sulfinamides, which are of considerable importance as bioac-
tive compounds and synthetic intermediates1 (Scheme 1a). A
number of methods have been developed for the formation
of chiral sulfinates, including diastereoselective synthesis using
chiral auxiliaries such as (S)-menthol (Andersen’s sulfinate)2 and
diacetone D-glucose,3 and enantioselective reactions using chiral
catalysts.4 In contrast, determination of absolute configuration of
sulfinates have relied on only a few approaches, including chemical
conversion to a known sulfoxide using organometallic reagents5


and X-ray crystallography based on an internal reference.6 The
reliability of the former method is limited since the assumption
of the configurational inversion at the chiral sulfur atom was
found not to be valid in certain cases.7 Furthermore, conversion
to a known sulfoxide itself becomes demanding when the sulfinic
compound has a complicated structure or reactive functional
groups. The latter technique has no ambiguity, but it is not


Scheme 1 (a) The structure of a representative chiral sulfinate,
(R)-(+)-methyl p-toluenesulfinate ((R)-(+)-1); (b) The structure of a sulfinic
cruciferous phytoalexin, (S)-(-)-brassicanal C ((S)-(-)-2).
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applicable to sulfinates without an internal reference. Therefore a
versatile methodology to determine sulfinic absolute configuration
is in demand in the realm of chiral sulfur compounds.


In our continuous stereochemical research on natural prod-
ucts, we have studied absolute configurations of several
sulfur-containing cruciferous phytoalexins by using chiroptical
techniques.8 Phytoalexins are antimicrobial secondary metabolites
produced de novo in response to various stresses such as pathogenic
invasion and UV light. Since the plant family cruciferae includes
a large number of dietary important crops (cabbage, turnip, rape-
seed, broccoli, cauliflower, mustard, wasabi, etc.), the constituent
phytoalexins are intimately related to human health.9 Stereochem-
ical studies of these phytoalexins are beneficial in understand-
ing the relationship between chirality and biological activities
such as antimicrobial8a,9a and antitumor activities.8c,10 Moreover,
some natural cruciferous phytoalexins have been isolated with
incomplete enantiomeric purities,8a,c,11 and therefore the analysis
of their chiral properties is also informative to elucidate their
complicated biosynthetic pathway.8,9 A cruciferous phytoalexin
brassicanal C (2, Scheme 1b) was first isolated from cabbage
(Brassica oleracea var. capitata) inoculated with Pseudomonas
cichorii in 1991 as an optically active sulfinic natural product.12


Pedras et al. recently isolated 2 from cauliflower (Brassica oleraceae
var. botrytis) irradiated with UV light and confirmed its sulfinic
structure by synthesis of racemic (±)-2.13 However, the absolute
configuration of the naturally occurring (-)-2 has not yet been
assigned due to the lack of an effective method.


Recently, advances in density functional theory (DFT) calcula-
tion of optical activities, such as optical rotation, electronic circu-
lar dichroism (ECD) and vibrational circular dichroism (VCD),
have opened the way for nonempirical determination of absolute
configuration of a broad range of chiral molecules.14 Among them,
VCD spectroscopy is the most reliable and informative due to the
number of well-isolated signals and the higher accuracy of the
calculation of vibrational transitions; however, the requirement of
milligram-level sample and the rarity of VCD instruments have
restricted the accessibility of this technique. On the other hand,
optical rotation and ECD spectroscopies are more commonly
used owing to their higher sensitivity and accessibility, although
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assignments rely on a small number of signals. Although optical
rotation, ECD and VCD have recently been used for nonempirical
determinations of chirality of sulfoxides and sulfinamides,15 their
application to sulfinates has been limited to a few empirical
approaches based on optical rotatory dispersion2a,5a and ECD,7,16


while there is no nonempirical stereochemical study on them. In
the present study, we have conducted optical rotation, ECD and
VCD measurements of the sulfinates shown in Scheme 1 and
their theoretical calculation using DFT, aimed at establishing
a convenient and reliable method to assign sulfinic absolute
configurations. There is no previous DFT studies on optical
activities of sulfinates, and therefore we first applied these three
techniques to a sulfinic compound of known chirality, (R)-(+)-
methyl p-toluenesulfinate ((R)-(+)-1),17 in order to examine the
reliability of each method and to compare their possible scopes
and limitations to sulfinates. The results on 1 demonstrated that
each method can accurately assign the absolute configuration
of sulfinates. Lastly, we applied these techniques to the sulfinic
natural product (-)-2 and determined its absolute configuration
as S.


Results and discussion


Preparation of (R)-(+)-1 and (-)-2


Racemic (±)-1 was prepared by following a reported method
using p-tolyldisulfide and NBS with an excess amount of
methanol.18 Racemic (±)-2 was prepared by using a procedure
similar to the synthesis reported by Pedras et al.13 as shown
in Scheme 2. Reaction of indoline-2-thione19 and the Vilsmeier
reagent prepared from phosphoryl chloride and DMF afforded
3-(N,N-dimethylamino)methyleneindoline-2-thione19 (85%). The
dimethylamino compound was then transformed to the aldehyde
compound by treatment with aqueous hydrochloric acid. The
resulting crude compound was oxidized by I2 in methanol solution,
yielding (±)-2 (15% in 2 steps). The NMR data was identical to
that previously reported.12


Scheme 2 Synthesis of (±)-2. Reagents and conditions: (a) POCl3, DMF,
reflux, 85%; (b) HCl aq, EtOH, rt; (c) NBS, MeOH, pyridine, 0 ◦C, 15%
in 2 steps.


The enantiomers of 1 and 2 were separated by using chiral
HPLC on a CHIRALCEL R© OD column (1 cm f ¥ 25 cm) at
hexane : EtOAc = 99:1 and 80:20, respectively. The elution time
and the separation factors a are as follows (t0 = 3.4 min was
used to calculate a): For 1, t(+) = 15.6 min, t(-) = 16.5 min,
a = 1.07; For 2, t(-) = 16.8 min, t(+) = 20.0 min, a = 1.24.
Both enantiomers of 1 were purified by repeating chiral HPLC of
partially enantioenriched fractions. Each enantiomer of 1 and 2


was confirmed to have >98%ee by chiral HPLC. The first-eluted
enantiomer of 1 was found to exhibit positive optical rotation ((+)-
1, [a]D +184◦ (c 0.2; EtOH); lit.17 [a]D +220◦ (c 3.23; EtOH)), while
the first-eluted enantiomer of 2 was identified as the levorotatory
enantiomer ((-)-2, [a]D -231◦ (c 0.2; MeOH); lit.12 [a]D -13.3
(c 1.04; MeOH)). Interestingly, brassicanal C isolated earlier was
levorotatory, but with a much smaller [a]D value than the optically
pure (-)-2, indicating poor stereoselectivity in its biosynthesis, as
observed in other cruciferous phytoalexins.8a,c,11


Conformational analysis of (R)-1 and (S)-2


Prior to the calculation of chiroptical properties of 1 and 2,
conformational searches were carried out to define their stable
conformers. The set of 18 initial conformations of (R)-1 was
generated by combination of incremental 60◦ rotation of the
dihedral angle C2C1S1O8 (-120◦, -60◦, 0◦, 60◦, 120◦, 180 ◦) and
incremental 120◦ rotation of the dihedral angle C1S1O8C8 (-60◦,
60◦, 180 ◦). For (S)-2, the 36 starting structures were created by
rotating the bond C3–C8 by 180◦ in addition to the rotation of
the C2–S2 bond (60 ◦ each) and the S2–O9 bond (120 ◦ each).
Each geometry was optimized by using the DFT/B3LYP/6–
31G(d) level of theory, where some of the initial conformations
were converged to the same conformer. Further optimization
at the DFT/B3LYP/6–311+G(2df,2p) level of theory led to the
three and four stable conformers for 1 and 2, respectively, within
2 kcal/mol from the most stable one (Fig. 1 and 2). In the stable
conformations of 1, the S1=O1 bond and the phenyl ring are
almost coplanar (the tilt angle is less than 3◦, data not shown),
where the conformers are stabilized by p conjugation. On the other
hand, the S2=O2 bond of 2 directs toward the neighboring N1–H1
group to avoid the steric repulsion with the C8 aldehyde group,
and probably to obtain an extra stabilization from intermolecular
hydrogen bonding between O2 and H1. Table 1 and 2 show a
few representative dihedral angles, the relative energies and the


Fig. 1 B3LYP/6–311+G(2df,2p) optimized structures for three stable
conformers of (R)-1.


Fig. 2 B3LYP/6–311+G(2df,2p) optimized structures for four stable
conformers of (S)-2.
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Table 1 Three stable conformers of (R)-1 optimized without considering a solvent effect,a and their calculated [a]D
b and observed [a]D of (+)-1


Dihedral anglesa


DE (kcal/mol)a Boltzmann population C2C1S1O8 C1S1O8C8 calcd [a]D
b


(R)-1a 0.000 65.4% 65.52◦ 65.66◦ +364.6◦


(R)-1b 0.784 17.4% -112.49◦ -174.80◦ +352.7◦


(R)-1c 0.790 17.2% 70.81◦ -174.75◦ +347.5◦


averaged [a]D +360◦


CHCl3 +185◦


observed [a]D (c = 0.2 [g/(100mL)]) MeCN +177◦


EtOH +184◦


a Optimized at the DFT/B3LYP/6–311+G(2df,2p), b Calculated at the TDDFT/B3LYP/aug-cc-pVDZ.


Table 2 Four stable conformers of (S)-2 optimized without considering a solvent effect,a and their calculated [a]D
b and observed [a]D of (-)-2


Dihedral anglesa


DE (kcal/mol)a Boltzmann population O8C8C3C2 C3C2S2O9 C2S2O9C9 calcd [a]D
b


(S)-2a 0.000 60.3% 179.08◦ -68.53◦ -61.57◦ -500.1◦


(S)-2b 0.644 20.3% 0.67◦ -76.04◦ -146.24◦ -264.6◦


(S)-2c 0.956 12.0% 179.40◦ -76.13◦ -173.19◦ -368.1◦


(S)-2d 1.247 7.4% 0.48◦ -74.54◦ -61.39◦ -589.4◦


averaged [a]D -443◦


observed [a]D (c = 0.2 [g/(100mL)], MeOH) -231◦


a Optimized at the DFT/B3LYP/6–311+G(2df,2p), b Calculated at the TDDFT/B3LYP/aug-cc-pVDZ.


Boltzmann populations of these conformers. Theoretical optical
rotation, ECD and VCD of (R)-1 and (S)-2 were calculated for
each stable conformer, and then these data were averaged based
on their Boltzmann population to obtain the final spectra.


Chiroptical Spectra of (R)-(+)-1


The [a]D of (+)-1 was measured in chloroform, acetonitrile and
ethanol, resulting in almost same values around +180◦ (Table 1).
Although optical rotatory power is known to be influenced by
solvents,20 seemingly such an effect on the optical rotation of (+)-1
is negligible. As is the case for (+)-1, chiral sulfinates have been
reported to exhibit large [a]D values.21 Therefore, this series of
compounds represents a favorable case where, according to recent
studies, absolute configuration can be assigned by time-dependent
DFT calculation of optical rotation at the sodium-D line.14,22 As
Stephens et al. pointed out, molecules with [a]D < 100◦ should be
treated with caution since calculations may predict [a]D values of
incorrect sign.22 The calculation of the optical rotation of (R)-1 was
carried out at the TDDFT/B3LYP/aug-cc-pVDZ level, leading
to almost same values for the three conformers irrespective of
the rotations of the C1–S1 bond and the S1–O8 bond (Table 1).
However, the averaged theoretical [a]D value of (R)-1 (+360◦) is
twice larger than the observed ones (ca. +180◦). This discrepancy
could be due to errors in the functional or the basis set, or due
to vibrational effects, which are not taken into account in these
calculations. Interestingly, twice larger predicted optical rotations
have also been seen for a chiral sulfoxide compound in a previous
report15g and for (-)-2 in this study (vide infra). Most importantly,


the calculated value of (R)-1 is accurately predicted to have the
positive sign, demonstrating the reliability of the assignment based
on optical rotation.


The ECD and UV spectra of (+)-1 were recorded in acetonitrile
as shown in Fig. 3. The observed ECD spectrum exhibits the first
positive Cotton effect at 249 nm and the negative band at 215 nm.
The theoretical ECD spectrum of (R)-1 was calculated using the
TDDFT/B3LYP/aug-cc-pVDZ level, where all three conformers
show closely compatible first positive Cotton bands at the longer
wavelength region, while different patterns are seen in the shorter
wavelength region: (R)-1a has a slightly positive signal, but (R)-1b
and (R)-1c have negative bands. The averaged theoretical spectrum
therefore exhibits a first positive band and then a weak negative
band as shown in Fig. 3. Although the comparison between
the observed ECD spectrum and the predicted one finds slight
differences in the wavelength of the positive band and the relative
intensities of the negative band, the overall spectral pattern in
the experimental data is well reproduced in the theoretical one,
thus supporting the previously assigned R-configuration. The
similarity seen between the observed and calculated UV spectra
supports the reliability of the calculations. Furthermore, a better
agreement of ECD curves has been achieved by considering the
influence of the solvent on the stability of these conformers. The
energy calculations of the three conformers in acetonitrile solvent
conducted at the 6–311+G(2df,2p) basis set using the polarizable
continuum model found an increase in the Boltzmann populations
of (R)-1b and (R)-1c (Table 3). Consequently, the ECD spectrum
based on the populations in acetonitrile (Fig. 3b), which exhibit
a clearer negative band in the region of 245–205 nm, provides
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Fig. 3 (a) The calculated ECD spectra at the TDDFT/B3LYP/
aug-cc-pVDZ for (R)-1 in vacuo. (b) The averaged calculated ECD
spectrum based on the Boltzmann populations in acetonitrile solution
as shown in Table 3. (c) The observed ECD of (+)-1. (d) The observed
and averaged calculated UV spectra. The UV spectrum calculated in
acetonitrile is omitted since it is indistinguishable from that calculated in
vacuo. ECD and UV of (+)-1 (acetonitrile, 0.3 mM) lext (De): 199 (+2.8),
212 (-10.8), 249 (+15.1); lmax (e): 196 (40100), 225 (10400), 249 (5700).


Table 3 Relative energies and Boltzmann populations of three stable
conformers of (R)-1 calculated by using PCM in acetonitrilea


DE (kcal/mol)a Boltzmann population


(R)-1a 0.000 46.1%
(R)-1b 0.315 27.0%
(R)-1c 0.319 26.9%


a Calculated using the DFT/B3LYP/6-311+G(2df,2p).


a closer similarity with the experimental, thus confirming the R
configuration.


The VCD and IR spectra of (+)-1 were measured as a CDCl3


solution, and compared with the theoretical ones calculated
for (R)-1 at the DFT/B3LYP/6–311+G(2df,2p) level of theory
(Fig. 4). The observed IR spectrum shows good agreement with the
calculated in their frequencies and relative intensities, including the
intense IR absorption band due to S1=O1 stretching vibration at
around 1125 cm-1. Similarly, both the experimental and theoretical
VCD spectra are almost featureless above 1200 cm-1, while they
show a characteristic positive couplet, i.e., a positive band at ca.
1125 cm-1 and a negative band at ca. 1160 cm-1 originating from


Fig. 4 Comparison of VCD and IR spectra of observed (+)-1 in
CDCl3 (0.2 M) and the calculated (R)-1 using the DFT/B3LYP/
6–311+G(2df,2p).


S1=O1 stretching and C7 methyl deformation, respectively. The
agreement seen between experimental and theoretical VCD bands
leads to the R assignment. This study represents the first example
of the application of VCD spectroscopy to a sulfinate, and provides
unambiguous determination of its absolute configuration. It is
noteworthy that characteristic VCD signals arising from S=O
stretch have been observed in previous studies of sulfoxides and
sulfinamides.15b–j The stretching of sulfinic S=O, which occurs at
the chiral center itself, can be considered to give rise to strong
VCD absorption that can be the most informative in the analysis
of absolute configuration of sulfinates.


In the study of (+)-1, each chiroptical technique reliably
predicted the R configuration in accordance with the previous
assignment by Mikolajczyk and Drabowicz.17 This is the first
example of nonempirical determination of sulfinic absolute config-
uration. Supported by the finding that optical rotation, ECD and
VCD techniques can accurately assign sulfinic chirality, we then
applied these methods to the natural product (-)-2 to determine
its absolute configuration.


Determination of absolute configuration of (-)-2


Calculations of optical activities were carried out for the four
stable conformers of (S)-2 (Fig. 2) without consideration of the
solvent effects. Compound 2 is rather hydrophilic due to the C8
carbonyl and N1 amino groups, and hence it has limited solubility
in apolar solvents. Although aprotic solvents are commonly used
for comparison of observed data and theoretical calculation, the
experimental [a]D and ECD measured in methanol and acetoni-
trile, respectively, showed good agreement with the calculated data
as discussed below.


First, the observed [a]D value in methanol was compared with
the calculated shown in Table 2. The TDDFT/B3LYP/aug-cc-
pVDZ calculation predicted various optical rotations for each
conformer, but all exhibit negative values with large intensities
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regardless of the rotations of the C3–C8 bond and the S2–O9
bond. The averaged theoretical [a]D of (S)-2 (-443◦) is about twice
larger than the experimental one (-231◦), as observed in the case of
1. Both results show large negative values, thus clearly suggesting
the absolute configuration of (-)-2 be S. It is noteworthy that the
predicted magnitude of the rotation of 2 is greater than that of 1,
as observed experimentally.


To verify the predicted S-configuration, ECD spectroscopy was
then applied to 2 (Fig. 5). Both the experimental ECD spectrum
obtained in acetonitrile and the averaged theoretical spectrum
using the TDDFT/B3LYP/aug-cc-pVDZ level show a negative
broad band at around 320 nm and a sharp intense peak at
around 215 nm. Although the observed small negative couplet
at around 250 nm becomes flat in the calculated data because
they are compensated by each other (data not shown), the overall
agreement between the two spectra unambiguously leads to the
assignment as S.


Finally, the assignment of the S-configuration is further con-
firmed by VCD spectroscopy (Fig. 6). The IR and VCD measure-
ments were conducted for CDCl3 but at a lower concentration
(0.05 M) due to the hydrophilicity of 2. As a result, the observed
spectrum shows a relatively low S/N ratio especially in the region
above 1500 cm-1, and therefore this region was omitted to avoid
any misinterpretation. The theoretical IR and VCD spectra were
calculated at the DFT/B3LYP/6–311+G(2df,2p) level and then
compared with the experimental ones. The observed IR spectrum
shows moderate agreement with the predicted; however, the former
exhibits somewhat broader bands than the latter. Considering the
molecular property of 2, the band broadness may indicate that part
of the molecule has intermolecular interactions in CDCl3 such as


Fig. 6 Comparison of VCD and IR spectra of observed (-)-2 in
CDCl3 (0.05 M) and the calculated (S)-2 using the DFT/B3LYP/
6–311+G(2df,2p). Some of the putative band assignments are shown by
dotted lines.


hydrogen bonding between the C8 carbonyl of one molecule and
the N1 amino group of another. Nevertheless, the experimental
VCD feature reasonably agrees with the theoretical as shown in
Fig. 6, where several putative assignments of each observed band


Fig. 5 (a) The calculated ECD spectra at the TDDFT/B3LYP/aug-cc-pVDZ for (S)-2 in vacuo. (b) The observed ECD of (-)-2. (c) The observed and
averaged calculated UV spectra. ECD and UV of (-)-2 (acetonitrile, 0.3 mM). lext (De): 212 (+15.3), 242 (+5.7), 260 (-6.3), 321 (-6.3); lmax (e): 196
(24000), 215 (23800), 245 (14200), 305 (9800).
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are depicted. Specifically, the negative feature in the S=O stretching
region (ca. 1110 cm-1) is significant in both the observed and
calculated spectra. These VCD results suggest the S-configuration
of (-)-2 in consistency with the conclusions deduced from optical
rotation and ECD.


Conclusions


We have applied the theoretical calculation of optical rotation,
ECD and VCD spectroscopies to chiral sulfinates for the first time.
Comparison of each observed and calculated data of chiral model
sulfinate 1 accurately predicted (+)-1 as R in accordance with the
previous assignment. Furthermore, the cruciferous phytoalexin
(-)-2 has been unambiguously assigned as S. Determination of
chirality of sulfinates by chiroptical spectroscopies is a reliable
and convenient alternative to conventional methods that require
derivatization or crystallization.


Using only a single method could lead to satisfactory assign-
ments for the sulfinates studied here; however, each method has
its own advantages and disadvantages in terms of their sensitivity,
reliability, restriction of measurement conditions, etc. We have
shown that the absolute configurations of sulfinates, which typ-
ically exhibit large [a]D values, can conveniently be determined
by calculations of optical rotation. However, caution must be
taken for this approach in order to avoid erroneous assignments
in case the calculated and experimental [a]D fall into “the zone of
indeterminacy” reported in ref 22. In such cases optical rotations
at several wavelengths (i.e. optical rotatory dispersion)23 or other
methods such as ECD and VCD must be examined. On the other
hand, ECD and VCD spectroscopies can be more effective tools
when the compound has other chiral moieties. In particular, VCD
spectroscopy is advantageous for this purpose because of a large
number of well-isolated vibrational transitions24 including the
S=O stretching vibration that strongly reflects sulfinic chirality.
The assignment by these methods becomes more reliable by
considering solvent effects,25 as exemplified in the ECD study
of 1. If properly used, each method alone could assign absolute
configuration with satisfactory accuracy, and furthermore the
use of more than one technique will lead to further reliable
conclusions.


Experimental section


Preparation of (R)-(+)-1 and (-)-2


1H (400 MHz) NMR spectra were recorded on a Bruker Avance
spectrometer. FAB MS was performed on a JEOL HX110
spectrometer. Enantioseparation of (±)-1 and (±)-2 was conducted
on a CHIRALCEL R© OD column (1 cm f ¥ 25 cm) using a
Shimadzu LC-6A liquid chromatograph instrument equipped with
a Shimadzu SPD-6AV UV-Vis spectrometric detector.


Preparation of (±)-2 used a procedure similar to that reported by
Pedras et al.13 Phosphoryl chloride (400 mL) was added dropwisely
to DMF (2 mL) with stirring at rt under N2. After 2 h, a solution
of indoline-2-thione19 (300 mg, 2.01 mmol) in DMF (1.5 mL)
was added dropwisely to the mixture. The reaction mixture was
stirred for 4 h at rt, then poured into 2 mL of wet ice, then
added to 10 mL of sat NaHCO3 aq, and stirred overnight.
The mixture was poured into water and extracted with EtOAc.


The combined extract was washed with brine, then dried over
Na2SO4, filtered and concentrated. The residue was subjected
to silica-gel column chromatography (hexane:EtOAc = 30:70
to 0:100) to afford 3-(N,N-Dimethylamino)methyleneindoline-2-
thione19 (356 mg, 85%).


A solution of 50 mg (0.24 mmol) of the above dimethylamino
compound in 8 mL of EtOH was added to 10 mL of 0.5 M HCl
aq and stirred for 2 h at rt. The reaction mixture was poured
into water and extracted with EtOAc. The combined extract
was washed with water, brine, then dried over Na2SO4, filtered
and concentrated. Without further purification, the crude 2-
sulfanylindole-3-carboxaldehyde was dissolved in 3 mL of MeOH
and 200 mL of pyridine, and then NBS (85 mg, 0.48 mmol)
was portionwisely added to the solution at 0 ◦C. After stirring
for 1 h, the mixture was diluted with CHCl3 and washed with
water and brine. The organic layer was dried over Na2SO4, filtered
and concentrated. The residue was subjected to silica-gel column
chromatography (hexane:EtOAc = 85:15 to 80:20) to afford (±)-2
(7 mg, 15% in 2 steps). Brassicanal C ((±)-2): 1H NMR (400 MHz,
CDCl3): d 10.34 (1H, s), 9.83 (1H, br s), 8.28 (1H, d, J = 7.8 Hz),
7.55 (1H, d, J = 8.2 Hz), 7.45 (1H, ddd, J = 1.2, 7.6, 7.6 Hz), 7.40
(1H, ddd, J = 1.2, 7.5, 7.5 Hz), 3.69 (3H, s); HRMS (FAB) m/z
for C10H10NO3S (M+), calcd 224.0381, found 224.0384.


Measurement of optical activities


Optical rotations were measured on a Perkin-Elmer 343 polarime-
ter at the sodium-D line using a 1-cm optical cell. ECD spectra
were recorded on a JASCO J-810 spectrometer with a 1-mm quartz
cell. IR and VCD spectra were obtained on a Bomem/BioTools
Chiralir spectrometer equipped with a second elastic modulator
using a 72-mm BaF2 cell. Data were corrected by solvent data
obtained at the same experimental conditions. In each technique,
the pairs of enantiomers showed results with the opposite sign.


Calculations


Geometry optimizations and optical activity calculations were
performed with Gaussian 03.26 The 18 and 36 initial geometries
of (R)-1 and (S)-2, respectively, were first optimized by using
DFT/B3LYP/6–31G(d) level of theory, and then resultant stable
conformers within 5 kcal/mol from the most stable one were
further optimized at the DFT/B3LYP/6–311+G(2df,2p) level.
The conformers within 2 kcal/mol from the most stable one
were taken into account for optical rotation, ECD and VCD
calculations. For the ECD study of (+)-1, the energy calcula-
tions of the three conformers of (R)-1 were conducted at the
DFT/B3LYP/6–311+G(2df,2p) level using PCM in acetonitrile
(e = 36.64) as implemented in Gaussian 03. Theoretical optical
rotations were calculated using the DFT/B3LYP/aug-cc-pVDZ
level at the 589.3 nm. Computation of ECD and UV spectra
were carried out using the DFT/B3LYP/6–311+G(2df,2p) level of
theory. The ECD spectra were simulated from the first 40 singlet →
singlet electronic transitions using Gaussian band shapes and
0.30 eV standard deviation. IR and VCD spectra were calculated
at the DFT/B3LYP/6–311+G(2df,2p) level, and simulated with
Lorentzian lineshapes of 8 cm-1 width. The calculated frequencies
n were scaled with the equation of (1.04 ¥ 10-5)n2 + 9.894n. Final
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data were obtained based on the Boltzmann population average
of each data.
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and J. Mojzis, Bioorg. Med. Chem., 2005, 13, 5206–5212.


9 (a) M. S. C. Pedras, F. I. Okanga, I. L. Zaharia and A. Q. Khan,
Phytochemistry, 2000, 53, 161–176; (b) M. S. C. Pedras, M. Jha and
P. W. K. Ahiahonu, Curr. Org. Chem., 2003, 7, 1635–1647; (c) M. S. C.
Pedras, Chem. Rec., 2008, 8, 109–115.


10 (a) R. G. Mehta, J. Liu, A. Constantinou, C. F. Thomas, M. Hawthorne,
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Our previous efforts have used in vitro selection to identify numerous Zn2+-dependent deoxyribozymes
that ligate two RNA substrates with reaction at a 2¢,3¢-cyclic phosphate. Each deoxyribozyme creates
one of several different RNA linkages, including native 3¢–5¢ and non-native 2¢–5¢ phosphodiester
bonds as well as many unnatural linkages. In this report, we describe experiments to reveal design
aspects of the selection strategy that favor site-selective and regioselective synthesis of native 3¢–5¢
RNA linkages. The results also reveal that an explicit selection pressure for RNA substrate sequence
generality must be developed if the deoxyribozymes are to have practical generality.


Introduction


We previously established an in vitro selection strategy to iden-
tify deoxyribozymes (DNA enzymes)1,2 that ligate two RNA
substrates.3 These substrates are one of two readily obtained com-
binations: 2¢,3¢-cyclic phosphate with 5¢-hydroxyl (Scheme 1),3–5


or 2¢,3¢-diol with 5¢-triphosphate.6–8 For both substrate combina-
tions, multiple ligation junctions are possible, leading to several
selectivity considerations. Through the experiments reported here,
we sought to understand how to control both site-selectivity
and regioselectivity in the deoxyribozyme-mediated RNA ligation
reaction involving a 2¢,3¢-cyclic phosphate substrate. Our findings
indicate that several subtle aspects of the selection design are
important to provide native 3¢–5¢ RNA linkages in the ligation
products.


Our first report on RNA-ligating deoxyribozymes that use a
2¢,3¢-cyclic phosphate substrate revealed only formation of non-
native 2¢–5¢ linkages rather than native 3¢–5¢ linkages.3 Subsequent
experiments showed that the non-native connectivity is favored
in several different contexts, for mechanistic reasons that remain
unclear.4,5 All of these early findings used Mg2+ as the metal ion
cofactor for the DNA enzymes. We later discovered that using Zn2+


in place of Mg2+ leads to deoxyribozymes that collectively create
the various ligation products of Scheme 1, including formation of
native 3¢–5¢ linkages (Scheme 1b).9 Such linkages are desirable for
practical RNA ligation because no evidence remains in the RNA
product that a ligation event had taken place.


In all of these cases, each deoxyribozyme creates only one
particular RNA linkage and is therefore both site-selective and
regioselective. The direction of site-selectivity for an individual
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deoxyribozyme is controlled by which functional group acts as
the attacking nucleophile: the 5¢-OH, the 2¢-OH of the 5¢-terminal
nucleotide, or an internal 2¢-OH of the second substrate. The
direction of regioselectivity is determined by which O atom of
the cyclic phosphate, 2¢ or 3¢, acts as the leaving group. During
in vitro selection of our previously reported Zn2+-dependent
deoxyribozymes, the directions of both site-selectivity and regios-
electivity were controlled poorly, because examples were found of
individual deoxyribozymes that collectively form at least five out
of the 2 ¥ 3 = 6 possible ligation products. This includes all four of
the linkages formed by nucleophilic attack of either the 5¢-OH or
2¢-OH of the 5¢-terminal nucleotide combined with both possible
openings of the 2¢,3¢-cyclic phosphate (Scheme 1b and 1c).


These Zn2+-dependent deoxyribozymes were identified using
two selection strategies whose key steps are shown in Fig. 1a
and b.9 The selections were designated as ‘J’ and ‘BB’ according
to our laboratory’s ongoing alphabetical nomenclature. Two key
aspects of the J selection design were as follows. (1) The presence
of four-nucleotide RNA overhangs on both sides of the ligation
junction, beyond which DNA:RNA base pairs were formed
between the fixed deoxyribozyme binding arms and the RNA
substrates. (2) An unmodified ‘right-hand’ (R) RNA substrate that
reacts with the 2¢,3¢-cyclic phosphate of the ‘left-hand’ (L) RNA
substrate. The J selection led to deoxyribozymes that use only
the 5¢-terminal guanosine 2¢-OH group as the nucleophile, with
two unnatural ligation products formed via both possible cyclic
phosphate opening reactions (i.e., linear 3¢–2¢ and 2¢–2¢ linkages;
Scheme 1c). Thus, the J selection was site-selective (albeit for the
undesired 5¢-terminal 2¢-OH nucleophile) but not regioselective.


Because both of the products formed by deoxyribozymes from
the J selection were unnatural RNA linkages, we changed the
selection strategy in an attempt to favor formation of native 3¢–5¢
linkages. The ensuing BB selection was identical to the J selection
except that the R substrate had a 2¢-deoxy-G nucleotide at its
5¢-terminus rather than a standard G ribonucleotide (i.e., 2¢-dG
rather than 2¢-G). This change was made to prevent emergence
of deoxyribozymes that require nucleophilic reactivity of the
5¢-terminal 2¢-OH group of R (as was observed in the J selection),
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Scheme 1 Potential DNA-catalyzed ligation reactions of a 2¢,3¢-cyclic phosphate RNA substrate. (a) The two RNA reaction partners. The strand
providing the cyclic phosphate is designated as the ‘left-hand’ (L) substrate (red), and the strand providing the –OH nucleophile is designated as the
‘right-hand’ (R) substrate (blue). The 2¢,3¢-cyclic phosphate can be opened in either of two ways (green and brown arrows); controlling the regioselectivity
of this opening is one main focus of this study. In addition, three potential –OH group nucleophiles are highlighted (yellow) on the R substrate; controlling
the site-selectivity among these competing nucleophiles is another main focus of this study. (b) Nucleophilic attack by the 5¢-OH of R with the 2¢-O of L
acting as the leaving group leads to the native 3¢–5¢ RNA linkage. When the 3¢-O of L is instead the leaving group, the non-native 2¢–5¢ RNA linkage is
formed. In each structure, the dashed arrow marks the bond formed between the 5¢-OH and the P atom. (c) Various unnatural linkages are formed when
either the 5¢-terminal 2¢-OH or the internal 2¢-OH of R attacks the cyclic phosphate.


because this functional group was consistently absent during the
BB selection process. Indeed, the BB selection led to deoxyri-
bozymes that use either the 5¢-terminal 5¢-OH or the internal
2¢-OH of the second R nucleotide (but not the 5¢-terminal 2¢-OH)
as the nucleophile, again with both cyclic phosphate openings.
Although one particular product among this collection was


the desired native 3¢–5¢ linkage, overall the redesigned selection
experiment did not control either the site-selectivity or the
regioselectivity of the RNA ligation process.


In the present work, we explored how the selection design can
be further modified to control the direction of site-selectivity
and regioselectivity during DNA-catalyzed RNA ligation. We
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Fig. 1 Selection designs for deoxyribozyme-catalyzed RNA ligation using a 2¢,3¢-cyclic phosphate RNA substrate. In each case, the two RNA substrates
(L and R) and the deoxyribozyme are shown poised for the key selection step (see Fig. 2). (a) and (b) The previously reported J and BB selections, in
which four overhanging RNA nucleotides were present on both the L and R substrates.9 The 5¢-terminal nucleotide of R was fixed as either G with a
2¢-OH (2¢-G; J selection) or G with a 2¢-H (2¢-dG; BB selection). (c) The new CW selection, which is the same as BB except only one overhanging RNA
nucleotide was present on both L and R. (d) The new CX selection, which differs from BB via both the overhang length and in switching of 2¢-dG/2¢-G
in various selection rounds.


focused on strategically changing two particular aspects of the
J/BB selection design. First, in the new CW selection (Fig. 1c)
we altered the RNA overhang length from four nucleotides to
only one nucleotide. The reduced overhang length should help
to suppress nucleophilic reactivity by the internal 2¢-OH of R,
because this nucleotide is now physically constrained within a
DNA:RNA Watson–Crick base pair; this change should therefore
contribute to controlling the site-selectivity of ligation. Another
benefit of reducing the RNA overhang length on both substrates
is an anticipated increase in RNA substrate sequence generality
of the resulting deoxyribozymes, because we have observed
that long single-stranded regions of the RNA substrates often
lead to deoxyribozymes that have undesired requirements for
specific RNA nucleotides in these non-duplex regions.3,6,9–11 RNA
substrate generality is an important practical feature of useful
RNA-ligating deoxyribozymes.


The second altered aspect of the selection design was to repeat-
edly switch the 5¢-terminal nucleotide of the R substrate between
2¢-dG and 2¢-G during the iterated rounds of the new CX selection
(Fig. 1d). By switching this nucleotide, we expected to continue to
suppress nucleophilic reactivity of the corresponding 5¢-terminal
2¢-OH of R. Importantly, we also expected this switching to
provide a direct pressure for the resulting deoxyribozymes to retain
substantial ligation activity when the 2¢-OH is present on the RNA
substrate. The previous BB deoxyribozymes, which were identified
by selection with the fixed 2¢-dG substrate, catalyzed RNA ligation
relatively poorly with the 2¢-G substrate when compared with the
2¢-dG substrate.9


By assaying a collection of the Zn2+-dependent deoxyribozymes
that emerged from both of the new CW and CX selection
experiments, we determined how both altered aspects of the
selection design influenced the site-selectivity and regioselectivity
of DNA-catalyzed RNA ligation. We were pleased to find that
changing both design aspects simultaneously (in the CX selection)
led to control of both site-selectivity and regioselectivity, because
nearly all of the resulting deoxyribozymes create solely native 3¢–5¢
RNA linkages. We also examined the RNA substrate sequence
generality of deoxyribozymes that form native 3¢–5¢ linkages
from both new selections. The observation of nontrivial sequence
requirements near the ligation junction suggests that further
experiments to obtain highly general deoxyribozymes will require
the introduction of a selection pressure specifically designed to
induce such generality.


Results


In vitro selection of new deoxyribozymes


For both of the new selection experiments designated CW and
and CX (Fig. 1), the procedure was analogous to that employed
previously for the J and BB selections.9 The R substrate was
attached covalently to the deoxyribozyme strand using T4 RNA
ligase. Then, in the key selection step (Fig. 2a), the L and R
substrates were provided the opportunity to become ligated in
70 mM Tris, pH 7.5, 150 mM NaCl, 2 mM KCl, and 1 mM
ZnCl2 by incubation for 3 h at 23 ◦C. Those DNA sequences that
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Fig. 2 Key selection step and progression of the new selection experi-
ments. (a) The key selection step, in which the L and R substrates are
joined by the action of the deoxyribozyme that is attached to R (asterisk).
Note that this covalent attachment is required only during the selection
process itself; L and R can be provided to the deoxyribozyme as separate
substrates for analysis of ligation activity after the selection process is
completed. (b) Ligation activities of the CW and CX selections by round
number.


successfully joined L and R were separable by 8% polyacrylamide
gel electrophoresis (PAGE) due to the pre-existing covalent
connection between R and the deoxyribozyme (i.e., L+R+DNA
was readily separated from R+DNA). Finally, the DNA pool
(now enriched in catalytically active sequences) was regenerated
by PCR, and the two single strands were separated by denaturing
PAGE; the undesired strand was longer than the desired strand
due to the presence of a nonamplifiable spacer within the DNA
primer that initiates synthesis of the undesired strand. This process
was iterated for eight rounds, with the activity progression shown
in Fig. 2b.


For the CW selection, the only difference from the prior BB
selection was that only one overhanging RNA nucleotide (rather
than four) was present on both L and R. As in the BB selection,
the 2¢-dG R substrate was used in all CW rounds. For the CX
selection, only one overhanging nucleotide was present on both L
and R; in addition, the 5¢-terminal nucleotide of the R substrate
was switched between 2¢-dG and 2¢-G in various rounds. The CX
selection began in round 1 with the 2¢-dG substrate and used this
substrate in rounds 2 and 4; the alternative 2¢-G substrate was used
in rounds 3 and 5–8.


Deoxyribozymes from the CX selection


We first analyzed individual deoxyribozymes from the CX se-
lection, in which both aspects of the selection design (overhang
length and switching of 2¢-dG/2¢-G) were altered relative to the


previous BB selection. The ligation activity of the uncloned CX
pool was ca. 7% (Fig. 2b), which is relatively low. Nonetheless, we
have obtained highly active deoxyribozymes from such pools in
many past cases (note that individual DNA enzymes can have
much higher ligation yield than the pool average). We cloned
deoxyribozymes from round 7CX using standard procedures that
were adapted in straightforward fashion from our past selection
experiments.3,12 Briefly, these procedures involved (1) insertion of
the double-stranded PCR product (purified on agarose gel) into a
cloning vector; (2) screening of ‘miniprep’ DNA from individual
E. coli colonies by restriction digestion to verify the presence of the
expected insert; (3) PCR using the miniprep DNA as a template
to prepare individual deoxyribozyme clones; and (4) trimolecular
RNA ligation assays for each clone using the L and R substrates,
with the L substrate bearing a 5¢-32P radiolabel.


Seven 7CX clones with promising ligation activities were
sequenced,† and the deoxyribozymes were prepared indepen-
dently by solid-phase DNA synthesis. Quantitative RNA ligation
assays (Fig. 3) revealed that six out of seven 7CX deoxyribozymes
have ligation yield in the 45–60% range, reaching maximal yield
with t1/2 of 20–60 min (kobs 0.01–0.03 min-1). Because the ligation
reaction of a 2¢,3¢-cyclic phosphate is inherently reversible, the
reverse cleavage reaction can occur, and this likely reduces the net
ligation yield below the maximal 100%.


Fig. 3 Catalytic activities of the 7CX deoxyribozymes. (a) PAGE image
using 7CX4 as a representative example. (b) Kinetic plot for 7CX6, 7CX4,
and 7CX8 (kobs = 0.030, 0.012, and 0.010 min-1).


Our key interest in the new deoxyribozymes is in the junction
within their RNA ligation products. Because of the reversible
nature of 2¢,3¢-cyclic phosphate ring opening, the principle of
microscopic reversibility enables the rapid determination of the
ligation junction formed by each new DNA enzyme via assaying
for cleavage of suitably linked RNA ‘product’ strands. For
example, any 7CX deoxyribozyme that joins the L and R substrates
with formation of a native 3¢–5¢ RNA linkage should also be
observed to cleave the 3¢–5¢ linkage of a separately synthesized
product strand. Similarly, if the same deoxyribozyme does NOT
create the non-native 2¢–5¢ linkage (i.e., is highly selective for 3¢–5¢
linkage formation), then it should not be observed to cleave the
analogous product strand that has a 2¢–5¢-linkage at the cleavage
site. The opposite experimental outcome, cleavage of the 2¢–5¢ but
not 3¢–5¢ product strand, would indicate a deoxyribozyme that
creates 2¢–5¢ linkages. Finally, cleavage of neither the 3¢–5¢ nor
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2¢–5¢ product strand would suggest a deoxyribozyme that creates
an unnatural RNA linkage formed by attack of a nucleophile
other than the 5¢-OH of the R substrate (i.e., the terminal or
internal 2¢-OH; see Scheme 1a). Because this third outcome would
constitute negative data (unlike for successful cleavage of either the
3¢–5¢-linked or 2¢–5¢-linked product strands), further experimental
confirmation of the unnatural RNA linkage assignment would be
necessary.


We tested each of the seven 7CX deoxyribozymes for their ability
to cleave product strands that have either a 3¢–5¢ or a 2¢–5¢ linkage
directly at the ligation site (Fig. 4). In all seven cases, the 7CX
deoxyribozyme cleaved only the 3¢–5¢-linked strand, as illustrated
for 7CX4 along with assays of the previously reported9 12BB1
(here a positive control for cleaving the 2¢–5¢-linked product) and
12BB5 (a positive control for cleaving the 3¢–5¢-linked product).
On the basis of these data, we concluded that all seven of the
tested 7CX deoxyribozymes create native 3¢–5¢ RNA linkages. This
finding is in sharp contrast to the results from the previous BB
selection, in which only two out of six tested 12BB deoxyribozymes
formed 3¢–5¢ linkages.9 Therefore, changing both aspects of the
selection design (overhang length and switching of 2¢-dG/2¢-G;
Fig. 1) lead to a striking extent of control over both the site-
selectivity and regioselectivity in the DNA-catalyzed RNA ligation
process, in favor of synthesizing the native 3¢–5¢ linkage.


Fig. 4 Cleavage assays to rapidly establish the RNA ligation junction
connectivities created by the new deoxyribozymes. The diagnostic bands
are circled. Microscopic reversibility requires that deoxyribozymes which
are able to cleave a given linkage (e.g., 3¢–5¢ or 2¢–5¢) must form that
linkage. Assays used either (a) the 3¢–5¢-linked ‘product’ strand, or (b)
the 2¢–5¢-linked ‘product’ strand, with incubation in 70 mM Tris, pH 7.5,
150 mM NaCl, 2 mM KCl, 1 mM ZnCl2 at 23 ◦C (t = 0, 1, 20 h). In both
cases illustrated here, the 7CX4 deoxyribozyme was tested along with the
12BB1 and 12BB5 DNA enzymes from our previous report.9 These latter
deoxyribozymes form the non-native 2¢–5¢-linked and native 3¢–5¢-linked
product, respectively, and therefore serve as positive and negative controls
for these cleavage assays. The data unambiguously indicate that 7CX4
creates a native 3¢–5¢ RNA linkage. Other 7CX, 8CW, and 12BB clones
were tested in similar fashion.


With an eye towards efficiently assaying additional DNA
enzyme clones, we showed that the linkages in the RNA products
from individual deoxyribozymes can be determined without prior
sequencing and solid-phase synthesis of each clone. For this
purpose, we chose eleven additional 7CX clones for which single-
stranded DNA was available by PCR using miniprep DNA iso-
lated during the cloning process. Without knowing the sequences


of these eleven additional 7CX clones, the catalytically active DNA
strands were obtained by PCR, purified by PAGE, and used in the
‘product’ strand cleavage assays of Fig. 4. Ten of these additional
eleven 7CX clones create native 3¢–5¢ linkages, and one clone
creates non-native 2¢–5¢ linkages. Sequencing then showed that of
the ten additional deoxyribozymes that create 3¢–5¢ linkages, six
unique sequences are represented; the lone deoxyribozyme that
forms 2¢–5¢ linkages is also unique. Therefore, in the final analysis
we identified a total of 14 unique 7CX deoxyribozymes, 13 of
which form native 3¢–5¢ linkages. Sequences of all clones are listed
in the supplementary information.†


To verify the 3¢–5¢ and 2¢–5¢ linkage assignments made for 7CX
deoxyribozymes on the basis of the Fig. 4 assays, in several cases
we used the deoxyribozymes to synthesize their RNA ligation
products. We then directly determined the linkages using our
previously established approaches, in which 3¢–5¢ linkages are
cleaved selectively by the 8–17 deoxyribozyme whereas 2¢–5¢
linkages are cleaved in the presence of the complementary DNA
template at 100 mM Mg2+ and pH 9.0.3 In all tested cases, the
results were clearly in accord with the Fig. 4 assay (data not
shown), confirming the linkage assignments.


Deoxyribozymes from the CW selection


We also examined DNA enzymes from the CW selection, for
which only the overhang length was changed relative to the
BB selection (Fig. 1). The ligation activity of the uncloned CW
pool was ca. 14% at round 8 (Fig. 2b), and the 8CW clones
were examined. The ligation junctions formed by individual 8CW
clones were assayed by the same approach as used for the final
eleven 7CX clones; i.e., as PCR products from miniprep DNA
without prior sequencing or solid-phase synthesis. For the 8CW
deoxyribozymes, 20 active clones were analyzed, leading to ten
clones that form native 3¢–5¢ linkages and ten that form non-native
2¢–5¢ linkages.¶ Sequencing revealed that these 20 clones can be
grouped into 16 unique classes, of which eight create native 3¢–5¢
linkages and eight form non-native 2¢–5¢ linkages.† The lack of
unnatural linkages in the products indicates that the CW selection
design led to improved control of site-selectivity in favor of 5¢-OH
nucleophilicity when compared with the BB selection. In contrast,
the CW selection design (unlike the CX selection design) led to
very poor control over regioselectivity in 2¢,3¢-cyclic phosphate
opening during DNA-catalyzed RNA ligation.


Analysis of additional 12BB deoxyribozymes


Only six 12BB clones were examined in our previous report,
leading to two deoxyribozymes that create native 3¢–5¢ linkages,
two that form non-native 2¢–5¢ linkages, and two that form
unnatural linkages by nucleophilic attack of the internal 2¢-OH
of the R substrate.9 Here we analyzed 21 additional 12BB clones
to improve the statistical coverage of the distribution of ligation
products. Of these additional clones, seven, nine, and five form
3¢–5¢, 2¢–5¢, or unnatural linkages, respectively. Sequencing then


¶ In a small number of cases for which the assays of Fig. 4 were not
entirely conclusive, the ligation product was separately synthesized, and the
8–17 deoxyribozyme,3 complement/100 mM Mg2+/pH 9.0,3 and partial
alkaline hydrolysis9 assays were used to clarify the nature of the linkage
(data not shown).
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indicated that these 21 clones can be grouped into 13 unique
classes, of which five each create 3¢–5¢ and 2¢–5¢ linkages, and
three form unnatural linkages.† Combining these clones with the
six unique 12BB deoxyribozymes identified previously,9 the final
ratio of the three possible types of products (native, non-native,
unnatural) is 7:7:5. Therefore, the BB selection was confirmed to
have poor control over the direction of both site-selectivity and
regioselectivity.


Evaluating identities of unnatural linkages


The identities of the unnatural linkages created by three of the
newly identified 12BB deoxyribozymes (12BB23, 30, and 32)
were probed by additional experiments. In all three cases, partial
alkaline hydrolysis of the ligation product verified that the linkage
is unnatural (neither native 3¢–5¢ nor non-native 2¢–5¢), because
unusually rapid cleavage at the ligation site was observed upon
brief incubation under partial alkaline hydrolysis conditions of
pH 9.2 and 90 ◦C (data not shown; similar to the findings
for unnatural linkages in our previous report9). In contrast,
several of the products from clones that form either 3¢–5¢ or
2¢–5¢ linkages led to conventional cleavage ladders upon partial
alkaline hydrolysis. Also in all three cases, the ligation reaction was
completely suppressed by using an R substrate that has a 2¢-deoxy
modification at the second nucleotide position, consistent with
reaction of this 2¢-OH as a nucleophile.9 Finally, cleavage of each
new unnatural product by 12BB8 proceeded with both kobs and
yield that are approximately the same as for 12BB8-catalyzed
cleavage of the 12BB8 product itself.9 Considered together, these
data strongly suggest that all three of the new deoxyribozymes
synthesize the same unnatural linkage, which (as is the case
for 12BB8) is either the 2¢,3¢-branched or 2¢,2¢-branched linkage
(Scheme 1c).


RNA substrate generality of the 7CX and 8CW deoxyribozymes


One important motivation for pursuing RNA-ligating deoxyri-
bozymes is their potential utility for practical RNA ligation. For
the 2¢,3¢-diol and 5¢-triphosphate RNA substrate combination, we
have reported several deoxyribozymes that join two substrates
via native 3¢–5¢ linkages and that simultaneously have useful
rates, yields, and substrate sequence generalities.8 However, for the
2¢,3¢-cyclic phosphate and 5¢-OH substrate combination, no such
deoxyribozymes have yet been found. Here we performed initial
assays on several of the new 7CX and 8CW deoxyribozymes to
explore their generality for the two RNA substrate sequences.


On both RNA substrates, the selection design leaves either four
overhanging unpaired RNA nucleotides (J and BB selections) or
one overhanging unpaired RNA nucleotide (CW and CX selec-
tions; Fig. 1). Because RNA-ligating deoxyribozymes that require
numerous unpaired RNA substrate nucleotides typically have sub-
stantial sequence requirements for those nucleotides,3,6,9–11 we did
not consider any of the 12BB deoxyribozymes that create native
3¢–5¢ linkages as likely candidates for high RNA substrate gener-
ality. In contrast, because a smaller number of overhanging RNA
nucleotides has been more compatible with substrate sequence
generality, the new 7CX and 8CW deoxyribozymes (which have
only one-nucleotide overhangs) are more reasonable candidates
for generality. We therefore examined systematic changes in both


the L and R RNA substrate nucleotides, while always making
corresponding changes to the deoxyribozyme binding arms to
maintain Watson–Crick complementarity.


We focused our attention on the set of 7CX and 8CW
deoxyribozymes that had potentially useful (45–60%) ligation
yields with the ‘parent’ RNA substrate sequences and also form
native 3¢–5¢ linkages. This set constituted all 13 of the relevant
7CX clones and six out of eight of the relevant 8CW clones.
The generality assays were performed in two phases, in all cases
using deoxyribozymes prepared by solid-phase synthesis. We first
tested RNA substrate combinations that have systematic sequence
changes outside of the fixed UA↓GG nucleotides at the ligation
junction (denoted with the arrowhead). All remaining nucleotides
in both RNA substrates were changed by systematic transversions,
A↔C and G↔U (the deoxyribozyme binding arm nucleotides
were altered to maintain base pairing). Eight of the 7CX clones
and five of the 8CW clones had relatively high ligation yields with
these alternative substrates. Of these, we then tested four of the
7CX clones and five of the 8CW clones with RNA substrates that
included the sequence elements G


¯
A↓GU


¯
, where the underlined


nucleotides one position away from the ligation junction (i.e.,
the penultimate nucleotides) were altered by transversion from
the parent sequence UA↓GG, and all remaining nucleotides
were unchanged from the original substrates. None of these
nine clones had high ligation yields (<1%; the remaining four
7CX clones were not tested with these substrates). We conclude
that whereas the 7CX and 8CW deoxyribozymes have promising
RNA substrate sequence generality outside of the ligation site
nucleotides UA↓GG, sequence requirements that prohibit very
high generality are found closer to the ligation site. The precise
nature of these requirements was not investigated.


Discussion


Influence of selection design on direction of site-selectivity and
regioselectivity during DNA-catalyzed RNA ligation


One of the primary challenges for any in vitro selection experiment
is to devise a selection design that leads to the desired catalytic
outcome.2,13 In the case of DNA-catalyzed ligation of a 2¢,3¢-cyclic
phosphate RNA substrate, the principal difficulty revealed by our
past experiments has been identifying the best combination of
selection design aspects that induce only native 3¢–5¢ linkages
in the RNA products. Here we have found that when Zn2+


is the metal ion cofactor, deoxyribozymes that uniformly have
the direction of site-selectivity and regioselectivity necessary to
synthesize native 3¢–5¢ linkages (Scheme 1) can be identified via
an appropriate combination of selection design aspects. This
is a significant improvement over our previous work, in which
native 3¢–5¢ linkages were formed by only a small subset of the
deoxyribozymes.9


In the present work, both the number of overhanging RNA
substrate nucleotides (one rather than the previous four) and
the identity of the 5¢-terminal nucleotide on the right-hand
RNA substrate R (switching between 2¢-dG and 2¢-G during
selection, rather than only 2¢-dG as used previously) were critical
to obtain the desired selectivity (CX selection; Fig. 1d). In
contrast, when only the overhang length was changed (CW
selection; Fig. 1c), control over the direction of regioselectivity in
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2¢,3¢-cyclic phosphate opening remained poor, leading to both
native 3¢–5¢ and non-native 2¢–5¢ linkages. However, control over
the direction of site-selectivity was very high, favoring the 5¢-OH
as the nucleophile.


In the CW and CX selections, the two design changes that
were made to the original J/BB selection strategy9 were largely
intended to control the direction of site-selectivity. In both
cases, reducing the number of overhanging RNA nucleotides
(from four in J/BB to one in CW/CX) predictably did result
in increased control over site-selectivity, likely due to physically
constraining the internal nucleotides of R. In combination with
the use of the 2¢-deoxy substitution at the 5¢-terminal nucleotide
of R, which suppresses reactivity of the 2¢-OH, this led to com-
plete control over site-selectivity, favoring nucleophilic attack of
the 5¢-OH.


In contrast to this rational and successful control of the direction
of site-selectivity, it is very difficult to envision how to engineer
logical control of the direction of regioselectivity during 2¢,3¢-cyclic
phosphate opening. We do not know the mechanistic reason that
native 3¢–5¢ linkages (reflecting control over both site-selectivity
and regioselectivity) were dramatically favored in the CX selection
but not the CW selection, which differed only in whether the
5¢-terminal nucleotide of R was switched between 2¢-dG and
2¢-G (CX) or always 2¢-dG (CW). Similarly, we do not know the
mechanistic reason that non-native 2¢–5¢ linkages were favored
in our earlier efforts with Mg2+-dependent deoxyribozymes.3–5


Collectively, these results demonstrate that control over the final
outcome of a selection procedure depends on relatively subtle
aspects of the selection design.


One might consider if we can control the linkage formation using
our previously introduced 3¢–5¢-selective pressure that is based
on the 8–17 deoxyribozyme, which only cleaves 3¢–5¢ linkages.14


In this approach, the 8–17 is used during each selection round
immediately after the step depicted in Fig. 2, and only those
deoxyribozymes that are attached to a 3¢–5¢-linked RNA product
(which is efficiently cleaved by 8–17) are separated by PAGE
and taken into the next round. However, the reversibility of
RNA ligation with a 2¢,3¢-cyclic phosphate L substrate means
that the deoxyribozyme attached to the R substrate during a
given selection round can cleave the ligation junction that it just
formed, regardless of whether this linkage is 3¢–5¢ or 2¢–5¢ (or,
for that matter, any unnatural linkage) As a consequence, this
3¢–5¢-selective pressure cannot readily be used with the 2¢,3¢-cyclic
phosphate RNA substrate.


Potential for general utility of deoxyribozymes for RNA ligation
involving a 2¢,3¢-cyclic phosphate


In contrast to the successful control of both site-selectivity and
regioselectivity, the generality of the new deoxyribozymes for var-
ious RNA substrate sequences was suboptimal, because sequence
requirements were found in at least one nucleotide not immediately
at the ligation junction. This observation highlights the need to
impose a selection pressure specifically in favor of generality, at
least for RNA-ligating deoxyribozymes. By reducing the number
of overhanging nucleotides on each RNA substrate from four
to one, we did successfully limit the sequence requirements to
nucleotides near the ligation junction, unlike in our previous
efforts where longer single-stranded substrate regions led to more


extensive requirements.3,6,9–11 Nevertheless, reducing even further
the number of substrate nucleotides that have sequence limitations
is important for practical utility.


In other efforts with 5¢-triphosphate RNA substrates, we
have used a mutant Taq polymerase15 that tolerates mismatches
between the template and the 3¢-terminus of the PCR primer.
This mutant polymerase allows alternation of the penultimate
RNA substrate nucleotides near the ligation junction in successive
selection rounds, always while maintaining Watson–Crick base
pairing between the RNA and the deoxyribozyme (D. A. Baum,
S.K.S., and coworkers, data not shown). Such a strategy is
required to reliably achieve generality with 5¢-triphosphate sub-
strates, because the generality observed in a small number of
cases without applying a specific selection pressure8 has not
been found in follow-up selection experiments with different
RNA substrate sequences (data not shown). We expect that this
alternation strategy or a related approach will be necessary to
identify deoxyribozymes that ligate 2¢,3¢-cyclic phosphate RNA
substrates with high generality while also creating native 3¢–5¢
linkages.


The need for a selection pressure specifically to enforce general-
ity during DNA-catalyzed RNA ligation is in sharp contrast to the
observations with RNA-cleaving deoxyribozymes such as 10–23,
8–17, and numerous variants,16–19 which require at most one
nucleotide on either side of the cleavage site despite no special
selection pressure in favor of such generality. This intriguing
distinction between the generality of deoxyribozymes that ligate
and cleave RNA suggests a fundamental difference in the difficulty
of RNA ligation versus cleavage by a DNA catalyst. Under-
standing the origin of this difference, which may relate to dif-
ferent active-site dynamics for ligation versus cleavage substrates,
will require detailed experiments to reveal the mechanisms of
catalysis.


Experimental section


Oligonucleotide preparation


DNA oligonucleotides were prepared at IDT (Coralville, IA).
The L RNA substrates (bearing a 2¢,3¢-cyclic phosphate) were
synthesized by in vitro transcription using T7 RNA polymerase
and a suitable DNA template that encodes a self-cleaving HDV
or hammerhead ribozyme at the 3¢-terminus of the desired
transcript. The R RNA substrates were prepared by solid-phase
synthesis at IDT or by in vitro transcription and subsequent CIP
dephosphorylation. All DNA and RNA oligonucleotides were
purified by denaturing PAGE with running buffer 1¥ TBE (89 mM
each Tris and boric acid and 2 mM EDTA, pH 8.3) as described
previously.10 The identities of the RNA transcripts were confirmed
by MALDI mass spectrometry. For kinetic assays (Fig. 3), the
5¢-32P-radiolabeled L substrate with a 2¢,3¢-cyclic phosphate was
prepared by 5¢-32P-radiolabeling (g-32P-ATP, 3¢-phosphatase-free
T4 PNK from New England BioLabs) an oligoribonucleotide
that was previously cleaved with a 10–23 deoxyribozyme to
provide the cyclic phosphate terminus. For ligation junction assays
(Fig. 4), the L+R ‘product’ strands were prepared by solid-phase
synthesis, using a 2¢–5¢-adenosine phosphoramidite monomer
(ChemGenes) for the 2¢–5¢-linked strand, and then 5¢-32P-
radiolabeled.
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In vitro selection procedure


We previously described the generic in vitro selection strategy that
is based on separation of catalytically active deoxyribozymes by
PAGE.3 For both of the selections performed here (CW and CX),
the initial deoxyribozyme pool was 200 pmol (ca. 1014 molecules).
In the key selection step, the DNA pool—previously attached to
the R substrate using T4 RNA ligase—was heated to 95 ◦C for
3 min in 5 mM Tris, pH 7.5, 15 mM NaCl and 0.1 mM EDTA,
then placed on ice for 5 min. The sample was adjusted to 70 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM KCl, and 1 mM ZnCl2, then
incubated for 3 h at 23 ◦C. The metal Zn2+ was added from a
10¥ stock solution containing 10 mM ZnCl2, 20 mM HNO3, and
200 mM Tris at pH 7.5; this stock solution was freshly prepared
from a 100¥ stock of 100 mM ZnCl2 in 200 mM HNO3. After
incubation with 1 mM Zn2+, the samples were separated by 8%
denaturing PAGE.


Cloning and initial screening of individual deoxyribozyme
clones was performed using DNA strands prepared by PCR
from miniprep DNA derived from individual E. coli colonies.
The miniprep DNA samples were first assayed by digestion with
EcoRI to ascertain the presence of the expected insert. The
concentration of each PAGE-purified deoxyribozyme strand was
estimated from the intensity (UV shadowing) relative to suitable
standards. Each screening assay used ca. 0.1 pmol of 5¢-32P-
radiolabeled L substrate, 2 pmol of the deoxyribozyme strand,
and 20 pmol of R substrate. Samples were incubated at 23 ◦C
with timepoints at 0, 1, and 7–15 h, using the procedure described
below for ligation activity assays.


Ligation activity assays (Fig. 3)


Individual deoxyribozymes prepared by solid-phase synthesis were
assayed for ligation activity as follows. A sample was prepared
in 7 mL containing 0.5 pmol 5¢-32P-radiolabeled L substrate,
2 pmol deoxyribozyme, and 10 pmol R substrate in 5 mM Tris,
pH 7.5, 15 mM NaCl, 0.1 mM EDTA. (Alternatively. some of the
generality assays used 0.5 pmol 3¢-32P-radiolabeled R substrate
[32P-pCp, T4 RNA ligase], 2 pmol deoxyribozyme, and 10 pmol L
substrate.) The sample was annealed by heating at 95 ◦C for
3 min and cooling on ice for 5 min. Stock solutions were then
added to provide a total volume of 10 mL containing 70 mM Tris,
pH 7.5, 150 mM NaCl, 2 mM KCl, and 1 mM ZnCl2 (the ZnCl2


stock solution was as described above for the in vitro selection
procedure). The sample was incubated at 23 ◦C, with timepoints
taken between 0–300 min and separated by 20% denaturing PAGE.


Ligation junction assays (Fig. 4)


The ligation junctions created by each deoxyribozyme were
assayed by testing for cleavage of the 3¢–5¢-linked and 2¢–5¢-
linked ‘product’ strands. The 5¢-32P-radiolabeled product strand
(0.5 pmol) was incubated with the deoxyribozyme (2 pmol) using
the procedure described above for ligation activity assays, with
timepoints taken at 0, 1, and 7–20 h and separated by 20%
denaturing PAGE. The deoxyribozyme strand was prepared either
by solid-phase synthesis (some 7CX clones) or by PCR from
miniprep DNA followed by PAGE purification (remaining 7CX
clones; all 8CW clones; and all new 12BB clones).


Acknowledgements


This research was supported by the US National Institutes of
Health (GM-65966 to S.K.S.), the David and Lucile Packard
Foundation (fellowship to S.K.S.), and Sigma Xi (Grant-in-Aid
of Research to J.P.G.).


Notes and references


1 A. Peracchi, ChemBioChem, 2005, 6, 1316–1322.
2 S. K. Silverman, Chem. Commun., 2008, 3467–3485.
3 A. Flynn-Charlebois, Y. Wang, T. K. Prior, I. Rashid, K. A. Hoadley,


R. L. Coppins, A. C. Wolf and S. K. Silverman, J. Am. Chem. Soc.,
2003, 125, 2444–2454.


4 A. Flynn-Charlebois, T. K. Prior, K. A. Hoadley and S. K. Silverman,
J. Am. Chem. Soc., 2003, 125, 5346–5350.


5 D. R. Semlow and S. K. Silverman, J. Mol. Evol., 2005, 61, 207–215.
6 Y. Wang and S. K. Silverman, J. Am. Chem. Soc., 2003, 125, 6880–6881.
7 R. L. Coppins and S. K. Silverman, Nat. Struct. Mol. Biol., 2004, 11,


270–274.
8 W. E. Purtha, R. L. Coppins, M. K. Smalley and S. K. Silverman,


J. Am. Chem. Soc., 2005, 127, 13124–13125.
9 K. A. Hoadley, W. E. Purtha, A. C. Wolf, A. Flynn-Charlebois and


S. K. Silverman, Biochemistry, 2005, 44, 9217–9231.
10 Y. Wang and S. K. Silverman, Biochemistry, 2003, 42, 15252–15263.
11 B. L. Ricca, A. C. Wolf and S. K. Silverman, J. Mol. Biol., 2003, 330,


1015–1025.
12 T. K. Prior, D. R. Semlow, A. Flynn-Charlebois, I. Rashid and S. K.


Silverman, Nucleic Acids Res., 2004, 32, 1075–1082.
13 G. F. Joyce, Annu. Rev. Biochem., 2004, 73, 791–836.
14 Y. Wang and S. K. Silverman, Biochemistry, 2005, 44, 3017–3023.
15 F. J. Ghadessy, N. Ramsay, F. Boudsocq, D. Loakes, A. Brown, S. Iwai,


A. Vaisman, R. Woodgate and P. Holliger, Nat. Biotechnol., 2004, 22,
755–759.


16 S. W. Santoro and G. F. Joyce, Proc. Natl. Acad. Sci. USA, 1997, 94,
4262–4266.


17 R. P. G. Cruz, J. B. Withers and Y. Li, Chem. Biol., 2004, 11, 57–67.
18 K. Schlosser, J. Gu, L. Sule and Y. Li, Nucleic Acids Res., 2008, 36,


1472–1481.
19 S. K. Silverman, Nucleic Acids Res., 2005, 33, 6151–6163.


4398 | Org. Biomol. Chem., 2008, 6, 4391–4398 This journal is © The Royal Society of Chemistry 2008








COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry


Highly diastereo- and enantioselective construction of both central and axial
chiralities by Rh-catalyzed [2 + 2 + 2] cycloaddition†


Takanori Shibata,* Mayumi Otomo, Yu-ki Tahara and Kohei Endo


Received 12th August 2008, Accepted 30th September 2008
First published as an Advance Article on the web 15th October 2008
DOI: 10.1039/b814014f


The cationic Rh–SEGPHOS complex catalyzed an inter-
molecular [2 + 2 + 2] cycloaddition of enynes, possessing an
ortho-substituted aryl group on their alkyne terminus, with
acetylenedicarboxylates. Bicyclic cyclohexa-1,3-dienes with
both central and axial chiralities were obtained in extremely
highly diastereo- and enantioselective manner.


Catalytic asymmetric synthesis has made remarkable progress in
recent years, and chiralities have been efficiently induced in a highly
enantioselective manner: various approaches to the construction
of central, axial, facial and helical chiralities were reported.1 In
general, a chiral motif is only generated in a reaction using a
chiral catalyst, such as the asymmetric alkylation of carbonyl
compounds. In some examples, multiple chiral motifs were formed
in a multiple bond-forming reaction, however, the induction of
different kinds of chiral motifs in a reaction has been scarcely
reported. On the contrary, there are many compounds possessing
both central and axial chiralities,2 and some of them are used
as efficient chiral ligands and catalysts.3 Chirality transfer from
central to axial chirality4 and vice versa5 are known procedures but
we here disclose the generation of two different kinds of chiralities
in a reaction, namely a highly diastereo- and enantioselective
construction of both central and axial chiralities.


Transition metal-catalyzed [2 + 2 + 2] cycloaddition of two
alkyne and an alkene moieties is an established protocol for the
synthesis of cyclohexa-1,3-diene.6 A Co-catalyzed diastereoselec-
tive reaction using chiral alkynes7 and a Ni-catalyzed enantioselec-
tive reaction8 are pioneering works of asymmetric variants. Evans
et al. and we independently reported a highly enantioselective
[2 + 2 + 2] cycloaddition of enynes and alkynes using chiral
cationic Rh catalysts, where a central chirality was generated at
the ring-fused position.9 We assume that axial chirality can be
further constructed by introduction of a bulky ortho-substituted
aryl group on the alkyne terminus of enynes. The generation of
axial chirality in a biaryl system by [2 + 2 + 2] cycloaddition of
alkynes was already reported by us and other groups,10 but that in
aryl–diene system has not been reported as far as we know.


We chose the reaction of nitrogen-tethered enyne 1a with a
naphthyl group on its alkyne terminus and 1,4-dimethoxybut-2-
yne (2a) as a model reaction, and examined several chiral phos-
phorus ligands for the cationic Rh complex in 1,2-dichloroethane
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Engineering, Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo, 169-8555,
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at 40 ◦C (Table 1). When BINAP was used, [2 + 2 + 2] cycloadduct
3aa was obtained in high yield, and the enantiomeric excess of
minor diastereomer exceeded 90% but diastereoselectivity was
low (Entry 1). In the case of tolBINAP, which was the best
ligand for the intermolecular [2 + 2 + 2] cycloaddition of enynes
with alkyne 2a for the construction of a central chirality,9b the
enyne was smoothly consumed but yield and enantioselectivities
decreased (Entry 2). XylylBINAP and H8-BINAP gave poorer
results (Entries 3 and 4). On the contrary, SEGPHOS (5,5¢-
bis(diphenylphosphino)-4,4¢-bi-1,3-benzodioxole) resulted in the
best yield within 1 h and the ee of minor diastereomer exceeded
99% (Entry 5). But the diastereoselectivity remained low despite
using several phosphorus ligands.


We further investigated the reaction conditions to im-
prove diastereoselectivity (Table 2). When tetrakis(3,5-di-
trifluoromethylphenyl)borate (BARF) was used as a counter anion
for the Rh-complex, the catalytic activity drastically increased
(Entries 1 and 2): enyne 1a was completely consumed within
10 min at 40 ◦C and within 1 h even at room temperature,
however, diastereoselectivity was not improved. Solvent screening
using toluene and tetrahydrofuran affected the ee of the major
diastereomer but diastereoselectivity was low (Entries 3 and 4).
We next focused on the choice of alkynes: when more bulky
TBS-protected but-2-yne-1,4-diol 2b was used, the ratio of major
isomer against minor one was dramatically improved but its ee


Table 1 Screening of chiral ligands in the Rh-catalyzed intermolecular
[2 + 2 + 2] cycloaddition of enyne 1a with alkyne 2a


Entrya Ligandb Time/h Yield (%) drc ee (%)d


1 BINAP 24 85 2 : 1 84, 94
2 tolBINAP 6 69 2 : 1 60, 82
3 xylylBINAP 48 44 2 : 1 38, 82
4 H8-BINAP 48 59 2 : 1 31, 95
5 SEGPHOS 1 96 2 : 1 80, >99


a 1a : 2a = 1 : 2. b S isomers were used. c Diastereomeric ratio was
determined by integration of 1H-NMR spectra. d Enantiomeric excess of
major and minor diastereomers.


4296 | Org. Biomol. Chem., 2008, 6, 4296–4298 This journal is © The Royal Society of Chemistry 2008







Table 2 Effect of the alkynes on the diastereoselectivity using [Rh–
SEGPHOS]BARF catalyst


Entrya R1 Temp./◦C Time/h Yield (%) drb ee (%)c


1 CH2OMe (2a) 40 0.2 88 (3aa) 2 : 1 73, 98
2 CH2OMe (2a) rt 1 71 (3aa) 2 : 1 79, >99
3d CH2OMe (2a) rt 5 76 (3aa) 1 : 1 69, >99
4e CH2OMe (2a) rt 24 15 (3aa) 1 : 1 94, >99
5 CH2OTBS (2b) rt 1 97 (3ab) 10 : 1 75, —
6 CO2t-Bu (2c) rt 1 48 (3ac) 10 : 1 NDf


7g CO2t-Bu (2c) 60 0.25 93 (3ac) >20 : 1 >99, —
8g CO2Me (2d) 80 0.25 97 (3ad) 7 : 1 >99, —


a 1a : 2a–d = 1 : 2. b Diastereomeric ratio was determined by integration
of 1H-NMR spectra. c Enantiomeric excess of major and minor diastere-
omers. d Toluene was used as a solvent. e THF was used as a solvent. f Not
determined. g Alkyne was added dropwise.


was moderate, which could be speculated from the results above
(Entry 5). As bulky substituents on the alkyne, we installed tert-
butoxycarbonyl groups (Entry 6): The high diastereoselectivity
was also achieved but the yield was low because enyne 1a was
recovered. In order to consume the enyne and to prevent the
trimerization of the alkyne, the reaction was examined at 60 ◦C
along with the dropwise addition of acetylene dicarboxylate 2c
(Entry 7): enyne 1a was completely consumed within 15 min and
the minor diastereomer was not detected by NMR analysis.11,12


Moreover, the ee of the single diastereomer exceeded 99%. When
dimethyl acetylenedicarboxylate 2d was used, an excellent yield
and enantioselectivity were accomplished but diastereoselectivity
significantly decreased (Entry 8). These results imply that the
bulkyness of alkynes controlled the diastereoselectivity.


Several enynes were submitted to the reaction with alkyne
2c using Rh–SEGPHOS complex as a chiral catalyst (Table 3):
when an o-tolyl group was introduced to the alkyne terminus,
the corresponding cycloadduct 3bc was obtained in high yield
with excellent diastereo- and enantioselectivities (Entry 1). On the
contrary, in the reaction of enyne 1c, product 3cc was afforded
in low yield with low diastereomeric ratio and unidentified by-
products were formed (Entry 2). When the reaction was examined
at room temperature, and both enyne and alkyne were added
simultaneously and dropwise, yield and diastereoselectivity were
improved but the yield was moderate (Entry 3). When a slight
excess of enyne was used, the reaction smoothly proceeded and
cycloadduct 3cc was obtained in high yield as a single diastereomer
with excellent ee (Entry 4). The structure of cycloadduct 3cc was
determined by X-ray analysis, and the central and axial chiralities
were determined to be the S and R form, respectively (Fig. 1).
Oxygen-tethered enyne 1d was reactive and good results were
attained at room temperature (Entry 5). On the contrary, carbon-
tethered enyne 1e was inactive: diastereo- and enantioselectivity
were extremely high, but the yield was low probably because of
the formation of a [2 + 2 + 2] cycloadduct derived from two
alkynes and the alkyne moiety of 1e (Entry 6). Also in this case,
the use of a slight excess amount of the enyne improved the yield:


Table 3 Examination of several enynes in the Rh-catalyzed intermolecu-
lar [2 + 2 + 2] cycloaddition


Entrya R2 Z Enyne Temp/◦C Time/h Yield (%) ee (%)


1 2-MePh NTs 1b 60 0.25 91 (3bc) >99
2 2-biphenyl NTs 1c 60 2 33 (3cc)b 99c


3d 2-biphenyl NTs 1c rt 24 48 (3cc)e >99c


4d , f 2-biphenyl NTs 1c rt 3 98 (3cc) >99
5d 1-naphthyl O 1d rt 0.3 85 (3dc) 98
6 1-naphthyl CE2


g 1e 60 0.25 34 (3ec) 99
7f 1-naphthyl CE2


g 1e 60 0.25 95 (3ec) 99


a 1b–e : 2c = 1 : 2. Alkyne was added dropwise. b Diastereomeric ratio is
2 : 1. c Enantiomeric excess of major diastereomer. d Both enyne and alkyne
were added simultaneously and dropwise. e Diastereomeric ratio is 6 : 1.
f 1c or 1e : 2c = 1.2 : 1. The yield was based upon the amount of alkyne 2c.
g E = CO2Me.


Fig. 1 Ortep diagram of cycloadduct 3cc.


the excellent yield was achieved with the same stereoselectivity
(Entry 7).


Scheme 1 shows the asymmetric induction of two different
chiralities: a central chirality is generated at the ring-fused position
of the bicyclic metallacyclopentene intermediate by the oxidative
coupling of the metal center with an enyne. We assume that axial
chirality cannot be completely controlled at this stage, but the
following reaction with an alkyne induces the axial chirality.


Scheme 1 Induction of central and axial chiralities.
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In conclusion, we have developed a [Rh–SEGPHOS]BARF
complex-catalyzed [2 + 2 + 2] cycloaddition with excellent
diastereo- and enantioselectivities. The intermolecular reaction
of enynes, possessing an ortho-substituted aryl group on their
alkyne terminus, with di(tert-butyl) acetylenedicarboxylate gave
the bicyclic cyclo-1,3-dienes with both central and axial chiralities.
As far as we know, this is the first example of generation
of two different chiral motifs in the transition metal-catalyzed
cycloaddition.


We thank Takasago International Corp. for the gift of SEG-
PHOS and H8-BINAP. This research was supported by a Grant-
in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.


Notes and references


1 (a) Comprehensive Asymmetric Catalysis II, ed. E. N. Jacobsen, A.
Pfaltz and H. Yamamoto, Springer-Verlag, Berlin, 1999; (b) Catalytic
Asymmetric Synthesis, ed. I. Ojima, Wiley-VCH, New York, 2nd edn,
2000; (c) Comprehensive Asymmetric Catalysis: Supplement 1, ed. E. N.
Jacobsen, A. Pfaltz and H. Yamamoto, Springer-Verlag, Berlin,
2003; (d) Methodologies in Asymmetric Catalysis, ed. S. V. Malhotra,
American Chemical Society, Washington, DC, 2004.


2 (a) D. J. Edwards, D. House, H. M. Sheldrake, S. J. Stone and T. W.
Wallace, Org. Biomol. Chem., 2007, 5, 2658; (b) G. Arnott and R.
Hunter, Tetrahedron, 2006, 62, 992; (c) K. Beattie, C. Elsworth, M.
Gill, N. M. Milanovic, D. P. -Putra and E. Raudies, Phytochemistry,
2004, 65, 1033; (d) O. Baudoin, A. Decor, M. Cesario and F. Gueritte,
Synlett, 2003, 2009; (e) Y. Wang, X. Li and K. Ding, Tetrahedron Lett.,
2002, 43, 159; (f) Y. Yamamoto, R. Hattori, T. Miwa, Y. Nakagai, T.
Kubota, C. Yamamoto, Y. Okamoto and K. Itoh, J. Org. Chem., 2001,
66, 3865.


3 (a) D.-Y. Wang, X.-P. Hu, J.-D. Huang, J. Deng, S.-B. Yu, Z.-C. Duan,
X.-F. Xu and Z. Zheng, Angew. Chem., Int. Ed., 2007, 46, 7810; (b) W.-L.
Duan, Y. Imazaki, R. Shintani and T. Hayashi, Tetrahedron, 2007, 63,
8529; (c) V. A. Soloshonok, H. Ueki, J. L. Moore and T. K. Ellis, J.
Am. Chem. Soc., 2007, 129, 3512; (d) I. Mikhael, C. Goux-Henry and
D. Sinou, Tetrahedron: Asymmetry, 2006, 17, 1853; (e) L. Qiu, F. Y.
Kwong, J. Wu, W. H. Lam, S. Chan, W.-Y. Yu, Y.-M. Li, R. Guo, Z.
Zhou and A. S. C. Chan, J. Am. Chem. Soc., 2006, 128, 5955; (f) T.
Fekner, H. Muller-Bunz and P. J. Guiry, Org. Lett., 2006, 8, 5109;
(g) S. E. Denmark, Y. Fan and M. D. Eastgate, J. Org. Chem., 2005, 70,
5235; (h) A. Patti, S. Pedotti, A. Forni and G. Casalone, Tetrahedron:
Asymmetry, 2005, 16, 3049; (i) A. V. Malkov, M. Bell, M. Orsini, D.
Pernazza, A. Massa, P. Herrmann, P. Meghani and P. Kocovsky, J.
Org. Chem., 2003, 68, 9659; (j) O. Tissot, M. Gouygou, J.-C. Daran
and G. G. A. Balavoine, Chem. Commun., 1996, 19, 2287; (k) A. Kless,
J. Holz, D. Heller, R. Kadyrov, R. Selke, C. Fischer and A. Boerner,
Tetrahedron: Asymmetry, 1996, 7, 33; (l) Y. Nishibayashi, J. D. Singh,


S. Fukuzawa and S. Uemura, J. Chem. Soc., Perkin Trans. 1, 1995, 22,
2871; (m) K. H. Doetz, C. Christoffers, J. Christoffers, D. Boettcher,
M. Nieger and S. Kotila, Chem. Ber., 1995, 128, 645.


4 (a) A. V. Vorogushin, W. D. Wulff and H. -J. Hansen, Tetrahedron, 2008,
64, 949; (b) G. Stavrakov, M. Keller and B. Breit, Eur. J. Org. Chem.,
2007, 5726; (c) Y. Nishii, K. Wakasugi, K. Koga and Y. Tanabe, J.
Am. Chem. Soc., 2004, 126, 5358; (d) T. Hattori, M. Date, K. Sakurai,
N. Morohashi, H. Kosugi and S. Miyano, Tetrahedron Lett., 2001, 42,
8035; (e) F. Fabris, O. De, Lucchi and V. Lucchini, J. Org. Chem., 1997,
62, 7156; (f) M. Tichy, J. Gunterova and J. Zavada, Collect. Czech.
Chem. Commun., 1997, 62, 1080; (g) R. W. Baker, T. W. Hambley, P.
Turner and B. J. Wallace, Chem. Commun., 1996, 2571; (h) A. I. Meyers
and D. G. Wettlaufer, J. Am. Chem. Soc., 1984, 106, 1135.


5 (a) Y. Zhang, Y. Wang and W.-M. Dai, J. Org. Chem., 2006, 71,
2445; (b) M. Ogasawara, K. Ueyama, T. Nagano, Y. Mizuhata and
T. Hayashi, Org. Lett., 2003, 5, 217; (c) A. V. Vorogushin, W. D. Wulff
and H.-J. Hansen, J. Am. Chem. Soc., 2002, 124, 6512; (d) M. Tichy,
M. Budesinsky, J. Gunterova, J. Zavada, J. Podiaha and I. Cisarova,
Tetrahedron, 1999, 55, 7893; (e) K. Ohmori, M. Kitamura and K.
Suzuki, Angew. Chem., Int. Ed., 1999, 38, 1226; (f) M. Amadji, D.
Cahard, J.-D. Moriggi, L. Toupet and J.-C. Plaquevent, Tetrahedron:
Asymmetry, 1998, 9, 1657; (g) M. Bertrand, M. L. Roumestant and P.
Sylvestre-Panthet, Tetrahedron Lett., 1981, 22, 3589.


6 (a) C.-A. Chang, J. A. Jr, King and K. P. C. Vollhardt, J. Chem. Soc.,
Chem. Commun., 1981, 53; (b) R. Grigg, R. Scott and P. Stevenson,
J. Chem. Soc., Perkin Trans. 1, 1988, 1365; (c) B. M. Trost and G. J.
Tanoury, J. Am. Chem. Soc., 1987, 109, 4753; (d) H.-Y. Rhyoo, B. Y.
Lee, H. K. B. Yu and Y. K. Chung, J. Mol. Catal., 1994, 92, 41; (e) C.
H. Oh, H. R. Sung, S. H. Jung and Y. M. Lim, Tetrahedron Lett., 2001,
42, 5493; (f) Y. Yamamoto, S. Kuwabara, Y. Ando, H. Nagata, H.
Nishiyama and K. Itoh, J. Org. Chem., 2004, 69, 6697; (g) S. Kezuka,
T. Okado, E. Niou and R. Takeuchi, Org. Lett., 2005, 7, 1711.


7 (a) R. Halterman and K. P. C. Vollhardt, Organometallics, 1988, 7, 883;
(b) F. Slowinski, C. Aubert and M. Malacria, Tetrahedron Lett., 1999,
40, 5849.


8 S. Ikeda, H. Kondo, T. Arii and K. Odashima, Chem. Commun., 2002,
2422.


9 (a) P. A. Evans, K. W. Lai and J. R. Sawyer, J. Am. Chem. Soc., 2005,
127, 12466; (b) T. Shibata, Y. Arai and Y. Tahara, Org. Lett., 2005, 7,
4955.


10 (a) A. Gutnov, B. Heller, C. Fischer, H.-J. Drexler, A. Spannenberg, B.
Sundermann and C. Sundermann, Angew. Chem., Int. Ed., 2004, 43,
3795; (b) T. Shibata, T. Fujimoto, K. Yokota and K. Takagi, J. Am.
Chem. Soc., 2004, 126, 8382; (c) K. Tanaka, G. Nishida, A. Wada and
K. Noguchi, Angew. Chem., Int. Ed., 2004, 43, 6510.


11 When adduct 3ac was heat at 80 ◦C in DCE for 1 h, a significant
decrease of diastereomeric ratio was observed (from 10 : 1 to 5 : 1).


12 As a reference experiment, the cycloaddition of alkynes 2a and 2c with a
diyne, in place of enynes, was examined under the same reaction condi-
tions: the reaction of alkyne 2c achieved much higher enantioselectivity
than that of 2a (details in supplemental information†). These results
suggest that diastereoselectivity was determined by the induction of
axial chirality at the stage of alkyne insertion.


4298 | Org. Biomol. Chem., 2008, 6, 4296–4298 This journal is © The Royal Society of Chemistry 2008








PAPER www.rsc.org/obc | Organic & Biomolecular Chemistry


Directed epoxidation of cyclohexa-1,4-dienes–stereoselective formation of up
to six contiguous stereogenic centres†


Michael Butters,b Dirk J. Beetstra,a Mark C. Elliott,*a Joseph Hill-Cousinsa and Benson M. Kariukia


Received 13th August 2008, Accepted 29th August 2008
First published as an Advance Article on the web 20th October 2008
DOI: 10.1039/b814131m


Epoxidation/cyclisation of cyclohexa-1,4-dienes containing pendant hydroxyl groups provides
stereocontrolled access to highly-functionalised reduced benzol[b]furan derivatives.


Introduction


Desymmetrisation reactions of cyclohexa-1,4-dienes have consid-
erable synthetic potential for the preparation of fused carbocyclic
and heterocyclic systems.1,2 Landais et al. have reported extensively
on the use of asymmetric dihydroxylation reactions for the selective
oxidation of such systems,3 and these reactions have been used for
the preparation of a number of biologically important carbocyclic
sugar analogues.4 We have demonstrated that conformational
control can be used to impart high levels of diastereocontrol
in the free-radical,5 Prins6 and iodocyclisation reactions7 onto
cyclohexa-1,4-dienes. The substrates that we used in the latter
study generally contain two hydroxy groups as a result of the
Birch reduction–alkylation reaction8 used in their preparation.
We reasoned that the homoallylic alcohol in compound 1 could
be used to direct the facial selectivity in the epoxidation of the
cyclohexa-1,4-diene ring, and that conformational control could
then be used to direct the ring-opening of the resulting bis-
epoxide 2 (Scheme 1) in order to prepare highly functionalised
carbocyclic sugar analogues 3 containing five new contiguous


Scheme 1 Direct epoxidation and cyclisation of cyclohexa-1,4-dienes.
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stereogenic centres. We know from our previous work that the
ring-opening of epoxides 2 should proceed with high levels of
diastereocontrol.7 Furthermore, the reaction also has the potential
for “stereochemical proof-reading” since epoxidation of the upper
face (as drawn) will not lead to the formation of a cyclised product.
Epoxidation has previously been used to directly desymmetrise
cyclohexa-1,4-dienes.9


Results and discussion


Substrates 1a–1f were prepared as previously described
(Scheme 2).7 Epoxidation of these compounds was investigated
with a range of oxidants, of which m-CPBA proved optimal.
Cyclisation onto the epoxide is spontaneous and highly di-
astereoselective under the epoxidation conditions, resulting in the
formation of a single diastereoisomer of products containing five
new contiguous stereogenic centres! The results are summarised
in Table 1.


Scheme 2 Synthesis of substrates 1a–1f.


The reaction yields are moderate to good, and NMR spectra
of crude reaction mixtures show no other diastereoisomers. The
reason for the lower yields (entries 1 and 3) is not readily apparent,
since no other compounds were isolated, and the products 3a and
3c are stable to chromatography. Entry 4 shows a key limitation
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Table 1 Cyclisation of compounds 1a–1f


Entry Product R1 R2 Yield (%)


1 3a n-Bu H 40
2 3b t-Bu H 75
3 3c n-C6H13 H 36
4 — Ph H 0
5 3e H Ph 55
6 3f -(CH2)4- 52


of the method. The presence of a benzylic alcohol in the substrate
led to no identifiable products. The stereochemistry of compound
3e was confirmed by NOESY NMR spectroscopy as described
in the Experimental section. Compound 3b was characterised
crystallographically (Fig. 1).10 The stereochemistry of the other
compounds was assigned by analogy with these results, which are
in line with the results obtained in the iodocyclisation reactions of
compounds 1.7


Fig. 1 Structure of compound 3b from single crystal X-ray diffraction
data. Thermal ellipsoids are shown at the 50% probability level. The unit
cell contains both enantiomers. The enantiomer shown has been chosen
for consistency with reaction schemes.


Other oxidation conditions were evaluated. Very slow epoxida-
tion was observed under Payne conditions (H2O2/CH3CN) such
that no products were characterised. With vanadyl acetylacetonate
and tert-butyl hydroperoxide, a mixture of compounds 3b and
4 was obtained from compound 1b (Scheme 3). Compound 4
(stereochemistry confirmed by NOESY NMR spectroscopy) is
produced by cyclisation of a mono-epoxide, although the low yield
makes it difficult to determine whether the actual epoxidation step
is diastereoselective.


Compounds 3 are ripe for further elaboration. For example, the
epoxides can be regiospecifically opened at the less hindered end
using sodium azide,11 giving azides 5 in moderate to excellent yield
(Table 2). In fact, regioselective opening of the epoxide at the more


Scheme 3 Epoxidation of compound 1b mediated by vanadyl
acetylacetonate.


Table 2 Azide ring-opening of epoxides 3


Entry Product R1 R2 Yield (%)


1 5a n-Bu H 36
2 5b t-Bu H 67
3 5c n-C6H13 H 96
4 5e H Ph 67
5 5f -(CH2)4- 46


hindered C4 end (Fig. 1) is predicted by the Fürst–Plattner rule.12


However, this attack would lead to significant steric interactions
between the incoming nucleophile and the tetrahydrofuran ring,
so attack at C5 (crystallographic numbering) is preferred.


Assignment of the regiochemistry of epoxide-opening


There are two possible outcomes for the epoxide-opening reaction
of compounds 3, each product potentially existing in one (or
both) of two chair conformations. In the case of ring-opening of
compound 3a at C-5, the two conformations 5a-eq and 5a-ax each
have three axial substituents and three equatorial substituents.
Conformer 5a-ax is presumably slightly more stable due to
the small azide group being axial. Ring-opening at C-4 would
presumably favour conformer 6-eq almost exclusively (Scheme 4).


The methylene protons at C-6 are distinct in all of the
compounds. In each case, one of these protons shows a single
trans-diaxial coupling. For conformers 6-ax and 6-eq arising by
C-4 epoxide-opening we would expect zero or two trans-diaxial
couplings to this hydrogen, whereas with either of conformers 5a-
eq or 5a-ax we would expect one, as observed. We can therefore
conclude that epoxide-opening has taken place at C-5. This
conclusion is further supported by the coupling constants of H-4
and H-7a in the azides 5. In each case, one of these protons is axial
while the other is equatorial, a situation that would not occur had
epoxide opening taken place at C-4.
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Scheme 4 Regioselectivity of the epoxide-opening of compound 3a.


We have recently reported a synthesis of the tricyclic core of
lycoposerramine S, which begins with methyl 4-methylcyclohexa-
2,5-diene-1-carboxylate 7.13 In the present work, compound 7 was
deprotonated and reacted with epoxide 8 to give lactone 9 as a
1:1 mixture of diastereoisomers. This mixture was then reduced
to give a mixture of isomers 10 and 11 in good overall yield
(Scheme 5). The individual isomers were separated by extensive
chromatography on silica gel. Epoxidation of these compounds
gave in each case a single isomer of epoxides, 12 and 13, albeit
in modest yield. The stereochemistry of compounds 10 and 11
was assigned retrospectively by single-crystal X-ray diffraction of
compound 13 (Fig. 2),10 which also confirmed the stereochemistry
of that compound. The synthesis of compounds 12 and 13 feature
the formation of six new contiguous stereogenic centres, one of
them being quaternary, in a single synthetic step.14 This therefore
represents a substantial increase in molecular and stereochemical
complexity.


Fig. 2 Structure of compound 13 from single crystal X-ray diffraction
data. Thermal ellipsoids are shown at the 50% probability level. Only one
of the two independent molecules in the unit cell is shown.


Scheme 5 Synthesis and oxidative cyclisation of compounds 10 and 11.


Experimental section


General Experimental Points


Melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. Infrared spectra were recorded
on a Perkin Elmer 1600 FTIR spectrophotometer. Mass spectra
were recorded on a Fisons VG Platform II spectrometer and
on a Micromass Q-TOF Micro spectrometer. NMR spectra
were recorded on a Bruker DPX 400 spectrometer operating
at 400 MHz for 1H and at 100 MHz for 13C at 25 ◦C, or
on a Bruker Avance 500 spectrometer operating at 500 MHz
for 1H and 125 MHz for 13C at 25 ◦C. All chemical shifts
are reported in ppm downfield from TMS. Coupling constants
(J) are reported in Hz. Multiplicity in 1H-NMR is reported as
singlet (s), doublet (d), double doublet (dd), double triplet (dt),
double quartet (dq), triplet (t), and multiplet (m). Multiplicity
in 13C-NMR was obtained using the DEPT pulse sequence.
Flash chromatography was performed using Matrex silica 60 35–
70 micron. Crystallographic data for compounds 3b and 13 were
recorded on a Nonius KappaCCD diffractometer equipped with
an Oxford Cryosystem cryostat. The structures were solved by
direct methods with additional light atoms found by Fourier
methods. Hydrogen atoms were added at calculated positions and
refined using a riding model. Anisotropic displacement parameters
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were used for all non-H atoms; H-atoms were given isotropic
displacement parameters equal to 1.2 or 1.5 times the equivalent
isotropic displacement parameter of the atom to which the H-atom
is attached. Compounds 1a-b, 1d-f were prepared as previously
described.7


(±)-1-(1-(Hydroxymethyl)cyclohexa-2,5-dienyl)octan-2-ol (1c)


n-Butyllithium (8.79 ml of a 1.6 M solution in hexanes, 14.1 mmol)
was added to a solution of diisopropylamine (1.97 ml, 14.1 mmol)
in dry THF (20 ml) at 0 ◦C, and the resulting solution was allowed
to stir at 0 ◦C for 15 minutes. The reaction mixture was then cooled
to -78 ◦C and the ester (1.74 g, 12.6 mmol) added dropwise.
After stirring at -78 ◦C for 30 minutes, n-hexyloxirane (1.8 g,
14.1 mmol) was added dropwise and the reaction mixture allowed
to warm to room temperature. The reaction was quenched with
saturated aqueous ammonium chloride solution and extracted
with diethyl ether, the combined extracts being dried over Na2SO4


before the solvent was removed in vacuo. Chromatography on
silica gel (Et2O/petroleum ether 1:19) afforded the intermediate
lactone (1.64 g, 56%) as a colourless oil. This lactone (1.64 g,
7.01 mmol) was immediately re-dissolved in dry THF (10 ml) and
added dropwise to a suspension of LiAlH4 (266 mg, 7.01 mmol)
in dry THF (20 ml). The resulting suspension was allowed to
stir for 15 minutes before the reaction was quenched with 2 M
NaOH. The solution was filtered and dried over Na2SO4 before
the solvent was removed in vacuo. Chromatography on silica gel
(eluent 2:1 hexane:ethyl acetate) afforded the diol 1c (1.33 g,
80%) as a colourless oil (found: M+ - H2O, 220.1837. C15H24O
requires M, 220.1827); nmax. (neat) 3354, 3017, 2930, 2882, 2856,
1615, 1516, 1458, 1377, 1244, 1040, 947, 877, 823 and 711 cm-1; dH


(400 MHz; CDCl3) 6.00–5.93 (2 H, m, alkene CH), 5.63 (1 H, app.
dq, J 10.2, 2.0, alkene CH), 5.37 (1 H, app. dq, J 10.9, 2.1, alkene
CH), 3.77–3.71 (1 H, m, CHOH), 3.30 (2 H, app. s, CH2OH), 2.68–
2.66 (2 H, m, ring CH2), 1.67 (2 H, broad s, 2 ¥ OH), 1.43 (1 H, dd,
J 14.2, 9.0, one of CH2CHOH), 1.36 (1 H, dd, J 14.2, 2.3, one of
CH2CHOH), 1.33–1.27 (2 H, m, CH2), 1.26–1.16 (8 H, m, (CH2)4)
and 0.81 (3 H, t, J 6.8, CH3); dC (100 MHz; CDCl3) 130.6 (CH),
129.7 (CH), 128.0 (CH), 127.4 (CH), 70.4 (CH2), 69.4 (CH),
44.9 (CH2), 42.3 (C), 38.0 (CH2), 31.9 (CH2), 29.3 (CH2), 26.6
CH2), 25.6 (CH2), 22.6 (CH2) and 14.1 (CH3); m/z (TOF EI+)
220 (M - H2O, 13%), 202 (98), 190 (90), 131 (93), 117 (97) and
104 (100).


General procedure for epoxidation reactions


50% m-CPBA (1.04 g, 3.01 mmol) and solid NaHCO3 (379 mg,
4.51 mmol) were added to a solution of cyclohexadiene 1a-1f,
10, 11 (1.50 mmol) in CH2Cl2 (20 ml) at 0 ◦C. The solution was
stirred for 24 hours, after which an additional 0.1 equivalents
of m-CPBA was added every hour until complete consump-
tion of the starting material (TLC; typically 2.4 equivalents of
m-CPBA was required). The reaction was quenched with saturated
aqueous sodium thiosulfate solution and extracted with CH2Cl2


(3 ¥ 25 ml). The combined organic extracts were washed with
saturated aqueous NaHCO3 solution (50 ml) and dried over
Na2SO4. The solvent was removed in vacuo and the residue purified
by flash column chromatography on silica gel to give the pure
epoxide.


(1aSR,3RS,3aRS,5SR,6aRS,6bRS)-5-Butyl-octahydro-6a-
(hydroxymethyl)-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-b]furan-3-
ol (3a)


Epoxide 3a was prepared from diene 1a (316 mg, 1.50 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 1:1 ethyl acetate:hexane) afforded
the title compound (144 mg, 40%) as a colourless oil (found: M+,
242.1519. C13H22O4 requires M, 242.1518); nmax. (neat) 3415, 2922,
2862, 1466, 1426, 1381, 1259, 1127, 1058 and 838 cm-1; dH


(400 MHz; CDCl3) 3.88–3.81 (1 H, m, H-5), 3.82 (1 H, d, J 10.9,
one of H-7), 3.79–3.74 (1 H, m, H-3), 3.74–3.72 (1 H, d, J 5.3,
H-3a), 3.67 (1 H, d, J 10.9, one of H-7), 3.39–3.38 (1 H, m, H-1a),
3.30 (1 H, broad s, OH), 3.16 (1 H, app. dd, J 4.1, 1.2, H-6b),
2.60 (1 H, broad s, OH), 2.24–2.17 (1 H, m, one of H-2), 2.13
(1 H, ddd, J 15.8, 3.8, 1.3, one of H-2), 2.02 (1 H, dd, J 12.8,
5.3, one of H-6), 1.76 (1 H, dd, J 12.8, 9.9, one of H-6), 1.60–
1.51 (1 H, m, one of CH2(CH2)2CH3), 1.43–1.35 (1 H, m, one
of CH2(CH2)2CH3), 1.32–1.19 (4 H, m, (CH2)2) and 0.83 (3 H,
t, J 7.0, CH3); dC (100 MHz; CDCl3) 78.6 (CH), 78.1 (CH), 67.6
(CH2), 67.0 (CH), 56.6 (CH), 53.5 (CH), 46.5 (C), 41.8 (CH2), 35.3
(CH2), 28.2 (CH2), 25.7 (CH2), 22.7 (CH2) and 14.1 (CH3); m/z
(TOF EI+) 242 (M, 1%), 211 (100), 149 (80) and 95 (94).


(1aSR,3RS,3aRS,5RS,6aRS,6bRS)-5-tert-Butyl-octahydro-6a-
(hydroxymethyl)-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-b]furan-3-
ol (3b)


Epoxide 3b was prepared from diene 1b (161 mg, 0.77 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 3:1 ethyl acetate:hexane) gave the
title compound (139 mg, 75%) as a colourless solid, m.p. 86–87 ◦C
(found: M+ - H2O, 224.1413. C13H20O3 requires M, 224.1412);
nmax. (Nujol) 3388, 2923, 2853, 1259 and 1059 cm-1; dH (400 MHz;
CDCl3) 3.89 (1 H, d, J 10.9, one of H-7), 3.87–3.85 (1 H, m, H-3),
3.74–3.72 (1 H, m, H-3a), 3.72 (1 H, d, J 10.9, one of H-7), 3.60
(1 H, dd, J 10.8, 5.8, H-5), 3.46–3.43 (1 H, m, H-1a), 3.17 (1 H,
app. dd, J 4.0, 1.2, H-6b), 2.75 (2 H, broad s, 2 ¥ OH), 2.25 (1 H,
app. dt, J 15.8, 2.4, one of H-2), 2.18 (1 H, ddd, J 15.8, 3.8, 1.3,
one of H-2), 1.93 (1 H, dd, J 12.8, 10.8, one of H-6), 1.88 (1 H,
dd, J 12.8, 5.8, one of H-6) and 0.86 (9 H, s, t-Bu); dC (100 MHz;
CDCl3) 85.8 (CH), 79.3 (CH), 67.9 (CH2), 67.0 (CH), 56.7 (CH),
53.7 (CH), 46.4 (C), 37.2 (CH2), 33.6 (C), 25.7 (CH2) and 25.6 (3 ¥
CH3); m/z (TOF MS EI+) 224 (M - H2O, 3%), 185 (100), 149 (33),
121 (44) and 95 (39).
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Crystallographic data for compound 3b. C13H22O4, FW =
242.31, T = 150(2) K, l = 0.71073 Å, monoclinic, P21/a,
a = 11.8532(3) Å, b = 7.1565(2) Å, c = 16.0428(4), b =
102.4210(10), V = 1329.02(6) Å3, Z = 4, r(calc) = 1.211 Mg/m3,
crystal size = 0.38 ¥ 0.25 ¥ 0.10 mm3, reflections collected = 20521,
independent reflections = 3023, R(int)= 0.109, parameters = 160,
R1 [I>2s(I)]= 0.075, wR2 [I>2s(I)] = 0.19, R1 (all data) = 0.10,
wR2 (all data) = 0.21, Flack parameter = 0.056(10).


(1aSR,3RS,3aRS,5SR,6aRS,6bRS)-5-Hexyl-octahydro-6a-
(hydroxymethyl)-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-b]furan-3-
ol (3c)


Epoxide 3c was prepared from diene 1c (509 mg, 2.14 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 hexane:ethyl acetate) afforded
the title compound (209 mg, 36%) as a colourless solid, m.p.
72–73 ◦C (found: M+ - H2O, 252.1725. C15H24O3 requires M,
252.1725); nmax. (Nujol) 3406, 2922, 2854, 1249, 1130, 1075, 1057,
1021, 932, 840, 721 and 668 cm-1; dH (400 MHz; CDCl3) 3.89–3.84
(1 H, m, H-5), 3.85 (1 H, d, J 10.8, one of H-7), 3.82–3.77 (1 H,
m, H-3), 3.75 (1 H, d, J 3.9, H-3a), 3.69 (1 H, d, J 10.8, one of
H-7), 3.40–3.37 (1 H, m, H-1a), 3.26 (1 H, app. dd, J 4.0, 1.2,
H-6b), 2.22 (1 H, app. dt, J 15.8, 2.5, one of H-2), 2.13 (1 H,
ddd, J 15.8, 3.8, 1.4, one of H-2), 2.03 (1 H, dd, J 12.8, 5.3, one
of H-6), 1.75 (1 H, dd, J 12.8, 9.9, one of H-6), 1.58–1.50 (2 H,
m, CH2(CH2)4CH3), 1.43–1.14 (10 H, m, (CH2)4 and 2 ¥ OH)
and 0.81 (3 H, t, J 6.8, CH3); dC (100 MHz; CDCl3) 78.8 (CH),
78.1 (CH), 68.0 (CH2), 67.0 (CH), 56.6 (CH), 53.5 (CH), 46.5 (C),
41.9 (CH2), 35.7 (CH2), 31.8 (CH2), 29.3 (CH2), 26.0 (CH2), 25.8
(CH2) 22.6 (CH2) and 14.1 (CH3); m/z (TOF ES+) 252 (M - H2O,
40%), 185 (100), 123 (98) and 95 (88).


(1aSR,3RS,3aRS,6RS,6aRS,6bRS)-Octahydro-6a-
(hydroxymethyl)-6-phenyl-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-
b]furan-3-ol (3e)


Epoxide 3e was prepared from diene 1e (136 mg, 0.59 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 3:2 hexane:ethyl acetate) afforded
the title compound (85 mg, 55%) as a colourless solid, m.p.
89–90 ◦C (found: M+ - H2O, 244.1091. C15H16O3 requires M,
244.1099); nmax. (Nujol) 3488, 3335, 2923, 2851, 1076, 1059 and
1040 cm-1; dH (400 MHz; CDCl3) 7.39–7.25 (5 H, m, Ph), 4.20
(1 H, dd, J 9.1, 5.0, one of H-5), 4.10 (1 H, dd, J 9.1, 6.8, one of
H-5), 4.03–3.98 (1 H, m, H-3), 3.92 (1 H, d, J 11.0, one of H-7),


3.90 (1 H, d, J 11.0, one of H-7), 3.86–3.83 (1 H, m, H-3a), 3.71
(1 H, dd, J 6.8, 5.0, H-6), 3.50 (1 H, broad s, OH), 3.15–3.11 (1 H,
m, H-1a), 2.77 (1 H, app. dd, J 4.2, 1.5, H-6b), 2.34–2.23 (2 H,
m, H-2) and 1.65 (1 H, broad s, OH); dC (100 MHz; CDCl3) 139.1
(C), 128.6 (2 ¥ CH), 128.5 (2 ¥ CH), 127.2 (CH), 80.6 (CH), 72.5
(CH2), 66.7 (CH2), 66.3 (CH), 55.4 (CH), 53.6 (CH), 51.5 (CH),
48.5 (C) and 25.7 (CH2); m/z (TOF ES+) 244 (M - H2O, 9%), 214
(100), 171 (21) and 104 (85).


Stereochemistry was confirmed by nOe enhancement between
H-3a and H-6 and between H-6b and phenyl.


(1RS,2SR,4RS,4aRS,5aSR,9aRS,9bSR)-9b-(Hydroxymethyl)-
1,2-epoxydodecahydrodibenzo[b,d]furan-4-ol (3f)


Epoxide 3f was prepared from diene 1f (85 mg, 0.41 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 1:1 ethyl acetate:hexane) afforded
the title compound (51 mg, 52%) as a colourless solid, m.p.
153–154 ◦C (found: M+ - H2O, 222.1253. C13H18O3 requires M,
222.1256); nmax. (Nujol) 3417, 2927, 2854, 1064, 1046 and 722 cm-1;
dH (400 MHz; CDCl3) 3.92–3.86 (2 H, m, H-4 and H-4a), 3.91 (1 H,
d, J 11.0, one of H-10), 3.87 (1 H, d, J 11.0, one of H-10), 3.47–
3.44 (1 H, m, H-2), 3.36–3.29 (2 H, m, H-1 and H-5a), 2.35 (1 H,
app. broad d, J 16.0, one of H-3), 2.20–2.01 (4 H, m, one of H-3,
H-9a and 2 ¥ OH), 1.85–1.77 (2 H, m, cyclohexyl CH2), 1.74–1.66
(2 H, m, cyclohexyl CH2) and 1.39–1.13 (4 H, m, 2 ¥ cyclohexyl
CH2); dC (100 MHz; CDCl3) 81.1 (CH), 79.2 (CH), 67.7 (CH), 67.1
(CH2), 53.8 (CH), 53.5 (CH), 52.3 (CH), 45.8 (C), 32.2 (CH2), 25.7
(CH2), 25.6 (CH2), 25.2 (CH2) and 23.9 (CH2); m/z (TOF ES+)
222 (M - H2O, 1%), 192 (86) and 79 (100).


(2RS,3aRS,7RS,7aRS)-2-tert-Butyl-3a-(hydroxymethyl)-
2,3,3a,6,7,7a-hexahydro-benzo[b]furan-7-ol (4)


Vanadyl acetylacetonate (73 mg, 0.276 mmol) and tert-butyl hy-
droperoxide (1.22 ml of 5.0–6.0 M solution in decane, 6.08 mmol)
were added to a solution of diol 1b (580 mg, 2.76 mmol) in
CH2Cl2 (10 ml) at 0 ◦C. The reaction mixture was allowed to
warm slowly to room temperature and stirred for 16 h. The
reaction was quenched with saturated aqueous Na2SO3 solution
and extracted with CH2Cl2 (3 ¥ 10 ml). The combined organic
extracts were dried over Na2SO4 before the solvent was removed
in vacuo. Chromatography on silica gel (eluent hexane:ethyl acetate
2:1) afforded the title compound (93 mg, 15%) as a colourless
solid, m.p. 83–85 ◦C (found: MH+ - H2O, 209.1532. C13H21O2
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requires M, 209.1542); nmax. (Nujol) 3186, 2922, 2856, 1205, 1171,
1131, 1043, 964, 910, 836, 776 and 746 cm-1; dH (400 MHz; CDCl3)
5.83–5.79 (1 H, m, H-5), 5.43 (1 H, d, J 10.2, H-4), 4.22 (2 H,
broad s, 2 ¥ OH), 4.05–4.01 (1 H, m, H-7), 3.88 (1 H, d, J 3.9,
H-7a), 3.62 (1 H, d, J 10.4, one of H-8), 3.55 (1 H, dd, J 10.5, 5.6,
H-2), 3.46 (1 H, d, J 10.4, one of H-8), 2.36–2.31 (1 H, m, one of
H-6), 2.04 (1 H, app. dd, J 17.9, 4.7, one of H-6), 1.52 (1 H, dd,
J 12.1, 10.5, one of H-3), 1.48 (1 H, dd, J 12.1, 5.6, one of H-3)
and 0.82 (9 H, d, C(CH3)3); dC (100 MHz; CDCl3) 129.7 (CH),
126.5 (CH), 85.2 (CH), 83.5 (CH), 68.0 (CH2), 64.7 (CH), 48.8
(C), 36.6 (CH2), 33.5 (C), 28.2 (CH2) and 25.7 (3 ¥ CH3); m/z
(TOF AP+) 209 (MH+ - H2O, 100%). In addition, compound 3b
(34 mg, 5%) was obtained.


Stereochemistry was confirmed by nOe enhancement between
H-2 and one of H-6.


General procedure for azide ring-openings


Sodium azide (285 mg, 4.38 mmol) and ammonium chloride
(117 mg, 2.19 mmol) were added portionwise to a solution of
the epoxide 3a-3c, 3e, 3f (0.44 mmol) in an 8:1 mixture of
methanol/water (9 ml). The solution was stirred at 80 ◦C for
24 hours before being cooled to room temperature and quenched
with water. The crude product was extracted into CH2Cl2 (3 ¥
10 ml). The combined organic extracts were dried over Na2SO4


and the solvent removed in vacuo. The residue was purified
by flash column chromatography on silica gel to give the pure
azide 5.


(2SR,3aSR,4RS,5RS,7RS,7aRS)-5-Azido-2-butyl-octahydro-3a-
(hydroxymethyl)benzofuran-4,7-diol (5a)


Azide 5a was prepared from epoxide 3a (106 mg, 0.44 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 hexane:ethyl acetate) afforded
the title compound (45 mg, 36%) as a colourless solid, m.p. 107–
108 ◦C (found: M+ - H2O, 267.1588. C13H21N3O3 requires M,
267.1583); nmax. (Nujol) 3185, 2923, 2853, 2111, 1082, 721 and
668 cm-1; dH (400 MHz; CD3OD) 4.02 (1 H, app. tt, J 12.9, 6.5,
H-2), 3.91 (1 H, ddd, J 12.3, 10.3, 4.3, H-5 or H-7), 3.89–3.85 (2 H,
m, one of H-8 and H-5 or H-7), 3.69 (1 H, app. broad s, H-4 or
H-7a), 3.48 (1 H, d, J 11.0, one of H-8), 3.40 (1 H, d, J 10.2, H-4
or H-7a), 2.18 (1 H, dd, J 12.7, 6.5, one of H-3), 1.88 (1 H, app.
dt, J 13.8, 3.1, one of H-6), 1.65–1.49 (2 H, m, one of H-6 and
butyl H), 1.44–1.18 (6 H, m, one of H-3 and butyl H) and 0.86
(3 H, t, J 6.8, CH3); dC (100 MHz; CD3OD) 85.1 (CH), 78.3 (CH),
76.5 (CH), 66.9 (CH), 65.0 (CH2), 60.9 (CH), 53.9 (C), 41.3 (CH2),
37.5 (CH2), 34.6 (CH2), 29.3 (CH2), 23.8 (CH2) and 14.5 (CH3);
m/z (TOF ES+) 267 (M - H2O, 26%), 208 (100), 181 (58), 155 (64)
and 72 (81).


(2RS,3aSR,4RS,5RS,7RS,7aRS)-2-tert-Butyl-5-azido-
octahydro-3a-(hydroxymethyl)benzofuran-4,7-diol (5b)


Azide 5b was prepared from epoxide 3b (101 mg, 0.42 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 hexane:ethyl acetate) af-
forded the title compound (80 mg, 67%) as a colourless solid,
m.p. 155–156 ◦C (found: M+ - H2O, 267.1581. C13H21N3O3


requires M, 267.1583); nmax. (Nujol) 3192, 2920, 2853, 2113, 1258
and 1070 cm-1; dH (400 MHz; CD3OD) 4.03–3.92 (3 H, m, one of
H-8, H-5 and H-7), 3.78 (1 H, dd, J 9.9, 6.6, H-2), 3.69 (1 H, app.
broad s, H-4 or H-7a), 3.54 (1 H, d, J 11.0, one of H-8), 3.48 (1 H,
d, J 10.3, H-4 or H-7a), 2.02 (1 H, app. dd, J 12.9, 6.6, one of
H-3), 1.93 (1 H, app. broad d, J 13.4, one of H-6), 1.67 (1 H, ddd,
J 13.4, 12.7, 3.0, one of H-6), 1.57 (1 H, app. dd, J 12.9, 9.9, one
of H-3) and 0.88 (9 H, s, t-Bu); dC (100 MHz; CD3OD) 86.5 (CH),
86.1 (CH), 76.5 (CH), 67.0 (CH), 65.0 (CH2), 60.8 (CH), 53.9 (C),
35.9 (CH2), 35.6 (C), 34.5 (CH2) and 25.9 (3 ¥ CH3); m/z (TOF
MS EI+) 267 (M - H2O, 34%), 240 (17), 182 (100), 137 (38), 111
(33) and 81 (28).


(2SR,3aSR,4RS,5RS,7RS,7aRS)-5-Azido-2-hexyl-octahydro-3a-
(hydroxymethyl)benzofuran-4,7-diol (5c)


Azide 5c was prepared from epoxide 3c (67 mg, 0.25 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 hexane:ethyl acetate) afforded
the title compound (75 mg, 96%) as a colourless solid, m.p. 97–
98 ◦C (found: M+ + NH4


+, 331.2359. C15H31N4O4 requires M,
331.2345); nmax. (Nujol) 3199, 2927, 2853, 2114, 1256, 1183, 1068,
1037, 1009, 961, 921 and 802 cm-1; dH (400 MHz; CD3OD) 4.13–
4.03 (1 H, m, H-2), 3.97 (1 H, ddd, J 12.2, 10.2, 4.3, H-5 or H-7),
3.95–3.91 (2 H, m, one of H-8 and H-5 or H-7), 3.76–3.74 (1 H,
m, H-4 or H-7a), 3.55 (1 H, d, J 11.0, one of H-8), 3.46 (1 H,
d, J 10.2, H-4 or H-7a), 2.24 (1 H, dd, J 12.7, 6.5, one of H-3),
1.94 (1 H, app. broad d, J 13.7, one of H-6), 1.67 (1 H, ddd, J
13.7, 12.4, 3.0, one of H-6), 1.62–1.48 (1 H, m, hexyl H), 1.49–1.24
(9 H, m, hexyl H), 1.37 (1 H, dd, J 12.7, 9.0, one of H-3) and 0.91
(3 H, t, J 6.8, CH3); dC (100 MHz; CD3OD) 85.1 (CH), 78.3 (CH),
76.5 (CH), 66.9 (CH), 65.0 (CH2), 60.9 (CH), 53.9 (C), 41.3 (CH2),
37.8 (CH2), 34.6 (CH2), 33.1 (CH2), 30.5 (CH2), 27.1 (CH2), 23.7
(CH2) and 14.5 (CH3); m/z (TOF ES+) 331 (M + NH4


+, 67%), 287
(22), 286 (100), 268 (7), 252 (2) and 222 (1).
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(3RS,3aSR,4RS,5RS,7RS,7aRS)-5-Azido-octahydro-3a-
(hydroxymethyl)-3-phenylbenzofuran-4,7-diol (5e)


Azide 5e was prepared from epoxide 3e (45 mg, 0.17 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 1:1 hexane:ethyl acetate) afforded
the title compound (35 mg, 67%) as a colourless solid, m.p. 140–
141 ◦C (found: M+ + NH4


+, 323.1734. C15H23N4O4 requires M,
323.1719); nmax. (Nujol) 3260, 2924, 2854, 2100, 1246, 1158, 1061
and 722 cm-1; dH (400 MHz; CD3OD) 7.24–7.12 (5 H, m, Ph), 4.21
(1 H, dd, J 9.9, 8.9, one of H-2), 4.03 (1 H, app. t, J 8.7, one of
H-2), 3.99 (1 H, d, J 10.9, one of H-8), 3.90 (1 H, app. q, J 3.1,
H-5 or H-7), 3.86 (1 H, app. d, J 2.8, H-4 or H-7a), 3.84–3.78
(1 H, m, H-5 or H-7), 3.68 (1 H, d, J 9.9, H-4 or H-7a), 3.53 (1 H,
d, J 10.9, one of H-8), 3.40 (1 H, app. t, J 9.5, H-3), 1.87 (1 H,
app. dt, J 13.5, 3.9, one of H-6) and 1.71–1.64 (1 H, m, one of
H-6); dC (100 MHz; CD3OD) 136.7 (C), 128.4 (CH), 128.3 (CH),
128.2 (CH), 126.8 (CH), 126.6 (CH), 85.9 (CH), 71.1 (CH), 69.1
(CH2), 65.8 (CH), 62.7 (CH2), 60.8 (CH), 53.9 (C), 51.0 (CH) and
32.5 (CH2); m/z (TOF ES+) 323 (M + NH4


+, 100%), 278 (97), 260
(14) and 242 (1).


(1RS,2RS,4RS,4aRS,5aSR,9aRS,9bSR)-2-Azido-9b-
(hydroxymethyl)dodecahydrodibenzo[b,d]furan-1,4-diol (5f)


Azide 5f was prepared from epoxide 3f (78 mg, 0.33 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 1:1 hexane:ethyl acetate) afforded
the title compound (42 mg, 46%) as a colourless solid, m.p. 156–
157 ◦C; nmax. (Nujol) 3418, 2922, 2103, 1303, 1064, 1036, 979, 826
and 722 cm-1; dH (400 MHz; CD3OD) 3.75 (1 H, d, J 11.1, one
of H-10), 3.72 (1 H, app. broad d, J 3.6, H-1 or H-4a), 3.70–3.65
(1 H, broad m, H-2 or H-4), 3.60 (1 H, d, J 11.1, one of H-10),
3.33–3.26 (2 H, m, H-5a and H-2 or H-4), 3.18 (1 H, app. d, J
3.1, H-1 or H-4a), 2.15 (1 H, app. broad d, J 16.0, one of H-3),
2.04 (1 H, app. ddd, J 16.0, 3.7, 1.0, one of H-3), 2.00–1.91 (2 H,
broad m, H-9a and one of CH2), 1.70–1.62 (3 H, broad m, one of
CH2 and CH2) and 1.33–1.10 (4 H, m, 2 ¥ CH2); dC (100 MHz;
CD3OD) 80.9 (CH), 78.9 (CH), 67.5 (CH), 65.0 (CH2), 53.0 (CH),
52.8 (CH), 51.8 (CH), 45.5 (C), 32.1 (CH2), 25.5 (CH2), 25.4 (CH2),
24.7 (CH2) and 23.6 (CH2).


(±)-1-((1,4-trans)-1-(Hydroxymethyl)-4-methylcyclohexa-2,5-
dienyl)hexan-2-ol (10) and (±)-1-((1,4-cis)-1-(hydroxymethyl)-
4-methylcyclohexa-2,5-dienyl)hexan-2-ol (11)


n-Butyllithium (10.1 ml of a 2.5 M solution in hexanes, 25.3 mmol)
was added to a solution of diisopropylamine (3.55 ml, 25.3 mmol)
in dry THF (30 ml) at -78 ◦C and the resulting solution was
allowed to warm to room temperature. After re-cooling to -78 ◦C,
the ester 7 (3.50 g, 23.0 mmol) was added dropwise. After stirring
for 30 minutes at -78 ◦C, n-butyloxirane 8 (3.61 ml, 29.9 mmol)
was added and the reaction mixture allowed to warm to 5 ◦C
over 3 h. The reaction was quenched with saturated aqueous
ammonium chloride solution (50 ml) and extracted with diethyl
ether (3 ¥ 30 ml). The combined organic extracts were dried over
Na2SO4 before the solvent was removed in vacuo affording the
crude intermediate lactones 9 (5.44 g) as a yellow oil. This lactone
(3.99 g, 18.1 mmol) was redissolved in dry THF (20 ml) and added
dropwise to a suspension of LiAlH4 (688 mg, 18.1 mmol) in dry
THF (30 ml). The resulting suspension was allowed to stir for
15 minutes before the reaction was quenched slowly with 2 M
NaOH. The solution was filtered and dried over Na2SO4 before
the solvent was removed in vacuo. Chromatography on silica gel
(eluent hexane:diethyl ether 2:1) afforded a 1:1 mixture of diols 10
and 11 (2.56 g, 63%) as a colourless oil. Further chromatography
(eluent hexane:diethyl ether 4:1) provided pure samples of the
individual diastereoisomers.


Data for compound 10. Found: M+ - H2O, 206.1668. C14H22O
requires M, 206.1671; nmax. (neat) 3384, 3011, 2957, 2928, 2871,
1636, 1456, 1378, 1278, 1122, 1037, 918, 804 and 746 cm-1; dH


(400 MHz; CDCl3) 5.97–5.88 (2 H, m, alkene CH), 5.65 (1 H, app.
dt, J 10.3, 2.3, alkene CH), 5.38 (1 H, app. dt, J 10.8, 2.1, alkene
CH), 3.82–3.74 (1 H, broad m, CHOH), 3.35 (2 H, s, CH2OH),
2.85–2.77 (1 H, broad m, CHCH3), 1.99 (2 H, broad s, 2 ¥ OH),
1.50 (1 H, dd, J 14.2, 9.1, one of CCH2), 1.42 (1 H, dd, J 14.2,
2.1, one of CCH2), 1.38–1.22 (6 H, broad m, (CH2)3), 1.06 (3 H,
d, J 7.3, CH3) and 0.88 (3 H, t, J 6.8, CH3); dC (100 MHz; CDCl3)
134.4 (CH), 133.7 (CH), 129.5 (CH), 128.4 (CH), 70.4 (CH2),
69.2 (CH), 44.6 (CH2), 42.7 (C), 37.6 (CH2), 30.9 (CH), 27.8
(CH2), 22.8 (CH2), 22.1 (CH3) and 14.1 (CH3); m/z (TOF EI+)
206 (M - H2O, 32%), 188 (100), 176 (62), 159 (50), 145 (97) and
131 (99).


Data for compound 11. Found: M+ - H2O, 207.1757. C14H23O
requires M, 207.1749; nmax. (Neat) 3355, 3012, 2957, 2928, 2871,
1457, 1124, 1038, 945, 899, 802 and 746 cm-1; dH (400 MHz; CDCl3)
5.96–5.89 (2 H, m, alkene CH), 5.64 (1 H, app. dt, J 10.1, 2.0,
alkene CH), 5.38 (1 H, app. dt, J 10.6, 2.0, alkene CH), 3.82–
3.75 (1 H, broad m, CHOH), 3.34 (2 H, s, CH2OH), 2.86–2.77
(1 H, broad m, CHCH3), 1.82 (2 H, broad s, 2 ¥ OH), 1.51 (1 H,
dd, J 14.2, 9.0, one of CCH2), 1.44 (1 H, dd, J 14.2, 2.3, one of
CCH2), 1.41–1.22 (6 H, broad m, (CH2)3), 1.11 (3 H, d, J 7.3, CH3)
and 0.89 (3 H, t, J 6.7, CH3); dC (100 MHz; CDCl3) 134.2 (CH),
133.7 (CH), 129.5 (CH), 128.5 (CH), 70.0 (CH2), 69.3 (CH), 44.9
(CH2), 42.7 (C), 37.7 (CH2), 30.9 (CH), 27.8 (CH2), 22.7 (CH2),
22.4 (CH3) and 14.1 (CH3); m/z (TOF AP+) 207 (M - H2O, 30%),
189 (100), 146 (3), 118 (3) and 91 (1).
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(1aSR,2RS,3RS,3aRS,5SR,6aRS,6bRS)-5-Butyl-octahydro-6a-
(hydroxymethyl)-2-methyl-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-
b]furan-3-ol (12)


Epoxide 12 was prepared from diol 10 (105 mg, 0.47 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 diethyl ether:hexane) afforded
the title compound (24 mg, 20%) as a colourless oil (found: M+ -
H2O, 238.1573. C14H22O3 requires M, 238.1569); nmax. (CH2Cl2)
3410, 2931, 1645, 1456, 1379, 1034, 899 and 837 cm-1; dH


(400 MHz; CDCl3) 3.95 (1 H, app. quintet, J 6.9, H-5), 3.76 (1 H,
d, J 10.8, one of H-7), 3.69 (1 H, d, J 10.8, one of H-7), 3.65 (1 H,
d, J 6.9, H-3a), 3.42 (1 H, app. dt, J 6.9, 4.8, H-3), 3.16 (1 H, d, J
3.8, H-1a), 3.00 (1 H, dd, J 3.8, 1.0, H-6b), 2.56 (2 H, broad s, 2 ¥
OH), 2.09–2.02 (1 H, m, H-2), 1.97 (1 H, dd, J 13.1, 7.6, one of
H-6), 1.71 (1 H, dd, J 13.1, 7.1, one of H-6), 1.61–1.52 (1 H, m, one
of CH2(CH2)2CH3), 1.45–1.36 (1 H, m, one of CH2(CH2)2CH3),
1.30–1.22 (4 H, m, (CH2)2), 1.18 (3 H, d, J 7.5, CH3) and 0.83
(3 H, t, J 7.0, CH3); dC (100 MHz; CDCl3) 81.5 (CH), 77.0 (CH),
70.7 (CH), 67.9 (CH2), 57.5 (CH), 56.9 (CH), 47.2 (C), 38.6 (CH2),
36.2 (CH2), 34.6 (CH), 28.4 (CH2), 22.7 (CH2), 15.9 (CH3) and 14.1
(CH3); m/z (TOF EI+) 238 (M - H2O, 9%), 190 (75), 147 (100),
121 (82) and 91 (71).


(1aSR,2SR,3RS,3aRS,5SR,6aRS,6bRS)-5-Butyl-octahydro-6a-
(hydroxymethyl)-2-methyl-7-oxa-bicyclo[4.1.0]hept-1(6)-eno[3,2-
b]furan-3-ol (13)


Epoxide 13 was prepared from diol 11 (278 mg, 1.24 mmol)
according to the general procedure above. Purification by flash
column chromatography (eluent 2:1 diethyl ether:hexane) afforded
the title compound (120 mg, 38%) as a colourless solid, m.p.
66–68 ◦C (found: M+ - H2O, 238.1574. C14H22O3 requires M,
238.1569); nmax. (Nujol) 3394, 2926, 2853, 1644, 1152, 1053 and
834 cm-1; dH (400 MHz; CDCl3) 3.86–3.77 (3 H, m, one of H-7,
H-3a and H-5), 3.66 (1 H, d, J 10.9, one of H-7), 3.59 (1 H, app.
broad s, H-3), 3.21 (1 H, d, J 4.2, H-1a), 3.17 (1 H, dd, J 4.2 1.5,
H-6b), 2.94 (2 H, broad s, 2 ¥ OH), 2.23 (1 H, app. qd, J 7.3, 3.3,
H-2), 2.02 (1 H, dd, J 12.8, 5.1, one of H-6), 1.77 (1 H, dd, J 12.8,
10.2, one of H-6), 1.59–1.51 (1 H, m, one of CH2(CH2)2CH3),
1.42–1.34 (1 H, m, one of CH2(CH2)2CH3), 1.25 (3 H, d, J 7.3,
CH3) 1.25–1.20 (4 H, m, (CH2)2) and 0.83 (3 H, t, J 7.0, CH3); dC


(100 MHz; CDCl3) 79.9 (CH), 78.3 (CH), 71.4 (CH), 67.9 (CH2),
58.9 (CH), 58.0 (CH), 46.7 (C), 42.1 (CH2), 35.3 (CH2), 28.2 (CH2),


27.9 (CH), 22.8 (CH2), 14.4 (CH3) and 14.1 (CH3); m/z (TOF EI+)
238 (M - H2O, 12%), 190 (69), 147 (100) and 121 (86).


Crystallographic data for compound 13. C14H24O4, FW =
256.33, T = 150(2) K, l = 0.71073 Å, triclinic, P-1, a = 6.3080(2) Å,
b = 13.5420(5) Å, c = 17.5900(7) Å, a= 73.293(2)◦, b = 81.756(2)◦,
g = 79.108(2)◦, V = 1406.88(9) Å3, Z = 4, r(calc) = 1.210 Mg/m3,
crystal size = 0.50 ¥ 0.18 ¥ 0.08 mm3, reflections collected = 7267,
independent reflections = 4761, R(int) = 0.079, parameters =
333, R1 [I>2s(I)]= 0.14, wR2 [I>2s(I)] = 0.34, R1 (all data) =
0.19, wR2 (all data) = 0.37. The asymmetric unit of compound 13
consists of two independent molecules. The higher R indices for
13 are due to the poor quality of the available sample and thus
data were recorded using a twinned crystal.


Conclusion


In summary, cyclohexadiene-diols 1a-1f, 10 and 11 undergo
diastereoselective epoxidation followed by diastereoselective ring-
opening to give highly functionalised benzo[b]furan derivatives 3,
12 and 13 with excellent diastereocontrol.
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The folding enantioselectivity for D-Ala versus L-Ala at
one glycine site in the Trp-cage is 16 kJ mol-1; judicious
introductions of alanines of the correct chirality raises the
melting temperature of this 20-residue fold to 83 ◦C.


Replacing glycines or residues with long side chains with alanine,
or increasing the proline content of a sequence, are known
strategies for increasing protein fold stability by decreasing the
entropic advantage of unfolding.1 The fold stabilizing effect of
a Gly→Ala substitution at a site with no conformational strain
effects has been measured as 2.6 kJ mol-1;2 this net stabilization
presumably includes the stabilizing TDSU effect as well as any
destabilizing effect associated with decreased backbone solvation.3


That there are conformational strain effects is suggested by the
observation of fold stabilization for L-AA to Gly mutations. These
have been observed for some1a,b,4 (but not all) instances of the
introduction of Gly in place of L-AA residues that have a positive
f value in a native fold. Since glycines in native protein folds
frequently occur in turn or loop positions where a positive f
torsion angle is required,1b,4a,5 it is essential to consider the option
of using Gly→D-Ala (rather than L-Ala) mutations for protein
fold stabilization. Due to the difficulty of introducing unnatural
D-AAs into proteins, there are very few examples of Gly→D-
Ala mutations in proteins. Bang et al.3 prepared Gly35→D-AA
ubiquitin mutants by chemical ligation of synthetic fragments; no
case of net stabilization was observed but the D-Ala mutant was
more stable than the corresponding L-Ala form at the helix C-
capping site with f/y = +82/+10◦. Raleigh et al. 6 have provided
three examples of this stabilizing Gly→D-Ala mutation in small
protein domains that could be prepared by automated peptide
synthesis, two of which were at helix C-capping sites.


Designed miniproteins present a testing ground for this stabi-
lization strategy. The Trp-cage appeared ideally suited as there are
three glycines with positive f values—Gly10 f/y = +100/+10,
Gly11 +57/-120, and Gly15 +80/+6◦—with Gly10 and 15
appearing as the capping C¢ position of the N-terminal a-helix
and a short 310 helix, respectively.2 We now report the effects of
D-Ala and L-Ala substitutions at the Gly sites in the Trp-cage:
significant fold stabilization is observed with D-Ala at two sites
and these mutations, in combination with stabilizing L-AA→L-
Ala mutations at helical sites,2,7 produce a 20-residue construct
with a melting point (Tm) of 83 ◦C. Although b hairpins with
Tm’s in this range have been reported,8 this is, to our knowledge,
the highest Tm reported for small native or truncated protein-like
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motifs with a residue length of 36 or less9 and lacking an extensive
web of disulfide linkages.


Mutational stabilization of the two helical segments (in italics,
NLYIQWLKD-GG-PSS-GRPPPS) of the original1c Trp-cage
sequence (TC5b) increases fold stability. For example, an N1D
mutation and L-Ala substitutions at each of the bold residue sites
improve fold stability by 1.45 ± 0.35 kJ mol-1 per mutation.2,7


The environments of the Gly residues that are the subject of the
present investigation are illustrated in Fig. 1. At Gly10 and Gly15
(see Fig. 1a) the structure suggests that no van der Waals repulsion
terms would result for a D-Ala substitution (Ha2→CH3); however,
Gly11 presents a more crowded circumstance.


Fig. 1 The NMR structure of TC10b from the coordinates reported in
Barua et al.2 In panel a, the CH2 units of the three glycines are labeled with
the proton (Ha2) that is replaced by the methyl group in a D-Ala mutation
shown in green; the L-Ala Me position is shown in cyan blue; most of the
hydrogens as well as some side chains are deleted for clarity. Panel b, with
the same Gly-CH2 labeling scheme, is a CPK model that illustrates the
crowding at Gly11 Ha2.


The close association of the G11-CH2 with the indole ring
(Fig. 1b), which yields a 3.5 ppm upfield shift for G11Ha2,
with a much smaller shift (0.98 ppm) for the outwardly directed
G11Ha3,2 would appear to preclude the substitution of G11Ha2
by a methyl group without a significant alteration in the backbone
geometry.


Both subtle changes in folded structure and the relative stabili-
ties of Trp-cage constructs can be readily assessed1c,2 by tracking
NMR chemical shift deviations (CSDs) and their temperature
dependence (see ESI†). Altered folded state geometries are indi-
cated by changes in the CSD ratios; decreased fold stability is
indicated by a greater, but uniform, loss in CSDs at increasing
temperatures. The effects of L-Ala and D-Ala mutations were
examined as shown in Table 1. NMR shift changes indicated that
all three Gly→L-Ala mutations were highly destabilizing. Of these,
the G10A mutant was the only one that displayed significant
upfield shifts at G11Ha2 as well as P18a, b3. Upfield shifts at
P18a, b3 (2.3 and 2.1 ppm, respectively) are the result of indole
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Table 1 Sequences and thermodynamic stability data for Trp-cage mutants with D-AA in lower casea, Tm values in ◦C


Peptide Sequence Tm cage (NMR)b Tm (CD) DTm DGU
280/kJ mol-1c


TC5b NLYIQ WLKDG GPSSG RPPPS 42 42 -15 9.01c,2


Ac-AYAQ WLKDG GPSSG RPPPS 46 — — ~107


Ac-AYAQ WLKDA GPSSG RPPPS < 0 — — -2.4
TC10b DAYAQ WLKDG GPSSG RPPPS 56 57 0 12.22,7


(K8A) DAYAQ WLADG GPSSG RPPPS 62 61 6, 4
(S13A) DAYAQ WLKDG GPASG RPPPS 63 61 7, 4
(G10a) DAYAQ WLKDa GPSSG RPPPS > 70 72.5 -, 15.5
(G15a) DAYAQ WLKDG GPSSa RPPPS 61 62 5, 6


R = 29.5
TC16b DAYAQ WLADa GPASa RPPPS >> 70 83 26 7.9


a All NMR shift and CD melts were recorded at pH 6.5–7 (20–50 mM potassium phosphate) with protein concentrations of circa 1 mM and 30 mM,
respectively. TC10b is the reference for DTm measures of relative stability. b The NMR Tm’s given here are derived from a plot of T versus the sum of the
CSDs for the L7a/G11Ha2/P18a,b3/P19d2,d3 sites.2 c Derived from the NH exchange protection observed for the indole ring NH and the amide NH
of Gly11.


ring current shielding and are diagnostic of the formation of a
complete Trp-cage fold. The chemical shift deviations (CSDs)
observed for the G10A mutant indicated cF = 0.16–0.26 at 280K
(DDGF ≥ 12 kJ mol-1). The G15A construct failed to display upfield
shifts at P18a,b3 (cfull cage ≤ 0.11), but did display an upfield shift
at G11Ha2 (CSD = -1.86 ppm), diagnostic of the formation of
a half-cage structure.2 The G11A mutant also failed to display
upfield shifts at P18a,b3 (cfull cage ≤ 0.04); but the data was difficult
to interpret due to the formation of a folded state (Tm ª 5 ◦C)
which differed (see ESI†) from the classic Trp-cage fold. All of the
Gly→L-Ala mutants also displayed significant, but not complete,
loss of helix stability both by circular dichroism (CD) and by the
decreased Ha CSDs in the N-terminal helical span.7 Independent
of whether we employ the CD melt, or the estimates of the extent
of formation of the alternative fold, the G11A effect corresponds
to DDGF ≥ 11 kJ mol-1.


The Gly11→D-Ala mutation was also destabilizing (DTm ª
-23 ◦C). This likely represents the effect of non-ideal dihedral
angles associated with the G11Ha2 to methyl group mutation in
the crowded environment (Fig. 1b). The observed ring current
shift for Ha of D-Ala11 was -2.2 ppm, much further upfield
than G10Ha3 (-0.98 ppm), the corresponding site of TC10b. This
implies a rotation of residue 11 such that the D-Ala a proton
is directed toward the indole ring with the bulky methyl group
shifting so as to have the Ca–Cb bond parallel to, rather than
directed toward, the indole ring plane. Although the observed
NOEs support the general features of the full Trp-cage fold,
a detailed examination indicates conformational changes in the
G10–R16 loop region that effect this residue 11 rotation.


D-Ala mutations at Gly10 and Gly15 provided easily measured
fold stabilization in both CD (vide infra) and NMR melts (Table 1).
For the Gly10 and Gly15 to D-Ala mutants, the CSDs for P18a/b3
and the G11-CH2 were identical (±0.10 ppm) to those observed
for TC10b, indicating no change in the backbone geometry or the
spatial relationship between the Trp/Tyr rings and the sequence-
remote, monitoring proton sites. This prompted us to prepare a
single mutant containing all the stabilizing alanine substitutions,
TC16b (DAYAQ WLADa GPASa RPPPS). At 57 ◦C, the individ-
ual CSDs observed for L7a/G11a2/P18a/P18b3/P19d2/P19d3
of TC16b indicated cF = 0.87 ± 0.08 (versus cF = 0.58 ± 0.06 for
TC10b at 52 ◦C), placing the DDGU associated with the mutations
at +5.6 ± 2.4 kJ mol-1. A Tm value (83 ◦C) for TC16b could be


obtained from the CD melt (Fig. 2). The CD melts observed for
the full series of D-Ala mutants appear in Fig. 3. The enhanced
fold stability of TC16b indicated by the NMR and CD melts was
confirmed by measuring NH H/D exchange protection factors
at pD 6.9 (280 K). As in the previous H/D exchange studies
of TC5b and TC10b,1c,2,7 G11HN and the side chain NH of the
indole ring display the largest protection factors (DGU = 18.6
and 17.2 kJ mol-1) with the backbone NHs of W6–D9 displaying
smaller values (DGU = 14.9 ± 0.6 kJ mol-1). The W6–D9 protection
factors report on helix stability, while protection at W6He1 and
G11HN reflects H-bonds that are specific to the cage structure.
In direct comparisons with the protection factors measured for
TC10b,2,7 both sets of probes indicate an additional 5.7 kJ mol-1


stabilization by the alanines inserted in TC16b versus TC10b.


Fig. 2 CD spectra of TC16b at 5–86 ◦C; the slope of a plot of [q]222 versus
T (see Fig. 3) is still increasing at 80 ◦C. An additional melting study in
20 vol-% glycol increased the range of temperatures to -3→+95 ◦C, and
displayed a maximal slope over the 80–95 ◦C increment.


In prior studies of Trp-cage species, DGU
280 estimates have been


derived based on correlations2,7 between DTm values (based on
NMR melting data) and DGU


280 from NH exchange protection
factors. Significant changes in the relative magnitudes of DSU


and DCpU in a series of mutants could preclude the use of a
DTm/DGU


280 correlation; as a minimum criterion for meaningful
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Fig. 3 CD melts of a series of D-Ala mutations within a Trp-cage
miniprotein. In addition to the Gly10 and Gly15 to D-Ala mutations
examined individually in the TC10b construct, TC16b has L-Ala insertion
for Lys8 and Ser13. The points are experimental data, the lines are
“sigmoidal fits” and correspond to expectations for DCpU = 0 (see ESI†).
The melts as [q]222 versus T plots appear in Fig. 3S (see ESI†).


Tm comparisons, the melting curves should be parallel in the
cU = 0.20–0.80 span. This condition is met by the melting curves
appearing in Fig. 3. The DTm data is summarized in Table 1.
Full thermodynamic fits of the CD melts of the D-Ala mutants
uniformly place DCpU in the -0.30 to -0.74 kJ K-1 mol-1 range
(ESI†); values from prior studies of Trp-cage species are TC10b =
-0.2 ± 0.1 and TC5b = +0.3 ± 0.1 kJ mol-1 K-1, the latter10


from calorimetric as well as CD data. These results validate
the use of DTm data to address the additivity of mutational
effects and cooperativity issues. In both instances of Gly10→D-
Ala mutations, the thermodynamic analysis indicates a decrease
in DSU.


The fold-stabilizing Gly→D-Ala substitution effects observed
in the Trp-cage (DDGU = 1.6 at Gly15 and 4.0 kJ mol-1 at Gly10)
are comparable to those observed previously in UBA and at the
G24 site of NTL9 (2.5 and 5.4 kJ mol-1)6 but not as large as
that observed for the G34→D-Ala mutation (7.8 kJ mol-1)6 in
NTL9. Thus, in three systems, as long as there are no apparent
steric problems introduced by the Ha2→methyl mutation, fold
stabilization results for Gly→D-Ala mutations. In this regard, the
absence of net fold stabilization at the helix C¢ position (Gly35)
of ubiquitin is puzzling: Bang et al.3 report a ‘conformational
preference’, D-Ala over L-Ala, of 4.2 kJ mol-1. At the Gly10
and Gly15 sites of TC10b the conformational preference is
substantially larger, 16 and ≥12 kJ mol-1, respectively. The value at
Gly15 is somewhat compromised by the evidence for the formation
of an alternative fold. The Trp-cage Gly10 site shares the greatest


analogy with ubiquitin Gly35, both are fully solvent exposed sites
at the C¢ location of helices with similar local conformations:
f/y = +100/+10◦ versus +82/+10◦. The difference in the D-Ala
versus L-Ala conformational preference, 16 kJ mol-1 for the Trp-
cage versus 4.2 kJ mol-1 for the ubiquitin site, defies explanation.
Apparently, there are additional factors that influence the D-/L-
conformational preferences that have not been elucidated as yet.


An examination of the DTm values associated with each L- or
D-alanine insertion listed in Table 1 indicates that there is nearly
complete additivity of fold stabilization over six sites. This provides
additional evidence for a two-state folding scenario for the Trp-
cage. In addition, these sites can now be used for the introduction
of pharmacophore units from amino acids with either natural or
altered side chains.11 We expect that the Gly→D-Ala mutation
strategy will be a powerful one for miniprotein fold optimization
and that the hyperstable Trp-cage reported herein will be useful for
evaluating fold stabilizations associated with side chain/side chain
interactions in the Trp-cage as well as serving as a stereospecific
scaffold for drug discovery11 against numerous targets.
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We present two ways of fast and easy immobilisation of a naphthalimide chromophore with a
pH-sensor function. The immobilised dyes exhibit absorbance and emission in the visible spectral
range, large Stokes’ shift, fluorescence properties that are comparable to their water-soluble form, and
full reversibility in pH response


Introduction


Array technologies provide a progressive platform for multipa-
rameter analysis and are widely used in genomics and proteomics.
Main advantages are the massive parallel readout of information
using a common readout technique for all of the integrated spots.
Recent developments of array technologies focus on the applica-
tion in metabolomics and parallel process analysis. Furthermore,
there is an increasing demand to use arrays for the verification of
quality and identity of complex mixtures from natural sources e.g.
in food industry and cosmetics. Therefore, sensor molecules that
combine a receptor functionality for analyte recognition with a
sensing substructure and an interface for covalent immobilisation
on a suitable planar support are required.


Fluorophores that can be successfully applied are based on a
single type of fluorophore structure, common to all integrated
sensor molecules. Signal transduction is mediated by interaction
of the receptor with the fluorophore in a way, that binding of a
specific analyte at the receptor substructure results in a change of
fluorescence properties e.g. quantum yield or frequency shift of
the emitted light.


Naphthalimides have been reported to satisfy these require-
ments due to their excellent stability and the large variability of
side chains for implementation of different receptors, that interact
via photoinduced electron transfer with the fluorophore as well
as the introduction of immobilisation interfaces e.g. carboxyl
or hydroxyl groups. Naphthalimide derivatives are approved
molecules for optical sensors, for non-doping OLEDS and laser
dyes.1,2 Functionalised naphthalimide chromophores have been
under examination in solution as sensor dyes for analytes such as
mercury ions,3,4 zinc ions,5 saccharides6,7 and for pH-changes.8,9


The next step towards application is the covalent immobilisation
of such sensor dyes, because it prevents leakage of the dye
from the sensor membrane, Niu et al. developed an immobilised
methylpiperazinyl derivative of naphthalimide10 using the princi-
ple of photopolymerisation.


The main disadvantage of these approaches is the incompatibil-
ity with spotting techniques that are used for array preparation. In
this work hydrogel thin films of O,O¢-bis-(2-acryloylamidopropyl)
polyethylene glycol 1900 (PEGA), a material primarily developed


Friedrich-Schiller University, Institute of Physical Chemistry, Lessingstrasse
10, 07743, Jena, Germany. E-mail: sabine.trupp@uni-jena.de


as a support for solid-phase organic synthesis (SPOS)11,12 com-
prising amino groups, were used as a support for the sensor dye.
Covalent immobilisation was performed by coupling of the N-
hydroxysuccinimidyl ester of the sensor molecules to the reactive
thin film, so that sensor molecules can be immobilised locally by
the use of spotting techniques.13 Alternatively, sensor molecules
can be directly immobilised by SPOS to obtain homogeneous
layers and to show the chemical stability of the system.


Here we report on methods for the immobilisation of pH sensor
dyes using array technology. The spectra of the immobilised
pH-sensitive dyes were characterised in comparison to their
water-soluble form to evaluate effects of immobilisation on the
performance.


Results and discussion


Generally, for the first step of synthesis 4-bromo-1,8-naphthalic
acid anhydride was used.14 For structure 1 this was reacted with
6-aminohexanoic acid and then the intermediate was reacted with
1-methylpiperazine.


Structure 1 also was used for the synthesis of 2 by immobilising it
to the hydrogel matrix via amide bond after NHS ester activation.
Solid-phase organic synthesis was used for the preparation of
structure 3, therefore 4-bromo-1,8-naphthalic acid anhydride was
connected directly to the amino-functionalised hydrogel matrix
via imide bond. In the second step this intermediate was reacted
with 1-methylpiperazine to give compound 3 as an immobilised
pH-sensor dye (Fig. 1)


The fluorescence properties of the sensing system were first
evaluated with aqueous solutions of 1. For this, 1 was dissolved
in buffer solutions pH 5 to 9, and increases in signal intensity at
the maximum of emission at 530 nm were found when the pH was
decreased (Fig. 2). Accordingly, the fluorescence quantum yields
were determined with U = 2.4% at pH = 9.0 and U = 40.0% at
pH = 5.0 for solutions of 1.


The signal increase is attributed to the modulation of the
intramolecular photoinduced electron transfer from the nitrogen
lone electron pair to the naphthalimide fluorophore caused by
protonation.15–18


Sensor layers 2 and 3 were fixed in a flow cell and characterised
by exposure to buffered solutions while the signal at the maximum
of emission was detected during this process. After a short
conditioning time (1 h) with increasing fluorescence intensity
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Fig. 1 Water-soluble compound 1, immobilised via amide-bond (2) or
solid-phase-synthesis (3).


Fig. 2 Fluorescence spectra of compound 1 in solution of phosphate
buffers at different pH, lexc = 400 nm.


caused by the swelling of the hydrogel-matrix a stable signal was
obtained. Using the same excitation wavelength lexc = 400 nm as
for 1, the emission maximum of 2 and 3 was found at 522 nm. This
shift to shorter wavelengths possibly is caused by the lower polarity
of the polymeric microenvironment (comparable to dioxan/water
1:1) compared to the plain aqueous solution (Figs. 3 and 4). No


Fig. 3 Fluorescence intensity of substrate 2, measured in a flow-cell with
phosphate buffers at different pH, lexc = 400 nm.


Fig. 4 Fluorescence spectra of substrate 3, measured in a flow-cell with
phosphate buffers at different pH, lexc = 400 nm.


leaching of the dyes was observed during a period of several hours
(see also Fig. 6).


The pH-sensitivity of the immobilised dyes was evaluated by
flushing the layers with different buffer solutions from pH 5.0
to 9.0 in the flow-cell. In comparison to 1 the layers 2 and 3
showed similar changes in emission spectra with changing the
pH-values. Thus, lowering the pH-value from 9 to 5 also caused
signal increases in emission.


The pK-values of the dissolved and immobilised sensor dyes
were determined from the spectra and found to be 6.86 for 1, 6.85
for 2 and 6.89 for 3 (Fig. 5). So the changes in the polarity of the
matrix exhibit only a minor effect on the protonation of the dye.
According to the Henderson–Hasselbalch equation the sensitivity
range of 1, 2 and 3 was found to be 3 pH units.


Fig. 5 Fluorescence intensity vs. pH of 1, 2 and 3 measured at the
maximum of their emission spectra, sigmoidal fit for pK-values.


Finally the sensor reversibility was evaluated. Therefore, the
layers 2 and 3 were flushed with buffered solutions of pH-values
3.0, 7.0 and 9.0 and timedrive spectra were measured.


According to Fig. 6a and b, a fully reversible response of the
pH-sensing system was found. The changes in intensity of 2 and
3 are comparable to 1. The response time was faster in changing
to stronger acidic or basic pH (5–20 s), but slower in the region
of neutral buffer conditions, around the pK-value of the dyes (60–
120 s).


Binding our dyes to the hydrogel via an amide bond opens
the possibility to selectively immobilise sensor dyes by using


4320 | Org. Biomol. Chem., 2008, 6, 4319–4322 This journal is © The Royal Society of Chemistry 2008







Fig. 6 Signal reproducibility of 2 (a) and 3 (b) while flushing with buffered
solutions of pH 3, 7 and 9 in a flow-cell, lexc = 400 nm.


spotting techniques. Accordingly, hydrogel–sensor-dye systems
and hydrogel–reference-dye systems were spotted on glass plates.
The spots were measured with READER, a fluorescence reader
that was developed by the company Sensovation, pictures were
taken by a CCD-camera (coolSamBa HR-320) from Sensovation
as well. In our case a morpholinium derivative, similar to 1 but
without the pH-sensitive nitrogen, was used as the reference dye 4
(Fig. 7).


Fig. 7 Reference dye 4, optical properties comparable to 1, 2 and 3, but
without pH-sensitivity.


The CCD pictures show the changes in emission of the spots
based on the pH indicator while the emission of the reference
remained stable with changing pH-values (Fig. 8). Similar to
the pH-dependent fluorescence measurements of 1, 2 and 3, an
increase in signal intensity was found with decreasing pH-value
for the spots of 2.


In summary, we found a way to easily immobilise fluorescent
pH-sensitive dyes that show significant and reversible signal
changes in contact with buffered solutions from 5.5 to 8.5 in


Fig. 8 CCD picture of hydrogel with spotted 2 and spots with reference
dye 4 at different pH values.


reversible reactions. Furthermore, structure 3 was prepared under
harsh conditions in SPOS and because of this it was possible
to show the high stability of our hydrogel-film. Furthermore 2
was synthesised as a first step of miniaturisation of the sensing
system for applications in arrays. In the near future we will
extend this approach to new naphthalimide-based sensor dyes for
biomolecules.


Experimental


General


The fluorescence spectra were recorded on a Spex Fluorolog
3 (Jobin Yvon) spectrometer, while absorbance spectra were
recorded on a Lambda 16 UV-VIS spectrometer (Perkin Elmer),
both at 25 ± 2 ◦C. The measurements at different pH-values (5.0–
9.0) were performed by using a 67 mM Sørensen’s phosphate
buffer.


Synthesis of 6-(6-(4-methylpiperazin-1-yl)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl) hexanoic acid 1


4-Bromo-1,8-naphthalic acid anhydride was suspended in ethanol,
the suspension was warmed to obtain a clear solution and
then an equimolar amount of 1-aminohexanoic acid was added
to the solution. After refluxing for 5 hours the white solid
was washed with ethanol and then recrystallized from ethanol
to give 6-(6-bromo-1,3-dioxo-1H-benzo[de] isoquinolin-2(3H)-yl)
hexanoic acid. In the second step this intermediate was refluxed
for 10 hours with equimolar amounts of 1-methyl-piperazine in
2-methoxy-ethanol. This product was purified on silica gel using
dichloromethane/methanol 5:1 to give 1 as a yellow solid. Yield:
80%. UV absorption: lmax(H2O)/nm: 380. 1H NMR: dH (250 MHz;
MeOD; Me4Si): 1.45 (m, 2 H, -CH2); 1.67 (m, 2 H, -CH2); 1.67
(m, 2 H, -CH2); 2.23 (m, 2 H, -CH2); 2.36 (s, 1 H, CH3); 2.62 (t,
2 H, N-CH2-aryl); 3.13 (t, 2 H, N-CH2-aryl); 4.1 (t, 2 H, N-CH2);
7.3–8.45 (m, 5 H, naphthalene). 13C NMR: dC (250 MHz; CDCl3;
Me4Si) 25.28 (1 C, -CH2); 26.88 (1 C, -CH2); 27.89 (1 C, -CH2);
35.62 (1 C, -CH2); 45.93 (1 C, -CH3); 40.13 (1 C, -N-CH2); 54.9
(1 C, N-CH2-aryl); 52.7 (1 C, N-CH2-aryl); 115,04, 116.9, 123,3,
125.6, 126.2, 129.8, 130.1, 131.05, 132.5, 155.8, 163.9, 164.4 (12 C,
naphthalimide); 179.3 (1 C, COOH). MS: (FAB in nba) m/z (%):
410 [M + 1].


Synthesis of 2


For the reaction with hydrogel, 1 was dissolved in dimethyl-
formamide at room temperature. Then 2-succinimido-1,1,3,3-
tetramethyluronium tetrafluoroborate (for activation) and N-
ethyldiisopropylamine (as the base) were added. Then this solution
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was stirred with the hydrogel-glass-plate for 10 minutes to give 2,
which was cleaned by washing with acetone.


Synthesis of 3


4-Bromo-1,8-naphthalic acid anhydride was suspended in ethanol,
the suspension was warmed to a clear solution and then a
glass plate with amino-functionalised hydrogel was inserted
to this solution. After refluxing for 8 hours the glass plate
was washed with ethanol and acetone. Then the glass plate
was heated in 2-methoxy-ethanol with an excess of 1-methyl-
piperazine and after 10 hours it was washed with acetone to give
substrate 3.


Synthesis of 6-(6-morpholino-1,3-dioxo-1H-benzo[de]
isoquinolin-2(3H)-yl) hexanoic acid 4


6-(6-Bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) hexan-
oic acid, the intermediate in synthesis of 1, was refluxed for
8 hours with an equimolar amount of morpholine in 2-methoxy-
ethanol to give 4. This product was purified on silica gel using
dichloromethane/methanol 10:1 to give 4 as a yellow solid. Yield:
85%. UV absorption: lmax(H2O)/nm: 380. MS: (FAB in nba) m/z
(%): 396 [M].


Spotting of 2


Equimolar amounts of 1, 2-succinimido-1,1,3,3-tetramethyluron-
ium tetrafluoroborate, hydrogel and N-ethyldiisopropylamine
were dissolved in N,N-dimethylformamide, and after stirring
10 minutes at room temperature the mixture was spotted on glass
plates and afterwards washed with ethanol.
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We report a stereoselective synthesis of the (25S)-
cholestenoic-26-acids which are highly efficient ligands for
the hormonal receptor DAF-12 in Caenorhabditis elegans.


The life cycle and longevity of the nematode Caenorhabditis
elegans are regulated by several genes, among them daf -9.1,2


DAF-9 protein, a cytochrome P450, is involved in the biosynthesis
of the dafachronic acids. Mangelsdorf et al. identified these new
steroidal hormones, products of DAF-9 activity, as ligands for the
nuclear hormone receptor DAF-12. In the presence of dafachronic
acids, DAF-12 is inactive and reproductive development occurs,
whereas in the absence of the hormone the dauer larva is
formed. The dauer-pathway genes and concomitant hormones
also influence the life span of worms.2 The steroids were assigned
as (25S)-D7- and (25S)-D4-dafachronic acid (1) and (2) (Fig. 1).2


Fig. 1 (25S)-Cholestenoic-26-acids 1–4.


The (25R)-dafachronic acids are much weaker ligands for
DAF-12 compared with the 25S-isomers 1 and 2.2 Independently,
Gill et al. identified (25S)-cholestenoic acid (4) as a ligand
for DAF-12.3 Recently, we described the total syntheses of the
(25R)-dafachronic acids and (25R)-cholestenoic acid starting from
diosgenin.4 As we found that cholesterol can be replaced by


aDepartment Chemie, Technische Universität Dresden, Bergstrasse 66,
01069 Dresden, Germany. E-mail: hans-joachim.knoelker@tu-dresden.de;
Fax: +49 35-463-37030
bMax Planck Institute of Molecular Cell Biology and Genetics, Pfotenhauer-
strasse 108, 01307 Dresden, Germany
† Electronic supplementary information (ESI) available: Copies of the 1H
and 13C NMR spectra for all compounds described. CCDC reference
number 697683. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/b815064h


cholestanol,1 the saturated (25S)-dafachronic acid 3 appeared to
be also an attractive target molecule. Herein, we report a flexible
synthesis of the (25S)-configurated steroidal acids 1–4.


Recently, Corey and Giroux described the synthesis of both
diastereoisomers of 1, which they called dafachronic acid A.5,6


For the (25S)-diastereoisomer they started from b-stigmasterol
using a diastereoselective ruthenium-catalyzed hydrogenation.5


The (25R)-diastereoisomer was synthesized from b-ergosterol.6


In an independent synthetic study, Khripach and co-workers
reported the synthesis of both diastereoisomers of 2 and 4 using a
diastereoselective elaboration of the steroid side chain.7


Starting from commercially available 3b-hydroxychol-5-en-24-
oic acid (5) we have developed a highly stereoselective synthesis
of one crucial intermediate providing access to all three (25S)-
dafachronic acids 1–3 and (25S)-cholestenoic acid (4) as ligands
for DAF-12. Transformation of 5 to the known aldehyde 6 was
achieved by disilylation of 5 with tert-butyldimethylsilyl chloride
followed by reduction of the silyl ester using lithium aluminium
hydride (Scheme 1).8 Swern oxidation of the alcohol provided the
aldehyde 6 in 3 steps and 94% overall yield.9 For introduction of
the stereogenic center at C-25 we applied a stereoselective Evans
aldol reaction using commercially available (S)-(+)-4-isopropyl-
3-propionyl-2-oxazolidinone (7).10 The resulting aldol product 8
was obtained in 95% yield as a single stereoisomer. Reduction
of 8 using lithium borohydride followed by esterification of the
C-26 hydroxy group with pivaloyl chloride provided compound
9 in high yield. For transformation into the natural products,
removal of the hydroxy group at C-24 was required. Mesylation
of 9 and subsequent reduction with lithium aluminium hydride
afforded the desired alcohol along with the C24/C25-olefin as
an inseparable mixture. However, Barton deoxygenation of 9
provided 10 in excellent yield.11 It should be emphasized that
radical removal of the C-24 hydroxy group occurred without
detectable epimerization at C-25. The orthogonally diprotected
(25S)-26-hydroxycholesterol 10, which is available in 8 steps and
66% overall yield, represents our key intermediate and has been
converted to all four (25S)-steroidal acids. Allylic oxidation of
10 provided the cholest-5-en-7-one 11 in 75% yield.12 Palladium-
catalyzed hydrogenation of 11 and subsequent reduction with
L-Selectride R© at -78 ◦C diastereoselectively provided the 7a-
alcohol 12 in excellent yield. Elimination of 12 using thionyl
chloride in pyridine13 followed by removal of both protecting
groups afforded the diol 13 in 71% overall yield. As the (25S)-
26-hydroxy-D7-cholesterol 13 is unprecedented in this series, we
confirmed the configuration at C-25 by an X-ray crystal structure
determination (Fig. 2).‡ Finally, Jones oxidation of 13 led to (25S)-
D7-dafachronic acid (1) in 89% yield.§
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Scheme 1 Synthesis of the orthogonally diprotected diol 10 as the crucial intermediate and transformation into (25S)-D7-dafachronic acid (1).


Scheme 2 Transformation of the crucial intermediate 10 into (25S)-D4-dafachronic acid (2), (25S)-dafachronic acid (3), and (25S)-cholestenoic acid (4).


Fig. 2 Molecular structure of the diol 13 in the crystal form.


For the transformation of compound 10 into 2, removal of the
silyl protecting group and Oppenauer oxidation of the C-3 hydroxy
group afforded the cholest-4-en-3-one 14. Subsequent cleavage of
the pivaloyl protecting group and Jones oxidation of the C-26
hydroxy group provided (25S)-D4-dafachronic acid (2).¶


Sequential removal of both protecting groups by desilylation
of 10 with TBAF followed by treatment with lithium alu-
minium hydride led to the known (25S)-26-hydroxycholesterol
(15) (Scheme 2).14 Catalytic hydrogenation of the diol 15 and
subsequent Jones oxidation provided (25S)-dafachronic acid (3)
in 81% yield over 4 steps.‖
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For the synthesis of 4, the pivaloyl protecting group of 10
was removed using lithium aluminium hydride. Subsequent Swern
oxidation9 of the C-26 hydroxy group and further oxidation with
sodium chlorite led to the C-3 silyl-protected acid 16 in 81% yield
over 3 steps. In the 25R-series, we found that chromatographic
separation of cholestenoic acid proved to be very difficult.4


Therefore, compound 16 was converted to the 3-hydroxy 26-methyl
ester by treatment with catalytic amounts of concentrated sulfuric
acid in methanol at reflux. After chromatographic purification,
cleavage of the methyl ester with lithium hydroxide provided pure
(25S)-cholestenoic acid (4) in 99% yield.**


In conclusion, we have developed a highly efficient and stereo-
selective synthesis of the crucial intermediate 10 which serves as
precursor for the hormonally active steroids 1–4 in excellent yields
(1: 15 steps, 27% overall yield; 2: 12 steps, 19% overall yield;
3: 12 steps, 53% overall yield; 4: 13 steps, 46% overall yield).
The Evans aldol reaction of aldehyde 6 as the key-step of our
synthesis proceeded with complete stereoselectivity and provided
compound 8 as a single stereoisomer, also on a large scale. Our
approach is superior with respect to efficiency and overall yields
as compared with the previously reported syntheses. Moreover,
the present route is highly flexible as it provides all 4 steroidal
acids in amounts of up to 1 g via a common intermediate and
paves the way for detailed biological studies. Thus, it opened up
a simple route to the non-natural (25S)-dafachronic acid (3). In
a preliminary biological assay, the hormonal activity of 3 was
comparable to that of the other (25S)-diastereoisomers 1, 2, and
4. Further investigations in this direction are currently underway.
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Notes and references


‡ Crystallographic data for the diol 13: C27H46O2, M = 402.64 g mol-1,
crystal size: 0.27 ¥ 0.12 ¥ 0.10 mm3, orthorhombic, space group P212121,
a = 34.899(7), b = 9.3865(19), c = 7.5000(15) Å, V = 2456.8(9) Å3, Z = 4,
rcalcd = 1.089 g cm-3, m = 0.066 mm-1, l = 0.71073 Å, T = 223(2) K, q
range = 3.19–25.40◦, reflections collected: 35264, independent: 2611 (Rint =
0.0748), 266 parameters. The structure was solved by direct methods and
refined by full-matrix least-squares on F 2; final R indices [I > 2s(I)]: R1 =
0.0468; wR2 = 0.1065; maximal residual electron density: 0.242 e Å-3.
CCDC-697683 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
§ Characteristic spectroscopic data for (25S)-D7-dafachronic acid (1):
colorless solid, mp 139–143 ◦C; 13C NMR and DEPT (125 MHz, CDCl3):
d = 11.89 (CH3), 12.45 (CH3), 17.01 (CH3), 18.74 (CH3), 21.68 (CH2),
22.92 (CH2), 23.79 (CH2), 27.92 (CH2), 30.04 (CH2), 34.01 (CH2), 34.38
(C), 35.68 (CH2), 36.04 (CH), 38.11 (CH2), 38.75 (CH2), 39.36 (CH), 39.40
(CH2), 42.83 (CH), 43.35 (C), 44.22 (CH2), 48.81 (CH), 54.90 (CH), 56.02


(CH), 117.00 (CH), 139.48 (C), 182.55 (C=O), 212.17 (C=O); anal. calc.
for C27H42O3: C 78.21, H 10.21; found: C 78.21, H 10.31%.
¶Characteristic spectroscopic data for (25S)-D4-dafachronic acid (2):
colorless solid, mp 173–174 ◦C; 13C NMR and DEPT (125 MHz, CDCl3):
d = 11.93 (CH3), 17.01 (CH3), 17.35 (CH3), 18.54 (CH3), 20.99 (CH2), 23.69
(CH2), 24.14 (CH2), 28.15 (CH2), 32.00 (CH2), 32.93 (CH2), 33.94 (CH2),
34.00 (CH2), 35.58 (2 CH), 35.64 (CH2), 35.68 (CH2), 38.58 (C), 39.34
(CH), 39.58 (CH2), 42.37 (C), 53.75 (CH), 55.82 (CH), 55.98 (CH), 123.71
(CH), 171.86 (C), 182.35 (C=O), 199.84 (C=O); anal. calc. for C27H42O3: C
78.21, H 10.21; found: C 78.21, H 10.12%.
‖ Characteristic spectroscopic data for (25S)-dafachronic acid (3): light
yellow solid, mp 123–126 ◦C; 13C NMR and DEPT (125 MHz, CDCl3):
d = 11.45 (CH3), 12.05 (CH3), 16.99 (CH3), 18.56 (CH3), 21.42 (CH2),
23.71 (CH2), 24.19 (CH2), 28.21 (CH2), 28.94 (CH2), 31.68 (CH2), 34.00
(CH2), 35.36 (CH), 35.61 (C, CH), 35.71 (CH2), 38.18 (CH2), 38.53 (CH2),
39.37 (CH), 39.86 (CH2), 42.57 (C), 44.71 (CH2), 46.67 (CH), 53.74 (CH),
56.15 (CH), 56.23 (CH), 182.70 (C=O), 212.41 (C=O); HRMS: m/z calc.
for C27H44O3 [M+]: 416.3290; found: 416.3291.
** Characteristic spectroscopic data for (25S)-cholestenoic acid (4): color-
less solid, mp 172–175 ◦C; 13C NMR and DEPT (125 MHz, CDCl3): d =
11.84 (CH3), 17.02 (CH3), 18.62 (CH3), 19.38 (CH3), 21.05 (CH2), 23.70
(CH2), 24.26 (CH2), 28.21 (CH2), 31.61 (CH2), 31.87 (CH, CH2), 34.05
(CH2), 35.63 (CH), 35.75 (CH2), 36.48 (C), 37.22 (CH2), 39.21 (CH), 39.73
(CH2), 42.24 (CH2), 42.30 (C), 50.07 (CH), 56.03 (CH), 56.71 (CH), 71.81
(CH), 121.71 (CH), 140.71 (C), 181.58 (C=O); anal. calc. for C27H44O3: C
77.83, H 10.64; found: C 77.99, H 10.77%.
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Primary alcohols can be coupled with secondary benzylic alcohols by an air-stable catalytic system
involving terpyridine ruthenium or iridium complexes.


Organometallic catalysis has typically employed Cp, PR3 or NHC
ligands.1 The NNN pincer, 2,2¢;6¢,2¢¢-terpyridine (terpy), although
useful in coordination chemistry2 and molecular recognition,3


has rarely been used in organometallic catalysis.4 Terpy has been
considered as an unusually strong p-acceptor relative to other
N-donors5 and is also both oxidatively and thermally robust.6


Apart from the metal-catalyzed oxidation reaction,7 there are a
few examples of M-terpy complexes as catalysts in asymmetric
cyclopropanation,8 oxidation9 and dehydrogenation10 of alco-
hols, transfer hydrogenation of ketones,11 nitrene transfer,12 co-
oligomerization of alkenes,13 allylic alkylation,14 hydrosilylation,15


Negishi Coupling,16 and rearrangement of oxaziridines.17


In recent years, an alcohol activation strategy for C–C and C–
N coupling reactions has received increasing attention in part
because of the potential to replace toxic alkyl halides with
relatively benign alcohols in alkylation chemistry.18,19 For example,
b-alkylation of secondary alcohols with primary alcohols to give
a coupled alcohol produces water as the sole byproduct and thus
with high atom economy.20


We now report that [(terpy)Ru(PPh3)Cl2] (1) and [(terpy)IrCl3]
(2) catalyze cross-coupling of alcohols20c as shown in eqn (1), where
Ar can be a variety or aryl groups and R is an aliphatic chain.


(1)


Complexes 1 and 2 were synthesized from terpy and
RuCl2(PPh3)3 or IrCl3.21 Among the novel points that come out
of the present work, 1 and 2 have higher activity relative to prior
systems,20 achieving full conversion of the substrates in as little
as 1 h.22 For 1, the catalytic reactions can be run under air but


Yale Chemistry Department, 225 Prospect St., New Haven, CT 06511, USA.
E-mail: robert.crabtree@yale.edu; Fax: +1 203 432 6144; Tel: 1 203 432
3915
† Electronic supplementary information (ESI) available: Optimization of
reaction conditions and NMR spectra. See DOI: 10.1039/b815547j


Table 1 A comparison of catalystsa


Entry Catalyst Conversionb Yieldc Alcohol/ketone


1 1 94% 65% 100 : 0
2 2d 76% 73% 90 : 10
3 terpyRuCl3 83% 58% 100 : 0
4 [Ru(p-cymene)Cl2]2 < 5% — —
5 RuCl2(PPh3)3 20% 10% 100 : 0
6 [Cp*RuCl2]2 < 5% — 92 : 8
7 [Cp*IrCl2]2 < 5% — —


a Conditions: 2.5 mmol 1-phenylethanol and benzyl alcohol, 100 mol%
KOH, 1 mol% catalyst in 0.5 mL refluxing toluene under aerobic
conditions. b Conversions were determined by the consumption of the 2◦


alcohol. c Yields were determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. d In sealed vial.


catalyst 2 requires a nitrogen atmosphere. Catalyst 2 can operate
effectively under neat conditions.


Table 1 compares 1 and 2 with a number of prior alcohol
activation catalysts and control complexes. The Cp* and p-cymene
complexes were essentially inactive under these conditions, but
RuCl2(PPh3)3 showed weak activity with selectivity analogous
to that of 1. The PPh3 ligand of 1 has a surprisingly small
effect, (terpy)RuCl3 having very comparable activity. We assume
reduction to Ru(II) occurs in the reducing medium. This suggests
that the N-donor ligand has a much more important role than the
PPh3. IrCl3 hydrate, Pd/C, Ir/C and Rh/C showed no significant
activity in our screening.


In optimizing conditions for catalyst 1, a 100% loading of
KOH relative to PhCHOHMe with 1% catalyst in toluene proved
best (94% conversion, 1 h). The reaction could also be run in
the absence of solvent with lower conversion (80% conv.; 55%
yield; alcohol/ketone 100 : 0). K2CO3 was inactive and KOtBu
gave results only slightly inferior to KOH (90% conv.; 60%
yield). Although a strong base, Ca(OH)2 was inactive, probably
because of its very low solubility in the medium. Catalyst 2
showed similar behavior to 1 with the various bases, except that
a substoichiometric amount (20% relative to alcohol) of KOH
proved adequate. Solventless conditions gave better yields than
with toluene as solvent. In a sealed vial, ketone production is kept
at around 10% of the product. On the other hand, opening the
reaction mixture to the atmosphere enhances ketone production
up to ca. 70% of the products in 3 h, possibly due to oxidation by
oxygen.


The scope of the reaction is shown in Table 2. The reaction
was tolerant of a number of functional groups. Catalyst 1 showed
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Table 2 b-Alkylation of secondary alcohols with primary alcohols catalyzed by 1 and 2a


Entry Ar R Catalyst t (h) Conversionb Yieldc Alcohol : ketone


1 Ph Ph 1 1 94% 65% 100 : 0
2 Ph 4-nBuOC6H4 1 2 90% 60%d 100 : 0
3 Ph 4-ClC6H4 1 2 82% 56% 100 : 0
4 Ph 4-MeC6H4 1 2 95% 62% 100 : 0
5 Ph 4-tBuC6H4 1 1 83% 61%d 100 : 0
6 Ph PhCH2 1 4 83% 72% 89 : 11
7 Ph nPr 1 4 95% 84% 90 : 10
8 Ph iPr 1 7 82% 70% 90 : 10
9 4-ClC6H4 Ph 1 2 87% 61% 100 : 0


10 4-MeC6H4 Ph 1 2 95% 66% 100 : 0
11 Ph Ph 2 0.5 99% 95% 93 : 7
12 Ph nPr 2 3 74% 65% 93 : 7
13 Ph 4-ClC6H4 2 2 95% 95% 96 : 4
14 Ph 4-nBuOC6H4 2 2 99% 88%d 92 : 8
15 Ph 4-tBuC6H4 2 2 94% 77%d 88 : 12


a Conditions: Catalyst 1: 2.5 mmol of 1◦ and 2◦ alcohols, 100 mol% KOH, 1 mol% catalyst in 0.5 mL refluxing toluene under aerobic conditions. Catalyst
2: 2.5 mmol of 1◦ and 2◦ alcohols, 20 mol% KOH, 1 mol% catalyst, neat at 120 ◦C under N2. b Conversions were determined by the consumption of the
2◦ alcohol. c Yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. d Isolated yield.


excellent selectivity for producing the coupled alcohol product.
Moving to aliphatic primary alcohols still gave the desired
products, except that a small amount of ketone was sometimes
seen and the reaction required longer times for completion. The
yield of products detectable in the solution phase and subsequently
isolated did not correspond to the conversion. Some of the material
(5–30%) seems to be converted to an insoluble polymer. Catalyst
2 gives a somewhat higher yield for most substrates but is less
selective, giving up to 12% ketone.


A small amount of undissolved matter also appeared in the
course of the reaction of catalyst 2, but it does not appear to be
involved in catalysis. In an experiment conducted with 2, filtering a
spent reaction mixture (1 h of heating, +99% complete conversion
of starting materials) through Celite 545 and then recharging with
1 equivalent of substrates and 20% KOH, led to almost complete
conversion to the coupled products after an extra hour of heating.
Similarly, recharging a spent reaction of 1 with new substrates
and KOH resulted in complete conversion to the corresponding
alcohol [eqn (2)].


(2)


b-Alkylation of alcohols is normally ascribed to a hydrogen bor-
rowing process19b [eqn (3)] involving a) alcohol dehydrogenation;
b) aldol condensation with loss of water from the resulting alcohol;
and c) reduction to furnish the saturated product. Essentially all
the hydrogen removed in the first step is used to hydrogenate the
aldol enone in the final step. A similar mechanism was proposed
by Fujita and coworkers.20c


(3)


Two probable aldol products should be formed when both
components can enolize. In fact, only the products shown (3
and 4) are formed, implying that the enolate nucleophile arises
exclusively from the secondary alcohol. This could be a result
of the presence of the Ar nucleus, because the enol is then a
conjugated, unhindered styryl system. Mechanistic studies are
under way to determine the selectivity patterns observed.


Conclusions


We report efficient terpy Ru and Ir catalysts for b-alkylation of
secondary alcohols with primary alcohols that are superior to
prior systems. This green reaction is highly atom economical as it
only produces H2O as a byproduct. The present system does not
need any hydrogen donors or acceptors.


Experimental


TerpyRuPPh3Cl21b (1), terpyRuCl3,21b terpyIrCl3,21a (2), [Ru(p-
cymene)Cl2]2,23 RuCl2(PPh3)3,24 [Cp*RuCl2]2,25 [Cp*IrCl2]2


26 were
all prepared according to known procedures. All the solvents were
used as received. All the reagents were received from Aldrich
and used as is without any further purification. All the catalytic
runs for catalyst 1 were conducted under air without any special
precautions. Catalyst 2 required a N2 atmosphere. NMR spectra
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were recorded at room temperature using CDCl3 on 400 and
500 MHz Bruker spectrometers and referenced to the internal
standard peak (d in ppm and J in Hz). Column chromatography
was performed using 230–400 mesh silica gel from EMD chemicals
Inc. HRMS was performed using 9.4T Bruker Qe FT-ICR MS at
the Keck Biotechnology Resource Laboratory (New Haven, CT).


General procedure for catalytic b-alkylation of secondary alcohols
with primary alcohols


Catalyst 1. 2.5 mmol of both secondary and primary alcohol,
1,3,5-trimethoxybenzene, KOH (100 mol%), and the catalyst (1
mol%) were combined in a Schlenk tube with toluene (0.5 mL)
as solvent and refluxed for the appropriate amount of time. The
mixture was then cooled to room temperature and was diluted with
CH2Cl2 (2.0 mL). The mixture was then filtered through a Celite
filter to remove the insoluble inorganic material. An aliquot was
then taken from the reaction mixture and diluted with CDCl3.
Conversions and yields were determined by comparing to the
internal standard.


Catalyst 2. A 5 mL Schlenk tube equipped with a stir bar was
charged with 1.0 mmol of each of the substrates, KOH (20 mol%),
and catalyst 2 (1 mol%). It then went under three freeze-pump-
thaw cycles and was heated under an atmosphere of N2 in a 120 ◦C
oil bath for the specified amount of time. CDCl3 and ca. 10 mg of
1,3,5-trimethoxybenzene as an internal standard was added at the
end of the reaction time for determination of yield.


Synthesis of 3-(4-butoxyphenyl)-1-phenylpropan-1-ol from 1


2.5 mmol of 1-phenylethanol and of 4-butoxybenzyl alcohol were
combined with KOH (100 mol%), and the catalyst 1 (1 mol%) in
a Schlenk tube with toluene (0.5 mL) as solvent and refluxed for
2 h. The mixture was then cooled to room temperature and diluted
with CH2Cl2 (2.0 mL). The mixture was then filtered through a
Celite filter and the resultant mixture was separated using silica
gel (2% acetone/toluene). The desired compound was isolated as
a colorless liquid (427 mg, 60% yield). The compound was dried
under vacuum. 1H NMR: d (500 MHz, CDCl3) 7.54–6.58 (9H,
m), 4.63 (1H, ddd, J 3.0, 5.3, 8.0), 3.91 (2H, t, J 6.5), 2.78–2.42
(2H, m), 2.17–1.87 (2H, m), 1.82–1.66 (2H, m), 1.58–1.34 (2H,
m), 1.14–0.77 (3H, m). 13C {1H} NMR: d (126 MHz) 157.34,
144.75, 133.69, 129.29, 128.43, 127.48, 125.98, 114.48, 73.71,
67.72, 40.73, 31.42, 31.14, 19.30, 13.91. HRMS calcd (found) for
C19H24O2 M+:284.1776 (284.1769).


Synthesis of 3-(4-butoxyphenyl)-1-phenylpropan-1-ol and
3-(4-butoxyphenyl)-1-phenylpropan-1-one from 2


2.01 mmol of 4-butoxybenzyl alcohol and of 1-phenylethanol,
0.02 mmol of catalyst 2 (1 mol%) and 0.4 mmol of KOH (20 mol%)
were combined as in the general procedure described above. After
1 h the reaction mixture was filtered through Celite and separated
by silica gel (2% acetone/toluene). Yields 1.63 mmol of 3-(4-
butoxyphenyl)-1-phenylpropan-1-ol (81% yield) and 0.14 mmol of
3-(4-butoxyphenyl)-1-phenylpropan-1-one (7% yield) as colorless
oils.


3-(4-Butoxyphenyl)-1-phenylpropan-1-one


1H NMR (400 MHz, CDCl3) d 7.87 (2H, d, J 7.6 Hz), 7.47 (1H,
t, J 7.6 Hz), 7.36 (2H, t, J 7.6 Hz), 7.07 (2H, d, J 8.8 Hz), 6.75
(2H, 2d, J 8.8 Hz), 3.85 (2H, t, J 6.4), 3.18 (2H, t, J 7.5 Hz),
2.92 (2H, t, J 7.5 Hz), 1.71–1.64 (2H, m), 1.43–1.37 (2H, m), 0.89
(3H, t, 7.4 Hz). 13C NMR (101 MHz, CDCl3) d 199.63, 157.73,
137.05, 133.22, 129.49, 128.77, 128.22, 114.71, 77.55, 77.23, 76.91,
67.87, 40.93, 31.54, 29.47, 19.44, 14.06. HRMS calcd (found) for
C19H22O2 M+: 283.1695 (283.1692)


Synthesis of 3-(4-tert-butylphenyl)-1-phenylpropan-1-ol from 1


The same procedure as above and the mixture was separated
using silica gel using a gradient column (ethyl acetate/hexanes).
The desired compound was isolated as a yellow liquid (409 mg,
61% yield). The compound was dried under vacuum. 1H NMR:
d (500 MHz, CDCl3) 7.37–7.06 (9H, m), 4.67 (1H, dd, J 5.4,
7.7), 2.80–2.53 (2H, m), 2.20–1.87 (2H, m), 1.29 (9H, s). 13C {1H}
NMR: d (126 MHz) 148.77, 144.74, 138.78, 128.61, 128.19, 127.72,
126.07, 125.40, 74.24, 40.79, 34.48, 31.62, 29.84. HRMS calcd
(found) for C19H24O M+: 268.1827 (268.1820).


Synthesis of 3-(4-tert-butylphenyl)-1-phenylpropan-1-ol and
3-(4-tert-butylphenyl)-1-phenylpropan-1-one from 2


Analogous to method described above for 2. 2.04 mmol of
substrates used, product mixture eluted from column of silica
gel (1 : 9 ethyl acetate/hexanes). Yields 1.39 mmol of 3-(4-tert-
butylphenyl)-1-phenylpropan-1-ol (68% yield) and 0.19 mmol
3-(4-tert-butylphenyl)-1-phenylpropan-1-one (9.3%) as colorless
oils. 1H NMR (400 MHz, CDCl3) d 7.95 (2H, d, J 7.6 Hz), 7.54
(1H, t, J 7.6 Hz), 7.45–7.42 (2H, m), 7.31 (2H, d, J 8.7 Hz), 7.18
(2H, d, J 8.7 Hz), 3.29 (2H, t, J 7.6 Hz), 3.02 (2H, t, J 7.6 Hz), 1.29
(3 H, s). 13C NMR (101 MHz, CDCl3) d 199.32, 148.85, 138.07,
136.74, 132.94, 128.48, 127.94, 125.31, 40.38, 34.27, 31.27, 29.44.
HRMS calcd (found) for C19H22O M+: 267.1743 (267.1742).
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