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The appearance of anionic phosphatidylserine (PS) in the outer monolayer of the plasma membrane is
a universal indicator of the early/intermediate stages of cell apoptosis. The most common method of
detecting PS on a cell surface is to use the protein annexin V; however, in certain applications there is a
need for alternative reagents. Recent research indicates that rationally designed zinc 2,2′-dipicolylamine
(Zn2+–DPA) coordination complexes can mimic the apoptosis sensing function of annexin V. Here, a
series of fluorescently-labelled, tri-and pentapeptides with side chains containing Zn2+–DPA are
prepared and shown to selectively bind to anionic vesicle membranes. Fluorescein-labelled versions of
the peptides are used to detect apoptotic cells by fluorescence microscopy and flow cytometry.


Introduction


Assays for programmed cell death, or apoptosis, are used often
in cell biology research and also in the drug discovery process.
Various intracellular methods for detecting apoptosis have been
reported such as caspase action and nucleic acid fragmentation.1


An attractive extracellular strategy is to monitor the change in
phospholipid distribution across the cell plasma membrane. In
particular, the appearance of anionic phosphatidylserine (PS)† in
the membrane outer monolayer is a universal indicator of the
early/intermediate stages of cell apoptosis and can be detected
before morphological changes can be observed.2–4 The most
common method of detecting PS on a cell surface is to use the Ca2+-
dependent, PS-binding protein annexin V.5–7 For in vitro assays, the
35 kDa protein is typically labelled with a fluorescent dye, whereas
radioactive and MRI contrast agents are employed for in vivo
imaging.8,9 Although it is utilized extensively, the labelled protein
is expensive and moderately unstable. Thus, it is not convenient for
high throughput screening assays in drug discovery. An additional
concern is that approximately 2.5 mM of extracellular Ca2+ is
needed for complete binding. This can lead to false positive results
because most animal cells have a Ca2+ dependent scramblase that
can move PS to the cell surface.10 Furthermore, complete annexin
binding requires incubation times of up to one hour, which is
problematic for kinetic assays.11,12 In short, dye labelled annexin V
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is a useful apoptosis sensor, but it has a number of limitations and
there is a need for replacement reagents that are cheap, robust,
low-molecular weight, rapidly-binding, membrane-impermeable,
and Ca2+-independent.


We have discovered that rationally designed zinc 2,2′-
dipicolylamine (Zn2+–DPA) coordination complexes can mimic
the apoptosis sensing function of annexin V. Our designs were
conceived after inspection of the X-ray crystal structure of an
annexin V–glycerophosphoserine complex. The X-ray structure
shows that one phosphoserine head group is coordinated to
two bridging Ca2+ ions that are in turn coordinated to one of
the four canonical binding sites at the protein surface.13 This
three-component assembly picture suggested to us that synthetic
metal coordination complexes with appropriate charge, geometry,
and spatial orientation may bind to the head group of an-
ionic phospholipids preferentially over zwitterionic phospholipids
(Scheme 1).‡


Scheme 1 Dye-labelled, metal coordination complexes can mimic the
protein annexin V and coordinate to a PS head group via the phosphate
and/or carboxylate anion.


The breakthrough compound was PSS-380 (phosphatidylserine
sensor 380 absorbance, see Scheme 2) which was successfully used
to detect apoptosis in Jurkat cells.14,15 The utility of PSS-380 as


‡ The membrane recognition ability of annexin V is due primarily to its
ability to bind Ca2+ cations in a geometrical way that allows simultaneous
metal coordination by a PS head group. The DPA ligand acts in a
functionally similar manner. It can bind Zn2+ cations with high affinity
while leaving a vacant metal coordination site for a PS head group.
The three-component assembly does not work with Ca2+ because Ca2+


association with the DPA ligand is too weak.
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Scheme 2 PS sensors PSS-380 and PSS-480.


a fluorescent stain for PS has been confirmed independently in
publications from other research groups.16,17 Although PSS-380
is a useful fluorescent sensor, its excitation wavelength (380 nm)
is not compatible with the lasers in most flow cytometers. Thus,
we pursued a more flexible second generation design that allowed
conjugation to a range of fluorescent reporter groups.18 This work
led to several new apoptosis sensors such as the fluorescein-linked
PSS-480.19,20 Here, we describe a third generation design that is


based on a synthetically flexible, peptide architecture. The peptide
design was pursued for a number of reasons. Previous structural
studies suggested that two closely spaced Zn2+–DPA units were
required for selective binding to an anionic membrane surface,
however, this requirement had not been thoroughly tested.18–20


Indeed, we find that highly selective binding of anionic membranes
can be achieved using peptides containing two widely spaced Zn2+–
DPA units. Moreover, reasonably selective binding is observed
with a peptide containing just a single Zn2+–DPA unit. To facilitate
the peptide synthesis we have developed a simple method of
converting the amine terminus of an ornithine side chain into
a DPA unit. The preparation of dye-labelled, zinc coordinated
tripeptides 1–NBD and 1–Fl is described, as well as the analogous
pentapeptides 2–NBD and 2–Fl (Scheme 3). The NBD-labelled
peptides are employed as probes to measure affinity to vesicle
membranes, and the Fl-labelled peptides as fluorescent stains
for detecting cell apoptosis by fluorescence microscopy and flow
cytometry.


Results and discussion


Synthesis


The pentapeptides 2–NBD and 2–Fl were designed with glycine
residues between the two amino acids bearing the DPA ligands,
which allows the two coordinated zinc(II) ions to simultaneously
contact a membrane surface without causing molecular strain. The
central building block is the ornithine derivative 4, with a DPA
side chain. Attempts to prepare this compound by direct alky-
lation of the amino terminus of N-Boc-ornithine, 3,21 were only
partially successful due to difficulties with product purification.
Therefore, we turned to a reductive amination procedure,22 treating
3 with two equivalents of picolylaldehyde in the presence of
sodium triacetoxyborohydride to give 4 in good yield (Scheme 4).


Scheme 3 Dye-labelled Zn2+–DPA peptides.
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Scheme 4 Reagents and conditions: (a) 2-pyridinecarboxaldehyde
(3 equiv.), NaHB(OAc)3 (9 equiv.), CH2Cl2, 85%; (b) EDC·HCl (1.2 equiv.),
HOBt·H2O (1.2 equiv.), NMM (3 equiv.), CH2Cl2–DMF, 95%; (c) 4 M HCl
in dioxane, quant.; (d) NaOH (3 equiv.), MeOH–H2O, 90%.


Material prepared via this method was readily purified by column
chromatography on silica gel. The acid 4 is readily incorporated
into peptides using standard solution phase peptide coupling
techniques. Coupling to glycine methyl ester using EDC–HOBt
as the activating agents gave the dipeptide 5 in good yield.


Treatment of 5 with a 4 M solution of HCl in dioxane gave 6
as the hydrochloride salt, which was then coupled with N-Boc-
glycine to give the tripeptide 8 in good yield (Scheme 5). Boc-
deprotection using the conditions described above gave the amine
9 as the hydrochloride salt, which was treated with FITC in the
presence of triethylamine to give the fluorescein labelled tripeptide
10. Attempts to react 9 directly with 7-chloro-4-nitrobenzofurazan
(NBD-Cl) to give the analogous NBD-labelled tripeptide were
unsuccessful. We considered the probable reason for this to be
steric congestion and so redesigned the compound to contain a
six-carbon alkyl chain between the NBD fluorophore and the
peptide. Therefore, amine 6 was coupled with the known NBD-5-
aminohexanoic acid 1123 to give the NBD-labelled tripeptide 12 in
moderate yield.


A fragment coupling approach was employed to convert 5 into
a pentapeptide. That is, the acid fragment 7 was coupled to amine
6 to yield the tetrapeptide 13 (Scheme 6). Boc-deprotection of 13
using standard conditions gave the amine 14 as the hydrochloride
salt, which was coupled with 11 to give the NBD-labelled
pentapeptide 15 in high yield. Similarly, coupling of amine 14 with
N-Boc-protected hexanoic acid 16 under the standard conditions
described above gave the pentapeptide 17 in good yield. Deprotec-
tion of 17 followed by treatment with FITC, gave the fluorescein
labelled pentapeptide 18 in good yield. The fluorescently labelled
peptides 10, 12, 15 and 18 were then treated with the appropriate
molar equivalents of zinc(II) nitrate to give the zinc-coordinated
peptides 1–Fl, 1–NBD, 2–NBD and 2–Fl, respectively.


Vesicle studies


The fluorescent derivatives 1–NBD and 2–NBD were prepared
because previous work had shown how the NBD fluorophore
can be used to measure binding and partitioning into vesi-
cle membranes.18,24 The emission intensity of an NBD-labelled
Zn2+–DPA conjugate increases when it associates with a vesicle


Scheme 5 Reagents and conditions: (a) N-Boc-Gly-OH, EDC·HCl, HOBt·H2O, NMM (3 equiv.), CH3CN, 89%; (b) 4 M HCl in dioxane, quant.;
(c) FITC (2 equiv.), NEt3 (4 equiv.), MeOH, 84%; (d) EDC·HCl (1.8 equiv.), HOBt·H2O (1.8 equiv.), NMM (5 equiv.), CH3CN, 58%.
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Scheme 6 Reagents and conditions: (a) EDC·HCl (1.1 equiv.), HOBt·H2O (1.1 equiv.), NMM (5 equiv.), CH2Cl2–DMF, 80%; (b) 4 M HCl in dioxane,
quant.; (c) 11 (1.5 equiv.), EDC·HCl (2.5 equiv.), HOBt·H2O (2.5 equiv.), NMM (10 equiv.), CH3CN, 82%; (d) EDC·HCl (1.1 equiv.), HOBt·H2O
(1.1 equiv.), NMM (6 equiv.), CH3CN, 78%; (e) Step 1: 4 M HCl in dioxane; Step 2: FITC (1.3 equiv.), NEt3 (10 equiv.), MeOH, 86%.


membrane, which allows titration experiments to be conducted.
Thus, separate samples of 1–NBD and 2–NBD were titrated
with either zwitterionic vesicles composed only of POPC, or
anionic vesicles composed of 1 : 1 mixtures of POPG–POPC,
POPA–POPC, or POPS–POPC (see Scheme 7 for phospholipid
structures). The unilamellar vesicles (100 nm diameter, 25 lM
total phospholipid, pH 7.4) were prepared by standard extrusion
methods. The titration curves in Fig. 1 show that both peptides
have very weak affinities for the zwitterionic vesicles, but moder-
ately strong affinities for the anionic vesicles. The apparent binding
constants are all around 5 × 104 M−1 (Table 1), which are
very similar to those obtained previously with other Zn2+–DPA


Scheme 7 Phospholipid structures.


Fig. 1 Fluorescence intensity change of: (a) 1–NBD, or (b) 2–NBD;
(1 lM) in the presence of 100 mol% POPC (�), 1 : 1 POPG–POPC (×), 1 :
1 POPS–POPC (�) and POPS–POPC (�) vesicles in buffer (5 mM TES,
100 mM NaCl, pH 7.4) at 25 ◦C.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1966–1976 | 1969







Table 1 Binding constants in TES buffer at 25 ◦Ca


Peptide
100%
POPC


1 : 1
POPA–POPC


1 : 1 POPS–POPC
Ka × 104/M−1b


1 : 1
POPG–POPC


1–NBD <1 3.9 ± 0.5 2.4 ± 1.5 1.8 ± 1.2
2–NBD <1 4.7 ± 0.5 4.9 ± 0.6 4.4 ± 1.2


a 5 mM TES, 100 mM NaCl, pH 7.4. b Average of 3 separate experiments.


complexes.18 In the case of 1–NBD there is some variation in the
change in fluorescence intensity upon vesicle binding, which is
suggestive of differences in the non-covalent interactions of the
monozinc peptide with the vesicle membrane. However, in the case
of 2–NBD the changes in fluorescence intensity upon binding to
anionic vesicles are very similar for all three vesicle compositions.
This suggests that the attractive interaction between the strongly
hydrophilic bis(zinc) peptide and the anionic vesicle membrane
is dominated by electrostatic effects, and is independent of the
specific structure of the phospholipid head-groups. The peptides
1–NBD and 2–NBD only respond to membrane-bound phospho-
lipids because no changes in emission are observed when the titra-
tions are repeated with short acyl chain phospholipids that do not
form a bilayer membrane. For example, addition of a 1 : 1 mixture
(100 lM) of dihexanoylphosphatidylcholine (DHPC) and dihex-


anoylphosphatidylserine (DHPS) to a 1 lM solution of 2–NBD
results in no detectable increase in NBD fluorescence intensity.


The vesicle partitioning assay is based on the ability of dithionite
to chemically reduce the NBD fluorophore and quench its
fluorescence. Sodium dithionite cannot cross vesicle membranes,
so addition of the reagent to vesicle dispersions can only quench
fluorophores that are in the external solution or exposed on the
membrane surface. Any NBD-labelled compound that partitions
into the vesicle membrane is protected from immediate quenching
by added sodium dithionite. The results of our NBD protection
assays are shown in Fig. 2. The peptides 1–NBD and 2–NBD were
added to various zwitterionic and anionic vesicle dispersions, and
after standing for 2 h, an aliquot from each sample was treated with
excess sodium dithionite. In the case of 2–NBD, the fluorescence of
all samples was completely and immediately quenched. In other
words, the bis(zinc) 2–NBD does not partition into any of the
vesicle compositions. In the case of 1–NBD, however, there is clear
evidence that anionic vesicles composed of 1 : 1 POPG–POPC
can protect about 40% of the NBD-conjugate from immediate
reaction with the dithionite. The 1–NBD quenching curve in
Fig. 2b shows biphasic kinetics. Upon dithionite addition there is
a sudden drop in fluorescence emission due to rapid reaction with
the exposed NBD groups, followed by a slower rate of quenching
attributed to either transport of the dithionite into the vesicles
or re-exposure of internalized NBD on the membrane surface.


Fig. 2 NBD protection assay. An aliquot (1.25 lM) of 1–NBD (�) or 2–NBD (×) was added to a 25 lM solution of vesicles in TES buffer, at 25 ◦C. After
2 h, a sample was taken and assayed. Sodium dithionite was added at assay time of 50 s and Triton-X 100 was added at 150 s. (a) 1 : 1 POPA–POPC
vesicles, (b) 1 : 1 POPG–POPC vesicles, (c) 1 : 1 POPS–POPC vesicles, (d) 100 mol% POPC vesicles.


1970 | Org. Biomol. Chem., 2006, 4, 1966–1976 This journal is © The Royal Society of Chemistry 2006







In other words, the mono zinc 1–NBD not only associates with
the anionic POPG–POPC vesicle membranes but it subsequently
diffuses to the inner membrane surface. In summary, both the
monozinc 1–NBD and the bis(zinc) 2–NBD appear to associate
equally well with anionic vesicle membranes. However, the less
charged 1–NBD appears to interact with the phospholipid head-
groups and in one case (1 : 1 POPG–POPC) there is clear evidence
that it can partition into the vesicle membrane. The more highly
charged 2–NBD stays only at the anionic membrane surface and
its binding interaction is essentially independent of the specific
structure of the phospholipid head-groups.


Cell studies


Fluorescence microscopy was used to determine if the fluorescein-
labelled peptides 1–Fl and 2–Fl could selectively stain apoptotic


Fig. 3 Fluorescence micrographs (600× magnification) of HeLa cells
treated with camptothecin (10 lM) for 3.5 h to induce apoptosis, then
simultaneously stained with 1–Fl (10 lM) and 7AAD (500 ng mL−1). Phase
contrast image of treated cells is shown in (a). Fluorescence emission due
to 7AAD is shown in (b), fluorescence emission due to 1–Fl is shown in
(c). Overlay of both (b) and (c) onto phase contrast image in (d).


Fig. 4 Fluorescence micrographs (600× magnification) of HeLa cells
treated with camptothecin (10 lM) for 3.5 h to induce apoptosis, then
simultaneously stained with 2–Fl (10 lM) and 7AAD (500 ng mL−1). Phase
contrast image of treated cells is shown in (a). Fluorescence emission due
to 7AAD is shown in (b), fluorescence emission due to 2–Fl is shown in
(c). Overlay of both (b) and (c) onto phase contrast image in (d).


Fig. 5 Fluorescence micrographs (600× magnification) of Jurkat cells
treated with camptothecin (10 lM) for 3.5 h to induce apoptosis, then
simultaneously stained with 1–Fl (10 lM) and 7AAD (500 ng mL−1). Phase
contrast image of treated cells is shown in (a). Fluorescence emission due
to 7AAD is shown in (b), fluorescence emission due to 1–Fl is shown in
(c). Overlay of both (b) and (c) onto phase contrast image in (d).


Fig. 6 Fluorescence micrographs (600× magnification) of Jurkat cells
treated with camptothecin (10 lM) for 3.5 h to induce apoptosis, then
simultaneously stained with 2–Fl (10 lM) and 7AAD (500 ng mL−1). Phase
contrast image of treated cells is shown in (a). Fluorescence emission due
to 7AAD is shown in (b), fluorescence emission due to 2–Fl is shown in
(c). Overlay of both (b) and (c) onto phase contrast image in (d).


cells. Separate samples of HeLa and Jurkat cells were treated
first with the anticancer drug camptothecin to induce apoptosis,
and then simultaneously with 1–Fl (or 2–Fl) and the nuclear
stain 7AAD (7-aminoactinomycin D) (Fig. 3–6). Necrotic cells,
as well as those cells in the advanced stages of apoptosis, have
permeabilized membranes and allow 7AAD to stain the cell
nucleus. Healthy cells and those cells in the early to intermediate
stages of apoptosis retain their membrane integrity and exclude
7AAD. This allows cells in early apoptosis to be identified by
selective staining with 1–Fl (or 2–Fl) and exclusion of 7AAD. The
images in Fig. 3–6 indicate that both peptides are quite effective
at selectively staining apoptotic cells. A close comparison of the
staining in Fig. 5–6 suggests that the bis(zinc) 2–Fl is perhaps
slightly better at discriminating between vital and apoptotic cells.
However, in both cases the staining selectivity is very similar to
that obtained with annexin V–FITC. Furthermore, the staining
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Fig. 7 Flow cytometry histograms illustrating staining of Jurkat cells by
2–Fl. Cells treated with camptothecin (II, 10 lM for 16 h and III, 12.5 lM
for 16 h) exhibit significantly more staining by 2–Fl than do control cells (I,
no camptothecin). About 30% of treated cells were identified as apoptotic
using 2–Fl, while less than 4% of the untreated cells were stained with 2–Fl.
a.u., arbitrary units.


rate is essentially instantaneous which is an improvement over the
sluggish kinetics of annexin V.11,12


The utility of 2–Fl in flow cytometry was demonstrated using
a population of Jurkat cells that were treated with different
concentrations of camptothecin (0 lM, 10 lM, or 12.5 lM for 16
h) to induce apoptosis. The histograms in Fig. 7 indicate that the
fraction of apoptotic cells increases with the dose of camptothecin.
Nearly identical percentages of apoptotic cells were identified in
each group using annexin V–FITC (data not shown).


Conclusions


The fluorescent Zn2+–DPA peptides, 1–Fl and 2–Fl, are able to
identify apoptotic cells using fluorescence microscopy. Further-
more, 2–Fl is an effective reagent for determining the fraction
of apoptotic cells in a cultured population using flow cytometry.
The cationic peptide complexes selectively stain apoptotic cells
because the cell plasma membrane becomes increasingly anionic
due to the appearance of phosphatidylserine. The peptides are
practical alternatives to the 35 KD protein annexin V currently
used in apoptosis assays. The results reported here demonstrate
that the molecular design of synthetic phosphatidylserine sensors
does not necessarily require two closely spaced Zn2+–DPA units.
Indeed, it is reasonable to expect that a wide range of Zn2+–DPA
coordination complexes will have selective affinity for apoptotic
cells. An attractive feature with the peptides reported here is they
have two orthogonal conjugation points. That is, their N-terminus
is labelled with a dye but their C-terminus remains available for
attachment to groups that can fine-tune the recognition properties


of the peptide. Furthermore, it should possible to attach these
peptides to the surfaces of nanoparticles which should enhance
affinity due to multivalent interactions. This may a useful way to
construct novel contrast agents for in vivo imaging of apoptotic
tissue.8,25,26 Another potential application is tumor targeting, since
it is known that PS exposure is increased on the surface of tumor
blood vessels.27


Experimental


General


Unless specified otherwise, all reactions were performed under an
inert atmosphere of nitrogen with dry, freshly distilled solvents un-
der anhydrous conditions and monitored by TLC using aluminium
backed plates coated with Merck Silica Gel 60 F254 and visualised
using either UV light (254 or 366 nm) or a molybdenum staining
reagent [a solution of (NH4)6Mo7O24·4H2O (20 g) and Ce(SO4)2


(0.4 g) in 10% sulfuric acid (400 mL)]. Flash chromatography was
performed on silica gel (Merck silica gel 60, 40–63 lm) at a pressure
of 0.3–0.4 bar and the yields given refer to chromatographically
and spectroscopically (1H NMR) homogenous material. Ratios
of solvent systems for TLC and column chromatography are ex-
pressed in v/v as specified. Reverse phase HPLC (RP-HPLC) was
performed using a Waters apparatus with a tunable absorbance
detector. Analytical RP-HPLC was performed using an Alltech-
Altima C18 column (5 lm, 4.6 mm ID, 250 mm) with a flow rate
of 0.8 mL min−1. Preparative RP-HPLC was performed using
an Alltech-Altima C18 column (10 lm, 22 mm ID, 300 mm)
with a flow rate of 7.0 mL min−1. Retention times given are for
the analytical column. Melting points were determined using a
Gallenkamp melting point apparatus and are reported in degrees
Celsius (uncorrected). Infrared absorption spectra were obtained
using a Shimadzu FTIR-8400S spectrometer as a thin film between
sodium chloride plates. NMR spectra were recorded on a Bruker
Avance DPX 200 or a Bruker Avance DPX 300 spectrometer.
The solvent 1H and 13C signals, dH 7.26 for residual CHCl3 and
dC 77.0 for CDCl3, dH 3.31 and dC 49.0 for d4-MeOH, dH 2.50
and dC 39.5 for d6-DMSO, were used as internal references. J
values are given in Hz. Low resolution mass spectra were recorded
on a Finnigan LCQ ion trap mass spectrometer (ESI). High
resolution mass spectra were recorded on a BioApex Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer (ESI).
Optical rotations were measured on a Polaar 2001 dual wavelength
polarimeter monitor in a 2.5 dm cell at 22 ◦C using the indicated
spectroscopic grade solvents. Elemental analyses were performed
by Campbell Microanalytical Laboratories. Most reagents were
commercially available from Aldrich, Fluka or Novabiochem and
used as supplied. NBD-Hex-OH was prepared according to the
method of Jürss and Maelicke.23 All polar lipids were purchased
from Avanti Polar Lipids, Inc. annexin V and 7AAD were obtained
from BD Biosciences.


Synthesis


Boc-Orn(DPA)-OH (4). 2-Pyridinecarboxaldehyde (13.8 g,
129 mmol) was added to a fine suspension of 3 (10.5 g, 45 mmol) in
dichloromethane (400 mL) and the resulting mixture was stirred
for 15 min. Sodium triacetoxyborohydride (40.2 g, 430 mmol)
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was added and the resulting cloudy yellow solution was stirred
for 18 h at ambient temperature under a nitrogen atmosphere.
The reaction was quenched by the addition of aqueous sodium
hydroxide (2 M, 150 mL) then the mixture was acidified to pH 6
by addition of 1 M HCl. The organic phase was separated and
the aqueous phase was extracted with chloroform–isopropanol
(3 : 1, v/v) (2 × 100 mL). The organic phases were combined and
washed with brine (200 mL) then dried with MgSO4. The solvent
was removed under reduced pressure to give a yellow oil which
was purified by column chromatography on silica gel (9 : 1 v/v
chloroform–methanol elution). Concentration of the appropriate
fractions gave 4 as a colourless solid (15.9 g, 85%); mp 128–131 ◦C;
[a]22


D +14.9 (c 1.5 in CHCl3); mmax (NaCl)/cm−1 3417, 3311, 2975,
1660, 1479, 1249, 983, 763; dH (300 MHz, d6-DMSO) 8.45 (d, J
4.3, 2H), 7.74 (dd, J 7.7 and 7.3, 2H), 7.50 (d, J 7.7, 2H), 7.22
(m 2H) 6.31 (br. s, 1H), 3.77 (m, 1H), 3.67 (s, 4H), 2.41 (m, 2H),
1.85–1.49 (m, 4H), 1.35 (s, 9H), OH not observed; dC (75 MHz,
d6-DMSO) 176.2, 159.5, 155.0, 148.7, 136.4, 122.4, 122.0, 77.5,
59.5, 54.4, 53.5, 30.1, 28.2, 22.7; m/z (ESI) 415.2352 (C22H31N4O4


requires 415.2346), 415 [M + H]+ (100%), 437 [M + Na]+ (30%),
315 (38%).


Boc-Orn(DPA)-Gly-OMe (5). Acid 4 (6.80 g, 16 mmol) and
HCl.NH2-Gly-OMe (2.40 g, 19 mmol) were dissolved in a mixture
of dichloromethane (40 mL) and dimethylformamide (12 mL). The
solution was cooled to 0 ◦C under an atmosphere of nitrogen, then
HOBt·H2O (2.76 g, 20 mmol) and EDC·HCl (3.45 g, 18 mmol)
were added, followed by N-methyl morpholine (5.4 mL, 49 mmol).
The mixture was warmed to room temperature and stirred for 18 h,
then partitioned between saturated aqueous sodium bicarbonate
(100 mL) and ethyl acetate (100 mL). The aqueous phase was
extracted with ethyl acetate (3 × 100 mL) and the combined
organic phases were washed with water (100 mL) and brine
(2 × 100 mL) then dried (MgSO4). The solvent was removed
under reduced pressure to give a yellow oil which was purified by
column chromatography on silica gel (190 : 9 : 1, v/v chloroform–
methanol–aqueous ammonia elution). Concentration of the ap-
propriate fractions gave 5 as a yellow oil (7.54 g, 95%); [a]22


D +1.08
(c 13.7, CHCl3); mmax (CHCl3)/cm−1: 3304, 2976, 2951, 2934, 2818,
1750, 1700, 1675, 1591, 1526, 1435, 1366, 1207, 1175; dH (300 MHz,
d6-DMSO) 8.47 (m, 2H), 8.24 (t, J 5.7, 1H), 7.75 (ddd, J 7.7, 7.7
and 1.8, 2H), 7.51 (d, J 7.7 Hz, 2H), 7.23 (m, 2H), 6.90 (d, J 8.0,
1H), 3.93–3.79 (m, 3H), 3.70 (s, 4H), 3.60 (s, 3H), 2.44 (m, 2H),
1.56–1.54 (m, 4H), 1.35 (s, 9H); dC (75 MHz, d6-DMSO) 172.7,
170.2, 159.4, 155.2, 148.7, 136.4, 122.5, 122.0, 79.2, 59.5, 53.9,
53.3, 51.6, 40.6, 29.9, 28.2, 22.9; m/z (ESI) 486.2703 [(M + H)+;
C25H37N5O5 requires 486.2716], 508 [M + Na]+ (75%).


HCl·NH2-Orn(DPA)-Gly-OMe (6). A solution of HCl in
dioxane (4 M, 2 mL) was added to dipeptide 5 (1.0 g, 2.1 mmol)
and the resulting mixture stirred at ambient temperature under
a nitrogen atmosphere for 8 h. The solvent was removed under
reduced pressure and the residue azeotroped with toluene (3 ×
10 mL) to give 6 as a colourless solid (2.1 mmol, quant.) which
was used without further purification; dH (300 MHz, d6-DMSO)
9.21 (m, 1H), 8.76 (d, J 4.5, 2H), 8.47 (m, 2H), 8.34 (m, 2H), 7.96
(m, 2H), 7.74 (m, 2H), 4.45 (s, 4H), 4.00–3.75 (m, 3H), 3.62 (s,
3H), 2.90 (m, 2H), 1.8 (m, 4H); m/z (ESI) 386 [M + H]+ (100%).


Boc-Orn(DPA)-Gly-OH (7). A solution of NaOH (0.35 g,
8.8 mmol) in H2O (2 mL) was added to a solution of 5 (1.4 g,
2.9 mmol) in methanol (7 mL). The solution was stirred at ambient
temperature for 4 h, then adjusted to pH 7 by the addition of
1 M HCl. The resulting mixture was extracted with chloroform–
isopropanol (3 : 1 v/v, 4 × 50 mL) and the extracts combined, then
the solvent removed under reduced pressure to give the carboxylic
acid 7 as a pale yellow solid (0.46 g, 90%) which was used without
further purification; dH (300 MHz, d6-DMSO) 8.49 (d, J 4.3, 2H),
8.12 (m, 1H), 7.76 (m, 2H), 7.51 (d, J 7.8, 2H), 7.26 (m, 2H),
6.89 (d, J 8.2, 1H), 4.31 (m, 1H), 3.9–3.45 (m, 6H), 2.49 (partially
obscured, 2H), 1.65–1.40 (m, 4H), 1.36 (s, 9H), OH not observed;
m/z (ESI) 494 [M + Na]+ (40%), 472 [M + H]+ (100%).


Boc-Gly-Orn(DPA)-Gly-OMe (8). Boc-Gly-OH (0.12 g,
0.68 mmol) and 6 (0.28 g, 0.68 mmol) were dissolved in acetonitrile
(8 mL) and the solution cooled to 0 ◦C under an atmosphere of
nitrogen. HOBt·H2O (0.10 g, 0.66 mmol) and EDC·HCl (0.13 g,
0.66 mmol) were then added followed by N-methylmorpholine
(0.18 g, 1.8 mmol) and the mixture was warmed to room temper-
ature and stirred for 23 h. Saturated aqueous sodium bicarbonate
(50 mL) was then added and the resulting mixture was extracted
with ethyl acetate (3 × 50 mL). The combined organic phases
were washed with water (50 mL) and brine (70 mL) then dried
(MgSO4). The solvent was removed under reduced pressure to
give a yellow solid which was purified by column chromatography
on silica gel (190 : 9 : 1, v/v chloroform–methanol–aqueous
ammonia elution). Concentration of the appropriate fractions
gave the tripeptide 8 as a pale yellow solid (0.33 g, 89%); mp
36–42 ◦C (hygroscopic); [a]22


D +0.72 (c 5.0 in CHCl3); found: C,
56.1; H, 7.0; N, 14.6. C27H38N6O6.2H2O requires C, 56.0; H, 7.3;
N, 14.5; mmax (CHCl3)/cm−1: 3300, 3295, 3055, 3007, 2977, 2950,
2935, 2816, 1755, 1660, 1435, 1367, 1281, 1248, 1207, 1173, 1049,
864, 754; dH (300 MHz, d6-DMSO) 8.47 (dd, J 4.7 and 0.8, 2H),
8.40 (t, J 5.7, 1H), 7.86 (d, J 8.0, 1H), 7.75 (ddd, J 7.8, 7.7 and 1.8,
2H), 7.50 (d, J 7.8, 2H), 7.23 (m, 2H), 6.95 (t, J 5.8, 1H), 4.28 (m,
1H), 3.82 (t, J 5.5, 2H), 3.70 (s, 4H), 3.60 (s, 3H), 3.55 (d, J 5.9,
2H), 2.43 (m, 2H), 1.70–1.40 (m, 4H), 1.36 (s, 9H); dC (75 MHz,
d6-DMSO) 172.0, 170.1, 169.5, 159,4, 155.8, 148.7, 136.4, 122.5,
122.0, 78.0, 59.4, 53.2, 52.0, 51.6, 43.2, 40.4, 30.1, 28.1, 22.5; m/z
(ESI) 543.2940 [(M + H)+; C27H39N6O6 requires 543.2931], 565
[M + Na]+ (100%).


HCl·H2N-Gly-Orn(DPA)-Gly-OMe (9). A solution of HCl in
dioxane (4 M, 2 mL) was added to tripeptide 8 (80 mg, 0.15 mmol)
and the resulting mixture stirred at ambient temperature under
a nitrogen atmosphere for 8 h. The solvent was removed under
reduced pressure and the residue azeotroped with toluene (3 ×
10 mL) to give 9 as a colourless solid (0.15 mmol, quant.) which
was used without further purification; dH (200 MHz, CD3OD) 8.77
(dd, J 5.5 and 1.0, 2H), 8.36 (ddd, J 7.8, 7.7 and 1.6, 2H), 7.95
(d, J 7.8, 2H), 7.83 (m, 2H), 4.36 (s, 4H), 4.05 (m, 2H), 4.00–
3.68 (m, 3H), 3.68 (s, 3H), 2.94 (m, 2H), 1.82 (m, 4H), 2 × NH
and NH3+ not observed; m/z (ESI) 465 [M + Na]+ (15%), 443
[M + H]+ (100%).


Fl–Gly-Orn(DPA)-Gly-OMe (10). FITC (0.30 g, 0.77 mmol)
was added to a solution of tripeptide 9 (0.16 g, 0.36 mmol) in
MeOH (2.5 mL) then NEt3 (0.19 mL, 1.4 mmol) was added. The
mixture was stirred at room temperature under an atmosphere
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of nitrogen for 2.5 h in the dark then cooled in an ice bath to
give 10 as a dark red precipitate which was collected by filtration
(0.25 g, 84%). A portion of this precipitate (30 mg) was purified by
preparative HPLC (gradient of 30 to 100% MeOH (0.05% TFA)
in H2O (0.05% TFA) over 30 min; tR 24.6 min) for characterization
and use in assays; dH (200 MHz, CD3OD) 8.55 (2H, d, J 4.2), 8.23
(1H, d, J 1.7), 7.82–7.68 (3H, m), 7.42–7.30 (4H, m), 7.08 (1H, d,
J 8.2), 6.67–6.47 (6H, m), 4.49 (4H, s), 4.45 (1H, m), 4.03 (2H,
ABq, J 16.7), 3.87 (2H, m), 3.61 (3H, s), 3.20 (2H, m), 2.2–1.6
(4H, m), 2 × OH and 4 × NH not observed; m/z


(ESI) 830.2649 [(M − H+)−; C43H40N7O9S requires 830.2617].


Fl–Gly-Orn(DPA)-Gly-OMe·[Zn(NO3)2] (1–Fl). A solution
of 10 (0.024 mmol) in MeOH (2 mL) and an aqueous solution
of Zn(NO3)2·6H2O (0.024 mmol) were mixed and stirred for 0.5 h.
The solvent was removed and the residue lyophilized to afford the
complex 1–Fl in quantitative yield.


NBD–Hex-Orn(DPA)-Gly-OMe (12). NBD–5-aminohex-
anoic acid 11 (66 mg, 0.22 mmol) was added to a solution of 6
(74 mg, 0.15 mmol) in CH3CN (2.5 mL) and N-methylmorpholine
(0.12 mL, 1.1 mmol), then EDC·HCl (52 mg, 0.27 mmol) and
HOBt·H2O (36 mg, 0.27 mmol) were added. The resulting solution
was stirred at room temperature for 24 h, then partitioned between
CHCl3–i-PrOH (3 : 1, 20 mL) and sat. aq. NaHCO3 (20 mL).
The aqueous layer was extracted with CHCl3–i-PrOH (3 : 1, 2 ×
20 mL), then the organic fractions were combined and washed
with H2O (2 × 20 mL) and brine (20 mL), dried (MgSO4) and
the solvent was removed under reduced pressure to give a dark
brown oil. Purification by preparative thin layer chromatography
(CHCl3–MeOH–aq. NH3; 140 : 18 : 2) gave 12 as an orange oil
(58 mg, 58%). dH (300 MHz, CD3OD) 8.39 (m, 3H), 7.75 (dt,
J 1.7 and 7.7, 2H), 7.57 (d, J 7.7, 2H), 7.22 (m, 2H), 6.24 (d, J
8.9, 1H), 4.33 (m, 1H), 3.92 (ABq, J 17.6, 2H), 3.74 (s, 4H), 3.66
(s, 3H), 3.47 (br. s, 2H), 2.52 (t, J 6.5, 2H), 2.26 (t, J 7.3, 2H),
1.84–1.59 (br. m, 8H), 1.50–1.42 (m, 2H), 3 × NH not observed;
dC (75 MHz, CD3OD) 178.8, 175.9, 174.9, 160.5, 149.3, 146.5,
145.7, 145.4, 138.6, 124.9, 123.7, 122.8, 99.6, 60.9, 55.1, 54.3, 52.6,
44.7, 41.8, 36.5, 31.0, 29.0, 27.5, 26.4, 24.1, 1 signal obscured or
overlapping; m/z (ESI) 662.3038 [(M + H)+; C32H40N9O7 requires
662.3045], 684 [M + Na]+ (21%).


NBD–Hex-Orn(DPA)-Gly-OMe·[Zn(NO3)2] (1–NBD). A so-
lution of 12 (0.030 mmol) in MeOH (2 mL) and an aqueous
solution of Zn(NO3)2·6H2O (0.030 mmol) were mixed and stirred
for 0.5 h. The solvent was removed and the residue lyophilized to
afford the complex 1–NBD in quantitative yield.


Boc-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe (13). Acid 7 (0.28 g,
0.59 mmol) and amine 6 (0.29 g, 0.59 mmol) were dissolved in
a solution of dichloromethane–dimethylformamide (3 : 1, v/v,
8 mL) which was cooled to 0 ◦C under an atmosphere of nitrogen.
HOBt·H2O (0.1 g, 0.68 mmol) and EDC·HCl (0.13 g, 0.68 mmol)
were then added followed by N-methylmorpholine (0.32 mL,
2.95 mmol) before the mixture was warmed to room temperature
and stirred for 23 h. The reaction mixture was partitioned between
saturated aqueous sodium bicarbonate (50 mL) and ethyl acetate
(40 mL). The aqueous phase was extracted with ethyl acetate
(3 × 50 mL) then the organic phases were combined and washed


with water (4 × 50 mL), followed by brine (50 mL) then dried
with MgSO4. The solvent was removed under reduced pressure
to give a yellow oil. Subjection of the crude material to column
chromatography on silica gel (190 : 9 : 1, v/v chloroform–
methanol–aqueous ammonia elution) and concentration of the
appropriate fractions gave the tetrapeptide 13 as a pale yellow
solid (0.40 g, 80%); mp 58–62 ◦C; [a]22


D +0.27 (c 5.7 in CHCl3);
found: C, 59.2; H, 6.8; N, 15.6. C44H58N10O7.3H2O requires C,
59.2; H, 7.2; N, 15.7; mmax (CHCl3)/cm−1: 3295, 3053, 2949, 2934,
2818, 1751, 1684, 1647, 1433, 1366, 1248, 1207, 1171; dH (300 MHz,
CD3OD) 8.43 (m, 4H), 7.77 (m, 4H), 7.61 (m, 4H), 7.26 (m, 4H),
4.33 (m, 1H), 4.00–3.83 (m, 5H), 3.77 (s, 8H), 3.67 (s, 3H), 2.53
(m, 4H), 1.95–1.50 (m, 8H), 1.39 (s, 9H), 4 × NH not observed; dC


(75 MHz, CD3OD) 175.9, 174.7, 171.6, 160.7, 160.6, 149.5, 138.8,
125.1, 123.8, 80.7, 61.0, 56.3, 55.1(9), 55.1(3), 54.5, 52.6, 43.7, 41.9,
30.9, 28.8, 24.3, 24.2; m/z (ESI) 839.4542 [(M + H)+; C44H59N10O7


requires 839.4568], 861 [M + Na]+ (66%).


HCl·H2N-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe (14). A solu-
tion of HCl in dioxane (4 M, 2 mL) was added to tetrapeptide 13
(0.13 g, 0.16 mmol) and the resulting mixture stirred at ambient
temperature under a nitrogen atmosphere for 8 h. The solvent was
removed under reduced pressure and the residue azeotroped with
toluene (3 × 10 mL) to give 14 as a colourless solid (0.16 mmol,
quant.) which was used without further purification; dH (200 MHz,
CD3OD) 8.89 (br. s, 4H), 8.61 (br. s, 4H), 8.19 (br. s, 4H), 8.03 (br. s,
4H), 4.38 (s, 8H), 4.40–3.75 (m, 6H), 3.66 (s, 3H), 2.71 (br. s, 4H),
1.87–1.65 (m, 8H), 3 × NH and NH3


+ not observed; m/z (ESI)
762 [M + Na]+ (100%), 740 [M + H]+ (55%).


NBD–Hex-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe (15). Acid
11 (66 mg, 0.22 mmol) was added to a solution of 14 (110 mg,
0.1 mmol) in CH3CN (2.5 mL) and N-methylmorpholine
(0.12 mL, 1.1 mmol), then EDC·HCl (52 mg, 0.27 mmol)
and HOBt·H2O (41 mg, 0.27 mmol) were added. The resulting
solution was stirred at room temperature for 24 h, then partitioned
between CHCl3–i-PrOH (3 : 1, 20 mL) and sat. aq. NaHCO3


(20 mL). The aqueous layer was extracted with CHCl3–i-PrOH
(3 : 1, 2 × 20 mL), then the organic fractions were combined
and washed with H2O (2 × 20 mL) and brine (20 mL), dried
(MgSO4) and the solvent was removed under reduced pressure
to give a dark brown oil. Purification by preparative thin layer
chromatography (CHCl3–MeOH–aq. NH3; 170 : 27 : 3) gave 15
as an orange oil (83 mg, 82%). dH (300 MHz, CD3OD) 8.40 (m,
5H), 7.75 (m, 4H), 7.57 (m, 4H), 7.23 (m, 4H), 6.26 (d, J 8.9,
1H), 4.34 (m, 1H), 4.19 (m, 1H), 3.98–3.82 (m, 4H), 3.73 (s, 8H),
3.64 (s, 3H), 3.48 (br. s, 2H), 2.52 (m, 4H), 2.23 (t, J 7.2, 2H),
1.89–1.40 (br. m, 14 H), 5 × NH not observed; dC (75 MHz,
CD3OD) 176.0, 175.1, 174.7, 171.5, 171.4, 160.6, 160.5, 149.4,
149.3, 146.5, 145.7, 138.6, 124.9, 123.7, 122.7, 99.6, 60.9, 55.1,
55.0, 54.5, 52.6, 44.6, 43.6, 41.8, 36.4, 30.8, 30.4, 29.0, 28.8, 27.5,
26.3, 24.2, 24.0, 6 signals obscured or overlapping; m/z (ESI)
1037.4690 [(M + Na)+; C51H62N14O9Na requires 1037.4717], 1016
[M + H]+ (100%).


NBD–Hex-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe·2[Zn(NO3)2]
(2–NBD). A solution of 15 (0.020 mmol) in MeOH (2 mL) and
an aqueous solution of Zn(NO3)2.6H2O (0.040 mmol) were mixed
and stirred for 0.5 h. The solvent was removed and the residue
lyophilized to afford the complex 2–NBD in quantitative yield.


1974 | Org. Biomol. Chem., 2006, 4, 1966–1976 This journal is © The Royal Society of Chemistry 2006







Boc-Hex-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe (17). Boc-
Hex-OH 16 (0.035 g, 0.15 mmol) and 14 (0.16 g, 0.16 mmol) were
dissolved in anhydrous acetonitrile, and the resulting solution
was cooled to 0 ◦C under an atmosphere of nitrogen. HOBt·H2O
(0.026 g, 0.17 mmol) and EDC·HCl (0.033 g, 0.17 mmol) were then
added followed by N-methyl morpholine (0.11 mL, 1.0 mmol)
then the mixture was warmed to room temperature and stirred
for 23 h. The reaction mixture was partitioned between saturated
aqueous sodium bicarbonate (50 mL) and ethyl acetate (40 mL).
The aqueous phase was extracted with ethyl acetate (3 × 50 mL)
then the organic phases were combined and washed with water
(4 × 50 mL), followed by brine (50 mL) then dried with MgSO4.
The solvent was removed under reduced pressure to give a yellow
oil. Subjection of the crude material to column chromatography
on silica gel (190 : 9 : 1, v/v chloroform–methanol–aqueous
ammonia elution) and concentration of the appropriate fractions
gave the pentapeptide 17 as a pale yellow foam (0.11 g, 78%); dH


(300 MHz, CD3OD) 8.42 (4H, m), 7.78 (4H, m), 7.60 (4H, dd,
J 6.4 and 7.5), 7.26 (4H, m), 4.33 (1H, m), 4.14 (1H, m), 3.93–
3.84 (4H, m), 3.81 (8H, s), 3.67 (3H, s), 2.99 (2H, t, J 6.8), 2.54
(4H, m), 2.18 (2H, t, J 7.3), 1.87–1.19 (14H, br. m), 1.45 (9H,
s), 5 × NH not observed; dC (75 MHz, CD3OD) 176.3, 175.2,
174.8, 171.5, 171.4, 160.7, 160.6, 158.5, 149.4(4), 149.4(2), 138.7,
125.0, 123.8(7), 123.8(6), 61.0, 60.9, 55.1(3), 55.1(1), 54.6, 52.6,
43.6, 41.8, 41.2, 36.6, 30.8, 30.7, 30.4, 28.2, 27.5, 26.5, 24.3, 24.1,
3 signals obscured or overlapping.


Fl–Hex-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe (18). A solution
of HCl in dioxane (4 M, 2 mL) was added to pentapeptide 17
(0.10 g, 0.11 mmol) and the resulting mixture stirred at ambient
temperature under a nitrogen atmosphere for 8 h. The solvent
was removed under reduced pressure and the residue azeotroped
with toluene (3 × 10 mL) to give the corresponding amine as
a colourless solid (0.11 mmol, quant.) which was used without
further purification.


FITC (28 mg, 0.073 mmol) was added to a solution of this
amine (50 mg, 0.056 mmol) in MeOH (2.5 mL) then NEt3


(0.08 mL, 0.58 mmol) was added. The mixture was stirred at room
temperature under an atmosphere of nitrogen for 2.5 h in the dark
then cooled in an ice bath to give 18 as a dark red precipitate
which was collected by filtration (60 mg, 86%). A portion of this
precipitate (20 mg) was purified by preparative HPLC (gradient of
10 to 60% MeOH (0.05% TFA) in H2O (0.05% TFA) over 30 min;
tR 26.1 min) for characterization and use in assays. dH (200 MHz,
CD3OD) 8.65 (4H, d, J 4.6), 8.25 (1H, d, J 1.6), 7.94 (4H, ddd, J
7.8, 7.7 and 1.5), 7.77 (1H, d, J 6.3), 7.55–7.45 (8H, m), 7.21 (1H,
d, J 8.2), 6.88– 6.64 (6H, m), 4.55 (8H, s), 4.48–4.26 (2H, m), 3.89
(4H, m), 3.67 (3H, s), 3.66 (2H, m), 3.24 (4H, m), 2.29 (2H, t, J
7.0), 2.01–1.22 (14 H, br. m), 2 × OH and 6 × NH not observed;
m/z (ESI) 1241 [(M + H)+ (10%)].


Fl–Hex-Orn(DPA)-Gly-Orn(DPA)-Gly-OMe·2[Zn(NO3)2] (2–
Fl). A solution of 18 (0.012 mmol) in MeOH (2 mL) and an
aqueous solution of Zn(NO3)2·6H2O (0.024 mmol) were mixed
and stirred for 0.5 h. The solvent was removed and the residue
lyophilized to afford the complex 2–Fl in quantitative yield. m/z
(ESI) 683.1705 [(M–2H+ + 2Zn2+)2+; C66H70N12O11SZn2


2+ requires
683.1800].


Vesicle preparation


Stock solutions of 10 mM vesicles (either 100 mol% POPC, 1 : 1
POPA–POPC, 1 : 1 POPG–POPC or 1 : 1 POPS–POPC) were
made by rehydration of thin films at room temperature with
TES buffer (5 mM TES, 100 mM NaCl, pH 7.4). The resulting
multilamellar vesicles were extruded to form unilamellar vesicles
with a Basic LiposoFast device purchased from Avestin, Inc. The
samples were extruded 29 times through a 19-mm polycarbonate
Nucleopore filter with 100-nm diameter pores.


NBD protection assay


The excitation was set at 460 nm while the emission was measured
at 530 nm using a 515 nm cut off filter on a Perkin Elmer
Luminescence Spectrometer LS50B. An aliquot of 1–NBD or 2–
NBD (4.5 lL of a 5 mM solution to give a final concentration
1.25 lM) in 1 : 1 methanol–water was added to unilamellar vesicles
(25 lM final concentration) in TES buffer (22.5 mL) at 25 ◦C. After
2 h, a 3 mL sample was withdrawn and treated at assay time t =
50 s, with sodium hydrosulfate (180 lL of 60 mM in 1 M Tris, pH
ca. 10); at t = 150 s, Triton X-100 (20 lL of 20% v/v) was added
to lyse the vesicles. The curves shown in Fig. 2 are typical results
from three separate trials.


Vesicle titrations


The excitation was set at 460 nm while the emission was measured
at 530 nm using a 515 nm cut off filter on a Perkin Elmer
Luminescence Spectrometer LS50B. To a solution of 1–NBD or
2–NBD (1 lM in 3 mL TES buffer, 10 mM) was added aliquots of
vesicles in TES buffer. The change in fluorescence emission that
was induced by the vesicle addition was rapid (complete within
10 s). The resulting fluorescence intensity was plotted against
effective phospholipid concentration (60% of total concentration)
and then fitted to a 1 : 1 binding model using an iterative curve-
fitting method.18,24 Each binding constant is the average of three
independent measurements.


Cell staining and fluorescence microscopy


Jurkat cells were cultured in RPMI 1640, 10% FCS and incubated
at 37 ◦C, 5% CO2. Aliquots of cells were treated with camptothecin
(10 lM final concentration) in growth media for 3.5 h at 37 ◦C,
5% CO2. The cells were spun down and re-suspended in annexin
binding buffer (10 mM HEPES–sodium salt, 2.5 mM CaCl2,
140 mM NaCl, pH 7.4) for experiments in which annexin V was
used, or in growth media for experiments in which annexin V was
not used. Cells were then treated with the appropriate staining
reagents at the indicated concentrations. annexin V–FITC was
used according to the manufacturer’s protocol. All reagents were
added simultaneously. The cell suspensions were mixed thoroughly
by repeated inversion and then incubated 15 min at 37 ◦C. Cells
were then centrifuged at 2500 rpm for 2 min, re-suspended
and washed three times in phenol-free RPMI 1640, 10% FCS
growth media. At this point, 200 lL of each cell suspension was
transferred to a 8-well chamber slide for microscopy. The HeLa
cells were cultured in 75 cm2 tissue culture flasks using Eagle’s
minimum essential medium, 10% FCS, at 37 ◦C, 5% CO2 and
passed according to ATCC protocols. For imaging experiments,
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the cells were transferred to 8-well chamber slides and allowed to
grow to ca. 70% confluence. Cells were treated with camptothecin
to induce apoptosis (10 lM final concentration) in growth media
for 3.5 h at 37 ◦C, 5% CO2. The rest of the staining procedure
is described above. Fluorescence microscopy was performed
immediately after cell staining on an Axiovert S100 TV microscope
(Carl Zeiss) equipped with filter sets DAPI/Hoechst/AMCA,
FITC/RSGFP/Bodipy/Fluo3/DiO, Cy3 (Chroma). Pictures
were taken using a black and white digital camera and coloured
upon acquisition using Metamorph software version 6.2.


Flow cytometry


Jurkat cells were cultured as described for fluorescence microscopy.
A 10.0 mL volume of cells was treated with camptothecin (10 lM,
or 12.5 lM final concentration) in growth media for 16.5 h at
37 ◦C, 5% CO2. Cells were spun down and resuspended in annexin
binding buffer for experiments in which annexin V was used, or in
a buffer of 5 mM TES, 145 mM NaCl, pH 7.4 for experiments in
which annexin V was not used. Cell aliquots (1.0 mL) were stained
with 7AAD (500 ng mL−1) and either 1–Fl, 2–Fl or annexin V-
FITC (5 lL mL−1). All reagents were added simultaneously. The
cell suspensions were mixed thoroughly by repeated inversion and
then incubated 15 min at 37 ◦C. Immediately after staining, flow
cytometry was performed on a Beckman Coulter Cytomics FC 500
MPL (Fullerton, CA). Software colour compensation was used
and data analysis was performed using CXP Software (Fullerton
CA).
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We study herein the multivalency effect of a cluster of aVb3-ligands held on a cyclodecapeptide template.
An array of RAFT(c[-RGDfK-])n derivatives containing from one to sixteen clustered RGD motifs
were synthesized and comparatively assayed in vitro on aVb3-expressing cells. Efficient inhibition of the
aVb3-specific 23C6 monoclonal antibody fixation was observed with ligands displaying three and four
copies of the cyclo[-RGDfK-] peptide.


Introduction


Integrins constitute an important family of transmembrane recep-
tors involved in cell–cell/cell–matrix interactions and are central
players in outside-in and inside-out signal transduction pathways.1


The aVb3 heterodimer, known as the vitronectin receptor, is
selectively overexpressed on the surface of endothelial cells of
growing blood vessels and hence has been identified as a target
in pathologies in which angiogenesis is stimulated.2 In malignant
tumours, aVb3 receptors are overexpressed in neocapillaries and,
in certain cases, also on tumour cells (e.g. 25% of lung cancers).
This led many groups to design selective Arginine-Glycine-
Aspartate (RGD)-containing ligands to specifically target the
tumour-associated aVb3 receptors. Among the monovalent ligands
designed, the leader compound is the cyclic pentapeptide cyclo[-
RGDf(NMe)V-] (Cilengitide) developed by Merck KGa.3 This
compound has recently entered phase II clinical trials as anti-
angiogenic agent. The rationale for the development of multivalent
ligands derives from the wide diversity of natural processes that
involve multivalent ligand/receptor interactions.4 Multivalency
enhances the binding strength of a ligand to its receptor and
promotes receptor-mediated internalisation of the bound entity.
Recently, oligomeric compounds containing RGD moieties based
on a polylysine core were reported5 and biologically evaluated.6


RGD-polymers seem promising ligands for imaging or therapeutic
approaches.7 At the same time, our group developed a tetrameric
RGD structure named RAFT(c[-RGDfK-])4 (Fig. 1).8


This compound contains a cluster of four copies of the cyclo[-
RGDfK-] monomer9 supported on a cyclic decapeptide scaffold
(RAFT, Regioselectively Addressable Functionalised Template).10


The major advantage of the RAFT comes from its two distinct
addressable domains (upper and lower face of the template). These
enable the simultaneous coupling of biomolecules (e.g. labelling or
cytotoxic agents) to the RAFT(c[-RGDfK-])4 structure for future
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Fig. 1 Chemical structure of the tetravalent RGD ligand
RAFT(c[-RGDfK-])4 conjugated to a label.


applications in vectorisation strategies. The spatial separation of
both domains additionally prevents the molecules from the lower
face from interfering with the targeting functions. This compound
turned out to be highly efficient in targeting specifically tumour
neo-vasculature as well as aVb3-expressing metastases on murine
animal models.11 Cellular uptake was shown in vitro to occur
through a receptor-mediated endocytosis contrasting with the
fate of the cognate monovalent cyclo[-RGDfK-] peptide, which
is internalised through an independent-fluid phase endocytosis.12


The present work aimed at studying the effect of the multiva-
lency parameter in terms of interaction between the ligand and the
target receptor and examining the contribution of each c[-RGDfK-
] motif. For this purpose, we designed an array of RAFT(c[-
RGDfK-])n derivatives containing from one to four copies of
the c[-RGDfK-] monomer (compounds 1–4) (Fig. 2). In order
to obtain ligands with similar shape, similar steric hindrance and
close molecular weights, which is essential for their comparison
in vitro, we opted to substitute c[-RGDfK-] for non sense c[-
RbADfK-] motifs in the ligands whose valency was lower than
four (compounds 2–5). We also designed a broad hexadecavalent
ligand (compound 6) in order to compare the tetrameric RAFT(c[-
RGDfK-])4 with a dendrimer-like structure.


The first part of our work was dedicated to devising a modular
synthetic strategy that would provide an easy access to molecules
bearing one up to sixteen RGD ligands. The second part focused
on the evaluation of the binding ability of these molecules to
aVb3 receptors in vitro. RAFT(c[-RGDfK-])n derivatives have
been comparatively assayed on aVb3-expressing cells in order to
pinpoint the influence of the cluster valency in the recognition
process.
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Fig. 2 Chemical structures of the RAFT(c[-RGDfK-])n ligands.


Results and discussion


Synthesis of the multivalent RGD peptides: RAFT(c[-RGDfK-])n


n = {1,2,3,4,16}


To design our molecules, displaying one up to sixteen c[-RGDfK-
] motifs, we adopted the modular strategy described earlier.8


We selected cyclic decapeptide RAFTs,10 containing addressable
lysine side chains, to present the multiple RGD monomers in
a spatially controlled domain. We implemented chemoselective
oxime formations to link the c[-RGDfK-] peptides onto the
RAFT scaffold. Previous work has demonstrated the efficiency
and versatility of the oxime linkage when performing the synthesis
of bioconjugates especially when conjugating peptides, carbohy-
drates and oligonucleotides.13 This approach allows unprotected
fragments bearing adequate functions (i.e. aldehyde and aminooxy
groups) to be assembled in aqueous solution without the require-
ment of any coupling reagent nor the occurrence of any side
reaction.


Following this general strategy, we synthesized an array of
RGD-containing peptides 1–7 (Scheme 1): (i) Peptides 1–4 were
produced to study the effect of the cluster valency index toward the
recognition and binding of the ligand to aVb3 integrins. Non sense
c[-RbADfK-] motifs were substituted for c[-RGDfK-] in the struc-
tures whose valency was lower than four (compounds 2, 3 and 4).
This enabled different multimers with similar shape, similar steric
hindrance and comparable molecular weights to be obtained.
These features are essential for further biological comparison
of the ligands; (ii) The peptide 5 was mandatory as control for
biological studies; (iii) The hexadecavalent peptide 6 was designed
to compare our ligands to a tentacular structure of high valency
index; (iv) Peptide 7 was synthesized in order to ascertain that
the polarity of the oxime bonds has no influence on the binding
of the RGD motifs to the target receptors. Compounds 1–7 were
synthesized following the synthetic routes described in Scheme 1.
All linear peptides were assembled using the standard Fmoc/tBu
strategy on acid labile resins. The common intermediate 11
displays Boc-protected lysine side chains required to introduce
the prerequisite groups (aldehyde or aminooxy functions further
used in the chemoselective ligations with the cyclopentapeptides).
Glycine at the C-terminal end was essential to ensure the subse-
quent head-to-tail cyclization from epimerisation. This reaction


was performed with PyBOP reagent under high dilution to avoid
polymerisation as reported.8,14 Removal of Boc groups using TFA
provided the key intermediate 12 in quantitative yield. This com-
pound constitutes the convergence point of the two synthetic ways
considered to access the tetravalent RAFT(c[-RGDfK-])4 ligand.
Incorporation of either aldehyde moieties or oxyamino groups
leads to RAFT(c[-RGDfK-])4 1 or 7 respectively only differing
in the oxime bonds orientation. Therefore, on the one hand
the cyclic decapeptide 12 was acylated on the lysine side chains
with Boc-Ser(tBu)OH amino acids serving as masked glyoxylyl
aldehyde functions. Removal of acid-labile protecting groups and
the subsequent oxidative cleavage of the amino-alcohol moiety
at the serine residues with sodium periodate afforded the desired
compound RAFT(COCHO)4 14 in good yield. On the other hand,
the cyclopeptide 12 was acylated at the lysine side chains using the
succinimide ester of N-Boc-O-(carboxymethyl)-hydroxylamine.
Removal of Boc groups was further achieved by treatment with
TFA containing triisopropylsilane (TIS) and water in CH2Cl2


(50/5/5/40). RP-HPLC purification provided the tetra-aminooxy
functionalised intermediate RAFT(COCH2ONH2)4 15 in 70%
overall yield. In parallel, cyclic RGD-containing pentapeptides
8 and 10 and the non sense cyclic RbAD-containing pentapeptide
9 were produced by a two-dimensional solid phase synthesis as
described earlier.14 Final chemoselective assembly of fully depro-
tected fragments was carried out using both partners (i.e. RAFT
scaffold and cyclic pentapeptide) containing either aminooxy or
aldehyde functions. Chemoselective oxime ligations were carried
out under mild conditions at pH 4.5 (sodium acetate buffer).


Compound 14 exhibiting four glyoxylyl aldehydes was pre-
ferred to its oxyamino counterpart 15 to synthesize the dif-
ferent RGD-containing peptides 1–6. In fact, reactions with
clustered aldehydes are often cleaner than those effected with
clustered aminooxy groups due to the risks of contamination
by solvents commonly used in the laboratory (e.g. acetone,
alcohol), even when special care is taken. RAFT(c[-RGDfK-])4


1 and control RAFT(c[-RbADfK-])4 5 were efficiently obtained
through ligation of the appropriate cyclic pentapeptide containing
aminooxy functions, namely c[-RGDfK(COCH2ONH2)-] 8 and
c[-RbADfK(COCH2ONH2)-] 9, with 14 in 76% and 80% yield
respectively. The RAFT(c[-RGDfK-])4 7, that differs from 1 only
in the orientation of the oxime bonds, was obtained from the
aminooxy intermediate RAFT(COCH2ONH2)4 15 and the RGD-
containing cyclic pentapeptide 10 in a similar way to 1. To provide
all peptides 2–4 exhibiting 1, 2 or 3 aVb3 ligands, we opted to build
mixtures of compounds consisting of isomers that differ in the
position of the cyclic RGD pentapeptides onto the RAFT. This
combinatory assembling strategy was essential to explore all
possible positions of the RGD motifs. The mixtures thus contain
two isomers for peptides 2 and 4 and four isomers for peptide 3. It
is important to note that the different isomers within the mixture
may display differences in the binding assay. We easily accessed
each mixture in two steps from 14. We firstly used 0.25 equivalent
(per aldehyde site of 14) of c[-RGDfK(COCH2ONH2)-] 8 to graft
RGD moieties onto the scaffold. The reaction was monitored
by RP-HPLC (Fig. 3). Each intermediate of the reaction was
identified by mass spectrometry and revealed to be the mono, the
bis and the tris c[-RGDfK-]-conjugated compounds (including
different isomers). These were easily isolated after separation by
RP-HPLC. The conditions used did not allow the separation of
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Scheme 1 Reagents and conditions: (a) PyBOP, DIPEA, DMF; (b) TFA/CH2Cl2 (1 : 1); (c) BocSer(tBu)OH, PyBOP, DIPEA, DMF; (d) TFA/CH2Cl2


(9 : 1); (e) NaIO4, H2O; (f) for 1 : 8, CH3CN/AcO−Na+ (0.1 M, pH 4.5) (1 : 2) and for 2–4 : 8, AcO−Na+ (0.1 M, pH 4.5); (g) for 5 : 9, AcO−Na+ (0.1 M,
pH 4.5); (h) BocNHOCH2CO–Succ, DIPEA, DMF; (i) TFA/CH2Cl2/TIS/H2O (10 : 8 : 1 : 1); (j) 10, CH3CN/H2O (1 : 1); (k) 16, CH3CN/AcO−Na+


(0.1 M, pH 4.0) (1 : 1); (l) 8, CH3CN/AcO−Na+ (0.1 M, pH 4.0) (5 : 1).


the different isomers. The subsequent reactions with non sense
c[-RbADfK(COCH2ONH2)-] 9 furnished the desired peptides 2–
4 in reasonable yields. All peptides were characterized by mass
spectrometry without ambiguity.


To extend the multivalency to sixteen aVb3 ligands, we prepared
the polylysine peptide 16 containing an oxyamino group, allowing
the anchoring to the scaffold 14, and four masked aldehyde
functions (serine residues) at the a and e amines of the N-terminal
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Fig. 3 RP-HPLC profile of the reaction between 14 and 0.25 equivalent
(per aldehyde group) of 8 after 2 h.


lysines. This kind of peptide has been extensively exploited for
the preparation of synthetic vaccines.15 The first chemoselective
ligation step between the scaffold 14 and four peptides 16 and
the subsequent oxidation of the sixteen serine residues provided
RAFT(COCHO)16 17 in an excellent 93% overall yield. The second
chemoselective ligation step using c(-RGDfK[COCH2ONH2]-)
8 afforded the RAFT(c[-RGDfK-])16 6 in excellent yield. The
macromolecule was characterised by mass spectrometry (Fig. 4).
The deconvoluted mass was found in perfect agreement with the
calculated mass (15614.9).


Fig. 4 Mass spectrum of 6.


Biological assays


The adhesion potency of the different multivalent RGD-
containing peptides was initially determined using a traditional
solid phase ELISA-type inhibition assay. In this assay, we compar-
atively measured their efficiency to compete with vitronectin (the
natural substrate of aVb3 integrin) when binding to the aVb3 cellular
receptor. CHO-3a cells were thus incubated with soluble RAFT(c[-
RGDfK-])n ligands at 37 ◦C onto vitronectin-coated assay plates.


The comparative analysis of the different peptides is reported in
Table 1 (Competitive cell adhesion assay). As expected the negative
control peptide 5 did not inhibit cell adhesion to vitronectin. IC50


values show that increasing the number of c[-RGDfK-] motifs
onto the RAFT from 1 to 4 gradually improved the potency of
the ligand to compete with vitronectin. A slight difference was
observed between compounds 1 and 2 (IC50 of 0.58 lM and
0.66 lM respectively). The monovalent RGD-containing peptide 4
showed the highest IC50 value. Nevertheless, related to the number
of RGD ligand exposed on each structure, we found that the
relative binding potency of each RGD unit for clustered peptide
1 is lower than those of univalent ligands 4 and c[-RGDfK-].
Recently, internalization of clustered tetravalent RGD-containing
peptide was visualized at 37 ◦C in CHO-3a and HUVEC cells,
whereas low uptake was observed in the case of the monovalent
RGD peptide.8,11 For this reason, this test is potentially misleading
in comparing the binding affinity of the monovalent molecules
with the clustered molecules. In this context, it was essential to
consider a cellular assay that was feasible at 4 ◦C to prevent the
uptake of peptides.16


We then measured the capacity of the peptides to inhibit
the recognition of the aVb3-specific 23C6 monoclonal antibody
(23C6 mAb) on HEK293(b3) cells. HEK293(b3) were chosen for
their high expression levels of aVb3 integrins. Fig. 5a (control)
shows the level of aVb3 integrins after immunostaining of cells
with 23C6 mAb conjugated to R-Phycoerythrin and FACS
quantification. In the condition where the cells were previously
incubated for 30 min at 4 ◦C with 250 nM of the clustered peptide 1,
the fluorescence signal was significantly shut down (Fig. 5c). This
result indicated that the interaction of peptide 1 with aVb3 integrin
abolished the recognition of 23C6 mAb. This phenomenon was


Fig. 5 23C6 mAb-R-Phycoerythrin fluorescence (FL2) histogram counts
of cell suspensions incubated for 30 min. at 4 ◦C with (a) PBS Mg2+ (1 mM),
(b) c[-RGDfK-] 20 lM or (c) RAFT(c[-RGDfK-])4 0.25 lM.


Table 1 Determination of the IC50 values and the relative inhibitory capacity (Relative Potency, Rel. Pot.) of (i) peptides 1–5 to CHO-3a cell adhesion
in a solid phase assay with surface immobilized vitronectin at 37 ◦C and (ii) peptides 1–6 to HEK293(b3) cell staining in solution with 23C6 monoclonal
antibody (mAb) at 4 ◦C


Peptides
Competitive cell adhesion
assay(i):


Inhibition of aVb3-specific
23C6 mAb staining assay (ii):


RGD units per molecule IC50 (lM)a Rel. Pot.b IC50/nM Rel. Pot.b


c[-RGDfK-] 1 0.93 ± 0.03 62 (62) inactive inactive
1 4 0.58 ± 0.03 100 (25) 19 100 (25)
2 3 0.66 ± 0.01 88 (29) 36 53 (18)
3 2 0.99 ± 0.03 59 (30) 250 8 (4)
4 1 1.28 ± 0.08 45 (45) >20000 >0.1
5 0 inactive inactive — —
6 16 — — 112 17 (1)


a IC50 values calculated from duplicates. b The numbers in parentheses express the relative potency per RGD unit in the ligands that contain more than
one RGD motif.
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not observed either with the control peptide 5 (data not shown)
or with the monovalent c[-RGDfK-] ligand even at high doses
(20 lM) (Fig. 5b). We thus reasoned that the tetravalent structure
hides the epitope of the antibody but not c[-RGDfK-]. It is
worth noting that this assay does not corroborate the biological
activity of c[-RGDfK-] probably due to a smaller contact surface
with the integrin compared to the antibody as inferred by
the X-ray structure of the binding complex.17 Therefore this
assay was especially used to discriminate the different binding
surfaces provided by RAFT(c[-RGDfK-])n compounds in order
to give an account of their ability to interact with aVb3 integrins.
Cell suspensions were incubated with different concentrations of
peptides 1–7 at 4 ◦C, stained with the fluorescent aVb3-specific
23C6 mAb and analysed by FACS.


We first established that RAFT(c[-RGDfK-])4 peptides 1 and 7,
that differ in the oxime orientation, have a similar interaction with
aVb3 receptors as these show the same inhibition profiles (Fig. 6).
This result is of significant importance for insuring the complete
modularity of our synthetic strategy. The assay also revealed a
nice dose-dependant inhibition of integrin recognition with an
extinction concentration around 0.1 lM. Table 1 summarizes all
compounds as evaluated in the inhibition of 23C6 mAb staining
assay. A slight difference was again observed between compounds
1 and 2 (IC50 of 19 nM and 36 nM respectively). Decreasing the
number of RGD units on the scaffold reduced dramatically the
inhibition of 23C6 mAb recognition of more than 1000-fold for
4. The increase of the relative potency of RAFT peptide from 4
to 1 reveals a significant multivalency effect with at least 250-fold
enhancement. The multivalent peptide 6 surprisingly showed no
significant multivalency effect as its relative potential of inhibition
is close to the one observed for 3. The proximity of the RGD units
of peptide 6 and the steric hindrance in between may be the reason
for the lack of affinity of the large multivalent structure. Increasing
the length of the linker between RGD motif and the lysine of the
RAFT scaffold is under investigation.


Fig. 6 Inhibition of 23C6 MAb immunostaining by 1 and 7.


As the steric hindrance is roughly the same for peptides
1–7 (except 6), this assay clearly demonstrated that clustered
RGD ligand grafted onto the RAFT scaffold strengthened the
binding of the molecule to the integrin excepted for compound 6
presenting sixteen RGD units. We hypothesize that the multivalent
effect observed with the integrin results from a mechanism that
involves a statistical rebinding of the RGD units, a phenomenon
observed for glycodendrimers.18 At an identical concentration
in RGD units, this mechanism is highly in favour of clustered


molecules (compounds 1 and 2) rather than of univalent molecules
(compound 4). To our knowledge, at the low temperature used for
this assay, the multivalent effect observed could not be attributed
to aVb3 receptors clustering.


Conclusions


A modular strategy to prepare an array of peptides displaying
RGD units is here described. Several parameters were studied
and especially the effect of a clustered ligand presentation onto a
RAFT scaffold using cells expressing aVb3 integrins. In the litera-
ture, most studies of aVb3 integrin adhesion were accomplished on
the purified integrin in vitro and few data in vivo are available. To
evaluate our molecules, it was essential to set up experiments at low
temperature to limit the uptake of peptides. Use of the aVb3-specific
23C6 monoclonal antibody indirectly permitted the comparison
of the affinities of the ligands towards the integrin. The results
obtained highlight the utility of a clustered ligand. Nevertheless,
it is worth noting that the length of the linker between the
ligand and the scaffold might be very important for limiting the
steric hindrance due to the proximity between ligand moieties.
From these observations, RAFT(c[-RGDfK-])3–4 are considered as
potent aVb3 integrin ligands that can find applications in tumour-
targeted drugs or probe delivery.


Experimental


Materials


Protected amino acids and SasrinTM resin were obtained from
Advanced ChemTech Europe (Brussels, Belgium), Bachem
Biochimie SARL (Voisins-Les-Bretonneux, France), Merck Eu-
rolab (Fontenay-sous-Bois, France) and France Biochem S.A.
(Meudon, France). PyBOP was purchased from France Biochem
and other reagents either from Aldrich (Saint-Quentin Fallavier,
France) or from Acros (Noisy-Le-Grand, France). RP-HPLC
were performed on Waters equipment consisting of a Waters
600 controller and a Waters 2487 Dual Absorbance Detector.
Analyses were performed on an analytical column (Macherey-
Nagel Nucleosil 100 Å 5 lm C18 particles, 250 × 4.6 mm) using
the following system of solvent: solvent A, 0.09% TFA in water;
solvent B, 0.09% TFA/9.91% H2O in 90% acetonitrile; flow rate,
1.0 mL min−1 with UV monitoring at 214 nm and 250 nm.
Preparative column (Delta-PakTM 300 Å 15 lm C18 particles, 200 ×
2.5 mm) was used with an identical system of solvents at a flow
rate of 22 mL min−1. Mass spectra were obtained by electron spray
ionization (ES-MS) on a VG Platform II (Micromass).


General procedure for solid-phase peptide synthesis


Assembly of protected peptides was carried out using the Fmoc/t-
Bu strategy manually in a glass reaction vessel fitted with a sintered
glass frit, or automatically on a synthesizer (348 X synthesizer,
Advance ChemTech). Coupling reactions were performed using,
relative to the resin loading, 1.5–2 eq. of N-a-Fmoc protected
amino acid activated in situ with 1.5–2 eq. PyBOP and 3–4 eq.
diisopropylethylamine (DIPEA) in DMF (10 mL g−1 resin) for
30 min. Manual syntheses were controlled by Kaiser and/or TNBS
tests. N-a-Fmoc protecting groups were removed by treatment
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with a piperidine/DMF solution (1:4) (10 mL g−1 resin) for 10 min.
The process was repeated three times and the completeness of
deprotection verified by the UV absorption of the piperidine
washings at 299 nm. Synthetic linear peptides were recovered
directly upon acid cleavage (1% TFA in CH2Cl2). Resins were
treated for 3 min repeatedly until the resin beads became dark
purple. The combined washings were concentrated under reduced
pressure and white solid peptides were obtained by precipitation
from ether. They were analyzed by RP-HPLC, and if necessary
purified on a preparative column.


Peptide derivatives 8, 9, 10 and 16. Compounds 8, 9, 10 and 16
were prepared as described in the literature by a combination of
SPPS and solution strategy.10


RAFT derivative 12. The linear decapeptide H-Lys(Boc-Ala-
Lys(Boc)-Pro-Gly-Lys(Boc)-Ala-Lys(Boc)-Pro-Gly-OH 11 was
prepared from SasrinTM resin (500 mg, 0.53 mmol g−1). Cyclization
of the linear peptide (0.5 mM) was performed in DMF by adding
PyBOP (1.2 eq.) as described.8 Boc groups were removed in a
solution containing TFA/CH2Cl2 (1 : 1) providing compound 12
as a white powder in quantitative yield. Mass spectrum (ES-MS,
positive mode) calcd 963.2, found 963.3.


RAFT derivative 13. To a solution containing compound
12 (150 mg, 0.1 mmol) in 10 mL of DMF were added Boc-
Ser(tBu)OH (130.5 mg, 0.5 mmol) and DIPEA to adjust the pH
at 8.0. The reaction was stirred for 30 min. at room temperature
and concentrated under reduced pressure. The crude material was
washed with ether and a solution of 10 mL of TFA/CH2Cl2 (9 :
1) was added. After 1 hour, the reaction was concentrated under
reduced pressure and peptide 13 precipitated from ether (160 mg,
90.5 lmol, 91% overall yield). Mass spectrum (ES-MS, positive
mode) calcd 1311.5, found 1311.6.


RAFT derivative 14. To a solution containing compound
13 (160 mg, 90.5 lmol) in 10 mL of water was added NaIO4


(64 mg, 0.3 mmol). The reaction was stirred for 30 min. at room
temperature. The product was then purified by RP-HPLC to afford
compound 14 as a white powder (80 mg, 67 lmol, 75%). Mass
spectrum (ES-MS, positive mode) calcd 1187.3, found 1186.7.


RAFT derivative 15. To a solution containing compound
12 (151 mg, 0.11 mmol) in 10 mL of DMF were added Boc-
NHOCH2CO-Succ (134 mg, 0.47 mmol) and DIPEA to adjust
the pH at 8.0. The reaction was stirred for 30 min. at room
temperature and then concentrated under reduced pressure. The
crude product was washed with ether and a solution of 10 mL
of TFA/CH2Cl2/TIS/H2O (10 : 8 : 1 : 1) was added. After
1 hour, the reaction was concentrated under reduced pressure and
peptide 15 purified from RP-HPLC (127 mg, 70 lmol, 70% overall
yield). Mass spectrum (ES-MS, positive mode) calcd 1255.4, found
1255.5.


RAFT(c[-RGDfK-])4 1. To a solution containing the derivative
14 (10.6 mg, 8.9 lmol) in 2.7 mL of sodium acetate buffer (0.1 M,
pH 4.5)/acetonitrile (2:1) was added the peptide 8 (39.0 mg,
43.0 lmol). The reaction was stirred for 3 h. at 25 ◦C. Conjugate


1 was isolated after purification using RP-HPLC as a white
powder (25.7 mg, 6.7 lmol, 76%). Purity (assessed by HPLC)
100%. Mass spectrum (ES-MS, positive mode) calcd 3822.2, found
3821.7.


RAFT(c[-RGDfK-])3 2. To a solution containing the derivative
14 named RAFT(COCHO)4 (10.0 mg, 8.4 lmol) in 8 mL of
sodium acetate buffer (0.1 M, pH 4.5) was added the peptide 8
(8.8 mg, 9.6 lmol). The reaction was stirred for 6 h. at 25 ◦C. Con-
jugates with 1, 2 and 3 c[-RGDfK-] residues were isolated using
RP-HPLC affording RAFT(c[-RGDfK-]),(COCHO)3 (4.6 mg,
2.3 lmol, 28%), RAFT(c[-RGDfK-])2,(COCHO)2 (5.0 mg,
1.8 lmol, 21%) and RAFT(c[-RGDfK-])3,(COCHO) (3.0 mg,
0.9 lmol, 11%). Mass spectra respectively (ES-MS, positive mode)
calcd 1900.1, found 1899.6; calcd 2540.9, found 2541.0; calcd
3181.5, found 3180.2.


To a solution containing the RAFT(c[-RGDfK-])3,(COCHO)
(3.0 mg, 0.9 lmol) in 0.5 mL of sodium acetate buffer (0.1 M,
pH 4.5) was added the peptide 9 (1.2 mg, 1.4 lmol). The reaction
was stirred for 5 h. at 25 ◦C. Conjugate 2 was isolated after
purification using RP-HPLC as a white powder (2.7 mg, 0.6 lmol,
67%). Purity (assessed by HPLC) 100%. Mass spectrum (ES-MS,
positive mode) calcd 3836.2, found 3837.2.


RAFT(c[-RGDfK-])2 3. To a solution containing the
RAFT(c[-RGDfK-])2,(COCHO)2 (5.0 mg, 1.8 lmol) in 1 mL of
sodium acetate buffer (0.1 M, pH 4.5) was added the peptide
9 (4.9 mg, 5.4 lmol). The reaction was stirred for 5 h. at
25 ◦C. Conjugate 3 was isolated after purification using RP-HPLC
as a white powder (5.2 mg, 1.2 lmol, 67%). Purity (assessed by
HPLC) 97%. Mass spectrum (ES-MS, positive mode) calcd 3850.2,
found 3849.9.


RAFT(c[-RGDfK-])1 4. To a solution containing the
RAFT(c[-RGDfK-]),(COCHO)3 (4.6 mg, 2.3 lmol) in 1 mL of
sodium acetate buffer (0.1 M, pH 4.5) was added the peptide
9 (9.6 mg, 10.4 lmol). The reaction was stirred for 5 h. at
25 ◦C. Conjugate 4 was isolated after purification using RP-HPLC
as a white powder (6.1 mg, 1.4 lmol, 61%). Purity (assessed by
HPLC) 97%. Mass spectrum (ES-MS, positive mode) calcd 3864.3,
found 3865.2.


RAFT(c[-RbADfK-])4 5. To a solution containing the deriva-
tive 14 (9.3 mg, 7.8 lmol) in 2.5 mL of sodium acetate buffer
(0.1 M, pH 4.5) was added the peptide 9 (38.0 mg, 46.8 lmol). The
reaction was stirred for 3 h. at 25 ◦C. Conjugate 5 was isolated
after purification using RP-HPLC as a white powder (24.1 mg,
6.2 lmol, 80%). Purity (assessed by HPLC) 100%. Mass spectrum
(ES-MS, positive mode) calcd 3878.3, found 3878.3.


RAFT(c[-RGDfK-])16 6. To a solution containing the com-
pound 14 (5 mg, 4.3 lmol) in 1 mL of sodium acetate buffer
(0.1 M, pH 4.0)/acetonitrile (1 : 1) was added the peptide 16
(33 mg, 19.5 lmol). The reaction was stirred for 2 h. at room
temperature. The product was isolated after a purification by RP-
HPLC as a white powder. To a solution containing this compound
(31.9 mg, 4.0 lmol) in 8 mL of aqueous solution was added sodium
periodate (18.5 mg, 86 lmol). The reaction was stirred for 1 h. at
room temperature. The intermediate compound 17 was purified
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by RP-HPLC and isolated as a white powder in quantitative yield
(20.6 mg, 4.0 lmol, 93% overall yield). Compound 17 (14.5 mg,
2.86 lmol) was then dissolved in 6 mL of a solution containing
sodium acetate buffer (0.1 M, pH 4.0)/acetonitrile (5 : 1). RGD
derivative 8 (62,1 mg, 68.6 lmol) was added and the reaction was
stirred for 24 h. Hexadecavalent derivative 6 was isolated after
purification by RP-HPLC as a white powder (42.8 mg, 2.45 lmol,
86%). Purity (assessed by HPLC) 100%. Mass spectrum (ES-MS,
positive mode) calcd 15614.9, found 15614.9.


RAFT(c[-RGDfK-])4 7. To a solution containing the derivative
15 (16.2 mg, 9.5 lmol) in 2.2 mL of water/acetonitrile (1 : 1) was
added the peptide 10 (34.6 mg, 44.7 lmol). The reaction was stirred
for 4 h. at 25 ◦C. Conjugate 7 was isolated after purification using
RP-HPLC as a white powder (18.7 mg, 4.4 lmol, 47%). Purity
(assessed by HPLC) 93%. Mass spectrum (ES-MS, positive mode)
calcd 3822.2, found 3822.6.


Cell lines and culture conditions


CHO-3a cells, stable transfectants of human b3 subunit from
the Chinese hamster ovary cell line, were kindly supplied by
A. Duperray (INSERM U578, IAB, Grenoble). The CHO-
3a clone was cultured in Dulbecco’s Modified Eagles Medium
(DMEM) supplemented with 10% heat-inactivated fetal calf
serum (FCS), penicillin (50 U mL−1), streptomycin (50 lg mL−1)
and 400 lg mL−1 G418. HEK293(b3) cells, stable transfectants of
human b3 subunit from the human embryonic kidney cell line,
were kindly supplied by J.-F. Gourvest (Aventis, France). They
were cultured in DMEM enriched with 4.5 g L−1 glucose and
supplemented with 1% glutamine, 10% FCS, penicillin (50 U
mL−1), streptomycin (50 lg mL−1) and 700 lg mL−1 G418. Cells
were maintained at 37 ◦C in a humidified atmosphere of 5% CO2.


Competitive cell adhesion assays


96-well assay plates (Maxisorb NUNCTM) were coated for 1 h.
at room temperature with 5 lg mL−1 vitronectin in PBS and
blocked for 30 min. at room temperature with 3% bovine serum
albumin (BSA) in PBS. Varying amounts of peptides were added
simultaneously with 105 trypsinated CHO-3a cells to the wells and
the plate was incubated for 45 min. at 37 ◦C. Wells were rinsed
three times with PBS in order to remove vitronectin-unbound
cells. Attached cells were then fixed with methanol, stained with
methylene blue and quantified by OD reading at 630 nm on
a Dynatech MR5000 plate reader. The activity of peptides is
expressed as IC50 values (concentration of peptide necessary to
inhibit 50% of cell attachment to the vitronectin substrate) which
were determined from inhibition profiles.


Inhibition of aVb3-specific antibody fixation assay


Trypsinated HEK293(b3) cells were incubated with varying con-
centrations of peptides in PBS enriched with 1 mM MgCl2 at 4 ◦C
for 30 min. (106 cells-200 lL). Cells were rinsed twice with cold PBS
before being incubated with R-Phycoerythrin-conjugated 23C6
monoclonal antibody in 1% BSA/PBS/MgCl2 (1 mM) for another
30 min. at 4 ◦C. After being rinsed twice with cold PBS, cells were


fixed with 0.5% paraformaldehyde in PBS for 10 min. at 4 ◦C. Cells
were finally rinsed once with cold PBS and resuspended in 1 mL
PBS for flow cytometry analysis. FACS measurements were carried
out using a FACScan (Becton Dickinson) and the results presented
are expressed as mean fluorescent intensity (relative fluorescence)
of 10,000 collected cells.
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The synthesis of the components of the dynamic supramolecular hydrogen-bonded catalytic system 2 +
3 is described. The catalytic performance and substrate- and enantioselectivity of Mn(salen) catalyst
2 were investigated in the presence and absence of the Zn(porphyrin) receptor unit 3. The effects of
pyridine and pyridine N-oxide donor ligands were also studied. Some aspects on the mechanism of the
Jacobsen–Katsuki epoxidation, based on literature observations, are introduced as a means to analyse
the behaviour of 2 and its modulation by the formation of macrocycle 1 with 3. A complete association
model of the metal-free system 4 + 5 refutes the earlier assumption that macrocycle 1 is the predominant
form of catalyst 2 under the standard epoxidation reaction conditions with 2 + 3. Evidence are provided
that receptor-binding substrates and nonbinding substrates, respectively, are epoxidised by two different
catalytic species, or two distinct distributions of species in competitive epoxidations using catalytic system
2 + 3. The two species are assigned to the endo and exo faces of the Mn(salen) catalyst in macrocycle
1, and to equivalently folded oligomeric structures with monomers 2 and 3 in adjacent positions.


Introduction


It is one of the great challenges of modern chemical research to
capture the power of natural enzymes to perform catalysis with
extraordinary rate enhancements and substrate-, chemo-, regio-
and enantioselectivity.1 Two major lines of research are pursued
towards this goal. The more mature one, biomimetic catalysis
or enzyme mimetics, seeks to produce models of specific enzyme
classes, to acquire detailed understanding of their mechanisms of
substrate binding, catalysis and selectivity at all levels.1e,g The more
recent research field, supramolecular catalysis seeks to produce
efficient and selective catalysts with the aid of specific molecular
interactions and the principles of supramolecular chemistry.1c,d,2


While drawing inspiration and knowledge from the natural
catalysts the emphasis here is more on the creation and study
of superior catalytic systems, and less on their comparison with
enzymes in terms of structure and function. However, in terms of
catalytic performance, the enzymes still stand as the gold standard
to which all designed catalytic systems are measured.


In spite of more than twenty years of research in supramolecular
catalysis the success has so far been limited. Although large
numbers of interesting systems have been introduced, only very
few of those could be called superior catalysts.3 To date, the main
problems involved both in enzyme models and supramolecular
catalysts have been catalytic cycle arrest (lack of turnover) and
product inhibition. Both of these problems can be overcome in
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terms of kinetic studies by using a stoichiometric amount or more
of the catalyst, but in practical terms they render any system useless
as a catalyst.


As a solution to these problems, it has been pointed out that
more flexible systems, perhaps assembled by noncovalent forces,
might be necessary to attain efficient catalysis.1c Further, instead
of designing strong receptors endowed with catalytic groups,
systems with lower affinity for substrates but which are stabilised
in the presence of the transition state of the catalysed reaction
should be pursued. This transition state (TS)-induced stabilisation
could occur by reinforcement of noncovalent interactions or
a rearrangement of the catalytic assembly to a lower energy
conformation. Although reasonable, this point has not been
much followed up in designed catalytic systems, probably because
more flexibility leads to higher uncertainty in the design, and an
uncertain design is not the best starting point for the large synthetic
investment often required to obtain the catalytic system of study.


We have recently reported on a catalytic dynamic supramolec-
ular system (2 + 3, Fig. 1),4 designed with the aim to address
the problems and potential solutions discussed above. The system
consists of a catalytic unit, a Mn(salen)Cl complex (2), and a
Zn(porphyrin) receptor unit (3). According to the design principle,
the receptor binds to the catalyst by hydrogen-bonding, forming
macrocyclic heterodimer 1 where an olefinic substrate bearing a
receptor-binding functionality at an appropriate distance from
the reactive group can be selectively accommodated and epoxi-
dised. The arrangement of the hydrogen-bonding moieties insures
that macrocyclic homodimers cannot be formed. We chose the
Jacobsen–Katsuki (J–K) epoxidation5 as the reaction of study
mainly because an epoxidation is a simple structural transforma-
tion where the reactant and product differ by only one atom and
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Fig. 1 The macrocyclic heterodimer 1 (2 + 3).


the size expansion from substrate to product is unidirectional. The
hydrogen-bonding moieties in 2 and 3 are spatially oriented so as
to offer directional flexibility in the direction of expansion in the
transformation of a bound substrate to product inside macrocycle
1. Emphasising that assembly and binding events should not
be the bottleneck of the catalytic cycle, diffusion controlled6


association elements were exclusively employed. For substrate
binding, the Zn(porphyrin)–pyridine interaction7 was chosen and
for the assembly of the macrocyclic catalyst–receptor complex 1,
the 2-pyridone self-complementary hydrogen-bonding motif8 was
selected. It was thus anticipated that the rather weak hydrogen-
bonding interactions would be reinforced by formation of the TS in
the epoxidation of a bound substrate. While substrate and product
could be expected to bind equally strongly to the receptor unit,
the slightly increased size of the epoxide product compared to
the substrate was hoped to destabilise the termolecular catalyst–
receptor–product complex, and thus drive the turnover cycle
forward. Three olefinic substrates (see Scheme 1) were designed
and synthesised to test the substrate selectivity of system 2 + 3,
one nonbinding substrate, 6, and two binding substrates, 7 and 8,
with varying distance between the binding and reacting groups.
A three-dimensional molecular mechanics model9 of macrocycle
1 is shown in Fig. 2, including the TS10 of the epoxidation of a
receptor-bound substrate (7) inside the macrocyclic cavity.


Scheme 1


Fig. 2 A molecular mechanics9 3D representation of the TS in the
epoxidation of a receptor-bound substrate inside the hydrogen-bonded
macrocycle 1. Long alkyl chain substituents are removed for clarity and
ease of modelling. Zero-order bonds are coloured green.


Since donor ligands such as pyridine N-oxides are known to
coordinate to the oxygen-donating species in the J–K epoxidation,
the design of the catalytic system 1 included a long rigid pyridine
N-oxide ligand (12, see Scheme 8). It was anticipated to coordinate
to the exo face of the Mn(salen) catalyst, being too large to be
accommodated inside the cavity of macrocycle 1. All catalysis
would in this case be forced to occur inside the cavity, on the
endo face of the catalyst, thus maximising the potential substrate
selectivity of the system.


The main conclusions of our previous communication4 were
that supramolecular system 2 + 3 shows low but significant sub-
strate selectivity in pairwise competitive epoxidation experiments.
Based on experimental data, the maximum selectivity limit of 1,
when all of 2 is associated to 3, for substrate 7 vs 6 was calculated
to be 1.66 and the association constant for the formation of 1 from
2 and 3 was estimated to 2 × 103 M−1 with the assumption that 1,
2 and 3 are the only significant solution species involved. Further,
the N-oxide ligand 12 was not found to have any important
contribution to the observed substrate selectivity.


Although this is neither the first catalytic system that is
assembled by hydrogen-bonding11 nor the first supramolecular
encapsulation of a transition metal catalyst,12 the novelty of the
present system lies in the fast assembly and substrate binding pro-
cesses and its substrate selectivity based on functionality and not
only size. We now wish to report the synthesis of its components
and further studies into its reactivity, stability and substrate- and
enantioselectivity. A complete association model of the metal-
free system 4 + 5 representing the real system 2 + 3 is also pre-
sented. Since the association behaviour of the system has proven
more complicated than previously assumed, we now introduce a
modified model in which emphasis is put on catalyst 2 and its
hydrogen-bonded aggregates with itself and receptor 3, including
linear oligomers. The proximity between 2 and 3 where they are
neighbouring units in a hydrogen-bonded oligomer can explain
the apparent significant contribution of such oligomeric residues
to the observed substrate selectivity of the catalytic system.
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Results and discussion


Synthesis


The molecular structures of both catalyst 2 and receptor 3 are
amenable for a convergent modular synthetic approach. The salen
ligand 4, corresponding to catalyst 2, can be retrosynthetically
dismantled into three basic structural modules, a quinolone-based
hydrogen-bonding module (13), a salicylaldehyde module (14)
and a diamine module (15) via a Suzuki cross-coupling and a
condensation reaction (Scheme 2). The metal-free porphyrin 5,
corresponding to receptor 3 is similarly broken down into two
aromatic aldehydes (16 and 18) via two consecutive pyrrole con-
densation reactions, of which 16 is further dissected into a pyridine
based hydrogen-bonding module (19) and a meta-phenylene linker
module (20) via a Stille cross-coupling (Scheme 3). Originally the
catalyst and receptor units were prepared without any alkyl sub-
stituents. However, these compounds showed an almost complete
lack of solubility in any solvent. Alkyl chains were then introduced
by way of diamine module 15 and dipyrromethane module 17, but
a practical degree of solubility (ca. 2–5 mM) in chlorinated solvents
still required the presence of strongly hydrogen-bond competitive
cosolvents. Further addition of alkyl substituents resulted in the
sufficiently soluble compounds 2 and 3.


Scheme 2 Retrosynthetic analysis of salen ligand 4.


For the synthesis of the hydrogen-bonding module 13, a
clever approach to alkylated quinolones was adopted from
Zimmerman.13 Thus, heptanoyl chloride was treated with triethy-
lamine in ether to produce ketene dimer 21, which was immediately
reacted with 3-bromoaniline in refluxing toluene (Scheme 4).
The quantitatively formed amide 22 was heated at 80 ◦C in
concentrated sulfuric acid to give a mixture of two compounds
from which quinolone 23 could be isolated in 32% yield by
recrystallisation. Compound 23 was treated with a large excess
of n-butyllithium, followed by triisopropyl borate to give, after
acidic hydrolysis and a difficult purification, hydrogen-bonding
module 13 in 39% yield. Salicylaldehyde module 14 was prepared
from 2-tert-butylphenol in two steps, ortho-formylation followed
by iodination, according to published procedures.14 Modules 13
and 14 could now be assembled in a Suzuki cross-coupling in a
refluxing toluene–ethanol–water mixture, providing aldehyde 24
in 60% yield.


Scheme 3 Retrosynthetic analysis of porphyrin 5.


Both enantiomers of optically pure diamine 15 were prepared
in four steps from 1,2-bis(4-methoxyphenyl)ethane-1,2-diamine
25 (Scheme 4), which was synthesised and resolved following
Corey’s method.15 Diamine 25 was first demethylated using BBr3


in dichloromethane,16 followed by Boc-protection of the resulting
bis(hydroxy)diamine (26, Scheme 4). The double O-alkylation of
protected diamine 27 using potassium carbonate in DMF was
unusually sluggish, probably due to the low solubility of the
monoalkylated intermediate in the reaction medium. It required
THF as a cosolvent and 18-crown-6 as a catalyst to provide 28 in an
acceptable 64% yield. The Boc group was quantitatively removed
by TFA in dichloromethane, thus completing the synthesis of
diamine 15.


To assemble salen ligand 4, diamine 15 was condensed with
salicylaldehyde 24 in a refluxing 2 : 1 ethanol–toluene mixture in
71% yield (Scheme 4). This is an unusual salen condensation, since
the product, which typically precipitates from the reaction mixture,
is much more soluble than either of the reactants. Manganese
insertion with Mn(OAc)2 and LiCl in a 5 : 2 ethanol–chloroform
mixture provided both enantiomers of optically pure catalyst 2 in
94% yield.


2-Fluoro-4-iodopyridine (34) was obtained from 2-fluoro-
pyridine via two consecutive ortho-lithiation steps, iodination in
the 3-position followed by a halogen-dance reaction, following a
published procedure (Scheme 5).17 The fluorine atom in 34 was
substituted for a benzyloxy group, giving 35 in high yield using
benzyl alcohol and KOH with phase transfer catalysis in refluxing


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1927–1948 | 1929







Scheme 4 Synthesis of Mn(salen)Cl complex 2. (i) Et3N, Et2O, rt, 2 h, 85% (crude); (ii) 3-bromoaniline, toluene, reflux, overnight, quant; (iii) conc.
H2SO4, 80 ◦C, 2 h, 32%; (iv) 3 equiv. n-BuLi, B(OiPr)3, THF, −78 ◦C to rt, 39%; (v) Pd(PPh3)4, 2 M aq Na2CO3, toluene, EtOH, reflux, 3 h, 60%;
(vi) BBr3, CH2Cl2, −78 ◦C to rt, overnight, 97%; (vii) (Boc)2O, NaHCO3, THF, H2O, rt, overnight, 64%; (viii) C10H21Br, K2CO3, 18-crown-6, DMF, THF,
90 ◦C, 48 h, 64%; (ix) TFA, CH2Cl2, rt, 1 h, 100%; (x) EtOH, toluene, reflux, 10 h, 71%; (xi) Mn(OAc)2·4H2O, LiCl, EtOH, CHCl3, reflux in air, 2 h, 94%.


Scheme 5 Synthesis of Zn(porphyrin) 3 (i) 0.33 equiv. C10H21Br, K2CO3, 18-crown-6, acetone, reflux, 24 h, 66% (from C10H21Br); (ii) TBDMSCl,
imidazole, DMF, rt, 12 h, 99%; (iii) Tf2O, pyridine, rt, 17 h, 75%; (iv) LDA, THF, −78 ◦C, 4 h, then I2, THF, −78 ◦C, 1 h, 72%; (v) LDA, THF, −78 ◦C,
4 h, then H2O, THF, −78 ◦C, 1 h, 98%; (vi) BnOH, KOH, 18-crown-6, toluene, reflux, 3 h, 92%; (vii) n-BuLi, THF, −78 ◦C, 4 h, then Bu3SnCl, THF, rt,
1 h, 96%; (viii) Pd(PPh3)4, LiCl, DMF, 90 ◦C, 48 h, 47%; (ix) DDQ, CH2Cl2, rt, 24 h, 85%; (x) C10H21Br, K2CO3, acetone, reflux, 24 h, quant; (xi) n-BuLi,
THF, −78 ◦C, 1.5 h, then DMF, THF, rt, 85%; (xii) 25 equiv. pyrrole, TFA, rt, 1 h, 16%; (xiii) TFA, CH2Cl2, rt, 3 h, then DDQ, CH2Cl2, rt, 1 h, 23%;
(xiv) TFA, PhSMe, rt, 24 h, quant; (xv) Zn(OAc)2, CHCl3, MeOH, reflux, 1 h, quant.


toluene. Subsequent iodine–lithium exchange, quenching the aryl-
lithium intermediate with Bu3SnCl, afforded stannylated pyridine
19, a Stille coupling partner, in 96% yield. The other coupling
partner, meta-phenylene spacer module 20, was prepared in three
steps from 3,5-dihydroxybenzyl alcohol (29, Scheme 5). After some
experimentation, the following order of functionalisation was


found to be optimal: monoalkylation with 0.33 eq of bromodecane
and K2CO3 in refluxing acetone afforded phenol 30 in 66% yield
from bromodecane. Compound 30 was easily separated from
the unreacted excess of 29 by trituration of the crude product
with chloroform. Approximately 70% of unreacted 29 could be
recovered and reused. Phenol 30 was selectively silylated at the
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benzyl alcohol position with TBDMSCl and imidazole in DMF,
followed by triflation of the remaining phenol hydroxy group using
Tf2O in pyridine, giving 20 in 75% yield over two steps. Now, the
Stille cross-coupling could be carried out on partners 19 and 20,
using Pd(PPh3)4 and LiCl in DMF, to obtain biaryl 36 in 47%
yield. The silyl group was then oxidatively removed using DDQ,18


affording aldehyde 16 in 85% yield.
For the nonstatistical synthesis of a trans-A2B2 porphyrin such


as 3, a dipyrromethane is required to react with aldehyde 16
in a [2 + 2] cyclocondensation. Dipyrromethane 17 was thus
synthesised in three steps from iodophenol 37, which in turn
was prepared following a published procedure (Scheme 5).19


Phenol 37 was quantitatively alkylated with bromodecane and
K2CO3 in refluxing acetone yielding 38, followed by iodine–
lithium exchange, and subsequent quenching with DMF to obtain
aldehyde 18 in 85% yield over two steps, after acidic aqueous
workup. The dipyrromethane was then obtained following a
method by Lindsey,20 by mixing 18 with 25 equivalents of pyrrole
and a catalytic amount of TFA. The purification involved both
bulb-to-bulb distillation and recrystallisation. The long alkyl
substituent created problems in both purification steps, requiring
temperatures above 200 ◦C for the vacuum distillation of this heat
sensitive compound and making it difficult to crystallise. As a
result, dipyrromethane 17 could be isolated in only 16% yield. The
subsequent porphyrin synthesis from 16 and 17 was carried out
under Lindsey conditions; in dilute dichloromethane solution with
a catalytic amount of TFA, followed by DDQ oxidation,21 giving
porphyrin 39 in 23% yield. The benzyl groups were removed by
thioanisole in TFA in quantitative yield, liberating the 2-pyridone
hydrogen-bonding motifs. Finally, treatment of porphyrin 5 with
Zn(OAc)2·2H2O in a refluxing chloroform–methanol 9 : 1 mixture
provided quantitatively the receptor porphyrin 3.


After initial difficulties following the classical Lindlar type
alkyne hydrogenation route in the synthesis of substrates 6–
8, we turned our focus to a rather uncommon transformation
developed by H. C. Brown et al.: conversion of ketones to Z-
or E-alkenes with complete stereoselectivity by hydroboration of
the corresponding enamines, followed by controllable anti or syn
elimination, respectively, of the amine–borane complex.22 While
the ketone required for substrate 6 was commercially available,
those required for 7 and 8 were easily obtained by very similar
two-step one-pot procedures (40 and 41, Scheme 6). The enamine
intermediates (43–45) were efficiently prepared from ketones 40–
42 using morpholine and titanium tetrachloride in benzene23


(Scheme 7). Brown’s hydroboration–elimination method using 9-
BBN in THF followed by methanolysis provided the substrates 6–8


Scheme 6 Synthesis of presubstrate ketones 40 and 41. (i) For R = vinyl,
sodium, 180 ◦C, 4 h, or for R = 3-bromopropyl, sodium, EtOH, toluene,
reflux, 4 h; (ii) 6 M HCl, reflux 6 h, 55% (n = 2, 2 steps), 31% (n = 3, 2
steps).


Table 1 Yields in the synthesis of olefinic substrates 6–8


Xa na Enamine (yield) Substrate (yield)


CH 2 43 (94%) 6 (65%)
N 2 44 (80%) 7 (38%)
N 3 45 (90%) 8 (52%)


a X and n refer to variable groups in structures in Scheme 7.


Scheme 7 Synthesis of olefin substrates 6–8. (i) Morpholine, TiCl4,
benzene, rt, 24 h; (ii) 9-BBN, THF, rt, 3 h (iii) MeOH, rt, 2 min. For
yields refer to Table 1.


with complete stereospecificity in moderate yields (see Table 1).
Two equivalents of 9-BBN had to be employed for pyridine
containing enamines, and the formed borane–pyridine complex
imposed some difficulty in the workup, contributing to the
diminished yields in those cases.


The long, rigid pyridine N-oxide derivative (12) was easily
obtained in two steps from 4-bromopyridine and 4-tert-butyl-
phenylboronic acid (Scheme 8). First, a Suzuki cross-coupling
in a refluxing two-phase toluene–water mixture gave arylpyridine
46 in 80% yield, which was then catalytically oxidised using
methyltrioxorhenium (MTO) and hydrogen peroxide,24 affording
N-oxide 12 in 74% yield after recrystallisation from a hexane–
benzene mixture.


Scheme 8 Synthesis of the long, rigid pyridine N-oxide derivative 12.
(i) Pd(PPh3)4, Na2CO3, benzene, H2O, reflux, 16 h, 80%; (ii) 30% aq. H2O2,
MTO, CH2Cl2, rt, 24 h, 74%.


A complete association model for system 2 + 3


In order to relate the observed trends in substrate- and enantios-
electivity at varying temperatures and concentrations of 2 and 3
to the proportion of catalyst 2 as macrocycle 1, knowledge of
the association constant for the formation of 1 from 2 and 3 is
required. A rough estimate of 2 × 103 M−1 in dichloromethane at
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298 K for the association constant had previously been obtained
from the above selectivity studies, neglecting the possibility of
linear oligomeric species in solution.4 The results from following
association analyses based on NMR and VPO experiments did not
support the idea of dimerisation being the major form of associa-
tion. Dilution experiments of a 1 : 1 mixture of metal free salen and
porphyrin ligands 4 and 5 in deuterochloroform, performed using
a 500 MHz NMR spectrometer, revealed the presence of not one
or two, but three pyridone NH resonances, one originating from 4
and two from 5. In the NMR spectrum of porphyrin 5, all proton
resonances were duplicated except for the ones from the benzylic
methyl groups of the aromatic substituents in positions 10 and 20
on the porphyrin ring in 5, which appeared as three singlets. This
suggested the presence of two slowly interchanging, but unisolable
conformers of porphyrin 5, cisoid (5c) and transoid (5t). Since
the concentration dependence of the two NH resonances from
porphyrin 5 was not the same, it was concluded that the cisoid
conformer was engaged in the assembly of a discrete macrocyclic
oligomer. Following up on this conclusion, molecular modelling
revealed that a macrocyclic trimer of porphyrins 3 or 5 can easily
be formed without requiring the porphyrin units to adopt any
strained conformations (Fig. 3). Thus it was clear that the set of
equilibria involved in supramolecular system 2 + 3 is much more
complex than expected. Not only does that make the equilibrium
system more difficult to solve, but also more difficult to judge
what assumptions and simplifications are reasonable to suggest in
order to make its solution more manageable. We found ourselves
forced to define a complete association model for system 2 + 3
without any assumptions or simplifications (see Fig. 4). The model
is basically an extension of the so called equal K (KE) model for
indefinite self-association,25 to include copolymerisation, as well
as formation of the relevant macrocyclic structures. It includes six
equilibria: the self-association of 2 (K22), the self-association of 3
(K33), the association of 2 with 3 (K23), the formation of macrocycle
1 from a linear 2–3 dimer (K1), the formation of macrocyclic
trimer 33MC from a linear trimer of 3 (KT) and the cisoid–


Fig. 3 A molecular mechanics9 3D representation of the hydro-
gen-bonded macrocyclic porphyrin trimer 33MC.


Fig. 4 The full equilibrium scheme of the complete association model
for system 2 + 3: the curved double arrow represents the elongation or
shortening of a 2n3m polymer by one unit of 2 or 3 by addition to or
elimination from the polymer, as governed by the relevant equilibrium
constant Kx.


transoid conformational equilibrium of 3 (K i). The assumption
that the association strength in the addition of one monomer
to the end of a polymer is independent of the length of the
polymer is valid in nonpolar solvents where solvent interactions
are minimal. The mathematical expression of this model requires
the stringent use of linear algebra and is presented in detail
elsewhere.26 The general form of this model can in principle
be applied to the association analysis of linear supramolecular
copolymers of any number of components, involving specific terms
for important macrocyclisations. It allows independent estimation
of the strength of association for each pair of component types,
and the calculation of the concentration of specific oligomers of
any composition. Such an expression describing supramolecular
copolymerisation based on a self-complementary recognition
motif as in the present case has not appeared in the literature
to date.


Curve fitting to such a complex model requires a large amount
of experimental data. Roughly 300 data points of the chemical shift
of the NH proton resonances were obtained in extensive variable
temperature NMR dilution experiments in deuterochloroform of
salen ligand 4, porphyrin 5 and a 1 : 1 mixture of the two.
Instead of fitting the variation of observed chemical shifts with
concentration at each temperature, all observed chemical shifts
at different temperatures were fitted simultaneously to obtain the
DH◦ and DS◦ values for each of the six equilibria, producing a
globally best fit. These values are shown in Table 2 along with
the equilibrium constant values derived from the thermodynamic
parameters at various temperatures. The fitting of the NMR data
was done using the program Matlab. A detailed algorithm for
the optimisation of the different parameters will be described
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Table 2 Thermodynamic parameters and derived association constants at various temperatures in CDCl3 for the six different equilibria of the complete
association model for system 2 + 3a


T/K 10−2 × K22/M−1 b 10−3 × K33/M−1 b 10−2 × K23/M−1 b K1
b KT


b K i
b


233 44.8(38.7, 51.8) 78.2(67.3, 90.7) 25.9(13.5, 49.7) 246.0(149.3, 405.6) 91.6(57.2, 146.6) 1.7 (1.2, 2,4)
263 8.2(7.4, 9.1) 12.1(11.0, 13.3) 9.0(6.1, 13.3) 59.9(46.1, 77.8) 38.1(29.3, 49.4) 1.3 (1.1, 1.5)
273 5.0(4.6, 5.6) 7.1(6.5, 7.7) 6.7(4.9, 9.3) 40.0(32.5, 49.4) 29.6(24.0, 36.6) 1.2 (1.1, 1.3)
283 3.2(2.9, 3.5) 4.3(4.0, 4.7) 5.1(3.9, 6.7) 27.6(23.1, 32.9) 23.5(19.8, 27.9) 1.1 (1.0, 1.2)
298 1.7(1.6, 1.9) 2.2(2.0, 2.4) 3.5(2.8, 4.3) 16.5(13.9, 19.6) 17.1(14.7, 19.8) 1.0 (0.9, 1,1)
313 1.0(0.9, 1.1) 1.2(1.1, 1.3) 2.5(2.0, 3.0) 10.4(8.4, 12.8) 12.8(10.9, 15.1) 0.9 (0.8, 1.0)
DH◦/kJ mol−1 −28.8 ±0.5 −31.7 ±0.7 −17.8 ±2.5 −24.0 ±2.3 −14.9 ±2.0 −4.8 ± 1.7
DS◦/J mol−1 K−1 −53.9 ±1.8 −42.3 ±2.4 −11.3 ±8.1 −57.2 ±7.9 −26.4 ±6.6 −16.1 ± 5.9


a The complete model and the equlilbria involved are shown in Fig. 4. For mathematical expression of the model and estimation of values of association
constants, see ref. 26. b 95% confidence interval (min, max). See ref. 26 for computational details.


Table 3 Observed selectivity of system 2 + 3 for the competitive epoxidations of 7 vs 6 in deuterochloroform at different temperature and the respective
mole fraction of 2 in the different states (a, b, c and d)a


T/K Sel 7 vs 6 va
a vb


a vc
a vd


a


213 1.42 0.032 ± 0.001 0.669 ± 0.026 0.164 ± 0.026 0.136 ± 0.010
263 1.46 0.115 ± 0.002 0.460 ± 0.012 0.225 ± 0.015 0.201 ± 0.006
273 1.52 0.155 ± 0.002 0.398 ± 0.008 0.241 ± 0.011 0.206 ± 0.004
283 1.55 0.200 ± 0.002 0.340 ± 0.006 0.256 ± 0.009 0.203 ± 0.004
298 1.38 0.271 ± 0.003 0.266 ± 0.006 0.276 ± 0.011 0.187 ± 0.005
313 1.38 0.341 ± 0.007 0.205 ± 0.007 0.291 ± 0.017 0.162 ± 0.007


a The mole fraction of 2 in its different supramolecular states (a, b, c and d, see Fig. 5) at [2]tot = [3]tot = 5.0 mM. See ref. 26 for computational details.


elsewhere.26 Using these results, the molar fractions of the different
species could be calculated and will be used in the extensive
analysis of catalytic experimental results further on (vide infra),
with the assumption that 4 and 5 accurately represent the solution
behaviour of the corresponding metal complexes 2 and 3 in
terms of hydrogen-bond based associations. The results of this
careful analysis strongly contrast the previous assumption that
macrocycle 1 is the major catalytic species in solution. In fact, it
never exceeds 20% under normal reaction conditions (see column
vd in Table 3). The previous estimation of the inherent substrate
selectivity of macrocycle 14 is thereby obsolete and should be
reconsidered with respect to this complete association model.


Aspects on the mechanism of the Jacobsen–Katsuki epoxidation.
Implication for the supramolecular system 2 + 3


The J–K epoxidation can partly proceed via a radical pathway,
rationalising the observation of products from epimerisation,28


but the stereospecific epoxidation presumably takes place via
a concerted addition.29 Multiple potential oxidants are present
in the reaction mixture, but it is currently a matter of dispute
which of these species are responsible for the oxygen transfer
to the olefin.30 In lack of a general consensus on the matter,
we are forced to define our own view, based on the available
literature information, to keep a consistent background to the
analysis of our results. The O=Mn(V)(salen) species, the originally
proposed catalytic oxidant in Mn(salen) catalysed epoxidations,31


is still believed to be important. Recently, however, alternative
catalytic oxidants have been proposed in multiple competing
reaction pathways, to explain the profound effects that the nature
of the stoichiometric oxidant, catalyst counter ion and added
donor ligands exert on catalyst reactivity, stability, stereo- and


enantioselectivity.32,33 However, we propose that there is no need
to invoke any alternatives to O=Mn(V)(salen) to explain these
effects. The O=Mn(V)(salen) species has one vacant coordination
site. Due to its instability, it has been impossible to estimate the
coordination properties of this site. The donor ligands typically
employed in the J–K epoxidation i.e. imidazole, pyridine and
pyridine N-oxide derivatives, coordinate much too weakly to
Mn(III)(salen)34 to possibly account for the effects they have on
the course of the reaction, indicating that the O=Mn(V)(salen)
species has a much higher affinity for axial coordination than
Mn(III)(salen) has.35 Donor ligands and even PhIO have been
shown by mass spectrometric (MS) studies to coordinate to
O=Mn(V)(salen), inducing the formation of l-oxo dimers.36 Given
this relatively strong affinity, we can propose that all potential
ligand functionalities in a particular reaction mixture continuously
compete for axial coordination to O=Mn(V)(salen). These ligands
would include the catalyst counter ion, any added donor ligands
(imidazoles, pyridines, N-oxides), and stoichiometric oxidant
(PhIO, OCl−, mCPBA), heteroatom-containing functional groups
in substrate molecules and even in the epoxide product. Therefore,
the active catalytic oxidant is O=Mn(V)L(salen) where each
ligand L gives the oxidative Mn complex distinct characteristics,
dictated by the nature of L, in terms of reactivity in epoxidation,
stability towards inactivation, stereoselectivity, and enantioselec-
tivity. The relative proportions of the various O=Mn(V)L(salen)
species are determined by the concentrations and coordination
strength of the different L ligands. If L is the stoichiometric
oxidant, a catalytic cycle without a Mn(III) intermediate might
be possible.37 The result of the reaction can be made independent
of the oxidant employed by adding the strongly coordinating34


1-methylimidazole ligand.33 It has long been known that beyond
a certain concentration, the beneficial effects of a donor ligand
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additive are reversed, and the stability of the catalyst plummets
above this concentration.31 The inactivation of the catalyst in
the J–K epoxidation has typically been ascribed to the formation
of a catalytically inactive l-oxo dimer.38 However, the l-oxo dimer
species that have been proposed31 and observed by MS36 were
formed from unsubstituted, achiral Mn(salen) complexes. No l-
oxo dimers were observed in identical MS experiments using the
more sterically congested Jacobsen’s catalyst.39 The competitive
coordination hypothesis presented above could explain these
donor ligand effects without the involvement of l-oxo dimers.
Too strongly coordinating donor ligands might outcompete the
stoichiometric oxidant in the coordination to reduced Mn(salen)
species, retarding reoxidation to O=Mn(V)(salen).


The consequences of our competitive coordination hypothesis in
supramolecular system 2 + 3 can be derived by considering Fig. 5,
which shows schematically the four possible supramolecular states
of catalyst 2. In the absence of receptor 3, catalyst 2 can exist in
state a or b, as a free monomer or as a member of a linear hydrogen-
bonded 2n3m oligomer with only 2 as a next hydrogen-bonded
neighbour, respectively. States a and b of the oligomers 2n3m were
shown not to exhibit any substrate selectivity in the competitive J–
K epoxidation of 7 vs 6, since two reactions run in the absence
of 3, one at [2]tot = 0.5 mM (mainly monomers) and the other
at [2]tot = 5 mM (mainly oligomers), showed the same product
distribution. Upon addition of 3, a considerable amount of 2 is
shifted to states c and d, constituting a member of 2n3m oligomers
with receptor 3 as a next hydrogen-bonded neighbour and the
hydrogen-bonded macrocyclic dimer 1, respectively (see columns
vc and vd in Table 3). Although much more flexible, the oligomeric
state c can be expected to show many of the properties of the
macrocyclic state d in terms of catalytic behaviour and selectivity,


Fig. 5 The four possible supramolecular states of catalyst 2 in solution.
State a: as a free monomer. State b: as a part of a linear hydrogen-bonded
2n3m polymer with only 2 as next hydrogen-bonded neighbours. State c:
as a part of a 2n3m polymer with receptor 3 as a next hydrogen-bonded
neighbour. State d: as the macrocyclic heterodimer 1. In states a and b,
both faces of the salen ligand in 2 are equivalent, while in c and d they are
not.


due to the spatial proximity of the Zn centre of a receptor and a
catalytic Mn centre in state c. Although the proportion of states b
and c has previously been considered to be negligible in system 2 +
3,4 the complete association model suggests that both states a and b
are in general populated to a similar extent as the expected selective
states c and d (vide infra and Table 3). In states a and b, both faces
of the Mn(III)(salen) complex are identical, and oxidation of Mn
at either face leads to equivalent O=Mn(V)L(salen) species a1 and
a2 or b1 and b2. Thus, the distribution of axial ligands L will be
the same in both species, and all substrates which may be present
in the reaction mixture will experience the same distribution of
catalytic oxidants. In contrast, oxidation of Mn in states c and d
introduces a differentiation of the catalyst faces to an endo face
and an exo face. The two faces are not equally accessible to axial
ligands, which may lead to 1) unequal proportions of c1 and c2
(and d1 and d2) if the two faces are not equally accessible to
the stoichiometric oxidant, and 2) different distributions of axial
ligands L in c1 and c2 (and in d1 and d2) if for example, some L
cannot easily be accommodated within the space between the Mn
and Zn metal centres. If one component of a substrate mixture
is preferably bound and epoxidised inside the cavity of states c
or d while another is not accommodated inside and is therefore
preferably epoxidised by the exo face of the catalyst, the stereo-
and enantiomerical distribution in the two corresponding epoxide
products will therefore appear as if they were produced by two
distinct catalysts. We tried to turn this complication to our favour,
by using the long N-oxide ligand 12, not accommodated inside
the cavity of 1, to shift the proportions of c1 and c2 (d1 and
d2) towards c2 (d2). However this attempt did not appear to be
successful, as previously reported.4


The effect of various reaction components on the stability,
reactivity and substrate selectivity of catalyst 2


Twelve epoxidation reactions using catalyst 2 were carried out at
24 ◦C in dichloromethane and monitored by GC, following the
consumption of olefinic substrates. All the reactions were 5.0 mM
in 2 and 100 mM in substrate (in competition reactions, 50 mM
of each substrate). 1.2 equivalents of the oxidant iodosylbenzene
(PhIO) were employed. Two substrates, 6 and 7 were used,
both in competition and separate epoxidations (Scheme 1). The
composition of the reaction mixtures was systematically varied
in terms of the presence of substrates 6 and 7, N-oxide ligand
12 (20 mM) and porphyrin receptor 3 (5.0 mM) (see Table 4).
From the time curves obtained from the GC data, the reactivity
and stability of catalyst 2 can be compared as a function of the
composition of the reaction mixture, and the isolated effects of
each component can be evaluated. Table 4 shows the reactivity of
2, expressed as the observed initial first order rate constants (kobs)
for the consumption of each substrate and also of total substrate
in competition reactions. The values for kobs are obtained from the
observed conversions at the first data point (t = 60 s) using the rate
law: rate = k[O=Mn(V)(salen)][substrate] with the assumption that
catalyst concentration is constant, giving rate = kobs[substrate].27


Table 4 also shows the isolated effect of each reaction component
as the ratio of rate constants with and without the particular
component with other variables unchanged. The effects on catalyst
2 of receptor 3, by hydrogen-bonding with catalyst 2, as well as N-
oxide 12 and the pyridine moiety of substrate 7, by coordination to
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Table 4 Reaction scheme, observed initial rate constants and isolated component effects on catalyst reactivity in the epoxidation of substrates 6 and 7
by catalyst 2 in the presence or absence of various reaction componentsa


Entry 3 12 7 6 103 × kobs(7) (s−1)b 103 × kobs(6) (s−1)b 103 × kobs(6 + 7) (s−1)b Effect of 3c ,d Effect of 12c ,e Effect of 7c , f


1 × × × × 2.8 1.9 2.3 0.49 1.00 0.74
2 × × × 2.3 2.3 0.47 0.96 0.74
3 × × × 3.1 3.1 0.74 0.89
4 × × × 3.1 1.6 2.3 0.66 0.66
5 × × 2.4 2.4 0.49 0.69
6 × × 3.5 3.5 0.97
7 × × × 3.9 5.3 4.7 1.34 1.12
8 × × 4.9 4.9 1.00 1.17
9 × × 4.2 4.2 1.17


10 × × 2.4 4.6 3.5 0.97
11 × 4.9 4.9 1.36
12 × 3.6 3.6


a Reaction conditions: solvent: CH2Cl2, T = 24 ◦C, [2]tot = 5.0 mM, [6]tot + [7]tot = 100 mM, mixtures of 6 and 7 are always 1 : 1, 1.2 equiv. PhIO, [3]tot =
5.0 mM or 0, [12]tot = 20 mM or 0. b Estimated from the conversion at t = 60 s. c Calculated using kobs(6 + 7) values. d kobs(entry n)/kobs(entry n + 6).
e kobs(entry n)/kobs(entry n + 3). f kobs(entry n)/kobs(entry n + 2), then kobs(entry n)/kobs(entry n + 1).


Mn, were systematically investigated as described above (Table 4).
We have been cautious in our conclusions because the differences
in the values of kobs are quite small and the number of data points
is limited. Examination of the epoxidation rates of the reactions
with nonbinding substrate 6 only (entries 3, 6, 9 and 12), suggests
that receptor 3 changes the steric environment around the Mn
center, probably by forming supramolecular states c and d by
hydrogen-bonding, and thus modulating the availability of Mn for
interaction with coordinating ligands but allowing the substrate to
be oxidised anyway from the exo- and endo face. On the other hand,
the epoxidation rates of the reactions with substrate 7 only (entries
2, 5, 8 an 11), can be interpreted as if the reaction is taking place
mainly on the endo face of the catalyst when 7 is coordinated to the
zinc of receptor 3 and that binding or releasing of either substrate 7
or product 10 is the rate-limiting step in the catalysis. By comparing
the competition experiments with single substrate experiments, we
can see more intriguing facts. The epoxidation rates in the absence
of receptor 3 (entries 7–12) indicate that both pyridine substrate 7
and N-oxide 12 act as donor ligands and activate the catalyst for
substrate 6. This activation is even more pronounced when both
substrate 7 and N-oxide 12 are present. However in the presence
of 3, the addition of 7 dramatically decreases the reactivity of the
catalyst for 6, no matter whether 12 is present or not (entry 1 vs 3
and 4 vs 6). Thus, it seems that receptor 3 cancels the effect of 12.
On the other hand in the presence of 3, the addition of 6 increases
the reactivity for 7 no matter whether 12 is present or not (entry
1 vs 2 and 4 vs 5). Another interesting point for the competition
experiments in the presence of 3 is that the addition of 7 decreases
the overall reactivity of catalyst 2, expressed as kobs(6 + 7) no
matter whether 12 is present or not (entry 1 vs 3 and 4 vs 6). This
behaviour is quite similar to when only 7 is present (entry 1 vs 2
and 4 vs 5). It appears as 7 slows down any reaction in the presence
of 3 but does not have this effect on the epoxidations performed
without 3 (entries 7–12). This can be interpreted so as there is
always at any time a pyridine-containing substance (substrate 7
or product 10) coordinated to receptor 3, forcing substrate 6 to
be epoxidised on the exo face while 7 can react on both faces.
This also indicates that the binding or releasing of substrate 7
or product 10, respectively, might be the over-all rate-limiting
step.


The kinetics and substrate selectivity profiles for the twelve
reactions in Table 4 are shown in Fig. 6, where results from the
competition experiments between pyridine-containing receptor-
binding substrate 7 and nonbinding substrate 6 are illustrated in
Fig. 6a–b, while single substrate experiments using 6 or 7 appear
in Fig. 6c–d, respectively. We can see from Fig. 6a and c–d that
the presence of receptor 3 stabilises the catalyst 2 as much as the
presence of N-oxide 12 does. However in the absence of substrate
7, this stabilisation is even more pronounced (Fig. 6d).


The substrate-selectivity profiles in Fig. 6b show some interest-
ing features. First they suggest that substrate 6 is at least twice
as reactive than 7 when the two substrates are in competition, in
the absence of receptor 3 no matter whether 12 is present or not
(entry 7 and 10), see also the same entries in Table 4). Second,
the relative selectivity4 of catalytic system 2 + 3 for substrate 7
over 6, normalised to the corresponding selectivity of catalyst
2, can be estimated to 1.68 at approximately 24% conversion,
as compared to the previously more rigorously calculated value
of 1.48 ± 0.14 at 20% conversion.4 The curve corresponding
to entry 4, representing receptor 3 without N-oxide 12, is the
most interesting one. At the lowest conversion (13%), the absolute
selectivity (conv(7)/conv(6)) is much higher than with 12 present
(entry 1), almost reaching a value of 2. But as the conversion
increases, the selectivity decreases to a level similar to that of entry
1, and the two curves closely follow each other at conversions
above 25%. This is an indication of product inhibition. In the
beginning of the reaction, catalyst 2 in direct hydrogen-bonded
contact with receptor 3 (states c and d), is available for epoxidation
of receptor-binding substrate 7 at the endo face, but as soon as the
concentration of epoxide 10 builds up, it increasingly occupies the
cavity between the Mn and Zn metal centres with the aid of a two
point interaction: The pyridine coordinates to Zn, as it should,
and thereby preorganises the epoxide oxygen, normally a weak
and noncompetitive ligand, to coordinate to Mn. Thus, states c
and d may form somewhat more stable complexes with epoxide 10
than with substrate 7. In this scenario, continuing epoxidation is
forced to occur to a higher degree on the exo face of the catalyst
and thus decreasing the substrate selectivity of system 2 + 3. The
fact that this higher selectivity is not observed at low conversion
under standard conditions in the presence of N-oxide 12 suggests


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1927–1948 | 1935







Fig. 6 Kinetic and selectivity profiles for the epoxidation of substrates 6 and 7 with catalyst 2 under standard conditions in the presence of both receptor
3 and N-oxide ligand 12 (�), 3 only (�), 12 only (�) or none of the two (�). Entry numbers refer to Table 4. (a) Total olefin conversion in competition
experiments (7 vs 6, grey filled markers); (b) substrate selectivity (7/6) in competition experiments; (c) conversion of 7 in single substrate reactions (black
filled markers); (d) conversion of 6 in single substrate reactions (empty markers).


that 12 actually blocks the cavity from the beginning, or partly
inhibits the hydrogen-bonded formation of states c and d.


The stability of catalysts is typically expressed as turnover
number (TON). This value is often measured with lower catalyst
loadings than is practical for preparative purposes, which com-
promises the yield but maximises the TON value. To increase the
comparative value of TON for different catalysts, common sub-
strates are generally used, underlining that an observed difference
between two systems originates from the catalysts and not the
substrates. We thus performed epoxidations with styrene, a very
common substrate in J–K epoxidations and 0.2% catalyst loading
to estimate the TON of catalyst 2. Six experiments with varying
combinations of receptor 3 (4.0 mM), N-oxide 12 (4.0 mM) and
4-ethylpyridine (47, 0.10 M) were carried out. The reactions were
run at 24 ◦C in dichloromethane with PhIO as the stoichiometric
oxidant and were 0.50 M in styrene and 1.0 mM in catalyst 2. Four
equivalents of receptor 3 were employed to ensure the formation of
the two substrate selective catalyst states (c and d), to a large extent
at this low concentration of 2. Under these conditions the mole
fraction of 2 in the different states in Fig. 5 is va = 0.357 ± 0.006,
vb = 0.065 ± 0.002, vc = 0.285 ± 0.011 and vd = 0.293 ± 0.007.26


Pyridine 47 was chosen to emulate the coordinating pyridine
moiety of substrate 7 because it was expected to have similar
electron density as 7 on the pyridine ring and hence, similar
coordination strength and effects on the catalytic behaviour of
2. The reaction scheme and TONs obtained after 5 h of reaction


Table 5 TON of catalyst 2 in the presence or absence of additives


Entry 3 12 47 TONa


1 × × × 60
2 × × 162
3 × × 55
4 × × 52
5 × 149
6 × 52


a Determined after 5 h of reaction at 24 ◦C and 0.2% catalyst loading,
using styrene as substrate in dichloromethane.


are shown in Table 5. Extending the time to several days might
increase the TON by 5% in some cases and by 20% in others,
but the general trend would be the same. In the absence of 47,
the TONs are around 150 (entries 2 and 5). In the presence of 47
however, the TONs group around 50–60. A slight stabilising effect
of receptor 3 can be discerned. These observations are similar to
those obtained from the kinetic profiles for substrate 6 in Fig. 6d.


Temperature effects on substrate- and enantioselectivity


One of the means to increase selectivity in a reaction is to run
it at low temperature, thus increasing the enthalpic contribution
to the free energy of the reaction and hence to the formation of
the major product. In the case of system 2 + 3, additional factors
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may affect the temperature dependence of substrate selectivity:
both the proportion of catalyst 2 in states c and d (Fig. 5) and the
rates of assembly and substrate binding processes are temperature
dependent.


For these reasons we were interested to see how much the
substrate selectivity of system 2 + 3 could be improved by lowering
the temperature. With this aim, we carried out competitive epox-
idation reactions of substrates 7 vs 6 at six different temperatures
(Scheme 1), measuring by GC and NMR the relative consumption
of the two substrates and formation of the corresponding cis-
epoxides (10 and 9, respectively) at 20% conversion. The condi-
tions were the same as in previous competitive epoxidations, except
that deuterated chloroform was used as the solvent to be able to
relate the selectivity to the association constants obtained by the
complete association model.26 The results are shown in Fig. 7.
Interestingly, there is not a clear trend of increasing selectivity with
lower temperature. Instead, the selectivity is relatively constant
over the temperature range (233–313 K). This can be qualitatively
explained by the variation of the mole fractions of the different
states of catalyst 2 with temperature. For the two states that can
be expected to display selectivity, c and d (vide infra), both those
two mole fractions decrease as the temperature decreases in this
temperature range, d reaching a plateau at the higher temperatures.
This becomes even more obvious if we look at the different
competition reactions at 298 K with different concentration of


Fig. 7 Relative selectivity of system 2 + 3 in CDCl3 for substrates 7 vs.
6 and mole fractions of the different states of catalyst 2 (responsible for
substrate selectivity) as a function of temperature. The selectivity values
are averages of substrate conversion ratios and product ratios as measured
by GC and NMR, and are normalised to the simultaneously determined
selectivity of catalyst 2. Legend: measured selectivity (�), vc (�), vd (*),
vc + d (×).


2 and 3 (Table 6). It is clear that heterodimer 1 is not the
only substrate selective species in solution, since the selectivity
at different conditions does not follow the same trend as the mole
fraction of 2 in state d. However, taking in consideration both
states c and d, we can see that the selectivity follows the same
trend as for the mole fractions of 2 in state c + d. This is easier
seen in Fig. 8. These observations are strong evidence that both
states c and d are selective for 7. Since it has been concluded from
the kinetic studies that the reactivity of 2 decreases when 6 and
7 are epoxidised by system 2 + 3 and the exact mechanism of J–
K epoxidation has never been established, it is not possible to
quantify the inherent selectivity of the different states.


Fig. 8 Representation of the selectivity of the system 2 + 3 and the mole
fraction of 2 in different states (c, d or c + d) at different concentrations of
2 and 3 at 298 K (entry 1–5, Table 6). Legend: measured selectivity (�), vc


(�), vd (*), vc + d (×).


The enantioselectivities were determined by chiral GC to assess
their temperature dependence, using either catalyst 2 or system
2 + 3 and either in competitive epoxidations of substrates 6 and 7
or with substrate 6 only. The measured enantiomeric excesses (ee)
are given in Table 7 for the competitive epoxidations of substrates
6 and 7 and Table 8 for the single substrate epoxidation. There are
two notable features in the observed ee data.


The first striking feature is that at all temperatures, the ee values
of epoxide 10 (from substrate 7) are lowered by approximately
30% when the reaction is run in the presence of receptor 3, while
this is not the case for epoxide 9 (from substrate 6) neither in
the presence of 7 (Table 7) nor in its absence (Table 8). Clearly, 3
changes the approach of substrate 7 to the Mn centre in a more
direct and systematic way than of substrate 6. To investigate the
source of this behaviour, two experiments were performed. First,
the epoxidation of 7 at 298 K without receptor 3 but in the presence


Table 6 Observed selectivity of system 2 + 3 at different concentrations of 2 and 3 at 298 K for the competitive epoxidations of 7 vs 6 in dichloromethane
and the respective mole fraction of 2 in the different state (a, b, c and d)


Entry [2]tot/mM [3]tot/mM sel 7/6 va
a vb


a vc
a vd


a


1 5.0 5.0 1.48 0.271 ± 0.003 0.266 ± 0.006 0.276 ± 0.011 0.187 ± 0.005
2 5.0 15 1.63 0.192 ± 0.005 0.155 ± 0.006 0.471 ± 0.015 0.182 ± 0.006
3 0.5 0.5 1.31 0.607 ± 0.003 0.074 ± 0.001 0.094 ± 0.004 0.225 ± 0.004
4 0.5 5.0 1.39 0.342 ± 0.006 0.030 ± 0.001 0.323 ± 0.012 0.306 ± 0.007
5 5.0 1.0 1.16 0.366 ± 0.003 0.460 ± 0.004 0.084 ± 0.004 0.090 ± 0.002


a The mole fraction of 2 in its different supramolecular states (a, b, c and d, see Fig. 5) at T = 298 K in deuterochloroform.26
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Table 7 Enantioselectivity of catalyst 2 with and without receptor 3, and relative activation parameters for formation of the two enantiomers of each
product 10 and 9 in competitive epoxidations of 7 and 6a


Epoxide 10 (from 7) Epoxide 9 (from 6)


T/K ee cat. 2 ee cat. 2 + 3 ee cat. 2 ee cat. 2 + 3


263 73.0% 40.6% 63.0% 69.6%
273 72.3% 40.3% 65.7% 71.7%
283 74.6% 43.8% 68.6% 71.2%
298 80.2% 51.3% 73.5% 70.6%
313 78.3% 51.0% 68.9% 71.4%
−DDH‡/kJ mol−1b −4.8 ± 1.7 −4.4 ± 1.0 −3.8 ± 1.9 −0.5 ± 0.5
DDS‡/J mol−1 K−1)b 33 ± 6 24 ± 3 27 ± 7 17 ± 2


a Reaction conditions: solvent: CDCl3, [2]tot = 5.0 mM, [6]tot = [7]tot = 50 mM, 0.2 equiv. PhIO, [3]tot = 5.0 mM or 0, [12]tot = 20 mM. b See Fig. 9.


Table 8 Enantioselectivity of catalyst 2 with and without receptor 3, and
relative activation parameters for formation of the two enantiomers of
product 9 in single substrate epoxidations of 6a


T (K) ee Cat. 2 ee Cat. 2 + 3


263 79.2% 74.9%
273 78.4% 76.1%
283 78.3% 74.6%
298 76.4% 73.8%
303 75.5% 71.5%
313 73.5% 72.0%
−DDH‡ (kJ mol−1) 3.2 ± 9.4 2.6 ± 0.5
DDS‡ (J mol−1 K−1) 5.8 ± 1.4 6.9 ± 1.8


a Reaction conditions: solvent: CDCl3, [2]tot = 5.0 mM, [6]tot = 100 mM,
0.2 equiv. PhIO, [3]tot = 5.0 mM or 0, [12]tot = 20 mM.


of ZnTPP (5.0 mM) gave epoxide 10 in 78% ee, almost identical
to that obtained without any porphyrin. Secondly, competition of
the longer receptor-binding substrate 8 vs nonbinding substrate 6
at 298 K in the presence and absence of receptor 3 resulted in 63
and 59% ee of epoxide 11 (from substrate 8), respectively. Thus,
binding to receptor 3 does not have the same lowering effect on
the ee of 11 as it does on 10. From this it must be concluded
that the receptor-binding substrates 7 and 8 are to a large extent
epoxidised from the endo face of the catalyst in states c and d,
while coordinated to receptor 3, whereas nonbinding substrate 6
is not. The decrease in ee values observed only for 7 and not for
8 reflects the unfavourable approach of the olefin towards Mn in
terms of enantioselectivity, enforced by binding to the receptor in
supramolecular states c or d of catalyst 2. The higher flexibility of
the spacer between the binding- and reacting group in 8 allows the
olefin to adopt a more optimal approach to the Mn centre while
bound to the receptor, resulting in a higher ee of the epoxide 11 in
the presence of 3.


The second striking feature is that for both system 2 + 3 and
2, the ee values increase with temperature when 6 and 7 are
epoxidised in competition experiments (Table 7). On the other
hand when 6 is the only substrate, the ee values decrease as one
would expect from a normal reaction (Table 8). We analysed our
data by drawing Eyring plots from the observed enantiomeric
ratios (Fig. 9), using an Eyring selectivity equation27 (eqn 1,
er = enantiomeric ratio). Since there are potentially significant
factors, not present in standard J–K epoxidations, influencing the
ee in our system, Eyring plots such as those in Fig. 9 would not
necessarily yield linear curves. Indeed, some of the data points


Fig. 9 Eyring plots for the enantiomeric ratio (er) expressed as Rln(er)in
the competitive epoxidation of receptor-binding substrate 7 (�) and
nonbinding substrate 6 (�) using catalyst 2 (empty markers) or catalytic
system 2 + 3 (filled markers). The straight lines represent best least-square
fits to observed data points in each series. The relative activation
parameters and reaction conditions are given in Table 7.


in Fig. 9 deviate significantly from their least-square linear plots.
Non-linear Eyring plot behaviour has been observed previously
in the J–K epoxidation,40 and has been interpreted in terms of the
iso-inversion theory,41 but the results have been contested.42 In the
current case, we have ignored the apparent non linearity, as it only
appears close to the end of the temperature range, and the devia-
tion may be statistically insignificant. The slope determined from
the assumption of linearity will be qualitatively correct over most
of the temperature range. We have been careful not to draw con-
clusions based on quantitative interpretation of the Eyring plots.


R ln(er) = R ln
(


kmajor


kminor


)
= −DDH �=


T
+ DDS �= (1)


In the linear least-square plots in Fig. 9, the slopes and intercepts
represent the differences in the activation enthalpy and entropy,
respectively, for the formation of the major vs the minor enan-
tiomer. The negative slopes mean that there is generally a strong
enthalpic preference in the transition state for the formation of the
minor enantiomer and the positive intercepts mean that the major
enantiomer is favoured by entropy. The relative activation param-
eters (−DDH‡ and DDS‡) are given in the bottom rows of Tables 7
and 8. Modulation of the enantioselectivities of catalyst 2 may
be expected mainly where the approach of a substrate is affected
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by the presence of a receptor 3 molecule, as in states c2 and d2
(Fig. 5), or where the distribution of axial ligands on the catalytic
Mn centre is affected, as in states c1 and d1. Since the proportion
of 2 in the corresponding states, c and d, is relatively constant
over the temperature range (see vc and vd in Table 3 and Fig. 7),
the temperature-dependent variation of the proportions of the
different states of 2 has most likely only minor contribution to the
observed trends in enantioselectivity. The direct effect of receptor 3
on the enantioselectivities of catalyst 2 is mainly of entropic origin
(see Table 7). The entropic preference for the major enantiomer
is reduced by the hydrogen-bonded attachment of the receptor
to the catalytic site, reducing the conformational freedom of any
substrate approaching the catalyst and probably destabilizing the
transition state for the formation of the major enantiomer. An
indirect enthalpic effect of receptor 3 arises from steric exclusion
of certain axial ligands from the endo face of catalyst 2 in states c
and d. In the case of receptor-binding substrate 7, the formation of
states c and d does not significantly affect the enthalpic parameter
of enantioselectivity, but for the nonbinding substrate 6 the
enthalpic preference for the minor enantiomer almost disappears
upon formation of c and d. This can be seen from the slope
for substrate 6 in Fig. 9 (compare � and �). Such a difference
in enthalpy of activation suggests the involvement of different
catalytic intermediates in the epoxidation of these two substrates.


In a series of epoxidations made in the same temperature
range as the one above, using only nonbinding substrate 6, the
enthalpic parameter was completely turned around compared
to the epoxidations using 6 and 7 in competition. It goes from
−3.8 ± 1.9 kJ mol−1 (Table 7) in the presence of 7 to 2.6 ±
0.5 kJ mol−1 (Table 8) in the absence of 7. It can thus be
concluded that while the presence of receptor 3 results in a
significant decrease in the enthalpic parameter and an increase
in the entropic parameter, coordination of pyridine containing
substances (substrate 7 or product 10) to the catalytically active
Mn species is the main contributor to the trend of increasing
enantioselectivity with temperature. According to a study by
Jacobsen et al., on the electronic tuning of the enantioselectivity
in J–K epoxidations by substitution in the 5 and 5′ positions on
the salen ligand,27 this is a rather extreme and unusual behaviour.
However, there are examples of Mn(salen) catalysts that express
similar temperature dependence on ee43 and even of substrates
with similar ee behaviour in standard J–K epoxidations.44


In the competitive epoxidations using system 2 + 3, the differ-
ence in the enthalpy of activation for the two different enantiomers
of the epoxide 9 from nonbinding substrate 6 lies approximately
between the extremes for the presence and absence of substrate 7
(vide supra). This suggests that the catalytic species responsible for
the epoxidation of 6 is to a lesser extent coordinated with pyridine-
containing substances than the species transforming substrate 7.
This means that substrates 6 and 7 are predominantly epoxidised
by two different catalytic species. These may be assigned to be the
exo and endo faces of 2 in states c and d (Fig. 5). In this case,
receptor-binding substrates (i.e. 7 and 8) would be predominantly
epoxidised by the endo face, having an unperturbed distribution of
axial ligands L on the opposite exo face. In contrast, nonbinding
substrates (i.e. 6) would be predominantly epoxidised by the exo
face, with steric perturbation of the distribution of L on the
opposite endo face, since the later is occupied with a receptor-
binding substrate or product.


Conclusion


The primary aim of this article has been to acquire understanding
of what are the supramolecular structures responsible for the
previously observed substrate selectivity in epoxidations using
system 2 + 34 and to find clues on how to improve the selectivity.
We have used the modulation of several attributes of the catalytic
performance of catalyst 2 by the presence of its complementary
receptor unit 3, with and without additional reaction components,
to pull together an idea of the mechanism of its substrate
selectivity.


First of all, the foundations necessary for the analysis of our
system were clarified: the proportions of the different supramolec-
ular states of catalyst 2, including macrocycle 1, and the nature
of the catalytically active Mn species in the J–K epoxidation. The
earlier assumption that macrocycle 1 was the predominant state of
catalyst 2 in system 2 + 3 was refuted by careful solution analysis
using a complete association model for the metal-free system 4 + 5.
The competitive coordination hypothesis was developed based on
experimental results and recent literature observation on the J–K
epoxidation. Based on these foundations, the catalytic behaviour
of 2 and system 2 + 3 was analysed, and the effects of each reaction
component were determined.


In the absence of other factors, the reactivity of 2 in the
catalytic epoxidation of olefins is increased by the presence of
donor ligands such as pyridine-containing substrate 7 and/or
N-oxide 12, as expected. The effect of receptor 3 appears to
hinder the access of 12 to the Mn center in 2, but on the other
hand receptor 3 does not have any affect on the reactivity of 2
in the absence of 7. The presence of 7 represses the reactivity
of 2 by blocking the access of the endo face in state c and d,
most probably because 3 retards the release and/or binding of the
pyridine containing substrate 7 and/or its corresponding product
10. Our results support the conclusion that receptor 3 is saturated
with pyridine ligands 7 or 10, meaning that mainly 7 can be
epoxidised inside the supramolecular cavity at the expense of
nonbinding substrates. It follows from this that in the absence
of 7, nonbinding substrate 6 can be epoxidised by both the endo-
or exo face of 2. The stability of 2 is greatly increased in the
presence of 3, but once again the presence of a pyridine entity
destabilizes catalyst 2. Plotting substrate selectivity as a function of
conversion (Fig. 6b) revealed that at very low conversions, N-oxide
12 suppresses the substrate selectivity, while at higher conversions
pyridine-containing epoxide 10 does so as well. This suggests
that the epoxide oxygen of 10 gets a competitive advantage for
coordination to Mn, since 10 is preorganized inside the cavity by
coordination of its pyridine moiety to receptor 3, resulting in signs
of product inhibition.


Substrate selectivity was shown not to vary greatly within the
temperature range from 233 to 313 K. This was explained by the
small variations in the proportion of 2 in states contributing to
substrate selectivity (states c and d in Fig. 5) within this temper-
ature range. Substrate selectivity data at different concentrations
of 2 and 3 at 298 K were used to demonstrate that macrocycle 1
(state d) was not the only substrate selective species in solution
but also oligomers where 2 is hydrogen-bonded to at least one
porphyrin receptor 3 (state c). The inherent selectivity of state c
and d could however not be estimated since the mechanism of
the J–K epoxidation is unclear. The major conclusion from the ee


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1927–1948 | 1939







investigations is that the orientation of the olefinic group of the
receptor binding substrate 7 adopts an unfavourable orientation
upon coordination to receptor 3 inside the cavity of states c2
and d2 resulting in a low ee of the product 10. The higher
spacer flexibility in receptor binding substrate 8 alleviates this
orientational ee penalty, giving rise to higher ee in product 11. It
was also concluded that the presence of a pyridine ligand reverses
the enthalpy contribution to enantioselectivity in the epoxidation.


The general picture of the supramolecular system 2 + 3 that
emerges from these observations shows that the two states of
catalyst 2 showing the greatest substrate selectivity, c and d,
make up for 20 to 40% of total active catalyst in the epoxidation
experiments, depending on reaction conditions. Formation of
states c and d makes the endo face of the catalyst less accessible
towards nonbinding substrates, oxidant and all other potential
ligands, since there is always a pyridine-containing substance
coordinating to receptor 3, thus blocking the endo face of the
catalyst 2. Only substrates binding to the receptor (7 and 8) have
easier access to the endo face than the exo face. Thus, states c1 and
d1 are more exposed to the oxidant (PhIO) and substrates than
c2 and d2 and are therefore more abundant and more reactive
(Fig. 5). States c1 and d1 are completely nonselective towards
substrates, while states c2 and d2 react more or less exclusively with
receptor-binding substrates. The observed low substrate selectivity
is thus due to the failure to suppress the formation of state c1 and
d1. Moreover, epoxide product 10 appears to be a slightly better
guest for the cavity of states c and d, inducing signs of product
inhibition in epoxidation. Compound 12 itself seems to inhibit
substrate selectivity somewhat at low conversion, suggesting that
it further limits the access of oxidant to the endo face and thus
lowering the proportion of the substrate-selective states c2 and d2,
to the benefit of state c1 and d1.


The competitive coordination hypothesis on the nature of the
catalytic oxygen donating species in J–K epoxidations, proposed
in this article, has been invaluable in the interpretation of
experimental results. It is a viable, chemically sound alternative
for explaining the dependence of the catalytic performance and
selectivity of Mn(salen) epoxidation catalysts on the nature of the
counterion, stoichiometric oxidant and added donor ligands.


In summary, we have designed and prepared a flexible, dynamic
supramolecular catalytic system with the aim to achieve substrate
selectivity, keeping rigidity at a minimum and system assembly
and substrate binding rates at a maximum, in order to minimise
the problems of catalytic cycle arrest and product inhibition,
commonly observed in supramolecular catalysts. However binding
or release of substrate 7 or product 10 seems to be the rate
limiting step, and the system does show signs of product inhibition.
The substrate selectivity is less than optimal, but we have now
established the main reason for this, the unhindered reactivity
of the exo face of catalyst 2 in states c and d as well of the
presence of the non-selective states a and b. This, together with
the complete solution analysis of metal-free system 4 + 5 is
providing clues on how to improve the assembly of the catalyst
as well as its substrate selectivity. A new and improved version
of the current system is thus to be anticipated, that will further
demonstrate the applicability of highly dynamic, kinetically labile
supramolecular systems in substrate-selective catalysis. We are also
currently working on developing a more elaborate studies of the
kinetics- and enantioselectivities using Cr–salen, since substituting


Mn for Cr makes it possible to study the kinetics starting from
the stoichiometric Cr=O complex, which would remove many
complicating factors. We would only be looking at the selectivity-
determining step, not at the entire catalytic cycle.31,45 The last
point will help the present investigation to further clarify many
aspects of system 2 + 3, like clarifying the rate limiting step of the
system 2 + 3, the origin of the observed trends in enantioselectivity
with temperature in the presence of 7, as well as to quantify the
selectivity of the different states.


Experimental


General


All commercial chemicals were used as received, unless otherwise
noted. CH2Cl2 was distilled from CaH2 and stored over molecular
sieves. PhIO was prepared by hydrolysis of iodobenzene I ,I-
diacetate following a literature procedure.46 TLC analyses (Merck
60 F254 sheets) were visualised under UV light (254 nm). Column
chromatography was performed with silica gel (Matrex 0.063–
0.200 mm). The diameter and height of columns are given in paren-
thesis as (d × h cm). Melting points were determined in capillary
tubes, using a Sanyo GallenKamp melting point apparatus and are
uncorrected. Infrared spectra were recorded on a Shimadzu FTIR-
8300 spectrometer. NMR spectra of synthetic products were
recorded on a Bruker DRX400 NMR spectrometer using CDCl3


as solvent. NMR spectra for dilution experiments were recorded
on a Varian Unity Inova 500 NMR spectrometer. Chemical shifts
are given in ppm relative to TMS, using the residual solvent peaks
at 7.27 (1H) and 77.23 (13C) as internal standards. Assignments
were accomplished by coupling constants and integrals, as well as
2D correlation experiments when necessary. Elemental analyses
were performed by A. Kolbe, Mikroanalytisches Laboratorium,
Germany. Evaporation and concentration to dryness always refers
to the use of a rotary evaporator under reduced pressure (ca.
10 mmHg). Filtration always refers to suction filtration on a glass
frit type of filter, assisted with either a water pump or a membrane
pump. In vacuo refers to pressures around 0.1–0.5 mmHg, obtained
by the use of an oil pump.


GC chromatography was performed on a Perkin-Elmer Auto-
system XL gas chromatograph. Column: Varian FactorFour
capillary column, VR-1 ms, 30 m × 0.25 mm × 0.25 lm.
Detector: FID. Chromatograms were analysed using Perkin-
Elmer Turbochrom Navigator ver. 6.1.1.0.0:K20 software. For
determination of ee GC chromatography was performed on a
Perkin-Elmer Autosystem gas chromatograph. Column: Supelco
Beta DEX 120(tm) capillary column, 30 m × 0.25 mm × 0.25 lm.
Detector: FID. Carrier gas: Helium. Flow: 1 mL min−1. The
chromatograms were analyzed using Perkin-Elmer Turbochrom
Navigator ver. 6.2.1.0.0:0104 software.


Synthesis


7-Bromo-4-hexyl-3-pentyl-1H -quinolin-2-one (23). Et3N
(50 mL, 350 mmol) was added dropwise under argon with
mechanical stirring, to a solution of heptanoyl chloride (50 g,
340 mmol) in dry ether (200 mL) at a sufficient rate as to maintain
a gentle reflux (ca. 20 min). Stirring was continued at rt for 2 h.
The reaction flask was tightly closed and left standing overnight.
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The formed precipitate was filtered off under a stream of argon
and washed on the filter with dry ether (4 × 100 mL). The filtrate
was concentrated to dryness, leaving 31.9 g (85%) of the ketene
dimer 21 as a yellowish oil: dH (300 MHz, CDCl3) 4.70 (1 H, t, J =
7.6 Hz), 3.94 (1 H, t, J = 7.1 Hz), 2.11 (2 H, m), 1.76 (2 H, m),
1.55–1.20 (12 H, m), 0.90 (6 H, m). This oil was dissolved in dry
toluene (130 mL) and treated with freshly distilled 3-bromoaniline
(23.2 g, 135 mmol). The solution was refluxed under argon
overnight. After cooling to rt, it was washed with sat. NaHCO3


(2 × 100 mL) and 1 M HCl (2 × 100 mL), dried (MgSO4) and
concentrated to give 54.0 g (100%) of ketoamide 22 as a brown oil
that was pure enough to use in the next step: dH (300 MHz, CDCl3)
8.55 (1 H, s), 7.82 (1 H, s), 7.42 (1 H, d, J = 7.9 Hz), 7.28–7.15
(2 H, m), 3.55 (1 H, t, J = 7.3 Hz), 2.60 (2 H, t, J = 7.3 Hz), 1.89
(2 H, m), 1.60 (2 H, m), 1.45–1.15 (12 H, m), 0.88 (6 H, m). The
oil was dissolved in 96% H2SO4 (500 mL) and the solution was
stirred at 80 ◦C for 2 h and then poured on ice (2 kg). The acid
was neutralized by dropwise addition of concentrated NH4OH
(650 mL) with cooling on ice. The water phase was then extracted
with CHCl3 (3 × 750 mL). The combined organic phases were
dried (Na2SO4) and concentrated, yielding a dark, sticky syrup.
Two main products, 23 and an unidentified substance, in a ratio
of 10 : 11 were detected by crude product NMR. Crystallisation
from abs. EtOH gave 17.2 g (33%) of pure 23 as light beige
crystals: mp 165–166 ◦C; Rf (heptane–EtOAc 1 : 1) 0.70; anal.
calc. for C20H28BrNO: C, 63.49; H, 7.46; N, 3.70; found C, 63.36;
H, 7.45; N, 3.74; IR (KBr) cm−1 1655, 1558, 926; dH (400 MHz,
CDCl3) 10.96 (1 H, s), 7.52 (1 H, d, J = 8.7 Hz), 7.44 (1 H, d,
J = 1.9 Hz), 7.31 (1 H, dd, J = 8.7 Hz, J = 1.9 Hz), 2.85 (2 H,
m), 2.71 (2 H, m), 1.65–1.30 (14 H, m), 0.98–0.88 (6 H, m); dC


(100 MHz, CDCl3) 163.4, 147.1, 138.0, 131.9, 125.9, 125.4, 122.9,
119.1, 118.4, 32.2, 31.6, 29.9, 29.8, 29.0, 28.9, 27.0, 22.6, 22.5,
14.1 (2C); HRMS (FAB+) m/z calc. for C20H29BrNO [M + 1]+:
378.1433; found 378.1435.


4-Hexyl-2-oxo-3-pentyl-1,2-dihydroquinoline-7-boronic acid
(13). At −78 ◦C, n-BuLi (2.5 M in hexanes, 36 mL, 90 mmol)
was added dropwise during 20 min to a solution of quinolone
23 (11.35 g, 30.00 mmol) in anhydrous THF (250 mL). The
solution turned dark orange-red and slightly turbid. It was stirred
at −78 ◦C for 30 min before B(OiPr)3 (20.9 mL, 90.0 mmol)
was added dropwise during 10 min. The cooling bath was
then removed, allowing the reaction mixture to reach rt. Upon
warming, the color and turbidity disappeared. 1 M HCl (250 mL)
was added and the mixture was stirred vigorously for 10 min
before adding EtOAc (200 mL) and separating the phases. The
aqueous phase was extracted with EtOAc (3 × 100 mL). The
combined organic phases were washed with brine (200 mL),
dried (MgSO4) and concentrated to yield 16.13 g of a mixture of
products as a sticky semisolid, which solidified upon trituration
with MeOH. Repeated fractional crystallization from EtOAc
afforded 3.99 g (39%) of quite pure boronic acid 13. To obtain a
sample suitable for characterisation, a small amount of 13 was
refluxed with 2 equivalents of ethylene glycol in toluene, followed
by recrystallization from MeCN to afford the analytically
pure dioxaborolane derivative: mp 165–167 ◦C; anal. calc. for
C22H32BNO3: C, 71.55; H, 8.73; N, 3.79; found C, 71.46; H, 8.67;
N, 3.83; IR (KBr) cm−1 1651, 1408, 1385; dH (400 MHz, CDCl3)
9.42 (1 H, s), 7.68 (1 H, d, J = 8.1 Hz), 7.61 (1 H, d, J = 8.2 Hz),


7.58 (1 H, s), 4.43 (4 H, s), 2.88 (2 H, m), 2.72 (2 H, m), 1.67–1.30
(14 H, m), 0.93 (6 H, t, J = 7.0 Hz); dC (100 MHz, CDCl3)
162.6, 147.1 136.2, 133.0, 128.5 (br, w, C–B), 127.9, 123.9, 122.5,
122.0, 66.2, 32.2, 31.6, 29.9, 29.8, 29.0, 28.9, 27.2, 22.60, 22.58,
14.1 (2C); HRMS (FAB+) m/z calc. for C22H33BNO3 [M + 1]+:
370.2553; found 370.2560.


(1S,2S) - (−) - 1,2 - Bis(tert - butoxycarbonylamino) - 1,2 - bis(4-
hydroxyphenyl)ethane (27). (1S,2S)-(−)-1,2-Bis(4-hydroxy-
phenyl)ethane-1,2-diammonium dibromide (26(HBr)2, 5.07 g,
12.5 mmol), Boc-anhydride (7.15 g, 32.7 mmol) and NaHCO3


(3.71 g, 44.1 mmol) were dissolved in THF–H2O (1 : 1, 150 mL).
The mixture was stirred at rt overnight. The phases were separated
and the aqueous phase was extracted with ether (4 × 50 mL). The
combined organic phases were washed with brine (100 mL), dried
(Na2SO4) and concentrated to dryness. The residue was purified
by chromatography (5 × 20 cm, eluent: heptane–EtOAc 1 : 1) to
afford 3.43 g (62%) of 27 as a white powder: mp 211–212 ◦C; Rf


(heptane–EtOAc 1 : 1) 0.20; [a]20
D −8.6 ± 0.4◦ (c 0.822 in MeCN);


anal. calc. for C24H32N2O6: C, 64.85; H, 7.26; N, 6.30; found C,
64.73; H, 7.18; N, 6.23; IR (KBr) cm−1 3366, 2979, 1676, 1517,
1241, 1167; dH (400 MHz, DMSO-d6) 9.15 (2 H, s), 7.16 (2 H,
d, J = 6.9 Hz), 7.00 (4 H, d, J = 8.2 Hz), 6.59 (4 H, d, J =
8.0 Hz), 4.71 (2 H, d, J = 7.7 Hz), 1.28 (18 H, s); dC (100 MHz,
DMSO-d6) 155.8 (2C), 155.1 (2C), 131.5 (2C), 127.9 (4C), 114.5
(4C), 77.6 (2C), 58.4 (2C), 28.1 (6C); HRMS (FAB+) m/z calc.
For C24H33N2O6 [M + 1]+: 444.2260; found 444.2332.


The (1R,2R)-(+) enantiomer was prepared in the same manner:
[a]20


D +11.4 ± 0.5◦ (c 0.818 in MeCN).


(1S,2S)-(+)-1,2-Bis(tert-butoxycarbonylamino)-1,2-bis(4-decyl-
oxyphenyl)ethane (28). K2CO3 (4.11 g, 29.7 mmol) was added
to a solution of (S,S)-(−)-diphenol 27 (3.31 g, 7.43 mmol), decyl
bromide (6.57 g, 29.7 mmol) and 18-crown-6 (78 mg, 0.30 mmol)
in an anhydrous 1 : 1 DMF–THF mixture (200 mL). The reaction
mixture was refluxed under argon and the progress of the reaction
was monitored by TLC. After 48 h, the mixture was allowed to
reach rt. Then water (200 mL) and ether (100 mL) were added
and the phases were separated. The aqueous phase was extracted
with ether (3 × 100 mL). The combined organic phases were
washed with brine (100 mL), dried (Na2SO4) and concentrated
to dryness. The residue was purified by chromatography (9 ×
12 cm, eluent: heptane–EtOAc 4 : 1), followed by recrystallization
from abs. EtOH to afford 3.44 g (64%) of 28 as a white solid: mp
137–138 ◦C (EtOH); Rf (heptane–EtOAc 4 : 1) 0.27; [a]20


D +14.9 ±
0.6◦ (c 0.787 in CHCl3); anal. calc. for C44H72N2O6: C, 72.89; H,
10.01; N, 3.86; found C, 73.08; H, 10.09; N, 3.94; IR (KBr) cm−1


3375, 2923, 1680, 1513, 1245, 1177; dH (400 MHz, CDCl3) 6.95 (4
H, d, J = 8.3 Hz), 6.71 (4 H, d, J = 8.6 Hz), 5.46 (2 H, br s), 4.79
(2 H, br s), 3.87 (4 H, t, J = 6.6 Hz), 1.73 (4 H, tt, J = 6.9 Hz,
J = 6.6 Hz), 1.44 (18 H, s), 1.45–1.20 (28 H, m), 0.89 (6 H, t, J =
7.0 Hz); dC (100 MHz, CDCl3) 158.7 (2C), 156.4 (2C), 131.7 (2C),
128.7 (4C), 114.6 (4C), 79.8 (2C), 68.2 (2C), 60.2 (2C), 32.1 (2C),
29.78 (2C), 29.77 (2C), 29.6 (2C), 29.53 (2C), 29.50 (2C), 28.6
(6C), 26.3 (2C), 22.9 (2C), 14.3 (2C); HRMS (FAB+) m/z calc.
For C44H71N2O6 [M − 1]+: 723.5312; found 723.5321.


The (1R,2R)-(−) enantiomer was prepared in the same manner:
[a]20


D −9.5 ± 1.1◦ (c 0.764 in CHCl3).
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(1S,2S)-(−)-1,2-Bis(4-decyloxyphenyl)ethane-1,2-diammonium
bis(trifluoroacetate) (15·(TFA)2). TFA (30 mL) was added to
a solution of Boc-protected diamine 28 (2.25 g, 3.10 mmol) in
CH2Cl2 (30 mL). The solution was stirred at rt under argon for
1 h. Evaporation of volatiles with repeated azeotropic evaporation
with CH2Cl2 and toluene afforded 2.33 g (100%) of pure 15(TFA)2


as a light beige solid: mp 141–142 ◦C; Rf (heptane–EtOAc 1 :
1) 0.46; [a]20


D −79.7 ± 0.7◦ (c 0.922 in CHCl3); anal. calc. for
C38H58F6N2O6: C, 60.62; H, 7.77; N, 3.72; found C, 60.71; H,
7.68; N, 3.80; IR (KBr) cm−1 3100–2980 (br), 2920, 2851, 1680,
1613, 1517, 1248, 1210, 1141; dH (400 MHz, CDCl3) 7.01 (4 H, d,
J = 8.6 Hz), 6.74 (4 H, d, J = 8.6 Hz), 4.74 (2 H, s), 3.86 (4 H,
t, J = 6.6 Hz), 1.73 (4 H, tt, J = 6.9 Hz, J = 6.6 Hz), 1.45–1.20
(28 H, m), 0.89 (6 H, m); dC (100 MHz, CDCl3) 160.4 (2C), 129.0
(4C), 124.9 (2C), 115.5 (4C), 68.4 (2C), 58.7 (2C), 32.1 (2C),
31.8 (2C), 29.8 (2C), 29.6 (2C), 29.5 (2C), 29.4 (2C), 26.2 (2C),
22.9 (2C), 14.3 (2C); HRMS (FAB+) m/z calc. For C34H54NO2


[M-2(TFA−)− NH4
+]+: 508.4149; found 508.4154.


The (1R,2R)-(+) enantiomer was prepared in the same manner:
[a]20


D +75.7 ± 0.5◦ (c 0.921 in CHCl3).


3-tert-Butyl-5-(4-hexyl-2-oxo-3-pentyl-1,2-dihydroquinolin-7-
yl)-2-hydroxybenzaldehyde (24). A two phase mixture of boronic
acid 13 (3.60 g, 10.5 mmol), iodosalicylaldehyde 14 (2.89 g,
9.50 mmol), 2 M Na2CO3 (7.9 mL, 15.8 mmol), EtOH (4.4 mL)
and toluene (80 mL) was degassed by argon bubbling for 15 min.
Pd(PPh3)4 (0.30 g, 0.26 mmol) was added and the mixture was
refluxed with efficient stirring for 3 h. Upon cooling, the product
precipitated. It was collected by filtration and washed on the
filter with water, EtOH and toluene. The filtrate was extracted
with EtOAc (2 × 75 mL). The extract was dried (Na2SO4) and
evaporated, yielding additional crude product. The two fractions
were combined and eluted through a pad of silica (6 × 5 cm,
eluent: CHCl3–EtOH 99 : 1), followed by recrystallization from
abs. EtOH (350 mL), to afford 2.70 g (60%) of 24 as small shiny
off-white plates: mp 187–188 ◦C; Rf (heptane–EtOAc 1 : 1) 0.56;
anal. calc. for C31H41NO3: C, 78.28; H, 8.69; N, 2.94; found C,
78.19; H, 8.70; N, 3.01; IR (KBr) cm−1 3444 (br), 1635 (br), 1551;
dH (400 MHz, CDCl3) 11.87 (1 H, s), 11.32 (1 H, br s), 10.01 (1
H, s), 7.85 (1 H, d, J = 2.2 Hz), 7.75 (1 H, d, J = 8.5 Hz), 7.71
(1 H, d, J = 2.2 Hz), 7.48 (1 H, d, J = 1.7 Hz), 7.42 (1 H, dd,
J = 8.5, J = 1.7 Hz), 2.91 (2 H, m), 2.76 (2 H, m), 1.70–1.29 (14
H, m), 1.51 (9 H, s), 0.94 (3 H, t, J = 7.0 Hz), 0.88 (3 H, t, J =
7.2 Hz); dC (100 MHz, CDCl3) 197.2, 163.8, 161.1, 147.3, 140,7,
139.0, 137.6, 133.0, 131.3, 131.2, 130.2, 125.1, 120.9, 120.8, 119.3,
113.4, 35.1, 32.3, 31.6, 30.0, 29.9, 29.2 (3C), 29.1, 29.0, 27.0, 22.62,
22.58, 14.1, 14.0; HRMS (FAB+) m/z calc. For C31H42NO3 [M +
1]+: 476.3165; found 476.3163.


N ,N ′ -Bis(3-tert-butyl-5-[4-hexyl-2-oxo-3-pentyl-1,2-dihydro-
quinolin-7-yl]salicylidene) - (1R,2R) -1,2-bis(4-decyloxy-phenyl)-
ethane-1,2-diamine (4). The ammonium salt 15(TFA)2 (ca. 0.6 g)
was dissolved in CH2Cl2 and neutralized by dropwise addition
of 1 M NaOH (10 mL). The aqueous phase was extracted with
CH2Cl2, dried (Na2SO4) and concentrated to afford the free
diamine 15 (419 mg, 0.79 mmol) as a shiny white powder. It was
dissolved in toluene (15 mL) and then salicylaldehyde 24 (751 mg,
1.58 mmol) and EtOH (30 mL) were added. The mixture was
refluxed under argon for 10 h. After cooling, the solvents were
evaporated and the residue was purified by chromatography (5 ×


14 cm, eluent: heptane–EtOAc 4 : 1), affording 803 mg (70%) of
4 as a bright yellow solid: mp 115–116 ◦C; Rf (heptane–EtOAc
1 : 1) 0.65; [a]20


D +61.8 ± 0.4◦ (c 0.542 in CHCl3); anal. calc. for
C96H134N4O6: C, 80.06; H, 9.38; N, 3.89; found C, 79.96; H, 9.35;
N, 3.93; IR (KBr) cm−1 3390, 2925, 2854, 1653, 1618, 1511, 1247,
1171; dH (400 MHz, CDCl3) 14.04 (2 H, s), 10.47 (2 H, s), 8.44 (2
H, s), 7.66 (2 H, d, J = 8.6 Hz), 7.55 (2 H, s), 7.32–7.24 (6 H, m),
7.15 (4 H, d, J = 8.7 Hz), 6.80 (4 H, d, J = 8.7 Hz), 4.73 (2 H,
s), 3.91 (4 H, t, J = 6.6 Hz), 2.87 (4 H, m), 2.70 (4 H, m), 1.76 (4
H, tt, J = 7.4 Hz, J = 6.6 Hz), 1.65–1.20 (56 H, m), 1.45 (18 H,
s), 0.96–0.82 (18 H, m); dC (100 MHz, CDCl3) 166.4 (2C), 163.4
(2C), 160.4 (2C), 158.5 (2C), 147.2 (2C), 141.6 (2C), 137.9 (2C),
137.4 (2C), 131.2 (2C), 130.9 (2C), 129.5 (2C), 129.0 (4C), 128.5
(2C), 128.4 (2C), 128.2 (2C), 125.3 (2C), 124.8 (2C), 120.9 (2C),
118.8 (2C), 114.4 (4C), 112.8 (2C), 79.5 (2C), 68.0 (2C), 35.0 (2C),
32.2 (2C), 31.9 (2C), 31.6 (2C), 30.0 (2C), 29.9 (2C), 29.6 (2C),
29.5 (2C), 29.4 (6C), 29.3 (2C), 29.2 (2C), 29.1 (2C), 28.9 (2C),
27.0 (2C), 26.0 (2C), 25.7 (2C), 22.67 (2C), 22.62 (2C), 22.57 (2C),
14.11 (2C), 14.08 (2C), 14.03 (2C); HRMS (FAB+) m/z calc. For
C96H135N4O6 [M + 1]+: 1440.0382; found 1440.0381.


[N ,N ′ -Bis(3-tert-butyl-5-[4-hexyl-2-oxo-3-pentyl-1,2-dihydro-
quinolin - 7 - yl]salicylidene) - (1R,2R) - 1,2-bis(4 - decyloxy - phenyl)-
ethane-1,2-diamine]manganese(III) chloride (2). Mn(OAc)2·4H2O
(382 mg, 1.56 mmol) was added to a yellow suspension of salen
ligand 4 (748 mg, 0.52 mmol) in abs. EtOH (25 mL) and CHCl3


(10 mL). The mixture immediately took a brown colour. It was
refluxed in air for 1 h, and during the last 30 min, air was bubbled
through the refluxing mixture. Then, LiCl (110 mg, 2.60 mmol)
was added and the dark brown mixture was refluxed for 1 h.
After cooling to rt, the mixture was concentrated to approx.
half the original volume, removing most of the CHCl3 to induce
precipitation. The product was collected by filtration and washed
with water (3 × 10 mL) and ether (2 × 10 mL). After air drying
on the filter, the solid was dissolved in CHCl3–MeOH 19 : 1.
Evaporation of the solvent and drying in vacuo at 40 ◦C overnight
afforded 746 mg (94%) of 2 as a brown solid: mp 213–214 ◦C; Rf


(CHCl3–MeOH 19 : 1) 0.21; [a]20
D 2990◦ (c 0.157 in CHCl3); anal.


calc. for C96H132ClMnN4O6: C, 75.44; H, 8.70; N, 3.67; found
C, 75.51; H, 8.78; N, 3.72; IR (KBr) cm−1 1647, 1602; HRMS
(FAB+) m/z calc. for C96H132MnN4O6 [M − Cl]+: 1491.9527; found
1491.9535.


3-Decyloxy-5-hydroxymethylphenol (30). K2CO3 (2.07 g,
15.0 mmol), 18-crown-6 (79 mg, 0.3 mmol) and bromodecane
(3.32 g, 15.0 mmol) were successively added to a solution of phenol
29 (6.31 g, 45.0 mmol) in acetone (125 mL). The reaction mixture
was refluxed under a CaCl2 drying tube for 27 h. The solvent
was evaporated and the remaining brown tar was triturated first
with CHCl3 (3 × 100 mL) and then with acetone (3 × 100 mL).
Unreacted 29 (3.4 g) was recovered by evaporation of the acetone
washings. The CHCl3 was evaporated and the crude product was
purified by a pad of silica (4.5 × 10 cm). The side product eluted
through the pad with CHCl3 and 30 with CHCl3–methanol 97 : 3,
affording 2.76 g (66% from bromodecane) of pure 30 as a white
powder: mp 66.2 ◦C; anal. calc. for C17H28O3: C, 72.82; H, 10.06;
found C, 72.74; H, 9.98; IR (KBr) cm−1 3378.3, 3064.7, 2916.2,
1600.8; dH (400 MHz, CDCl3) 6.49 (1 H, m), 6.44 (1 H, m), 6.33
(1 H, m), 5.19 (1 H, s), 4.61 (2H, s), 3.93 (2 H, t, J = 6.6 Hz),
1.80–1.73 (3 H, m), 1.46–1.23 (14 H, m), 0.91–0.87 (3 H, m); dC
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(100 MHz, CDCl3) 160.70, 156.92, 143.42, 105.94, 105.41, 101.17,
68.12, 65.19, 31.88, 29.57, 29.55, 29.37, 29.31, 29.20, 26.02, 22.67,
14.11. HRMS (EI+): m/z calc. for C17H28O3, [M]+: 280.2038; found
280.2056.


3-(tert-Butyldimethylsilanyloxymethyl)-5-decyloxyphenol (31).
Alcohol 30 (11.7 g, 41.8 mmol), imidazole (8.50 g, 124 mmol) and
TBDMSCl (6.30 g, 41.8 mmol) were dissolved in DMF (210 mL)
and the mixture was stirred at rt for 24 h. Water was added and
the resulting mixture was extracted with ether (4 × 100 mL). The
combined organic phases were washed with brine (2 × 100 mL)
and dried (Na2SO4). The solvent was evaporated to afford 16.5 g
(99%) of 31 as a clear oil: Rf (heptane–EtOAc 4 : 1) 0.44; anal. calc.
for C23H41O3Si: C, 70.00; H, 10.73; found C, 69.81; H, 10.64; dH


(400 MHz, CDCl3) 6.46 (1 H, m), 6.40 (1 H, m), 6.28 (1 H, m) 5.03
(1 H, s), 4.66 (2 H, s), 3.92 (2 H, t, J = 6.61 Hz), 1.80–1.73 (2H,
m), 1.44–1.28 (14 H, m), 0.95 (9 H, m), 0.90 (3 H, m), 0.12–0.10
(6 H, m). dC (100 MHz, CDCl3) 160.39, 156.58, 144.18, 105.13,
104.52, 100.51, 68.04, 64.72, 31.88, 29.57, 29.55, 29.38, 29.31,
29.20, 26.02, 25.95, 22.67, 18.42, 14.10, −5.28; HRMS (EI+) m/z
calc. for C23H42O3Si [M + 1]+: 393.2825; found 393.2825.


Trifluoromethanesulfonic acid 3-(tert-butyldimethylsilanyloxy-
methyl)-5-decyloxyphenyl ester (20). Trifluoromethanesulfonic
anhydride (1.17 mL, 7.00 mmol) was added as fast as possible
to a solution of phenol 31 (2.75 g, 7.00 mmol) in pyridine (5 mL)
at 0 ◦C under argon. White smoke formed during the addition.
The reaction was stirred at 0 ◦C for 5 min, then for additional
17 h at rt. Water (50 mL) was added and the aqueous phase was
extracted with ether (3 × 50 mL). The combined organic phases
were washed with water, 10% HCl solution, water and brine, then
dried (MgSO4) and evaporated. The crude product (2.905 g) was
purified by a pad of silica (2.5 × 5 cm, eluent: ether) to afford
2.78 g (75%) of 20 as a yellow oil: Rf (heptane–EtOAc 9 : 1) 0.83;
anal. calc. for C24H41F3O5SSi: C, 54.73; H, 7.85; found C, 54.86;
H, 8.03; dH (400 MHz, CDCl3) 6.87 (1 H, m), 6.83 (1 H, m), 6.66
(1 H, m), 4.72 (2 H, s), 3.94 (2 H, t, J = 6.55 Hz), 1.82–1.75
(2 H, m), 1.45–1.29 (16 H, m), 1.00–0.95 (3 H, m), 0.88 (3 H,
m), 0.10 (6 H, m). dC (100 MHz, CDCl3) 160.21, 150.19, 145.26,
111.59, 110.31, 106.24, 68.57, 64.01, 31.88, 29.59, 29.53, 29.33,
29.30, 29.02, 25.95, 25.83, 22.67, 18.32, 14.10, −5.37. HRMS (EI+)
m/z calc. for C24H41F3O5SSi [M − 1]+: 525.2318; found 525.2310.


2-Benzyloxy-4-iodopyridine (35). KOH (8.08 g, 145 mmol),
18-crown-6 (0.72 g, 2.70 mmol) and benzyl alcohol (7.53 mL,
72.4 mmol) were added to a solution of fluoropyridine 3417 (16.1 g
g, 72.0 mmol) in toluene (600 mL). The reaction flask was fitted
with a soxlet containing CaH2 and sand. The mixture was refluxed
for 3.5 h. After cooling to rt, water (200 mL) was added and
the aqueous phase was extracted with toluene (2 × 200 mL).
The combined organic phases were washed with a saturated
KCl solution (300 mL) and dried (MgSO4). The crude product
(22.0 g) was purified by flash chromatography (11 × 20 cm, eluent:
heptane–EtOAc 9 : 1) to afford 20.8 g (92%) of 35 as yellow oil: Rf


(heptane–EtOAc 9 : 1) 0.32; anal. calc. for C12H10INO: C, 46.33; H,
3.24; N, 4.50, found C, 46.43; H, 3.31; N, 4.60; IR (neat film) cm−1


3031.9, 2947.0, 2885.3; dH (400 MHz, CDCl3) 7.86 (2 H, d, J =
5.36 Hz), 7.5–7.31 (5 H, m), 7.27 (1 H, d, J = 1.4 Hz), 7.25 (1 H,
dd, J1 = 5.36 Hz, J2 = 1.4 Hz), 5.39 (2 H, s); dC (100 MHz, CDCl3)
163.80 (1C), 147.20 (1C), 137.02 (1C), 128.67 (2C), 128.14 (3C),


126.21 (1C), 120.86 (1C), 106.59 (1C), 68.07 (1C). HRMS (EI+)
m/z cacl. for C12H10INO [M]+: 310.9807, found 310.9810.


2-(Benzyloxy)-4-(tributylstannanyl)pyridine (19). n-BuLi (2.5 M
in hexane, 27.1 mL, 67.6 mmol) was added dropwise to a solution
of 35 (19.1 g, 61.5 mmol) in dry ether (410 mL) at −78 ◦C. The
solution was stirred for 4 h at the same temperature. Freshly
distilled n-Bu3SnCl (18.7 mL, 67.6 mmol) was added and the
mixture was allowed to reach rt before water (200 mL) was added.
The phases were separated and the aqueous phase was extracted
with ether (2 × 100 mL). The combined organic phases were
washed successively with water and brine, dried (MgSO4) and
the solvent was evaporated. The resulting oil was purified by
chromatography (10.5 × 12 cm, eluent: heptane–EtOAc 49 : 1)
to afford 28.2 g (96%) of 19 as a clear yellow oil: Rf (heptane–
EtOAc: 49 : 1) 0.18; anal. calc. for C24H37NOSn: C, 60.78; H, 7.86;
N, 2.95; found C, 60.65; H, 7.81; N, 2.90; dH (400 MHz, CDCl3)
8.07 (1 H, d, J = 4.8 Hz), 7.54–7.46 (2 H, m), 7.45–7.29 (3 H, m),
6.98 (1 H, d, J = 4.8 Hz), 5.38 (2 H, s), 1.68–1.40 (6 H, m), 1.40–
1.25 (6 H, m), 1.20–0.97 (6 H, m), 0.90 (9 H, t, J = 7.43 Hz); dC


(100 MHz, CDCl3) 162.5, 144.9, 137.4, 128.4, 128.0, 127.8, 124.6,
119.2, 67.5, 28.9, 27.3, 13.6, 9.6; HRMS (FAB+) m/z calc. for
C24H37NOSn [M]+: 476.1975; found 476.1995.


2-(Benzyloxy)-4-[3-decyloxy-5-(tert-butyldimethylsilanyloxy-
methyl)phenyl]pyridine (36). A solution of organotin compound
19 (17.3 g, 36.4 mmol), triflate 20 (19.2 g, 36.4 mmol) and dried
LiCl (4.62 g, 109 mmol) in freshly distilled DMF (182 mL)
was degassed by argon bubbling for 5 min. Pd(PPh3)4 (1.26 g,
1.10 mmol) was added and the mixture was heated at 90 ◦C for
48 h. After cooling to rt, water (100 mL) was added and the
mixture was extracted with heptane (3 × 200 mL). The solvent
was evaporated and the crude product was eluted through a pad
of silica using heptane–EtOAc (9 : 1) as the eluent. The solvent
was evaporated and the residue was subjected to bulb-to-bulb
distillation (0.4 mmHg, 100 ◦C, 4 h) to remove tin residues. The
remaining oil was further purified by chromatography (12 × 15 cm,
eluent: heptane–EtOac 95 : 5) to afford 9.6 g (47%) of 36 as
clear yellow oil: Rf (heptane–EtOAc 4 : 1) 0.44; anal. calc. for
C35H51NO3Si: C, 74.82; H, 9.15; N, 2.49; found C, 74.73; H, 9.21;
N, 2.55; IR (neat film) cm−1 3031.9, 2927.7, 2854.5, 1604.7; dH


(400 MHz, CDCl3) 8.22 (1 H, d, J = 5.4 Hz), 7.52–7.30 (5 H, m),
7.15 (1 H, s), 7.13 (1 H, dd, J = 1.24 Hz, J = 5.4 Hz), 7.05–7.02
(2 H, m), 6.97 (1 H, s), 5.44 (2 H, s), 4.78 (2 H, s), 4.01 (2 H, t,
J = 6.56 Hz), 1.84–1.78 (2 H, m), 1.51–1.24 (14 H, m), 0.97 (9 H,
s), 0.90–0.87 (3 H, m), 0.13 (6 H, s); dC (100 MHz, CDCl3) 164.30,
159.73, 151.45, 147.05, 143.83, 139.38, 137.35, 128.47, 127.95,
127.82, 116.75, 115.67, 112.64, 111.83, 108.84, 68.15, 67.75, 64.75,
31.88, 29.57, 29.55, 29.38, 29.31, 29.25, 26.03, 25.95, 22.67, 18.43,
14.11, −5.22; HRMS (FAB+): m/z calc. for C35H51NO3Si, [M +
1]+ 562.3717; found 562.3714.


3-Decyloxy-5-(2-benzyloxypyrid-4-yl)benzaldehyde (16). DDQ
(4.25 g, 18.7 mmol) was added in one portion to a solution
of 36 (9.56 g, 17.0 mmol) in CH2Cl2 (500 mL). The resulting
orange mixture was stirred at rt for 24 h. During the progress of
the reaction a white solid precipitated. The mixture was filtered
through a pad of neutral alumina, rinsing with ether. The solvent
was evaporated and the crude product was purified by flash
chromatography (6 × 18 cm, eluent: heptane–EtOAc 9 : 1) to


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1927–1948 | 1943







afford 6.50 g (85%) of 16 as a sticky clear yellow oil: Rf (heptane–
EtOAc 4 : 1) 0.33; anal. calc. for C29H35NO3: C, 78.17; H, 7.92; N,
3.14; found C, 78.29; H, 8.07; N, 3.22; IR (neat film) cm−1 3031.9,
2923.9, 2854.5, 1701.1, 1604.7; dH (400 MHz, CDCl3) 10.03 (1 H,
s), 8.26 (1 H, d, J = 5.36 Hz), 7.69 (1 H, t, J = 1.29 Hz), 7.52–7.30
(7 H, m), 7.15 (1 H, dd, J = 1.5 Hz, J = 5.36 Hz), 7.06, (1 H, s), 5.45
(2 H, s), 4.07 (2 H, t, J = 6.52 Hz), 1.88–1.75 (2 H, m), 1.55–1.24 (14
H, m), 0.90–0.87 (3 H, m). dC (100 MHz, CDCl3) 191.88, 164.61,
160.44, 149.93, 147.69, 140.65, 138.53, 137.40, 128.68, 128.07,
121.71, 120.27, 115.54, 113.58, 109.13, 68.80, 68.03, 32.08, 29.75,
29.74, 29.53, 29.51, 29.30, 26.18, 22.87, 14.31; HRMS (FAB+):
m/z cacl. for C29H35NO3 [M + 1]+: 446.2695; found 446.2689.


5-Decyloxy-2-iodo-1,3-dimethylbenzene (38). K2CO3 (64.0 g,
463 mmol) and bromodecane (42.0 mL, 200 mmol) were added to
a solution of phenol 3719 (83.2 g, 154 mmol) in DMF (1.5 L) and
the mixture was heated at 80 ◦C for 11 h. DMF was distilled
off under reduced pressure (10 mmHg) and water was added
to the residue and was extracted with CHCl3 (3 × 200 mL).
The combined organic phases were dried over MgSO4 and the
solvent was evaporated. The crude oil was purified by bulb-to-bulb
distillation (0.4 mmHg, 85 ◦C), to afford 59.8 g (quantitative) of
38 as yellow oil: Anal calc. for C18H29IO: C, 55.67; H, 7.53; found
C, 55.79; H, 7.56; IR (neat film) cm−1 29.239.9, 2852.5, 1579.6; dH


(400 MHz, CDCl3) 6.68 (2 H, s), 3.92 (2 H, t, J = 6.6 Hz), 2.45 (6
H, s), 1.83–1.69 (2 H, m), 1.51–1.21 (14 H, m), 0.95–0.84 (3 H, m).
dC (100 MHz, CDCl3) 158.71, 142.72, 113.47, 96.71, 67.98, 31.89,
29.69, 29.56, 29.55, 29.36, 29.31, 29.22, 26.00, 22.68, 14.11. HRMS
(FAB+) m/z calc. for C18H29IO [M]+ 388.1263; found 388.1266.


4-Decyloxy-2,6-dimethylbenzaldehyde (18). Compound 38
(15.8 g, 40.7 mmol), dried overnight at 0.4 mmHg, was dissolved
in anhydrous diethylether (300 mL). n-BuLi (2.5 M in hexane,
19.5 mL, 48.8 mmol) was added dropwise at −78 ◦C. The reaction
mixture was stirred at this temperature for 1.5 h before freshly
distilled DMF (4.27 mL, 55.3 mmol) was added. The solution
was allowed to reach 0 ◦C and then poured into a beaker with
ice and was acidified to pH 1 with 37% HCl. The phases were
separated and the aqueous phase was extracted with CHCl3. The
combined organic phases were washed with brine, dried (MgSO4)
and evaporated under reduced pressure. The crude product was
collected as a yellow oil. It was purified by chromatography (12 ×
9 cm, eluent: heptane–EtOAc 4 : 1) to afford 10.1 g, (85%) of 18 as a
clear yellow oil: Anal. calc. for C19H30O2: C, 78.57; H, 10.41; found
C, 78.66; H, 10.36; IR (neat film) cm−1 2924.8, 2854.5, 2359.7,
2340.5, 1679.9; dH (400 MHz, CDCl3) 10.47 (1 H, s), 6.58 (2 H, s),
4.00 (2 H, t, J = 6.6 Hz), 1.82–1.75 (2 H, m), 1.51–1.2 (14 H, m),
0.91–0.87 (3 H, m). dC (100 MHz, CDCl3) 191.5, 162.36, 144.41,
125.72, 115.29, 67.96, 31.86, 29.52 (2C), 29,30, 29.29, 29.07, 25.93,
22.65, 21.07, 14.08; HRMS (FAB+) m/z calc. for C19H30O2 [M]+:
290.2246; found 290.2250.


5-(4-Decyloxy-2,6-dimethylphenyl)dipyrromethane (17). A
mixture of aldehyde 18 (16.4 g, 56.5 mmol) and freshly distilled
pyrrole (98 mL, 25 equiv.) was degassed by argon bubbling under
stirring until 18 was completely dissolved (approx. 10 min).
TFA (5.65 mmol, 435 lL) was then added in one portion. The
reaction mixture turned purple and then brown immediately after
addition of the acid. It was stirred at rt for 1 h before quenching
by addition of triethylamine (2 mL) and toluene (40 mL). The


mixture was washed with brine (50 mL), dried (Na2SO4) and the
solvents were evaporated (first on the evaporator at 10 mmHg
keeping the temperature below 40 ◦C and then at 0.4 mmHg at
rt). The resulting black oil was dissolved in CH2Cl2 and filtered
through a pad of alumina (7 × 4 cm). The solvent was evaporated
and the crude product was purified by bulb-to-bulb distillation
(160–225 ◦C; 0.4–0.2 mmHg). The collected oil crystallised
overnight in the fridge. It was further recrystallised from ethanol
to afford 3.67 g (16%) of 17 as green crystals: mp 68.2–69.6 ◦C;
anal. calc. for C27H38N2O: C, 79.76, H, 9.42, N, 6.89; found C
79.88, H 9.34, N 6.81. IR (KBr) cm−1 3379.1, 2850.6, 1596.9; dH


(400 MHz, CDCl3) 7.95 (2 H, bs), 6.74–6.65 (2 H, m), 6.61 (2 H,
s), 6.24–6.15 (2 H, m), 6.07–5.95 (2 H, m), 5.90 (1 H, s), 3.95 (2 H,
t, J = 6.52 Hz), 2.08 (6 H, s), 1.87–1.70 (2 H, m), 1.52–1.16 (14
H, m), 1.01–0.75 (3 H, m); dC (100 MHz, CDCl3) 139.11, 131.43,
129.58, 116.06, 115.22, 108.60, 106.37, 67.72, 37.96, 31.88, 29.58,
29.55, 29.39, 29.31, 26.08, 22.67, 20.90, 12.11; HRMS (FAB+):
m/z calc. for C27H38N2O [M]+ 406.2984; found 406.2973.


5,15-Bis[3-(2-benzyloxypyrid-4-yl)-5-decyloxyphenyl]-10,20-
bis(4-decyloxy-2,6-dimethylphenyl)porphyrin (39). TFA(0.928 mL,
12.5 mmol) was added in one portion to a solution of aldehyde 16
(3.13 g, 7.02 mmol) and dipyrromethane 17 (2.86 g, 7.02 mmol)
in CH2Cl2 (702 mL). The reaction mixture was stirred at rt for
3 h. DDQ (1.59 g, 7.02 mmol) was then added in one portion.
The dark brown solution turned green and was stirred at rt for
1 h before filtering though a pad of dry neutral alumina (6 ×
10 cm) eluting with CH2Cl2 (800 mL) until the eluent was clear
green. The solvent was evaporated and the residue (2.903 g) was
dissolved in toluene (140 mL) with an additional amount of DDQ
(1.59 g, 7.02 mmol). The purple orange solution was refluxed for
1 h and after cooling to room temperature, it was filtered through
a pad of dry neutral alumina (6 × 10 cm) and eluting with CH2Cl2


(750 mL) until the eluent was almost colourless. The solvent was
evaporated to afford 1.39 g (23%) of 39 as a purple solid: Anal.
calc. for C112H136N6O6, C, 80.92; H, 8.25; N, 5.06; found C, 80.98;
H, 8.21; N, 4.95; IR (KBr) cm−1 2922.0, 2852.5, 1598.9, 1548.7;
dH (400 MHz, CDCl3) 8.94 (4 H, d, J = 4.5 Hz) 8.79 (4 H, d,
J = 4.5 Hz), 8.31 (2 H, d, J = 5.4 Hz), 8.14 (2 H, s), 7.91 (2 H,
s), 7.63 (2 H, s), 7.57–7.48 (4 H, m) 7.44–7.29 (10 H, m), 7.08
(4 H, s), 5.48 (4 H, s), 4.35–4.20 (8 H, m), 2.08–1.85 (20 H, m),
1.74–1.20 (56 H, m), 1.02–0.85 (12 H, m), −2.57 (2 H, bs). dC


(100 MHz, CDCl3) 164.45, 158.99, 158.04, 141.14, 147.33, 143.98,
140.86, 140.79, 140.71, 137.59, 137.28, 133.62, 131.33, 130.38,
128.46, 127.98, 127.82, 125.94, 121.55, 118.55, 118.32, 115.91,
112.83, 112.66, 109.26, 68.54, 68.06, 67.80, 31.96, 31.87, 29.69–
29.30 (10C), 26.28, 26.12, 22.73, 22.65, 22.05, 14.16, 14.10. UV
kmax (ether)/nm 418 (e/dm3 mol−1 cm−1 41434), 513 (26521), 546
(21565), 591 (e = 20695), 648 (e = 19391); HRMS (FAB+) m/z
calc. for C112H136N6O6 [M]+: 1661.0521; found 1661.0464.


5,15-Bis(3-decyloxy-5-[2-oxopyrid-4-yl]phenyl)-10,20-bis(4-
decyloxy-2,6-dimethylphenyl)porphyrin (5). Thioanisole
(0.79 mL, 6.7 mmol) was added in one portion to a green
solution of porphyrin 39 (1.39 g, 0.836 mmol) in the minimum
amount of TFA required to dissolve all of 39. The reaction
mixture was stirred at rt for 24 h. TFA was evaporated to give
a green residue. It was dissolved in ether and triethylamine was
added dropwise until the solution became purple. The solvent
was evaporated and the purple solid was triturated successively
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with methanol, water and methanol and then dried in vacuo
to afford 1.25 g (quantitative) of 5 as purple solid. Anal. calc.
for C98H124N6O6: C, 79.42; H, 8.43; N, 5.67; found C, 79.28; H,
8.49; 5.57; IR (KBr) cm−1 3313, 1651; UV kmax (CHCl3)/nm 417
(e/dm3 mol−1 cm−1 142184), 515 (16564), 549 (6591), 590 (5863);
dH (400 MHz, 3.2 mM in CDCl3) 8.94–8.77 (4 H, m), 8.77–8.62
(4 H, m), 8.09–7.96 (2 H, m), 7.93–7.84 (2 H, m), 7.60–7.49 (2
H, m), 7.47–7.37 (2 H, m), 7.10–6.95 (2 H, m), 6.80–6.69 (2 H,
m), 4.33–4.12 (8 H, m), 2.06–1.76 (20 H, m), 1.73–1.11 (56 H, m),
1.00–0.74 (12 H, m), −2.72–(−2.80) (2 H, m); HRMS (FAB+)
m/z calc. for C98H124N6O6 [M]+: 1480.9582; found 1480.9595.


[5,15-Bis(3 -decyloxy-5- [2 -oxopyrid -4-yl]phenyl) -10,2 -bis(4-
decyloxy-2,6-dimethylphenyl)porphyrinato]zinc(II) (3). Porphyrin
5 (110.5 mg, 0.075 mmol) and Zn(OAc)2·2H2O (40.9 mg,
0.186 mmol) were dissolved in chloroform–methanol 9 : 1 (74 mL)
and the reaction mixture was refluxed for 1 h. After cooling to
rt, the reaction mixture was extracted several times with 10%
NaHCO3, dried (MgSO4) and the solvent was evaporated to
afford 116 mg (quantitative) of 3 as a purple solid: Anal. calc.
for C98H122N6O6Zn: C, 76.16; H, 7.96; N, 5.44; found C, 75.86;
H, 8.08; N, 5.33; UV kmax (CHCl3)/nm 428 (e/dm3 mol−1 cm−1


134092), 560 (18336), 599 (5492); IR (KBr) cm−1 3413, 1651; dH


(400 MHz, 4.6 mM in CDCl3–pyridine-d5; 94.8%) 8.94–8.77 (4
H, m), 8.77–8.62 (4 H, m), 8.09–7.96 (2 H, m), 7.93–7.84 (2 H,
m), 7.60–7.49 (2 H, m), 7.47–7.37 (2 H, m), 7.10–6.95 (2 H, m),
6.80–6.69 (2 H, m,), 4.33–4.12 (8 H, m) 2.06–1.70 (20 H, m), 1.73–
1.11 (56 H, m), 1.00–0.74 (12 H, m); HRMS (FAB+) m/z calc. for
C98H122N6O6Zn [M]+: 1542.8717; found 1542.8716.


1,4-Diphenyl-1-Z-butene (6). Freshly distilled morpholine
(4.75 mL, 54.0 mmol) was added to a solution of 1,4-
diphenylbutane-1-one (42, 2.02 g, 9.00 mmol) in anhydrous
benzene (20 mL) under argon. TiCl4 (560 lL, 5.08 mmol) was
then slowly added, resulting in the formation of a precipitate and a
slight temperature increase. The mixture was left stirring overnight
at rt. The formed precipitates of TiO2 and morpholinium chloride
were removed by filtration after the addition of hexane (20 mL).
The filter cake was washed with hexane (2 × 10 mL). The filtrate
was concentrated and the residue was dissolved in the minimum
amount of warm hexane (ca. 10–20 mL) and any insoluble residues
filtered off. Evaporation of the solvent afforded 2.48 g (8.45 mmol,
94%) of pure enamine 43 as a light yellow solid: dH (300 MHz,
CDCl3) 7.40–7.20 (8 H, m), 7.09 (2 H, d, J = 7.0 Hz), 4.63 (1 H,
t, J = 7.4 Hz), 3.69 (4 H, t, J = 4.8 Hz), 2.70 (4 H, t, J = 4.8 Hz),
2.63 (2 H, t, J = 7.7 Hz), 2.25 (2 H, dt, J = 7.7 Hz, J = 7.4 Hz);
HRMS (EI+) m/z calc. for C20H23NO [M]+: 293.1780; found
293.1775. The solid was dried in vacuo for 2 h and then dissolved in
anhydrous THF (3 mL). This solution was transferred via syringe
to another flask containing solid 9-BBN (1.03 g, 8.45 mmol). The
original flask was washed with THF (1 mL) and the washings
were transferred to the reaction flask. The resulting suspension
was stirred for 3 h at rt, during which it became a clear yellow
solution. After evaporating the solvent at rt, the sticky residue was
treated with dry methanol (685 lL, 16.9 mmol). An exothermic
reaction was initiated by gentle warming with a heat gun, initially
liquefying, but within 2 min, solidifying the contents of the flask.
The solid residue was triturated with hexane (3 × 10 mL). The
combined hexane solutions were washed with 3 M NaOH (3 ×
5 mL) and water (2 × 5 mL), dried (MgSO4) and evaporated to


give a light yellow oil. Purification by chromatography (6 × 10 cm,
eluent: heptane) afforded 1.16 g (66%) of 6 as a colorless liquid:
Rf (heptane–EtOAc 4 : 1) 0.64; anal. calc. for C16H16: C, 92.26;
H, 7.74; found C, 92.13; H, 7.76; IR (neat film) cm−1 2922, 2855,
1601, 1493, 1452; dH (400 MHz, CDCl3) 7.35–7.19 (10 H, m), 6.46
(1 H, d, J = 11.7 Hz), 5.72 (1 H, dt, J = 11.7, J = 7.1 Hz), 2.78
(2 H, m), 2.69 (2 H, m); dC (100 MHz, CDCl3) 141.7, 137.5, 131.8,
129.4, 128.7, 128.5, 128.3, 128.1, 126.6, 125.9, 36.1, 30.4; HRMS
(FAB+) m/z calc. for C16H16 [M]+: 208.1252; found 208.1251.


4-(4-Phenyl-Z-but-3-enyl)pyridine (7). The title compound
was prepared according to the same procedure as compound 6,
from 1-phenyl-4-pyridin-4-ylbutan-1-one (40, 4.51 g, 20.0 mmol),
TiCl4 (1.24 mL, 11.2 mmol), morpholine (10.6 mL, 120 mmol)
in benzene (40 mL), via the enamine intermediate 44 (4.71 g,
16.0 mmol, 80%): mp 74–75 ◦C; anal. calc. for C19H22N2O: C,
77.52; H, 7.53; N, 9.52; found C, 77.65; H, 7.42; N, 9.44; dH


(400 MHz, CDCl3) 8.44 (2 H, d, J = 6.0 Hz), 7.35–7.28 (3 H,
m), 7.20 (2 H, d, J = 6.0 Hz), 6.98 (2 H, d, J = 6.0 Hz), 4.55 (1
H, t, J = 7.4 Hz), 3.68 (4 H, t, J = 4.8 Hz), 2.68 (4 H, t, J =
4.8 Hz), 2.60 (2 H, t, J = 7.6 Hz), 2.26 (2 H, dt, J = 7.6 Hz,
J = 7.4 Hz); dC (100 MHz, CDCl3) 150.9, 150.7, 149.5, 137.3,
129.6, 128.1, 127.7, 124.0, 103.6, 67.0, 49.7, 36.7, 28.9; HRMS
(EI+) m/z calc. for C19H22N2O [M]+: 294.1732; found 294.1729.
Enamine 44, together with 9-BBN (3.90 g, 32.0 mmol, 2 equiv.)
in THF (8 mL), followed by MeOH (1.30 mL, 32.0 mmol) then
afforded, after purification by chromatography (6 × 9 cm, eluent:
heptane–EtOAc 1 : 4), 1.07 g (32%) of 7 as a colorless liquid: Anal.
calc. for C15H15N: C, 86.08; H, 7.22; N, 6.69; found C, 85.92; H,
7.16; N 6.73; IR (neat film) cm−1 1601, 1558, 1493, 1446, 1413; dH


(400 MHz, CDCl3) 8.49 (2 H, d, J = 6.0 Hz), 7.37–7.29 (2 H, m),
7.26–7.19 (3 H, m), 7.11 (2 H, d, J = 6.0 Hz), 6.48 (1 H, d, J =
11.6 Hz), 5.65 (1 H, dt, J = 11.6, J = 7.0 Hz), 2.77 (2 H, m), 2.68
(2 H, m); dC (100 MHz, CDCl3) 150.6, 149.6, 137.2, 130.6, 130.2,
128.6, 128.2, 126.8, 123.9, 35.3, 29.0; HRMS (EI+) m/z calc. for
C15H15N [M]+: 209.1204; found 209.1208.


1-Phenyl-5-(pyridin-4-yl)pentan-1-one (41). Freshly cut pieces
of sodium (1.26 g, 54.8 mmol) were slowly added to dried
abs. EtOH (15 mL), followed by addition of ethyl benzoylac-
etate (12.9 g, 67.2 mmol), resulting in a clear solution. 4-(3-
Bromopropyl)pyridinium chloride (14.0 g, 49.8 mmol) was treated
with toluene (60 mL) and 1 M NaOH (60 mL). The phases were
separated and the aqueous phase was extracted with toluene (2 ×
40 mL). The combined organic phases were dried (Na2SO4) and
concentrated to a volume of 30–40 mL during which the solution
turned dark and a small amount of black precipitate formed. This
dark solution was added to the reaction mixture, which took a
green color. It was refluxed for 4 h, during which it turned red
and highly turbid. After cooling to rt, water (100 mL) was added
and the mixture was acidified to pH 2 by adding conc. HCl. The
phases were separated and the acidic water phase was washed
with ether (2 × 60 mL). It was then basified by addition of solid
K2CO3 and extracted with ether (3 × 60 mL). The combined
basic extracts were dried (Na2SO4) and concentrated to yield a
dark brown oil which was dissolved in 6 M HCl (50 mL) and
refluxed for 6 h. At rt, the mixture was basified with 10 M NaOH
and extracted ether (3 × 50 mL). The combined organic phases
were dried (Na2SO4) and concentrated to yield 6.4 g of a dark
oil containing 41. Chromatography (5 × 15 cm, eluent: EtOAc)
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did not result in a pure product due to a coeluting impurity.
4 M HCl in dioxane (9 mL, 36 mmol) was added to a solution
of crude 41 in ether (50 mL), resulting in the precipitation of
41·HCl, which could be purified by recrystallization from MeCN
(120 mL), affording 5.1 g of pure 41·HCl. Basifying with 1 M
NaOH (60 mL) and extracting with ether (3 × 40 mL), drying
(Na2SO4) and concentrating provided 3.75 g (31%) of pure 41 as a
colorless oil that slowly crystallized: mp 41–43 ◦C; anal. calc. for
C16H17NO: C, 80.30; H, 7.16; N, 5.85; found C, 80.05; H, 7.15; N,
5.96; IR (KBr) cm−1 1684, 1601, 1445, 1416; dH (400 MHz, CDCl3)
8.48 (2 H, d, J = 6.0 Hz), 7.94 (2 H, d, J = 8.2 Hz), 7.56 (1 H, t, J =
7.4 Hz), 7.46 (2 H, dt, J = 8.2 Hz, J = 7.4 Hz), 7.11 (2 H, d, J =
6.0 Hz), 3.0 (2 H, t, J = 7.0 Hz), 2.66 (2 H, t, J = 7.4 Hz), 1.85–1.65
(4 H, m); dC (100 MHz, CDCl3) 199.8, 151.1, 149.6, 136.9, 133.0,
128.6, 127.9, 123.8, 38.1, 35.1, 29.8, 23.7; HRMS (EI+) m/z calc.
for C16H17NO [M]+: 239.1310; found 239.1309.


4-(5-Phenyl-Z-pent-4-enyl)pyridine (8). The title compound
was prepared according to the same procedure as compound 6,
from ketone 41 (2.15 g, 8.98 mmol), TiCl4 (560 lL, 5.08 mmol),
morpholine (4.75 mL, 54.0 mmol) in benzene (20 mL), via the
enamine intermediate 45 (2.51 g, 8.12 mmol, 90%): dH (400 MHz,
CDCl3) 8.42 (2 H, d, J = 6.0 Hz), 7.37–7.25 (5 H, m), 7.00 (2 H,
d, J = 6.0 Hz), 4.58 (1 H, t, J = 7.4 Hz), 3.70 (4 H, t, J = 4.8 Hz),
2.69 (4 H, t, J = 4.8 Hz), 2.51 (2 H, t, J = 7.7 Hz), 1.99 (2 H, dt,
J = 7.4 Hz, J = 7.3 Hz), 1.65 (2 H, tt, J = 7.7 Hz, J = 7.3 Hz);
dC (100 MHz, CDCl3) 151.4, 150.2, 149.5, 137.6, 129.6, 128.0,
127.6, 123.8, 104.9, 67.1, 49.8, 34.5, 31.7, 27.6; HRMS (EI+) m/z
calc. for C20H24N2O [M]+: 308.1889; found 308.1886. Enamine
45, together with 9-BBN (1.982 g, 16.24 mmol, 2 equiv.) in THF
(4 mL), followed by MeOH (659 lL, 16.2 mmol) then afforded,
after purification by chromatography (5 × 15 cm, eluent: heptane–
EtOAc 1 : 4), 950 mg (52%) of 8 as a colorless liquid: Anal. calc.
for C16H17N: C, 86.05; H, 7.67; N, 6.27; found C, 85.88; H, 7.63;
N 6.34; IR (neat film) cm−1 2934, 2858, 1601, 1558, 1493, 1446,
1413; dH (400 MHz, CDCl3) 8.46 (2 H, d, J = 6.0 Hz), 7.35–7.21
(5 H, m), 7.06 (2 H, d, J = 5.9 Hz), 6.48 (1 H, d, J = 11.6 Hz),
5.67 (1 H, dt, J = 11.6, J = 7.3 Hz), 2.63 (2 H, t, J = 7.6 Hz), 2.38
(2 H, dtt, J = 7.4, J = 7.3, J = 1.7 Hz), 1.80 (2 H, tt, J = 7.4, J =
7.3 Hz); dC (100 MHz, CDCl3) 151.1, 149.6, 131.8, 129.7, 128.7,
128.2, 126.6, 123.9, 34.6, 30.5, 27.8; HRMS (FAB+) m/z calc. for
C16H18N [M + 1]+: 224.1439; found 224.1431.


4-(4-tert-Butylphenyl)pyridine (46). A two phase mixture
of 4-tert-butylphenylboronic acid (1.0 g, 5.6 mmol), 4-
bromopyridinium chloride (0.99 g, 5.9 mmol), Na2CO3 (1.78 g,
16.8 mmol), benzene (11 mL) and water (5 mL) was degassed
by bubbling argon through it for 15 min. Pd(PPh3)4 (194 mg,
0.168 mmol) was then added and the mixture was refluxed under
argon overnight. After cooling to rt, water (15 mL) was added
and the mixture was extracted with EtOAc (3 × 15 mL). The
combined organic phases were dried (MgSO4) and concentrated.
The residue was purified by chromatography (4 × 18 cm, eluent:
heptane–EtOAc gradient from 7 : 3 to 0 : 1), affording 956 mg
(80%) of 46 as a white solid: Anal. calc. for C15H17N: C, 85.26;
H, 8.11; N, 6.63; found C, 85.30; H, 8.04; N, 6.58; dH (400 MHz,
CDCl3) 8.65 (2 H, d, J = 6.1 Hz), 7.60 (2 H, d, J = 8.5 Hz), 7.53
(2 H, d, J = 8.5 Hz), 7.52 (2 H, d, J = 6.1 Hz), 1.38 (9 H, s);
dC (100 MHz, CDCl3) 152.4, 150.1, 148.2, 135.12, 126.6, 126.1,


121.4, 34.7, 31.3; HRMS (FAB+) m/z calc. for C15H18N [M + 1]+:
212.1439; found 212.1439.


4-(4-tert-Butylphenyl)pyridine N-oxide (12). MTO (2.7 mg,
0.011 mmol) was added to a solution of pyridine 46 (448 mg,
2.12 mmol), in CH2Cl2 (0.85 mL) followed by dropwise addition
of 30% H2O2 (425 lL, 4.25 mmol). Evolution of heat and gas was
observed. The reaction mixture was stirred at rt for 24 h. A grain
of MnO2 was then added to destroy excess H2O2, the mixture was
stirred for 1 h. Water (10 mL) and CH2Cl2 (10 mL) were added and
the phases were separated. The aqueous phase was extracted with
CH2Cl2 (2 × 10 mL). The combined organic phases were dried
(Na2SO4) and concentrated. The residue was recrystallized from
hexane–benzene 3 : 1 (30 mL) affording 357 mg (74%) of 12 as an
off-white solid: mp 147–148 ◦C (hexane–benzene 3 : 1); anal. calc.
for C15H17NO: C, 79.26; H, 7.54; N, 6.16; found C, 79.20; H, 7.62;
N 6.19; IR (KBr) cm−1 1481, 1246; dH (400 MHz, CDCl3) 8.24 (2
H, bs), 7.6–7.4 (6 H, bs), 1.37 (9 H, s); dC (100 MHz, CDCl3) 152.7,
139.5, 138.8, 133.1, 126.3, 126.1, 123.3, 34.7, 31.2; HRMS (FAB+)
m/z calc. for C15H18NO [M + 1]+: 228.1383; found 228.1388.


Epoxidations


Substrate- and enantioselectivity at different temperatures


Typically, these reactions were run in pairs, one with and one
without receptor 3. Catalyst 2 (4.59 mg, 3.00 lmol) was weighed
into two 2 mL glass vials. Receptor 3 (4.64 mg, 3.00 lmol) was
added to one of the vials. A 1 mL stock solution of benzyl
benzoate (IS, 44.9 mM), N-oxide 12 (35.9 mM) and two substrates
(5, 90.0 mM and 6, 90.0 mM) in CDCl3 was prepared. 333 lL
of the stock solution were transferred to each vial followed by
267 lL of CDCl3. Homogeneous solution was obtained after
ultrasonication. Into another pair of vials, PhIO (2.64 mg, 12.0
lmol) was weighed and the reaction solutions were transferred to
the PhIO containing vials after equilibrating to the appropriate
temperature (see Table 3).


A typical reaction mixture thus contained the following:
Substrate 6 (30 lmol), substrate 7 (30 lmol), catalyst 2 (3 lmol),
receptor 3 (3 lmol), PhIO (12 lmol), N-oxide 12 (12 lmol), benzyl
benzoate (15 lmol) and CDCl3 (0.6 mL). After stirring for 24 h,
each reaction mixture was concentrated to dryness, suspended in
EtOAc (1 mL) with the aid of ultrasonication, then applied to a dry
1.2 g silica pad (0.5 cm diameter) and eluted with EtOAc (25 mL).
After evaporation of the solvent, the residue was dissolved in ether
(1 mL) and membrane filtered to remove any residual catalyst.
The ether was evaporated and the residue dissolved in CDCl3


(0.8 mL) for NMR analysis. An aliquot was taken for GC analysis
to estimate the substrate selectivity and the ee of epoxide 10. After
analysis of the NMR sample, it was evaporated and epoxide 9
was separated from 10 by chromatography (0.5 × 6 cm, eluent:
heptane–EtOAc 8 : 2) to be able to measure the ee of 9 by GC.


For the estimation of substrate selectivity the following GC
method was used. Carrier gas: helium. Flow gradient: 0.5 to
3 mL min−1 ramp 0.1. Oven program: 140 to 185 ◦C ramp 3,
then to 250 ◦C ramp 10 ◦C per min, then hold 3.5 min. Total
time: 25 min. Retention times of substrates and internal standard
(IS) were as follows: IS: 12.7 min, 6: 12.5 min, 7: 14.7 min,
8: 16.7 min. cis-Epoxide products had the following retention
times: 9: 14.9 min, 10: 16.7 min, 11: 18.2 min. cis-Epoxide peaks
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consistently accounted for approximately 70% of total area of all
detectable product peaks. For the estimation of enantioselectivity
the following GC methods were used: Oven program for 9 and
11: isotherm 150 ◦C. Retention time of enantiomers: 9 127.7 and
132.2 min and 11 194.2 and 195.9 min. Oven program: for 10:
isotherm 170 ◦C. Retention times of the enantiomers of 10 were
106.6 and 109.3 min.


Reactivity and stability studies


Four stock solutions in CH2Cl2 were prepared: benzyl benzoate
(0.1 M), N-oxide 12 (0.82 M), substrate 7 (0.2 M) and substrate
6 (0.2 M). 0.2 mL of each of the required stock solutions
were transferred to the reaction vials (see Table 4) and CH2Cl2


was added where needed to complete the reaction volume to
0.8 mL. Homogeneous solution was obtained after ultrasonica-
tion. 0.6 mL of the reaction solutions were transferred to vials
containing PhIO (14.5 mg, 0.066 mmol).


A typical reaction mixture thus contained the following: olefins
(6 and/or 7, 60 lmol total), 2 (3 lmol), 3 (3 lmol), PhIO (66 lmol),
N-oxide 12 (12 lmol), benzyl benzoate (15 lmol) and CH2Cl2


(0.6 mL).
Aliquots (20 lL) were taken for analysis after 1, 15, 60 and


240 min. Each aliquot was added to ether (0.25 mL) to precipitate
2 and was filtered through a short pad of silica gel and eluted with
ether (3 × 0.25 mL). The so obtained sample was analysed by GC,
using the same method as in substrate selectivity studies.


Turnover number experiments


Catalyst 2 (1.53 mg, 1.00 lmol), receptor 3 (6.24 mg, 4.00 lmol),
styrene (52.1 mg, 0.500 mmol), naphthalene (IS, 12.8 mg,
0.100 mmol), N-oxide 12 (0.9 mg, 4 lmol) and 4-ethylpyridine
(10.7 mg, 0.100 mmol) were dissolved in CH2Cl2 (1 mL). PhIO
(22.0 mg, 0.100 mmol) was added every 30 min. An aliquot (20 lL)
was taken after 1, 15, 60, 120, 180 and 300 min and was treated
as above to obtain a GC sample. The following GC method was
used. Carrier gas: helium. Flow: 1 mL min−1. Oven program: 60
to 160 ◦C ramp 10. Total time: 10 min. Retention times of styrene,
benzaldehyde, styrene oxide and naphtalene (IS) were as follows:
styrene: 4.54 min, benzaldehyde: 5.26 min, styrene oxide: 6.72 min
and IS: 8.47 min (Table 5).
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A novel cyclic trimer of a b-amino acid, trans-2-aminocyclohexylcarboxylic acid, was synthesized and
its conformation and ability to form assemblies investigated. FT-IR and NMR measurements and
computational calculations showed that this cyclic tri-b-peptide has a C3-symmetric conformation with
trans amide groups. A notable feature of the conformation is a vertical and parallel orientation of the
three amide groups to the cyclic skeleton. The cyclic tri-b-peptide was crystallized from a solution in
trifluoroacetic acid–methanol (or trifluoroacetic acid–water) to yield a rod-shaped molecular assembly,
as observed by TEM. The electron crystallography of the rod-shaped assembly both in suspension and
in ultrathin cross-section revealed that the cyclic tri-b-peptides were stacked up to form molecular
columns, and that a two-fold screw symmetry operation along the column direction was present in
the unit cell, which contained two cyclic tri-b-peptides. This indicates that all the amide groups are
oriented in the same direction. Since any two molecular columns are staggered by a quarter of a c-axis
length and aligned parallel to each other, the dipole moments of the columns are aligned to enhance the
strength additively in the whole assembly.


Introduction


Peptides composed of b-amino acids have attracted much attention
due to specific conformations that are frequently difficult to attain
with peptides of a-amino acids. In particular, Seebach et al. and
Gellman et al. have shown that homo-oligomers of chiral b-amino
acids including trans-2-aminocyclohexylcarboxylic acid (trans-
ACHC) had stable helical structures in solution.1–8 b-Peptides
are now actively applied to the fields of synthetic chemistry,9–13


structural chemistry,14–20 and biochemistry21–25 because of these
specific conformational properties. Recently, Seebach’s group
reported that cyclic tri-b-peptides such as cyclo(b-Hxx)3 (xx =
Ala, Glu, Glu(OBn), Ser(OBn), Met, where OBn represents a
benzyl ester or ether) and cyclo(b-Asp(OBn))3 formed a tubular
structure in the solid state, as determined by an FT-IR study.21,26–28


Further, cyclic tetra-b-peptides were synthesized by Seebach’s and
Ghadiri’s groups, which also assembled into tubular structures
through face-to-face molecular stacking via hydrogen bonds.29,30


A unique feature of the molecular assemblies of cyclic trimers and
tetramers is that amide groups in the cyclic skeleton are oriented
perpendicularly to the ring plane, which promotes formation of
intermolecular hydrogen bonds, to yield the tubular structure.
Since all amide groups of cyclic tri-b-peptides orient in one
direction within the tubular structure, the molecular assembly of
cyclic trimers should possess a macrodipole moment. Since it has
been pointed out that molecular dipole moments can influence
the electron transfer reactions through a molecule,31–37 we report
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in this paper the synthesis of a novel cyclic tri-b-peptide, with the
aim of seeking out its possible applications to molecular devices.


In the smallest cyclic di-b-peptides, two amide groups are forced
to take cis-form, which is not suitable for the present purpose.38,39


We have therefore designed a novel cyclic trimer, cyclo(ACHC)3,
for the preparation of a tubular assembly. Trans-ACHC was
chosen as the component, because the cyclohexane ring of ACHC
is expected to promote the planar structure of the cyclic peptide,
which should favor molecular stacking and the formation of a
tubular structure. That is, when the Ca–Cb bond between the amino
group and the carbonyl group in a b-amino acid is a part of ring
skeleton, two bonds of Ca-amino group and Cb-carbonyl groups
can take an equatorial orientation, leading to the stabilization
of the flat conformation of the cyclic peptide. Furthermore, the
cyclohexane ring may solve the solubility problem of cyclic b-
peptides, which is often pointed out as a handling difficulty of
b-peptides. It is also expected that the cyclic tri-b-peptide should
be easily generated, because Gellman et al. demonstrated that
polypeptides of ACHC took a 14-helix structure, in which about
three residues of the b-amino acid make one turn, with amide
groups orienting along the helical axis.5 It is thus expected that
cyclo(ACHC)3 should spontaneously form a columnar structure
through molecular stacking.


Results and discussion


Peptide synthesis and sample preparation


An optically active monomer, trans-(1R,2R)-(−)-ACHC, was
synthesized from trans-(1R,2R)-(−)-cyclohexanedicarboxylic acid
(trans-CHDC) according to the method reported in the literature.40


Synthesis of the linear tripeptides, Boc-(ACHC)3-OBn, was
carried out according to a previous report.5 After deprotection
of a benzyl ester group from the C-terminus by Pd/C-catalyzed
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Scheme 1 Synthetic route for cyclo(ACHC)3. Reagents and conditions: (a) see ref. 49; (b) Boc2O, 1 N NaOH, dioxane–H2O (1 : 1); (c) benzyl alcohol,
p-TosOH, toluene, reflux; (d) stepwise elongation using HATU as a coupling reagent and TFA to deprotect the Boc group; (e) H2, Pd(OH)2, CH2Cl2;
(f) TFA, anisole, CH2Cl2; (g) BOP, HOAT, DIEA.


hydrogenolysis and a Boc group from the N-terminal with trifluo-
roacetic acid (TFA) treatment, the cyclization reaction was carried
out using 1-benzotriazoloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP), 1-hydroxy-7-azabenzotriazole
(HOAT) and diisopropylethylamine (DIEA) in dilute solution
(Scheme 1). The obtained cyclic peptide was soluble only in
TFA, in contrast to our expectation regarding improvement
of solubility. It was expected that the molecular planarity of
cyclo(ACHC)3 should be enhanced by the presence of the
cyclohexyl ring, resulting in good assembling properties (due to
molecular stacking) to yield crystals easily. Cyclo(ACHC)3 was
purified successfully by recrystallization from TFA–methanol.


Samples of cyclo(ACHC)3 with two crystal sizes were prepared
for the purposes of analytical measurements. Large crystals of the
rod-shaped assemblies with a diameter of a few lm were required
for optical microscopy observations and electron diffraction (ED)
analysis with an incident electron beam parallel to the column
axis. In these cases, a crystal of cyclo(ACHC)3 was dissolved in
a small amount of TFA (1 mg ml−1) and recrystallized slowly by
a vapor diffusion method using methanol as the poor solvent.
After standing for a few days, white needle-shaped crystals
precipitated. In contrast, a finely crystalline sample was used
for the transmission electron microscopy observations and ED
analysis with an incident electron beam perpendicular to the
column axis. A crystal of cyclo(ACHC)3 was dissolved in a small
amount of TFA (1 mg ml−1), and ultra-pure water was added
to the solution until it became slightly opaque, to obtain the
molecular assembly as a suspension.


Conformation


In measurements of crystalline cyclo(ACHC)3 by mass spec-
troscopy (FAB), signals corresponding to dimeric and trimeric
compounds as well as the monomer appeared, suggesting its
propensity to assemble spontaneously (m/z 751.51, calcd. for
[M·M + H+] m/z 751.61; m/z 1126.77, calcd. for [M·M·M +


H+] m/z 1126.76). The 13C NMR spectrum of cyclo(ACHC)3 in
CF3CO2D–CDCl3 showed carbon signals only for one unit of
ACHC (d/ppm: 177.3 (C=O), 55.2 (C1), 51.8 (C2), 31.9 (C3),
28.5 (C6), 24.4 (C4), 23.9 (C5)), indicating that cyclo(ACHC)3 has
a C3-symmetric conformation on the NMR time scale.


An FT-IR spectrum of cyclo(ACHC)3 in the solid state
showed an amide I absorption (mainly C=O stretching mode)
and an amide II absorption (mainly N–H bending and C–N
stretching modes) at 1650 cm−1 and 1558 cm−1, respectively.
These wavenumbers are assigned to absorptions of a b-sheet-like
tubular structure.26–28,41–45 In particular, the amide I absorption at
1650 cm−1 suggests not anti-parallel b-sheets but parallel b-sheet
structures.1,28 Furthermore, a sharp N–H stretching (3288 cm−1)
peak suggests homogeneous hydrogen-bond formation in the
cyclo(ACHC)3 crystal. Taken together, the spectroscopic data
indicate that crystalline cyclo(ACHC)3 forms a “nanotube”,
similar to those in previous reports for cyclic tri-b-peptides of
cyclo(b-Hxx)3 (xx = Ala, Glu, Glu(OBn), Ser(OBn), Met)21 and
cyclo(b-Asp(OBn))3.26–28


The conformation of cyclo(ACHC)3 was studied further by
geometry optimization with using geometry 1 (Fig. 1) as a starting
conformation. Two optimized conformations (A and B) having a
C3 symmetry axis were obtained, as shown in Fig. 1, according
to the method used for the optimization. The internal energy of
conformation A (with cis-form amide groups, obtained by the AM
1 method46) is clearly higher than that of conformation B (with
trans-form amide groups, optimized by an ab initio calculation
using the Gaussian 03 program47); DU = 0.99 eV. Furthermore,
cis-amides of conformation A are incompatible with the results of
the FT-IR measurements. Therefore, conformation B, in which
cyclo(ACHC)3 has a flat conformation with three trans-amide
groups oriented perpendicular to the ring plane, is the most
plausible conformation.


Seebach et al. reported that cyclo(b-HAla)3 in a saturated solu-
tion of LiCl in tetrahydrofuran-d8 showed a spin coupling constant
between the amide proton and Hb of 10.0 Hz.27 Unfortunately,
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Fig. 1 Geometry optimization of cyclo(ACHC)3 using conformation 1 as
an initial geometry: optimized geometries A (with cis-form amide groups)
and B (with trans-form amide groups). Geometry B is shown as a top view
(left) and side view (right).


we were unable to obtain this information for cyclo(ACHC)3


because of its limited solubility. However, the conformation of
cyclo(ACHC)3 on the basis of the Gaussian 03 program is reliable
because of the following results: i) the optimized ring conformation
of cyclo(ACHC)3 is similar to that of cyclo(b-HAla)3 determined
by spectroscopic methods, and ii) our calculation on cyclo(b-
HAla)3 using the conformation generated by the Gaussian 03
program is similar to that of cyclo(b-HAla)3.27


Microscopic observation


Cyclo(ACHC)3 was successfully crystallized from a solution in
TFA–methanol. Optical microscopic observation revealed that
cyclo(ACHC)3 forms rod-shaped crystals of mm length with lm-
order diameter, as a result of the assembly of thinner needles.
When the crystals were observed in the cross-nicol configuration
with a sensitive tint plate inserted at 45◦, the crystals show a blue
or yellow color (addition or subtraction retardation) depending
on the orientation of the long axis of the crystal being parallel
or perpendicular to the z′ axis of the sensitive tint plate (Fig. 2).
This observation indicates that the refractive index of the long
axis of the crystal (n//) is larger than that of the short axis (n⊥).
Considering that the amide groups in the cyclo(ACHC)3 molecule
should be the main contributors to the refractive index, the amide
groups should orient along the long axis of the crystal, which also
leads to the interpretation that cyclic peptides stack up with each
other along the long axis via formation of intermolecular hydrogen
bonds, to form molecular columns.


Electron diffraction analysis


The smaller crystals of cyclo(ACHC)3 formed in TFA–water
solution were subjected to transmission electron microscopy
(TEM) (Fig. 3). The TEM image shows that cyclo(ACHC)3 forms
rod-like molecular assemblies 8–60 nm in width and 300–800 nm
in length. Analysis of the width distribution indicates that the most
frequent width is 30–40 nm.


Fig. 2 Optical microscopic observation of cyclo(ACHC)3 crystals in the
cross-nicol configuration. The double-headed arrow shows the orientation
of the z′ axis of the sensitive tint plate.


Fig. 3 Negatively stained (2% uranyl acetate) TEM image of molecular
assemblies of cyclo(ACHC)3 formed in a TFA–water solution.


More than 100 microdiffraction patterns from the cyclo-
(ACHC)3 crystals were taken and analyzed. A typical example
is shown in Fig. 4. Diffraction diagrams obtained with an incident
electron beam perpendicular to the column axis showed a unit
cell having an axial spacing of 4.74 Å (Fig. 4 (top)), indicating
that cyclo(ACHC)3 molecules regularly stack up keeping this
spacing to form a molecular column. FT-IR measurement also
supports this interpretation. The intermolecular distance between
the nitrogen atom and oxygen atom linked by a hydrogen bond
was evaluated as ca. 2.9 Å from the wavenumber of the N–H
stretch in the FT-IR spectrum, according to Krimm’s analysis.48


In the conformation determined by geometry optimization, the
distance between nitrogen atom and oxygen atom along the z axis
(perpendicular to the ring plane) was 1.9 Å. The sum of the two
distances, 4.6 Å, is very close to the axial spacing obtained from
the diffraction experiments, supporting the columnar stacking of
cyclo(ACHC)3.


The electron diffraction pattern does not show spots at the inter-
sections of odd-numbered layer lines and a central meridian (the
positions indicated by dashed circles in Fig. 4 (top)), indicating that
a two-fold screw axis exists along the column axis. In other words,
the space group is P21/c. Microelectron diffraction diagrams
obtained with an incident electron beam parallel to the column
axis showed a net pattern from the single crystal where the base
plane lattice parameters of a, b, and c were deduced directly (Fig. 4
(bottom)). The unit cell parameters obtained from these electron
diffraction patterns are a = 16.03 Å, b = 13.80 Å and c = 4.76 Å
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Fig. 4 Electron diffraction patterns obtained with an incident electron
beam perpendicular (top) and parallel (bottom) to the peptide nanorod
axis, obtained from suspension and ultrathin section preparations,
respectively.


(column axis). a = 90◦, b = 90◦, c = 101.6◦, V = 10.26 Å3, Z =
2, and the calculated density = 1.22 Mg m−3. On the basis of the
results of the diffraction experiments, two three-dimensional unit
cell models were constructed (Fig. 5). There are two models for
putting two molecules in the unit cell. One is to place two molecules
with a two-fold screw axis through the molecular centers, and the
other is to set a two-fold screw axis between the two molecules.
In the former case, as shown in Fig. 5(a), the second molecule,
which is generated by a symmetry operation (the black one), must
stack immediately below/above the original molecule (the white
one). The layer distance between these two molecules then has
to be ca. 2.4 Å due to the condition of Z = 2, and this model
can then be ruled out because of the short contacts between many
atoms. In the latter case (Fig. 5(b)), two columns of cyclo(ACHC)3


are staggered by 2.4 Å, and each column consists of a pile of the
cyclo(ACHC)3 molecules spaced at 4.8 Å with a full overlap. As
far as the present set of crystallographic data are concerned, it
is natural to conclude that cyclo(ACHC)3 molecules stack up to
form a columnar structure, and the columns assemble in a parallel


Fig. 5 Two models for atomic arrangements of cyclo(ACHC)3 molecules
in the suggested unit cell. The original molecule is shown in white, and the
second molecule, created by the symmetry operation, is shown in black. In
case (a), the original molecule is postioned on a two-fold screw axis, and
in case (b), the original molecule is positioned between the two-fold screw
axes.


manner as shown in Fig. 5(b). In the proposed crystal model,
cyclo(ACHC)3 molecules stack up without twisting the ring plane.
The intermolecular hydrogen bonds deviate from a straight line
with a bend angle of 166◦ about N–H · · · O=C. This structure
is similar to Dory’s C3 lactam system,49 rather than Seebach’s
cyclo(HGlu)3 in which the angle is nearly 180◦. Notably, since all
columns are oriented in the same direction, the molecular assembly
of cyclo(ACHC)3 should have a large total dipole moment due
to the additivity of the dipole moment from each cyclo(ACHC)3


molecule of 8.56 Debye. The van der Waals interactions between
neighboring molecules, escpecially cyclohexane ring moieties,
should contribute to the stabilization of the parallel packing
(Fig. 5(b)).


By examining many electron diffraction patterns, we found that
the spot intensities in the first layers of both sides of the equator
were asymmetric (Ihkl �= I−h−kl). This asymmetric intensity pattern,
together with the b axis being shorter than the a axis, suggest a
slight tilt of the ring plane from the a–b base plane, which makes
it difficult to obtain a precise atomic configuration in the crystal.
The precise molecular arrangement in the unit cell will need to be
solved, especially if the mechanism of the unique parallel assembly
of the dipolar columns is to be understood.


Conclusions


We have synthesized a novel cyclic tri-b-peptide, cyclo(ACHC)3,
and determined the conformation by FT-IR, NMR, and geometry
optimization. The cyclic trimer formed a rod-like molecular
assembly in a solution. To the best of our knowledge, this is
the first TEM observation and structural analysis of a nano-
scale molecular assembly of a cyclic tri-b-peptide. Interestingly,
the cyclo(ACHC)3 molecules stack up into a columnar structure,
with hydrogen bonds between the amide groups. The molecular
columns are assembled into bundles with all the amide groups
pointing in the same direction, strengthening the total dipole
moment of the bundle. Generally, molecular columns are expected
to orient in an anti-parallel manner, to cancel out the total
dipole moment for stabilization. Thus, this crystal structure of
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cyclo(ACHC)3 is highly unique and will add a new aspect to
molecular assemblies of cyclic b-amino acids. This molecular
assembly may have an application as a vectorial mediator of
protons, electrons or ions due to the large dipole moment of the
bundles – this is now under investigation.


Experimental


Materials


Trans-(1R,2R)-(−)-cyclohexanedicarboxylic acid was purchased
from Merck (Darmstadt, Germany) and used as received. Water
was purified by a Milli-Q system (Nihon Millipore Ltd, Japan)
and had a specific resistivity of ca. 18 MX cm−1. All other reagents
were purchased from commercial sources and used as received.


Synthesis


Boc-(ACHC)3-OH. A mixture of Boc-(ACHC)3-OBn (178 mg,
0.305 mmol) and 20% palladium on activated carbon (40 mg)
in dichloromethane (100 ml) was stirred at room temperature
under hydrogen atmosphere for 7 h. The reaction mixture was then
filtered through diatomaceous earth and evaporated to yield the
product (150 mg, 0.304 mmol, quant.). TLC: Rf = 0.51 (CHCl3–
methanol, 10 : 1 v/v). 1H NMR (400 MHz, CDCl3) d 4.06, 3.97,
3.58 (m, 3H, CONHCH), 2.29–1.50 (m, 15H), 1.48–0.92 (m, 21H)
1.41 (s, 9H, (CH3)3C). FAB-MS (matrix: nitrobenzyl alcohol): m/z
516.29 (calcd. for C26H43N3O3Na [M + Na+], m/z 516.31).


Cyclo(ACHC)3. The Boc group of Boc-(ACHC)3-OH
(150 mg, 0.304 mmol) was removed by TFA and anisole, and the
product was dissolved in DMF (30 ml). BOP (199 mg, 0.45 mmol),
HOAT (61 mg, 0.45 mmol) and DIEA (313 ll, 1.80 mmol) were
added, and the solution stirred at room temperature for 6 h. After
removal of solvent, the remaining solid was washed with ethyl
acetate, CHCl3, and methanol to yield pure cyclo(ACHC)3 (69 mg,
0.184 mmol, 69%). 1H NMR (400 MHz, CF3CO2D–CDCl3, 5 :
1) d 4.30 (m, 3H, CONHCH), 2.45 (m, 3H, NHCOCH), 2.05–
1.96 (m, 6H), 1.96–1.83 (m, 6H), 1.80–1.64 (td, 3H), 1.52–1.36
(m, 6H), 1.34–1.21 (m, 3H). 13C NMR (400 MHz, CF3CO2D–
CDCl3, 5 : 1) d 177.3 (carbonyl), 55.2 (COCH), 51.8 (NHCH),
31.9 (NHCHCH2), 28.5 (COCHCH2), 24.4 (NHCHCH2CH2),
23.9 (COCHCH2CH2). FAB-MS (matrix: nitrobenzyl alcohol):
m/z 376.24 (calcd. for C21H34N3O3 [M + H+], m/z 376.26); m/z
751.51 (calcd. for C42H67N6O6 [M·M + H+], m/z 751.61); m/z
1126.77 (calcd. for C63H100N9O9 [M·M·M + H+], m/z 1126.76).


Measurements


NMR spectra were recorded with a Bruker DPX-400 spectrometer.
FABMS spectra were obtained on a JEOL HA110 spectrometer
using 2,4-dinitrobenzyl alcohol as the matrix. FT-IR spectra were
recorded on a Horiba FT720 spectrometer.


Optical microscopy


Optical microscopy was performed using a Olympus IX70 with
polarizing filters. The sample was sandwiched between two glass
slides and observed in the cross-nicol configuration with a sensitive
tint plate positioned between the polarizers.


Transmission electron microscopy and electron diffraction


The images and diffractions were taken by using a JEOL JEM-
2000EXII instrument (JOEL, Japan) at an accelerating voltage
of 100 kV. Two sample preparations, as described earlier, were
taken to allow observation both along and perpendicular to
the column axis. A drop of dispersed suspension was mounted
on a carbon-coated Cu grid and stained negatively with 2%
uranyl acetate containing 1% trehalose. To obtain diffraction
perpendicular to the column axis, the single crystalline preparation
of cyclo(ACHC)3 was embedded in epoxy resin (Epon812 hard
mixture, Oken, Japan) by a conventional procedure. Ultrathin
sections 70 nm thick were cut by an ultramicrotome equipped
with a 35◦ diamond knife (Diatom, USA).


The electron diffraction diagrams were obtained in the mi-
crodiffraction mode.50,51 For this, a small condenser aperture
of 20 lm was inserted in the second condenser lens, and the
first condenser lens was fully overfocused to achieve an electron
probe of approximately 100 nm at the sample level. The samples
were observed at 2500× under extremely low dose conditions,
at the limit of the dark-current, with the help of an image
intensifier (Fiber Optics Coupled TV, Gatan). After proper zone
identification, the beam was manually blanked. The beam intensity
was then set to the desired value and the electron microscope
was switched to the diffraction mode. The beam was de-blanked,
followed immediately by the opening of the mechanical shutter
and the recording of the diffraction pattern on a preset film. The
sample-to-camera length was calibrated by the (111) diffraction
ring of evaporated Au particles.


Theoretical calculation of molecular energies


The molecular energies (internal energies) of cyclo(ACHC)3 and
cyclo(HAla)3 were calculated as follows. The initial geometry was
generated by the CAChe software (Fujitsu Co. Ltd, Japan), and
was optimized by a semiempirical Austin Model 1 (AM1) method
in the MOPAC 2002 package. The optimization gave two geome-
tries: trans and cis with respect to the amide conformation. Using
the obtained geometry as the input, ab initio calculations were
carried out using the Gaussian 03 program. The geometry was
further optimized at the Hartree–Fock (HF) level with frequency
calculation for the zero-point energy. With the optimized geometry
at the HF level, the single-point energy was calculated based on
density functional theory with Becke’s three-parameter hybrid
functional and the Lee–Yang–Parr correlation (B3LYP) method.
The 6-31G(d) basis set was used in both calculations. Finally, the
internal energy of the molecule was obtained as the sum of the
zero-point energy and single-point energy.
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For the past twenty years, the small, 76-residue protein ubiquitin has been used as a model system to
study protein structure, stability, folding and dynamics. In this time, ubiquitin has become a paradigm
for both the experimental and computational folding communities. The folding energy landscape is now
uniquely characterised with a plethora of information available on not only the native and denatured
states, but partially structured states, alternatively folded states and locally unfolded states, in addition
to the transition state ensemble. This Perspective focuses on the experimental characterisation of
ubiquitin using a comprehensive range of biophysical techniques.


Introduction


It appears that the name ubiquitin is an apt one—ubiquitin not
only being ubiquitous in a cellular environment in nature, but
also widespread in its use in research laboratories worldwide. The
extensive use of ubiquitin results from its favourable properties—it
is a small protein (76 residues in length) that has a highly structured
native state which is very stable. Its high stability has been known
for some time and this may be linked with the function of ubiquitin,
which becomes covalently attached to lysine side chains in proteins
thereby targeting them for degradation by the proteasome.1 As far
back as the 1970s, NMR studies had established that ubiquitin is
stable from pH 1.2 to 8.5 and from 23 to 80 ◦C.2 Its stability has
proved of great use particularly in the original preparations of the
protein from non-recombinant sources where high temperatures
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(90 to 95 ◦C) were used to precipitate out many other cellular
proteins, with ubiquitin remaining folded and soluble.3 Perhaps
more important than all of these factors, including the relative
ease of preparing the pure protein, however, was the fact that
for many years the protein was available straight from a bottle
from Sigma. Nowadays, of course, recombinant protein made in
bacterial sources is usually used.


For all these reasons, once the structure of ubiquitin had been
solved in the mid 1980s, it fast became the mainstay of many
studies on protein stability and folding. Over the past twenty years,
this small protein has been subjected to an extensive range
of biophysical techniques, denaturation methods and protein
engineering studies. Together, these studies have provided one of
the most detailed pictures of the complex nature of the energy land-
scape for folding so far obtained for a protein. In addition to the
many experimental studies, which are reviewed in this Perspective,
ubiquitin has also been the focus of many computational studies
using a variety of approaches. Unfortunately, these are beyond
the scope of this particular review, however, interested readers
can find out more about computational methods in a number of
recent review articles4,5 and in the June 2002 issue of Accounts of
Chemical Research dedicated to molecular dynamics simulations
of biomolecules.6


This Perspective starts with the original structural studies which
led onto the subsequent work on stability and folding. It ends with
recent studies on the redesign of the hydrophobic core of ubiquitin,
the latest studies using new biophysical techniques such as atomic
force microscopy (AFM), and novel approaches to the study of
protein structure and dynamics.


Structural studies


The three-dimensional structure of ubiquitin was first solved by
X-ray crystallography at 2.8 Å and then 1.8 Å resolution in the
mid 1980s.7,8 The protein was found to have a tightly-packed
globular structure in which a mixed parallel–anti-parallel b-sheet
packs against an a-helix to form the hydrophobic core (Fig. 1).
This structure, termed a b-grasp fold, is widespread and many
proteins and protein families are found to adopt this topology.
In contrast to the crystal structure, a solution structure of wild-
type ubiquitin was not reported and coordinates deposited until
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Fig. 1 Secondary and tertiary structure of ubiquitin from the 1.8 Å crystal
structure (1ubq.pdb).8 Shown in yellow are the five b-strands that make
up the mixed parallel–anti-parallel b-sheet, shown in red are the major
a-helix and the 310-helix. Also indicated are the loop regions which have
been engineered in different studies.


1998. In this case, the solution structure was solved as a part of
a larger study using ubiquitin as a test protein for developing
new NMR methods and for the validation of new structural
information obtained from a sample prepared in a dilute liquid
crystal medium.9 The fact that the solution structure was not
published until 1998 is somewhat surprising given that 1D-NMR
studies on ubiquitin were being performed as early as 1977,2 some
assignments and histidine titrations were reported in 1980,10 and
a full 2D assignment was published by two groups in 1987.11–13


Ubiquitin has, however, played a very important role in the
development of NMR methodology, it being used as a test case in
many studies. A full review of this work is beyond the scope of this
Perspective, but for interested readers I recommend work from the
Bax group (http://spin.niddk.nih.gov/bax/).


Stability studies


Ubiquitin has been used extensively as a model system for investi-
gating the factors governing the stability of proteins. Much of the
work done in this area has been carried out by the Makhatadze
and Privalov groups starting with differential scanning calorimetry
measurements in the early 1990s.14 The first experiments looked at
the effects of salts and surface charges on the stability of the wild-
type protein,15,16 work which was quickly followed up with protein
engineering studies. Through a detailed analysis of the effect of
surface charge on stability, the Makhatadze group have produced
a stabilised variant of ubiquitin by the optimization of charge–
charge interactions on the protein surface (Fig. 2).17 This group
has also demonstrated that removal of surface charge–charge
interactions leaves the protein folded and very stable,18 the work
culminating in a recently published paper giving guidelines for the
protein engineering of surface charge.19 Other groups have also
studied the numerous charge–charge interactions on the surface
of ubiquitin to investigate how neighbouring residues influence
the strength of these interactions and pKas.20


Protein engineering techniques have also been employed to
study the contribution of the contact between the hydrophobic
residues Ile30 and Ile36 at the C-terminus of the a-helix to protein
stability.21 In this case, 16 variants were produced with the full
combination of four hydrophobic residues at the two positions,
all of which were less stable than the wild-type protein. Other


Fig. 2 A. Structure of ubiquitin showing the electrostatic potential
generated by the acidic and basic groups (a positive potential is indicated
in blue and a negative potential in red). B. Structure of ubiquitin showing
the side chains of residues Lys11 and Glu34 which form a salt bridge on
the surface of the protein. Also shown are the electrostatic potentials from
these and nearby charge residues. These charges have been engineered by
the Makhatadze group to form stabilised ubiquitin variants.19


groups have also studied the effect of mutation of hydrophobic
core groups on the stability.22–24 In these cases, mutation of buried
hydrophobic core residues destabilises the native state of ubiquitin
with the exception of Val→Ala26 which is slightly more stable than
the wild type.22 The fact that almost all mutations in the core are
destabilising is perhaps not that surprising given the remarkable
sequence conservation of ubiquitins.25 The effects of the burial of
polar and non-polar groups in the interior of ubiquitin have also
been measured and, as expected, the packing of non-polar groups
in the core is found to be favourable, whilst the burial of polar
groups is highly destabilising unless the destabilisation resulting
from dehydration can be compensated for by the formation of
hydrogen bonds.26


The Makhatadze group has also investigated the stability of
mutants of the C-cap and the C′ position of the C-capping box
of the a-helix. In the first of these studies, they established that
glycine is the most favourable residue in the C′ position, the result
of preferential hydration of the peptide backbone.27 At the C-cap
itself, a large variation in stability was observed for the different
mutants made, the stability correlating well with hydrophobicity
in this case.28 Recently, a detailed investigation of the factors
contributing to stability at solvent exposed positions in the middle
(Ala28) and at the C-terminus (Asp32) of the a-helix of ubiquitin
was undertaken. The results showed that, for non-charged amino
acids, the helical propensity is similar at both positions and similar
to the propensities measured in model peptides.29 In contrast,
when a partially exposed site in the a-helix (Lys33) was studied,
it was found that both the helical propensity and the side chain
hydrophobicity correlated with changes in stability.30 Thus, the
effect on stability of a residue in the a-helix is context dependent,
and cannot be predicted from helical propensities alone.


Ubiquitin’s intrinsic stability makes it an ideal system for
stability studies enabling a comprehensive programme of protein
engineering. To date, more than 70 mutants have been made and
characterised which have a range of stabilities with DDGD–Ns (the
difference in the free energy of unfolding between wild type and
mutant) ranging from −1.7 kcal mol−1 (more stable than wild-type)
to + 4.4 kcal mol−1 (less stable than wild-type).


Partially structured states


Several different approaches have been used to identify and char-
acterise partially structured states of ubiquitin. Such states provide
important information on the intrinsic stabilities of substructures
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within the protein as well as local unfolding events, both of which
help to define the energy landscape for the folding/unfolding of
this protein.


(i) Peptide fragment studies. Some of the earliest studies on the
folding of ubiquitin focused on peptide fragments corresponding
to different regions of the full-length protein. Evidence for intrinsic
structure in the absence of the rest of the polypeptide chain
was sought in order to identify potential nucleation sites for
folding. Two peptides corresponding to residues 1–21 and 1–
35 were studied by NMR and far-UV CD in water and at
low pH in methanol.31 Whilst in water there was little evidence
of any structure, at low pH in methanol both peptides had
considerable structure which was consistent with the formation
of the b-hairpin.31 More recent investigations have established
that a peptide corresponding to residues 1–17 had some native-
like structure in solution and a mutant thereof, (Thr→Asp9), was
more stable and highly structured, possibly due to the introduction
of a favourable interaction with Lys11.32,33 In contrast, a fragment
corresponding to the C-terminus of ubiquitin (residues 36–76)
showed no evidence for structure in solution.34 As has been
shown for other proteins, the N- and C-terminal fragments can be
combined and cooperatively assemble into a native-like structure.34


Some quite striking results were obtained when a peptide
fragment encompassing residues 1 to 51 of ubiquitin was produced
in order to test whether this portion had a propensity for indepen-
dent self-assembly.35 Surprisingly, the construct formed a folded
symmetrical dimer that was stabilised by 0.8 M sodium sulfate.
The solution structure was determined by NMR spectroscopy and
each subunit found to consist of an N-terminal b-hairpin followed
by an a-helix and a final b-strand, with orientations similar to
intact full-length ubiquitin (Fig. 3). The dimer is formed by the
third b-strand of one subunit interleaving between the hairpin and
the third strand of the other to give a six-stranded b-sheet, with
the two a-helices sitting on top (Fig. 3). The helix–helix and strand
portions of the dimer interface also mimic related features in the
structure of wild-type ubiquitin.


Fig. 3 Structure of the dimer formed by the 1–51 peptide.35


(ii) Studies in cosolvents. Organic cosolvents such as alcohols
(methanol, trifluoroethanol, hexaisopropanol etc.) have long been
known to affect the stability and structure of proteins.36 At low
concentrations, these cosolvents commonly increase the stability


of the native state, however, at higher concentrations they are
known to partially or fully unfold a protein. Their ability to
stabilise otherwise unstable partially structured states of small pro-
teins has resulted in their extensive use in characterising partially
structured states which may be similar to folding intermediates.
The groups of Evans and Williams were the first to use this
approach on ubiquitin forming a stable partially structured state at
low pH in a 60% : 40% (v/v) mix of methanol and water. This state
(which was called the A state) was sufficiently soluble and stable
to be characterised using NMR.37 Slowly exchanging amides were
assigned and vicinal coupling constants and NOESY data were
used to show that the first two strands and part of the third strand
remained structured. The hydrophobic core face of the loose b-
sheet formed was partially covered by a weakly structured a-helix,
which was considerably more flexible than in the native state.37


Subsequently, thermal denaturation experiments monitored by
NMR and DSC were performed on the A state to determine its
heat capacity.38 Surprisingly, the heat capacity change between the
A state and the denatured state was close to zero indicating that
the solvent ordering component of the hydrophobic effect was not
an obligatory factor in determining the stability or structure of
the A state.38 These results were confirmed by a later study which
proposed that van der Waals’ interactions dominate under these
conditions.39


(iii) Pressure and temperature. In addition to the fragment
and cosolvent studies described above, pressure and temperature
have both been used to induce partial unfolding of ubiquitin, the
partially structured state formed being characterised by NMR. At
low temperature (0 ◦C) and high pressure (30–3700 bar) a series
of high-energy intermediates have been observed.40 The major
intermediate state detected has undergone a local unfolding event
in the region of residues 33–42 and between residues 70–76.40


In a follow-up study, the same group have used NOE data and
torsional angle constraints to create average coordinates for the
structure of ubiquitin at various pressures.41 The results revealed
that the a-helix can swing in and out by more than 3 Å with a
simultaneous reorientation of the C-terminal region of the protein.
Spin relaxation analysis established that these conformational
fluctuations are occurring on a 10 ls timescale.41


Cold denaturation is rarely used to study unfolding transitions
as, for the majority of proteins, denaturation usually occurs below
the freezing temperature of the aqueous solution. Recently, Wand
and coworkers have developed a novel method which overcomes
this difficulty, and have studied the cold denaturation of ubiquitin
in micelles at −35 ◦C.42 Monitoring the unfolding transition by
NMR, they found that the unfolding is relatively non-cooperative
under these conditions and an ensemble of partially structured
states was observed. Within this ensemble, the N-terminal region
of ubiquitin along with the a-helix, in addition to the 310-helix,
remained native-like and folded.42 In contrast, a study on the
pressure-assisted cold denaturation of ubiquitin at 225 MPa and
−16 ◦C, showed H/D exchange kinetics consistent with a random
coil.43


NMR: H/D exchange and hydrogen bonding


In addition to its use in determining the structure of the native state
of ubiquitin, NMR methods have been used in conjunction with
H/D exchange methods to provide information on the folding
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pathway of this protein. The first studies used pulsed-quenched
flow H/D exchange to investigate potential intermediates on the
folding pathway.44 These experiments showed that ubiquitin folds
rapidly and cooperatively with the majority of amide protons being
protected against labeling in a phase on the 10 ms timescale, with
little evidence for protection of amides in any faster phase.44 A later
study used a variation on this method to detect and characterise
early intermediates.45 In this case, no significantly protected struc-
ture was detected suggesting that secondary structural elements
may only be populated marginally ahead of, or at the same time
as, the major cooperative folding event.45 This is consistent with
the current models of ubiquitin folding which show it to be two-
state under these conditions;46,47 the protection observed in the
original studies may have resulted from aggregation known to
occur during folding under these conditions (Figs 4a and b).47


Recent H/D exchange studies on ubiquitin48 have established
the experimental conditions required for EX1 and EX2 regimes of
exchange. (The mechanism of exchange is classified as EX1 when
the intrinsic rate of exchange is sufficiently fast that the observed
rate of exchange is determined solely by the opening or unfolding
rate of the protein; an EX2 mechanism applies when the intrinsic
rate of exchange is slower than the closing (folding) rate. In this
case, the observed rate constant depends upon the equilibrium
constant between the open and closed forms and the intrinsic rate
constant for exchange.) Exchange occurs by the EX1 mechanism
at high pHs where the intrinsic rates of exchange of amide protons
are rapid. Under these conditions, the exchange rates can be used
to calculate unfolding rate constants and, combined with EX2
measurements at low pH, used to calculate folding rates.48 The
rate constants obtained by this method are in excellent agreement
with those measured using other techniques (see kinetics section)
and with saturation transfer experiments.48


NMR techniques have also been used to examine the hydrogen
bonding groups in ubiquitin and, in particular, their response to
temperature.49 A residue-specific analysis has established that not
all hydrogen bonds are affected to the same degree by temperature
and thermal expansion. The N-terminus of b-strand 5 was found
to be the least thermally stable, as expected as this region sticks
out from the main body of the protein. In contrast, the end of
b1–b2 is stable even at elevated temperatures. Hydrogen bonds in
the a-helix are also particularly strong.


Folding kinetics


(i) Two- or three-state? In recent years, the kinetic model of
folding for ubiquitin has become somewhat controversial. The
original experiments of Roder and coworkers on a fluorescently
engineered variant of ubiquitin (F45W) reported that the protein
folded with three-state kinetics populating an intermediate state
during folding at 25 ◦C (but interestingly not at 8 ◦C).50 A
follow-up study by the same group using protein engineering
techniques to probe the folding pathway showed that mutants
of residues in the hydrophobic core which destabilised the native
state of the protein also destabilised the intermediate state and
two-state kinetics were observed.22 This was consistent with other
studies of that time, and many subsequent studies, which have
shown that it is possible to switch from three- to two-state
kinetics by destabilising the native state of a protein either by
mutation or by changing an experimental condition such as pH


Fig. 4 Unfolding and refolding kinetics of ubiquitin at pH 5.0. A. Tagged
F45W (red open circles) and a non-tagged F45W mutant (black closed
circles). The latter is identical to the protein used in other studies.22,46 The
V-shaped chevron plot is indicative of the simple two-state folding of a
protein85 whilst rollover at low denaturant concentrations can be indicative
of the population of an intermediate state86 or of transient aggregation
during folding.87 B. Protein concentration dependence of the refolding rate
constant for the non-tagged F45W mutant at 0.5 M GdmCl at 25 ◦C, clearly
showing that transient aggregation is occurring. Data taken from Went
et al., (2004).47 C. Putative scheme for the folding pathway of ubiquitin
based on protein engineering and other results.24 It is likely that there is
some residual structure in the denatured state of ubiquitin in the region
of the first b-hairpin and the a-helix. Such structure will be transient,
flickering in-and-out. By the rate-limiting transition state this structure
has consolidated—the helix is almost fully formed and the b-hairpin is
partially structured. In this state, the secondary structure is stabilised by
interactions between the b-hairpin and the helix. The C-terminal region
remains relatively unstructured until after the TS barrier has been crossed.
It is formed rapidly in a downhill process post-TS.


and temperature. However, a later investigation by the Sosnick
group combining different experimental approaches questioned
the three-state nature of the folding of ubiquitin.46 Recent work
from my own group has established the cause of the apparent
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discrepancy. Ubiquitin has a strong tendency to aggregate during
refolding at low concentrations of chemical denaturant and this
gives rise to what appears to be an intermediate state but which is
artefactual (Fig. 4a,b).47


Rapid-mixing experiments have also been used to measure the
solvent isotope effects on unfolding and refolding rates.51 In this
case, stability and rate constants in H2O and D2O were measured
and compared. The refolding rate constants remain unchanged
between solvents, and there was only a small effect observed on
the unfolding rate constant. These results have been interpreted in
terms of hydrogen bond formation in the rate-limiting transition
state ensemble (TSE)—it being concluded that hydrogen bonds
are largely absent in the TSE. However, it was noted that, in this
case, the approach may be at its limit due to the small changes in
stability of the system between solvents.


Recently, the folding of human ubiquitin was compared with
that for the highly homologous yeast protein and the structurally
related Raf-RBD which has no sequence similarity.52 In all cases,
the kinetics were two-state and the folding rates were all within
an order of magnitude. This, in conjunction with the fact that the
folding/unfolding energy barriers displayed a similar temperature
dependence, and sensitivity to a stabilising salt and to mutation,
led to the conclusion that the folding pathways were the same. In
contrast, recent work from my own group, suggests that, whereas
the folding pathways of proteins with the same b-grasp fold
as ubiquitin which are thought to be related through a distant
common ancestor are similar, unrelated proteins with the same
fold (such as Raf-BD or protein L/G) do not necessarily share the
same folding mechanism.53


(ii) Intermediate states. The folding of ubiquitin is two-state
under most conditions, however, an intermediate can be stabilised
and become populated during folding using a number of methods,
for example, by the use of a stabilising salt such as sodium sulfate.47


Some very interesting results from the Searle group have also
shown that it is possible to populate an intermediate state by
overstabilising an element of secondary structure (see the later
section on protein engineering). Kinetic measurements at low
temperatures in high viscosity solutions have also been made.54


In this case, there is strong evidence for an intermediate state not
observed at higher temperatures. Under these conditions, folding
rates are sufficiently slow that burst phases can be measured
accurately.


In recent years, technical advances in other biophysical tech-
niques such as mass spectrometry (MS) and infra-red (IR) have
meant that ubiquitin folding kinetics can be monitored with other
probes. For example, the two-state model for the unfolding and
refolding of ubiquitin has recently been tested by using H/D
exchange techniques in conjunction with mass spectrometry.55


Refolding from an acid–methanol induced denatured state is
monitored both by the extent of H/D exchange of the backbone
amide groups after different refolding times, and by the charge-
state distribution (CSD) which is characteristic of denatured
or native protein. When taken individually the results from
both probes are consistent with a two-state model, however, a
careful comparison revealed an additional species with a CSD
characteristic of the native protein but with non-native H/D
exchange behaviour, suggesting a transient intermediate might be
present.


(iii) Non-exponential kinetics. In addition to the stopped-
flow and continuous-flow experiments described above,
temperature-jump methods have also been employed to probe
ubiquitin’s folding kinetics.56 Temperature-jump was used to
rapidly initiate the folding of a destabilised mutant of ubiquitin
from a cold-denatured state. Remarkably, highly non-exponential
kinetics were observed under some conditions. This was attributed
to a complex energy landscape in which the folding of a fraction
of the molecules was downhill, there being no substantial energy
barrier—these molecules residing on the native side of the rate-
limiting transition state barrier after the temperature jump.56


Unfolding kinetics of ubiquitin measured with non-linear
IR spectroscopy including 2D IR spectroscopy and dispersed
vibrational echo (DVE) spectroscopy, have revealed a series of con-
formational changes on the nanosecond to millisecond timescale
during thermal unfolding, some of which also demonstrate non-
exponential kinetics.57 For example, from 100 ns to 0.5 ms, the
results are consistent with partial unfolding of the b-sheet and
non-exponential kinetics are observed. By modeling the amide I
vibrations of ubiquitin, it is proposed that this results from the
unfolding of the less stable strands 3–5, before the unfolding of
the N-terminal b-hairpin which forms part of the hydrophobic
core. This downhill folding is followed by a slower exponential
phase corresponding to barrier-crossing kinetics.


In addition to the studies above, protein engineering techniques
have been used in conjunction with rapid-reaction kinetics such
as stopped-flow and continuous-flow to study the folding pathway
of ubiquitin. Results from these studies are discussed in the next
section.


Protein engineering


As with just about any other study on protein structure and
function, protein engineering has played an important role in our
understanding of the structure, stability, folding and dynamics of
ubiquitin. The first protein engineering on ubiquitin was work
done by the Roder group who engineered a tryptophan at position
45 in the protein in order to be able to use fluorescence to
probe the state of the protein in folding studies.50 Over the past
ten years, this F45W variant has been extensively used in folding
studies by many other groups. The Roder group were also the
first to make mutants of the hydrophobic core residues in order
to investigate the role of the core in folding and stability.22 Other
groups have also engineered cavity creating mutations into the core
of ubiquitin, in this case they were introduced at various distances
from the tryptophan in order to probe the effect on fluorescence.58


These studies showed that loosening of the structure near the
tryptophan resulted in hyperfluorescent species. Thus indicating
that hyperfluoresence observed in burst phases may not be due
to the formation of compact folding intermediates but due to a
pre-transitional conformationally loosened state.


Other protein engineering studies have focused on the N-
terminal b-hairpin and, in particular, on the b-turn connecting
strands 1 and 2.59 The sequence NPDG was introduced into a
peptide corresponding to the b-hairpin of ubiquitin and resulted
in a misalignment of the two strands and non-native interactions
between side chains.59 In contrast, when the sequence was en-
gineered into the full-length protein, a native-like b-hairpin was
formed, however the protein was significantly destabilised and
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slower to fold.60 In this case, cosolvents were observed to stabilise
not only the non-native conformer but also native-like structure
in the denatured ensemble and to accelerate folding.60 In another
study, deletion of Gly10, which forms a b-bulge in the native-like
structure, is found to greatly destabilise the native structure and
the b-hairpin.61


In recent work from the Searle group, an autonomously folding
14-residue b-hairpin unit was engineered into the first b-hairpin
of ubiquitin.62 This stabilised the protein and a φ-value analysis
(see below) of the b-hairpin established that it was largely formed
in the transition state ensemble (TSE). At low concentrations of
denaturant, non-linearity was observed in the kinetic chevron plot
indicative of a compact collapsed intermediate state which appears
to arise from overstabilisation of local interactions. Mutations
within the extended b-hairpin (but not elsewhere in the structure)
were found to restore two-state behaviour. In an extension to
this work, the Searle group then engineered a similar stable mini-
hairpin sequence into a turn region in the C-terminal region of the
protein. A single Leu→Phe mutation within this sequence resulted
in premature collapse of the denatured ensemble and formation of
a similar compact intermediate state.63


Protein engineering has long been used to study folding path-
ways and to characterise transition state ensembles.64,65 Perhaps
the best known form of this is φ-value analysis developed by
Fersht and coworkers.66 Here, a non-disruptive mutation is made
and its effect on the energy levels of the native and transition
states is measured and compared. The Sosnick group recently
developed an alternative approach where they have extensively
engineered metal-binding sites into ubiquitin by the introduction
of pairs of histidine residues on the surface.67 Metal binding is
then used to perturb the energy levels in a manner similar to
mutation for φ-value analysis, and the resulting W-value analysis
is used to characterise the structure of the TSE for folding.
Their results indicated that ubiquitin folds through a single
folding nucleus, the TSE having a common core that contains
heterogeneous features on its periphery. The obligate common
core has part of the a-helix docked against four out of five
correctly aligned b-strands. These results were then compared with
the φ-values obtained for a limited number of hydrophobic core
mutants.23


A comprehensive φ-value analysis by my own group was
published last year.24 Twenty seven non-disruptive mutations were
made throughout the protein structure and a range of φ-values
from zero to one was observed. Medium and high values were
found only in the N-terminal region of the protein, whilst the C-
terminal region had consistently low values. In the TSE, the main
a-helix appears to be fully formed, and the helix is stabilised by
packing against the first b-hairpin which is partially structured. In
striking comparison, the C-terminal half of the protein is largely
unstructured in the TSE. Ubiquitin, thus, has a relatively polarized
folding nucleus (Fig. 4c).


The two different approaches, φ- and W-value analysis, generate
similar but different results. Both studies indicate that the N-
terminal region of ubiquitin, including the first b-hairpin and the
a-helix, are structured in the TSE, but whereas W-value analysis
suggests that regions of the C-terminus are also present,67 φ-
value analysis shows little evidence for this.24 The reason for
this discrepancy is at present unclear—it has been suggested that
mutations may change the flux through the TSE,23 however, the


W-value method has recently been re-evaluated and may need
further testing.68,69


Ubiquitin has been used as a model system to study the effect
of loop insertions on the structure and stability of proteins. The
Robertson group has engineered loop sequences corresponding to
loop regions in structural homologues of ubiquitin into two sites
in the protein—the 9–10 loop and the 35–36 loop (Fig. 1).70 They
observed that the effect of the loop is largely dependent upon the
position of the insert and not on the sequence or the length of the
insert. For example, inserts into the 35–36 loop result in greater
structural perturbation than inserts into the 9–10 loop, possibly
due to the intrinsic flexibility/stability of the two loops in the
wild-type structure.


Atomic force microscopy


In addition to the myriad of techniques discussed above, ubiquitin
has recently been the subject of a number of mechanical unfolding
studies using atomic force microscopy (AFM) techniques. AFM
has been used to test the mechanical strength of polyubiquitin
molecules with different linkages.71 The mechanical strength of N–
C linked polyubiquitin was found to differ from a Lys48–C linked
polyubiquitin chain. This has established that the mechanical
strength of proteins can be modified by the linkage of the domain
and may have important biological consequences for ubiquitin
which is found in nature in different complexes linked through
Lys63, Lys48, Lys29 or Lys11.


Force-clamp AFM has also been used to investigate the me-
chanical strength, unfolding and refolding properties of a chain of
multiple ubiquitin molecules.72 High forces are used to sequentially
unfold domains of polyubiquitin, quenching to lower forces then
allows refolding to occur. Various phases are observed which are
attributed to elastic recoil and folding processes. It should be
noted that folding events are monitored indirectly by unfolding
the polyubiquitin chain again after different refolding times.73


Using the force-clamp technique, the kinetics of the unfolding
of ubiquitin have also been measured at a constant force (in
contrast to other AFM experiments which typically measure
extension/unfolding at a constant velocity). In this case, N–C
linked ubiquitin was used, and the force-driven unfolding was
shown to be a Markovian process that depends exponentially
on stretching force.74 Although an ensemble average of the
single molecule experiments was well described by a two-state
model, unfolding events were observed on a single molecule level
which deviate and indicate variant unfolding pathways. These
events have a low frequency and are, therefore, not represented
in the ensemble average. Recent Monte Carlo simulations of
the mechanical unfolding were in agreement with these studies
showing that unfolding could occur as a single-step process or
through intermediate steps,75 and that there was a distinct order
to the unfolding events.


Dynamics


The dynamics of both the side chains and the backbone of
ubiquitin have been studied using a variety of NMR techniques.
In a recent paper from the Palmer group, NMR spin relaxation
experiments were used to characterise the backbone dynamics on
the microsecond timescale and chemical exchange processes were
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identified which affect residues Ile23, Asn25, Thr55 and Val70.76


The exchange processes affecting residues 23, 25 and 55 appear
to result from disruption of the N-cap of the a-helix and possibly
from repacking of the side chain of Ile23.


NMR techniques in conjunction with molecular dynamic
(MD) methods have also been used to simultaneously determine
both the structure and the dynamics of ubiquitin.77 This novel
method, which is called dynamic ensemble refinement (DER),
uses experimentally determined structure order parameters (s2) for
the native state of ubiquitin, in addition to distance information
from NOESY experiments as restraints in MD simulations. The
order parameters contain information on molecular motion on
the picosecond to nanosecond timescale. The method requires
that a set of ubiquitin conformations is simultaneously consistent
with both NOE data and order parameters in order to generate
an ensemble of structures. It is found that there is considerable
conformational heterogeneity throughout the protein structure.
Each structure in the ensemble has a tightly packed core, however,
even side chains in the core are found to populate multiple
rotameric states and can, therefore, be considered to have liquid-
like characteristics (Fig. 5).


Fig. 5 Ca trace of ten representative conformations of ubiquitin obtained
from the dynamic ensemble refinement method.77 b-Strands 1, 2, 3, 4 and 5
are shown in dark blue, light blue, bright green, yellow and red, respectively.
The major a-helix is in greenish-blue, and the 310-helix in orange.


Redesign of the hydrophobic core


The structural and stability work that had been carried out on
ubiquitin by the mid 1990s meant that it was by then an excellent
system with which to test de novo design strategies that were
being developed by computational chemists and biochemists. The
Handel group was one of the first to use ubiquitin to test their
design algorithms. The work focused on packing arrangements
in the hydrophobic cores of proteins, and the program RoC
(Repacking of Cores) was used to design nine variants containing
between three to eight mutations of hydrophobic core residues.78


These variants were made and their structure and stability
characterised.78,79 All the designed variants were found to be
more stable than controls in which hydrophobic core residues


were chosen randomly, however, none was as stable as the
wild-type protein. The stabilities of the mutants measured were
used to evaluate and improve the core packing algorithm. The
solution structure of one of the variants with seven mutations
in the hydrophobic core revealed that although the backbone
conformation was very similar to the wild-type, the side chain
conformations, in general, were in statistically less favourable
conformations, thus explaining the lower stability.51 Further NMR
characterisation of this mutant showed that overall the level of
dynamics is similar to that of the wild-type, however, the mutations
caused a redistribution in the positions of core residues that
are dynamic,80 correlating with the tendency of these residues to
populate unfavourable rotameric states. Thus, it seems that strain
from poor side chain conformations promotes increased flexibility
as a mechanism to relieve unfavourable steric interactions. A
subsequent high resolution structural analysis revealed that the
variant is in slow exchange between two conformations—the
dynamic response and the lower stability are coupled to greater
strain and mobility in the core.81


In a completely different approach, the Woolfson group have
made multiple hydrophobic core variants of ubiquitin using a
library of core mutants and an efficient and effective selection
procedure.82 Stable variants from a library of ubiquitin hydropho-
bic core mutants were synthesized as hexahistidine-tagged fusions
and were displayed on the surface of phages. These protein–phages
were immobilized onto Ni-coated surfaces and the bound fusion-
phages were treated with protease to remove unstable or poorly
folded proteins. Stable phage fusions were eluted and infected
into E. coli, which allowed amplification for further selection,
sequencing, or protein expression. Many stable variants were
selected using this screen, some of which had up to seven mutations
in the hydrophobic core, and it was found that ubiquitin was
surprisingly tolerant to substitution of core residues.83 This is
somewhat surprising given the sequence conservation of ubiquitin
and the ubiquitin structural superfamily. Interestingly, and in
agreement with the Handel group studies, no variant was found
which was more stable than wild-type. The structure, folding and
dynamics of two of the variants from the screen—one overpacked
with seven substitutions (U4), the other underpacked with just
two mutations (U7)—was undertaken.84 Both proteins were well
folded and exhibited backbone dynamics similar to the wild-type.
A crystal structure of U4 revealed that there were almost no
changes in the position of the backbone and that the mutations
had been accommodated by small movements in the side chains
of both mutated and non-mutated residues, Fig. 6. Despite it
being less stable than wild type, U4 was found to fold with similar
rates.


Summary


With only 76 residues, ubiquitin is one of the smallest proteins
which is not a domain of a larger protein, is not always present
as part of a large oligomeric complex and which is functional as
a monomer. Its small size, stability and availability have made it
the subject of an extensive number of biophysical studies aimed
at understanding the fundamental principles governing protein
structure, stability, folding and dynamics. There is no doubt that
ubiquitin has proved itself as a model system time and time
again. Despite its small size and relatively simple architecture,
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Fig. 6 Diagrams of the crystallographic structures of wild-type (green)
and U4 (grey) ubiquitin. A. Comparison of the Ca backbones and (B.
and C) side chain orientations of the mutated residues in the mutant U4.
B. Residues 3, 15, 17, and 26. C. Residues 5 and 13. Data taken from
Benitez-Cardoza et al., (2003).84


ubiquitin shows many of the complexities of larger proteins,
including response to mutation, dynamic behaviour, complex
folding kinetics (exponential and non-exponential behaviour) etc.
As such, it is not only a model for how small proteins may fold,
but captures many of the features of how larger proteins may
fold as well (such as the kinetic traps induced by overstabilisation
of secondary structure). I am confident that ubiquitin has not
yet revealed all of its many secrets, and that, with advances
in experimental techniques and methodologies, we will learn
more about the complex energy landscape it can explore. Some
important fundamentals question still remain, particularly with
regards to linking what we know about the protein’s physical
properties to its function in vivo. Perhaps, we will even find the
reason why this robust little protein is so highly conserved.
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Novel photolabile amino acid monomers for photolitho-
graphic solid-phase peptide synthesis has been developed
and a method for the maskless synthesis of individually
addressable peptide microarrays using new building blocks
has been described; these peptide microarrays are suitable for
repetitive epitope-binding assays.


The use of photolabile protecting groups in peptide1 chemistry
has been well established. Useful photolabile protecting groups
must be stable to mild chemical treatments, but photolytically
cleaved in high yield by irradiation at wavelengths which do not
damage the protected molecule. Peptide chips2 are an emerging
technology that could replace many of the bioanalytical methods
currently used in drug discovery, diagnostics, and cell biology.
The array format for analyzing peptide and protein function
offers an attractive experimental alternative to traditional library
screens. Several strategies3 incorporating arrayed peptides and
proteins have emerged from studies using combinatorial synthesis
of peptides and peptide like molecules. The number of peptides
synthesized per unit area can be greatly increased by combining
solid-phase synthesis with photolithographic techniques.


In 1991, Fodor et al.4 demonstrated for the first time that
addressable arrays (e.g., peptides) could be synthesized on glass
surfaces using photomasks and photolabile building blocks.
However, soon after this report synthetic efforts tended to shift to
oligonucleotide arrays,5 because of interest in genomics analysis,
the relative ease of oligonucleotide synthesis and the fact that
oligonucleotide synthesis requires only four building blocks,
whereas peptide synthesis requires twenty. Now, however, with
the burgeoning growth of proteomics,6 attention is returning to
peptide arrays.


Singh-Gasson et al.7 in 1999 developed a maskless technology
to direct light to specific locations. This technology uses a Digital
Micromirror Device (DMD), which replaces the physical masks
and can be conveniently controlled by a computer. This cut down
the cost of making physical masks and does not involve the tedious
procedure of aligning masks.


Until now o-nitroveratryloxycarbonyl8 (NVOC), a-methyl-o-
nitropiperonyloxycarbonyl9 (MeNPOC) and 2-(2-nitrophenyl)-
propyloxycarbonyl10 (NPPOC) have been used as protecting
groups of amino acids for light-directed peptide synthesis. How-
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ever, these groups are rather slowly removed. A good photolabile
group11 may be assessed by combining in the same structure
two major features, i.e. the methylene dioxy group onto the
benzene ring which greatly facilitates the photolytic cleavage above
350 nm wavelength and, the elongation of the side-chain with
a single methylene moiety and addition of a methyl substituent
to the a-carbon which enhances the cleavage kinetics.12 More
recently Berroy et al.13 have demonstrated that the efficiency
of photolytic cleavage of 2-(3,4-methylenedioxy-6-nitrophenyl)-
propyloxycarbonyl (MNPPOC) protected nucleotides is signifi-
cantly better than that for NVOC or MeNPOC (Fig. 1) protected
nucleotides. We describe here the synthesis of MNPPOC-protected
amino acids, and the maskless synthesis of individually ad-
dressable peptide microarrays using novel photolabile monomers.
We demonstrate that these peptide microarrays are suitable for
repetitive epitope-binding assays.


Fig. 1 Photolabile protecting groups.


To obtain MNPPOC-protected amino acids (7), we first
devised an improved synthesis of 2-(3,4-methylenedioxy-6-
nitrophenyl)-propanol (MNPPOH)13 (4) (Scheme 1). In our
methods, 3,4-(methylenedioxy)-acetophenone was reduced to 3,4-
(methylenedioxy)-ethylbenzene (2) in the presence of hydrazine
hydrate followed by treatment of 2 with 40% HNO3 to obtain
3,4-(methylenedioxy)-6-nitrophenylethane (3). Compound 3 was
converted to MNPPOH (4) by treatment with paraformaldehyde
and benzyltrimethylammonium hydroxide.14 The alcohol 4 was
treated with phosgene to give MNPPOC chloride (5). Reaction
of 5 with various L-amino acids (6) in the presence of sodium
carbonate (pH 9.5–10) generated 7 (Scheme 2).


Scheme 1 Reagents and conditions: (a) NH2NH2·H2O, KOH, HOCH2-
CH2OH, 160–180 ◦C, 2 h; (b) 40% HNO3, CH2Cl2, 1.5 h; (c) (HCHO)n,
Triton B (40% in MeOH), reflux, 6 h.
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Table 1 Reaction times, yields and masses of products 7


Calculated Foundb


Entry R Time/h Yielda (%) [M+] [M + H+] [M + Na+] [M + K+]


7a H 15 89 326.1 327.1 349.1 365.1
7b 18 87 340.1 341.1 363.0 379.0


7c 18 86 382.1 383.2 405.2 421.1


7d 17 84 382.1 383.2 405.2 421.1


7e 16 84 412.2 413.3 435.2 451.1


7f 16 85 416.1 417.1 439.1 455.0


7g 17 88 488.2 489.3 511.3 527.2


7h 18 83 382.1 383.2 405.1 421.1


7i 15 81 366.1 367.1 389.1 405.1


a Isolated yield. b LC-MS (API-ES+).


Scheme 2 Reagents and conditions: (a) COCl2, THF, 0 ◦C, 3 h;
(b) Na2CO3, 1,4-dioxane–water (1 : 1), rt, 15–18 h. (Table 1).


For the light-directed maskless peptide arrays synthesis, it was
worthwhile to evaluate the efficacy of the critical photomediated
deprotection in an array format, MNPPOC-Ala was coupled to an
amino-glass slide. Specific areas (pixels) of slides were irradiated
with DMD (365 nm, 20 mW cm−2) for different times and then
treated with fluorescent dye (BODIPY) followed by scanning on
a GenPix Scanner. It was found that the optimum MNPPOC-Ala
coupling time was 20 min, and the photodeprotection time was
about 2 min in acetonitrile. A similar experiment was repeated
with NPPOC-Ala and the photodeprotection time was found to
be more than 2 min in acetonitrile.


Per-step coupling efficiency was determined basically as out-
lined in Fig. 2, in which step 1 and 2 were repeated with MNPPOC-
Ala by synthesizing one to three layers of Ala. The fluorescent


Fig. 2 Attachment of MNPPOC-Ala to the amine coated glass slide
followed by UV deprotection and fluorescence detection.


dye binding and scanning shows about 98% of per-step coupling
yield.


As a prelude to making complex more arrays, we sought to
demonstrate the ability to make biologically active peptides on
glass surfaces, by synthesizing Leu-enkephalin,15 Tyr-Gly-Gly-
Phe-Leu-Aca (YGGFL), where Aca is the peptide-to-glass spacer,
6-aminocaproic acid, for which an antibody is commercially avail-
able (anti-Leu-enkephalin polyclonal antibody from Chemicon
International). On the same slide we also synthesized, as a control,


1858 | Org. Biomol. Chem., 2006, 4, 1857–1859 This journal is © The Royal Society of Chemistry 2006







a false peptide, PGGFL, where the N-terminal Tyr has been
substituted by Pro. After synthesis, the slide was treated with
ovalbumin to reduce non-specific binding, followed by the anti-
Leu-enkephalin. After being washed, the slide was treated with
protein-A (labeled with fluorescent BODIPY dye), which binds
to antibodies, and finally the slide was scanned. Fig. 3A shows
replicate bindings to YGGFL (top row of three), Leu only (next
line down), and PGGFL (second line down). In this experiment,
only the “true” antigen, YGGFL, fluoresces; neither Leu nor the
false peptide, PGGFL fluoresces.


Fig. 3 Binding of anti-Leu-enkephalin antibody to YGGFL (pixel size
∼100 lm). In all figures, the top row is YGGFL (1), below that is Leu
only (2), and below that is PGGFL (3). These sets of rows are duplicated
four times vertically; the gap in the top row is a blank left to orient the
patterns. A, original scan after treatment with antibody and fluorescent
protein-A; B, scan after stripping slide and retreating with antibody and
protein-A; C, scan after denaturation of protein.


To further demonstrate the nature of the binding, the slide was
treated with trifluoroacetic acid which disrupts antigen–antibody
binding and strips all proteins from the slide. When the slide was
scanned again, no fluorescence was seen (not shown in Fig. 3).
The same slide was treated with anti-Leu-enkephalin antibody
and fluorescent protein-A, washed and scanned again. As seen in
Fig. 3B precisely the same pattern is observed. The slide was kept
in the presence of moisture at room temperature for 24 h and was
finally scanned (Fig. 3C), the expected denaturation of proteins
was observed.


In order to verify the presence of actual peptide on glass surface,
Tyr-Gly-Gly-Phe-Leu-Aca was synthesized by derivatizing the
entire surface with Fmoc-Rink Linker followed by the above
procedure of maskless photolithography on area 1 cm × 1 cm.
The peptide was cleaved off at Rink Linker in acid from the glass
slide and was finally analyzed by API-ES mass spectrometry.


In conclusion, these experiments demonstrate that: (a) a bio-
logically active peptide can be synthesized on a glass surface
in high cycle yields using novel photolabile building blocks
and “maskless” photolithography; (b) an antibody (a biological


protein) can bind to the specific peptide antigen and can be
detected using conventional immunological techniques; (c) the
antigen–antibody complex can be stripped off and the peptide
antigen reprobed. In principle, a single peptide array could be
probed sequentially.
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Myeloperoxidase (MPO) is an essential component of inflammatory response in norm and
pathology. With an ultimate goal of non-invasive imaging of MPO we used a gadolinium-chelating
bis(5-hydroxytrytamide) derivative of diethylenetetraamine pentaacetic acid (L1–Gd3+salt) as a
paramagnetic sensor of enzymatic activity. We tested whether L1–Gd3+ is active in reducing the oxidized
form of myeloperoxidase, generated as a result of hydrogen peroxide reduction by the enzyme. We
expected that upon activation by MPO/H2O2 L1–Gd3+ would not only oligomerise but also bind to
other macromolecules present in the media and that the overall process will give rise to a net
T 1-weighted MRI signal increase.


Introduction


It is widely anticipated that magnetic resonance imaging (MRI)
would benefit from the use of “MR-responsive” contrast agents
(CAs) for specific visualization of molecules in vivo.1,2 Imaging at
the molecular level would eventually lead to a better understanding
of biological processes in intact living systems and, ultimately,
would lead to an improvement in diagnostic techniques.


To pursue the goal of MR imaging at the molecular level, CAs
with specific molecule targeting and/or specific “in situ” activation
are ultimately required.3,4 The need of such CAs is dictated by
a relatively low sensitivity of MRI to the presence of Gd in
tissue. Specific targeting and/or specific “in situ” activation are
expected to provide means of site-specific signal enhancement
either by CA controlled local accumulation and/or as a result
of site-specific relaxivity increase and concomitant site-specific
signal amplification. Several applications of the above CAs have
already been reported.5–8 Recently, CAs with biologically relevant
targeting moieties9–11 as well as “pseudo-biotic” nanoparticles12


were developed to gain MR signal intensity (SI) enhancement due
to specific delivery in vivo.


The most well-studied approaches enabling MRI SI enhance-
ment to be achieved involve either a change in CA water
coordination (q value), i.e. increasing the number of molecules
directly interacting with the paramagnetic center13,14 or decreasing
the rotational correlation times (sR) by increasing the size of the
CA.11,15 In the current study, we combined the above approaches
to obtain an enzyme-specific Gd-based CA enabling MRI SI
enhancement due to a synergism of two effects: 1) enzyme-
mediated structural changes; 2) specific site accumulation upon
enzyme activation. The driving force behind the aforementioned
MR SI enhancement is based on the ability of oxidoreductases
to generate phenolic radicals that, once formed, can undergo
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various permutations including: a) oligomerisation16–20 and b)
protein attachment via covalent bond formation with aromatic
amino acids present in the protein.21–27 This effect is not limited
to small molecules (tyrosine, tyramine, serotonin, etc.) but also
includes macromolecules (e.g. proteins), either directly, or via
intermolecular radical transfer mechanisms (Fig. 1).


Fig. 1 a) Phenyl radical resonance forms; b) phenyl radical reactivity in
the presence of other phenols and phenol-containing proteins.


We have previously demonstrated that DOTA-based gadoli-
nium (DOTA = 1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraaza-
cyclododecane) CAs bearing a phenolic group (Fig. 2a) can
interact “in situ” with oxidoreductases generating oligomers as
a result. The oligomerisation process has been shown to produce
a net increase in MRI signal. Initially, a Gd–DOTA derivative
mono-functionalized with a catechol moiety was shown to reduce
oxidized horseradish peroxidase (HRP). In this experiment, MR
imaging detected picomolar concentrations of HRP. The same
system also allowed imaging of E-selectin on the surface of
endothelial cells.28 Later, the catechol unit was substituted by
a serotonin moiety (Fig. 2b).29 Serotonin is a naturally occur-
ring neuromediator that also functions as a donor-substrate of
inflammation-related enzyme myeloperoxidase (EC 1.11.1.7).30,31


It is also known that monocytes and macrophages present in
atherosclerotic lesions in the arterial intima secrete catalytically
active myeloperoxidase (MPO) in plaques. Ample clinical data
suggest that MPO is a biomarker that can serve as a predictor of
acute coronary events.31–33 Since MPO catalyzed a 1.7-fold increase
in relaxivity of serotonin–DOTA(Gd), we proposed a concept of
vulnerable plaque detection that is based on enzymatic activity.
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Fig. 2 Oxidoreductase sensitive chelating compounds: a, b) chelat-
ing units for Gd(III),28,29 c) chelating unit for 67Ga.34


Recently, MPO-mediated chemical bond formation concept has
been adapted for a radioactive 67Ga probe for single photon
computed tomography (SPECT, Fig. 2c).34 Initially we tested the
extent of probe attachment to protein upon MPO activation in
order to assess the possibility of site-specific accumulation. Pre-
liminary results confirmed site-specific targeting/accumulation
within MPO rich areas.


In this research, to achieve further improvement in enzyme-
mediated MRI SI enhancement, we linked two groups35 prone
to oligomerisation onto each chelate in order to increase the
possibility of oligomerisation/protein attachment. For the above
purpose, DTPA (diethylenetriaminepentaacetic acid) was chosen
as a chelate since its bis(anhydride) derivative is easily avail-
able and DTPA–bis(monomethyl)amides were shown to have
no toxicity and are approved for clinical use. The goals of
this work were: a) to assess the possibility of enzyme-mediated
MRI signal amplification; b) to estimate the possibility of site-
specific CA protein attachment; c) to test the combined effect of
CA oligomerisation/protein attachment for MPO detection and
potential atherosclerotic vulnerable plaque imaging.


Results


Preliminary oligomerisation formation and relaxometry


Characterization. Scheme 1 shows the synthesis of com-
pounds L1 and L2. The synthesis was carried out as described
previously.35 The relaxivity value for compounds L1–Gd3+ and L2–
Gd3+, measured at pH = 7.4 (PBS buffer), were 4.3 mM−1 s−1 at
40 ◦C, 0.47 T in both cases. R1 (relaxation rate = 1 T−1) values
were higher if measured at 1.5 T and 25 ◦C (5.3 and 5.1 mM−1 s−1,
respectively). After the purification of L1–Gd3+ and L2–Gd3+ we
investigated the possibility of oligomer formation. Solutions of
50 mM L1–Eu3+ and L2–Eu3+ were incubated in the presence of
20 iU of either HRP or MPO and 10 mM of H2O2, at 40 ◦C
for 2 hours. With the exception of the grouping L2–Eu3+–MPO,
all samples showed the formation of oligomers as monitored by
MALDI-TOF. Our previous experiments with HRP showed the
formation of oligomers consisting of up to 9 monomeric units in
the case of L2–Eu3+. The compound L1–Eu3+ showed the formation
of oligomers with 8 and 5 units, depending on the enzyme used (see
ESI†). No signal could be obtained with L2–Eu3+–MPO, possibly,
due to the poor solubility.


Further, compound L1–Gd3+ in a concentration of 0.5 mM
was incubated with 5 iU of MPO and a large excess of H2O2


for two hours. After incubation, the mixture was analyzed with
C18-HPLC. Fig. 3 shows the chromatogram before and after the
enzyme addition. The sharp peak assigned to L1–Gd3+ disappeared
giving rise to a broad band that can be assigned to oligomerisation
products. Intensities, in arbitrary units, for the peaks at 21.6 min
(top) and 21.5 min (bottom), were 1 and 0.05, respectively,
suggesting a conversion degree that exceeded 90% (Fig. 3).


Further, we tested the effect of molecular weight increase over
the relaxometric properties of these complexes (Table 1).


Relaxometric experiments at 0.47 T and 40 ◦C. First we tested
the effect of 4 iU of HRP in the presence of an excess of H2O2


(10 mM) in L1–Gd3+ and L2–Gd3+ solutions after a 90 min
incubation (Table 1). In all cases r1 (relaxivity = R1 normalized
to 1 mM concentration) changes ranged from 3.7-fold in L2–
Gd3+ to 2.4-fold in L1–Gd3+ solutions, respectively. If MPO was
used instead of HRP, a value of 5.9 mM−1 s−1 (apparent 37%
increase in relaxivity) was reached for L1–Gd3+. Compound L2–
Gd3+ did not show enzymatic conversion during the 90 min
incubation. When T 1 kinetics of this compound were followed
in the presence of MPO, anomalous behaviour was detected.


Scheme 1 Synthetic scheme for the preparation of the CAs used in the present work: 5-hydroxytrytamide (5-HT, serotonin) or tyramine were reacted
with DTPA–bis(anhydride) in the presence of Et3N to afford either L1 (di-5HT–DTPA) or L2 (di-tyramido–DTPA). Reaction of the previous ligands with
an excess of GdCl3 afforded the corresponding Gd–CAs.


1888 | Org. Biomol. Chem., 2006, 4, 1887–1895 This journal is © The Royal Society of Chemistry 2006







Table 1 Relaxometric results obtained at various reaction conditions at 40 ◦C and 0.47 T


Compound Buffer components Enzyme (iUe) Peroxide source r1o
d/mM−1 s−1 r1o Increase K f/s−1


L1–Gd3+ PBS — — 4.3 — —
L2–Gd3+ PBS — — 4.3 — —
L1–Gd3+ PBS +HRP (4) 10 mM 10.5 2.4-fold 4.50 × 10−3


L2–Gd3+ PBS +HRP (4) 10 mM 15.9 3.7-fold 5.00 × 10−3


L1–Gd3+ PBS +MPO (4) 10 mM 5.9 37% 0.70 × 10−3


L2–Gd3+ PBS +MPO (4) 10 mM 5.3b 23%b na
L1–Gd3+ PBS +MPO (0.5) GOXa 6.2 44% 0.43 × 10−3


L1–Gd3+ PBS +HRP (0.5) GOXa 9.1 2.1-fold 5.60 × 10−3


L2–Gd3+ PBS +MPO (0.5) GOXa 5.1b 18%b na
L2–Gd3+ PBS +HRP (0.5) GOXa 11.8 2.7-fold 4.83 × 10−3


L1–Gd3+ HSA (40 mg per mL PBS) — — 5.5 27% —
L1–Gd3+ Lys (40 ng per mL PBS) — — 5.5 27% —
L1–Gd3+ HSA (40 mg per mL PBS) +MPO (0.5) GOXa 6.6 54% (20%c) —


a Buffer contained 5.5 mM glucose. b Different R1o values taken at different time-points. c Relative to a reference buffer containing HSA in the absence
of MPO and GOX. d Atomic relaxivity values were obtained by using linear fitting of observed R1o vs. initial gadolinium concentration, 4 points/fitting.
The concentration range 0.07 mM−1 mM. e International units. f Obtained by fitting R1o versus time from samples containing initial concentration of CA
in the range: 0.10–0.13 mM.


Fig. 3 Chromatograms of compound L1–Gd3+. Starting material (top),
after reaction with MPO in the presence of H2O2 (bottom).


The values for T 1 kept decreasing for a period ranging from
5 to 25 min (depending upon concentration) followed by an
increase of T 1 due to apparent precipitation of reaction products.
At minimum T 1, r1 was equal to 5.3 mM−1 s−1 (apparent
23% relaxivity increase). At longer incubation times, no linear
correlation between R1o and Gd concentration was observed due
to the precipitation of CA oligomerisation products. Pseudo-first
order kinetic analysis of R1o at 0.1 mM gave K values of 4.5 ×
10−3 s−1, 5.0 × 10−3 s−1 and 0.7 × 10−3 s−1 for the pairs L1–Gd3+ +
HRP, L2–Gd3+ + HRP and L1–Gd3+ + MPO, respectively.


Oligomerisation conditions of controlled H2O2 production. We
showed above not only the possibility of enzyme-mediated re-
laxivity increase but also that related enzymes interacted with
the same substrates rather differently with very different results.


Based on the above results, compound L1–Gd3+ was used in
further experiments as a suitable donor-substrate of MPO. In the
following set of experiments two main modifications have been
introduced to better mimic physiological conditions. First, the
amount of enzyme has been reduced to 0.5 iU, second, H2O2


required by the enzyme catalytic cycle has been provided via a
more controlled mechanism and at lower concentrations by using
glucose oxidase (GOX)/glucose system.36–39 Hydrogen peroxide
concentration plays a very important role in the complex catalytic
cycle of oxidoreductases and especially in the catalytic cycle of
MPO since the excess of H2O2 renders the enzyme inactive towards
the reaction with phenolic donor-substrates.40 The use of the
glucose oxidase/glucose system allowed H2O2 to be generated at
pseudo-zero order rate under saturation conditions. Therefore,
H2O2 is formed at a constant rate given the GOX concentration.
Variation of GOX concentration from 0.25 iU to 12.5 iU did not
show any remarkable differences.


Initially we studied the effect of 0.5iU of MPO at 0.13 mM of
compound L1–Gd3+ in PBS buffer containing 5.5 mM of glucose
(Table 1). Myeloperoxidase-mediated reactions were studied under
four conditions by keeping MPO and L1–Gd3+ concentrations
constant and testing sources of hydrogen peroxide: a) 10 mM
H2O2, b) 10 lg GOX, c) 1 lg GOX, d) 50 lg GOX. The
corresponding T 1 values of these test reactions were: 1150 ms,
832 ms, 815 ms and 825 ms, respectively. A value of 831 ms was
also obtained when a solution 0.13 mM L1–Gd3+ in 5.5 mM
glucose, 10 mM of H2O2 was treated with a 10-fold amount
of MPO (5 iU). To further validate the experiment, the same
conditions were chosen if HRP was used instead of MPO and
this resulted in a similar T 1 value around 664 ± 20 ms in all
four cases. When 1.1 mM L1–Gd3+ solutions were combined with
GOX in the presence of glucose with no HRP or MPO present,
no changes in T 1 were seen. These results suggest that the use
of the GOX/glucose H2O2 generating system results in higher
levels of relaxivity enhancement. When the effect of this system
was measured at several different concentrations of L1–Gd3+, the
relaxivity at 0.47 T (40 ◦C) was 6.2 mM−1 s−1 that corresponds to a
relaxivity increase of 44% over that of the control. Glucose alone
has no effect on relaxivity. Furthermore, the GOX/glucose system
resulted in stable reaction products for at least 24 h as opposed
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to H2O2 and 5 iU of MPO that resulted in the early formation
of insoluble reaction products. By replacing MPO with HRP, a
relaxivity of 9.1 mM−1 s−1 was obtained suggesting that HRP is not
affected by H2O2 concentration. When the MPO–GOX/glucose
system was assayed using L2–Gd3+, partial insolubility of the
product did not allow further characterization. As before, T 1


changes at various concentrations were continuously monitored
until a T 1 descending trend was reversed. The final relaxivity value
of 5.1 mM−1 s−1 has to be interpreted with caution because of
inhomogeneity of the system.


In order to estimate the pseudo-first order kinetics constant of
reactions in the presence of GOX/glucose, T 1 kinetics of 0.13 mM
of compound L1–Gd3+ using MPO and 0.10 mM L2–Gd3+ in
the presence of HRP were continuously monitored (Fig. 4). The
apparent kinetic constants were 0.43 × 10−3 s−1, 5 × 10−3 s−1


and 4.83 × 10−3 s−1, respectively. HRP catalysis resulted in
kinetics that were10-fold faster than MPO-mediated catalysis. This
allowed 90% conversion after approximately 90 min. The catalytic
conversion of the substrate in the presence of MPO took up to
4 hours with precipitation of oligomeric products.


Fig. 4 Kinetics of T1 changes. a: 1) L1–Gd3+ + MPO–GOX, 2) L1–Gd3+ +
HRP–GOX, 3) L2–Gd3+ + HRP–GOX. b: 1) L1–Gd3+ + MPO–GOX.
Graph a shows a time-span of 120 minutes, graph b shows a time-span of
1000 minutes for situation 1.


Changes in composition were detected by using spectrophotom-
etry when solutions of both L1–Gd3+ and L2–Gd3+ were reacted
with enzymes under various conditions at 40 ◦C. Fig. 5 shows
several representative spectra obtained using L1-Gd3+. In the
case of L2–Gd3+ all spectra showed the presence of insoluble
products after ∼5 min. Insolubility resulted in spectra showing
a continuous increase of absorbance in the far-red range (800 nm)
due to insoluble particles of polymerized product. In general, the
UV/Vis spectrum of compound L1–Gd3+ reacted in the presence
of either MPO or HRP, showed a shift of the bands into the
visible range. While in the case of MPO–H2O2 the spectral changes
were comparatively slow and continuous, the rest of the reaction
mixtures showed a new band at 440 nm, which emerged within
1 min of enzyme addition. While the overall absorbance kept
increasing for a period of at least 4 h, the major change took
place within the first hour. In general, the band corresponding to


the serotonin aromatic ring that shows a maximum at 275 nm with
a shoulder at 315 nm in the absence of enzyme transformed into a
broader band with two maxima if hydrogen peroxide was provided
by the GOX/glucose system.


Interaction with proteins


It is widely accepted that in the presence of peroxidases serotonin
or tyrosine do not exclusively oligomerise but either transfer
the radical to other aromatic groups present in the media, or
get covalently attached to other macromolecules or molecular
aggregates. If the above holds true for the systems described in
this paper, two main effects are to be expected: 1) attachment to
other macromolecules, i.e. proteins, should result in a relaxivity
increase due to the increase in the overall size of the paramagnetic
system with a concomitant change of the tumbling rate; 2) the
formation of large aggregates should change the pharmacokinetics
of the compounds transforming them into products with longer
retention times. These points are further exemplified below.


HSA interactions. It is well known that Gd-based CAs bearing
aromatic groups interact with human serum albumin (HSA) with
the formation of non-covalent adducts showing drastic relaxivity
improvements due to the size increase.11 To test whether this was
true in the case of L1–Gd3+ we titrated 1.3 mM solution of this com-
pound with increasing amounts of either HSA (Mw = 66 000 Da)
or lysozyme (Mw = 15 000 Da). T1 in both cases increased
from 0.83 s−1 in the absence of protein to 1.25 s−1 and 1.17 s−1


at 40 mg mL−1 of HSA or lysozyme (0.6 mM HSA; 2.6 mM
lysozyme), respectively. These values suggest the absence of non-
covalent binding between L1–Gd3+ and proteins used (effective
KD < 200 M−1; binding efficiency <1%).41–43 Further, we titrated
solutions containing 40 mg protein mL−1 with various amounts
of L1–Gd3+. The relaxivity of compound L1–Gd3+ was estimated
as 5.5 mM−1 s−1 in both cases. Identical relaxivities suggested no
true interaction with the proteins but rather could be attributed to
the differences in relaxivity caused by high protein concentration
in the solutions.


Further, HSA titration experiments were conducted in the
presence of 0.5 iU MPO using the GOX/glucose system as a
source of H2O2 that resulted in relaxivity of 6.6 mM−1 s−1. This
value reflects a 54% relaxivity increase if compared with the
relaxivity of compound L1–Gd3+ in PBS alone, or a 20% increase
for compound L1–Gd3+ in the presence of 40 mg HSA per mL. The
presence of HSA (r1o = 6.6 mM−1 s−1) also resulted in a further
increase of 8% when compared with MPO effects in the absence of
HSA (r1o = 6.2 mM−1 s−1). It should be noted that in the absence
of HSA and in the presence of MPO–GOX/glucose, R1o keeps
increasing over a period of approximately 3 hours, whereas the
presence of albumin results in maximum relaxivity in 15–20 min.


In another experiment we set a goal to determine whether pre-
formed oligomers bind HSA and also if those preformed oligomers
are adequate substrates for MPO. We used 5.6 mM L1–Gd3+


solution and incubated it with 2 iU of MPO in the presence of
GOX/glucose. After 40 ◦C incubation for 18 hours, the solution
was sonicated to produce a clear solution of “oligomerised L1–
Gd3+” with relaxivity r1o = 10.1 mM−1 s−1. This product was
used to titrate HSA solutions either in the absence, or in the
presence of MPO–GOX/glucose. The relaxivity values obtained
where similar in both experiments −13.1 and 12.4 mM−1 s−1,


1890 | Org. Biomol. Chem., 2006, 4, 1887–1895 This journal is © The Royal Society of Chemistry 2006







Fig. 5 UV/Vis spectra of L1–Gd3+ in the presence of: a) MPO–GOX, b) HRP–GOX, c) MPO–H2O2, d) HRP–H2O2. Insets show the time evolution of
the newly formed band at 440 nm.


respectively. The obtained results suggested that although the pre-
formed oligomers could have some affinity for albumin, further
addition of the enzyme does not play any significant role, which
means that oligomers are poor substrates of MPO at best. The
observed high relaxivity values are associated with the use of
larger enzyme activities (i.e. 10-fold) during longer periods of time
(18 h). Finally, we estimated the overall size of the oligomerisation
products. Solutions of L1–Gd3+ were prepared as follows: solution
A contained MPO–GOX/glucose, solution B contained 40 mg
mL−1 HSA and solution C had all components above present
(i.e. HSA–MPO–GOX/glucose). The solutions were incubated at
40 ◦C overnight followed by exhaustive dialysis using membranes
with a 10 000 Da cut-off.


The dialysis experiment (see Table 2) suggested that com-
pound L1–Gd3+ does not interact with HSA in the absence of
MPO. Furthermore, the presence of the MPO–GOX system lead
to a population of oligomers that contained 40% of molecules with
masses exceeding 10 000 Da. If HSA was additionally present, the
amount of retained oligomers post dialysis increased to 65%. The
observed differences can be assigned to the covalent binding of L1–
Gd3+ to HSA.


Radioisotope labelling study. To test the potential attachment
of MPO reaction products to proteins, we labelled L1 with
111In by trans-chelation from a 111In–oxiquinoline complex. trans-
Chelation and purity of the resultant product was controlled


Table 2 [Gd] values pre and post-dialysisa


Composition [Gd], pre-dialysis/mM [Gd], post-dialysis/mM Gd loss (%)


L1–Gd3+–HSA + MPO + GOX 0.18 0.07 60
L1–Gd3+ + HSA 0.35 0.02 95
L1–Gd3+ + HSA + MPO + GOX 0.29 0.19 35


a Values are average of two independent experiments. Error, defined as the observed difference/average, was below 5% in all cases.
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by HPLC (Fig. 6). The labelled complex was incubated with
MPO to test the effect of oligomerisation. Chromatography
revealed various radioactive products of MPO catalysis. L1–
111In was subsequently tested in experiments performed in the
presence of complete human plasma. In these experiments, size
exclusion columns with a cut-off of 6000 Daltons were used.
Under these conditions, only molecules bound to plasma proteins
would appear in the void volume of the columns. After activation
with MPO in the presence of plasma, a much larger fraction
of radioactivity was eluted, an observation consistent with the
increased binding to plasma proteins. The difference in eluted
radioactivity measured in the presence or in the absence of MPO
was more than 3-fold.


Fig. 6 L1–111In chromatograms: Labeling (top), after incubation with
MPO–H2O2 (bottom). Chromatograms show both radioactivity (upper)
and UV (lower) traces.


In vivo model studies


To further evaluate the combined effect of oligomerisation and
protein attachment of CA we devised an in vivo experiment that
included mice harbouring implants containing human MPO. The
animal model used for MPO imaging was obtained by injecting
subcutaneously 0.4 mL of MatrigelTM (Beckton–Dickinson) in
both right and left thighs of a mouse. MatrigelTM when injected
subcutaneously undergoes a gelation thereby creating a permeable
and dynamic reservoir within the interstitium allowing extravasa-
tion of CA while keeping the enzyme trapped in the implant due to
the higher molecular mass. The experimental implant contained
6 iU of human MPO (final concentration 1.5 iU mg−1 protein;
for comparison, MPO concentration in human atherosclerotic
plaques ranges between 71 and 511 U mg−1 protein44) and
10 lL GOX, whereas the left thigh was injected with MatrigelTM


only. We subsequently performed T 1-weighted MR imaging after


intravenous injection of L1–Gd3+ at a dose of 0.3 mmol kg−1


(Fig. 7a). The comparison of contrast-to-noise ratio MR signal
intensities measured in the right (MPO-containing) and the left
(control) extremities of animals increased 1.6–1.9-times during the
3 h of in vivo monitoring (Fig 7b). The same kinetic experiment
performed using Gd–DTPA–dimeglumine (MagnevistTM, Scher-
ing) did not result in any appreciable signal difference between
MPO-containing and control MatrigelTM implants.


Fig. 7 a) MR image of MatrigelTM implants obtained at 2 hours after
the addition of CA. The right extremity contains exogenous-MPO, the left
one contains only MatrigelTM and works as an internal control. b) MRI
signal evolution along the time-span of the experiment.


The possibility of in vivo accumulation due to the ability of the
MPO reaction product to bind to the proteins was assessed by
injecting L1–111In at a tracer dose (80–100 lCi) into a mouse using
the above MatrigelTM implant model and performing SPECT/CT
imaging (Fig. 8). Monitoring of the radioactivity levels for 3 hours
after injection revealed a 2.3-fold difference between the right and
the left extremities of the animals. Excision of the implants after
6 hours followed by radioactivity measurements showed a 4-times
higher radioactivity for the MPO-containing implant.


Fig. 8 Fused SPECT-CT image of MatrigelTM implants 3 hours after the
injection of L1–111In imaging agent. Red colour indicates the hot-spot of
radioactivity.


Discussion


Mammalian oxidoreductases are multifunctional enzymes, in-
volved in the biosynthesis of thyroid hormones (thyroid per-
oxidase) and in antimicrobial defence (myeloperoxidase). The
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mature form of myeloperoxidase is found in secretory azurophilic
granules of polymorphonuclear leukocytes and monocytes. Usu-
ally, MPO secretion is associated with oxidative burst where
NADPH-oxidase generates superoxide and hydrogen peroxide.
MPO amplifies the oxidative power of hydrogen peroxide by
using it as a substrate for hypochlorous acid synthesis from
chloride anion. Activated MPO is also capable of further reacting
with various organic substrates producing undesirable chemical
reactions with proteins that contribute to atherosclerosis plaque
formation and rupture, i.e. LDL oxidation,45,46 HDL inactivation47


and metalloproteinase activation.48,49


To develop MPO activity sensing probes, we investigated the
ability of peroxidases to generate reactive organic species. The
concept of such probes is based on tyrosine reactivity patterns in
the presence of oxidoreductases, especially MPO (see Fig. 1). We
synthesized paramagnetic prototype probes L1–Gd3+ and L2–Gd3+


that in the presence of either HRP or MPO and peroxide showed
a formation of complex mixtures containing oligomers of various
lengths. MALDI-TOF of these oligomers showed the formation
of 9-mer molecules. This qualitative preliminary evidence sug-
gested a complex MPO-catalyzed reaction. Importantly, striking
differences between relaxivities of reaction products were observed
when MPO was compared to HRP. While HRP resulted in 2.4- to
3.7-fold relaxivities of paramagnetic products compared to the
initial monomers, MPO yielded a net relaxivity increase close
to 23–37%. Furthermore, pseudo-first order kinetic constants
used to compare bulk oligomerisation were 10-times lower in the
case of L1–Gd3+ in the presence of MPO if compared with the
corresponding constants of HRP-mediated reactions. The above
differences suggested fundamental differences between MPO and
HRP. Percent homology analyses and X-ray data suggested two
superfamilies of peroxidases: superfamily I found in prokaryotes,
fungi and higher plants, and superfamily II found in mammals.50,51


In general, the peroxidase catalytic cycle is a feature shared by
both superfamilies (shown in Fig. 9).40,52–55 The rate of formation
of enzyme intermediates I and II with the different substrates and,
hence, native enzyme regeneration, depends on several character-
istics of electron donors51 including not only redox potentials (E),
but also molecular structure. HRP has very similar E values for
compounds I and II (0.9 V). The existing literature data suggest
that MPO theoretically is better suited for radical formation than
HRP (compound I has E > 1.015 V, and compound II has E =
0.97 V).51,56–59 However, the main feature determining selectivity to
a substrate is the accessibility to the active site of the enzyme. While
HRP shows very similar and exposed geometries for compounds
I and II in a single 40 kDa subunit, the MPO active site is located
in a narrow hydrophobic cleft within a larger 60 kDa subunit.
This hinders MPO reactivity towards bulky and/or hydrophilic


Fig. 9 MPO catalytic cycle. Boxes show the different MPO oxidation
states along the cycle.40


compounds and could eventually restrict the enzyme regeneration
cycle.27,50,60 It is now accepted that HRP can interact directly
with phenolic compounds in proteins. Some data suggest that
this is also a possibility with MPO although at much lower rates
and probably with surface-exposed residues only. MPO mediated
protein cross-linking is postulated to occur via radical transfer
catalysts, e.g. tyrosine in the range 100–200 lM in plasma.22


Therefore, though MPO is electrochemically better suited for the
formation of radicals and covalent protein modification, steric
restriction in its active site shortens the catalytic cycle turn-over as
higher molecular weight substrates replace small, more suitable,
substrates from the catalytic cycle. Consequently, the step-wise
formation of oligomers exhausts MPO regeneration far more
effectively than HRP regeneration sources since oligomers can
still react efficiently with HRP-II but not with MPO-II.


In view of the above, our preliminary experiments showed that:
a) enzyme mediated oligomerisation of reducing substrates results
in a net increase in MRI signal, and b) L1–Gd3+ is a better substrate
for MPO than L2–Gd3+ (see also reference 29). Under physiological
conditions the following factors are of prime importance: 1) the
presence of macromolecules (e.g. serum albumin) due to covalent
and non-covalent binding of the substrate and the reaction
products; 2) enzyme concentration (0.5 iU MPO was used, which
is lower than 71–511 iU mg−1 of human atherosclerotic plaques44);
3) the amount of hydrogen peroxide: the production of peroxide
in vivo from O2 via NADPH-oxidase in humans proceeds at the
rate of 0.2 lM s−1 (although leukocytes can yield micromolar
concentrations in inflammation).61 Importantly, the excess of
peroxide can render MPO inactive via two pathways (Fig. 9).


An excess of peroxide results in a transformation of native
enzyme into MPO-II that reacts very slowly with small organic
substrates and is nearly inactive in the presence of medium or large
organic substrates. A large excess of hydrogen peroxide transforms
MPO-I and MPO-II into inactive MPO-III,40 attainable also in
the presence of considerable amounts of superoxide (Fig. 9).
Unlike the glucose oxidase/glucose system (see Results section),
manual addition of hydrogen peroxide always resulted in lower
R1o values. Conversely, HRP catalysis did not show differences
associated with H2O2 administration confirming that compound
II reactivity differs in the case of MPO if compared to HRP. The
use of enzymatic hydrogen peroxide production vs. peroxide
administration resulted in higher relaxivities although the levels
achieved with the use of HRP where still unattainable.


As mentioned previously, tyrosyl radicals interact with proteins
resulting in protein cross-linking and covalent attachment of
tyrosine to proteins. Experiments performed using MPO, L1–
Gd3+, HSA or lysozyme (a protein with no known affinity to
indole) suggested that the presence of the enzyme always afforded
a net increase in relaxivity. Although relaxivity increased in the
presence of proteins and in the absence of MPO, the magnitude
of this increase was not sufficient to cause high levels of non-
covalent binding of L1–Gd3+ to proteins. The lack of changes in
R1o upon titration of the substrate with proteins and similarity
to GdDTPA titrations suggested that the degree of non-covalent
binding was negligible (i.e. below 1% at physiological levels of
albumin concentrations). Overall, albumin not only produced an
increase in relaxivity but also resulted in substantial stabilization of
the oligomerisation products in solution. The presence of protein
molecules in solution could result in either diffusion-limited
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quenching of radicals, and, therefore, hindering of the oligomeri-
sation process, or, in accelerating competing reactions, i.e. protein
cross-linking or an increase in the rate and patterns of oligomeriza-
tion and protein attachment. Furthermore, we assessed whether: 1)
the pre-formed oligomers could interact non-covalently with HSA,
and 2) if oligomers could host radicals and therefore covalently
react with HSA. We found that covalent binding of preformed
oligomers to HSA can be ruled out. The above results suggest
that enzyme mediated relaxivity increase in the presence of HSA
is mainly associated with the covalent attachment of monomers to
proteins.


Dialysis experiments were aimed not only at assessing oligomer
size but also as a final probe of covalent attachment to proteins.
The results showed that a large proportion of the monomeric
starting material (i.e. 40% and 65% in the presence of HSA)
is incorporated into the aggregates with the masses exceeding
10 000 Da. The above result has been confirmed using
MALDI, which often shows under-representation of high-mass
components.62


In the absence of HSA and MPO HSA solutions did
not retain any gadolinium. In the presence of MPO higher
amounts of gadolinium were associated with HSA, suggesting
enzyme-mediated covalent attachment which agrees with the
gel-permeation chromatography study that used 111In-labeled
substrate. The assessment of the above combined effect on signal
enhancement in vivo showed that systemic administration of L1–
Gd3+ and Gd–DTPA demonstrated similar initial signal increases
as could be expected due to similarities in molecular mass.
However, the use of non-reactive Gd–DTPA in conjunction with
MPO did not show any lasting signal intensity after the initial
period. The same was true when L1–Gd3+ enhancement of MPO-
free implants was studied.


We believe that the above mechanistic study could potentially
result in methods enabling early detection and staging of vulnera-
ble atherosclerotic plaque.


Conclusions


1. The MRI signal amplification/accumulation effects observed
after catalytic conversion of reducing 5-HT-containing substrates
of peroxidase is a combined result of: a) enzyme-mediated increase
in contrast agent size; b) covalent attachment of the contrast agent
to macromolecular species present in MPO rich areas.


2. Imaging at clinical magnetic field strength can identify MPO
rich zones even when the MPO activities are far below the actual
values reported in the literature for MPO vulnerable plaque
contents.


Further experiments that use realistic animal models i.e.
lipopolysaccharide-induced inflammation in mice and direct
imaging of atherosclerotic aorta in rabbits, are currently being
performed and the obtained animal imaging results will be
submitted for publication in the future.
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Glycosynthases are synthetic enzymes derived from retaining glycosidases in which the catalytic
nucleophile has been replaced. The mutation allows irreversible glycosylation of sugar acceptors using
glycosyl fluoride donors to afford oligosaccharides without any enzymatic hydrolysis. Glycosynthase
technology has proven fruitful for the facile synthesis of useful oligosaccharides, therefore the
expansion of the glycosynthase repertoire is of the utmost importance. Herein, we describe for the first
time a glycosynthase, derived from a retaining xylanase, that synthesizes a range of
xylo-oligosaccharides. The catalytic domain of the retaining endo-1,4-b-xylanase from Cellulomonas
fimi (CFXcd) was successfully converted to the corresponding glycosynthase by mutation of the
catalytic nucleophile to a glycine residue. The mutant enzyme (CFXcd-E235G) was found to catalyze
the transfer of a xylobiosyl moiety from a-xylobiosyl fluoride to either p-nitrophenyl b-xylobioside or
benzylthio b-xylobioside to afford oligosaccharides ranging in length from tetra- to dodecasaccharides.
These products were purified by high performance liquid chromatography in greater than 60%
combined yield. 1H and 13C NMR spectroscopic analyses of the isolated p-nitrophenyl xylotetraoside
and p-nitrophenyl xylohexaoside revealed that CFXcd-E235G catalyzes both the regio- and
stereo-selective synthesis of xylo-oligosaccharides containing, exclusively, b-(1 → 4) linkages.


Introduction


Xylan, the most abundant of the hemicelluloses in plant cell
walls, has a linear backbone structure consisting of b-(1 → 4)-
linked xylosyl residues.1,2 Endo-1,4-b-xylanases (1,4-b-D-xylan
xylanohydrolase; EC 3.2.1.8) randomly cleave the glycosidic
bond in the xylan backbone to produce xylo-oligosaccharides of
varying length.2 Xylo-oligosaccharides have potential applications
because of their many beneficial biomedical and health effects.
These include their non-digestibility, high water activity, anti-
freezing activity, non-cariogenic nature, their salutary effects on
intestinal flora, and their potential as pharmaceuticals.3 Xylo-
oligosaccharides are typically prepared from xylan by chemo-
enzymatic hydrolysis,2,4 and the chemical synthesis of b-(1 → 4)-
linked xylo-oligosaccharides using a disaccharide building block
has been reported.5 Recently Eneyskaya et al. have reported
the enzymatic synthesis of 4-nitrophenyl (PNP) b-(1 → 4)-D-xylo-
oligosaccharides (PNPXO) from PNP b-D-xyloside (PNPX), and
of 4-methylumbelliferyl b-(1 → 4)-D-xylo-oligosaccharides from
4-methylumbelliferyl b-D-xylobioside using the traditional trans-
glycosylation reaction of a retaining b-xylosidase from Aspergillus
sp.6,7 However, separation of products was chromatographically
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challenging. The synthesis of xylo-oligosaccharides using a
naturally-occurring glycosyltransferase has also been reported,8


but its industrial application is restricted due to the cost of
substrates and limited availability of the glycosyltransferase.


Glycosynthases are retaining glycosidase mutants in which the
catalytic nucleophile has been replaced by an inert amino acid
residue.9 These mutants catalyze the formation of glycosidic bonds
when glycosyl fluorides with the opposite anomeric configuration
to that of the original substrate, thereby mimicking the glycosyl
enzyme intermediate, are employed as substrate donors (Fig. 1).
To date, 14 glycosynthases from eight different families have been
reported, but glycosynthases originating from retaining xylanases
have yet to be reported.10–12 Nonetheless, two glycosynthase-based
enzymatic syntheses of short xylo-oligosaccharides were reported
recently. In one case, directed evolution of a glycosynthase from
Agrobacterium sp. b-glucosidase gave a hyperactive glycosynthase
with an expanded substrate repertoire13 that was able to utilize
a-xylosyl fluoride (aXF) as a substrate donor and to success-
fully transfer xylose to various aryl glycoside acceptors.14 Most
recently, the first glycosynthase from an inverting glycosidase,
which hydrolyzes the glycosidic linkage via a single displacement
mechanism involving acid/base catalysis,15 has been reported by
Honda and Kitaoka.12 In this instance, the mutation of the general
base residue of an inverting xylanase from Bacillus halodurans
C-125 not only suppressed hydrolytic activity by four orders of
magnitude but also allowed transglycosylation via the Hehre re-
synthesis pathway.16 However, product polymerization using these
enzymes was restricted because of poor substrate recognition of
the longer donor or acceptor sugars due to the intrinsic properties
of the parent enzymes.12,14
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Fig. 1 Mechanisms for the hydrolase and glycosynthase actions of CFX. (A) Glycosidic bond hydrolysis catalyzed by wild-type CFX. (B)
Transglycosylation reaction catalyzed by wild-type CFX. (C) Glycosynthase reaction catalyzed by glycosynthase derived from CFX (CFXcd-E235G).


Recently, a new retaining b-1,4-xylanase from Cellulomonas
fimi (CFX) was identified via an activity-based protein profiling
methodology for glycosidases.17 CFX is a member of glycoside
hydrolase (GH) family 10 and functions in a similar fashion to an-
other well-characterized GH family 10 glycosidase from C. fimi (b-
1,4-glycanase, Cex).17,18 Herein, we describe the chemo-enzymatic
syntheses of xylo-oligosaccharides of varying length using gly-
cosynthase technology. Mutation of the catalytic nucleophile in
CFX allowed the efficient production of xylo-oligosaccharides,
ranging in length from four to twelve xylose units, using a-
xylobiosyl fluoride (aX2F) as a donor and aryl xylobiosides as
acceptors. To the best of our knowledge, this is the first report of
a xylanosynthase derived from a retaining xylanase.


Results and discussion


Construction and catalytic properties of CFXcd


CFX has a xylan-specific carbohydrate binding module (CBM)
belonging to CBM-Family 2b 19 at its C-terminus.17 When the
full-length CFX with a His6-tag at its C-terminus was purified
using Ni-NTA affinity chromatography, an additional purifica-
tion step was needed to remove a 20 kDa peptide that eluted
simultaneously, namely the proteolytically cleaved C-terminal


CBM. This proteolytic cleavage lowered the purification yield of
CFX because the His6-tag was removed from the recombinant
CFX. To overcome this problem we elected to produce the catalytic
domain of CFX (CFXcd) with a His6-tag at its C-terminus.
The gene fragment encoding the leader peptide and CFXcd was
amplified using pR2CFX(His)6 containing the full-length CFX
gene and fused with the His6-tag by sub-cloning into a pR2TK
vector (see also ESI†). A 1 L culture of Escherichia coli harboring
pR2CFXcd(His)6 yielded about 100 mg of pure CFXcd and no
inclusion bodies were detected by SDS-PAGE analysis of the
pellet of the cell lysate (data not shown). The molecular mass
of CFXcd measured by ESI-MS was 34 411 Da, which matched
the predicted molecular weight of the mature CFXcd with the
His6-tag (34 412 Da). The leader peptide of CFX, therefore, has
been correctly processed by E. coli, with cleavage between the 40th
and the 41st amino acid of the pre-mature CFXcd, consistent with
previous results.17


The catalytic properties of CFXcd for PNP glucoside (PNPG),
xyloside (PNPX), cellobioside (PNPC), and xylobioside (PNPX2)
as substrates were nearly identical to those of CFX (Table 1). In-
terestingly, CFXcd displayed a typical transglycosylation pattern
upon hydrolysis of higher substrate concentrations of PNPX2,
showing higher overall initial rates than those expected for
hydrolysis alone (closed circles in Fig. 2). At these concentrations
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Table 1 Comparison of kinetic parameters of CFX and CFXcd for
hydrolysis of xylo- and cello-configured substrates


Substrate Enzyme Km/mM kcat/s−1 (kcat/Km)/mM−1 s−1


PNPX2 CFXa 1.1 ± 0.1 18 ± 1 16 ± 1
CFXcd 1.2 ± 0.1 18 ± 2 15 ± 2


PNPXb CFXa — — (1.1 ± 0.1) × 10−3


CFXcd — — (6.5 ± 0.8) × 10−4


PNPC CFXa 18 ± 2 2.3 ± 0.2 0.13 ± 0.02
CFXcd 34 ± 3 3.6 ± 0.4 0.11 ± 0.02


PNPGb CFXa — — (1.2 ± 0.2) × 10−4


CFXcd — — (7 ± 1) × 10−5


a Data from ref. 17. b Km and kcat not determined because of lack of
saturation.


Fig. 2 Hydrolysis and transglycosylation of PNPX2 catalyzed by CFXcd.
The solid and dashed lines represent the fits to the Michaelis–Menten equa-
tion using initial rates at low concentrations of PNPX2 (ca. 0.2–2.5 mM,
�) and high concentrations (ca. 3.5–7 mM, �), respectively. The inset
shows the Lineweaver–Burk representation of the same set of data in a
range of PNPX2 from 0.5 to 7 mM.


(3.5–7 mM) values of kcat and Km for the transglycosylation
reaction of 39.6 s−1 and 6.1 mM, respectively, were estimated
by fitting these data to the Michaelis–Menten equation or by
analysis of the double reciprocal plot (Fig. 2). The approximate
2-fold increase in kcat relative to that for simple hydrolysis indicates
that, for this substrate, deglycosylation was the rate-limiting
step and that binding of a second substrate as acceptor leads
to enhanced turnover via transglycosylation. From these results
we concluded that the recombinant CFXcd folds correctly in
E. coli, displaying not only the same catalytic properties as those
of CFX but also typical transglycosylation kinetic behaviour.
Although the observation of efficient transglycosylation activity
in wild-type glycosidases does not guarantee successful conversion
into a glycosynthase,10,20 these results encouraged us to examine
catalytic nucleophile mutants of CFXcd and their potential as
glycosynthases.


Construction and selection of active glycosynthases derived from
CFXcd


To date, cysteine, alanine, serine, and glycine are the amino acid
residues of first choice for the mutations to be made at the nucle-
ophile positions of glycosynthases.21 Generally, but not always,


Ser and Gly are better choices than Ala and Cys.20–22 Hence,
CFXcd mutants bearing Gly or Ser at the catalytic nucleophile po-
sition (Glu235) were constructed using site-directed mutagenesis.
The glycosynthase ability of the purified CFXcd mutants (CFXcd-
E235G and CFXcd-E235S) was directly tested with aX2F as
a donor and PNPX2 as an acceptor. TLC analysis of reaction
mixtures revealed that only CFXcd-E235G had glycosynthase
activity (ESI†).


Catalytic properties of CFXcd-E235G


In order to investigate the catalytic properties of CFXcd-E235G,
reactions were carried out using aXF and aX2F as donors and
D-xylobiose (X2), PNPX and PNPX2 as acceptors. TLC analysis
revealed that, for CFXcd-E235G, donor sugars must contain at
least two xylose units [Fig. 3(A), (B)]. This was not surprising
because the most favourable binding Gibbs free energy changes for
GH10 xylanases are found at the −2 subsite.23,24 This is completely
consistent with the kinetic data in Table 1, where PNPX2 was seen
to be a 104-fold better substrate than PNPX for CFXcd. Therefore,
the −2 subsite of CFXcd-E235G plays a critical role in binding of
aX2F and catalysis by the glycosynthase.


Interestingly, the sugars that are able to bind in both the +1
and +2 subsites of the mutant enzyme, such as PNPX,‡ aX2F,
and X2, were very poor acceptors for CFXcd-E235G [Fig. 3(B),
(C)] unlike the case with other glycosynthases derived from
endoglycanases.22,25 Most of the aX2F in reactions with the poor
acceptors was hydrolyzed by CFXcd-E235G, yielding transfer
products with low efficiency [lane 4, 6, 9 in Fig. 3(C)]. In contrast,
PNPX2, which extends into the +3 subsite,‡ was an efficient
substrate for transglycosylation, thereby reducing hydrolysis of
the donor, aX2F [lane 5 in Fig. 3(A), (B), (C)]. Therefore, binding
of the PNP group of PNPX2 to the +3 subsite of CFXcd-E235G
apparently provides a significant contribution to catalysis. These
results were unexpected because wild-type GH10 xylanases do
not display significant binding interactions at the +3 subsite.23,24


Indeed, GH10 xylanase from Streptomyces olivaceoviridis E-86
(SoXyn10A), which shares 73% amino acid sequence homology
with CFXcd, exhibits little contribution from the +3 subsite
to the binding of substrates.23 However, these values of subsite
contributions to the substrate binding for the wild-type enzymes
were obtained using long substrates (>3 xylose units), which
can bind across the glycon and the aglycon subsites, thereby
taking advantage of any cooperative effects. Therefore, the +2
subsite of CFXcd-E235G may not display as significant a binding
contribution as do other wild-type enzymes because the acceptor
sugars only bind to the aglycon subsites. In the case of the good
acceptor PNPX2, given the stronger binding provided by the
aromatic aglycon moiety,26 the PNP ring of PNPX3 in the +3
subsite would facilitate the tighter binding of xylobiosyl moieties
in the +1 and +2 subsites in a cooperative fashion.


CFXcd-E235G catalyzed very slow hydrolysis of PNPX2, as
evidenced by the appearance of PNP in overnight reaction
mixtures, according to the kinetic parameters kcat = 0.02 s−1, Km =
1.4 mM. Such hydrolytic activity is uncommon in glycosynthases
and, when seen, is often found to arise from very small amounts


‡ The aryl group in aryl glycosides commonly binds well to the subsites of
glycosidases.
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Fig. 3 TLC analysis of the reactions catalyzed by CFXcd-E235G. The compounds were visualized under UV light (A) and by exposure to 10% sulfuric
acid in methanol followed by charring (B, C). EtOAc–MeOH–water (7 : 2 : 1) for A and B, and iso-PrOH–EtOAc–water (3 : 1 : 1) for C were used as
solvents for TLC. Lane 1: PNPX, PNPX2, and PNPX3 standards; lane 2: reaction mixture of aXF and PNPX; lane 3: reaction mixture of a-XF and
PNPX2; lane 4: reaction mixture of aX2F and PNPX; lane 5: reaction mixture of aX2F and PNPX2; lane 6: reaction mixture of aX2F; lane 7: blank
reaction mixture of aXF and aX2F; lane 8: reaction mixture of aX2F and X2; lane 9: aX2F, X2 and X5 standards. The concentrations of substrates were
10 mM. The position of standard sugars is indicated on the margins. P1 = PNPX3; P2 = PNPX5; P3 = PNPX4; P4 = PNPX6; P5 = PNPX8; X1 =
D-xylose; X2 = D-xylobiose; X4 = D-xylotetraose; X5 = D-xylopentaose; X6 = D-xylohexaose.


of contaminating wild-type enzyme. However, in this instance,
incubation of the mutant enzyme with the mechanism-based inac-
tivator 2,4-dinitrophenyl b-D-xylopyranosyl-b-D-(1 → 4)-2-deoxy-
2-fluoroxylopyranoside, which inactivates the wild-type enzyme
by accumulating a stable glycosyl enzyme intermediate,17 did not
eliminate this hydrolytic activity as would be the case if the activity
were a consequence of wild-type contamination. Fortunately, the
transglycosylation (glycosynthase) reaction was much faster, thus
PNPXO readily accumulated (lane 5 of Fig. 3).


Importantly, as a consequence of the use of a disaccharide
donor, and of the irreversibility of the glycosynthase, only products
differing in length by two xylose residues were obtained, as is
clearly detected by ESI-MS. This property greatly facilitated the
ease of chromatographic separation of the xylo-oligosaccharide
products, as was revealed by the baseline separations throughout
the chromatogram in Fig. 4. This was not the case when
wild-type exo-glycosidases are used in transglycosylation mode.
The reversibility of that reaction results in scrambling of the
oligosaccharides so formed. In our case, use of PNPX2 as
acceptor resulted in an even series of oligosaccharides ranging
in length from tetra- to dodeca-saccharides. Clearly, use of
PNPX or PNP b-xylotrioside (PNPX3) as acceptor will provide
access to the odd series. Unfortunately, attempts to synthesize
cello-oligosaccharides using the D-gluco-configured substrates,
a-D-cellobiosyl fluoride27 and PNPC with CFXcd-E235G were
unsuccessful (data not shown). Presumably, the 100-fold lower
efficiency (based on the values of kcat/Km) of this enzyme as a
cellulase precludes useful transfer rates (Table 1).


Preparative scale synthesis of PNP b-D-xylo-oligosaccharides


The reaction catalyzed by CFXcd-E235G using aX2F as donor
and PNPX2 as acceptor was carried out on a 50 lmol scale. An
equimolar ratio of aX2F to PNPX2 was insufficient to drive the
reaction to completion since the initial transglycosylation product
served as a more effective substrate for successive transfers.


Fig. 4 HPLC analysis of products formed by CFXcd-E235G from aX2F
and PNPX2. The eluate was analyzed using a UV detector at 360 nm.
Conditions: Tosoh Amide-80 column, 6 mL min−1 (CH3CN–H2O 80 : 20
to 30 : 70 for 50 min). Peak 1, PNPX2 (n = 0); peak 2, PNPX4 (n = 1);
peak 3, PNPX6 (n = 2); peak 4, PNPX8 (n = 3); peak 5, PNPX10 (n = 4);
peak 6, PNPX12 (n = 5).


However, addition of further equivalents of the donor over time
led to the essentially complete utilization of the acceptor sugar.
Therefore, yields of transfer products were reported on the basis
of the amount of acceptor employed.


TLC analysis of the reaction between aX2F (100 lmol) and
PNPX2 (50 lmol) catalyzed by CFXcd-E235G revealed that
reaction had terminated after 24 h (ESI†), yielding a range
of oligosaccharides from PNP b-D-xylotetraoside (PNPX4) up
to PNP b-D-xylododecaoside (PNPX12), corresponding to five
additions of X2. Complete consumption of PNPX2 was never
observed, even when reactions were carried out at higher ratios
of donor : acceptor and longer reaction times (data not shown).
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Table 2 Yields of tranglycosylation products from reactions catalyzed by CFXcd-E235G determined using preparative HPLC


R = PNPa R = BTb


[b-D-Xyl-(1 → 4)-b-D-Xyl-(1 → 4)-]n-b-D-
Xyl-(1 → 4)-Xyl-b-R Quantity/mg Yield (%) Quantity/mg Yield (%)


n = 0 2.8 14 2.5 13
n = 1 10.2 30 8.3 26
n = 2 9.0 19 10.5 23
n = 3 4.5 7 7.1 12
n = 4 2.7 4 2.8 4
n = 5 1.1 1 0.9 1


Total purification yields of aryl saccharidesc 75 79
Total percentages of transfer productsd 81 84


a PNP = 4-nitrophenyl; reaction performed with 2 equiv. of xylobiosyl fluoride donor. b BT = benzylthio; reaction performed with 3 equiv. of xylobiosyl
fluoride donor. c Sum of purification yields for aryl saccharides. d (Total purification yield of transfer products)/(total purification yields for aryl
saccharides) × 100.


This incomplete conversion of substrate probably resulted from
product inhibition by the long xylo-oligosaccharides formed,
which can occupy all subsites of the enzyme from glycone to
aglycone sites. The transfer products were purified by HPLC in
a 61% total yield (81% of the total isolated PNPXO, Table 2).
The dominant isolated species was PNPX4, corresponding to
a single addition, with PNP b-D-xylohexaoside (PNPX6) being
the next most abundant. To investigate the structures of transfer
products, purified PNPX4 and PNPX6 were dissolved in D2O
and subjected to NMR analyses. 1H NMR data indicated that all
of the monosaccharide residues have b-anomeric configurations
based on the spin–spin coupling values for the anomeric hydrogen
atoms (J1,2 ≈ 7.2–8.8 Hz, Table 3). The assignment of the 13C-
signals, given in Table 3, was carried out on the basis of known
13C NMR shifts of a series of PNPXO.6 The 13C-signals at ca.
75–76 ppm in the spectra (Fig. 5) unambiguously confirm the
presence of b-(1 → 4)-linkages.6 Further, the absence of chemical
shifts at ca. 84–86 ppm, which typically correspond to C-3 of the
xylose rings in b-1,3-linked xylo-oligosaccharides,28 confirm that
no b-(1 → 3) linkages form, thereby also indicating that CFXcd-
E235G exclusively forms b-(1 → 4)-linked xylopyranose units.


Table 3 1H and 13C NMR chemical shifts (d) of PNPX4 and PNPX6
isolated from the reaction mixture of aX2F and PNPX2 in the presence of
CFXcd-E235G


Ringa H-1 J1,2/Hz C-1 C-2 C-3 C-4 C-5


PNPX4
X1 5.24 7.2 99.7 72.3 73.2 75.9 63.0
X2 4.50 8.4 101.5 72.5 73.5 76.2 62.8
X3 4.41 8.0 101.5 72.5 73.5 76.2 62.8
X4 4.45 8.0 101.7 72.6 75.4 69.0 65.0


PNPX6
X1 5.25 7.3 99.7 72.3 73.2 75.9 63.0
X2 4.50 8.5 101.5 72.5 73.5 76.2 62.8
X3 4.48 8.3 101.5 72.5 73.5 76.2 62.8
X4 4.48 8.3 101.5 72.5 73.5 76.2 62.8
X5 4.48 8.3 101.5 72.5 73.5 76.2 62.8
X6 4.45 8.8 101.7 72.6 75.4 69.0 65.0


a X1 = reducing end xylose unit; X2, X3, X4, X5, and X6 = non-reducing
xylose units toward the non-reducing end.


Preparative scale synthesis of benzylthio b-D-xylo-oligosaccharides


1-Benzylthio b-D-xylobioside (BTX2) is a non-hydrolysable sub-
strate analogue and acts as a good reactivator for the inactivated
GH11 xylanase from Bacillus subtilis that has been trapped as its 2-
fluoroxylobiosyl-enzyme intermediate.29 As noted earlier, CFXcd-
E235G catalyzes slow hydrolysis of PNPX2, which resulted in a
lower yield of PNPXO. It was therefore hoped that a higher total
yield of transfer products would be obtained with BTX2 than in the
reaction with PNPX2 since the acceptor should not be hydrolyzed
in this case. Indeed, BTX2 acts as a better acceptor than PNPX2
and additionally the rate of consumption of aX2F, judged by TLC,
was greater than that in the reaction using PNPX2 as acceptor.
Presumably, the benzythiol group interacts more strongly at the
+3 subsite of the enzyme than does PNP as discussed above. Use of
a 3 : 1 molar ratio of aX2F : BTX2 resulted in greater production
of hexasaccharide and octasaccharide compared to that seen in
the reaction using a 2 : 1 molar ratio of aX2F : PNPX2 (Table 2).
However, BTX2 also was not converted completely, and unreacted
BTX2 was isolated from reaction mixtures in a 13% yield (16%
of the total isolated benzylthio b-D-xylo-oligosaccharides), much
as seen in the PNPX2 reaction. Overall, the total yield of transfer
products (66%) was similar to that obtained in the PNPX2 reaction
(Table 2).


Conclusions


Here, we describe for the first time the enzymatic synthesis of xylo-
oligosaccharides using a xylanosynthase (CFXcd-E235G) derived
from a retaining xylanase. This expansion of the glycosynthase
repertoire allows the regio- and stereo-selective synthesis of b-
1 → 4-linked xylo-oligosaccharides in high yields. Owing to the
irreversibility of the glycosynthase reaction and the use of a
disaccharide donor sugar, products are obtained as a series of
xylo-oligosaccharides differing in length by multiples of two
xylose units. This greatly simplifies the purification of the products
compared to the situation with other enzymatic methodologies
for the synthesis of xylo-oligosaccharides.6 Our methodology,
therefore, provides a simple and convenient process for the
production of linear xylo-oligosaccharides of defined length.
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Fig. 5 Partial 13C NMR spectra of PNPX4 (A) and PNPX6 (B) synthesized by CFXcd-E235G. X1 is the reducing end xylose unit, and X2, X3, X4, X5,
and X6 refer to the xylose units toward the non-reducing end.


Experimental


Materials and general methods


PNP b-glycosides used as substrates were purchased from
Sigma/Aldrich Chemical Co. (Oakville, ON, Canada). D-
Xylobiose and D-xylopentaose were obtained from Megazyme
(Wicklow, Ireland). aXF, a-cellobiosyl fluoride, PNPX2 and
PNPX3 were synthesized according to known methods.14,27,30,31


The syntheses of PCR primers and the analyses of DNA sequences
were carried out by the Nucleic Acid and Proteins Service Unit
in the Michael Smith Laboratories at the University of British
Columbia. All 1H and 13C NMR spectra were recorded at 400 MHz
using a Bruker AV-400 spectrometer. Mass spectra for aryl xylo-
oligosaccharides were recorded using a PE-Sciex API 300 triple
quadrupole mass spectrometer (Sciex, Thornhill, ON, Canada)
equipped with an electrospray ionization ion source (ESI†). High
resolution mass spectrometric analysis was carried out by UBC
mass spectrometry centre. TLC was performed on aluminium-
backed sheets of silica gel 60F254 (Merck) of thickness 0.2 mm using
7 : 2 : 1 (v/v/v) ethyl acetate–methanol–water or 3 : 1 : 1 (v/v/v)
iso-propanol–ethyl acetate–water. The plates were visualized using
UV light (254 nm) and/or by exposure to 10% sulfuric acid in
methanol followed by charring.


Synthesis of a-D-xylobiosyl fluoride (aX2F)


aX2F was synthesized from per-O-acetyl b-xylobiose by fluori-
nation with HF–pyridine using a previously reported method for
other glycosyl fluorides.30 This was followed by deacetylation with


catalytic sodium methoxide in dry methanol. The overall yield for
the synthesis of aX2F from fully acetylated xylobiose was 62%; mp
174–177 ◦C (from ethanol). 1H NMR (CD3OD, 400 MHz, ppm):
d 5.47 (dd, 1 H, J1,2 2.8 Hz, J1,F 53.0 Hz, H-1), 4.31 (d, 1 H, J1′ ,2′


7.6 Hz, H-1′), 3.87 (m, 2 H), 3.68 (m, 3 H), 3.51 (m, 2 H), 3.31–3.23
(m, 3 H). 13C NMR (CD3OD, 100 MHz, ppm): d 108.96 (d, J1,F


225.4 Hz, C-1), 104.24 (C-1′), 77.78, 77.66, 74.44, 73.47, 73.23,
73.06, 71.19, 67.27, 62.73, 62.68. 19F NMR (CD3OD, 300 MHz,
TFA at 0 ppm): d −77.69 (dd, JF,H-2 26.0 Hz, JF,H-1 53.0 Hz). HRMS
(M + Na+): m/z calc. for C10H17FO8 + Na+ = 307.0805; found
307.0804.


Synthesis of benzylthio b-D-xylobioside (BTX2)


Benzylthio b-D-xylopyranoside (BTX) was prepared with minor
modifications to our previously published method.32 The 2,3-O-
isopropylidene protecting group was incorporated into BTX in
the presence of 2-methoxypropene, methanolic hydrogen chloride,
and N,N-dimethylformamide in moderate yield.33 Coupling of
the 2,3-O-isopropylidene-protected BTX with 2,3,4-tri-O-acetyl-
a-D-xylopyranosyl trichloroacetimidate34 followed by acidic work-
up gave the partially protected BTX2 in 48% yield. This was
deacetylated with a catalytic amount of sodium methoxide in dry
methanol. The solvent was evaporated under reduced pressure
to yield BTX2 as a colorless oil. 1H NMR (CD3OD, 400 MHz,
ppm): d 3.08–3.22 (m, 6 H, H-2, H-2′, H-3, H-3′, H-5a, and H-
5a′), 3.41 (ddd, 1 H, J4,5a 10.2, J4,5b 5.6 Hz, H-4), 3.58 (ddd, 1
H, J4′ ,5a′ 9.9, J4′ ,5b′ 5.2 Hz, H-4′), 3.77 (AB q, 2 H, Jab 12.9 Hz,
BnCH2), 3.80 (dd, 1 H, J5e,5a 11.3, J5b,4 5.3 Hz, H-5b), 4.02 (dd,
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1 H, J5b′ ,5a′ 11.6, J5b′ ,4′ 5.2 Hz, H-5b′), 4.11 (d, 1 H, J1,2 9.1 Hz,
H-1), 4.24 (d, 1 H, J1′ ,2′ 7.5 Hz, H-1′), 7.13–7.26 (m, 5H, Bn);
13C NMR (CD3OD, 100 MHz, ppm): d 34.78, 67.24, 68.10, 71.21,
74.23, 74.44, 77.34, 77.75, 78.09, 86.27, 104.06, 128.19, 129.61
(2C), 130.32 (2C), 139.57; HRMS (ESI, M + Na+): m/z calc. for
C17H24O8S + Na+ = 411.1089; found 411.1090.


Construction of pR2CFXcd(His)6 and purification of CFXcd


The gene fragment encoding the catalytic domain of CFX was
amplified by PCR using 1 lM of CFX-TOP-Nco-fw primer
(5′-GCGAGTGACCATGGCCACGAAACTCCACGCGAC-3′)
and CFXcd-END-Not-rev primer (5′-GTCACGTGCGCGG-
CCGCATGACCCGCTGAC-3′), 0.2 mM each of the four
dNTPs, 5% DMSO, 25 ng of pR2CFX(His)6


17 as template
DNA, and 2.5 U of Pwo polymerase (Roche) in 50 lL 1 × Pwo
polymerase buffer. Twenty-five PCR cycles (30 s at 96 ◦C, 30 s
at 65 ◦C and 45 s at 72 ◦C) were performed in a thermal cycler
(Perkin Elmer, GeneAmp PCR System 2400). The resulting
PCR product was digested with NcoI and XhoI and then sub-
cloned into pR2TK.17 The resulting plasmid was designated
as pR2CFXcd(His)6. CFXcd was purified from E. coli TOP10
cells harboring pR2CFXcd(His)6 by affinity chromatography
using Ni-NTA agarose (Qiagen), as previously described.17


Desalting and the concentration of purified enzyme solutions
were carried out using an Amicon Ultra-4 filter unit (10 000 Da
cut-off, Millipore). The buffer used in enzyme solutions was
exchanged for 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.0.
Protein concentration was determined using the Micro BCATM


protein assay reagent kit (Pierce) using BSA as a standard.


Kinetic analysis of aryl glycoside hydrolysis


Initial rates of hydrolysis of PNPX, PNPG, PNPX2, and PNPC
catalyzed by CFXcd in 50 mM NaH2PO4/Na2HPO4, pH 6.5,
0.1% BSA were determined at 37 ◦C by monitoring the reactions
spectrophotometrically at 400 nm as described before.17 The values
of Km and kcat were determined by fitting the initial velocity curves
to the Michaelis–Menten equation using non-linear regression
with the program GraFit.


Site-directed mutagenesis to construct CFX-E235G and
CFX-E235S


Mutations of the catalytic nucleophile of CFXcd were
introduced using a mega primer PCR method. Plasmid
pR2CFXcd(His)6 was used as template for the mutagenesis.
The 3′-end of the gene fragment for CFX-E235G was ampli-
fied with the T7 terminator primer and CFX-E235G-fw (5′-
GACGTGCAGATCACCGGCCTCGACATCGAG-3′, the mu-
tated codon is underlined), while the primer CFX-E235S-fw
(5′-GACGTGCAGATCACCAGCCTCGACATC GAG-3′) was
used for CFX-E235S. The PCR products were purified using a
QIAquick Gel Extraction Kit (Qiagen) and then used as mega
primers to obtain the full-length genes with the CFX-TOP-Nco-
fw primer. The full-length PCR products were digested with NcoI
and XhoI, the products separated by agarose gel electrophoresis,
and the desired fragments were extracted from agarose gel using a
QIAquick Gel Extraction Kit and ligated into the pR2TK vector
previously digested with the corresponding restriction enzymes.


The resulting plasmids were designated pR2CFXcd-E235G(His)6


and pR2CFXcd-E235S(His)6. The nucleophile mutants of CFXcd
were purified by affinity chromatography using Ni-NTA agarose
(Qiagen).


Enzymatic synthesis and isolation of xylo-oligosaccharides


To a mixture of aX2F (15 mg, 53 lmol) and PNPX2 (20 mg, 50
lmol) in NaH2PO4/Na2HPO4 buffer (5 mL of 0.1 M, pH 7.0) was
added CFXcd-E235G (1.4 mg) and the mixture then incubated
at room temperature. Upon consumption of the donor sugar (ca.
10 h), as determined by TLC, an additional 15 mg of aX2F was
added to the reaction to give a total added 2 : 1 ratio of aX2F
: PNPX2). Benzylthio xylo-oligosaccharides were synthesized in
a similar manner by incubating aX2F (15 mg, 53 lmol) and
BTX2 (19 mg, 49 lmol) in NaH2PO4/Na2HPO4 buffer (3 mL of
0.1 M, pH 7.0) in the presence of CFXcd-E235G (1.4 mg). Upon
consumption of donor sugar an additional 15 mg of aX2F was
added at 3 and 10 h, respectively, to give a total added 3 : 1 ratio
of aX2F : BTX2. After 24 h incubation, the reaction mixture was
loaded onto a C18 SEP PAK cartridge (Waters) to remove non-aryl
sugars, enzyme, and salts. The cartridge was washed with 6 mL
of water and then the aryl xylo-oligosaccharides were eluted with
6 mL of 50% (v/v) methanol–water. The solvents were evaporated
under reduced pressure and the residues loaded onto a preparative
Tosoh Amide-80 (2.15 × 30 cm) column. The products were eluted
at 6 mL min−1 with an acetonitrile–water (70 : 30 to 20 : 80 for
50 min) gradient.
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A structurally representative series of 1,2- and 1,3-cyclic sulfamidates react with enolates derived from
methyl a-phenylthioacetate 9b to give 5- and 6-substituted a-phenylthio lactams 20–24. These products
provide, via the corresponding sulfoxides, an entry to a,b-unsaturated lactams e.g. 12, 27, 29 and their
a-phenylthio analogues e.g. 26 and 30. With the enantiomerically pure 1,2-cyclic sulfamidates 10, 15
and 17, these reactions all proceed with no detectable loss of stereochemical integrity.


Introduction


Five and six-ring lactams, and the related saturated N-
heterocycles, pyrrolidines and piperidines, represent important
classes of molecules that find widespread applications throughout
academia, the fine chemicals industry and, in particular, within
the pharmaceutical sector.1 Reports highlighting recent interest
in the medicinal chemistry aspects of functionalised lactams
include the trans-fused bicyclic serine protease inhibitors e.g. 1
reported by MacDonald and co-workers,2 and the incorporation
of a,b-unsaturated lactams units (derived from pyroglutamic acid)
into microcolin A analogues 2 as described by Crews.3 In both
cases, enantiomerically pure substituted lactams represented key
components of these biologically active entities.


We were attracted by two challenges in this area: (i) the synthesis
of enantiomerically pure substituted 5- and 6-ring lactams and
(ii) the ability to provide an entry to more highly functionalised
lactams, such as the a,b-unsaturated variants. Currently, there are
limited methods for accessing enantiomerically pure unsaturated
5- and 6-ring lactams 3 and 4. The corresponding x-carboxylic acid
derivatives (pyroglutamic acid as well as the corresponding six-ring
variant)4 provide a valuable entry; pyroglutamic acid provided the
starting point for the synthesis of 2.3 This approach, however,


aSchool of Chemistry, University of Bristol, Bristol, UK BS8 1TS. E-mail:
T.Gallagher@bristol.ac.uk; Fax: +44(0)117 9298611; Tel: +44(0)117
9288260
bChemical Development, GlaxoSmithKline, Medicines Research Centre,
Stevenage, UK SG1 2NY


has inherent limitations in terms of the range of substrates that
are accessible, and other recent reports have exploited the use
of chiral auxiliaries or directing groups for the synthesis of a
wider range of substituted and unsaturated lactam variants. These
include use of (R)- and (S)-a-methyl benzylamine to direct a
range of ring substitution reactions within a bicyclic framework,5


and the exploitation of chiral anthracene cycloadducts (again
incorporating a-methyl benzylamine) to generate 5-substituted
a,b-unsaturated lactams via a retro Diels–Alder fragmentation.6


The asymmetric Mannich reaction between imines and enol ethers
provides a catalytic entry to 6-substituted six-ring lactams, as
exemplified by a synthesis of (−)-sedamine.7


Our focus has been upon the application of substituted 1,2- and
1,3-cyclic sulfamidates 5 to the synthesis of enantiomerically pure
substituted N-heterocycles, including lactams.8,9 We have reported
the synthesis of a range of enantiomerically pure scaffolds, such
as piperazinones 6, thiomorpholinones 7,8a and a series of a-
functionalised lactams 8.8b The strategy that we have developed
is outlined in Scheme 1.


Scheme 1


This involves the regioselective ring opening of a 1,2- or 1,3-
cyclic sulfamidate with an a-amino ester (including a-substituted
amino esters) or a-thiolester to give 6 and 7, respectively. Al-
ternatively, use of a functionalised enolate as the nucleophilic
component provides a versatile entry to a-functionalised variants
8. This methodology has also recently been applied to an efficient
asymmetric synthesis of (−)-aphanorphine, which itself represents
an entry to 3-benzazepines.9
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Results and discussion


A strategy for lactam synthesis using cyclic sulfamidates also
offers an entry to a,b-unsaturated lactams and their a-thiophenyl
derivatives based on the use of an a-sulfinyl (or an a-thio) enolate
as the nucleophilic component (Scheme 2). Following ring opening
of the cyclic sulfamidate, and subsequent lactamization, either (i)
thermal elimination of RSOH or (ii) Pummerer oxidation would
provide access to the target systems.


Scheme 2 Synthetic approach to unsaturated lactams via cyclic
sulfamidates.


In this paper we report on the scope and limitations of this
approach to functionalised and unsaturated substituted lactams,
in terms of both the nucleophilic and electrophilic components.


Use of a-sulfinyl substituted enolates


We have previously investigated the ability of enolates derived from
esters 9a–c (see Scheme 3) carrying an a-sulfur-based electron
withdrawing group (SR vs S(O)R vs SO2R) to react with 1,2-
and 1,3-cyclic sulfates,10 and here we had encountered problems
associated with the use of 9a and 9b (i.e. X = S(O)Ph and
X = SPh, respectively). We were not able to achieve the desired
transformations (nucleophilic ring opening of the cyclic sulfate
substrate), although the analogous sulfone-based nucleophile 9c
was successfully employed. Although sulfoxide-stabilised enolates


Scheme 3 Reagents and conditions: (i), 9a, NaH, DMF, r.t.; (ii), 5 M HCl
then NaHCO3; (iii), PhMe, PS–PPh3, 100 ◦C; (iv), 9d, NaH, DMF, r.t.;
(v), PhMe, NaHCO3, reflux, 4 d; (vi), 9d, KOt-Bu, t-BuOH, reflux.


have been more successful with cyclic sulfamidates, we have
nevertheless encountered issues in the reactions of 9a (X=S(O)Ph)
with some 1,2-cyclic sulfamidates which are described below
(Scheme 3).


Cyclic sulfamidate 10, a representative and readily available
substrate, reacted with the enolate derived from ester 9a to
give, after acidic hydrolysis (to cleave the intermediate N-sulfate)
and neutralization (to achieve lactamization), lactam 11 in 48%
yield as a mixture of diastereomers (Scheme 3). Issues associated
with purification of the final product necessitated the use of
a polystyrene-bound phosphine (PS–PPh3)† scavenger for the
subsequent sulfoxide elimination step, and in this way we were
able to obtain 12 in 42% overall yield and in >98% e.e. (as judged
by chiral HPLC). In the absence of a scavenger, alkene migration
was facile and benzylidene derivative 13 was isolated as the major
product; alkene 13 was a single geometric isomer although the
alkene geometry has not been established.


We were, however, unable to generate a lactam adduct from
4,5-disubstituted cyclic sulfamidate 15 using ester 9a because of
competing and premature elimination of PhSOH. Nucleophilic
ring cleavage appeared to proceed as expected, but the elevated
temperatures required to achieve annulation led to problems
associated with competing elimination. For this reason, the
corresponding methyl sulfoxide derivative 9d was investigated.
Using 10 as a test substrate with 9d, unsaturated lactam 12
was obtained in 35% yield although the enantiopurity of this
product was not established. The drawback of the use of 9d was
the prolonged period (4 d) required for thermal elimination of
MeSOH, and alternative reaction conditions (including use of
higher temperatures or microwave-mediated thermolysis) resulted
in unacceptable levels of decomposition. We also isolated signif-
icant amounts of amino alcohol 14 after the initial sulfamidate
opening step using 9d, which is possibly formed via competing
O-alkylation (and subsequent hydrolysis) of the enolate species.
In the case of the sterically more demanding disubstituted
sulfamidate 15, reaction with the enolate derived from 9d led
to poor and irreproducible yields of adduct 16 as a mixture
of diastereomers which was not pursued further. In addition,
we were unable to achieve thermal elimination of MeSOH
from this substrate and the use of sulfoxide-based enolates was
abandoned.


Use of a-sulfenyl substituted enolates


Enolates derived from a-thioesters have proven to be a more
generally applicable class of nucleophiles, and use of ester 9b
with a series of cyclic sulfamidates (10, 15, 17–19) gave good
yields of the corresponding a-phenylthio substituted lactams 20–
24 A representative example based on cyclic sulfamidate 10 is
illustrated in Scheme 4 and other details for additional substrates
are presented in Table 1.


Certain experimental modifications were necessary in specific
cases and these are detailed within the Experimental section.
It should be noted that in some cases (e.g. formation of 21
and 22) lactamisation occurred upon neutralization (following


† To the best of our knowledge PS–PPh3 has not previously been used as a
scavenger for thermal sulfoxide elimination reactions, although it has been
widely applied to other processes, such as the Mitsunobu reaction.11
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Table 1 Synthesis of a-sulfenyl substituted lactams


Entry Cyclic sulfamidatea C(3)-SPh lactam productb Yield (%) Comments


1 98 2 : 1 mixture of diastereomers at C(3) (see Scheme 4)


2 83 10 : 1 mixture of diastereomers at C(3); major
isomer shown as determined by 1H NMR


3 62 1 : 1 mixture of diastereomers at C(3)


4 23 3 : 2 mixture of diastereomers at C(3);


5 80 1 : 1 mixture of diastereomers at C(3)


a Nucleophilic ring opening of 10, 15, 18 and 19 took place at room temperature, while 17 required 45 ◦C. b Lactamisation to give 21 and 22 took place at
room temperature following neutralisation, whereas formation of 20, 23 and 24 required thermal lactamisation conditions (see the Experimental section).


Scheme 4 Reagents and conditions: (i), 9b, NaH DMF, r.t.; (ii), 5M HCl
then NaHCO3; (iii), PhMe, reflux. See Table 1 for other substrates studied.


nucleophilic cleavage and acidic hydrolysis) while in other ex-
amples (e.g. formation of 20 and 23) the ring closure step was
significantly slower and was best induced thermally. In the case
of 24, lactamisation was most efficiently achieved under basic
(NaOEt, EtOH, heat) conditions.


The substrates shown in Table 1 represent a range of readily
available cyclic sulfamidate variants, which were chosen in order
to define the scope of the underlying methodology. One limitation
is obvious: use of the 5-benzyl derivative 18 leads to a significant
amount of allylic amine 25, which is the product of b-elimination
of the precursor cyclic sulfamidate 18. This is a side reaction that
we had not previously encountered using 18 with other stabilised
enolates, and this substrate appears to provide a good test as to
the effectiveness of a given nucleophile towards a base sensitive
substrate. It should also be pointed out that both the 1,2-cyclic
sulfamidate 18 and the 1,3-cyclic sulfamidate 19 used in this study
were most conveniently prepared in racemic form, while the other


substrates (10, 15, and 17) employed here were derived using
enantiomerically pure amino alcohols as starting materials.


Lactams 20–24 were all isolated as mixtures of diastereomers
at C(3) and for the major isomer of 21, the stereochemical
assignment was based on correlations with related structures for
which crystallographic data were available.8b


We have examined two transformations of representative a-
phenylthiolactams shown in Table 1. These involved sulfide
oxidation followed by either thermal elimination to give the
a,b-unsaturated lactams, or Pummerer reaction of the sulfoxide
intermediate which leads to the corresponding vinyl sulfides (see
Scheme 2 and 5).


With lactams 20 and 21, the key issue of interest associated
with sulfoxide elimination was the enantiomeric integrity of the
unsaturated products obtained. This is of particular significance in
the five-ring series given the obvious possibilities associated with
the allylic nature of C(5) present in e.g. 12 and 27.


The oxidation/sulfoxide elimination reactions proceeded effi-
ciently, and the unsaturated lactams 12, 27 and 29 were obtained
in high yields and for 12 and 27 with essentially no loss of enan-
tiomeric integrity (Scheme 5). The enantiomeric purities of 12 and
27 were readily assessed using chiral HPLC with the corresponding
racemic substrates being used as analytical standards. Generally,
it was more convenient to use a polymer-supported phosphine
to scavenge phenylsulfenic acid, but this was not essential to the
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Scheme 5 Reagents and conditions: (i), m-CPBA, CH2Cl2, 0 ◦C;
(ii), PhMe, PS–PPh3, 100 ◦C; (iii), (CF3CO)2O, CH2Cl2, r.t.; (iv), NaHCO3,
MeCN, reflux.


success of these reactions. Interestingly, in the case of 21, use of the
resin-based scavenger led to approximately 50% of the enamine
by-product 28, but this side reaction was effectively suppressed
when mildly basic conditions (use of NaHCO3) were employed.
In addition, the sulfoxide intermediate derived from the minor
diastereomer of 21 did not undergo thermal elimination under a
variety of conditions; this reflects upon the trans stereochemical
relationship between the phenyl sulfoxide substituent and the b-
proton. This observation also emphasises the importance of a
favourable stereochemical outcome from the initial sulfamidate
opening step to the overall efficiency of the sequence, as we were
unable to achieve in situ equilibration of this stereocentre under
the elimination conditions used. It is pertinent to point out that
use of a 2-pyridyl variant of 9b (i.e. R′′ = S(2-Py)) for the initial
sulfamidate opening/lactamisation sequence provides lactams
which do undergo equilibration at C(3) under the mildly acidic
oxidation conditions employed to form the requisite sulfoxide.
This can be beneficial for the subsequent elimination step in
cases where 9b provides substrates with an unfavourable C(3)
stereochemistry.


Sulfoxide-based Pummerer reactions also proceeded smoothly
using the representative 5- and 6-ring lactams 20 and 24 to give 26
and 30. In the case of 26, which has an obvious sensitivity towards
racemisation, no degradation of enantiomeric purity was detected
(as judged by chiral HPLC).


It is also appropriate to mention that a,b-unsaturated lactams
are valuable electrophiles in their own right. Accordingly, lactam
12 underwent a diastereoselective copper-mediated 1,4-addition of
either n-BuLi or CH2=CHMgBr to provide the 4,5-disubstituted
lactams 31a and 31b (Scheme 6).


Again, no loss of enantiomeric purity was detected for 31a
and 31b (based on chiral HPLC analysis). Similar 1, 4-additions
involving N-alkyl lactams12 have been reported but HMPA was
required for these processes; in the absence of HMPA, the major
product corresponded to base-mediated double bond isomerisa-


Scheme 6 Reagents and conditions: (i), n-BuLi or CH2=CHMgBr, CuI,
Me3SiCl, HMPA, THF, r.t.


tion leading to enamine 32. It is appropriate to note that work-up
of these conjugate addition reactions involved exposure of the
crude material to TBAF, since substantial amounts of C-silylated
material were formed under the reaction conditions.


Conclusions


In summary, a range of variously substituted 1,2- and 1,3-cyclic
sulfamidates react efficiently with sulfur-substituted enolates to
give a-thiosubstituted lactams, which can then be used to generate
the corresponding enones and vinyl sulfides. Thio-substituted
enolates were the reagents of choice as these proved to be more
generally applicable than the corresponding sulfoxide-substituted
enolates. In cases where enantiomerically pure cyclic sulfamidates
were used, clean inversion (where appropriate) was observed
during the initial nucleophilic ring opening step and no erosion
of enantiomeric integrity was encountered following lactam
formation. In addition a series of other synthetically valuable
reactions based on a,b-unsaturated lactams also proceeded with-
out loss of enantiomeric purity. These transformations of cyclic
sulfamidates demonstrate a new and straightforward approach to
functionalised and enantiomerically pure lactams, and the further
application of this chemistry to specific targets is underway.


Experimental


General


Starting materials sourced from commercial suppliers were used
as received. Dry solvents, where necessary, were obtained by
distillation using standard procedures or by passage through a
column of anhydrous alumina using equipment from Anhydrous
Engineering based on the Grubbs’ design. Petrol refers to the
fraction of petroleum ether boiling in the range of 40–60 ◦C. The
removal of solvents in vacuo was achieved using both a Büchi
rotary evaporator (bath temperatures up to 40 ◦C) at a pressure of
either 15 mmHg (diaphragm pump) or 0.1 mmHg (oil pump),
as appropriate, and a high vacuum line at room temperature.
Reactions requiring anhydrous conditions were run under an
atmosphere of dry nitrogen; glassware, syringes and needles were
either flame dried immediately prior to use or placed in an
oven (150 ◦C) for at least 2 h and allowed to cool either in
a desiccator or under an atmosphere of dry nitrogen; liquid
reagents, solutions or solvents were added via syringe through
rubber septa; solid reagents were added via Schlenk type adapters.
Commercially available Merck Kieselgel 60F254 aluminium backed
plates were used for TLC analysis. Visualisation was achieved
by either UV fluorescence, acidic KMnO4 solution and heat,
ammonium molybdate solution and heat or iodine vapour. Flash
column chromatography (FCC) was performed using Fluorochem
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60 silica: 230–400 mesh (40–63 lm). The crude material was
applied to the column as a solution in CH2Cl2 or by pre-adsorption
onto silica, as appropriate. Melting points were determined using
a Reichert melting point table and temperature controller and
are uncorrected. Optical rotations were measured using a Perkin-
Elmer 241 polarimeter. Infra-red spectra were recorded in the
range 4000–600 cm−1 on a Perkin Elmer Spectrum either as neat
films or solids compressed onto a diamond window. Abbreviations
used are: w (weak), m (medium), s (strong) and br (broad).
NMR spectra were recorded on a JEOL GX270, JEOL GX400,
JEOL Lambda 300, JEOL Eclipse 400 or JEOL Eclipse 300
spectrometer. Chemical shifts are quoted in parts per million
(ppm); 1H NMR spectra are referenced to TMS or residual
protium of the deuterated solvent; 13C NMR are referenced
to TMS or the deuterated solvent. Coupling constants (J) are
quoted to the nearest 0.5 Hz. Other abbreviations used are: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br
(broad). Assignments of 1H NMR and 13C NMR signals were
made where possible, using COSY, DEPT, HMQC and HMBC
experiments. Where, e.g., diastereomers have been characterised
as a mixture, signals associated with the individual isomers are,
where possible, referred to as A and B. Mass spectra were
determined by the University of Bristol mass spectrometry service
by either electron impact (EI) or chemical ionisation (CI) using a
Fisons VG Analytical Autospec spectrometer, or by electrospray
ionisation (ESI) using a Brüker Daltonics Apex IV spectrometer.
Chiral HPLC was performed using the corresponding racemate
as a standard on an Agilent 1100 LC system equipped with a
quaternary pump, diode array detector and column thermostat
under the conditions specified in each case.


For the preparation of cyclic sulfamidates 10, 15, 17, 18 and 19
see earlier publications.8 Lactam-based sulfoxide intermediates,
which were formed as mixtures of 4 diastereomers, have only been
characterised by mass spectrometry due to the complexity of NMR
data obtained.


(5S)-3-Phenylsulfinyl-1,5-dibenzylpyrrolidin-2-one (11)


To a solution of methyl (phenylsulfinyl)acetate 9a (143 mg,
0.72 mmol) in anhydrous DMF (3 cm3) was added NaH (29 mg,
0.72 mmol, 60% dispersion in mineral oil) and the resulting
suspension was stirred at r.t. for 10 min to form a pale yellow
solution. Sulfamidate 10 (218 mg, 0.72 mmol) was added and the
mixture was stirred at r.t. for 16 h. Aqueous 5 M HCl (0.37 cm3)
was added and the mixture was stirred at r.t. for 3 h. The mixture
was neutralised by addition of saturated aq. NaHCO3 (7 cm3)
and extracted with Et2O (3 × 30 cm3). The combined organic
portions were washed with water (3 × 50 cm3), dried (MgSO4) and
concentrated in vacuo. The residue was purified by FCC (Et2O) to
afford sulfoxide 11 (141 mg, 54%) as a colourless foam and as a
mixture of four diastereoisomers; m/z (CI+) 390 ([M + H]+, 15%),
264 (100%).


(S)-1,5-Dibenzyl-1,5-dihydropyrrol-2-one (12) and
1-benzyl-5-benzylidene pyrrolidin-2-one (13)


Procedure A (one pot procedure from cyclic sulfamidate 10).
To a solution of methyl (phenylsulfinyl)acetate 9a (143 mg,
0.72 mmol) in anhydrous DMF (3 cm3) was added NaH (29 mg,


0.72 mmol, 60% dispersion in mineral oil) and the resulting
suspension was stirred at r.t. for 10 min to form a pale yellow
solution. Sulfamidate 10 (218 mg, 0.72 mmol) was added and the
mixture was stirred at r.t. for 16 h. Aq. 5 M HCl (0.37 cm3) was then
added and the mixture was stirred at r.t. for 3 h. The mixture was
then neutralised by addition of saturated aq. NaHCO3 (7 cm3)
and extracted with Et2O (3 × 30 cm3). The combined organic
portions were washed with water (3 × 50 cm3), dried (MgSO4) and
concentrated in vacuo. The residue was dissolved in anhydrous
toluene (6 cm3), added to a suspension of PS–PPh3 (932 mg, 1–
1.8 mmol g−1 loading, swelled for 2 h) in anhydrous toluene (4 cm3),
and then heated at 100 ◦C for 2.5 h. The mixture was cooled to
r.t., filtered through Celite, washing with toluene (3 × 15 cm3) and
then CH2Cl2 (2 × 5 cm3), and concentrated in vacuo. The residue
was purified by FCC (Et2O–petrol 7 : 3) to afford alkene 12 (74 mg,
42%, >98% e.e.) as a colourless oil. In the absence of a scavenger,
13 was formed as the major product.


Procedure B. PS–PPh3 (173 mg, ca. 3.0 mmol g−1 loading) was
allowed to swell in anhydrous toluene (2 cm3) without stirring for
1.5 h. A solution of phenyl sulfoxide 11 (88 mg, 0.23 mmol) in
anhydrous toluene (3 cm3) was added and the resulting mixture
was heated at 100 ◦C for 2 h. The reaction mixture was allowed
to cool to r.t., filtered through Celite, washing with toluene (3 ×
5 cm3) followed by CH2Cl2 (4 × 5 cm3), and concentrated in vacuo.
The residue was purified by FCC (Et2O–hexanes 7 : 3) to afford
the product 12 (67 mg, 99%, >98% e.e.) as a colourless, viscous oil


Data for lactam 12; [a]20
D −17.9 (c 0.7, CHCl3); mmax/cm−1 (film)


3028 (br w), 1676 (s), 1494 (m), 1405 (m), 1232 (m), 1028 (m); dH


(400 MHz, CDCl3) 2.57 (1 H, d d, J = 13.5 and 9.0, C5–CH2Ph),
3.17 (1 H, d d, J = 13.5 and 5.0, C5–CH2Ph), 4.10 (1 H, d d d d,
J = 9.0, 5.0, 1.5 and 1.5, C5–H), 4.16 (1 H, d, J = 15.0, NCH2Ph),
5.21 (1 H, d, J = 15.0, NCH2Ph), 6.15 (1 H, d d, J = 6.0 and 1.5,
C4–H), 6.89 (1 H, d d, J = 6.0 and 1.5, C5–H), 7.05 (2 H, d t,
J = 6.0 and 2.0, ArCH), 7.18–7.36 (8 H, m ArCH); dC (75 MHz,
CDCl3) 37.6 (C5–CH2Ph), 43.9 (NCH2Ph), 62.8 (C-5), 127.0 (C-
3), 127.1, 127.6, 127.9, 128.6, 128.8 and 129.1 (10 × ArCH), 136.0
and 137.4 (2 × ArC), 147.6 (C-4), 171.3 (C-2); m/z (CI+) 264
([M + H]+, 100%); HRMS: (CI+) Found: [M + H]+ 264.1391,
C18H18NO requires 264.1388.


The enantiomeric purity of this compound was determined
by chiral HPLC (Chiralcel OD, isocratic hexane–i-PrOH 93 : 7,
1.0 cm3 min−1, 20 ◦C); tR (major) = 16.8 min and tR (minor) =
20.4 min.


Data for exoalkene 13; mmax/cm−1 (film) 2920 (w), 1702 (s), 1635
(s), 1418 (m), 1342 (m), 1182 (m); dH (400 MHz, CDCl3) 2.66–2.70
(2 H, m, C3–H), 3.01–3.06 (2 H, m, C4–H), 4.86 (2 H, s, NCH2Ph),
5.78 (1 H, m, C5–CH2Ph), 7.10–7.16 (3 H, m, ArCH), 7.25–7.40
(7 H, m, ArCH); dC (75 MHz, CDCl3) 24.0 (C-4), 29.1 (C-3), 44.0
(NCH2Ph), 104.1 (C5–CHPh), 125.7, 127.4, 127.6, 127.9, 128.6
and 128.9 (ArCH × 10), 136.2 and 136.8 (ArC × 2), 141.7 (C-
5), 175.5 (C-2); m/z (CI+) 264 ([M + H]+, 100%); HRMS: (CI+)
Found: [M + H]+ 264.1382, C18H18NO requires 264.1388.


(5S)-1,5-Dibenzyl-3-methanesulfinylpyrrolidin-2-one and
(2S)-2-benzyl amino-3-phenylpropan-1-ol (14)


To a solution of ethyl(methylsulfinyl)acetate 9d (73 mg, 0.49 mmol)
in anhydrous DMF (2 cm3) at r.t. was added NaH (20 mg,
0.49 mmol, 60% dispersion in mineral oil) and the resulting
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colourless suspension was stirred at r.t. for 20 min to form a pale
yellow solution. Sulfamidate 10 (134 mg, 0.44 mmol) was added
and the mixture was stirred at r.t. 18 h. Aqueous 5 M HCl (0.2 cm3)
was added and the resulting suspension was stirred at r.t. for 3 h.
The reaction mixture was neutralised by addition of saturated aq.
NaHCO3, diluted by addition of water (10 cm3) and extracted with
Et2O (3 × 10 cm3). The organic extracts were combined, washed
with water (3 × 10 cm3), dried (MgSO4) and concentrated in vacuo.
The residue was dissolved in toluene (3 cm3) and heated at 80 ◦C
for 12 h, allowed to cool to r.t., and concentrated in vacuo. The
residue was purified by FCC (CH2Cl2–MeOH 19 : 1) to afford (5S)-
1,5-dibenzyl-3-methanesulfinylpyrrolidin-2-one (60 mg, 43%) as a
pale oil and subsequently amino alcohol 14 (15 mg, 14%) as a
colourless solid.


Data for (5S)-1,5-dibenzyl-3-methanesulfinylpyrrolidin-2-one:
m/z (CI+) 328 ([M + H]+, 100%) 264 ([M–SOMe]+, 90).


Data for 14: dH (400 MHz, CDCl3) 2.70–2.88 (2 H, m, C3–H),
2.96 (1 H, m, C2–H), 3.34 (1 H, d d, J = 10.5 and 5.5, C1–H),
3.65 (1 H, d d, J = 10.5 and 4.0, C1–H), 3.77 (2 H, s, NCH2Ph),
7.14–7.36 (10 H, m, ArCH); m/z (CI+) 242 ([M + H]+, 100%).
The spectroscopic properties of this compound were consistent
with the data available in the literature.13


(4S,5S)-3-Methanesulfinyl-1,5-dimethyl-4-phenylpyrrolidin-
2-one (16)


To a solution of ethyl(methylsulfinyl)acetate 9d (173 mg,
1.15 mmol) in anhydrous t-BuOH (6 cm3) at r.t. was added t-BuOK
(136 mg, 1.15 mmol) and the resulting colourless suspension was
stirred at r.t. for 20 min. Sulfamidate 15 (238 mg, 1.10 mmol)
was added and the reaction mixture was heated at reflux for 46 h.
The reaction mixture was allowed to cool to r.t. and aq. 5 M
HCl (0.56 cm3) was added and the mixture was stirred at r.t. for
4 h. The reaction mixture was neutralised by addition of saturated
aq. NaHCO3, diluted by addition of brine (30 cm3) and extracted
with CH2Cl2 (3 × 30 cm3). The organics were combined, dried
(MgSO4) and concentrated in vacuo. The residue was purified by
FCC (CH2Cl2–MeOH 10 : 1) to afford lactam 16 (152 mg, 55%)
as a pale yellow oil and as a mixture of four diastereoisomers; m/z
(CI+) 252 ([M + H]+, 100%).


(5S)-1,5-Dibenzyl-3-phenylsulfanylpyrrolidin-2-one (20)


To a solution of methyl(phenylthio)acetate 9b (153 ll, 1.00 mmol)
in anhydrous DMF (6 cm3) was added NaH (40 mg, 1.00 mmol,
60% dispersion in mineral oil) and the resulting mixture was stirred
at r.t. for 20 min to form a colourless suspension. Sulfamidate 10
(150 mg, 0.50 mmol) was added and the reaction mixture was
stirred at r.t. for 20.5 h. Aqueous 5 M HCl (0.5 cm3) was added
and the resulting colourless suspension was stirred at r.t. for 3 h.
The reaction mixture was neutralised by addition of saturated
aq. NaHCO3 and extracted with Et2O (3 × 15 cm3). The organic
extracts were combined, washed with water (3 × 10 cm3), dried
(MgSO4) and concentrated in vacuo. The residue was dissolved in
toluene (8 cm3) and heated at 100 ◦C for 18 h. Solvent was removed
in vacuo and the residue was purified by FCC (Et2O–petrol 1 : 1)
to afford lactam 20 (183 mg, 98%, 2 : 1 d.r.) as a pale yellow oil;
mmax/cm−1 (thin film) 3028 (w), 2924 (w), 1686 (s), 1438 (m), 1249
(m), 733 (s), 691 (m); dH (400 MHz, CDCl3) 1.79 (1 H, d d d, J =


13.5, 6.5 and 6.5, C4–H of A), 1.94 (1 H, d d d, J = 13.5, 8.0 and
8.0, C4–H of B), 2.20 (1 H, d d d, J = 13.5, 9.0 and 3.5, C4–H of
B), 2.26 (1 H, d d, J = 13.0 and 10.0, C5–CH2Ph of A), 2.33 (1 H, d
d d, J = 13.5, 8.5 and 7.5, C4–H of A), 2.60 (1 H, d d, J = 13.5 and
8.0, C5–CH2Ph of B), 2.93 (1 H, d d, J = 13.5 and 4.0, C5–CH2Ph
of B), 3.12 (1 H, d d, J = 13.0 and 4.5, C5–CH2Ph of A), 3.49–3.62
(3 H, m, C5–H of A and B and C3–H of B), 3.84 (1 H, d d, J = 10.0
and 7.5, C3–H of A), 3.97 (1 H, d, J = 15.0, NCH2Ph of B), 4.15
(1 H, d, J = 15.0, NCH2Ph of A), 5.03 (1 H, d, J = 15.0, NCH2Ph
of A), 5.15 (1 H, d, J = 15.0, NCH2Ph of B), 6.97 (2 H, d, J =
6.5, ArCH of A), 7.02 (2 H, d, J = 7.0, ArCH of B), 7.08–7.41
(22 H, m, ArCH), 7.46–7.52 (2 H, m, ArCH), 7.57–7.63 (2 H, m,
ArCH); dC (100 MHz, CDCl3) 31.8 (C-4 of B), 32.0 (C-4 of A),
38.9 (C5–CH2Ph of B), 40.3 (C5–CH2Ph of A), 45.0 (NCH2Ph of
B), 45.4 (NCH2Ph of A), 46.9 (C-3 of B), 47.3 (C-3 of A), 55.7
(C-5 of B), 56.8 (C-5 of A), 126.8, 127.0, 127.7, 127.8 (2 signals),
128.1, 128.2, 128.7, 128.8 (2 signals), 129.0 (2 signals), 129.1, 129.2,
129.3 and 132.7 (16 × ArCH), 133.0 (ArC), 133.3 (2 × ArCH),
134.1, 136.1, 136.5 (2 signals) and 136.9 (ArC), 172.3 (C-2 of
B), 172.8 (C-2 of A); m/z (CI+) 374 ([M + H]+, 100%); HRMS:
(ESI) Found: [M + Na]+ 396.1393, C24H23NOSNa requires
396.1420.


Lactam 20 was oxidised to generate sulfoxide 11 as follows: To a
solution of 20 (96 mg, 0.26 mmol) in CH2Cl2 (8 cm3), at 0 ◦C, was
added m-CPBA (64 mg, ca. 0.26 mmol, 70–75% purity) to form a
colourless solution which was stirred at 0 ◦C for 2 h. The reaction
mixture was quenched by addition of saturated aqueous potassium
metabisulfite (10 cm3). The organic portion was isolated, washed
with saturated aq. NaHCO3 (2 × 10 cm3), dried (Na2SO4) and
concentrated in vacuo to afford the sulfoxide 11 (98 mg, 97%) as
a colourless foam. This was identical to the product obtain by
reaction of 9 with 10 (see above).


(4S, 5S)-1,5-Dimethyl-4-phenyl-3-phenylsulfanylpyrrolidin-
2-one (21)


To a solution of methyl(phenylthio)acetate 9b (215 ll, 1.38 mmol)
in anhydrous DMF (8.3 cm3) was added NaH (55 mg, 1.38 mmol,
60% dispersion in mineral oil) and the resulting mixture was stirred
at r.t. for 15 min to form a pale yellow suspension. Sulfamidate
15 (150 mg, 0.69 mmol) was added and the reaction mixture was
stirred at r.t. for 18.5 h. Aq. 5 M HCl (0.69 cm3) was added and
the resulting pale yellow suspension was stirred at r.t. for 3 h.
The reaction mixture was neutralised by addition of saturated aq.
NaHCO3 and extracted with Et2O (3 × 20 cm3). The combined
organic extracts were washed with water (3 × 10 cm3), dried
(MgSO4) and concentrated in vacuo. The residue was purified by
FCC (Et2O) to afford lactam 21 (169 mg, 83%, 10 : 1 d.r. A : B)
as a colourless oil which crystallised on standing; m.p. 93–95 ◦C
(Et2O–petrol); mmax/cm−1 (thin film) 3059 (w), 2969 (w), 1697 (s),
1396 (m), 751 (m), 694 (m); dH (400 MHz, CDCl3) 1.08 (3 H, d,
J = 6.0, C5–CH3 of A), 1.26 (3 H, d, J = 6.5, C5–CH3 of B), 2.77
(2 H, d d, J = 9.0 and 7.0, C4–H of A; 1 H, m, C4–H of B), 2.87
(3 H, s, NCH3 of A), 2.90 (3 H, s, NCH3 of B), 3.40 (1 H, d q, J =
7.0 and 6.5, C5–H of B), 3.51 (1 H, d q, J = 6.0 and 6.0, C5–H
of A), 3.82 (1 H, d, J = 9.0, C3–H of A), 4.13 (1 H, d, J = 8.0,
C3–H of B), 7.12–7.54 (20 H, m, ArCH); dC (100 MHz, CDCl3)
(data for major isomer A only) 18.4 (C5–CH3), 28.1 (NCH3), 53.9
(C-3), 56.3 (C-4), 60.1 (C-5), 127.6, 127.8, 127.9, 128.9 and 129.0
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(8 × ArCH), 133.1 (ArC), 133.6 (2 × ArCH), 139.7 (ArC), 171.3
(C-2); m/z (CI+) 298 ([M + H]+, 100%); HRMS: (ESI) Found:
[M + H]+ 298.1260, C18H20NOS requires 298.1249.


(4S, 5R)-1,5-Dimethyl-4-phenyl-3-phenylsulfanylpyrrolidin-
2-one (22)


To a solution of methyl(phenylthio)acetate 9b (215 lL, 1.38 mmol)
in anhydrous DMF (8.3 cm3) was added NaH (55 mg, 1.38 mmol,
60% dispersion in mineral oil) and the resulting mixture was stirred
at r.t. for 20 min to form a pale yellow suspension. Sulfamidate
17 (150 mg, 0.69 mmol) was added and the reaction mixture was
stirred at 45 ◦C for 18 h. Aq. 5 M HCl (0.69 cm3) was added
and the resulting pale yellow suspension was stirred at r.t. for
3 h. The reaction mixture was neutralised by addition of saturated
aq. NaHCO3 and extracted with Et2O (3 × 25 cm3). The organic
extracts were combined, washed with water (3 × 10 cm3), dried
(Na2SO4) and concentrated in vacuo. The residue was purified by
FCC (Et2O–hexanes 1 : 1) to afford lactam 22 (126 mg, 62%, 1 :
1 d.r. A : B) as a colourless, viscous oil; mmax/cm−1 (film) 2929 (br
m), 1687 (s), 1395 (m), 1258 (w), 739 (s), 701 (s); dH (400 MHz,
CDCl3) 0.75 (3 H, d, J = 6.5, C5–CH3 of A), 0.89 (3 H, d, J = 6.5,
C5–CH3 of B), 2.83 (3 H, s, NCH3 of A), 2.87 (3 H, s, NCH3 of
B), 3.61–3.74 (2 H, m, C5–H of A and C4–H of B), 3.89 (1 H, d q,
J = 6.5 and 6.5, C5–H of B), 4.02 (1 H, d, J = 8.0, C3–H of A),
4.27 (1 H, d, J = 8.0, C3–H of B), 7.03–7.36 (16 H, m, ArCH),
7.43–7.56 (4 H, m, ArCH); dC (100 MHz, CDCl3) 15.0 (C5–CH3


of A), 15.7 (C5–CH3 of B), 27.7 and 28.3 (2 × NCH3), 49.4 (C-4
of A), 49.6 (C-4 of B), 52.2 (C-3 of A), 55.2 (C-3 of B), 56.9 (C-5 of
B), 57.5 (C-5 of A), 126.9, 127.4, 127.7, 128.0, 128.2, 128.3, 128.7,
128.8, 129.0, 129.7, 131.4 and 133.5 (20 × ArCH), 133.0, 136.1,
136.5 and 137.5 (4 × ArC), 171.7 and 173.5 (2 × C-2); m/z (CI+)
298 ([M + H]+, 100%); HRMS: (CI+) Found: [M + H]+ 298.1266,
C18H20NOS requires 298.1266.


1,4-Dibenzyl-3-phenylsulfanylpyrrolidin-2-one 23 and
benzyl-(3-phenylallyl)amine (25)


To a solution of methyl(phenylthio)acetate 9b (306 ll, 2.00 mmol)
in anhydrous DMF (12 cm3) was added NaH (80 mg, 2.00 mmol,
60% dispersion in mineral oil) and the resulting mixture was stirred
at r.t. for 20 min to form a pale yellow suspension. Sulfamidate 18
(300 mg, 1.0 mmol) was added and the reaction mixture was stirred
at r.t. for 16.5 h. Aq. 5 M HCl (0.5 cm3) was added and the resulting
pale yellow emulsion was stirred at r.t. for 3 h. The reaction
mixture was neutralised by addition of saturated aq. NaHCO3


and extracted with Et2O (3 × 20 cm3). The combined organic
portions were washed with water (3 × 20 cm3), dried (MgSO4)
and concentrated in vacuo. The residue was dissolved in toluene
(16 cm3) and heated at reflux for 3 h. Solvent was removed in vacuo
and the residue was purified by FCC (Et2O–hexanes 1 : 2 → Et2O
100%) to afford the lactam 23 (84 mg, 23%, 3 : 2 d.r.) as a pale
yellow oil. Continued elution provided alkene 25 (82 mg, 37%) as
a yellow oil.


Data for lactam 23: mmax/cm−1 (thin film) 3027 (w), 2918 (w),
1688 (s), 1438 (m), 1426 (m), 1264 (br m), 740 (s), 698 (s); dH


(400 MHz, CDCl3) 2.44 (1 H, m, C4–H of A), 2.57 (1H, d d, J =
14.5 and 9.5, C5–H of A), 2.57 (1 H, d d, J = 14.5 and 10.0, C5–H
of B), 2.80 (1 H, m, C4–H of B), 2.86 (1 H, d d, J = 10.0 and 6.0,


C4–CH2Ph of A), 2.88–3.07 (4 H, m, C4–CH2Ph of A and B and
C5–H of A), 3.11 (1 H, d d, J = 14.5 and 6.0, C5–H of B), 3.54
(1 H, d, J = 7.0, C3–H of A), 3.98 (1 H, d d, J = 14.5 and 6.5,
C3–H of B), 4.28 (1 H, d, J = 14.5, NCH2Ph of B), 4.34 (1 H, d,
J = 14.5, NCH2Ph of A), 4.45 (1 H, d, J = 14.5, NCH2Ph of A),
4.50 (1 H, d, J = 14.5, NCH2Ph of B), 6.95–7.02 (4 H, m, ArCH),
7.09–7.37 (22 H, m, ArCH), 7.54 (2 H, d d, J = 8.5 and 2.0, ArCH
of A), 7.61 (2 H, d d, J = 8.5 and 1.5, ArCH of B); dC (100 MHz,
CDCl3) 35.1 (C-5 of B), 39.1 (C-5 of A), 39.8 (C-4 of B), 40.5 (C-4
of A), 46.9 (NCH2Ph of B), 47.1 (NCH2Ph of A), 49.5 (2 signals)
(C4–CH2Ph of A and B), 126.7, 127.6, 127.7, 127.8, 128.1, 128.2,
128.3, 128.6, 128.7, 128.8 (3 signals), 128.9, 129.1 (2 signals) and
132.4 (28 × ArCH), 132.9 (ArC), 133.7 (2 × ArCH), 134.3, 136.1,
136.3, 138.3 and 139.2 (ArC), 171.6 and 172.3 (C-2); m/z (CI+)
374 ([M + H]+, 100%); HRMS: (CI+) Found: [M + H]+ 374.1577,
C24H24NOS requires 374.1579.


Data for alkene 25: dH (400 MHz, CDCl3) 1.63 (1 H, br s, NH),
3.42 (2 H, d, J = 6.0, C1–H), 3.82 (2 H, s, NCH2Ph), 6.30 (1 H,
d t, J = 16.0 and 6.0, C2–H), 6.53 (1 H, d, J = 16.0, C3–H),
7.18–7.39 (10 H, m, ArCH); m/z (CI+) 224 ([M + H]+, 100%).
The spectroscopic properties of this compound were consistent
with the data available in the literature.14


1-Benzyl-6-methyl-3-phenylsulfanylpiperidin-2-one (24)


To a solution of methyl(phenylthio)acetate 9b (537 ll, 3.45 mmol)
in anhydrous DMF (21 cm3) was added portionwise NaH (138 mg,
3.45 mmol, 60% dispersion in mineral oil) and the resulting
mixture was stirred at r.t. for 20 min to form a pale yellow
suspension. Sulfamidate 19 (416 mg, 1.73 mmol) was added and
the reaction mixture was stirred at r.t. for 14.5 h. Aq. 5 M HCl
(0.5 cm3) was added and the resulting pale yellow suspension was
stirred at r.t. for 3 h. The reaction mixture was neutralised by
addition of saturated aq. NaHCO3 and extracted with Et2O (3 ×
30 cm3). The organic extracts were combined, washed with water
(3 × 50 cm3), dried (Na2SO4) and concentrated in vacuo. The
residue was dissolved in 0.2 M ethanolic NaOEt (20 cm3) and
heated at reflux for 11 h. The reaction mixture was quenched by
addition of saturated aq. NH4Cl (30 cm3) and was extracted with
CH2Cl2 (2 × 20 cm3). The organic extracts were combined, dried
(Na2SO4) and concentrated in vacuo. The residue was purified by
FCC (Et2O–hexanes 1 : 1) to afford lactam 24 (431 mg, 80%, 1 :
1 d.r.) as a pale yellow oil; mmax/cm−1 (thin film) 2946 (m), 1639
(s), 1439 (m), 745 (m), 694 (m); dH (400 MHz, CDCl3) 1.10 (3 H,
d, J = 6.5, C6–CH3), 1.20 (3 H, d, J = 6.5, C6–CH3), 1.51 (1
H, m, C4–H), 1.74–1.85 (2 H, m, C5–H), 1.89 (1 H, m, C4–H),
2.00–2.09 (2 H, m, C5–H), 2.14–2.32 (2 H, m, C4–H), 3.38–3.50 (2
H, m, C6–H), 3.89–3.98 (3 H, m, NCH2Ph and C3–H × 2), 4.11
(1 H, d, J = 15.0, NCH2Ph), 5.22 (1 H, d, J = 15.0, NCH2Ph),
5.41 (1 H, d, J = 15.0, NCH2Ph), 7.21–7.35 (16 H, m, ArCH),
7.54–7.61 (4 H, m, ArCH); dC (100 MHz, CDCl3) 19.7 and 20.0
(C6–CH3), 24.8 (C-4), 25.6 (C-5), 27.0 (C-4), 28.6 (C-5), 47.4 and
47.9 (NCH2Ph), 48.9 and 49.1 (C-3), 51.0 and 51.6 (C-6), 127.3
(2 signals), 127.6, 127.7 (2 signals), 127.9, 128.6 (2 signals), 128.9,
129.0, 132.8 and 133.1 (ArCH × 20), 134.5, 134.8, 137.5 and 137.7
(ArC), 168.7 and 169.0 (C-2); m/z (CI+) 312 ([M + H]+, 100%);
HRMS: (CI+) Found: [M + H]+ 312.1420, C19H22NOS requires
312.1422.
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(S)-1,5-Dibenzyl-3-phenylsulfanyl-1,5-dihydropyrrol-2-one (26)


To a solution of phenylsulfoxide 11 (80 mg, 021 mmol) in
anhydrous CH2Cl2 (2 cm3) at 0 ◦C was added, via syringe, TFAA
(59 ll, 0.42 mmol). The resulting clear solution was stirred at r.t.
for 2 h to form a dark red solution which was then diluted by
addition of saturated aq. NaHCO3 (2 cm3) and water (10 cm3)
and extracted with CH2Cl2 (2 × 10 cm3). The combined organic
portions were dried (Na2SO4) and concentrated in vacuo. The
residue was purified by FCC (Petrol–Et2O 4 : 1) to afford the
product 26 (43 mg, 55%, >98% e.e.) as a red oil; [a]20


D +141.2 (c
0.51, CHCl3); mmax/cm−1 (film) 2923 (br w), 1684 (s), 1406 (m), 1179
(m), 1024 (m); dH (400 MHz, CDCl3) 2.58 (1 H, d d, J = 13.5 and
9.0, C5–CH2Ph), 2.99 (1 H, d d, J = 13.5 and 5.0, C5–CH2Ph),
3.95 (1 H, m, C5–H), 4.11 (1 H, d, J = 15.0, NCH2Ph), 5.18 (1 H,
d, J = 15.0, NCH2Ph), 6.10 (1 H, d, J = 2.0, C3–H), 6.95–6.99 (2
H, m, ArCH), 7.15–7.42 (13 H, m ArCH); dC (100 MHz, CDCl3)
37.7 (C5–CH2Ph), 44.7 (NCH2Ph), 61.5 (C-5), 127.0, 127.7, 128.2,
128.5, 128.6, 128.8, 129.2, 129.5 and 132.7 (15 × ArCH), 134.9,
136.3, 136.6 and 136.9 (3 × ArC and C-3), 136.9 (C-4), 168.2 (C-
2); m/z (CI+) 372 ([M + H]+, 100%); HRMS: (CI+) Found: [M +
H]+ 372.1423, C24H22NOS requires 372.1422.


The enantiomeric purity of this compound was determined
by chiral HPLC (Chiralcel OD, isocratic hexane–i-PrOH 95 : 5,
1.0 cm3 min−1, 20 ◦C); tR (major) = 24.5 min and tR (minor) =
34.5 min.


(4S, 5S)-1,5-Dimethyl-4-phenyl-3-phenylsulfinylpyrrolidin-2-one


To a solution of 21 (93 mg, 0.31 mmol) in CH2Cl2 (7 cm3), at
0 ◦C, was added m-CPBA (76 mg, ca. 0.31 mmol, 70–75%) to
form a colourless solution which was stirred at 0 ◦C for 1 h.
The reaction mixture was quenched by addition of saturated
aq. potassium metabisulfite (5 cm3). The organics were isolated,
washed with saturated aq. NaHCO3 (2 × 5 cm3), dried (Na2SO4)
and concentrated in vacuo to afford the corresponding sulfoxide
(93 mg, 96%, 10 : 10 : 1 : 1 d.r.) as a colourless foam; m/z (CI+)
314 ([M + H]+, 38%), 188 ([M–SOPh]+, 100).


(5S)-1,5-Dimethyl-4-phenyl-1,5-dihydropyrrol-2-one (27) and
1,5-Dimethyl-4-phenyl-1,3-dihydropyrrol-2-one (28)


Procedure A. PS–PPh3 (310 mg, ca. 3.0 mmol g−1 loading)
was allowed to swell in anhydrous toluene (1.3 cm3) without
stirring for 1.5 h. A solution of (4S, 5S)-1,5-dimethyl-4-phenyl-3-
phenylsulfinylpyrrolidin-2-one (53 mg, 0.17 mmol) in anhydrous
toluene (2 cm3) was added and the resulting mixture was heated at
100 ◦C for 1.5 h. The reaction mixture was allowed to cool to r.t.,
filtered through Celite (washing with toluene (3 × 5 cm3) followed
by CH2Cl2 (3 × 5 cm3)) and concentrated in vacuo. 1H NMR of
the crude material showed 27 : 28 as a 11 : 9 mixture. Analytical
samples were isolated by preparative TLC (Et2O–petrol 1 : 1).


Procedure B. A suspension of (4S, 5S)-1,5-dimethyl-4-
phenyl-3-phenylsulfinylpyrrolidin-2-one (135 mg, 0.43 mmol) and
NaHCO3 (160 mg, 1.90 mmol) in MeCN (8 cm3) was heated at
reflux for 10 h. The mixture was then cooled to r.t., filtered through
Celite (washing with CH2Cl2 (3 × 5 cm3)) and concentrated in
vacuo. The residue was purified by FCC (EtOAc–hexanes 2 : 1)


to afford the alkene 27 (68 mg, 84%, >98% e.e.) as a colourless,
crystalline solid.


Data for 27; m.p. 129–131 ◦C (EtOAc–hexanes); [a]20
D +85.5 (c


1.31, CHCl3); mmax/cm−1 (thin film) 2925 (w), 1672 (s), 1448 (m),
1425 (m), 1395 (m), 767 (m), 693 (m); dH (400 MHz, CDCl3) 1.34
(3 H, d, J = 7.0, C5–CH3), 3.05 (3 H, s, NCH3), 4.51 (1 H, q, J =
7.0, C5–H), 6.34 (1 H, s, C3–H), 7.36–7.48 (5 H, m, ArCH). The
spectroscopic properties of this compound were consistent with
the data available in the literature.15


The enantiomeric purity of this compound (synthesised via
Procedure B) was determined by chiral HPLC (Chiralcel OJ-H,
gradient hexane–i-PrOH 100 : 0–95 : 5 over 90 min, 1.0 cm3 min−1,
20 ◦C); tR (major) = 68.2 min and tR (minor) = 57.4 min.


Data for 28; mmax/cm−1 (thin film) 2960 (m), 1679 (br s), 1447
(m), 1436 (m), 1065 (m), 1023 (m), 764 (m), 696 (s); dH (400 MHz,
CDCl3) 2.18 (3H, t, J = 2.5, C5–CH3), 3.10 (3 H, s, NCH3),
3.34 (2 H, q, J = 2.5, C3–H), 7.17–7.39 (5 H, m, ArCH); dC


(75 MHz, CDCl3) 12.1 (C5–CH3), 26.7 (NCH3), 39.4 (C-3), 112.9
(C-4), 126.2, 127.2 and 128.7 (5 × ArCH), 135.1 and 136.1 (C-
5 and ArC), 176.5 (C-2); m/z (CI+) 188 ([M + H]+, 100%);
HRMS: (CI+) Found: [M + H]+ 188.1068, C12H14NO requires
188.1075.


3-Phenylsulfinyl-1-benzyl-6-methylpiperidin-2-one


To a solution of 24 (341 mg, 1.10 mmol) in CH2Cl2 (25 cm3),
at 0 ◦C, was added m-CPBA (271 mg, ca. 1.10 mmol, 70–75%)
to form a pale yellow solution which was stirred at 0 ◦C for
1 h. The reaction mixture was quenched by addition of saturated
aq. potassium metabisulfite (25 cm3). The organics were isolated,
washed with saturated aq. NaHCO3 (2 × 25 cm3), dried (Na2SO4)
and concentrated in vacuo to afford the corresponding sulfoxide
(344 mg, 96%) as a pale yellow gum; m/z (CI+) 328 ([M + H]+,
100%).


1-Benzyl-6-methyl-5,6-dihydro-1H-pyridin-2-one (29)


PS–PPh3 (210 mg, ca. 3 mmol g−1 loading) was allowed to
swell in anhydrous toluene (2 cm3) for 3.5 h without stirring.
A solution of 3-phenylsulfinyl-1-benzyl-6-methylpiperidin-2-one
(93 mg, 0.28 mmol) in anhydrous toluene (3 cm3) was added and
the resulting mixture was heated at reflux for 1.5 h. The reaction
mixture was allowed to cool to r.t., filtered through Celite (washing
with toluene (3 × 5 cm3) followed by CH2Cl2 (4 × 5 cm3)) and
concentrated in vacuo. The residue was purified by FCC (Et2O–
hexanes 6 : 1) to afford product 29 (49 mg, 87%) as a colourless
oil; mmax/cm−1 (thin film) 2932 (m), 1664 (s), 1605 (s), 1449 (m),
1141 (m), 830 (m), 717 (m), 697 (m); dH (270 MHz, CDCl3) 1.19
(3 H, d, J = 7.0, C6–CH3), 2.09 (1 H, d d d d, J = 18.0, 6.0, 3.0
and 0.5, C5–H), 2.58 (1 H, d d d d, J = 18.0, 7.0, 2.5 and 2.5,
C5–H), 3.56 (1 H, q d d d, J = 7.0, 7.0, 2.5 and 1.5, C6–H), 3.90
(1 H, d, J = 15.0, NCH2Ph), 5.35 (1 H, d, J = 15.0, NCH2Ph),
6.02 (1 H, d d d, J = 10.0, 3.0 and 0.5, C3–H), 6.44 (1 H, d d d,
J = 10.0, 6.0, 2,5 and 1.5, C4–H), 7.18–7.27 (5 H, m, ArCH); dC


(100 MHz, CDCl3) 17.7 (C6–CH3), 30.9 (C-5), 47.3 (NCH2Ph),
49.8 (C-6), 125.0 (C-4), 127.3, 127.9 and 128.6 (ArCH × 5), 137.2
(C-3), 138.3 (ArC), 163.7 (C-2); m/z (CI+) 202 ([M + H]+, 100%);
HRMS: (CI+) Found: [M + H]+ 202.1230, C13H16NO requires
202.1232.
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1-Benzyl-6-methyl-3-phenylsulfanyl-5,6-dihydro-1H-pyridin-
2-one (30)


To an ice-cooled (0 ◦C) solution of 3-phenylsulfinyl-1-benzyl-6-
methylpiperidin-2-one (99 mg, 0.30 mmol) in anhydrous CH2Cl2


(3 cm3) was added, dropwise, TFAA (85 ll, 0.60 mmol) to form a
pale yellow solution which was allowed to warm slowly to r.t. and
stirred for 14.5 h. Saturated aq. NaHCO3 (3 cm3) was added, the
reaction mixture was stirred at r.t. for 2 h and then extracted with
CH2Cl2 (3 × 10 cm3). The organic extracts were combined, washed
with aq. 1 M HCl (10 cm3), saturated aq. NaHCO3 (10 cm3),
dried (Na2SO4) and concentrated in vacuo to afford the product 30
(79 mg, 85%) as a pale yellow gum; mmax/cm−1 (thin film) 2968 (m),
1734 (m), 1639 (s), 1603 (s) 1439 (m), 1215 (m), 1073 (m), 1025
(m), 730 (s), 694 (s); dH (400 MHz, CDCl3) 1.21 (3 H, d, J = 6.5,
C6–CH3), 2.06 (1 H, d d d, J = 17.5, 6.5 and 2.5, C5–H), 2.57 (1
H, d d d, J = 17.5, 7.0 and 3.0, C5–H), 3.57 (1 H, q d d d, J =
7.0, 6.5, 3.0 and 1.0, C6–H), 3.97 (1 H, d, J = 14.5, NCH2Ph),
5.36 (1 H, d, J = 14.5, NCH2Ph), 5.79 (1 H, d d d, J = 6.5, 2.5
and 1.0, C4–H), 7.20–7.45 (8 H, m, ArCH), 7.51–7.58 (2 H, d d,
J = 6.0 and 4.5, ArCH); dC (100 MHz, CDCl3) 17.6 (C6–CH3),
31.4 (C-5), 48.0 (NCH2Ph), 50.0 (C-6), 127.3, 127.9, 128.3 and
128.5 (ArCH × 8), 129.4 (C-4), 132.4 and 133.7 (ArC and C-3),
134.3 (ArCH × 2), 137.9 (ArC), 161.6 (C-2); m/z (CI+) 310 ([M +
H]+, 100%); HRMS: (CI+) Found: [M + H]+ 310.1262, C19H20NOS
requires 310.1266.


(4R,5S)-1,5-Dibenzyl-4-butylpyrrolidin-2-one (31a) and
1,5-dibenzyl-1,3-dihydropyrrol-2-one (32)


To a stirred suspension of CuI (209 mg, 1.10 mmol) in anhydrous
THF (1 cm3) at 0 ◦C was added, via syringe, n-BuLi (1.6 M in
hexanes, 1.31 cm3, 2.10 mmol) to form a brown suspension. After
10 min the mixture was cooled to −78 ◦C and TMSCl (65 ll,
0.52 mmol) and HMPA (122 ll, 0.7 mmol) were sequentially
added via syringe. After a further 5 min a solution of alkene 12
(91 mg, 0.35 mmol) in anhydrous THF (1.4 cm3) was added, via
syringe, and the mixture was stirred at r.t. for 2 h. Saturated aq.
NH4Cl (10 cm3) was added and the mixture was diluted with
Et2O (15 cm3). The organic portion was isolated and washed with
saturated aq. NH4Cl (10 cm3) and water (2 × 10 cm3), dried
(MgSO4) and concentrated in vacuo. The residue was dissolved
in THF (1 cm3), TBAF (1 M in THF, 0.25 cm3, 0.25 mmol) was
added and the mixture was stirred at r.t. for 15 min. The mixture
was then diluted with water (5 cm3) and extracted with Et2O (2 ×
5 cm3). The organic extracts were dried (MgSO4) and concentrated
in vacuo to afford a residue which was purified by FCC (Et2O–
petrol 1 : 1) to yield the enamine 32 (5 mg, 6%) as a colourless oil
and continued elution provided lactam 31a (80 mg, 78%, >98%
e.e.) as a colourless oil.


Data for 32; mmax/cm−1 (film) 2925 (br w), 1705 (s), 1646 (m),
1348 (m), 1183 (w); dH (400 MHz, CDCl3) 3.15 (2 H, q, J = 2.5,
C5–CH2Ph), 3.43–3.47 (2 H, m C3–H), 4.59 (2 H, s, NCH2Ph),
4.89–4.91 (1 H, m, C4–H), 7.11–7.19 (4 H, m, ArCH), 7.22–7.35
(6 H, m, ArCH); dC (100 MHz, CDCl3) 34.3 (C-3), 36.9 (C5–
CH2Ph), 43.4 (NCH2Ph), 101.4 (C-4), 126.8, 127.0, 127.4, 128.7
(2 signals) and 128.8 (10 × ArCH), 136.2, 137.8 and 144.3 (C-5 and
2 × ArC), 178.3 (C-2); m/z (CI+) 264 ([M + H]+, 100%); HRMS:
(CI+) Found: [M + H]+ 264.1378, C18H18NO requires 264.1388.


Data for 31a: [a]20
D −16.7 (c 0.48, CHCl3); mmax/cm−1 (film) 2927


(br m), 1686 (s), 1454 (m), 1365 (w); dH (400 MHz, CDCl3) 0.70
(3 H, t, J = 7.5, (CH2)3CH3), 0.82–1.10 (6 H, m, (CH2)3CH3),
1.94–2.03 (2 H, m, C3–H and C4–H), 2.43 (1 H, d d, J = 17.0 and
8.5, C3–H), 2.63 (1 H, d d, J = 13.5 and 8.0, C5–CH2Ph), 2.94 (1
H, d d, J = 13.5 and 4.5, C5–CH2Ph), 3.25 (1 H, d d d, J = 8.0, 4.5
and 2.5, C5–H), 3.89 (1 H, d, J = 15.0, NCH2Ph), 5.12 (1 H, d,
J = 15.0, NCH2Ph), 7.03–7.07 (2 H, m, ArCH), 7.18–7.36 (8 H, m
ArCH); dC (100 MHz, CDCl3) 13.8 ((CH2)3CH3), 22.3, 28.8 and
34.5 ((CH2)3CH3), 35.8 (C-4), 36.5 (C-3), 39.0 (C5–CH2Ph), 44.5
(NCH2Ph), 63.5 (C-5), 126.8, 127.9, 128.3, 128.6, 128.7 and 129.3
(10 × ArCH), 136.7 and 137.3 (2 × ArC), 174.5 (C-2); m/z (CI+)
322 ([M + H]+, 100%); HRMS: (CI+) Found: [M + H]+ 322.2177,
C22H28NO requires 322.2171.


The enantiomeric purity of this compound was determined by
chiral HPLC (Chiralpak AD, isocratic hexane–i-PrOH 98 : 2,
1.0 cm3/min, 15 ◦C); tR (major) = 21.7 min and tR (minor) =
28.2 min.


(4S,5S)-1,5-Dibenzyl-4-vinylpyrrolidin-2-one (31b)


To a stirred suspension of CuI (139 mg, 0.73 mmol) in anhydrous
THF (0.6 cm3) at 0 ◦C was added, via syringe, vinyl magnesium
bromide (1 M in THF, 1.40 cm3, 1.40 mmol) to form a brown
suspension. After 10 min the mixture was cooled to −78 ◦C and
TMSCl (43 ll, 0.34 mmol) and HMPA (81 ll, 0.46 mmol) were
sequentially added via syringe. After a further 5 min a solution
of alkene 12 (60 mg, 0.21 mmol) in anhydrous THF (1.0 cm3)
was added, via syringe, and the mixture was stirred at r.t. for
2 h. Saturated aq. NH4Cl (10 cm3) was added and the mixture
was diluted with Et2O (15 cm3). The organic portion was isolated
and washed with saturated aq. NH4Cl (10 cm3) and water (2 ×
10 cm3), dried (Na2SO4) and concentrated in vacuo. The residue
was dissolved in THF (1 cm3), TBAF (1 M in THF, 0.20 cm3,
0.20 mmol) was added and the mixture was stirred at r.t. for 15 min.
The mixture was then diluted with water (5 cm3) and extracted
with Et2O (2 × 5 cm3). The organic extracts were dried (Na2SO4)
and concentrated in vacuo to afford a residue which was purified
by FCC (Et2O–petrol 1 : 1) to yield the lactam 31b (18 mg, 29%,
>98% e.e.) as a colourless oil; [a]20


D +19.0 (c 0.63, CHCl3); mmax/cm−1


(film) 2926 (br m), 1681 (s), 1420 (m), 1247 (m), 1079 (w), 912 (m);
dH (400 MHz, CDCl3) 2.21 (1 H, d d, J = 17.0 and 4.5, C3–H),
2.47 (1 H, d d d, J = 17.0, 9.0 and 1.0, C3–H), 2.66 (1 H, d
d d d, J = 9.0, 7.5, 4.5 and 3.5, C4–H), 2.76 (1 H, d d, J =
14.0 and 7.5, C5–CH2Ph), 2.95 (1 H, d d, J = 14.0 and 5.0, C5–
CH2Ph), 3.43 (1 H, d d d, J = 7.5, 5.0 and 3.5, C5–H), 3.92
(1 H, d, J = 15.0, NCH2Ph), 4.81 (1 H, d t, J = 17.0 and 1.0,
C4–CH=CH2), 4.85 (1 H, d t, J = 10.0 and 1.0, C4–CH=CH2),
5.12 (1 H, d, J = 15.0, NCH2Ph), 5.52 (1 H, d d d, J = 17.0,
10.0 and 7.5, C4–CH=CH2), 7.05–7.07 (2 H, m, ArCH), 7.14–
7.17 (2 H, m ArCH), 7.21–7.34 (6 H, m ArCH); dC (100 MHz,
CDCl3) 35.9 (C-3), 38.4 (C5–CH2Ph), 40.0 (C-4), 44.5 (NCH2Ph),
63.2 (C-5), 115.0 (C4–CH=CH2), 126.9, 127.7, 128.5, 128.8 (2
signals) and 129.4 (10 × ArCH), 136.5 and 136.9 (2 × ArC), 138.8
(C4–CH=CH2), 174.0 (C-2); m/z (CI+) 292 ([M + H]+, 100%);
HRMS: (CI+) Found: [M + H]+ 292.1698, C20H22NO requires
292.1701.


The enantiomeric purity of this compound was determined by
chiral HPLC (Chiralpak AD, isocratic hexane–i-PrOH 98 : 2,
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1.0 cm3/min, 15 ◦C); tR (major) = 28.0 min and tR (minor) =
42.3 min.
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The structures of ortho-substituted benzoic acids with substituents bearing hydrogen atoms (OH, NH2,
COOH and SO2NH2) were investigated by means of IR spectroscopy and of density functional theory
at the B3LYP/6-311 + G(d,p) level. All possible conformations, hydrogen bonds, tautomeric forms and
zwitterions were taken into consideration and particular attention was given to intramolecular H-bonds
and their effect on acidity. Strong H-bonds in the anions of all four acids, were revealed by calculations.
In three cases they were confirmed by the IR spectra of the tetrabutylammonium salts in
tetrachloromethane solution, while the salt of 1,2-benzenedicarboxylic acid was not sufficiently soluble.
The H-bonds are of different strengths but in all cases they are the main cause of the strengthened
acidity of these acids in the gas phase and also in solution, although their effect is opposed by weaker
H-bonds present in the undissociated acid molecules. The substituent effect on the acidity was
evaluated in terms of isodesmic reactions, separately in the acid molecules and in the anions. While the
acidity of the 2-OH and 2-NH2 acids is determined essentially by the H-bonds, that of the 2-COOH and
2-SO2NH2 acids is strengthened by the polar effect operating in the undissociated molecule in addition
to the H-bond in the anion. The steric inhibition of resonance (SIR), estimated from model
conformations with fixed torsional angles, is of little importance. This analysis goes significantly
beyond the classical explanation obtained from the acidities in solution but essentially conforms with it.


Introduction


Benzene ortho derivatives, represented very often by 2-substituted
benzoic acids, have been studied less extensively than their meta
and para isomers, nevertheless they are still objects of interest.1,2


The main problem is that their reactivity and physical properties
are controlled by more complex substituent effects,3,4 which cannot
be described by a simple relationship like the Hammett equation.
As a formal description, the effects of ortho substituents were
either assumed to be controlled by similar components to those
present in the meta and para isomers (inductive effects and reso-
nance) but in a different proportion, or alternatively, additional
factors were considered, often not exactly defined:3–6 primary
steric effects, steric inhibition to resonance, short-range field
effects, hydrogen bonds, steric inhibition to solvation. In numerous
treatments of this subject, certain of these effects received more or
less attention, sometimes they were even expressed by an empirical
equation with a limited success.5–7 Alternatively, separation of the
effects is abandoned and they are brought together under the
term ‘ortho effect’. As an extreme opinion, reactivities of ortho
derivatives were explained without referring to any steric effects,8
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either by a blend of inductive and resonance effects8a,b or simply
by correlation with the reactivities of para derivatives.8c In our
previous analysis,9 we tried to distinguish theoretical concepts of
two kinds. Some of them are purely models, sometimes poorly
defined: for instance one can hardly distinguish what is a short-
range field effect and what is a primary steric effect. On the
other hand, there are theoretical concepts immediately related to
observable facts: for instance the steric inhibition of resonance4,7


(SIR) assumes a nonplanar minimum-energy conformation and
this assumption can be tested.10,11 Of particular importance is the
effect of hydrogen bonds, involving either a hydrogen atom of
the substituent or of the functional group;1–3,5,7 the presence of
both can be checked directly by experiment. Note that most of
the named terms were defined and experimentally proven on the
model of 2-substituted benzoic acids. One reason for this may be
that, besides the availability of these compounds, their meta and
para isomers served as a standard model in connection with the
Hammett equation.


In our opinion, the main shortcoming of the outlined treatment
of the ortho effect is that it has been mainly based on the
dissociation constant (less frequently on the rate constant) in water
or in aqueous solvents. In the basic model of 2-substituted benzoic
acids, the substituent effect is defined by the Gibbs energy (or
enthalpy) of the isodesmic reaction:


2-XC6H4COOH + C6H5COO− � 2-XC6H4COO−


+ C6H5COOH (1)


More recently, this reaction12 and other acidobasic equilibria13


were also investigated in the gas phase. The results can be
correlated with the structures of isolated molecules more closely
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than the acidities in solution. However, there still remains a
fundamental shortcoming: that the substituent effect is given
by a difference between the effect in the acid molecule and in
the anion. It may happen that the two effects are of similar
magnitude and their difference is difficult to interpret.10,11 In
order to separate the two effects on ionization, we used the
principle of isodesmic reactions14 and applied it systematically to
inductive,15 resonance,16 and other10,11 effects. When this principle
is applied to ortho substituted benzoic acids, the isodesmic (and
also homodesmotic17) reactions have the form of eqns (2) and (3).


C6H5COOH + C6H5X � 2-XC6H4COOH + C6H6 (2)


C6H5COO− + C6H5X � 2-XC6H4COO− + C6H6 (3)


The reaction enthalpies of these reactions, D2H◦ or D3H◦, are
a measure of the substituent effects in the acid molecule and in
the anion, respectively. The values of D2H◦ could be obtained, in
principle, from the enthalpies of formation of all species involved,
but the available values18 are not sufficiently accurate.9 Therefore,
we preferred9,16b calculations within the framework of the density
functional theory19 (DFT).


In our previous work, we divided 2-substituted benzoic acids
into three subsets according to the character of the substituent:
alkyl groups, polar substituents without an acidic hydrogen atom
and substituents bearing such H atoms. Alkyl groups exhibited
steric effects10–including SIR11–of similar magnitude in the acid
and in its anion; acidity was controlled mainly by polarization in
the anion.11 Polar substituents without hydrogen represent a more
complex problem. We tentatively divided the substituent effects
into four parts:9 H-bond in the acid molecule, SIR, polar effect
mediated through the benzene ring (PE) and steric van der Waals
effect (SE); the two last effects were merely fictive.


In this article, we extended our investigation to the last group of
substituents, those bearing an acidic hydrogen atom. We dealt with
four 2-substituted benzoic acids: 2-OH, 2-NH2, 2-COOH and 2-
SO2NH2. The H-bonds, assumed to be the most important factor
influencing the acidity, were examined both theoretically and from
the IR spectra of the acids (in part already well described) and of
their tetrabutylammonium salts; this was possible only with three
of the named acids. The DFT calculations were carried out at the
same level as previously;9 great attention was given to all possible
conformations, H-bonds and zwitterions. By these methods it was
possible to clearly distinguish strong and weak H-bonds and to
estimate roughly their relative energies. In all cases the H-bonds
were found both in the acid molecule and in the anion, even when
they were of different strengths or when their effects on the acidity
partly compensated.


Experimental


Tetrabutylammonium salts 2, 4, 6 and 8 were prepared by titration
of the acids 1, 3, 5 and 7, respectively, with the solution of
tetrabutylammonium hydroxide exactly to the equivalence point.
The solution was evaporated to dryness and the glassy residue
subjected to spectroscopy. The purity was checked by NMR
spectra; no signals of impurities were detected.


Infrared absorption spectra were recorded on a Bruker Equinox
55 FTIR spectrometer in the region 400–3800 cm−1 in tetra-
chloromethane solutions and, in a few cases, also in chloroform.


Wide intervals of concentrations were used, from 10−1 to 10−6 mol
l−1, depending on the solubility of individual compounds. Nev-
ertheless, some bands of the carboxylic acid dimers could not be
completely eliminated by dilution. The cell thickness was changed,
depending on concentration, from 0.1 mm to 10 cm. Several solid
state spectra were recorded in KBr pellets, spectra of the partially
deuterated samples of 3 in paraffin oil mulls.


The spectral data are collected in Tables S1 to S6 (supplementary
information†).


Calculations


Energies of 2-substituted benzoic acids and of their anions were
calculated by the DFT method at a B3LYP/6-311 + G(d,p) level
with the GAUSSIAN 03 program.19 Planarity or any symmetry
was never anticipated. Geometry optimization was carried out
with redundant internal coordinates. All reasonable conforma-
tions were taken into consideration and calculations were started
from the pertinent near structures; tautomeric and zwitterionic
forms were also considered as given by the formulas 1–8. All
optimized structures were checked by vibrational analysis and
behaved as energy minima.


The calculated energies E(DFT), without corrections to zero-
point energies, are listed in Table 1 together with the most
important geometric parameters, further geometric parameters
are given in Table S7 (supplementary information), the parameters
connected directly to H-bonds are given also in Table 2. Population
of conformers was estimated for 298 K in two ways: either from
the calculated DG◦(298) or with the assumption DG◦(298) ∼=
DE(DFT). Since the calculated vibrational frequencies sometimes
differed rather a lot from the experimental values, we were of the
opinion that the latter estimates are more reliable. Nevertheless, the
differences between the two sets of values were mostly negligible.
The only case when they were not is given in Table 1, footnote
f, nevertheless even in this case the impact on the final values
is minute. The effective energies were then evaluated for the
equilibrium mixture. The energies D2E◦ and D3E◦ of the isodesmic
reactions of eqns (2) and (3), further the relative acidities D1E◦


(Table 3) relate always to this equilibrium mixture at 298 K.
The infrared frequencies were calculated using the same


program;19 they were scaled by a factor20 of 0.9679 but still
remained significantly greater than the experimental values. The
calculated frequencies are given in Table S7.


The frozen conformations of some 2- and 4-substituted benzoic
acids with a fixed dihedral angle U were calculated in such a
way that all remaining geometry parameters were optimized with
internal coordinates. The results are given in Table S8.


Results and discussion


The problems of structure and acidity are rather different with the
four acids. Therefore, the results will be reported separately.


2-Hydroxybenzoic acid (1)


This acid has been studied extensively. There seems to be no
contradiction in the literature that the strong acidity1a (pK = 2.99
in water) is attributed1,4,7 to the H-bond in the anion (2b, Scheme 1)
but both spectroscopic experiments21 and calculations at different
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Table 1 DFT energies and some geometric parameters of ortho-substituted benzoic acids


Dihedral anglesb


Substituent Conformation a u1 u2 DFT energy/a. u. Relat. Ec/kJ mol−1 Populationd (%)


2-OH 1a sp,sp-HB 0.0 −496.2056825 0 99.7
1b ap,sp-HB 180.0 −496.2002301 14.30 0.3
1c ap,ap-HB 176.7 −496.1902134 40.60
1d ap,ap 180.0 −496.1885893 44.86
1e sp,ap 0.0 −496.1879379 46.57


Anion-Phe 2a ap-HB 180.0 −495.6731258 0 75.3
2c ap 180.0 −495.6435371 77.66
2d sp 0.0 −495.6412893 83.56


Anion-Cae 2b sp,sp-HB 0.0 −495.6720633 2.76 24.7
2e sc,ap 76.4 −495.6320693 107.77


2-NH2 3a sp,sp-HB 0.8 7.0 −476.3311607 0 99.2
3b ap,sp-HB 176.7 12.8 −476.3265439 12.10 0.8
3c ap,ac-HB 166.1 15.0 −476.3178081 35.04


Anion 4a sp,sp 6.4 −475.7813756
2-COOH 5a sp,ac 22.0 234.7 −609.5709966 0 36.3f


5b ac+,ac+ 141.3 141.3 −609.5707100 0.75 26.8f


5c sp,ap-HB 21.9 200.7 −609.5705234 1.24 22.0f


5d sc+,sc+ 33.4 44.0 −609.5701600 2.20 14.9f


Anion 6a sp,ap-HB 1.3 181.6 −609.0577479 0 100
6b sp,ac 0.0 111.3 −609.0300078 72.83


2-SO2NH2 7a sc+,sc+-HB 35.6 48.5 −1024.9565881 0 96.3
7b ac+, ac− 135.4 222.2 −1024.9534333 8.28 3.4
7c ac+,sc+-HB 142.3 55.7 −1024.9509626 14.77 0.3


Anion 8a sc+,sc+-HB 39.2 57.4 −1024.4337535


a Conformation on the bonds C1–C(O) and C2–X; the hydrogen bond is indicated in all conformations where it exists; Zw stands for zwitterion. b Dihedral
angles C2–C1–C=O and C1–C2–X–Y, respectively. c Relative energy with respect to the most stable form. d Approximate population in the equilibrium
mixture at 298 K calculated from DE values. e Phenolate and carboxylate anion, respectively. f From DG◦ we got the population 39.8, 34.2, 20.8 and 5.2%.


Table 2 Quantities characterizing the hydrogen bond


Compound Structure X–H/Å H. . .Y/Å ∠X–H. . .Y/◦ DEa/kJ mol−1 Dm calc./cm−1 Dm exp./cm−1


1a O–H. . .O= 0.971 1.76 145 −26 359b 395b


1b O–H. . .O 0.970 1.80 141 −12 141
1c O–H. . .O 0.971 1.79 145 68
2a O–H. . .O− 1.038 1.48 158 −73 not reliable 342c


2b O–H. . .O− 1.052 1.45 158 not reliable 264b


3c O–H. . .N 0.983 1.83 143 343 —
5c O–H. . .O= 0.986 1.62 162 408
6a O–H. . .O− 1.184 1.19 179 not reliable
3a N–H. . .O= 1.010 1.95 129 −10 158d 133d


3b N–H. . .O= 1.006 1.97 126 120d —
4a N–H. . .O− 1.032 1.76 141 −14 393d 245d


7a N–H. . .O= 1.018 2.03 139 134e 119e


8a N–H. . .O− 1.054 1.66 160 not reliable 201e


a Estimated energy change when the two groups connected by a H-bond are brought together, see text. b Related to m(O–H) of phenol. c Related to
m(O–H) of to benzoic acid. d Difference of mas and ms of the NH2 group, it is to be compared with Dm of aniline, calculated 97 cm−1, experimental 80 cm−1.
e Difference of mas and ms of the NH2 group, compared with Dm of benzenesulfonamide, calculated 109 cm−1, experimental 201 cm−1.


levels22 deal only with the H-bond in the acid molecule and
exclusively prefer the form 1a. Acidity is commonly discussed in
comparison with the weaker 4-hydroxybenzoic acid.4,22 However,
the latter behaves in the gas phase as a substituted phenol and its
deprotonation proceeds on the phenolic OH group.12,16b Therefore,
one must also take into consideration the phenolic OH acidity
in the case of 1. We calculated the energies of the acid and
perhaps of the anion in all possible conformations, 1a–e and 2a–
e, respectively; the relative energies and populations are given in
Table 1, the last two columns.


As expected, the planar structure 1a is the only detectable form
of the acid, in agreement with previous calculations,22 with our


IR investigation and with previous spectral data.21 A strong H-
bond was observed at all concentrations, independently of the
equilibrium of 1a with its dimer (Table S1, ESI†). The form 1b
can be neglected since the energy difference between 1b and 1a
is 14.3 kJ mol−1 (in satisfactory agreement with calculations22a at
a slightly lower level, 12.1 kJ mol−1.) Concerning the structure of
the anion, we obtained probably the first direct experimental proof
of the H-bond from the IR spectrum of the tetrabutylammonium
salt in tetrachloromethane. Moreover, we found two structures
with a H-bond. Calculations predicted the planar structures 2a
and 2b, differing only by the position of the hydrogen atom.
Within the framework of our theoretical model they should be
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Scheme 1 Conformations of 2-hydroxybenzoic acid 1 and of its anion 2 in the sequence of increasing energy. (Conformers populated in the equilibrium
mixture by more than one percent are underlined; structures for which no energy minimum was obtained are in square brackets).


Table 3 Estimated substituent effects in 2-substituted benzoic acids
(in kJ mol−1)


Substituent HB + SE SIR PE Total DEa


2-OH Acid (1) −23 0 −4 −26.7
Anion (2) −75 0 −1 −75.6
Acidity −52 0 3 −48.9


2-NH2 Acid (3) −8 0 −8 −16.1
Anion (4) −29 0 7 −21.7
Acidity −21 0 15 −5.6


2-COOH Acid (5) 20 14 4 37.5
Anion (6) −44 0 −19 −63.4
Acidity −64 −14 −23 −100.9


2-SO2NH2 Acid (7) 3 13 5 21.1
Anion (8) −44 21 −32 −54.9
Acidity −47 8 −37 −76.0


a Substituent effect in the acid molecule (D2E), or in the anion (D3E), or
the effect on the acidity (D1E), as the case may be.


in equilibrium but separated only by a very low energy barrier of
1.75 kJ mol−1. In agreement with this, two IR bands were observed
(Table S1) differing by 150 cm−1; calculation yielded a difference of
119 cm−1 but the individual frequencies were calculated wrongly.
The agreement of calculated and experimental frequencies was
generally bad, even with the recently suggested correction factor;20


relative values agreed better. Qualitatively, calculations and IR
spectra agree well: Calculations predict that the phenolate anion
2a is more populated and its m(O–H) is at higher frequencies; in
the spectra the higher-frequency band is more intense.


When we calculated the relative acidity D1E, eqn. (1), from
the forms 1a, 2a and 2b present in equilibrium, we got
−48.9 kJ mol−1 compared with the experimental D1G◦ in the
gas phase −58.2 kJ mol−1. The fit is not good compared to the


much better fit for meta- and para-substituted benzoic acids16b (s =
2.69 kJ mol−1) and even for ortho-substituted acids without hydro-
gen bonds.9 Moreover, when a disagreement of DFT calculated
and experimental substituent effects was observed, these effects
were always overestimated (in absolute values) by calculations,
never underestimated.15a,16,23 We examined the possibility that the
difference could be due to the entropy24 and calculated D1G◦ of
eqn. (1) in spite of our rather bad experience23 with calculation
by statistical thermodynamics within the framework of DFT. We
obtained only a slight improvement to −51.1 kJ mol−1.


The H-bonds in 1a, 2a and 2b are strong according to common
criteria25 (Table 2) but quantitatively these criteria need not give
concordant results.25 According to the distance H. . .O, the H-
bonds in 2a and 2b are much stronger than in 1a, according to
the shift Dm of the m(O–H) frequency, there is little difference.
Values of m (O–H) were related to benzoic acid or to phenol for
the sake of simplicity and these relative values were predicted by
calculations in fair agreement with the IR spectra (Table 2). For
evaluating the effect on acidity, the deciding property of the H-
bond would be its energy defined as an energy difference between
the real structure and any reference structure without the H-bond.
However, the latter cannot be evidently defined in an unambiguous
way.22a We used a rather sophisticated model which can also be
applied to the acid 3 and to the anions 2 and 4. When the carboxyl
group was rotated out by 90◦ and fixed in this conformation (1f),
the H-bond was broken but the conjugation was also inhibited
(SIR). The latter component was estimated from the isomeric 4-
hydroxybenzoic acid (Table S8) and subtracted. In the same way,
the energy of the H-bond in the anion 2a � 2b was also estimated
(2f). According to Table 2 the H-bond is rather strong in the
acid 1a but much stronger in the anion and makes the acid 1
stronger.
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2-Aminobenzoic acid (3)


The acidity of 3 in water (pK2 = 4.85) and aqueous solvents
was the object of much speculation but the crucial problem
was the presence and population of the zwitterion, 3e or 3f. Its
population in water was estimated differently,26 in any case it
diminishes in less polar solvents.27 Even the X-ray structure is
partly controversial.28 Acidity in the gas phase was interpreted
by a H-bond in the anion,12 not directly proven, but no proof in
favour of a H-bond was found in the chemometrical analysis of
reactivities in various solvents.7 The H-bond in the acid molecule
found by IR spectroscopy in the gas phase was classified as
weak;29 nevertheless it was claimed even in various solutions.21b,30


Semiempirical calculations31 predicted two conformers of 3.
We tried to calculate energies of all possible forms (Scheme 2)


but we reached no energy minima for the zwitterions 3e or 3f,
and also no minima for a conformation near to 3d, or for a form
of anion near to 4b. The ionization is sufficiently represented by
the acid in the conformation 3a and anion in 4a; the forms 3b
and 3c are negligibly populated (Table 1). Both species contain
H-bonds, observed also from the IR spectra, but these H-bonds
are of different strengths as seen from various criteria (Table 2).
The relative acidity D1E of 3 was calculated from the energies
of 3a and 4a as −4.4 kJ mol−1 compared to the experimental12


D1G◦(298) −11.7. The difference may have similar grounds as with
the acid 1. Note that the deviations, although significant for the
individual acids, are of little importance in the perspective of the
whole series.9,16b


The strength of the H-bonds in 3a and 4a is best characterized
in the IR spectra by the difference of the antisymmetrical and sym-
metrical NH2 frequencies, Dm = mas(NH2) − ms(NH2). When one of
the N–H bonds is engaged in a H-bond, the coupling is weaker and
Dm increases. For the weak H-bond in 3a we found Dm = 133 cm−1


compared to 97 cm−1 in aniline; this H-bond is weaker in the dimer
of 3a and still weaker in the solid state. For the stronger H-bond in
4a we got Dm 393 cm−1. The values of Dm were also calculated with a
fair fit to experiments (Table 2), although the fit for the frequencies
themselves was much worse. In any case, the calculations predict
the great difference between the weak H-bond in 3a and strong
bond in 4a well, which is further confirmed by the geometric
parameters (Table 2). The energy of the H-bonds was estimated in
the same way as above with the species 1 and 2. In the fixed perpen-
dicular conformations 3g and 4c the H-bonds are broken; for SIR
a correction is calculated from the isomeric 4-aminobenzoic acid
(Table S8) and subtracted. Remarkably only a small difference was
found between these energies for 3a and 4a (Table 2); consequently
the H-bond should have only small effect on the acidity of 3.


Benzene-1,2-dicarboxylic acid (5)


Discussion of the acidity of 5 was almost always restricted4 to
the ratio of the two dissociation constants K1 and K2. (in water
pK1 = 2.94, pK2 = 5.40). A possible H-bond in the monoanion,
requiring a seven-membered ring, was rarely taken into consid-
eration. On the basis of correlation analysis it was assumed in
dimethylformamide but not in water;1b no proof for it was found
in kinetics in various solvents.7 From direct comparison of K1 and
K2, this H-bond was anticipated to be very weak in water, stronger
in dimethyl sulfoxide.32 Conformation of the undissociated acid
5 was investigated in tetrachloromethane on the basis of the
experimental dipole moment and the Cotton–Mouton effect33


with the result that several nonplanar conformers are populated.34


Even in crystal form, the conformation is unexpected35 (somewhat
distorted nonplanar 5d, Scheme 3).


IR investigation was in this case prevented by the low solubility
of the acid in tetrachloromethane or chloroform; the acid salt


Scheme 2 Conformations of 2-aminobenzoic acid and of its anion in the sequence of increasing energy. (See Scheme 1.)


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2003–2011 | 2007







Scheme 3 Conformations of phthalic acid and of its monoanion in the sequence of increasing energy. (See Scheme 1.)


could not be investigated because of its disproportionation into
neutral salt and acid. In our opinion, we can rely on the
calculations due to good agreement with the experiments in the
preceding cases. We obtained four forms of the acid, 5a–d, all
of comparable stability, with a H-bond only in 5c. Although this
bond could be strong according to the calculated Dm, its energy is
counterbalanced by unfavourable conformation on the C–O bond.
Let us consider the equilibrium of the four forms 5a to 5d: when 5c
is removed from the equilibrium mixture, the energy would prac-
tically not change, only by some hundredths of kJ mol−1. We thus
take for granted that the H-bond in 5c has no effect on the acidity.


For the monoanion, only one stable form was found (6a) with
a remarkably strong H-bond. The seven-membered ring is almost
planar and the H-bond is symmetrical, with the H-atom situated in
the middle between the two oxygen atoms (Table 2); the geometric
parameters are much more favourable than in 5c. Unfortunately,
experimental determination of Dm was not possible and its calcu-
lation was not reliable similarly as with the preceding H-bonds
in the anions (2a and 2b). We also found no reliable model for
estimating the energy of the hydrogen bonds in 5c and 6a; the fixed
conformers 5f and 6c were of no use since it was not possible to
take into account further simultaneous changes of conformation.
According to the geometry and calculated IR frequency, the H-
bond in 6a is strong and contributes significantly to the acidity of 5.


2-Sulfonamidobenzoic acid (7)


This acid has been studied very little due to its low solubility.
A weak H-bond in the anion was deduced from chemometrical
analysis of the relatively strong acidity in various solvents (pK
in water1a 3.14) but it was not evident from the graphical
representation.1a A more specified chemometrical investigation


restricted to dimethylformamide solution suggested a H-bond in
the anion making the acid stronger.1b We searched for various
conformations of 7, which all are nonplanar and somewhat less
exactly defined. Particular attention was given to various possible
conformations of the SO2NH2 group but they have small effect
on the energy and are mostly unstable. Ultimately we found three
conformers, 7a–7c (Scheme 4), forming an equilibrium mixture
but 7a containing a H-bond represents 96% (Table 1). The H-
bond is weak according to its geometry and to calculated Dm. For
the anion only one minimum-energy form was found, 8a, with a
much stronger H-bond.


The calculations were in accord with the spectroscopic results.
Two conformers of 7 were observed, 7a and 7b, but the H-bond in
7a is very weak according to the frequencies mas(NH2) and ms(NH2)
(Table 2). At higher concentrations an intermolecular bond is
observed in addition, probably involving the SO2 group. On the
contrary, the H-bond observed with the tetrabutylammonium salt
is strong and the difference between the NH2 frequencies is striking
(Table 2). Also the intermolecular bond at higher concentrations
is more apparent. We were unable to estimate the energy of the
H-bonds in 7a and 8a. The nonplanar conformers 7d or 8b could
not be fixed in their simple perpendicular conformation since the
H-bonds persisted even at the cost of other deformation of the
molecule. We had to be satisfied with the qualitative conclusion
that the acidity of 7 is strengthened by the H-bond in the anion 8a
while the opposing effect of the H-bond in the acid is negligible.


Comparison of substituent effects


Previously we attempted to divide the ortho effect observed in
2-substituted benzoic acids into real or fictive components;9 this
analysis was restricted to substituents without acidic hydrogen
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Scheme 4 Conformations of 2-sulfonamidobenzoic acid and of its monoanion in the sequence of increasing energy. (See Scheme 1.)


atoms. Extension to substituents with a hydrogen atom is not
straightforward since the contribution of the H-bonds is difficult
to estimate. Let us start with the values of substituent effects
separated into the effect in the anion, D3E [eqn. (3)], and in
the acid molecule D2E [eqn. (2)]. These values (Table 3, last
column) are, in our opinion, reliable and can serve as a firm
basis for the analysis. In Fig. 1 D2E are plotted vs. D3E together
with other 2-substituted benzoic acids and with the 3- and 4-
isomers; the purpose of this figure is to show the fundamental


Fig. 1 Calculated substituent effects with the ionization of or-
tho-substituted benzoic acids: x-axis effects in the unionized acid, eqn (2),
y-axis effects in the anion, eqn (3); � substituents with an acidic hydrogen
atom, � substituent without an acidic hydrogen atom, � meta and � para
derivatives shown as reference standards.


difference between substituent effects in the ortho position and in
the meta and para positions. A linear dependence for meta and
para derivatives is evident (the Hammett line). Its large negative
slope means that the acidity is controlled by a strong polar effect
in the anion and slightly supported by the opposite effect in the
acid molecule.16b Deviations of certain para substituents (NH2 and
N(CH3)2) has been discussed16b,36 and will not be dealt with here.
The ortho derivatives without a hydrogen atom (noted �) deviate
strongly to the right from the Hammett line; the energy of both
undissociated molecules and anions is raised (steric hindrance)
and the effects on the acidity may partly compensate. Our four
acids with acidic hydrogen atoms deviate still more strongly. Their
anions are stabilized by H-bonds, while in the acid molecules one
observes both destabilizing (2-COOH, 2-SO2NH2) and stabilizing
interactions (2-OH, 2-NH2).


Fig. 1 gives a true picture of substituent effects, which was
not obtainable from the dissociation constants in solution.4–8 We
attempted a still more detailed analysis along the lines given
previously9 but the results are only approximate. Firstly we
defined the polar effect PE (Table 3, the last but one column) as
proportional to the substituent effect in the pertinent 4-isomers.
The proportionality coefficient was subjected to discussion1a,9,37


but is near to unity and the exact value is of little consequence.
We used the value9 of 0.81. The term PE has no exact meaning
in the real world but can serve as a reference; it is evidently
important for the anions 6 and 8. The difference of the total
effect DE and PE may be called the ortho effect and attributed
to at least three components: steric (van der Waals) effects SE,
SIR and the effect of H-bonds. SIR is evidently absent in the
planar molecules of 1, 2, 3, 4 and 6; in the remaining species it was
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estimated by the approach developed previously,9,15c referring to
the fixed conformation of the pertinent para isomer (the energies
see Table S8). Their values (Table 3, column 3) have only a limited
impact on the acidity.38 The remaining two components, HB and
SE, cannot, in our opinion, be reliably separated. One can imagine
that when the two parts of the molecule are approaching, they need
some energy to overcome SE (and/or SIR); once the H-bond is
formed, a greater energy is gained back; these steps cannot be
divided. We obtained the assumed sum of HB + SE (Table 3,
column 3) as the difference DE − PE − SIR. Some of these values
may be reliable: the estimates for 1 and 2 are virtually equal to
the estimates for 1a and 2a (Table 2) made in a quite different
way: any SE is negligible. Even for 3 and 4 the agreement is not so
bad. The destabilizing effect in 5 may be classified as steric, while
the stabilizing effect in the anions 6 and 8 is certainly due to H-
bonds overcoming any SE. The substituent effects on the acidity
are perhaps somewhat more reliable than those in the anions and
in the acid molecules, since some components partly compensate.
Summarizing, Table 3 correctly reflects the difference between the
acidity of 1 or 3, controlled by the difference of the H-bonds, and
5 or 7 given by the sum of HB and PE in the anions with smaller
contributions from the acid molecules.


The whole foregoing analysis was restricted to the behaviour
of isolated molecules while all previous discussions were based
on the dissociation constants in water.4–8 We have some indirect
proof that the strong H-bonds persist even in water. In Fig. 2 the
acidities of substituted benzoic acids in water are compared with
the calculated acidities of isolated molecules; the ortho effect is
again, very clearly, apparent. As expected the meta derivatives
determine the Hammett line; its slope of 0.1 is a measure of
attenuation.12 Some para derivatives (4-NH2, 4-NMe2, Fig. 2 at
the top) deviate—the acids are weaker in water (zwitterions). The
acids 2-COOH and 2-SO2NH2 are also weaker since the H-bond
in the anion is weakened; nevertheless it still exists since these
acids are much stronger than their 4-isomers. In the big deviation
of 2-NH2 the two grounds are combined, zwitterion and H-bond.
The substituent 2-OH deviates to the opposite side, the acid is
stronger in water. Probably the H-bond in the acid molecule has
been more weakened in water than the stronger H-bond in the
anion. All other ortho derivatives deviate in the sense that the
acids are stronger or much stronger (2-NO2) in water. One can


Fig. 2 Substituent effects on the acidity of substituted benzoic acids:
x-axis calculated energies of isolated molecules, y-axis experimental
Gibbs energies in water; � substituents with an acidic hydrogen atom,
� substituent without an acidic hydrogen atom, � meta and � para
derivatives given as reference.


speculate about steric hindrance of solvation of the acid molecules
or specific hydration of the anions but direct proof is not available
to date.


Conclusions


2-Substituted benzoic acids are certainly not a suitable model for
evaluating steric and other substituent effects since these effects
may be dissimilar for various substituents and also different in
the anions and in the acid molecules. Previous analysis based
on the acidities in aqueous solution1,4–8 could meet only with
very limited success. We obtained additional information from
quantum chemical calculations of energies when utilizing their
values as if they were experimental quantities. The main result
was separating the substituent effects in the anion and in the
undissociated molecule. Of the individual factors influencing the
acidity, the H-bonds are very important and can be reliably proven
by a combination of calculations and experiments. Several other
factors remain more or less theoretical constructions since they
refer to fixed conformations (as SIR) or to comparison with
isomers or other molecules (PE and SE).
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Commun., 2002, 67, 596–608.
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5-Pyrrolidin-2-yltetrazole is a versatile organocatalyst for the asymmetric conjugate addition of
nitroalkanes to enones. Using this catalyst, this transformation requires short reaction times, tolerates a
broad substrate scope, and possibly proceeds via generation of an iminium species.


Introduction


Nitroalkanes are a particularly useful source of stabilised car-
banions for asymmetric addition to electron-poor alkenes. The
strongly electron-withdrawing nature of the nitro group (pKa


MeNO2 = 10) facilitates generation of the nitronate anion under
mild conditions.1 In addition, nitroalkanes can be easily prepared
and the nitro group is a versatile functionality that can be readily
modified, enabling access to a range of products.


There are numerous examples of substrate-controlled asym-
metric conjugate additions of nitroalkanes to a,b-unsaturated
carbonyls, in which the chirality resides in either the donor or
the acceptor.2 Additionally, a variety of catalyst systems have been
developed for the asymmetric conjugate addition of nitroalkanes,
and in particular nitromethane, to chalcones. These include chiral
crown ethers,3 chiral Lewis acids,4 phase-transfer catalysts derived
from cinchona alkaloids5 and cinchona alkaloid-derived thiourea
catalysts.6 Recently, the use of an aluminium-salen catalyst with
substrates other than chalcones was reported.7


Proline (1, Fig. 1) has been used as its rubidium salt in the
addition of nitroalkanes to both acyclic and cyclic enones with
moderate to good enantioselectivities (41–84%).8 The use of
proline with amine additives for additions to cyclic enones was
extensively investigated by Hanessian and Pham. The best results
were obtained with piperazine bases.9 Specifically, trans-2,5-
dimethylpiperazine gave moderate to excellent enantioselectivities
(61–93%), the lower enantioselectivities arising from the addition
of the less bulky nitromethane and nitroethane nucleophiles. The
use of proline for acyclic systems has yet to be reported.


Imidazoline catalyst 2 has been found to give good enantios-
electivities (34–86%) for the conjugate addition of nitroalkanes
to acyclic a,b-unsaturated enones.10 However, only a moderate
enantioselectivity (49%) was obtained using cyclohexenone as
the acceptor. Reaction times were typically between 4.5 and
12.5 days. In addition, the nitroalkanes were employed as the
reaction solvent, and thus were used in approximately 20-fold
excess. Very recently, the tetrazole analogue 3 was reported,
and led to improved enantioselectivities and rates (3–8 days).11


Nitroalkanes were still employed as the reaction solvent and the
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Fig. 1 Proline and related organocatalysts.


catalyst again performed best for acyclic enones relative to cyclic
precursors.


Although a range of methods have been developed for the
addition of nitroalkanes to enones, none are both broadly
applicable and amenable to large-scale organic synthesis. The
tetrazole analogue of proline (4) had been demonstrated to be
a more soluble and effective catalyst than proline itself in a
variety of transformations,12 thus its application in the addition of
nitroalkanes to enones was investigated.13


Results and discussion


Catalyst screen


Initial investigations into the addition of 2-nitropropane to
cyclohexenone (6) employed achiral meso base trans-2,5-
dimethylpiperazine (7), according to the conditions developed
by Hanessian and Pham for the corresponding proline-catalysed
transformation.9 These results were promising, as tetrazole cata-
lyst 4 outperformed proline in chloroform in terms of both product
yield and ee (Table 1, entries 1, 2). Reducing the reaction time
resulted in a corresponding drop in yield (entry 3). There was only
minimal background reaction observed in the absence of base
(entry 4), and no background reaction in the absence of catalyst
(entry 5).


While homologated tetrazole 5 effectively catalysed the asym-
metric Michael addition of ketones to nitro-olefins,14 in the
Michael addition of nitroalkanes to enones it provided the product
in only poor yield and enantioselectivity (entry 6). Two of the chiral
imidazolidinone catalysts developed by MacMillan and Austin15


were also screened, but gave none of the expected product under
these particular reaction conditions (entries 7, 8).
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Table 1 Catalyst screen


Entry Catalyst Base equiv. Yield (%)b Ee (%)c


1 1 1 64 89
2 4 1 70 98
3 4 d 1 58 99
4 4 — 4 53
5 — 1 0 —
6 5 1 17 28
7 1 — —


8 1 — —


a Conditions: 6 (0.5 mmol), 2-nitropropane (1.0 mmol), catalyst (15 mol%),
7 (0.5 mmol), CHCl3 (2 mL), oven-dried glassware, rt, 2 d. b Isolated yield.
c Determined by chiral GC. d 1 d.


Solvent screen


With proline tetrazole 4 identified as an effective catalyst for ad-
dition to cyclic enones, optimisation of reaction conditions using
less reactive acyclic enones ensued. 4-Phenyl-3-buten-2-one (9)
was chosen as a representative substrate. Using chloroform as the
reaction solvent, the product was generated in good ee; however,
the isolated yield was low (Table 2, entry 1). Proline gave the
product in higher yield but only moderate enantioselectivity (entry
2). An enhanced rate of reaction was observed in dichloromethane,
with a 65% isolated yield after 2.5 days (entry 3). Use of 1,2-
dichloroethane, THF or dioxane as reaction solvent afforded the
product in very good ee, but only poor yield, presumably due to
low solubility of the catalyst in these solvents (entries 4–6). Efforts
to improve the solubility of 4 in THF by using dichloromethane as
a cosolvent led to an improved, but still poor, product yield. Both
polar protic and polar aprotic solvents led to almost complete
erosion of the enantioselectivity, suggesting that these solvents
disrupt interactions necessary for stereocontrol (entries 8–10).


Further optimisation


Reducing the catalyst loading to 5 mol% slowed the reaction but
had no detrimental effect on the enantioselectivity (Table 3, entry
1). Similarly, using only 1.1 equiv. of nitroalkane reduced the
reaction rate, without decreasing the enantioselectivity (entry 2).
Unsurprisingly, lowering the temperature decreased the reaction
rate, but improved the product ee (entry 3). In contrast, increasing
the temperature led to a large drop in enantioselectivity (entry
4). Varying the loading of 7 revealed that the optimal level
of base additive was one equivalent (entries 5, 6). Decreasing
the concentration had an effect similar to that of lowering the
temperature; the product was generated in lower yield but higher
ee (entry 7). Additionally, monitoring the reaction by HPLC


Table 2 Solvent screen


Entry Solvent Yield (%)b Ee (%)c


1 CHCl3 27 76
2 CHCl3


d 49 58
3 CH2Cl2 65 72
4 ClH2CCH2Cl 33 84
5 THF 10 84
6 Dioxane 5 76
7 THF–CH2Cl2 (1 : 1) 28 71
8 MeCN 38 66
9 MeOH 58 7


10 DMSO 39 −4


a Conditions: 9 (0.5 mmol), 2-nitropropane (1.0 mmol), 4 (15 mol%), 7
(0.5 mmol), solvent (2 mL), oven-dried glassware, rt, 2.5 d. b Isolated yield.
c Determined by chiral GC. d Using proline (1, 15 mol%).


Table 3 Further optimisation


Entry Conditionsa Time/d Yield (%)b Ee (%)c


1 5 mol% 4 2 55 72
2 1.1 equiv. 2-nitropropane 2 57 71
3 0 ◦C 4 30 79
4 40 ◦C 1 68 46
5 0.5 equiv. 7 2 20 78
6 2 equiv. 7 1 48 67
7 0.13 M 3 34 75


a 9 (0.5 mmol), 2-nitropropane (1.0 mmol), 4 (15 mol%), 7 (0.5 mmol),
CH2Cl2 (2 mL, 0.25 M), oven-dried glassware, rt, unless otherwise
indicated. b Isolated yield. c Determined by chiral GC.


over 4 d showed that the reaction did not progress significantly
after 3 d.


Effect of amine bases


The relative effectiveness of a variety of amine bases in this
transformation was examined. The choice of base was found
to have an impact not only on the product yield, but also on
the enantioselectivity. Use of the tertiary triethylamine generated
the desired product in low yield and ee (Table 4, entry 2). Use
of the secondary diethylamine provided the product in higher
yield, but lower enantioselectivity relative to 7 (entries 1, 3).
Whereas substoichiometric amounts of diethylamine resulted in
improved enantioselectivities but diminished yields (entry 4),
excess diethylamine resulted in enhanced yields but decreased
enantioselectivities (entry 5). Other piperazines were not found
to be as effective as 2,5-dimethyl piperazine. Piperazine itself gave
the product in a slightly higher ee, but significantly lower yield
(entry 6). The latter effect might be due to the low solubility of
piperazine under the reaction conditions. However, other more
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Table 4 Effect of amine basea


Entry Base Equiv. Yield (%)b Ee (%)c


1 1 65 72


2 Et3N 2 28 29
3 Et2NH 1 72 62
4 Et2NH 0.5 8 80
5 Et2NH 2 84 60
6 1 30 76


7 1 27 68


8 1 44 67


9 1 63 47


10 2 7 60


11 1 0 —


12 1 86 53


13 2 93 52
14 DBU 1 36 28
15 i-Pr2NH 1 14 67
16 1 30 50


17 2 — —


a Conditions: 9 (0.5 mmol), 2-nitropropane (1.0 mmol), 4 (15 mol%), base,
CH2Cl2 (2 mL), oven-dried glassware, rt. b Isolated yield. c Determined by
chiral GC.


soluble piperazines also gave the product in low yield (entries
7, 8). Using an acyclic diamine, the product was obtained in
comparable yield, but appreciably lower ee (entry 9), suggesting
that the ring structure of the piperazines was crucial. Generally,
the use of weaker bases resulted in lower yields (entries 10 and
11), whereas stronger bases, such as piperidine, resulted in higher
yields (entries 12, 13). An exception was the use of DBU, which
afforded the product in poor yield (entry 14). Hindered amines
performed poorly in this reaction (entries 15, 16). Finally, the use
of pyrrolidine resulted only in significant formation of unidentified
side products (entry 17). Thus, the original base choice (7) was
found to be optimal.


Effect of water


The reaction of certain substrates demonstrated an unexpected
sensitivity to water. For example, reactions of 9 that were not
run under anhydrous conditions provided the product 10, in


lower yield and higher enantioselectivities than those run under
anhydrous conditions (Table 5, entries 1 and 2; 3 and 4). These
variations were due to the presence or absence of water, rather than
the presence or absence of argon, as there was not a substantial
difference between reactions run in oven-dried glassware under
standard atmosphere or under inert atmosphere (entries 2 and 5).
As further verification, the addition of small amounts of water to
the reaction again generated the product in lower yield and higher
enantioselectivity (entries 6, 7). The addition of large amounts
of water, however, did not result in further enhancement of the
product ee, but instead substantially eroded the yield (entry 8).
Finally, the reaction did proceed in the presence of molecular
sieves, albeit in very poor ee. Although the mechanism for these
reactions has not been rigorously established, it is plausible that
they proceed via the formation of an iminium species, which would
necessitate the involvement of water in the catalytic cycle.


Reaction scope: donor


The addition of a variety of nitroalkanes to both cyclic and acyclic
enones was examined. Generally, reactions with cyclohexenone
provided products in good yield and excellent enantioselectively
(Table 6) and did not exhibit the sensitivity to water that those
with trans-4-phenyl-3-buten-2-one did. Reactions proceeded more
quickly in dichloromethane relative to chloroform, but with
slightly lower enantioselectivity (Conditions A vs. B). The lower
yield obtained with nitromethane may be due to further reactions
of the product, which contains a reactive primary nitroalkane
(entry 4).16 To circumvent this, the addition of a higher excess of
nitromethane was investigated, but led to similar ratios of product
to side products as indicated by 1H NMR. Using nitroethane,
the high stereoselectivity at the b-position was maintained;
however, almost no stereocontrol was observed at the exocyclic
stereocentre of the nitroalkyl side chain (entries 6, 7). The high
enantioselectivities observed for nitromethane and nitroethane
using the tetrazole catalyst are an improvement over the results
reported using proline, where poorer selectivity was observed
for the addition of these less sterically hindered nucleophiles.9


Using 1-nitropentane, a mixture of diastereomers again resulted,
although pleasingly the products were obtained in good yield
and excellent enantioselectivity (entry 8). It should be noted that
the poor selectivities generally observed at the acidic c-position
have been proposed to arise from epimerisation under the basic
conditions typically required for these reactions.1 Finally, although
the addition of the more hindered nitrocyclohexane nucleophile
proceeded more slowly, the products were obtained in good yield
and excellent ee (entries 9, 10).


As mentioned above, 4-phenyl-3-buten-2-one (9) was less reac-
tive compared to cyclohexenone, and reactions with this substrate
did not proceed to completion. Moderate to good yields and
good enantioselectivities were obtained in all cases (Table 7). As
discussed previously, higher yields but lower enantioselectivities
were observed with oven-dried glassware (Conditions A vs. B). The
addition of 2-nitropropane was also run over 4 d on a 15 mmol
scale using 5 mol% catalyst 4, and product yields and ee values
were comparable to those in entry 1. As with cyclohexenone,
very good enantioselectivities but poor yields were obtained with
nitromethane (entry 3). In this case, however, the addition of
10 equiv. of nitromethane afforded the product in good yield
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Table 5 Effect of water


Entry Conditionsa Yield (%)b Ee (%)c


1 Non-oven-dried glassware 50 74
2 Oven-dried glassware, cooled under argon 65 72
3 Non-oven-dried glassware, dried 7 54 74
4 Oven-dried glassware, dried 7 63 72
5 Oven-dried glassware, reaction run under Ar 67 71
6 0.25 equiv. H2O 46 74
7 0.5 equiv. H2O 38 76
8 2 equiv. H2O 25 72
9 4 Å MS 59 12


a 9 (0.5 mmol), 2-nitropropane (1.0 mmol), 4 (15 mol%), 7 (0.5 mmol), CH2Cl2 (2 mL), 3 d, rt. b Isolated yield. c Determined by chiral GC.


Table 6 Varying the nitroalkane with cyclohexenone


Entry R1, R2 Conditionsa Yield (%)b Ee (%)c


1 R1 = R2 = Me A 84 96
2 R1 = R2 = Me Ad 84 96
3 R1 = R2 = Me B 70 98
4 R1 = R2 = H A 47 94
5 R1 = R2 = H B 49 95
6 R1 = H, R2 = Me A 84 95/94, dr 1.1 : 1
7 R1 = H, R2 = Me B 74 95, dr 1.2 : 1
8 R1 = H, R2 = (CH2)3CH3 A 73 94, dr 1.3 : 1
9 R1 = R2 = –(CH2)5– A 63 94


10 R1 = R2 = –(CH2)5– B 53 97


a Conditions A: 6 (0.5 mmol), nitroalkane (1.0 mmol), 4 (15 mol%), 7 (0.5 mmol), CH2Cl2 (2 mL), oven-dried glassware, rt, 1 d. Conditions B: as A,
except CHCl3 (2 mL), 2 d. b Isolated yield. c Determined by chiral GC, ee major/minor diastereomer. d Non-oven-dried glassware.


Table 7 Varying the nitroalkane with trans-4-phenyl-3-buten-2-one


Entry R1, R2 Conditionsa Yield (%)b Ee (%)c


1 R1 = R2 = Me A 65 72
2 R1 = R2 = Me B 50 74
3 R1 = R2 = H A 45 89
4 R1 = R2 = H Ad 76 77
5 R1 = H, R2 = Me A 67 80, dr 1.3 : 1
6 R1 = H, R2 = Me B 40 82/80, dr 1.3 : 1
7 R1 = H, R2 = (CH2)3CH3 A 80 84, dr 1.9 : 1
8 R1 = R2 = –(CH2)5– A 80 73
9 R1 = R2 = –(CH2)5– B 59 77


a Conditions A: 9 (0.5 mmol), nitroalkane (1.0 mmol), 4 (15 mol%), 7 (0.5 mmol), CH2Cl2 (2 mL), oven-dried glassware, rt, 3 d. Conditions B: as A,
except non-oven-dried glassware. b Isolated yield. c Determined by chiral GC, ee major/minor diastereomer. d Nitroalkane (5.0 mmol) used.
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(entry 4). Using nitroethane, good stereoselectivity was obtained
at the b-position, but the product was, again, a mixture of diastere-
omers at the c-position (entries 5, 6). The relative stereochemistry
of the minor diastereoisomer was determined by X-ray crystal-
lography. 1-Nitropentane underwent addition in good yield and
enantioselectively, and gave a higher 1.9 : 1 diastereomeric ratio
(entry 7). The relative configuration of the minor diastereomer
was assigned by analogy to the product of nitroethane addition.
The addition of the hindered nitrocyclohexane nucleophile also
proceeded in good ee (entries 8, 9).


Reaction scope: acceptor


The addition of 2-nitropropane to a variety of linear, aromatic
enones was investigated (Table 8). None of the aromatic enones
examined demonstrated the sensitivity to water that trans-4-
phenyl-3-buten-2-one did. The reaction tolerated incorporation
of both electron-donating and electron-withdrawing substituents
on the phenyl ring of this substrate (entries 1–4). The use
of heterocyclic enones provided products in moderate yields
and good enantioselectivities (entries 5–10). Pyridine 15 was
inseparable from the starting enone, but was generated in excellent
conversion and moderate ee (entries 9, 10).


The tetrazole catalyst was also effective for the addition of
various nitroalkanes to all other substrates examined, which in-


Table 8 Addition of 2-nitropropane to linear, aromatic enones


Entry Product Conditionsa Yield (%)b Ee (%)c


1
2


A
B


72
70


61
62


3
4


A
B


73
66


66
68


5
6


A
B


61
63


72
72


7
8


A
B


53
51


66
66


9
10


A
B


96d


97d
64
65


a Conditions A: enone (0.5 mmol), 2-nitropropane (1.0 mmol), 4
(15 mol%), 7 (0.5 mmol), CH2Cl2 (2 mL), oven-dried glassware, rt, 3
d. Conditions B: as A, except non-oven-dried glassware. b Isolated yield.
c Determined by chiral GC/HPLC. d Conversion as measured by 1H NMR.


Table 9 Addition of nitroalkanes to various enones


Entry Product Conditionsa Yield (%)b Ee (%)c


1
2


A
Ad


21
78


83
78


3
4


Ae


B
62
63


80
75


5
6


A
C


64
59


91
91


7
8


A
C


88
96


82
82


9
10


A
Af


23
44


54
58


11
12


Ae


Ce
40
39


42
46


13 Ae 67 0


a Conditions A: enone (0.5 mmol), nitroalkane (1.0 mmol), 4 (15 mol%),
7 (0.5 mmol), CH2Cl2 (2 mL), oven-dried glassware, rt, 3 d. Conditions B:
as A, except CHCl3 (2 mL). Conditions C: as A, except non-oven-dried
glassware. b Isolated yield. c Determined by chiral GC. d Reaction time 12
d. e Reaction time 21 h. f 7 (1.0 mmol) used.


cluded a,b-unsaturated ethyl ketones, cyclic enones, non-aromatic
enones, and enal substrates (Table 9). Ethyl ketone 16 was
formed considerably more slowly than the corresponding methyl
ketone and thus required longer reaction times (entries 1, 2).
The addition of 2-nitropropane to cyclopentenone gave the
product in moderate yield and good enantioselectivity (entries
3, 4). While the addition of bulky 2-nitropropane to sterically
congested enone substrates, such as 3-methylcyclohexenone, does
not readily occur, excellent ee values were obtained for the addition
of nitromethane to this substrate (entries 5, 6). The reaction
of (E)-methyl-4-oxopent-2-enoate afforded the product 19 in
excellent regioselectivity, and good yield and enantioselectivity
(entries 7, 8). The aliphatic enone, nonenone, was found to be
less reactive, and also gave poorer enantioselectivity (entry 9).
The use of 2 equiv. of base, however, gave improved results
(entry 10). Reactions of aldehydes proceeded in, at best, modest
enantioselectivities and yields: 21 was obtained in 46% ee and
cinnamaldehyde gave racemic product 22 (entries 11–13). Further
studies on cinnamaldehyde showed significant levels of back-
ground reaction with the base additive but no catalyst (data not
shown).
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Effect of chiral bases


Although the reaction of 9 with nitroethane in the presence of
trans-2,5-dimethylpiperazine was a highly enantioselective pro-
cess, the diastereoselectivity was poor. As the base employed was
found to influence product enantioselectivity, it was thought that
the use of chiral bases might improve the diastereoselectivity of
this transformation. A range of chiral non-racemic bases were in-
vestigated in this reaction (Table 10). The use of either enantiomer
of 27 gave a slightly improved diastereomeric ratio compared to
trans-2,5-dimethylpiperazine. In both cases, however, the major
diastereomer generated was the same (entries 4, 5). Similarly, both
enantiomers of 28 favoured formation of the same diastereomer
in an improved 1.6 : 1 ratio (entries 6, 7). Interestingly, the major
diastereomer was formed with a higher enantioselectivity than the
minor diastereomer. As opposite enantiomers of base pairs gave
the same diastereoselectivity, the use of asymmetric bases was not
investigated further.


Kinetic investigations


The reaction of nitroethane with enone 9 was monitored every
20 min using ReactIR. Examining the region between 1600


Table 10 Effect of chiral amines


Entry Base Conv. (%)b Dr b Ee (%)c


1 16 1.1 : 1 66/46


2 6 1.3 : 1 58/44


3 96 1.3 : 1 76/74


4 21 1.5 : 1 62


5 11 1.4 : 1 46


6 41 1.6 : 1 88/76


7 38 1.6 : 1 88/78


a Conditions: 9 (0.5 mmol), nitroethane (1.0 mmol), 4 (15 mol%), base
(0.5 mmol), CH2Cl2 (1 mL), oven-dried glassware, rt. b Conversion,
measured by 1H NMR. c Determined by chiral GC, ee major/minor
diastereomer.


and 1750 cm−1 more closely, it was possible to observe the
disappearance of the enone (peak under 1700 cm−1) and formation
of the product (peak over 1700 cm−1); however, there was no
evidence confirming the formation of intermediates (data not
shown). The reactions of both enone 9 and cyclohexenone with
one equivalent of catalyst were also investigated in methanol.
Again, however, no changes in absorption were observed which
could be assigned to the formation of a carbon–nitrogen bond.


The reaction was followed by HPLC over 4 d with React ArrayTM


SK233 equipment using stilbene as an internal standard. The data
showed that 14% of the starting material was consumed within
the first 15 min of the reaction, although only 0.3% of the product
had been formed (data not shown). This is consistent with rapid
reaction of the catalyst (15 mol% used) with the enone, presumably
to form an iminium species, followed by slower reaction with the
nitroalkane.


Conclusions


As an improvement over other catalyst systems, tetrazole catalyst
4 is a versatile catalyst for the asymmetric addition of a variety
of nitroalkanes to both cyclic and acyclic enones using trans-
2,5-dimethylpiperazine as a stoichiometric base additive. Using
4, this reaction is scalable, providing enantiomeric excesses of
up to 98% in relatively short reaction times of 1–3 d, and using
only 2 equiv. of the coupling nitroalkane. The use of chiral amine
base additives to improve the diastereoselectivites arising from the
conjugate addition of prochiral nitroalkanes was examined, but
was unproductive. Finally, kinetic investigations combined with
the observed sensitivity of certain substrates to water support a
possible mechanism in which this transformation proceeds via
reaction of the catalyst with the enone to form an iminium species
and liberate water.


Experimental


All reactions were carried out in oven-dried test tubes cooled
under an atmosphere of argon or non-oven-dried test tubes unless
otherwise stated. Dichloromethane, methanol and acetonitrile
were distilled from calcium hydride. Tetrahydrofuran was pre-
dried over sodium wire and distilled from calcium hydride.
Other reagents and solvents were used as received. Flash column
chromatography was performed using Merck 60 Kieselgel (230–
400 mesh) under pressure. Analytical thin layer chromatography
(TLC) was performed on glass plates pre-coated with Merck
Kieselgel 60 F254, and visualised by ultra-violet irradiation
(254 nm) or by staining with aqueous acidic ammonium hexa-
molybdate, aqueous acidic potassium permanganate, acidic 2,4-
dinitrophenol, cerium ammonium nitrate solutions or iodine,
and developed with appropriate heating. Melting points were
recorded on a Reichert hot-stage apparatus, and are uncorrected.
Optical rotations were acquired on a Perkin-Elmer 343 digital
polarimeter using a sodium lamp (589 nm) as the light source.
Infra-red spectra were obtained on a Spectrum One FT-IR ATR
(Attenuated Total Reflectance) spectrometer, from a thin film
deposited on the ATR. Mass spectra were obtained on a Kratos
MS890MS, a Kratos Q-TOF or an LCT Premier spectrometer
by Waters using Micromass MS software, by electron impact,
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fast atom bombardment or electrospray ionisation techniques
at the Department of Chemistry, Lensfield Road, Cambridge.
1H NMR spectra were recorded at ambient temperature on
Bruker DPX-400 or Bruker DRX-600 spectrometers at 400 or
600 MHz with residual protic solvent CHCl3 as the internal
reference (dH = 7.26 ppm); chemical shifts (d) are given in parts
per million (ppm) and coupling constants (J) are given in Hertz
(Hz). The proton spectra are reported as follows d/ppm (number
of protons, multiplicity, coupling constant J/Hz, assignment).
13C NMR spectra were recorded at ambient temperature on the
same spectrometers at 100 or 150 MHz, with the central peak of
CHCl3 as the internal reference (dC = 77.0 ppm). DEPT135 and
two-dimensional (COSY, HMQC, HMBC) NMR spectroscopy
were used, where appropriate, to aid the assignments of signals
in the 1H and 13C NMR spectra. Where a compound has been
characterised as an inseparable mixture of diastereoisomers, the
NMR data for the major (maj) and minor (min) isomers have
been reported as far as was discernable from the spectrum of the
mixture. Where coincident coupling constants have been observed
in the 1H NMR spectrum, the apparent multiplicity of the proton
resonance concerned has been reported.


General procedure for the addition of nitroalkanes to enones


The enone (0.5 mmol), tetrazole 4 (15 mol%), base 7 (0.5 mmol)
and nitroalkane (1 mmol) were stirred in dichloromethane (2 mL)
under air at room temperature for the specified time period
(unless otherwise indicated). The crude reaction mixture was
diluted with dichloromethane (30 mL), and washed with aqueous
ammonium chloride (30 mL). The aqueous layer was extracted
with dichloromethane (30 mL) and the combined organic fractions
were dried (MgSO4) and the solvent removed under reduced
pressure. When isolated yields are reported, the products were
further purified either by filtration through a pad of silica (eluting
with dichloromethane) or by flash column chromatography.


(R)-3-(2-Nitropropan-2-yl)cyclohexanone9 8. Filtration through
a silica pad using dichloromethane as eluent to give the title
compound as white prisms (80 mg, 84%). Mp = 61–63 ◦C;
mmax (film)/cm−1: 3003, 2967, 2916, 2878, 1710, 1530, 1348;
[a]25


D = +23.3 (c = 0.525, CHCl3, 96% ee). 1H NMR (400 MHz,
CDCl3): d 2.42–2.29 [3H, m, CHC(NO2), C(=O)CHH′CH,
C(=O)CHHCH2], 2.26–2.17 [1H, m, C(=O)CHHCH2], 2.13–2.06
[2H, m, C(=O)CHH ′CH, C(=O)CH2CHH′], 1.80–1.75 (1H, m,
CHCHH′), 1.62–1.57 [1H, m, C(=O)CH2CHH ′], 1.55 [3H, s,
C(CH3)(CH′


3)], 1.53 [3H, s, C(CH3)(CH ′
3)], 1.44–1.37 (1H, m,


CHCHH ′). Chiral GC: Chirasil Dex-CB, 140 ◦C, 25 psi, 17.8 min
(4.0 pA s, S), 18.1 min (187.6 pA s, R) gave 96% ee.


(R)-5-methyl-5-nitro-4-phenylhexan-2-one10 10. Purification
using flash column chromatography (EtOAc–petroleum ether
40/60, 1 : 4) to give the title compound as white prisms (74 mg,
61%). Mp = 51–52 ◦C; mmax (film)/cm−1: 1703, 1530, 1353; [a]25


D =
−34.1 (c = 1, EtOH, 99% ee). 1H NMR (400 MHz, CDCl3):
d = 7.32–7.26 (3H, m, ArH), 7.20–7.18 (2H, m, ArH), 3.92 (1H,
dd, J = 3.5, 10.6 Hz, PhCH), 3.08 [1H, dd, J = 10.6, 16.9 Hz,
C(=O)CHH′], 2.72 [1H, dd, J = 3.5, 16.9 Hz, C(=O)CHH ′],
2.02 [3H, s, C(=O)CH3], 1.55 [3H, s, C(CH3)(CH′


3)], 1.45 [3H, s,
C(CH3)(CH ′


3)]. Chiral GC: Chirasil Dex-CB, 140 ◦C, 25 psi,
27.3 min (area 504.4 pA s, R), 28.1 min (51.3 pA s, S) gave 82% ee.


(R)-3-(Nitromethyl)cyclohexanone9. Purification using flash
column chromatography (EtOAc–petroleum ether 40/60, 1 :
2) to give the title compound as a clear oil (40 mg, 49%).
mmax (film)/cm−1: 1709, 1543, 1384; [a]25


D = +8.8 (c = 0.635,
CHCl3, 96% ee). 1H NMR (600 MHz, CDCl3): d = 4.36 (1H,
dd, J = 7.3, 12.1 Hz, CHH′NO2), 4.33 (1H, dd, J = 6.6,
12.1 Hz, CHH ′NO2), 2.67–2.60 (1H, m, CHCH2NO2), 2.48
[1H, ddd, J = 2.1, 4.2, 14.2 Hz, C(=O)CHH′CH], 2.42 [1H,
dd, J = 11.4, 14.8 Hz, C(=O)CHH′CH2], 2.31–2.26 [1H, m,
C(=O)CHH ′CH2], 2.18–2.14 [1H, m, C(=O)CHH ′CH], 2.13–2.09
[1H, m, C(=O)CH2CHH′], 1.99–1.97 (1H, m, CHRCHH′), 1.77–
1.69 [1H, m, C(=O)CH2CHH ′], 1.54–1.47 (1H, m, CHRCHH ′).
13C NMR (150 MHz, CDCl3): d = 208.1, 80.0, 44.4, 40.8, 37.2,
28.2, 24.2. Chiral GC: Chiradex G-TA, 150 ◦C, 25 psi, 12.9 min
(321.5 pA s, R), 14.3 min (8.5 pA s, S) gave 95% ee.


(1′R,3R)-3-(1′-Nitroethyl)cyclohexanone9 and (1′S,3R)-3-(1′-
nitroethyl)cyclohexanone9. Filtration through a silica pad using
dichloromethane as eluent to give the title compounds as a clear
oil (74 mg, 84%), as an inseparable 1.1 : 1 mixture of diastereomers.
mmax (film)/cm−1: 1710, 1542, 1358; [a]25


D = +5.4 (c = 0.765, CHCl3,
dr 1.1 : 1, 95/94% ee). 1H NMR (400 MHz, CDCl3): d = 4.50–
4.42 [1Hmaj and 1Hmin, m, CHC(NO2)], 2.44–2.04 [6Hmaj and 6Hmin,
m, 2 × C(=O)CH2CHR, 2 × C(=O)CH2CH2, 2 × CHC(NO2),
2 × C(=O)CH2CHH′], 1.94–1.81 (1Hmaj and 1Hmin, m, 2 ×
CHCHH′), 1.69–1.57 (1Hmaj and 1Hmin, m, 2 × COCH2CHH ′),
1.52 [3Hmaj, d, J = 6.7 Hz, C(NO2)CH3], 1.49 [3Hmin, d, J = 6.7 Hz,
C(NO2)CH3], 1.47–1.38 (1Hmaj and 1Hmin, m, 2 × CHCHH ′). 13C
NMR (100 MHz, CDCl3): d = 208.5 (maj), 208.3 (min), 86.9,
43.6 (min), 43.3 (maj), 42.4 (min), 42.3 (maj), 40.8, 27.5 (maj),
26.9 (min), 24.5 (min), 24.2 (maj), 16.3 (min), 16.1 (maj). Chiral
GC: Chiradex G-TA, 160 ◦C, 25 psi, 7.6 min (189.5 pA s, R),
9.0 min (5.3 s pA s, S) gave 95% ee for the major diastereomer,
11.4 min (5.9 pA s, S), 12.6 min (175.5 pA s, R) gave 94% ee for
the minor diastereomer.


(1′R,3R)-3-(1′-Nitropentyl)cyclohexanone17 and (1′S,3R)-3-(1′-
nitropentyl)cyclohexanone17. Purification using flash column
chromatography (EtOAc–petroleum ether 40/60, 1 : 4) to give
the title compounds as a clear oil (81 mg, 73%), as an inseparable
1.3 : 1 mixture of diastereomers. mmax (film)/cm−1: 2959, 2932,
2873, 1713, 1544, 1362; [a]25


D = +1.1 (c = 0.515, CHCl3, dr 1.3 :
1, 94% ee). 1H NMR (400 MHz, CDCl3): d 4.41–4.31 (1Hmaj


and 1Hmin, m, 2 × CHNO2), 2.49–2.32 [2Hmaj and 2Hmin, m,
2 × C(=O)CHH′CHR, 2 × C(=O)CHH′CH2], 2.30–2.03 [4Hmaj


and 4Hmin, m, 2 × C(=O)CHH ′CHR, 2 × C(=O)CH2CHR, 2 ×
COCH2CHH′, 2 × C(=O)CHH ′CH2], 2.01–1.75 [2Hmaj and 2Hmin,
2 × C(=O)(CH2)2CHH′, 2 × CHH′CHNO2], 1.72–1.57 (2Hmaj


and 2Hmin, m, 2 × COCH2CHH ′, 2 × CHH ′CHNO2), 1.51–1.20
[5Hmaj and 5Hmin, m, 2 × C(=O)(CH2)2CHH ′, 2 × CH2CH2CH3,
2 × CH2CH3], 0.87 and 0.86 (3Hmaj and 3Hmin, t, J = 7.0 Hz, 2 ×
CH3). 13C NMR (100 MHz, CDCl3): d 208.5, 92.6, 43.8 (maj),
43.3 (min), 41.7 (maj), 41.4 (min), 40.8, 30.3, 27.9 (min), 27.7
(maj), 27.6 (min), 27.3 (maj), 24.3 (min), 24.1 (maj), 22.0 (min),
21.9 (maj), 13.6. m/z (ESI): found, 214.1441; [MH]+ C11H20NO3


requires, 214.1443. Chiral GC: Chiradex G-TA, 160 ◦C, 25 psi,
12.9 min (4402.1 pA s, R), 14.9 min (125.5 s pA s, S) gave 94%
ee for the major diastereomer, 15.5 min (165.0 pA s, S), 17.8 min
(5658.7 pA s, R) gave 94% ee for the minor diastereomer, and a
diastereomeric ratio of 1 : 1.3.
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(R)-3-(1-Nitrocyclohexyl)cyclohexanone9. Purification using
flash column chromatography (EtOAc–petroleum ether 40/60,
1 : 4) to give the title compound as white prisms (60 mg, 53%).
Mp = 60–61 ◦C; mmax (film)/cm−1: 1709, 1524, 1346; [a]25


D =
+2.1 (c = 0.515, CHCl3, 97% ee). 1H NMR (600 MHz, CDCl3):
d 2.52–2.41 [3H, m, CHH′CNO2CH2, CH2CNO2CHH′, C(=O)-
CHH′CHR], 2.40–2.33 [1H, m, C(=O)CHH′CH2], 2.24–2.19
[1H, m, C(=O)CHH ′CH2], 2.17–2.02 [3H, m, C(=O)CH2CHH′,
C(=O)CH2CHR, C(=O)CHH ′CHR], 1.96–1.89 [1H, m, 2 ×
C(=O)(CH2)2CHH′], 1.71–1.62 [3H, m, CHH′CH2CNO2CH2-
CH2, CH2CH2CNO2CHH′CH2, CHH′(CH2)2CNO2], 1.61–1.48
[3H, CHH ′CNO2CH2, CH2CNO2CHH ′, C(=O)CH2CHH ′],
1.39–1.28 [3H, m, CHH ′CH2CNO2CH2CH2, CH2CH2CNO2-
CHH ′CH2, C(=O)(CH2)2CHH ′], 1.27–0.81 [1H, m, CHH ′(CH2)2-
CNO2]. 13C NMR (125 MHz, CDCl3): d 209.5, 93.9, 47.0, 42.5,
40.9, 32.1, 31.4, 25.7, 24.7, 24.5, 22.3, 22.2. Chiral GC: Chiradex
G-TA, 170 ◦C, 25 psi, 21.0 min (19.3 pA s, S), 22.1 min (1219.3
pA s, R) gave 97% ee.


(R)-5-Nitro-4-phenylpentan-2-one10. Purification using flash
column chromatography (CH2Cl2–petroleum ether 40/60, 2 : 1) to
give the title compound as white prisms (52 mg, 48%). Mp = 116–
117 ◦C; mmax (film)/cm−1: 1712, 1546, 1383; [a]25


D = −2.8 (c = 0.53,
CHCl3, 82% ee). 1H NMR (400 MHz, CDCl3): d 7.35–7.24 (3H,
m, ArH), 7.22–7.19 (2H, m, ArH), 4.68 [1H, dd, J = 6.9, 12.4 Hz,
CHH′(NO2)], 4.59 (1H, dd, J = 7.7, 12.4 Hz, CHH ′NO2), 4.00
(1H, apparent qn, J = 7.1 Hz, PhCH), 2.91 [2H, d, J = 7.0 Hz,
C(=O)CH2], 2.11 [3H, s, C(=O)CH3]. Chiral GC: Chiradex G-
TA, 150 ◦C, 25 psi, 23.1 min (area 27.7 pA s, S), 23.8 min (278.2
pA s, R) gave 82% ee.


(4R,5R)-5-Nitro-4-phenylhexan-2-one18 (23) and (4R,5S)-5-
nitro-4-phenylhexan-2-one18 (23′). Purification using flash col-
umn chromatography (EtOAc–petroleum ether 30/40, 1 : 9 →
2 : 3) to give the title compound, 23, as an oil (41 mg, 36%). mmax


(film)/cm−1: 1717, 1543, 1357; [a]25
D = −10.9 (c = 0.54, CHCl3,


80% ee). 1H NMR (400 MHz, CDCl3): d 7.35–7.24 (3H, m, ArH),
7.20–7.17 (2H, m, ArH), 4.92 (1H, qd, J = 6.6, 9.9 Hz, CHNO2)
3.71 (1H, apparent td, J = 4.3, 9.6 Hz, PhCH), 2.96 [1H, dd,
J = 9.5, 16.9 Hz, C(=O)CHH′], 2.74 [1H, dd, J = 4.3, 17.0 Hz,
C(=O)CHH ′], 2.00 [3H, s, C(=O)CH3], 1.32 [3H, d, J = 6.6 Hz,
CH(NO2)(CH3)]. Chiral GC: Chirasil Dex-CB, 130 ◦C, 25 psi,
36.5 min (area 29.6 pA s, R), 37.4 min (269.5 pA s, S) gave 80% ee.


Purification using flash column chromatography (EtOAc–
petroleum ether 30/40, 1 : 9 → 2 : 3) to give the title compound,
23′, as white needles (34 mg, 31%). mmax (film)/cm−1: 1713, 1541,
1357; [a]25


D =−1.4 (c = 0.485, CHCl3, 80% ee). 1H NMR (400 MHz,
CDCl3): d 7.33–7.24 (3H, m, ArH), 7.15–7.13 (2H, m, ArH), 4.88
(1H, qn, J = 6.6 Hz CHNO2), 3.73 (1H, apparent q, J = 6.9 Hz,
PhCH), 3.04 [1H, dd, J = 6.6, 17.5 Hz, C(=O)CHH′], 2.89 [1H,
dd, J = 7.6, 17.5 Hz, C(=O)CHH ′], 2.11 [3H, s, C(=O)CH3], 1.48
[3H, d, J = 6.7 Hz, CH(NO2)(CH3)]. Chiral GC: Chirasil Dex-CB,
130 ◦C, 25 psi, 40.9 min (area 228.3 pA s, R), 42.6 min (25.0 pA s,
S) gave 80% ee.


Crystal data: compound 23′. C12H15NO3, M = 221.25, or-
thorhombic, space group P212121, a = 5.6440(10), b = 8.4770(2),
c = 25.1210(5) Å, V = 1201.89(4) Å3, Z = 4, Dcalc = 1.223 Mg
m−3, F(000) = 472, l(Mo-Ka) = 0.088 mm−1, T = 180(2) K, 9256
total reflections measured, 1600 independent reflections measured


on a Nonius Kappa CCD diffractometer (Rint = 0.0273) using
Mo-Ka radiation (k = 0.71073 Å). Refinement using full-matrix
least-squares on F 2. Final residues were R1 = 0.0312, wR2 = 0.0752
[for reflections with I > 2r(I)], R1 = 0.0341, wR2 = 0.0770 for all
reflections.


CCDC reference number 287832. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b601877g


(4R,5R)-5-Nitro-4-phenylnonan-2-one and (4R,5S)-5-nitro-4-
phenylnonan-2-one. Purification using flash column chromatog-
raphy (CH2Cl2–toluene, 1 : 2) and repurification using flash
column chromatography (Et2O–petroleum ether 40/60, 1 : 9 → 1 :
4) to give the major diastereomer of the title compound as an oil
(47 mg, 36%). mmax (film)/cm−1: 1719, 1548, 1366; [a]25


D = +4.2 (c =
0.515, CHCl3, 84% ee). 1H NMR (600 MHz, CDCl3): d 7.32 (2H,
t, J = 7.5 Hz, ArorthoH), 7.26 (1H, t, J = 7.2 Hz, ArparaH), 7.19
(2H, d, J = 7.4 Hz, ArmetaH), 4.65 (1H, m, CHNO2), 3.68 (1H,
app td, J = 3.5, 10.0 Hz, PhCH), 2.96 [1H, dd, J = 10.0, 16.7 Hz,
C(=O)CHH′], 2.67 [1H, dd, J = 3.5, 16.7 Hz, C(=O)CHH ′], 1.98
[3H, s, C(=O)CH3], 1.85–1.80 [1H, m, CH(NO2)CHH′], 1.39–
1.36 [1H, m, CH(NO2)CHH ′], 1.24–1.16 [4H, m, (CH2)2CH3],
0.77 (3H, t, J = 6.6 Hz, CH3). 13C NMR (150 MHz, CDCl3): d
204.9, 138.6, 129.0, 128.0, 127.8, 92.7, 46.3, 44.7, 31.6, 30.4, 27.8,
21.8, 13.6. m/z (ESI): found, 286.1416; [M + Na]+ C15H21NaNO3


requires, 286.1419. Chiral GC: Chirasil Dex-CB, 130 ◦C, 25 psi,
89.6 min (area 830.6 pA s, R), 91.5 min (70.3 pA s, S) gave 84% ee.


Purification using flash column chromatography (CH2Cl2–
toluene, 1 : 2) and repurification using flash column chromatogra-
phy (Et2O–petroleum ether 40/60, 1 : 9 → 1 : 4) to give the minor
diastereomer of the title compound as white needles (28 mg, 21%).
Mp = 71–73 ◦C; mmax (film)/cm−1: 2957, 2929, 2862, 1719, 1544,
1370; [a]25


D =−8.6 (c = 0.565, CHCl3, 84% ee). 1H NMR (600 MHz,
CDCl3): d 7.31–7.24 (3H, m, ArH), 7.13 (2H, d, J = 7.2 Hz,
ArmetaH), 4.75 (1H, ddd, J = 3.5, 6.8, 10.5 Hz, CHNO2), 3.72 (1H,
apparent q, J = 7.0 Hz, PhCH), 3.02 [1H, dd, J = 6.6, 17.5 Hz,
C(=O)CHH′], 2.86 [1H, dd, J = 7.4, 17.5 Hz, C(=O)CHH ′], 2.10
[3H, s, C(=O)CH3], 1.92–1.88 [1H, m, CH(NO2)CHH′], 1.72–
1.67 [1H, m, CH(NO2)CHH ′], 1.35–1.25 [4H, m, (CH2)2CH3],
0.87 (3H, t, J = 7.0 Hz, CH3). 13C NMR (150 MHz, CDCl3): d
205.7, 138.0, 128.7, 128.2, 127.9, 91.5, 45.2, 43.9, 30.8, 30.6, 28.0,
22.1, 13.7. m/z (ESI): found, 286.1416; [M + Na]+ C15H21NaNO3


requires, 286.1419. Chiral GC: Chirasil Dex-CB, 130 ◦C, 25 psi,
113.8 min (area 45.6 pA s, S), 116.2 min (389.7 pA s, S) gave
approximately (due to incomplete resolution) 80% ee.


(S)-4-(1-Nitrocyclohexyl)-4-phenylbutan-2-one10. Purification
using flash column chromatography (CH2Cl2–toluene, 1 : 3)
and repurification using preparative TLC (Et2O–CH2Cl2, 1 :
9) to give the title compound as white prisms (112 mg, 80%).
Mp = 68–69 ◦C; mmax (film)/cm−1: 2935, 2856, 1706, 1527, 1336;
[a]25


D = +3.7 (c = 0.505, CHCl3, 73% ee). 1H NMR (400 MHz,
CDCl3): d 7.31–7.25 (3H, m, ArH), 7.11 (2H, dd, J = 2.0, 5.9 Hz,
ArH), 3.65 (1H, dd, J = 4.3, 9.6 Hz, PhCH), 3.02 [1H, dd, J =
9.6, 17.3 Hz, C(=O)CHH′], 2.92 [1H, dd, J = 4.3, 17.3 Hz,
C(=O)CHH ′], 2.52 (1H, dd, J = 2.3, 14.1 Hz, CHH′CNO2CH2),
2.32 (1H, dd, J = 2.4, 14.2 Hz, CH2CNO2CHH′), 2.01 [3H, s,
C(=O)CH3], 1.68–1.08 [8H, m, CHH ′(CH2)3 CHH ′]. HPLC:
Daicel Chiralpak R© AD-H. Hexane–i-PrOH, 90 : 10, 215 nm: tR


(major) = 7.9 min; tR (minor) = 13.2 min.
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(R)-4-(4-Hydroxy-phenyl)-5-methyl-5-nitro-hexan-2-one10 11.
Purification using flash column chromatography (Et2O–CH2Cl2,
1 : 49) to give the title compound as a white solid (90 mg, 72%).
mmax (film)/cm−1: 3272, 1699, 1612, 1594, 1532, 1517, 1451, 1410,
1397, 1370, 1354, 1305, 1274, 1232, 1200, 1179, 1140, 1111, 1067,
1029, 965, 851, 805; [a]25


D = +26.8 (c = 4.50, CH3CN, 62% ee).
1H NMR (400 MHz, CDCl3): d 7.02, 2H, d, J = 8.5 Hz, ArH),
6.68 (2H, d, J = 8.5 Hz, ArH), 5.78 (1H, br s, OH), 3.85 (1H, dd,
J = 11.1, 3.4 Hz, CHArOH), 3.04 (1H, dd, J = 16.6, 11.1 Hz,
CHH′COCH3), 2.67 (1H, dd, J = 16.6, 3.4 Hz, CHH ′COCH3),
2.04 (3H, s, COCH3), 1.54 [3H, s, CH3C(CH′


3)NO2], 1.47 [3H, s,
CH3C(CH ′


3)NO2]. 13C NMR [100 MHz, (CD3)2SO]: d 205.7,
156.6, 130.1, 127.9, 114.9, 91.6, 47.7, 43.0, 30.2, 23.5, 23.0.
m/z (ES+): found, 274.1074; [MNa]+ C13H17NO4Na requires,
274.1055. HPLC: Daicel Chiralpak AD-H. Hexane–i-PrOH, 95 :
5, 1 mL min−1, 280 nM: tR (major) = 52 min; tR (minor) = 47 min.


(R)-5-Methyl-5-nitro-4-(4-trifluoromethylphenyl)hexan-2-one
12. Purification using flash column chromatography (EtOAc–
hexane, 3 : 17) to give the title compound (101 mg, 66%). mmax


(film)/cm−1: 2989, 2348, 1720, 1621, 1538, 1460, 1425, 1399,
1375, 1347, 1324, 1163, 1114, 1070, 1017, 959, 912, 850, 803;
[a]25


D = +23.2 (c = 5.03, CHCl3, 68% ee). 1H NMR (400 MHz,
CDCl3): d 7.57 (2H, d, J = 8.2 Hz, ArH), 7.32 (2H, d, J =
8.1 Hz, ArH), 3.99 (1H, dd, J = 10.5, 3.3 Hz, CHArCF3),
3.09 (1H, dd, J = 17.5, 10.6 Hz, CHH′COCH3), 2.80 (1H, dd,
J = 17.5, 3.4 Hz, CHH ′COCH3), 2.05 (3H, s, COCH3), 1.55
[3H, s, CH3C(CH′


3)NO2], 1.50 [3H, s, CH3C(CH ′
3)NO2]. 13C


NMR (100 MHz, CDCl3): d 204.4, 142.0 (d, J = 1.3 Hz), 130.1
(q, J = 32.5 Hz), 129.5, 125.4 (q, J = 3.8 Hz), 125.2, 90.5,
48.4, 43.8, 30.2, 25.5, 22.8. m/z (ES+): found, 326.0981; [MNa]+


C14H16F3NO3Na requires, 326.0974. Chiral GC: Chirasil Dex-CB,
150◦, 25 psi, 18.4 min (417.0 pA s, R), 19.1 min (78.8 pA s, S) gave
68% ee.


(S)-5-Methyl-5-nitro-4-(thiophen-2-yl)hexan-2-one10 13. Pu-
rification using flash column chromatography (EtOAc–petroleum
ether 40/60, 1 : 9) to give the title compound. mmax (film)/cm−1:
2920, 1717, 1537, 1345, 850, 703; [a]25


D = +26.4 (c = 1.242,
CHCl3, 66% ee). 1H NMR (400 MHz, CDCl3): d 7.19 (1H, d,
J = 4.6 Hz, ArH), 6.90–6.93 (2H, m, ArH), 4.29 [1H, dd, J =
10.8, 2.9 Hz, CHC(CH3)2NO2], 3.01 [1H, dd, J = 16.9, 10.9 Hz,
C(=O)CHH′], 2.65 [1H, dd, J = 16.9, 3.0 Hz, C(=O)CHH ′], 2.05
[3H, s, C(=O)CH3], 1.62 [3H, s, (CH3)(CH′


3)CNO2], 1.52 [3H, s,
(CH3)(CH ′


3)CNO2]. 13C NMR (100 MHz, CDCl3): d 204.4, 140.3,
127.5, 126.9, 126.3, 91.0, 45.6, 44.3, 30.3, 25.6, 22.5.


(S)-4-(Furan-2-yl)-5-methyl-5-nitrohexan-2-one10 14. Purifica-
tion using flash column chromatography (EtOAc–petroleum ether
40/60, 1 : 9) to give the title compound. mmax (film)/cm−1: 1719,
1538, 1346, 1014, 746; [a]25


D = +22.4 (c = 0.905, CHCl3, 72%
ee). 1H NMR (400 MHz, CDCl3): d 7.30 (1, s, ArH), 6.27 (1H,
m, ArH), 6.15 (1H, d, J = 3.1 Hz, ArH), 4.09 [1H, dd, J =
10.9, 3.0 Hz, CHC(CH3)2NO2], 3.06 [1H, dd, J = 16.9, 10.9 Hz,
C(=O)CHH′], 2.51 [1H, dd, J = 16.9, 3.30 Hz, C(=O)CHH ′], 2.04
[3H, s, C(=O)CH3], 1.55 [3H, s, (CH3)(CH′


3)CNO2], 1.48 [3H, s,
(CH3)(CH ′


3)CNO2]. 13C NMR (100 MHz, CDCl3): d 204.6, 151.3,
142.2, 110.5, 109.1, 90.5, 42.5, 42.1, 30.0, 25.6, 22.4. Chiral GC:
Chiraldex G-TA, 130◦, 25 psi, 23.4 min (S), 24.2 min (R) gave
66% ee.


(R)-5-Methyl-5-nitro-4-(pyridin-4-yl)hexan-2-one 15. Purifica-
tion using flash column chromatography (petroleum ether 40/60–
EtOAc, 1 : 4) to give the title compound. mmax (film)/cm−1: 2920,
1717, 1537, 1345, 850, 703; [a]25


D = +21.2 (c = 0.51, CHCl3, 65%
ee). 1H NMR (400 MHz, CDCl3): d 8.56 (2H, d, J = 5.8 Hz,
ArH), 7.12 (2H, d, J = 5.9 Hz, ArH), 3.91 [1H, dd, J = 10.5,
3.2 Hz, CHC(CH3)2NO2], 3.07 [1H, dd, J = 17.7, 10.5 Hz,
C(=O)CHH′], 2.80 [1H, dd, J = 17.7, 3.3 Hz, C(=O)CHH ′], 2.07
[3H, s, C(=O)CH3], 1.56 [3H, s, (CH3)(CH′


3)CNO2], 1.40 [3H, s,
(CH3)(CH ′


3)CNO2]. 13C NMR (100 MHz, CDCl3): d 204.1, 150.0,
147.0, 124.3, 90.1, 48.0, 43.5, 30.3, 35.7, 22.9. m/z (ES): found,
237.1237; [MH]+ C12H17N2O3 requires, 237.1239. HPLC: Daicel
Chiralcel OD-H. Hexane–i-PrOH, 80 : 20, 1 mL min−1, 254 nM:
tR (minor) = 14 min; tR (major) = 16 min.


(R)-6-Methyl-6-nitro-5-phenylheptan-3-one10 16. Purification
using flash column chromatography (EtOAc–petroleum ether
40/60, 1 : 24) to give the title compound as a colorless oil
(67 mg, 78%). mmax (film)/cm−1: 2980, 1717, 1536, 1456, 1397,
1373, 1344, 1112, 849; [a]25


D = +6.81 (c = 3.34, CHCl3, 78% ee).
1H NMR (400 MHz, CDCl3): d 7.18–7.32 (5H, m, ArH), 3.95
(1H, dd, J = 10.6, 3.4 Hz, CHAr), 3.07 (1H, dd, J = 16.8,
10.6 Hz, CHH′COCH2CH3), 2.69 (1H, dd, J = 16.8, 3.4 Hz,
CHH ′COCH2CH3), 2.32–2.42 (1H, m, COCHH′CH3), 2.18–2.28
(1H, m, COCHH ′CH3), 1.55 [3H, s, CH3C(CH′


3)NO2], 1.49 [3H, s,
CH3C(CH ′


3)NO2], 0.91 (3H, t, J = 7.3 Hz, COCH2CH3). 13C
NMR (100 MHz, CDCl3): d 207.8, 137.8, 129.1, 128.5, 127.8,
91.1, 48.9, 42.9, 36.4, 25.9, 22.5, 7.5. m/z (ES+): found, 272.2195;
[MNa]+ C14H19NO3Na requires, 272.1263. Chiral GC: Chirasil
Dex-CB, 150 ◦C, 25 psi, 22.9 min (173.8 pA s, R), 23.6 min (21.5
pA s, S) gave 78% ee.


(R)-3-(2-Nitropropan-2-yl)cyclopentanone9 17. Purification
using flash column chromatography (EtOAc–petroleum ether
40/60, 1 : 9) to give the title compound as a colorless oil (53 mg,
62%). mmax (film)/cm−1: 2986, 1738, 1528, 1473, 1400, 1374,
1338, 1281, 1252, 1241, 1225, 1208, 1191, 1164, 1120, 1079,
1000, 980, 946, 918, 900, 853, 839, 819; [a]25


D = +80.8 (c = 2.64,
CHCl3, 80% ee). 1H NMR (400 MHz, CDCl3): d 2.85 [1H, m,
CHC(CH′


3)2NO2], 2.19–2.44 (3H, m, CH2COCHH′), 2.02–2.14
(2H, m, CH2COCHH ′ and cpent-H), 1.64–1.73 (1H, m, cpent-H),
1.62 [3H, s, CH3C(CH′


3)NO2], 1.61 [3H, s, CH3C(CH ′
3)NO2]. 13C


NMR (100 MHz, CDCl3): d 215.4, 89.4, 45.6, 40.1, 38.5, 24.4,
23.6, 23.3. Chiral GC: Chiradex G-TA, 150 ◦C, 25 psi, 10.4 min
(43.0 pA s, S), 10.8 min (392.9 pA s, R) gave 80% ee.


(R)-3-Methyl-3-(2-nitropropan-2-yl)cyclohexanone 18. Purifi-
cation using flash column chromatography (EtOAc–hexane, 1 :
4) to give the title compound as a colorless oil (55 mg,
64%). mmax (film)/cm−1: 2953, 1708, 1544, 1462, 1430, 1378,
1297, 1229, 1193, 1146, 1080, 1051, 932, 886; [a]25


D = +1.5
(c = 2.73, CHCl3, 91% ee). 1H NMR (400 MHz, CDCl3): d
4.29 (2H, dd, J = 19.7, 10.7 Hz, CH2NO2), 2.24–2.44 (4H,
m, CH2COCCH2), 1.58–2.03 (4H, m, chex-H), 1.12 (3H, s,
CH3CCH′


2NO2). 13C NMR (100 MHz, CDCl3): d 208.7, 84.9, 50.8,
40.5, 39.8, 33.5, 23.2, 21.3. m/z (ES+): found, 194.0435; [MNa]+


C8H13NO3Na requires, 194.0793. Chiral GC: Chirasil Dex-CB,
150 ◦C, 25 psi, 8.8 min (286.6 pA s, R), 9.3 min (13.6 pA s, S) gave
91% ee.
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(S)-Methyl 2-(2-nitropropan-2-yl)-4-oxopentanoate10 19. Pu-
rification using flash column chromatography (EtOAc–hexane,
1 : 4) to give the title compound as a white solid (105 mg,
96%). mmax (film)/cm−1: 2959, 1736, 1715, 1541, 1438, 1401, 1372,
1346, 1288, 1221, 1198, 1178, 1163, 1133, 1095, 1047, 977, 956,
907, 851; [a]25


D = +38.1 (c = 3.81, CHCl3, 82% ee). 1H NMR
(400 MHz, CDCl3): d = 3.71 (3H, s, OCH3), 3.67 (1H, dd, J =
11.1, 2.9 Hz, CHCO2CH3), 3.04 (1H, dd, J = 17.8, 11.1 Hz,
CHH′COCH3), 2.43 (1H, dd, J = 17.8, 2.8 Hz, CHH ′COCH3),
2.16 (3H, s, COCH3), 1.61 [3H, s, CH3C(CH′


3)NO2], 1.59 [3H, s,
CH3C(CH ′


3)NO2]. 13C NMR (100 MHz, CDCl3): d 204.8, 171.3,
88.2, 52.3, 48.2, 41.3, 29.7, 25.4, 23.0. m/z (ES+): found, 240.0828;
[MNa]+ C9H15NO5Na requires, 240.0848. Chiral GC: Chirasil
Dex-CB, 130 ◦C, 25 psi, 10.9 min (257.2 pA s, S), 11.3 min (26.2
pA s, R) gave 82% ee.


(S)-4-(2-Nitropropan-2-yl)nonan-2-one 20. Purification using
flash column chromatography (Et2O–petroleum ether 40/60, 1 :
9 → 3 : 7) to give the title compound as a clear oil (49 mg,
44%). mmax (film)/cm−1: 1718, 1535, 1348; [a]25


D = +12.6 (c =
0.495, CHCl3, 58% ee). 1H NMR (600 MHz, CDCl3): d 2.75–
2.71 [1H, m, C(NO2)CH], 2.50 [1H, dd, J = 4.4, 18.0 Hz,
C(=O)CHH′], 2.32 [1H, dd, J = 6.2, 18.0 Hz, C(=O)CHH ′], 2.15
[3H, s, C(=O)CH3], 1.50 [3H, s, C(NO2)(CH3)(CH′


3)], 1.49 [3H, s,
C(NO2)(CH3)(CH ′


3)], 1.41–1.34 (1H, m, CHRCHH′), 1.24–1.16
[6H, m, –(CH2)3–], 1.08–1.03 (1H, m, CHRCHH ′), 0.84 (3H, t,
J = 7.1 Hz, CH2CH3). 13C NMR (600 MHz, CDCl3): d 206.1,
91.6, 45.0, 41.3, 31.8, 31.2, 30.0, 27.5, 23.9, 23.7, 22.4, 13.9. m/z
(ESI): found, 252.1573; [MNa]+ C12H23NO3Na requires, 252.1576.
Chiral GC: Chirasil Dex-CB, 130 ◦C, 25 psi, 19.9 min (148.5. pA s,
S), 20.7 min (39.5 pA s, R) gave 58% ee.


(S)-3,4-Dimethyl-4-nitropentanal 21. Purification using flash
column chromatography (CH2Cl2–petroleum ether 40/60, 2 : 3 →
3 : 2) to give the title compound as a clear oil of approximately
90% purity (30 mg, 39%). mmax (film)/cm−1: 1723, 1533, 1349; [a]25


D =
+1.0 (c = 0.355, CHCl3, 46% ee). 1H NMR (600 MHz, CDCl3): d
9.73 (1H, m, CHO), 2.90–2.82 [1H, m, C(NO2)CH], 2.46 [1H, ddd,
J = 0.7, 2.9, 17.1 Hz, C(=O)CHH′], 2.28 [1H, ddd, J = 2.3, 10.2,
17.2 Hz, C(=O)CHH ′], 1.56 [3H, s, C(CH3)(CH′


3)], 1.54 [3H, s,
C(CH3)(CH′


3)], 0.98 (3H, d, J = 6.3 Hz, CHRCH3). 13C NMR
(150 MHz, CDCl3): d 199.7, 91.2, 46.2, 35.9, 23.9, 22.5, 15.3. m/z
(ESI): found, 182.0791; [MNa]+ C7H13NO3Na requires, 182.0793.
Chiral GC: Chirasil Dex-CB, 130 ◦C, 25 psi, 5.6 min (100.1 pA s,
S), 5.9 min (37.3 pA s, R) gave 46% ee.


(R)-4-Methyl-4-nitro-3-phenylpentanal 22. Purification using
flash column chromatography (EtOAc–petroleum ether 40/60, 1 :
23) to give the title compound as a white solid. mmax (film)/cm−1:
2998, 2836, 2732, 1723, 1532, 1495, 1455, 1397, 1374, 1344, 1292,
1218, 1134, 1092, 1060, 1019, 910, 846. 1H NMR (400 MHz,
CDCl3): d 9.53 (1H, d, J = 1.8 Hz, COCH), 7.20–7.35 (5H, m,
ArH), 4.00 (1H, dd, J = 11.1, 3.7 Hz, CHAr), 3.06 (1H, ddd,
J = 17.2, 11.1, 2.3 Hz, CHH′COH), 2.71 (1H, dd, J = 17.2, 3.6
Hz), 1.58 [3H, s, CH3C(CH′


3)NO2], 1.49 [3H, s, CH3C(CH ′
3)NO2].


13C NMR (100 MHz, CDCl3): d 199.0, 136.8, 129.3, 128.7, 128.1,
91.0, 47.6, 43.9, 25.5, 22.2. m/z (ES+): found, 244.1225; [MNa]+


C12H15NO3Na requires, 244.0950. Chiral GC: Chiradex G-TA,
130 ◦C, 25 psi, 56.8 min (256.9 pA s), 59.5 min (253.7 pA s) gave
0% ee


Kinetic investigations using ReactIR


Reactions were run using a Mettler Toledo ReactIR 4000 in-
strument with a SiComp probe. (E)-4-Phenyl-3-buten-2-one (9)
(72 mg, 0.49 mmol), trans-2,5-dimethylpiperazine (7) (67 mg,
0.50 mmol), and tetrazole 4 (10 mg, 0.074 mmol) were dissolved
in dichloromethane (0.75 mL). Nitroethane (70 lL, 74 mg,
0.98 mmol) was added and the reaction monitored every 20 min
for 50 h.


Tetrazole 4 (35 mg, 0.26 mmol) was dissolved in methanol
(4 mL) in a test tube. The ReactIR side arm was fitted, and
five spectra were acquired (1 spectrum min−1). Cyclohexenone (6)
(25 mL, 25 mg, 0.26 mmol) was added and the reaction monitored
every minute for 2 h. No changes were observed in the region
1600–1800 cm−1.


Tetrazole 4 (75 mg, 0.55 mmol) was dissolved in methanol
(4 mL) in a 10 mL round-bottomed flask under argon. The
ReactIR side arm was fitted, and two spectra were acquired (2
spectra min−1). (E)-4-Phenyl-3-buten-2-one (9) (80 mg, 0.55 mmol)
was added and the reaction monitored every 2 min for 5 h. No
changes were observed in the region 1600–1800 cm−1.


Kinetic investigations using a React ArrayTM


Reactions were performed using a React ArrayTM SK233 au-
tomated workstation subjected to in-line HPLC analysis on
a Hewlett Packard HP1100 instrument. Column: SupercosilTM


ABZ+ 3.3 cm × 4.6 mm, 3 lm. Eluent: A: water, 0.1% TFA;
B: 95% acetonitrile, 5% water, 0.05% TFA. Flow rate: 1 mL min−1.
Method: gradient 10–95% B in A over 7 min, run time 10 min.


All reactions were performed in air in 5 mL vessels. 50 lL
aliquots were sampled at specified intervals. The aliquots were
dispensed into 1.5 mL vials, quenched with acetonitrile (1 mL) and
mixed [75% by volume (aspirated and dispensed at 10 mL min−1)].
100 lL of these solutions were transferred to clean 1.5 mL
vials, diluted with acetonitrile (1 mL) and mixed as described
previously to give analytical samples ready for HPLC analysis
(20 lL injected).


(E)-4-Phenyl-3-buten-2-one (9) (148 mg, 1.01 mmol), trans-2,5-
dimethylpiperazine (7) (114 mg, 1.00 mmol), the internal standard
trans-stilbene (16 mg, 0.09 mmol) and 2-nitropropane (200 lL,
198 mg, 2.22 mmol) were dissolved in dichloromethane (4 mL).
The SK233 was initiated, the tetrazole 4 (19 mg, 0.14 mmol) added
and the timer started. The reactions were sampled at t = 0.25, 0.5,
0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26,
28, 30, 32, 34, 36, 38, 40, 42, 44, 48, 54, 60, 66, 72, 78 and 84 h.


The HPLC trace areas were normalised with respect to the
internal standard (trans-stilbene). The HPLC trace areas were
then extrapolated back to their respective concentrations using the
calibration curves. Percentages of (E)-4-phenyl-3-buten-2-one (9)
remaining in solution and (R)-5-methyl-5-nitro-4-phenylhexan-2-
one (10) formed were calculated and plotted against the reaction
time.
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A study of the dual electrophilic and pericyclic reactivity of 4,6-dinitrobenzofurazan (DNBZ, 2),
4,6-dinitro-2,1,3-benzothiadiazole (DNBS, 3), 4,6-dinitro-2,1,3-benzoselenadiazole (DNBSe, 4) is
reported. Kinetic and thermodynamic measurements of the ease of covalent hydration of 2–4 to give
the corresponding hydroxy r-adducts C-2–C-4 have been carried out over a large pH range in aqueous
solution. Analysis of the data has allowed a determination of the rate constants pertaining to the
susceptibility of 2–4 to water attack as well as the pKa values for the r-complexation processes. With
pKa values ranging from 3.92 for DNBZ to 6.34 for DNBSe to 7.86 for DNBS, the electrophilic
character of the three heteroaromatics is much closer to that of the superelectrophilic reference, i.e.
4,6-dinitrobenzofuroxan (DNBF, 1; pKa = 3.75), than that of the standard Meisenheimer electrophile
1,3,5-trinitrobenzene (TNB, pKa = 13.43). Most importantly, water is found to be an efficient
nucleophile which contributes strongly to the formation of the adducts C-2 and C-4. This confirms a
previous observation that a pKa value of ca. 8 is a primary requirement for having H2O competing
effectively as a nucleophile with OH− in the formation of hydroxy r-adducts. On the other hand, 2–4
are found to exhibit dienophilic and/or heterodienic behaviour on treatment with isoprene, 2,3-
dimethylbutadiene, cyclopentadiene or cyclohexadiene, affording Diels–Alder mono- or di-adducts
which have all been structurally characterized. A major finding is that the order of Diels–Alder
reactivity follows clearly the order of electrophilicity, pointing to a direct relationship between
superelectrophilic and pericyclic reactivity. This relationship is discussed.


Introduction


The last decade has witnessed considerable interest in studies
of nitrobenzofuroxans, a class of electron-deficient aromatic
compounds that show increased reactivity with nucleophiles in
the formation of r-bonded anionic (Meisenheimer) complexes.1–13


The high susceptibility of 4,6-dinitrobenzofuroxan1 (DNBF, 4,6-
dinitro-2,1,3-benzoxadiazole 1-oxide) to undergo r-complexation
in the absence of any added base in aqueous solution is a nice
illustration of this behaviour.4a The pKa for the formation of
the hydroxy adduct C-1 according to eqn. (1) in Scheme 1 is
3.75 at 25 ◦C, as compared with a pKa value of 13.43 for
formation of the analogous adduct C-6 of 1,3,5-trinitrobenzene
(TNB), the conventional reference aromatic electrophile in r-
complex chemistry.14 Use of dilute alkali hydroxide solutions is
in fact necessary to achieve the formation of C-6 in aqueous
solution [eqn. (3), Scheme 2]. Importantly, it has been found that
DNBF also reacts very readily and quantitatively with such weak


aLaboratoire SIRCOB, Institut Lavoisier, UMR CNRS 8180, Université de
Versailles, 45 Avenue des Etats-Unis, 78035 Versailles Cedex, France
bUnité de Recherche, Chimie Théorique et Réactivité, Université de Monastir,
Faculté des Sciences de Monastir, Boulevard de l’Environnement, 5019
Monastir, Tunisie
cDépartement de Chimie, Université Abou Bekr Belkaid, BP 119, 13000
Tlemcen, Algérie
† Electronic supplementary information (ESI) available: NMR data, first-
order rate constants and plots showing the pH dependence of the rate
constants. See DOI: 10.1039/b602002j


carbon nucleophiles as benzenoid aromatics (phenols, anilines. . .)
or p-excessive heteroaromatics (indoles, pyrroles, thiophenes,
furans. . .) whose carbon basicities are associated with large,
negative pKa values, e.g. 1,3-dimethoxybenzene (pKa = −9),
aniline (pKa = −6) or 3-methoxythiophene (pKa = −6.5).4–6,15


In all of these reactions, covalent addition of the nucleophile
takes place at C-7 of the carbocyclic ring of DNBF to give very
stable carbon-bonded r-adducts. Altogether, the results obtained
have revealed that the neutral DNBF molecule is in fact more
electrophilic than such strong electrophiles as benzenediazonium
cations, including the p-nitrobenzenediazonium cation, a situation
which has led to numerous synthetic, analytical and biological
applications.4c,d,16–18


Recent findings have revealed that the exceptional electrophilic
reactivity of DNBF is largely the reflection of a low aromatic
character of the benzofuroxan structure. First, there is the
discovery that DNBF behaves as a very versatile Diels–Alder
reagent, contributing to Normal (NDA) and Inverse (IDA)
electron-demand cycloadditions which generally proceed with
high regioselectivity and high stereoselectivity.13,19–23 An illustrative
example is given in Scheme 3 which shows that the reaction
of DNBF with cyclopentadiene affords initially a mixture of
the two stereoselective NDA and IDA monoadducts 7 and 8 in
their racemic forms. Then, NDA addition of a second molecule
of cyclopentadiene is kinetically more favored at the remaining
nitroalkene C4–C5 fragment of 8 than of 7, to afford the highly
functionalized diadduct 9 in its racemic form. In as much as 9 is
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Scheme 1


Scheme 2


Scheme 3


thermodynamically the most stable product, its formation at the
expense of 7 has the effect to drive the complete equilibrium system
of Scheme 3 towards completion of the second condensation.21a


Second, there is the report that substitution of the oxygen atom
of the related ring of DNBF for a less electronegative N-aryl
group, including an N-(2,4,6-trinitrophenyl) group, has the effect
of decreasing both the electrophilic reactivity – e.g. the pKa value
for formation of the 4,6-dinitrobenzotriazole 1-oxide adduct C-5a
is equal to 6.70 in aqueous solution13 – and the pericyclic reactivity
– e.g. the formation of the diadduct 10 [eqn. (4), Scheme 4] occurs at


Scheme 4


a lower rate than that of 9.19c The situation can only be understood
in terms of the aromatic character of the parent molecules which
increases in the order O < N–Ar and, correspondingly, of the
electron-withdrawing effect of the annelated ring which decreases
in the order O > N–Ar.13


Altogether, the above results suggest that the chemistry of
nitrobenzofuroxans and related 10p-excessive heterocycles is
governed by a close relationship between superelectrophilic-
ity and pericyclic reactivity, each of these two facets being
related to the aromaticity of the carbocyclic ring.19c To test
this relationship further, this paper reports on a study of the
reactivity of 4,6-dinitrobenzofurazan 2 (DNBZ, 4,6-dinitro-2,1,3-
benzoxadiazole), 4,6-dinitro-2,1,3-benzothiadiazole 3 and 4,6-
dinitro-2,1,3-benzoselenadiazole 4. In this series, the aromaticity
and activation of the carbocyclic ring are modulated through
substitution of the oxygen atom of the oxadiazole ring of 2 for
a sulfur or a selenium atom to give 3 and 4, respectively. In
addition to a thorough kinetic and thermodynamic investigation
of the r-complexation of 2–4 in aqueous solution according to
Scheme 1, these compounds have been engaged in Diels–Alder
condensations with isoprene, 2,3-dimethylbutadiene, cyclopenta-
diene and cyclohexadiene under the same experimental conditions
as those used for DNBF and Pi-DNBT.19c Our results provide
a clear demonstration that superelectrophilicity and pericyclic
behaviour are closely interrelated in the reactivity patterns of these
heterocycles. A communication dealing with the cyclohexadiene
reactions has appeared.23
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Results


Kinetic and thermodynamic studies


All rate and equilibrium measurements pertaining to Scheme 1
were made at 25 ◦C and constant ionic strength of 0.2 mol dm−3


maintained with KCl in aqueous solution. Dilute hydrochloric acid
solutions, various buffer solutions and dilute potassium hydroxide
solutions were used to cover a pH range of 0.8–13.0. To be noted
is that all pH values have been measured relative to the standard
state in pure water. Accordingly, the relation [H+] = 10−pH/c ±
holds with c ± being the mean activity coefficient in 0.2 mol dm−3


KCl (c ± = 0.75 at 25 ◦C).4a,24


pKa Values of 2–4. Using appropriate buffer solutions (see
the Experimental section), the pKa values for the r-complexation
of 2–4 according to eqn. (1) were readily determined from the
observed absorbance variations at kmax ≈ 480–490 nm of the
resulting adducts C-2–C-4 obtained at equilibrium as a function
of pH. These actually describe clear acid–base-type equilibrations,
as evidenced by the observation of good straight lines with unit
slopes fitting eqn. (5). From these plots (see ESI†, Fig. S1), we
readily obtained: pKa


2 = 3.92 ± 0.05; pKa
3 = 7.86 ± 0.05; pKa


4 =
6.34 ± 0.05.


log
[


Abs (C-n)
Abs (n)


]
= pH − pKa (n = 2 → 4) (5)


pH Rate profiles for covalent hydration of 2–4. Using a
stopped-flow spectrophotometer, the interconversions of 2–4 and
the corresponding adducts C-2–C-4 were kinetically investigated
under first-order conditions with a substrate or adduct concentra-
tion of between 3 × 10−5 and 5 × 10−5 mol dm−3. In agreement
with the direct equilibrium approach depicted in Scheme 1, only
one relaxation time corresponding to the formation (pH > pKa)
or decomposition (pH < pKa) of the adducts was observed in
all cases. The logarithmic values of the observed first-order rate
constants kobsd for the combined formation and decomposition of
C-2–C-4 at 25 ◦C are plotted in Fig. 1 and 2 as a function of pH. In


Fig. 1 pH Dependence of kobsd (s−1) for the formation and decomposition
of the adducts C-2 (�) and C-3 (�) in aqueous solution; T = 25 ◦C, I =
0.2 mol dm−3 KCl. The dashed lines refer to the calculated contributions
of the kf and kd components according to eqns. (7) and (8); see text.


Fig. 2 pH Dependence of kobsd (s−1) for the formation and decomposition
of the adduct C-4 in aqueous solution; T = 25 ◦C, I = 0.2 mol dm−3


KCl. The dashed lines refer to the calculated contributions of the kf and
kd components according to eqns. (7) and (8); see text.


the experiments where buffer catalysis was observed (vide infra),
the kobsd values used to draw the pH rate profiles where those
extrapolated to zero buffer concentration (see also ESI: Tables
S1–S3†)


The observed rate constants at a given pH are, of course, the
sum of the individual first-order rate constants for formation (kf)
and decomposition (kd) of the adducts [eqn. (6)]. As discussed in
detail in previous studies of the covalent hydration of DNBF and
Pi-DNBT as well as of various heterocyclic cations,4a,13,25 values of
kf and kd can be readily obtained from kobsd, using eqns. (7) and (8).


kobsd = kf + kd (6)


kf = kobsd


1 + 10−pH


10−pKa


(7)


kd = kobsd


1 + 10−pKa


10−pH


(8)


The corresponding pH–rate profiles are shown in Fig. 1 and 2.


They are nicely consistent with eqns. (9) and (10) in which , kOH
2 ,


and k−2 refer to the various reactions depicted in Scheme 1.
Least-squares fitting of kf and kd to eqns. (9) and (10) gave the
parameters which are collected in Table 1.


kf = kH2O
1 + kOH


2 Kw


10−pH c ±
(9)


kd = kH+
−1 10−pH


c ±
+ k−2 (10)


Buffer catalysis. Regarding measurements in buffer solutions,
no significant catalysis of the interconversion of 2–4 to C-2–C-4
has been observed in buffers of pKa < 7, i.e. the formic acid, acetic
acid, benzoic acid, cacodylic acid and dihydrogenophosphate
buffers, at least at the relatively low total buffer concentrations
used in our experiments (<2 × 10−2 mol dm−3). This is exemplified
for the formic acid/formate buffers in Fig. S2 (ESI†), which refers
to the DNBSe compound 4.
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Table 1 Kinetic and thermodynamic parameters for formation and decomposition of hydroxy r-adducts in aqueous solutiona


Parent electrophile pKH2 O
a kOH


2 /s−1 k−2/dm3 mol−1 s−1


1 DNBFb 3.75 0.035 146 33 500 2.5 × 10−6


2 DNBZc 3.92 0.020 127 15 300 1.7 × 10−6


4 DNBSec 6.34 5.0 × 10−3 11 350 305 5.0 × 10−6


5a Pi-DNBTd 6.70 1.1 × 10−3 4215 392 2.0 × 10−5


5b DNP-DNBTd 7.15 6.7 × 10−4 7050 1000 1.4 × 10−4


3 DNBSc 7.86 2.8 × 10−4 17 300 9400 5.0 × 10−3


5c NP-DNBTd 9.00 1.8 × 10−5 13 300 680 3.5 × 10−3


26 NBFe 10.27 — — 30 0.011
27 NBZe 10.57 — — 59 0.011
5d P-DNBTd 10.73 8.3 × 10−7 33 000 317 0.17
6 TNBf 13.43 — — 37.5 9.8


a T = 25 ◦C, I = 0.2 mol dm−3 KCl. b Ref. 4a. c This work. d Ref. 13. e Ref. 6d; in these instances, the data refer to r-complexation at carbon C-5. f Ref. 14.


As found for the 4,6-dinitrobenzofuroxan system,4a notable
base catalysis was observed for the formation of the benzofurazan
adduct C-2 in bicarbonate and carbonate buffers.4a In these
systems, the kobsd data were found to obey eqn. (11) with B =
HCO−


3 or CO2−
3 , as illustrated in Fig. 3 and Fig. S3 (ESI†). The


fact that parallel lines were obtained in plotting kobsd vs. [CO2−
3 ]


at different pH values revealed that the catalytic contribution of
the dianionic species CO2−


3 overcomes that of the monoanionic
one (HCO−


3 ) in the carbonate buffers. From the slopes of the
linear plots of Fig. 3 and Fig. S3 (ESI†), the following catalytic
rate constants were derived for 2: = 180 mol−1 dm3 s−1;


= 2900 mol−1 dm3 s−1. Interestingly, the intercepts of these
plots agreed well, within experimental error, with the values of
the term, as calculated at each pH using the kOH


2


value directly determined in dilute hydroxide solutions.


kobsd = kOH
2


[
OH−] + kB [B] + kH2O


1 (11)


No catalysis by HCO−
3 was detected for the sulfur and selenium


systems in bicarbonate buffers (pH = 8.38) where the formation of
the adducts C-3 and C-4 is, however, largely achieved. In carbonate
buffers, base catalysis of the formation of C-4 but not of C-3 was
observed (Fig. 4) with the kobsd data obeying eqn. (11). From these
data, one obtained: = 5.1 mol−1 dm3 s−1.


Fig. 3 Effect of bicarbonate concentration on the rate constant kobsd for
formation of the DNBZ adduct C-2 at pH = 8.38 in aqueous solution;
T = 25 ◦C, I = 0.2 mol dm−3 KCl.


Fig. 4 Effect of carbonate concentration and pH on the rate constant
kobsd for formation of the DNBSe adduct C-4 in aqueous solution; T =
25 ◦C, I = 0.2 mol dm−3 KCl.


Diels–Alder reactivity


Compounds 2–4 have been opposed to the following dienes:
isoprene, 2,3-dimethylbutadiene, cyclopentadiene and cyclohexa-
diene in dichloromethane or chloroform at room temperature.


Isoprene and 2,3-dimethylbutadiene systems. The reactions of 2
with excess isoprene or 2,3-dimethylbutadiene (10 equiv.) proceed
similarly to those of DNBF,22 affording in about two days the
highly stereoselective diadducts 14a and 14b in their racemic forms
[only one enantiomer is shown in eqn. (12), Scheme 5] in high
yields. Under similar experimental conditions, the structurally
related diadducts 16a, 16b and 18a, 18b are also obtained with
3 and 4 but much longer times (10 days to two weeks) are required
to get these species in satisfactory yields.


The proposed stereochemistry for 14a,b; 16a,b and 18a,b agrees
well with the structural information provided by a detailed analysis
of the 1H and 13C spectra recorded in CDCl3 via COSY and HSQC
as well as NOE and J-modulation experiments. The whole data are
summarized in Tables S4 and S5 (ESI†); only the data for 16a,b
and 18a,b are given in the Experimental section. Among other
notable features, there is the observation that the disappearance
of the low-field proton and carbon resonances associated with
the C4C5C6C7 fragment of the carbocyclic ring goes along with
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Scheme 5


a strong deshielding of the two sp3 carbons C4 and C6. Both
benefit from the strong electron-withdrawing effect exerted by a
NO2 group.26 Apart from the resonance of the C8 carbon, which is
known to be very much shielded in a benzofuroxan structure (d ≈
110 ± 5 ppm),27,28 all resonances pertaining to the adducts 14a,b;
16a,b and 18a,b are closely similar to those for the related DNBF
adducts 12a and 12b. In as much as the structure of the diadduct
12a could be firmly established by X-ray crystallography,22 there is
no doubt that the series of diadducts 14a,b; 16a,b and 18a,b is the
result of two successive trans cycloadditions at the C6C7 and C4C5


double bonds of the carbocyclic ring of 2–4 and DNBF.
In the reactions of DNBF with isoprene and 2,3-


dimethylbutadiene it could be unambiguously demonstrated,
using in particular 15N labelling of the 4- and/or 6-NO2 groups,
that the formation of the diadducts 12a and 12b followed that of
the monoadducts 11a and 11b, resulting from a first regioselective
and stereoselective NDA process involving the C6C7 double bond
of DNBF as the dienophilic contributor [eqn. (12)].22 Recently,
theoretical calculations have confirmed the greater Diels–Alder
reactivity of this bond as compared with its C4C5 counterpart.29,30


The overall conversion of the reagents into the stable diadducts
being faster in the DNBZ than in the DNBF–isoprene or –2,3-
dimethylbutadiene systems, it is only in working with an excess of
DNBZ (1 equiv.) over the diene at hand (0.8 equiv.) that we have
succeeded in characterizing the transient monoadducts 13a and
13b in the early stages of the reactions. Under these experimental
conditions, 1H and 13C NMR spectra recorded immediately after
mixing showed in fact the presence of signals typical for the
formation of these monoadducts. As shown in Tables S4 and S5
(ESI†), these resonances are closely similar to those identified
for the related DNBF adducts 11a and 11b.22 Although similar
attempts to detect the sulfur and selenium analogues 15a,b and
17a,b have failed, it seems on the grounds of analogy reasonable
to view these monoadducts as the precursors of the diadducts
16a,b and 18a,b.


Cyclopentadiene systems. Each of the compounds 2 and 3
reacted with excess cyclopentadiene (10 equiv.) to give only one
product which was much more rapidly formed in the case of the
oxygen than in the case of the sulfur compound. 1H and 13C NMR
spectra of the solids obtained (see Experimental) consisted of only
one set of signals, indicating that the reactions have proceeded
with high stereoselectivity to afford the diastereomers 19 and 20
in their racemic forms [only one enantiomer is shown in eqn. (13),
Scheme 6]. Contrasting with 2 and 3, the selenium compound 4
was not found to produce a stable product.


Scheme 6


The proposed stereochemistry for 19 and 20 in eqn. (13) could
be derived from a detailed NMR analysis. In particular, NOESY
experiments have revealed that the H7, H10, H11 and H14 protons
(but not the H14′ proton) are located on the same side of the
dihydrooxazine N-oxide and cyclopentadiene rings of 19 and 20.
The values of the related 3J coupling constants (3JH7–H10


= 5.6 and
3JH10–H11


= 8.9 Hz for 19; 3JH7–H10
= 5.6 and 3JH10–H11


= 8.9 Hz for
20) agree with the cis arrangement of the H7, H10 and H11 protons.
On the other hand, the observation of a W-type 4J coupling
constant between the H5 and H7 protons (4JH5–H7


= 2.8 Hz for
19 and 20) implies a trans addition of the two Cp molecules.31,32 In
accord with the strong electron-withdrawing effect of the O–N+–
O− fragment of the dihydrooxazine ring, both the sp3 carbon C11


and the related H11 proton of 19 and 20 are strongly deshielded
(dC11


= 91.84 and dH11
= 5.79 ppm for 19; dC11


= 91.82 and
dH11


= 5.77 ppm for 20) with the C11 resonance comparing well
with that of the nitro-substituted quaternary carbon C4 (dC4


=
90.07 and dC4


= 94.55 for 19 and 20, respectively).26 Again
the close analogy between the resonances of the protons and
carbons of the carbocyclic rings of 19 and 20 with those of the
related DNBF and Pi-DNBT adducts 9 and 10 [Tables S6 and
S7 (ESI†)] further supported our stereochemical assignment.19c,21a


To be noted is that the stereochemistry illustrated in structure 9
and in structures 19 and 20 was determined independently for
the DNBF adduct by X-ray diffraction studies. In the DNBF
system, experiments at low temperature have also shown that the
interaction proceeds through the initial formation of a mixture
of the NED and IED monoadducts 7 and 8. However, the
NED addition of the second molecule of Cp is kinetically more
favored at the remaining nitroalkene moiety of 8 than of 7. The
diadduct 9 being thermodynamically the most stable product, its
formation at the expense of 8 has therefore the effect of driving
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the complete equilibrium system of Scheme 3 toward completion
of the second condensation. Here, such a detailed study of the
interactions has not been carried out, but it cannot be excluded
that the formation of the diadduct 19 and 20 occurs along similar
lines [eqn. (13)].


Cyclohexadiene systems. As previously found for the DNBF–
cyclohexadiene reaction,21a treatment of 2–4 with excess cy-
clohexadiene resulted in the regioselective and stereoselective
formation of the NED monoadducts 22–24 in their racemic form.
No evidence for the subsequent addition of a second molecule of
diene at the remaining nitro-activated C4C5 double bond of 22–24
could be found. As shown in Tables S6 and S7 (ESI†), the various
1H and 13C NMR parameters deduced from the analysis of the
1H and 13C NMR spectra of the three adducts compare well with
those for the DNBF and Pi-DNBT analogues 21 and 25.21a In this
particular case, the endo configuration assigned to 21 was firmly
confirmed by an X-ray structure, providing indirect support to the
formulation of 22–24.21a


Taking advantage that reactions [eqn. (14), Scheme 7] are
restricted to a monoaddition process, the relative dienophilic
reactivities of 2–4 could be assessed by mixing equimolar amounts
of the two reagents and monitoring by NMR the appearance of the
resulting adducts 22–24 as a function of time at room temperature
in acetonitrile. This solvent was chosen for comparison with
previous results obtained for DNBF and a number of related
heteroaromatic electrophiles.23 Table 2 summarizes the results
which will be discussed below.


Scheme 7


Discussion


Relative stabilities of hydroxy adducts


Table 1 reveals that the pKa values for the conversion of 2–4 into
the adducts C-2–C-4 fall in the range 3.92–7.86. Interestingly the
most activated compound (DNBZ, 2) has a pKa value (3.92)
which is essentially the same as that of the related 1-oxide
compound 1 (DNBF) (3.75).4a This is somewhat unexpected since
it is well known that the presence of an electron-donating 1-
oxide functionality has a major effect in governing the electron
deficiency of the carbocyclic ring of a 2,1,3-benzoxadiazole
structure, e.g. benzofuroxan is more prone to nitration than
benzofurazan.3,4b On the other hand, DNBS (3) and DNBSe
(4) have pKa values of 7.86 and 6.34, respectively, which are
more than six units lower than the pKa value of TNB (13.43).14


While this corresponds to a considerable increase in electrophilic
character from that of the common reference electrophile in r-
complex chemistry, it is rather far from being comparable to
that of DNBF or DNBZ. The hydroxy r-adducts C-3 and C-
4 are 104 and 250 times less stable than C-1 and C-2, respec-
tively. Substituting the oxygen atom of the oxadiazole ring of
DNBZ for a sulfur or a selenium atom thus reduces markedly
the adduct stability. This situation is reminiscent of the one
observed upon r-complexation of the corresponding mononitro
derivatives, i.e. 4-nitrobenzofurazan, 4-nitrobenzothiadiazole and
4-nitrobenzoselenadiazole in methanol,33 and it can be explained
in terms of the aromatic character of the parent molecules
which increases in the order O < Se < S and the electron-
withdrawing effect of the annelated ring which increases in the
order S < Se < O.33 It is on the same grounds that the lesser
stability of the series of N-arylbenzotriazole adducts C-5a–d
relative to the DNBF adduct C-1 was previously accounted for.13


In this instance, however, nitro-substitution of the N-bonded
phenyl ring has a major effect on the ease of r-complexation.
While the electrophilic character of the carbocyclic ring of the
benzotriazole moiety of the N-picryl and N-2,4-dinitrophenyl
derivatives (pKa = 6.70; pKa = 7.15) lies between that of the
selenium and sulfur compounds, a strong reduction in reactivity
is observed on going to the N-(4-nitrophenyl) and N-phenyl
substrates.13 These two latter derivatives have pKa values of 9.0 and
10.73 respectively, falling in the same domain as the pKa values


Table 2 Electrophilic vs. Diels–Alder reactivity of nitrobenzoxadiazoles and related substratesa


Electrophilic reactivity Pericyclic reactivity adduct formation (%)


Parent electrophile pKa
H2 O 8 h 24 h 48 h 7 days


1 DNBF 3.75 100 100 100 100
2 DNBZ 3.92 100 100 100 100
4 DNBSe 6.34 — ca. 10 30 60
5a Pi-DNBT 6.70 38 62 100 100
3 DNBS 7.86 — — ca. 17 40
5c NP-DNBT 9.00 — — — —
26 NBF 10.27 — — — —
27 NBZ 10.57 — — — —
5d P-DNTP 10.73 — — — —


a As measured with reference to the mixing of equimolar amounts of the electrophile and cyclohexadiene and NMR monitoring of the conversion into
the Diels–Alder adducts 21–25 [see eqn. (14)] at room temperature in acetonitrile.
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of 4-nitrobenzofuroxan (NBF, 26; 10.27) and 4-nitrobenzofurazan
(NBZ, 27; 10.57).6d


Reactivity of 2–4


The high susceptibility of DNBF to covalent hydration through
water attack has been the major feature as a result of which this
molecule has been accorded superelectrophilic properties.2,4 As
elaborated on in detail in previous kinetic and thermodynamic in-
vestigations of r-complexation in aqueous solution,4a,13 a primary
requirement for having H2O compete effectively as a nucleophile
with OH− in the formation of an hydroxy r-adduct is in fact that
the first-order rate constant be appreciably greater than the
first-order rate constant k−2 for spontaneous decomposition of
this species, i.e. > k−2. With a ratio of 1.2 × 104,
this condition is clearly fulfilled for DNBZ, accounting for the
identification of the kobsd plateau of Fig. 1 to the upper plateau
corresponding to kf = in the pH range of 4–7.5 in this figure.
To be noted is that the similar pKH2O


a values of DNBF and DNBZ
go along with similar rate parameters for the formation ( , kOH


2 )
and decomposition ( , k−2) of the adducts C-1 and C-2.


With a ratio of 1000, the contribution of the water
pathway to the formation of the DNBSe adduct C-4 is also very
important but only in the reduced pH range of 6.5–8.5 (Fig. 2).
Overall, the decreased stability of C-4 relative to C-1 and C-2 is the
result of a decrease in the rate constants for water and hydroxide
ion additions and a concomitant increase in the susceptibility of
C-4 to decomposition. Contrasting with the situation for DNBF
and DNBZ, the water pathway is negligible in the case of DNBS,
as reflected by a ratio of 0.056 and the identification of
the upper plateau to k−2 in Fig. 1. In this instance, the situation
resembles that found previously for all compounds with pKH2O


a �
8, as it is the case for 5c, 5d as well as NBF and NBZ in
Table 1.13 The possible significance of this borderline pKa value
as a key index to demarcate the superelectrophilic reactivity from
a normal electrophilic reactivity of electron-deficient aromatic or
heteroaromatic substrates will be considered in the conclusion of
this paper.


Buffer catalysis


Owing to the exalted contribution of the water pathway to the
r-complexation of 2, the set of base catalysts involved in the
formation of C-2 is restricted to HCO−


3 , CO2−
3 , and OH−. A most


remarkable feature, however, is the finding that the carbonate ion
is a remarkably efficient catalyst, being only five times less reactive
than the more basic hydroxide ion. Even though it is well known
that the reactivity of the strongly H-bonded solvated OH− ion
may be reduced relative to weaker oxyanionic bases,34 the effect
is here too important to be accounted for only in these terms.
As previously discussed for the covalent hydration of DNBF, an
interpretation in terms of CO2−


3 acting as a nucleophilic catalyst is


more reasonable4a (Scheme 8), being in accord with the fact that
DNBF is known to displace CO2 from carbonate solutions.4a


Scheme 8


Instead, OH− will act as a general base catalyst for the
reaction of water with 2, implying a transition state of type 28.
Interestingly, several authors have discussed the occurrence of
such hydroxide-catalyzed water attacks in reactions of carbonyl
compounds, and evidence for a similar catalytic behaviour of OH−


has been reported in various systems including SNAr and related
r-complexation reactions.35–44


Support for the above mechanistic proposals is provided by
the decrease in catalytic efficiency of CO2−


3 with decreasing
electrophilic character of the substrate. The ratio
increases from 5 to 60 on going from DNBZ to DNBSe while
no catalytic contribution of CO2−


3 to the formation of the less
stable DNBS adduct C-3 was detected under the experimental
conditions employed. Such a trend seems to be consistent with a
loss in the ability of CO2−


3 to act as a nucleophilic catalyst rather
than with a systematic change in the transition state structure
associated with the mechanism of nucleophilic catalysis. In other
words, the nucleophilic pathway of Scheme 8 will only contribute
importantly in the hydration of the strongest electrophiles while
the general base mechanism is the predominant route in the case
of electrophiles having pKa � 7.


Diels–Alder reactivity


Structural and mechanistic features. Exhibiting a strong anal-
ogy with the related DNBF interactions, the reactions of 2–4 with
isoprene, 2,3-dimethylbutadiene, cyclopentadiene and cyclohexa-
diene call only for a few structural and mechanistic comments.
In the case of the reactions of 2 (DNBZ) with isoprene and 2,3-
dimethylbutadiene, it is important that the NMR characterization
of the transient monoadducts 13a and 13b (in their racemic forms)
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could be made. This supports the view, previously formulated for
the corresponding DNBF systems,22 that the thermodynamically
stable products of the reactions, i.e. the diadducts 14a and
14b are formed through the two-step sequence of eqn. (12).
Following a first diastereoselective and regioselective normal
electron-demand condensation leading to 13a and 13b, a second
and also highly stereoselective NDA process takes place at the
remaining nitroalkene-like C4C5 fragment of these monoadducts
to afford the NDA–NDA diadducts 14a and 14b. These have
a stereochemistry which is the same as that firmly established
by an X-ray structure for the DNBF analogues 12a and 12b.22


The reaction sequence of eqn. (12) is consistent with theoretical
calculations which point to the activated C6C7 double bond of
DNBF and DNBZ as being the preferred site for normal (as well
as inverse) Diels–Alder reactivity.29,30 Although we were not able to
carry out a similar characterization of the precursor monoadducts
15a,b and 17a,b, the obtention of the diadducts 16a,b and 18a,b
as the unique products of the interactions leaves no doubt that the
two-step process of eqn. (12) is also operating in the DNBS and
DNBSe systems.


As recalled in the Introduction, it has been shown that the
interaction of DNBF with cyclopentadiene proceeds initially
to afford a mixture of the two stereoselective NDA and IDA
monoadducts 7 and 8 (Scheme 3).21a Then, addition of a second
molecule of cyclopentadiene takes place preferentially at the
remaining nitroalkene moiety of 8 to afford the diadduct 9. In
as much as 9 is the stable product of the reaction, its formation
at the expense of 8 has the effect of driving the complete
equilibrium system of Scheme 3 toward completion of the second
condensation. An X-ray structure of 9 has confirmed that the
two successive condensations proceed through endo processes
with a trans addition of the cyclopentadiene molecules.21a Here,
it is noteworthy that the reactions of DNBZ and DNBS afford
diadducts, namely 19 and 20, exhibiting the same stereochemistry
as that of the DNBF and Pi-DNBT analogues 9 and 10. This
suggests that eqn. (13) must at least be viewed as consisting of an
IDA–NDA sequence similar to that described in the upper part of
Scheme 3. Why DNBSe failed to react similarly is not presently
understood.


A most interesting result is the exclusive formation of the NDA
monoadducts 22–24 upon treatment of 2–4 with cyclohexadiene,
a situation which is presumably the reflection of steric hindrance
to approach of the second molecule of cyclohexadiene. In as
much as this behaviour is reminiscent of the one observed with
DNBF and Pi-DNBT – only the monoadducts 21 and 25 were
obtained in these systems23 – the simple condensation process
of eqn. (14) is appropriate to assess the relative dienophilic
reactivities of our substrates. As revealed by Table 2, there
is a clear correlation between the electrophilic behaviour, as
measured by the pKH2O


a values for water addition – and pericyclic
behaviour, as measured by the time needed to achieve the
condensation process of eqn. (14). As the most electrophilic
substrates, DNBF (pKH2O


a = 3.75) and DNBZ (pKH2O
a = 3.92)


undergo facile addition of cyclohexadiene, with the related adducts
21 and 22 being quantitatively formed in about 8 h at room
temperature. Going to the 103 times less electrophilic 2-picryl-4,6-
dinitrobenzotriazole 1-oxide (Pi-DNBT; pKH2O


a = 6.70), two days
are required to carry out an essentially complete conversion into
the NDA adduct 25. Despite a rather similar electrophilicity,


DNBSe (pKH2O
a = 6.34) is somewhat less reactive than Pi-DNBT


with only 30% conversion into the adduct 24 after two days. On
the other hand, DNBS (pKH2O


a = 7.86) is poorly reactive (40%
conversion into 23 after a week) while all compounds with pKH2O


a


values � 9, such 2-(4-nitrophenyl)-4,6-dinitrobenzotriazole 1-
oxide 5c (pKH2O


a = 9), 4-nitrobenzofuroxan 27 (NBF, pKH2O
a =


10.27), 4-nitrobenzofurazan 26 (NBZ, pKH2O
a = 10.57), and 2-


phenyl-4,6-dinitrobenzotriazole 1-oxide 5d (pKH2O
a = 10.73), are


totally inert to condensation with cyclohexadiene. Based on the
above figures, it is clear that only the most activated heterocycles
can be involved in pericyclic processes with cyclohexadiene and
that a pKH2O


a value of 8–8.5 seems to be a benchmark demarcating
those electrophiles than can react according to eqn. (14) from
those which do not. Importantly and even though most of the
related interactions proceed through more complicated patterns –
as exemplified in Scheme 3, they can involve diadduct formation
and/or competition between NDA and IDA processes – the
available experimental evidence is that the above benchmark also
accounts well for the reactivity of the electrophiles 1–5 towards
isoprene, 2,3-dimethylbutadiene or cyclopentadiene. As found
for the cyclohexadiene systems, these three dienes do not react
with the 4-mononitro compounds (NBF and NBZ) under similar
conditions. It is only upon treatment with extremely reactive
dienes like the Danishefsky diene that such mononitro-activated
structures were found to exhibit some pericyclic reactivity.45


We have previously proposed that an effective contribution of
the water pathway [ in eqn. (1), Scheme 1] to the formation
of an hydroxy r-adduct in aqueous solution is a major prereq-
uisite for according superelectrophilic properties to an electron-
deficient aromatic or heteroaromatic substrate.4,13 In comparing
the reactivity of 2–4 with that of the other electrophiles listed
in Table 1, it is apparent that the r-complexation process of
eqn. (1) must be associated to pKH2O


a values �8 for having
H2O competing efficiently as a nucleophile with OH− in the
formation of a corresponding adduct. It follows that pKH2O


a ≈
8–8.5 can be used as a key and readily accessible thermodynamic
index, both to define the frontier between superelectrophilicity
and electrophilicity in r-complexation processes and to demarcate
the boundary between those electrophiles than can exhibit dual
pericyclic and electrophilic behaviour from those which do not.


Since the degree of aromaticity in heteroaromatic systems has
been recognized to be inversely proportional to the Meisenheimer
reactivity of heterocycles such as 1–5 as compared to 6 for
example,1–6 the above relationship between superelectrophilicity
and pericyclic reactivity further highlights the role of the aro-
maticity factor in governing the behaviour of these substrates. It
follows that a simple positioning of the electrophilic reactivity on
the r-complexation scale in aqueous solution is of great value for
predicting the potential pericyclic reactivity of a given heterocycle,
a feature which is of real benefit for synthetic organic chemical
applications.


Experimental


Materials


Commercially available 2,3-dimethylbutadiene, isoprene and cy-
clohexadiene were used as received. Cyclopentadiene was ob-
tained from the heating of bicyclopentadiene and used without
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further purification. 4,6-Dinitrobenzofurazan (DNBZ), 4,6-
dinitrobenzothiadiazole (DNBS), and 4,6-dinitrobenzoselena-
diazole (DNBSe) were prepared according to procedures reported
in the literature: DNBZ mp 130 ◦C (lit. 129–130 ◦C)4b; DNBS
mp 145 ◦C (lit. 148 ◦C);46 DNBSe mp 209 ◦C (lit. 211 ◦C).47


The preparation and characterization of compounds 9 and 10,19c,21a


11–14 22,48 and 21–25 23 were previously described.


Buffers


HCl and KOH solutions were prepared from Titrisol. Buffer
solutions were made up from the best available commer-
cial grades of reagents. Buffers used were formate (pH 3–
4), benzoate (pH 3.6–4.3), acetate (pH 4.0–5.2), succinate
(pH 4.0–5.8), cacodylate (pH 6.0–6.8), phosphate (6–7.5), N-
[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES;
pH 7.5–8), bicarbonate (pH 8.38) and carbonate (pH 9.5–10.5).
Solutions were prepared and their pH measured as described
previously.4a,13


Preparation of the Diels–Alder adducts. General procedure


To a solution of 2–4 (0.5 g) in CH2Cl2 (10 ml) at room temperature
was added an excess (10 equiv.) of diene. The solution turned
rapidly to an orange colour and the reaction mixture was stirred
at room temperature for a few days. Addition of pentane resulted
in the immediate formation of a precipitate which was collected
by filtration and dried under vacuum and then purified by column
chromatography, using pentane–ethyl acetate mixtures as eluents.


16a. Yellow solid; yield 57%; mp 100 ◦C; MS (CI): 363 (M +
H)+. Anal. calc. for C16H18N4O4S: C, 53.04; H, 4.97; N, 15.47;
Found: C, 52.84; H, 4.85; N, 15.68%. 1H NMR data (d/ppm,
J/Hz): 4.03 (H5, dd, 3J5/17a,b = 8.5, 4J5/7 = 1.1), 4.07 (H7, dd,
3J7/10 = 7.7, 4J7/5 = 1.1), 2.52 (H10, m, 2H), 5.27 (H12, m), 2.52
(H13, m, 2H), 2.94 (H14, m, 1H), 3.31 (H14, m, 1H), 5.43 (H15, m),
2.20 (H17a, m, 2H), 1.69 (CH3, s), 1.66 (CH3, s). 13C NMR data
(d/ppm): 92.1 (C4), 41.6 (C5), 89.4 (C6), 37.5 (C7), 160.9 (C8), 152.4
(C9), 31.9 (C10), 132.7 (C11), 115.6 (C12), 33.2 (C13), 35.2 (C14), 116.8
(C15), 123.9 (C16), 27.9 (C17), 22.5, 22.2 (CH3).


16b. Yellow solid; yield 45%; mp 93 ◦C; MS (EI): 390 (M)+.
Anal. calc. for C16H22N4O4S: C, 55.38; H, 5.64; N, 14.35; Found:
C, 55.37; H, 5.18; N, 14.31%. 1H NMR data (d/ppm, J/Hz): 3.86
(H5, dd, 3J5/17a,b = 8.6, 4J5/7 = 1.1), 4.06 (H7, dd, 3J7/10 = 7.7,
4J7/5 = 1.1), 2.75 (H10, m, 2H), 2.80 (H13, m, 1H), 2.39 (H13, m,
1H), 2.87 (H14, m, 1H), 3.22 (H14, m, 1H), 2.10 (H17a, m, 2H), 1.62
(CH3, s), 1.60 (CH3, s), 1.58 (CH3, s), 1.56 (CH3, s). 13C NMR
data (d/ppm): 92.8 (C4), 42.7 (C5), 89.8 (C6), 36.9 (C7), 160.8
(C8), 152.4 (C9), 34.0 (C10), 124.4 (C11), 121.2 (C12), 37.2 (C13),
41.0 (C14), 123.1 (C15), 124.8 (C16), 29.6 (C17), 18.5, 18.3, 18.2,
18.0 (CH3).


18a. Yellow solid; yield 62%; mp 107 ◦C; MS (CI): 363 (M −
HNO2)+. Anal. calc. for C16H18N4O4Se: C, 49.65; H, 4.43; N, 13.69;
Found: C, 50.05; H, 4.32; N, 13.28%. 1H NMR data (d/ppm,
J/Hz): 3.99 (H5, dd, 3J5/17a,b = 8.5, 4J5/7 = 1.1), 4.12 (H7, dd,
3J7/10 = 7.5, 4J7/5 = 1.0), 2.68 (H10, m, 2H), 5.34 (H12, m), 2.82
(H13, m, 2H), 2.59 (H14, m, 1H), 3.50 (H14, m, 1H), 5.45 (H15, m),
2.27 (H17a, m, 2H), 1.72 (CH3, s), 1.68 (CH3, s). 13C NMR data
(d/ppm): 91.7 (C4), 39.7 (C5), 92.7 (C6), 41.7 (C7), 163.7 (C8), 157.0


(C9), 34.6 (C10), 132.3 (C11), 115.9 (C12), 32.5 (C13), 34.3 (C14), 117.2
(C15), 133.5 (C16), 27.3 (C17), 22.7, 22.2 (CH3).


18b. Colorless solid; yield 73%; mp 101 ◦C; MS (EI): 392
(M − HNO2)+•. Anal. calc. for C16H22N4O4Se: C, 49.38; H, 5.03;
N, 12.80; Found, C, 49.76; H, 5.01; N, 12.81%. 1H NMR data
(d/ppm, J/Hz): 4.10 (H5, dd, 3J5/17a,b = 8.5, 4J5/7 = 1.3), 3.91 (H7,
dd, 3J7/10 = 7.7, 4J7/5 = 1.1), 2.68 (H10, m, 2H), 2.72 (H13, m, 1H),
2.62 (H13, m, 1H), 2.65 (H14, m, 1H), 3.40 (H14, m, 1H), 2.22 (H17a,
m, 2H), 1.67 (CH3, s), 1.65 (CH3, s). 13C NMR data (d/ppm): 92.8
(C4), 41.3 (C5), 93.5 (C6), 41.6 (C7), 164.0 (C8), 157.2 (C9), 35.4
(C10), 124.2 (C11), 124.0 (C12), 38.0 (C13), 40.6 (C14), 124.0 (C15),
124.8 (C16), 29.5 (C17), 18.9, 18.5, 18.3, 18.0 (CH3).


19. Pale yellow solid; yield 68%; mp 167 ◦C; MS (CI): 343
(M + H)+, 297 (M + H − NO2)+. Anal. calc. for C16H14N4O5:
C, 56.14; H, 4.09; N, 16.37; Found: C, 55.61; H, 3.94; N,
16.64%. 1H NMR data (d/ppm, J/Hz): 3.55 (H5, d, 4J5/7 =
2.8), 4.35 (H7, dd, 3J7/10 = 5.6, 4J7/5 = 2.8), 3.89 (H10, m, 1H),
5.79 (H11, m, 1H), 5.95 (H12, m, 1H), 6.19 (H13, m, 1H), 2.34
(H14, dd, 3J14/10 = 8.8, 2J = 18.3), 2.00 (H14, dd, 3J14/10 = 2.6,
2J = 18.3), 4.00 (H15, m, 1H), 6.38 (H16, dd, 3J16/15 = 2.6,
3J16/17 = 5.5), 6.69 (H17, dd, 3J17/18 = 3.3, 3J16/17 = 5.5), 3.52
(H18, m, 1H), 1.74 (H19, m, 1H), 1.00 (H19, m, 1H). 13C NMR
data (d/ppm): 90.1 (C4), 47.6 (C5), 123.2 (C6), 32.7 (C7), 152.2
(C8), 150.7 (C9), 43.0 (C10), 91.8 (C11), 127.0 (C12), 140.0 (C13),
35.2 (C14), 55.2 (C15), 134.6 (C16), 141.2 (C17), 46.4 (C18),
46.6 (C19).


20. Pale yellow solid; yield 38%; mp 140 ◦C; MS (CI): 366
(M + NH4)+, 349 (M + H)+. Anal. calc. for C16H14N4O4 S: C,
55.17; H, 4.02; N, 16.09; Found: C, 55.31; H, 4.21; N, 16.32%. 1H
NMR data (d/ppm, J/Hz): 3.52 (H5, d, 4J5/7 = 2.8), 4.31 (H7, dd,
3J7/10 = 5.6, 4J7/5 = 2.8), 3.90 (H10, m, 1H), 5.77 (H11, m, 1H), 5.94
(H12, m, 1H), 6.15 (H13, m, 1H), 2.19 (H14, dd, 3J14/10 = 8.8, 2J =
18.3), 1.98 (H14, dd, 3J14/10 = 2.6, 2J = 18.3), 3.98 (H15, m, 1H),
6.39 (H16, dd, 3J16/15 = 2.6, 3J16/17 = 5.5), 6.64 (H17, dd, 3J17/18 = 3.3,
3J16/17 = 5.5), 3.50 (H18, m, 1H), 1.64 (H19, m, 1H), 0.96 (H19, m,
1H). 13C NMR data (d/ppm): 94.5 (C4), 54.5 (C5), 124.7 (C6), 38.4
(C7), 157.0 (C8), 154.7 (C9), 43.2 (C10), 91.8 (C11), 127.0 (C12), 140.0
(C13), 35.0 (C14), 54.8 (C15), 135.2 (C16), 140.7 (C17), 46.3 (C18), 46.3
(C19).


Rate and pKa measurements


Stopped-flow determinations were performed on an Applied-
Photophysics SX-18MV spectrophotometer, the cell compartment
of which was maintained at 25 ± 0.1 ◦C. Other kinetic and
pKa determinations were made using a conventional HP8453
spectrophotometer. All kinetic runs were carried out in triplicate
under pseudo first-order conditions with an electrophile (2–4)
concentration of ca. (3–5) × 10−5 moldm−3. The rates were found
to be reproducible to ±2–3%.
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Buncel, J. Am. Chem. Soc., 1992, 114, 1740; (d) F. Terrier, M. J. Pouet,
J. C. Halle, S. Hunt, J. R. Jones and E. Buncel, J. Chem. Soc., Perkin
Trans. 2, 1993, 1665.


5 M. J. Strauss, R. A. Renfrow and E. Buncel, J. Am. Chem. Soc., 1983,
105, 2473; E. Buncel, R. A. Renfrow and M. J. Strauss, J. Org. Chem.,
1987, 52, 488; R. A. Manderville and E. Buncel, J. Chem. Soc., Perkin
Trans. 2, 1993, 1887; E. Buncel, R. A. Manderville and J. M. Dust,
J. Chem. Soc., Perkin Trans. 2, 1997, 1019.


6 (a) M. R. Crampton and L. C. Rabbitt, J. Chem. Soc., Perkin Trans.
2, 1999, 1669; (b) M. R. Crampton, L. C. Rabbitt and F. Terrier,
Can. J. Chem., 1999, 77, 639; (c) M. R. Crampton and L. C. Rabbitt,
J. Chem. Soc., Perkin Trans. 2, 2000, 2159; (d) M. R. Crampton, R. E. A.
Lunn and D. Lucas, Org. Biomol. Chem., 2003, 1, 3438.


7 J. H. Atherton, M. R. Crampton, G. L. Duffield and J. A. Stevens,
J. Chem. Soc., Perkin Trans. 2, 1995, 443.


8 C. Boga and L. Forlani, J. Chem. Soc., Perkin Trans. 2, 2001, 1408;
C. Boga, E. Del Vecchio, L. Forlani, A. Mazzanti and P. E. Todesco,
Angew. Chem., Int. Ed., 2005, 44, 3285.


9 R. W. Read, R. J. Spear and W. P. Norris, Aust. J. Chem., 1983, 36,
1227.


10 S. V. Kurbatov, Z. N. Budarina, G. S. Vaslyaeva, N. J. Borisenko, A. P.
Knyazev, V. I. Minkin, Yu. A. Zhdanov and L. P. Olekhnovich, Izv.
Akad. Nauk. SSSR, Ser. Khim., 1997, 1509; L. P. Olekhnovich, Z. N.
Budarina, A. V. Lesin, S. V. Kurbatov, G. S. Borodkin and V. I. Minkin,
Mendeleev Commun., 1997, 162.


11 G. Moutiers, R. Goumont, J. Pinson and F. Terrier, Chem.–Eur. J.,
2001, 7, 1712.


12 F. Terrier, M.-J. Pouet, J.-C. Hallé, E. Kizilian and E. Buncel, J. Phys.
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19 (a) J. C. Hallé, D. Vichard, M. J. Pouet and F. Terrier, J. Org. Chem.,
1997, 62, 7178; (b) D. Vichard, J. C. Hallé, B. Huguet, M. J. Pouet,
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The gelation properties of a zinc porphyrin bearing peripheral urea groups (1·Zn) were evaluated in the
absence and the presence of several diamines. In aromatic solvents such as benzene, toluene and
p-xylene, 1·Zn only provided the precipitate. In contrast, 1·Zn with 0.5 and 1.0 equiv. of piperazine
formed gels, and the gel with 0.5 equiv. of piperazine showed a unique physical property called
‘thixotropy’. On the other hand, upon addition of similar diamines such as DABCO, ethylenediamine
and N,N ′-dimethylethylenediamine, 1·Zn did not gelate these solvents. When the critical gelation
concentration was plotted against the ratio of piperazine versus 1·Zn, it afforded a minimum
breakpoint at 0.5 equiv. and the critical concentration increased with further increase in the fraction of
piperazine, indicating that the stable gel is formed from the 1·Zn + piperazine 2 : 1 complex and the
subsequent transformation to the 1 : 1 complex rather destabilizes the gel. Very interestingly, it was
clearly shown by SEM and TEM observations that such structural changes of the unit complex induced
by the ratio of piperazine versus 1·Zn can lead to gradual morphological transitions: that is, spherical
structure at 0 equiv., 1-D fibrous structure at 0.5 equiv. and 2-D sheet-like structure at 1.0 equiv. In
addition, UV-VIS spectra revealed that 1·Zn itself adopts a J-aggregation mode, whereas 1·Zn +
piperazine 2 : 1 and 1 : 1 complexes adopt an H-like aggregation mode. On the other hand, upon
addition of 0.5 equiv. of other diamines, 1·Zn + diamine complexes result in different morphologies
other than the 1-D fibrous structure. To explore a reasonable rationale for these results, we conducted
computational studies. As a result, we found that the complex symmetry of the unit complex plays an
important role in determining the final ordered structure.


Introduction


Organogels are thermo-reversible soft materials composed of
three-dimensional (3-D) networks created by the spontaneous
assembly of low molecular mass molecules. In the field of
supramolecular chemistry, they can be recognized as specific
systems in which nano- and micro-scale geometrical superstruc-
tures such as one-dimensional (1-D) fibrous, two-dimensional
(2-D) sheet-like and 3-D ribbon-like and helical structures are
created according to their specific self-assembling manners.1–5 The
fact implies that the superstructure of molecular assemblies thus
created strongly reflects the shape of each molecular unit, because
they basically are constructed by assembling molecular units via
various non-covalent interactions. Therefore, to clarify a correla-
tion relationship between the molecular shape and the aggregation
mode would enable us to explore new potential applications of
nano- and micro-scale objects in chemistry and material sciences.
Recently, we found that introduction of hydrogen-bond-forming
groups into peripheral meso-phenyl groups or a metal ion into a
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porphyrin ring can tune the aggregation mode of porphyrin rings
in organogel systems; for example, J-aggregated 1 and 2 create 2-D
sheet-like structures, whereas H-aggregated 1·Cu and 3 create 1-
D fibrous structures.6,7 Furthermore, if one can reversibly change
the unit structure of gelator molecules, their gelation properties
and morphologies would become reversibly controllable. As far
as we are aware, there are few successful examples.2–5 Especially,
examples in which the gelation properties are drastically affected
by additives have scarcely been reported.5 We thus approached a
new strategy for controlling metalloporphyrin-based superstruc-
tures by addition of diamine ligands which can act as axial
ligands. It is well-known that metalloporphyrins self-assemble
with coordinative molecules to create geometrical complexes and
their shapes largely depend on the kind and the amount of
coordinal molecules added.8–12 It occurred to us that the skilful
use of such axial ligands in organogel systems would allow us to
control gelation properties and gel morphology by a change in the
aggregation mode of porphyrin–diamine complexes. With this idea
in mind, we used Zn(II) complexes of 1 (1·Zn) and several diamine
molecules and evaluated whether diamine molecules can play an
important role in controlling the porphyrin-based superstructures.


Results and discussion


Gelation properties


The gelation abilities of 1·Zn in the absence and the presence of
several diamines were tested for three aromatic solvents by the
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Table 1 Gelation properties of 1·Zn in the absence and the presence of
diaminesa


Diamine (the stoichiometry
for 1·Zn) Benzene Toluene p-Xylene


None P P P
Piperazine (0.5 equiv.) G (3.0) G (3.0) G (2.0)
Piperazine (1.0 equiv.) G (30) G (20) G (10)
DABCO (0.5 or 1.0 equiv.) PG PG PG
Other diaminesb (0.5 or
1.0 equiv.)


P P P


a G, PG and P denote gelation, partial gelation and precipitate, respectively.
The critical gelation concentration (g dm−3) is shown in parenthesis.
P and PG are at [gelator] = 30 g dm−3. b Ethylenediamine and N,N ′-
dimethylethylenediamine.


‘stable-to-inversion of a test tube’ method (Table 1). 1·Zn did not
gelate all solvents tested herein with 30 g dm−3. Interestingly, when
each amine was added to 1·Zn, 1·Zn with 0.5 and 1.0 equiv. of
piperazine acted as a good gelator for benzene, toluene and p-
xylene, whereas 1·Zn with other amines formed a partial gel (1,4-
diazabicyclo[2.2.2]octane (DABCO)) or precipitates (ethylene-
diamine and N,N ′-dimethylethylenediamine). Furthermore, we
found that 1·Zn + 0.5 equiv. of piperazine gel used herein
shows a unique physical behaviour called ‘thixotropy’ in aromatic
solvents.13 Generally, a low molecular-weight gel cannot regenerate
its original gel state once it is converted from the gel state to
the sol state by physical stimuli such as vibration. As shown in
Fig. 1, on the other hand, 1·Zn with 0.5 equiv. of piperazine
gel again formed its original gel state when it was left at room
temperature for a few seconds after its gel state had been collapsed
by vibration. In contrast, 1·Zn with 1.0 equiv. of piperazine gel did
not show such behaviour, resulting in the precipitate after several
minutes. This difference of physical properties is dependent on the
added amount of piperazine and seems to determine the shape and
morphology of these gels. Through these findings, we tried to seek
a reasonable rationale as to why the gelation properties of 1·Zn are
drastically affected by added piperazine. We thus investigated the
properties of 1·Zn + diamine from the both sides of morphological
observation and spectral analyses.


SEM and TEM observations


First of all, to have an insight into the morphology of the
architectures formed by 1·Zn and 1·Zn + piperazine gels in
benzene, we conducted SEM and TEM observations. Surprisingly,
as seen from Fig. 2, the superstructures are remarkably changed
depending upon the stoichiometry between piperazine and 1·Zn.


The precipitate of 1·Zn gives a spherical structure with 0.1–5 lm
diameter (Fig. 2a and 2d). When 1·Zn and piperazine form the
2 : 1 complex, the resultant benzene gel creates a 1-D fibrous
structure which develops into a highly 3-D network (Fig. 2b
and 2e). Furthermore, the structure of 1 : 1 complex + benzene
gel is transformed into a 2-D sheet-like structure (Fig. 2c and
2f). The more-magnified visual image (Fig. 2f) obtained from
TEM observation shows the presence of a fine striped structure,
indicating that a highly-ordered molecular array is constructed
in this sheet-like structure. The fact supports the view that the
physical properties of these gels are controllable by the amount of
piperazine added.


We took SEM images of the aggregates of 1·Zn + other diamine
complexes in benzene. While all dried samples prepared from
1·Zn + diamine 1 : 1 complexes commonly form the morphology
based on the 2-D sheet-like structure (Fig. 2c and 3d–e), some dried
samples prepared form 2 : 1 complexes afford new morphologies
different from that of 1·Zn + piperazine 2 : 1 complex which gives
the 1-D fibrous structure: that is, the 2-D sheet-like structure for
DABCO and the amorphous structure for ethylenediamine and
N,N ′-dimethylethylenediamine (Fig. 2b and 3a–c). In addition,
FT-IR spectral data consistently support the morphological dif-
ference of 2 : 1 complexes dependent on the sort of diamine (Fig. 4b
and 4d–f). In general, when hydrogen-bonding interactions among
urea groups become stronger, IR absorption bands assignable to
amide I and amide II appear at lower and higher wave number
region, respectively. Amide I and amide II of each 1·Zn + diamine
2 : 1 complex were observed at expected wave numbers; (pipera-
zine) 1627 and 1580, (DABCO) 1628 and 1575, (ethylenedi-
amine) 1630 and 1571, (N,N ′-dimethylethylenediamine) 1631 and
1571 cm−1. These data mean that the hydrogen-bonding interac-
tions among urea groups in 1·Zn + piperazine and DABCO 2 : 1
complexes are stronger than those in 1·Zn + ethylenediamine and
N,N ′-dimethylethylenediamine 2 : 1 complexes, suggesting that
former two complexes fabricate more ordered superstructures than
latter two complexes. These results indicate that the morphological
difference dependent on the sort of diamine reflects the gel
properties of 1·Zn.


Stoichiometry of complexes


Secondly, we investigated the correlation between the unit struc-
ture and the aggregation mode of 1·Zn + piperazine complex in the
gel phase in detail. To estimate the stochiometry of 1·Zn + piper-
azine complexes in benzene gels, we evaluated whether the critical
gelation concentrations (CGC) of 1·Zn + piperazine complex in
benzene gels are influenced by the concentration of piperazine


Fig. 1 Photographs showing the thixotropic behaviour of 1·Zn + piperazine 2 : 1 complex + benzene gel; (a) the benzene gel, [1·Zn] = 10 g dm−3


(5.2 mM), [piperazine] = 0.5 equiv. for 1·Zn, (b) shaking the gel with a vibrator, (c) leaving the gel for several seconds, (d) the regenerated gel state.
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Fig. 2 SEM (a–c) and TEM (d–f) images of xerogels prepared from (a and d) the aggregate of 1·Zn and 1·Zn + piperazine (b and e) 2 : 1 and (c and f)
1 : 1 complexes gels in benzene; [1·Zn] = 10 g dm−3 (5.2 mM), [piperazine] = 0.5 or 1.0 equiv. for 1·Zn. Inset shows cross-section analysis in the image of
(f). White line in the image represents the place scanned.


Fig. 3 SEM images of dried samples prepared from the aggregates of 1·Zn + diamine (a–c) 2 : 1 and (d–f) 1 : 1 complexes in benzene; (a and d) DABCO,
(b and e) ethylenediamine and (c and f) N,N ′-dimethylethylenediamine, [1·Zn] = 10 g dm−3 (5.2 mM), [diamine] = 0.5 and 1.0 equiv. for 1·Zn.


with respect to 1·Zn. When less than 0.2 equiv. of piperazine is
added, the mixture gives the precipitate, whereas when more than
0.2 equiv. of piperazine is added, 1·Zn + piperazine complex is able
to gelate benzene. A plot of CGC versus [piperazine]/[1·Zn] gives a
minimum at [piperazine]/[1·Zn] = 0.5 and the CGC increases with
the increase in [piperazine]/[1·Zn] (Fig. 5). This change indicates
that the benzene gel is most stabilized when 1·Zn and piperazine
form the 2 : 1 complex originating from axial coordination to
Zn(II), whereas it is gradually destabilized by transformation to


the 1 : 1 complex with the increase in the added amount of
piperazine.


Further evidence for the stoichiometry of these complexes
was obtained from 1H NMR spectra using 4·Zn as a reference
compound, because no useful information was obtained from
1·Zn itself because of the serious peak broadening. The chemical
shift of the b-proton in 1H NMR titration of a benzene solution of
4·Zn by piperazine showed that 4·Zn and piperazine initially form
a 2 : 1 4·Zn–piperazine complex, which is then transformed to a
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Fig. 4 FT-IR spectra of (a) the aggregate of 1·Zn only, 1·Zn + piperazine
(b) 2 : 1 and (c) 1 : 1 complexes gels and the aggregates of 1·Zn + (d)
DABCO, (e) ethylenediamine and (f) N,N ′-dimethylethylenediamine 2 : 1
complexes in benzene; [1·Zn] = 10 g dm−3 (5.2 mM), [piperazine] = 0.5
and 1.0 equiv. and [other diamine] = 0.5 equiv. for 1·Zn.


Fig. 5 A plot of CGC versus [piperazine]/[1·Zn] in benzene; G and P
denote gelation and precipitate, respectively.


1 : 1 complex with the increase in the ratio of [piperazine]/[4·Zn]
with the same concentration of [1·Zn] (5.2 mM) as observed for
other spectral and microscopic analyses (Fig. 6). This view was
judged from 1H NMR titration datum of porphyrin derivative +
diamine complex reported by Anderson et al.11 In addition, the FT-
IR spectra showed that the addition of piperazine does not give any
damage on the hydrogen-bonding network among intramolecular
urea-to-urea groups in 1·Zn [amide I and amide II: (0 equiv.)
1632 and 1571, (0.5 equiv.) 1628 and 1580, (1.0 equiv.) 1628
and 1580 cm−1] (Fig. 4a–c). These spectral results consistently
support the view that 1·Zn and piperazine form 2 : 1 and 1 : 1
complexes owing to axial coordination in the gel phase. Judging
from both results of these data and SEM observations, the
gradual transformation of the unit component induced by axial
coordination can successfully result in the dimensional control of
porphyrin-based superstructures. In addition, considering from


Fig. 6 1H NMR titration of piperazine into the benzene solution of 4·Zn.
Dd is the change in chemical shift of the b-proton.


the fact that the added diamine does not directly affect the
hydrogen-bonding network among the urea groups in the gel phase
of 1·Zn, we assume that 4·Zn without urea groups can be used
as a model compound of 1·Zn in order to gain information about
the formation of the complex in a solution phase.


UV-VIS absorption spectroscopic analyses


UV-VIS absorption measurements of 1·Zn in the absence and
the presence of piperazine were carried out to obtain an insight
into the aggregation mode. The UV-VIS absorption spectrum
of a homogeneous solution of reference compound 4·Zn gave
a Soret band at 425.5 nm in benzene. In the aggregate of 1·Zn
in benzene, it shifted to longer wavelength (441.0 nm), indicating
that it assembles into a J-aggregate (Fig. 7a and 8a). Upon the
addition of piperazine to the benzene solution of 4·Zn, the Soret


Fig. 7 UV-VIS absorption spectra of (a) the aggregate (i, 5.2 mM) of
1·Zn and the solution (ii, 1.5 × 1−6 M) of 4·Zn and (b) 1·Zn + piperazine
2 : 1 (i, 5.2 mM) and 1 : 1 (ii, 5.2 mM) complex gels and the solution
of 4·Zn + piperazine 1 : 1 complex (iii, 1.5 × 1−6 M) in benzene at
25 ◦C. The saturated spectrum obtained from the titration of piperazine
into the benzene solution of 4·Zn was adopted as the spectrum of 4·Zn +
piperazine 1 : 1 complex (refer to the ESI).
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Fig. 8 Schematic representations of aggregation modes of (a) 1·Zn only, 1·Zn + piperazine (b) 2 : 1 and (c) 1 : 1 complexes in the aggregates.


band of 4·Zn + piperazine 1 : 1 complex was observed at 432.0 nm
(Fig. 7b). In the 1·Zn + piperazine 1 : 1 complex + benzene gel, on
the other hand, the new Soret band was observed at 411.0 nm with
the Soret band attributable to the complex monomer (432.0 nm).
These results imply that porphyrin rings in 1 : 1 complexes adopt
an H-like aggregation mode in the gel phase, as shown in Fig. 8c.14


On the other hand, the Soret band for 1·Zn + piperazine 2 : 1
complex + benzene gel also appeared at the shorter wavelength
(409.5 nm). Critically speaking, this peak should be compared to
the Soret band of homogeneous solution of 4·Zn + piperazine 2 : 1
complex. However, its spectral data could not be obtained because
of its absence in the concentration region of UV-VIS absorption
measurements. Therefore, we compared our data with the UV-
VIS absorption spectral data of porphyrin derivative + diamine
complex reported by Hunter et al. When they formed a sandwich-
shaped complex, the Soret band of the complex appeared at a
longer wavelength than that of the porphyrin derivative itself.15


Judging from these data, one may regard that the Soret band
obtained herein (409.5 nm) stems from the formation of an H-like
aggregated stacking created by 2 : 1 complexes, but not from the
formation of 2 : 1 complex (Fig. 8b).


Computational studies on the influence of diamines


As mentioned above, it is now apparent from SEM observations
and FT-IR spectra that the aggregates of 1·Zn + diamine 2 : 1
complexes provide different morphologies depending on the sort
of diamine. To explore a reasonable rationale for this result, we
conducted computational studies for 2 : 1 complexes of reference
compound 5,10,15,20-tetrakis-(4-methoxyphenyl)porphine zinc
and diamine.16 These energy-minimized structures are shown
in Fig. 9. It is seen from Fig. 9 that two porphyrin rings in
complexes with piperazine or DABCO are nearly in parallel,
whereas those in complexes with ethylenediamine or N,N ′-
dimethylethylenediamine are largely tilted, so that their structures
lose symmetry: that is, the diamine structure remarkably influences


the complex symmetry. This finding is complementary with SEM
observation, suggesting that these results imply that complex
symmetry is one of indispensable prerequisites to construct
ordered superstructures.


Furthermore, we also found the difference between two sym-
metrical complexes composed of piperazine or DABCO which
create 1-D fibrous or 2-D sheet-like structure, respectively. In the
former, piperazine coordinates to zinc porphyrin with adopting
a chair conformation. Accordingly, one can recognize from the
side view of the complex that two porphyrin rings in the complex
shift to some extent in the parallel direction: in other words, two
porphyrin rings are not overlapped precisely (Fig. 9a). In contrast,
those in the complex containing DABCO are precisely overlapped
because of the symmetrical structure (Fig. 9b). One may regard,
therefore, that this slight structural difference would lead to the
large difference in the hydrogen-bond pattern determining their
structural dimension, as shown in possible aggregation modes
illustrated in Fig. 10.


The schematic representation of hydrogen-bonding pattern
formed in the H-like aggregated porphyrin column is mentioned
in Fig. 10. Generally, the hydrogen-bond-forming urea-to-urea
distance is 0.43–0.46 nm.17 However, in an energy-minimized
structure, the nearest urea-to-urea distance in the complex is
longer than the distance suitable to formation of hydrogen-bonds.
Therefore, we assume an aggregation mode depicted in Fig. 10:
that is, 1·Zn + piperazine or DABCO 2 : 1 complex creates H-like
aggregated columns driven by p–p stacking and hydrogen-bonding
interactions. Then, it is reasonable to propose the interdigitated
hydrogen-bonding network among these columns, adjusting the
urea-to-urea distance by rotation of porphyrin rings in the
complex. Herein, we again assume that there is some difference
in the growth mechanism of the hydrogen-bonding networks
constructed from two complexes: that is, as shown in Fig. 10(i), in
the case of the H-like aggregated porphyrin column created from
the piperazine complex, the column has some distortion in the
axial direction because the complex features the lower symmetrical
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Fig. 9 Side views of the energy-minimized structures of 5,10,15,20-tetrakis-(4-methoxyphenyl)porphine zinc + diamine 2 : 1 comlexes with Discover
3/Insight II 98; (a) piperazine, (b) DABCO, (c) ethylenediamine and (d) N,N ′-dimethylethylenediamine.


structure in the porphyrin rings. The columnar distortion should
arise from the subtle disorder of urea groups arrangement along
the column, which hampers the columns from assembling into
the 2-D direction. On the other hand, as shown in Fig. 10(ii),
the higher symmetrical structure in the DABCO complex creates
the better ordered porphyrin column. Then, the peripheral urea
groups can be appropriately pre-organized along the column to
form the more energetically stable hydrogen-bonding network.
As a result, the complex can effectively assemble into the 2-D
direction.


Conclusion


In conclusion, we demonstrated that novel architectures of
porphyrin assemblies can be designed utilizing metal–ligand
interaction with diamines acting as axial ligands, and the su-
perstructure fabricated from the complex creates an organogel
showing a thixotropic behaviour. In this study, it has become
clear that the unit components, which are affected by the sort
and the stoichiometry of added diamine, remarkably influence
the gelation properties, physical properties and morphologies.
Especially, addition of piperazine induces remarkable changes in
the formation and transformation of the complex. We believe,
therefore, that this kind of molecular recognition in the gel
system will be applicable to drug delivery systems, collection of
waste materials and pollutants, recovery of precious bio-active
compounds, etc.


Experimental


Equipment


1H NMR spectra were measured on a Bruker DMX 600 spec-
trometer. J values are given in Hz. IR spectra were obtained


using a Shimadzu FT-IR 8700 spectrometer. Mass spectral data
were obtained using a Perseptive Voyager RP MALDI TOF mass
spectrometer. UV-VIS absorption spectra were measured on a
Shimadzu UV-2500PC spectrophotometer.


SEM measurements


The gel prepared in a sample tube was frozen by liquid. The
sample was evaporated by a vacuum pump under reduced pressure
for 1 d at room temperature. The obtained sample was shielded
with platin. The accelerating voltage of the transmission electron
microscope was 25 kV and the beam current was 10 lA.


TEM measurements


A piece of the gel was placed in a carbon-coated copper grid.
The sample was dried by a vacuum pump under reduced pressure
for 1 d at room temperature. The accelerating voltage of the
transmission electron microscope was 120 kV and the beam
current was 65 A.


Materials


5,10,15,20-tetrakis-[4-[3-(3-N -Dodecylureido)propoxy]phenyl]-
porphine zinc (1·Zn) and 5,10,15,20-tetrakis-[4-[2-ethylhexoxy]-
phenyl]porphyrin were prepared according to the literature
reported previously and identified by FT-IR and 1H NMR spectral
evidence and elemental analysis.7,18


Synthesis of 5,10,15,20-tetrakis-[4-[2-ethylhexoxy]phenyl]porphine
zinc (4·Zn)


To a solution of 5,10,15,20-tetrakis-[4-[2-ethylhexoxy]phenyl]-
porphyrin (100 mg, 0.147 mmol) in 20 mL of chloroform–
methanol = 3 : 1 (v/v) was added zinc acetate dihydrate (321 mg,
1.47 mmol) and the mixture was warmed at room temperature for
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Fig. 10 Proposed mechanisms for different aggregation modes between 1·Zn + piperazine (i) and DABCO (ii) 2 : 1 complexes. The middle figures
represent the interdigitated hydrogen-bonding pattern forming among H-like aggregated complex columns. The right figures represent an axial distortion
of an H-like aggregated complex column.


2 h. The solution was evaporated under reduced pressure. The solid
residue was purified through chromatography [silica gel, CHCl3] to
give 4·Zn in 90% (93 mg); mp 180–182 ◦C; dH( 600 MHz; CDCl3;
Me4Si) 0.72–1.39 (m, 2-ethylhexyl, 56 H), 1.52–1.55 (m, CH, 4 H),
3.64 (d, OCH, J = 5.5, 8H), 6.96 (d, Ph–H, J = 8.6, 8 H), 7.95 (d,
Ph–H, J = 8.5, 8 H), 8.86 (s, b-pyrrole, 8H); IR mmax/cm−1 1243
(OC), 2858 (CH), 2923 (CH); MS [dithranol] m/z: 1091.4 [M +
H]+; Anal. calcd for C76H92N4O4Zn: C, 76.65; H, 7.79; N, 4.70.
Found: C, 76.52; H, 7.76; N, 4.82%.
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This paper describes the design of terminal-mismatch discriminating fluorescent oligonucleotides
(TMDFOs). The method is based on the use of sets of oligo-2′-deoxyribonucleotide probes linked via
their 5′-ends, and varying-sized flexible polymethylene chains, to thiazole orange, with the linker being
attached to the benzothiazole moiety. The sequence of each set of labelled probes was identical and
complementary to the sequence to be analyzed on the single-stranded nucleic acid target except at the
interrogation position, located at the 5′-end of the probes in a position adjacent to the attachment site
of the label, where each of the four nucleic bases were incorporated. This work allowed the selection of
probes showing, upon their hybridization with the target sequence, good discrimination between the
matched and the mismatched duplexes under non-stringent conditions, with the mismatched duplexes
being more fluorescent than the perfectly matched ones.


Introduction


Ever since the post genome era, there is an ever-increasing demand
for sequence-selective DNA analysis including the possibility
of detecting single-nucleotide changes.1–5 Among the methods
reported, those using fluorescent oligonucleotides (FONs) have
the potential to simplify nucleic acid analyses if the fluorescent
signal emission exhibit drastic changes when the FONs hybridize
with their target sequences.6–8 Over the past few years, FONs
able to discriminate perfectly matched duplexes from mismatched
ones have been designed for single nucleotide polymorphism
analysis.9–23 They include the use of modified nucleosides,9–11


the linkage of fluorophores such as pyrene,12–18 phenanthroline,19


phenanthridinium20 and fluorene21 at different positions on the
oligonucleotidic backbone. Thiazole orange, as a base surrogate,
was also used in peptide nucleic acids.22,23 The bases on the
complementary strands could be fluorometrically read without
separation and washing. These methods have been successful
in discriminating between perfectly matched duplexes and those
containing mismatches when the latter were located at internal
positions of the duplexes. Nevertheless, there is still a need
for the development of simple methods able to detect terminal
mismatches on DNA duplexes. Thus, even for short duplexes, the
presence of terminal mismatches lowers the UV-melting point by
only a few degrees and the free energy of binding by <1 kcal mol−1.
This is less than the variation in the binding constants between
strands with different sequences and C : G/T : A contents.24,25


For these reasons, it is difficult to find stringent conditions allow-
ing terminal mismatch detection in a high throughput analysis
involving a great number of parallel hybridizations with arrays of
oligonucleotides either in homogeneous assays or immobilized
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on chips. Along these lines, an interesting work showed that
mismatch discrimination at the terminus can be improved by
the appendage of different non-nucleosidic molecular “caps”
resulting in an increase in the stability difference between the
matched and mismatched duplexes.26–28 We now report the design
of terminal mismatch discriminating fluorescent oligonucleotides
(TMDFOs). These probes are 5′-fluorescently labelled oligo-2′-
deoxyribonucleotides (ODNs) able to detect terminal mismatched
base-pairs on DNA duplexes under non-stringent conditions.


Results and discussion


The fluorescence emission wavelength and intensity of an ODN-
fluorophore conjugate are not only dependent on the intrinsic
properties of the fluorophore but also on its different interactions
with the environment including the ODN itself to which it is linked,
the complex formed between the ODN–fluorophore conjugate and
its target sequence and the solvents. We thought that the linking of
a fluorescent label, possessing intercalating properties at the end of
ODN probes should place it, upon hybridization of these probes,
with either the complementary or the mutated targets in different
environments, thus leading to differences in the fluorescent signal
emission. We chose thiazole orange (TO) as label for two reasons.
First, it fluoresces upon intercalation between the base-pairs of the
duplex structures because of the rigidification of the monomethine
bridge connecting the two heterocyclics.29–32 Secondly, unlike many
fluorophores, its fluorescence is not greatly quenched by the
proximity of guanine.30,8 End-labelled peptide nucleic acids (PNA–
TO conjugates) have been used in real-time PCR analysis33–35


and phosphodiester oligo-a-thymidylate–TO conjugates were used
to detect RNAs inside living cells via hybridization with their
poly(A) sequences.36–37 During the course of this work, PNA–TO
conjugates involving TO as a base surrogate at the internal position
of PNA were reported to discriminate adjacent mismatches.23 The
best discrimination was obtained with T facing TO. In these probes
TO is linked via a short linker, attached to the quinolinium ring,
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forcing it to intercalate. We now report, to our knowledge, the
first example of fluorescence detection of terminal mismatches in
non stringent conditions. Our strategy is based on the use of sets
of oligo-2′-deoxyribonucleotide (ODN) probes linked, via their 5′-
ends and varying-sized flexible polymethylene chains, to TO with
the linker being attached to the benzothiazole moiety (TO′). On
the basis of literature results indicating that most intercalators
efficiently stabilize duplex structures when linked to ODNs by
linkers of a size corresponding to at least 5–6 methylene groups,38,39


we used a set of linkers with sizes ranging from 4 to 7 methylenes
to attach TO′ to the 5′-ends of the ODNs. The sequence of each
set of TO′-labelled ODNs was identical and complementary to the
sequence to be analyzed on the single-stranded nucleic acid target,
except at the interrogation position located at the 5′-end of the
probes in position adjacent to the attachment site of TO′, where
each of the four nucleic bases were incorporated. As a model for
our study, 10-mer-TO′ labelled ODNs and 16-mer ODN targets
were chosen so that, upon hybridization, three nucleotides would
overhang on each side of the duplexes in order to stabilize them
(Fig. 1).40,41 Furthermore, using this model it is possible to test the
influence of the bases present on the target sequence in the position
adjacent to the duplex, on the side of the attachment position of
TO′ mimicking the interaction of the TO′-labelled ODNs with
larger target sequences.


Fig. 1 Structures of the ODN–TO′ conjugates and target sequences.


Since our previous work showed that TO cannot withstand basic
deprotection conditions required for the deprotection of an ODN
involving the four nucleic bases,36 we chose to link the TO′ to the
ODNs by a reaction between a halogenoalkyl group present on the
TO′-linker derivatives and a thiophosphate group incorporated at
the 5′-end of ODNs (Fig. 2).


Fig. 2 Structures of the linkage used to connect thiazole orange (TO′) to
ODNs in the conjugates.


Synthesis


Synthesis of the TO′-linker derivatives (Scheme 1). The syn-
thesis of the N-(x-halogenoalkyl)-TO′ involving a polymethylene
chain in sizes varying from 4 to 7 carbon atoms 6a–d was
performed via a two-step procedure adapted from the literature42–44


(Scheme 1). First, the linkers 2a–d were reacted separately
with 2-methylbenzothiazole 1 to give the benzothiazole-linker


Scheme 1 Synthesis of TO′-linker derivatives 6a–d Reagents and
conditions: (i): ICH3, dioxane; (ii): NEt3, CH2Cl2/MeOH, (50 : 50, v/v),
1 h, rt.


derivatives 3a–d. The latter (1 eq) were then reacted with N-
methylquinolinium iodide 5, obtained by reaction of quinoline
4 with methyliodide,44,45 in CH2Cl2, in the presence of NEt3, to
give the TO′-linker derivatives 6a–d.


Synthesis of the ODN–TO′ conjugates (scheme 2). The incor-
poration of a thiophosphate group at the 5′-terminal position
of the ODN bound to the support was performed using our
previously reported methods.46,47 Briefly, after the ODN chain
assembly an additional detritylation step was performed to release
the 5′-terminal hydroxyl function of the ODNs bound to supports
7–10. The protected thiophosphate group was incorporated at
the 5′-end of the ODNs by reaction of a phosphitylating reagent
followed by a sulfuration step. After the deprotection step, each
of the crude 5′-thiophosphorylated ODNs 11–14 was reacted with
the four TO′-linker derivatives 6a–d in methanol in the presence
of crown ether to give the ODN–TO′ conjugates 15a to 18d (see
Fig. 2 and Table 1 for the structures). The coupling yields were 50–
70%. The Fig. 3 shows the reverse-phase chromatography analysis
of the coupling reaction between ODN 12 and the cyanine-linker
derivative 6b. After purification by reverse-phase chromatography,
ODN–TO′ conjugates were characterized by electrospray mass
spectrometry (Table 1) and UV-visible analysis (Fig. 4). The
molar extinction coefficient values (e) for one conjugate inside
each series (ODNs 15d, 16b, 17b and 18d) were determined
by titration of their solutions with the complementary DNA
targets as previously reported.44 The same e values were used for
the conjugates involving the same sequence and different linker
lengths to connect the label and the ODNs (Table 1).
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Table 1 Characterizations of conjugates


Mass analysis


ODN–TO′ conjugates Calculated Found e260/M−1 cm−1


15a 3′ CCAAGGTTTA5′ -p-S–(CH2)4–TO′ 3468.58 3467.46 —
15b 3′ CCAAGGTTTA5′ -p-S–(CH2)5–TO′ 3482.60 3482.40 —
15c 3′ CCAAGGTTTA5′ -p-S–(CH2)6–TO′ 3496.66 3495.66 —
15d 3′ CCAAGGTTTA5′ -p-S–(CH2)7–TO′ 3510.66 3507.73 121 500
16a 3′ CCAAGGTTTC5′ -p-S–(CH2)4–TO′ 3444.55 3443.34 —
16b 3′ CCAAGGTTTC5′ -p-S–(CH2)5–TO′ 3458.58 3456.06 121500
16c 3′ CCAAGGTTTC5′ -p-S–(CH2)6–TO′ 3472.62 3471.75 —
16d 3′ CCAAGGTTTC5′ -p-S–(CH2)7–TO′ 3486.62 3485.40 —
17a 3′ CCAAGGTTTT5′ -p-S–(CH2)4–TO′ 3459.56 3458.34 —
17b 3′ CCAAGGTTTT5′ -p-S–(CH2)5–TO′ 3473.58 3471.51 119 900
17c 3′ CCAAGGTTTT5′ -p-S–(CH2)6–TO′ 3487.64 3486.00 —
17d 3′ CCAAGGTTTT5′ -p-S–(CH2)7–TO′ 3501.64 3502.80 —
18a 3′ CCAAGGTTTG5′ -p-S–(CH2)4–TO′ 3484.58 3483.72 —
18b 3′ CCAAGGTTTG5′ -p-S–(CH2)5–TO′ 3498.60 3498.00 —
18c 3′ CCAAGGTTTG5′ -p-S–(CH2)6–TO′ 3512.62 3511.56 —
18d 3′ CCAAGGTTTG5′ -p-S–(CH2)7–TO′ 3526.66 3524.97 118 900
27 3′ TCTCTGGTAA5′ -p-S–(CH2)7–TO′ 3500.22 3499.43 133 100
28 3′ TCTCTGGTAC5′ -p-S–(CH2)7–TO′ 3476.19 3474.97 130 900
29 3′ CTTAGAAAAA5′ -p-S–(CH2)7–TO′ 3527.70 3526.10 118 300
30 3′ CTTAGAAAAC5′ -p-S–(CH2)5–TO′ 3543.69 3542.09 112 100


Mass spectrometry analysis and molar absorption coefficients for ODN–TO′ conjugates 15a–18d and 27–30. e values were determined experimentally for
conjugates 15d, 16b, 17b and 18d.44 The same e values were used for the conjugates involving the same sequence and different linker lengths to connect
the label and the ODN. For conjugates 27–30, the e values at k = 260 nm were the approximate sum of the e values of the ODNs48 and TO′ deducted from
that of conjugate 15d or 16b.


Scheme 2 Synthesis of ODN–TO′ conjugates 15a to 18d Reagents and
conditions: (i): DMTrOCH2CH2SSCH2CH2–O–P(O)(H)(O−) HNEt3


+,
pivaloyl chloride; (ii): S8,CS2/C5H5N; (iii): NH4OH, overnight, 55 ◦C;
(iv): bis-(2-cyanoethyl)-diisopropylamidophosphite, tetrazole; (v): 3H-1,2-
benzodithiol-3-one-1,1-dioxide (Beaucage reagent); (vi): TO′(CH2)nI
(among 6a–6d), 18-crown-6 in MeOH, 6 h at rt.


Hybridization studies


Linker length selection. Fluorescence studies were conducted
on each series of conjugates 15a–d, 16a–d, 17a–d, and 18a–d and
a set of four target sequences 23–26 in different hybridization
conditions (See Table 2 and the Experimental section).


The fluorescence intensities of the mismatched duplexes were
greater than those of the corresponding matched duplexes and
depended on the linker lengths used to connect the ODNs and
TO′. The greatest differences, at both room temperature and


Fig. 3 Reversed-phase HPLC analysis of the coupling reaction between
ODN 12 and the cyanine-linker derivative 6b performed on a Lichrospher
RP 18 (5 lm) column (125 × 4 mm) from Merck using a linear gradient
of CH3CN (0 to 35% over 35 min) in 0.1 M aqueous TEAA, pH = 7, with
a flow rate of 1 cm3 min−1. Detection k = 260 nm.


6 ◦C, were obtained with a seven methylene linker when the 5′-
terminal nucleic bases on the ODN probes were purines, and
with a five methylene linker when they were pyrimidines. The 7-
methylene length linker could also be used for the 5′ C-terminal
labelled probe (data not shown). The emission spectra of the
four selected labelled ODN probes, either free or in the presence
of each of the four ODN targets, are shown in Fig. 5 and the
discrimination factors listed in Table 2. The discrimination factors
were determined as the fluorescence intensity ratio between the
mismatched duplexes and the perfectly matched ones (IFMM/IFPM).
The greatest discrimination factors between the perfectly matched
duplexes and the mismatched ones were obtained when TO′ was
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Fig. 4 UV-visible absorption spectrum of conjugate 18d recorded be-
tween k = 230 and k = 580 nm in a 5 mM sodium cacodylate, pH = 7,
buffer containing 50 mM NaCl.


Fig. 5 Fluorescence emission spectra of the conjugates
3′ CCAAGGTTTY-p-S–(CH2)n-TO′, [15d: Y = A, n = 7 (A); 16b:
Y = C, n = 5 (B); 17b: Y = T, n = 5 (C) and 18d: Y = G, n = 7 (D)]
free (plain), hybridized with 5′ GCTGGTTCCAAAXGAG3′ : 23, X =
T(�); 24, X = G (�); 25, X = A (�); and 26, X = C (+) (calibration
based on fluorescence of free probes) recorded at 6 ◦C in a 5 mM
sodium cacodylate, pH = 6, buffer containing 50 mM NaCl, after 30 min
incubation. [conjugate] = [target] = 1 lM. kexc = 465 nm.34


linked in the position adjacent to A (discrimination factor >4)
and to T (discrimination factor >3). When TO′ was attached close
to C or G the discrimination factor remained at least superior to
2.3. In addition, the kmax emission of the matched duplexes were
slightly red-shifted as compared to those of the mismatched ones
(3–4 nm when the TO′ was linked close to the purine bases, 2–3 nm
when it was close to C and only 1 nm when in the proximity of
T). These new probes are clearly able to discriminate mismatches
ones such as G/A, A/G, T/T, C/C, C/T or T/C, reportedly
difficult to distinguish from the corresponding perfect base-pairs
by the cellular repair machinery.49 It should be noted that the
detection of mismatched base-pair located at internal position of
duplexes with PNA probes involving TO as base surrogate was
efficiently achieved only when TO was attached to the probes via
the lepidinium nucleus.23 In the TMDFO reported here TO was
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linked via the benzothiazole nuclei. ODN probes in which TO was
attached through the lepidine were not efficient at discriminating
the four perfect base-pair from their corresponding mismatched
ones (data not shown). Furthermore, when using TMDFOs the
mismatched duplexes are more fluorescent than the perfectly
matched ones in opposition to the results obtained with the
PNA–TO conjugates22,23 and most of the other ODN–fluorophore
conjugates designed to detect mismatches at internal positions of
duplexes.12–14,16–18,20–21


In order to gain information on the stability of the different
series of fully matched and mismatched duplexes, the Tm values
for the sixteen duplexes formed between the four selected ODN–
TO′ conjugates 15d, 16b, 17b and 18d and each target sequence
23–26 were determined using the same concentrations and buffer
conditions as those used for the fluorescence experiments and then
compared to the corresponding unlabelled duplexes (Table 2).
Different results were obtained. First, it was confirmed that for
the same base-pair composition, the Tm values for the perfect
duplexes depended on the sequence context.25,50 Consequently,
in many cases the Tm values for the matched and mismatched
duplexes were not very different. Secondly, the presence of TO′


stabilized all the duplexes except those containing GG or GA
mismatches, as the label was attached close to G (18d + 24
and 18d + 25) and the visible kmax absorption was slightly red-
shifted (1– 2 nm) for the perfect duplex compared to that of
the mismatched ones (except when TO′ was linked in a position
adjacent to C for which no difference was noted). Thirdly, in most
cases, the DTm difference between the mismatched and perfectly
matched duplexes was strongly increased by the presence of TO′


attached close to the purine bases and slightly increased or not at
all when it was attached close to the pyrimidine bases (Table 2).
Only in one case, when a C/C mismatch was present at the
end of the duplex (16b + 26 and 20 + 26) the DTm difference
between the mismatched and perfectly matched duplexes was
slightly reduced by the presence of the TO′. These results clearly
indicated the absence of a correlation between the DTm observed
for the matched and mismatched duplexes and their emission
intensity ratio. Considering the fact that all the duplexes, labelled
and unlabelled, possess the same number of negative charges
and that mismatches are reportedly generally stacked in a B-type
right-handed helix but undergo greater dynamical motion than
the perfectly matched base-pairs,51–53 it is likely that the different
stabilizations induced by the presence of TO′ are due to its different
interactions with the ends of the duplexes. The important emission
enhancement of thiazole orange, upon its interaction with double-
stranded duplexes, is acknowledged as being the result of the
induced restriction of torsion around the central methine bridge.30


It has also been suggested that the emission quenching by electron
transfer was not a very important process.30 In the presence of
mismatched base-pairs, the stability, if any, induced by the presence
of TO′ was weaker than for the perfectly matched duplexes. The
greater fluorescence emission observed in these cases is consistent
with a reduced rate of fluorescence quenching, through a charge
transfer between the nucleic base-pairs and the label, because of
the looser contacts between TO′ and the duplexes and of the
presence of loosely paired bases due to the loss of hydrogen-
bonding.53,54 The strong differences observed for the fluorescence
emission of the matched and mismatched duplex may also be
due to the different expositions of TO′ to the solvents. Further


studies are needed to determine the structures of the matched and
mismatched duplexes.


Influence of the nucleic base neighboring on the mismatch
detection. In order to test the viability of our system, we
have also tested the influence of the presence of mismatches
at the penultimate position of the duplexes by performing the
hybridizations of the four ODN–TO′ conjugates 15d, 16b, 17b
and 18d with 16 target sequences (Fig. 6). The targets were ODNs
23–26 involving Z = A and those with Z = T, G or C. The results
of the fluorescence studies indicated that the TMDFOs are not
only able to discriminate perfect duplexes from those involving
a terminal mismatch, but also from those involving mismatches
at the penultimate or last two positions (refer to the ESI for
fluorescence data).


Fig. 6 Sequences used to study the influence of mismatches at the
penultimate and last two positions of the duplexes.


To further test the viability of our system, the influence of the
nucleic base V present on the dangling end in the position adjacent
to the duplexes on the side of the TO′ attachment was also studied
(Fig. 7, and the ESI for fluorescence data).


Fig. 7 Sequences used to study the influence of the nucleic bases present
on the target sequence in the position adjacent to the duplex.


The results indicated that the discrimination between the
matched and mismatched duplexes was also possible when G (V =
G) was replaced by A or T, (V = A or T) or reduced when two
consecutive C were present on the target sequence [the one involved
in the terminal base-pair (X = C) of the duplexes and the other
on the dangling end (V = C)].


Influence of the sequence context on the terminal mismatch
detection. The model reported above corresponds to mutations
of T into G or A at position 3434 (exon 17b) of the CFTR
gene.55,56 In order to study the influence of the sequence, we
applied our hybridization format to the analysis of the G/T
mutation present at position 135 (exon 1) and T/G mutation at
position 395 (exon 3) (Fig. 8). The ODN–TO′ conjugates 27 and 28
required for the position 135 analysis and ODN–TO′ conjugates
29 and 30 for the position 395 analysis were prepared as reported
above for the synthesis of conjugates 15a to 18d (see Table 1
for characterizations). A seven methylene linker was used for the
attachment of TO′ close to a 5′-terminal purine base (27 and 29)
while for its attachment in the vicinity of a pyrimidine base either a
seven methylene linker (ODN 28) or a five methylene linker (ODN
30) were employed (in accordance with the results obtained with
our model system (vide supra)). Discrimination factors superior to
2 and 3 were obtained, respectively.
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Fig. 8 Fluorescence duplex/fluorescence free probes for matched (black
bars) and mismatched (white bars) at room temperature. Duplexes
formed between conjugates 3′ TCTCTGGTAY5′ –(CH2)nTO′ 27 (Y =
A, n = 7) and 28 (Y = C, n = 7) and the target sequences
5′ CCGAGAGACCATXCAG3′ (X = G, T) (top) and duplexes formed
between conjugates 3′ CTTAGAAAAY5′ –(CH2)nTO′: 29 (Y = A, n = 7),
30 (Y = C, n = 5) and the target sequences 5′ ATGGAATCTTTTXATA3′


(X = T, G) (low). Concentrations and buffers were the same as for Fig. 5.


Conclusions


We have reported new fluorescent ODN probes for the detection
of mismatches located at the ends of the DNA duplexes in non-
stringent conditions. This method is based on the use of a set
of DNA probes, labelled at their 5′-ends with a thiazole orange
TO′ via linkers of varying sizes attached to the benzothiazole ring
(TO′), and two fluorescent measurements at the same temperature,
one for the free probes and the second after addition of the
target single-stranded nucleic acid sequences to be analyzed. These
ODN–TO′ conjugates are not only able to discriminate perfect
duplexes from those involving a terminal mismatch, but also
from those involving mismatches at the penultimate or last two
positions. Contrary to what was observed with the majority of the
previously reported fluorescent ODN probes, capable of detecting
the presence of mismatches when located at the internal positions
of the duplexes, the mismatched duplexes were more fluorescent
than the perfect ones (at least more than two-fold) using our new
terminal mismatch discriminating fluorescent oligonucleotides
(TMDFO). Our system was successfully applied to the analysis
of a few mutations of the CFTR gene used as models. These new
probes are inexpensive and stable in water or buffer solutions over
a long period of time (more than two years) at −20 ◦C. They are
promising tools for the detection of terminal mismatched base-
pairs in high throughput based hybridization analyses including
sequencing and provide a new hybridization scheme for the
analysis of mutations. Future work will be aimed at testing their
performance in other sequence contexts and studying the structure
of the matched and mismatched duplexes.


Experimental


Materials and 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. 2-Methylbenzothiazole, methyliodide, quinoline,


1,4-dibromobutane, 1,5-dibromopentane, 1,6-diiodohexane, 1,7-
dibromoheptane, acetic anhydride, DTT and dioxane were pur-
chased from Aldrich. Triethylamine and sodium sulfate were
purchased from Merck, pyridine and dichloromethane from SDS,
acetonitrile, methanol from Labo-Standa. Analytical thin-layer
chromatography (TLC) was performed on precoated alumina
plates (Merck silica gel 60F 254 ref. 5554). During all the
synthesis and purification steps, thiazole orange derivatives were
protected from light. Preparative TLC was performed on glass-
backed plates (Merck silica gel 60F 254 ref. 5717). For flash
chromatography, Merck silica gel 60 (70–230 mesh) (ref. 7734) was
used. Compounds were directly visualized on the plates as colored
spots. ODNs were synthesized using cyanoethyl phosphoramidite
chemistry and an expedite nucleic acid synthesis system 8909 from
PerSeptive Biosystems. Reverse-phase chromatography analysis
was performed on a 600 E (System Controller) equipped with a
photodiode array detector Waters 990 using a Lichrospher 100
RP 18 (5 lm) column (125 mm × 4 mm) from Merck with a
linear gradient of CH3CN in 0.1 M aqueous triethylammonium
acetate, pH 7, with a flow rate of 1 cm3 min−1. 1H-NMR and 13C-
NMR spectra were recorded on a Varian Unity 500 Spectrometer.
1H Chemical shifts were referenced to either a residual solvent
peak DMSO (2.54 ppm) or Me4Si. 1H NMR coupling constants
are reported in Hz and refer to apparent multiplicities. Mass
analysis ion-molecular weights of the ODNs were confirmed by
electrospray mass spectroscopy using a Quattro II (MicroMass)
instrument. Absorption spectra were recorded with a Uvikon
860 spectrophotometer (spectral band width 1 nm). Steady-state
fluorescence experiments were performed 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) and on a Cytofluor II fluorescence multi-well plate reader
(Biosearch). The spectra were corrected for the different output
of the excitation lamp at the different wavelengths used for the
experiment. In order to avoid inner filter effects and light re-
absorption, solutions with maximal absorbance at the excitation
wavelength below 0.1 were used.


Synthesis of the thiazole orange analogue-linker derivatives
TO′(CH2)nX


General procedure for the preparation of the benzothiazolinium-
linker derivatives 3a–d (n = 4–7)


A mixture of 2-methylbenzothiazole 1 (1 eq, 1 mmol) and bis-
halogenoalkyl linkers 2a–d (1,4-dibromobutane; 1,5-dibromo-
pentane; 1,6-diiodohexane or 1,7-dibromoheptane) (5 eq, 5 mmol)
was heated for 3 h at 140 ◦C to give a dark brown colored solution.
After cooling to room temperature, the reaction mixture was
washed with pentane and then purified on a silica gel column
using a MeOH gradient (0 to 8%) in CH2Cl2 to give grey solids. 3a
(200 mg, n = 4, 54%), 3b (150 mg, n = 5, 40%), 3c (121 mg, n = 6,
25%) and 3d (81 mg, n = 7, 20%).


N-(4-Bromobutyl)-2-methylbenzothiazolium bromide (3a). 1H
NMR (500 MHz, CDCl3, TMS): d = 8.23–8.19 (2H, m, HAr),
7.90–7.85 (1H,m, HAr), 7.76 (1H, t, 7.7 Hz, HAr) 5.11 (2H, t, J =
8.2 Hz, N+CH2), 3.61–3.57 (5H, m, CH3 +CH2Br), 2.23–2.17 (4H,
m, 2CH2). ESI-MS: m/z, C12H15BrNS, calcd 284.01 and 286.0,
found 285.71 and 287.73 (M+).
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N-(5-Bromopentyl)-2-methylbenzothiazolium bromide (3b). 1H
NMR (500 MHz, CDCl3, TMS): d = 8.24 (1H, d, J = 8.14 Hz,
HAr), 8.07 (1H, d, J = 8.56 Hz, HAr), 7.89–7.84 (1H, m, HAr), 7.78–
7.74 (1H, m, HAr), 5.03 (2H, t, J = 7.9 Hz, N+CH2), 3.56 (3H, S,
CH3), 3.44 (2H, t, J = 6.4 Hz, CH2Br), 2.10–2.02 (2H, m, CH2),
2.02–1.95 (2H, m, 2CH2), 1.77–1.69 (2H, m, CH2). ESI-MS: m/z,
C13H17BrNS calcd 299.02. and 301.01, found 298.95 and 301.10
(M+).


N-(6-Iodohexyl)-2-methylbenzothiazolium iodide (3c). 1H
NMR (500 MHz, CDCl3, TMS): d = 8.32 (1H, d, J = 9.0 Hz,
HAr), 8.09 (1H, d, J = 8.6 Hz, HAr), 7.85 (1H, t, J = 7.9 Hz, HAr),
7.74 (1H, t, J = 7.75 Hz, HAr), 4.90 (2H, t, J = 9.9 Hz, N+CH2),
3.49 (3H, S, CH3), 3.19 (2H, t, J = 7.8 Hz, CH2I), 2.04–1.96 (2H,
m, CH2), 1.87–1.79 (2H, m, CH2), 1.60–1.48 (4H, m, 2 CH2).
ESI-MS: m/z, C14H19IN2S calcd 360.02, found 360.06 (M+).


N-(7-Bromoheptyl)-2-methylbenzothiazolium bromide (3d). 1H
NMR (500 MHz, CDCl3, TMS): d = 8.33 (1H, d, J = 7.8 Hz,
HAr), 8.03 (1H, d, J = 7.7 Hz, HAr), 7.85–7.79 (1H, m, HAr),
7.74–7.68 (1H, m, HAr), 5.02–4.88 (2H, m, N+CH2), 3.53 (3H, S,
CH3), 3.41 (2H, t, J = 6.4 Hz, CH2Br), 2.02–1.94 (2H, m, CH2),
1.89–1.83 (2H, m, CH2), 1.54–1.40 (6H, m, 3 CH2). ESI-MS: m/z,
C15H21BrNS calcd 326.05 and 328.05, found 326.11 and 328.10
(M+).


N-Methylquinolinium iodide (5). A mixture of quinoline
(525 mg, 4 mmol, 1eq), iodomethane (2.84 g, 20 mmol, 5 eq and
dioxane (10 cm3) was heated at 80 ◦C in a sealed flask for 2 h. The
mixture was allowed to cool to room temperature, the solid was
collected by filtration, washed with Et2O and dried under vacuum
to give an orange solid (940 mg, 85%). 1H NMR (500 MHz, CDCl3,
TMS): d = 10.48 (1H, d, J = 5.68 Hz, HAr), 8.98 (1H, d, J =
8.42 Hz, HAr), 8.36 (1H, d, J = 8.85 Hz, HAr), 8.31–8.24 (2H, m,
HAr), 8.19–8.14 (1H, m, HAr), 8.06–8.01 (m, 1H, HAr), 3.71 (3H, s,
CH3). ESI-MS: m/z, C10H10N+ calcd 144.08, found 142.91 (M+).


General procedure for the preparation of the thiazole orange-
linker derivatives 6a–d (n = 4–7). A mixture of the methylben-
zothiazole linker derivatives 3a–d (n = 4, 5, 6 or 7) (1 eq), N-
methylquinolinium iodide 5 (1 eq), dry CH2Cl2–MeOH (50 : 50,
v/v) and NEt3 (2.5 eq) was stirred, for 3 h at rt to give a red colored
solution. After removal of the solvent by evaporation, the residue
was purified on a silica gel column using a MeOH gradient (0
to 4%) in CH2Cl2) then on preparative silica gel plates using a
CH2Cl2–MeOH–acetone mixture (165 : 6 : 18, v/v/v) as eluent
to give red solids. Yields: 12–15%. Compounds were analyzed
by 1H NMR, 13C-NMR and mass spectrometry. The results of
the mass spectrometry analysis are in accordance with halogen
exchange during the synthesis that occurs in basic conditions. This
phenomenon was already observed in our previous work.35


3-(4-Iodobutyl)-4-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]benzothiazolium iodide (6a). 1H NMR (500 MHz, d6-
DMSO): d = 8.82–8.78 (1H, m, HAr), 8.64 (1H, d, J = 7.2 Hz,
HAr), 8.11–8.01 (3H, m, HAr), 7.83–7.77 (2H, m, HAr), 7.64–7.59
(1H, m, HAr), 7.45–7.40 (2H, m, HAr), 6. 94 (1H, s, = CH–), 4.67
(2H, t, J = 7.09 Hz, –CH2–N+), 4.19 (3H, s, N+CH3), 3.39 (2H,
t, J = 6.63 Hz, CH2–I), 2.08–1.84 (4H, m, 2 CH2). 13C NMR
(500 MHz, DMSO): d = 159.21, 148.89, 145.14, 139.97, 138.08,
133.27, 128.22, 127.02, 125.61, 124.52, 124.07, 123.84, 122.97,


118.33, 112,92, 108.11, 87.53, 44.57, 42.46, 29.94, 27.82, 8.32).
ESI-MS: m/z, C22H22N2SI calcd 473.05, found 473.14 (M+).


3-(5-Iodopentyl)-4-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]benzothiazolium iodide (6b). 1H NMR (500 MHz, CDCl3,
TMS): d = 9.07 (1H, d, J = 7.79 Hz, HAr), 8.63 (1H, d, J = 8.0 Hz,
HAr), 7.83 (1H, t, J = 7.23 Hz HAr), 7.77 (1H, t, J = 7.29 Hz, HAr),
7.70 (1H, d, J = 7.7 Hz, HAr), 7.65 (1H, d, J = 8.45 Hz, HAr), 7.50
(1H, t, J = 7.79 Hz, HAr), 7.43 (1H, d, J = 7.16 Hz, HAr), 7.36–
7.28 (2H, m, HAr), 6. 74 (1H, s, = CH–), 4.54 (2H, t, J = 7.46 Hz,
–CH2–N+), 4.22 (3H, s, N+CH3), 3.22 (2H, t, J = 6.75 Hz, CH2–
I), 2.10–1.90 (4H, m, 2 CH2), 1.78–1.68 (2H, m, CH2). 13C NMR
(500 MHz, CDCl3, TMS): d = 159.66, 149.40, 145.73, 139.96,
138.19, 133.21, 128.35, 127.60, 126.16, 124.87, 124.68, 124.60,
122.86, 117.05, 112,15, 109.38, 88.05, 47.10, 43.24, 32.85, 28.04,
26.42, 6.63). ESI-MS: m/z, C23H24N2SI calcd 487.07, found 487.15
(M+).


3-(6-Iodohexyl)-4-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]benzothiazolium iodide (6c). 1H NMR (500 MHz, CDCl3,
TMS): d = 8.95 (1H, d, J = 7.2 Hz, HAr), 8.65 (1H, d, J = 8.4 Hz,
HAr), 8.80–7.75 (2H, m, HAr), 7.69 (1H, d, J = 9.0 Hz, HAr), 7.59
(1H, t, J = 8.34 Hz, HAr), 7.47 (1H, t, J = 8.34 Hz, HAr), 7.34 (1H,
t, J = 7.16 Hz, HAr), 7.31–7.26 (2H, m, HAr), 6. 73 (1H, s, = CH–),
4.54 (2H, t, J = 8.5 Hz, CH2–N+), 4.14 (3H, s, N+CH3), 3.19 (2H, t,
J = 6.8 Hz, CH2–I), 1.96–1.89 (2H, q, m, CH2), 1.86–1.79 (2H, m,
CH2), 1.69–1.55 (2H, m, CH2), 1.54–1.48 (2H, m, CH2). 13C NMR
(500 MHz, CDCl3, TMS): d = 159.58, 149.14, 145.43, 139.95,
138.06, 133.15, 128.30, 127.62, 126.28, 124.78, 124.68, 124.47,
122.81, 117.00, 112,24, 109.14, 88.23, 47.26, 43.06, 33.15, 30.40,
27.42, 26.08, 7.30). ESI-MS: m/z, C24H26N2SI calcd 501.08, found
501.15 (M+).


3-(6-Iodoheptyl)-4-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]benzothiazolium iodide (6d). 1H NMR (500 MHz, CDCl3,
TMS): d = 9.0 (1H, d, J = 7.2 Hz, HAr), 8.61 (1H, d, J = 8.0 Hz,
HAr), 7.82 (1H, t, J = 7.24 Hz, HAr), 7.75 (1H, t, J = 7.24 Hz,
HAr), 7.69 (1H, d, J = 8.5 Hz, HAr), 7.62 (1H, d, J = 8.5 Hz,
HAr), 7.49 (1H, t, J = 7.32 Hz, HAr), 7.38 (1H, d, J = 7.17 Hz,
HAr), 7.32–7.28 (2H, m, HAr), 6. 73 (1H, s, = CH–), 4.63 (2H,
t, J = 6.9 Hz, CH2–N+), 4.18 (3H, s, N+CH3), 3.15 (2H, t, J =
8.4 Hz, CH2–I), 1.95–1.88 (2H, m, CH2), 1. 83–1.77 (2H, m, CH2),
1.58–1.54 (2H, m, CH2), 1.45–1.35 (4H, m, 2 CH2). 13C NMR
(500 MHz, CDCl3, TMS): d = 159.67, 149.22, 145.55, 140.02,
138.15, 133.17, 128.29, 127.52, 126.10, 124.80, 124.72, 124.53,
122.83, 117.08, 112.22, 109.22 88.16, 47.35, 43.06, 33.38, 30.31,
28.46, 27.48, 26.98, 7.32). ESI-MS: m/z, C25H28N2SI calcd 515.10
found 515.17 (M+).


Synthesis of the 5′-thiophosphorylated ODNs 7–10


The ODNs were assembled using conventional phosphoramidite
methodology with an Expedite 8909 DNA synthesizer at the one
micromole scale. At the end of the chain assembly an additional
detritylation step was performed. At this step the incorporation
of the thiophosphate group can be performed following two
strategies.


Strategy A. The H-phosphonate derivative DMTOCH2-
CH2SSCH2CH2OP(O)(H)(O−) HNEt3


+ (0.025 g, 0.04 mmol)
[in a pyridine–CH3CN mixture (50 : 50, v/v) (0.4 cm3) dried
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overnight on 3 Å molecular sieves] and pivaloyl chloride (0.020 g,
0.166 mmol) in CH3CN solution (0.5 cm3) [prepared one hour
before use and dried over 3 Å molecular sieves] were added
simultaneously. After a 2.5 min of reaction the solution was
removed and the support washed three times with 1 cm3 of
an anhydrous pyridine–CH3CN mixture (50 : 50, v/v). The
sulfurization step was performed by addition of a sulfur solution
[50 mg S8 in a CS2–pyridine mixture (3 : 2 v/v), 2 cm3]. After
20 min of reaction the solution was removed and the support was
washed three times with a pyridine–CH3CN mixture and then
with 1 cm3 acetonitrile (three times). After the deprotection step
and releasing from the support by an overnight treatment with
concentrated aqueous ammonia at 55 ◦C containing DTT (50 eq),
the ammonia was removed under vacuum.


Strategy B. 0.2 M solution of bis-(2-cyanoethyl)diisopropyl-
amidophosphite in CH3CN (0.2 cm3) and 0.5 M solution of
tetrazole in CH3CN (0.5 cm3) were added simultaneously to
the ODNs bound to the support. After 10 min reaction the
solution was removed. A 0.5 M solution of 3H-1,2-benzodithiole-
3-one-1,1-dioxide (Beaucage reagent)57 in CH3CN (1 cm3)
was added. After 10 min reaction the solution was removed
and the support washed with 1 cm3 CH3CN (three times).
After the deprotection step and releasing from the support by
an overnight treatment with concentrated aqueous ammonia at
55 ◦C containing DTT (50 eq), the ammonia was removed under
vacuum.


The crude ODN solution was then concentrated to a volume of
1.5 cm3 and loaded on a G25 Sephadex column. Samples of 10 OD
of crude 5′-thiophosphorylated ODNs were lyophilized separately.


ODN labelling


To vortexed solutions of ODNs 5′-thiophosphorylated (10 OD
each) in MeOH (0.4 cm3) containing 18-crown-6 ether (10 mg)
were added methanolic solutions of the TO′-linker derivatives 6
(1.5 mg in 0.4 cm3). After a 17 h reaction, the coupling efficiency
was controlled by reverse-phase chromatography with a linear
gradient of CH3CN (5 to 50% over 60 min) in 0.1 M aqueous
triethylammonium acetate, pH 7, with a flow rate of 1 cm3 min−1.
Retention times increased with the size of the chain used to connect
TO′ and the ODNs. The crude mixture was evaporated to dryness,
and solubilized with a 1 M NaH2PO4 solution pH 6 containing
10% MeOH (1 cm3). The dye excess was extracted with CH2Cl2


(3 × 3 cm3). Aqueous phase was loaded on a Sephadex G25
column and the fast eluting colored fractions were purified using
the conditions described above. (See Table 1 for mass analysis
data). Coupling yields 60 to 80%.


UV/visible absorption measurements


Molar absorption coefficient determination. The molar ab-
sorption coefficients (e260 nm values) for the conjugates 15d, 16b,
17b, and 18d were determined by titrations of the ODN–TO′


solutions in a 5 mM sodium cacodylate buffer containing 50 mM
NaCl, pH 6, performed at 3 ◦C, with solutions of the single-
stranded complementary sequences. Concentrations of ODN
targets were calculated using molar extinction coefficients at
260 nm determined using the nearest-neighbor model.48 The same
e260 nm values were used for each series of conjugates involving


the same ODN sequence and different linker sizes. For the other
conjugates the e260 nm values were estimated to be the sum of the
e values of the ODNs and of the cyanines deducted from the
titrations (see Table 1).


Tm measurements. The Tm values for the four matched and
the twelve mismatched duplexes formed between the conjugates
3′ CAAGGTTTY-p-S–(CH2)n-TO′ 15d (Y = A, n = 7); 16b (Y =
C, n = 5); 17b (Y = T, n = 5); 18d (Y = G, n = 7) and the target
sequences 5′ GCTGGTTCCAAAXGAG3′ X = T, G, A or C (as well
as for the corresponding unlabelled duplexes) were determined
by thermal denaturation followed by absorption spectroscopy44


using 1 lM solutions of duplexes (each strand) in a 5 mM sodium
cacodylate buffer, pH 6, containing 50 mM NaCl. Results are given
in Table 2. The uncertainty in the Tm values reported was ±1 ◦C.


Fluorescence experiments


General. 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 lM solution of
labelled ODNs was prepared in a 5 mM sodium cacodylate,
buffer containing 50 mM sodium chloride, pH 6 (0.6 cm3). The
double-stranded samples were prepared by addition of a small
volume (5 ll) of a concentrated solution of the appropriate target
sequences (1 eq) at room temperature. The sample was left to
hybridize 30 min at 6 ◦C (far below the Tm value) in the dark
before the measurements were performed. Fluorescence emission
spectra (with excitation at 465 nm)33 of free and hybridized probes
(involving fully matched and mismatched duplexes) were recorded
between k = 470 and 700 nm. Spectra recorded between k = 500
and 600 nm are shown in Fig. 5.


Experiments were also performed with a Cytofluor II reader
plate [kEx 485 nm/kEm 530 nm] in order to perform parallel reading
of several samples. The hybridizations were performed with 1 lM
solutions (0.1 cm3) of the ODN–TO′ probes in a 5 mM cacodylate
buffer, pH 7 or 6, containing 50 mM NaCl placed in a 96-well plate.
Measurements were performed at either room temperature (25 ◦C)
or after incubation at 6 ◦C for different times (15, 30, 45 min, and
1 h 30 min). A first fluorescence measurement was performed
with solutions of the free probes. Then one equivalent of the
target sequences to be analyzed (5 ll of a concentrated solution)
were added to the ODN–TO′ solutions and a second fluorescence
measurement was performed. A comparison of the fluorescence
values obtained for the free (F free probe) and the hybridized ODN–
TO′ probes (F duplex) at the same temperature allowed the detection
of the fully matched duplex. In any case, the F duplex/F free probe ratio
obtained for the perfect duplex was lower than those obtained for
the corresponding mismatched duplexes. Errors in fluorescence
values are estimated to be ±10%.


Selection of the linker length. The hybridizations of the
conjugates 15a to 18d involving different linker lengths
3′ CCAAGGTTTY-p-S–(CH2)n-TO′ (Y = A, C, T, G, n = 4–7)
with the target sequences 5′ GCTGGTTCCAAAXGAG3′ (X = T,
G, A and C) were performed with a Cytofluor II reader plate
using different conditions (vide supra). The results indicated the
best discrimination factors for the conjugates 3′ CCAAGGTTTY-
p-S–(CH2)n-TO′, 15d (Y = A, n = 7), 16b (Y = C, n = 5), 17b
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(Y = T, n = 5 or 7), and 18d (Y = G, n = 7) after hybridization at
either room temperature or 6 ◦C (data not shown).
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The new sugar-based gelators 1 and 2 were synthesized, and their gelation abilities were evaluated in
organic solvents and in water. Compound 1 gelates both water and organic solvents whereas 2 gelates
only organic solvents. Superstructural difference between hydrogel 1 and organogel 2 was investigated
by CD, TEM, AFM, 1H NMR and XRD. Hydrogel 1 displays a well-developed helical ribbon structure
with 20–150 nm diameter and a length of several hundred lm whereas organogel 2 shows a twisted fiber
structure of diameter 20 nm. CD measurements of hydrogel 1 and organogel 2 indicate that hydrogel 1
maintains a well-ordered chiral structure whereas organogel 2 maintains a relatively disordered chiral
structure. The 1H NMR and XRD results suggest that the hydrophobic interaction in hydrogel 1 are
relatively weak, with a relatively small region interdigitated between lipophilic alkyl groups. In addition,
upon irradiation at 254 nm wavelength, hydrogel 1 reveals a red coloration at 540 nm. These results
indicate that the self-assembled hydrogel 1 was polymerized by UV-irradiation. The intensity of the
CD spectrum of the polymerized hydrogel markedly decreased. This result indicates that upon
polymerization the highly ordered chiral structure of hydrogel 1 changes to a disordered molecular
packing structure.


Introduction


A recent issue in supramolecular chemistry is the focus on the
organization of monomeric species into desired superstructures.
There has been an intense interest in the development of efficient
and tunable small molecule gelators for industrial purposes (e.g., in
foods, deodorants, cosmetics, athletic shoes and chromatography),
as a consequence of versatile gel functions on both microscopic
and macroscopic scales.1–6 Those materials are characterized by
more than one length scale, through noncovalent interactions
(hydrogen bonding, solvophobic effects, charge transfer and
van der Waals interactions). Many organogelators that form
hierarchical networks of superstructures in organic fluids have
been synthesized. To date, however, only a limited number of
“hydrogels” composed of such aggregates have been reported.2c,7


In this context, most researchers have made hydrogelators by
adding various types of hydrophilic group (e.g., peptide, amino
acid, ammonium ion or sugar, etc.) to gelators.2c,7 However,
corresponding studies of the hydrogelators with unsaturated
hydrophobic groups have never been explored to date.
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Since most organogelators are rarely soluble in water due
to their hydrophobic property, development of a water-soluble
hydrogelator based on a sugar-based organogelator applicable for
drug delivery systems and medical implants has been our major
challenge in this research. Recently, we found that aldopyranose
amphiphilic gelators can gelate water in the presence of a small
amount of polar organic solvent or of several other organic
solvents.7a,b


In a continuation of our work on the application of organogela-
tors as hydrogelators, we designed and synthesized 1 having a
sugar moiety as the hydrophilic group and an unsaturated diacety-
lene unit as the hydrophobic group. Particularly, the unsaturated
alkyl chain group would result in a loose molecular packing
structure of the hydrogel formed from 1. In order to investigate
the influence of the unsaturated diacetylene unit on the gelation
we also prepared 2, having saturated hydrocarbons as a reference.


Results and discussion


The gelators 1 and 2 were synthesized as shown in Scheme 1
and their structures were identified by 1H NMR, FT-IR, Mass
spectroscopy and elemental analyses (see Experimental Section).
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Scheme 1 Synthetic routes for gelators 1 and 2.


The gelation ability of sugar-based 1 and 2 toward various
organic solvents and water was examined by dissolving approxi-
mately 0.1–10 mg of compound in 1.0–2.0 mL of the testing solvent
followed by heating. Upon cooling to room temperature, a gel, a
precipitate, or a clear solution was obtained, depending on the
solvents used. The results are summarized in Table 1. Compound
1 showed only 3 ‘G’ with 1 ‘PG’, 1 ‘I’ and 8 ‘S’ whereas 2 gelated


Table 1 Gelation abilitya of 1 and 2 in organic solvents and water


Solvent 1 2


Methanol S S
Ethanol S S
n-Butanol S G
tert-Butanol S G
Tetrahydrofuran S G
Chloroform G G
Dichloromethane G G
n-Hexane I I
Ethyl acetate PG G
Dimethylformamide (DMF) S G
Dimethyl sulfoxide (DMSO) S G
Water G I
Water–Methanol (1 : 1 v/v) S G


a Gelator = 0.05–5.0 wt%. G: stable gel formed at room temperature. S:
soluble. I: insoluble. PG: partially gelatinized.


9 among 13 solvents. This observation seems to be much related
to solubility of the compounds in the solvents tested. The better
solubility in the solvent, the poorer is the gelation ability of the
compound.


Of particular interest is that in the absence of organic solvents
water gelation by gelator 1 was successful, but that by 2 was not. It
is noteworthy in this study that the triple bond of 1 plays an impor-
tant role in the gelation of water. This feature is due to the relatively
stronger intermolecular hydrogen-bonding interaction between
the sugar moieties of 1 by disordered molecular packing structure
between diacetylene moieties, in comparison with the gelator 2.


Upon irradiation by 254 nm wavelength, gelator 1 reveals a red
coloration at 540 nm (Fig. 1A). The intensity of the shifted band
increased with time and was maximized upon 32 min irradiation,
as shown in Fig. 1A. These results indicate that the self-assembled
hydrogel 1 was polymerized by UV-irradiation.


To obtain an insight into the chiral orientation of the gelator
in the hydrogel system, we took CD spectra of hydrogel 1 and
organogel 2 (Fig. 1B). The kmax values of 1 and 2 in the UV
absorption spectra appear at around 225 nm (Electronic Supple-
mentary Information: Fig. S1†) which corresponds to kh = 0 in the
CD spectra. The CD spectra of both hydrogel 1 and organogel
2 exhibit a negative first Cotton effect, implying that their dipole
moments orient to a clockwise direction in the aggregate of the
gels (Fig. 1B). In contrast, no CD Cotton effect was observed
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Fig. 1 (A) UV-vis absorption spectra for hydrogel 1 in water [inset, photo
images of the self-assembled nanofibers derived from 1 in water (left) and
in the polymerized nanofibers with UV irradiation (right)]. (B) CD spectra
of hydrogel 1 (a) before and (b) after polymerization, and (c) methanol
solution 1 (0.1 wt%). (d) the mixed water–methanol gel 2.


for 1 in methanol, indicating that the hydrogel forms a highly
ordered, chiral structure in comparison to the solution state. In
addition, before polymerization, intensity of the CD signal of 1
is much higher than that of hydrogel 2, suggesting that hydrogel
1 has a highly ordered chiral structure. On the other hand, we
observed a markedly decreased CD spectrum of hydrogel 1 when
it was polymerized. With this result, we can imagine that upon
the polymerization a highly ordered chiral structure of hydrogel 1
changes to a disordered molecular packing structure (vide-infra).


To obtain visual insights into the aggregation mode of hydrogel
1 and organogel 2, we took AFM images of the self-assembled gel 1
before and after polymerization. Before polymerization, hydrogel 1
displays a well-developed helical ribbon structure of diameter 20–
150 nm and a length of several hundred lm (Fig. 2a). On the other
hand, upon polymerization, 1 revealed a typical fiber structure
with a diameter of 20 nm (Fig. 2b), but not a well-defined helical
structure, which is in good accordance with our CD observations
(vide supra). After polymerization, the macroscopic helicity of
hydrogel 1 decreased in comparison to that before polymerization.
This finding indicates that upon polymerization, the helical
molecular packing structure of 1 becomes disordered, which also
decreases the macroscopic and microscopic helicities of hydrogel
1. In contrast, the self-assembled morphology of organogel 2 ob-
served by TEM in the presence of methanol displays a twisted fiber
structure with a 30 nm diameter, showing that the macroscopic
helicity of organogel 2 is weak in comparison to hydrogel 1.


In general, NMR techniques can provide a great deal of
information on the self-assembly process in the gel state. 1H NMR
experiments, especially, may give an insight into how molecules
are oriented in the self-assembled state. Aromatic proton signals
of hydrogel 1 appeared at 7.12 and 6.90 ppm (Fig. 3a), whereas
aromatic proton signals of 1 in CD3OD solution appeared at 7.43
and 7.06 ppm (Fig. 3d). Upon heating, the aromatic proton signals


Fig. 2 AFM images of hydrogel 1 (a) before and (b) after polymerization.
(c) TEM image of the mixed water–methanol gel 2.


Fig. 3 1H NMR spectra of hydrogel 1 at (a) 30 ◦C, (b) 50 ◦C, (c) 70 ◦C
and (d) CD3OD solution of 1 at 30 ◦C.


of the hydrogel 1 are gradually shifted downfield, suggesting
that the self-assembled hydrogel 1 forms strong p–p stacking
interaction between phenyl groups.
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We also observed peak changes in the infra-red spectrum of
the gelator 1. The declining C≡C stretching band at 2254 cm−1


by UV-irradiation supports the proposed polymerization of 1
within the nanofibers (See graphical abstract, and ESI: Fig. S2†).
The molecular weight of the polymerized nanofiber could not be
determined because of its poor solubility in organic solvents such
as DMSO, DMF, THF, CHCl3, CH3OH and toluene.


From X-ray diffraction patterns we also obtained important
information for the molecular packing mode of the gelator
molecules, as shown in Fig. 4. The X-ray diffraction diagram
of hydrogel 1 before polymerization reveals a single sharp peak
at d = 4.05 nm in the small-angle region (Fig. 4A). This length
of 4.05 nm is shorter than twice that of the extended molecular
length of 1 (2.9 nm, by CPK molecular modeling), but longer
than the length of one molecule. Thus, the hydrogel 1 should have
an interdigitated bilayer structure with a thickness of 4.05 nm
(Fig. 4A-a and Fig. 4B-a). On the other hand, the obtained long
spacing (d) of hydrogel 1 upon the polymerization was 4.20 nm,
slightly larger than that before polymerization (Fig. 4A-b and
Fig. 4B-b). This might be due to a loose chiral packing structure
between sugar moieties resulting from the polymerization.


The obtained long spacing (d) of organogel 2 was 3.70 nm (one
molecular length = 3.2 nm). This value is also compatible with
a bilayer structure with a relative large region interdigitated by
hydrophobic interactions, forming a relatively stronger hydropho-
bic interaction. Thus one can suggest that the hydrogel 1 forms
a bilayer structure with a relatively small region interdigitated
through hydrophobic interactions, unlike organogel 2.


Conclusions


We demonstrated that the sugar-based gelator 1 containing a
lipophilic diacetylene group can gelate water efficiently in the
absence of organic solvent even at extremely low concentration
(0.05 wt%). The hydrogel 1 forms a well-ordered bilayer structure
in water by self-assembly through intermolecular hydrogen bond-
ing, p–p stacking and interdigitated hydrophobic interactions,
in contrast to the sugar-based gelator 2. In addition, upon
irradiation at a wavelength of 254 nm, the hydrogel 1 reveals a red
coloration at 540 nm. These results indicate that the self-assembled
hydorgel 1 was polymerized by UV-irradiation. The intensity of the


CD spectrum of the hydrogel was markedly decreased following
polymerization. This finding indicates that upon polymerization
the highly ordered chiral structure of hydrogel 1 changes to
a disordered molecular packing structure. Consequently, the
hydrogelator could be an innovative tool in drug delivery systems
and medical implants.


Experimental


Spectroscopy measurements


1H and 13C NMR spectra were measured on a Bruker ARX
300 apparatus. IR spectra were obtained in KBr pellets using
a Shimadzu FT-IR 8100 spectrometer, and MS spectra were
obtained with a Hitachi M-250 mass spectrometer. Circular
dichroism (CD) spectra were measured on a JASCO J-820KS
spectrophotometer (cell diameter 10 mm).


XRD measurements


The XRD of a freeze-dried sample was measured with a Rigaku
diffractometer (Type 4037) using graded d-space elliptical side-by-
side multilayer optics, monochromated Cu Ka radiation (40 kV,
30 mA), and an imaging plate (R-Axis IV). The typical exposure
time was 10 min with a 150 mm camera length. Freeze-dried
samples from 2–9 were vacuum-dried to constant weight and then
put into capillary tubes, without being powdered.


TEM observations


The aqueous dispersions of the nanostructures (0.1 mg mL−1)
were dripped onto an amorphous carbon grid, and excess water
was blotted with filter paper. TEM was done with a Carl-Zeiss
LEO912 instrument operated at 50 keV. Images were recorded on
an imaging plate (Fuji Photo Film Co. Ltd. FDL5000 system)
with 20 eV energy windows at 3000–250 000 × and were digitally
enlarged.


Gelation test of organic fluids


In typical gelation experiment, a weighed amount of gelator and
0.1–1 mL of the solvent were put in a sample bottle, after which the


Fig. 4 (A) Power-XRD patterns of hydrogel 1 (a) before and (b) after polymerization and (c) mixed water-methanol gel 2. (B) Proposed molecular
packing modes of hydrogel 1 (a) before and (b) after polymerization.
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sample bottle was tightly sealed with a screw cap. The bottle was
then heated with shaking until all the solid material had dissolved.
The solution was set aside and allowed to cool to 25 ◦C. Gelation
was stable to inversion when the sample bottle was turned upside
down.


Synthesis


Compounds 3, 4, 6 and 7 are commercially available.


N - (4- ( (2S,3S,4S,5S ) -3,4,5-Trihydroxy-6-(hydroxymethyl ) -
tetrahydro-2H-pyran-2-yloxy)phenyl) heptadeca-10,12-diynamide
(1). A mixture of 9 (0.15 g, 0.33 mmol) and NaOH (0.52 g,
1.3 mmol) in MeOH (16 mL) and H2O (4 mL) was stirred for 3 h
at room temperature. The solution was concentrated in vacuo, and
acidified with 0.1 M HCl solution. The precipitate was filtered and
dried in vacuo. White solid. Mp: 123–126 ◦C. Yield 90%. 1H NMR
(300 MHz, DMSO-d6): d 9.70 (s, 1H, NH), 7.49 (d, 2H, J = 9,
Ar–H), 6.97 (d, 2H, J = 9, Ar–H), 5.24 (d, 1H), 5.24 (d, 1H), 5.02
(d, 1H), 4.96 (d, 1H), 4.77(d, 1H), 4.52(t, 1H), 3.72 (m, 1H), 3.48
(m, 1H), 3.26(s, 5H), 2.30 (m, 6H), 1.57 (m, 2H), 1.45–1.28 (m,
14H), 0.89 (t, 3H, CH3); 13C NMR (75 MHz, CDCl3): 181.3, 148.4,
125.1, 118.8, 115.3, 85.3, 74.5, 70.6, 65.8, 64.6, 63.1, 25–28, 20.5,
13.1 ppm; IR (KBr, cm−1): 3378, 3288, 2929, 2850, 1654, 1604,
1533, 1509, 1407, 1234, 1074; MS (FAB): 544 (M + H)+ (calcd
MW = 543.3); elemental analysis: calcd (%) for C31H45NO7: C
68.10, H 8.44, N 2.54; found: C 68.48, H 8.34, N 2.58.


N - (4- ( (2S,3S,4S,5S ) -3,4,5-Trihydroxy-6-(hydroxymethyl ) -
tetrahydro-2H-pyran-2-yloxy)phenyl)heptadecanamide (2). Syn-
thetic procedures are same as for 1 starting from 11. 1H NMR
(300 MHz, DMSO-D6): d 9.60 (s, 1H, NH), 7.50 (d, 2H, J = 9,
Ar–H), 6.88 (d, 2H, J = 9, Ar–H), 5.13 (d, 1H), 5.20 (d, 1H),
4.99 (d, 1H), 4.88 (d, 1H), 4.70(d, 1H), 4.61(t, 1H), 3.80 (m, 1H),
3.18(s, 5H), 1.50 (m, 2H), 1.45–1.28 (m, 30H), 0.82 (m, 3H, CH3);
13C NMR (75 MHz, CDCl3): 171, 131.0, 121.5, 116.2, 102.2, 71.1,
66.0, 65.7, 65.2, 64.2, 31–27, 21.5, 12.5 ppm; IR (KBr, cm−1): 3375,
3288, 2929, 2850, 1654, 1600, 1535, 1512, 1407, 1234, 1072; MS
(FAB): 538.5 (M + H)+ (calcd MW = 537.73); elemental analysis:
calcd (%) for C30H51NO7; C 67.01, H 9.56, N 2.60. found: C 65.07,
H 9.11, N 2.50.


10, 12-Heptadecadiynoyl chloride (5). A mixture of 10,12-
heptadecadiynoic acid 3 (0.10 g, 0.37 mmol), 4 (0.12 mL,
3.96 mmol) and DMF (1 ∼ 2 drops) was dissolved in CH2Cl2


(2.0 mL), and the reaction mixture was then stirred for 10 h at
room temperature. The residual oxalyl chloride and solvent were
removed in vacuo. The product was directly used for the coupling
reaction without further purification.


( 2R,3R,4S,5R,6S ) - 2 - ( Acetoxymethyl ) - 6 - ( 4 - nitrophenoxy ) -
tetrahydro-2H-pyran-3,4,5-triyl triacetate (8). Nitrophenyl-b-D-
glucopyranoside 6 (1.0 g, 2.54 mmol) was dissolved in 1.0 mL of
pyridine and 1.0 mL of 7. The reaction mixture was allowed to
stand overnight and was then evaporated in vacuo to dryness with
dry toluene. The residue was purified by column chromatography
on silica gel with EA/Hx (1/1 v/v, Rf = 0.5). Yield 75%. 1H NMR
(300 MHz, CDCl3): d 7.23 (d, 2H, J = 9, Ar–H), 7.08 (d, 2H,
J = 9, Ar–H), 5.24 (m, 3H), 5.04 (d, 1H, J = 9), 4.3–4.1 (m, 2H),
3.87 (m, 1H), 1.97 (s, 12H); 13C NMR (75 MHz, CDCl3): 170.5,
158.6, 130.5, 123.1, 115.3, 98.1, 71.4, 68.3, 65.4, 20.8, 19.6 ppm;


MS (FAB): 470 (M + H)+ (calcd MW = 469.1); elemental analysis
calcd (%) for C20H23NO12: C 51.18, H 4.94, N 2.98; found: C 51.01,
H 5.24, N 2.86.


(2R,3R,4S,5R,6S ) -2-(Acetoxymethyl)-6-(4-aminophenoxy)-
tetrahydro-2H-pyran-3,4,5-triyl triacetate (9). Compound 8
(1.0 g) was dissolved with 25 mL of MeOH. After 5 min of N2


purging, Pd on activated carbon (10 wt%, 100 mg) was added.
Under 2 atm of H2, the reaction was allowed to proceed for 3 h.
After filtration and evaporation, pure 9 was obtained as a pale
yellow solid (2.48 g, quantitative). (1/1 v/v, Rf = 0.5). Yield 75%.
1H NMR (300 MHz, CDCl3, 25 ◦C): d 6.85 (d, 2H, J = 9, Ar–
H), 6.64 (d, 2H, J = 9, Ar–H), 5.24 (m, 3H), 4.96 (d, 1H, J =
9), 4.3–4.1 (m, 2H), 3.81 (m, 1H), 3.48 (s, 2H), 2.05 (s, 12H); 13C
NMR (75 MHz, CDCl3): 170.3, 158.9, 130.2, 121.0, 119.3, 97.1,
73.4, 69.1, 64.6, 20.5, 19.1 ppm; MS (FAB): 438 (M + H)+ (calcd
MW = 439.1); elemental analysis: calcd (%) for C20H25NO10: C
54.89, H 6.10, N 3.40; found: C 54.67, H 5.73, N 3.19.


(3R,4S,5S,6S)-2-(Acetoxymethyl)-6-(4-heptadeca-10,12-diyn-
amidophenoxy)-tetrahydro-2H-pyran-3,4,5-triyl triacetate (10).
A mixture of 5 (0.15 g, 0.34 mmol), 9 (0.1 g, 0.34 mmol), and
triethylamine (0.17 g, 1.7 mmol) in dry THF (20 mL) was refluxed
for 3 h under N2 atmosphere. The solution was filtered after cooling
to room temperature, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel with EA/Hx (2/1
v/v, Rf = 0.6). Yield 75%. 1H NMR (300 MHz, CDCl3): d 9.70
(s, 1H, NH), 7.49 (d, 2H, J = 9, Ar–H), 6.97 (d, 2H, J = 9, Ar–
H), 5.21 (d, 1H), 5.16 (d, 1H), 4.98 (d, 1H), 4.91 (d, 1H), 4.75(d,
1H), 4.58(t, 1H), 3.78 (m, 1H), 3.35 (m, 1H), 3.21(s, 5H), 2.33
(m, 6H), 2.08 (m, 12H), 1.53 (m, 2H), 1.45–1.28 (m, 14H), 0.83
(s, 3H, CH3); 13C NMR (75 MHz, CDCl3): 180.2, 169.3, 155.4,
129.1, 119.9, 119.1, 89.1, 77.4, 71.3, 69.1, 64.6, 61.1, 25–28, 20.5,
19.1, 12.8 ppm; MS (FAB): 713 (M + H)+ (calcd MW = 711.4);
elemental analysis calcd (%) for C39H53NO11: C 65.14, H 8.21, N
2.01; found: C 65.80, H 7.50, N 1.97.


( 3R,4S,5S,6S ) - 2 - ( Acetoxymethyl ) - 6 - ( 4 - heptadecanamido
phenoxy)-tetrahydro-2H-pyran-3,4,5-triyl triacetate (11). The
same reaction procedures as for 10 were used starting from stearoyl
chloride and 9. 1H NMR (300 MHz, CDCl): d 9.70 (s, 1H, NH),
7.49 (d, 2H, J = 9, Ar–H), 6.97 (d, 2H, J = 9, Ar–H), 5.21 (d, 1H),
5.16 (d, 1H), 4.98 (d, 1H), 4.91 (d, 1H), 4.75(d, 1H), 4.58(t, 1H),
3.78 (m, 1H), 2.08 (m, 12H), 1.53 (m, 2H), 1.45–1.28 (m, 30H),
0.82 (m, 3H, CH3); 13C NMR (75 MHz, CDCl3): 178, 171.2, 156.2,
128.6, 121.4, 110.6, 97.1, 75.0, 73.1, 66.1, 65.1, 64.1, 33–27, 20.8,
16.1; MS (FAB): 706.5 (M + H)+ (calcd MW = 705.41); elemental
analysis: calcd (%) for C38H59NO11: C 64.66, H 8.42, N 1.98.; found:
C 64.35, H 8.22, N 2.00.
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Wavelength and mass resolved resonance-enhanced two photon ionization (R2PI) excitation spectra of
(1S,2S)-N-methyl pseudoephedrine (MPE) and its complexes with several achiral and chiral solvent
molecules, including water (W), methyl (R)-lactate (LR), methyl (S)-lactate (LS), (R)-2-butanol (BR), and
(S)-2-butanol (BS), have been recorded after a supersonic molecular beam expansion and examined in
the light of ab initio calculations. The spectral patterns of the selected complexes have been interpreted
in terms of the specific hydrogen-bond interactions operating in the diastereomeric complexes, whose
nature in turn depends on the structure and the configuration of the solvent molecule. The obtained
results confirm the view that a representative neurotransmitter molecule, like MPE, “communicates”
with the enantiomers of a chiral substrate through different, specific interactions. These findings can
be regarded as a further contribution to modelling neurotransmitter functions in biological systems.


Introduction


The last few years have witnessed a tremendous development in
molecular biology with the deciphering of the human genome and
its implications into the search of new personalized treatments.
This pharmacogenetic programme, which aims to design new
drugs adapted to each human being, requires sophisticated mod-
elling of biomolecules as well as understanding the biochemical
mechanism at the molecular level. Although impressive develop-
ments have been made along this direction, some fundamental
aspects, such as the detailed mechanism of molecular recognition
and, particularly, reaction dynamics are not well understood.
Biomolecules are often chiral and many biochemical processes
show preference for one enantiomer over the other. Recognition
of a chiral drug by a suitable chiral receptor, which is the basis of
its biological activity (including pharmacology and toxicology),
involves size- and shape-specific non-covalent interactions, such
as van der Waals, electrostatic, or hydrogen bonding attractions
tempered by steric repulsions. Detailed comprehension of these
forces is crucial for understanding, on a molecular level, the
principles that govern chiral recognition and, therefore, for
targeting drugs to specific receptors. Besides, modelling drug
activity requires the study of tailor-made simplified host/guest
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systems under conditions mimicking the extensive desolvation of
the biomolecule when entering the receptor cavity, i.e. in the gas
phase.


In recent years, a number of laser REMPI and LIF spectroscopic
studies on the structure, dynamics, and reactivity of diastereomeric
complexes between chiral molecules, e.g. alcohols and amines,
and suitable chiral receptors have been carried out by us1–4 and
others.5–8 These studies provided precious information on the
conformational changes of the chiral components by aggregation
as well as on the nature of the intervening non-covalent forces.
Some of these studies regarded the simplest members of the class
of neurotransmitters as amphetamine, dopamine, noradrenaline,
ephedrine and others. The S1←S0 transition origins of their
various conformers have been recorded and their structures
determined with the help of ab initio calculations.9–14 An im-
portant aspect of these studies concerns the conformational
changes of the neurotransmitter molecule by monosolvation.
No information is available to date as regards to the van der
Waals and hydrogen-bond interactions between a chiral solvent
molecule and a neurotransmitter, which represents the basis of
the receptor chiral recognition of a neurotransmitter molecule.
A first insight into this point is provided in this paper, which
reports on the results of a one color R2PI-TOF spectroscopic
study of a specific neurotrasmitter molecule, i.e. (1S,2S)-N-
methyl pseudoephedrine (MPE), involved in neuronal commu-
nication. Its behaviour is compared with that of other neuro-
transmitters, like ephedrine and pseudoephedrine. The effects
of MPE monosolvation by water (W), (R)-2-butanol (BR), (S)-
2-butanol (BS), methyl (R)-lactate (LR), and methyl (S)-lactate
(LS) have been investigated as well. It is hoped thereby to
provide a comparative picture of the monosolvation effects of
these important molecules and some fundamental information
of the forces governing their chiral recognition by receptor
mimics.
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Experimental


R2PI-TOF experiments


The experimental set up to produce the molecular clusters and to
perform their spectral analysis has been described elsewhere.15,16


The supersonic beam of the species of interest was obtained
by adiabatic expansion of a carrier gas (Ar; stagnation pressure
from 2 to 4 bar), seeded with (1S,2S)-N-methyl pseudoephedrine
(MPE) and different solvents through a heated pulsed nozzle of
400 lm i.d (aperture time: 200 ls; repetition rate: 10 Hz) heated
at T = 100 ◦C. Their concentration is maintained enough low
to minimise the production of heavier clusters. The molecular
beam was allowed to pass through a 1-mm diameter skimmer into
a second chamber equipped with a vertical TOF spectrometer.
Molecules and clusters in the beam are excited and ionised by
one or two tuneable dye lasers, pumped by a Nd:YAG laser
(k = 532 nm). The dye fundamental frequencies are doubled and,
when necessary, mixed with residual 1064 nm radiation to obtain
two different frequencies m1 and m2. The ions formed by R2PI
ionizations are mass discriminated and detected by a channeltron
after a 50-cm flight path. The mass selected ionic signals are
recorded and averaged by a digital oscilloscope and stored on a PC.


One-colour R2PI experiments (1cR2PI) involve electronic ex-
citation of the species of interest by absorption of one photon
hv1 and by its ionisation by a second photon of the same energy
hv1. The 1cR2PI excitation spectra were obtained by recording
the entire TOF mass spectrum as a function of m1. The wavelength
dependence of a given mass resolved ion represents the absorption
spectrum of the species and contains important information about
its electronic excited state S1.


Computational details


MM3 force-field classical molecular dynamics is run for each
neutral adduct at a temperature of 800 K with some constraints
to overcome dissociation; the cumulative time is 0.1 ns with a
time step of 0.5 fs and a dump time of 1 ps. The 100 snapshots
are then optimized with a convergence of 10−6 kcal mol−1 Å−1


RMS gradient per atom. The obtained optimized structures are
classified according to their energy and conformation.


The MPE molecule and the [MPE·W] clusters have been studied
by DFT approach: we used the B3LYP Hamiltonian with the 6-
31G** basis set for both energy and geometrical optimization.
Each [MPE·LR/S] and [MPE·BR/S] cluster conformer is optimized
with a Hartree–Fock approach using a medium size basis set.
The convergence criterion for energy calculations is 10−6 Hartrees.
The basis set is the 6-31G. The ionization potentials have been
estimated using the semiempirical PM3 Hamiltonian. All the
ab initio calculations were performed using the GAUSSIAN
98 package.17 Vibrational frequencies were calculated using the
B3LYP density functional method and a 6-31G** basis set,
previously found to give fair agreement with experimental data
for similar molecules18–19 when scaling factors of 0.97 are used.


Results and discussion


The bare MPE molecule


Ab initio B3LYP/6-31G** calculations point to the existence
of two stable conformers for the isolated MPE molecule, i.e.


MPE1 and MPE2 (Fig. 1). The MPE1 conformer presents
an intramolecular OH · · · N hydrogen bond, while the MPE2
is characterized by the presence of the OH group pointing
towards the p ring. Accordingly, MPE2 was found to lie 6.5 kcal
mol−1 above MPE1, which is therefore the global minimum. As
a consequence, it is very likely that supersonic expansion of
(1S,2S)-N-methyl pseudoephedrine yields predominantly, if not
exclusively, the most stable MPE1 conformer.


Fig. 1 Ab initio B3LYP/6-31G** most stable structures for the isolated
neutral MPE molecule and PM3 geometry for the ion. The figure reports
also the calculated energies.


Fig. 1 reports the PM3-calculated structure of the correspond-
ing radical ion as well. The ionization potentials of MPE1
and MPE2 are calculated as large as 7.52 and 7.45 eV, res-
pectively. A common behaviour of photoionized ephedrine and
pseudoephedrine is that of undergoing extensive breaking of
their Ca–Cb bond to give the corresponding [CH3CHNHCH3]+


fragment (m/z 58).10,13 A similar fragmentation is even more
extensive in MPE (>99%) to give the fragment at m/z 72, i.e.
[CH3CHN(CH3)2]+. This behavior is favored by the presence of an
extra-methyl at the N center, resulting in an extra-stabilization
of the positive charge of the fragment. Another major factor
determining the almost complete [MPE]+ fragmentation is the
large excess of energy (DE = Ehm − IP ≈ 1.8 eV), imparted to the
molecule by absorption of two photon during the 1cR2PI process
(Ehm = 9.3 eV). This excess energy is probably enough to overcome
the barrier to fragmentation, if actually present.20 Important
geometry changes occur in the monomer upon ionization. Frank–
Condon factors leave the molecular cation in highly excited
vibrational states leading to rapid fragmentation.


The 1cR2PI-TOF absorption spectrum of the isolated MPE
molecule, recorded at m/z 72, is illustrated in Fig. 2. A strong
feature at 37578 cm−1 is observed which can be assigned to the 00


0


electronic S1←S0 transition of the most stable conformer MPE1.
A much weaker peak at 37535 cm−1 can also be identified as the
00


0 electronic S1←S0 transition and attributed to the less stable
conformer MPE2. On the basis of pressure studies, the other
two peaks red shifted with respect to the 37578 cm−1 have been
attributed to larger clusters fragmenting to the m/z 72 mass
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Fig. 2 1cR2PI Excitation spectrum of the isolated molecule (1S,2S)-
methylpseudoephedrine (MPE) measured at m/z = 72. The main vibronic
bands, characteristic of the spectra of substituted benzenes, are marked in
the spectrum (see Table I).


channel. This observation fully conforms to the theoretical esti-
mate of the relative stability of the two conformers. The excitation
spectrum in the frequency range from 37500 to 38600 cm−1 (Fig. 2)
is characterized by a set of bands blue shifted with respect to
the 00


0 electronic S1←S0 transition at 37578 cm−1 which can be
assigned to the vibronic transitions of the most stable conformer
MPE1 (Table 1). Some of the minor peaks can be attributed
to the vibration of the less populated conformer MPE2. The


vibronic transitions have been tentatively assigned by comparing
the experimental peaks of Fig. 2, representative of the vibrational
modes of MPE1 in the S1 excited state, with: (i) those computed at
B3LYP/6-31G** level of theory in harmonic approximation for
MPE1 in the S0 ground state (Table 1); and (ii) with experimental
data from related alkylaromatic systems.2,19,21


The not intense vibronic bands labelled 1,2 and 3, blue shifted
relative to the 00


0 band origin of MPE1 by 47, 55 and 63 cm−1,
respectively, are assigned to torsions of the molecule. The quite
intense bands marked 7 and 8, respectively at 211 and 216 cm−1,
are assigned to the in plane bending and rocking. The tentative
assignments of the other bands can be found in Table 1.


The [MPE·W] complex


Fig. 3 reports the B3LYP/6-31G** optimized structures of the
three most stable clusters between MPE and one water (W)
molecule. The relevant binding energies and ionization potentials
are listed in Table 2. The most stable isomer a is characterized by
a structure similar to MPE1 with its O center acting as proton
acceptor from W and as proton donor to the amino group. In
the second most stable isomer b, the W molecule is inserted into
the two functionalities of MPE and acts as proton acceptor from
the OH group of the chromophore and as proton donor to its
N center. In the least stable conformer c, this latter interaction is
prevented by the unfavorable Ca–OH bond orientation.


The 1cR2PI-TOF absorption spectra of the [MPE·W] complex,
taken at m/z 179 ([MPE]+), m/z 90 ([CH3CHN(CH3)2·W]+), and
m/z 72 ([CH3CHN(CH3)2]+) are shown in Fig. 4a–c, respectively.
All of them exhibit several bands (marked with asterisks in


Table 1 Calculated vibrational frequencies mth for the S0 ground state of MPE1. Measured vibrational frequencies mexp for the S1 excited state of MPE1


Band numbera Modes S0 state MPE1 mth/cm−1 S1 state MPE1 mexp/cm−1


00
0 0 0


1 Ca–Cb torsion, Cb–Cc torsion 42 47
2 Cb–Cc torsion 54 55
3 Cc–N torsion 75 63
7 Rocking (CH3) 225 211
8 Rocking (CH3) 231 216


9 Rocking (CH3), out of plane bending plane Ca–Cb 242 220–288
10 Rocking (CH3) 256
11 Rocking (CH3) 277


12 CH3 torsion 283 292
13 Bending Ca–Cb–O, ring bending in plane 352 317
14 Butterfly ring 401 355


15 N-umbrella 412 404–420
16 Bending CH3–N–CH3, butterfly ring 422


17 Bending Ca–Cb–N, bending CH3–N–Cc 498 484
18 Butterfly ring 526 501
19 Bending Ca–Cb–N, bending O–Ca–Cb 545 515
20 Asymmetric ring breathing 609 531
21 Symmetric ring breathing, bending O–Ca–Cb 614 562
22 H–O–Cb–Cc torsion 644 579
23 Butterfly ring 688 689
24 Out of plane bending 730 723
28 Stretching Ca–Cb, CH3 bending 857 834
30 CH3 bending 933 918


a Band numbering as reported in Fig. 2.
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Table 2 Calculated binding energies (D′′) and ionization potentials (IP) of the three conformers of [MPE·W]. D′′
e is the uncorrected binding energy,


BSSED′′
e is the binding energy corrected for the basis set superposition error and BSSED′′


0 is corrected also for the zero point vibrational frequencies


Binding energy/kcal mol−1a


IP/eVb


Conformer Relative total energy/kcal mol−1 D′′
e


BSSED′′
e


BSSED′′
0


a 0.0 10.3 4.8 2.3 8.0
b 1.5 15.5 8.2 5.6 7.4
c 6.7 8.9 5.1 3.0 7.3


a B3LYP/6-31G**; b PM3.


Fig. 3 Ab initio B3LYP/6-31G** most stable structures and predicted
energies for the [MPE·W] complex.


Fig. 4a–c), one intense at 37595 cm−1 and other more intense
at 37581 cm−1, both blue-shifted relative to the S1←S0 band
of the bare MPE1 chromophore (37578 cm−1, broken line in
Fig. 4) by Dm = +17 and +3 cm−1, respectively. The close
similarity of the spectra, taken m/z 179 and 72, with that taken
at m/z 90 ([CH3CHN(CH3)2·W]+) points to these fragments as all
originating from the [MPE·W]+ complex (eqn 1–3). In this frame,
the observation of relatively abundant [MPE]+ fragments (m/z
179) from [MPE·W]+, otherwise almost undetectable from bare
MPE1, suggests that monohydration of MPE1, besides leading to
the blue-shifting of the S1←S0 band origin of the chromophore,
appreciably increases its IP. On the grounds of the computed IP’s
of Table 2, one is inclined to assign structure a of Fig. 3 to most
of the supersonically expanded [MPE·W]+ complexes.


The diastereomeric [MPE·LR/S] complexes


A similar behaviour is observed in the case of the complexes
of MPE with methyl lactates LR and LS. The calculations
performed on the corresponding complexes have been focused
on the most stable conformers identified by molecular dynamics


Fig. 4 1cR2PI Excitation spectra obtained by monitoring the [MPE·W]
complex at m/e = 179 (a), m/e = 90 (b), and m/e = 72 (c).


simulations. Seven ab initio HF/6-31G-optimized structures have
been identified for each of the two diastereomeric [MPE·LR/S]
forms with energy differences not exceeding 10 kcal mol−1 (Fig. 5).
Inspection of the figure reveals that there is a close correspondence
between the structure and the energy of the most stable homo-
and the heterochiral adducts. In fact, the above structures have
almost the same relative energies and geometries except for the
interchange in the position of a methyl group with an hydrogen
atom. The two most stable conformers (A and B of Fig. 5) are
analogous to structure a of the [MPE·W] complex with the O
of the chromophore acting as proton acceptor from LR/S and as
proton donor to the amino group. Similar interactions operate in
the less stable structure D (DE = 3.3–3.4 kcal mol−1). The insertion
complex C (DE = 2.6–2.9 kcal mol−1) presents close analogies with
structure b of the [MPE·W] complex with the OH group of LR/S


molecule acting as proton acceptor from the OH group of the
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Fig. 5 Ab initio HF/6-31G most stable structures and predicted energies for the homochiral [MPE·LS] and heterochiral [MPE·LR] complexes.


chromophore and as proton donor to its N center. The least stable
G isomers of the [MPE·LR/S] complexes (DE = 6.7–6.8 kcal mol−1)
are structurally similar to form c of the [MPE·W] complex with
the OH group of the chromophore acting exclusively as proton
acceptor from the OH group of the LR/S molecule. The presence
of the methoxycarbonyl function adjacent to the OH one in LR/S


allows the formation of additional isomers where the carbonylic
oxygen of LR/S acts as a proton acceptor from the OH of the
chromophore while its OH group interacts with the N center of
the MPE (structures E in Fig. 5; DE = 2.0–3.0 kcal mol−1). In the
slightly less stable isomers F (DE = 5.1–5.7 kcal mol−1), the same
interactions involve the ethereal oxygen instead of the carbonyl
oxygen. In both the D and F structures the lactate has the OH
group “trans” in respect to its C=O group, whereas in all the
other conformers the OH group is “cis” to the C=O group, that
corresponds to the more stable conformation of the free lactate.


The 1cR2PI-TOF mass spectra of the diastereomeric
[MPE·LR/S] complexes are characterized by their complete
Ca–Cb fragmentation accompanied by the loss of the LR/S


molecule. Their 1cR2PI-TOF absorption spectra, taken at m/z
72 ([CH3CHN(CH3)2]+), are shown in Fig. 6a–b. Relative to the
spectral features of the bare MPE1 chromophore, the spectral
patterns of the diastereomeric [MPE·LR/S] complexes are charac-
terized by the presence of new red-shifted bands (marked with
asterisks in Fig. 6). The heterochiral complex exhibits only a
single red-shifted peak (Dm = −158 cm−1; Fig. 6a), whereas the
homochiral one display two red-shifted bands (Dm = −174 and
−144 cm−1; Fig. 6b). It is worth noting that the red-shifted peak


Fig. 6 1cR2PI Absorption spectrum of the MPE complex with methyl
(R)-(+)-lactate LR (a) and methyl (S)-(−)-lactate LS (b) obtained by
monitoring the fragment ion signals at m/e = 72.
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of the heterochiral complex falls just halfway the frequency gap
between the two red-shifted bands the homochiral adduct (Dm =
30 cm−1). A similar situation has been already observed for other
diastereomeric clusters.22–24 It is tempting to attribute the two
red-shifted bands of the homochiral adduct to the most stable
degenerate A and B rotamers (Fig. 5). Analogously, the single red-
shifted signal of the heterochiral complex is associated with the
most stable A conformer, while the slightly less stable structure B
may not be sufficiently abundant at the low temperatures typical
of supersonically expanded beams to produce a detectable signal.


The diastereomeric [MPE·BR/S] complexes


The diastereomeric [MPE·BR/S] complexes behave in conformity
with the analogous [MPE·LR/S] and [MPE·W] ones. Fig. 7 reports
the HF/6-31G optimized structures of the three most stable
[MPE·BR/S] structures. In particular, the most stable isomers I
and II present an intramolecular OH · · · N and an intermolecular
OH · · · O interaction in which the BR/S acts as a proton donor to
MPE. In the second most stable isomers III and IV, the BR/S


molecules act as proton acceptor from the OH group of the
chromophore and as proton donor to its N center. The least stable
structures V and VI are instead characterized by a bifurcated H-
bond between the OH group of the chromophore acting as proton
donor to both its N center and the OH group of BR/S.


Fig. 7 Ab initio HF/6-31G most stable structures and predicted energies
for the homochiral [MPE·Bs] and heterochiral [MPE·BR] complexes.


The 1cR2PI-TOF mass spectrum of the homochiral [MPE·BS]
complex is characterized by the formation of small yields of
the [CH3CHN(CH3)2]+ fragment (m/z 72), together with minor


amounts of the [MPE]+ (m/z 179) and [CH3CHN(CH3)2·BS]+ (m/z
146) ones (refer to eqn 1–3). Very minor quantities of the intact
[MPE·BS]+ complex are observable as well (Fig. 8). The intensity
of these peaks does not allow a sufficiently accurate analysis of the
relevant 1cR2PI-TOF absorption spectra. However, the spectra
qualitatively show the same general features of the [MPE·LR/S]
and [MPE·W] ones, i.e. few bands red-shifted by a given Dm
value relative to the S1←S0 band of the bare MPE1 chromophore
by the same Dm values. Concerning the heterochiral [MPE·BR]
complex, no signs of the presence of the m/z 72, 146, 179, and 253
fragments are observed. This lack of signals is attributed to the
complete fragmentation of the heterochiral complex to give the
m/z 72 one, whose intensity is so low to make it indistinguishable
from the intense m/z 72 fragments arising from the bare MPE1
molecule.


Fig. 8 1cR2PI Mass spectrum of the MPE/(S)-2-butanol BS mixture.
The spectrum is taken at m = 37560 cm−1.


Conclusions


The present study shows how R2PI-TOF spectroscopy coupled
with high level ab initio calculations can provide valuable insights
into the properties of a representative neurotransmitter molecule.
Important aspects of molecular shape and interaction forces
between MPE and few chiral and achiral solvent molecules can
be inferred from the analysis of the mass resolved excitation
spectra. In the [MPE·W] cluster, different structures leading to
peculiar fragmentation are identified. In particular, water appears
to bind the OH and the NH group of the chromophore in different
ways leading to different conformers. A similar situation is found
with the diastereomeric [MPE·LR/S] and [MPE·BR/S] pairs. Here,
the chiral MPE chromophore is able to enantiodifferentiate the
selected chiral molecules on the grounds of a subtle interplay
between the difference in the van der Waals forces operating in
the corresponding diastereomeric aggregates.
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This combined experimental–computational investigation demonstrates that the presence of a
removable bromine substituent on a diene leads to complete p-diastereofacial and endo/exo
stereoselection in both intermolecular and intramolecular Diels–Alder reactions. The influence of the
bromine upon stereoselectivity is dramatic: the cycloaddition of nonbrominated precursor 18E, for
example, gives four diastereomeric products in a 55:13:16:16 ratio; the bromine-containing analogue
gives one stereoisomer within the limits of detection. The examination of B3LYP/6-31+G(d) transition
structures allows an interpretation of these experimental findings. A method for the completely
stereoselective synthesis of complimentary diastereomeric products (30Z and 31Z) from the same
simple starting materials (28 and 2) is reported. Discrepancies between calculation and experiment in
an earlier investigation into the Diels–Alder reaction are explained.


Introduction


The Diels–Alder reaction remains as one of the most important
chemical reactions.1 Almost 80 years after the landmark report
by Diels and Alder,2 valuable new synthetic applications and
important theoretical interpretations of the [4 + 2] cycloaddition
continue to appear. The synthetic power and generality of the
reaction are the basis for its longevity. A Diels–Alder cycloaddition
involves the heat-promoted union of a diene and a dienophile
and with it, the formation of a new six-membered ring, two
new covalent bonds and up to four new stereocentres. The
intramolecular Diels–Alder (IMDA) reaction creates two new
rings.3 The Diels–Alder reaction is by no means fully understood
and fully optimised, however, since it commonly delivers more
than one stereoisomeric product and, furthermore, methods to
effect a switch in stereoselectivity are rare.4 Stereocontrol is compli-
cated by endo/exo-selectivity (cis/trans-)5 and p-facial selectivity
attributes, allowing four possible stereoisomeric cycloadducts for
a concerted process with unsymmetrically substituted precursors.
Herein we demonstrate methods to achieve complete stereocontrol
in cycloaddition reactions. Moreover, we show that the same diene
and dienophile precursors can be employed for the formation of
different stereoisomeric products.


We recently showed that reactions between conjugated dienols
1 and maleic anhydride 2 (Scheme 1) provide either cis-fused 5
or trans-fused 6 bicyclic products as major products, depending
upon how the reaction is carried out.6 When mixtures of the
two reactants are heated, an endo-selective intermolecular Diels–
Alder reaction gives putative hydroxy anhydride intermediate 3,
which rapidly undergoes intramolecular esterification to furnish
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Scheme 1


cis-fused lactone acids 5. Alternatively, the pre-formed maleate
half-ester derivative 4 affords trans-fused lactone acids 6 in high
selectivity by way of an exo-selective5 IMDA reaction.


In a separate study, we demonstrated the stereocontrolling
influence of a removable bromine substituent upon the outcome
of IMDA reactions of pentadienyl acrylates (Scheme 2; Table 1,
entries 1 and 2).7,8 Thus, compared with the nonbrominated
precursor 7, the C3–bromine substituent in precursor 8 induces
a dramatic improvement in both trans/cis5 stereoselectivity and p-
diastereofacial selectivity.9 Detailed computational investigations
identified destabilising torsional and steric strains operating in
the transition structures (TSs) leading to cycloadducts 14, 15
and 16. The TS leading to the major cycloadduct 13 lacked such
unfavourable interactions.
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Table 1 Synthetic and computeda product ratios for Schemes 2 and 3


Entry Triene Time (h) Yield (%) Product ratio trans,lk:cis,lk:trans,ul:cis,ul


1 7 146 59 9:10:11:12
Synthetic 28:30:12:30
Computed 45:25:8:22


2 8 156 83 13:14:15:16
Synthetic 81:19:0:0
Computed 91:8:0:1


3 17Z 19 100 19Z:20Z:21Z:22Z
Synthetic 86:14:0:0


18Z 23Z:24Z:25Z:26Z
Computed 85:2:12:1


4 17E 39 90 19E:20E:21E:22E
Synthetic 72:17:0:11


18E 23E:24E:25E:26E
Computed 62:14:10:14


a Populations at B3LYP/6-31+G(d) level.


Scheme 2


Another investigation focused on the stereochemical outcome
of IMDA reactions of C9–CO2Me substituted trienes carrying a
C5–dioxolanyl substituent and a C1–CH2OTBS group (Scheme 3;
Table 1, entries 3 and 4).10 The C9–Z-CO2Me substrate, maleate
17Z, gave two of the four possible cycloadducts, namely trans,lk-
19Z and cis,lk-20Z (86:14, respectively) in quantitative yield. The
C9–E-CO2Me substrate, fumarate 17E, gave three of the four
possible adducts, trans,lk-19E, cis,lk-20E, and cis,ul-22E in a ratio
of 72:17:11, respectively, in 90% yield. DFT calculations carried
out on truncated maleate and fumarate model systems lacking
the C1 substituent, and with the C5–dioxolane group replaced
by a methyl group, correctly predicted the trans,lk-adduct 23 as
the major product with both E- and Z-dienophile geometries.10


Nevertheless, significant differences exist between experiment and
theory in the distribution of the minor cycloadducts. In the maleate
case, cis,lk-20Z is the only minor product observed in appreciable
amounts from experiments, whereas theory predicts that trans,ul-
21Z should be the second most prevalent product. In the fumarate
case, theory predicts a roughly even distribution of the three
minor stereoisomeric cycloadducts, whereas experiments furnish


Scheme 3


only two. This unsatisfactory correlation could reflect unmodelled
influences stemming from differences between the experimental
and computed structures, or discrepancies in the theory (i.e.
neglect of solvent effects).


The goals of the research described in this paper are as follows
(Fig. 1): (1) to identify the origin of the disagreement between
theory and experiment, summarised in Scheme 3, by conducting
IMDA reactions of maleate 18Z and fumarate 18E; (2) to enhance
the stereoselectivity of maleate and fumarate IMDA reactions
through incorporation of a C3–Br substituent (i.e. 18Z vs. 27Z,
18E vs. 27E, cf . acrylates, Scheme 2); (3) to investigate the
influence of the bromine substituent upon the p-diastereofacial
selectivity of intermolecular Diels–Alder reactions (i.e. 28 vs. 29).
Herein we show that both intermolecular and intramolecular
cycloaddition reactions are rendered completely stereoselective by
virtue of a removable bromine substituent.
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Fig. 1


Results and discussion


To shed light on the discrepancy between theory and experiment,
the computed “model” trienes, maleate 18Z and fumarate 18E
were prepared.11 Kinetically controlled12 intramolecular Diels–
Alder reactions of the two triene precursors were carried out
in dilute solutions of refluxing toluene in the presence of a
small amount of the antioxidant 2,6-di-tert-butyl-4-methyl phenol
(BHT) (Scheme 4;‡ Table 2, entries 1 and 2). Four cycloadducts
were formed in both cases. The cycloadducts were separated by
HPLC and the relative stereochemistry of each adduct was deter-
mined by NMR experiments.11 These IMDA reactions were faster
than those of the corresponding C5-unsubstituted precursors,13


presumably due to the reactive rotamer effect.14


The IMDA reaction of maleate 18Z exhibits strong trans-
selectivity (87:13, trans:cis) and like p-diastereofacial preference
(77:23, like:unlike). Fumarate 18E also underwent a trans-selective
(71:29, trans:cis) IMDA reaction with a like p-diastereofacial


‡ The synthetic series depicted in Scheme 4 is enantiomeric to that shown
in Scheme 3.


Scheme 4


preference (68:32, like:unlike). The isolation of the trans,like-
cycloadduct as the major product from both reactions is consistent
with other reports with C5-substituted pentadienyl maleates and
fumarates.10,15,16 Arseniyadis and co-workers employed the IMDA
reaction of the C5–Et counterpart of fumarate 18E as a key
step in their synthesis of A-seco mevinic acid.15 Compared to
the C5–Me triene 18E in the present study, the C5–Et triene
gave slightly higher trans-selectivity and slightly higher like p-
diastereofacial selectivity (trans,lk:cis,lk:trans,ul:cis,ul = 74:4:7:15
[Et]15 vs. 55:13:16:16 [Me]). Evidently, the smaller methyl group
has a slightly weaker stereocontrolling influence upon the IMDA
reaction.


The identities of the four products from the IMDA reactions
of 18Z and 18E were correctly predicted by theory11 with an
impressive level of accuracy. Indeed, the experimental ratios of the
three minor cycloadducts are in close agreement with calculated
DFT Boltzmann distributions. The discrepancies found between


Table 2 Synthetic and computeda product ratios for Scheme 4


Entry Triene Time (h) Yield (%) Product ratio trans,lk:cis,lk:trans,ul:cis,ul


1 18Z 3 94 23Z:24Z:25Z:26Z
Syntheticb 68:9c:19:4
Computedd 85:2:12:1


2 18E 57 71 23E:24E:25E:26E
Syntheticb 55:13:16:16
Computedd 62:14:10:14


3 27Z 0.6 84 30Z:31Z:32Z:33Z
Synthetic >98:0:0:0
Computed 99:1:0:0


4 27E 10 77 30E:31E:32E:33E
Synthetic >98:0:0:0
Computed 96:4:0:0


a Populations at B3LYP/6-31+G(d) level. b Experimental mean of GC analysis of crude reaction mixture, 1H NMR analysis of the crude reaction mixture
and the isolated yields after purification. The difference between the three sets of ratios was at most ±3%. c Previously reported by Tripathy, Franck and
Onan.9b d Refer to Scheme 3; Table 1, entries 3 and 4.
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theory and experiment in our earlier investigation (Scheme 2),10


therefore, can be ascribed to unmodelled influences of the C1 and
C5 substituents in trienes 17Z and 17E. Further evidence for this
conclusion comes in the form of computed product ratios from
the IMDA reaction of C1–CH2OTMS compound 34, which can
be considered a half-way point between fumarates 17E and 18E.
Theory predicts a product ratio trans,lk:cis,lk:trans,ul:cis,ul =
55:19:7:20 for 34, with less trans,ul-adduct and more of the two
cis-products relative to 18E (Fig. 2). This result is consistent with
the experimental finding with fumarate 17E, which carries the
C1–CH2OTBS substituent.


Fig. 2


The order of product abundance in the IMDA reaction of
maleate 18Z, namely trans,lk > trans,ul > cis,lk > cis,ul, can
be rationalised by consideration of interactions in the C3–C5
region of the TSs (Fig. 3). Two destabilising interactions can be
identified, namely 1,3-allylic strain between C3–H and C5–CH3 in
the two unlike TSs, and an eclipsed C4–C5 bond in the two cis-TSs.
These two interactions are absent in the trans,lk-TS, which leads
to the major product from the reaction. They are both present
in the cis,ul-TS, which leads to the least abundant product from
the reaction. Of the two products formed in intermediate amount,
the trans,ul cycloadduct is more abundant than the cis,lk product,
which presumably indicates that the eclipsing interaction is more
costly than allylic strain. It is noteworthy that the C5–des-methyl
analogue of 18Z undergoes a much less trans-selective reaction
(58:42, trans:cis).13 The enhanced trans-selectivity in the IMDA
reaction of 18Z can be ascribed to the destabilising interactions
in TSs leading to the cis-isomers.


With the fumarate precursor 18E, both experiments and
calculations show that the trans,lk-cycloadduct is the dominant
product, with the remaining three isomers being formed in roughly
equal amounts. The TSs leading to the four adducts from triene
18E are depicted in the ESI.† The destabilising interactions are the
same as those identified in the Z-TSs. In the case of the E-triene,
there are negligible differences in the energies of the TSs leading


Fig. 3 IMDA TSs from 18Z with destabilising interactions identified.
Distances between interacting atoms, and forming bond lengths are given
in Angstroms (Å). The enantiomeric lk-TSs are depicted for ease of
comparison.


to the three minor products. Evidently, allylic strain and eclipsing
interactions are finely balanced in this case.


Whilst these results confirmed the validity of the theoretical
model, we were keen to develop a way to carry out these
reactions in a more synthetically useful (i.e. a more stereoselective)
manner. Borrowing from our earlier studies with pentadienyl
acrylates (Scheme 2),7 the C3–Br analogues of 18Z and 18E,
27Z and 27E respectively, were analysed computationally. Very
high levels of stereoselectivity in favour of the trans,lk-adduct
30 were predicted in each case. Maleate 27Z and fumarate 27E
were prepared by esterification of dienol 29.11 Dienol 29, in turn,
was readily prepared by selective Stille monocoupling of the
1,1-dibromoalkane with vinyltributylstannane.7,17 To our delight,
when exposed to the standard IMDA reaction conditions, trans,lk-
stereoisomer 30 was generated from these reactions with complete
stereoselectivity, within the limits of detection (Table 2, entries 3
and 4). These bromine-containing cycloadducts were reductively
debrominated under radical conditions (Bu3SnH, AIBN) to give
samples which were identical to those obtained from 18Z and
18E.11
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The most obvious effect of the bromine in these TSs (Fig. 4)18 is
to enhance the magnitude of the destabilising 1,3A-strain between
the C3-substituent and the C5–methyl group. The unlike-TSs
become prohibitively high in energy relative to the like-TSs and are,
therefore, not populated to any significant extent. The H4 · · · CH3


eclipsing interaction still destabilises the two cis-TSs. Indeed, the
presence of the bromine has surprisingly little effect on the overall
geometries of the TSs.


Fig. 4 IMDA TSs from 27Z with destabilising interactions identified.
Distances between interacting atoms, and forming bond lengths are given
in Angstroms (Å). The enantiomeric lk-TSs are depicted for ease of
comparison.


The dramatic improvement in stereoselectivity in these IMDA
reactions brought about by the cis-C3–Br substituent led us to
investigate the possibility of stereocontrol in intermolecular Diels–
Alder reactions. The reaction between maleic anhydride and chiral
dienol 28 (Scheme 5) as reported by Franck and co-workers9b gave
exclusively cis-adducts, with modest p-diastereofacial selectivity
(cis,like-24Z:cis,unlike-26Z = 73:27; Table 3, entry 1). In our
hands, this reaction furnishes a mixture of four stereoisomeric
cycloadducts (Table 3, entry 2). The cis-fused isomers, resulting
from the intermolecular Diels–Alder pathway, are the dominant
products but the trans-fused bicycles, accounting for about 10%
of the product mixture, result from the competing esterification–
IMDA pathway (Scheme 1).6 Nevertheless, we observe a level of
p-diastereofacial selectivity between the two cis-isomers that is
consistent with the earlier report.


Scheme 5


Chiral bromodienol 29 reacts with maleic anhydride to give
two of the four possible cycloadducts, cis,like-31Z and trans,like-
30Z, in an 87:13 ratio. Thus, complete p-diastereofacial selectivity
is witnessed in this cycloaddition. That the minor, trans-isomer
is the result of the esterification–IMDA pathway (Scheme 1)6 is
demonstrated by the reaction of the TBS ether derivative 35. This
protected alcohol undergoes intermolecular Diels–Alder reaction
to give a single isomeric product, within the limits of detection.
This product furnishes material identical in all respects to cis,like-
adduct 24Z, after silyl ether hydrolysis with concomitant lactoni-
sation, methyl ester formation with diazomethane, and reductive
debromination.11 The very high level of like p-diastereofacial


Table 3 Experimental product ratios for Scheme 5


Entry Diene Time (h) Yield (%) Synthetic product ratioa trans,lk:cis,lk:trans,ul:cis,ul


1b 28 72 83 23Z:24Z:25Z:26Z 0:73:0:27
2c 28 2 71 23Z:24Z:25Z:26Z 10:57:1:32
3 29 5.5 58 30Z:31Z:32Z:33Z 13:87:0:0
4 35 74 58 30E:31Z:32Z:33Z 0:>98:0:0


a Experimental mean of GC analysis of crude reaction mixture, 1H NMR analysis of the crude reaction mixture and the isolated yields after purification.
The difference between the three sets of ratios was at most ±3%. b As reported by Franck et al. Reaction carried out at room temperature for 3 days.9b


c Present study.
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stereoselectivity witnessed here with a removable bromine sub-
stituent is comparable to that seen in Prein’s investigations with
methyl-substituted dienes.9c


In summary, this work confirms the validity of the DFT
model for pentadienyl maleate and fumarate IMDA reactions.
The stereodirecting ability of a cis-bromine substituent in both in-
tramolecular and intermolecular cycloaddition reactions of chiral
dienols has been demonstrated. Thus, moderately stereoselective
cycloaddition reactions are rendered completely stereoselective
simply by the replacement of a hydrogen in the precursor by
a bromine. Taken together with the ability to select either cis
or trans-bicyclic lactone acids from simple dienols and maleic
anhydride, operationally simple stereocontrolled approaches to
enantiomerically pure bicyclic building blocks with complemen-
tary stereochemistries are now in hand.


Acknowledgements


Funding from the Australian Research Council (ARC) is gratefully
acknowledged, as are generous computing time allocations from
the Australian Partnership for Advanced Computing (APAC) and
the Australian Centre for Advanced Computing and Communi-
cations (ac3).


References


1 K. C. Nicolaou, S. A. Snyder, T. Montagnon and G. Vassilikogiannakis,
Angew. Chem., Int. Ed., 2002, 41, 1668–1698.


2 O. Diels and K. Alder, Justus Liebigs Ann. Chem., 1928, 460, 98–122.
3 (a) D. F. Taber, Intramolecular Diels–Alder and Alder Ene Reactions,


Springer-Verlag, Berlin, 1984; (b) A. G. Fallis, Can. J. Chem., 1984, 62,
183–234; (c) E. Ciganek, Org. React., 1984, 32, 1–374; (d) D. Craig,
Chem. Soc. Rev., 1987, 16, 187–238; (e) W. R. Roush, in Advances in
Cycloaddition, ed. D. P. Curran, JAI, Greenwich, CT, 1990, vol. 2,
pp. 91–146; (f) W. R. Roush, in Comprehensive Organic Synthesis, ed.
B. M. Trost, I. Fleming and L. A. Paquette, Pergamon, Oxford, 1991,
vol. 5, pp. 513–550; (g) T. Oh and M. Reilly, Org. Prep. Proced. Int.,
1994, 26, 129–158; (h) D. Craig, in Stereoselective Synthesis, Methods of
Organic Chemistry (Houben-Weyl), ed. G. Helmchen, R. W. Hoffmann,
J. Mulzer and E. Schaumann, Thieme, Stuttgart, 4th edn, 1995, vol.
E21c, pp. 2872–2904; (i) A. G. Fallis, Acc. Chem. Res., 1999, 32, 464–
474; (j) B. R. Bear, S. M. Sparks and K. J. Shea, Angew. Chem., Int. Ed.,
2001, 40, 820–849; (k) K. Takao, R. Munakata and K. Tadano, Chem.
Rev., 2005, 105, 4779–4807.


4 K. Maruoka, H. Imoto and H. Yamamoto, J. Am. Chem. Soc., 1994,
116, 12115–12116.


5 We use the terms cis and trans instead of endo and exo to identify TSs
and products in intramolecular Diels–Alder reactions. endo and exo


are ambiguous terms when describing TSs and products of (E)-1,2-
disubstituted dienophiles.


6 T. N. Cayzer, M. J. Lilly, R. M. Williamson, M. N. Paddon-Row and
M. S. Sherburn, Org. Biomol. Chem., 2005, 3, 1302–1307.


7 T. N. Cayzer, L. S.-M. Wong, P. Turner, M. N. Paddon-Row and M. S.
Sherburn, Chem.–Eur. J., 2002, 8, 739–750.


8 For leading references into the “steric directing group” strategy, see:
(a) S. R. Wilson and D. T. Mao, J. Am. Chem. Soc., 1978, 100, 6289–
6291; (b) R. K. Boeckman and T. E. Barta, J. Org. Chem., 1985, 50,
3421–3433; (c) W. R. Roush and M. Kageyama, Tetrahedron Lett., 1985,
26, 4327–4330; (d) J. A. Marshall, B. G. Shearer and S. L. Crooks, J. Org.
Chem., 1987, 52, 1236–1245; (e) K. A. Parker and T. Iqbal, J. Org.
Chem., 1987, 52, 4369–4377; (f) W. R. Roush and R. Riva, J. Org.
Chem., 1988, 53, 710–712; (g) W. R. Roush, M. Kageyama, R. Riva,
B. B. Brown, J. S. Warmus and K. J. Moriarty, J. Org. Chem., 1991, 56,
1192–210; (h) W. R. Roush, J. S. Warmus and A. B. Works, Tetrahedron
Lett., 1993, 34, 4427–4430; (i) W. R. Roush and B. B. Brown, J. Am.
Chem. Soc., 1993, 115, 2268–2278; (j) W. R. Roush and R. J. Sciotti,
J. Am. Chem. Soc., 1994, 116, 6457–6458; (k) P. Metz, M. Fleischer
and R. Frohlich, Tetrahedron, 1995, 51, 711–732; (l) W. R. Roush, K.
Koyama, M. L. Curtin and K. J. Moriarty, J. Am. Chem. Soc., 1996,
118, 7502–7512; (m) W. R. Roush, M. L. Reilly, K. Koyama and B. B.
Brown, J. Org. Chem., 1997, 62, 8708–8721; (n) W. R. Roush and R. J.
Sciotti, J. Am. Chem. Soc., 1998, 120, 7411–7419; (o) S. A. Frank, A. B.
Works and W. R. Roush, Can. J. Chem., 2000, 78, 757–771; (p) H. Abe,
S. Aoyagi and C. Kibayashi, J. Am. Chem. Soc., 2000, 122, 4583–4592.


9 We use the Seebach–Prelog descriptor like to describe a cycloadduct
resulting from the approach of the dienophile to the re face of the diene
with an allylic stereocenter of R configuration. The term unlike refers to
si/R and re/S combinations, see: (a) D. Seebach and V. Prelog, Angew.
Chem., Int. Ed. Engl., 1982, 21, 654–660; (b) for consistent use of this
convention, the following two “rules” are set: (1) priorities of the groups
about the allylic stereocentre are assigned such that the sp2 carbon has a
higher priority than the sp3 carbon; (2) the sp3 carbon is always assigned
a higher priority than the sp2 carbon when identifying re/si faces about
the C4. See: R. Tripathy, R. W. Franck and K. D. Onan, J. Am. Chem.
Soc., 1988, 110, 3257–3262; (c) W. Adam, J. Glaser, K. Peters and M.
Prein, J. Am. Chem. Soc., 1995, 117, 9190–9193.


10 C. I. Turner, R. M. Williamson, M. N. Paddon-Row and M. S.
Sherburn, J. Org. Chem., 2001, 66, 3963–3969.


11 See the electronic supplementary information (ESI†) for full experi-
mental and computational details.


12 All cycloadducts were found to be configurationally stable under the
reaction conditions used to form them.


13 T. N. Cayzer, M. N. Paddon-Row and M. S. Sherburn, Eur. J. Org.
Chem., 2003, 4059–4068.


14 (a) M. E. Jung, Synlett, 1990, 186–190; (b) M. E. Jung, Synlett, 1999,
843–846, and references therein.


15 S. Arseniyadis, R. Brondi-Alves, Q. Wang, D. V. Yashunsky, P. Potier
and L. Toupet, Tetrahedron, 1997, 53, 1003–1014.


16 P. A. Clarke, R. L. Davie and S. Peace, Tetrahedron Lett., 2002, 43,
2753–2756.


17 W. Shen and L. Wang, J. Org. Chem., 1999, 64, 8873–8879.
18 Maleate TSs are depicted in Fig. 4, fumarate TSs can be found in the


ESI†.


2024 | Org. Biomol. Chem., 2006, 4, 2019–2024 This journal is © The Royal Society of Chemistry 2006








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


Chemical variation of natural product-like scaffolds: design and synthesis of
spiroketal derivatives†


Giovanna Zinzalla, Lech-Gustav Milroy and Steven V. Ley*


Received 28th February 2006, Accepted 29th March 2006
First published as an Advance Article on the web 21st April 2006
DOI: 10.1039/b603015g


The design and synthesis of spiroketal structures and their chemical modification, leading to a collection
of new small molecules for biological evaluation as orally-bioavailable lead compounds is described.
Both [6,5]- and [6,6]-membered ring spiroketal units have been prepared in a stereochemically-
varying fashion starting from commercially available (R)- or (S)-glycidol, in ten, eleven and twelve
linear steps, in overall yields of 45, 40 and 20%, respectively. Further elaboration according to Lipinski’s
guidelines has given a collection of structurally-diverse, new spiroketal derivatives in high yields and
with high purity.


Introduction


The successful sequencing of the human genome1 has improved
our understanding of biological pathways, forming a basis for the
development of new classes of therapeutics. As a consequence,
the number of new biological targets for screening has increased
noticeably along with advances in synthetic chemistry tools to
map their function through the design of molecularly diverse
compounds. Recent studies corroborate the intuitive link between
structure and biological activity, where a high degree of molecular
shape change within a collection of small molecules is shown to
increase the collection’s chances of hitting a broader range of
biological targets.2


Natural products are an extraordinarily valuable source of
structural variation.3 They are often identified as lead compounds
in drug discovery programmes, especially in the case of anti-
tumour and anti-infective agents,4 and play an important role
in chemical biology studies.5 Natural products are commonly
employed as small molecule chemical probes for the modulation
of protein–protein interactions, and as specific binding agents to
enzymes and proteins.6


In the past decade, libraries built around natural product
templates have been used to improve the selectivity, pharmaco-
logical properties or potency of the natural compound related to
its original biological target.7,8 For example, compounds based
on natural tubulin inhibitors have afforded new anticancer drugs,
while a collection of paclitaxel analogues has yielded four second-
generation drug candidates which are in clinical trials.9 Finally,
derivatives based on curacin A have generated viable candidates in
the anti-infectives therapeutic area.9 Recently, a growing emphasis
has been placed on the generation and use of natural product-like
or natural product-derived compounds, for discovery screening
processes. Compounds of this kind are screened for the purpose
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of identifying molecules with new biological activities, distinct
from those of the original natural product, and to discover novel
lead compounds to address known biological targets.10,11 For
example, Shair and co-workers have identified a new secretory
pathway inhibitor of protein trafficking of the Golgi apparatus,
using a library based on the core scaffold of galanthamine
(an acetylcholinesterase inhibitor) in a broad phenotypic screen,
whose activity is unrelated to that of the original natural
product.12


An important feature regarding compounds based on natural
products is that, as substructures or fragments of the parent
molecules, they have been shown to retain significant biologi-
cal activity.13 Moreover, natural product-like molecules possess
readily modifiable structures in terms of skeletal, stereochemical,
and side-chain functionality. In fact, appendage variation is a
central feature for improving or modulating the biological activity
of a compound, and involves coupling of the core structure with
a wide range of small chemical units. Stereochemical variation
implies the generation of different derivative isomers, and can
be achieved through stereoselective synthetic pathways. Skeletal
variation results from a change in the atom connectivity or alter-
ation of the shape/3D geometry of the template’s core structure.
Variation of the appendage, stereochemistry and skeleton of the
natural product-inspired scaffold has the potential to change
significantly its shape/geometry, resulting in a wide collection of
structures that can be used for screening purposes.


The design of compound collections from natural product
templates has already demonstrated that a specific, desirable
biological property of a natural product can be improved on; even
with rather small libraries prepared by simple functional group
manipulation (e.g. natural product-like libraries of purines, curacin
A, vancomycin).14,15 These early successes motivated further work
in skeletal modification of natural product-like compound collec-
tions. Armstrong16 and Bartlett17 generated widely-varying sets of
natural product-like compounds. Schreiber and co-workers18 later
developed a strategy termed diversity-oriented synthesis (DOS).
Also, other groups have proposed related synthetic strategies to
prepare diverse molecules from a common scaffold.19 However,
aside from stereochemical and appendage variation, skeletal
variation has yet to be achieved in an effective manner.
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Spiroketals, in particular 1,6-dioxaspiro[5.5]decanes and 1,7-
dioxaspiro[4.5]undecanes, are molecular frameworks found in a
variety of complex natural products that possess a wide range
of biological activities.20 The spongistatin family, for example, are
tubulin polymerisation inhibitors;21 okadaic acid is a protein phos-
phatase inhibitor;22 tautomycin and integramycin are HIV-1 pro-
tease inhibitors;23 routiennocin is an antibiotic;24 reveromycins A
and B are epidermal growth factor inhibitors;25 purpuromycin and
rubromacyn are human telomerase inhibitors;26 and bistramide A
is a cell proliferation suppressor,27 amongst many others.20


Our group has been interested in spiroketals for a number
of years developing several useful methods for preparing the
spiroketal framework associated with many complex natural
products.28 Furthermore, in 1995 we showed how it was possible to
use a [6,6]-bis-anomerically stabilised spiroketal as a rigid scaffold
to replace the N-acetylglucosamine–galactose disaccharide in a
sialyl Lewis X mimetic (Fig. 1a).29 We later developed a polymer-
supported synthetic route to spiroketal units (Fig. 1b).30 Other
groups have subsequently recognised the opportunity of using
these concepts for the generation of spiroketal libraries.31


Fig. 1 (a) Spiroketal framework as novel scaffold; (b) a solid-phase
synthesis approach to spiroketals.


Further developments have since been reported which clearly
demonstrate that promising pharmacological effects (such as
phosphatase inhibition, modulation of the tubulin cytoskeleton
of breast cancer cells, and cytotoxicity against tumor cell lines)
can be achieved through the construction and screening of simple
spiroketals (Fig. 2).32


Here, we report the design, synthesis, and elaboration of
spiroketal units leading to a collection of small molecules that
could be used as biological probes in phenotopic assays. Our goal
was to generate a wide range of spiroketal derivatives suitable for
biological screening towards orally bio-available lead compounds,
closely matching the Lipinski rule of five.33


Results and discussion


We began the project by focusing on spiroketals with at least three
sites amenable to appendage change. Furthermore, we recognised
the potential shown by the spiroketal molecular framework to


Fig. 2 Unnatural spiroketal derivatives and their associated biological
activities.


undergo stereochemical and skeletal variation. Hypothetically, the
spiroketalisation event can deliver the spiroketal structural unit
in four different arrangements (Scheme 1)34 with the anomeric
effect, steric interactions, intramolecular hydrogen bonding and
other chelation effects governing their relative configuration and


Scheme 1 (a) Spiroketalisation followed by (b) epimerisation at the spiro-
ketal carbon: sources of stereochemical/configurational variation inherent
to the spiroketal molecular framework; (c) acid-catalysed interconversion
of [6,6]-, [6,5]- and [5,5]-spiroketal systems as a source of skeletal variation.
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stabilities.35 Epimerisation at the spiroketal carbon can also be
considered a source of stereochemical and configurational change
by interconverting between isomers (Scheme 1b). Furthermore, the
acid-catalysed interconversion of [6,6]-, [6,5]- and [5,5]-spiroketal
systems should allow for further structural interconversions
(Scheme 1c).


Our initial synthetic efforts focused on the spiroketal scaffolds
1 to 4, which possess a flexible ketal hinge point and a latent,
electrophilic ring-ketone, beta to the spiro-carbon. The spiroketals
1 and 3 contain one benzylic ether and one free primary alcohol
(Fig. 3), whereas structure 2 combines a p-bromo-substituted
benzylic ether with a primary alcohol. The scaffold 4 substitutes
the free primary alcohol with a methyl acetylene group, retaining
the benzyl-protected alcohol. In principle, 3 also allows for the
interconversion of [6,5]- and [6,6]-spiroketal units as a source of
skeletal change.


The plan for the preparation of the spiroketals 1 to 4 was
based on the spiroketalisation of a b-keto-1,3-dithiane precursor
(Fig. 3), which could be generated from the ynone through
a double-conjugate addition of the requisite dithiol using a
method previously developed by our group.36 The ynone could
be derived from the addition of an appropriate Grignard reagent
into the ynal, followed by Dess–Martin periodinane oxidation and


elaboration of the terminal alkene. Where dihydroxylation would
lead ultimately to the spiroketals 1 to 3, alternatively, epoxidation
and nucleophilic addition of the acetylene group could lead
to the spiroketal 4. The ynals would be readily synthesised
using reaction sequences established previously, starting from
commercially available (R)- or (S)-glycidol.


We envisaged the use of the ynals as flexible chiral building
blocks towards the generation of spiroketals through the addition
of nucleophiles at the aldehyde functionality. Furthermore, as
shown in previous work from our group,37 we anticipated that
the presence of the dithiane group would influence the isomeric
ratio of the resulting spiroketals, slowing the equilibration between
spiroketal isomers through the inductive effect of the two sulfur
atoms and thus destabilising the interaction of the sulfur lone pair
with those on the oxygen of the C–O.


As starting materials for the spiroketals, the ynals 5 and 6 were
prepared efficiently on a multigram scale (40–50 g) starting from
the enantiopure (R)-glycidol (Scheme 2).


In general terms (Scheme 2) the first synthetic step involves
the protection of the primary hydroxyl group of glycidol through
formation of the benzylic ether derivative.38 This is followed by ring
opening of the epoxide with TMS-protected acetylide and silyl-
deprotection, which gives the (S)-alcohol in a straightforward


Fig. 3 Spiroketal units and their retrosynthetic analysis.
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Scheme 2 Reagents and conditions: (i) NaH, PhCH2Br or p-BrPhCH2Br,
TBAI, DMF, 0 ◦C, 18 h; (ii) TMSCCH, n-BuLi, −78 ◦C, THF, BF3·THF,
18 h; (iii) K2CO3, MeOH, rt, 2 h; (iv) TESCl, imid., THF, rt, 18 h;
(v) n-BuLi, −78 ◦C, THF, 30 min then N-formylmorpholine, rt, 18 h.


manner. Further silyl-protection and carbonylation of the resul-
tant terminal acetylene affords (S)-ynals 5 and 6 in a 62 and
58% overall yield, respectively, with 99% ee over five linear steps.
Starting from (S)-glycidol, the enantiomer of 5 is also synthesised
in the same yield following a similar procedure.


Initially, ynals 5 and 6 were used as starting materials for the
synthesis of the spiroketal scaffolds 1 and 2, respectively. The route
involved 1,2-carbonyl addition of the Grignard reagent 4-pentenyl
magnesium bromide to ynals 5 or 6, followed by Dess–Martin
periodinane oxidation of the alcohol 7 or 8 to form ynones 9 or 10
(Scheme 3). Dihydroxylation of the terminal olefins with osmium
tetroxide was followed by the smooth conversion of the resultant
diols 11 and 12 into b-keto-1,3-dithiane derivatives 13 and 14
respectively in excellent yields. These precursors were amenable to
acid-catalysed spiroketalisation with dilute, aqueous perchloric
acid (under thermodynamic conditions) to form spiroketals 1


and 2 in near quantitative yields. For each of the scaffolds, a
diastereomeric mixture of the precursor resulted in the formation
of three configurationally different spiroketal isomers 1a–c and
2a–c, respectively, with a ratio of 2 : 1 : 3. In particular, the
10S-diastereomeric precursors would lead, exclusively, to isomers
1c and 2c, whereas the 10R-diastereomers would yield a 2 : 1
mixture of 1a,2a and 1b,2b. The isomers 1a and 2a exhibited
an ‘axial-equatorial’ arrangement of the acetal oxygen atoms
(Fig. 4, C6–O bond in green), resulting in only one stabilising
anomeric effect in combination with diequatorial substituents at
C2 and C10 (Scheme 3). In contrast, isomers 1b and 2b show an
‘axial–axial’ arrangement with a favourable bis-anomeric effect
(Fig. 4, C6–O bonds in green), but with high-energy 1,3-diaxial
interactions (Scheme 3, substituent at C10). Finally, the most
abundant isomers 1c and 2c present the most favourable ther-
modynamic configuration with a double anomeric contribution
(Fig. 4, C6–O bonds in green) and diequatorial substituents. Each
of the three spiroketal isomers of 1 and 2 were easily isolated
by column chromatography. It was possible to determine the
absolute configuration of spiroketals 1a, 1c and 2c, all three
of which were obtained as white, crystalline solids, by X-ray
crystallography experiments (Fig. 5). Looking at the space-filling,
3D impression of isomers 1a and 1c (Fig. 5b), the clear differences
in molecular shape between the two spiroketals give a strong
indication of how such differences could translate into molecular
diversity within a collection of small molecule derivatives. The
absolute configuration of 1b was confirmed by extensive spectro-
scopic studies, most noticeably by analysis of nOe enhance-
ments. NOESY experiments also unequivocally confirmed the
configuration at the C6 anomeric centre in spiroketals 2a and
2b as shown.


Scheme 3 Reagents and conditions: (i) CH2=CH(CH2)3MgBr, Et2O, 30 ◦C, 4 h; (ii) Dess–Martin periodinane, DCM, rt, 2 h; (iii) OsO4, NMO,
H2O–tBuOH, 0 ◦C, 18 h; (iv) HS(CH2)3SH, NaOMe, MeOH–DCM, −10 ◦C, 18 h; (v) HClO4 10% aq., MeCN–DCM, 0 ◦C, 30 min.
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Fig. 4 The anomeric effect in [6,6]-spiroketal units 1a–c and 2a–c.


Fig. 5 3D impressions of the spiroketals 1a and 1c determined by X-ray crystallography experiments.


This synthetic approach achieved the formation of the [6,6]-
membered ring spiroketal units through a series of high yielding
and straightforward transformations, with overall yields of 74 and
72% for 1 and 2 starting from ynals 5 and 6, respectively, in gram
quantities. The spiroketalisation event was shown as a key step to
incorporating stereochemical change into the spiroketal scaffold
with the formation of the three isomers.


Further studies aimed at understanding the stereochemical
outcome of the spiroketal ring formation were also carried out
in the form of asymmetric dihydroxylation of 11 to furnish either
of the diastereomeric products. Sharpless asymmetric dihydroxy-
lation using AD-mix-a and b furnished the diastereomerically-
enriched diols 11a and b with 72 and 73% de, respectively
(Scheme 4). Formation of the dithiane derivative occurred in 90%


Scheme 4 Reagents and conditions: (i) AD-mix-b, H2O–tBuOH, 0 ◦C, 18 h; (iv) AD-mix-a, H2O–tBuOH, 0 ◦C, 18 h; (ii) HS(CH2)3SH, NaOMe,
MeOH–DCM, −10 ◦C, 18 h; (iii) HClO4 10% aq., MeCN–DCM, 0 ◦C, 30 min.
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yield on both diastereoisomers and the spiroketalisation events
proceeded in a quantitative manner: it also confirmed that the 10R-
diastereomer 11a provides a 2 : 1 mixture of 1a and 1b (Scheme 4)
and the 10S-diastereomeric precursor 11b provides, exclusively,
isomer 1c. The spiroketalisation was therefore performed across a
range of temperatures (−30 ◦C to rt) with no observable change
in the configurational outcome.


To investigate the use of stereochemical change within a
collection of spiroketal derivatives, we initially looked at the
ability of 1a–c and 2a–c to epimerise at the spiroketal carbon
C6 under acidic conditions. We found that treating isomers 1a and
1b with dilute, aqueous perchloric acid (under thermodynamic
conditions), led to successful epimerisation of the starting material
as a 2 : 1 mixture of 1a : 1b (Scheme 5).


Scheme 5 Reagents and conditions: (i) HClO4 10% aq., MeCN–DCM,
0 ◦C, 1 h.


The equilibration was also performed within a range of temper-
atures (−30 to 30 ◦C) and reaction times (10 min to 24 h) giving
the same 1a : 1b isomeric ratio.


Epimerisation at the spiroketal carbon was also performed on
spiroketals 2a and 2b providing the same outcome. These initial
results show the propensity of the compounds derived from [6,6]-
membered ring spiroketal scaffolds to undergo stereochemical
change using simple and mild reaction conditions.


The preparation of the [6,5]-membered ring spiroketals 3 and 4
(Scheme 6) was achieved following a similar route to the [6,6]-
membered ring compounds. It is important to underline that
scaffold 3, due to the presence of the hydroxyl group as the
substituent at C9, is set up for skeletal change by conversion into
the [6,6]-membered ring spiroketal. In the case of 4, the presence
of the terminal alkyne allows for 1,3-dipolar addition of azide
derivatives as an example of click-chemistry.39


The synthesis of the common intermediate 16 came as a result
of the addition of 4-butenyl magnesium bromide to the ynal 5,
followed by oxidation to give the ynone 16 in 93% yield over two
steps. The preparation of the spiroketal 3 involved the formation
of the 1,2-diol, which was performed in an asymmetric fashion
by Sharpless dihydroxylation with AD-mix-b catalyst in 94% yield
and 71% de. The diastereomerically-enriched mixture was sub-


Scheme 6 Reagents and conditions: (i) CH2=CH(CH2)2MgBr, Et2O,
30 ◦C, 4 h; (ii) Dess–Martin periodinane, DCM, rt, 2 h; (iii) AD-mix-b,
H2O–tBuOH, 0 ◦C, 18 h; (iv) TESOTf, py, MeOH–DCM, 0 ◦C, 30 min;
(v) HS(CH2)3SH, NaOMe, MeOH–DCM, rt, 18 h; (vi) HClO4 10% aq.,
MeCN–DCM, 0 ◦C, 30 min.


jected to protection of the vicinal diol allowing for the synthesis of
the b-keto-1,3-dithiane 19 in 95% yield at rt. The spiroketalisation
of the diastereomerically-enriched mixture of b-keto-1,3-dithiane
derivative proceeded under the same conditions described above,
leading to the formation of the [6,5]-membered ring spiroketals
3a and 3b in yields of 65 and 15%, respectively. The two [6,5]-
membered ring spiroketals have been isolated enantiomerically
pure and their structures determined by NOESY experiments. In
the case of both isomers the C6–O bond of the five-membered ring
has a pseudo-axial orientation with respect to the six-membered
ring, maximising the stabilising anomeric contribution (Scheme 6,
C6–O bond in green). The presence of a third spiroketal isomer
was detected by 1H and 13C NMR analysis of the crude reaction
mixture, but attempts to isolate the compound resulted in its
degradation. Evaluation of alternative separation techniques to
obtain this isomer are under investigation. The synthesis of
spiroketal 4 (Scheme 7) proceeded by epoxidation of the terminal
alkene of ketone 16, in a racemic fashion, to give in 75% yield
the oxirane derivative 20, and this was followed by ring opening
with TMS–acetylide in an unoptimised 50% yield. TES-protection
of the resulting secondary alcohol and subsequent 1,4-conjugate
addition of 1,3-propandithiol afforded the spiroketal precursor 23
in 45% over three steps. Spiroketalisation afforded 4 in quantitative
yield as a mixture of two isomers 4a and 4b, in a 1 : 1 ratio.


In each case NMR studies prove that the six-membered ring
bears the oxygen substituent of the five-membered ring axially.


Synthesis of a collection of new spiroketal derivatives: elaboration
of the spiroketal units


Dithiane removal to unveil the ketone functionality at carbon C4
was the first synthetic modification performed on the spiroketal
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Scheme 7 Reagents and conditions: (i) mCPBA, NaH2PO4, DCM, rt,
13 h; (ii) TMSCCH, n-BuLi, −78 ◦C, BF3·THF, rt, 30 min (iii) TESCl,
imid., rt, 2 h; (iv) HS(CH2)3SH, NaOMe, MeOH–DCM, rt, 18 h;
(v) HClO4 10% aq., MeCN–DCM, 0 ◦C, 30 min.


scaffolds 1a–c and 2c. This was achieved using a mild, chemoselec-
tive method40 to give ketones 24a–c and 25 in high yield, with no
undesirable oxidation of the primary alcohol and no epimerisation
at spiroketal carbon C6 (Scheme 8).


Scheme 8 Reagents and conditions: (i) NaClO2, NaH2PO4, 2-methyl-
2-butene, MeOH–H2O, rt, 45 min.


The carbonyl group at carbon C4 is present in a number of
natural spiroketals.20 In its own right this group could be useful
for biological evaluation if not ideal in terms of drug development.
However it was our intention to explore the reactivity at the ketone
centre in an effort to prepare analogues at C4. The literature
transformations on similar spiroketal substrates involve stereos-
elective reduction to the alcohol, or the addition of Grignard
reagents (i.e. MeMgBr).41 In our case, reductive amination of
24c using methylamine, 2-pyridyl-methylamine and 3-morpholin-
4-yl-propylamine under a variety of different conditions failed.
Efforts to convert 24c to the corresponding endocyclic ester to
form a [7,6]-membered ring spiroketal, under the standard Baeyer–
Villiger oxidative conditions (mCPBA, pH 7.6 buffer at rt) were
also unsuccessful; only starting material was recovered.


Interestingly, treatment with a masked form of hydrogen
peroxide,42 in the presence of different Lewis acid catalysts
(Scheme 9), including BF3·Et2O, SnCl4 and (CH3)3SiOTf afforded
dioxirane 26. The use of 26 as a potential chiral epoxidation
catalyst is currently under investigation. Finally, under Corey–


Scheme 9 Reagents and conditions: (i) (CH3)3SiOOSi(CH3)3, BF3·Et2O
or SnCl4 or (CH3)3SiOTf, DCM, −40 to −20 ◦C, 12 h.


Chaykovsky homologative epoxidation conditions (Scheme 10)
the preferential formation of one diastereomeric epoxide (27) was
successfully achieved in good yield. The absolute configuration of
the epoxide was determined by NMR, in particular by NOESY
experiments. We believe that given its specific reactivity, the C4
ketone may convey interesting properties to the compounds in
terms of their activity during bioassay screening.


Scheme 10 Reagents and conditions: (i) Me3S(O)+I−, KOtBu, DMSO, rt,
24 h.


Starting from 24c, silyl-protection (28) followed by debenzy-
lation (29) of the resulting silyloxyethers allowed for efficient
differentiation of the two primary hydroxyl groups for further
elaboration (Scheme 11).


Scheme 11 Reagents and conditions: (i) TESOTf, 2,6-lutidine, DCM,
−78 to 0 ◦C, 5 min; (ii) Pd(OH)2, CaCO3, EtOH, 70 ◦C, 18 h.


Spiroketal derivatives 24a and b were also shown to be capable
of epimerising at carbon C6 under the same mild conditions used
for compounds 1a and b (Scheme 12). With the aim of exploring
the chemistry of the substituents of the spiroketal ring, the next
step was the oxidation of the primary hydroxyl group at C11 of
24a–c to the corresponding aldheydes 30a–c. This transformation
was achieved using Dess–Martin periodinane (Scheme 13).


The synthesis of an aldehyde of type 30 (with the carbonyl
alpha to a spiroketal system) has very little literature precedent.43


We successfully managed to isolate the three isomers in good
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Scheme 12 Reagents and conditions: (i) HClO4 10% aq., MeCN–DCM,
0 ◦C, 1 h.


Scheme 13 Reagents and conditions: (i) Dess–Martin periodinane,
DCM, rt, 2 h.


yields using specific isolation conditions. With a reliable route
to 30, the target was to install medicinally and synthetically
interesting amines via regioselective reductive amination at the
highly reactive a-alkoxy aldehyde. Initial investigations involved
optimisation of the reaction conditions on a simplified spiroketal
31 synthesised previously by our group.28 Oxidation to aldehyde 32
was performed following the same procedure used for 30, and gave
only the most thermodynamically stable isomer. Condensation
with an appropriate primary amine afforded secondary amines
34a–b, after polymer-supported borohydride reduction44 of the
isolable imine intermediates 33a–b (Scheme 14). The reduction
of the imine 33a was also succesfully achieved by catalytic
hydrogenation in a continuous flow-reactor.45


Scheme 14 Reagents and conditions: (i) Dess–Martin periodinane,
DCM, rt, 2 h; (ii) RNH2, EtOH, rt; (iii) PS–borohydride, THF, rt, 18 h.


The chemical variation of the spiroketal scaffolds took into
consideration the synthesis of spiroketal-derived small molecules
as potential lead compounds.


To this end, elaboration of the alcohol functional group at C11
was performed, leading to a collection of potential orally bio-
available lead compounds.46


A rapid and clean synthesis of activated carbonate esters of
the spiroketal isomers starting from 24a, 24c, and 25 (Scheme 15)
enabled straightforward access to the N-substituted carbamate
derivatives 35a–b, 36a–b and 37a–b in good yields. In formation
of both the carbonate and the carbamate derivatives, the desired
products were isolated enantiomerically pure.


Scheme 15 Reagents and conditions: (i) p-nitrophenyl chloroformate, py,
THF, rt, 20 min (ii) RNH2, DMF, rt, 10 min.


The primary hydroxyl group of spiroketals 24 and 25 were
then coupled with the carboxylic acid of a series of natural and
unnatural N-Fmoc-protected a-amino acids. First, the coupling
reaction was performed on the double anomeric stabilised iso-
mers 24c and 25, as shown in Table 1. A reaction condition
screen gave the desired products using O-(7-azabenzotriazole-1-
yl)-N,N,N ′N ′-tetramethyluronium hexafluorophosphate (HATU)
as coupling reagent, 1-hydroxy-7-azabenzotriazole (HOAt) as
additive and diisopropylethyl amine (DIEA) as base with the
reaction time between 18–48 h. Furthermore, under the selected
conditions, all the spiroketal derivatives (Table 1) were isolated
enantiomerically pure. Condensation of the primary alcohol with
the carboxylic acid of glycine (38a, 39), (S)-phenylalanine (38c)
and (S)-2-furyl-glycine (38e) gave the desired products in 70–94%
yields. Interestingly, phenyl and 2-furyl-glycine coupled in higher
yields than alanine, which, despite the increasing steric demand
(R2 = H < CH3 < CH2–phenyl-2-furyl), suggests an increase
in reactivity due to favourable p-stacking interactions with the
spiroketal C2 methyloxybenzylic group. Compounds 38c and 38f
were isolated in 50 and 44% yield, respectively, by coupling 1c with
(S)-alanine and (S)-a-cyclobutane glycine. Compound 38d was
formed in a 26% yield as a result of the condensation of the primary
alcohol with the carboxylic acid group of (S)-a-allyl-glycine. In
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Table 1 Coupling reactions of 24c and 25 with N-Fmoc-protected a-
amino acids


Entry R R1 R2 Yield (%)a


1 CH2Ph H H 38a 93
2 CH2Ph H CH2Ph 38b 70
3 CH2Ph H CH3 38c 50
4 CH2Ph H CH2CH=CH2 38d 26
5 CH2Ph H 2-Furyl 38e 94
6 CH2Ph R1=R2 –(CH2)3– 38f 44
7 CH2–p-Br–Ph H H 39 92


a All compounds have been isolated with 98% de. Reagents and conditions:
(i) N-Fmoc-protected-a-amino acid, HATU, HOAt, DIEA, DMF, rt, 18–
48 h.


Table 2 Coupling reactions of 24a with N-Fmoc-protected-a-amino
acids


Entry R1 R2 Yield (%)a


1 H H 40a 90
2 H CH2Ph 40b 65
3 H 2-Furyl 40c 95


a All compounds have been isolated with 98% de. Reagents and conditions:
(i) N-Fmoc-protected-a-amino acids, HATU, HOAt, DIEA, DMF, rt, 18–
48 h.


some cases the coupling reactions were not high yielding, but our
focus was to synthesise derivatives using a range of diverse a-
amino acids of relevance as medicinal chemistry building blocks.
Using the same reaction conditions, the coupling of the primary
alcohol of spiroketal isomers 24a (Table 2) and 24b (Scheme 16)
was performed. The compounds 40b–c and 41 were prepared in
good to excellent yields and were also isolated enantiomerically
pure. The next synthetic step was the elaboration of the terminal
N-Fmoc a-amino group to achieve spiroketal derivatives suitable
for biological screening.


Scheme 16 Reagents and conditions: (i) N-Fmoc-protected-(S)-2-furyl-
a-glycine, HATU, HOAt, DIEA, DMF, rt, 18 h.


We therefore prepared a number of selected spiroketal ester
derivatives of the three different isomers. Fmoc-deblocking and
partial scavenging of the fullvene by-product was performed
with polymer-supported piperazine47 using microwave heating at
120 ◦C for 30 min. This procedure afforded complete N-Fmoc
deprotection and avoided the need for a purification step. Instead,
direct addition of ethyl isocyanate to the crude amine mixture
readily provided urea derivatives 42a–e (Scheme 17) and 44b
(Scheme 19) in high yields, as a single diastereoisomer. However,
epimerisation at the C6 centre was observed in the synthesis of
urea derivatives 43a–b and these were isolated as a mixture with
isomers 44a–b in a ca. 3 : 2 product ratio (Scheme 18).


Scheme 17 Reagents and conditions: (i) PS–piperazine, DCM, MW,
120 ◦C, 30 min; (ii) EtNCO, DCM, rt, 30 min.


Furthermore, mesylation of the crude deprotected primary
amines starting from compounds 38a–c and 38f provided access
to a series of sulfonamide derivatives 45a–d in quantitative yields
(Scheme 20).


As a comparison in terms of potential biological activity, the
derivatives 46–48 (Fig. 6) were also prepared quantitatively from
the simple spiroketal 31, using the approaches already described.


Fig. 6 Simple spiroketal derivatives.


It is important to highlight that the complete series of
carbamate, urea and sulfonamide derivatives closely match the
Lipinski rule of five.46 Moreover, the primary alcohol of compound
24c was oxidised to the corresponding acid as an intermediate
for amide coupling studies. By way of illustration, the amide
derivative 49 was prepared in an excellent 90% yield over three
steps (Scheme 21). Finally, starting from spiroketal 24c, triazole
derivative 51 was obtained in quantitative yield via formation of
the azide precursor and addition of the requisite alkyne in a click-
chemistry fashion48 (Scheme 22). Both routes to compounds 49
and 51 represent viable procedures for the synthesis of a series of
amide and triazole derivatives.
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Scheme 18 Reagents and conditions: (i) PS–piperazine, DCM, MW, 120 ◦C, 30 min; (ii) EtNCO, DCM, rt, 30 min.


Scheme 19 Reagents and conditions: (i) PS–piperazine, DCM, MW,
120 ◦C, 30 min; (ii) EtNCO, DCM, rt, 30 min.


Scheme 20 Reagents and conditions: (i) PS–piperazine, DCM, MW,
DMF, 120 ◦C, 30 min; (ii) MeSO2Cl, py, DCM, rt, 2 h.


Scheme 21 Reagents and conditions: (i) PDC, DMF, rt, 18 h; (ii) p-nitro-
phenyl chloroformate, py, THF, rt, 20 min; (iii) 2-picolyl amine, rt, 10 min.


Scheme 22 Reagents and conditions: (i) Tf2O, py, DCM, −78 ◦C to rt,
30 min; (ii) NaN3, DMF, rt, 1 h; (iii) PhCCH, CuSO4·5H2O 1 mol%,
sodium ascorbate 5 mol%, H2O–tBuOH, rt, 3 h.


Conclusions


In summary, we have synthesized [6,6]- and [6,5]-membered ring
spiroketal units containing three independent points of variation
geared towards the generation of a collection of natural product-
like compounds.


In particular, the spiroketal units 1–4 were prepared following
an efficient linear route, with the last synthetic steps generating
the stereochemical/configurational change through the synthe-
sis of a series of spiroketal isomers with different molecular
shapes. Preliminary studies have also shown the potential of the
epimerisation event at the spiroketal carbon C6 as a source of
stereochemical variation within the collection of spiroketals. In
order to increase molecular diversity, the possibility of achieving
skeletal change on spiroketal 3 is still under investigation. By
successful elaboration of the units 1, 2 and 31 a collection of
structurally-diverse, new spiroketal derivatives (24a–c, 25a, 34a–
b, 35a–b, 36a–b, 37a–b, 42a, 42e, 43a–b, 44a–b, 45a–d, 46–49,
51) was achieved towards orally-bioavailable lead compounds.
Extensive biological screening of all the compounds is currently
under evaluation and will be reported separately.
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Experimental


General experimental details


All melting points were determined on a Reichert hot stage
apparatus, and are uncorrected. Infrared spectra were recorded
using a Perkin-Elmer One FTIR spectrometer fitted with an ATR
sampling accessory as either liquid films or dilute solutions in
spectroscopic grade chloroform or dichloromethane. 1H NMR
spectra were recorded on Brüker DPX-400 (400 MHz) and Brüker
DRX-600 (600 MHz) instruments as dilute solutions in deuterated
chloroform unless otherwise stated. The chemical shifts are
reported relative to tetramethylsilane or residual chloroform as an
internal standard. The multiplicity of the signals is designated by
the following abbreviations: s, singlet; d, doublet; t, triplet; q, quar-
tet; qn, quintet; br, broad; m, multiplet. All coupling constants,
J, are reported in Hertz (Hz). 13C-NMR spectra were recorded
at 100 and 150 MHz on Bruker DPX-400 and Bruker DRX-
600 instruments, respectively. The spectra were recorded as dilute
solutions in deuterated chloroform unless otherwise stated, with
chemical shifts reported relative to the residual chloroform as an
internal standard on a broad band decoupled mode. Mass spectra
were obtained on a Kratos MS890MS instrument using electron
impact (+EI), a Kratos-QTQF spectrometer using electrospray
ionisation (+ESI), or LCT Premier spectrometer by Waters using
Micromass MS software by electrospray ionisation (+ESI) at
the Department of Chemistry, Cambridge. Optical rotations were
measured using a Perkin Elmer Model 343 polarimeter; [a]25


D values
are reported in 10−1 deg cm2 g−1. All microwave heating was
performed on an Emrys synthesizer Biotage AG, 1725 Discovery
Drive, Charlottesville, Virginia 22911. Chiral HPLC analyses
were performed on an Agilent 1100 series HPLC with a diode
array detection, recording at the specified wavelength and with
a Chiracel R© OD (25 cm × Ø 0.46 cm), manufactured by Daicel
Chemical Industry. X-Ray crystal structures were determined on
a Nonius Kappa CCD instrument at the Cambridge University
Chemistry Laboratory (CUCL) X-Ray Laboratory, Lensfield
Road, Cambridge, CB2 1EW.‡ Gravimetric or flash column
chromatography was carried out using Merck Kieselgel 230–400
mesh or Fluka florisil. Analytical thin layer chromatography was
performed using pre-coated glass-backed plates (Merck Kieselgel
F254) and visualised by exposure to ultra-violet radiation (254 nm)
and treatment with acidic ammonium molybdate (VI). All solvents
and chemicals were used as provided by the supplier, or were dried
and/or purified according to the accepted literature procedures.
Petroleum ether refers to the 40–60 ◦C boiling point fraction
unless otherwise stated. All reactions were conducted in oven-
dried glassware at room temperature, under an argon atmosphere
unless otherwise stated. All organic extracts were dried over
anhydrous magnesium sulfate and filtered under gravity. Solvents
were removed from the extracts on a Büchi rotary evaporator
under water pump or oil pressure.


General procedure for the synthesis of ynols 7, 8 and 15


A solution of ynal 5 or 6 in anhydrous THF (5 M with rinsing × 2)
was added, dropwise, to a stirred, in situ preparation of either


‡ CCDC reference numbers 600002–600004. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b603015g.


but-1-enyl-4-magnesium bromide or pent-1-enyl-5-magnesium
bromide (2.3 eq.) in anhydrous THF (1.0 M), pre-cooled to
−78 ◦C. The reaction mixture was heated at 30 ◦C for 4 h and then
quenched with a saturated, aqueous solution of NH4Cl followed
by aqueous phase extraction using Et2O (×3). The recombinant
organic extracts were washed with distilled water (×2) and brine
(×1), dried over anhydrous MgSO4, filtered, and then concentrated
in vacuo. The resultant crude was then purified by gravimetric
column chromatography on silica, using 1 : 4 Et2O and petroleum
ether as eluent.


(10S)-11-Benzyloxy-10-triethylsilanyloxyundec-1-en-7-yn-6-ol
(7). A clear, colourless oil (93%); Rf 0.16 (1 : 4 Et2O–petroleum
ether); tmax(film)/cm−1: 3387, 2953, 2912, 1641, 1488, 1239, 1010,
910, 727 and 698; dH (400 MHz; CDCl3; Me4Si) 7.26–7.35 (5 H, m,
Ar), 5.75–5.86 (1 H, m, R–CH=CH2), 5.02 (1 H, dd, J 17.1 and
1.6, R–CH=C(HA)H), 4.95–4.98 (1 H, m, R–CH=C(HB)H), 4.55
(2 H, s, –OCH2Ph), 4.32 (1 H, d, J 5.2, H6), 3.95–3.98 (1 H, m, H2),
3.45–3.53 (2 H, m, H1), 2.53 (1 H, ddd, J 16.7, 6.2 and 1.7, H3A),
2.40 (1 H, ddd, J 16.7, 5.6 and 1.8, H3B), 2.06–2.10 (2 H, m, H9),
1.76 (1 H, d, J 5.2, OH), 1.63–1.72 (2 H, m, H7), 1.50–1.60 (2 H,
m, H8), 0.97 (9 H, t, J 7.9, –OSi(CH2CH3)3) and 0.63 (6 H, q, J
7.8, –OSi(CH2CH3)3); dC (100 MHz; CDCl3; Me4Si) 138.4, 138.3,
128.3, 127.6, 127.5, 114.7, 82.8, 82.1, 73.4, 73.3, 70.2, 62.5, 37.4,
33.3, 24.9, 24.4, 6.8 and 4.9; m/z (+ESI) calc. for C24H38NaO3Si
(MNa+) 425.2488, found 425.2498.


(10S)-11-(4-Bromobenzyloxy)-10-triethylsilanyloxyundec-1-en-
7-yn-6-ol (8). A clear, colourless oil (95%); Rf 0.25 (3 : 7 Et2O–
petroleum ether); tmax(film)/cm−1: 3398, 2952, 2912, 1641, 1594,
1488, 1239, 1205, 1092, 1071, 910, 835, 802 and 698; dH (400 MHz;
CDCl3; Me4Si) 7.46 (2 H, d, J 8.3, Ar), 7.21 (2 H, d, J 8.3, Ar), 5.80
(1 H, m, R–CH=CH2), 5.02 (1 H, d, J 17.2, R–CH=C(HA)H),
4.96 (1 H, d, J 10.2, R–CH=C(HB)H), 4.49 (2 H, s, –OCH2Ph),
4.30–4.33 (1 H, m, H6), 3.94–3.97 (1 H, m, H2), 3.45–3.51 (2 H,
m, H1), 2.51 (1 H, ddd, J 16.8, 6.5 and 1.7, H3A), 2.39 (1 H, ddd,
J 16.7, 5.5 and 1.5, H3B), 2.08 (2 H, m, H9), 1.63–1.70 (2 H, m,
H7), 1.52–1.58 (2 H, m, H8), 0.96 (9 H, t, J 7.9, –OSi(CH2CH3)3)
and 0.62 (6 H, q, J 7.8, –OSi(CH2CH3)3); dC (100 MHz; CDCl3;
Me4Si) 138.4, 137.2, 131.4, 129.2, 128.3, 114.7, 90.8, 82.1, 73.3,
72.6, 70.2, 62.6, 37.4, 33.3, 24.9, 24.4, 6.8 and 4.9; m/z (+ESI)
calc. for C24H37BrNaO3Si (MNa+) 503.1593, found 503.1584.


(9S)-10-Benzyloxy-9-triethylsilanyloxydec-1-en-6-yn-5-ol (15).
A clear, colourless oil (96%); Rf 0.18 (1 : 4 Et2O–petroleum
ether); tmax(film)/cm−1: 3439, 2953, 2912, 2876, 1641, 1594, 1488,
1458, 1414, 1361, 1239, 1201, 1094, 1071, 1011, 910, 835, 795,
727, 698 and 673; dH (600 MHz; CDCl3; Me4Si) 7.26–7.36 (5 H,
m, Ar), 5.75–5.86 (1 H, m, R–CH=CH2), 4.97–5.07 (2 H, m,
R–CH=CH2), 4.55 (2 H, s, –OCH2Ph), 4.33 (1 H, d, J 5.2, H6),
3.99–4.03 (1 H, m, H2), 3.44–3.52 (2 H, m, H1), 2.53 (1 H, ddd,
J 16.5, 6.3 and 1.7, H3A), 2.40 (1 H, ddd, J 16.5, 5.8 and 1.9, H3B),
2.08–2.12 (2 H, m, H8), 1.68–1.78 (3 H, m, H7 & OH), 0.97 (9 H, t,
J 7.9, –OSi(CH2CH3)3) and 0.63 (6 H, q, J 7.8, –OSi(CH2CH3)3);
dC (150 MHz; CDCl3; Me4Si) 138.1, 136.8, 128.3, 127.6, 127.5,
115.2, 82.5, 81.8, 73.4, 73.2, 70.6, 62.4, 37.3, 25.3, 24.6, 6.8 and
4.8; m/z (+ESI) calc. for C23H36NaO3Si (MNa+) 411.2331, found
411.2303.
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General procedure for the synthesis of ynones 9, 10 and 16


To a stirred solution of ynol 7, 8 or 15 in anhydrous DCM (0.2 M)
was added Dess–Martin periodinane reagent (1.5 eq.) at 0 ◦C. The
reaction mixture was allowed to stir at ambient temperature for
2 h then quenched with a 1 : 1 mixture of saturated, aqueous
Na2S2O3 and NaHCO3 solutions, and left to stir for a further
30 min. The aqueous phase was then extracted with Et2O (×3)
and the recombinant organic extracts washed with distilled water
(×2), and brine (×1). Drying over anhydrous MgSO4, followed by
filtration and in vacuo evaporation yielded a clear, colourless liquid
crude, which was purified by gravimetric column chromatography
on silica, using 1 : 4 Et2O and petroleum ether as eluent.


(10S)-11-Benzyloxy-10-triethylsilanyloxyundec-1-en-7-yn-6-one
(9). A clear, colourless liquid (94%); Rf 0.54 (1 : 4 Et2O–
petroleum ether); [a]25


D −2.9 (c 0.47, CH2Cl2); tmax(film)/cm−1:
2954, 2912, 2216, 1673, 1642, 1496, 1455, 1413, 1362, 1237, 1093,
1003, 911, 729 and 697; dH (400 MHz; CDCl3; Me4Si) 7.17–7.28
(5 H, m, Ar), 5.63–5.73 (1 H, m, R–CH=CH2), 4.95–4.96 (1 H,
m, R–CH=C(HA)H), 4.89–4.92 (1 H, m, R–CH=C(HB)H), 4.46
(2 H, s, –OCH2Ph), 3.92–3.97 (1 H, m, H2), 3.35–3.43 (2 H, m,
H1), 2.61 (1 H, dd, J 17.2 and 5.5, H3A), 2.47 (1 H, dd, J 17.2
and 5.9, H3B), 2.40–2.44 (2 H, t, J 7.4, H7), 1.97–2.01 (2 H, m,
H9), 1.64–1.68 (2 H, m, H8), 0.88 (9 H, t, J 7.9, –OSi(CH2CH3)3)
and 0.54 (6 H, q, J 7.8, –OSi(CH2CH3)3); dC (100 MHz; CDCl3;
Me4Si) 187.9, 138.0, 137.6, 128.3, 2 × 127.6, 115.4, 90.9, 82.0,
73.4, 73.2, 69.4, 44.6, 32.8, 25.3, 23.1, 6.7 and 4.8; m/z (+ESI)
calc. for C24H36NaO3Si (MNa+) 423.2331, found 423.2322.


(10S)-11-(4-Bromobenzyloxy)-10-triethylsilanyloxyundec-1-en-
7-yn-6-one (10). A clear, colourless oil (96%); Rf 0.48 (3 : 7 Et2O–
petroleum ether); [a]25


D −0.4 (c 2.50, CH2Cl2); tmax(film)/cm−1:
2954, 2911, 2876, 2214, 1673, 1641, 1593, 1488, 1458, 1412, 1361,
1237, 1161, 1093, 1071, 1011, 914, 835, 803, 795, 741, 727 and 674;
dH (400 MHz; CDCl3; Me4Si) 7.47 (2 H, d, J 8.3, Ar), 7.20 (2 H,
d, J 8.2, Ar), 5.71–5.82 (1 H, m, R–CH=CH2), 5.03–5.05 (1 H,
m, R–CH=C(HA)H), 5.97–5.01 (1 H, m, R–CH=C(HB)H), 4.49
(2 H, s, –OCH2Ph), 4.00–4.04 (1 H, m, H2), 3.43–3.50 (2 H, m,
H1), 2.67 (1 H, dd, J 17.2 and 5.8, H3A), 2.49–2.58 (3 H, m, H3B and
H7), 2.06–2.10 (2 H, m, H9), 1.73–1.77 (2 H, m, H8), 0.95 (9 H, t,
J 7.9, –OSi(CH2CH3)3) and 0.62 (6 H, q, J 7.8, –OSi(CH2CH3)3);
dC (100 MHz; CDCl3; Me4Si) 187.7, 137.6, 137.1, 131.5, 129.2,
121.5, 115.4, 90.7, 82.1, 73.4, 72.7, 69.4, 44.7, 33.8, 25.3, 23.1, 6.7
and 4.8; m/z (+ESI) calc. for C24H35BrNaO3Si (MNa+) 501.1436,
found 501.1407.


(9S)-10-Benzyloxy-9-triethylsilanyloxydec-1-en-6-yn-5-one (16).
A clear, colourless oil (97%); Rf 0.60 (1 : 4 Et2O–petroleum ether);
[a]25


D −2.2 (c 2.50, CH2Cl2); tmax(film)/cm−1: 2955, 2911, 2876, 2214,
1675, 1641, 1497, 1455, 1412, 1360, 1239, 1206, 1239, 1162, 1093,
1003, 971, 915, 861, 730, 697 and 675; dH (600 MHz; CDCl3; Me4Si)
7.26–7.34 (5 H, m, Ar), 5.75–5.85 (1 H, m, R–CH=CH2), 5.05 (1 H,
dd, J 17.1 and 1.5, R–CH=C(HA)H), 5.00 (1 H, dd, J 10.3 and
1.3, R–CH=C(HB)H), 4.54 (2 H, s, –OCH2Ph), 3.99–4.04 (1 H, m,
H2), 3.46–3.50 (2 H, m, H1), 2.70 (1 H, dd, J 17.1 and 5.5, H3A),
2.53–2.61 (3 H, m, H3B and H7), 2.38–2.41 (2 H, m, H8), 0.96 (9 H,
t, J 8.1, –OSi(CH2CH3)3) and 0.62 (6 H, q, J 7.9, –OSi(CH2CH3)3);
dC (150 MHz; CDCl3; Me4Si) 187.9, 138.0, 136.4, 128.3, 2 × 127.6,
115.5, 91.2, 81.9, 73.4, 73.2, 69.4, 44.5, 27.9, 25.3, 6.7 and 4.8; m/z


(+ESI) calc. for C23H35O3Si (MH+) 387.2355, found 387.2356;
calc. for C23H34NaO3Si (MNa+) 409.2175, found 409.2169.


General procedure for the synthesis of diols 11, 12 and 17


Method A. To a rigorously stirred solution of OsO4 (5 mol%)
and NMO (1.1 eq.) in 1 : 1 distilled water–t-butanol (0.02 M) was
added ynone 9 or 10 at 0 ◦C. The resultant heterogeneous mixture
was then stirred for 18 h. Reductive work-up involved the slow,
portionwise addition of solid Na2SO3 (1.5 g mmol−1 of 9 or 10)
followed by further stirring for 1 h. The reaction mixture was then
diluted with EtOAc and the aqueous phase extracted with EtOAc
(×3). The recombinant organic extracts were washed with distilled
water (×1) and brine (×1), dried over anhydrous MgSO4, filtered
and then concentrated in vacuo. Purification of the resultant crude
oil was performed by gravimetric column chromatography on
silica, using 4 : 1 EtOAc and petroleum ether as eluent.


(2S)-1-Benzyloxy-10,11-dihydroxy-2-triethylsilanyloxyundec-4-
yn-6-one (11). A clear, colourless oil (93%); Rf 0.34 (EtOAc);
tmax(film)/cm−1: 3419, 3056, 2954, 2214, 1670, 1455, 1420, 1362,
1238, 1096, 1006, 896, 731 and 698; dH (600 MHz; CDCl3; Me4Si)
7.26–7.34 (5 H, m, Ar), 4.53 (2 H, s, –OCH2Ph), 3.99–4.03 (1 H, m,
H2), 3.63–3.66 (1 H, m, H10), 3.59 (1 H, d, J 11.0, H11A), 3.44–3.49
(2 H, m, H1), 3.39–3.42 (1 H, m, H11B), 2.95 (1 H, br s, OH), 2.78
(1 H, br s, OH), 2.68 (1 H, dd, J 17.2 and 5.6, H3A), 2.53–2.57
(3 H, m, H7 and H3B), 1.76–1.80 (1 H, m, H8A), 1.67–1.71 (1 H, m,
H8B), 1.39–1.43 (2 H, m, H9), 0.94 (9 H, t, J 7.9, –OSi(CH2CH3)3)
and 0.61 (6 H, q, J 7.9, –OSi(CH2CH3)3); dC (150 MHz; CDCl3;
Me4Si) 187.9, 138.0, 128.3, 127.7, 127.6, 91.4, 82.0, 73.4, 73.2, 71.7,
69.4, 66.6, 45.1, 32.2, 25.3, 19.8, 6.7 and 4.8; m/z (+ESI) calc. for
C24H38NaO5Si (MNa+) 457.2386, found 457.2391.


(2S )-1-(4-Bromobenzyloxy)-10,11-dihydroxy-2-triethylsilanyl
oxyundec-4-yn-6-one (12). A clear, colourless oil (89%); Rf 0.24
(EtOAc); tmax(film)/cm−1: 3398, 2954, 2911, 2875, 2213, 1671,
1593, 1488, 1457, 1410, 1361, 1238, 1092, 1070, 1010, 925, 873,
835, 803, 728, 698 and 673; dH (600 MHz; CDCl3; Me4Si) 7.45
(2 H, d, J 8.2, Ar), 7.20 (2 H, d, J 8.2, Ar), 4.48 (2 H, s, –OCH2Ph),
3.98–4.03 (1 H, m, H2), 3.66–3.69 (1 H, m, H10), 3.62–3.64 (1 H, m,
H11A), 3.42–3.48 (3 H, m, H1 and H11B), 2.65–2.69 (1 H, dd, J 17.2
and 6.0, H3A), 2.52–2.57 (3 H, m, H3B and H7), 1.71–1.82 (2 H, m,
H8), 1.41–1.45 (2 H, m, H9), 0.95 (9 H, t, J 8.0, –OSi(CH2CH3)3)
and 0.61 (6 H, q, J 7.9, –OSi(CH2CH3)3); dC (150 MHz; CDCl3;
Me4Si) 187.7, 137.0, 131.5, 129.2, 121.5, 91.1, 82.0, 73.3, 72.7, 71.7,
69.4, 66.6, 45.1, 32.2, 25.3, 19.7, 6.7 and 4.8; m/z (+ESI) calc. for
C24H37BrNaO5Si (MNa+) 535.1491, found 535.1494.


Method B. To a rigorously stirred solution of either AD-
mix-a or AD-mix-b (1.45 g mmol−1 of 9, 10 or 16) in 1 : 1
distilled water–t-butanol (0.02 M) was added ynone 9, 10 or 16
at 0 ◦C. The resultant heterogeneous mixture was then stirred for
18 h. Reductive work-up involved the slow, portionwise addition
of solid Na2SO3 (1.5 g mmol−1 of 9, 10 or 16), followed by
further stirring for 1 h. The reaction mixture was then diluted
with EtOAc and the aqueous phase extracted with EtOAc (×3).
The recombinant organic extracts were washed with distilled water
(×1) and brine (×1), dried over anhydrous MgSO4, filtered and
then evaporated in vacuo. Purification of the resultant crude oil
was performed by gravimetric column chromatography on silica,
using 4 : 1 EtOAc and petroleum ether as eluent.
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(2S),(10R)-1-Benzyloxy-10,11-dihydroxy-2-triethylsilanyloxy-
undec-4-yn-6-one (11a). A clear, colourless oil (94%), Chiral
HPLC: Chiracel R© OD, 9 : 1 hexanes–i-PrOH: 10.5 min (2S, 10S),
11.7 min (2S, 10R) gave 72% de.


(2S),(10S)-1-Benzyloxy-10,11-dihydroxy-2-triethylsilanyloxy-
undec-4-yn-6-one (11b). A clear, colourless oil (96%), Chiral
HPLC: Chiracel R© OD, 9 : 1 hexanes–i-PrOH: 10.6 min (2S, 10S),
11.6 min (2S, 10R) gave 73% de.


(2S),(9R)-10-Benzyloxy-1,2-dihydroxy-9-triethylsilanyloxydec-
6-yn-5-one (17). A clear, colourless oil (94%); Rf 0.38 (EtOAc);
tmax(film)/cm−1: 3396, 2953, 2911, 2876, 2214, 1670, 1496, 1455,
1412, 1361, 1238, 1206, 1093, 1003, 872, 844, 731, 697 and 674;
dH (600 MHz; CDCl3; Me4Si) 7.25–7.34 (5 H, m, Ar), 4.54 (2 H, s,
–OCH2Ph), 4.10–4.13 (1 H, m, H2), 3.66–3.69 (1 H, m, H9), 3.60–
3.62 (1 H, m, H10A), 3.41–3.51 (3 H, m, H1 and H10B), 2.64–2.72
(3 H, m, H3A and H7), 2.53–2.60 (1 H, m, H3B), 1.71–1.81 (2 H, m,
H8), 0.95 (9 H, t, J 8.0, –OSi(CH2CH3)3) and 0.61 (6 H, q, J 7.8, –
OSi(CH2CH3)3); dC (150 MHz; CDCl3; Me4Si) 187.8, 138.0, 128.4,
128.3, 127.7, 127.6, 91.8, 81.9, 73.4, 73.1, 71.2, 69.4, 66.5, 41.6,
26.9, 25.3, 6.8 and 4.8; m/z (+ESI) calc. for C23H37O5Si (MH+)
421.2410, found 421.2393; Chiracel R© OD, 9 : 1 hexanes–i-PrOH:
29.5 min (2S, 9S), 31.6 min (2S, 9R) gave 71% de.


General procedure for the synthesis of dithianes 13 and 14


To a stirred solution of NaOMe (1.35 eq.) and ynone 11 or 12 in
3 : 1 anhydrous MeOH–DCM (0.08 M) was added propane-1,3-
dithiol (1.25 eq.) at −10 ◦C. The temperature was then maintained
at −10 ◦C and the yellow solution left to stir for 18 h, after which
a 1 : 1 mixture of distilled water and saturated, aqueous NaHCO3


solution was added, dropwise. The reaction mixture was then
diluted with Et2O, the aqueous phase extracted with Et2O (×3)
and the recombinant organic extracts washed with distilled water
(×2) and brine (×1). Drying over anhydrous MgSO4, filtration,
and in vacuo evaporation yielded a yellow, liquid crude, which was
purified by gravimetric column chromatography on silica, using
EtOAc as eluent.


(2′′S ) -1 - [ 2 - (3 -Benzyloxy-2 - triethylsilanyloxy-propyl )[ 1,3 ] -
dithian-2-yl]-6,7-dihydroxy-heptan-2-one (13). A clear, colourless
oil (93%); Rf 0.23 (EtOAc); tmax(film)/cm−1: 3421, 2953, 2876,
1709, 1560, 1455, 1415, 1364, 1265, 1239, 1091, 1005, 908, 872,
731 and 699; dH (600 MHz; CDCl3; Me4Si) 7.22–7.29 (5 H, m, Ar),
4.47 (2 H, s, –OCH2Ph), 4.19–4.21 (1 H, m, H2), 3.58–3.62 (1 H,
m, H10), 3.52–3.54 (1 H, m, H11A), 3.33–3.43 (3 H, m, H1, and
H11B), 3.12 (1 H, d, J 15.3, H5A), 2.98 (1 H, d, J 15.3, H5B), 2.68–
2.84 (4 H, m, –S–CH2–CH2–CH2–S–), 2.49–2.51 (2 H, m, H7),
2.42–2.45 (1 H, m, H3A), 2.28 (1 H, dd, J 15.1 and 7.3, H3B), 1.85–
1.89 (2 H, m, –S–CH2–CH2–CH2–S–), 1.62–1.69 (1 H, m, H8A),
1.53–1.60 (1 H, m, H8B), 1.33–1.37 (2 H, m, H9), 0.89 (9 H, t, J
8.2, –OSi(CH2CH3)3) and 0.57 (6 H, q, J 7.9, –OSi(CH2CH3)3); dC


(150 MHz; CDCl3; Me4Si) 206.8, 138.2, 128.2, 127.6, 127.5, 74.9,
73.2, 71.8, 69.6, 66.5, 51.0, 49.4, 44.5, 42.7, 32.4, 26.5, 26.2, 24.7,
19.4, 7.0 and 5.3; m/z (+ESI) calc. for C27H46NaO5S2Si (MNa+)
565.2454, found 565.2546.


(2′′S)-1-{2-[3-(4-Bromobenzyloxy)-2-triethylsilanyloxy-propyl]-
[1,3]dithian-2-yl}-6,7-dihydroxy-heptan-2-one (14). A clear,
colourless oil (90%); Rf 0.15 (EtOAc); tmax(film)/cm−1: 3439,


2950, 2910, 2874, 1712, 1671, 1552, 1488, 1457, 1414, 1362, 1238,
1166, 1088, 1070, 1010, 908, 838, 803, 728 and 675; dH (600 MHz;
CDCl3; Me4Si) 7.42–7.49 (2 H, m, Ar), 7.17–7.22 (2 H, m, Ar),
4.46–4.48 (2 H, m, –OCH2Ph), 4.21–4.23 (1 H, m, H2), 3.59–3.65
(1 H, m, H10), 3.52–3.58 (1 H, m, H11A), 3.36–3.51 (3 H, m, H1


and H11B), 3.13–3.19 (1 H, m, H5A), 2.98–3.05 (1 H, m, H5B),
2.68–2.85 (4 H, m, –S–CH2–CH2–CH2–S–), 2.41–2.65 (3 H,
m, H3A and H7), 2.28–2.41 (1 H, m, H3B), 1.88–1.94 (2 H, m,
–S–CH2–CH2–CH2–S–), 1.52–1.87 (2 H, m, H8), 1.36–1.50 (2 H,
m, H9), 0.90–0.98 (9 H, m, –OSi(CH2CH3)3) and 0.56–0.64 (6 H,
m, –OSi(CH2CH3)3); dC (150 MHz; CDCl3; Me4Si) 205.6, 137.6,
131.5, 129.3, 121.4, 75.1, 74.5, 71.7, 69.5, 66.6, 51.0, 49.5, 44.4,
42.6, 32.4, 26.6, 26.5, 24.9, 19.1, 6.9 and 5.3; m/z (+ESI) calc. for
C27H45BrNaO5S2Si (MNa+) 643.1559, found 643.1563.


(2R),(9S)-10-Benzyloxy-1,2,9-tristriethylsilanyloxydec-6-yn-5-
one (18). A stirred solution of diol 17 (146 mg, 0.35 mmol)
in anhydrous DCM (2 cm3) was cooled to −78 ◦C and treated
sequentially with 2,6-lutidine (230 mg, 1.05 mmol, 3.0 eq.) and
TESOTf (230 mg, 0.87 mmol, 1.5 eq.). The reaction was imme-
diately warmed to 0 ◦C over 5 min, quenched with a saturated,
aqueous solution of NaHCO3 (10 cm3) and then extracted with
Et2O (4 × 10 cm3). The recombinant organic extracts were washed
with distilled water (2 × 10 cm3) and brine (1 × 10 cm3), dried over
anhydrous MgSO4 and then concentrated in vacuo. The subsequent
crude oil was purified by gravimetric column chromatography on
silica, using 1 : 19 Et2O and petroleum ether as eluent to afford
the title compound 18 as a clear, colourless oil (221 mg, 98%):
Rf 0.70 (1 : 9 Et2O–petroleum ether); tmax(film)/cm−1: 2945, 2912,
1672, 1550, 1459, 1420, 1362, 1229, 1087, 1001, 913, 819, 726 and
697; dH (400 MHz; CDCl3; Me4Si) 7.26–7.36 (5 H, m, Ar), 4.55
(2 H, s, –OCH2Ph), 3.95–4.01 (1 H, m, H2), 3.68–3.72 (1 H, m,
H9), 3.45–3.56 (4 H, m, H1 and H10), 2.45–2.70 (2 H, m, H7),
2.31–2.44 (1 H, m, H3A), 2.15–2.30 (1 H, m, H3B), 1.09–1.38 (2 H,
m, H8), 0.90–1.01 (27 H, m, 3 × –OSi(CH2CH3)3) and 0.52–0.66
(18 H, m, 3 × –OSi(CH2CH3)3); dC (100 MHz; CDCl3; Me4Si)
187.6, 138.4, 128.3, 127.5, 89.5, 80.2, 73.8, 73.4, 73.0, 70.2, 67.2,
33.2, 30.7, 25.6, 6.8, 2 × 6.7, 5.1, 4.9 and 4.8; m/z (+ESI) calc. for
C35H64NaO5Si3 (MNa+) 671.3959, found 671.3945.


(2′S),(5R)-1-[2-(3-Benzyloxy-2-triethylsilanyloxypropyl)[1,3]-
dithian-2-yl]-5,6-bistriethylsilanyloxy-hexan-2-one (19). To a
stirred solution of NaOMe (190 mg, 0.35 mmol, 1.35 eq.) and
ynone 18 (169 mg, 0.26 mmol) in 3 : 1 anhydrous MeOH–DCM
(1.3 cm3) was added propane-1,3-dithiol (35 mg, 0.33 mmol,
1.25 eq.) at −10 ◦C. The temperature was then maintained at
−10 ◦C for 1 h and the yellow solution then left to reach ambient
temperature over 18 h, at which point a 1 : 1 mixture of distilled
water and saturated, aqueous NaHCO3 solution (2 cm3) was
added, dropwise. The reaction mixture was then diluted with Et2O
(1 × 5 cm3), the aqueous phase extracted with Et2O (3 × 5 cm3) and
the recombinant organic extracts washed with distilled water (2 ×
5 cm3) and brine (1 × 5 cm3). Drying over anhydrous MgSO4,
filtration, and in vacuo evaporation yielded a clear, colourless
oil, which was purified by gravimetric column chromatography
on silica using 1 : 9 Et2O and petroleum ether as eluent to
afford the title compound 19 as a clear, colourless oil (253 mg,
95%): Rf 0.59 (1 : 9 Et2O–petroleum ether); tmax(film)/cm−1: 2953,
2909, 2875, 1713, 1670, 1547, 1456, 1414, 1364, 1238, 1086, 1003,
909, 814, 725, 697 and 673; dH (600 MHz; CDCl3; Me4Si) 7.26–7.36
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(5 H, m, Ar), 4.50–4.57 (2 H, s, –OCH2Ph), 4.24–4.25 (1 H, m,
H2), 3.67–3.74 (1 H, m, H9), 3.52–3.54 (1 H, m, H10A), 3.33–3.43
(3 H, m, H1 and H10B), 3.12 (1 H, d, J 15.3, H5A), 2.98 (1 H, d, J
15.3, H5B), 2.68–2.84 (4 H, m, –S–CH2–CH2–CH2–S–), 2.49–2.51
(2 H, m, H7), 2.42–2.45 (1 H, m, H3A), 2.28 (1 H, dd, J 15.1 and
7.3, H3B), 1.85–1.89 (2 H, m, –S–CH2–CH2–CH2–S–), 1.62–1.69
(1 H, m, H8A), 1.53–1.60 (1 H, m, H8B), 0.89–1.01 (27 H, m, 3 ×
–OSi(CH2CH3)3) and 0.51–0.65 (18 H, m, 3 × –OSi(CH2CH3)3);
dC (150 MHz; CDCl3; Me4Si) 206.3, 138.3, 128.3, 127.7, 127.6,
127.5, 75.0, 73.2, 72.2, 69.6, 66.9, 51.0, 49.5, 42.5, 40.3, 27.9, 26.3,
24.8, 22.8, 7.0, 6.9, 6.8, 5.4, 5.0, and 4.3; m/z (+ESI) calc. for
C38H72NaO5S2Si3 (MNa+) 779.4027, found 779.4025.


(7S)-8-Benzyloxy-1-oxiranyl-7-triethylsilanyloxyoct-4-yn-3-one
(20). To a stirred solution of ynone 16 (180 mg, 0.47 mmol)
in anhydrous DCM (5 cm3) were successively added Na2HPO4


(248 mg, 1.40 mmol, 3.0 eq.) and mCPBA (ca. 77% purity, 157 mg,
0.70 mmol, 1.5 eq.). After stirring at ambient temperature for 13 h,
the reaction mixture was then quenched with a saturated aqueous
solution of Na2SO4 (2 cm3) and distilled water (4 cm3) and the mix-
ture extracted with DCM (3 × 10 cm3). The recombinant organic
layers were then dried over anhydrous MgSO4 and concentrated
in vacuo. The resultant crude was purified by column chromato-
graphy on silica, using 1 : 4 Et2O and petroleum ether as eluent
to give the title compound 20 (162 mg, 75%) as a clear, colourless
oil: Rf 0.22 (1 : 4 Et2O–petroleum ether); tmax(film)/cm−1: 2954,
2911, 2876, 2215, 1674, 1455, 1412, 1362, 1239, 1167, 1092, 1004,
976, 910, 857, 840, 824, 739 and 698; dH (600 MHz; CDCl3;
Me4Si) 7.25–7.37 (5 H, m, Ar), 4.54 (2 H, s, –OCH2Ph), 4.00–4.04
(1 H, m, H2), 3.45–3.50 (2 H, m, H1), 2.92–2.96 (1 H, m, H9),
2.73–2.77 (1 H, m, H10A), 2.64–2.72 (3 H, m, H3A and H7), 2.57
(1 H, dd, J 17.2 and 5.9, H3B), 2.48 (1 H, dd, J 4.8 and 2.6, H10B),
1.96–2.02 (1 H, m, H8A), 1.73–1.79 (1 H, m, H8B), 0.95 (9 H, t, J
8.0, –OSi(CH2CH3)3) and 0.62 (6 H, q, J 8.0, –OSi(CH2CH3)3); dC


(150 MHz; CDCl3; Me4Si) 186.3, 138.0, 128.4, 127.7, 127.6, 91.6,
81.8, 73.4, 73.1, 69.3, 51.0, 47.0, 41.3, 26.4, 25.3, 6.7 and 4.8; m/z
(+ESI) calc. for C23H35O4Si (MH+) 403.2305, found 403.2313;
calc. for C23H34NaO4Si (MNa+) 425.2124, found 425.2150.


(2S)-1-Benzyloxy-9-hydroxy-2-triethylsilanyloxy-12-trimethy-
silanyldodeca-4,11-diyn-6-one (21). To a solution of TMS–
acetylene (20 mg, 0.20 mmol, 2.0 eq.) in anhydrous THF (0.5 cm3)
at −78 ◦C was added n-BuLi (0.13 cm3, 0.20 mmol of a 1.6 M
solution in hexanes, 2.0 eq.). After stirring at −78 ◦C for 30 min,
BF3·THF (28 mg, 0.20 mmol, 2.0 eq.) was added. After stirring at
−78 ◦C for a further 30 min, a pre-prepared solution of oxirane
20 (40 mg, 0.10 mmol) in anhydrous THF (0.3 cm3 with rinsing ×
2) was added, dropwise, and the reaction left to reach ambient
temperature, with stirring, over 30 min, then quenched with a
saturated, aqueous solution of NH4Cl (1 cm3) and extracted with
Et2O (3 × 5 cm3). The recombinant organic extracts were washed
with distilled water (2 × 5 cm3) and brine (1 × 5 cm3), dried over
anhydrous MgSO4, filtered, and then evaporated in vacuo. The re-
sultant crude was purified by gravimetric column chromatography
on silica, using 1 : 4 Et2O and petroleum ether as eluent to afford
the title compound 21 (25 mg, 50%) as a clear colourless oil: Rf


0.15 (1 : 4 Et2O–petroleum ether); tmax(film)/cm−1: 3434, 2956,
2913, 2877, 2216, 2177, 1674, 1455, 1412, 1361, 1249, 1094, 1005,
842, 739 and 698; dH (400 MHz; CDCl3; Me4Si) 7.26–7.37 (5 H,
m, Ar), 4.55 (2 H, s, –OCH2Ph), 4.00–4.04 (1 H, m, H2), 3.70–3.77


(1 H, m, H9), 3.44–3.51 (2 H, m, H1), 2.67–2.73 (3 H, m, H3A


and H7), 2.56 (1 H, dd, J 17.2 and 5.8, H3B), 2.29–2.33 (2 H, m,
H10), 2.14 (1 H, d, J 4.8, OH), 1.75–1.94 (2 H, m, H8), 0.96 (9 H,
t, J 8.0, –OSi(CH2CH3)3), 0.62 (6 H, q, J 7.9, –OSi(CH2CH3)3)
and 0.16 (9 H, s, –Si(CH3)3); dC (100 MHz; CDCl3; Me4Si) 187.4,
138.0, 128.4, 127.7, 102.6, 92.1, 91.5, 88.0, 73.4, 73.2, 69.4, 69.0,
41.7, 30.0, 29.0, 25.4, 6.7, 4.8 and −0.02; m/z (+ESI) calc. for
C28H44NaO4Si2 (MNa+) 523.2676, found 523.2656.


(2S)-1-Benzyloxy-2,9-bistriethylsilanyloxy-12-trimethylsilanyl-
dodeca-4,11-diyn-6-one (22). To a stirred solution of ynone 21
(145 mg, 0.28 mmol) in anhydrous THF (0.5 cm3) were added,
sequentially, imidazole (92 mg, 1.35 mmol, 4.8 eq.) and TESCl
(89 mg, 0.59 mmol, 2.1 eq.) at ambient temperature. After 2 h
the reaction was quenched with a saturated, aqueous solution of
NaHCO3 (2 cm3) and then extracted with Et2O (4 × 5 cm3). The
recombinant organic extracts were washed with distilled water (2 ×
5 cm3) and brine (1 × 5 cm3), dried over anhydrous MgSO4 and
then concentrated in vacuo. Subsequent purification by gravimetric
column chromatography on silica, using 1 : 9 Et2O and petroleum
ether as eluent, afforded the title compound 22 (170 mg, 98%)
as a clear, colourless oil: Rf 0.39 (1 : 9 Et2O–petroleum ether);
tmax(film)/cm−1: 2955, 2913, 2877, 2360, 2339, 1638, 1459, 1416,
1240, 1097, 1005 and 744; dH (400 MHz; CDCl3; Me4Si) 7.26–7.35
(5 H, m, Ar), 4.52 (2 H, s, –OCH2Ph), 4.01–4.05 (1 H, m, H2), 3.85–
3.89 (1 H, m, H9), 3.47–3.51 (2 H, m, H1), 2.53–2.76 (4 H, m, H3


and H7), 2.28–2.45 (2 H, m, H10), 1.99–2.03 (1 H, m, H8A), 1.81–
1.85 (1 H, m, H8B), 0.90–0.96 (18 H, m, –OSi(CH2CH3)3), 0.55–
0.63 (12 H, m, –OSi(CH2CH3)3) and 0.17 (9 H, s, –Si(CH3)3); dC


(100 MHz; CDCl3; Me4Si) 187.8, 138.2, 128.3, 127.6, 127.5, 103.8,
92.8, 90.8, 87.8, 73.4, 73.3, 69.9, 69.0, 41.0, 30.7, 25.3, 6.8, 6.7,
5.0, 4.8 and −0.004; m/z (+ESI) calc. for C34H58NaO4Si3 (MNa+)
637.3541, found 637.3536.


(2′′S)-1-[2-(3-Benzyloxy-2-triethylsilanyloxypropyl)-[1,3] dithian-
2-yl]-5-triethylsilanyloxy-8-trimethylsilanyl-oct-7-yn-2-one (23).
To a stirred solution of NaOMe (14 mg, 0.26 mmol, 1.35 eq.) and
ynone 22 (118 mg, 0.19 mmol) in 3 : 1 anhydrous MeOH–DCM
(3.6 cm3) was added propane-1,3-dithiol (26 mg, 0.24 mmol,
1.25 eq.) at 0 ◦C. The reaction was then warmed to ambient
temperature and the yellow solution left to stir for 18 h, after which
a 1 : 1 mixture of distilled water and saturated, aqueous NaHCO3


solution was added (1.5 cm3), dropwise. The reaction mixture was
then diluted with Et2O (5 cm3), the aqueous phase extracted with
Et2O (3 × 5 cm3) and the recombinant organic extracts washed
with distilled water (2 × 5 cm3) and brine (1 × 5 cm3). Drying over
anhydrous MgSO4, filtration, and in vacuo evaporation yielded a
yellow, liquid crude, which was purified by gravimetric column
chromatography on silica, using EtOAc as eluent to afford the
title compound 23 (125 mg, 90%) as a clear, colourless oil: Rf


0.10 (1 : 9 Et2O–petroleum ether); tmax(film)/cm−1: 2954, 2911,
2876, 2178, 1710, 1455, 1414, 1364, 1249, 1102, 1005, 842, 739
and 699; dH (600 MHz; CDCl3; Me4Si) 7.26–7.35 (5 H, m, Ar),
4.50–4.56 (2 H, s, –OCH2Ph), 4.24–4.26 (1 H, m, H2), 3.84–3.88
(1 H, m, H9), 3.36–3.49 (2 H, m, H1), 3.17 (1 H, dd, J 15.3 and
7.2, H5A), 3.03 (1 H, dd, J 15.3 and 5.3, H5B), 2.81–2.94 (2 H,
m, –S–CH(HA)–CH2–CH2–S– and –S–CH2–CH2–CH(HA)–S–),
2.71–2.80 (2 H, m, –S–CH(HB)–CH2–CH2–S– and –S–CH2–
CH2–CH(HB)–S–), 2.60–2.70 (1 H, m, H7A), 2.46–2.59 (2 H, m,
H3A and H7B), 2.25–2.39 (3 H, m, H3B and H10), 1.87–1.99 (3 H,
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m, H8A and –S–CH2–CH2–CH2–S–), 1.72–1.82 (1 H, m, H8B),
0.90–0.98 (18 H, m, 2 × –OSi(CH2CH3)3), 0.58–0.65 (12 H, m,
2 × –OSi(CH2CH3)3) and 0.14 (9 H, s, –Si(CH3)3); dC (150 MHz;
CDCl3; Me4Si) 206.1, 138.2, 128.7, 127.7, 127.5, 91.5, 88.2, 74.9,
73.2, 69.8, 69.6, 51.2, 49.4, 42.6, 40.2, 30.1, 27.3, 26.6, 26.3, 24.8,
7.0, 6.9, 5.4, 4.9 and −0.004; m/z (+ESI) calc. for C37H67O4S2Si3


(MH+) 723.3789, found 723.3823, C37H66NaO4S2Si3 (MNa+)
745.3608, found 745.3622.


General procedure for the synthesis of dithiane-protected
spiroketal units 1a–c and 2a–c


To a stirred solution of dithiane precursor 13 in 1 : 1 DCM–
MeCN (0.09 M) at 0 ◦C was added, dropwise, perchloric acid
solution (1 cm3 mmol−1 of 13, 10% v/v in H2O). After 30 min, the
reaction was diluted with Et2O and neutralised using a saturated,
aqueous solution of NaHCO3. The aqueous phase was extracted
with Et2O (×4), and the recombinant organic extracts were washed
with distilled water (×2) and brine (×1). Drying over anhydrous
MgSO4, filtration and in vacuo evaporation yielded a crude oil,
which was purified by gravimetric column chromatography on
florisil, using 3 : 2 EtOAc and petroleum ether as eluent.


( 15 - Benzyloxymethyl - 9,14 - dioxa - 1,5 - dithiadispiro[ 5.1.5.3 ] -
hexadec-10-yl)methanol isomer (1a). A white crystalline solid
(34%, starting from racemic 13; 56%, starting from diastereo-
merically-enriched 13a; 11%, starting from diastereomerically-
enriched 13b); Rf 0.24 (3 : 2 EtOAc–petroleum ether); mp 117 ◦C
(from pentane); [a]25


D +16.7 (c 0.12, CH2Cl2); tmax(film)/cm−1 3467,
2941, 2866, 1496, 1453, 1360, 1217, 1096, 1023, 1013, 736 and
697; dH (600 MHz; CDCl3; Me4Si) 7.26–7.35 (5 H, m, Ar), 4.56–
4.61 (2 H, m, –OCH2Ph), 4.49–4.51 (1 H, m, H2), 3.82–3.84 (1 H,
m, H10), 3.50–3.61 (4 H, m, H1 and H11), 3.07 (1 H, t, J 11.9,
–S–CH(HA)–CH2–CH2–S–), 2.88 (1 H, t, J 12.0, –S–CH2–CH2–
CH(HA)–S–), 2.70–2.77 (2 H, m, H5A and –S–CH(HB)–CH2–CH2–
S–), 2.62–2.64 (2 H, m, –S–CH2–CH2–CH(HA)–S– and OH), 2.54
(1 H, d, J 13.7, H3A), 2.00–2.04 (1 H, m, –S–CH2–CH(HA)–
CH2–S–), 1.85–1.89 (1 H, m, –S–CH2–CH(HB)–CH2–S–), 1.77–
1.82 (2 H, m, H3B and H8A), 1.65–1.67 (1 H, m, H7A), 1.48–
1.60 (4 H, m, H5B, H7B, H8B and H9A) and 1.28–1.35 (1 H, m,
H9B); dH (150 MHz; CDCl3; Me4Si) 138.2, 128.3, 127.7, 127.6,
98.0, 74.2, 73.5, 72.6, 66.8, 66.4, 46.8, 40.8, 39.2, 36.7, 26.4, 26.3,
25.9, 25.3 and 19.0; m/z (+ESI) calc. for C21H30NaO4S2 (MNa+)
433.1483, found 433.1482; Crystal structure determination of
spiroketal unit 1a: Single crystals of 1a were recrystallised from
pentane, mounted in inert oil and transferred to the cold gas stream
of the diffractometer. Crystal data. C21H30O4S2, M = 410.57,
orthorhombic, a = 8.18360(10), b = 11.8557(2), c = 21.3327(4)
Å, U = 2069.75(6) Å3, T = 180(2) K, space group P212121, Z = 4,
l(Mo Ka) = 0.281 mm−1, 13637 reflections measured, 4721 unique
(Rint = 0.0445) which were used in all calculations. The final R1


and wR2 indices were 0.0489 and 0.1178, respectively (all data).


(15-Benzyloxymethyl-9,14-dioxa-1,5-dithiadispiro[5.1.5.3]hexadec-
10-yl)methanol isomer (1b). A clear, colourless oil (16%, starting
from racemic 13; 28%, starting from diastereomerically-enriched
13a; 6%, starting from diastereome-rically-enriched 13b); Rf 0.34
(3 : 2 EtOAc–petroleum ether); [a]25


D −25.5 (c 0.11, CH2Cl2);
tmax(film)/cm−1 3467, 2941, 2866, 1423, 1362, 1276, 1238, 1211,
1123, 1091, 1028, 1009, 960, 914, 874, 739 and 699; dH (600 MHz;


CDCl3; Me4Si) 7.26–7.37 (5 H, m, Ar), 4.60 (2 H, s, –OCH2Ph),
4.03–4.06 (2 H, m, H10 and H2), 3.63 (1 H, dd, J 10.0 and 5.7,
H1A), 3.52–3.56 (2 H, m, H1B and H11A), 3.41–3.44 (1 H, m, H11B),
2.95–3.03 (2 H, m, –S–CH2–CH2–CH2–S–), 2.69–2.77 (2 H, m, –S–
CH2–CH2–CH2–S–), 2.48 (1 H, dd, J 13.8 and 2.0, H3A), 2.27–2.34
(1 H, m, OH), 2.19 (1 H, dd, J 13.8 and 11.2, H3B), 2.08–2.14 (3 H,
m, H5 and H7A), 2.03–2.07 (1H, m, –S–CH2–CH(HA)–CH2–S–),
1.81–1.95 (2H, m, H8A and –S–CH2–CH(HB)–CH2–S–), 1.55–1.62
(1 H, m, H8B), 1.43–1.48 (1 H, m, H9A), 1.33 (1 H, td, J 13.5 and
4.3, H7B) and 1.24 (1 H, td, J 12.9 and 4.3, H9B); dC (150 MHz;
CDCl3; Me4Si) 138.3, 128.4, 2 × 127.6, 97.2, 73.4, 73.0, 70.2, 69.5,
66.2, 47.7, 45.6, 39.0, 33.9, 26.9, 26.7, 26.2, 25.1 and 17.9; m/z
(+ESI) calc. for C21H31O4S2 (MH+) 411.1664 found 411.1671;
calc. for C21H30NaO4S2 (MNa+) 433.1483, found 433.1481.


(15-Benzyloxymethyl-9,14-dioxa-1,5-dithiadispiro[5.1.5.3]hexadec-
10-yl)methanol isomer (1c). A white crystalline solid (48%,
starting from racemic 13; 16%, starting from diastereomerically-
enriched 13a; 83%, starting from diastereomerically-enriched
13b); Rf 0.53 (3 : 2 EtOAc–petroleum ether); mp 127 ◦C (from
pentane); [a]25


D +65.3 (c 0.17, CH2Cl2); tmax(film)/cm−1 3503, 2944,
2866, 1453, 1438, 1370, 1281, 1216, 1167, 1125, 1091, 1040, 1022,
1006, 992, 947, 910, 827, 802, 739 and 699; dH (600 MHz; CDCl3;
Me4Si) 7.26–7.36 (5 H, m, Ar), 4.59–4.64 (2 H, m, –OCH2Ph),
4.13–4.15 (1 H, m, H2), 3.73–3.77 (1 H, m, H10), 3.54–3.60 (2 H,
m, H1), 3.47–3.51 (1 H, m, H11A), 3.40–3.45 (1 H, m, H11B),
3.09–3.14 (1 H, m, –S–CH(HA)–CH2–CH2–S–), 3.01 (1 H, d,
J 11.2, OH), 2.88–2.93 (1 H, m, –S–CH2–CH2–CH(HA)–S–),
2.65–2.69 (1 H, m, –S–CH2–CH2–CH(HB)–S–), 2.56–2.61 (2 H,
m, H3A and –S–CH2–CH2–CH(HB)–S–), 2.16 (1 H, d, J 14.0,
H5A), 2.04–2.08 (1 H, m, –S–CH2–CH(HA)–CH2–S–), 1.85–1.95
(2 H, m, H8A and –S–CH2–CH(HB)–CH2–S–), 1.80 (1 H, dd, J
13.6 and 11.5, H3B), 1.71 (1 H, d, J 14.1, H5B), 1.64–1.67 (1 H,
m, H7A), 1.58–1.61 (1 H, m, H8B), 1.42–1.48 (2 H, m, H7B and
H9A) and 1.12–1.16 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si)
138.4, 128.3, 127.6, 127.5, 96.8, 73.3, 72.5, 70.4, 66.1, 65.9, 47.3,
46.6, 38.5, 34.6, 26.7, 26.2, 25.7, 25.3 and 18.1; m/z (+ESI) calc.
for C21H30NaO4S2 (MNa+) 433.1483, found 433.1486; Crystal
structure determination of spiroketal unit 1c: Single crystals of
1c were recrystallised from pentane, mounted in inert oil and
transferred to the cold gas stream of the diffractometer. Crystal
data. C21H30O4S2, M = 410.57, orthorhombic, a = 8.13710(10),
b = 9.73410(10), c = 26.6319(4) Å, U = 2109.44(5) Å3, T =
180(2) K, space group P212121, Z = 4, l(Mo Ka) = 0.276 mm−1,
17628 reflections measured, 4759 unique (Rint = 0.0471) which
were used in all calculations. The final R1 and wR2 indices were
0.0438 and 0.0821, respectively (all data).


[15-(4-Bromobenzyloxymethyl)-9,14-dioxa-1,5-dithiadispiro-
[5.1.5.3]hexadec-10-yl]methanol isomer (2a). A clear, colourless
oil (33%, starting from racemic 14); Rf 0.18 (3 : 2 EtOAc–petroleum
ether); [a]25


D +4.4 (c 0.88, CH2Cl2); tmax(film)/cm−1 3493, 2941,
2866, 1454, 1363, 1217, 1092, 1041, 739 and 699; dH (600 MHz;
CDCl3; Me4Si) 7.44 (2 H, d, J 8.2, Ar), 7.21 (2 H, d, J 8.1, Ar),
4.54–4.59 (2 H, m, –OCH2Ph), 4.48–4.51 (1 H, m, H2), 3.82–3.85
(1 H, m, H10), 3.50–3.63 (4 H, m, H1 and H11), 3.05–3.09 (1 H,
m, –S–CH(HA)–CH2–CH2–S–), 2.85–2.89 (1 H, m, –S–CH2–CH2–
CH(HA)–S–), 2.70–2.77 (2 H, m, H5A and –S–CH(HB)–CH2–CH2–
S–), 2.60–2.63 (2 H, m, –S–CH2–CH2–CH(HB)–S– and OH), 2.52–
2.55 (1 H, m, H3A), 2.00–2.04 (1 H, m, –S–CH2–CH(HA)–CH2–S–),
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1.84–1.89 (1 H, m, –S–CH2–CH(HB)–CH2–S–), 1.77–1.81 (2 H, m,
H3B and H8A), 1.65–1.67 (1 H, m, H7A), 1.51–1.60 (4 H, m, H5B,
H7B, H8B and H9A) and 1.30–1.35 (1 H, m, H9B); dC (150 MHz;
CDCl3; Me4Si) 137.3, 131.5, 129.3, 128.4, 121.5, 98.0, 74.2, 2 ×
72.7, 66.8, 66.5, 46.8, 40.7, 39.1, 36.7, 26.5, 26.3, 25.9, 25.3
and 19.0; m/z (+ESI) calc. for C21H30BrO4S2 (MH+) 489.0769,
found 489.0783; calc. for C21H29BrNaO4S2 (MNa+) 511.0588,
found 511.0618.


[15-(4-Bromobenzyloxymethyl)-9,14-dioxa-1,5-dithiadispiro-
[5.1.5.3]hexadec-10-yl]methanol isomer (2b). A clear, colourless
oil (17%, starting from racemic 14); Rf 0.25 (3 : 2 EtOAc–petroleum
ether); [a]25


D −11.3 (c 0.60, CH2Cl2); tmax(film)/cm−1 3493, 2940,
2866, 1454, 1424, 1364, 1274, 1243, 1212, 1169, 1089, 1028, 1009,
960, 910, 872, 739 and 699; dH (600 MHz; CDCl3; Me4Si) 7.44
(2 H, d, J 8.3, Ar), 7.22 (2 H, d, J 8.1, Ar), 4.60 (2 H, s,
–OCH2Ph), 4.03–4.06 (2 H, m, H10 and H2), 3.63 (1 H, dd, J
10.0 and 5.7, H1A), 3.52–3.56 (2 H, m, H1B and H11A), 3.41–3.44
(1 H, m, H11B), 2.95–3.03 (2 H, m, –S–CH2–CH2–CH2–S–), 2.69–
2.77 (2 H, m, –S–CH2–CH2–CH2–S–), 2.48 (1 H, dd, J 13.8 and
2.0, H3A), 2.27–2.34 (1 H, m, OH), 2.19 (1 H, dd, J 13.8 and 11.2,
H3B), 2.08–2.14 (3 H, m, H5 and H7A), 2.03–2.07 (1 H, m, –S–
CH2–CH(HA)–CH2–S–), 1.90–1.95 (1 H, m, –S–CH2–CH(HB)–
CH2–S–), 1.81–1.86 (1 H, m, H8A), 1.55–1.62 (1 H, m, H8B), 1.43–
1.48 (1 H, m, H9A), 1.33 (1 H, td, J 13.5 and 4.3, H7B) and 1.24
(1 H, td, J 12.9 and 4.3, H9B); dC (150 MHz; CDCl3; Me4Si)
137.4, 131.5, 129.2, 128.4, 121.4, 97.2, 73.1, 72.6, 70.2, 69.5, 66.2,
47.6, 45.5, 39.0, 33.9, 26.9, 26.7, 26.2, 25.1 and 17.9; m/z (+ESI)
calc. for C21H30BrO4S2 (MH+) 489.0769, found 489.0782; calc. for
C21H29BrNaO4S2 (MNa+) 511.0588, found 511.0609.


[15-(4-Bromobenzyloxymethyl)-9,14-dioxa-1,5-dithiadispiro-
[5.1.5.3]hexadec-10-yl]methanol isomer (2c). A white, crystalline
(49%, starting from racemic 14); Rf 0.40 (3 : 7 EtOAc–petroleum
ether); [a]25


D +48.2 (c 0.11, CH2Cl2); tmax(film)/cm−1 3499, 2940,
2867, 1453, 1439, 1375, 1280, 1216, 1168, 1125, 1089, 1039, 1023,
1006, 992, 947, 909, 828, 802, 735 and 700; dH (600 MHz; CDCl3;
Me4Si) 7.43 (2 H, d, J 8.2, Ar), 7.23 (2 H, d, J 8.3, Ar), 4.52–
4.57 (2 H, m, –OCH2Ph), 4.11–4.14 (1 H, m, H2), 3.71–3.75
(1 H, m, H10), 3.52–3.57 (2 H, m, H1), 3.46–3.50 (1 H, m, H11A),
3.40–3.44 (1 H, m, H11B), 3.08–3.12 (1 H, m, –S–CH(HA)–CH2–
CH2–S–), 3.01 (1 H, d, J 11.3, OH), 2.86–2.91 (1 H, m, –S–CH2–
CH2–CH(HA)–S–), 2.65–2.69 (1 H, m, –S–CH2–CH2–CH(HB)–S–
), 2.53–2.61 (2 H, m, H3A and –S–CH2–CH2–CH(HB)–S–), 2.15
(1 H, d, J 15.9, H5A), 2.04–2.06 (1 H, m, –S–CH2–CH(HA)–
CH2–S–), 1.83–1.93 (2 H, m, H8A and –S–CH2–CH(HB)–CH2–
S–), 1.78 (1 H, dd, J 13.6 and 11.5, H3B), 1.70 (1 H, d, J 14.1,
H5B), 1.57–1.66 (2 H, m, H7A and H8B), 1.40–1.46 (2 H, m, H7B


and H9A) and 1.12–1.16 (1 H, m, H9B); dC (150 MHz; CDCl3;
Me4Si) 137.4, 131.4, 129.2, 122.2, 96.8, 72.6, 72.5, 70.4, 66.0, 65.9,
47.2, 46.6, 38.4, 34.6, 26.7, 26.2, 25.7, 25.3 and 18.1; m/z (+ESI)
calc. for C21H30BrO4S2 (MH+) 489.0769, found 489.0789; calc.
for C21H29BrNaO4S2 (MNa+) 511.0588, found 511.0610; Crystal
structure determination of spiroketal unit (2c): Single crystals of
2c were recrystallised from pentane, mounted in inert oil and
transferred to the cold gas stream of the diffractometer. Crystal
data. C21H29BrO4S2, M = 489.47, orthorhombic, a = 13.4354(4),
b = 16.5257(6), c = 9.9835(3) Å, U = 2216.63(12) Å3, T = 180(2)
K, space group P21212, Z = 4, l(Mo Ka) = 2.067 mm−1, 13524
reflections measured, 3866 unique (Rint = 0.0547) which were used


in all calculations. The final R1 and wR2 indices were 0.0601 and
0.1457, respectively (all data).


General procedure for the synthesis of dithiane-protected
spiroketal units 3a,b and 4


To a stirred solution of dithiane precursor 19 or 23 in 1 : 1
DCM–MeCN (0.09 M) at 0 ◦C was added, dropwise, perchloric
acid solution (1 cm3 mmol−1 of 19 or 23, 10% v/v in H2O).
After 30 min, the reaction was diluted with Et2O and neutralised
using a saturated, aqueous solution of NaHCO3. The aqueous
phase was extracted with Et2O (×4), and the recombinant organic
extracts washed with distilled water (×2) and brine (×1). Drying
over anhydrous MgSO4, filtration and in vacuo evaporation
yielded a crude oil, which was purified by gravimetric column
chromatography on florisil using EtOAc and petroleum ether as
eluent.


(14 -Benzyloxymethyl -1,15 -dioxa-8,12-dithiadispiro[4.1.5.3 ] -
pentadec-2-yl)methanol isomer (3a). A clear, colourless oil
(61%); Rf 0.52 (1 : 4 EtOAc–petroleum ether); [a]25


D +33.0
(c 0.11, CH2Cl2); tmax(film)/cm−1 3434, 2906, 1454, 1361, 1209,
1091, 868, 738 and 698; dH (600 MHz; CDCl3; Me4Si) 7.26–7.35
(5 H, m, Ar), 4.55–4.61 (2 H, m, –OCH2Ph), 4.37–4.44 (2 H,
m, H2 and H9), 3.78 (1 H, d, J 12.0, H10A), 3.44–3.50 (3 H, m,
H1 and H10B), 3.03–3.08 (1 H, m, –S–CH(HA)–CH2–CH2–S–),
2.84–2.88 (1 H, m, –S–CH(HB)–CH2–CH2–S–), 2.67–2.73 (2 H,
m, –S–CH2–CH2–CH(HA)–S– and OH), 2.58–2.65 (1 H, m, –S–
CH2–CH2–CH(HB)–S–), 2.43 (1 H, d, J 13.6, H8A), 2.20 (1 H, dd,
J 14.2 and 1.7, H7A), 2.08–2.14 (1 H, m, H3A), 2.00–2.07 (3 H,
m, H5 and –S–CH2–CH(HA)–CH2–S–), 1.82–1.88 (2 H, m, H3B


and –S–CH2–CH(HB)–CH2–S–) and 1.67–1.71 (2 H, m, H7B and
H8B); dC (150 MHz; CDCl3; Me4Si) 138.0, 128.4, 127.7, 127.6,
105.7, 82.6, 73.4, 72.4, 67.4, 65.6, 47.0, 45.0, 39.8, 38.4, 26.4, 26.3,
25.1 and 23.3; m/z (+ESI) calc. for C20H29O4S2 (MH+) 397.1507,
found 397.1494; calc. for C20H28NaO4S2 (MNa+) 419.1327, found
419.1313.


(14 -Benzyloxymethyl -1,15 -dioxa-8,12-dithiadispiro[4.1.5.3 ] -
pentadec-2-yl)methanol isomer (3b). A clear, colourless oil (15%);
Rf 0.48 (1 : 4 EtOAc–petroleum ether); [a]25


D +14.4 (c 0.13, CH2Cl2);
tmax(film)/cm−1 3434, 2906, 1454, 1361, 1209, 1091, 868, 738 and
698; dH (600 MHz; CDCl3; Me4Si) 7.26–7.35 (5 H, m, Ar), 4.55–
4.62 (2 H, m, –OCH2Ph), 4.30–4.34 (1 H, m, H2), 4.00–4.08 (1 H,
m, H9), 3.67–3.69 (1 H, m, H10A), 3.45–3.54 (3 H, m, H1 and
H10B), 2.95–3.03 (1 H, m, –S–CH(HA)–CH2–CH2–S–), 2.81–2.92
(2 H, m, –S–CH(HB)–CH2–CH2–S– and –S–CH2–CH2–CH(HA)–
S–), 2.67–2.75 (2 H, m, –S–CH2–CH2–CH(HB)–S– and OH), 2.32–
2.45 (m), 2.18–2.25 (m), 2.10–2.16 (m), 2.00–2.09 (m), 1.82–1.99
(m) and 1.68–1.81 (m); dC (150 MHz; CDCl3; Me4Si) 138.2, 128.4,
2 × 127.7, 106.9, 78.2, 73.6, 72.9, 69.7, 65.0, 47.2, 45.4, 39.2,
35.1, 26.3, 26.2, 25.2 and 24.5; m/z (+ESI) calc. for C20H29O4S2


(MH+) 397.1507, found 397.1494; calc. for C20H28NaO4S2 (MNa+)
419.1327, found 419.1313.


14-Benzyloxymethyl-2-prop-2-ynyl-1,15-dioxa-8,12-dithiadispiro-
[4.1.5.3]pentadecane 1 : 1 diastereomeric mixture (4). A colourless
oil (96%); Rf 0.53 (3 : 7 EtOAc–petroleum ether); tmax(film)/cm−1


3288, 2905, 1423, 1362, 1242, 1094, 846, 738 and 698; dH


(600 MHz; CDCl3; Me4Si) 7.26–7.35 (5 H, m, Ar), 4.55–4.59
(2 H, m, –OCH2Ph), 4.29–4.35 (2 H, m, H2 and H9), 3.47–3.53
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(2 H, m, H1), 3.05–3.16 (1 H, m, –S–CH(HA)–CH2–CH2–S–),
2.86–2.91 (1 H, m, –S–CH(HB)–CH2–CH2–S–), 2.67–2.75 (1 H,
m, –S–CH2–CH2–CH(HA)–S–), 2.61–2.65 (m), 2.50–2.55 (m),
2.34–2.49 (m), 2.14–2.25 (m), 1.97–2.24 (m), 1.85–1.96 (m) and
1.67–1.87 (m); dC (150 MHz; CDCl3; Me4Si) 138.4, 138.3, 2 ×
128.3, 127.60, 2 × 127.5, 106.4, 106.1, 81.2, 80.9, 79.4, 77.4,
73.3, 73.2, 2 × 72.6, 69.4, 69.3, 67.1, 66.7, 65.8, 47.2, 47.1, 45.1,
44.9, 39.4, 2 × 38.8, 38.1, 28.6, 27.8, 27.1, 26.5, 26.4, 26.3, 25.4
and 2 × 25.2; m/z (+ESI) calc. for C22H29O3S2 (MH+) 405.1558,
found 405.1553; calc. for C22H28NaO3S2 (MNa+) 427.1378, found
427.1367.


General procedure for the epimerisation of dithiane-protected
spiroketal units 1a and 1b


To a stirred solution of 1a or 1b in 1 : 1 DCM–MeCN (0.09 M) at
0 ◦C was added, dropwise, perchloric acid solution (1 cm3 mmol−1


of 1a or 1b, 10% v/v in H2O). After 1 h, the reaction was diluted
with Et2O and neutralised using a saturated, aqueous solution of
NaHCO3. The aqueous phase was extracted with Et2O (×4), and
the recombinant organic extracts were washed with distilled water
(×2) and brine (×1). Drying over anhydrous MgSO4, filtration
and in vacuo evaporation yielded a crude oil (quant.): ratio 1a :
1b = 1 : 2 by 1H NMR studies.


General procedure for the formation of spiroketal units 24a–c
and 25


To a stirred solution of spiroketal alcohol 1a–c or 2a in 3 :
1 MeOH–H2O (0.1 M) was added, at ambient temperature, 2-
methyl-2-butene (1.7 eq.) and NaH2PO4 (2.0 eq.). After cooling to
0 ◦C, NaClO2 (6.0 eq.) was added, portionwise, and the resultant
suspension was stirred at ambient temperature for 45 min. The
reaction mixture was then diluted with distilled water and the
aqueous phase extracted with EtOAc (×5). The recombinant
organic extracts were washed with distilled water (×2) and brine
(×1), dried over anhydrous MgSO4 and concentrated in vacuo. Pu-
rification was performed by gravimetric column chromatography
on florisil, using 3 : 2 EtOAc and petroleum ether as eluent.


2-Benzyloxymethyl-8-hydroxymethyl-1,7-dioxaspiro[5.5]undecan-
4-one isomer (24a). A clear, colourless oil (quant.); Rf 0.24
(3 : 2 EtOAc–petroleum ether); [a]25


D +10.8 (c 5.00, CH2Cl2);
tmax(film)/cm−1 3493, 2941, 2866, 1736, 1496, 1453, 1424, 1371,
1275, 1242, 1214, 1177, 1167, 1087, 1025, 1007, 958, 908, 870,
844, 804, 734 and 698; dH (600 MHz; CDCl3; Me4Si) 7.26–7.34
(5 H, m, Ar), 4.59–4.64 (2 H, m, –OCH2Ph), 4.54–4.56 (1 H,
m, H2), 3.71–3.75 (1 H, m, H10), 3.56–3.65 (4 H, m, H1 and
H11), 2.90 (1 H, d, J 14.3, H5A), 2.48 (1 H, dd, J 14.3 and 11.7,
H3A), 2.34–2.39 (2 H, m, H3B and H5B), 1.89–1.92 (1 H, m, H8A),
1.76–1.79 (2 H, m, H7), 1.56–1.62 (2 H, m, H8B and H9A) and
1.50–1.53 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.3,
137.8, 128.4, 127.8, 127.7, 100.6, 74.2, 73.5, 72.1, 69.5, 65.7,
47.9, 43.3, 35.2, 25.4 and 18.0; m/z (+ESI) calc. for C18H25O5


(MH+) 321.1702, found 321.1703; calc. for C18H24NaO5 (MNa+)
343.1521, found 343.1522.


2-Benzyloxymethyl-8-hydroxymethyl-1,7-dioxaspiro[5.5]undecan-
4-one isomer (24b). A clear, colourless oil (quant.); Rf 0.18
(1 : 1 EtOAc–petroleum ether); [a]25


D −3.8 (c 2.50, CH2Cl2);
tmax(film)/cm−1 3453, 2941, 2867, 1722, 1603, 1497, 1454, 1400,


1365, 1310, 1288, 1272, 1248, 1208, 1126, 1090, 1040, 983, 955,
935, 903, 865, 844, 738 and 698; dH (600 MHz; CDCl3; Me4Si)
7.26–7.36 (5 H, m, Ar), 4.57–4.62 (2 H, m, –OCH2Ph), 4.21–4.24
(1 H, m, H2), 4.03–4.10 (1 H, m, H10), 3.57–3.62 (2 H, m, H1),
3.50–3.53 (1 H, m, H11A), 3.40–3.44 (1 H, m, H11B), 2.70 (1 H, dd,
J 16.4 and 11.5, H3A), 2.53–2.60 (2 H, m, H5), 2.41 (1 H, dd, J
16.4 and 3.5, H3B), 1.84–1.91 (2 H, m, H8A and H7A), 1.70–1.74
(1 H, m, H8B), 1.48–1.52 (1 H, m, H9A), 1.39 (1 H, td, J 13.0
and 3.9, H7B) and 1.30–135 (1 H, m, H9B); dC (150 MHz; CDCl3;
Me4Si) 206.1, 137.9, 128.4, 127.8, 127.7, 98.9, 73.4, 72.7, 71.2,
70.9, 65.9, 51.0, 41.6, 33.7, 25.9 and 17.9; m/z (+ESI) calc. for
C18H25O5 (MH+) 321.1702, found 321.1702; calc. for C18H24NaO5


(MNa+) 343.1521, found 343.1526.


2-Benzyloxymethyl-8-hydroxymethyl-1,7-dioxaspiro[5.5]undecan-
4-one isomer (24c). A clear, colourless oil (quant.); Rf 0.30
(1 : 1 EtOAc–petroleum ether); [a]25


D +42.7 (c 0.52, CH2Cl2);
tmax(film)/cm−1 3439, 2941, 2870, 1717, 1604, 1497, 1454, 1439,
1405, 1364, 1310, 1277, 1254, 1224, 1208, 1151, 1124, 1079,
1041, 980, 904, 883, 834, 738 and 698; dH (600 MHz; CDCl3;
Me4Si) 7.26–7.35 (5 H, m, Ar), 4.59–4.66 (2 H, m, –OCH2Ph),
4.09–4.14 (1 H, m, H2), 3.68–3.70 (1 H, m, H10), 3.63 (1 H, dd, J
10.9 and 3.6, H1A), 3.58 (1 H, dd, J 9.9 and 4.9, H1B), 3.51–3.55
(1 H, m, H11A), 3.43–3.49 (1 H, m, H11B), 2.48 (1 H, dd, J 11.8
and 11.6, H3A), 2.44 (2 H, s, H5), 2.35 (1 H, dd, J 14.3 and 2.6,
H3B), 1.86–2.03 (2 H, m, H7A and H8A), 1.64–1.73 (1 H, m, H8B),
1.43–1.54 (2 H, m, H7B and H9A) and 1.25–1.32 (1 H, m, H9B); dC


(150 MHz; CDCl3; Me4Si) 205.8, 138.1, 128.4, 127.7, 127.5, 99.5,
73.4, 72.0, 71.0, 68.4, 65.8, 51.7, 43.1, 34.4, 25.6 and 18.3; m/z
(+ESI) calc. for C18H25O5 (MH+) 321.1702, found 321.1707.


2-(4-Bromobenzyloxymethyl)-8-hydroxymethyl-1,7-dioxaspiro-
[5.5]undecan-4-one isomer (25). A clear, colourless oil (quant.); Rf


0.25 (1 : 1 EtOAc–petroleum ether); [a]25
D +29.4 (c 0.14, CH2Cl2);


tmax(film)/cm−1 3493, 2941, 2867, 1735, 1593, 1488, 1424, 1372,
1273, 1240, 1214, 1168, 1086, 1069, 1028, 1009, 960, 909, 871, 840,
804, 739 and 699; dH (600 MHz; CDCl3; Me4Si) 7.43 (2 H, d, J 8.2,
Ar), 7.20 (2 H, d, J 8.3, Ar), 4.52–4.56 (2 H, m, –OCH2Ph), 4.09–
4.13 (1 H, m, H2), 3.67–3.71 (1 H, m, H10), 3.54–3.61 (2 H, m, H1),
3.51–3.54 (1 H, m, H11A), 3.43–3.48 (1 H, m, H11B), 2.41–2.49 (3 H,
m, H3A and H5), 2.33 (1 H, dd, J 14.5 and 2.6, H3B), 2.13 (1 H, bs,
OH), 1.91–1.98 (1 H, m, H8A), 1.85–1.89 (1 H, m, H7A), 1.65–1.69
(1 H, m, H8B), 1.43–1.51 (2 H, m, H7B and H9A) and 1.23–1.32
(1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.7, 137.1, 131.5,
129.1, 121.5, 99.5, 73.4, 72.1, 71.1, 68.3, 65.7, 51.7, 43.0, 34.4, 25.5
and 18.3; m/z (+ESI) calc. for C18H23BrNaO5 (MNa+) 421.0627,
found 421.0615.


(12-Benzyloxymethyl-1,2,6,11-tetraoxadispiro[2.1.5.3]tridec-7-
yl)methanol (26). A stirred solution of spiroketal 24c (20 mg,
62.5 lmol) in anhydrous DCM (1 cm3) was cooled to −60 ◦C
and treated, sequentially, with bis(trimethylsilyl)peroxide (11 mg,
62.5 lmol, 1.0 eq.) and (CH3)3SiOTf or BF3·Et2O or SnCl4


(31.2 lmol, 5 mol%). The reaction was warmed to −40 ◦C over
18 h, quenched with a saturated, aqueous solution of NaHCO3


(2 cm3) and then extracted with Et2O (4 × 5 cm3). The recombinant
organic extracts were washed with distilled water (2 × 5 cm3)
and brine (1 × 5 cm3), dried over anhydrous MgSO4 and then
concentrated in vacuo. Gravimetric column chromatography on
florisil, using EtOAc as eluent, afforded the title compound 26
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as a clear, colourless oil (21 mg, quant.): Rf 0.44 (EtOAc); [a]25
D


+23.5 (c 0.20, CH2Cl2); tmax(film)/cm−1 3310, 2937, 1454, 1314,
1217, 1088, 1043; CDCl3; Me4Si) 7.25–7.34 (5 H, m, Ar), 4.58–
4.64 (2 H, m, –OCH2Ph), 4.02–4.04 (1 H, m, H2), 3.80–3.84 (1 H,
m, H10), 3.64 (1 H, d, J 11.3, H11A), 3.52–3.56 (3 H, m, H1 and
H11B), 2.41 (1 H, d, J 14.4, H5A), 2.18 (1 H, d, J 13.8, H3A), 1.94–
1.98 (1 H, m, H8A), 1.70–1.74 (1 H, m, H7A), 1.60–1.64 (3 H, m,
H3B, H5B and H8B), 1.46–1.51 (2 H, m, H7B and H9A) and 1.24–1.30
(1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 138.1, 128.4, 127.6,
127.5, 108.4, 96.8, 73.4, 72.3, 70.6, 66.9, 65.9, 37.4, 34.9, 32.1, 25.9
and 18.1; m/z (+EI) calc. for C18H25O6 (MH+) 337.2, found 337.1.


(12-Benzyloxymethyl-1,6,11-trioxadispiro[2.1.5.3]tridec-7-yl)-
methanol (27). A stirred solution of spiroketal 24c (58 mg,
181 lmol) in anhydrous DMSO (1 cm3) was treated with a pre-
prepared mixture of trimethylsulfonium oxide (60 mg, 270 lmol,
1.5 eq.) and potassium t-butoxide (30 mg, 270 lmol, 1.5 eq.) at
room temperature. After stirring over 18 h, EtOAc (1 cm3) and
distilled water (1 cm3) were added, and the subsequent aqueous
phase extracted with EtOAc (3 × 1 cm3). The recombinant organic
extracts were washed with distilled water (2 × 1 cm3) and brine (1 ×
1 cm3), dried over anhydrous MgSO4, filtered and then evaporated
in vacuo. Gravimetric column chromatography on florisil, using
EtOAc as eluent, afforded the title compound 27 as a clear,
colourless oil (21 mg, 80%); Rf 0.22 (EtOAc); [a]25


D +72.7 (c 0.13,
CH2Cl2); tmax(film)/cm−1 3455, 2921, 1720, 1595, 1454, 1364, 1231,
1168, 1086, 1048, 989; dH (600 MHz; CDCl3; Me4Si) 7.26–7.35
(5 H, m, Ar), 4.58–4.64 (2 H, m, –OCH2Ph), 4.20–4.24 (1 H, m,
H2), 3.79–3.83 (1 H, m, H10), 3.51–3.59 (4 H, m, H1 and H11),
2.55–2.59 (2 H, m, epoxide–CH2–), 2.03–2.07 (2 H, m, H3A and
H5A), 1.93–2.03 (1 H, m, H7A), 1.70–1.74 (1 H, m, H8A), 1.60–1.64
(1 H, m, H7B), 1.43–1.53 (2 H, m, H8B and H9A), 1.33 (1 H, dd, J
14.2 and 1.8, H5B) 1.23–1.28 (1 H, m, H9B), and 1.19–1.21 (1 H,
m, H3B); dC (150 MHz; CDCl3; Me4Si) 138.4, 128.4, 127.5, 97.1,
73.3, 72.5, 70.3, 66.3, 66.0, 54.8, 50.6, 41.6, 34.6, 34.1, 26.0 and
18.2; m/z (+ESI) calc. for C19H26NaO5 (MNa+) 357.1678, found
357.1678.


2-Benzyloxymethyl-8-triethylsilanyloxymethyl-1,7-dioxaspiro-
[5.5]undecan-4-one isomer (28). A stirred solution of spiroketal
24c (20 mg, 62.5 lmol) in anhydrous DCM (1 cm3) was cooled
to −78 ◦C and treated, sequentially, with 2,6-lutidine (20 mg,
188 lmol, 3.0 eq.) and TESOTf (25 mg, 93.8 lmol, 1.5 eq.).
The reaction was immediately warmed to 0 ◦C over 5 min,
quenched with a saturated, aqueous solution of NaHCO3 (2 cm3)
and then extracted with Et2O (4 × 5 cm3). The recombinant
organic extracts were washed with distilled water (2 × 5 cm3)
and brine (1 × 5 cm3), dried over anhydrous MgSO4 and then
concentrated in vacuo. The subsequent crude oil was purified by
gravimetric column chromatography on florisil, using Et2O and
petroleum ether as eluent to afford the title compound 28 as a
clear, colourless oil (27 mg, quant.): Rf 0.63 (2 : 3 Et2O–petroleum
ether); tmax(film)/cm−1 2950, 2907, 2873, 1718, 1455, 1274, 1212,
1155, 1092, 1072, 1010, 871, 812, 733, 697; dH (600 MHz; CDCl3;
Me4Si) 7.26–7.36 (5 H, m, Ar), 4.58–4.64 (2 H, m, –OCH2Ph),
4.13–4.17 (1 H, m, H2), 3.60–3.69 (2 H, m, H1A and H10), 3.53–
3.58 (2 H, m, H1B and H11A), 3.44–3.48 (1 H, m, H11B), 2.30–2.46
(4 H, m, H3 and H5), 1.90–1.98 (1 H, m, H8A), 1.80–1.89 (1 H, m,
H7A), 1.60–1.68 (2 H, m, H8B and H9A), 1.36–1.47 (1 H, m, H7B),
1.15–1.25 (1 H, m, H9B), 0.91 (9 H, t, J 8.1, –OSi(CH2CH3)3)


and 0.55 (6 H, q, J 7.9, –OSi(CH2CH3)3); dC (150 MHz; CDCl3;
Me4Si) 205.5, 138.2, 128.3, 127.6, 127.5, 99.3, 73.3, 72.1, 71.3,
67.9, 66.1, 51.6, 43.0, 34.4, 26.4, 18.7, 6.6 and 4.4; m/z (+EI) calc.
for C24H39O5Si (MH+) 435.3, found 435.3.


2 - Hydroxymethyl - 8 - triethylsilanyloxymethyl - 1,7 - dioxaspiro -
[5.5]undecan-4-one isomer (29). To a stirred solution of TES-
protected spiroketal 28 (10 mg, 23 lmol) and 2-methylcyclo-
hexadiene (0.5 cm3) in anhydrous EtOH (0.5 cm3) was added
CaCO3 (23 mg, 230 lmol, 10.0 eq.) and Pd(OH)2/C (12 mg, 20
mol%) The reaction was refluxed for 18 h then cooled to ambient
temperature, filtered and evaporated in vacuo. The subsequent
crude oil was purified by gravimetric column chromatography
on florisil, using EtOAc as eluent to afford the title compound
29 as a clear, colourless oil (8 mg, quant.): Rf 0.15 (EtOAc);
tmax(film)/cm−1 3349, 1722, 1500, 1478, 1269, 1078, 1050, 1092,
1060, 1000; dH (600 MHz; CDCl3; Me4Si) 4.06–4.10 (1 H, m, H2),
3.80–3.84 (1 H, m, H1A), 3.55–3.64 (3 H, m, H1B, H10 and H11A),
3.45–3.49 (1 H, m, H11B), 2.48 (1 H, dd, J 14.4 and 11.7, H3A),
2.36–2.44 (2 H, m, H5), 2.26–2.30 (1 H, m, H3B), 1.84–1.95 (3 H,
m, H7A, H8A and OH), 1.64–1.71 (2 H, m, H8B and H9A), 1.48 (1 H,
dd, J 13.3 and 4.7, H7B), 1.18–1.24 (1 H, m, H9B), 0.93 (9 H, t, J
7.9, –OSi(CH2CH3)3) and 0.56 (6 H, q, J 7.9, –OSi(CH2CH3)3); dC


(150 MHz; CDCl3; Me4Si) 205.3, 99.4, 71.4, 68.9, 66.0, 65.0, 51.6,
42.1, 34.3, 26.3, 18.6, 6.7 and 4.4; m/z (+EI) calc. for C17H33O5Si
(MH+) 345.2, found 345.2.


General procedure for the synthesis of aldehydes 30a–c


To a stirred solution of the spiroketal alcohol in anhydrous DCM
(0.13 M) was added Dess–Martin periodinane reagent (2.0 eq.)
at ambient temperature. The resultant reaction suspension was
left stirring under a positive argon atmosphere for 2 h, then
quenched through dropwise addition of a 1 : 1 mixture of
saturated, aqueous NaHCO3 and Na2S2O3 solutions at 0 ◦C,
followed by further stirring at ambient temperature for 20 min.
The aqueous phase was then extracted with Et2O (×3), and the
recombinant organic extracts washed with distilled water (×2) and
brine (×1). Drying over anhydrous MgSO4, filtration, and in vacuo
evaporation afforded a liquid oil, which was purified immediately
by gravimetric, column chromatography on florisil, using Et2O
and petroleum ether as eluent. [For the formation of 30a and 30b,
solid, anhydrous NaHCO3 (10.0 eq.) was added, and the pH of the
solution monitered (pH ca. 8) before the addition of Dess–Martin
periodinane.


8-Benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undecane-2-car-
baldehyde isomer (30a). A clear, colourless oil (83%); Rf 0.24 (3 :
7 EtOAc–petroleum ether); dH (600 MHz; CDCl3; Me4Si) 9.80
(1 H, s, H11), 7.26–7.37 (5 H, m, Ar), 4.55–4.61 (3 H, m, H2 and
–OCH2Ph), 4.06–4.10 (1 H, m, H10), 3.54–3.59 (2 H, m, H1), 2.73
(1 H, d, J 15.2, H5A), 2.45–2.53 (3 H, m, H3 and H5B), 2.00–2.05
(1 H, m, H9A), 1.80–1.91 (2 H, m, H8A and H7A), 1.64–1.73 (2 H, m,
H7B and H9B) and 1.51–1.61 (1 H, m, H8B); dC (150 MHz; CDCl3;
Me4Si) 204.9, 202.5, 137.9, 128.4, 127.7, 127.6, 100.2, 78.2, 73.5,
71.8, 70.2, 50.4, 43.1, 35.8, 23.2 and 15.9; m/z (+EI) calc. for
C18H23O5 (MH+) 319.2, found 319.1.


8-Benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undecane-2-car-
baldehyde isomer (30b). A clear, colourless oil (80%); Rf 0.60
(1 : 1 EtOAc–petroleum ether); dH (600 MHz; CDCl3; Me4Si) 9.48
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(1 H, s, H11), 7.26–7.36 (5 H, m, Ar), 4.53–4.61 (2 H, m, –OCH2Ph),
4.43–4.47 (1 H, m, H10), 4.21–4.26 (1 H, m, H2), 3.52–3.62 (2 H,
m, H1), 2.79–2.85 (1 H, m, H3A), 2.60–2.66 (2 H, m, H5), 2.37–2.42
(1 H, m, H3B), 1.82–2.02 (3 H, m, H7A, H8A and H9A), 1.68–1.78
(1 H, m, H8B), 1.40–1.54 (1 H, m, H7B) and 1.26–1.35 (1 H, m,
H9B); dC (150 MHz; CDCl3; Me4Si) 205.5, 201.6, 137.7, 128.5,
127.8, 127.7, 99.0, 75.3, 73.4, 72.2, 71.2, 50.3, 41.3, 33.7, 24.8 and
17.7; m/z (+EI) calc. for C18H23O5 (MH+) 319.2, found 319.1.


8-Benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undecane-2-car-
baldehyde isomer (30c). A clear, colourless oil (90%.); Rf 0.53
(1 : 1 EtOAc–petroleum ether); dH (600 MHz; CDCl3; Me4Si) 9.55
(1 H, s, H11), 7.26–7.37 (5 H, m, Ar), 4.57–4.64 (2 H, m, –OCH2Ph),
4.07–4.11 (1 H, m, H2), 4.01 (1 H, dd, J 12.3 and 2.4, H10), 3.51–
3.63 (2 H, m, H1), 2.49 (1 H, dd, J 14.8 and 1.5, H3A), 2.44–2.50
(2 H, m, H3B and H5A), 2.36–2.43 (1 H, m, H5B), 1.98–2.08 (1 H,
m, H8A), 1.90–1.97 (1 H, m, H7A), 1.83–1.89 (1 H, m, H9A), 1.73–
1.78 (1 H, m, H8B), 1.48–1.58 (1 H, m, H7B) and 1.32–1.42 (1 H,
m, H9B); dC (150 MHz; CDCl3; Me4Si) 208.9, 204.7, 137.9, 128.4,
127.7, 127.5, 99.7, 74.9, 73.5, 71.9, 68.8, 51.2, 42.9, 34.2, 24.7 and
17.9; m/z (+EI) calc. for C18H23O5 (MH+) 319.2, found 319.1.


General procedure for the synthesis of spiroketal-derived
carbamates 35a,b, 36a,b and 37a,b


To an anhydrous DMF solution (0.25 M) of the spiroketal alcohol
derivative was added, sequentially, pyridine (1.5 eq.) and p-
nitrophenylchloroformate (1.5 eq.) in one portion at 0 ◦C. The
reaction was then left to stir at ambient temperature for 20 min,
at which point the requisite amine (1.0 eq.) was added dropwise.
After stirring for 10 min, EtOAc and distilled water were added,
and the subsequent aqueous phase extracted with EtOAc (×3).
The recombinant organic extracts were washed with distilled water
(×1) and brine (×1), dried over anhydrous MgSO4, filtered and
then evaporated in vacuo. The resultant crude was purified by
gravimetric column chromatography on silica gel, using 3 : 7
EtOAc and petroleum ether as eluent.


(3-Morpholin-4-yl-propyl)carbamic acid 8-benzyloxymethyl-10-
oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (35a). A
colourless oil (80%); Rf 0.20 (EtOAc); [a]25


D +30.0 (c 0.81, CH2Cl2);
tmax(film)/cm−1 3344, 2943, 2857, 1715, 1521, 1454, 1360, 1334,
1255, 1087, 1041, 983, 914, 861, 737 and 698; dH (600 MHz;
CDCl3; Me4Si) 7.23–7.38 (5 H, m, Ar), 5.80 (1 H, s, –O(CO)NH–),
4.59–4.65 (2 H, m, –OCH2Ph), 4.08–4.12 (1 H, m, H2), 3.92–3.98
(2 H, m, H11), 3.80–3.84 (1 H, m, H10), 3.65–3.67 (4 H, m, –CH2–
N(–CH2–CH2–)2O), 3.57–3.63 (2 H, m, H1), 3.20–3.24 (2 H, m,
H12), 2.34–2.46 (10 H, m, H3, H5 and –CH2–N(–CH2–CH2–)2O),
1.93–1.99 (1 H, m, H8A), 1.84–1.88 (1 H, m, H7A), 1.62–1.69 (3 H,
m, H8B and H13), 1.54–1.59 (1 H, m, H9A), 1.42–1.50 (1 H, m, H7B),
1.23–1.30 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.4, 156.4,
138.1, 128.4, 127.7, 127.5, 99.3, 73.4, 2 × 72.1, 68.7, 68.2, 67.1,
67.0, 2 × 53.6, 51.5, 43.1, 40.5, 34.2, 26.1, 25.6 and 18.4; m/z
(+ESI) calc. for C26H39N2O7 (MH+) 491.2757, found 491.2774.


Pyridin-2-ylmethylcarbamic acid 8-benzyloxymethyl-10-oxo-1,7-
dioxaspiro[5.5]undec-2-ylmethyl ester isomer (35b). A colourless
oil (85%); Rf 0.30 (EtOAc); [a]25


D +45.0 (c 0.87, CH2Cl2);
tmax(film)/cm−1 2942, 1798, 1720, 1592, 1517, 1500, 1454, 1336,
1290, 1246, 1110, 1043, 993, 851, 754 and 699; dH (600 MHz;
CDCl3; Me4Si) 8.50–8.53 (1 H, m, Ar), 7.64 (1 H, t, J 7.6, Ar),


7.23–7.34 (6 H, m, Ar), 7.16–7.19 (1 H, m, Ar), 5.73 (1 H, s,
–O(CO)NH–), 4.58–4.65 (2 H, m, –OCH2Ph), 4.47 (2 H, d, J 5.0,
H12), 4.09–4.11 (1 H, m, H2), 4.03 (2 H, d, J 4.6, H11), 3.82–3.84
(1 H, m, H10), 3.54–3.58 (1 H, m, H1A), 3.59–3.62 (1 H, m, H1B),
2.32–2.47 (4 H, m, H3 and H5), 1.93–1.98 (1 H, m, H8A), 1.86–1.90
(1 H, m, H7A), 1.66–1.70 (1 H, m, H8B), 1.57–1.61 (1 H, m, H9A),
1.45–1.51 (1 H, m, H7B), 1.25–1.32 (1 H, m, H9B); dC (150 MHz;
CDCl3; Me4Si) 205.5, 156.8, 156.4, 149.1, 138.1, 136.7, 128.4,
127.7, 127.5, 122.3, 121.7, 99.4, 73.4, 72.0, 68.8, 68.2, 67.4, 51.4,
46.0, 42.9, 34.2, 26.1 and 18.4; m/z (+EI) calc. for C25H30N2NaO6


(MNa+) 477.2002, found 477.1989.


(3-Morpholin-4-yl-propyl)carbamic acid 8-(4-bromobenzyloxy-
methyl)-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer
(36a). A colourless oil (80%); Rf 0.25 (EtOAc); [a]25


D +56.0
(c 0.43, CH2Cl2); tmax(film)/cm−1 3324, 2943, 1719, 1529, 1488,
1457, 1359, 1258, 1117, 1088, 1041, 1011, 984 and 804; dH


(600 MHz; CDCl3; Me4Si) 7.47 (2 H, d, J 8.3, Ar), 7.21 (2 H,
d, J 8.1, Ar), 5.82 (1 H, s, –O(CO)NH–), 4.54–4.59 (2 H, m,
–OCH2Ph), 4.07–4.13 (1 H, m, H2), 3.90–4.00 (2 H, m, H11), 3.76–
3.82 (1 H, m, H10), 3.64–3.68 (4 H, m, –CH2–N(–CH2–CH2–)2O),
3.55–3.62 (2 H, m, H1), 3.20–3.24 (2 H, m, H12), 2.33–2.45 (10 H,
m, H3, H5 and –CH2–N(–CH2–CH2–)2O), 1.92–1.96 (1 H, m,
H8A), 1.83–1.88 (1 H, m, H7A), 1.62–1.69 (3 H, m, H8B and H13),
1.55–1.59 (1 H, m, H9A), 1.45–1.49 (1 H, m, H7B), 1.22–1.29 (1 H,
m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.2, 162.5, 156.4, 137.2,
131.5, 129.1, 121.5, 99.3, 72.6, 2 × 72.1, 68.7, 68.2, 67.1, 67.0,
2 × 53.6, 51.5, 43.0, 40.5, 34.2, 26.1, 25.6 and 18.4; m/z (+ESI)
calc. for C26H38BrN2O7 (MH+) 569.1862, found 569.1899; calc. for
C26H37BrN2NaO7 (MNa+) 591.1682, found 591.1687.


Pyridin-2-ylmethylcarbamic acid 8-(4-bromobenzyloxymethyl)-
10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (36b). A
colourless oil (85%); Rf 0.35 (EtOAc); [a]25


D +62.0 (c 0.50, CH2Cl2)
tmax(film)/cm−1 3336, 3245, 2987, 1756, 1578, 1495, 1378, 1280,
1120, 1045, 1020, 988 and 810; dH (600 MHz; CDCl3; Me4Si)
8.50–8.51 (1 H, m, Ar), 7.68 (1 H, t, J 7.5, Ar), 7.46 (2 H, d,
J 8.2, Ar), 7.26–7.30 (1 H, m, Ar), 7.19–7.24 (3 H, m, Ar), 5.78
(1 H, s, –O(CO)NH–), 4.51–4.59 (2 H, m, –OCH2Ph), 4.47 (2 H,
d, J 5.2, H12), 4.08–4.14 (1 H, m, H2), 3.98–4.03 (2 H, m, H11),
3.78–3.83 (1 H, m, H10), 3.53–3.60 (2 H, m, H1), 2.33–2.47 (3 H,
m, H3A and H5), 2.33 (1 H, d, J 14.3, H3B), 1.90–1.97 (1 H, m,
H8A), 1.84–1.88 (1 H, m, H7A), 1.66–1.70 (1 H, m, H8B), 1.56–1.60
(1 H, m, H9A), 1.45–1.50 (1 H, m, H7B), 1.25–1.30 (1 H, m, H9B);
dC (150 MHz; CDCl3; Me4Si) 205.6, 162.8, 156.8, 148.8, 137.1,
131.5, 129.1, 128.4, 126.2, 122.6, 115.7, 99.4, 72.6, 72.1, 68.7, 68.2,
67.4, 51.4, 45.8, 42.9, 34.2, 26.0 and 18.4; m/z (+ESI) calc. for
C25H29BrN2NaO6 (MNa+) 555.1107, found 555.1091.


(3-Morpholin-4-yl-propyl)carbamic acid 8-benzyloxymethyl-10-
oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (37a). A
colourless oil (80%); Rf 0.10 (EtOAc); [a]25


D +2.0 (c 0.30, CH2Cl2);
tmax(film)/cm−1 3344, 2943, 2857, 1715, 1521, 1454, 1360, 1334,
1255, 1087, 1041, 983, 914, 861, 737 and 698; dH (600 MHz; CDCl3;
Me4Si) 7.26–7.35 (5 H, m, Ar), 5.71–5.75 (1 H, s, –O(CO)NH–),
4.50–4.64 (3 H, m, H2 and –OCH2Ph), 4.10–4.13 (2 H, m, H11),
3.83–3.88 (1 H, m, H10), 3.67–3.71 (4 H, m, –CH2–N(–CH2–CH2–
)2O), 3.56–3.63 (2 H, m, H1), 3.22–3.24 (2 H, m, H12), 2.81–2.88
(1 H, m, H5A), 2.34–2.52 (9 H, m, H3, H5B and –CH2–N(–CH2–
CH2–)2O), 1.86–1.88 (2 H, m, H7A and H8A), 1.76–1.79 (1 H, m,
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H7B), 1.58–1.68 (4 H, m, H8B, H9A and H13), 1.24–1.27 (1 H, m,
H9B); dC (150 MHz; CDCl3; Me4Si) 205.5, 156.4, 154.4, 138.0,
128.4, 127.7, 100.5, 73.4, 2 × 72.0, 69.3, 66.9, 66.6, 53.6, 48.1, 43.4,
40.4, 35.0, 25.7, 25.6 and 17.6 m/z (+ESI) calc. for C26H38N2NaO7


(MNa+) 513.2577, found 513.2578.


Pyridin-2-ylmethylcarbamic acid 8-benzyloxymethyl-10-oxo-1,7-
dioxaspiro[5.5]undec-2-ylmethyl ester isomer (37b). A colourless
oil (85%); Rf 0.15 (EtOAc); [a]25


D +4.0 (c 0.25, CH2Cl2);
tmax(film)/cm−1 2942, 1798, 1720, 1592, 1517, 1500, 1454, 1336,
1290, 1246, 1110, 1043, 993, 851, 754 and 699; dH (600 MHz;
CDCl3; Me4Si) 8.51–8.54 (1 H, m, Ar), 7.65–7.68 (1 H, t, J 7.5,
Ar), 7.20–7.33 (7 H, m, Ar), 5.82 (1 H, s, –O(CO)NH–), 4.45–4.62
(5 H, m, H2, H12 and –OCH2Ph), 4.11–4.18 (2 H, m, H11), 3.84–
3.88 (1 H, m, H10), 3.53–3.63 (2 H, m, H1), 2.79–2.83 (1 H, m, H5A),
2.49–2.56 (1 H, m, H3A), 2.30–2.41 (2 H, m, H3B and H5B), 1.83–
1.92 (1 H, m, H8A), 1.72–1.82 (2 H, m, H7), 1.52–1.63 (2 H, m, H8B


and H9A), 1.42–1.52 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si)
205.5, 157.0, 156.6, 148.8, 138.0, 137.2, 128.4, 127.6, 126.2, 122.6,
121.9, 100.5, 73.4, 72.0, 71.8, 69.3, 67.0, 48.3, 45.9, 43.3, 34.9, 25.6
and 17.5; m/z (+ESI) calc. for C25H30N2NaO6 (MNa+) 477.2002,
found 477.1979.


General procedure for the synthesis of spiroketal esters 38a–f, 39,
40a–c and 41


To a stirred, argon-flushed solution of the spiroketal-derived
primary alcohol in anhydrous DMF (12.5 lM) was added at
ambient temperature, in the order written: Hünigs base (5.0 eq.),
the requisite N-Fmoc-protected a-amino acid (1.0 eq.), and HOAt
(3.0 eq.). The resultant yellow solution was then cooled to 0 ◦C, and
treated with HATU (3.0 eq.), through a portion-wise addition, and
left to reach ambient temperature with overnight stirring under a
positive argon atmosphere. After 48 h, the reaction was diluted
with EtOAc and the resultant organic phase extracted with a
saturated, aqueous solution of NaHCO3 (×3) with the combined,
basic, aqueous phases subject to further extraction using EtOAc
(×3). The recombinant organic extracts were then washed with
distilled water (×1) and brine (×1), dried over anhydrous MgSO4,
filtered and evaporated in vacuo. The resultant pale-pellow/light-
brown crude was purified by gravimetric column chromatography
on silica gel, using EtOAc and petroleum ether as eluent. [For
formation of 38a, 39 and 40a 1.25 eq. of HATU and HOAt, as
well as 2.00 eq. of Hünigs base were used with a reaction time of
18 h; all de were verified by Chiral HPLC.]


(9H-Fluoren-9-ylmethoxycarbonylamino)acetic acid 8-benzyloxy-
methyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer
(38a). A clear, colourless oil (93%); Rf 0.41 (1 : 1 EtOAc–
petroleum ether); tmax(film)/cm−1 3297, 2918, 2354, 2202, 1953,
1718, 1529, 1451, 1250, 1084, 1031, 740, 669; dH (600 MHz; CDCl3;
Me4Si) 7.76 (2 H, d, J 7.5, Ar), 7.60 (2 H, d, J 7.4, Ar), 7.40 (2 H,
t, J 7.5, Ar), 7.26–7.34 (7 H, m, Ar), 5.25–5.29 (1 H, m, NH),
4.56–4.62 (2 H, m, –OCH2Ph), 4.40 (2 H, d, J 7.1, H13), 4.23 (1 H,
t, J 7.1, H14), 4.12 (1 H, dd, J 11.4 and 6.9, H11A), 4.05–4.08 (2 H,
m, H2 and H11B), 3.99 (1 H, dd, J 18.2 and 5.8, H12A), 3.91 (1 H,
dd, J 18.2 and 5.3, H12B), 3.82–3.87 (1 H, m, H10), 3.56–3.60 (2 H,
m, H1), 2.34–2.46 (4 H, m, H3 and H5), 1.93–2.02 (1 H, m, H8A),
1.84–1.88 (1 H, m, H7A), 1.68–1.72 (1 H, m, H8B), 1.54–1.58 (1 H,
m, H9A), 1.45–1.55 (1 H, m, H7B) and 1.25–1.32 (1 H, m, H9B); dC


(150 MHz; CDCl3; Me4Si) 205.3, 166.9, 156.5, 143.8, 141.3, 138.0,
128.4, 127.7, 127.5, 127.1, 125.1, 120.0, 99.4, 73.4, 72.0, 68.5, 68.2,
67.5, 67.2, 51.4, 47.1, 43.0, 42.7, 34.1, 25.6 and 18.4; m/z (+EI)
calc. for C35H38NO8 (MH+) 600.3, found 600.2.


2-(9H -Fluoren-9-ylmethoxycarbonylamino)-3-phenylpropionic
acid 8-benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl
ester isomer (38b). A clear, colourless oil (70%); Rf 0.44 (2 : 3
EtOAc–petroleum ether); tmax(film)/cm−1 3294, 2916, 2350, 2198,
1985, 1720, 1530, 1451, 1249, 1212, 1078, 988, 759, 741; dH


(600 MHz; CDCl3; Me4Si) 7.77 (2 H, d, J 7.5, Ar), 7.55 (2 H,
t, J 7.2, Ar), 7.40 (2 H, t, J 7.4, Ar), 7.21–7.34 (10 H, m, Ar),
7.07 (2 H, d, J 7.1, Ar), 5.23 (1 H, m, NH), 4.62–4.65 (1 H, m,
H12), 4.56–4.62 (2 H, m, –OCH2Ph), 4.43 (1 H, dd, J 10.4 and 7.3,
H13A), 4.29 (1 H, dd, J 10.4 and 7.1, H13B), 4.19 (1 H, t, J 7.0, H14),
4.11–4.14 (1 H, m, H2), 4.01–4.05 (2 H, m, H11), 3.83–3.87 (1 H,
m, H10), 3.54–3.58 (2 H, m, H1), 3.10 (1 H, dd, J 13.9 and 5.4,
–CH(HA)Ph), 2.98 (1 H, dd, J 13.9 and 6.3, –CH(HB)Ph), 2.39–
2.47 (3 H, m, H3A and H5), 2.31–2.34 (1 H, m, H3B), 1.92–2.02
(1 H, m, H8A), 1.84–1.92 (1 H, m, H7A), 1.67–1.70 (1 H, m, H8B),
1.43–1.56 (2 H, m, H7B and H9A) and 1.20–1.24 (1 H, m, H9);
dC (150 MHz; CDCl3; Me4Si) 205.0, 171.3, 155.5, 143.8, 143.7,
141.3, 138.1, 135.6, 129.3, 128.6, 128.4, 127.7, 127.5, 127.1, 127.0,
125.1, 125.0, 120.0, 119.9, 99.4, 73.4, 72.0, 68.5, 68.1, 67.8, 66.9,
54.7, 51.4, 47.1, 42.9, 38.2, 34.1, 26.1 and 18.3; m/z (+EI) calc.
for C42H44NO8 (MH+) 690.3, found 690.2.


2-(9H -Fluoren-9-ylmethoxycarbonylamino)propionic acid 8-
benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester
isomer (38c). A clear, colourless oil (50%); Rf 0.37 (2 : 3 EtOAc–
petroleum ether); tmax(film)/cm−1 3290, 2943, 2378, 2203, 1945,
1721, 1530, 1451, 1234, 1212, 997, 743, 688; dH (600 MHz; CDCl3;
Me4Si) 7.76 (2 H, d, J 7.4, Ar), 7.55–7.63 (2 H, m, Ar), 7.40 (2 H,
t, J 7.4, Ar), 7.26–7.36 (7 H, m, Ar), 5.34 (1 H, d, J 7.5, NH),
4.56–4.62 (2 H, m, –OCH2Ph), 4.34–4.41 (3 H, m, H12 and H13),
4.22 (1 H, t, J 7.0, H14), 4.10–4.14 (2 H, m, H2 and H11A), 4.04 (1 H,
d, J 11.2, H11B), 3.85–3.88 (1 H, m, H10), 3.55–3.60 (2 H, m, H1),
2.36–2.50 (3 H, m, H3 and H5A), 2.33 (1 H, d, J 14.4, H5B), 1.95–
2.01 (1 H, m, H8A), 1.85–1.92 (1 H, m, H7A), 1.68–1.71 (1 H, m,
H8B), 1.56–1.60 (1 H, m, H9A), 1.45–1.53 (1 H, m, H7B), 1.36 (3 H,
d, J 6.8, –CH3) and 1.21–1.28 (1 H, m, H9B); dC (150 MHz; CDCl3;
Me4Si) 205.2, 172.7, 155.6, 143.9, 143.8, 141.2, 138.1, 128.4, 127.7,
127.6, 127.5, 127.1, 125.1, 120.0, 99.4, 73.4, 72.0, 68.5, 68.1, 67.5,
66.9, 51.4, 49.6, 47.1, 43.0, 34.1, 26.0, 18.6 and 18.3; m/z (+EI)
calc. for C36H40NO8 (MH+) 614.3, found 614.2.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)pent-4-enoic acid 8-
benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester
isomer (38d). A clear, yellow oil (26%); Rf 0.32 (7 : 13 EtOAc–
petroleum ether); tmax(film)/cm−1 3298, 2954, 2359, 2192, 2022,
1721, 1524, 1453, 1249, 988, 743, 688; dH (600 MHz; CDCl3; Me4Si)
7.77 (2 H, d, J 7.4, Ar), 7.55 (2 H, d, J 7.1, Ar), 7.39 (2 H, t, J 7.3,
Ar), 7.26–7.36 (7 H, m, Ar), 5.61–5.71 (1 H, m, –CH2–CH=CH2),
5.26–5.35 (1 H, m, NH), 5.07–5.17 (2 H, m, –CH2–CH=CH2), 4.59
(2 H, m, –OCH2Ph), 4.37–4.49 (2 H, m, H12 and H13A), 4.30–4.37
(1 H, m, H13B), 4.19–4.26 (1 H, t, J 7.0, H14), 4.02–4.15 (3 H, m, H2


and H11), 3.82–3.92 (1 H, m, H10), 3.53–3.62 (2 H, m, H1), 2.51–
2.62 (1 H, m, –CH(HA)–CH=CH2), 2.30–2.50 (5 H, m, H3, H5 and
–CH(HB)–CH=CH2), 1.92–2.03 (1 H, m, H8A), 1.84–1.91 (1 H, m,
H7A), 1.66–1.73 (1 H, m, H8B), 1.54–1.61 (1 H, m, H9A), 1.43–1.53
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(1 H, m, H7B) and 1.22–1.38 (1 H, m, H9B); dC (150 MHz; CDCl3;
Me4Si) 205.0, 171.7, 156.4, 143.9, 143.8, 141.3, 138.1, 128.4, 127.7,
127.5, 127.1, 125.1, 120.0, 119.9, 119.5, 99.4, 73.4, 72.0, 68.4, 68.1,
67.7, 67.0, 53.3, 51.4, 47.1, 42.9, 36.7, 34.1, 26.1 and 18.3; m/z
(+EI) calc. for C38H42NO8 (MH+) 640.3, found 640.2.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-furan-2-yl-propionic
acid 8-benzyl-oxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl
ester isomer (38e). A clear, colourless oil (94%); Rf 0.36 (2 :
3 EtOAc–petroleum ether); tmax(film)/cm−1 3290, 2943, 2323,
2192, 2022, 1719, 1529, 1453, 1212, 988, 743, 668; dH (600 MHz;
CDCl3; Me4Si) 7.76 (2 H, d, J 7.4, Ar), 7.55–7.62 (2 H, m, Ar),
7.39 (2 H. t, J 7.4, Ar), 7.23–7.36 (8 H, m, Ar), 6.21 (1 H, s, Ar),
6.05–6.07 (1 H, m, Ar), 5.40–5.46 (1 H, m, NH), 4.58–4.63 (3 H,
m, H12 and –OCH2Ph), 4.40–4.44 (1 H, m, H13A), 4.28–4.32 (1 H,
m, H13B), 4.19–4.24 (1 H, m, H14), 4.04–4.14 (3 H, m, H2 and
H11), 3.81–3.90 (1 H, m, H10), 3.51–3.61 (2 H, m, H1), 3.05–3.25
(2 H, m, –CH2–furan), 2.30–2.40 (4 H, m, H3 and H5), 1.93–2.03
(1 H, m, H8A), 1.83–1.92 (1 H, m, H7A), 1.67–1.71 (1 H, m, H8B),
1.58–1.62 (1 H, m, H9A), 1.46–1.53 (1 H, m, H7B) and 1.23–1.40
(1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.2, 170.8, 155.5,
150.1, 143.9, 143.8, 142.2, 141.3, 138.1, 132.5, 130.9, 128.8, 128.4,
127.7, 127.5, 127.1, 125.2, 125.1, 120.0, 110.4, 108.1, 99.4, 73.4,
72.0, 68.5, 68.1, 67.7, 67.1, 53.1, 51.4, 47.1, 42.9, 34.1, 30.8, 26.2
and 18.4; m/z (+ESI) calc. for C40H42NO9 (MH+) 680.2860,
found 680.2882.


1-(9H -Fluoren-9-ylmethoxycarbonylamino)cyclobutane car-
boxylic acid 8-benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-
2-ylmethyl ester (38f). A clear, colourless oil (44%); Rf 0.31 (7 : 13
EtOAc–petroleum ether); tmax(film)/cm−1 3288, 2932, 2356, 2145,
2022, 1720, 1523, 1453, 1212, 1078, 988, 743, 668; dH (600 MHz;
CDCl3; Me4Si) 7.76 (2 H, d, J 7.1, Ar), 7.56–7.64 (2 H, m, Ar),
7.37–7.41 (2 H, m, Ar), 7.26–7.35 (7 H, m, Ar), 5.49 (1 H, s, NH),
4.54–4.61 (2 H, m, –OCH2Ph), 4.34–4.38 (2 H, m, H13), 4.20–4.24
(1 H, m, H14) 4.06–4.15 (3 H, m, H2 and H11), 3.83–3.94 (1 H, m,
H10), 3.54–3.59 (2 H, m, H1), 2.48–2.63 (2 H, m, cyclobutyl–CH2–
), 2.33–2.46 (6 H, m, H3, H5 and cyclobutyl–CH2–), 1.95–2.05
(3 H, m, H8A and cyclobutyl–CH2–), 1.87 (1 H, d, J 13.4, H7A),
1.65–1.71 (1 H, m, H8B), 1.56–1.62 (1 H, m, H9A), 1.44–1.50 (1 H,
m, H7B) and 1.26–1.36 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si)
205.3, 171.1, 155.5, 2 × 143.9, 141.3, 138.1, 128.4, 127.7, 127.5,
127.0, 125.1, 2 × 119.9, 99.4, 73.4, 72.0, 68.4, 68.2, 67.6, 66.6,
51.5, 47.2, 43.1, 34.1, 31.2, 26.0, 18.4 and 15.0; m/z (+EI) calc.
for C38H42NO8 (MH+) 640.3, found 640.2.


(9H-Fluoren-9-ylmethoxycarbonylamino)acetic acid 8-(4-bromo-
benzyloxymethyl)-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester
(39). A clear, colourless oil (92%); Rf 0.27 (1 : 1 EtOAc–
petroleum ether); tmax(film)/cm−1 3327, 2954, 2358, 2192, 1719,
1529, 1453, 1245, 988, 759, 743, 668; dH (600 MHz; CDCl3; Me4Si)
7.76 (2 H, d, J 11.0, Ar), 7.60 (2 H, dd, J 11.1 and 7.8, Ar), 7.44–
7.48 (2 H, m, Ar), 7.39 (2 H, t, J 7.5, Ar), 7.28–7.34 (2 H, m,
Ar), 7.17–7.22 (2 H, m, Ar), 5.30–5.34 (1 H, m, NH), 4.53–4.60
(2 H, m, –OCH2Ph), 4.36–4.40 (2 H, m, H13), 4.23 (1 H, t, J 7.1,
H14), 4.09–4.14 (1 H, m, H11A), 3.96–4.08 (3 H, m, H2, H11B and
H12A), 3.87–3.94 (1 H, m, H12B), 3.80–3.86 (1 H, m, H10), 3.53–3.64
(2 H, m, H1), 2.32–2.50 (4 H, m, H3 and H5), 1.84–1.95 (1 H, m,
H7A), 1.63–1.74 (2 H, m, H8), 1.44–1.51 (2 H, m, H7B and H9A)
and 1.28–1.35 (1 H, m, H9B); dC (150 MHz; CDCl3; MeSi4) 205.6,


171.1, 156.7, 143.9, 141.3, 137.1, 131.5, 129.1, 127.6, 127.1, 125.1,
121.5, 120.0, 99.5, 73.4, 72.1, 68.4, 68.2, 67.5, 67.2, 51.7, 47.1, 43.0,
42.7, 34.1, 25.5 and 18.3; m/z (+EI) calc. for C35H37BrNO8 (MH+)
678.2, found 678.2.


(9H-Fluoren-9-ylmethoxycarbonylamino)acetic acid 8-benzyl-
oxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer
(40a). A clear, colourless oil (90%); Rf 0.24 (1 : 1 EtOAc–
petroleum ether); tmax(film)/cm−1 3290, 2354, 2202, 2158, 2053,
1985, 1953, 1719, 1529, 1451, 1245, 1084, 1031, 743, 668; dH


(600 MHz; CDCl3; Me4Si) 7.76 (2 H, d, J 7.5, Ar), 7.53–7.62
(2 H, m, Ar), 7.40 (2 H, t, J 7.5, Ar), 7.23–7.36 (7 H, m, Ar),
6.25–6.27 (1 H, m, NH), 4.61 (2 H, m, –OCH2Ph), 4.40 (2 H, d, J
7.1, H13), 4,23 (1 H, t, J 7.1, H14), 4.12 (1 H, m, H11A), 4.06 (2 H,
m, H2 and H11B), 3.98 (1 H, dd, J 18.2 and 5.9, H12A), 3.93 (1 H,
dd, J 18.3 and 5.9, H12B), 3.83–3.87 (1 H, m, H10), 3.55–3.59 (2 H,
m, H1), 2.35–2.43 (4 H, m, H3 and H5), 1.96–2.00 (1 H, m, H8A),
1.83–1.86 (1 H, m, H7A), 1.68–1.71 (1 H, m, H8B), 1.57–1.61 (1 H,
m, H9A), 1.45–1.50 (1 H, m, H7B) and 1.30–1.35 (1 H, m, H9B); dC


(150 MHz; CDCl3; Me4Si) 205.3, 169.9, 156.1, 143.8, 141.3, 138.0,
128.4, 127.7, 127.5, 127.1, 125.1, 120.0, 99.4, 73.4, 72.0, 68.5, 68.2,
67.5, 67.2, 51.4, 47.1, 43.0, 42.7, 34.1, 25.6 and 18.4; m/z (+EI)
calc. for C35H38NO8 (M+) 600.3, found 600.2.


2-(9H -Fluoren-9-ylmethoxycarbonylamino)-3-phenylpropionic
acid 8-benzyloxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl
ester isomer (40b). A clear, colourless oil (65%); Rf 0.29 (2 : 3
EtOAc–petroleum ether); tmax(film)/cm−1 3278, 2359, 2196, 2150,
2053, 1945, 1713, 1520, 1478, 1221, 1033, 743, 668; dH (600 MHz;
CDCl3; Me4Si) 7.76 (2 H, d, J 7.3, Ar), 7.53–7.60 (2 H, m, Ar),
7.38–7.42 (2 H, m, Ar), 7.19–7.35 (10 H, m, Ar), 7.13 (2 H, d, J
6.9, Ar), 5.23 (1 H, m, NH), 4.62 (1 H, m, H12), 4.56–4.62 (2 H,
m, –OCH2Ph), 4.41–4.45 (1 H, m, H13A), 4.27–4.31 (1 H, m, H13B),
4.19 (1 H, t, J 7.0, H14), 4.10–4.15 (1 H, m, H2), 4.00–4.05 (2 H,
m, H11), 3.84–3.88 (1 H, m, H10), 3.53–3.59 (2 H, m, H1), 3.10
(1 H, dd, J 13.9 and 5.4, –CH(HA)Ph), 2.98 (1 H, dd, J 13.9 and
6.3, –CH(HB)Ph), 2.36–2.42 (4 H, m, H3 and H5), 1.95–1.99 (1 H,
m, H8A), 1.82–1.88 (1 H, m, H7A), 1.67–1.72 (1 H, m, H8B), 1.57–
1.61 (1 H, m, H9A), 1.45–1.49 (1 H, m, H7B) and 1.30–1.35 (1 H,
m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.0, 171.3, 155.5, 143.8,
143.7, 141.3, 138.1, 135.6, 129.31, 128.6, 128.4, 127.6, 127.5, 127.1,
127.0, 125.1, 125.0, 2 × 120.0, 99.4, 73.4, 72.0, 68.5, 68.1, 67.8,
66.9, 54.7, 51.4, 47.1, 42.9, 38.2, 34.1, 26.1 and 18.3; m/z (+EI)
calc. for C42H44NO8 (MH+) 690.3, found 690.2.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-furan-2-yl-propionic
acid 8-benzyl-oxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl
ester isomer (40c). A clear colourless oil (95%); Rf 0.40 (2 : 3
EtOAc–petroleum ether); tmax(film)/cm−1 3297, 2355, 2196, 2158,
1953, 1721, 1534, 1465, 1210, 1100, 786, 743, 668; dH (600 MHz;
CDCl3; Me4Si) 7.76 (2 H, d, J 7.4, Ar), 7.55–7.62 (2 H, m, Ar),
7.39 (2 H, t, J 7.4, Ar), 7.23–7.36 (8 H, m, Ar), 6.19–6.23 (1 H, m,
Ar), 6.05–6.07 (1 H, m, Ar), 5.40–5.46 (1 H, m, NH), 4.58–4.63
(3 H, m, H12 and –OCH2Ph), 4.40–4.44 (1 H, m, H13A), 4.28–4.32
(1 H, m, H13B), 4.19–4.24 (1 H, m, H14), 4.04–4.14 (3 H, m, H2 and
H11), 3.81–3.90 (1 H, m, H10), 3.51–3.61 (2 H, m, H1), 3.05–3.25
(2 H, m, –CH2–furan), 2.30–2.40 (4 H, m, H3 and H5), 1.93–2.03
(1 H, m, H8A), 1.83–1.92 (1 H, m, H7A), 1.67–1.71 (1 H, m, H8B),
1.58–1.62 (1 H, m, H9A), 1.46–1.53 (1 H, m, H7B) and 1.23–1.40
(1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.2, 170.8, 155.5,
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150.1, 143.9, 143.8, 142.2, 141.3, 138.1, 132.5, 130.9, 128.8, 128.4,
127.7, 127.5, 127.1, 125.2, 125.1, 120.0, 110.4, 108.1, 99.4, 73.4,
72.0, 68.5, 68.1, 67.7, 67.1, 53.1, 51.4, 47.1, 42.9, 34.1, 30.8, 26.2
and 18.4; m/z (+ESI) calc. for C40H42NO9 (MH+) 680.2860,
found 680.2882.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-furan-2-yl-propionic
acid 8-benzyl-oxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-yl
methyl ester isomer (41). A clear colourless oil (80%); Rf 0.45
(2 : 3 EtOAc–petroleum ether); tmax(film)/cm−1 3301, 2347, 2187,
2123, 1912, 1717, 1534, 1455, 1210, 1100, 786, 743, 650; dH


(600 MHz; CDCl3; Me4Si) 7.77 (2 H, d, J 7.5, Ar), 7.54–7.61 (2 H,
m, Ar), 7.40 (2 H, t, J 7.4, Ar), 7.24–7.37 (10 H, m, Ar), 6.20–6.22
(1 H, m, Ar), 6.04–6.07 (1 H, m, Ar), 5.39–5.47 (1 H, m, NH),
4.56–4.62 (3 H, m, H12 and –OCH2Ph), 4.39–4.44 (1 H, m, H13A),
4.26–4.32 (1 H, m, H13B), 4.20–4.25 (1 H, m, H14), 4.05–4.15 (3 H,
m, H2 and H11), 3.79–3.88 (1 H, m, H10), 3.51–3.60 (2 H, m, H1),
3.06–3.23 (2 H, m, –CH2–furan), 2.29–2.39 (4 H, m, H3 and H5),
1.94–2.03 (1 H, m, H8A), 1.84–1.91 (1 H, m, H7A), 1.68–1.71 (1 H,
m, H8B), 1.57–1.63 (1 H, m, H9A), 1.45–1.54 (1 H, m, H7B) and
1.22–1.40 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 204.8,
170.9, 155.2, 150.0, 143.8, 143.7, 142.3, 141.2, 137.9, 132.5, 131.0,
128.9, 128.5, 127.7, 127.5, 127.0, 125.0, 124.9, 120.0, 110.5, 108.2,
99.8, 73.5, 72.0, 68.3, 68.1, 67.8, 67.5, 53.0, 51.4, 47.5, 43.2, 34.2,
30.6, 26.1 and 18.5; m/z (+ESI) calc. for C40H42NO9 (MH+)
680.2860, found 680.2883.


General procedure for the synthesis of urea derivatives 42a–e, 43a,b
and 44a,b


Polymer-bound piperazine (10.0 eq.) was added to a solution of the
spiroketal-derived ester in anhydrous DCM (0.1 M), and subjected
to microwave heating at 120 ◦C for 30 min. Sequestration of
the polymer reagent, followed by evaporation of the resultant
filtrate in vacuo yielded the crude amine intermediate, which
was subsequently re-dissolved in anhydrous DCM (0.1 M) and
treated with ethyl isocyanate (1.0 eq.) at ambient temperature.
The resultant reaction mixture was then left to stir for 30 min at
ambient temperature. Evaporation in vacuo was then followed by
purification of the resultant crude liquid by gravimetric column
chromatography on silica gel, using EtOAc and petroleum ether.


2-(3-Ethylureido)propionic acid 8-benzyloxymethyl-10-oxo-1,7-
dioxaspiro[5.5]undec-2-ylmethyl ester isomer (42a). A clear,
colourless oil (quant. over two steps); Rf 0.48 (EtOAc); [a]25


D +7.8
(c 0.09, CH2Cl2); tmax(film)/cm−1 3380, 2951, 2879, 1776, 1720,
1663, 1564, 1500, 1436, 1348, 1301, 1272, 1212, 1178, 1153, 1144,
1059, 1050, 975, 878, 807, 732, 721 and 680; dH (600 MHz; CDCl3;
Me4Si) 7.26–7.36 (5 H, m, Ar), 4.66–4.73 (1 H, m, NH), 4.59–4.66
(2 H, m, –OCH2Ph), 4.42–4.53 (2 H, m, H12 and NH), 3.97–4.14
(3 H, m, H2 and H11), 3.80–3.88 (1 H, m, H10), 3.58–3.65 (2 H,
m, H1), 3.13–3.26 (2 H, m, H13), 2.42–2.50 (3 H, m, H3A and H5),
2.32–2.38 (1 H, m, H3B), 1.94–2.03 (1 H, m, H8A), 1.89 (1 H, d,
J 11.8, H7A), 1.70 (1 H, d, J 13.2, H8B), 1.55–1.59 (1 H, m, H9A),
1.45–1.50 (1 H, m, H7B), 1.31–1.37 (3 H, m, –CH3), 1.22–1.29 (1 H,
m, H9B) and 1.10–1.14 (3 H, m, H14); dC (150 MHz; CDCl3; Me4Si)
205.6, 171.1, 157.0, 146.5, 138.0, 128.4, 127.7, 127.5, 99.6, 73.4,
72.0, 68.6, 68.1, 67.1, 51.6, 49.0, 43.0, 35.3, 34.1, 26.0, 19.2, 18.3
and 15.3; m/z (+ESI) calc. for C24H34N2NaO7 (MNa+) 485.2264,
found 485.2253.


2-(3-Ethylureido)-3-phenylpropionic acid 8-benzyloxy methyl-
10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (42b). A
clear, colourless oil (quant. over two steps); Rf 0.65 (EtOAc); [a]25


D


+10.1 (c 0.15, CH2Cl2); tmax(film)/cm−1 3379, 2950, 2880, 1773,
1724, 1641, 1562, 1498, 1440, 1356, 1300, 1269, 1213, 1178, 1156,
1143, 1078, 1043, 980, 882, 811, 730, 720 and 684; dH (600 MHz;
CDCl3; Me4Si) 7.06–7.40 (10 H, m, Ar), 4.74–4.48 (1 H, m, H12),
4.57–4.68 (3 H, m, –OCH2Ph and NH), 4.44–4.48 (1 H, m, NH),
3.98–4.14 (3 H, m, H2 and H11), 3.78–3.82 (1 H, m, H10), 3.56–3.64
(2 H, m, H1), 2.97–3.18 (4 H, m, H13 and –CH2–Ph), 2.41–2.48
(3 H, m, H3A and H5), 2.29–2.37 (1 H, m, H3B), 1.92–2.04 (1 H,
m, H8A), 1.85–1.91 (1 H, m, H7A), 1.66–1.75 (1 H, m, H8B), 1.52–
1.56 (1 H, m, H9A), 1.43–1.53 (1 H, m, H7B), 1.16–1.24 (1 H, m,
H9B) and 1.08 (3 H, t, J 7.2, H14); dC (150 MHz; CDCl3; Me4Si)
205.7, 171.9, 156.9, 138.0, 136.2, 129.4, 128.5, 128.4, 127.7, 127.6,
127.5, 126.9, 99.6, 73.5, 72.0, 68.6, 68.1, 67.1, 54.1, 51.5, 43.1, 38.6,
35.3, 34.1, 26.0, 18.3 and 15.3; m/z (+ESI) calc. for C30H39N2O7


(MH+) 539.2757, found 539.2733, calc. for C30H38N2NaO7 (MNa+)
561.2577, found 561.2563.


2-(3-Ethylureido)pent-4-enoic acid 8-benzyloxymethyl-10-oxo-
1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (42c). A clear,
colourless oil (quant. over two steps); Rf 0.60 (EtOAc); [a]25


D +4.5
(c 0.10, CH2Cl2); tmax(film)/cm−1 3365, 2941, 2870, 1770, 1730,
1642, 1565, 1503, 1452, 1360, 1300, 1281, 1255, 1214, 1190, 1162,
1148, 1094, 1045, 986, 890, 810, 736, 724 and 700; dH (600 MHz;
CDCl3; Me4Si) 7.26–7.37 (5 H, m, Ar), 5.64–5.70 (1 H, m, –CH2–
CH=CH2), 5.09 (2 H, d, J 15.1, –CH2–CH=CH2), 4.71 (1 H, d,
J 7.8, NH), 4.59–4.66 (2 H, m, –OCH2Ph), 4.53–4.57 (1 H, m,
H12), 4.48–4.53 (1 H, m, NH), 4.01–4.13 (3 H, m, H2 and H11),
3.80–3.88 (1 H, m, H10), 3.57–3.64 (2 H, m, H1), 3.15–3.21 (2 H, m,
H13), 2.42–2.54 (5 H, m, –CH2–CH=CH2, H3A and H5), 2.32–2.38
(1 H, m, H3B), 1.95–2.01 (1 H, m, H8A), 1.86–1.92 (1 H, m, H7A),
1.66–1.73 (1 H, m, H8B), 1.54–1.62 (1 H, m, H9A), 1.46–1.50 (1 H,
m, H7B), 1.22–1.31 (1 H, m, H9B) and 1.09–1.13 (3 H, m, H14);
dC (150 MHz; CDCl3; Me4Si) 205.6, 172.3, 157.0, 138.0, 132.6,
128.4, 127.7, 127.5, 127.5, 119.0, 99.5, 73.5, 72.0, 68.6, 68.2, 67.4,
52.6, 51.5, 43.1, 37.1, 35.3, 34.1, 26.0, 18.3 and 15.3; m/z (+ESI)
calc. for C26H37N2O7 (MH+) 489.2601, found 489.2589; calc. for
C26H36N2NaO7 (MNa+) 551.2420, found 551.2408.


2-(3-Ethylureido)-3-furan-2-ylpropionic acid 8-benzyloxymethyl-
10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (42d). A
clear, colourless oil (quant. over two steps); Rf 0.67 (EtOAc); [a]25


D


−0.3 (c 1.52, CH2Cl2); tmax(film)/cm−1 3368, 2943, 2875, 1772,
1726, 1641, 1563, 1505, 1454, 1362, 1303, 1279, 1256, 1213, 1189,
1161, 1146, 1089, 1043, 986, 886, 813, 738, 721 and 699; dH


(600 MHz; CDCl3; Me4Si) 7.25–7.35 (6 H, m, Ar), 6.22–6.24 (1 H,
m, Ar), 6.04–6.06 (1 H, m, Ar), 5.00–5.03 (1 H, m, NH), 4.70–4.76
(2 H, m, H12 and NH), 4.56–4.64 (2 H, m, –OCH2Ph), 3.97–4.09
(3 H, m, H2 and H11), 3.78–3.85 (1 H, m, H10), 3.54–3.63 (2 H,
m, H1), 3.01–3.19 (4 H, m, –CH2–furan and H13), 2.38–2.46 (3 H,
m, H3A and H5), 2.32–2.36 (1 H, m, H3B), 1.90–2.00 (1 H, m,
H8A), 1.85–1.91 (1 H, m, H7A), 1.66–1.70 (1 H, m, H8B), 1.54–1.59
(1 H, m, H9A), 1.45–1.49 (1 H, m, H7B), 1.24–1.31 (1 H, m, H9B)
and 1.08 (3 H, t, J 7.2, H14); dC (150 MHz; CDCl3; Me4Si) 205.8,
172.0, 168.3, 157.1, 150.8, 138.0, 132.7, 128.4, 127.7, 127.6, 127.5,
110.3, 107.8, 99.5, 73.4, 71.9, 68.5, 68.1, 67.4, 52.4, 51.5, 43.0, 35.3,
34.1, 31.3, 26.1, 18.3 and 15.3; m/z (+ESI) calc. for C28H37N2O8
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(MH+) 529.2550, found 529.2526; calc. for C28H36N2NaO8 (MNa+)
551.2369, found 551.2347.


1-(3-Ethylureido)cyclobutanecarboxylic acid 8-benzyloxymethyl-
10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (42e). A
clear, colourless oil (quant. over two steps); Rf 0.62 (EtOAc); [a]25


D


+12.5 (c 0.40, CH2Cl2); tmax(film)/cm−1 3360, 2938, 2875, 1773,
1728, 1663, 1560, 1501, 1450, 1370, 1300, 1252, 1210, 1190, 1160,
1143, 1089, 1038, 989, 887, 805, 730, 725 and 701; dH (600 MHz;
CDCl3; Me4Si) 7.26–7.36 (5 H, m, Ar), 4.82 (1 H, s, NH), 4.59–4.65
(2 H, m, –OCH2Ph), 4.43–4.45 (1 H, m, NH), 4.10–4.15 (2 H, m,
H2 and H11A), 4.01–4.05 (1 H, m, H11B), 3.85–3.90 (1 H, m, H10),
3.59–3.64 (2 H, m, H1), 3.14–3.20 (2 H, m, H13), 2.48–2.58 (2 H,
m, cyclobutyl–CH2–), 2.41–2.47 (3 H, m, H3A and H5), 2.30–2.37
(3 H, m, H3B and cyclobutyl–CH2–), 1.92–2.03 (3 H, m, H8A and
cyclobutyl–CH2–), 1.86–1.92 (1 H, m, H7A), 1.67–1.71 (1 H, m,
H8B), 1.58–1.62 (1 H, m, H9A), 1.45–1.50 (1 H, m, H7B), 1.23–1.32
(1 H, m, H9B) and 1.10 (3 H, t, J 7.2, H14); dC (150 MHz; CDCl3;
Me4Si) 205.6, 174.2, 157.1, 138.0, 128.4, 127.7, 127.5, 99.5, 73.5,
72.1, 68.4, 68.3, 67.4, 58.5, 51.6, 43.2, 35.2, 34.1, 31.6, 26.0, 18.3,
15.3 and 15.1; m/z (+ESI) calc. for C26H37N2O7 (MH+) 489.2601,
found 489.2585; calc. for C26H36N2NaO7 (MNa+) 511.2420, found
511.2404.


2-(3-Ethylureido)-3-furan-2-yl-propionic acid 8-benzyloxy methyl-
10-oxo-1,7-dioxaspiro[5.5]undec-2 ylmethyl ester isomer (44b). A
clear, colourless oil (quant. over two steps); Rf 0.54 (EtOAc);
[a]25


D +10.5 (c 0.05, CH2Cl2); tmax(film)/cm−1 3368, 2943, 2875,
1772, 1726, 1641, 1563, 1505, 1454, 1362, 1303, 1279, 1256, 1213,
1189, 1161, 1146, 1089, 1043, 986, 886, 813, 738, 721 and 699; dH


(600 MHz; CDCl3; Me4Si) 7.25–7.35 (m), 6.23–6.26 (m), 6.04–6.09
(m), 5.32–5.35 (m), 5.27–5.29 (m), 5.08–5.12 (m), 4.94–4.99 (m),
4.72–4.82 (m), 4.53–4.63 (m), 4.34–4.36 (m), 4.15–4.24 (m), 4.06–
4.13 (m), 3.94–4.03 (m), 3.12–3.21 (m), 2.96–3.10 (m), 2.69–2.79
(m), 2.48–2.58 (m), 2.35–2.44 (m), 1.98–2.02 (m), 1.79–1.91 (1 H,
m), 1.50–1.67 (3 H, m), 1.21–1.35 (1 H, m) and 1.05–1.18 (3 H,
m); dC (150 MHz; CDCl3; Me4Si) 206.1, 171.1, 168.1, 157.1, 142.0,
141.5, 129.7, 128.5, 128.4, 127.7, 127.6, 127.5, 110.4, 107.9, 99.3,
73.5, 71.7, 68.2, 68.1, 60.4, 53.4, 49.8, 41.3, 36.9, 35.8, 33.1, 27.7,
18.4 and 15.4; m/z (+ESI) calc. for C28H37N2O8 (MH+) 529.2550,
found 529.2562; calc. for C28H36N2NaO8 (MNa+) 551.2369, found
551.2369.


General procedure for the synthesis of spiroketal-derived
sulfonamides 45a–d


Polymer-supported piperazine (10.0 eq.) was added to a solution
of the spiroketal-derived ester in anhydrous DCM (0.1 M), and
subjected to microwave heating at 120 ◦C for 30 min. Sequestration
of the polymer reagent, followed by evaporation of the resultant
filtrate in vacuo yielded the crude amine intermediate, which was
subsequently re-dissolved in anhydrous DCM (0.1 M) and treated,
first with pyridine (1.05 eq.) at ambient temperature, then with
MeSO2Cl (1.05 eq.) at 0 ◦C. The resultant reaction mixture was
then left to warm to ambient temperature and stirred for 2 h.
Evaporation in vacuo was then followed by purification of the
resultant crude liquid by gravimetric column chromatography on
silica gel, using EtOAc and petroleum ether.


Methanesulfonylaminoacetic acid 8-benzyloxymethyl-10-oxo-
1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (45a). A clear


colourless oil (quant. over two steps); Rf 0.16 (1 : 1 EtOAc–
petroleum ether); [a]25


D +9.2 (c 0.12, CH2Cl2); tmax(film)/cm−1 3295,
2939, 1748, 1721, 1454, 1410, 1323, 1212, 1123, 970, 843, 738 and
699; dH (600 MHz; CDCl3; Me4Si) 7.25–7.39 (5 H, m, Ar), 4.89
(1 H, br s, NH), 4.61–4.65 (2 H, m, –OCH2Ph), 4.16 (1 H, dd, J 11.4
and 7.3, H11A), 4.03–4.09 (2 H, m, H2 and H11B), 3.94 (1 H, d, J 18.3,
H12A), 3.84–3.88 (2 H, m, H10 and H12B), 3.59–3.64 (2 H, m, H1),
2.99 (3 H, s, –NHSO2CH3), 2.41–2.46 (3 H, m, H3A and H5), 2.38
(1 H, dd, J 14.5 and 2.8, H3B), 1.93–2.04 (1 H, m, H8A), 1.86–1.92
(1 H, m, H7A), 1.68–1.74 (1 H, m, H8B), 1.56–1.60 (1 H, m, H9A),
1.47–1.51 (1 H, m, H7B) and 1.25–1.29 (1 H, m, H9B); dC (150 MHz;
CDCl3; Me4Si) 205.4, 169.4, 138.0, 128.4, 127.8, 127.5, 99.6, 73.5,
72.1, 68.8, 68.1, 67.7, 51.5, 44.3, 43.1, 41.4, 34.0, 25.9 and 18.3; m/z
(+ESI) calc. for C21H30NO8S (MH+) 456.1692, found 456.1723,
C21H29NNaO8S (MNa+) 478.1512, found 478.1530.


2-Methanesulfonylamino-3-phenylpropionic acid 8-benzyloxy-
methyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer
(45b). A clear colourless oil (quant. over two steps); Rf 0.25
(1 : 1 EtOAc–petroleum ether); [a]25


D +12.2 (c 0.10, CH2Cl2);
tmax(film)/cm−1 3296, 2933, 1749, 1723, 1455, 1410, 1325, 1279,
1213, 1106, 981, 841, 739 and 701; dH (600 MHz; CDCl3; Me4Si)
7.08–7.45 (10 H, m, Ar), 4.82 (1 H, d, J 9.2, NH), 4.60–4.65 (2 H,
m, –OCH2Ph), 4.32–4.38 (1 H, m, H12), 4.07–4.13 (3 H, m, H2


and H11), 3.78–3.95 (1 H, m, H10), 3.60–3.64 (2 H, m, H1), 3.05–
3.15 (1 H, m, –CH(HA)Ph), 2.88–2.94 (1 H, m, –CH(HB)Ph), 2.60
(3 H, s, –NHSO2CH3), 2.42–2.48 (3 H, m, H3A and H5), 2.36–
2.41 (1 H, m, H3B), 1.93–2.04 (1 H, m, H8A), 1.86–1.92 (1 H, m,
H7A), 1.66–1.75 (1 H, m, H8B), 1.45–1.62 (2 H, m, H7B and H9A)
and 1.24–1.30 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.1,
171.2, 138.1, 135.5, 129.5, 128.8, 128.4, 127.7, 127.5, 127.4, 99.5,
73.5, 72.1, 68.7, 68.1, 68.0, 57.2, 51.4, 43.0, 41.3, 39.4, 34.1, 25.9
and 18.3; m/z (+ESI) calc for C28H35NNaO8S (MNa+) 568.1981,
found 568.2030.


2-Methanesulfonylaminopropionic acid 8-benzyloxymethyl-10-
oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester isomer (45c). A
clear colourless oil (quant. over two steps); Rf 0.20 (1 : 1 EtOAc–
petroleum ether); [a]25


D +3.8 (c 0.15, CH2Cl2); tmax(film)/cm−1 3298,
2940, 1757, 1721, 1465, 1406, 1320, 1265, 1210, 1106, 832, 739 and
678; dH (600 MHz; CDCl3; Me4Si) 7.26–7.36 (5 H, m, Ar), 4.95
(1 H, d, J 8.2, NH), 4.60–4.65 (2 H, m, –OCH2Ph), 4.05–4.17
(4 H, m, H2, H11 and H12), 3.85–3.89 (1 H, m, H10), 3.58–3.64
(2 H, m, H1), 2.94 (3 H, s, –NHSO2CH3), 2.40–2.46 (3 H, m, H3A


and H5), 2.36 (1 H, dd, J 14.5 and 2.9, H3B), 1.94–2.04 (1 H, m,
H8A), 1.86–1.92 (1 H, m, H7A), 1.66–1.75 (1 H, m, H8B), 1.53–1.61
(1 H, m, H9A), 1.46–1.50 (1 H, m, H7B), 1.40 (3 H, d, J 7.2, –CH3)
and 1.25–1.33 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.1,
171.3, 138.0, 128.4, 2 × 127.7, 127.5, 99.5, 73.5, 72.2, 68.7, 68.1,
67.9, 65.8, 51.7, 43.1, 41.7, 34.0, 25.9, 19.7 and 18.3; m/z (+ESI)
calc for C22H31NNaO8S (MNa+) 492.1668, found 492.1674.


1-Methanesulfonylaminocyclobutanecarboxylic acid 8-benzyl-
oxymethyl-10-oxo-1,7-dioxaspiro[5.5]undec-2-ylmethyl ester (45d).
A clear colourless oil (quant. over two steps); Rf 0.26 (1 : 1 EtOAc–
petroleum ether); [a]25


D −7.6 (c 0.98, CH2Cl2); tmax(film)/cm−1 3298,
2931, 1754, 1721, 1450, 1411, 1321, 1268, 1212, 1106, 978, 831, 721
and 701; dH (600 MHz; CDCl3; Me4Si) 7.26–7.36 (5 H, m, Ar), 5.07
(1 H, s, NH), 4.60–4.64 (2 H, m, –OCH2Ph), 4.07–4.17 (3 H, m,
H2 and H11), 3.90–3.95 (1 H, m, H10), 3.58–3.64 (2 H, m, H1),
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2.98 (3 H, s, –NHSO2CH3), 2.52–2.57 (2 H, m, cyclobutyl–CH2–),
2.34–2.46 (6 H, m, H3, H5 and cyclobutyl–CH2–), 1.96–2.05 (3 H,
m, H8A and cyclobutyl–CH2–), 1.86–1.92 (1 H, m, H7A), 1.68–1.74
(1 H, m, H8B), 1.57–1.62 (1 H, m, H9A), 1.47–1.52 (1 H, m, H7B)
and 1.30–1.35 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 205.3,
173.1, 138.1, 128.4, 127.7, 127.5, 99.5, 73.4, 72.1, 68.5, 68.3, 68.0,
60.6, 51.5, 43.6, 43.1, 34.1, 32.2, 25.9, 18.3 and 15.3; m/z (+ESI)
calc. for C24H34NO8S (MH+) 496.2005, found 496.2020.


8 - Benzyloxymethyl - 10 - oxo - 1,7 - dioxaspiro[ 5.5 ]undecane - 2 -
carboxylic acid(pyridine-2-ylmethyl)amide isomer (49). To an
anhydrous DMF solution (2 cm3) of spiroketal-derived alcohol
24c (28 mg, 0.089 mmol) was added solid pyridinium dichromate
salt (334 mg, 0.888 mmol, 10.0 eq.), in one portion, at ambient
temperature. The reaction was then stirred at ambient temperature
for 18 h, at which point the reaction was diluted with EtOAc
(2 cm3) and distilled water (2 cm3), and the aqueous phase extracted
with EtOAc (4 × 5 cm3). The recombinant organic extracts were
then dried over anhydrous MgSO4, filtered and then evaporated
in vacuo to afford the crude carboxylic acid intermediate, which
was immediately redissolved in anhydrous DMF (1 cm3). Pyridine
was then added (11 ll, 0.134 mmol) at ambient temperature
followed by p-nitrophenylchloroformate (27 mg, 0.134 mmol) in
one portion, at 0 ◦C. The reaction was then held at ambient
temperature for 20 min, at which point 2-picolylamine was added,
drop-wise, and the reaction left to stir for a further 10 min. The
reaction mixture was diluted with EtOAc (4 cm3), then distilled
water was added (4 cm3), and the aqueous phase extracted with
EtOAc (3 × 4 cm3). The recombinant organic extracts were washed
with distilled water (1 × 10 cm3) and brine (1 × 10 cm3), dried
over anhydrous MgSO4, filtered and then evaporated in vacuo.
Gravimetric column chromatography of the resultant crude on
silica, using EtOAc as eluent, afforded the title compound 49 as
a clear, faint yellow oil (90% over 3 steps); Rf 0.23 (EtOAc); [a]25


D


+47.0 (c 0.42, CH2Cl2); tmax(film)/cm−1 3350, 2932, 1722, 1672,
1592, 1571, 1528, 1477, 1438, 1369, 1310, 1274, 1255, 1213, 1118,
1095, 1074, 1049, 979, 953, 932, 910, 893, 851, 833, 751, 700 and
666; dH (600 MHz; CDCl3; Me4Si) 8.57 (1 H, d, J 4.6, Ar), 7.64
(1 H, t, J 7.7, Ar), 7.47–7.53 (1 H, m, NH), 7.26–7.36 (5 H, m, Ar),
7.17–7.22 (2 H, m, Ar), 4.57–4.64 (3 H, m, H12A and –OCH2Ph),
4.49 (1 H, dd, J 16.2 and 5.3, H12B), 4.15–4.20 (1 H, m, H10),
4.02–4.06 (1 H, m, H2), 3.62 (1 H, dd, J 10.4 and 3.9, H1A), 3.57
(1 H, dd, J 10.4 and 4.6, H1B), 2.48–2.58 (3 H, m, H3A and H5),
2.38–2.42 (1 H, m, H3B), 2.16–2.22 (1 H, m, H9A), 1.99–2.05 (1 H,
m, H8A), 1.93 (1 H, m, H7A), 1.72–1.76 (1 H, m, H8B), 1.50–1.56
(1 H, m, H7B), 1.38–1.43 (1 H, m, H9B); dC (150 MHz; CDCl3;
Me4Si) 204.9, 173.6, 156.3, 149.3, 137.9, 136.7, 128.4, 127.8, 122.3,
121.7, 100.3, 73.5, 71.7, 70.8, 68.9, 51.4, 43.9, 43.0, 34.3, 27.6
and 18.6; m/z (+ESI) calc. for C24H29N2O5 (MH+) 425.2076,
found 425.2074, calc. for C24H28N2NaO5 (MNa+) 447.1896, found
447.1895.


8-Azidomethyl-2-benzyloxymethyl-1,7-dioxaspiro[5.5]undecan-
4-one (50). A stirred solution of spiroketal-derived alcohol 24c
(40.0 mg, 125 lmol) in anhydrous DCM (0.5 cm3) was cooled
to −78 ◦C and treated, sequentially, with anhydrous pyridine
(22 ll, 273 lmol, 2.2 eq.) and Tf2O (14 ll, 139 lmol, 1.1 eq.).
The reaction was allowed to warm to room temperature over
1 h, then the mixture was quenched with a saturated, aqueous
solution of NaHCO3 (0.2 cm3) and then extracted with Et2O


(4 × 2 cm3). The recombinant organic extracts were washed with
distilled water (1 × 2 cm3) and brine (1 × 2 cm3), dried over
anhydrous MgSO4 and then concentrated in vacuo. The resultant
crude was re-dissolved in anhydrous DMF (1 cm3) and treated with
NaN3 (8.5 mg, 131 lmol, 1.1 eq.) stirring at room temperature
for 5 h, then EtOAc (2 cm3) and distilled water (2 cm3) were
added, and the subsequent aqueous phase extracted with EtOAc
(4 × 2 cm3). The recombinant organic extracts were washed
with distilled water (1 × 2 cm3) and brine (1 × 2 cm3), dried
over anhydrous MgSO4, filtered and then evaporated in vacuo.
Gravimetric column chromatography on florisil, using EtOAc as
eluent, afforded the title compound 50 as a clear, colourless oil
(42 mg, quant.); Rf 0.30 (EtOAc); dH (600 MHz; CDCl3; Me4Si)
7.26–7.35 (5 H, m, Ar), 4.60–4.66 (2 H, m, –OCH2Ph), 4.12–4.17
(1 H, m, H2), 3.78–3.81 (1 H, m, H10), 3.57–3.65 (2 H, m, H1),
3.22 (1 H, dd, J 12.8 and 7.4, H11A), 3.06 (1 H, dd, J 12.8 and 3.3,
H11B), 2.34–2.47 (4 H, m, H3 and H5), 1.96–2.00 (1 H, m, H8A),
1.87–1.91 (1 H, m, H7A), 1.66–1.72 (1 H, m, H8B), 1.53–1.62 (1 H,
m, H9A), 1.46–1.50 (1 H, m, H7B) and 1.26–1.32 (1 H, m, H9B); dC


(150 MHz; CDCl3; Me4Si) 205.0, 138.1, 128.4, 127.7, 127.5, 99.7,
73.4, 72.0, 70.4, 68.5, 54.9, 51.4, 42.9, 34.1, 27.1 and 18.4; m/z
(+ESI) calc. for C18H24N3O4 (MH+) 346.1767, found 346.1762,
calc. for C18H23N3NaO4 (MNa+) 368.1586, found 368.1588.


2-Benzyloxymethyl-8-(4-phenyl[1,2,3]triazol-1-ylmethyl)-1,7-
dioxaspiro[5.5]undecan-4-one (51). A stirred solution of azide 50
(54.0 mg, 156 lmol) in 2 : 1 distilled water and t-butanol (1 cm3)
was treated, sequentially, with phenylacetylene (17 ll, 156 lmol,
1.0 eq.), CuSO4·5H2O (0.4 mg, 1.56 lmol, 1 mol%) and sodium
ascorbate (1.5 mg 7.8 lmol, 5 mol%). The reaction was stirred
at room temperature for 3 h, and then the mixture was extracted
with EtOAc (4 × 2 cm3). The recombinant organic extracts were
washed with distilled water (2 × 1 cm3) and brine (1 × 1 cm3),
dried over anhydrous MgSO4 and then concentrated in vacuo.
Gravimetric column chromatography on silica gel, using EtOAc as
eluent, afforded the title compound 51 as a white, crystalline solid
(68 mg, quant.); Rf 0.23 (EtOAc); mp 168 ◦C (from pentane); [a]25


D


+30.0 (c 0.35, CH2Cl2); tmax(film)/cm−1 2998, 1720, 1455, 1364,
1309, 1223, 1127, 1077, 1049, 768, 743 and 698; dH (600 MHz;
CDCl3; Me4Si) 7.77–7.83 (2 H, m, Ar), 7.75–7.77 (1 H, m, Ar),
7.37–7.41 (2 H, m, Ar), 7.23–7.32 (3 H, m, Ar), 7.18–7.23 (3 H,
m, Ar), 4.40–4.52 (3 H, m, H11A and –OCH2Ph), 4.16–4.21 (1 H,
m, H11B), 3.84–3.87 (1 H, m, H10), 3.40–3.43 (1 H, m, H1A), 3.32–
3.35 (1 H, m, H1B), 3.28–3.30 (1 H, m, H2), 2.36–2.48 (3 H, m,
H3A and H5), 1.99–2.05 (1 H, m, H3B), 1.87–1.96 (2 H, m, H7A and
H8A), 1.67–1.71 (2 H, m, H8B and H9A), 1.40–1.45 (1 H, m, H7B) and
1.18–1.24 (1 H, m, H9B); dC (150 MHz; CDCl3; Me4Si) 206.1, 147.6,
137.7, 130.2, 128.9, 128.3, 128.1, 127.6, 127.5, 125.7, 121.6, 100.2,
73.2, 71.4, 69.4, 68.7, 54.4, 51.7, 42.8, 33.7, 26.7 and 18.1; m/z
(+ESI) calc. for C26H30N3O4 (MH+) 448.2236, found 448.2210,
calc. for C26H29N3NaO4 (MNa+) 470.2056, found 470.2068.
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Ab initio calculations using 6-311G**, cc-pVDZ, and aug-cc-pVDZ, with (MP2, QCISD, CCSD(T))
and without (UHF) electron correlation, and density functional methods (BHandHLYP and B3LYP)
predict that cyclization of the 5-aza-5-hexenoyl and (E)-6-aza-5-hexenoyl radicals proceed to afford the
5-exo products. At the CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ level of theory, energy barriers
(DE‡) of 36.1 and 47.0 kJ mol−1 were calculated for the 5-exo and 6-endo pathways for the cyclization of
the 5-aza-5-hexenoyl radical. On the other hand, at the same level of theory, DE‡ of 38.9 and
45.4 kJ mol−1 were obtained for the 5-exo and 6-endo cyclization modes of (E)-6-aza-5-hexenoyl
radical, with exothermicities of about 27 and 110 kJ mol−1 calculated for the exo and endo modes,
respectively. Under suitable experimental conditions, the 6-endo cyclization product is likely to
dominate. Analysis of the molecular orbitals involved in these ring-closure reactions indicate that both
reactions at nitrogen are assisted by dual orbital interactions involving simultaneous SOMO–p* and
LP–p* overlap in the transitions states. Interestingly, the (Z)-6-aza-5-hexenoyl radical, that cannot
benefit from these dual orbital effects is predicted to ring-close exclusively in the 5-exo fashion.


Introduction


Radical cyclization reactions have become part of repertoire of
the synthetic organic chemist, even for the synthesis of nitrogen-
containing heterocycles such as alkaloides.1,2 The majority of
examples that involve addition onto carbon–nitrogen double-
bonds typically involve alkyl radicals and, to a lesser, extent
vinyl radicals.3 However, these systems are often plagued by poor
selectivity.4,5 For example, Bowman and his associates found that
the phenylselenide 1 underwent addition at both ends of the imine
p-system to yield five- and six-membered heterocycles in 42 and
18% yield, respectively (Scheme 1).5


Scheme 1


In 1998, Ryu and co-workers demonstrated that acyl radicals
add readily to carbon–nitrogen multiple bonds with complete
selectivity for the formation of the smaller heterocycle in which
the acyl radicals attacked the nitrogen of the reacting imine.6 For
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† Electronic supplementary information (ESI) available: Gaussian archive
entries for all structures in this study at all optimised levels of theory.
BHandHLYP/6-311G** GaussView generated animations of the transi-
tion state vectors in 10 and (E)-13 as audio video interleave (AVI) files. See
DOI: 10.1039/b603024f


example, when the 3-bromopropylimine 2 was treated with carbon
monoxide in the presence of tributyltin hydride and AIBN, 2-
pyrrolidinone 3 was obtained in 81% yield (Scheme 2). Further-
more, additions onto a variety of imines invariably gave rise to the
smaller heterocycle, with no trace of either the larger heterocycles
in which acyl radical attack has occurred at the carbon end of the
imine p-system, or directly reduced materials (Scheme 3).6,7


Scheme 2


Scheme 3


The origin of this selectivity raises intriguing mechanistic
questions. It is well known that acyl radicals are considered
nucleophilic in the context of addition to C=C double bonds
containing electron-withdrawing groups.8 Within this in mind,
the experimental observations seem contradictory because only
products from attack of the acyl radical at the nucleophilic
imine nitrogen are observed. In order to understand the intimate
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details surrounding this highly regioselective cyclization process,
we sought recourse to ab initio and density functional techniques.
We now report the results of computational investigations into
the ring-closure reactions of 5-aza-5-hexenoyl (4) and 6-aza-5-
hexenoyl radicals (5) (Scheme 4).9


Scheme 4


Methods


Ab initio and DFT molecular orbital calculations were carried
out on Compaq Personal Workstation 600au, Alpha Station
DS10L, and Dell PowerEdge 400SC computers using the Gaussian
98 and Gaussian 03 program.10,11 Geometry optimizations were
performed using standard gradient techniques at the SCF, MP2,
BHandHLYP and B3LYP levels of theory using restricted (RHF,
RMP2, RBHandHLYP and RB3LYP) and unrestricted (UHF,
UMP2, UBHandHLYP and UB3LYP) methods for closed- and
open-shell systems, respectively.12 In every case, standard basis
sets were used. All ground and transition states were verified
by vibrational frequency analysis. Further single-point QCISD
and CCSD(T) calculations were performed on each of the MP2,
BHandHLYP and B3LYP optimized structures. When correlated
methods were used, calculations were carried out using the
frozen core approximation. Values of 〈s2〉 never exceeded 0.86
before annihilation of quartet contamination (except for some
UHF calculations) and were mostly 0.79 at correlated levels of
theory. Where appropriate, zero-point vibrational energy (ZPE)
corrections have been applied. Natural bond orbital (NBO)
analyses13 were performed within the Gaussian 03 program.


Optimized geometries and energies for all transition structures
in this study (Gaussian archive entries) are available in the ESI.


Results and discussion


Intramolecular addition reactions of the 5-aza-5-hexenoyl
radical (4)


Extensive searching of the C5H8NO potential energy sur-
face at the UHF/6-311G**, MP2/6-311G**, MP2/cc-pVDZ,
BHandHLYP/6-311G**, BHandHLYP/cc-pVDZ, B3LYP/6-
311G**, and B3LYP/cc-pVDZ levels of theory located transition
states 10 and 11 for the 5-exo and 6-endo ring-closure reactions
involving the 5-aza-5-hexenoyl radical (4) (Scheme 4). Analysis of


the appropriate force constants provided computational evidence
for these structures as being true transition states. The important
geometric features of transition states 10 and 11 are summarized
in Fig. 1, while calculated energy barriers (DE‡


1 and DE‡
2, Scheme 5)


together with the corresponding imaginary frequencies are listed
in Table 1. Full computational details are available in the ESI.


Fig. 1 Optimized structures of transition states 10 and 11 for the 5-exo
and 6-endo cyclization reactions of 5-aza-5-hexenoyl radical (4).


Scheme 5


Inspection of the transition structures shown in Fig. 1, reveals
that the endo structure 11 adopts a boat-like conformation, that
resembles other radical 6-endo cyclizations.14 Surprisingly, the exo
structure 10 adopts a chair-like conformation, in which the imine
p-system is not orientated in a manner that allows the radical
SOMO to overlap efficiently, rather it appears that the nitrogen
lone-pair is predominantly directed toward the acyl carbonyl.
Indeed, dihedral angles between the carbonyl and imine groups
are predicted to be very different, with values lying in the range:
24.0 to 51.8◦ (10) and 109.0 to 138.3◦ (11), respectively. Further
examination of these structures indicate that the transition state
separations located for the endo pathway are significantly larger
than those located for the exo pathway, at all levels employed.
This is perhaps not unexpected as it is a reflection of the differences
between carbon–carbon and carbon–nitrogen r-bond lengths. The
transition state separations are predicted to be 1.783–2.030 Å
for the exo pathways, compared to 2.106–2.213 Å for the endo
pathways. In addition, the angles (a) located around the carbonyl
p-system (O–C1–X) are calculated to be much wider in 11 (X =
C2) than those in 10 (X = N). At the MP2/cc-pVDZ level of
theory the angles (a) located for structure 10 and 11 are predicted
to be 113.3 and 120.6◦, respectively, while angles of 117.0◦ (10)
and 121.9◦ (11) were located at the BHandHLYP/cc-pVDZ level
of theory. B3LYP/cc-pVDZ calculations predict these angles to
be 118.2◦ (10) and 120.6◦ (11) for the exo and endo pathways,
respectively.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1920–1926 | 1921







T
ab


le
1


C
al


cu
la


te
d


en
er


gy
ba


rr
ie


rs
a


fo
r


th
e


fo
rw


ar
d


(D
E


‡ 1
)


an
d


re
ve


rs
e


(D
E


‡ 2
)


cy
cl


iz
at


io
n


re
ac


ti
on


s
of


5-
az


a-
5-


he
xe


no
yl


ra
di


ca
l(


4)
an


d
im


ag
in


ar
y


fr
eq


ue
nc


ie
s


(m
)b


of
tr


an
si


ti
on


st
at


es
10


an
d


11


10
11


M
et


ho
d


D
E


‡ 1
D


E
‡ 1


+
Z


P
E


D
E


‡ 2
D


E
‡ 2


+
Z


P
E


m
D


E
‡ 1


D
E


‡ 1
+


Z
P


E
D


E
‡ 2


D
E


‡ 2
+


Z
P


E
m


U
H


F
/6


-3
11


G
**


74
.5


71
.3


19
9.


7
19


1.
7


65
3i


64
.5


61
.4


14
1.


4
13


1.
0


43
7i


M
P


2/
6-


31
1G


**
62


.7
51


.8
18


4.
0


18
4.


5
51


2i
86


.0
70


.3
12


7.
2


12
2.


2
71


5i
M


P
2/


cc
-p


V
D


Z
64


.4
51


.7
18


5.
7


18
5.


9
56


7i
86


.8
69


.3
12


9.
4


12
3.


7
70


1i
M


P
2/


au
g-


cc
-p


V
D


Z
//


M
P


2/
cc


-p
V


D
Z


49
.5


—
17


5.
5


—
—


78
.0


—
12


6.
3


—
—


Q
C


IS
D


/c
c-


pV
D


Z
//


M
P


2/
cc


-p
V


D
Z


57
.3


—
16


7.
4


—
—


60
.7


—
11


3.
5


—
—


C
C


SD
(T


)/
cc


-p
V


D
Z


//
M


P
2/


cc
-p


V
D


Z
54


.2
—


16
2.


9
—


—
57


.0
—


10
6.


2
—


—
B


H
an


dH
LY


P
/6


-3
11


G
**


40
.0


39
.7


17
7.


5
17


2.
4


50
9i


52
.9


52
.0


12
1.


1
11


3.
5


47
4i


B
H


an
dH


LY
P


/c
c-


pV
D


Z
39


.8
39


.2
17


8.
7


17
3.


6
51


7i
52


.2
51


.0
12


5.
4


11
7.


6
46


5i
B


H
an


dL
Y


P
/a


ug
-c


c-
pV


D
Z


//
B


H
an


dH
LY


P
/c


c-
pV


D
Z


36
.8


—
17


7.
1


—
—


47
.6


—
12


4.
9


—
—


Q
C


IS
D


/c
c-


pV
D


Z
//


B
H


an
dH


LY
P


/c
c-


pV
D


Z
36


.3
—


17
6.


6
—


—
53


.0
—


12
4.


4
—


—
C


C
SD


(T
)/


cc
-p


V
D


Z
//


B
H


an
dH


LY
P


/c
c-


pV
D


Z
36


.1
—


17
6.


6
—


—
47


.0
—


12
4.


0
—


—
B


3L
Y


P
/6


-3
11


G
**


22
.3


22
.1


14
9.


2
14


3.
4


35
6i


42
.4


42
.1


99
.5


85
.7


37
2i


B
3L


Y
P


/c
c-


pV
D


Z
21


.2
20


.9
15


0.
8


14
5.


0
35


3i
41


.3
40


.8
97


.2
90


.5
35


8i
B


3L
Y


P
/a


ug
-c


c-
pV


D
Z


//
B


3L
Y


P
/c


c-
pV


D
Z


20
.5


—
15


0.
0


—
—


37
.0


—
92


.3
—


—
Q


C
IS


D
/c


c-
pV


D
Z


//
B


3L
Y


P
/c


c-
pV


D
Z


20
.1


—
14


9.
5


—
—


36
.9


—
92


.1
—


—
C


C
SD


(T
)/


cc
-p


V
D


Z
//


B
3L


Y
P


/c
c-


pV
D


Z
19


.9
—


14
9.


5
—


—
36


.5
—


91
.7


—
—


a
E


ne
rg


ie
s


in
kJ


m
ol


−1
.b


F
re


qu
en


ci
es


in
cm


−1
.


As shown in Table 1, for both the exo and endo pathways,
calculated energy barriers (DE‡


2) for the reverse (ring-opening)
reactions (Scheme 5) are always larger than those (DE‡


1) for the
forward (cyclization) process; these reactions are predicted to be
exothermic at all levels of theory employed in this study. For
example, the energy barrier (DE‡


1) for the exo and endo cyclization
pathways are calculated to be 74.5 and 64.5 kJ mol−1, respectively,
at the UHF/6-311G** level of theory, indicating that the endo
pathway is energetically favoured by 10 kJ mol−1. As expected, elec-
tron correlation is important in these calculations; MP2/6-311G**
serves to alter these energy barriers to 62.7 and 86.0 kJ mol−1


for the exo and endo cyclizations, respectively. Interestingly,
calculations with electron correlation employed here afford lower
energy barriers (DE‡


1) for the exo pathways than those for the
endo pathways, which is good agreement with the experimental
observations.6 Inclusion of zero-point vibrational energy correc-
tion (ZPE) serves to decrease these barriers by about 10 kJ mol−1.
At the CCSD(T)/cc-pVDZ//MP2/cc-pVDZ level of theory, the
energy barriers (DE‡


1) located for the exo and endo pathways are
predicted to be at 54.2 and 57.0 kJ mol−1, respectively, with the exo
pathway energetically favoured by only 2.8 kJ mol−1. In contrast,
when DFT methods were employed for geometry optimizations,
the predominance of the exo pathway is further increased. For
example, at the CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ
level of theory, the energy barriers located for the exo and the
endo pathways are predicted to be 36.1 and 47.0 kJ mol−1,
respectively, with the exo pathway preferred by 10.9 kJ mol−1,
while the CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ calculations
predicted 19.9 and 36.5 kJ mol−1 of energy barriers for these same
two reactions, respectively, with the exo pathway energetically
favoured by 16.6 kJ mol−1. It is interesting to note that the
B3LYP and higher single-point calculations of the structures
optimized by the B3LYP level of theory afford significantly lower
energy barriers. These observations suggest that significant enough
differences between the MP2 and B3LYP surfaces might exist as
to affect the single-point calculations reported above. As we have
note previously, we urge the use of caution in the use of B3LYP
for the study of radical reactions.9,15


Mechanistic insight into the cyclization of the 5-aza-5-hexenoyl
radical


As already witnessed, the 5-exo and 6-endo cyclizations require
addition of the acyl radical at the appropriate end of the imine
p-system to afford the new r-bond. In order to provide further
insight into the mechanism of the cyclization, we examined more
closely the environment about the forming bonds within each the
transition state.


When the cyclization proceeds in the exo mode, addition is
required to take place onto the nitrogen atom. This raises some
interesting mechanistic issues, as both the SOMO and the nitrogen
lone-pair are able to participate in the bond-formation process.
Consequently, as shown in Scheme 6, there are two main methods
of cyclization available: 5-exo homolytic addition onto the imine
nitrogen atom (Path A—the “standard” free-radical process) or
nucleophilic addition by the imine nitrogen atom onto the carbonyl
carbon of the acyl radical (Path B).


Inspection of the motion vectors associated with the transi-
tion state (10) reveals some interesting features (Fig. 2). When
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Scheme 6


Fig. 2 BH and HLYP/6-311G** generated motion vectors for transition
state 10.


animated, the acyl carbon in 10 appears to swing above the imine
nitrogen during bond formation, as indicated by the motion arrows
in the structure of 10.† These unusual observations prompted us
to look more closely at the molecular orbitals involved in this
intramolecular homolytic addition process.


Visualisation of the Kohn–Sham orbitals generated at the
BHandHLYP/6-311G** level of theory reveals the origin of the
unexpected motion in transition state 10. Not unexpectedly, the
transition state “SOMO” comprises interaction of the unpaired
electron in the acyl radical with the imine p* orbital. Somewhat
surprisingly however, of similar energy is a second orbital interac-
tion comprising interaction of the nitrogen lone pair with the acyl
radical p* orbital (Fig. 3).


Fig. 3 Kohn–Sham SOMO–p (left) and LP–p* (right) interactions in
transition state 10.


Natural bond orbital (NBO) analysis at the BHandHLYP/6-
311G** level of theory reveals that the SOMO–p* overlap depicted
in 10a is worth about 120 kJ mol−1, with the LP–p* interaction
(10b) worth some 225 kJ mol−1. These calculations indicate clearly
that both radical and nucleophilic interactions operate during that
5-exo ring-closure of 4 and that the nucleophilic character of the
imine dominates over the radical interaction in the transition state.
We have reported recently similar observations for intermolecular


homolytic addition of radicals that can also act as electrophiles
with both imine and carbonyl p-systems.16


Intramolecular addition reactions of the 6-aza-5-hexenoyl radical


Extensive searching of the C5H8NO potential energy surfaces at
the same levels of theory employed above located transition states
12 and 13 for the exo and endo pathways of the intramolecular
addition reactions of the (E)- and (Z)-isomers of the 6-aza-5-
hexenoyl radical (Scheme 4). Analysis of the appropriate force
constants provided computational evidence for these structures
as being true transition states. The important geometric features
of transition states 12 and 13 are summarized in Fig. 4, while
calculated energy barriers (DE‡


1 and DE‡
2, Scheme 5) together with


the corresponding imaginary frequencies are listed in Tables 2 and
3. Full computational details are available in the ESI.


Fig. 4 Optimized structures of transition states 12 and 13 for the 5-exo
and 6-endo cyclization reactions of the (E)- and (Z)-isomers of the
6-aza-5-hexenoyl radical (5).


Inspection of Fig. 4 reveals that the exo structure (E)-12 adopts
a chair-like conformation, which resembles typical radical 5-exo
cyclizations. The endo structure (E)-13 also adopts a chair-like
conformation; however, the geometry about the forming bond
bears a striking resemblance to that in transition state 10; that
is, the imine p-system in this structure is not orientated in a
manner that allows the radical SOMO to overlap efficiently, rather
it appears that the nitrogen lone-pair is predominantly directed
toward the acyl carbonyl carbon. Similarly, the structure around
the forming bond in the exo structure (E)-12 is calculated to be
close to that in transition state 11 despite any conformational
differences. In short, the geometrical trends observed in 10 and
11 can be seen in (E)-13 and (E)-12, respectively. For example,
the transition state separations located for the exo pathway ((E)-
12: 2.119–2.172 Å) are significantly wider than those located for
the endo pathway ((E)-13: 1.695–2.021 Å). In addition, the angles
located around the carbonyl p-system (O–C1–X) are calculated
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to be much wider in 10 (X = C2) than those in 11 (X = N). At
the MP2/cc-pVDZ level of theory the O–C1–X angles located
for structure 10 and 11 are predicted to be 127.3 and 111.5◦,
respectively, while angles of 127.8◦((E)-12) and 113.6◦ ((E)-13),
and 127.7◦ ((E)-12) and 114.0◦ ((E)-13) were located at the
BHandHLYP/cc-pVDZ and B3LYP/cc-pVDZ levels of theory,
respectively.


Once again, inspection of the transition state motion vectors†
and the Kohn–Sham orbitals calculated at the BHandHLYP/6-
311G** reveals the same interesting dual orbital effect operating
in transition state ((E)-13) as was observed in (10) (Fig. 5).


Fig. 5 Kohn–Sham SOMO–p* (left) and LP–p* (right) interactions in
transition state (E)-13.


Table 2 shows that in both exo and endo pathways, these
reactions are calculated to be exothermic at all levels of theory em-
ployed in this study. Once again, calculations that include electron
correlation generally afford lower energy barriers. For example,
at the CCSD(T)/cc-pVDZ//MP2/cc-pVDZ level of theory, the
energy barriers located for the exo and the endo pathways are
predicted to be 43.1 and 53.1 kJ mol−1, respectively, with the
exo pathway preferred by 10.0 kJ mol−1, while the CCSD(T)/cc-
pVDZ//BHandHLYP/cc-pVDZ calculations provide values of
38.9 and 45.4 kJ mol−1, respectively, with the exo pathway favoured
by only 6.5 kJ mol−1.


What is clear from the calculated data is that, while the exo
reaction is significantly less exothermic than the corresponding
endo process, the former reaction is still favoured slightly from
a kinetic perspective. However, with a calculated exothermicities
around 27 kJ mol−1 at some levels of theory, it is likely that the endo
product will be formed through reversible exo addition competing
with irreversible endo addition, although the exact outcome of this
competition would depend on the concentration of any radical trap
(e.g. Bu3SnH) used. These predicted outcomes to be compared
with recent experimental data from our laboratories, in which
the cyclization of the (E)-6-aza-7-ethyl-5-octenoyl radical (14)
was demonstrated to afford 1-(3-pentyl)-2-piperdinone exclusively
(Scheme 7),17 however, it should be noted that the alkyl substituent


Scheme 7


on nitrogen is likely to favour endo attack from an electronic
perspective, pushing 14 further in the endo direction when
compared with (E)-5. We are currently further investigating the
effect of substitution on these interesting reactions.


It is of interest to compare the calculations to this point
with those for the cyclization of the stereoisomeric (Z)-6-aza-
5-hexenoyl radical. The data presented in Fig. 4 and Table 3
clearly indicate that unlike its (E)-isomer, the (Z)-6-aza-5-hexenoyl
system ((Z)-5) is predicted to cyclize exclusively in the exo mode,
with energy barriers (DE‡


1) for the exo mode lying between about 42
and 76 kJ mol−1 depending on the level of theory, some 40 kJ mol−1


lower that the corresponding barrier for the endo mode of attack
(Table 3).


Inspection of Fig. 4 and 6 provides a clear explanation for the
differences observed for these two geometrical isomers. While the
exo mode of cyclization via transition state 12 is largely unaffected
by the geometry about the imine p-system, the same cannot be
said for the endo mode of attack. While (E)-13 can benefit by
the dual orbital effect described above, the geometry about the
imine p-bond in the (Z)-system renders it impossible for the
analogous LP–p* interaction to become effective in the ring-
closure transitions state (Z)-13 (Fig. 6). As a consequence, the
cyclization of the (Z)-6-aza-5-hexenoyl radical is purely governed
by the SOMO–p* interaction. The lack of the (additional) LP–p*
during cyclization, out of necessity, leads to higher energy barriers
for ring-closure. Given that both (E)- and (Z)-isomers of the 6-
aza-5-hexenoyl radical (5) are calculated to have similar energy
barriers for exo cyclization (viz. 40 and 45 kJ mol−1, respectively)
to afford the substituted cyclopentane, these calculations suggest
that the LP–p* available in (E)-13, and lost to (Z)-13, is worth
some 40 kJ mol−1.


Fig. 6 Kohn–Sham SOMO–p* interactions (left) and nitrogen LP (right)
in transition state (Z)-13.


Conclusions


We have demonstrated that intramolecular homolytic addition
reactions of acyl radicals onto imines can proceed in both exo and
endo modes, depending on the ring-size involved and geometry
of the imine moiety. Unless steric interactions prevail, addition
to the nitrogen end of the imine p-system involves dual orbital
interactions involving both SOMO–p* and LP–p* interactions
in which the latter interaction can dominate. We conclude that
acyl radicals derive significant energy benefit by masquerading as
electrophiles in reactions with imines.
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With ButNH2 the anhydride R(PhNH)P(O)OS18O2Bn 5 (R =
But), like the hydroxylamine derivative R(Ph)P(O)NH-
OS18O2Bn 4 (R = PhMeCH), gives ButNHS18O2Bn containing
only a part (76–78%) of the available 18O label; this is a result
of partial scrambling of the label in 5 (OS18O2 � 18OSO2)
while it is reacting; there is no need to postulate scrambling
in the rearrangement of 4 to 5 (R = PhMeCH) or to exclude
a concerted mechanism.


The O-sulfonyl derivatives 1 (R = alkyl or phenyl) of N-
phosphinoylhydroxylamines react with alkoxides or aliphatic
amines to give products 3 (X = OMe, NHBut, etc.) in which
a phenyl group has migrated from phosphorus to nitrogen.1 It
now seems that this migration is just one half of a transposition
reaction, the other half being migration of the sulfonate group
from nitrogen to phosphorus.2 The result is a phosphonamidic-
sulfonic anhydride 2 which reacts rapidly with the nucleophile
(HX) to give the product 3.


In principle, the anhydride intermediate could be attacked at
sulfur instead of phosphorus but in only one case (Scheme 1,
R = PhMeCH) has appreciable competition been seen.3 That
observation opened the way to an investigation of the trans-
position mechanism using the hydroxylamine derivative 4 (R =
PhMeCH) labelled specifically with 18O in the sulfonyl (SO2)
group. By measuring the distribution of the label between the
products 6 and 7 resulting from attack at sulfur, the distribution
of 18O (SO2 vs. SOP) in the anhydride intermediate 5 could, we
supposed, be deduced.3 The results, however, were not consistent


Scheme 1
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with any straightforward transposition mechanism. Our concern
now is with the possibility that the distribution of the label in the
anhydride intermediate might not be the same when it reacts as
when it is formed.


Ideally we would have used the anhydride 5 (R = PhMeCH)
labelled with 18O specifically in the bridging (SOP) or the
non-bridging (SO2) position but it could not be obtained.
Phosphonylation4 of labelled sulfonate (BnS18O3


−) cannot possibly
give a product with 18O in just one position, and sulfonylation of
phosphonate generally fails because the phosphonate displaces
sulfonate from the anhydride as it is formed, giving largely
pyrophosphonate.5 This pyrophosphonate formation involves
nucleophilic attack at the P atom of the anhydride; we thought it
might usefully be suppressed (steric hindrance) if the alkyl group
on phosphorus (R = PhMeCH) were changed to one even more
bulky (R = But).


The tert-butylphosphonamidic chloride 3 (R = But, X = Cl) (dP


53.5; M+ 231,233) was prepared from ButP(O)Cl2 and LiNHPh
in THF at −40 ◦C and was hydrolysed using aqueous NaOH
or H2


18O–Et3N.† The resulting phosphonamidate 7 (R = But)
could be sulfonylated without much pyrophosphonate formation
by addition of BnSO2Cl [unlabelled or labelled (57.5 mol% one
18O atom)3] to a suspension of the Et3NH+ salt in diethyl ether.‡
Samples of the anhydride 5 (R = But) were thus obtained
containing no label [mp 142–143 ◦C; m/z (FAB) 367 (M+) and
368 (MH+)] and with 18O in the SO2 group (sample A) [57.5 mol%
one 18O (FAB MS); dP 36.4 only (no high field P–18O peak)] or in
the phosphonate group (sample B) [95.5 mol% one 18O; dP 36.3
(ca. 5%) with much larger peaks at higher field, DdP 0.034 (P–18O)
and 0.047 ppm (P=18O), ratio ca. 1 : 1].


Reaction of the labelled anhydride 5 (R = But) (sample A or B)
with ButNH2 (50 equiv.; 2.0 mol dm−3 in CH2Cl2) at 30 ◦C was
complete inside 0.5 h (31P NMR). The dominant products were
the phosphonic amide 9 (R = But) (dP 30.7) and the sulfonate 8
(dH 4.05) resulting from attack at phosphorus (ca. 90%), but minor
amounts of the sulfonamide 6 (dH 4.25) and the phosphonamidate
7 (R = But) (dP 26.5) were also formed as a result of attack at
sulfur. The salts (7 + 8) were removed by aqueous extraction and
esterified (CH2N2) and both the esters and the amides (6 + 9) were
analysed by GC–MS to determine their 18O content (Table 1).§


The results for the sulfonate and phosphonic amide (attack at P)
are as expected, reflecting (within experimental error) the content
and distribution of 18O in the anhydride, but the results for the
sulfonamide and phosphonamidate (attack at S) are not. A faithful
reflection of the labelling in the anhydride would give sulfonamide
6 with 57.5 mol% one 18O from sample A, not 45 mol%, and with
no 18O from sample B, not 20.5 mol%. Also, the phosphonamidate
from sample A would not contain any 18O. There must, it seems,
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Table 1 18O Content (mol% one 18O atom) of products from reaction of
18O-labelled phosphonamidic-sulfonic anhydride 5 (R = But) (sample A
or B) with ButNH2 (2 mol dm−3) in CH2Cl2


a


Sample A Sample B


Sulfonamide 6 45 20.5
Phosphonamidate 7 (R = But) 9.5b 70b


Sulfonate 8 57.5 49
Phosphonic amide 9 (R = But) 0 47


a Sample A, label (57.5 mol% one 18O) in SO2; sample B, label (95.5 mol%
one 18O) shared equally between P–O and P=O; products 7 and 8 analysed
as methyl esters. b Lower-than-expected 18O content of 7 is attributable to
traces of moisture [7 is only a minor product from 5 + ButNH2 (attack at
S) but a major product from 5 + H2O (attack at P; cleavage of the P–18O
bond)].


be some scrambling of the label between the bridging (SOP)
and non-bridging (SO2) positions of the anhydride while it is
reacting.


Scrambling could easily be explained if the sulfonate anion
released during the reaction were to displace the sulfonate leaving
group from the anhydride yet to react. Such simple exchange
seems not to occur, however, since labelled anhydride (sample B)
suffers no change when dissolved in CDCl3 containing unlabelled
sulfonate (ButNH3


+ salt; 1 equiv.) (31P NMR: size of P–18O peak
unchanged after 25 h at 30 ◦C). Any scrambling clearly occurs only
when the amine is present and must, we think, be coupled with
the product-forming reactions of the anhydride. For substitution
at phosphorus, the structure of the anhydride (bulky alkyl group,
acidic NH group) and the nature of the nucleophile (ButNH2) will
hinder SN2(P) but will assist an elimination–addition mechanism
(Scheme 2). In this, a reactive three-coordinate metaphosphonimi-
date is generated by the amine acting as a base and is trapped by the
amine acting as a nucleophile.6,7 If sulfonate anion competes with
amine for the metaphosphonimidate so that some of it returns, any
18O in the sulfonate anion will be shared between the bridging and
non-bridging positions of the resulting anhydride. The sulfonate
anion (1 equiv. at most) is unlikely to compete effectively in the
bulk solution where the amine (50 equiv.) is in large excess; more
likely is some direct recombination of the metaphosphonimidate
and the sulfonate leaving group before they diffuse apart.


Scheme 2


In our earlier study the 18O label was confined to the SO2 group
of the hydroxylamine derivative 4 (R = PhMeCH) but was shared
in the product between the sulfonamide 6 (76% of the available
18O) and the phosphonamidate 7 (R = PhMeCH).3 ¶ We inferred
that the label in the anhydride intermediate 5 (R = PhMeCH) was
shared in the same way between the SO2 group and the bridging
O atom but then struggled to relate the labelling pattern to a
reasonable mechanism for the rearrangement of 4 to 5. In the
present study the similar anhydride 5 (R = But) (sample A) gives
products in which the label is shared between 6 (78% of the 18O in


the anhydride) and 7 (R = But) in much the same way even though
the label is all in the SO2 group of the anhydride to begin with. It
therefore seems likely that our earlier inference was wrong and that
the anhydride intermediate 5 (R = PhMeCH) is actually formed
with all the label in the SO2 group. If that is so, the transposition
reaction 4 → 5 (conjugate bases) must surely be concerted with a
transition state resembling 10. The alternative transition state 11
can be discounted, as can a non-concerted mechanism in which
the three sulfonate O atoms become equivalent; in neither case
could the resulting anhydride produce sulfonamide containing
more than two-thirds of the available label.


The assistance of Jaswinder Gill with preliminary experiments
is gratefully acknowledged.


Notes and references


† Two equivalents of LiNHPh are required because the phosphonamidic
chloride is acidic (NH) and cooling must be continued until the reaction has
been quenched (CF3CO2H) because the conjugate base (NLi) is of limited
stability (elimination of LiCl). The phosphonamidic chloride (0.4 mmol)
can be hydrolysed in CHCl3 (1.5 ml) by addition of H2


18O (2 equiv.) and
then Et3N (0.8 ml), with vigorous stirring for 4 h at 30 ◦C; in this way
pyrophosphonate formation is largely avoided without the need of a large
excess of H2


18O.
‡ A small excess of BnSO2Cl (1.2 equiv.) was used and a little Et3N
(0.4 equiv.) was added after 3–4 min. Because chloride ion (from BnSO2Cl)
tends to displace sulfonate from the anhydride (attack at P), diethyl ether
was used as the solvent (Et3NHCl precipitates out) and the reaction was
quenched (slightly acidic ice-cold water) after just 5 min. The product
(a foam, initially) was purified by washing with warm light petroleum
and diethyl ether and crystallisation from CH2Cl2–diethyl ether (1 : 8);
dH(CDCl3) 7.5–7.0 (10 H), 5.40 (d, JPH = 10 Hz, NH), 4.67 (AB quartet,
dA 4.71, dB 4.63, JAB = 14 Hz, CH2Ph) and 1.23 (d, JPH = 19 Hz, But);
dC(CDCl3) 140–120, 60.1 (s), 35.0 (d, JPC = 125 Hz) and 24.3 (s).
§Mass spectra were recorded in EI mode. The proportion of molecules
containing the 18O label was determined from the abundance of (M + 2)+


ions (relative to M+) corrected for the contribution of ions containing 16O
and natural abundance 18O, 34S or 13C (2 atoms). The molecular ion was
of very low abundance in the case of sulfonamide 6 and (M+ − Me) was
used.
¶A similar study using 4 (R = But) is not possible because the requisite
N-phosphinoylhydroxylamine [ButPhP(O)NHOH] cannot be prepared
(steric hindrance).
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The porphyrin chromophore incorporated at the 5′-position
of an oligonucleotide allows the simultaneous detection of
the B- to Z-DNA transition via the porphyrin Soret band
circular dichroism exciton couplet signal around 420 nm and
the oligonucleotide CD region below 300 nm, at micromolar
concentrations.


DNA can adopt a variety of secondary structures that range from
the canonical right-handed B-form to the left-handed Z confor-
mation. Such polymorphism of the DNA structure is believed
to play an important role in various biological processes.1 While
the specific biological function of Z-DNA is unknown, the recent
discovery of classes of proteins that bind tightly and specifically
to Z-DNA clearly signifies its importance.2 Circular dichroism
(CD) is the most commonly used and convenient spectroscopic
technique for detecting DNA conformational changes.3 However,
determination of Z-DNA can be complicated by the presence of
other forms of DNA, and/or of other biomolecules that make
the CD region below 300 nm difficult to analyze. To overcome
these problems, probes such as pyrenes and porphyrins have been
introduced and analyzed using fluorescence or exciton circular
dichroism.4


Our goal was to explore the possibility of following the B- to Z-
DNA transition in real time via porphyrin–porphyrin exciton cou-
pled circular dichroism and to study the effect of a bulky porphyrin
on the salt-induced B- to Z-DNA transition. For this purpose we
attached a non-charged hydrophilic tetraarylporphyrin to the 5′


end of self complementary oligodeoxynucleotide (ODN) 1 (Fig. 1)
through solid support synthesis.5 Alternating CG sequences are
known to form stable Z-form structures at high salt concentrations.
The porphyrin modified ODN 1P was obtained in good yield using
reverse-phase HPLC6 and its structure was confirmed through
MALDI-TOF mass spectroscopy. We have previously shown that
neutral porphyrins attached in the 5′ position can interact through
space and give rise to a bisignate CD curve.5


Fig. 2 shows the sodium chloride-dependent absorption spec-
trum of porphyrin–ODN 1P. The UV spectrum of the porphyrin–
ODN conjugate at 0.0 M sodium chloride consists of two bands,
an ODN absorption band at 260 nm and the porphyrin Soret band
at 420 nm. With increasing amounts of salt, strong hypochromicity


Columbia University, Department of Chemistry, 3000 Broadway, New
York, New York, 10027, USA. E-mail: ndb1@columbia.edu, milan.balaz@
chem.ox.ac.uk; Fax: + 1-212-932-1289; Tel: + 1-212-854-3934
† Electronic supplementary information (ESI) available: HPLC purifica-
tion profile of 1P. Absorption and CD spectra of 1P. NaCl + NiCl2 UV
and CD titration spectra. See DOI: 10.1039/b603409h
‡ All measurements were done at room temperature in 50 mM potassium
phosphate buffer at pH = 7.0.


Fig. 1 Tetraarylporphyrin attached to the cytosine via phosphate linker
and studied ODNs 1P and 1.


of both absorption bands is observed. This is apparently a result
of increased shielding between the porphyrin and nucleotide p-
electron systems in the Z-conformation.7 The presence of one
isosbestic point in the ODN absorption region (212 nm) shows
that only two DNA forms (the B- and Z-forms) are in equilibrium.
The isosbestic point in the porphyrin Soret band region (436 nm)
indicates that the porphyrin absorption band also reflects this
equilibrium. Strong hypochromicity was also observed for 8-mer
1 with increasing amounts of sodium chloride (see ESI†).


Fig. 2 Absorbance spectrum of ∼5 lM porphyrin–ODN 1P in 50 mM
phosphate buffer, pH = 7.0 at different sodium chloride concentrations.
The arrows show increasing amounts of sodium chloride.


It is noteworthy that more sensitive detection of conformational
changes associated with the B- to Z-DNA transition in the
same broad spectral region was achieved by circular dichroism
spectroscopy. Below 300 nm increasing amounts of salt induce
a dramatic change in the CD spectrum as a consequence of the
conformational change from right-handed B-DNA to left-handed
Z-DNA. In 0.0 M NaCl, the duplex 1P exists in the B-DNA
conformation, while in saturated NaCl it exists predominantly,
but not completely, in the Z-DNA form (Fig. 3a).
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Fig. 3 a) CD spectra of ∼10 lM porphyrin–ODN 1P in 50 mM potassium
phosphate buffer, pH = 7.0 at different sodium chloride concentrations.
The arrows show increasing amount of sodium chloride. b) CD spectra
of 10 lM each of porphyrin–ODN 1P (black) and ODN 1 (grey) in
50 mM potassium phosphate buffer, pH = 7.0 at different sodium chloride
concentrations.


In addition to the CD signal below 300 nm (ODN absorption),
an exciton coupled CD can be observed in the porphyrin Soret
band absorption region (around 420 nm) in 1P. Fig. 4b shows
how the Soret region of the CD spectrum of 8-mer 1P sensitively
reflects the change from B-DNA to Z-DNA. The CD spectrum


Fig. 4 CD spectra of ∼10 lM porphyrin–ODN 1P in 50 mM potassium
phosphate buffer, pH = 7.0. Black line, with 0.0 M sodium chloride; grey
line, with saturated sodium chloride; black dash-dotted line, with saturated
sodium chloride and 3 mM nickel(II) chloride.


of 1P in the B-form (black curve) shows a small bisignate curve
with a positive band at 427 nm and a negative band at 417 nm
while the CD spectrum of 1P in the Z-form (grey curve) shows a
strong bisignate curve with a positive band at 441 nm (red shift,
D = 14 nm) and negative band at 405 nm (blue shift, D = 12 nm).


The bisignate CD curves are evidence for dipole–dipole,
long-range electronic interaction between the two porphyrin
chromophores.8 It is known that such an interaction depends on in-
terchromophoric distance and twist, as well as the conformational
rigidity around the porphyrin–ODN linkage.9 The origin of the
difference in the porphyrin CD signal for B- and Z-DNA is based
on the differences in their respective structures. The bases in left-
handed Z-DNA helix alternate between the anti- and the unusual
syn-conformation. This dinucleotide repetition causes the ODN
strand to follow a zigzag path around the helix, while the base pairs
are located nearly perpendicular to it.10 A porphyrin attached in
the 5′-position through a flexible but short phosphate linker helps
to analyze, through a separate CD signal in the porphyrin Soret
region, the unique chiral environment in the B- and Z-DNA.


The observed porphyrin CD signal can also be used to quantify
the amounts of B and Z-DNA during the sodium chloride induced
transition. We found that the CD signal at 442 nm wavelength
(positive band of the porphyrin bisignate CD curve) best fits the B–
Z transition of the studied ODN. Fig. 5 compares the monitoring
of the B–Z transition using 294 nm (conventional) and porphyrin
442 nm wavelengths.


Fig. 5 The salt-induced B–Z transition of the porphyrin–ODN 1P
monitored at two different wavelengths, 294 nm (black line, triangles) and
442 nm (grey line, squares).


In order to evaluate the influence of a bulky porphyrin on the
B–Z transition, we compared the sodium chloride titration curves
for 1 and 1P. The slope of the titration curve of ODN 1P with
incorporated porphyrin was steeper than the unmodified duplex
1 (Fig. 6). This result is indicative of higher cooperativity of the
B–Z transition. The midpoints of the B–Z transition (the amount
of NaCl needed to reach 50% Z-DNA conversion) suggest that
the tetraarylporphyrin attached in the 5′-position of the ODN
enhanced the salt-induced B- to Z-DNA transition. The porphyrin
modified 8-mer 1P reached 50% of the Z-DNA form at 0.75 M
NaCl (Fig. 6, black curve, circles). The porphyrin-free 8-mer 1,
however, reached 50% Z-DNA form at 2.6 M NaCl (grey curve,
triangles). The CD signal at 295 nm of the unmodified sequence 1
(grey curve) changed from +2.2 mdeg to −1.25 mdeg, whereas the
CD signal of porphyrin–ODN 1P (black curve) changed from
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Fig. 6 The salt-induced B–Z transition of the porphyrin-ODNs 1 (grey
line, triangles) and 1P (black line, circles) monitored at 295 nm.


+3.0 mdeg to −0.5 mdeg, Fig. 3b. The weaker CD signal at
290 nm of 1P suggests that the Z-form in the presence of porphyrin
is stabilized with a smaller helical twist than in the Z-form of
the corresponding porphyrin-free ODN 1. The structure of 1P
requires more detailed study.


To further differentiate between the two observed exciton CD
signals in the porphyrin Soret region at 0.0 M and 5.0 M sodium
chloride and to confirm that the strong bisignate curve reports the
Z-DNA form, we added a micromolar concentration of NiCl2 to
the NaCl saturated solution of 1P. It is known that Ni(II) enhances
the Z-DNA polymorph through an interaction with nitrogen N7
of guanine.11 Fig. 4 shows the expected increase in intensity of the
negative CD band at 295 nm as well as a decrease of the CD band
at 255 nm upon addition of millimolar quantities of NiCl2. It is
important to note that the NiCl2 addition also resulted in a similar
effect on the unmodified sequence 1 (see ESI†). The porphyrin
CD signal became slightly weaker (Fig. 4, black dash-dotted line)
but did so without any absorption wavelength shift, thus proving
that the bisignate curve observed under saturated NaCl solutions
indeed belongs to the Z-conformer.


In conclusion, we have shown that if the twist and distance
are favorable, the porphyrin chromophore can serve as a real
time reporter of the B–Z transition via Soret band CD signal.
The advantage of this signal is that it appears in a region that is
clean and uncomplicated with other undesired spectral overlaps.
We have also shown that a tetraarylporphyrin attached in the 5′-
position of the studied ODN enhanced the high salt concentration
cooperative B–Z transition and stabilized the Z-form with a
smaller helical twist with respect to the unmodified sequence.
Most notably, our end-capped approach does not significantly
destabilize the B-DNA form as do the usual base-modified


promoters of Z-DNA.12 Future studies will explore the structure of
the Z-form of 1P and the effect of porphyrin on the B–Z transition
of ODNs of different length and structure.
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thanks the REU NSF program for financial support.


References


1 (a) A. Herbert and A. Rich, Genetica, 1999, 106, 37; (b) T. M. Jovin,
D. M. Soumpasis and L. P. McIntosh, Annu. Rev. Phys. Chem., 1987,
38, 521; (c) A. Rich, A. Nordheim and A. H.-J. Wang, Annu. Rev.
Biochem., 1984, 53, 791; (d) A. Rich and S. Zhang, Nat. Rev. Genet.,
2003, 4, 566.


2 (a) A. Herbert, J. Alfken, Y.-G. Kim, I. S. Mian, K. Nishikura and A.
Rich, Proc. Natl. Acad. Sci. U. S. A., 1997, 94, 8421; (b) Y.-G. Kim, K.
Lowenhaupt, S. Maas, A. Herbert, T. Schwartz and A. Rich, J. Biol.
Chem., 2000, 275, 26828; (c) Y.-G. Kim, K. Lowenhaupt, D.-B. Oh,
K. K. Kim and A. Rich, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
1514; (d) T. Schwartz, M. A. Rould, K. Lowenhaupt, A. Herbert and
A. Rich, Science, 1999, 284, 1841.


3 C. Johnson, ‘CD of Nucleic Acids’, in Circular Dichroism, Principles
and Applications, ed. N. Berova, K. Nakanishi and R. W. Woody, Wiley-
VCH, New York, 2000, pp. 70.


4 (a) A. Okamoto, Y. Ochi and I. Saito, Chem. Commun., 2005, 1128;
(b) M. Balaz, M. De Napoli, A. E. Holmes, A. Mammana, K.
Nakanishi, N. Berova and R. Purrello, Angew. Chem., Int. Ed., 2005,
44, 4006; (c) R. Tashiro and H. Sugiyama, Angew. Chem., Int. Ed., 2003,
42, 6018; (d) R. Tashiro and H. Sugiyama, J. Am. Chem. Soc., 2005,
127, 2094; (e) T. Kimura, K. Kawai and T. Majima, Chem. Commun.,
2004, 268; (f) Y. Xu, Y. X. Zhang, H. Sugiyama, T. Umano, H. Osuga
and K. Tanaka, J. Am. Chem. Soc., 2004, 126, 6566; (g) K. Kawai, I.
Saito and H. Sugiyama, J. Am. Chem. Soc., 1999, 121, 1391; (h) Y. J.
Seo and B. H. Kim, Chem. Commun., 2006, 150.


5 M. Balaz, J. D. Steinkruger, G. A. Ellestad and N. Berova, Org. Lett.,
2005, 7, 5613.


6 M. Balaz, A. E. Holmes, M. Benedetti, G. Proni and N. Berova, Bioorg.
Med. Chem., 2005, 13, 2413.


7 N. L. Vekshin, J. Biol. Phys., 1999, 25, 339.
8 (a) M. Balaz, A. E. Holmes, M. Benedetti, P. C. Rodriguez, N. Berova,


K. Nakanishi and G. Proni, J. Am. Chem. Soc., 2005, 127, 4172; (b) F. D.
Lewis, Y. Wu, L. Zhang, X. Zuo, R. T. Hayes and M. R. Wasielewski,
J. Am. Chem. Soc., 2004, 126, 8206; (c) F. D. Lewis, L. Zhang, X. Liu,
X. Zuo, D. M. Tiede, H. Long and G. C. Schatz, J. Am. Chem. Soc.,
2005, 127, 14445.


9 N. Berova and K. Nakanishi, ‘Exciton Chirality Method: Principles
and Applications’, in Circular Dichroism, Principles and Applications,
ed. N. Berova, K.Nakanishi and R. W. Woody, Wiley-VCH, New York,
2000, pp. 337.


10 P. Belmont, J. F. Constant and M. Demeunyck, Chem. Soc. Rev., 2001,
30, 70.


11 (a) J. A. Taboury, P. Bourtayre, J. Liquier and E. Taillandier, Nucleic
Acids Res., 1984, 12, 4247; (b) B. I. Kankia, Nucleic Acids Res., 2000,
28, 911.


12 (a) C. Fabrega, M. J. Macias and R. Eritja, Nucleosides Nucleotides
Nucleic Acids, 2001, 20, 251; (b) H. Sugiyama, K. Kawai, A. Matsunaga,
K. Fujimoto, I. Saito, H. Robinson and A. H.-J. Wang, Nucleic Acids
Res., 1996, 24, 1272.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1865–1867 | 1867








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


Synthesis of derivatives of potent antitumor bistramides D and A
leading to the first crystal structure of natural bistramide D†


Claude Bauder,*a,c Jean-François Biardb and Guy Solladiéc


Received 14th March 2006, Accepted 28th March 2006
First published as an Advance Article on the web 10th April 2006
DOI: 10.1039/b603767d


We report a crystalline derivative of bistramide D synthesized
from natural bistramide A, and its structure was determined
by X-ray analysis.


Since the discovery of bistramide A, in New Caledonia1 (near
Nouméa or Ua and N’Do Islands, on the south coast) and in
Australia2 (at Heron Island Reef on the Great Barrier Reef),
new members of the family (bistramides B, C, D and K) have
been isolated.3 All of these compounds (Scheme 1) are macrolide
metabolites from a common source, namely Lissoclinum bistratum
Sluiter, an ascidian which is a marine organism. Bistramides
show numerous biological activities, such as antiproliferative,4a–d


neurotoxic1,5 and immunomodulating6 properties. They exhibit
cytotoxic properties3 against a variety of human cancer cells and
induce terminal differentiation in vitro towards various tumor
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Scheme 1


cell lines including the human non-small cell lung carcinoma
(NSCLC-N6). These cells are completely blocked in the G1 phase
with bistramide K.4c,7 More interestingly, bistramide D, and in
particular bistramide K, have been presented as less toxic than
bistramides A, B and C.3,6,8 For this reason, we focused, during
the last years,9 our research essentially on these two attractive
bistramides, D and K, for which neither total syntheses nor a
firm assignment of their configuration have been mentioned in the
literature.


In recent times, the total syntheses of bistramide C10,11a and
bistramide A,12 or its corresponding fragments,13 have been de-
scribed. In addition, many innovative efforts have been developed,
over the past few years, for the determination of the structure of
these bistramides.


Originally, the structure of the carbon backbone of bistramide A
(BST A) was elucidated in 1992 by a 2D Inadequate experiment.14


We have reported recently9 the 4(R) absolute configuration of
bistramide D (12 stereogenic centers leading to 4096 possible
stereoisomers) as well as the relative stereochemistry of the pyran
and spiro moieties by an extensive NMR study on derivatives
of bistramides A and D (Scheme 1). Then, other groups10–12


described the assignment of the absolute configuration of either
bistramide C10,11 or bistramide A,12 both structurally different
from bistramide D (Scheme 1). On the one hand, the structure
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assignment of bistramide C, reported by Wipf et al.,10,11 was based
on an elegant computational method, in addition to the synthesis
of selected fragments suitable for chiroptical analysis according
to van’t Hoff’s principle of optical superposition. This led to the
total synthesis of bistramide C which was then correlated with
the natural product.11a On the other hand, the method used by
Kozmin and co-workers12 for the determination of the structure
of bistramide A (Scheme 1) involved the diastereocontrolled total
synthesis and comparison with the natural product.


However, no firm assignment has been made of the stere-
ostructure of bistramide D. Nevertheless, information relating to
each compound of the bistramide class would be useful for the
comprehension of their specific structure–activity relationship. In
this paper, we are now able to report the first crystalline structure
of a bistramide D derivative.‡


As a part of our programme directed towards the study of
bistramides D and K, both including a hydroxy group at C-4
(Scheme 1), it was necessary to know their stereostructures in
order to plan a synthetic approach, avoiding the 4096 or 2048
possible stereoisomers, respectively. Indeed, the unusually complex
structure of these two promising marine macrolides leads to some
difficulties in the assignment of the configuration of the multiple
stereogenic centers. Furthermore, it is not really well established
today that all additional bistramides have any correlation between
them, or if the same absolute configuration is produced in their
biosynthesis.


Until now, the results reported independently and successively
by the groups of Wipf and Kozmin reveal an identical absolute
configuration with regard to the common stereogenic centers of
bistramides A and C (Scheme 1). Following an alternative strategic
scheme, based on studies of derivatives of natural bistramide, we
have resolved the structural assignment of bistramide D.


In our point of view, it was of interest to determine the absolute
configuration of bistramide D, a third member of this group
with one more stereogenic center at C-4, to know if this related
compound has the same stereostructure as bistramides A and
C. This complementary example would give further support to
the fact that the known bistramides are likely to have the same
stereostructure in the entire family, as postulated in the literature
by Wipf et al.11b


Because of the structural complexity of bistramide D and its
great number of possible stereoisomers, we have made the choice
to direct our research on derivatives of the natural bistramides.
To this end we have concentrated our efforts into an extensive
multidimensional NMR study on several derivatives.


We have recently9 reported the successful synthesis of bistramide
D (BST D 2) by stereoselective reduction [LiBH(Et)3] at C-4 of
BST A 1 (Scheme 2). 13C NMR analysis of this synthetic BST D 2
revealed that the C-4 carbonyl signal in BST A 1 (198.9 ppm) was
replaced by a CH–OH signal (72.0 ppm) in agreement with what
was reported for an authentic sample of bistramide D. In spite
of severe overlap in the proton NMR spectrum, unambiguous
assignment of the structure was possible. It has been established by
extensive NMR studies (500 MHz 1H and 125 MHz 13C, combined
with 2D correlations: COSY, ROESY, HSQC, HMBC) and HPLC
analysis that this hemisynthetic BST D isomer 2 matched in every
respect with natural bistramide D.† This stereoselective reduction
of the carbonyl function at C-4 into the corresponding natural
configuration allows us to consider the determination of the


Scheme 2


absolute configuration of the three hydroxy groups at C-4, C-15
and C-39 of BST D 2 by the well known Mosher’s method. To
make a distinction between them, it seems obvious to start from
BST A 1, whose the two hydroxy groups, at C-15 and C-39, can
be easily protected followed by the stereoselective reduction of the
carbonyl group.


During the course of our examination, identical BST D 2 was
also obtained under a similar stereoselective reduction [LiBH(Et)3]
of the C-4 carbonyl group of the diacetyl-protected bistramide A
(BST Ada 3), followed by reduction (LiAlH4) of the two acetoxy
groups on the resulting BST Dda 4 (Scheme 2). This approach
was necessary in order to determine first on the BST Dda 4 the
(R) absolute configuration9 of the newly created C-4 center by
Mosher’s method. The absolute configuration of the other hydroxy
group at C-15 was later determined by the same protocol.


This strategy was of importance since the silylation of the C-
4 hydroxy position of BST Dda 4 resulted unexpectedly in the
formation of a crystalline derivative 5 (BST Dda, 4-TBS)§ of
bistramide D (Scheme 3) suitable for X-ray analysis. The absolute
configurations at C-4(R) and C-15(R), which we had elucidated
earlier, allowed us to assign the absolute configuration of 5 ¶
depicted in Fig. 1. This is the first crystallographic characterization
of bistramide D.


According to this X-ray structure of bistramide D, and
consequently of bistramide A, and according to the reported
structural analysis concerning bistramides A and C,10–12 the
absolute configuration of the stereogenic centers seems to be
extended to all members of the bistramide family. Thereby, the
biologically attractive bistramide K 6, which also includes a
hydroxy group at position C-4, and which differs from the other
members of the family only by a pyran ring-opened structure and
a supplementary unsaturation, must probably contain the same
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Scheme 3


Fig. 1 ORTEP drawing of compound 5 (with 50% probability ellipsoids).


stereogenic centers. Furthermore, comparison of the structure
of the elucidated bistramides A, C and D underlines that the
observed biological activity is probably due to the fragment C1–
C11. Indeed, the C-4 hydroxy group present in bistramides D and
K (without the pyran moiety) is replaced by a carbonyl function
in bistramides A, C and B, which have been shown to be more
toxic. Also, in spite of the presence of a carbonyl function at C-39
for bistramide C – all other bistramides include a hydroxy group
at this position – we can therefore imagine that this position has
no effect on the biological activity.


In summary, we have determined the absolute configuration of
a chemical derivative of bistramide D by radiocrystallographic
analysis starting from the natural material. We assume that
the same absolute configuration can be extended to the related
bistramides K and B.
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Notes and references


‡ While this manuscript was submitted, Kozmin and co-workers reported
simultaneously a communication concerning the structure of a bistramide
A–actin complex.15


§Experimental procedure for 5: bistramide Dda 4 (270.8 mg; 0.342 mmol)
and imidazole (76 mg; 3.26 equiv.) were dissolved under argon in DMF
(5 mL) and then TBDMSCl (177 mg; 3.43 equiv.) was added in one portion.
The mixture was stirred for16 h at room temperature before hydrolysis by
water (30 mL), and diluted with diethyl ether (50 mL). Vigorous stirring
was continued for 1.5 h and then the aqueous layer was extracted with
diethyl ether (2 × 15 mL). The combined organic layers were washed with
water (6 × 50 mL), brine (15 mL), dried (MgSO4), filtered and concentrated
under reduced pressure to obtain a crude product. The residue was purified
by column chromatography on silica gel (AcOEt–CH2Cl2 1 : 1) to afford
5 (231 mg; 74.6%) as a white solid. In order to have some crystals of
this compound for X-ray analysis, we recrystallized it in hot pentane.
Mp = 127–128 ◦C (pentane). [a]20


D +84 (c 1.19 in CH2Cl2). Elemental
analysis for C50H88N2O10Si (905.327): calc. C, 66.33; H, 9.80; N, 3.09.
Found: C, 66.20; H, 9.92; N, 2.85%. 1H and 13C NMR data can be seen
in the ESI.
¶Crystal data for 5. C50H88N2O10Si, M = 905.31, monoclinic, a =
14.371(2), b = 9.5023(10), c = 21.501(3) Å, b = 103.55(5)◦, V =
2854.4(6) Å3, T = 173 K, space group P1211, Z = 2, l = 0.091 mm−1,
R = 0.0812, wR2 = 0.2129, 11 544 reflections measured, 3551 unique
(Rint = 0.07), the final R was 0.0812. CCDC reference number 255731.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b603767d.
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A series of pyrazolyl- and 3,5-dimethylpyrazolyl-functionalized 2-methylimidazolium-based salts have
been prepared through neat reactions of 1-pyrazolylmethylene-2-methylimidazole and 1-(3,5-dimethyl-
pyrazolylmethylene)-2-methylimidazole with alkyl or polyfluoroalkyl iodides or 1-bromohexane,
followed by anion exchange with LiN(SO2CF3)2 or KPF6. Their thermal properties were determined by
DSC and TGA. Most of the bis(trifluoromethanesulfonyl)amide salts are room temperature ionic
liquids. The influence of anions and of the structural variation in the 2-methylimidazolium-based
cations on the physicochemical properties is discussed. These salts reacted easily with palladium(II)
chloride to generate mononuclear palladium ionic liquid complexes. The catalytic activity and
recyclability of the palladium complexes in the corresponding ionic liquids were preliminarily examined
using Heck, Suzuki and Sonogashira cross-coupling reactions in the absence of phosphine ligands.


Introduction


Palladium-catalyzed coupling and cross-coupling reactions exem-
plify one of the most important processes in organic chemistry
because they represent a powerful and popular method for the
formation of carbon–carbon bonds.1–3 Significant innovations in
the field have been made in the modifications of traditional
phosphine ligands and in the discovery of novel phosphine
systems.2,3 However, most of the phosphine ligands are sensitive
to air and moisture, with conversion to, for example, phosphine
oxides. This can lead to poisoning of the metal which may result in
catalyst decomposition. Other problems frequently encountered in
the use of phosphine ligands in catalysis, such as cost, high toxicity,
laborious synthesis and catalyst loss during product extraction,
have driven chemists to explore alternatives.


Nitrogen-containing ligands have been widely used in coordina-
tion chemistry, supramolecular chemistry and material science.4–14


Some of their palladium complexes were applied in palladium-
catalyzed coupling reactions and showed high stability and effi-
cient catalytic activity.5–13 The preparation of these types of catalyst
precursors can be carried out in air without detrimental effects on
eventual catalytic reactions. Moreover, their coordinating ability
with palladium(II) can be easily modified through the careful
choice of N-containing coordination groups, which enhances the
scope of catalysts for different catalytic applications. Some pal-
ladium(II) complexes prepared from nitrogen-containing ligands,
such as 1) monodentate ligands with imine,6 oxime,7 pyrazolyl,8


nitrile,9 alkylimidazolyl,10,11a,b and pyridyl groups,11c and 2) chelat-
ing bidentenate ligands, including bisimidazolyl,12 diazabutanes13


and dipyridyl ligands,14 have been frequently used in numerous
transformations for laboratory and industrial applications. Ionic
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liquids have been shown to be effective in solvating N-containing
palladium(II) complexes.9–13 Catalyst precursors dissolved in ionic
liquids can be effectively recovered and recycled. The organic
products can also normally be easily separated from catalytic
solution by simple distillation or extraction. During the last
decade, many reactions were revisited in alternate solvents without
significant loss of yields, and sometimes with improved catalytic
activity11 and chemo- or regio-selectivity.15


Ionic liquids, especially those based on 1,3-dialkylimidazolium,
have received growing interest as green alternatives to traditional
volatile solvents in catalysis and organic synthesis owing to their
specific physical and chemical properties.16 However, the presence
of base is prone to deprotonate C2 of the imidazolium cation
resulting in potential side-products17 or inactive polycarbene metal
complexes.18 Moreover, the strong acidity of the proton at C2
also leads easily to extensive hydrogen bonding interactions.19


Subsequent investigations have suggested that the drawbacks
could be avoided by utilization of 2-alkylimidazolium-based ionic
liquids.18,20 However, this type of ionic liquid has been used rarely
in palladium-catalyzed coupling reactions, despite the fact that
catalysts in these media sometimes exhibited higher catalytic
activity than corresponding imidazolium-based ionic liquids.21


This is mainly ascribed to the inability of 2-alkylimidazolium-
based ionic liquids to effectively stabilize palladium catalysts
during catalytic reactions and to leaching of catalysts during
separation of target products in the absence of supporting ligands.
Recently, metal-containing ionic liquids have been successfully
employed in highly recyclable coupling reactions, in which ionic
liquids serve as both immobilization solvent and ligand to the
catalysts.9,11,22 Inspired by that strategy, we speculated that if ap-
propriate nitrogen-containing coordinating groups were attached
to a 2-alkylimidazolium cation, palladium catalysts might be
immobilized effectively in the media by coordination, and the
advantages of both nitrogen-containing coordinating groups and
2-alkylimidazolium-based ionic liquids could be realized. Most
of all, further development of ionic liquids and their applications
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in other important processes may require the synthesis of new
ionic liquids with suitable properties. As an extension of our
research work in recyclable phosphine-free catalytic systems,11


we have been interested in the use of pyrazolyl-functionalized
ionic liquids, since pyrazolyl-based palladium(II) compounds are
excellent candidates as nitrogen-containing ligands in catalysis
owing to their desirable coordinating ability with palladium.8 In
this paper, we wish to report the syntheses and characterization
of a family of pyrazolyl and dimethylpyrazolyl-functionalized 2-
methylimidazolium-based ionic liquids, and to demonstrate their
suitability as both ligands and solvents in palladium-catalyzed
Heck, Suzuki and Sonogashira cross-coupling reactions.


Results and discussion


The synthetic pathway to salts 2a–2p is depicted in Scheme 1. Com-
pounds 1-pyrazolylmethylene-2-methylimidazole (1a) and 1-(3,5-
dimethylpyrazolylmethylene)-2-methylimidazole (1b) were easily
prepared from reactions of 1-(chloromethyl)pyrazole hydrochlo-
ride and 1-(chloromethyl)-3,5-dimethylpyrazole hydrochloride
with 2-methylimidazole in the presence of a base in DMF. In 1a and
1b, there are two basic nitrogen atoms available to participate in
quaternization reactions. Since the nitrogen atom in the imidazolyl
ring is a stronger electron donor than that in the pyrazolyl ring,
we envisaged it would be more easily monoquaternized under
appropriate conditions, and a pyrazolyl coordination center would
remain after monoquaternization. The neat reactions of 1a and 1b
with alkyl and polyfluoroalkyl iodides or 1-bromohexane were
carried out at 80 ◦C for 12 h; subsequent metathesis reactions
with either lithium bis(trifluoromethanesulfonyl)amide (LiNTf2)
or potassium hexafluorophosphate (KPF6) led to the formation of
the corresponding salts 2a–2p in excellent yields.


All of the salts were stable in air and water. Since the
replacement of the C2 proton of imidazolium ring by a methyl
group precludes hydrogen bonding between the proton and water,
these compounds tend to be immiscible with water. This allows
purification by simple washing with water to remove water-soluble
impurities. The salts are soluble in ethyl acetate and acetone, but
they are immiscible with solvents of low polarity, such as ethers
and alkanes.


The new salts were characterized by 1H, 13C, 19F NMR and
elemental analyses. The 1H and 13C NMR data are routine with
minimal or no change in the chemical shifts of the 2-methylimida-
zolium parent ring. The chemical shifts of the protons of the
methylene bridge (–NCH2N–) in the pyrazolyl-functionalized and


Table 1 Thermal properties of 2a–2p


Compound R R′ Y Tm/◦Ca Td/◦Cb


2a H CH3 NTf2 −21c 295
2b H (CH2)2CH3 NTf2 −32c 288
2c H (CH2)2CF3 NTf2 85 285
2d H (CH2)3CH3 NTf2 −44c 318
2e H (CH2)3CF3 NTf2 75 306
2f H (CH2)5CH3 NTf2 −50c 304
2g H (CH2)2(CF2)3CF3 NTf2 112 292
2h H (CH2)3CH3 PF6 −28c 266
2i H (CH2)3CF3 PF6 114 268
2j H (CH2)5CH3 PF6 −32c 271
2k CH3 CH3 NTf2 80 267
2l CH3 (CH2)3CH3 NTf2 −34c 270
2m CH3 (CH2)5CH3 NTf2 −38c 282
2n CH3 CH3 PF6 163 242
2o CH3 (CH2)3CH3 PF6 −13c 221
2p CH3 (CH2)5CH3 PF6 −25c 231


a Melting point. b Thermal degradation. c Glass transition temperature.


3,5-dimethylpyrazolyl-functionalized salts are in the range 6.54–
6.63 ppm and 6.41–6.46 ppm, respectively, which are downfield
shifts compared to those in 1a (6.03 ppm) and 1b (5.90 ppm).
Use of 19F NMR spectra helped to monitor the progress of
metathesis reactions when introducing fluorine-containing anions
in the form of polyfluoroalkyl chains. The relative areas of the
resonance bands from the fluorine atoms of the anions (NTf2 and
PF6) in 2c, 2e, 2g and 2i were readily compared with those of the
polyfluoroalkyl substituents in the 2-methylimidazolium cation.


Phase transition temperatures (midpoints of glass transition
and/or melting points) were determined by differential scanning
calorimetry (DSC) and are given in Table 1.


As anticipated, the anion exhibits a major influence on the
melting point. With the same substituents on the cations, changing
the anion PF6 in 2h–2j and 2n–2p to NTf2 in 2d–2f and 2k–2m
lowers the respective melting points greatly. Melting points of some
salts containing PF6 anions, such as 2i and 2n, are above 100 ◦C
which places them outside of the range for ionic liquids.23 Salts
with the NTf2 anion, except 2g, fall into the ionic liquid class of
compounds because of their lower melting points; most of them are
room temperature ionic liquids. With the same anion, an increase
of length and flexibility of alkyl groups on cations resulted in a
lowering of the melting point, which is in keeping with related salts,
such as alkyl-substituted imidazolium or 2-methylimidazolium
cations.24 For example, for dimethylpyrazolyl-functionalized salts
with NTf2 and PF6, variation of N-substituents from methyl to


Scheme 1
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butyl to hexyl causes the melting points to decrease from 80 ◦C
(2k) to −34 ◦C (2l) to −38 ◦C (2m) and from 163 ◦C (2n), to
−13 ◦C (2o) to −25 ◦C (2p), respectively. A similar tendency
can also be observed in pyrazolyl-functionalized salts; the effect
of N-substituents in the NTf2 salts on the melting points is
in the following order: methyl (−21 ◦C) > propyl (−32 ◦C) >
butyl (−44 ◦C) > hexyl (−50 ◦C). This suggests decreased
packing efficiency in the crystal lattice as the alkyl groups are
elongated.


It should be pointed out that the dimethylpyrazolyl-
functionalized ionic liquids 2k–2p have higher phase transition
temperatures than their pyrazolyl-functionalized analogues. In
general, replacement of alkyl substituents by polyfluoroalkyl
groups results in an increase in melting point of the salts. For
example, trifluoropropyl-substituted salt 2c and trifluorobutyl-
substituted salts 2e and 2i have higher melting points than
those with propyl- and butyl-substituents, 2b, 2d and 2h. The
phase transition temperature of 1H,1H,2H,2H-nonafluorohexyl-
substituted salt 2g (112 ◦C) is much higher than that of its non-
fluoro analogue 2f (−50 ◦C). However, their thermal stabilities
were essentially identical as determined by thermogravimetric
analysis (TGA). The variation of the alkyl chain in the pyrazolyl-
functionalized and dimethylpyrazolyl-functionalized cations has
no obvious effect on the stability of the corresponding salts, but
variations of anions and functional groups have an apparent influ-
ence on the thermal degradation of the salts. The decomposition
temperatures of pyrazolyl-functionalized salts with NTf2 and PF6


anions are in the range 285–318 and 266–271 ◦C, respectively,
which are higher than their dimethylpyrazolyl-functionalized
analogues (267–282 ◦C for 2k–2m and 221–242 ◦C for 2n–2p).
The salts with the NTf2 anion are more stable thermally than the
corresponding salts with the PF6 anion.


The coordination abilities of the pyrazolyl- and 3,5-dimethyl-
pyrazolyl-functionalized 2-methylimidazolium-based salts were
also briefly studied. The reactions of palladium(II) chloride with
2 equiv. of 2d and 2l in methanol produced air stable yellow
complexes 3a and 3b (Scheme 2), respectively. There were obvious
downfield shifts in the 1H and 13C NMR spectra of pyrazolyl
and methylimidazolium rings when compared with those of their
respective reactants. Since the melting points of 3a and 3b are 132
and 137 ◦C, respectively, they can not be regarded as ionic liquids.
Thermal decomposition occurred above 280 and 259 ◦C, which is


Scheme 2


lower than the analogous temperatures of the corresponding salts
2d (318 ◦C) and 2l (270 ◦C).


Palladium-catalyzed Heck cross-coupling reactions in ionic liquid
2d


Palladium-catalyzed Heck cross-coupling reactions usually take
place under relatively mild conditions and tolerate a wide variety
of functional groups on either coupling partner. Various strategies
have been developed for recovery and reuse of notable palladium
catalysts in the Heck reaction, especially in the absence of bulky
phosphine ligands.9,11,22 One of the predominant aims involving
metal-containing ionic liquids is that they can be demonstrated
to be ideal immobilization and activation agents for transition-
metal catalysts throughout the entire process. Some palladium-
containing ionic liquids were reused more than ten times without
significant loss of catalytic activity, and even led to the activation
of aryl chlorides.11a In our work, the Heck reaction was initially
evaluated using 3a as a catalyst precursor dissolved in pyrazolyl-
functionalized ionic liquid 2d. As expected, it was possible to
carry out the cross-coupling reactions of iodobenzene and n-butyl
acrylate nine times in the catalytic solution without detectable loss
of catalytic activity (Table 2, entry 1). Interestingly, using the same
protocols, 3a-catalyzed cross-coupling reaction of iodobenzene
and n-butyl acrylate in a non-functionalized ionic liquid, 1-butyl-
2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)amide (4),


Table 2 Recyclable Heck coupling reaction of iodobenzene and n-butyl acrylatea ,b


Cycle no.


Entry ILs Catalyst 1 2 3 4 5 6 7 8 9


1 2d 3a >99 >99 >99 >99 >99 >99 >99 >99 >99
2 4 3a >99 >99 >99 >99 >99 >99 >99 >99 >99
3 4 PdCl2 >99 86 45 12 3
4 2l PdCl2 >99 >99 >99 >99 >99 >99 >99 >99 >99


a The reactions were carried out using 1.0 mmol iodobenzene, 1.25 mmol n-butyl acrylate, 1.5 mmol Et3N, 2 mol% catalyst and 3.0 g 2d at 110 ◦C for 3 h.
b GC yield.
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was also performed nine times with complete conversion of
iodobenzene (Table 2, entry 2). This case is very different from
the reported palladium-catalyzed cross-coupling reactions in that
medium.21 This likely happens because 3a possesses a pendant
2-methylimidazolium tag which is similar to ionic liquid 4. The
ionophilicity of 3a towards 4 was increased,25 which promoted the
immobilization of 3a in 4. However, when PdCl2 was used as the
catalyst instead of 3a in 4 under identical reaction conditions,
palladium black was formed during the first cycle, causing a
decrease of the catalytic activity after the first cycle, and the
catalytic solutions to become completely inactive after 5 cycles
(Table 2, entry 3). Not surprisingly, when the Heck reaction was
examined in 2l using PdCl2 as the catalyst precursor following the
same protocols, the catalytic system could be recycled nine times
owing to pre-formation of the palladium-coordinating ionic liquid
(Table 2, entry 4).


To further test the scope and recyclability of 3a in the ionic
liquid 2d, the cross-coupling reactions between a wide array of aryl
halides and n-butyl acrylate were examined using similar protocols
(Table 3). The reactions of n-butyl acrylate with electron-rich 4-
iodotoluene and 4-iodoanisole as well as electron-deficient 1-iodo-
4-nitrobenzene and 1-fluoro-4-iodobenzene progressed smoothly.
The corresponding n-butyl (E)-cinnamates were obtained in high
yields with complete regioselectivity at the b-position. In addition,
no cis coupled products were observed. Interestingly, a hetero-
aromatic compound, 2-iodothiophene, also reacted with n-butyl
acrylate to give the target product in a satisfactory isolated yield
(entry 4). All coupled products were easily separated from the
catalytic solution by simple extraction with ether and hexane. After
extracting the products, the resulting solution was washed with
water to remove ammonium salts and dried under vacuum for
the next cycle. In the process, no apparent leaching of palladium
species was observed. The catalytic solution was recovered and
reused successfully twelve times without any detectable loss of
catalytic activity.


Table 3 Recyclable Heck coupling reactions of aryl halides with n-butyl
acrylatea


Entry R X (Cycle) Yield (%)b


1 H I (1) 91 (2) 91
2 Me I (3) 92 (4) 93
3 MeO I (5) 90 (6) 92
4c I (7) 84 (8) 87
5 NO2 I (9) 90 (10) 89
6 F I (11) 91 (12) 92
7 H Br (1) 47 (2) 63d


8 H Cl (3) <1e


9 Me Br (4) 10e (5) 15d ,e


10 CF3 Br (6) 75 (7) 90d


11 CH3CO Br (8) 76 (9) 86d


12 F Br (10) 69 (11) 85d


13 NO2 Br (12) 81 (13) 89d


a Unless otherwise stated, the reactions were carried out using 1.0 mmol
aryl halides, 1.25 mmol n-butyl acrylate, 1.5 mmol Et3N, 2 mol% catalyst
and 3.0 g 2d at 110 ◦C for 3 h. b Isolated yield. c 2-Iodothiophene acts as a
substrate. d Reaction time 15 h. e GC yield.


In order to continue to evaluate the catalytic system, we
used aryl bromides as reactants and found that their electronic
nature has a significant effect on the yields of coupled prod-
ucts. The cross-coupling reaction of bromobenzene with n-butyl
acrylate at 110 ◦C for 3 h gave rise to trans-cinnamic acid n-
butyl ester in a 47% yield (Table 3, entry 7). Aryl bromides
bearing electron-withdrawing substituents, such as 4-bromo-
(trifluoromethyl)benzene, 4-bromoacetophenone and 4-bromo-
fluorobenzene, reacted with n-butyl acrylate under identical
conditions and gave the corresponding coupled products in high
isolated yields (Table 3, entries 10–13); prolonged reaction time
resulted in the enhancement of the isolated yields. However, a
similar reaction using electron-rich 4-bromotoluene in the system
gave only a 15% GC yield even after 15 h (Table 3, entry 9). With
4-chlorobenzene, only a trace of the target product was detected
after 15 h (Table 3, entry 8).


Palladium(II)-catalyzed Suzuki cross-coupling reactions in ionic
liquid 2d


Since our goal was to develop a highly recyclable phosphine-free
catalytic system, we next applied this system to Suzuki cross-
coupling reactions, another very important carbon-carbon bond
formation reaction for the synthesis of biaryl compounds. The
cross-coupling reactions of phenylboronic acid with aryl bromides
and activated aryl chloride were evaluated using procedures
reported previously.26 In the present system, Na2CO3 was used
as a base, and water was added as a co-solvent to improve the
solubilization of the inorganic base. As shown in Table 4, treatment
of phenylboronic acid with bromobenzene and deactivated 4-
bromoanisole in the presence of Na2CO3 and 2 mol% catalyst in
2d at 110 ◦C for 1 h produced the corresponding coupled products
in 76 and 53% isolated yields, respectively. The higher isolated
yields were obtained when the reaction time was prolonged to
15 h (Table 4, entries 1 and 2). The activated 4-chloroacetophenone
also reacted with phenylboronic acid, and a 31% isolated yield was
obtained after reaction at 110 ◦C for 15 h (Table 4, entry 3). The
reactions of activated aryl bromides and phenylboronic acid were
completed within 1 h, and the corresponding binary compounds
were obtained in high isolated yields (Table 4, entries 4–7).


Table 4 Recyclable Suzuki coupling reactions of aryl halides with phenyl-
boric acida


Entry R X (Cycle) Yield (%)b


1 H Br (1) 76 (2) 91c


2 MeO Br (3) 53 (4) 82c


3 CH3CO Cl (5) 10d (6) 31c


4 CH3CO Br (7) 91 (8) 93c


5 F Br (9) 92 (10) 90e


6 CF3 Br (11) 91 (12) 95e


7 NO2 Br (13) 89 (14) 91e


a Unless otherwise stated, the reactions were carried out using 1.0 mmol
of aryl halide, 1.1 mmol phenylboric acid, 2.0 mol Na2CO3, 1 mL H2O, 2
mol% catalyst and 3.0 g 2d at 110 ◦C for 1 h. b Isolated yield. c Reaction
time 15 h. d GC yield. e Reaction time 3 h.
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Table 5 Recyclable Sonogashira coupling reactions of aryl iodides with
phenylacetylenea


R H Me MeO F NO2
c


Cycle 1 2 3 4 5 6
Yield (%)b 93 91 94 95 91 87


a All reactions were carried out using 1.0 mmol of aryl iodide, 1.0 mmol of
phenylacetylene, 2.0 mmol piperidine, 1.0 mol% 3b and 3.0 g 2l at 70 ◦C
for 3 h. b Isolated yield. c 2-Iodothiophene acts as a substrate.


These results showed that the palladium-containing pyrazolyl-
functionalized ionic liquid is more active for Suzuki than for Heck
cross-coupling reactions. It is noteworthy that the palladium(II)-
containing catalytic solution was recycled fourteen times without
obvious loss of catalytic activity.


Palladium(II)-catalyzed Sonogashira cross-coupling reactions in
ionic liquid 2l


Palladium-catalyzed Sonogashira cross-coupling reactions have
been extensively used for the synthesis of substituted and con-
jugated alkynes in natural products chemistry and materials
science. Generally, the reaction requires the presence of phosphine
ligands and a co-catalyst, such as CuI, in order to achieve high
activities. Several improvements have recently been accomplished
which eliminate the need for CuI and/or phosphine ligands.27


Encouraged by the fine results from the present metal-containing
ionic liquids, we further evaluated Sonogashira cross-coupling
reactions. The reaction was carried out using 1.0 mmol aryl
iodides, 1.0 mmol phenylacetylene, 1.5 mmol piperidine, and
1.0 mol% 3b dissolved in ionic liquid 2l (Table 5). The correspond-
ing cross-coupled products were obtained in high isolated yields.
There was no apparent difference in yields obtained with electron-
rich and electron-deficient aryl iodides. The heteroaromatic re-
actant, 2-iodothiophene, also reacted with phenylacetylene to
produce 2-(phenylethynyl)thiophene in an 87% isolated yield
in the sixth cycle. It was important to note that Glaser-type
homocoupling products were not detected, which suggested a high
catalytic activity of the catalytic solution in Sonogashira cross-
coupling reactions. The catalytic solution was recycled six times
with different reactants without significant loss of catalytic activity.
This showed that the catalytic process tolerates heteroaryl iodide
and both electron-donating and electron-withdrawing substituents
in the aryl iodides.


Conclusions


The outstanding stability and activity of the palladium cat-
alysts of the pyrazolyl- and dimethylpyrazolyl-functionalized
2-methylimidazolium-based ionic liquids in the corresponding
reaction media result from a highly synergistic effect between
the pyrazolyl or dimethylpyrazolyl coordinating group and 2-
methylimidazolium. Since our ionic liquids can serve as both
solvents and ligands, the palladium catalysts are part of the ionic
liquids in the catalytic system, and the decomposition and leaching
of catalysts throughout the reaction and product separations can


be markedly reduced. Moreover, since the imidazolium group
was methylated at C2, the formation of potentially detrimental
side-products and strong hydrogen bonding interactions were pre-
cluded. When the palladium(II)-catalyzed cross-coupling reactions
were carried out using catalysts without a pendant ionic group
in the methylimidazolium-based ionic liquids or using pyrazole-
palladium(II) complexes in non-functionalized ionic liquids,21 the
catalysts showed poor activity with concomitant formation of
black precipitates. This indicates that neither the pyrazole nor
the methylimidazolium-based ionic liquid alone can effectively
activate and stabilize the palladium(II) catalysts.


In summary, a family of 2-methylimidazolium-based ionic
salts containing pyrazolyl- and 3,5-dimethylpyrazolyl-functional
groups was synthesized. The relationship between their structures
and melting points as well as thermal stabilities was determined.
Their reactions with palladium(II) chloride gave rise to palla-
dium(II) ionic liquid complexes which were employed as catalyst
precursors for the Heck, Suzuki and Sonigashira cross-coupling
reactions in corresponding ionic liquids. The catalytic solutions
showed high stability and extended catalytic activity, and were
effectively recovered and recycled in the chemical transformations
without significant loss in the catalytic activity. This work has
demonstrated that the combination of 2-methylimidazolium and
pyrazolyl coordination groups is a promising pathway toward
design and synthesis of highly stable and active phosphine-free
catalytic systems.


Experimental


General


The compounds, 1-(chloromethyl)pyrazole hydrochloride,
1-(chloromethyl)-3,5-dimethylpyrazole hydrochloride,28 and
1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)-
amide18,29 were prepared as previously reported. DMF was distilled
prior to use. The other chemicals were obtained commercially
and were used as purchased. A standard Schlenk line system
was used for handling the air- and moisture-sensitive reactions
under nitrogen. 1H, 13C and 19F NMR spectra were recorded on
a 300 MHz spectrometer operating at 300, 75 and 282 MHz,
respectively, by using acetone-d6 as locking solvent except where
otherwise indicated. Chemical shifts were reported in ppm relative
to the appropriate standard: CFCl3 for 19F and TMS for 1H and
13C NMR spectra. GC-MS spectra were determined using an
appropriate instrument. Differential scanning calorimetry (DSC)
measurements were performed using a calorimeter equipped
with an auto-cool accessory and calibrated using indium. The
following procedure was used for each sample: cooling from
40 ◦C to −80 ◦C and heating to 400 or 500 ◦C at 10 ◦C min−1. The
transition temperature, Tm, was taken as peak maximum. Onset
of decomposition was taken as when the abnormal section of the
plot began. Thermogravimetric analysis (TGA) measurements
were carried out by heating samples at 10 ◦C min−1 from room
temperature to 500 ◦C in a dynamic nitrogen atmosphere (flow
rate = 70 mL min−1). Thin-layer chromatography (TLC) analysis
was performed with Al-backed plates pre-coated with silica gel
and examined under UV (254 nm). Flash column chromatography
was executed on silica gel (60–200 lm, 60 A). Elemental analyses
were obtained on a CE-440 Elemental Analyzer.
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Synthesis of 1-pyrazolylmethylene-2-methylimidazole (1a). 2-
Methylimidazole (8.21 g, 100 mmol) was slowly added to a
solution of sodium hydride (8.8 g, 220.0 mmol) in dry DMF
(120 mL) at 0 ◦C, and then stirred for 30 min at 25 ◦C. 1-
(Chloromethyl)pyrazole hydrochloride (16.0 g, 105.0 mmol) was
added slowly to the reaction mixture at 0 ◦C. After the mixture was
heated at 60 ◦C for 48 h and then cooled to 25 ◦C, the inorganic salt
was removed by filtration and washed with acetone (3 × 20 mL).
The combined aliquots were removed under reduced pressure, and
the residue was purified by flash chromatography on silica gel to
afford a colorless solid. Yield: 10.9 g (57%). 1H NMR (CDCl3):
7.53 (d, 1H, J = 1.5 Hz), 7.41 (d, 1H, J = 2.4 Hz), 6.98 (d, 1H, J =
1.5 Hz), 6.89 (d, 1H, J = 1.4 Hz), 6.29 (t, 1H, J = 2.1 Hz), 6.03 (s,
2H), 2.48 (s, 3H); 13C NMR (CDCl3): 144.8, 140.7, 128.5, 128.1,
119.1, 107.3, 59.9, 13.0; GC-MS (EI) m/z (%) 162 (M+, 100). Anal.
Calcd for C8H10N4 (162.09): C, 59.24; H, 6.21; N, 34.54. Found:
C, 59.62; H, 6.15; N, 34.11.


Synthesis of 1-(3,5-dimethylpyrazolylmethylene)-2-methyl-
imidazole (1b). Compound 1b was synthesized from reaction
of 1-(chloromethyl)-3,5-dimethylpyrazole hydrochloride and
2-methylimidazole by following the procedure described for 1a.
1H NMR (CDCl3): 6.87 (d, 1H, J = 1.5 Hz), 6.86 (d, 1H, J =
1.5 Hz), 5.90 (s, 2H), 5.82 (s, 1H), 2.51 (s, 3H,), 2.24 (s, 3H),
2.18 (s, 3H); 13C NMR (CDCl3) 148.7, 144.5, 138.9, 127.5, 118.5,
106.7, 57.3, 13.2, 13.1, 10.7; GC-MS (EI) m/z (%) 190 (M+, 100).
Anal. Calcd for C10H14N4 (190.12): C, 63.13; H, 7.42; N, 29.45.
Found: C, 62.87; H, 7.36; N, 28.83.


General procedure for the preparation of 2a–2q


Compound 1 (1.0 mmol) and alkyl polyfluoroalkyl iodides or
1-bromohexane (1.5 mmol) were placed in a Pyrex glass tube.
After cooling to −195 ◦C, the tube was evacuated and sealed.
The neat reaction mixture was heated at 80 ◦C for 12 h. After
cooling and carefully opening the tube, the volatile materials
were removed at 80 ◦C under reduced pressure. The residue was
dissolved in a mixture of water (5 mL) and acetone (5 mL), and
then lithium bis(trifluoromethanesulfonyl)amide or potassium
haxafluorophosphate (1.5 mmol) was added. The reaction mixture
was stirred at 25 ◦C for 5 h. The acetone was evaporated under
reduced pressure, and the water layer was extracted with ethyl
acetate (3 × 10 mL). The combined organic layer was washed
with water (3 × 10 mL), once with saturated Na2S2O3 solution
(5 mL), and then dried over anhydrous Na2SO4. After the solvent
was removed in vacuo, the products were washed with CH2Cl2


(3 mL) and were filtered to remove inorganic salts. The solvent
was removed again in vacuo to give pure products 2a–2q.


1-Pyrazolylmethylene-3-methyl-2-methylimidazolium bis(tri-
fluoromethanesulfonyl)amide (2a). Pale-yellow liquid, yield:
89%. 1H NMR: 8.06 (d, 1H, J = 2.0 Hz), 7.70 (d, 1H, J =
2.0 Hz), 7.58 (d, 1H, J = 2.0 Hz), 7.55 (d, 1H, J = 2.1 Hz), 6.60
(s, 2H), 6.36 (t, 1H, J = 2.1 Hz), 3.94 (s, 3H), 2.96 (s, 3H); 13C
NMR: 146.8, 142.5, 131.7, 123.9, 121.6, 120.8 (q, J = 319.2 Hz),
108.0, 61.6, 35.7, 10.1; 19F NMR: −79.8 (s, 6F); Anal. Calcd for
C11H13F6N5O4S2 (457.03): C, 28.89; H, 2.86; N 15.31. Found: C,
28.44; H, 2.81; N, 14.88.


1-Pyrazolylmethylene-3-propyl-2-methylimidazolium bis(tri-
fluoromethanesulfonyl)amide (2b). Pale-yellow liquid, yield:


93%. 1H NMR: 8.06 (d, 1H, J = 2.4 Hz), 7.73 (d, 1H, J = 2.3 Hz),
7.62 (d, 1H, J = 2.2 Hz), 7.58 (d, 1H, J = 1.6 Hz), 6.60 (s, 2H),
6.36 (t, 1H, J = 2.1 Hz), 4.24 (t, 2H, J = 7.3 Hz), 2.99 (s, 3H),
1.88 (sextet, 2H, J = 7.4 Hz), 0.93 (t, 3H, J = 7.4 Hz); 13C NMR:
146.4, 142.6, 131.8, 122.8, 122.0, 120.9 (q, J = 319.2 Hz), 108.1,
61.7, 50.8, 31.1, 23.5, 10.7; 19F NMR: −79.8 (s, 6F); Anal. Calcd
for C13H17F6N5O4S2 (485.06): C, 32.17; H, 3.53; N 14.43. Found:
C, 32.45; H, 3.52; N, 14.33.


1-Pyrazolylmethylene-3-(3,3,3-trifluoropropyl)-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2c). Colorless solid,
yield: 88%. 1H NMR: 8.06 (d, 1H, J = 2.4 Hz), 7.78 (d, 1H, J =
2.3 Hz), 7.73 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 1.4 Hz), 6.63 (s,
2H), 6.37 (t, 1H, J = 2.1 Hz), 4.64 (t, 2H, J = 7.0 Hz), 3.04 (s, 3H),
2.94–3.00 (m, 2H); 13C NMR: 147.1, 142.7, 131.9, 126.7 (q, J =
274.6 Hz), 122.9, 122.4, 120.9 (q, J = 319.3 Hz), 108.1, 61.8, 42.6,
33.7 (q, J = 43.8 Hz), 10.4; 19F NMR: −65.7 (t, 3F, J = 10.7 Hz),
−79.8 (s, 6F); Anal. Calcd for C13H14F9N5O4S2 (539.03): C, 28.95;
H, 2.62; N 12.98. Found: C, 28.95; H, 2.52; N, 12.46.


1-(Pyrazolylmethylene)-3-butyl-2-methylimidazolium bis(tri-
fluoromethanesulfonyl)amide (2d). Pale-yellow liquid, yield:
94%. 1H NMR: 8.06 (d, 1H, J = 2.4 Hz), 7.75 (d, 1H, J = 2.2 Hz),
7.65 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.62 (s, 2H),
6.37(t, 1H, J = 2.1 Hz), 4.29 (t, 2H, J = 7.4 Hz), 3.01 (s, 3H),
1.85 (quintet, 2H, J = 7.4 Hz), 1.39 (sextet, 2H, J = 7.8 Hz),
0.93 (t, 3H, J = 7.4 Hz); 13C NMR: 146.3, 142.5, 131.8, 122.7,
122.0, 120.9 (q, J = 319.3 Hz), 108.0, 61.6, 49.1, 32.0, 19.9, 13.6,
10.2; 19F NMR: −79.8 (s, 6F); Anal. Calcd for C14H19F6N5O4S2


(499.08): C, 33.67; H, 3.83; N 14.02. Found: C, 33.38; H, 3.55; N,
13.72.


1-Pyrazolylmethylene-3-(4,4,4-trifluorobutyl)-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2e). Colorless solid,
yield: 89%. 1H NMR: 8.05 (d, 1H, J = 2.4 Hz), 7.78 (d, 1H, J =
2.2 Hz), 7.72 (d, 1H, J = 2.2 Hz), 7.58 (d, 1H, J = 1.3 Hz), 6.62
(s, 2H), 6.36 (t, 1H, J = 2.1 Hz), 4.45 (t, 2H, J = 7.5 Hz), 3.05
(s, 3H), 2.34–2.43 (m, 2H), 2.15–2.23 (m, 2H); 13C NMR: 146.8,
142.5, 131.9, 127.9 (q, J = 273.7 Hz), 122.7, 122.4, 120.9 (q, J =
319.1 Hz), 108.0, 61.7, 47.9, 30.9 (q, J = 29.2 Hz), 23.1 (q, J =
4.9 Hz), 10.3; 19F NMR: −66.0 (t, J = 9.9 Hz, 3F), −79.8 (s, 6F);
Anal. Calcd for C14H16F9N5O4S2 (553.05): C, 30.38; H, 2.91; N
12.65. Found: C, 29.90; H, 3.06; N, 12.75.


1-Pyrazolylmethylene-3-hexyl-2-methylimidazolium bis(trifluoro-
methanesulfonyl)amide (2f). Pale-yellow liquid, yield: 93%. 1H
NMR: 8.03 (d, 1H, J = 2.4 Hz), 7.68 (d, 1H, J = 2.2 Hz), 7.59
(d, 1H, J = 2.2 Hz), 7.57 (d, 1H, J = 1.7 Hz), 6.56 (s, 2H), 6.34
(t, 1H, J = 2.1 Hz), 4.24 (t, 2H, J = 7.3 Hz), 2.97 (s, 3H), 1.85
(quintet, 2H, J = 7.5 Hz), 1.28–1.38 (m, 6H), 0.84 (t, 3H, J =
6.7 Hz); 13C NMR: 146.0, 142.4, 131.7, 122.5, 121.8, 120.7 (q, J =
319.2 Hz), 108.0, 61.5, 49.2, 31.5, 29.9, 26.2, 22.7, 13.9, 10.1; 19F
NMR: −79.8 (s, 6F); Anal. Calcd for C16H23F6N5O4S2 (527.11):
C, 36.43; H, 4.39; N 13.28. Found: C, 36.51; H, 4.31; N, 13.38.


1-Pyrazolylmethylene-3-(1H ,1H ,2H ,2H -nonafluorohexyl)-2-
methylimidazolium bis(trifluoromethanesulfonyl)amide (2g). Col-
orless solid, yield: 85%. 1H NMR: 8.07 (d, 1H, J = 2.5 Hz), 7.87
(dd, 2H, J = 3.8, 2.3 Hz), 7.61 (d, 1H, J = 1.6 Hz), 6.70 (s, 2H),
6.38 (t, 1H, J = 2.1 Hz), 4.80 (t, 2H, J = 7.2 Hz), 3.15 (s, 3H),
2.97–3.13 (m, 2H); 13C NMR: 147.6, 142.7, 131.9, 123.1, 122.6,
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121.0 (q, J = 319.4 Hz), 108.1, 61.8, 41.6 (t, J = 10.1 Hz), 30.1
(t, J = 21.0 Hz), 10.5; 19F NMR: −79.9 (s, 6F), −82.0 (m, 3F),
−114.4 (m, 2F), −124.9 (m, 2F), −126.6 (m, 2F); Anal. Calcd for
C16H14F15N5O4S2 (689.02): C, 27.87; H, 2.05; N 10.16. Found: C,
27.82; H, 1.97; N, 9.50.


1-Pyrazolylmethylene-3-butyl-2-methylimidazolium hexafluoro-
phosphate (2h). Pale-yellow liquid, yield: 92%. 1H NMR: 8.06
(d, 1H, J = 2.4 Hz), 7.73 (d, 1H, J = 2.2 Hz), 7.64 (d, 1H, J =
2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.60 (s, 2H), 6.36 (t, 1H, J =
2.1 Hz), 4.29 (t, 2H, J = 7.5 Hz), 3.00 (s, 3H), 1.85 (quintet, 2H,
J = 7.4 Hz), 1.38 (sextet, 2H, J = 7.6 Hz), 0.92 (t, 3H, J = 7.3 Hz);
13C NMR: 145.4, 141.5, 130.9, 121.8, 121.0, 107.0, 60.6, 48.2, 31.1,
19.0, 12.7, 9.2; 19F NMR: −71.0 to −73.6 (d, J = 707.3 Hz, 6F);
Anal. Calcd for C12H19F6N4P (364.13): C, 39.57; H, 5.26; N 15.38.
Found: C, 39.44; H, 5.19; N, 14.95.


1-Pyrazolylmethylene-3-(4,4,4-trifluorobutyl)-2-methylimida-
zolium hexafluorophosphate (2i). Pale-yellow liquid, yield: 83%.
1H NMR: 8.05 (d, 1H, J = 2.4 Hz), 7.73 (d, 1H, J = 2.2 Hz),
7.67 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.58 (s, 2H),
6.36 (t, 1H, J = 2.1 Hz), 4.42 (t, 2H, J = 7.5 Hz), 3.02 (s, 3H),
2.34–2.43 (m, 2H), 2.14–2.22 (m. 2H); 13C NMR: 145.8, 141.7,
130.9, 127.0 (q, J = 273.8 Hz), 121.6, 121.3, 107.1, 60.7, 46.8, 29.8
(q, J = 29.2 Hz), 23.1 (q, J = 3.2 Hz), 9.2; 19F NMR: −66.7 (t, J =
11.0 Hz, 3F), −70.8 to −73.3 (d, J = 707.5 Hz, 6F); Anal. Calcd
for C12H16F9N4P (418.10): C, 34.46; H, 3.86; N 13.40. Found: C,
34.43; H, 3.68; N, 13.46.


1-Pyrazolylmethylene-3-hexyl-2-methylimidazolium hexafluoro-
phosphate (2j). Pale-yellow liquid, yield: 90%. 1H NMR: 8.04 (d,
1H, J = 2.4 Hz), 7.66 (d, 1H, J = 2.2 Hz), 7.58 (d, 2H, J = 1.9 Hz),
6.54 (s, 2H), 6.36 (t, 1H, J = 2.1 Hz), 4.25 (t, 2H, J = 7.5 Hz), 2.97
(s, 3H), 1.84 (quintet, 2H, J = 7.0 Hz), 1.27–1.38 (m, 6H), 0.85
(t, 3H, J = 6.9 Hz); 13C NMR: 145.3, 141.7, 130.9, 121.7, 120.9,
107.2, 60.6, 48.3, 30.8, 29.1, 25.3, 22.0, 13.2, 9.2; 19F NMR: −70.4
to −72.9 (d, J = 708.7 Hz, 6F); Anal. Calcd for C14H23F6N4P
(392.16): C, 42.86; H, 5.91; N 14.28. Found: C, 42.98; H, 5.97; N,
14.44.


1-(3,5-Dimethylpyrazolylmethylene)-3-methyl-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2k). Colorless solid,
yield: 89%. 1H NMR: 7.54 (s, 2H), 6.41 (s, 2H), 5.93 (s, 1H), 4.03
(s, 3H), 2.94 (s, 3H), 2.40 (s, 3H), 1.95 (s, 3H); 13C NMR: 150.6,
146.7, 141.5, 123.8, 121.3, 120.8 (q, J = 319.2 Hz), 107.8, 59.5,
35.6, 13.4, 10.7, 10.3; 19F NMR: −79.8 (s, 6F); Anal. Calcd for
C13H17F6N5O4S2 (485.06): C, 32.17; H, 3.53; N 14.43. Found: C,
32.19; H, 3.52; N, 14.20.


1-(3,5-Dimethylpyrazolylmethylene) -3-butyl -2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2l). Pale-yellow liq-
uid, yield: 96%. 1H NMR: 7.65 (d, 1H, J = 2.1 Hz), 7.59 (d, 1H,
J = 2.1 Hz), 6.44 (s, 2H), 5.93 (s, 1H), 4.29 (t, 2H, J = 7.4 Hz), 3.00
(s, 3H), 2.41 (s, 3H), 2.11 (s, 3H), 1.86 (quintet, 2H, J = 7.6 Hz),
1.39 (sextet, 2H, J = 7.5 Hz), 0.94 (t, 3H, J = 7.3 Hz); 13C NMR:
150.6, 146.2, 141.6, 122.6, 121.8, 120.9 (q, J = 319.4 Hz), 107.7,
59.6, 49.1, 32.1, 20.0, 13.6, 13.5, 10.7, 10.4; 19F NMR: −79.8 (s,
6F); Anal. Calcd for C16H23F6N5O4S2 (527.11): C, 36.43; H, 4.39;
N 13.28. Found: C, 36.44; H, 4.31; N, 13.51.


1-(3,5-Dimethylpyrazolylmethylene)-3-hexyl-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2m). Pale-yellow


liquid, yield: 97%. 1H NMR: 7.66 (d, 1H, J = 2.2 Hz), 7.59 (d,
1H, J = 2.2 Hz), 6.44 (s, 2H), 5.92 (s, 1H), 4.29 (t, 2H, J =
7.5 Hz), 3.00 (s, 3H), 2.41 (s, 3H), 2.11 (s, 3H), 1.88 (quintet, 2H,
J = 7.5 Hz), 1.26–1.40 (m, 6H), 0.86 (t, 3H, J = 7.0 Hz); 13C
NMR: 150.6, 146.2, 141.6, 122.6, 121.8, 120.8 (q, J = 319.4 Hz),
107.7, 59.5, 49.3, 31.8, 30.1, 26.4, 23.0, 14.1, 13.5, 10.7, 10.5; 19F
NMR: −79.8 (s, 6F); Anal. Calcd for C18H27F6N5O4S2 (555.14):
C, 38.91; H, 4.90; N 12.61. Found: C, 38.94; H, 4.94; N, 13.01.


1-(3,5-Dimethylpyrazolylmethylene)-3-methyl-2-methylimida-
zolium hexafluorophosphate (2n). Colorless solid, yield: 82%. 1H
NMR: 7.59 (s, 2H), 6.46 (s, 2H), 5.94 (s, 1H), 3.97 (s, 3H), 2.98
(s, 3H), 2.42 (s, 3H), 2.12 (s, 3H); 13C NMR: 150.6, 146.8, 141.6,
123.9, 121.4, 107.8, 59.5, 35.7, 13.5, 10.7, 10.4; 19F NMR: −71.4
to −73.9 (d, J = 706.7 Hz, 6F); Anal. Calcd for C11H17F6N4P
(350.11): C, 37.72; H, 4.89; N 16.00. Found: C, 37.92; H, 4.80; N,
15.78.


1-(3,5-Dimethylpyrazolylmethylene) -3-butyl -2-methylimida-
zolium hexafluorophosphate (2o). Pale-yellow liquid, yield: 85%.
1H NMR: 7.62 (d, 1H, J = 2.0 Hz), 7.59 (d, 1H, J = 2.0 Hz), 6.41
(s, 2H), 5.94 (s, 1H), 4.28 (t, 2H, J = 7.5 Hz), 2.98 (s, 3H), 2.41
(s, 3H), 2.05 (s, 3H), 1.85 (quintet, 2H, J = 7.5 Hz), 1.39 (sextet,
2H, J = 7.7 Hz), 0.94 (t, 3H, J = 7.4 Hz); 13C NMR (75 MHz,
acetone-d6): 150.6, 146.2, 141.7, 122.6, 121.7, 107.8, 59.5, 49.0,
32.1, 20.0, 13.7, 13.5, 10.7, 10.3; 19F NMR: −71.0 to −73.6 (d, J =
707.3 Hz, 6F); Anal. Calcd for C14H23F6N4P (392.16): C, 42.86; H,
5.91; N 14.28. Found: C, 43.05; H, 5.93; N, 14.27.


1-(3,5-Dimethylpyrazolylmethylene)-3-hexyl-2-methylimida-
zolium hexafluorophosphate (2p). Pale-yellow liquid, yield: 89%.
1H NMR: 7.65 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 2.2 Hz),
6.43 (s, 2H), 5.93 (s, 1H), 4.30 (t, 2H, J = 7.5 Hz), 3.00 (s, 3H),
2.41 (s, 3H), 2.11 (s, 3H), 1.88 (quintet, 2H, J = 7.5 Hz), 1.29–
1.38 (m, 6H), 0.86 (t, 3H, J = 7.0 Hz); 13C NMR: 150.6, 146.3,
141.6, 122.6, 121.8, 107.7, 59.5, 49.3, 31.8, 30.3, 26.5, 23.0, 14.1,
13.5, 10.7, 10.4; 19F NMR: −71.2 to −73.7 (d, J = 706.7 Hz, 6F);
Anal. Calcd for C16H27F6N4P (420.19): C, 45.71; H, 6.47; N 13.33.
Found: C, 45.55; H, 6.45; N, 13.32.


General procedure for the preparation of palladium(II) complexes
3a and 3b


PdCl2 (0.035 g, 0.2 mmol) was added to a stirred solution of ionic
liquid 2d or 2l (0.4 mmol) in methanol (10 mL). The mixture was
stirred for 12 h at 25 ◦C. Slow evaporation of the resulting solution
gave rise to pale-yellow solid which was washed three times with
ethyl ether (10 mL).


3a. Pale-yellow solid, yield: 96%. 1H NMR: 8.46 (d, 2H, J =
2.2 Hz), 8.25 (d, 2H, J = 2.3 Hz), 8.08 (d, 2H, J = 1.7 Hz), 7.91
(d, 2H, J = 2.3 Hz), 7.29 (s, 4H), 6.72 (t, 2H, J = 2.6 Hz), 4.36
(t, 4H, J = 7.4 Hz), 3.03 (s, 6H), 1.87 (quintet, 4H, J = 7.4 Hz),
1.41 (sextet, 4H, J = 7.6 Hz), 0.91 (t, 6H, J = 7.3 Hz); 13C NMR:
147.1, 146.6, 138.4, 123.3, 123.1, 120.9 (q, J = 319.3 Hz), 110.4,
62.6, 49.4, 32.2, 20.1, 13.6, 11.0; 19F NMR: −79.8 (s, 6F); Anal.
Calcd for C28H38Cl2F12N10O8PdS4 (1174.00): C, 28.59; H, 3.26; N
11.91. Found: C, 28.33; H, 3.20; N, 11.93.


3b. Pale-yellow solid, yield: 93%. 1H NMR: 8.04 (d, 2H, J =
2.3 Hz), 7.85 (d, 2H, J = 2.3 Hz), 7.45 (s, 4H), 6.35 (s, 2H), 4.40
(t, 4H, J = 7.5 Hz), 3.10 (s, 6H), 2.73 (s, 6H), 2.45 (s, 6H), 1.92
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(quintet, 4H, J = 7.5 Hz), 1.45 (sextet, 4H, J = 7.6 Hz), 0.96 (t,
6H, J = 7.3 Hz); 13C NMR (75 MHz, acetone-d6): 155.0, 148.0,
145.7, 123.7, 121.1, 120.8 (q, J = 319.4 Hz), 111.2, 60.6, 49.3, 32.2,
20.1, 15.7, 13.7, 11.7, 10.7; 19F NMR: −79.8 (s, 12F); Anal. Calcd
for C32H46Cl2F12N10O8PdS4 (1230.06): C, 31.19; H, 3.76; N 11.37.
Found: C, 30.95; H, 3.44; N, 11.05.


General procedure for the Heck reactions in ionic liquid


Palladium(II) complex 3a (23.4 mg, 0.02 mmol) was dissolved
in ionic liquid 2d (3.0 g), and then the solvent was degassed
under reduced pressure at 60 ◦C for 1 h before dry nitrogen
was introduced. The aryl halide (1.0 mmol), n-butyl acrylate
(1.25 mmol) and Et3N (1.5 mmol) were subsequently added
under nitrogen at 25 ◦C. The resulting mixture was stirred for
an appropriate time at 110 ◦C. The product was extracted from
the reaction mixture by addition of ethyl ether (3 mL), followed
by decanting off the ethyl ether solution of the product. This
process was repeated (3 × 3 mL). The combined organic layer
was concentrated by rotary evaporation. The residue was purified
by flash chromatography on silica gel to give the desired product.
The ionic liquid containing Pd(II) catalyst was washed with water
(3 × 10 mL) to remove excess base and its salt, then dried under
reduced pressure at 60 ◦C for 4 h to remove traces of ethyl ether
and water and employed for the next cycle.


General procedure for the Suzuki reactions in ionic liquid


Palladium(II) complex 3a (23.4 mg, 0.02 mmol) was dissolved
in ionic liquid 2d (3.0 g), and the mixture was degassed under
reduced pressure at 60 ◦C for 1 h before nitrogen was introduced.
The aryl halide (1.0 mmol), phenylboric acid (1.34 g, 1.1 mmol),
Na2CO3 (0.21 g, 2.0 mmol) and H2O (1 mL) were added to the ionic
liquid solution containing the Pd(II) catalyst under nitrogen. The
resulting mixture was stirred for an appropriate time at 110 ◦C. The
product was extracted from the reaction mixture by addition of
ethyl ether (3 mL), followed by decanting the ethyl ether solution of
the product. This process was repeated (3 × 3 mL). The combined
organic layer was concentrated by rotary evaporation. The residue
was purified by flash chromatography on silica gel to give the
desired product. The ionic liquid containing the Pd(II) catalyst
was washed with water (3 × 10 mL) to remove excess base and its
salt, then dried under reduced pressure at 60 ◦C for 4 h to remove
traces of ethyl ether and water and employed for the next cycle.


General procedure for the Sonogashira reactions in ionic liquid


Palladium(II) complex 3b (12.3 mg, 0.01 mmol) was dissolved
in ionic liquid 2l (3.0 g), and then the solvent was degassed
under reduced pressure at 60 ◦C for 1 h before nitrogen was
introduced. The aryl iodide (1.0 mmol), phenylacetylene (0.102 g,
1.0 mmol) and piperidine (0.128 g, 1.5 mmol) were added to the
ionic liquid solution containing the Pd(II) catalyst under nitrogen.
The resulting mixture was stirred at 70 ◦C for 3 h. The product
was extracted from the reaction mixture by addition of ethyl
ether (3 mL), followed by decanting off the ethyl ether solution
of the product. This process was repeated (3 × 3 mL). The
combined organic layer was concentrated by rotary evaporation.
The residue was purified by flash chromatography on silica gel to


give the desired product. The palladium-containing ionic liquid
was washed with water (3 × 10 mL) to remove excess base and its
salt, then dried under reduced pressure at 60 ◦C for 4 h to remove
traces of ethyl ether and water and employed for the next cycle.
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We describe experimental as well as theoretical results to
support the role of cyclopropane in a retro Diels–Alder
reaction at lower temperature.


The Diels–Alder (DA) reaction is one of the most powerful tools
available to synthetic organic chemists for the construction of six-
membered rings of diverse nature.1 Despite its limited popularity,
the retro Diels–Alder reaction (rDA) has evolved as a useful
protocol and remains the preferred method for the preparation
of several reactive olefins or metastable molecular entities.2,3 The
endothermic nature of the rDA has led to the use of flash-
vacuum pyrolysis (FVP) conditions. Although the FVP method
has several advantages, the end products sometimes undergo
rearrangements.4 In view of the specialized equipment needed to
perform this reaction, we became interested in developing a better
alternative where less than pyrolytic conditions may be employed.
The rDA reaction can be driven to completion by perturbing the
equilibrium, which in fact was introduced over 60 years ago by
Diels and Thiele through the use of maleic anhydride as a scavenger
for trapping the anthracene generated in a rDA reaction.5 Hence
the design of new strategies where expulsion of the common diene
and dienophile under mild reaction conditions will enhance the
application of rDA in organic synthesis. Additionally, the rDA
reaction performed under mild conditions can have a direct impact
in dynamic combinatorial chemistry (DCC). Recently, Lehn and
co-workers have utilized the rDA reaction involving functionalized
fulvenes for the development of DCC.6


To circumvent the problems of decomposition or polymeriza-
tion of the end products, various efforts were made to achieve the
rDA reaction at lower temperature.7 Limited reports are available
regarding the factors governing the rDA reaction, and hence this
poses severe restrictions in designing a simple strategy for the rDA
reaction. Studies by Magnus et al. on [2.2.1]-bicyclic DA adducts
have revealed that substituents such as –SiMe3 (TMS) at the C7


position are highly effective in reducing the barrier associated with
the rDA reaction, making it amenable even at lower temperatures.8


Density functional theory (DFT) studies have shown that the
ground-state geometry exhibits geometrical features such as C1–
C5 bond elongation in the –SiMe3-substituted system.9 The r–
r* conjugation between r(C7–Si) and r(C1–C5) [also r(C2–C6)]
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is identified to be the key factor behind the ground-state bond
elongation.10 If orbital interaction is responsible for bringing
about reduction in the activation barrier (compared with the
unsubstitued case), one might anticipate that electronically active
substitutions at the C7 position could have subtle consequences on
the rDA reaction profile.


However, cyclopropane offers a rich set of orbitals that are
known to interact with electron-deficient centers. Along these
lines, we reasoned that a spirocyclopropane moiety at the C7


position might turn out to be an interesting substrate.11 Herein, we
describe our preliminary experimental and theoretical findings on
the rDA reaction under milder reaction conditions. We believe that
our observation will open up a new avenue in the rDA protocol
where unstable molecules can be prepared without involvement of
FVP, thereby eliminating the unwanted side-reactions. Towards
this goal the required spiro[4,2]hepta-1,3-diene was prepared
using micellar conditions.12 However, side-reactions like unwanted
polymerization could not be avoided in the presence of a strong
base, which accounted for the poor yield of the desired diene.
Then the required diene was immediately reacted with various
dienophiles in a micellar medium to obtain the respective DA
adducts in good yields (Table 1). Having the desired product, the
next step was to screen the reaction conditions for optimized
yield of the rDA reaction.‡ It was found that the yield was
considerably decreased even after prolonged refluxing conditions
in DCM. However, changing the solvent to acetonitrile (or
toluene) markedly improved the yield of the rDA product and
the reaction was completed in a much shorter time (Scheme 1).
The rDA reactions required no special conditions like an inert
atmosphere or FVP. These results are summarized in Table 1. In
the case of adducts 2b and 3b the volatile nature of the dienophile


Table 1 Summary of DA and rDA reactions of spirodiene and
dienophiles


Reaction DA rDA


Entry Cycloadduct Time/h Yield (%) Time/h Yield (%)


R1 = H 2a 4 67 24 62 a ,b


R1 = H 2b 5 73 28 35 a


R1 = H 2c 8 89 10 76 c


R1 = H 2d 4 62 12 75 b ,c


R1 = H 2e 12 91 8 81 c


R1 = Me 3a 4 81 12 67 a ,b


R1 = Me 3b 5 84 24 49 a


R1 = Me 3d 8 80 24 72 a ,b


R1 = Me 3e 4 91 8 87 c


a rDA performed in toluene. b Yield based on starting material recovered.
c rDA performed in acetonitrile.
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Scheme 1 DA and rDA reaction of spiroheptadiene with quinones.


Scheme 2 Retro Diels–Alder reaction in the presence of a scavenger.


was responsible for low yield of the rDA reaction. However,
in the presence of a scavenger, the yield of the rDA reaction
increased considerably (Scheme 2). The use of the scavenger has
the advantage that it traps the diene and prevents the reverse DA
reaction, thereby enhancing the rate of the rDA reaction.


To gain further insight on the role of cyclopropane in the
rDA reaction, we have carried out a detailed investigation of the
reaction profile using the DFT method. The transition states for
each substrate have been precisely located with the B3LYP/6-
31G* level of theory. The computed activation barriers for
the rDA reaction are provided in Table 2. The experimental
activation barrier for –SiMe3-substituted (at C7) and unsubstituted
cycloadducts are, respectively, 24.8 ± 1 and 29 ± 1.5 kcal mol−1.8


TMS substitution has been found to be capable of bringing about a
rate acceleration as high as 95 times compared to the unsubstituted
system (H at C7) under comparable reaction conditions. The
computed activation barrier in the gas phase at the B3LYP/6-
31G* level of theory for the TMS-substituted and unsubstituted
cases are, respectively, 24.6 and 29.9 kcal mol−1, a prediction in
good concurrence with experimental observation. It is interesting
to note that the predicted barrier for the spirocyclopropane system
in general is lower than the unsubstitued case over a range
of dienophiles, indicating the possibility of a relatively facile
rDA reaction. Another observation pertains to the lowering of
the computed activation barrier upon inclusion of solvation by
single-point energy calculations in acetonitrile media using the
polarizable continuum model (PCM).13 The activation barrier is
predicted to be higher in toluene than in acetonitrile, at the same
level of theory. All of these predictions support the fact that the


Table 2 Computed activation barrier for the rDA reaction of a spiro DA
adduct obtained at the B3LYP/6-31G* level of theorya ,b


Reaction DE†
g/kcal mol−1 DE†


sol/kcal mol−1 c ,d


2a → 1a 27.9 24.2 (25.9)
2b → 1b 27.8 24.6 (26.4)
2c → 1c 26.9 23.8
2d → 1d 27.2 23.3
2e → 1e 27.1 24.3
3a1 → 1a e 27.8 24.6 (26.3)
3a2 → 1a f 27.6 24.3 (25.9)
3b1 → 1b 27.7 25.0 (26.6)
3b2 → 1b 27.5 24.6 (26.3)
3d1 → 1d 27.1 24.9 (26.4)
3d2 → 1d 26.8 24.8 (25.7)
3e1 → 1e 27.0 24.7
3e2 → 1e 26.7 24.5


a Gas phase calculation at the B3LYP/6-31G* level. b Single-point energies
in acetonitrile computed using Tomasi’s PCM (polarized continuum
model) method13 in combination with SCRF at the same level of theory and
basis set. c Values in parentheses indicate single-point energies in toluene.
d Activation barrier values for TMS-substituted and unsubstituted systems
in acetonitrile are 22.9 and 27.1 kcal mol−1, respectively. e Subscript 1
represents the –Me group at the 9th position. f Subscript 2 represents the
–Me group at the 8th position.


spirocyclopropane systems could undergo a faster rDA reaction
compared with the unsubstituted cycloadduct. Alternatively,
milder reaction conditions might be adequate enough to bring
about cycloreversion in spirocyclopropane systems.


Identifying the electronic origins of the cyclopropane-promoted
rDA reaction is intuitively appealing in the present context.
The importance of cyclopropane orbitals in controlling the
stability and conformational preferences in cyclopropylcarbinyl
carbocations as well as carbenes are reported. Increased strain
in the three-membered ring is known to raise the energy of
the rC–C orbital, ensuring a better r-donating ability.14 With the
help of Natural Bond Orbital (NBO) analysis we have examined
important electron delocalizations in both cycloadducts and the
corresponding transition states. Key sets of stabilizing electronic
interactions are identified as r(C7–C8) ↔ r*(C1–C5), r(C7–C8) ↔
r*(C2–C6), p(C3–C4) ↔ r*(C1–C5) and p(C3–C4) ↔ r*(C2–C6)
delocalizations.15 Interestingly, increased delocalizations are
noticed for the transition states compared with the cycloadduct.
Two representative contour plots depicting the extent of r(C7–
C8) ↔ r*(C1–C5) and p(C3–C4) ↔ r*(C1–C5) at the transition state
for the reaction 2a → 1a are provided in Fig. 1. Delocalizations of
these kinds assume additional relevance due to the participation
of C1–C5 (and C2–C6) bonding electrons, since depletion of
occupancies will help to ease the bond-breaking process. The
interactions involving cyclopropane orbitals such as r(C7–C8) as
the acceptor are found to be better in the transition state compared
with the cycloadduct. These delocalizations will help to reduce the
barrier for the rDA reaction, making it amenable under milder
reaction conditions.


In summary, we have successfully demonstrated that the rDA
reaction with spirocyclopentadiene as the diene can be carried out
under mild reaction conditions. The lower kinetic barrier for this
reaction has been identified as arising from greater stabilization
of the transition state resulting from effective orbital interactions
involving the cyclopropane bond orbitals.
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Fig. 1 3D-plots representing orbital interactions generated with natural
bond orbitals at the NBO/B3LYP/6-311+G**//B3LYP/6-31G* level for
the transition states (for 1a).
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