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Two symmetric ditopic supramolecular templates (1 and 2) each presenting two hydrogen bonding
recognition subunits were synthesized. Each such subunit comprises the same donor and acceptor
pattern, capable of binding a substrate molecule with complementary hydrogen bonding groups to form
a supramolecular complex. Substrate molecules, such as thymine or uracil derivatives, yield 2 : 1
complexes with the acceptors involving two hydrogen bonds to each subunit with ideal orientation for
subsequent [2 + 2] dimerization upon photoirradiation. Selective syn photoproduct formation and
concomitant suppression of the trans isomer are favored by orientation of the two guest nucleobases
within the template cleft. Complementary donor and acceptor hydrogen bonding induced positioning
of the two substrates and steric hindrance within the template clefts are responsible for the selective
product formation.


Introduction


The [2 + 2] photodimerizations1,2 of thymine and uracil have been
subject to much research effort as their products exhibit high
biotoxicity.3–6 Upon UV irradiation, these cellular nucleobases are
known to undergo dimerization, giving products that are directly
responsible for cell death via mutagenic action, suppression of
DNA transformation and/or activation of carcinogenic pathways
by basal cell and squamous cell tumors. The mechanism by
which these toxic photodimers (as well as their derivatives) are
produced, has been extensively investigated in order to suppress
their formation or to repair the site by photochemical or enzymatic
reversible cleavage.7,8 Direct or sensitized photoirradiation of
[2 + 2] precursors, including thymine and uracil, and similar
photodimerization reactions potentially lead to four cycloaddition
products; cis–syn, trans–syn, cis–trans, anti–trans, and anti–cis
(A, B, C, D, respectively, Fig. 1).6,9–11 The distribution of such
products cannot be readily controlled so as to afford a given
photodimer. Typically, specific reaction conditions, such as the use
of various reagents or additives, changes in solvent polarity,4,5,12,13


micelles,14 solid-state irradiation,15–21 additives,22 host–guest in-
clusion complexes,23–26 dipolar interactions,27–30 and precursor
tethering31–38 give only moderate success in controlling the distribu-
tion of photoproducts. Recently, stoichiometric additives, forming
1 : 1 complexes through hydrogen donor/acceptor sites suitable for
complementary hydrogen bonding with the precursors, have been
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investigated in the hope of influencing the photoproduct outcome
through molecular recognition.39–43


Here we present two such hosts 1 and 2 (Fig. 2) displaying two
recognition subunits that contain each a hydrogen bond donor
N–H and a hydrogen bond acceptor –N= site. These receptors
are capable of binding two complementary guests of the uracil
(4A) or thymine (4B) type (Fig. 3) within their cleft through
hydrogen bonds, thus providing supramolecular assistance44,45 to
the generation of photoproducts upon irradiation as well as to in-
duction of product distribution by preorganization. Owing to our
previous success of controlled photodimerization with 2,46 we
investigated the use of this molecule as a host for biologically-
relevant bases. We describe selective photoproduct amplification
and suppression of normally produced photoproducts for the
biologically relevant thymine nucleobase through formation of
supramolecular hydrogen-bonded complexes of two thymine
derived substrates 4C with the molecular receptors 1 and 2.
Compound 3 was used as scaffold for control experiments.


Results and discussion


Nucleobases of the uracil and thymine type are ideal candidates for
studying selective photoproduct formation through supramolec-
ular control of [2 + 2] photodimerization. They possess two sites
capable of sustaining two hydrogen bonds with complementary
receptors, leading to the formation of hydrogen-bonded complexes
of specific orientation and positioning. Moreover, they readily
undergo [2 + 2] photodimerization with varying distributions
of the possible products A–D (Fig. 1). In view of enforcing
photoproduct selectivity, we investigated whether the molecular
receptors 1 and 2 were capable of forming a specifically oriented
supramolecular adduct with two dimer precursors (Fig. 4). This,
ultimately, would promote selective photoproduct amplification
through geometric control arising from the supramolecular archi-
tecture and steric confinement. The inter-substrate distance in the
2 : 1 supramolecular adducts is suitable for the photodimerization.
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Fig. 1 Potential dimers resulting from [2 + 2] photodimerization of nucleic bases.


Fig. 2 Molecular receptor scaffolds 1 and 2 for selective [2 + 2] photodimerization of thymine derivatives through 2 : 1 supramolecular complex
formation, and control scaffold 3.


The symmetric structure of the 2 : 1 adduct (Fig. 4) is expected to
favor the formation of syn (cis and trans) dimers upon irradiation.
Normally produced anti dimers would be suppressed, since the
corresponding orientation is not possible due to the donor–
acceptor pattern and to steric hindrance within the template cleft.


Fig. 3 Thymine and uracil derivatives.


Receptor synthesis (Scheme 1)


The synthesis of receptor 2 was achieved in an overall 50%
yield from the combined steps from commercial reagents. The


selected route provided nearly quantitative yield for each step
with the advantage of easy purification of the desired intermediate
dialdehyde 16. Subsequent coupling of 16 according to our
previous method, afforded template 2. In addition, a more rigid
template 21 was synthesized which comprised a dibenzofuran
consisting of a planar backbone. It was unfortunately insoluble
in most organic solvents, in particular those commonly used to
promote intermolecular hydrogen bonding. To circumvent this
short fall, dialkylation in positions 2 and 8 of the dibenzofuran
moiety was pursued, leading to a much more soluble alternative
template 1. The methodology for the synthesis of 1 was similar to
that used for 2, resulting in approximately the same overall yield.


Binding of uracil and thymine derivatives to templates 1 and 2


Previous work has shown the capability of bis-receptors such
as 1 and 2 to efficiently bind substrate molecules via N–H· · ·N
hydrogen bonds between the pyridine nitrogen and the adjacent
NH site and complementary donor and acceptor sites.46–48 The
association constants for the formation of such supramolecular
adducts with one (K1) and two (K2) monomeric substrates or
with a dimer was determined by NMR binding isotherms. These
were obtained by titrating 2 mM host concentrations in CDCl3


with the corresponding nucleobases and monitoring the resulting
chemical shift changes of the =C–H and the –NH proton of
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Fig. 4 Supramolecular complexes arising from multiple hydrogen bonding between receptors 1 and 2 and uracil and photodimer substrates.


the templates. Subsequent treatment of the NMR data with the
ChemEqui program49 provides the association constants (Table 1)
corresponding to the binding through hydrogen bond formation
between complementary O, N and N–H sites, as represented by the
structures shown in Fig. 4. The NH signal undergoes a chemical
shift change of d 1.6 ppm and the isotherm measured correlated


Table 1 Association constants determined by NMR titration in CDCl3


from isotherms using ChemEqui49


Complex K1/M−1a K2/M−1a


10 30 ± 5 100 ± 10
11 20 000 ± 700 —
12 180 ± 10 1 100 ± 110
13 240 ± 5 —


a K1 and K2 are the ChemEqui b derived values for the A + B → AB and
the A + 2B → AB2 reactions, respectively.


well with that determined for the =CH proton signal. The binding
isotherms provide the association constants for 1 : 1 and 2 : 1 com-
plexes, which undergo formation of a weak 1 : 1 complex followed
by a 2 : 1 complex upon further substrate addition (Table 1).
The values measured are within the range of complementary
donor/acceptor interactions of the –NH· · ·N(=R1)R2 type.41,42


For template 1, the photodimer complex 11 exhibits a stronger
binding affinity than the monomer form 10. The donor/acceptor
sites are consequently blocked upon photoproduct formation
and cannot undergo further monomer binding. Conversely, the
binding affinities for the monomer complex 12 are greater than
the photodimer 13. The greater preference for the monomer over
the photoproduct demonstrated for template 2 implies it ultimately
can be used as a photocatalyst for dimerization.


The binding differences between the two templates can be
ascribed to the different cleft sizes and the intramolecular donor–
acceptor distances. Crystallographic studies (see Fig. 5 and 6)
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Scheme 1 Receptor synthesis (A) (i) ethanol, catalytic H2SO4, reflux; (ii) LiAlH4–Et2O (anhydrous); (iii) MnO2–toluene–CH2Cl2, room temperature (1 : 1);
(iv) 2-hydrazinopyridine–CHCl3, room temperature; (v) N,N-dimethyl hydrazine–EtOH, reflux. (B) (i) AlCl3, butyryl chloride, 1,2-dichloroethane,
reflux; (ii) hydrazine hydrate, KOH, triglycol reflux; (iii) TMEDA, n-BuLi in Et2O (anhydrous) −78 ◦C, DMF; (iv) 2-hydrazino pyridine–CHCl3, room
temperature.


show that the sp3 bridgehead of 2 gives it a non-planar shape with
a tighter bite angle. Conversely, the rigid and planar structure of
1 has a large bite angle. These factors, affecting inter-substrate
distances and orientation, are ultimately responsible for the
observed differences in binding affinities. The hydrogen bonding
capabilities of these two receptors is further evidenced by their
crystal state structures. In the solid state, the two receptors
self-associate through their complementary receptor acceptor
sites forming supramolecular networks. The differences in the
receptor orientation and backbone rigidity affect the resulting
supramolecular structures. The non-planar shape of receptor 2,
combined with the small bite angle, allows the complementary
donor–acceptor sites to align so that the thermodynamically stable
structure (Fig. 7 and 8) is a dimer resulting from hydrogen bonding
between the ditopic sites. Conversely, the rigid dibenzofuran
backbone of 1 forces the receptor sites to point outwards. There
is also a slight twist of the dibenzofuran backbone that further
orients the receptor sites out of the plane of the aromatic unit.
The resulting large receptor cleft can accommodate two receptors
side arms through complementary hydrogen bonding, resulting in
a supramolecular ribbon architecture (Fig. 9).


Photodimerization of thymine 4C


Samples of authentic photodimers were obtained by photosen-
sitized irradiation of thymine derivative 4C in acetone and were


isolated through a sequence of column chromatography, prepara-
tive thin layer chromatography and semi-preparative HPLC. NOE
and COSY 2-dimensional NMR, in addition to analytical HPLC,
allowed for differentiation and subsequent identification of the
three main photoproducts, which were 7A, 7B and 7D. The latter
two were formed in majority. The overall results are consistent with
those described for uracil and thymine derivatives.50–52 Isolation of
sufficient quantities of photodimerization product of the thymine
4C can only be done by sensitized irradiation with acetone. Direct
irradiation at ca. 254 nm is possible, however the dimerization
reaction is photoreversible in the UV region leading to photoprod-
uct decomposition, which reverts back to the starting material.
Furthermore, under direct irradiation, the templates examined act
as light screens and undergo severe photodecomposition, which
does not occur via the triplet-sensitized method.


Photodimerization of 4C with templates 1 and 2


Photosensitized irradiation of a mixture of 2 and two equivalents
of thymine derivative 4C led to the complete suppression of the
anti products illustrated in Fig. 10 (7C and 7D). To confirm
that the formation of the supramolecular complex between the
template and 4C was responsible for the suppression of these
products, trace amounts of acetic acid were added to the reaction
mixture, in order to disrupt the hydrogen bonding and displace the
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Fig. 5 Crystal structure of receptor 1.
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Fig. 6 Crystal structure of receptor 2.


bound thymine substrate. Photoirradiation gave a photoproduct
distribution similar to that in the absence of the template. This
result, coupled with the strong binding constant, demonstrates
the capacity of the bis-receptor 2 to amplify the formation of
photoproducts 7A and 7B. This arises through formation of a
hydrogen bonded 2 : 1 supramolecular complex, with parallel
positioning of the two substrate molecules consistent with syn
[2 + 2] photodimers. The two anti products are suppressed because
the antiparallel precursor alignment required for their formation
is incompatible with the hydrogen bond donor–acceptor site
arrangement and the steric hindrance within the template cleft.


Template 1 also exhibited photoproduct control similar to
that observed with 2. Due to its poor solubility in acetone, a
mixture of acetone–chloroform was used for the photoirradia-
tions. A control experiment under the same conditions indicated
again photodimerization control with selective product formation
through the ground state supramolecular complex.


Photoirradiation control experiments


Experiments with the pseudo-template 3 were undertaken to
confirm the role of the hydrogen bonding pattern and the steric
effects for controlled photodimerization.53 This analogue lacks
the NH donor sites, but has a cleft similar to 2 into which two
monomers could potentially be accommodated, on steric grounds,
but without hydrogen bond formation. The photoproduct distri-
bution obtained upon photoirradiation of 4C in the presence of
3 was identical to that observed in the absence of this pseudo
template. The effect of 2-aminopyridine itself was also examined,
because it is capable of forming a supramolecular complex with
a single substrate via its donor and acceptor motifs. It cannot


promote molecular organization by positioning two substrates
within the optimal 6 Å distance required for photodimerization.
No effect on photoproduct distribution was therefore expected
and, indeed, none was observed. The selective photoproduct
amplification caused by the receptors 1 and 2 may, therefore, be
ascribed to the formation of a 2 : 1 supramolecular adduct with two
substrate molecules 4C. The hydrogen bonding recognition posi-
tions the two thymine monomers in a favourable pre-photodimer
fashion. The parallel orientation of the two substrates ensures
that only the syn products are formed upon photoirradiation. The
intramolecular distance of the N–H donor sites within the cleft
of 2 was found to be 4.6 Å, according to the crystal structure
data.54 This corresponds well with the amplification of the syn
dimers, the intramolecular O acceptor site distances of which are
3.9 Å.3 The pocket could potentially transversally incorporate a
single monomer forming a 1 : 1 complex. Under stoichiometric
control, such an arrangement would block the receptor, preventing
selective syn amplification, while the residual monomer would
undergo conventional unselective photodimerization. Given the
templated dimerization data, the 2 : 1 complex predominates and
is responsible for the results observed.


Experimental


Materials and methods


Unless otherwise stated, all chemicals were purchased from
Aldrich and were used as received. HLPC-spectroscopic grade
solvents were used for HPLC analyses run on a HP 1100 series
HPLC equipped with a diode array detector and an EclipseTM


XDB-C18 reverse phase column. The mobile phase used for
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Fig. 7 Top view of the supramolecular dimer network of receptor 2.


Fig. 8 Side view of the supramolecular dimer network of receptor 2.


separation was 50% methanol–50% water and the retention times
monitored at 220 nm and absorption maxima were compared to
authentic samples (vide infra). The ChemEqui program was used to
determine the binding constants from the isotherm data obtained
by NMR titration in CDCl3.49 NOE and COSY 2D NMR spectra
were recorded on a Bruker 300 MHz spectrometer.


Synthesis


2,7-Di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-dicarboxylic
acid diethyl ester (14). 2,7-Di-tert-butyl-9,9-dimethyl-9H-
xanthene-4,5-dicarboxylic acid (1 g, 2.44 mmol) was dissolved in
ethanol (50 mL). Concentrated sulfuric acid (2 mL) was added
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Fig. 9 Solid-state supramolecular bonding network of receptor 1.
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Fig. 10 Distribution of trans–syn 7B (///), cis–syn 7A ( \ \ \ ) and
trans–anti 7D (≡), isomers, formed by photoirradiation of 4C for 12 h
performed in acetone under in the presence and absence of various addi-
tives. *Denotes reaction undertaken in 2 : 1 (vol%) chloroform–acetone
mixture.


and the solution stirred at reflux for 14 h. The solution was
poured onto ice (100 g) and the resulting white precipitate was
collected by filtration. It was washed with cold water until the
wash water was neutral and then dried under vacuum to yield the
product (1.10 g, 96%) as a white powder. Mp 149–150 ◦C. IR (thin
film): m = 2963, 2863, 1724, 1612, 1446, 1393, 1366, 1314, 1243,
1180, 1146, 1100, 1029, 857, 782 cm−1. 1H NMR (200 MHz, [D]
chloroform): d = 7.58 (d, J = 2.4 Hz, 2 H); 7.53 (d, J = 2.4 Hz, 2
H), 4.42 (q, J = 7.1 Hz, 4 H), 1.64 (s, 6 H), 1.40 (t, J = 7.2 Hz,
6 H), 1.33 (s, 18 H). 13C NMR (125 MHz, [D] chloroform): d =
166.9, 146.9, 145.4, 130.5, 125.8, 125.6, 120.6, 61.1, 34.8, 34.6,
32.1, 31.5, 14.4. FAB-MS: m/z 467.2 ([M + H]+, 100%). Anal.
calcd for C29H38O5 (466.61): C 74.65, H 8.21; found: C 74.55, H
8.36.


(2,7-Di-tert-butyl-5-hydroxymethyl-9,9-dimethyl-9H-xanthen-
4-yl)-1 methanol (15). A solution of 14 (1.1 g, 2.35 mmol) in
diethyl ether (10 mL) was added dropwise to a stirred suspension of
lithium aluminum hydride (LAH, 0.15 g) in diethyl ether (25 mL).
The mixture was subsequently refluxed for 1.5 h. Additional LAH
was added (0.5 g) and the suspension heated to reflux for 1 h to
drive the reaction to completion. The mixture was then cooled
to 0 ◦C and ice water was added dropwise until the evolution of
hydrogen ceased. 10% Sulfuric acid was added until the precipitate
of AI(OH)3 was dissolved. The ether layer was removed and the
aqueous layer was washed twice with ether (50 mL). The combined
organic extracts were dried over MgSO4, evaporated to dryness
and chromatographed (SiO2) with 30% ethyl acetate–hexane to
provide a white powder (0.89 g, 99%). Mp 199–200 ◦C. IR
(thin film): m = 3261, 2951, 2863, 1464, 1413, 1362, 1326, 1297,
1279, 1223, 1143, 1033, 903, 883, 852, 763, 664 cm−1. 1H NMR
(200 MHz, [D] chloroform): d = 7.42 (d, J = 2.2 Hz, 2 H), 7.20 (d,
J = 2.2 Hz, 2 H), 4.66 (s, 4 H), 4.49 (br. s, 2 H), 1.67 (s, 6 H), 1.36
(s, 18 H). 13C NMR (125 MHz, [D] chloroform): d = 146.9, 145.3,
129.7, 127.2, 125.0, 122.5, 62.2, 34.6, 32.3, 31.7. FAB-MS: m/z
382.2 ([M]+, 57%). Anal. calcd for C25H34O3 (382.54): C 78.49, H
8.96; found: C 78.46, H 9.18.


(2,7-Di-tert-butyl-9,9-dimethyl)-9H-xanthene-4,5-dicarbaldehyde
(16). To a solution of 15 (1.00 g, 2.61 mmol) in toluene (150 mL)
and dichloromethane (50 mL) was added MnO2 (5 g). The
reaction was followed by TLC and was complete after 24 h of
stirring at room temperature followed by refluxing for 2 h. The
finely dispersed MnO2 suspension was filtered through a short


plug of celite and silica, and then washed with dichloromethane.
The organic layer was evaporated and pure compound (0.79 g,
80%) was obtained as a white powdery solid after recrystallization
from dichloromethane–hexane and from hot toluene–hexane.
Mp 248–249 ◦C. IR (thin film): m = 2958, 2863, 1688, 1606,
1460, 1365, 1296, 1260, 1228, 1167, 930, 902, 868, 851, 748, 704,
646 cm−1. 1H NMR (200 MHz, [D] chloroform): d = 10.68 (s,
2 H), 7.83 (d, J = 2.4 Hz, 2 H), 7.72 (d, J = 2.4 Hz, 2 H), 1.70 (s,
6 H), 1.37 (s, 18 H). 13C NMR (125 MHz, [D] chloroform): d =
188.9, 149.6, 146.7, 130.6, 129.5, 124.1, 123.5, 62.2, 34.8, 32.5,
31.4, 29.7. FAB-MS: m/z 379.3 ([M + H]+, 100%). Anal. calcd for
C25H30O3 (378.50): C 79.33, H 7.99; found: C 79.59, H 8.14.


2,7-Di-tert-butyl-9,9-dimethyl-4,5-bis-(pyridin-2-ylhydrazono-
methyl)-9H-xanthene (2). Template 2 was synthesized from 16
as previously described.46


N ′-[2,7-Di-tert-butyl-5-(dimethylhydrazonomethyl)-9,9-dimeth-
yl-8a,10a-dihydro-9H-xanthen-4-yl methylene]-N ,N-dimethyl-
hydrazine (3). The scaffold was prepared from 16 according to
known methods.46


(5-Methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)acetic acid
benzyl ester (4C). Thymine-1-acetic acid (1.21 g, 6.57 mmol) was
dissolved in 30 DMF with sonication, to which was then added
diimidazol-1-ylmethanone (1.23 g, 7.58 mmol). The slurry was
stirred at room temperature for 10 min until the reagents were
dissolved. Benzyl alcohol was then added (780 ll, 7.56 mmol) and
the solution stirred at room temperature for 12 h. The solvent was
removed under reduced pressure and the paste was suspended in
water. The product was isolated as a white solid (1.67 g, 93%) upon
filtration. Mp = 201–203 ◦C. 1H NMR (200 MHz, [D] DMSO):
d = 11.42 5 (s, 1 H), 7.65 (s, 1 H), 7.53 (s, 3 H), 5.57 (s, 2 H),
4.82 (s, 2 H), 1.44 (s, 3 H). 13C NMR (50 MHz, [D] chloroform):
d = 168.09, 164.16, 150.87, 141.41, 135.44, 128.36, 128.12, 127.83,
108.52, 90.18, 66.31, 48.36, 11.78. EI-MS: m/z 574.2 ([M]+, 20%).
Anal. calcd for C14H14N2O4 (274.10): C 61.31, H 5.14, N, 10.21;
found: C 60.90, H 5.12, N 10.39.


1-(4-tert-Butylbenzyl)-1H-pyrimidine-2,4-dione (4D). To a
suspension of uracil (1.00 g, 9.00 mmol) in 20 mL anhydrous
acetonitrile was added N,O-bis-trimethylsilyacetamide (5.6 g,
7.0 mL, 28 mmol). The mixture was stirred at room temperature
until complete dissolution of the initial solid. To this was added
tert-butylbenzyl bromide (2.04 g, 9 mmol) and the mixture was
refluxed for 12 h, at which time the solvent was evaporated and
the residue purified by column chromatography (SiO2) with 5%
methanol–dichloromethane. The product was obtained as a white
solid. Mp = 165–166 ◦C. 1H NMR (200 MHz, [D] chloroform):
d = 9.65 (d, J = 7.9 Hz, 1 H), 7.39 (d, J = 8.3 Hz, 2 H), 7.22
(d, J = 8,3 Hz, 2 H), 7.16 (d, J = 7.9 Hz, 1 H), 5.69 (d, J =
7.9 Hz, 1 H), 4.88 (s, 2 H), 1.31 (s, 9 H). 13C NMR (50 MHz, [D]
chloroform): d = 164.0, 151.8, 151.4, 144.1, 132,1. 128.0, 126.2,
102.7, 51.0, 34.7, 31.3. EI-MS: m/z 258.2 ([M]+, 60%). Anal. calcd
for C15H18N2O2 (258.32): C 69.74, H 7.02, N 10.84; found: C 69.99,
H 7.24, H 11.06.


1-(8-Butyryldibenzofuran-2-yl)-butan-1-one (17). Dry alu-
minum chloride (21.42 g, 161 mmol) was added in small por-
tions over 1 h to a well stirred solution of butyryl chloride
(17.12 g, 161 mmol) in 1,2-dichloroethane (65 mL). A solution of
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dibenzofuran (10.4 g, 61.8 mmol) in 1,2-dichloroethane (20 mL)
was added dropwise to the mixture over 30 min while at 50 ◦C. The
mixture was subsequently heated to reflux for 12 h, cooled to
30 ◦C, and poured slowly into ice water (150 mL). Concentrated
hydrochloric acid (25 mL) was added and the mixture was further
stirred for another hour. The organic layer was separated and
the aqueous layer extracted with dichloromethane. The combined
organic extracts were dried, evaporated and chromatographed
(SiO2; 10% dichloromethane–hexane) to give the title compound
(9.9 g, 52%) as a slightly brown solid. Mp 125–127 ◦C. IR
(thin film): m = 2960, 2872, 1680, 1631, 1596, 1564, 1467, 1412,
1368, 1306, 1248, 1116, 1011, 997, 900, 845, 753 cm−1. 1H NMR
(200 MHz, [D6] DMSO): d = 9.00 (d, 41 = 1.4 Hz, 2 H); 8.15 (dd,
31 = 8.7 Hz, 41 = 0.9 Hz, 2 H); 7.81 (d, 31 = 8.7 Hz, 2 H); 3.13
(t 31 = 7.1 Hz, 4 H); 1.68 (sm, 4 H); 0.98 (t 31 = 7.4 Hz, 6 H).
13C NMR (50 MHz, [D6] DMSO): d = 198.9; 158.5; 132.7; 128.1;
123.5; 122.5; 111.9; 17.3; 13.6. FAB-MS: m/z 309.1 ([M + H]+,
100%). Anal. calcd for C20H2003 (308.37): C 77.90, H 6.54; found:
C 77.80, H 6.52.


2,8-Dibutyldibenzofuran (18). To 17 (9.75 g, 31.6 mmol),
hydrazine hydrate (9.5 g, 10 mL, 190 mmol) and finely ground
potassium hydroxide (14.28 g, 254 mmol) were suspended in
triglycol (150 mL) and heated to reflux for 2 h. The excess hydrazine
and water were subsequently distilled off. After cooling to below
90 ◦C, water (300 mL) was added and the mixture was extracted
with diethyl ether and dichloromethane (twice, 200 mL, portions).
The combined organic extracts were evaporated and the residue
applied to a column (SiO2; 7% dichloromethane–hexane) to afford
the product (2.6 g, 29%) as a highly viscous translucid oil. IR (thin
film): m = 3030, 2959, 2928, 2867, 1869, 1485, 1468, 1417, 1337,
1362, 1318, 1274, 1246, 1207, 1187, 1103, 1091, 1118, 1024, 931,
869, 811, 747 cm−1. 1H NMR (200 MHz, [D6] DMSO): d = 7.91
(s, 2 H); 7.54 (d, 3J = 8.4 Hz, 2 H); 7.30 (d, 3J = 8.4 Hz, 2 H); 2.72
(t, 3J = 7.5 Hz, 4 H); 1.63 (sm, 4 H); 1.35 (sm, 4 H); 0.91 (t, 3J =
7.2 Hz, 6 H). 13C NMR (50 MHz, [D6] DMSO): d = 154.1; 136.9;
127.6; 123.5; 120.1; 111.0; 34.6; 33.5; 21.6; 13.7. FAB-MS: m/z
280.1 ([M]+, 100%). Anal. calcd for C20H2403 (280.40): C 85.67, H
8.63; found: C 85.73, H 8.90.


2,8-Dibutyldibenzofuran-4,6-dicarbaldehyde (19). To a solu-
tion of 18 (1 g, 3.56 mmol) and TMEDA (1.66 g, 14.3 mmol)
in dry diethyl ether (25 mL) was added a hexane solution of
n-butyllithium (1.6 M, 8.9 mL, 14.3 mmol). After refluxing for
16 h, DMF (1.25 mL, 16.1 mmol) was added over a period of
5 min while cooling at 0 ◦C, The solution was then warmed to
room temperature and allowed to stir for 24 h. The mixture was
then poured into cold 1 M hydrochloric acid (30 mL) and the
acidic aqueous layer was extracted twice with dichloromethane.
The combined organic extracts were washed with water and brine,
dried over MgSO4, and then purified by chromatography (SiO2;
10% ethylacetate–hexane) to afford the product (0.54 g, 45%) as
a white solid. 1H NMR (200 MHz, [D] chloroform): d = 10.53
(s, 2 H); 7.91 (d, 4J = 1.6 Hz, 2 H); 7.73 (d, 4J = 1.6 Hz, 2 H);
2.77 (t, 3J = 7.7 Hz, 4 H); 1.66 (sm, 4 H); 1.36 (sm, 4 H); 0.94
(t, 3J = 7.2 Hz, 6 H). 13C NMR (50 MHz, [D] chloroform): d =
187.6; 155.2; 138.6; 127.3; 126.2; 124.6; 120.8; 35.2; 33.8; 22.2;
13.8. FAB-MS: m/z 336.2 ([M]+, 100%).


2,8-Dibutyl-4,6-bis-(pyridin-2-ylhydrazonomethyl)dibenzofuran
(1). To a flask containing 19 (0.24g, 0.713 mmol) in chloroform
(4 mL) was added a solution of 2-hydrazinopyridine (0.18 g,
1.57 mmol) in chloroform (1 mL). The solution was stirred
overnight at room temperature after which the product precipi-
tated as a yellow–grey solid (0.35 g, 96%) which was collected by
filtration, washed with small amounts of chloroform and hexane,
and then dried under the high vacuum. Mp 248–249 ◦C. IR (thin
film): m = 3186, 2923, 2839, 1602, 1572, 1515, 1442, 1305, 1182,
1155, 1106, 1078, 990, 767 cm−1.


Dibenzofuran-4,6-dicarbaldehyde (20). Dibenzofuran (5.77 g,
34.3 mmol) and TMEDA (11.96 g, 102.9 mmol) were dissolved in
dry diethyl ether (200 mL). A 1.6 M solution of n-butyllithium
(64.1 mL, 102.9 mmol) was added dropwise and the mixture
refluxed for 16 h. DMF (7.9 mL, 102.9 mmol) was added over
a period of 10 min at 0 ◦C, and then the mixture was stirred
further for 24 h at room temperature. The mixture was poured
into cold 1 M hydrochloric acid (150 mL) and the aqueous
layer was extracted 3 times with dichloromethane. The combined
organic extracts were washed with water and brine, dried over
MgSO4, and chromatographed (SiO2; dichloromethane) to yield
the product (4.63 g, 60%) as a white crystalline solid. As a side
product, dibenzofuran-4-carbaldehyde could be obtained. Mp
224–225 ◦C. IR (thin film): m = 2839, 1682, 125, 1601, 1479, 1435,
1422, 13393, 1336, 1259, 1227, 1186, 1131, 1056, 996, 844, 814,
782, 720 cm−1. 1H NMR (200 MHz, [D] chloroform): d = 10.70
(s, 2 H); 8.25 (dd, 3J = 7.7 Hz, 4J = 1.0 Hz, 2 H); 8.05 (dd, 3J =
7.7 Hz, 4J = 1.0 Hz, 2 H); 7.56 (t, 3J = 7.7 Hz, 2 H). FAB-MS:
m/z 225.0 ([M + H]+, 100%).


4,6-Bis-(pyridin-2-ylhydrazonomethyl)dibenzofuran (21). To
20 (0.24 g, 0.713 mmol) in chloroform (4 mL) was added a solution
of 2-hydrazinopyridine (0.18 g, 1.57 mmol) in chloroform (1 mL).
The solution was stirred overnight at room temperature and the
product precipitated as a yellow–grey solid (0.35 g, 96%) that was
collected by filtration, washed with small amounts of chloroform
and hexane, and then dried under high vacuum. Mp >250 ◦C. IR
(thin film): m = 3198, 2982, 1594, 1570, 1510, 1423, 1331, 1277,
1175, 1115, 1083, 1143, 983, 770, 736 cm−1. 1H NMR (200 MHz,
[D6] DMSO): d = 11.19 (s, 2 H); 8.54 (s, 2 H); 8.15 (d, 3J = 4.3 Hz,
2 H); 7.93 (d, 4J = 1.6 Hz, 2 H); 7.80 (d, 4J = 1.6 Hz, 2 H); 7.70
(td, 3J = 7.9 Hz, 4J = 1.7 Hz, 2 H); 7.37 (d, 3J = 8.3 Hz, 2 H);
6.81 (t, 3J = 7.9 Hz, 2 H). 13C NMR (50 MHz, [D6] DMSO):
d = 159.0; 152.6; 147.8; 138.1; 132.2; 124.1; 123.6; 123.3; 120.9;
120.2; 106.6. FAB-MS: m/z 407.1 ([M + H]+, 100%). Anal. calcd
for C24Hl8N60 (406.44): C 70.92, H 4.46, N 20.68; found: C 73.34,
H 4.40, N 20.62.


Photodimerization


Photodimers. The photodimers were isolated according to the
following procedure. In a Schlenk line was added 200 mg of 4C
which was dissolved in 60 ml acetone with sonication. The flask
was subjected to four cycles of freeze–pump–thaw, sealed, and
then irradiated for 12 h with a 400 W tungsten lamp. The solvent
was subsequently removed and the yellow oil purified on silica
with neat dichloromethane. The apolar fractions were collected
and then purified by semi-preparative HPLC to yield 7A. The
polar fractions were collected, concentrated, and then isolated by
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preparative TLC with 98% chloroform–methanol to afford 7B and
7D. Absolute assignment of the photoproducts was done by COSY
and NOE 1H-NMR and compared to uracil dimer analogues.55,56


[ 8 - ( Benzyloxycarbonylaminomethyl ) - 4a,4b - dimethyl - 2,4,5,7-
tetraoxodecahydro-1,3,6,8-tetraazabiphenylen-1-ylmethyl]carbamic
acid benzyl ester (7A). 1H NMR (300 MHz, [D6] DMSO): d =
10.54 (s, 2 H), 7.36 (m, 10 H), 5.15 (d, J = 6.1 Hz, 4 H), 4,48
(s, 2 H), 4.28 (d, J = 17.8 Hz, 2 H), 4.1 (m, 2 H), 3.92 (d, J =
16.9 Hz, 2 H), 1.23 (s, 6 H).


[8 - ( Benzyloxycarbonylaminomethyl ) - 4a,4b - dimethyl - 2,4,5,7-
tetraoxodecahydro-1,3,6,8-tetraazabiphenylen-1-ylmethyl]carbamic
acid benzyl ester (7B). 1H NMR (300 MHz, [D6] DMSO): d =
10.77 (s, 2 H), 7.37 (s, 10 H), 5.16 (s, 4 H), 4.44 (d, J = 17.8 Hz, 2
H), 3.96 (s, 2 H), 3.47 (d, J = 17.4 Hz, 2 H), 1.25 (s, 6 H).


[ 5 - ( Benzyloxycarbonylaminomethyl ) - 4a,8a - dimethyl - 2,4,6,8-
tetraoxodecahydro-1,3,5,7-tetraazabiphenylen-1-ylmethyl]carbamic
acid benzyl ester (7D). 1H NMR (300 MHz, [D6] DMSO): d =
10.64 (s, 2 H), 7.37 (s, 10 H), 5.13 (s, 4 H), 4.22 (d, J = 17.9 Hz, 2
H), 4.09 (d, J = 17.5 Hz, 2 H), 3.98 (s, 2 H), 1.22 (s, 6 H)


Photodimerization of 4C mediated by template 2. The template
2 (1.3 × 10−2 mmol) and 4C (2.6 × 10−2 mmol) were added to a
Pyrex NMR tube then dissolved with 2 mL acetone. Residual
oxygen was removed from the homogeneous solution via four
freeze–pump–thaw cycles. The sample was then irradiated with a
400 W lamp for 12 h and the product distribution was determined
by HPLC analysis relative to authentic photodimers. Template 1
and analogue 3 were similarly irradiated.


Conclusion


Selective amplification of syn [2 + 2] photoproducts 7A and 7B
was achieved by photoirradiation of the molecular recognition
directed 2 : 1 supramoIecular adduct of the symmetric ditopic
receptors 1 and 2 with thymine derivative 4C. The results agree
with a parallel pre-photoirradiation positioning of two thymine
type substrate molecules within the cleft of the templates. The
results obtained illustrate the possibility to control the regio-
and/or stereoselectivity of chemical reactions between molecular
species via the formation of well-defined supramolecular entities.
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43 T. K. Park, J. Schröder and J. Rebek, J. Am. Chem. Soc., 1991, 113,


5125–5127.
44 M. C. T. Fyfe and J. F. Stoddart, Acc. Chem. Res., 1997, 30, 393–401.


3662 | Org. Biomol. Chem., 2006, 4, 3652–3663 This journal is © The Royal Society of Chemistry 2006







45 J.-M. Lehn, Supramolecular Chemistry—Concepts and Perspectives,
Wiley-VCH, 1995.
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The incorporation of a single b-aminoethane sulfonyl amide moiety in a highly amyloidogenic peptide
sequence resulted in a complete loss of amyloid fibril formation. Instead, supramolecular folding
morphologies were observed. Subsequent chemoselective N-alkylation of the sulfonamide resulted in
amphiphilic peptide-based hydrogelators. It was found that variation of merely the alkyl chain induced
a dramatic variation in aggregation motifs such as helical ribbons and tapes, ribbons progressing to
closed tubes, twisted lamellar sheets and entangled/branched fibers.


Introduction


The incorporation of peptide backbone amide bond isosteres has
a tremendous influence on the folding behavior and biochemi-
cal/biophysical properties of the native peptide sequence. Well
known examples of such amide bond isosteres are, among others:
esters (resulting in depsipeptides),1 peptoids (N-alkyl glycines),2


peptido-ureas,3 peptoid ureas,4 alkene dipeptide isosteres,5 b-
peptidosulfonamides6 and peptoid sulfonamides.7 Recently, we
have shown that replacement of one or more backbone amide
bonds by ester- or peptoid moieties, respectively, within amyloido-
genic peptide sequences abrogated their amyloid fibril-forming
properties.8


Since the seminal publications of b-peptides by Seebach9 and
Gellman,10 this concept has found many applications in the
design of peptide sequences with novel folding characteristics
(foldamers),11 antimicrobial properties and biological activities
as receptor (ant)agonists and enzyme inhibitors.12 Rather un-
expectedly, extension of the backbone within an a-amino acid
residue by a single methylene moiety (thus leading to b-amino
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Fig. 1 Structures of an a-peptide, b-peptide, b-peptide–a-peptide hybrid and b-peptidosulfonamide–a-peptide hybrid.


acids) results in a hydrogen bonding network which stabilizes
the secondary structures of relatively short b-peptides (Fig. 1).10


An attractive feature of b-peptidosulfonamides compared to b-
peptides is the identical number of atoms in each backbone
residue (Fig. 1). This allows unequivocal conclusions regarding
the influence of the sulfonamide moiety in b-peptidosulfonamides
oligomers13 and hybrids of b-peptidosulfonamide–b-peptides and
b-peptidosulfonamide–a-peptides, respectively. In this context
we have shown earlier that the incorporation of a single b-
peptidosulfonamide moiety in a hexameric- or nonameric b-
peptide completely attenuates the helical structure of these b-
peptides,14 thus the b-peptidosulfonamide moiety acts as a helix
breaker entity.


This helix breaker property of the b-peptidosulfonamide moiety
triggered us to study the incorporation of b-peptidosulfonamides
into peptide sequences with a high tendency to form (anti)parallel
b-sheets. Incorporation of a single b-aminoethane sulfonyl amide
moiety in an all a-amino acid peptide sequence introduces
an extra methylene group, thus inducing an out of register
hydrogen bonding network compared to an antiparallel b-sheet.
Moreover, the sulfonamide O-atoms are poor hydrogen bond
acceptors but the increased acidity of the sulfonamide NH
makes it a better hydrogen bond donor compared to a pep-
tide amide moiety.15 This dichotomy of hydrogen bond accep-
tor/donor properties can be used for the design of soluble b-sheet
mimics.
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Recently, we have found that modification of the peptide
backbone of the highly amyloidogenic peptide amylin(20–29) does
not form amyloid fibrils.8 However, due to the increased hydropho-
bicity of these newly designed amylin(20–29) peptides, they self-
assemble into large helical ribbons and peptide nanotubes.8b These
amyloid-based peptides can be used as novel hydrogelators in the
design of bionanomaterials.16 In recent reviews17 some general
properties of molecules, which are thought to act as hydrogelators,
have been defined. To gel a solvent (and in particular, water)
an amphiphilic molecule with a hydrophobic functionality to
promote aggregation and hydrophilic or charged groups to provide
solubility is required.17a As stated above, in b-peptidosulfonamide–
a-peptide hybrids, the increased acidity of the sulfonamide NH
is particularly useful for the chemoselective and regiospecific
alkylation of the peptide backbone.18 This alkylation will result
in two novel properties of these b-peptidosulfonamide–a-peptide
molecular constructs. First, removal of a hydrogen bond donor to
disrupt amyloid formation and second, introduction of an alkyl
chain to tune hydrophobicity and thus to optimize their hydroge-
lation properties for material design based on self-assembly.


Here, we describe that the incorporation of a single b-
aminoethane sulfonyl amide moiety in the amylin(20–29) peptide
sequence resulted in a complete loss of amyloid fibril formation,
instead the formation of hydrogels and supramolecular folding
morphologies was observed. Subsequent N-alkylation of the sul-
fonamide resulted in a variety of aggregation motifs such as helical
ribbons and tapes, ribbons progressing to closed tubes, twisted
lamellar sheets and entangled/branched fibers. These desired
properties will be used to design self-assembled bionanomaterials
of amyloid-derived peptides.16


Results


Synthesis


The assembly of the amylin(20–29) peptides 1–4 and the on-
resin Mitsunobu alkylations are shown in Scheme 1. The resin-
bound protected dipeptide H–Ser(t-Bu)–Ser(t-Bu) was treated
with the N-b-Fmoc-protected b-aminoethane sulfonyl chloride
derivative of leucine19 in the presence of N-methylmorpholine in
dichloromethane. These reaction conditions have been recently de-
scribed by us for the synthesis of oligo-b-peptidosulfonamides.13,14


Then, the synthesis proceeded following the Fmoc/t-Bu solid
phase peptide synthesis protocols.20 The final amino acid was
introduced as an N-a-Boc protected derivative (Boc–Ser(t-Bu)–
OH), since the basic conditions during the Mitsunobu alkylations
(vide infra) were not completely orthogonal with an Fmoc
group, moreover, the final peptides should have a free a-amino
functionality.


The increased acidity of the sulfonyl amide NH was used for a
regioselective alkylation of the peptide backbone.18 Electrophiles,
e.g. allylic- or benzylic bromides, were used in the presence of
several bases (DBU, DABCO, K2CO3 and TEA), however, HPLC-
and mass analyses of the resulting peptides were not satisfactory
with respect to purity and identity. Therefore, these alkylations
were carried out by the Mitsunobu reaction,21 thereby broadening
the scope of the possible alkyl chains, since a diverse set of alcohols
can be used. It turned out that the alkylation proceeded smoothly
and a large variety of alcohols could be used (Fig. 2).


After treatment with TFA, to remove all protecting groups
and to detach the peptide from the resin, the N-alkylated b-
peptidosulfonamide–peptide hybrids 4a–l were obtained in good


Scheme 1 Solid phase synthesis of the amylin(20–29) derivatives.
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Fig. 2 Structures of the amylin(20–29) derivatives synthesized in this study.


yields (44–85%). The peptides were purified by HPLC and
characterized by mass spectrometry (Table 1).


The rationale for incorporation of a b-leucine ((S)-3-amino-
5-methylhexanoic acid) residue at position 27 of amylin(20–29)
(compound 2) was based on earlier observations by Moriarty and
Raleigh.22 They found that fibril formation of amylin(20–29) was
particularly sensitive to modifications of the amide of serine 28.
Thus, it was expected that residues at position 27 would affect
the chemical and physical properties of this amine moiety, which
resulted in the design and synthesis of the b-peptidosulfonamide–
peptide hybrid 3 and the corresponding N-alkylated derivatives
4a–l.


Gel formation


Native amylin(20–29) 1 was used as a reference peptide. This
peptide was dissolved in 0.1% TFA–H2O (10 mg mL−1) and rapidly
formed an opaque gel. The presence of amyloid fibrils was verified
by transmission electron microscopy (TEM) (Fig. 3A and 4A)
and b-sheet formation was confirmed by the amide I absorption
at circa 1630 cm−1 in the Fourier transform infrared spectrum
(FTIR)23 (Table 2) and by circular dichroism (CD) (Table 2), either
in a TFA buffer (Fig. 5A) or in a phosphate buffer (Fig. 6A). All
these observations were in agreement with literature data24 and
our earlier experiments.8


Table 1 EI-MS, MALDI-TOF and HPLC data of the amylin derivatives


EI-MS [M + H]+ MALDI-TOF [M + Na]+


Peptide Found (calcd) Found (calcd) Rt (TFA buffer)/min Rt (TEAP buffer)/min


1 1008.80 (1008.50) 1030.501 (1030.482) 17.63 (C8) 2.67 (C8)
2 1022.70 (1022.53) 1044.546 (1044.511) 17.22 (C8) 1.58 (C8)
3 1058.17 (1058.49) 1080.645 (1080.472) 17.60 (C8) 2.41 (C8)
4a 1072.70 (1072.51) 1095.470 (1094.492) 18.12 (C8) 3.77 (C8)
4b 1086.60 (1086.53) 1108.471 (1108.511) 18.72 (C8) 6.02 (C8)
4c 1100.70 (1100.54) 1122.586 (1122.522) 18.93 (C8) 6.71 (C8)
4d 1100.70 (1100.54) 1122.522 (1122.522) 19.50 (C8) 8.33 (C8)
4e 1114.90 (1114.56) 1136.528 (1136.542) 20.53 (C8) 10.50 (C8)
4f 1098.80 (1098.53) 1120.519 (1120.512) 19.22 (C8) 7.43 (C8)
4g 1148.60 (1148.54) 1170.470 (1170.522) 21.13 (C8) 11.58 (C8)
4h 1096.60 (1096.51) 1118.518 (1118.492) 18.98 (C8) 6.65 (C8)
4i 1226.85 (1226.68) 1248.563 (1248.662) 24.40 (C4) 17.60 (C4)
4j 1268.70 (1268.73) 1290.549 (1290.712) 24.38 (C4) 20.27 (C4)
4k 1282.85 (1282.75) 1304.591 (1304.732) 26.82 (C4) 21.25 (C4)
4l 1310.75 (1310.78) 1332.538 (1332.762) 26.88 (C4) 22.77 (C4)
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Table 2 Physicochemical properties of the amylin derivatives


Peptide Gel formation Morphology FTIR/cm−1a CDb


1 Yes (<10 min), opalescent Amyloid fibrils 1631 (s) b-Sheet
2 Yes (<10 min), turbid Lamellar sheets 1677 (s), 1639 (s) Min. k 217 nm, max. k 195 nm
3 Yes (∼40 min), turbid Helical ribbons progressing to closed tubes 1679 (s), 1639 (s) Random coil
4a Yes (∼5 h), translucent No aggregates visible 1678 (s), 1645 (s) Random coil
4b Yes (>24 h), translucent No aggregates visible 1670 (s), 1644 (m) N.d.
4c Yes (∼1 h), translucent Twisted double fibers 1676 (s), 1644 (w) N.d.
4d Clear solution Long thin fibers 1676 (s), 1644 (w) N.d.
4e Yes (>24 h), translucent Long broad fibers 1674 (s), 1645 (s) Random coil
4f Yes (∼30 min), turbid Broad branched fibers 1670 (s), 1645 (s) N.d.
4g Yes (∼30 min), turbid Twisted lamellar sheets 1677 (s), 1631 (w) Random coil
4h Yes (∼30 min), translucent Twisted long fibers 1670 (s), 1644 (w) N.d.
4i Yes (∼45 min), translucent Entangled fibers 1674 (s), 1643 (s) Collagen-like triple helix
4j Yes (∼1 h), translucent Entangled fibers 1667 (s), 1644 (s) N.d.
4k Yes (∼20 min), translucent Entangled fibers 1667 (s), 1644 (s) Random coil
4l Clear solution Entangled fibers 1678 (s), 1643 (s) N.d.


a Typical amide I absorption frequency (cm−1) 1630: aggregated b-sheets; 1640: unordered structure; 1675: antiparallel b-sheet, according to ref. 23b. b CD
spectra are shown in Fig. 5 and 6.


Fig. 3 TEM pictures of the amylin(20–29) derivatives. (A) 1; (B) 4c; (C)
4d; (D) 4e; (E) 4f; (F) 4h and (G) 4l. Scale bar represents 100 nm.


Amylin(20–29) Leu27→bLeu 2 did not rapidly dissolve in 0.1%
TFA–H2O (10 mg mL−1) and formed instantaneously a highly
viscous turbid solution/suspension which gelled upon standing
(Table 2). Amyloid fibrils were not observed by TEM, instead,
long slightly twisted lamellar sheets were visible (Fig. 4B). The
absence of amyloid fibrils was corroborated by FTIR (Table 2),
since the characteristic peak at 1630 cm−1 of the amide I absorption
was absent. Also, CD spectroscopy (Fig. 5A and 6A) confirmed
the absence of amyloid fibrils as the predominant supramolecular
structure since it showed a complete different behavior (a mini-
mum at k 217 nm, a maximum at k 195 nm) of 2 compared to native
amylin(20–29). Interestingly, introduction of a single methylene
moiety in the peptide backbone was able to disrupt the hydrogen
bonding network leading to the folding into (anti)parallel b-sheets
and ultimately amyloid fibrils. Apparently, the hydrophobicity and
the intrinsic self-assembly of this peptide was responsible for the
formation of the observed supramolecular assemblies, as recently
described for depsipeptide derivatives of amylin(20–29).8b


Amylin(20–29) Leu27→LeuW[CH2SO2] 3 was dissolved in
0.1% TFA–H2O and the turbid solution was gelled after 40 min.
This b-peptidosulfonamide–peptide hybrid aggregated into helical
ribbons and some of these ribbons progressed into closed peptide
nanotubes of up to 12 lm in length, as judged by TEM (Fig. 4C).
Based on the FTIR and CD data (Table 2) it was concluded that
3 was present as a random coil. The absence of any secondary
structure resulted from the ability of the sulfonamide moiety to act
as a structure-breaker as was observed earlier in helical hexameric-
and nonameric b-peptides.14 However, the intrinsic chirality of
the peptide backbone and the presence of hydrogen bond donors
and the p–p stacking of the aromatic phenylalanine side chains25


resulted in the formation of supramolecular helical ribbons.
The N-alkylated sulfonamides 4a (methyl) and 4b (ethyl) rapidly


dissolved in 0.1% TFA–H2O and the clear solution formed a
translucent gel after standing for 5 and 24 h, respectively. How-
ever, neither the presence of amyloid fibrils nor supramolecular
aggregates was observed by electron microscopy. This was rather
unexpected since gelation or an increased viscosity was always
accompanied with the presence of aggregates (amyloid fibrils,
supramolecular assemblies).8 These peptides were the first two
examples in which the essential amide of serine 28 was not able to
form an hydrogen bond (vide supra). On the other hand, both alkyl
groups had a small contribution to the overall hydrophobicity of
the peptide, which did not result in a pronounced amphiphilic
character. Thus, the absence of the essential hydrogen bond
abrogated any form of aggregation. This was confirmed by FTIR
(Table 2) and CD (Fig. 5B and 6B), which showed the typical
spectra of a random coil conformation with respect to 4a and 4b.


The N-alkylated sulfonamides 4c (propyl) and 4d (isopropyl)
were dissolved in 0.1% TFA–H2O and the clear solution of 4c
formed a translucent gel within 1 h. However, a solution of 4d
did not form a gel and remained clear. As visualized by TEM,
both peptides formed fibers (Fig. 3B and C) with a different
morphology. Fibers formed by 4c were twisted in contrast to
those formed by 4d which were long, thin and non-twisted.
An identical gelation behavior was found for the N-alkylated
sulfonamide 4e (butyl); after 24 h a translucent gel was obtained.
As judged by electron microscopy, long and broad fibers were
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Fig. 4 TEM pictures of the amylin(20–29) derivatives. (A) 1; (B) 2; (C) 3 and (D) 4g. Scale bar represents 500 nm.


observed (Fig. 3D). These longer alkyl chains increased the overall
hydrophobicity substantially which apparently was responsible
for the observed fiber formation. Both FTIR and CD spectra
confirmed that this aggregation process was not based on amyloid
fibril formation (absence of the characteristic peak at 1630 cm−1


of the amide I absorption), since these measurements strongly
support a random conformation (Table 2 and Fig. 5B and 6B).


The N-alkylated sulfonamides 4f (allyl), 4g (benzyl) and 4h
(propargyl) were synthesized to study the presence of either an
alkenyl/alkynyl chain or an aryl moiety on their gelation behavior.
These amylin derivatives gelled the solution rapidly (within 30 min)
and only in the case of 4h was a clear gel formed. Sulfonamide 4f
aggregated into broad branched (or intertwined) fibers (Fig. 3E)
although it did not adopt a secondary structure as shown by FTIR
(Table 2). Also sulfonamide 4h was unstructured in solution as
judged by FTIR (Table 2), but here long twisted fibers were visible
(Fig. 3F). This was in sharp contrast to the N-benzyl sulfonamide
4g, which showed twisted lamellar sheets and in some cases they


were visible as closed tubes (Fig. 4D). However, 4g did not adopt
any secondary structure in solution as was clear from FTIR-
(Table 2) and CD-measurements (Fig. 5B and 6B). From the
literature is it known that aromatic moieties e.g. benzyl groups (side
chain of phenylalanine: p–p stacking) are important determinants
of supramolecular folding either into amyloid fibrils or peptide
nanotubes.25,26


The N-alkylated sulfonamides 4i (C12, dodecyl), 4j (C15,
pentadecyl), 4k (C16, hexadecyl) and 4l (C18, octadecyl) were
insoluble in 0.1% TFA–H2O. Therefore, 1.0 mg of each derivative
was dissolved in 10 lL DMSO (clear solution) and diluted with
90 lL 0.1% TFA–H2O. The obtained clear aqueous solutions
formed a translucent gel within 1 h, except sulfonamide 4l
which remained as a clear solution (even after 24 h). Gener-
ally, these fatty alcohol peptide amphiphiles formed fibers as
shown (only for the C18 derivative, 4l) in Fig. 3G. Due to the
presence of the saturated lipid moieties, the driving force of
self-assembly of these alkylated sulfonamides was changed from
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Fig. 5 CD spectra of the amylin(20–29) derivatives in 0.1% TFA–H2O.
(A) Upper frame �: 1; �: 2; �: 3. (B) Lower frame �: 3; �: 4a; �: 4e; �:
4g; �: 4i and �: 4k.


peptide-driven (hydrogen bonding, hydrophobic side-chain–side-
chain interactions) to lipid-driven. Typical amide absorption
peaks, characteristic for strong hydrogen bonding-based peptide–
peptide interactions, were absent in the FTIR spectra. Represen-
tative examples of lipid-driven self-assembly have been published
by Fields and coworkers27a and others.27b Fields et al. described
the design and synthesis of small peptide collagen mimics by
N-terminal derivatization of proline-rich peptide sequences with
saturated fatty acid acyl chains.28 Furthermore, evidence for the
lipid-driven self-assembly of compound 4i was found in its typical
CD spectrum (Fig. 5B), showing a maximum at k 227 nm and
a minimum at k 207 nm. However, increasing the length of
the acyl chain (4k) strongly determined the overall folding and
nullified apparently any contribution of specific peptide–peptide
interaction.


Discussion


Amyloid fibrils are characterized by the (anti)parallel organization
of b-pleated sheets,29,30 which lead to a reduced solubility of the
protein and to the formation of deposits of amyloid plaques.
On one hand amyloid formation in living organisms is a highly
undesirable process and is a (co)causitive factor in several diseases
e.g. Alzheimer’s disease (AD), Parkinson’s disease (PD), transmis-
sible spongiform encephalopathies (scrapie, BSE and Creutzfeldt–
Jakob disease) and late onset diabetes (diabetes type II).31 On
the other hand, amyloid formation can also be exploited in the


Fig. 6 CD spectra of the amylin(20–29) derivatives in phosphate buffer
at pH 7.4. (A) Upper frame �: 1; �: 2; �: 3. (B) Lower frame: �: 3; �:
4a; �: 4e; �: 4g.


design of self-assembled bionanomaterials. In our studies we used
as a model peptide the 20–29 sequence of amylin (H–Ser–Asn–
Asn–Phe–Gly–Ala–Ile–Leu–Ser–Ser–NH2), which is known as
an amyloidogenic sequence from native amylin,32 which itself is
involved in type II diabetes.33 Here, we describe our efforts in
the design of material-like properties of peptide nanotubes and
hydrogelators, based on the intrinsic self-assembly of an amyloid-
derived peptide.


A characteristic hydrogen bonding network of an antiparallel
b-sheet is shown in Fig. 7A. As shown by FTIR (Table 2),
TEM (Fig. 3A and 4A) and CD (Fig. 5A and 6A), amylin(20–
29) 1 formed amyloid fibrils as expected. Based on this H-
bonding network, several models of how helical tapes, ribbons and
fibrils/fibers are formed have been postulated in the literature.34,35


Also, rationally designed peptide nanotubes36,37 helical pores,38


peptidomimetics of cross b-sheet assemblies39a,b and de novo
designed b-sheet-forming strands,39c short tau peptides,40 amyloid
fibril mimics41 or amino acid-/peptide-derived organo-42 and
hydrogelators17,43 are based on this model of antiparallel b-sheet.


The substitution of Leu27 by (S)-3-amino-5-methylhexanoic
acid (b-leucine) in amylin(20–29) resulted in b-peptide–a-peptide
hybrid 2, which did not fold into characteristic amyloid fibrils
(vide supra). The absence of amyloid fibrils may be explained by
the out of register hydrogen bonding pattern as induced by the
incorporation of an extra methylene moiety (Fig. 7B). However,
this peptide was found to be a hydrogelator and the lamellar sheets
observed by TEM were somewhat surprising. Apparently, the
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Fig. 7 Structural representation of a b-pleated sheet: (A) native amylin(20–29) 1; (B) incorporation of a b-peptide: 2; (C) replacement of an amide bond
by an sulfonamide moiety: 3; (D) alkylation of the sulfonamide NH: 4a–l.


driving force to form these sheets is merely based on hydrophobic
side chain interactions8 rather than hydrogen bonds, which is in
line with the FTIR (Table 2) and CD (Fig. 5A and 6B) data.


Substitution of a peptide amide bond by a sulfonamide, to ob-
tain b-peptidosulfonamide–peptide hybrid 3, introduces a stronger
hydrogen bond donor but a weaker hydrogen bond acceptor. As
viewed by TEM (Fig. 4C), this amylin(20–29) derivative was found
to form helical ribbons and closed peptide nanotubes. As is the
case with b-peptide–a-peptide hybrid 2, b-peptidosulfonamide–
peptide hybrid 3 cannot form an ideal hydrogen bonding network
as depicted in Fig. 7C. Although, the FTIR spectra of 2 and
3 are almost identical, which may imply that the sulfonamide
moiety plays a minor role in the formation of the observed
peptide nanotubes, due to its dichotomy as hydrogen bond donor
and/or acceptor (vide supra)14 it is surprising to observe the
lamellar twist of this derivative as opposed to 2. Recently, a similar
supramolecular morphology has been reported by us in the case
of amylin(20–29) peptides, in which all important hydrogen bonds
involved in amyloid formation have been removed.8b Formation
of the peptide nanotubes has been explained as an interplay of
an increase of the overall hydrophobicity of the peptide construct
and side-chain–side-chain interactions.


Alkylation of the sulfonamide NH (4a–l) induces sterical
hindrance and removes a strong hydrogen bond donor, these
simultaneous alterations of the amide bond properties make the
antiparallel alignment into a b-sheet motif highly unfavorable
(Fig. 7D). The concept of N-methylation has successfully been
applied in the design of soluble b-sheet mimics that inhibit amyloid
formation.44 The absence of fibrils (TEM) in case of the N–Me
and N–Et sulfonamides 4a and 4b, respectively, was in agreement
with data from the literature. However, incorporation of longer


alkyl chains, generally increases the hydrophobicity and ultimately
leads to the formation of a peptide amphiphile. The aggregation
behavior of the peptide amphiphiles (4c–4l) is determined by the
hydrophobicity and length of the alkyl chain (lipid-driven) since
the morphology of the aggregates is generally the same (Fig. 3B–
G). There is, however, one exception: N-benzyl sulfonamide 4g,
which self-assembles into twisted lamellar sheets and (closed)
peptide tubes (Fig. 4D). Represented as an antiparallel b-sheet,
the side chain of phenylalanine can be oriented co-planarly to
the sulfonamide N-benzyl for optimal p–p stacking interactions
(Fig. 8A). Recently, these p–p stacking interactions have been
defined as important determinants in supramolecular folding
either into amyloid fibrils or peptide nanotubes.25,37 Moreover,
a piece of indirect evidence for these p–p stacking interactions
(as oriented in an antiparallel b-sheet) in the case N-benzyl
sulfonamide 4g, is the presence of a signal at 1631 cm−1 in the
FTIR spectrum, since in all other N-alkylated sulfonamides this
signal is absent.


In conclusion, we describe here the successful synthesis of
backbone-modified amylin(20–29) derivatives in which one amide
bond is replaced by a sulfonamide functionality. The sulfon-
amide moiety is regiospecifically alkylated with a diverse set
of alcohols featuring the Mitsunobu reaction on the solid
support. These amylin derivatives did not form amyloid fib-
rils, however, they self-assembled into diverse supramolecular
assemblies such as lamellar sheets, helical ribbons, peptide
nanotubes and close networks of entangled fibers. The com-
pounds describes here will find application as hydrogelators and
newly designed bionanomaterials (insulated wires, drug delivery
devices, nanoreactors) based on small peptides and peptido-
mimetics.
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Fig. 8 (A) Structural representation of a b-pleated sheet in the case of sulfonamide 4g; strong influence of p–p interactions as determinants of the
supramolecular folding morphology. (B) Pictorial respresentation of the lipid-driven self-assembly of the peptide amphiphiles.


Material and methods


General


Chemicals were obtained from commercial sources and used
without further purification, unless stated otherwise. Peptide grade
solvents used for solid phase peptide synthesis were purchased
form Biosolve and were stored on 4 Å MS. Peptides were
synthesized on a Applied Biosystems 433A peptide synthesizer.
Analytical HPLC runs were performed on a Shimadzu automated
HPLC system equipped with a UV/VIS detector operating at
220/254 nm and an evaporative light scattering detector (Polymer
Laboratories ELS 1000). Peptides were purified using a Gilson
HPLC workstation. Infrared spectra were recorded on a BioRad
FTS6000 spectrometer. CD-spectroscopy was performed on a Olis
RSM-1000 spectrometer.


Peptide synthesis


Peptides 1 and 2 were synthesized using the FastMoc protocol
on a 0.25 mmol scale20 on Argogel R© Fmoc-Rink-Amide resin
to obtain the C-terminally amidated peptides.45 Each synthetic
cycle consisted of N-a-Fmoc removal by a 10 min treatment
with 20% piperidine in NMP, a 6 min NMP wash, a 45 min
coupling step with 1.0 mmol of preactivated Fmoc amino acid
in the presence of 2 equivalents DIPEA, and a 6 min NMP wash.
N-a-Fmoc Amino acids were activated in situ with 1.0 mmol
HBTU–HOBt (0.36 M in NMP)46 in the presence of DIPEA
(2.0 mmol). The peptides were detached from the resin and
deprotected by treatment with TFA–H2O–TIS 95 : 2.5 : 2.5 v/v/v
for 3 h. The peptides were precipitated with MTBE–hexane 1 : 1
v/v at −20 ◦C and finally lyophilized from tert-butanol–H2O 1 :
1 v/v.
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Synthesis of b-peptidosulfonamide–peptide hybrid 3


Fmoc–Ser(t-Bu)–Ser(t-Bu)–NH-Rink-Amide resin (0.25 mmol)
was washed with CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 ×
2 min, 10 mL) then treated with 20% piperidine–NMP (3 × 8 min,
10 mL) to remove the Fmoc group. After washing the resin with
NMP (3 × 2 min, 10 mL), the solvent system was changed into
CH2Cl2 by extensive washing with CH2Cl2 (6 × 2 min, 10 mL).14


Then, Fmoc–LeuW[CH2SO2]Cl19 (422 mg, 1.0 mmol, 4 equiv.)
was coupled to the a-amino group with NMM (165 lL, 1.5 mmol.
6 equiv.) as base in CH2Cl2 (10 mL). The coupling was followed
by the Kaiser test47 and the bromophenol blue test (BPB)48 and
was found to be complete after 3 h. The resin was washed with
CH2Cl2 (3 × 2 min, 10 mL) and NMP (6 × 2 min, 10 mL). Peptide
synthesis was continued following the Fmoc–t-Bu solid phase
peptide synthesis protocols. The final amino acid was coupled as its
N-a-Boc protected derivative (Boc–Ser(t-Bu)–OH). Subsequently,
a small portion of the resin was treated with TFA–TIS–H2O 95 :
2.5 : 2.5 v/v/v to remove all protecting groups and to detach the
peptide form the resin. The b-peptidosulfonamide–peptide hybrid
3 was precipitated with MTBE–hexane 1 : 1 v/v at −20 ◦C and
finally lyophilized from tert-butanol–H2O 1 : 1 v/v.


N-Alkylation of the sulfonamide on the solid phase


Alkylation of the sulfonamide moiety, to obtain the N-alkylated b-
peptidosulfonamide–peptide hybrids 4a–l, was performed on the
solid phase in the presence of DIAD (4 equiv.), triphenylphosphine
(4 equiv.) and the alcohol (8 equiv.) in freshly distilled THF. As a
typical example, for the synthesis of 4i, resin-bound fully protected
peptide 3 (200 mg, 0.06 mmol) was washed with CH2Cl2 (3 ×
10 mL, 2 min) followed by THF (3 × 10 mL, 2 min). Then, the
resin was treated with triphenylphosphine (63 mg, 0.24 mmol), 1-
dodecanol (90 mg, 0.48 mmol) and DIAD (47 lL, 0.24 mmol)
in THF (10 mL) for 16 h. Finally, the resin was extensively
washed with THF (3 × 10 mL, 2 min) and CH2Cl2 (3 × 10 mL,
2 min). The N-alkylated b-peptidosulfonamide–peptide hybrids
were deprotected and cleaved from the resin with TFA–TIS–H2O
95 : 2.5 : 2.5 v/v/v for 3 h. The crude b-peptidosulfonamide–
peptide hybrids were precipitated in cold MTBE–hexane 1 : 1 v/v
at −20 ◦C and lyophilized from tert-BuOH–H2O 1 : 1 v/v.


Peptide purification


Preparative HPLC runs were performed on a Gilson HPLC
workstation equipped with an UV/VIS detector operating at
220/254 nm. Columns used for preparative peptide purification
were either a LiChroCART 250–20 CN (10 lm particle size, 100 Å
pore size, l: 250 mm, i.d.: 10 mm) semipreparative column running
at a flow rate of 5 mL min−1 or an Adsorbosphere XL C8 (10 lm
particle size, 90 Å pore size, l: 250 mm, i.d. 22 mm) column running
at a flow rate of 10 mL min−1. The buffer used was 0.1% TFA in
H2O (buffer A) and 0.1% TFA in CH3CN–H2O 95 : 5 v/v (buffer
B) using a linear gradient from 100% buffer A to 100% buffer B
in 60 min.


Peptide characterization


Analytical HPLC runs were performed on a Shimadzu automated
HPLC system equipped with a UV/VIS detector operating at


220/254 nm and an evaporative light scattering detector (Polymer
Laboratories ELS 1000). Columns used for purity analyses were
either an Adsorbosphere XL C8 (5 lm particle size, 90 Å pore
size, l: 250 mm, i.d.: 4.6 mm) column or an Adsorbosphere XL
C4 (5 lm particle size, 300 Å pore size, l: 250 mm, i.d.: 4.6 mm)
column using a linear gradient from 100% buffer A to 100% buffer
B in 40 min at a flow rate of 1 mL min−1. Two buffer systems
were used, the first buffer system was: buffer A: 0.1% TFA in
H2O and buffer B: 0.085% TFA in CH3CN–H2O 95 : 5 v/v and
the second buffer system was: buffer A: 50 mM triethylamine–
H3PO4 in H2O–CH3CN (8 : 2 v/v) pH 2.25 and buffer B was
50 mM TEA–H3PO4 in CH3CN–2-propanol–H2O (10 : 9 : 1 v/v/v)
pH 2.25. Peptides were characterized using electrospray mass
spectrometry (EI-MS) and was performed on a Shimadzu LCMS-
QP8000 single quadruple bench top mass spectrometer operating
in a positive ionization mode and MALDI-TOF analyses on a
Kratos Axima CFR apparatus, with human angiotensin II as
external reference (monoisotopic (M + H)+: 1046.542) and a-
cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic acid as
matrices.


Gelation experiments


Each peptide sample (10 mg) was dissolved in 0.1% TFA–H2O
(1 mL) at 25 ◦C. The aggregation state was determined by eye
at regular time intervals by tilting the test tube and check if the
solution still flowed. If no flow was observed, gelation was said to
have taken place.


Transmission electron microscopy


A peptide gel/solution (10 mg peptide per mL in 0.1% TFA–H2O)
aged for three weeks (10 lL) was placed on a carbon coated copper
grid. After 15 min, any excess of peptide was removed by washing
the copper grid on a drop of demi-water (this was repeated four
times) Finally, the samples were stained by methylcellulose–uranyl
acetate and dried on air. The samples were visualized under a Jeol
1200 EX transmission electron microscope operating at 60 kV. The
magnification ranged from 10 000 to 60 000 times.


Fourier transform infrared spectroscopy


A peptide gel solution (10 mg peptide per mL in 0.1% TFA–H2O)
aged for three weeks (100 lL) was lyophilized and subsequently
resuspended in D2O (150 lL) and lyophilized. This treatment was
repeated twice. The lyophilized peptides were dried over P2O5


in high vacuum for 24 h. A peptide sample was mixed with
KBr and pressed into a pellet. The optical chamber was flushed
with dry nitrogen for 5 min before data collection started. The
interferograms from 1000 scans with a resolution of 2 cm−1 were
averaged and corrected for H2O and KBr. The experimental FTIR
spectra were correlated with data from the literature.23


Circular dichroism spectroscopy


CD spectra were measured at 1.0 nm intervals in the range of 195–
250 nm as the average of 20 runs using a spectral band width of
2.0 nm in 0.5 mm cuvettes thermostated at 20 ◦C with the optical
chamber continually flushed with dry N2 gas. The spectra were
measured in 0.1% TFA in H2O. The concentrations (1 mg mL−1)
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were determined on the basis of the calculated molecular mass
of the purified lyophilized peptides as the TFA salt. A peptide
sample was dissolved in 0.1% TFA in H2O and stored for 4 d at
4 ◦C prior to analysis. A second buffer system49 was used in the CD
experiments (1.8 mM NaH2PO4, 8.2 mM Na2HPO4 in 100 mM
NaCl at pH 7.4) at the same concentration and conditions as
described for the TFA buffer.
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48 V. Krchňák, J. Vágner, P. Šafář and M. Lebl, Collect. Czech. Chem.


Commun., 1988, 53, 2542.
49 T. T. Ashburn and P. T. Lansbury, Jr., J. Am. Chem. Soc., 1993, 115,


11012.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3587–3597 | 3597








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


Synthesis and evaluation of potential CT (computer tomography) contrast
agents for bone structure and microdamage analysis†


Raman Parkesh,a,b Wolfgang Gowin,c T. Clive Leeb and Thorfinnur Gunnlaugsson*a


Received 16th May 2006, Accepted 7th July 2006
First published as an Advance Article on the web 15th August 2006
DOI: 10.1039/b606976b


The design and synthesis of several novel X-ray contrast agents 1–3, developed for targeting bone
structures, and in particularly microcracks in bones, using CT (Computer Tomography) detection is
described. These contrast agents are based on the use of the well known triiodobenzene platform, which
was conjugated into one or more phenyliminodiacetate moieties, which can be used to ‘lock’ onto bone
matrices. Compounds 1–3 were all tested for their ability to visualise cracks in bone structures (bovine
bones) using l-CT imaging.


Introduction


In medical diagnosis, contrast can be used to distinguish an
organ or part of the body, via opacification or visualisation,
thus providing important structural information. Despite the
fact that Magnetic Resonance Imaging (MRI) has revolutionized
medical imaging in recent times, X-ray based imaging is still one
of the most employed medical diagnoses, with over 80% of all
diagnostic imaging today being based on such radiation.1 Contrast
agents are essential parts of radiology and are routinely used
in modern medicine.2 As in the case of MRI,3 contrast agents
designed to target particular organs, tissues, etc., can play a
major role in X-ray based imaging.4 Currently, two types of X-
ray contrast agents are generally employed in medicine. These are
based upon the use of barium sulfate suspensions (predominantly
used for gastrointestinal tract imaging) and iodinated organic
compounds.1,5,6 At present, most available organic X-ray contrast
agents are based on the use of single triiodobenzene derivatives
or where two such aromatic rings have been connected to each
other by a covalent spacer.6,7 The introduction of an N-acetoxy or
N-methylcarbamyl functionality into the triiodobenzene structure
has been shown to greatly improve both the water solubility and
biological safety of such molecules. Such modifications also allow
for the introduction of other functionalities for achieving more
targeted diagnostics, for instace, of particular organs, tissues,
etc. Examples of such modifications have been carried out by
Ranganathan and co-workers,8 Böhle et al.9 and Rongved et al.10
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who have developed water-soluble, biocompatible X-ray contrast
agents for use in the vascular, gastrointestinal and nervous systems.
However, to the best of our knowledge, no X-ray targeting contrast
agents have been made specifically to characterize bone structures
and bone damage, although recently such MRI contrast agents
have been developed.11


Bone is continuously renewing and repairing itself from the
ravages of time and injury. As bone is under constant stress due
to the repetitive loading during normal day-to-day activity, this
results in the generation of microcracks or microdamage. The
problem with the imaging of bones is their inherent contrast due
to their crystalline hydroxyapaptite and organic matrix.12 Thus it
is difficult to distinguish the contrast agent from the surrounding
bone matrix. One way of approaching this problem is to increase
the degree of opacity at the damaged site.13 We are interested in
the targeting of biologically important molecules using various
spectroscopic methods14 and we have recently achieved such bone
targeting by using fluorescent molecules that have binding sites
(chelators) for ions such as Ca(II) or Mg(II).15 However, to date, the
analysis of such bone structures has not been achieved using either
iodine contrast agents or dual based iodine-fluorescent contrast
agents. Consequently, we set out to develop such contrast agents
(Fig. 1). Our objective was to synthesize organic-iodine based
conjugates that could ‘lock’ onto bone cracks or microdamaged
sites. To achieve this, such a structure would need to possess the
specific ability to penetrate the bone matrix and incorporate into
the free lattice, where the weak ionic interactions with the lattice
can provide additional modes of binding. Hence, such contrast
agents would need to have a receptor moiety conjugated into the
iodine moiety with the aim of maximising the interactions with
ions such as Ca(II) that are exposed on the surfaces on the damaged
sites. Such structural designs could thus provide a non-invasive
method of detecting and quantifying microdamage in patients.
Herein, we describe the synthesis of three such first-generation
ion-receptor based contrast agents 1–3 which are based on the use
of one or two triiodobenzene moieties within a single structure
and the analysis of these to detect microcracks in bovine bones
using micro computer tomography (lCT) imaging.16
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Fig. 1 Compounds 1–4.


Results and discussion


Design and synthesis of 1–4


Compounds 1–4 shown in Fig. 1, are all based on the use of
phenyliminodiacetate as an ion chelator linked via an amide
linkage to a triiodo benzene skeleton.17 We choose the phenylimin-
odiacetate moiety as a potential ion-receptor or chelator for Ca(II)
and or Mg(II). Here the aim was that this simple receptor would
lock or bind to these ions within the cracks of the bone structure,
which would then allow the use of CT for the selective imaging
of the ion-bound contrast agents.‡ As the objective of the current
study was the ‘proof of principle’ of selective CT imaging of such
bones, we chose to use bovine bones for our imaging studies (see
later). This would then allow us to wash off any excess contrast
agents (non-bound) prior to the CT imaging, allowing us to image
only those agents that had bound to exposed damaged bone such
as in scratches or microcracks.


Several types of contrast agent were developed for this study,
simply by varying the combination/numbers of both the ion-


‡ For the future development of this technique, it is important to account
for the fact that the concentrations of these ions within the bones
would be significantly greater than found in both extra-and intra-cellular
environments. Consequently, at the same time as the receptors should be
Ca(II) selective, they would also need to have a low affinity for these ions to
prevent any interference from background signals arising from the binding
of these agents to free Ca(II) in blood or in cells. Because of this we chose
to use the simple phenyliminodiaetate moiety as a receptor as it would
hopefully fulfil these criteria.


receptors and iodinated phenyl rings. In molecules 1 and 4, a single
phenyliminodiacetate unit was attached to the iodinated aromatic
ring, via an amide spacer, while 2 has two such ion chelator units
attached meta to each other. The dimer 3 contains, however, six
iodine atoms and four chelator units in meta configuration, and
as such would be expected to have the highest binding affinity
as well as giving rise to the most efficient imaging. Moreover, as
their sodium salts, these contrast agents would be expected to be
highly water-soluble.1 These compounds also have incorporated
solubilising groups in the form of the amides that will render them
safer and less viscous.7b


Scheme 1 Synthesis of 1 from 5 and 6.


As discussed above, all of the four compounds are based on
a triiodo moiety connected to the phenyliminodiacetate (made
as the corresponding diethyl ester). Consequently, all of these
were synthesized by making the phenyliminodiacetate moiety and
connecting that into the relative carboxylic acid derivative of the
triiodo compounds. As a starting point for this investigation,
we synthesized 1 first as shown in Scheme 1. This involved the
coupling of 2,3,5-triiodobenzoyl chloride 5, which was synthesized
from the commercially available carboxylic acid using thionyl
chloride in 85% yield after recrystallization from a chloroform–
hexane (1 : 1, v/v) mixture. The phenyliminodiacetate ethyl ester
6 was formed in four steps from aniline, involving the dialkylation
using ethyl bromoacetate in the presence of K2HPO4 and in
refluxing CH3CN which gave the desired product in 90% yield.
This was followed by nitration using 70% nitric acid (15 min)
followed by recrystallization of the crude product from 2-propanol
which gave 8 (not shown) in 76% yield. Hydrogenation on 8 using
10% Pd/C proceeded smoothly to give 6 in almost quantitative
yields. Condensation of 5 with 6 was achieved in THF using Et3N
and resulted in the formation of the desired diester 7, in 80%
yield after purification by silica flash column chromatography
(using 2 : 5 ethyl acetate–hexane as eluant). The alkaline hydrolysis
(NaOH) of 7 to give 1 was achieved in MeOH–H2O (10 : 1). The
purification of 1 involved the evaporation of the solvent mixture
to dryness, and the resulting residue was dissolved in a minimal
amount of distilled water, followed by dilution with methanol. The
resulting mixture was then heated at reflux in the presence activated
charcoal, followed by cooling to room temperature. After standing
at room temperature for a further two days, it was filtered and
evaporated to dryness, diluted with a minimal amount of water
and added dropwise to a stirred solution of ethanol to precipitate
1. This purification method removed all of the coloured impurities
and resulted in the isolation of 1 in 92% yield (see 1H NMR of 1
in ESI†).
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Scheme 2 Synthesis of 2 from 6 and 10.


The contrast agent 2 was based on similar design strategy as
developed for 1 and is outlined in Scheme 2. We predicted that by
using two phenyliminodiacetate moieties in a meta configuration
to each other, this could possibly result in an increased ionic
interaction and stronger binding at the unsaturated lattice sites
in damaged bone. Furthermore, the primary aromatic amine
in 2 was introduced as an extra functionality with the aim of
attaching a fluorescent tag such as fluorescein at this position. This
would result in the formation of a dual-functionalised molecule
consisting of an iodinated contrast agent and a histological stain.


The synthesis of 2 was achieved by firstly converting the
commercially available 5-aminoisophthalic acid into the desired
three iodine derivative 9 using a modified synthetic method
developed by Larsen et al. using KICl2–H2O, generated in situ
by combining potassium chloride (KCl) and iodine monochloride
(ICl).18 The purification of 9 was achieved by firstly converting
the dicarboxylic acid to its potassium salt using 1 M KOH. The
resulting solution was then decolourised with activated charcoal
by heating at 70–80 ◦C for 30 min, followed by filtration. The
solution was then acidified using conc. HCl to give 9 in 75% yield.
The conversion of 9 to the corresponding bis-acid chloride 10 was
accomplished in 85% yield using freshly distilled thionyl chloride.19


The condensation of 10 and 6 in DMA, using Et3N, resulted in
the formation of 11 in 80%, after recrystallization from ethanol.
Alkaline hydrolysis of 11 resulted in an almost quantitative yield
of 2, which was purified in a similar manner as described for 1 (see
ESI for 1H NMR of 2†).


The synthesis of the hexa-iodo derivative 3 is illustrated in
Scheme 3. The synthesis involved the use of the bis-acid chloride 10
synthesized above, which was first reacted with malonyl dichloride
using an established literature method. This involved the refluxing
of the two reagents in anhydrous THF, giving the desired product
12 in 75% yield.19 The steric crowding of the bulky iodine atoms
hindered the polymerisation of 10 and 12 was therefore obtained as
the major single product. The condensation of 12 with 5 equiv. of
6 in DMA at 30 ◦C for 24 h in the presence of Et3N resulted in the
formation of the octa-ester 13 in 80% yield after recrystallization
from ethanol. The subsequent basic (NaOH) hydrolysis of 13 in
MeOH–H2O afforded the target molecule 3 which was purified in
a similar manner to that described for 1 above in 92% yield (see
ESI for 1H NMR of 3†).


Scheme 3 Synthesis of compound 3.


Hexa-substituted benzene compounds such as those synthesized
above have been studied extensively for the phenomenon of con-
formational equilibrium analysis. Bradmante and Vittadini have
carried out such comprehensive NMR studies on the steric effects
of highly crowded molecules based on the 1,3,5-triiodobenzene
platform, which were found to give rise to atropisomerism.20 As
in their cases, all of the positions in 1–3 are substituted and hence
would thus also be expected to be sterically congested and lead to
atropisomerism due to the lack of rotation around the Ar–CO, the
Aryl–N and the CO–N bond of the isophthalimide moieties, and
the N–CO bonds of the amide moieties. However, in 1–3 the 13C
NMR and 1H NMR exhibited simple splitting patterns indicating
that all the carbonyl functionalities were equivalent. Moreover,
the aromatic and methylene protons of the phenyliminodiacetate
chelators were found to be equivalent. The corresponding esters
also exhibited similar spectral patterns, indicating that all these
molecules existed as single isomers. The probable explanation for
this could be the effect of stabilisation of one isomer induced by
extended conjugation. Similar observations were made in natural
products with extended conjugation such as biphyscion.21


The final compound in this study, 4 (see Fig. 1), was designed to
represent a simple amide analogue of 1, based on the substitution
pattern employed in 2 and 3. The attempted synthesis is shown in
Scheme 4, which involved the iodination of 2,5-diaminobenzoic
acid using KICl2–H2O followed by purification as described above
for 9 to give 14 in 65% yield.22 The acetylation of the 14 was
achieved in 90% yield to give 15 using acetic anhydride in the
presence of a small amount of conc. H2SO4.23 The chlorination
of 15 to give the acid chloride 16 was achieved in a yield of 71%
by refluxing 15 in freshly distilled SOCl2 for 3 h. The final step
involved the formation of 17 from the condensation of 16 with
6. As before, this condensation was first attempted in DMA and
Et3N, but the reaction was unsuccessful. Alternate reactions such
as the use of HMPT and Et3N; DMF and Et3N, and THF and
Et3N were attempted but on all occasions the desired ester 17 was
not formed. Because of this we did not achieve the synthesis of 4
as planned.
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Scheme 4 Attempted synthesis of 17 from 6 and 16.


Evaluation of contrast agents 1–3 in solid (powder) form and in
solution using l-CT


Upon computer tomography imaging using l-CT, compounds 1–
3 synthesized above were all able to provide good contrast from
the surrounding bone matrix as powdered substances.24 A two-
dimensional sagittal reconstruction was performed in order to
evaluate the contrast ability of the agents, in comparison with the
surrounding bone matrix (see Experimental for further details).
The first of those compounds to be tested was contrast agent 1,
which was applied to the right-hand side of the bone specimen
as shown in the red box in the sagittal reconstruction in Fig. 2A.
For comparison the left-hand side of the bone, within the blue
box has no contrast agent applied. Both the bone and 1 gave an
image that is predominantly white. However, areas where 1 has
been applied appear to be more bright due to its higher X-ray
absorption power, and hence it is distinct from the bone surface.
A three-dimensional transparent section was also reconstructed
to further illustrate the contrast ability of 1 (Fig. 2B). Here, it
is clearly possible to distinguish the internal architecture of the
bone in the transparent reconstructed section, as well as Haversian
and Volkmann’s canals and the resorption cavities due to the
contrast provided by 1. In a similar way, compounds 2 and 3 were
tested under identical conditions. Similar results where obtained to
those seen in Fig. 2. However, the reconstructed two-dimensional


Fig. 2 Computer tomography images of 1: (A) two-dimensional and (B)
three-dimensional sagittal sections of a cortical bone specimen labelled
with contrast agent 1. The white powder on the bone edges is marked by a
black arrow. Bars are in lm.


sagittal and transparent three-dimensional images clearly show
that these contrast agents were able to absorb the X-rays more
effectively than the bone, thus providing better contrast from the
bone matrix. This is not unexpected as both 2 and 3 have a higher
iodine content and as such should give rise to stronger imaging.


After performing qualitative studies with these contrast agents
in powdered form, the next stage was to label bone scratches
with 10−3 M aqueous solutions of the contrast agents 1–3, using
bovine tibiae, and image the resulting bone specimens using l-
CT. The preliminary l-CT studies described below were performed
in a similar manner as before. Even though the bone specimen
labelled with compound 1 indicated that the scratch was visible,
the background contrast for both the scratch depth and the
surrounding bone matrix almost overlapped with that observed
form 1 (Fig. 3). Consequently, it was difficult to differentiate
between bone and contrast agent. Similar effects were observed
for 2 and 3. The most likely reason for this may be from the
beam hardening effect, which masks the imaging from the agents.§
Nevertheless, these results clearly indicate that our agents can bind
to bone cracks (microcracks) and as such the results obtained from
1–3 are important for the future development of bone-targeting
CT imaging agents. We are currently working towards achieving
that objective.


Fig. 3 Three-dimensional axial reconstruction of the bone immersed in
an aqueous solution of 1 (1 mM). A scratch can be seen on the left-hand
side (yellow arrow). The top of the axial plane shows a vessel canal (red
arrow) within the bone tissue.12a


Conclusion


We have demonstrated the synthesis of several new bone-targeting
contrast agents for CT imaging based on the use of the triiodoben-
zene framework, and we have carried out a preliminary evaluation
of these to quantify microdamage in bone. All three contrast agents
exhibited good water solubility and stability. Preliminary imaging
studies of these contrast agents on bovine cortical bone specimens,
using cone-beam l-CT, demonstrated that agents in powder form
are able to provide good contrast from the surrounding bone


§ Such beam hardening arises from X-ray photons striking the bone surface
at different energy so that the photons of lower energy are absorbed with a
higher probability than those of a higher energy. As a result, the attenuation
of the X-ray is not homogenous and is dependent upon the energy of the
radiation, the type of object used in the imaging and the direction of
projection.
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matrix. Solution phase studies of these contrast agents was,
however, not as successful, possibly due to a beam hardening effect.
We are currently working towards synthesising related structures
of 1–3 with the aim of achieving such imaging in solution. We are
currently modifying the structure of 2 with the aim of achieving
dual CT and fluorescence analysis of bone structures.


Experimental


General


Reagents (obtained from Aldrich) and solvents were purified using
standard techniques. Solvents were dried over the appropriate
drying agent before use using standard procedures. Melting points
were determined using a GallenKamp melting point apparatus.
Infrared spectra were recorded on a Mattson Genesis II FTIR
spectrophotometer equipped with a Gateway 2000 4DX2-66
workstation. Oils were analysed using NaCl plates; solid samples
were dispersed in KBr and recorded as clear pressed discs.
1H NMR spectra were recorded at 400 MHz using a Bruker
Spectrospin DPX-400 instrument. 13C NMR were recorded at
100 MHz using a Bruker Spectrospin DPX-400 instrument.


Materials and methods for CT imaging


The soft tissue was removed from all bones and they were stored
at −20 ◦C until required. Longitudinal sections of cortical bones
with dimensions of 2 × 2 mm from the mid-diaphysis were
cut into 1 cm beams using a band saw and polished using
emery paper (grade 400). All machining was carried out in wet
conditions and the bones were not allowed to dry at any time.
After machining the specimens were stored at −20 ◦C prior to
CT imaging. The sample was mounted on the examination table
and rotated 180◦ and a total of 360 projections were recorded.
At a 5 s exposure time for each projection the entire scanning
lasted 1 h. The data stored in the computer were analysed and
reconstructed using the Amira software. The reconstruction lasted
approximately 1.5 h. By manipulating 3D data-sets, it was possible
to observe the canals, osteons and resorption cavities in the
bones. The smallest volume element (voxel) achieved was 4 lm
and the images were reconstructed using a Shep-Logan filtered
modified Feldkamp algorithm. The X-ray absorption value for
each and every point in space was reconstructed. The different
absorption values (CT number or Hounsfield value) resulted
in a two- or three-dimensional image of the scanned object.
Reconstruction of images along sagittal (a two-dimensional plane
going from the left to the right through the specimen), coronal
(a two-dimensional plane going from the front to the back of
the specimen) and transaxial planes (a two-dimensional plane
going from the top to the bottom of the specimen) were made
possible using Amira visualisation software. The two- and three-
dimensional representation of the image is given in terms of pixel
and voxel respectively.


Synthesis


[Ethoxycarbonylmethyl-(4-nitrophenyl)amino]acetic acid ethyl
ester (8). [Ethoxycarbonylmethyl-(phenylamino)]acetic acid
ethyl ester (6.00 g, 22.72 mmol) was taken into 50 ml of acetic
acid and stirred at 0 ◦C. To this, 3 mL of HNO3 was added.


After 15 min, the reaction mixture was poured over ice, filtered
and the resulting solid recrystallized from ethanol. This gave 8 as
yellow brown needles in 76% yield. Mp = 160–162 ◦C MS (ES+)
m/z = 310 (M+). Anal. calc. for C14H18N2O6: C, 54.19; H, 5.85;
N, 9.03. Found: C, 54.12; H, 5.85; N, 8.98%. 1H NMR (400 MHz,
CDCl3): d 1.30 (t, 6H, J = 7.0 Hz, NHCH2CO2CH2CH3),
4.21 (s, 4H, NHCH2CO2CH2CH3), 4.27 (q, 4H, J = 7.0 Hz,
NHCH2CO2CH2CH3), 6.6 (d, 2H, J = 9.5 Hz, Ar–H), 8.13 (d, 2H,
J = 9.5 Hz, Ar–H). 13C NMR (100 MHz, CDCl3): d 13.74, 53.00,
61.29, 110.82, 125.55, 138.52, 152.23, 168.86. IR (mmax, KBr, cm−1):
3474, 3121, 3098, 2976, 2908, 2696, 2614, 2426, 2231, 1918, 1893,
1751, 1591, 1516, 1420, 1272, 1117, 1026, 961, 918, 871, 828, 757,
736, 696, 632, 586, 535, 559.72.


[(4-Aminophenyl)ethoxycarbonylmethylamino]acetic acid ethyl
ester (6). A solution of 8 (1.0 g, 3.22 mmol) in methanol (50 mL)
was hydrogenated at 1 atm for 15 min using Pd–C (10% w/w,
0.07 g). After completion the catalyst was filtered off and the
solvent removed under reduced pressure to yield 9 (0.85 g, 95%)
as a brown liquid. MS (ES+) m/z = 281 (MH)+. Anal. calc. for
C14H20N2O4: C, 59.99; H, 7.19; N, 9.99. Found: C, 59.25; H, 7.03;
N, 9.84%. 1H NMR (400 MHz, CDCl3): d 1.28 (t, 6H, J = 6.8 Hz,
NCH2CO2CH2CH3), 4.09 (s, 4H, NCH2CO2CH2CH3), 4.18–4.23
(q, 4H, J = 6.8 Hz, NCH2CO2CH2CH3), 6.57 (d, 2H, J = 8.9 Hz,
Ar–H), 6.66 (d, 2H, J = 8.9 Hz, Ar–H). 13C NMR (100 MHz,
CDCl3): d 170.88, 140.94, 138.02, 116.26, 114.54, 60.49, 53.68,
13.79. IR (mmax, NaCl, cm−1): 3330, 2981, 2930, 2355, 1733, 1616,
1519, 1448, 1412, 1347, 1255, 1188, 1097, 1025, 974, 918, 817,
729, 521.


Ethoxycarbonylmethyl - [4 - (2,3,5 - triiodobenzoylamino)phenyl]-
amino}acetic acid ethyl ester (7). 2,3,5-Triodobenzoyl chloride,
5 (0.5 g, 0.96 mmol), was dissolved in anhydrous THF (20 mL).
To this solution was added 6 (0.27 g, 0.96 mmol) in 10 mL of
THF and freshly distilled Et3N (0.15 g, 0.20 mL, 1.2 mmol). The
resulting solution was kept at reflux for 24 h, after which the THF
was removed under reduced pressure and the resulting residue
extracted several times with chloroform. The combined organic
layers were washed with HCl (1 M), NaHCO3 (1 M) and brine,
dried over MgSO4 and the solvent removed under reduced pressure
to give a white solid which was further purified using flash-column
chromatography (chloroform). This gave 7 as a white solid in 90%
yield (0.67 g). Mp = 174–176 ◦C. MS (ES+) m/z = 762 (MH)+.
Anal. calc. for C21H21I3N2O5: C, 33.10; H, 2.78; N, 3.68. Found:
C, 33.40; H, 2.81; N, 3.51%. 1H NMR (400 MHz, DMSO-d6): d
1.20 (t, 6H, J = 7.0 Hz, NHCH2CO2CH2CH3), 4.12 (q, 4H, J =
7.0 Hz, NHCH2CO2CH2CH3), 4.18 (s, 4H, NHCH2CO2CH2CH3)
7.44 (d, 2H, J = 9.0 Hz, Ar–H), 7.69 (d, 2H, J = 9.0 Hz, Ar–H),
8.31 (d, 1H, J = 2.0 Hz, Ar–H), 10.19 (s, 1H, CONH). 13C NMR
(100 MHz, DMSO-d6): d 170.52, 165.73, 147.51, 146.06, 144.55,
134.50, 129.19, 121.02, 111.96, 113.30, 107.94, 95.51, 60.39, 52.81,
14.14. IR (mmax, KBr, cm−1): 3261, 2977, 1638, 1595, 1520, 1410,
1324, 1261, 1186, 1024, 974, 910, 866, 816, 765, 716, 567, 513.


Ethoxycarbonylmethyl - [4 - (2,3,5 - triiodobenzoylamino)phenyl]-
amino}acetic acid sodium salt (1). Compound 7 (1.5 g,
1.97 mmol), was dissolved in methanol (20 mL). To this was added
NaOH (2 mL, 3 M) and the resulting solution refluxed for 2 h.
Addition of ethanol resulted in the precipitation of a white solid,
which was collected by filtration and dried under vacuum to afford
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1 (1.4 g, 95%) as a yellow solid. MS (ES+) m/z = 767 (M + H2O).
Anal. calc. for C17H11I3N2Na2O5·H2O: C, 26.59; H, 1.71; N, 3.65.
Found: C, 26.67; H, 1.52; N, 3.48%. 1H NMR (400 MHz, CDCl3):
d 3.82 (s, 4H, NCH2CO2Na), 6.46 (d, 2H, J = 8.9 Hz, Ar–H),
7.2 (d, 2H, J = 8.9 Hz, Ar–H), 7.68 (s, 1H, Ar–H), 8.32 (s, 1H,
CONH). 13C NMR (100 MHz, D2O): d 178.89, 168.66, 147.35,
146.65, 144.43, 134.40, 124.36, 123.56, 118.86, 112.24, 105.92,
94.00, 55.22. IR (mmax, KBr, cm−1): 3587, 3379, 3099, 1690, 1520,
1477, 1418, 1319, 1269, 1247, 1171, 1125, 1098, 975, 894, 865, 819,
729, 703, 612, 525.


5-Amino-2,4,6-triiodoisophthalic acid (9). ICl (9.8 g,
100 mmol) was added to a solution of KCl (7.2 g 9.70 mmol)
in H2O (100 mL) and stirred at room temperature for 5 min.
The mixture was filtered to remove any insoluble materials. The
resulting orange solution (of KICl2) was added dropwise over 1 h
to a solution of 5-aminoisophthalic acid (3.32 g. 1.80 mmol) in
H2O (110 mL) at 55◦ C. After complete addition the mixture was
stirred at 60 ◦C for a further 24 h and finally at 90 ◦C for 1 h. On
cooling to room temperature, the resulting solid was dissolved
in 20 ml of 1 M KOH and treated four times with activated
charcoal at 40–50 ◦C for 30 min. The resulting product was then
precipitated using conc. HCl, filtered and dried at 100 ◦C under
vacuum. This gave 9 as a yellow solid in 75% yield (3.68 g). Mp =
260 ◦C (decomp.). MS (ES+), m/z = 559 (M + H+). Anal. calc.
for C8H4I3NO4·H2O: C, 16.66; H, 1.05; N, 2.43. Found: C, 16.86;
H, 0.78; N, 2.16%. 13C NMR (400 MHz, DMSO-d6): d 170.11,
148.91, 147.78, 77.93, 70.62. IR (mmax, KBr, cm−1): 3629, 3442,
3378, 3305, 2894, 2600, 1785, 1600, 1367, 1290, 1009, 987, 867,
765.


4-Amino-N ,N-bis(2,4,6-triiodo) bis-phenyliminoacetic acid di-
ethyl ester (11). 5-Amino-2,4,6-triiodoisophthaloyl dichloride
10 (1.5 g, 2.5 mmol) was dissolved with stirring in anhydrous
dimethylacetamide (35 mL) under argon. To this, 6 (1.43 g,
5.11 mmol) was added in 15 ml of dimethylacetamide, via a
syringe, and freshly distilled Et3N (0.51 g, 0.68 mL, 2.4 mmol).
The resulting solution was stirred at room temperature for 24 h,
after which the solvent was removed by vacuum distillation and
the resulting residue extracted three times with chloroform. The
combined organic layers were washed with HCl (1 M), NaHCO3


(1 M) and brine, dried over MgSO4 and finally the solvent was
removed under reduced pressure to give a white solid which was
further purified using flash-column chromatography (chloroform)
and finally recrystallized from ethanol to give 11 as a white solid
(2.3 g) in 85% yield. Mp = 187–189 ◦C. MS (ES+) m/z = 1083 (M
+ H)+. Anal. calc. for C36H40I3N5O10·2C2H5OH: C, 40.87; H, 4.46;
N, 5.96. Found: C, 40.83; H, 4.13; N, 6.46%. 1H NMR (400 MHz,
DMSO-d6): d 1.20 (t, 24H, J = 6.5 Hz), 4.14 (q, 16H, J = 6.5
Hz), 4.20 (s, 4H, 16H) 6.56 (d, 8H, J = 7.5 Hz), 7.69 (m, 8H),
10.27–10.43 (m, 6H, –NH). 13C NMR (100 MHz, DMSO-d6):
d 170.53, 165.73, 147.51, 146.06, 144.55, 14.14, 134.50, 129.19,
121.02, 113.30, 111.96, 107.94, 95.51, 60.39, 52.81, 14.14. IR (mmax,
KBr, cm−1): 3233, 2962, 1745, 1640, 1590, 1066, 1024, 976, 815,
730, 645.


4-Amino-N ,N-bis(2,4,6-triiodo) bis-phenyliminoacetic acid
sodium salt (2). Compound 11 was dissolved in methanol
(20 mL). To this solution was added NaOH (2 ml, 6 M) and the
resulting solution refluxed for 3 h, after which the solution was


concentrated and ethanol added. The resulting precipitate was
collected by filtration and dried under vacuum to afford 2 as a
white solid (2.27 g) in 93% yield. MS (ES+) m/z = 1106 (M +
Na)+. Anal. calc. for C28H20I3N5Na4O10·6H2O: C, 28.81; H, 2.76;
N, 6.00. Found: C, 28.11; H, 2.22; N, 5.6%. 1H NMR (400 MHz,
D2O): d 3.83 (s, 8H, NCH2CO2Na), 6.5 (d, 2H, J = 9.0 Hz,
Ar–H), 7.3 (d, 2H, J = 9.0 Hz, Ar–H). 13C NMR (100 MHz,
D2O): d 178.95, 170.83, 170.77, 147.96, 147.25, 147.21, 146.87,
123.72, 123.55, 111.17, 79.53, 72.56, 55.18. IR (mmax, KBr, cm−1):
3548, 3279, 3199, 1677, 1620, 1577, 1518, 1319, 1209, 1107, 1001,
975, 864, 805, 729, 713, 610, 565.


N ,N-Bis(2,4,6-triiodo-3,5-benzenedichlorocarbonyl)malonamide
tetraphenyliminodiethyl diester (13). Compound 12 (1.09 g,
0.86 mmol) was dissolved under argon in anhydrous
dimethylacetamide (20 mL). To this solution 6 (1.052 g,
3.75 mmol) was added in 15 mL of dimethylacetamide, via a
syringe, and freshly distilled Et3N (0.38 g, 0.51 mL, 3.75 mmol).
The resulting solution was stirred at room temperature for 24 h,
after which the solvent was removed by vacuum distillation. The
resulting residue was extracted three times with chloroform, and
the combined organic layer was washed with HCl (1 M), NaHCO3


(1 M) and brine. The organic layer was dried over MgSO4 and
the solvent removed under reduced pressure to give a white solid
which was further purified by recrystallization from ethanol. This
gave 13 as a white solid (1.19 g) in 80% yield. MS (ES+) m/z
1117 (M+/2). Anal. calc. for C75H80I6N10O22: C, 40.31; H, 3.61; N,
6.27. Found: C, 40.78; H, 3.98; N, 6.41%. 1H NMR (400 MHz,
DMSO-d6): d 1.20 (t, 24H, J = 7.0 Hz, NHCH2–CO2CH2CH3),
4.12 (q, 8H, J = 7.0 Hz, NHCH2CO2CH2CH3), 4.19 (s, 8H,
NHCH2CO2CH2CH3), 6.55 (d, 4H, J = 8.5 Hz, Ar–H), 7.43–7.46
(m, 4H, Ar–H), 10.24 (brs, 2H, –CONH). 13C NMR (100 MHz,
DMSO-d6): d 170.55, 167.08, 150.06, 144.54, 142.75, 129.28,
129.24, 121.03, 121.06, 112.01, 111.98, 91.04, 60.40, 52.85, 14.15.
IR (mmax, KBr, cm−1): 3243, 2982, 1735, 1650, 1530, 1186, 1024,
970, 815.


N ,N-Bis(2,4,6-triiodo-3,5-benzenedichlorocarbonyl)malonamide
tetraphenyliminoacetic acid sodium salt (3). Compound 13
(2.7 g, 1.21 mmol) was dissolved in methanol (20 mL), and to this
solution was added NaOH (3 mL, 6 M). The resulting solution
was refluxed for 3 h, after which the solution was concentrated
and ethanol added. The resulting precipitate was collected by
filtration and dried under vacuum, which gave 3 as an off-white
solid (2.43 g) in 92% yield. Mp = 400 ◦C (decomp.). Anal. calc.
for C59H40I6N10Na8O22·8H2O: C, 30.41; H, 2.42; N, 6.01. Found:
C, 27.55; H, 2.05; N, 5.28. 1H NMR (400 MHz, D2O): d 3.93 (s,
16H, NHCH2CO2Na), 3.82 (s, 2H, CH2), 6.49 (d, 8H, J = 8.5 Hz,
Ar–H). 13C NMR (100 MHz, D2O): d 178.95, 170.38, 170.29,
147.96, 146.90, 123.81, 123.63, 111.22, 95.31, 56.96, 55.20, 53.94,
16.36. IR (mmax, KBr, cm−1): 3239, 1671, 1518, 1404, 1308, 1183,
976, 909, 820, 610.


2,4,6-Triiodo-3,5-diacetamidobenzoylchloride (15). Com-
pound 14 (6 g, 9.78 mmol) was added to freshly distilled SOCl2


(60 ml) and the mixture was refluxed for 3 h, after which the
SOCl2 was removed. The resulting residue was washed three times
with hexane, which gave 15 as a yellow solid, which was then
filtered to give the desired product in 71% yield (4.48 g). MS (ES+)
m/z = 654 (MNa)+. Anal. calc. for C11H8ClI3N2O2: C, 20.89;
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H, 1.28; N, 4.43. Found: C, 20.69; H, 0.87; N, 3.80%. 1H NMR
(400 MHz, DMSO-d6) d 2.04 (s, 6H, NHCOCH3), 10.09 (s, 1H,
–NHCOCH3), 10.16 (s, 1H, NHCOCH3). 13C NMR (100 MHz,
CDCl3): d 167.92, 167.70, 149.03, 145.02, 111.02, 95.13, 22.98,
22.9. IR (mmax, KBr, cm−1): 3242, 3007, 2058, 1889, 1675, 1498,
1345, 1299, 1007, 850, 782, 650.
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Convenient routes to methyl 2-oxalylimino- and 2-(phosphonoformimido)-3,3,3-trifluoropropanoates
have been elaborated, based on the reaction of methyl trifluoropyruvate with ethyl oxamate or diethyl
carbamoylphosphonate, respectively, followed by dehydration. The compounds obtained are useful
synthetic intermediates toward a variety of novel 3,3,3-trifluoroalanine derivatives that are potential
drug candidates.


1. Introduction


Peptides modified by non-proteinogenic amino acids are useful
building blocks for drug discovery. Therefore, the development
of new synthetic pathways to unnatural amino acids containing
different functionalities remains a constant challenge. In this
connection, hydroxamic acid derivatives including N-oxalylamino
acids have attracted considerable attention due to their high
activity in inhibiting medically important metalloenzymes.1 For
example oxaloglycine and its derivatives are known to inhibit
prolyl hydroxylase2 involved in the biosynthesis of collagen. The
hyperactivity of the enzyme leads to the accumulation of large
amounts collagen in different organs and tissues that causes the
life-threatening fibrotic diseases such as pulmonary fibroses, liver
and renal fibrosis etc. Furthermore, phosphonoformate (PFA,
Foscarnet) is an effective antiviral compound clinically used in
the treatment of herpetic diseases and of AIDS.3 Incorporation
of the PFA backbone into amides and amino acids is a promising
strategy used currently for the development of new drug candidates
based on selective inhibition of important enzymes including
MMPs (matrix metalloproteinases).4 The capacity of oxamic
and phosphonoformic acid moieties for bidentate metal binding
presumably plays a role in metalloenzyme inhibition. On the other
hand, a-amino acids containing the trifluoromethyl (Tfm) group5


are of particular interest due to the unique characteristics of
the trifluoromethyl group, such as high electronegativity, electron
density, steric hindrance and hydrophobicity.6 The advantages of
peptides modified by Tfm-amino acid include enhanced prote-
olytic stability, affinity for lipid bilayer membranes, as well as
stabilization of secondary supramolecular structures7 owing to
the ability of the fluorine atom to form hydrogen bonds.8,9


Previously we have developed an effective strategy for the syn-
thesis of a-halodifluoromethyl-substituted a-amino acid deriva-
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tives (including peptides) based on the amidoalkylation of differ-
ent nucleophiles with highly electrophilic imines of methyl 3-halo-
3,3-difluoropyruvates (Scheme 1).10


Scheme 1


In this communication, we report the synthesis of novel
imines of methyl trifluoropyruvate bearing oxalyl and phospho-
noformyl groups at the nitrogen atom, and their subsequent
transformations into the corresponding amino acid derivatives
(see Scheme 2). The resulting a-Tfm-a-amino acids possessing
N-oxalyl and N-phosphonoformyl groups are potentially useful
candidate molecules for the design of novel inhibitors of medically
important enzymes.


2. Results and discussion


We found that methyl trifluoropyruvate (MTFP)11 had reacted
readily with ethyl oxamate and diethyl carbamoylphosphonate at
room temperature in the absence of any solvent, to give, in high
yields, the stable adducts 1 which could be dehydrated by standard
procedure10 to afford the corresponding imines 2 (Scheme 2).


Similar to the other acylimines10b of MTFP, the imines 2 can
interact smoothly with organometallic reagents at −78 ◦C in
anhydrous THF or diethyl ether. The nucleophilic addition to
the C=N double bond proceeded regiospecifically and resulted in
the alkylation of the a-carbon atom, to give the corresponding
a-amino acid derivatives 3 in moderate to good yields (Scheme 3,
Table 1).


Further examination of the chemistry of imines 2 has revealed
that these compounds are sufficiently powerful electrophiles to
alkylate p-donor aromatic compounds such as furan, pyrrole,
indole, N,N-dimethylaniline, and pyrazolone. Thus, the various
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Scheme 2


Table 1 Reaction of 2 with Grignard reagents via Scheme 3


Entry Product R X Yielda (%)


1 3a Me C 65
2 3b Me P-OEt 58
3 3c Ph C 52
4 3d Ph P-OEt 49
5 3e CH2Ph C 59
6 3f CH2Ph P-OEt 55
7 3g Allyl C 43
8 3h Allyl P-OEt 48


a Isolated yields after the purification by column chromatography.


Scheme 3


a-aryl and a-heteroaryl substituted a-Tmf-amino acids could easily
be prepared as indicated (Scheme 4, Table 2).


The reactions with indoles, 1-phenyl-3-methylpyrazol-5-one, fu-
ran, N-methylpyrrole and N,N-dimethylaniline proceeded under
mild conditions (entries 4–7 and 10,11), or at moderate heating
(entries 3,8,9) to yield the corresponding a-aryl(hetaryl)-b,b,b-
trifluoroalanine derivatives 4–7. In the aromatic rings, the C-
amidoalkylation had been directed consistently and regioselec-
tively to the sites of maximal p-electron density.


Due to the strong electrophilic nature, the reduction of C=N
double-bond of the imines 2 could also be easily accomplished
using 1.5 equivalents of NaBH4 (Scheme 5) in anhydrous ether
at room temperature. Under these conditions the reduction of N-
oxalyl imine 2a lead to the desired trifluoroalanine derivative 8 in
69% yield, while in the case of phosphorus-containing imine 2b,
the unexpected azirine derivative 9 was obtained in preparative
yield. The structure of 9 has been unambiguously confirmed by
the NMR, IR and HRMS data. The formation of azirine 9 is
being tentatively rationalized by assuming the tautomerization of
the initially formed reduction product A to the enol B, followed
by dehydration. However; the actual mechanism of this reaction
is not quite clear.


In conclusion, the results reported in this paper offer
a convenient pathway to a variety of novel N-oxalyl and


Scheme 4
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Table 2 Results of reactions with aromatic p-donors shown in Scheme 4


Entry Product R X Y Reaction temperature/◦C Yielda (%)


1 4a H C — RT 93
2 4b H P-OEt — RT 85
3 4c Me C — 60 62
4 4d Me P-OEt — 60 50
5 5a — C O 0 → RT 39
6 5b — P-OEt O 0 → RT 40
7 5c — C N-Me 0 → RT 38
8 5d — P-OEt N-Me 0 → RT 42
9 6a — C — 60 76


10 6b — P-OEt — 60 55
11 7a — C — −40 → RT 46
12 7b — P-OEt — −40 → RT 43


a Isolated yields after purification by column chromatography.


Scheme 5


N-phosphonoformyl derivatives of a-Tfm-a-amino acids—
potential inhibitors of medically important enzymes. In addition,
the novel amino acid derivatives herein reported could find further
applications as building blocks for the modification of other
biologically active peptides. The new compounds reported in this
study will be examined for MMP inhibitory activity.


3. Experimental


General remarks


All solvents used in reactions were freshly distilled from appropri-
ate drying agents before use. All other reagents were recrystallized
or distilled as necessary. Reactions were performed under an
atmosphere of dry nitrogen. Analytical TLCs were performed with
Merck silica gel 60 F254 plates. Visualization was accomplished
by UV light or spraying by Ce(SO4)2 solution in 5% H2SO4.
Flash chromatography was carried out using Merck silica gel 60
(230–400 mesh ASTM). Melting points were determined with an
Electrothermal IA9100 Digital Melting Point Apparatus and are
uncorrected. NMR spectra were obtained on a Bruker DPX-200
spectrometer operating at 200.13 MHz for 1H (TMS), 188.31 MHz
for 19F (CFCl3), 80.99 MHz for 31P (H3PO4) and 50.32 MHz 13C
(TMS). HRMS spectra were obtained on a Varian MAT CH7A
instrument at 70 eV. IR spectra were recorded in a thin layer


on a Fourier-spectrometer “Magna-IR750” (Nicolet), resolution
2 cm−1, 128 scans. The assignment of the absorption bands in IR
spectra was made according to ref. 12.


General procedure for the preparation of hemiamidals 1


A mixture of MTFP (10 mmol) and ethyl oxamate (or diethyl
carbamoylphosphonate; 10 mmol) was kept at room temperature
for 16 h. The crude solid product was washed with petroleum ether
to give analytically pure hemiamidals 1.


2 - (Ethoxyoxalyl - amino) - 3,3,3 - trifluoro - 2 - hydroxy - propionic
acid methyl ester (1a). Yield: 98% (white solid), mp 58–61 ◦C. 1H
NMR (CDCl3) d: 8.11 (s, 1H), 5.42 (s, 1H), 4.41 (q, 2H, 3JHH = 7.1
Hz), 3.90 (s, 3H), 1.42 (t, 3H, 3JHH = 7.1 Hz). 19F NMR (CDCl3)
d: −81.7 (s, CF3). 13C NMR (CDCl3) d: 16.6, 55.2, 65.5, 80.5 (q,
2JCF = 29.5 Hz), 121.6 (q, CF3, 1JCF = 285.0 Hz), 156.1, 158.3,
159.1. HRMS calculated for C8H10F3NO6 (M+) 273.0460, found
273.0462.


2-(Diethylphosphonoformamido)-3,3,3-trifluoro-2-propionic acid
methyl ester (1b). Yield: 97% (white solid), mp 69–72 ◦C. 1H
NMR (CDCl3) d: 8.51 (s, 1H), 5.32 (s, 1H), 4.20 (m, 4H), 3.93
(s, 3H), 1.4 (t, 6H, 3JHH = 7.0 Hz). 19F NMR (CDCl3) d: −75.5
(s, CF3). 31P NMR (CDCl3) d: −1.9 (m). 13C NMR (CDCl3) d:
16.6 and 16.7, 55.3, 65.6 and 65.7, 80.5 and 80.6 (both q, 2JCF =
29.0 Hz), 122.5 and 122.6 (both q, CF3, 1JCF = 286.0 Hz), 165.5
(d, 1JCP = 123.0 Hz), 170.2. HRMS calculated for C9H15F3NO7P
(M+) 337.0538, found 337.0539.


General procedure for the preparation of imines 2


Trifluoroacetic anhydride (4.5 mL, 31.9 mmol) was added at 0 ◦C
to a vigorously stirred solution of a hemiamidal (29.0 mmol)
in dry ether (100 mL) over a period of 0.5 h. After stirring
for 0.5 h, pyridine (5.2 mL, 64.0 mmol) was added slowly.
Stirring was continued for additional 2 h. The reaction mixture
was cooled down to −20 ◦C and the precipitated pyridinium
trifluoroacetate was filtered off under an inert gas atmosphere. The
filtrate was concentrated in vacuum and triturated with petroleum
ether (3 × 100 mL) to dissolve the imine and separate it from
residual pyridinium trifluoroacetate. The combined petroleum
ether solutions were evaporated to give 2 which was additionally
purified by distillation in the case of 2a. Imine 2b proved to be
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unstable under distillation conditions; therefore it was used further
as a crude product (purity ca. 90% according the NMR data).


Methyl 2-[N-(2-ethoxyoxalyl)imino]-3,3,3-trifluoropropanoate
(2a). Yield: 82% (colorless liquid), bp 95–97 ◦C/0.5 Torr. IR
(thin layer) m/cm−1: 1034 (C–O–C), 1638 (C=N), 1756, 1760 and
1765 (C=O). 1H NMR (CDCl3) d: 4.41 (q, 2H, 3JHH = 6.9 Hz), 4.08
(s, 3H), 1.42 (t, 3H, 3JHH = 6.9 Hz). 19F NMR (CDCl3) d: −71.3 (s,
CF3). 13C NMR (CDCl3) d: 14.2, 55.6, 64.4, 122.6 (q, CF3, 1JCF =
279.0 Hz), 154.7, 156.3 (q, C=N–CF3, 2JCF = 35.1 Hz), 160.4,
167.3. HRMS calculated for C8H8F3NO5 (M+) 255.0457, found
255.0461.


Methyl 2-[(N-diethylphosphonoformyl)]imino]-3,3,3-trifluoro-
propanoate (2b). Yield: 75% (pale yellow oil). IR (thin layer)
m/cm−1: 1022, 1046 (P–O–C, C–O–C), 1270 (P=O), 1651 (C=N),
1759 and 1769 (C=O). 1H NMR (CDCl3) d: 4.33 (m, 4H), 4.07
(s, 3H), 1.69 (t, 6H, 3JHH = 6.8 Hz). 19F NMR (CDCl3) d: −71.3
(s, CF3). 31P NMR (CDCl3) d: −2.2 (m). 13C NMR (CDCl3) d:
16.0 and 16.3, 55.3, 63.2 and 63.5, 122.9 and 123.2 (both q, CF3,
1JCF = 282.0 Hz), 151.2, 155.1 and 155.4 (both q, 2JCF = 33.0 Hz),
164.8 (d, 1JCP = 120.0 Hz), 168.2. An analytically pure sample
was not obtained.


General procedure for the preparation of 3


The Grignard reagent (solution in THF, 10.0 mmol) was added
dropwise to a stirred solution of an imine (10.0 mmol) in dry THF
(25 mL) at −78 ◦C. After 1 h at −78 ◦C the reaction mixture was
allowed to warm up to room temperature within 2 h. The reaction
mixture was quenched with 1 M HCl and extracted with ether
(2 × 25 mL). The combined organic layers were washed with brine
(25 mL), dried over MgSO4 and filtered. The solvent was removed
under reduced pressure and the crude product was purified by
flash chromatography on silica gel (eluent: ethyl acetate–hexanes).


Methyl 2-{N-(2-ethoxyoxalyl)amino}-3,3,3-trifluoro-2-methyl-
propanoate (3a). Yield: 65% (oil). 1H NMR (CDCl3) d: 7.70 (s,
1H), 4.44 (m, 2H), 3.81 (s, 3H), 1.82 (s, 3H), 1.43 (t, 3H, 3JHH = 7.2
Hz). 19F NMR (CDCl3) d: −77.3 (s, CF3). 13C NMR (CDCl3) d:
14.2, 15.9, 54.0, 59.3 (q, 2JCF = 30.2 Hz), 64.1, 123.3 (q, CF3, 1JCF =
281.0 Hz), 158.5, 164.3, 165.4. HRMS calculated for C9H12F3NO5


(M+) 271.0667, found 271.0668.


Methyl 2-(diethylphosphonoformamido)-3,3,3-trifluoro-2-methyl-
propanoate (3b). Yield: 58% (oil). 1H NMR (CDCl3) d: 7.81 (s,
1H), 4.22 (m, 4H), 3.85 (s, 3H), 1.85 (s, 3H), 1.42 (t, 6H, 3JHH =
6.8 Hz). 19F NMR (CDCl3) d: −77.2 (s, CF3). 31P NMR (CDCl3) d:
−1.8 (m). 13C NMR (CDCl3) d: 16.0 and 16.2, 16.9, 54.7, 59.9 and
60.1 (both q, 2JCF = 28.8 Hz), 64.0 and 64.2, 121.8 and 122.0 (both
q, CF3, 1JCF = 283.0 Hz), 163.5 (d, 1JCP = 122.0 Hz), 165.4. HRMS
calculated for C10H17F3NO6P (M+) 335.0745, found 335.0747.


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-phenylalaninate (3c).
Yield: 52% (white solid), mp 64–69 ◦C. 1H NMR (CDCl3) d: 8.21
(s, 1H), 7.53 (s, 5H), 4.40 (q, 2H, 3JHH = 7.0 Hz), 3.93 (s, 3H), 1.42
(t, 3H, CH3, 3JHH = 7.0 Hz). 19F NMR (CDCl3) d: −72.2 (s, CF3).
13C NMR (CDCl3) d: 14.1, 53.2, 64.0, 66.3 (q, 2JCF = 29.8 Hz),
122.2 (q, CF3, 1JCF = 285.0 Hz), 127.5, 128.3, 129.5, 136.6, 157.3,
164.3, 165.4. HRMS calculated for C14H14F3NO5 (M+) 333.0824,
found 333.0826.


Methyl N-(diethylphosphonoformyl)-3,3,3-trifluoro-2-phenyl-
alaninate (3d). Yield: 49% (pale yellow solid), mp 74–78 ◦C. 1H
NMR (CDCl3) d: 7.92 (s, 1H), 7.61 (s, 5H), 4.30 (m, 4H), 3.91
(s, 3H), 1.23 (m, 6H). 19F NMR (CDCl3) d: −72.1 (s, CF3). 31P
NMR (CDCl3) d: −1.6 (m). 13C NMR (CDCl3) d: 16.1 and 16.3,
54.2, 62.0 and 62.3, 65.0 and 65.2, (both q, 2JCF = 28.2 Hz), 121.1
and 121.3 (both q, CF3, 1JCF = 281.0 Hz), 127.2, 128.1, 129.3,
133.7, 164.5 (d, 1JCP = 121.3 Hz), 165.0. HRMS calculated for
C15H19F3NO6P (M+) 397.0902, found 397.0904.


Methyl N-(ethoxyoxalyl)-a-(trifluoromethyl)phenylalaninate
(3e). Yield: 59% (oil). 1H NMR (CDCl3) d: 7.92 (s, 1H), 7.22 (m,
4H), 4.33 (q, 2H, 3JHH = 7.2 Hz), 4.24 (d, 1H, JHH = 14.0 Hz), 3.90
(s, 3H), 3.55 (d, 1H, JHH = 14.0 Hz), 1.36 (t, 3H, 3JHH = 7.2 Hz).
19F NMR (CDCl3) d: −73.4 (s, CF3). 13C NMR (CDCl3) d: 14.0,
35.9, 53.8, 63.8, 65.1 (q, 2JCF = 28.5 Hz), 122.9 (q, CF3, 1JCF =
288.2 Hz), 125.4, 127.2, 131.4, 136.5, 155.1, 162.3, 166.2. HRMS
calculated for C15H16F3NO5 (M+) 347.0980, found 347.0981.


Methyl N-(diethylphosphonoformyl)-a-(trifluoromethyl)phenyl-
alaninate (3f). Yield: 55% (oil) 1H NMR (CDCl3) d: 7.71 (s, 1H),
7.13 (m, 4H), 4.26 (m, 4H), 4.11 (m, 1H), 3.92 (s, 3H), 3.57 (d, 1H,
JHH = 7.0 Hz), 1.32 (m, 6H). 19F NMR (CDCl3) d: −73.4 (s, CF3).
31P NMR (CDCl3) d: −1.3 (m). 13C NMR (CDCl3) d: 15.9 and
16.1, 34.5, 55.3, 61.7 and 62.0, 65.2 and 65.5, (both q, 2JCF = 29.1
Hz), 122.0 and 122.3 (both q, CF3, 1JCF = 284.1 Hz), 127.4, 129.5,
130.3, 134.9, 158.6, 162.7 (d, 1JCP = 120.3 Hz). HRMS calculated
for C16H21F3NO6P (M+) 411.1058, found 411.1059.


Methyl 2-(ethoxyoxalylamino)-2-(trifluoromethyl)pent-4-enoate
(3g). Yield: 43% (oil). 1H NMR (CDCl3) d: 7.93 (s, 1H), 5.22 (m,
2H), 4.99 (m, 1H), 4.36 (q, 2H, 3JHH = 7.2 Hz), 3.88 (s, 3H), 3.63 (m,
1H), 2.97 (m, 1H), 1.43 (t, 3H, 3JHH = 7.2 Hz). 19F NMR (CDCl3)
d: −73.2 (s, CF3). 13C NMR (CDCl3) d: 13.7, 38.2, 53.3, 62.9,
70.2 (q, 2JCF = 29.8 Hz), 121. 7, 122.3 (q, CF3, 1JCF = 282.2 Hz),
132.4, 153.6, 160.3, 165.8. HRMS calculated for C11H14 F3NO5


(M+) 297.0824, found 297.0826.


Methyl 2-{(diethylphosphonoformyl)amino}-2-(trifluoromethyl)-
pent-4-enoate (3h). Yield: 48% (oil). 1H NMR (CDCl3) d: 7.75
(s, 1H), 5.19 (m, 2H), 4.87 (m, 1H), 4.23 (m, 4H), 3.92 (s, 3H),
3.51 (m, 1H), 2.98 (m, 2H), 1.35 (t, 6H, 3JHH = 7.0 Hz). 19F NMR
(CDCl3) d: −73.2 (s, CF3). 31P NMR (CDCl3) d: −1.4 (m). 13C
NMR (CDCl3) d: 15.8 and 16.0, 36.9, 53.9, 62.5 and 62.7, 69.0
and 69.2, (both q, 2JCF = 29.7 Hz), 120.9, 122.5 and 122.7 (both
q, CF3, 1JCF = 282.1 Hz), 131.5, 156.7, 162.7 (d, 1JCP = 120.9
Hz). HRMS calculated for C12H19 F3NO6P (M+) 361.0902, found
361.0903.


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-(1H-indol-3-yl)-
alaninate (4a). A mixture of indole (8.0 mmol) and imine
(8.0 mmol) in anhydrous diethyl ether (10 ml) was stirred at RT
overnight. The white precipitate was filtered off, washed with
ether to give analytically pure 4a. Yield: 93%, mp 178–180 ◦C. 1H
NMR (CDCl3) d: 8.62 (s, 1H), 8.43 (s, 1H), 7.84 (d, 1H, JHH =
7.8 Hz), 7.33 (m, 4H), 4.44 (q, 2H, 3JHH = 6.9 Hz), 3.86 (s, 3H),
1.45 (q, 2H, 3JHH = 6.9 Hz). 19F NMR (CDCl3) d: −72.2 (s, CF3).
13C NMR (CDCl3) d: 13.9, 53.8, 64.1, 75.8 (q, 2JCF = 30.2 Hz),
112.2, 118.4, 118.9, 120.3, 120,4, 125.6 (q, CF3, 1JCF = 280.1 Hz),
128.1, 129.3, 136.4, 155.6, 160.8, 164.3. HRMS calculated for
C16H15F3N2O5 (M+) 372.0933, found 372.0934.
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Methyl N-(diethylphosphonoformyl)-3,3,3-trifluoro-2-(1H-
indol-3-yl)alaninate (4b). Obtained from indole and 2b following
the procedure for 4a. Yield: 85% (white solid), mp 108–110 ◦C.
1H NMR (CDCl3) d: 8.90 (s, 1H), 8.23 (s, 1H), 7.63 (d, 1H, JHH =
7.8 Hz), 7.43 (m, 4H), 4.21 (m, 4H), 3.82 (s, 3H), 1.3 (m, 6H).
19F NMR (CDCl3) d: −72.2 (s, CF3). 31P NMR (CDCl3) d: −1.2
(m). 13C NMR (CDCl3) d: 16.6 and 16.7, 54.5, 65.4 and 65.5,
65.7 (m), 105.3, 112.5, 119.2, 121.2, 123.2, 124.6, 124.9 (q, CF3,
1JCF = 280.1 Hz), 127.0, 129.3, 136.4, 165.6 (d, 1JCP = 122.3
Hz), 168.2. HRMS calculated for C17H20F3N2O6P (M+) 436.1011,
found 436.1010.


General procedure for the preparation of indoles 4c,d


A mixture of 2-methylindole (8.0 mmol) and appropriate imine
(8.0 mmol) in anhydrous CHCl3 was heated at 60–70 ◦C for 6–
8 hours. The solvent was removed under reduced pressure; the
product was isolated by flash chromatography on silica gel (eluent:
ethyl acetate–hexanes).


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-(2-methyl-1H-indol-
3-yl)alaninate (4c). Yield 62%. (white solid), mp 107–109 ◦C.
1H NMR (CDCl3) d: 8.80 (s, 1H), 8.71 (s, 1H), 7.65 (br. s, 1H),
7.38 (m, 1H), 7.26 (m, 2H), 4.42 (q, 2H, 3JHH = 7.1 Hz), 3.92 (s,
3H), 2.46 (s, 3H), 1.43 (t, 3H, 3JHH = 7.1 Hz). 19F NMR (CDCl3) d:
−71.2 (s, CF3). 13C NMR (CDCl3) d: 11.9, 13.8, 54.8, 64.5, 65.1 (q,
2JCF = 28.2 Hz), 111.8, 113.9, 118.5, 120.1, 121.1, 125.6 (q, CF3,
1JCF = 281.1 Hz), 128.6, 136.2, 141.4, 158.5, 164.8, 167.3. HRMS
calculated for C17H17F3N2O5 (M+) 386.1089, found 386.1090.


Methyl N-(diethylphosphonoformyl)-3,3,3-trifluoro-2-(2-methyl-
1H-indol-3-yl)alaninate (4d). Yield 50%. (pale yellow oil). 1H
NMR (CDCl3) d: 8.69 (s, 1H), 8.55 (s, 1H), 7.35 (br. s, 1H), 7.21
(m, 1H), 7.18 (m, 2H), 4.26 (m, 4H), 3.92 (s, 3H), 2.48 (s, 3H), 1.39
(m, 6H). 19F NMR (CDCl3) d: −71.8 (s, CF3). 31P NMR (CDCl3)
d: −2.4 (m). 13C NMR (CDCl3) d: 13.4, 16.2 and 16.4, 53.9, 62.4
and 62.6, 64.5 and 64.6 (both q, 2JCF = 30.8 Hz), 106.2, 113.5,
117.4, 121.2, 122.8, 126.6, 127.0 (q, CF3, 1JCF = 283.0 Hz), 135.4,
145.5, 165.2 (d, 1JCP = 123.5 Hz), 167.2. HRMS calculated for
C18H22F3N2O6P (M+) 450.1167, found 450.1168.


General procedure for the preparation of furans 5a,b and pyrroles
5c,d


To a 0 ◦C solution of the corresponding furan or pyrrole
(8.0 mmol) in ether (10 ml) a solution of imine 2a (4.0 mmol)
in 5 ml of ether was added. The mixture was allowed to warm up
to rt and was stirred until 19F NMR spectrum indicated the full
conversion of imine 2a. The solvent was removed under reduced
pressure. The crude residue was purified by flash chromatography
eluting with AcOEt–hexanes.


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-(2-furyl)alaninate
(5a). Yield: 39% (white solid), mp 74–79 ◦C. 1H NMR (CDCl3)
d: 8.22 (s, 1H), 7.43 (m, 1H), 6.62 (d, 1H, JHH = 3.2 Hz), 6.43 (m,
1H, JHH = 2.8 Hz), 4.45 (q, 2H, 3JHH = 7.2 Hz), 3.83 (s, 3H), 1.47
(t, 3H, 3JHH = 7.2 Hz). 19F NMR (CDCl3) d: −73.3 (s, CF3). 13C
NMR (CDCl3) d: 14.2, 53.9, 63.5, 64.0 (q, 2JCF = 29.0 Hz), 104.8,
109.7, 121.9 (q, CF3, 1JCF = 278.1 Hz), 139.8, 151.5, 157.8, 165.9,
166.3. HRMS calculated for C12H12F3NO6 (M+) 323.0617, found
323.0619.


Methyl N-(diethylphosphonoformyl)-3,3,3-trifluoro-2-(2-furyl)-
alaninate (5b). Yield: 40% (oil). 1H NMR (CDCl3) d: 8.07 (s,
1H), 7.42 (m, 1H), 6.63 (d, 1H, JHH = 3.4 Hz), 6.42 (m, 1H),
4.25 (m, 4H), 3.88 (s, 3H), 1.43 (t, 6H, 3JHH = 7.1 Hz). 19F NMR
(CDCl3) d: −73.3 (s, CF3). 31P NMR (CDCl3) d: −1.8 (m). 13C
NMR (CDCl3) d: 16.1 and 16.3, 54.3, 62.2 and 62.4, 65.7 and
65.9 (both q, 2JCF = 31.3 Hz), 100.8, 108.5, 121.8 122.1 (both q,
CF3, 1JCF = 280.0 Hz), 140.4, 143.2, 164.7 (d, 1JCP = 122.5 Hz),
166.1. HRMS calculated for C13H17F3NO7P (M+) 387.0695, found
387.0694.


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-(1-methyl-1H-pyrrol-
2-yl)alaninate (5c). Yield: 38% (white solid), mp 95–97 ◦C. 1H
NMR (CDCl3) d: 8.21 (s, 1H), 7.63 (s, 1H), 6.64 (d, 1H, JHH =
2.4 Hz), 6.25 (s, 1H), 4.46 (q, 2H, 3JHH = 6.8 Hz), 3.82 (s, 3H),
3.75 (s, 3H), 1.42 (t, 3H, 3JHH = 6.8 Hz). 19F NMR (CDCl3) d:
−73.3 (s, CF3). 13C NMR (CDCl3) d: 14.3, 36.9, 53.8, 64.2, 67.5 (q,
2JCF = 34.0 Hz), 107.5, 114.6, 119.8, 121.5, 123.5 (q, 1JCF = 286.0
Hz), 155.6, 160.3, 165.7. HRMS calculated for C13H15F3N2O5 (M+)
336.0933, found 336.0934.


Methyl a-(diethylphosphonoformamido)-a-(trifluoromethyl)-
1H-pyrrole-3-acetate (5d). Yield: 42% (oil). 1H NMR (CDCl3)
d: 8.52 (s, 1H), 7.54 (s, 1H), 6.63 (d, 1H, JHH = 2.6 Hz), 6.24 (s,
1H), 4.33 (m, 4H), 3.82 (s, 3H), 3.65 (s, 3H), 1.36 (t, 6H, 3JHH =
7.2 Hz). 19F NMR (CDCl3) d: −73.3 (s, CF3). 31P NMR (CDCl3)
d: −1.1 (m). 13C NMR (CDCl3) d: 16.3 and 16.4, 40.1, 53.8, 61.2
and 61.4, 62.0 and 62.2 (both q, 2JCF = 28.1 Hz), 104.4, 105.2,
120.3 123.5 (q, CF3, 1JCF = 279.7 Hz), 135.2, 158.6, 165.8 (d,
1JCP = 122.5 Hz). HRMS calculated for C14H20F3N2O6P (M+)
400.1011, found 400.1010.


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoro-2-(5-methyl-3-oxo-2-
phenyl-2,3-dihydro-1H-pyrazol-4-yl)alaninate (6a). Obtained
from 1-phenyl-4 methylpyrazole and 2a following the procedure
for 4a. Yield: 76% (white solid), mp 84–88 ◦C. 1H NMR (DMSO)
d: 12.10 (s, 1H), 7.62 (m, 2H), 7.51–7.37 (m, 3H), 4.35 (q, 2H,
3JHH = 7.2 Hz), 3.78 (s, 3H), 2.24 (s, 3H), 1.41 (t, 3H, 3JHH = 7.2
Hz). 19F NMR (DMSO) d: −76.3 (s, CF3). 13C NMR (DMSO) d:
11.7, 14.6 and 14.7, 54.2, 62.8 (m), 64.2 and 64.3, 119,5, 121.5,
122.6 (q, CF3, 1JCF = 272.0 Hz), 127.3, 135.3, 140.5, 156.2, 158.3,
159.6, 161.2, 165.2. HRMS calculated for C18H18F3N3O6 (M+)
429.1148, found 429.1147.


Methyl N-(diethylphosphonoformyl)-3,3,3-trifluoro-2-(5-methyl-
3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)alaninate (6b).
Yield: 55% (pale yellow solid), mp 164–168 ◦C. 1H NMR
(DMSO) d: 13.11 (s, 1H), 7.92 (m, 2H), 7.30–7.19 (m, 3H), 4.15
(m, 4H), 3.63 (s, 3H), 1.91 (s, 3H), 1.37 (t, 6H, 3JHH = 7.0 Hz). 19F
NMR (DMSO) d: −76.3 (s, CF3). 31P NMR (DMSO) d: −0.7 (m).
13C NMR (CDCl3) d: 12.2, 16.3 and 16.5, 53.3, 64.4 and 64.6, 67.8
(q, 2JCF = 29.3 Hz), 107.0, 121.4, 124.8 (q, CF3, 1JCF = 280.0 Hz),
125.1, 129.3, 139.5, 160.7, 162.3, 163.5, 164.7 (d, 1JCP = 122.5
Hz). HRMS calculated for C19H23F3N3O7P (M+) 493.1226, found
493.1225.


Methyl 2-[4-(dimethylamino)phenyl]-N-(ethoxyoxalyl)3,3,3-
trifluoroalaninate (7a). To a chilled (−40 ◦C) solution of
N,N-dimethylaniline (8.0 mmol) in ether (10 ml) a solution of
imine 2a (8.0 mmol) in 5 ml of ether was added. The mixture was
allowed to warm to RT and stirred until the 19F NMR spectrum
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indicated the full conversion of the imine 2a. The solvent was
removed under reduced pressure. The crude residue was purified
by flash chromatography on silica eluting with AcOEt–hexanes.
Yield: 46% (oil). 1H NMR (CDCl3) d: 7.80 (s, 1H), 7.32 (d, 2H,
JHH = 9.0 Hz), 6.85 (d, 2H, JHH = 9.0 Hz), 4.2 (q, 2H, 3JHH = 7.0
Hz), 4.03 (s, 3H), 2.95 (s, 6H), 1.44 (t, 6H, 3JHH = 7.0 Hz). 19F
NMR (CDCl3) d: −71.3 (s, CF3). 13C NMR (CDCl3) d: 14.1, 40.4,
55.8, 63.6, 70.5 (q, 2JCF = 31.0 Hz), 113.5, 121.5, 121.6, 123.4 (q,
CF3, 1JCF = 281.0 Hz), 125.6, 128.8, 128.9, 149.5, 160.1, 161.3,
165.7. HRMS calculated for C16H19F3N2O5 (M+) 376.1246, found
376.1247.


Methyl N-(diethylphosphonoformyl)-2-[4-(dimethylamino)-
phenyl]-3,3,3-trifluoroalaninate (7b). Obtained from N,N-
dimethylaniline and imine 2b following the procedure for 7a.
Yield: 43% (oil). 1H NMR (CD3CN) d: 7.93 (s, 1H), 7.34 (d, 2H,
JHH = 9.0 Hz), 6.78 (d, 2H, JHH = 9.0 Hz), 4.13 (m, 4H), 3.76 (s,
3H), 2.91 (s, 6H), 1.33 (t, 6H, 3JHH = 7.2 Hz). 19F NMR (CD3CN)
d: −71.3 (s, CF3). 31P NMR (CD3CN) d: 3.8 (m). 13C NMR
(CDCl3) d: 16.1 and 16.3, 39.9, 53.5, 61.2 and 61.3, 64.8 and 64.9
(both q, 2JCF = 28.3 Hz), 111.4, 120.3, 122.9 and 123.0 (both q,
CF3, 1JCF = 285.0 Hz), 127.1, 150.7, 161.5, 163.4 (d, 1JCP = 124.1
Hz). HRMS calculated for C17H24F3N2O6P (M+) 440.1324, found
440.1325.


General procedure for the reactions of 2 with NaBH4


To a 0 ◦C solution of imine 2 (8.0 mmol) in ether (10 ml)
a sodium borohydride (6.0 mmol, powder from Aldrich) was
carefully added. The resulting suspension was stirred overnight
at rt under nitrogen. The reaction mixture was quenched with 1 M
HCl and extracted with ether (2 × 50 mL). The combined organic
layers were washed with brine (25 mL), dried over MgSO4 and
filtered. The solvent was removed under reduced pressure and the
crude product was purified by flash chromatography on silica gel
(eluent: ethyl acetate–hexanes).


Methyl N-(ethoxyoxalyl)-3,3,3-trifluoroalaninate (8). Yield:
69% (oil). 1H NMR (CDCl3) d: 8.23 (s, 1H), 6.15 (m, 1H), 4.35 (m,
2H), 3.79 (s, 3H), 1.36 (t, 3H, 3JHH = 7.2 Hz). 19F NMR (CDCl3)
d: −72.0 (s, CF3). 13C NMR (CDCl3) d: 14.0, 53.5, 59.9 (q, 2JCF =
32.0 Hz), 64.6, 125.4 (q, CF3, 1JCF = 288.2 Hz), 159.1, 161.4,
167.7. HRMS calculated for C8H10F3NO5 (M+) 257.0511, found
257.0512.


Methyl 3-(diethylphosphonyl)-2-(trifluoromethyl)-2H-azirine-2-
carboxylate (9). Yield: 57% (oil). IR (thin layer) m/cm−1: 1025,
1046 (P–O–C, C–O–C), 1271 (P=O), 1652 (C=O), 1765 (C=N).


1H NMR (CDCl3) d: 4.34 (m, 4H), 4.12 (s, 3H), 1.4 (m, 6H). 19F
NMR (CDCl3) d: −62.7 (s, CF3). 31P NMR (CDCl3) d: −3.2 (m).
13C NMR (CDCl3) d: 16.4 and 16.5, 60.4, 64.9 and 64.8, 105.9
and 105.8 (both q, 2JCF = 40.9 Hz), 120.5 and 120.6 (both q,
CF3, 1JCF = 267.0 Hz), 146.5 (d, 1JCP = 278.3 Hz), 158.9. HRMS
calculated for C9H13F3NO5P (M+) 303.0483, found 303.0482.
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Regioselective palladium catalysed coupling reactions are achieved in good to high yields, starting from
either 3,5-dichloro- or 3,5-dibromoisothiazole-4-carbonitriles 1 and 2, providing 3-halo-5-(hetero/aryl,
alkenyl and alkynyl)isothiazoles 3, 4, 6–9 from Stille couplings, 3-halo-5-(hetero/arylethynyl)-
isothiazoles 14–19 from Sonogashira and 5,5′-bi(3-chloroisothiazole-4-carbonitrile) (13) from an
Ullmann type coupling. 3,5-Dibromoisothiazole-4-carbonitrile 2 is more reactive than the
dichloroisothiazole-4-carbonitrile 1 and effective enough for Stille, Negishi and Sonogashira couplings.
5,5-Bi(3-chloroisothiazole-4-carbonitrile) (13) is prepared by a palladium catalysed Ullmann coupling
from 3-chloro-5-iodoisothiazole-4-carbonitrile (11). A variety of 3-substituted isothiazoles
(3-substituents = Cl, Br, OMs, OTs and OTf) are less reactive and fail to give successful Suzuki
couplings at the isothiazole C-3 position. The 3-iodo-5-phenyl-isothiazole-4-carbonitrile (28), prepared
via Sandmeyer iodination, participates successfully in Suzuki, Ullmann type, Stille, Negishi and
Sonogashira coupling reactions. All products are fully characterized.


Isothiazoles display wide-ranging biological activity. Commer-
cially important isothiazoles include the Kathon R© preservatives,
the artificial sweetener saccharin and the antibacterial sulfa
drug, sulfasomizole. Isothiazoles are being studied as potential
anticancer agents.1 The chemistry and biological uses of the
system has been reviewed extensively.2–6 Most synthetic strate-
gies involve construction of the isothiazole systems with the
desired carbon substituents in place and the routes are therefore
product specific.5 3,5-Dichloroisothiazole-4-carbonitrile (1)7 is
readily available and, in combination with the development of
C–C coupling methodology,8,9 is a potentially useful starting
material for the construction of more complex isothiazoles. Sur-
prisingly little, however, has appeared on isothiazole C–C coupling
chemistry.10 Palladium catalysed cross-coupling reactions were
reported for several bromo- and iodoisothiazoles to give alkenyl
and alkynyl substituted isothiazoles.11,12 Negishi and Suzuki
cross couplings have also been demonstrated on 3-benzyloxy-
5-iodoisothiazoles.13 Furthermore, an attempted Heck coupling
between 5-bromo-3-methylisothiazole and styrene gave the 3,3′-
dimethyl-5,5′-biisothiazole in almost quantitative yield.14 We have
already shown15 that 3,5-dichloro- and 3,5-dibromoisothiazole-4-
carbonitrile (1 and 2)7 react regiospecifically with either phenyl-
boronic acid or phenyltrifluoroborate to give in high yields
3-halo-5-phenylisothiazole-4-carbonitriles 3 and 4, respectively.
Under analogous reaction conditions both the 3-chloro- and
the 3-bromo-5-phenylisothiazole-4-carbonitrile (3 and 4) failed
to give the desired 3,5-diphenylisothiazole-4-carbonitrile (5)16


(Scheme 1).15
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Scheme 1


As a logical extension of our earlier work we now present
successful regioselective Stille,17 Negishi,18 Sonogashira19 and
Ullmann type20 C–C coupling reactions for 3,5-dihaloisothiazoles
and furthermore the work is extended to show for the first time
Suzuki,21 Stille, Negishi, Ullmann and Sonogashira couplings at
the C-3 position of 3-halo-5-phenylisothiazole-4-carbonitrile.


Stille coupling reaction at C-5


Initial attempts at Stille coupling of 3,5-dichloroisothiazole-4-
carbonitrile (1) and tributylphenyltin in toluene with Pd(OAc)2 as
catalyst could not be driven to completion and most of the starting
isothiazole was recovered. The use of more polar solvent such as
THF or MeCN at reflux improved the product ratio (by TLC)
but even with excess organotin reagent, complete consumption
of starting isothiazole was not achieved. However, complete
consumption of the starting isothiazole was possible with the use
of tributylphenyltin (1 equiv.) in DMF at 100 ◦C for 72 h and
gave 3-chloro-5-phenylisothiazole-4-carbonitrile (3) in moderate
yield (68%). The use of excess tributylphenyltin (2 equiv.) under
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Table 1 Stille coupling reaction of 3,5-dihaloisothiazole-4-carbonitriles
1 and 2 with Pd(OAc)2 (5 mol%) at 20 ◦C with heating to 100 ◦C


Ha1 R RSnBu3 (equiv.) Solvent Time/min Yield (%)


Cl Ph 1 DMF 72 h 3 (68)
Cl Ph 2 DMF 23 h 3 (84)
Br Ph 1.2 MeCN 20 4 (93)
Br Ph 1.2 DMF 20 4 (90)
Br 2-Furyl 1 MeCN 6 h 6 (86)
Br 2-Furyl 1.2 MeCN 20 6 (100)
Br 2-Thienyl 1 MeCN 10 7 (93)
Br Vinyl 1.2 MeCN 45 8 (94)
Br Propynyl 1.2 MeCN 30 9 (86)
Br Bu3Sn 1 MeCN 24 h a


a No reaction after 24 h.


the same conditions gave a shorter reaction time (23 h) and an
improved yield (84%). 3,5-Dibromoisothiazole-4-carbonitrile (2),
however, was more reactive and complete consumption of starting
isothiazole was observed in both MeCN and DMF. The reaction
time and the product yield were also improved. Using MeCN
as solvent, Pd(OAc)2 as catalyst and a variety of commercially
available organotin reagents aryl, heteroaryl, vinyl and propynyl
C-5-substituted isothiazoles 3, 4, 6–9 were prepared (Table 1). No
trace of the 3,5-disubstituted isothiazoles was observed by TLC.


It is worthy of note that the 5-(thien-2-yl)isothiazole (7) was
synthesised in high yield while, according to our previous work,15


Suzuki methodology using 2-thienylboronic acid failed to intro-
duce the 2-thienyl substituent at the C-5 position. These results
demonstrate that the Stille reaction can be used for regioselective
synthesis of C-5-substituted isothiazoles but there are drawbacks;
organotin reagents and their residues are toxic,22 and these residues
could not be removed easily by chromatography. Attempts to
extract the organotin side products with pentane or hexane23


failed because the isothiazole products were also soluble. The
organotin residues were finally removed after recrystallisation of
the isothiazole products from cyclohexane. Another disadvantage
of the Stille coupling reaction was the failure to synthesise the
5,5′-biisothiazole 13 using the bis(tributyltin) reagent. This 5,5′-
biisothiazole 13 was prepared using palladium catalysed Ullmann
type homo-coupling (see below).


Negishi coupling reaction at C-5


The organozinc reagent used in Negishi couplings is non-toxic
and product contamination does not occur readily, and therefore
the Negishi coupling reaction is potentially a cleaner alternative
to the Stille coupling. Negishi couplings have been conducted
with 5-iodoisothiazoles13 but there are to date no reports of
coupling reactions with the less reactive chloro- or bromoiso-
thiazoles. Treatment of 3,5-dichloro- and 3,5-dibromoisothiazole-
4-carbonitrile (1 and 2) with phenylzinc chloride (1.5 equiv.)
and bis(triphenylphosphine)palladium (II) dichloride (5 mol%) in
refluxing THF (25 min) gave the desired products 3 and 4 in 84
and 90% yield, respectively. The use of less phenylzinc chloride


(1 equiv.) led to incomplete consumption of starting isothiazole;
the use of 2 equiv., however, did not affect the product yields or
reaction times. As with the Stille and Suzuki reactions no trace of
the 3,5-diphenylisothiazole-4-carbonitrile (5) was observed. The
synthesis of derivatives was not attempted since arylzinc halides
have limited commercial availability and their preparation was less
attractive.


Ullmann type homocoupling at C-5


Only one example of the 4,4′-biisothiazole11 and one of the
5,5′-biisothiazole14 systems have appeared in the literature as
byproducts of Heck cross coupling reactions. Attempts to prepare
the 5,5′-biisothiazole starting from either 3,5-dichloro- or 3,5-
dibromoisothiazole-4-carbonitrile (1 and 2) using palladium ac-
etate gave predominantly unreacted starting material. Aryl iodides
are known to be more reactive towards homocoupling reactions.9


Several 5-iodoisothiazoles are known and have been prepared
from isothiazoles not substituted at C-5 using both butyllithium
and iodine24 or periodic acid and iodine,25 or by nucleophilic dis-
placement of 5-bromoisothiazoles26 or 5-hydrazinoisothiazoles27


using NaI. Sandmeyer iodination of the readily available 5-
amino-3-chloroisothiazole-4-carbonitrile (10)7 was not, however,
reported. Diazotization28 of 3-, 4- and 5-aminoisothiazoles has
been reported using nitrosyl tetrafluoroborate in a 1 : 1 mixture
of acetic and propionic acids or by treating the amine with
sodium nitrite and concentrated acids.29 Sandmeyer iodination
has also been achieved for 4-aminoisothiazoles using standard
diazotization conditions.30 The successful Sandmeyer iodination
of 3-amino-5-phenylisothiazole-4-carbonitrile (29) using isoamyl
nitrite in iodine saturated MeCN (see below) was modified to
achieve Sandmeyer iodination at C-5. Treatment of an iodine
saturated MeCN solution of the 5-aminoisothiazole 10 with
isoamyl nitrite at ca. 20 ◦C gave the 3-chloro-5-iodo-isothiazole-4-
carbonitrile 11 (55%) together with a trace of 3-chloroisothiazole-
4-carbonitrile 12. The yield of the 5-iodoisothiazole 11 was
significantly improved if the reaction was conducted at higher
temperatures in either refluxing MeCN (ca. 80 ◦C, 79% yield) or
in refluxing nitromethane (ca. 100 ◦C, 83% yield) (Scheme 2).


Scheme 2 Reagents and conditions: (i) I2 (3 equiv.), MeNO2, i-amylONO
(4 equiv.), 120 ◦C, 1 h; (ii) Pd(OAc)2 (5 mol%), DMF, 140 ◦C, 27.5 h, 86%,
Ar; or Pd(OAc)2 (5 mol%), (o-Tolyl)3P (5 mol%), DMF, 140 ◦C, 9 h, 72%,
Ar; or Pd(OAc)2 (1 equiv.), DMF, 140 ◦C, 2.5 h, 85%, Ar.


With catalytic Pd(OAc)2 (5 mol%) in DMF at 140 ◦C
the 5-iodoisothiazole (11) could be converted into
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5,5′-bi(3-chloroisothiazole-4-carbonitrile) (13) in 86% yield
although the reaction required heating for over 27 h. The addition
of catalytic amount of tri-o-tolylphosphine as ligand significantly
reduced the reaction time (9 h) but gave a slightly lower yield
(72%). A faster reaction time (2.5 h) was observed when 1
equivalent of Pd(OAc)2 was used and this had no adverse effect
on the product yield (Scheme 2).


Sonogashira coupling reaction at C-5


The reaction of 3,5-dichloroisothiazole-4-carbonitrile (1) with
phenylacetylene, triethylamine (2 equiv.), bis(triphenylphos-
phine)palladium(II) dichloride (5 mol%) and copper iodide (10
mol%) was investigated in several solvents. MeCN and DMF
were suitable with the former giving slightly improved reac-
tion times and yields. In toluene at least 2 equivalents of
phenylacetylene were required to drive the reaction with the 3,5-
dichloroisothiazole-4-carbonitrile (1) to completion. The more
reactive 3,5-dibromoisothiazole-4-carbonitrile (2), however, could
be converted completely to the 5-(phenylethynyl)isothiazole (14)
even in toluene with only 1.2 equivalents of phenylacetylene.
Starting with 3,5-dibromoisothiazole-4-carbonitrile (2) the 3-
thienyl, ferrocenyl and trimethylsilyl derivatives 16, 18 and 19 of
5-ethynylisothiazoles were synthesized in good yields, although
the trimethylsilyl derivative 19 suffered some desilylation to afford
3-bromo-5-ethynylisothiazole-4-carbonitrile (20; Table 2).


The reaction involving the 3,5-dibromoisothiazole-4-carbo-
nitrile (2) with 2-pyridinylacetylene (1.2 equiv.) failed to reach
completion even with additional equivalents of 2-pyridinyl-
acetylene (up to 3 equiv.) after 24 h. The reaction was therefore
repeated with 3-chloro-5-iodoisothiazole-4-carbonitrile (11), but
when run in either DMF or MeCN the starting isothiazole


Table 2 Sonogashira coupling reaction of 3,5-dihaloisothiazole-4-
carbonitriles 1 and 2 with (PPh3)2PdCl2 (5 mol%), Et3N (2 equiv.) CuI
(10 mol%), 20 ◦C with heating to 100 ◦C


Hal R R–≡ (equiv.) Solvent Time/h Yields (%)


Cl Ph 1.2 PhMe 24 14a


Cl Ph 2.0 PhMe 5.25 14 (76)
Cl Ph 1.2 MeCN 1 14 (91)
Cl Ph 1.2 DMF 1.5 14 (80)
Br Ph 1.2 PhMe 1 15 (86)
Br Ph 1.2 MeCN 1 15 (90)
Br Ph 1.2 DMF 1 15 (86)
Br 3-Thienyl 1.2 MeCN 0.5 16 (77)
Br 2-Pyridyl 1.2 PhMe 24 17a


Br 2-Pyridyl 1.2 MeCN 24 17a


Br 2-Pyridyl 1.2 DMF 24 17a


Br Ferrocenyl 1.2 MeCN 1.5 18 (88)
Br TMS 1.2 PhMe 24 19a


Br TMS 1.5 PhMe 0.25 19 (69)b


Br TMS 1.2 MeCN 24 19a


Br TMS 1.2 DMF 24 19a


a Incomplete reaction. b 3-Bromo-5-ethynylisothiazole-4-carbonitrile (20)
was also isolated in 14% yield.


was consumed rapidly (1 h) to give only 3-chloroisothiazole-4-
carbonitrile (12) as major product (38%). The structure of 3-
chloroisothiazole-4-carbonitrile (12) was confirmed by thermal
decarboxylation of the known 3-chloro-4-cyanoisothiazole-5-
carboxylic acid (21)31 at 200 ◦C (Scheme 3).


Scheme 3 Reagents and conditions: (i) sealed tube, 200 ◦C, 15 min, 76%.


When the reaction of 3-chloro-5-iodoisothiazole-4-carbonitrile
(11) and 2-pyridylacetylene (2 equiv.) was performed in toluene
the desired product was obtained in moderate yield together
with 3-chloroisothiazole-4-carbonitrile (12). A similar result was
obtained when phenylacetylene (2 equiv.) was used. Increasing the
equivalents of 2-pyridylacetylene reduced the reaction time but
did not significantly change the product yields (Table 3).


Clearly under the reaction conditions the 5-iodoisothiazole 11
was labile to reductive hydrodeiodination however, the equivalent
Sonogashira reactions at the C-3 position (see Table 8) did not
show any hydrodeiodination and gave high yields of the desired
3-ethynylisothiazole.


Coupling at the less reactive isothiazole C-3


An earlier attempt to achieve the Suzuki coupling reaction at
the C-3 position of 3-chloro- and 3-bromo-5-phenylisothiazole-4-
carbonitrile (3 and 4) resulted in the unexpected synthesis of 3-
phenoxy-5-phenylisothiazole-4-carbonitrile and gave no isolable
trace of the desired 3,5-diphenylisothiazole-4-carbonitrile (5).15


This result indicated the need for more reactive 3-substituted
isothiazoles. For this purpose, the 3-mesylate, tosylate, and triflate
isothiazoles 23, 24 and 25 were synthesized (Table 4) starting from
the readily available 3-hydroxy-5-phenylisothiazole-4-carbonitrile
(22).32 In addition 2-mesyl, and 2-tosylisothiazol-3-one (26 and
27) were isolated as secondary minor byproducts.


Table 3 Reaction of 3-chloro-5-iodoisothiazole (11; 0.113 mmol) with
either 2-pyridylacetylene or phenylacetylene in PhMe (2 ml) with Et3N
(2 equiv.), (PPh3)2PdCl2 (5 mol%), CuI (10 mol%) at 20 ◦C with heating to
100 ◦C


R (equiv.) Time/min Yields (%)


2-Pyridyl (1.2) a


2-Pyridyl (2) 30 17 (54) 12 (40)
2-Pyridyl (3) 15 17 (49) 12 (43)
Ph (2) 35 14 (50) 12 (36)


a Incomplete reaction after 24 h.
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Table 4 Reaction of 3-hydroxy-5-phenylisothiazole-4-carbonitrile (22)
with particular reagents (2 equiv.) in DCM at 0–10 ◦C


Yields (%)


Reagent (2 equiv.) Et3N (equiv.) Time/h R 23–25 26–27


Ms2O 1 0.3 Ms 23 (78) 26 (16)
TsCl 2 1 Ts 24 (84) 27 (12)
Tf2O 1 0.5 Tf 25 (86)a —


a Based on recovered 3-hydroxyisothiazole 22 (8%).


Early studies on the acylation and sulfonylation of 3-
hydroxyisothiazoles show a kinetic preference for the formation
of the acyloxy and sulfonyloxyisothiazole due to steric reasons; on
standing, however, the acyl (but not the sulfonyl) group migrates
to the thermodynamically more stable N-acylisothiazolone.33


The O-sulfonylated isothiazoles 23–25 showed no tendency to
isomerisation to their sulfonamide isothiazolone derivatives, but
were unfortunately hydrolytically labile in MeCN (and more so
in DMF) to a variety of Suzuki reaction conditions, affording
the starting 3-hydroxyisothiazole 22. The compounds were sta-
ble to hydrolysis in 1,4-dioxane but unfortunately gave mainly
unreacted starting material after 24 h at reflux. Therefore, the
synthesis of the previously unknown 3-iodo-5-phenylisothiazole-
4-carbonitrile (28) was targeted.


3-Iodoisothiazoles have, to our knowledge, not been reported in
the literature. Attempts to convert the 3-hydroxyisothiazole 22 into
the 3-iodoisothiazole 28 using neat HI, excess of KI–I2 in refluxing
THF and Ph3P–I2 in DMF at 50 ◦C all failed and gave only
unreacted 3-hydroxyisothiazole 22. The Sandmeyer iodination
route was then investigated but this required the synthesis of
3-amino-5-phenylisothiazole-4-carbonitrile (29) which has been
previously prepared from the reaction of potassium 2,2-dicyano-
1-phenylethenethiolate with chloramine.34 Our strategy, which
attempts to avoid product-specific synthetic routes, required the
use of the prepared 3-halo-5-phenylisothiazoles 3 or 4. Unlike
the halogen at C-5, which can be displaced readily by anhydrous
ammonia in refluxing THF,7 nucleophilic displacement of the
halogen at C-3 requires vigorous conditions. Treatment of 3-
chloro-5-phenylisothiazole-4-carbonitrile (3) with aqueous am-
monia, anhydrous ammonia, potassium phthalimide or sodamide
with various solvents and temperatures either failed to react or
gave very complex mixtures. An attempt to displace the 3-chloro
substituent with hydrazine hydrate or anhydrous hydrazine, in or-
der to prepare the 3-hydrazino-5-phenylisothiazole-4-carbonitrile
(30), gave instead 3-amino-5-phenyl-1H-pyrazole-4-carbonitrile
(31) in quantitative yield (Scheme 4). Pyrazole 31 has previously


been prepared by treating phenylmethylenemalononitrile with
hydrazine.35 Whilst the analogous transformation of isoxazoles
into pyrazoles is well documented,36,37 only one similar report
has appeared on the transformation of isothiazoles into pyrazoles
using arylhydrazines.38


Halogens at the isothiazole C-3 position are known to be
labile to alkylamines.39 Treatment of 3-chloroisothiazole 3 with
stoichiometric or excess benzylamine in a variety of solvents
(PhMe, PhCl, DCM, THF, DMF, EtOH) gave only a trace of the
3-benzylamino-5-phenylisothiazole-4-carbonitrile (32), but when
the reaction was repeated in neat benzylamine at 80 ◦C, the
desired product was isolated in 90% yield (Scheme 5). At higher
temperatures (150 ◦C) the yield of 32 was reduced and a second
product 3,3′-bis(4-cyano-5-phenylisothiazole-4-carbonitrile) (33)
was observed indicating partial ring cleavage of the isothiazole
possibly initiated by nucleophilic attack of benzylamine on the
ring sulfur atom.


Scheme 4


Scheme 5


Dimeric isothiazoledisulfides have been previously observed as
major products during electrosynthesis of isothiazoles starting
from 3-aryl-2-phenylsulfonylpropenonitriles.40 Disulfide forma-
tion was proposed to arise from the oxidative dimerisation of
the analogous isothiazole-3-thiolate and it is possible that this
also occurs here. Extraction of the benzylamine reaction mixture
with hot dichloromethane (DCM) afforded a trace of a new
compound, bis(isothiazol-3-ylthio)methane (34), and this could
have arisen from reaction of the proposed isothiazole-3-thiolate
with the DCM.


Cleavage of the benzyl group of 3-(N-benzylamino)isothiazole
(32) was not possible using mild reductive conditions (H2, Pd/C)
or with strong mineral acids possibly due to the amidine nature
of the 3-benzylamino nitrogen. A recent publication on the
debenzylation of amides using NBS and catalytic AIBN offered
an alternative method.41 With the 3-benzylaminoisothiazole 32,
however, a complex reaction was observed. Replacing the NBS
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with dibromine gave a much cleaner reaction and the desired 3-
aminoisothiazole 29 was isolated in high yield together with traces
of 3-(N-benzamido)-5-phenylisothiazole-4-carbonitrile (35) and
benzaldehyde (Scheme 6).


Scheme 6 Reagents and conditions: (i) Br2 (1.5 equiv.), AIBN (0.2 equiv.),
PhH–H2O (2 : 1), 0.5 h, 80 ◦C.


Diazotization of the 3-aminoisothiazole 29 could not be
achieved using sodium nitrite with a variety of acids (H2SO4,
AcOH, HI) and, similarly, nitrous acid (HNO3–Na2S2O5) also
failed to affect diazotization. In nearly all cases the 3-
aminoisothiazole 29 decomposed or was converted into mainly
polar products, e.g. 3-hydroxy-5-phenylisothiazole-4-carbonitrile
(22). The use of basic solvents such as pyridine or quinoline has
been shown to assist in such cases,42 but the 3-aminoisothiazole
29 was isolated unchanged. Nitrosyl tetrafluoroborate in a 1 : 1
mixture of acetic and propionic acids gave only traces of the
desired 3-iodoisothiazole 28 (by TLC). Similar difficulties in
Sandmeyer reactions with the 3-aminoisothiazole 29 have been
observed.32 Iodination of arylamines is known to proceed well
under aprotic diazotization conditions using isoamyl nitrite in
the presence of iodine43 and similar conditions gave the 3-iodo-5-
phenylisothiazole-4-carbonitrile (28) in good yield together with
two minor by-products the methylenemalononitrile 36 and the
triazene 37 (Scheme 7). The reaction was optimized with respect
to iodine and isoamyl nitrite and required dropwise addition of
an MeCN solution of the 3-aminoisothiazole 29 into an iodine-
saturated MeCN solution of isoamyl nitrite.


Scheme 7 Reagents and conditions: (i) i-AmylONO (4 equiv.), I2


(2.5 equiv.), MeCN, 5 ◦C, 0.5 h.


Suzuki coupling reactions at C-3


The synthesis of 3-iodo-5-phenylisothiazole-4-carbonitrile (28)
provided a new opportunity to attempt the Suzuki reaction at the
isothiazole C-3 position. The conditions [PhMe, KF, 18-Crown-6,
Pd(OAc)2] that were successfully used for Suzuki couplings at C-
515 did not work with the 3-iodoisothiazole 28. Replacing toluene


with dry and degassed DMF did, however, afford for the first time
3,5-diphenylisothiazole-4-carbonitrile (5) in 34% yield together
with a minor amount of 3,3′-bi(5-phenylisothiazol-4-carbonitrile)
(38).


In light of this promising result the reaction was optimized
first with respect to base, then with respect to boronic acid
and finally with respect to catalyst in DMF. Strong bases, such
as KOH and Cs2CO3, led to decomposition of the starting
isothiazole 28 whilst Li2CO3, KHCO3 and KF required longer
reaction times. Na2CO3 and K2CO3 both afforded reasonable
yields of the diphenylisothiazole 5 in less than 24 h. Of the
two carbonates K2CO3 gave the higher yields and was chosen
for further optimization studies. It was found that freshly and
finely powdered (pestle and mortar) K2CO3 greatly reduced the
reaction times but also the product yields. Similar surface area
effects on the reaction rate have been reported for Buchwald–
Hartwig aminations with Cs2CO3.44 The equivalents of K2CO3


were then carefully screened. With phenylboronic acid (2 equiv.),
Pd(OAc)2 (5 mol%), DMF at 140 ◦C for 2.5 h under an argon
atmosphere with 1.5 equivalents of powdered K2CO3 gave a
consistent 70% yield of the diphenylisothiazole 5 and traces of
the biisothiazole 38. More than (up to 3.5 equiv.) or less than
(down to 0.5 equiv.) 1.5 equivalents of powdered K2CO3 was
detrimental to both yield and reaction time. The equivalents of
phenylboronic acid were then screened; with 3 equivalents of
PhB(OH)2 the reaction time was reduced to 50 min and yields
of the diphenylisothiazole 5 raised to 80%. A further increase in
phenylboronic acid (4 equiv.) did not change either reaction times
or product yields. The DMF was then examined to determine
tolerances in water, air and heating. Wet DMF gave marginally
lower yields but the reaction time was unaffected (50 min). Dry but
non-degassed DMF gave similar results. A significant reduction
of the reaction time to 10 min was observed when the oil bath was
preheated to 140 ◦C, although the product yields were marginally
reduced (70%). In light of these results with the iodo compound
the 3-chloro- and 3-bromo-5-phenylisothiazole-4-carbonitriles 3
and 4 were reinvestigated; however only the 3-bromoisothiazole
4 showed any of the 3,5-diphenylisothiazole 5 (by TLC) and the
reaction was slow and could not be driven to completion.


Finally a range of commercially available catalysts was investi-
gated; interestingly three catalysts, (PPh3)2PdCl2, (PPh3)4Pd and
(dppf)PdCl2 showed no formation of 3,3′-bi(5-phenylisothiazole-
4-carbonitrile) (38) but gave significantly lower yields of the
diphenylisothiazole 5 (61–68%) and longer reaction times.
(MeCN)2PdCl2, (PhCN)2PdCl2, and PdCl2 gave both long re-
action times (3–4 h) and reduced yields (60–61%) of the
diphenylisothiazole 5 together with significant traces of the
biisothiazole 38 (3–5%) whilst (dba)3Pd2 gave comparable yields
to Pd(OAc)2 but at a cost of reaction time (2.5 h).


Having partially optimized the reaction conditions for Suzuki
coupling reaction at the isothiazole C-3 position a variety of 3-
arylsubstituted isothiazoles 5, 39–48 were synthesized (Table 5).
The electron deficient 3-nitrobenzeneboronic acid gave a relatively
low yield (58%) of the desired isothiazole 39 despite the addition of
further boronic acid. Electron rich arylboronic acids (MeOC6H4,
and 3-thienyl) gave higher yields. Sterically hindered boronic
acids such as 2-tolyl- and 2-chloro-benzeneboronic acids gave
either a low yield of the desired isothiazole or could not be
driven to completion within 24 h. As with the C-5 coupling
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Table 5 Reaction of 3-iodo-5-phenylisothiazole-4-carbonitrile (29) with
RB(OH)2 (3–4 equiv.), powdered K2CO3 (1.5 equiv.), Pd(OAc)2 (5 mol%),
in dry degassed DMF at 20 ◦C and heated to 140 ◦C under Ar


Yields (%)


R RB(OH)2 (equiv.) Time/h 5, 39–48 38


Ph 3 1 5 (80) 1
3-NO2C6H4 3.5 1.17 39 (58) 6
4-MeOC6H4 3.5 1.75 40 (95) 5
3-MeOC6H4 3 1 41 (84) 6
2-MeOC6H4 4 0.34 42 (95) 5
4-Tol 3.5 0.42 43 (75) Ndc


3-Tol 3.5 0.5 44 (91) 4
2-Tol 4 24 a a


4-ClC6H4 3.5 0.34 45 (82) 4
3-ClC6H4 3.5 0.34 46 (75) 3
2-ClC6H4 3.5 0.34 47 (58) 7
3-Thienyl 3 0.5 48 (91) 2
2-Thienyl 3 24 b b


Me 3 24 b b


a Incomplete reaction after 24 h. b No reaction. c Nd = no data.


chemistry the 2-thienyl-boronic acid failed to react presumably
due to protodeboronation of the boronic acid. However unlike the
coupling at C-5, methylboronic acid failed to react at C-3. 3,3′-
Biisothiazole 38 was formed in trace quantities in all reactions.


Ullmann type homocoupling reaction at C-3


Whilst the monocyclic 4,4′- and 5,5′-biisothiazoles have been
reported,11,14 only the 3,3′-bibenzoisothiazole moiety has appeared
in the literature.45 Therefore an independent synthesis of the
monocyclic 3,3′-biisothiazole 38 was attempted via the tradi-
tional copper catalysed Ullmann reaction starting from the 3-
iodoisothiazole 28. Treatment of the 3-iodoisothiazole 28 with
either stoichiometric or excess copper powder in refluxing MeCN,
benzene, toluene or xylene gave slow reactions and only traces of
product (by TLC). The reaction went to completion when DMF
was used as solvent but the dimer 38 was isolated in moderate yield
(31%) together with an unexpected isomeric by-product 49 (34%)
which could only arise from degradation of another isothiazole
(Scheme 8). A similar 3-[(Z)-(2-cyano-2-phenylethenyl)thio]-5-
phenylisothiazole was isolated during electrosynthesis of isoth-
iazoles starting from 3-aryl-2-phenylsulfonylpropenonitriles.40


Scheme 8


Table 6 Reaction of 3-iodo-5-phenylisothiazole-4-carbonitrile (28) with
Pd(OAc)2, in dry DMF, under Ar


Pd(OAc)2 (equiv.) Temp. (◦C) Time/h Yield 38 (%)


0.05 20–140 24 a


0.5 20–140 5d 52b


1 20–140 16.5 76
1 140c 5 74
1 170c 12 min 57
1 200c 5 min 56


a Trace of dimer 38 (by TLC) after 24 h. b Yield of 38 is based on recovered
3-iodoisothiazole 28 (6%). c In microwave reactor, 255 W, ramp time 10 s.


Replacing the copper catalyst with Pd(OAc)2 (5 mol%) in dry
degassed DMF failed to give more than a trace of the 3,3′-
biisothiazole 38. The use of triarylphosphine ligands Ph3P or (o-
toly)3P, reductive conditions (Zn–H2O), basic conditions (Hünig’s
base) or the introduction of either Et4NBr or CuI did not improve
the yield of the 3,3′-biisothiazole 38. The reaction times and
product yields were improved with additional Pd(OAc)2 and after
16.5 h with 1 equiv. of Pd(OAc)2 the desired product 38 was
obtained in 76% yield (Table 6). A significant decrease in the
reaction time was observed under microwave conditions at 140 ◦C
although the yield remained unchanged. Harsher microwave
conditions, at 170 or 200 ◦C, provided a further decrease in the
reaction time but the product yield dropped to 56–57%.


Several other commercial palladium catalysts were compared
with Pd(OAc)2 but no appreciable benefits could be discerned.
(MeCN)2PdCl2, (PhCN)2PdCl2 and PdCl2 (1 or 2 equiv.) led to
complete consumption of the starting iodoisothiazole 28 but gave
lower yields (32–71%) compared to Pd(OAc)2 and a complex
reaction mixture was observed with (PPh3)2PdCl2 while (dba)3Pd2


gave no trace of biisothiazole 38; with (dppf)PdCl2 no reaction
was observed.


Stille coupling reaction at C-3


The readiness of 3-chloro-, 3-bromo- and 3-iodoisothiazoles 3, 4,
and 28 to participate in Stille coupling reaction was investigated.
Treatment of either 3-chloro- or the 3-bromo-5-phenylisothiazole-
4-carbonitrile (3 or 4) with tributylphenyltin (up to 3 equiv.)
gave only incomplete reactions (by TLC) even after 24 h. On
the other hand addition of tributylphenyltin (1 equiv.) and
Pd(OAc)2 (5 mol%) to 3-iodo-5-phenylisothiazole-4-carbonitrile
(28) in DMF at 100 ◦C gave the desired 3,5-diphenylisothiazole 5
in 94% yield together with traces of the 3,3′-biisothiazole 38. Under
these reaction conditions heteroaryl, including the 2-thienyl, vinyl
and propynyl isothiazole derivatives 50–53, were synthesised in
high yields (Table 7). In all the reaction mixtures the 3,3′-
biisothiazole 38 was observed in trace quantities. Recrystallisation
(cyclohexane) of the products isolated by chromatography was
sufficient to remove the toxic organotin residues.


Negishi coupling reaction at C-3


A comparison of the reactivity of the 3-halo-5-phenylisothiazole-
4-carbonitriles 3, 4 and 28 with respect to the Negishi coupling
reactions showed that in the presence of bis(triphenyl-
phosphine)palladium(II) dichloride (5 mol%) in dry degassed
DMF the 3-chloroisothiazole 3 failed to react completely even
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Table 7 Reaction of 3-halo-5-phenylisothiazole-4-carbonitriles 3, 4 and
28 with RSnBu3 and Pd(OAc)2 (5 mol%) in dry degassed DMF at 20 ◦C
heated to 100 ◦C, under Ar


Yields (%)


Hal R RSnBu3 (equiv.) Time/h 5, 50–53 38


Cl Ph 3 24 5a a


Br Ph 3 24 5a a


I Ph 1 1.34 5 (94) Trace
I 2-Thienyl 1 0.5 50 (87) Trace
I 2-Furyl 1 1.67 51 (91) Trace
I Vinyl 1 24 52 (96) Trace
I Propynyl 1 24 53 (73) Trace


a Incomplete reaction (by TLC) after 24 h.


when an excess of phenylzinc chloride (3 equiv.) was used.
Under analogous conditions both the 3-bromoisothiazole 4
and 3-iodoisothiazole 28 afforded the 3,5-diphenylisothiazole-4-
carbonitrile 5 in 74 and 78% yields, respectively, in only 20 min.
The use of less than 3 equivalents of phenylzinc chloride resulted
in incomplete reactions in all cases.


Sonogashira coupling reaction at C-3


The three 3-haloisothiazoles 3, 4 and 28 were investigated with
respect to the Sonogashira reaction using an alkyne, triethyl-
amine (2 equiv.), bis(triphenylphosphine)palladium(II) dichloride
(5 mol%) and copper iodide (10 mol%) in dry degassed DMF and
the order of reactivity was determined to follow I > Br > Cl.
3-Chloro-5-phenylisothiazole-4-carbonitrile (3) gave incomplete
reactions, even when an excess of phenylacetylene (3 equiv.) was
used. In contrast, 3-bromo- and 3-iodoisothiazoles 4 and 28 gave
complete reactions with 2 and 1 equivalent of phenylacetylene, re-
spectively. Several 3-substituted-acetyleneisothiazoles 54–58 were
prepared from the 3-iodoisothiazole 28 in good yields (Table 8).
Surprisingly, and in contrast with the 3-chloro-5-iodoisothiazole-


Table 8 Reaction of 3-halo-5-phenylisothiazole-4-carbonitriles 3, 4 and
28 with Et3N (2 equiv.), (PPh3)2PdCl2 (5 mol%), CuI (10 mol%) in dry
degassed DMF at 20 ◦C heated to 100 ◦C, under Ar


Hal R R–≡ (equiv.) Time/h Yield (%)


Cl Ph 1.2 24 54a


Cl Ph 2 24 54a


Cl Ph 3 24 54a


Br Ph 2 2.85 54 (87)
I Ph 1 1.25 54 (92)
I TMS 1.5 4.25 55 (70)
I 3-Thienyl 1.2 1.5 56 (91)
I 2-Pyridinyl 1.2 0.5 57 (92)
I Ferrocenyl 2 0.5 58 (100)


a Incomplete reaction after 24 h, mainly isothiazole 3 (TLC).


4-carbonitrile (11), both the TMS and 2-pyridyl derivatives 55 and
57 were prepared in excellent yield.


Summary


Regioselective Stille, Negishi, Sonogashira, and Ullmann
type C–C coupling reactions were demonstrated with 3,5-
dihaloisothiazole-4-carbonitriles 1 and 2 in good to high yields
at C-5 position of the isothiazole ring. The analogous couplings
at C-3 were much less readily achieved and the preparation of
the more reactive 3-iodo-5-phenylisothiazole-4-carbonitrile (28)
was required. This, the first 3-iodo substituted isothiazole was
achieved via a Sandmeyer iodination of the 3-amino precursor
29. 3-Iodo-5-phenylisothiazole-4-carbonitrile (28) was sufficiently
reactive to undergo Suzuki, Stille, Negishi, Sonogashira and
Ullmann type coupling reactions at the C-3 position. The re-
activity of haloisothiazoles towards the coupling methodology
followed the anticipated order I > Br > Cl. The work described
demonstrates the synthetic usefulness of the readily available
3,5-dichloroisothiazole-4-carbonitrile (1) when combined with
powerful palladium catalysed C–C coupling.


Experimental


Solvents PhH and PhMe were freshly distilled from CaH2 under
argon. DMF was azeotropically distilled with PhH then redistilled
under vacuum from anhydrous MgSO4 and stored over 4 Å molec-
ular sieves under argon. THF was freshly distilled from potassium
under argon. Anhydrous K2CO3 was freshly powdered using an
agate pestle and mortar before use. Reactions were protected by
CaCl2 drying tubes or performed under an argon atmosphere.
Anhydrous MgSO4 was used for drying organic extracts, and
all volatiles were removed under reduced pressure. All reaction
mixtures and column eluents were monitored by TLC using
commercial glass backed thin layer chromatography (TLC) plates
(Merck Kieselgel 60 F254). The plates were observed under UV light
at 254 and 365 nm. The technique of dry flash chromatography
was used throughout for all non-TLC scale chromatographic
separations using Merck Silica Gel 60 (less than 0.063 mm). Mi-
crowave mediated chemistry was performed with a CEM Discover
Microwave Reactor and reaction temperatures were controlled
using standard IR thermometry. Melting points were determined
using a PolyTherm-A, Wagner & Munz, Koefler-Hotstage Micro-
scope apparatus. Solvents used for recrystallization are indicated
after the melting point. UV spectra were obtained using a Perkin-
Elmer Lambda-25 UV/vis spectrophotometer and inflections are
identified by the abbreviation “inf”. IR spectra were recorded on a
Shimidazu FTIR-NIR Prestige-21 spectrometer with a Pike Mira-
cle Ge ATR accessory and strong, medium and weak peaks are rep-
resented by s, m and w respectively. 1H and 13C NMR spectra were
recorded on a Bruker Avance 300 machine (at 300 and 75 MHz,
respectively). Deuterated solvents were used for homonuclear lock
and the signals are referenced to the deuterated solvent peaks.
Low resolution (EI) mass spectra were recorded on a Shimadzu
Q2010 GCMS with a direct inlet probe whilst high resolution
spectra were recorded on a VG Autospec “Q” mass spectrometer.
3,5-Dichloroisothiazole-4-carbonitrile (1),7 3,5-dibromoisothia-
zole-4-carbonitrile (2),7 3-chloro-5-phenylisothiazole-4-carbonit-
rile (3),15 3-bromo-5-phenylisothiazole-4-carbonitrile (4),15
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5-amino-3-chloroisothiazole-4-carbonitrile (10),7 3-chloro-4-
cyanoisothiazole-5-carboxylic acid (21)31 and 3-hydroxy-5-phenyl-
isothiazole-4-carbonitrile (22)32 were prepared according to
literature procedures.


3-Chloro-5-phenylisothiazole-4-carbonitrile (3; typical Stille
coupling conditions at C-5: Table 1)


A stirred mixture of 3,5-dichloroisothiazole-4-carbonitrile (1;
30 mg, 0.168 mmol), tributylphenyltin (109.7 ll, 0.336 mmol,
2 equiv.) and Pd(OAc)2 (1.9 mg, 5 mol%) in DMF (2 ml) protected
with a CaCl2 drying tube, was heated to ca. 100 ◦C, until no
starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with
H2O (4 × 10 ml). The organic layer was separated, dried and
the volatiles evaporated. The residue obtained was absorbed on
silica and chromatography (hexane–DCM, 7 : 3) and gave the title
compound 3 (31.1 mg, 84%) as colourless needles, mp 87–88 ◦C
(from cyclohexane) identical to an authentic sample.


3-Chloro-5-phenylisothiazole-4-carbonitrile (3; typical Negishi
coupling conditions at C-5)


A stirred mixture of 3,5-dichloroisothiazole-4-carbonitrile (1;
30 mg, 0.168 mmol), phenylzinc chloride (504 ll, 0.252 mmol,
0.5M in THF, 1.5 equiv.) and (PPh3)2PdCl2 (5.9 mg, 5 mol%)
in dry and degassed THF (2 ml) under an argon atmosphere,
was heated to ca. 60 ◦C, until no starting material remained
(TLC). The mixture was allowed to cool to ca. 20 ◦C and the
volatiles were evaporated. The residue was absorbed on silica
and chromatography (hexane–DCM, 7 : 3) and gave the title
compound 3 (34.5 mg, 93%) as colourless needles, mp 87–88 ◦C
(from cyclohexane) identical to an authentic sample.


3-Chloro-5-iodoisothiazole-4-carbonitrile (11)


To a stirred and heated (ca. 110 ◦C) mixture of iodine (238.5 mg,
0.94 mmol, 3 equiv.) and isoamyl nitrite (168 ll, 1.25 mmol,
4 equiv.) in nitromethane (2 ml) was added dropwise a ni-
tromethane (1 ml) solution of 5-amino-3-chloroisothiazole-4-
carbonitrile (10; 50 mg, 0.313 mmol). The reaction mixture was
kept at ca. 110 ◦C until no starting material remained (TLC)
and then allowed to cool to ca. 20 ◦C and absorbed on silica.
Chromatography (hexane–DCM, 7 : 3) gave the title compound
11 (70 mg, 83%) as colourless needles, mp 117–118 ◦C (from
pentane); (found: C, 17.8; N, 10.3. C4ClIN2S requires C, 17.8;
N, 10.4%); kmax (DCM)/nm 267 (log e 3.00); mmax/cm−1 2232 w
(C≡N), 1479m, 1371w, 1360w, 1325s, 1221w, 1076w, 1070w, 953w,
810s, 781m; dC (75 MHz; CDCl3) 151.3, 118.8, 112.8, 111.5; m/z
(EI) 272 (M+ + 2, 35%), 270 (M+, 100), 209 (M+–CClN, 28), 177
(M+–CClNS, 3), 143 (M+–I, 14), 127 (I+, 24), 108 (M+–ClI, 15), 93
(CClNS+, 4), 82 (C3NS+, 67), 70 (3), 56 (4) (found: M+, 269.8510,
C4ClIN2S requires M, 269.8516). Further elution (hexane–DCM,
3 : 2) gave 3-chloroisothiazole-4-carbonitrile (12; 7 mg, 16%) as
colourless needles, mp 50–51 ◦C (from pentane); (found: C, 33.3;
H, 0.7; N, 19.4. C4HClN2S requires C, 33.2; H, 0.7; N, 19.4%);
kmax (DCM)/nm 263 (log e 3.02); mmax/cm−1 3109w and 3098w
(CH), 2241w (C≡N), 1497m, 1368w, 1356w, 1335s, 1207w, 1153w,
1144w, 1061m, 1047m, 866m, 841m, 829m, 822m, 816m, 731w;
dH (300 MHz; CDCl3) 9.23 (1H, s, H-5); dC (75 MHz; decoupled


CDCl3) 158.4 (C-5), 151.2, 111.0, 109.7; dC (75 MHz; coupled
CDCl3) 158.4 (d, J 192.3, C-5), 151.2 (d, J 12.3, C-3), 111.0 (d,
J 2.9, C≡N or C-4), 109.7 (d, J 3.4, C-4 or C≡N); dC (75 MHz;
DEPT 90, CDCl3) 158.3 (CH); m/z (EI) 146 (M+ + 2, 37%), 144
(M+, 100), 108 (M+–HCl, 1), 93 (CClNS+, 40), 83 (C3HNS+, 92), 82
(23), 58 (6), 51 (13) (found: M+, 143.9549, C4HClN2S requires M,
143.9549).


3-Chloroisothiazole-4-carbonitrile (12) from
3-chloro-4-cyanoisothiazole-5-carboxylic acid (21)


A thick walled glass pressure tube was charged with 3-chloro-
4-cyanoisothiazole-5-carboxylic acid (21; 100 mg, 0.531 mmol),
sealed and heated in a preheated Woods metal bath to ca. 200 ◦C
for 15 min. The residue was allowed to cool to ca. 20 ◦C and
absorbed on silica. Chromatography (hexane–DCM, 5 : 5) gave
the title compound 12 (58.3 mg, 76%) as colourless needles, mp
50–51 ◦C (from pentane) identical to that described above.


5,5′-Bi(3-chloroisothiazole-4-carbonitrile) (13)


A stirred mixture of 3-chloro-5-iodoisothiazole-4-carbonitrile (11;
30 mg, 0.11 mmol) and Pd(OAc)2 (24.7 mg, 0.11 mmol) in DMF
(2 ml) under an argon atmosphere, was heated to ca. 140 ◦C until
no starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with H2O
(4 × 10 ml). The organic layer was separated, dried and absorbed
on silica. Chromatography (hexane–DCM, 1 : 4) gave the title
compound 13 (27 mg, 86%) as colourless needles, mp 244–245 ◦C
(from PhH); (found: C, 33.5; N, 19.5. C8Cl2N4S2 requires C, 33.5;
N, 19.5%); kmax (DCM)/nm 295 (log e 3.03); mmax/cm−1 2234w
(C≡N), 1634w, 1468s, 1356w, 1341s, 1285w, 1240w, 1065s, 887w,
818s, 741s; dC (75 MHz; DMSO-d6) 160.8, 149.8, 111.1, 110.0; m/z
(EI) 290 (M+ + 4, 17%), 288 (M+ + 2, 75), 286 (M+, 100), 251 (3),
240 (4), 225 (14), 207 (3), 190 (4), 187 (4), 146 (3), 126 (5), 108 (6),
93 (37), 82 (13), 70 (9), 64 (9) (found: M+, 285.8944, C8Cl2N4S2


requires M, 285.8941).


3-Chloro-5-(phenylethynyl)isothiazole-4-carbonitrile (14; typical
Sonogashira conditions at C-5: Table 2)


A stirred mixture of 3,5-dichloroisothiazole-4-carbonitrile (1;
30 mg, 0.168 mmol), CuI (3.2 mg, 10 mol%), (PPh3)2PdCl2 (5.9 mg,
5 mol%), ethynylbenzene (22.1 ll, 0.202 mmol, 1.2 equiv.) and
triethylamine (46.8 ll, 0.336 mmol, 2 equiv.) in DMF (2 ml) was
heated to ca. 100 ◦C until no starting material remained (TLC).
The mixture was allowed to cool to ca. 20 ◦C, diluted with DCM
(15 ml) and washed with H2O (4 × 10 ml). The organic layer
was separated, dried and absorbed on silica. Chromatography
(hexane–DCM, 7 : 3) gave the title compound 14 (32.9 mg, 80%) as
colourless needles, mp 74–75 ◦C (from pentane); (found: C, 58.8;
H, 2.0; N, 11.3. C12H5ClN2S requires C, 58.9; H, 2.1; N, 11.5%);
kmax (DCM)/nm 230 (log e 3.69), 301 inf (372), 320 (3.85), 336
(3.88); mmax/cm−1 2236w (C≡N), 2207m (C≡C), 1512m, 1483w,
1443w, 1393w, 1348s, 1279w, 1258w, 1070w, 1026w, 1001w, 993m,
961w, 926w, 876m, 818m, 762s; dH (300 MHz; CDCl3) 7.63–7.59
(2H, m, Ph H), 7.53–7.40 (3H, m, Ph H); dC (75 MHz; CDCl3) (1
peak missing) 156.7, 149.9, 132.2 (Ph CH), 131.0 (Ph CH), 128.7
(Ph CH), 119.9, 111.4, 110.7, 75.0 (C≡C); dC (75 MHz; DEPT 90,
CDCl3) 132.2 (Ph CH), 131.0 (Ph CH), 128.7 (Ph CH); m/z (EI)
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246 (M+ + 2, 79%), 244 (M+, 100), 209 (13), 183 (10), 165 (38), 151
(19), 145 (8), 139 (13), 124 (7), 117 (3), 113 (3), 93 (11), 75 (4), 63
(5) (found: M+, 243.9871, C12H5ClN2S requires M, 243.9862).


3-Methanesulfonyloxy-5-phenylisothiazole-4-carbonitrile (23)


To a stirred solution of 3-hydroxy-5-phenylisothiazole-4-
carbonitrile (22; 100 mg, 0.495 mmol) and triethylamine (69 ll,
0.495 mmol, 1 equiv.) in DCM (2 ml) cooled to ca. 0 ◦C was added
in one portion methanesulfonic anhydride (172.5 mg, 0.99 mmol,
2 equiv.). The reaction mixture was kept at ca. 0 ◦C until no starting
material remained (TLC). Chromatography (hexane–DCM, 5 : 3)
gave the title compound 23 (108 mg, 78%) as colourless needles,
mp 104–105 ◦C (from cyclohexane); (found: C, 47.2; H, 2.7; N, 9.9.
C11H8N2O3S2 requires C, 47.1; H, 2.9; N, 10.0%); kmax (DCM)/nm
279 (log e 3.17); mmax/cm−1 2236w (C≡N), 1558w, 1535w, 1495w,
1449w, 1429w, 1387s, 1329w, 1188s, 1126s, 1082w, 978m, 908w,
866m, 781s, 770s, 731m, 714s; dH (300 MHz; CDCl3) 7.80–7.76
(2H, m, Ph H), 7.64–7.53 (3H, m, Ph H), 3.56 (3H, s, CH3); dC


(75 MHz; CDCl3) 176.6, 159.0, 132.6 (Ph CH), 129.9 (Ph CH),
127.4 (Ph C), 127.1 (Ph CH), 111.2 (C≡N), 97.0 [C(C≡N)], 40.4
(CH3); dC (75 MHz; DEPT 90, CDCl3) 132.5 (Ph CH), 129.9 (Ph
CH), 127.1 (Ph CH); m/z (EI) 280 (M+, 50%), 216 (M+–SO2,
4), 202 (100), 187 (7), 173 (3), 159 (13), 146 (11), 142 (24), 128
(51), 121 (12), 114 (6), 100 (22), 88 (4), 79 (32), 77(13), 63 (6), 51
(11) (found: M+, 279.9977, C11H8N2O3S2 requires M, 279.9976).
Further elution (hexane–t-BuOMe, 1 : 4) gave 4-cyano-2-mesyl-
5-phenylisothiazol-3-one (26; 22 mg, 16%) as colourless needles,
mp 182–183 ◦C (from t-BuOMe); (found: C, 47.1; H, 2.8; N, 9.9.
C11H8N2O3S2 requires C, 47.1; H, 2.9; N, 10.0%); kmax (DCM)/nm
295 (log e 3.08); mmax/cm−1 3030w and 3011w (Ar CH), 2930 (CH3),
2232w (C≡N), 1701s (C=O), 1593w, 1545w, 1489w, 1447w, 1416w,
1368s, 1335m, 1290w, 1171s, 1099m, 1005w, 964s, 939w, 908w,
773s, 758w, 741m; dH (300 MHz; CDCl3) 7.80–7.77 (2H, m, Ph
H), 7.73–7.68 (1H, m, Ph H), 7.63–7.58 (2H, m, Ph H), 3.59
(3H, s, CH3); dC (75 MHz; CDCl3) 169.4, 162.9, 134.4 (Ph CH),
130.2 (Ph CH), 128.3, 127.1 (Ph CH), 126.8, 111.7 (C≡N), 95.8
[C(C≡N)], 42.0 (CH3); dC (75 MHz; DEPT 90, CDCl3) 134.4 (Ph
CH), 130.2 (Ph CH), 127.1 (Ph CH); m/z (EI) 280 (M+, 73%), 215
(6), 202 (M+–CH2O2S, 100), 187 (9), 173 (5), 159 (16), 146 (13),
142 (23), 128 (59), 121 (11), 114 (5), 100 (16), 88 (4), 79 (CH2O2S+,
21), 77 (11), 69 (3), 63 (5), 51 (10), 46 (11) (found: M+, 279.9973,
C11H8N2O3S2 requires M, 279.9976).


3-(4-Toluenesulfonyloxy)-5-phenylisothiazole-4-carbonitrile (24)


To a stirred solution of 3-hydroxy-5-phenylisothiazole-4-
carbonitrile (22; 100 mg, 0.495 mmol) and triethylamine (69 ll,
0.495 mmol, 1 equiv.) in DCM (2 ml) cooled to ca. 0 ◦C was added
in one portion 4-toluenesulfonyl chloride (188.7 mg, 0.99 mmol,
2 equiv.). The reaction mixture was kept at ca. 0 ◦C until no starting
material remained (TLC). Chromatography (hexane–DCM, 5 : 3)
gave the title compound 24 (148 mg, 84%) as colourless needles,
mp 94–95 ◦C (from cyclohexane); (found: C, 57.4; H, 3.3; N, 7.8.
C17H12N2O3S2 requires C, 57.3; H, 3.4; N, 7.9%); kmax (DCM)/nm
214 (log e 4.87), 278 (4.01); mmax/cm−1 2234w (C≡N), 1597w,
1539m, 1495w, 1449w, 1379s, 1294w, 1217w, 1194m, 1180s, 1123m,
1088m, 1038w, 1016w, 999w, 955w, 910w, 862s, 814m, 800w, 768m,
743s, 712w; dH (300 MHz; CDCl3) 8.00 (2H, d, J 8.4, Tol H), 7.76–


7.72 (2H, m, Ph H), 7.61–7.50 (3H, m, Ph H), 7.41 (2H, d, J 8.5,
Tol H), 2.48 (3H, s, CH3); dC (75 MHz; CDCl3) 176.1, 158.8, 146.6,
132.3 (Ar CH), 132.1, 130.0 (Ar CH), 129.8 (Ar CH), 129.0 (Ar
CH), 127.6, 127.1 (Ar CH), 111.3 (C≡N), 97.0 [C(C≡N)], 21.8
(CH3); dC (75 MHz; DEPT 90, CDCl3) 132.3 (Ar CH), 130.0 (Ar
CH), 129.8 (Ar CH), 129.0 (Ar CH), 127.1 (Ar CH); m/z (EI) 356
(M+, 0.2%), 292 (M+–SO2, 20), 155 (47), 127 (8), 100 (4), 91 (100),
77 (5), 65 (24) (found: M+, 356.0283, C17H12N2O3S2 requires M,
356.0289). Further elution (hexane–Et2O, 1 : 4) gave 4-cyano-5-
phenyl-2-(4-tosyl)isothiazol-3-one (27; 21 mg, 12%) as colourless
needles, mp 190–191 ◦C (from t-BuOMe); (found: C, 57.4; H,
3.3; N, 7.8. C17H12N2O3S2 requires C, 57.3; H, 3.4; N, 7.9%); kmax


(DCM)/nm 230 (log e 2.86), 296 (3.01); mmax/cm−1 3065w (Ar
CH), 2957w, 2922w and 2855 (CH3), 2228w (C≡N), 1730w, 1701s,
1593w, 1551w, 1487w, 1447w, 1377m, 1329w, 1288w, 1175s, 1123w,
1094w, 1080m, 984w, 928w, 907w, 810w, 800w, 772m, 762m, 743m,
702w; dH (300 MHz; CDCl3) 8.05 (2H, d, J 8.4, Tol H), 7.77–7.73
(2H, m Ph H), 7.70–7.64 (1H, m, Ph H), 7.61–7.53 (2H, m, Ph
H), 7.42 (2H, d, J 8.1, Tol H), 2.48 (CH3); dC (75 MHz; CDCl3)
168.7, 161.8, 147.3, 134.1 (Ar CH), 132.5 (Ar C), 130.2 (Ar CH),
130.1 (Ar CH), 129.1 (Ar CH), 127.0 (Ar CH), 126.9 (Ar C),
111.9 (C≡N), 95.9 [C(C≡N)], 21.9 (CH3); dC (75 MHz; DEPT
90, CDCl3) 134.1 (Ar CH), 130.2 (Ar CH), 130.1 (Ar CH), 129.2
(Ar CH), 127.0 (Ar CH); m/z (EI) 356 (M+, 0.1%), 292 (M+–SO2,
17), 155 (53), 128 (4), 127 (7), 100 (4), 91 (100), 77 (6), 65 (27)
(found: M+, 356.0288, C17H12N2O3S2 requires M, 356.0289).


3-Trifluoromethanesulfonyloxy-5-phenylisothiazole-4-carbonitrile
(25)


To a stirred solution of 3-hydroxy-5-phenylisothiazole-4-
carbonitrile (22; 100 mg, 0.495 mmol) and triethylamine (69 ll,
0.495 mmol, 1 equiv.) in DCM (2 ml) cooled to ca. 0 ◦C was added
dropwise trifluoromethanesulfonic anhydride (167 ll, 0.99 mmol,
2 equiv.). The reaction mixture was kept at ca. 0 ◦C until no starting
material remained (TLC). Chromatography (hexane–DCM, 5 : 3)
gave the title compound 25 (142 mg, 86%) as colourless needles,
mp 67–68 ◦C (from cyclohexane); (found: C, 39.5; H, 1.5; N, 8.2.
C11H5F3N2O3S2 requires C, 39.5; H, 1.5; N, 8.4%); kmax (DCM)/nm
281 (log e 3.05); mmax/cm−1 2236w (C≡N), 1541w, 1497w, 1450w,
1414m, 1224s, 1165w, 1134m, 1109m, 1101m, 1032w, 1001w, 951w,
910m, 862m, 791m, 770m, 762m, 692m, 687m; dH (300 MHz;
CDCl3) 7.82–7.78 (2H, m, Ph H), 7.67–7.56 (3H, m, Ph H);
dC (75 MHz; CDCl3) (1 peak missing) 177.7, 155.6, 132.9 (Ph
CH), 130.0 (Ph CH), 127.2 (Ph CH), 118.5 (1C, q, 1JCF 319.5,
CF3), 110.3, 96.8; dC (75 MHz; DEPT 90, CDCl3) 132.9 (Ph
CH), 130.0 (Ph CH), 127.2 (Ph CH); m/z (EI) 334 (M+, 78%),
270 (M+–SO2, 45), 201 (4), 196 (100), 186 (7), 176 (8), 159 (10),
146 (8), 127 (39), 114 (3), 100 (8), 84 (5), 77 (C6H5


+, 8), 69 (58),
63 (4), 51(6) (found: M+, 333.9695. C11H5F3N2O3S2 requires M,
333.9694). Further elution gave 3-hydroxy-5-phenylisothiazole-4-
carbonitrile (8 mg, 8%) as colourless needles, mp 233–234 ◦C (from
PhH) (lit.,32 235–236 ◦C), identical to an authentic sample.


3-Amino-5-phenylpyrazole-4-carbonitrile (31)


A stirred mixture of 3-chloro-5-phenylisothiazole-4-carbonitrile
(3; 100 mg, 0.454 mmol) in 80% hydrazine hydrate (2 ml) was
heated to ca. 80 ◦C for 1 h. The mixture was poured onto


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3681–3693 | 3689







crushed ice (50 g) to form a white precipitate. Filtration gave
the title compound 31 (84 mg, 100%) as white powder, mp 194–
195 ◦C (from H2O–EtOH) (lit.,35 mp 200 ◦C); kmax (EtOH)/nm
205 (log e 4.39), 234 (4.21), 253 inf (4.11); mmax/cm−1 3348w,
3304w, 3184m, 3169m, 3129w, 3098w, 3049w, 3019w, 2978w,
2953w, 2909w, 2835w, 2232s (C≡N), 1649w, 1580w, 1568w, 1535m,
1501m, 1493m, 1443w, 1422w, 1350w, 1171w, 1140w, 1078m,
1026w, 966w, 916w, 816w, 768s, 725m; dH (300 MHz; DMSO-d6)
12.18 (1H, br s, NH), 7.82–7.80 (2H, m, Ph H), 7.49–7.37 (3H, m,
Ph H), 6.45 (2H, br s, NH2); dC (75 MHz; DMSO-d6) (Ph CH peak
missing) 154.9 (C-3), 150.3 (C-5), 132.1 (Ph C), 129.0 (Ph CH),
125.9 (Ph CH), 116.4 (C≡N), 69.9 (C-4); dC (75 MHz; DEPT 90,
DMSO-d6) (Ph CH peak missing) 129.0 (Ph CH), 125.9 (Ph CH);
m/z (EI) 184 (M+, 100%), 167 (1), 155 (10), 142 (10), 128 (13), 121
(3), 115 (3), 106 (11), 102 (4), 91 (25), 77 (15), 65 (4), 63 (3), 51(9),
(found: M+, 184.0749, C10H8N4 requires M, 184.0749).


3-(Benzylamino)-5-phenylisothiazole-4-carbonitrile (32)


A stirred solution of 3-chloro-5-phenylisothiazole-4-carbonitrile
(3; 50 mg, 0.227 mmol) in benzylamine (2 ml) was heated to ca.
80 ◦C until no starting material remained (TLC). The mixture
was diluted with DCM (15 ml) and was washed with 10% aq.
HCl (4 × 10 ml) followed by saturated aq. Na2S2O5 (4 × 10 ml).
The organic layer was separated, dried and absorbed on silica.
Chromatography (hexane–DCM, 7 : 3) gave the title compound
32 (55 mg, 90%) as colourless needles, mp 127–128 ◦C (from
cyclohexane); (found: C, 70.2; H, 4.4; N, 14.4. C17H13N3S requires
C, 70.1; H, 4.5; N, 14.4%); kmax (DCM)/nm 229 (log e 3.12), 280
(3.05), 338 (2.44); mmax/cm−1 3381m (NH), 3058w and 3025w (Ph
CH), 2217m (C≡N), 1556s, 1538m, 1496w, 1458w, 1449w, 1419w,
1349m, 1300w, 1196w, 1160w, 1106w, 1083w, 1065w, 1033w,
1027w, 1011w, 1001w, 956w, 912w, 875w, 771s; dH (300 MHz;
CDCl3) 7.75–7.72 (2H, m, Ph H), 7.55–7.47 (3H, m, Ph H), 7.42–
7.30 (5H, m, Ph H), 5.29 (1H, br s, NH), 4.65 (2H, s, CH2); dC


(75 MHz; CDCl3) 174.3, 164.3, 138.0 (Ph C), 131.3 (Ph CH),
129.5 (Ph CH), 128.7 (Ph C), 128.6 (Ph CH), 127.8 (Ph C), 127.7
(Ph CH), 127.7 (Ph CH), 127.1 (Ph CH), 114.0 (C≡N), 92.2
[C(C≡N)], 47.0 (CH2); dC (75 MHz; DEPT 135, CDCl3) 131.3
(Ph CH), 129.5 (Ph CH), 128.7 (Ph CH), 127.8 (Ph CH), 127.7
(Ph CH), 127.1 (Ph CH), 47.0 (CH2); m/z (EI) 291 (M+, 100%),
290 (30), 275 (3), 258 (3), 218 (4), 214 (5), 186 (5), 159 (3), 155 (3),
146 (3), 141 (3), 128 (5), 121 (7), 106 (BnNH+, 37), 91 (PhCH2


+,
80), 77 (C6H5


+, 9), 65 (11), 51 (5) (found: M+, 291.0829. C17H13N3S
requires M, 291.0830). Further elution (hexane–DCM, 7 : 3) gave
3,3′-bis-(4-cyano-5-phenylisothiazole)disulfide (33; 0.5 mg, 1%) as
colourless needles, mp 138–139 ◦C (from EtOH); (found: C, 55.2;
H, 2.3; N, 12.8. C20H10N4S4 requires C, 55.3; H, 2.3; N, 12.9%);
kmax (DCM)/nm 230 (log e 3.20), 287 (3.30); mmax/cm−1 2224m
(C≡N), 1514m, 1483s, 1443m, 1387w, 1325m, 1290w, 1269w,
1240w, 1190w, 1103w, 1076w, 1045m, 1026w, 999w, 955w, 916w,
826m, 766s, 760s; dH (300 MHz; CDCl3) 7.79–7.72 (4H, m, Ph
H), 7.59–7.50 (6H, m, Ph H); dC (75 MHz; CDCl3) 177.0, 162.1,
132.0 (Ph CH), 129.7 (Ph CH), 127.5 (Ph C), 127.4 (Ph CH), 112.3
(C≡N), 105.1 [C(C≡N)]; dC (75 MHz; DEPT 90, CDCl3) 132.0
(Ph CH), 129.7 (Ph CH), 127.4 (Ph CH); m/z (EI) 434 (M+, 68%),
401 (M+–HS, 52), 369 (M+–HS2, 15), 337 (7), 249 (7), 218 (100), 190
(13), 185 (10), 159 (26), 141 (13), 128 (77), 121 (34), 114 (9), 100 (7),
90 (22), 77 (C6H5


+, 30), 69 (6), 63 (5), 51 (19) (found: M+, 433.9790.


C20H10N4S4 requires M, 433.9788). If the reaction mixture is
initially extracted with hot DCM then chromatography (hexane–
DCM, 7 : 3) of the extracts gave in addition to the above
products 3,3′-methylenebis(sulfanediyl)bis(5-phenylisothiazole-4-
carbonitrile) (34; 0.5 mg, 1%) as colourless needles, mp 134–135 ◦C
(from THF); (found: C, 56.1; H, 2.5; N, 12.4. C21H12N4S4 requires
C, 56.2; H, 2.7; N, 12.5%); kmax (DCM)/nm 230 (log e 3.24),
287 (3.34); mmax/cm−1 30098w, (Ar CH), 2222w (C≡N), 1582w,
1510w, 1481s, 1441w, 1381w, 1327m, 1250w, 1223m, 1180w, 1155w,
1101w, 1078w, 1051s, 999w, 961w, 920w, 837s, 785w, 758s, 739m;
dH (300 MHz; CDCl3) 7.77–7.74 (2H, m, Ph H), 7.60–7.50 (3H,
m, Ph H), 5.16 (1H, s, CH2); dC (75 MHz; CDCl3) 175.8, 163.7,
131.7 (Ph CH), 129.5 (Ph CH), 127.5 (Ph C), 127.3 (Ph CH),
112.2 (C≡N), 103.1 [C(C≡N)], 32.9 (CH2); dC[75 MHz; DEPT
135, CDCl3 + Cr(acac)3] (Ph CH), 129.5 (Ph CH), 127.3 (Ph CH),
32.9 (CH2); m/z (EI) 448 (M+, 38%), 415 (M+–HS, 4), 401 (7),
284 (3), 265 (8), 231 (100), 219 (11), 187 (8), 181 (3), 163 (7), 159
(7), 144 (17), 139 (9), 135 (12), 121 (55), 109 (33), 87 (12), 58 (13);
(found: M+, 447.9961, C21H12N4S4 requires M, 447.9945).


3-Amino-5-phenylisothiazole-4-carbonitrile (29)


A stirred mixture of 3-(benzylamino)-5-phenylisothiazole-4-
carbonitrile (32; 50 mg, 0.185 mmol), bromine (14.2 ll,
0.278 mmol, 1.5 equiv.), AIBN (6 mg, 0.037 mmol, 0.2 equiv.) and
PhH–H2O (2 : 1, 3 ml) was heated to ca. 80 ◦C until no starting
material remained (TLC). The organic layer was separated, dried
and then absorbed on silica. Chromatography (hexane–DCM,
4 : 1) gave the title compound 29 (33 mg, 90%) as colourless
needles, mp 127–128 ◦C (from cyclohexane) (lit.,34 128.5 ◦C); kmax


(DCM)/nm 228 (log e 3.68), 280 (3.83), 325 (3.35); mmax/cm−1


3436w (NH), 3288w and 3193w (Ph CH), 2218m (C≡N), 1618s,
1549s, 1501s, 1465w, 1440w, 1411s, 1337w, 1306w, 1290w, 1270w,
1197w, 1159w, 1100w, 1066w, 1031w, 1002w, 957w, 901w, 844s,
761m; dH (300 MHz; CDCl3) 7.73–7.70 (2H, m, Ph H), 7.53–7.46
(3H, m, Ph H), 5.02 (2H, br s, NH2); dC (75 MHz; CDCl3) 174.5,
164.6, 131.4 (Ph CH), 129.4 (Ph CH), 128.4 (Ph C), 127.0 (Ph CH),
113.9 (C≡N), 92.7 [C(C≡N)]; dC (75 MHz; DEPT 90, CDCl3)
131.4 (Ph CH), 129.5 (Ph CH), 127.0 (Ph CH); m/z (EI) 201 (M+,
100%), 174 (M+–HCN, 10), 159 (15), 153 (13), 128 (49), 114 (7),
100 (11), 88 (5), 77 (18), 74 (41), 63 (5), 51 (13). Further elution
(DCM) gave 3-benzoylamino-5-phenylisothiazole-4-carbonitrile
(35; 1 mg, 1%) as colourless needles, mp 169–170 ◦C (from
cyclohexane); (found: C, 66.7; H, 3.5; N, 13.7. C17H11N3OS
requires C, 66.9; H, 3.6; N, 13.8%); kmax (DCM)/nm 275 (log
e 3.32); mmax/cm−1 3246w (NH), 2232w (C≡N), 1672s (C=O),
1537s, 1503m, 1472w, 1443w, 1427w, 1381s, 1285m, 1273m, 1254w,
1179w, 1153w, 1101w, 1076w, 1026w, 1001w, 961w, 935w, 920m,
883w, 841m, 795w, 762s, 716s; dH (300 MHz; CDCl3) 8.85 (1H, br s,
NH), 7.98–7.95 (2H, m, Ph H), 7.80–7.77 (2H, m, Ph H), 7.64–
7.49 (6H, m, Ph H); dC (75 MHz; CDCl3) 175.7, 165.0, 157.3, 133.0
(Ph CH), 132.4 (Ph C), 131.8 (Ph CH), 129.7 (Ph CH), 128.9 (Ph
CH), 127.9 (Ph C), 127.7 (Ph CH), 127.4 (Ph CH), 112.9 (C≡N),
99.5 [C(C≡N)]; dC (75 MHz; DEPT 90, CDCl3) 133.0 (Ph CH),
131.8 (Ph CH), 129.7 (Ph CH), 128.9 (Ph CH), 127.7 (Ph CH),
127.4 (Ph CH); m/z (EI) 305 (M+, 16%), 277 (M+–CO, 7), 218 (1),
201 (2), 184 (3), 127 (3), 105 (PhCO+, 100), 84 (5), 77 (C6H5


+,
50), 51 (11) (found: M+, 305.0646, C17H11N3OS requires M,
305.0623).
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3-Iodo-5-phenylisothiazole-4-carbonitrile (28)


To a stirred and cooled (ca. 0–5 ◦C) mixture of iodine (158 mg,
0.623 mmol, 2.5 equiv.) and isoamyl nitrite (134 ll, 0.996 mmol,
4 equiv.) in MeCN (2 ml) was added dropwise an MeCN (1 ml)
solution of 3-amino-5-phenylsothiazole-4-carbonitrile (29; 50 mg,
0.249 mmol). The reaction mixture was kept at ca. 0–5 ◦C until
no starting material remained (TLC), allowed to warm to ca.
20 ◦C and absorbed on silica. Chromatography (hexane–DCM,
3 : 7) gave the title compound 28 (66 mg, 85%) as colourless
needles, mp 123.5–124.5 ◦C (from cyclohexane); (found: C, 38.5;
H, 1.6; N, 8.9. C10H5IN2S requires C, 38.5; H, 1.6; N, 9.0%);
kmax (DCM)/nm 229 (log e 2.95), 285 (3.07); mmax/cm−1 3032w
(Ph CH), 2232m (C≡N), 1508w, 1477s, 1445w, 1377m, 1327m,
1233m, 1188w, 1107w, 1080w, 1036m, 1016w, 997m, 962w, 923w,
816s, 770s, 756s; dH (300 MHz; CDCl3) 7.77–7.73 (2H, m, Ph
H), 7.60–7.50 (3H, m, Ph H); dC (75 MHz; CDCl3) 175.7, 132.1,
(Ph CH), 129.8 (Ph CH), 127.4 (Ph CH), 126.8, 114.4, 114.1,
113.8; dC (75 MHz; DEPT 90, CDCl3) 132.1, (Ph CH), 129.8
(Ph CH), 127.4 (Ph CH); m/z (EI) 312 (M+, 100%), 185 (M+–
I, 25), 158 (10), 153 (3), 141 (28), 127 (4), 121 (5), 114 (8), 100
(3), 84 (4), 77 (C6H5


+, 17), 63 (3), 51 (12) (found: M+, 311.9209,
C10H5IN2S requires M, 311.9218). Further elution (hexane–DCM,
3 : 2) gave 1,1-dicyano-2-iodo-2-phenylethene (36; 1 mg, 1%) as
yellow needles, mp 114–115 ◦C (from cyclohexane); (found: C,
42.9; H, 1.7; N, 10.0. C10H5IN2 requires C, 42.9; H, 1.8; N, 10.0%);
kmax (DCM)/nm 282 inf (log e 2.85), 319 (3.00); mmax/cm−1 3030w
(Ph CH), 2224w (C≡N), 1591w, 1574w, 1537m, 1508m, 1485w,
1441w, 1377w, 1327w, 1233m, 1179w, 1157w, 1076w, 1036w, 999w,
924w, 878w, 833w, 816w, 770w, 752s; dH (300 MHz; CDCl3) 7.63–
7.58 (2H, m, Ph H), 7.57–7.45 (3H, m, Ph H); dC (75 MHz;
CDCl3) 142.4, 138.7, 133.1 (Ph CH), 129.0 (Ph CH), 129.0 (Ph
CH), 115.3 (C≡N), 112.2 (C≡N), 96.2 [C(CN)2]; dC (75 MHz;
DEPT 90, CDCl3) 133.1 (Ph CH), 129.0 (Ph CH), 129.0 (Ph CH);
m/z (EI) 280 (M+, 39%), 153 (M+–I, 100), 126 (16), 100 (7), 77
(C6H5


+, 24), 75 (8), 63 (5), 51 (12) (found: M+, 279.9500, C10H5IN2


requires M, 279.9498). Further elution (DCM) gave 3,3′-(triaz-
1-ene-1,3-diyl)bis(5-phenylisothiazole-4-carbonitrile) (37; 0.5 mg,
1%) as pale yellow needles, mp 196–197 ◦C (from cyclohexane);
(found: C, 57.9; H, 2.7; N, 23.6. C20H11N7S2 requires C, 58.1; H,
2.7; N, 23.7%); kmax (DCM)/nm 296 (log e 3.55), 335 inf (3.26);
mmax/cm−1 2226w (C≡N), 1584m, 1574m, 1537w, 1522w, 1493w,
1479w, 1423s, 1385m, 1260w, 1227s, 1186w, 1119w, 1080w, 1032w,
1001w, 974w, 883w, 872w, 853w, 764m, 727m, 714m; dH (300 MHz;
DMSO-d6) 14.67 (1H, br s, NH), 7.86–7.81 (4H, m, Ph H), 7.67–
7.64 (6H, m, Ph H); dC (75 MHz; DMSO-d6) (C-4 peak is missing)
176.1, 131.9 (Ph CH), 129.7 (Ph CH), 128.2 (Ph C), 127.5 (Ph
CH), 127.5 (Ph C), 113.1 (C≡N); dC (75 MHz; DEPT 90, DMSO-
d6) 131.9 (Ph CH), 129.7 (Ph CH), 127.5 (Ph CH); m/z (EI) 384
(M+–HN2, 100), 352 (5), 312 (5), 308 (2), 275 (2), 242 (8), 213 (25),
201 (27), 185 (49), 178 (9), 158 (10), 153 (7), 141 (30), 128 (13), 121
(14), 114 (9), 91 (56), 77 (C6H5


+, 29), 51 (12) (found: M+–HN2,
384.0381, C20H10N5S2 requires M–HN2, 384.0378).


3,5-Diphenylisothiazole-4-carbonitrile (5; typical Suzuki
conditions for coupling at C-3: see Table 5)


A stirred mixture of 3-iodo-5-phenylisothiazole-4-carbonitrile (28;
50 mg, 0.16 mmol), phenylboronic acid (58.5 mg, 0.48 mmol,


3 equiv.), powdered K2CO3 (33.2 mg, 0.24 mmol, 1.5 equiv.) and
Pd(OAc)2 (1.8 mg, 5 mol%) in dry and degassed DMF (2 ml)
under an argon atmosphere, was heated to ca. 140 ◦C, until no
starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with
H2O (4 × 10 ml). The organic layer was separated, dried and
absorbed on silica. Chromatography (hexane–DCM, 3 : 2) gave
the title compound 5 (34 mg, 80%) as white needles, mp 146–
147 ◦C (from cyclohexane) (lit.,16 mp 149–150 ◦C); (found: C, 73.2;
H, 3.7; N, 10.7. C16H10N2S requires C, 73.3; H, 3.8; N, 10.7%);
kmax (DCM)/nm 262 (log e 3.18); mmax/cm−1 3061w and 3030w
(Ph CH), 2226w (C≡N), 1518w, 1481m, 1445m, 1410w, 1364m,
1074w, 1032w, 1001w, 966w, 912m, 839m, 770m, 760m, 718s; dH


(300 MHz; CDCl3) 8.08–8.03 (2H, m, Ar H), 7.83–7.79 (2H, m, Ar
H), 7.57–7.52 (6H, m, Ar H); dC (75 MHz; CDCl3) 176.8, 168.9,
132.9 (Ph C), 131.5 (Ph CH), 130.4 (Ph CH), 129.6 (Ph CH),
128.8 (Ph CH), 128.1 (Ph C), 127.9 (Ph CH), 127.7 (Ph CH),
114.9 (C≡N), 103.6 [C(C≡N)]; dC (75 MHz; DEPT 90, CDCl3)
131.5 (Ph CH), 130.4 (Ph CH), 129.6 (Ph CH), 128.8 (Ph CH),
127.9 (Ph CH), 127.7 (Ph CH); m/z (EI) 262 (M+, 100%), 261 (6),
229 (M+–HS, 4), 218 (6), 159 (3), 135 (7), 134 (4), 131 (7), 121
(4), 103 (PhCN+, 6), 77 (C6H5


+, 13), 51 (8) (found: M+, 262.0558,
C16H10N2S requires M, 262.0565). Further elution gave 3,3′-bi(5-
phenylisothiazole-4-carbonitrile) (38; 0.3 mg, 1%) as colourless
needles, mp 151–152 ◦C (from cyclohexane–PhH); (found: C, 64.6;
H, 2.8; N, 15.2. C20H10N4S2 requires C, 64.8; H, 2.7; N, 15.1%); kmax


(DCM)/nm 278 (log e 3.35); mmax/cm−1 3053w (Ph CH), 2232m
(C≡N), 1508w, 1476s, 1443m, 1373m, 1339m, 1331m, 1233w,
1188w, 1105w, 1080w, 1030m, 993m, 962w, 914w, 835s, 764s, 733w;
dH (300 MHz; CD2Cl2) 7.87–7.84 (4H, m, Ph H), 7.63–7.59 (6H,
m, Ph H); dC (75 MHz; CD2Cl2) 177.5, 160.8, 132.2 (Ph CH),
130.1 (Ph CH), 128.8 (Ph CH), 127.9 (Ph C), 113.8 (C≡N), 105.6
[C(C≡N)]; dC (75 MHz; DEPT 90, CD2Cl2) 132.2 (Ph CH), 130.1
(Ph CH), 128.8 (Ph CH); m/z (EI) 370 (M+, 91), 369 (80), 344
(M+–CN, 2), 337 (M+–HS, 4), 305 (2), 290 (5), 274 (2), 242 (2), 211
(4), 205 (2), 185 (M2+, 14), 177 (5), 159 (11), 141 (2), 133 (20), 127
(9), 121 (10), 115 (9), 103 (11), 89 (48), 87 (25), 77 (13), 73 (52), 59
(16) (found: M+, 370.0354 C20H10N4S2 requires M, 3700347).


3,3′-Bi(5-phenylisothiazole-4-carbonitrile) (38; using Cu(0)
catalysed Ullmann conditions)


A stirred mixture of 3-iodo-5-phenylisothiazole-4-carbonitrile (28;
50 mg, 0.16 mmol) and Cu(0) powder (20.3 mg, 0.32 mmol) in
DMF (2 ml) under an argon atmosphere, was heated to ca. 110 ◦C,
until no starting material remained (TLC). The mixture was
allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed
with H2O (4 × 10 ml). The organic layer was separated, dried and
absorbed on silica. Chromatography (hexane–DCM, 1 : 4) gave
the title compound 38 (9.2 mg, 31%) as colourless needles, mp
151–152 ◦C (from cyclohexane–PhH) identical to that described
above. Further elucidation (hexane–DCM, 1 : 4) gave 2-[(4-cyano-
5-phenylisothiazol-3-ylthio)(phenyl)methylene]malononitrile (49;
10 mg, 34%) as colourless needles, mp 118–119 ◦C (from cyclohex-
ane); (found: C, 64.7; H, 2.6; N, 14.9. C20H10N4S2 requires C, 64.8;
H, 2.7; N, 15.1%); kmax (DCM)/nm 228 (log e 3.92), 302 (4.10);
mmax/cm−1 3046w (Ph CH), 2228m (C≡N), 1593w, 1531m, 1510w,
1481m, 1444m, 1379m, 1339w, 1331w, 1288w, 1252w, 1238w,
1190w, 1105w, 1080w, 1049w, 1026w, 1001w, 949w, 926w, 864w,
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826m, 804w, 762s, 700m; dH (300 MHz; CDCl3) 7.61–7.38 (8H,
m, Ph H); dC (75 MHz; CDCl3) 176.8, 174.2, 156.2, 133.0 (Ph
CH), 132.5 (Ph CH), 132.1 (Ph C), 129.9 (Ph CH), 129.6 (Ph
CH), 129.0 (Ph CH), 127.3 (Ph CH), 126.8 (Ph C), 112.0 (C≡N),
112.0 (C≡N), 111.4 (C≡N), 109.1 [C(C≡N)], 83.7 [C(CN)2]; dC


(75 MHz; DEPT 90, CDCl3) 133.0 (Ph CH), 132.5 (Ph CH), 129.9
(Ph CH), 129.6 (Ph CH), 129.0 (Ph CH), 127.3 (Ph CH); m/z (EI)
370 (M+, 100%), 344 (M+–CN, 4), 337 (M+–HS, 13), 312 (4), 305
(5), 293 (3), 267 (8), 242 (3), 218 (18), 185 (6), 184 (3), 159 (7), 153
(33), 141 (17), 128 (15), 126 (16), 121 (PhCS+, 50), 114 (9), 100
(6), 90 (6), 84 (7), 77 (C6H5


+, 50), 69 (5), 63 (5), 56 (10), 51 (23)
(found: M+, 370.0348, C20H10N4S2 requires M, 370.0347).


3,3′-Bi(5-phenylisothiazole-4-carbonitrile) (38; using Pd(0)
catalysed Ullmann conditions: see Table 6)


A stirred mixture of 3-iodo-5-phenylisothiazole-4-carbonitrile (28;
50 mg, 0.16 mmol) and Pd(OAc)2 (35.9 mg, 0.16 mmol) in DMF
(2 ml) under an argon atmosphere, was heated to ca. 140 ◦C, until
no starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with H2O
(4 × 10 ml). The organic layer was separated, dried and absorbed
on silica. Chromatography (hexane–DCM, 1 : 4) gave the title
compound 38 (22.5 mg, 76%) as colourless needles, mp 151–152 ◦C
(from cyclohexane–PhH) identical to that described above.


3,5-Diphenylisothiazole-4-carbonitrile (5) via Stille coupling
reaction at C-3 (typical Stille conditions for coupling at C-3: see
Table 7)


A stirred mixture of 3-iodo-5-phenylisothiazole-4-carbonitrile (28;
30 mg, 0.096 mmol), tributylphenyltin (37.6 ll, 0.115 mmol,
1.2 equiv.) and Pd(OAc)2 (1 mg, 5 mol%) in dry and degassed DMF
(2 ml) under an argon atmosphere, was heated to ca. 100 ◦C, until
no starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with H2O
(4 × 10 ml). The organic layer was separated, dried and absorbed
on silica. Chromatography (hexane–DCM, 7 : 3) gave the title
compound 5 (23.6 mg, 94%) as white needles, mp 146–147 ◦C
(from cyclohexane) identical to that described above.


3,5-Diphenylisothiazole-4-carbonitrile (5) via Negishi coupling
reaction at C-3


A stirred mixture of 3-iodo-5-phenyl-4-isothiazolecarbonitrile (28;
30 mg, 0.096 mmol), phenylzinc chloride (576 ll, 0.5 M in THF,
3 equiv.) and (PPh3)2PdCl2 (3.4 mg, 5 mol%) in dry and degassed
DMF (2 ml) under an argon atmosphere, was heated to ca.
100 ◦C, until no starting material remained (TLC). The mixture
was allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml) and
washed with H2O (4 × 10 ml). The organic layer was separated,
dried and absorbed on silica. Chromatography (hexane–DCM, 7 :
3) gave the title compound 5 (19.6 mg, 78%) as white needles, mp
146–147 ◦C (from cyclohexane) identical to that described above.


5-Phenyl-3-(phenylethynyl)isothiazole-4-carbonitrile (54; typical
Sonogashira conditions for coupling at C-3: see Table 8)


A stirred mixture of 3-bromo-5-phenylisothiazole-4-carbonitrile
(4; 30 mg, 0.11 mmol), triethylamine (30.7 ll, 0.22 mmol, 2 equiv.),


CuI (2.1 mg, 10 mol%), (PPh3)2PdCl2 (3.9 mg, 5 mol%) and
ethynylbenzene (24.2 ll, 0.22 mmol, 2 equiv.) in dry and degassed
DMF (2 ml) under an argon atmosphere, was heated to ca.
100 ◦C, until no starting material remained (TLC). The mixture
was allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml) and
washed with H2O (4 × 10 ml). The organic layer was separated,
dried and absorbed on silica. Chromatography (hexane–DCM, 7 :
3) gave the title compound 54 (27.4 mg, 77%) as pink crystals, mp
122–123 ◦C (from cyclohexane); (found: C, 75.4; H, 3.4; N, 9.8;
C18H10N2S requires C, 75.5; H, 3.5, N, 9.8%); kmax (DCM)/nm 287
(log e 3.41), 302 (3.31); mmax/cm−1 3064w (Ph CH), 2230m (C≡N),
2216m (C≡C), 1518m, 1495m, 1481m, 1447m, 1418m, 1362m,
1219w, 1090w, 1080w, 1069w, 1026w, 999w, 961w, 918w, 839m,
770m, 758s, 718m; dH (300 MHz; CDCl3) 7.84–7.77 (2H, m, Ph
H), 7.70–7.66 (2H, m, Ph≡H), 7.60–7.52 (3H, m, Ph H), 7.47–
7.37 (3H, m, Ph≡H); dC (75 MHz; CDCl3) 174.5, 152.6, 132.4 (Ph
CH), 131.8 (Ph CH), 130.0 (Ph CH), 129.8 (Ph CH), 128.5 (Ph
CH), 127.5 (Ph C), 127.4 (Ph CH), 120.7 (Ph C), 113.1 (C◦N),
108.1 [C(C≡N)], 94.7 (C≡C), 81.1 (C≡C); dC (75 MHz; DEPT 90,
CDCl3) 132.4 (Ph CH), 131.8 (Ph CH), 130.0 (Ph CH), 129.7 (Ph
CH), 128.5 (Ph CH), 127.4 (Ph CH); m/z (EI) 286 (M+, 100%),
253 (2), 159 (M+–Ph–C≡C–CN, 59), 143 (9), 127 (M+–Ph–C≡C–
CNS, 31), 121 (6), 115 (8), 100 (6), 88 (3), 77 (7), 63 (3), 51 (5)
(found: M+, 286.0571 C18H10N2S requires M, 2860565).
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Backbone modification of peptide nucleic acids (PNAs) by glycosylation has been shown to enhance
selective biodistribution and cellular targeting of PNA oligomers based on sugar and cell surface lectin
interactions. Here we report the synthesis of a new backbone-glycosylated thymine-based PNA
monomer (Tgal). The sugar residue was attached to the backbone of PNA via a stable carbon–carbon
linkage between the sugar and the PNA monomers. Also, incorporation of the modified monomer into
a PNA decamer (H-Alagal-G-G-G-Tgal-C-A-G-C-Tgal-T-Lys-NH2) was successfully performed. Melting
temperature (UV-Tm) of the modified PNA against the complementary DNA was only slightly lower
than unmodified PNA.


Introduction


Peptide nucleic acid (PNA) is a DNA analog in which the
deoxyribose phosphate backbone of DNA is replaced with an
ethylenediamine glycine backbone that has very similar spatial
requirements.1,2 PNA can bind to DNA in a sequence-specific
manner with a higher affinity compared to double-stranded DNA
(dsDNA) itself. Several in vitro and in vivo studies have already
shown an antisense effect of PNAs that are targeted to specific
mRNA regions.3–6 PNA has a high stability towards cellular
nucleases and proteases. This, together with the apparent lack
of general toxicity and non-specific protein binding makes PNA
an attractive agent in the development of gene targeted drugs.7


The success in developing PNA as a gene targeted drug also
depends on its pharmacokinetic behaviour. Results from in vivo
studies of McMahon et al. indicate that unmodified PNAs are
rather poorly taken up and rapidly eliminated by the kidney
after intravenous injection in rats. Most of the PNA was excreted
unchanged in the urine after 24 hours.8 Due to this, PNA modi-
fications that lead to a more effective and specific biodistribution
have to be invented. It has been shown that pharmacokinetic
behaviour of PNA can be controlled by modification of PNA with
various glycosyl substituents (backbone glycosylation). Effective
liver targeting of glycosylated PNA has been reported due to
galactose and N-acetylgalactosamine interactions with a sialo-
glycoprotein receptor (hepatic lectin) of liver cells.9


Glycopeptide synthesis strategies have been introduced as
models in such work either for monomer or for oligomer synthesis
of glycosylated PNAs. Glycosylation of peptides is accomplished
by direct attachment of a sugar to an amino acid through a
linker. The suitably protected monomer is then incorporated into
the peptide chain as a building block in solid phase peptide
synthesis (SPPS). The attachment usually links the a position of
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the amino acid and the anomeric carbon of the sugar. Synthetic
C-glycosyl amino acids and C-glycosylated PNA derivatives are
very interesting molecules because of the chemical and enzymatic
stability of the carbon–carbon linkage compared to ester- or
amide-linked derivatives. We now report the synthesis of a new
class of C-glycosylated PNA monomers in which a C-bound
glycosylated building block is integrated into a PNA monomer.
We prepared a C-galactosylated alanine derivative (Alagal) that
was used as a building block replacing glycine in the PNA
backbone. The new synthetic route described herein requires fewer
chemical synthesis steps and has a higher yield compared to the
previously reported synthesis of a C-glycosylated PNA monomer.9


Moreover, UV melting experiments with complementary DNA
indicate similar stability for oligomers containing the new C-
glycosylated PNA monomers compared to unmodified PNA
oligomers.


Experimental procedures


Reagents and solvents were obtained from commercial sources and
used without further purification. PNA monomers were obtained
from Applied Biosystems, DNA oligomers (HPLC purified qual-
ity, checked in-house for purity and correct mass) were purchased
from IBA. Mass spectra were recorded on a Mat 8200 instrument
in FAB mode (positive ions, glycerol or 3-nitrobenzyl alcohol ma-
trix), ESI mass spectra on a Finnigan TSQ 700 and MALDI-TOF
mass spectra on a Bruker Biflex instrument. NMR spectra were
obtained on a Bruker AM 360 instrument. Flash chromatography
was carried out using Silica Gel 60 (Merck particle size 0.040–
0.063 mm). HPL chromatograms were measured on a customized
Varian Prostar instrument on reverse-phase Dynamax Microsorb
60-8 C18 columns. A linear gradient composed of A (0.1% TFA in
water) and B (0.1% TFA in acetonitrile) was used for analytical
and preparative HPLC. Analytical: Time 0–2 min 5% B. Time
30 min 50% B. Time 33 min 70% B. Time 40 min 5% B. Time
45 min 5% B (250 × 4.6 mm, 1 mL min−1). Preparative: Time
0–10 min 5% B. Time 40 min 60% B. Time 45 min 5% B (250 ×
10.0 mm, 5 mL min−1).
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N-(Boc)-3-(2,3,4,6-tetra-O-acetyl-galactopyranose-1-yl)-2-
aminopropionic acid benzyl ester (1)


Boc-protected (a,b-dehydroalanine) benzyl ester (2.5 g, 6.8 mmol)
and 2,3,4,5-tetra-O-acetyl-galactosyl bromide (2.0 g, 7.2 mmol)
were twice co-evaporated with toluene, dissolved in dry toluene
(20 mL) and heated to 60 ◦C under nitrogen. nBu3SnH (2.1 g,
11.7 mmol) and AIBN (150 mg, 0.9 mmol) in dry toluene
(12 mL) were added. The reaction mixture was stirred for 1 hour.
The solvent was evaporated and the residue was dissolved in
acetonitrile (100 mL) and extracted with n-pentane (3 × 50 mL) in
order to remove tin compounds. After evaporation of the solvents,
the residue was dissolved in ethyl acetate and extracted with
saturated aq. NaHCO3. Volatiles were removed and the residue
was purified by flash chromatography eluting with n-hexane–ethyl
acetate (2 : 1 v/v). Compound 1 was obtained as a white solid
(yield = 69.5%). MS (FAB) m/z 609 (M + H)+. 1H NMR (CDCl3):
d 1.4 (s, 9H, Boc), 2.0–2.2 (4s, 12H, sugar acetyls), 4.1 (m, 3H, H-5
and H-6), 4.2 (dd, 1H, J = 11.0, 5.5 Hz, H-1), 4.4 (m, 2H, b-
CH2), 4.5 (m, 1H, a-CH2), 5.1 (dd, 1H, J = 11.0, 3 Hz, H-3), 5.2
(overlapping, 3H, H-2 and -CH2 of benzyl), 5.4 (t, 1H, J = 3 Hz,
H-4), 5.5 (s, 1H, -NH-Fmoc), 7.4 (m, 5H, benzyl aromatics); 13C
NMR (CDCl3): d 20.6, 20.7, 20.8, 20.9, 28.2, 28.3, 28.4, 42.7,
50.6, 62.0, 66.7, 67.1, 67.3, 67.7, 68.3, 71.5, 74.9, 80.3, 128.3,
128.5, 128.6, 128.7, 128.8; Elemental analysis for C29H39NO13·0.5
H2O: calc. C 56.30, H 6.52, N 2.26; found C 56.47, H 6.51,
N 2.21%.


N-(2-Fmoc-aminoethyl)-3-(2,3,4,6-tetra-O-acetyl-
galactopyranose-1-yl)-2-aminopropionic acid benzyl ester (3)


Compound 1 (3.5 g, 5.75 mmol) was added to a mixture of
water–TES–TFA (1 + 1 + 28 mL) at 0 ◦C and stirred for
1 hour. Toluene (50 mL) was added, and volatiles were removed
under vacuum. The remaining solid was dissolved in ethyl acetate
(100 mL) and extracted with saturated aq. NaHCO3 (2 × 50 mL)
and brine. After drying the organic phase with Na2SO4, all
volatiles were removed under vacuum and 2-(2,3,4,6-tetra-O-
acetyl-galactopyranosyl)alanine benzyl ester (2) was obtained as
a white solid (yield = 90%). MS (FAB) m/z 509 (M + H)+.
Without further purification, compound 2 (2.0 g, 3.9 mmol)
and Fmoc-aminoacetaldehyde (850 mg, 3.0 mmol) were dissolved
in methanol (5 mL) and stirred for 10 minutes. Acetic acid
(250 ll, 4 mmol) and NaBH3CN (250 mg, 3.0 mmol) were added
sequentially. The reaction mixture was stirred for 2 h. All volatiles
were removed under vacuum and the residue was dissolved in ethyl
acetate (100 mL) and extracted with sat. aq. NaHCO3 (2 × 50 mL).
The organic phase, after drying with MgSO4, was removed under
vacuum and the residue was purified by flash chromatography
eluting with ethyl acetate–n-hexane (3 : 2 v/v). Compound 3 was
obtained as a white solid. (yield = 38.5%). MS (FAB) m/z 775 (M
+ H)+;1H NMR (CDCl3): d 1.8 (m, 2H), 2.0–2.2 (4s, 12H, sugar
acetyls), 2.6 (m, 1H), 2.8 (m, 1H), 3.4 (m, 2H), 4.1 (m, 1H), 4.2 (m,
2H), 4.3 (m, 2H), 4.5 (m, 4H), 5.2 (overlapping, 4H, H-2 and H-3
and -CH2 of benzyl), 5.4 (s, 1H, H-4), 5.5 (broad s, 1H, -NHFmoc),
7.2–7.8 (m, 13H, benzyl and Fmoc). 13C NMR (CDCl3): d 20.6,
20.7, 20.8, 20.9, 29.2, 40.8, 47.2, 47.6, 57.9, 60.6, 66.2, 66.6, 66.8,
66.9, 67.7, 68.3, 68.4, 69.4, 119.9, 125.1, 125.2, 127.0, 127.6, 128.3,
128.5, 128.6, 128.8, 130.9, 135.5, 141.3, 144.0, 156.1, 156.5, 156.9,


169.7, 169.8, 169.9, 170.9, 173.9, 174.0; HRMS (M + H)+, calc.
(found) for C41H47N2O13: 775.3078 (775.3071).


N-(2-Fmoc-aminoethyl)-N-(thymine-1-ylacetyl)-3-(2,3,4,6-tetra-
O-acetyl-galactopyranose-1-yl)-2-aminopropionic acid benzyl
ester (4)


Thymine-1-ylacetic acid (550 mg, 3 mmol), DhbtOH (520 mg,
3.2 mmol) and DCC (1.0 g, 5 mmol) were dissolved in DMF
(20 mL) and stirred for 20 minutes. Compound 3 (1.2 g, 1.5 mmol)
was added and the reaction mixture was stirred overnight. The
volatiles were removed under vacuum and the remaining solid was
dissolved in ethyl acetate (150 mL). Insoluble DCU was filtered
off and the filtrate was extracted with sat. aq. NaHCO3 (2 ×
50 mL) and brine (50 mL). After drying over MgSO4 the organic
phase was evaporated to dryness. The residue was purified by
flash chromatography eluting with ethyl acetate. Compound 4 was
obtained as a white solid. (yield = 64%), MS (FAB) m/z 941 (M +
H)+. 1H NMR (CDCl3): d 1.8 (m, 2H), 1.9 (s, 3H, thymine-CH3),
2.0–2.4 (4s, 12H, sugar acetyls), 2.7 (m, 1H), 3.4 (m, 2H), 3.6 (m,
1H), 3.9 (m, 1H), 4.0 (dd, 1H, J = 11.0, 5.5 Hz, H-1), 4.1–4.2 (m,
3H), 4.3–4.5 (m, 4H), 4.6 (m, 1H), 5.2 (overlapping, 4H, H-2, H-3
and -CH2 of benzyl), 5.4 (t, 1H, J = 3 Hz, H-4), 5.7 (br. s, 1H,
NHFmoc), 6.8 (s, 1H, thymine aromatic), 7.3–7.7 (m, 13H, benzyl
and Fmoc), 9.0 (br. s, 1H, NHthymine); 13C NMR (CDCl3): d 12.4,
20.5, 20.6, 20.7, 20.8, 24.9, 25.6, 33.9, 39.4, 47.2, 58.9, 61.2, 61.3,
66.6, 67.2, 67.3, 67.4, 67.6, 67.7, 67.8, 110.5, 120.0, 120.1, 125.0,
127.0, 127.1, 127.2, 127.7, 127.9, 128.4, 128.6, 128.7, 128.8, 128.9,
130.9, 141.1, 141.3, 164.1, 166.5, 166.6, 167.2, 167.7, 169.7, 169.8,
170.0; HRMS (M + H)+, calc. (found) for C48H5N4O16: 941.3457
(941.3465).


N-(2-Fmoc-aminoethyl)-N-(thymine-1-ylacetyl)-3-(2,3,4,6-tetra-
O-acetyl-galactopyranose-1-yl)-2-aminopropionic acid (5)


Compound 4 (900 mg, 0.96 mmol) was dissolved in methanol
(20 mL) and a catalytic amount of palladium on charcoal
(Pd/C) was added. The reaction mixture was hydrogenated under
atmospheric pressure until TLC (ethyl acetate–n-hexane, 2 : 1
v/v) showed the absence of all starting material (approximately
2 h). The catalyst was filtered off with Celite and the filtrate was
evaporated to dryness. The residue was triturated with diethyl ether
until compound 5 precipitated as a white powder. (yield = 61.5%),
MS (FAB) m/z 629 (M + H)+. 1H NMR (CD3OD) resolved signals:
d 1.9 (s, 3H, thymine-CH3), 2.0–2.2 (4s, 12H, sugar acetyls), 2.6
(m, 1H), 3.5 (m, 2H), 3.7 (m, 1H), 4.1 (m, 2H), 4.3 (m, 3H), 4.5 (m,
2H), 4.7 (m, 2H), 5.3 (overlapping s, 2H, H-2 and H-3), 5.4 (s, 1H,
H-4), 7.3 (s, 1Hthymine), 7.4–7.9 (m, 8H, Fmoc); 13C NMR (CDCl3):
d 12.2, 20.5, 20.6, 20.8, 40.5, 62.6, 67.7, 69.0, 69.2, 110.9, 120.8,
120.9, 126.1, 126.3, 127.9, 128.1, 128.3, 128.8, 142.5, 142.6, 143.7,
143.8, 145.3, 171.3, 171.4, 171.5, 171.6, 171.8, 172.4; Elemental
analysis for C41H46N4O16·3H2O: calc. C 54.42, H 5.79, N 6.19;
found C 54.77, H 5.83, N 6.66%.


N-(Boc)-3-(2,3,4,6-tetra-O-acetyl-galactopyranose-1-yl)-2-
aminopropionic acid (6)


The same procedure for hydrogenation of compound 4 (de-
scribed above) was used for hydrogenation of compound 1
(1.0 g, 1.6 mmol). After removal of the catalyst, the filtrate was
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evaporated and the residue was precipitated from THF–n-hexane
(1 : 1 v/v). The precipitate was filtered off and dried in vacuum
(yield = 92%). MS (FAB) m/z 520 (M + H)+;1H NMR (CD3OD):
d 1.4 (s, 9H, Boc), 2.0–2.2 (4s, 12H, sugar acetyls), 4.2 (m, 2H),
4.3 (m, 3H), 4.4 (m, 1H, a-CH2), 5.1 (m, 1H), 5.3 (m, 2H),
5.4 (overlapping, 2H, H-4 and NHFmoc); 13C NMR (CDCl3): d
20.6, 20.7, 20.8, 20.9, 28.7, 28.8, 28.9, 39.3, 61.4, 62.0, 63.1, 67.4,
70.4, 72.9, 75.9, 80.4, 171.3, 171.7, 172.2; Elemental analysis for
C22H33NO13 calc. C 50.86, H 6.40, N 2.70; found C 50.75 H 6.84
N 2.76%.


Synthesis of PNA oligomer conjugates


50 mg of Tentagel R-RAM resin (capacity = 0.2 mmol g−1)
with preloaded Fmoc-Lys(Boc) amino acid was used as solid
support for the solid phase synthesis. A Teflon syringe with
a frit at the bottom was used as reactor and all reactions
were carried out on a shaker at 600 vibrations per minute.
Fmoc/Bhoc protected PNA monomers (Applied Biosystems) and
galactosylated derivatives (40 lmol, 4-fold access) were activated
in an Eppendorf tube with TBTU (12.2 mg, 38 lmol dissolved
in 270 lL DMF). DIPEA (30 lL, 4.7 eq.) was added and the
acid pre-activations were performed by vibration for 2 minutes (7
minutes for C(Bhoc) monomer). Activated acids were transferred
to the syringe containing the resin and the coupling was allowed to
proceed for 40 minutes (120 minutes for glycosylated derivatives)
under vibration. The resin was washed with DMF and DCM
successively. Success of the coupling reactions was controlled by
the Kaiser test. Piperidine (20%) in DMF (3 + 2 min) was used for
double Fmoc deprotection. Prior to cleavage of the final product
from the resin, acetyl groups at the galactosyl moieties were cleaved
by vibration for 24 hours with 1 mL of a mixture of TEA–
methanol–water (5 : 3 : 2 v/v). The oligomer was cleaved from the
resin with 700 lL of a mixture of TFA–anisol–m-cresol (14 : 5 : 1
v/v) for 2 hours. The crude product was precipitated by draining
the cleavage mixture into ice-cold diethyl ether. The precipitate
was washed with cold diethyl ether (5 × 10 mL), centrifuged each
time and collected and purified by preparative RP-HPLC. The
molecular mass was determined by MALDI-TOF. m/z 3513.7 (M
+ H)+, m/z 3536.6 (M + H + Na)+.


UV-Tm measurements


The UV-Tm values were measured in a phosphate buffer (10 mM,
pH 7.0, containing 100 mM NaCl) using a DNA decamer with
complementary sequence. Heating and cooling were performed
at 0.5 ◦C min−1. between 5 and 80 ◦C. The mixture was held at
80 ◦C for 5 min to ensure complete dissociation prior to starting
the measurement at 5 ◦C. Temperature profiles were recorded at
260 nm and all profiles showed monophasing transitions from
which the Tm was determined as the maximum of the first
derivative.


Results and discussion


The monomer synthesis is outlined in Scheme 1. Orthogonal
protection groups for the synthesis of C-galactosylated PNA
are Fmoc, acetyl and benzyl for amine, hydroxyl and carboxylic
acid groups, respectively. Initially, compound 1 was synthesized
as described in the literature (analytical data are not given in


Scheme 1 Synthesis of the C-linked glycosylated PNA monomer. (a)
2,3,4,5-tetra-O-acetyl-galactosyl bromide, nBu3SnH, AIBN, 60 ◦C; (b)
H2O–TES–TFA, 1 : 1 : 28 v/v/v; (c) Fmoc-aminoacetaldehyde, acetic
acid, NaBH3CN, 2 h; (d) thymine-1-ylacetic acid, DhbtOH, DCC; (e) H2,
Pd/C in MeOH, 1 atm.


that paper).10 The glycosylated Ala derivative could be obtained
in a higher yield (69.5%). As a radical donor, tetra-O-acetyl-
galactosyl bromide was reacted with a protected dehydroalanine
derivative in the presence of AIBN as radical initiator and
nBu3SnH as a hydrogen donor. This reaction represents the key
step in the preparation of the C-linked glycosylated derivatives
since it cleanly generates the C–C bond between sugar and
PNA. The Boc protecting group of compound 1 was removed
by TFA and a scavenger for the subsequent formation of the
PNA backbone. The deprotection product 2 was used freshly
for the reductive amination step with Fmoc-aminoacetaldehyde9


without further purification. NaBH3CN and acetic acid were
used as reducing agents and glycosylated PNA backbone 3 was
obtained in good yield. The nucleobase thymine was introduced
to the backbone via amide bond formation between thymine-1-
ylacetic acid3 and the secondary amino group of 3. DCC and
DhbtOH were used as coupling reagents to yield compound 4 in
good yield. Finally, the benzyl groups of compounds 1 and 4 were
removed by catalytic hydrogenation using Pd/C at atmospheric
pressure. The glycosylated monomer 5 (Fmoc-T(O-Ac)gal)-OH) and
the glycosylated amino acid 6 (Boc-Ala(O-Ac)gal)-OH) were obtained
as white powders after trituration with ether and did not require
further purification. Derivatives 5 and 6 were incorporated into
a decamer PNA sequence (H-Alagal-G-G-G-Tgal-C-A-G-C-Tgal-T-
Lys-NH2) by Fmoc solid phase chemistry (Scheme 2). A Lys(Boc)-
Fmoc preloaded Tentagel resin with RAM linker was used as the
solid support. The couplings were carried out in a syringe using a
TBTU–DIPEA mixture as coupling reagents. All coupling steps
were monitored by the Kaiser test. By using an optimized synthetic
protocol, capping reactions could be avoided. Acetyl protecting
groups on sugars were removed by a TEA–methanol–water
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Scheme 2 Introduction of the glycosylated derivatives into a PNA
oligomer. See Experimental section for details.


mixture prior to cleavage of the final product from the resin. The
crude product was further purified by preparative RP-HPLC and
the molecular mass was confirmed by MALDI-TOF.


In order to probe the interaction with complementary DNA,
UV melting temperatures (UV-Tm) were measured.11,12 For com-
parison, a non-glycosylated PNA oligomer with the same sequence
(H-Ala-G-G-G-T-C-A-G-C-T-T-Lys-NH2) was prepared from
commercially available monomers. Tm values were recorded twice
for glycosylated and control PNA. Only a slight decrease of the
Tm value from (76 ± 0.5) ◦C to (73 ± 0.5) ◦C was observed due to
the sugar modifications.


Conclusions


The synthesis of a C-linked glycosylated thymine-based PNA
monomer and its incorporation into a PNA oligomer has been
achieved in this work. A number of O-, C- and N-glycosylated
PNA monomers were recently reported by Hamzavi et al.9 In this
work, it was shown that biologically and chemically very stable
glycosylated PNA derivatives are obtained in the case of a carbon–
carbon linkage between the sugar and the backbone. The number
of synthetic steps for preparation of the new monomer described
herein are fewer than for the previously reported analogues and the
total yield is higher. By using optimized SPPS methods for PNA
oligomer synthesis, the glycosylated monomer can be incorporated
into a PNA oligomer in combination with a glycosylated alanine
derivative which was attached to the PNA N-terminus. We
observed that incorporation of both derivatives into a PNA
decamer did not hamper binding to complementary DNA. On the
contrary, glycosylated PNA oligomers are more soluble in water
compared to normal PNA oligomers. This constitutes a significant
advantage in biological application. In addition to metal–PNA


derivatives, which are also studied in our group,13–16 glycosylated
PNA oligomers may enhance the applications of this promising
new class of antisense agents.7,17,18


Abbreviations


AIBN, a,a′-azobisisobutyronitrile; Bhoc: benzhydryloxycar-
bonyl; Boc: tert-butyloxycarbonyl; DCC: N,N ′-dicyclohexylcar-
bodiimide; DIPEA: diisopropylethylamine; DCU: N,N ′-dicyclo-
hexylurea; DhbtOH: 3-hydroxy-1,2,3-benzotriazine-4(3H)-one;
ESI: electrospray ionization; FAB: fast atom bombard-
ment; Fmoc: 9-fluorenylmethoxycarbonyl; MALDI-TOF: matrix-
assisted laser desorption ionization time-of-flight; TBTU: 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate;
TLC: thin layer chromatography.
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An efficient one-pot, three-component method for the preparation of indeno[1,2-b]quinoline-
9,11(6H,10H)-dione, acridine-1,8(2H,5H)-dione and various multi-substituted quinoline-3-
carbonitrile derivatives has been developed through the Michael addition to enaminones, which was
achieved by both microwave irradiation and conventional heating.


Introduction


Multi-component reactions (MCRs) occupy an outstanding po-
sition in organic and medicinal chemistry for their high degree
of atom economy and applications in combinatorial chemistry.1


They have inherent advantages over two-component reactions in
several aspects: the simplicity of a one-pot procedure, possible
structure variations, complicated synthesis and the large number
of accessible compounds.2 Nevertheless, continued efforts are
being made to explore new MCRs for developing popular organic
reactions.3


Enaminones and related compounds possessing the struc-
tural unit (N–C=C–Z, Z=COR, CO2R, CN, etc.) are versatile
synthetic intermediates in organic chemistry that combine the
ambient nucleophilicity of enamine and the electrophilicity of
enones.4 They are frequently applied in the preparation of
heterocycles.5


1,4-Dihydropyridines (1,4-DHPs) are well-known compounds
because of their pharmacological profiles as calcium channel
modulators.6 Chemical modifications of the DHP ring such as
the introduction of different substituents or heteroatoms7 have
allowed expansion of the research of structure–activity relation-
ships, affording new insights into the molecular interactions at the
receptor level. With a 1,4-DHP parent nucleus, indenoquinoline
derivatives have showed a diverse range of biological properties
such as 5-HT-receptor binding8 and anti-inflammatory activities.9


They have also acted as antitumor agents,10 steroid reductase
inhibitors,11 acetylcholinesterase inhibitors,12 antimalarials,13 and
new potential topo I/II inhibitors.14 Because of the biologi-
cal activities they exhibit, these compounds have distinguished
themselves as heterocycles of profound chemical and biological
significance. Thus the synthesis of these molecules has attracted
considerable attention.15 Recently, the synthesis of indeno[1,2-
b]quinolin-10-one derivatives (a, Fig. 1) was reported by Lee
and co-workers.16 However, the synthesis of new heterocyclic
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Fig. 1


compounds containing the indenoquinoline scaffold and the
development of more rapid and efficient entry to these heterocycles
are strongly desired. In connection with our previous study
modifying the 1,4-DHP scaffold,17 in this paper we report a
rapid and efficient method for synthesizing new heterocyclic
compounds containing indenoquinoline unit using enaminones
as the precursors (Scheme 1).


Scheme 1


Result and discussion


When treating aldehyde 1 with 1,3-indanedione 2 and enaminone
3 under microwave irradiation, the target compounds 4 were
obtained. We first chose 5,5-dimethyl-3-(phenylamino)cyclohex-2-
enone 3b and investigated the optimized conditions for its reaction
with 4-bromobenzaldehyde 1q and 1,3-indanedione 2 affording
indeno[1,2-b]quinoline-9,11(6H,10H)-dione derivatives 4q under
microwave irradiation (microwave oven EmrysTM Creator from
Personal Chemistry, Uppsala, Sweden) (Scheme 2). In this three-
component reaction, we found that the temperature and solvent
had a significant effect on reaction yields (Scheme 2 and Table 1).


As shown in Table 1, in the presence of acetic acid,
when the temperature was at 80 ◦C under microwave irradia-
tion, reaction of p-bromobenzaldehyde 1q with 5,5-dimethyl-3-
(phenylamino)cyclohex-2-enone 3b gave 2-(4-bromobenzylidene)-
indene-1,3-dione as main product and only trace amount of 4q
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Scheme 2


Table 1 Optimization of reaction conditions for the preparation of
compound 4q


Entry Solvent T/◦C Time/min Yield (%)


1 HOAc 80 10 13
2 HOAc 90 12 63
3 HOAc 100 8 80
4 HOAc 110 6 85
5 HOAc 120 4 91
6 HOAc 130 4 90
7 Glycol 120 8 37
8 DMF 120 10 84
9 Water 120 12 82


was formed. When the temperature was increased from 80 ◦C
to 120 ◦C, the yield of product 4q was increased and the
reaction time was shortened. However, further increase of the
temperature to 130 ◦C failed to improve the yield of product
4q. Therefore, 120 ◦C was chosen as the optimum temperature
for all further microwave-assisted reactions. For optimization
of the reaction solvent, the same reaction was carried out at
120 ◦C in various solvents such as glycol, DMF, acetic acid,
and water. The reaction using acetic acid gave the best result
(Table 1). A series of aldehydes and enaminones were applied
under microwave irradiation conditions in this reaction to afford
a new type of heterocyclic compounds, the indeno[1,2-b]quinoline-
9,11(6H,10H)-dione derivatives 4 (Scheme 3). The initial results
are summarized in Table 2.


Scheme 3


As shown in Table 2, the scope of the reaction with regard to the
aldehyde is quite large. Not only aromatic aldehydes containing


Table 2 Synthesis of compounds 4, 7, 8 and 9


Entry Product R 3 Ar R1 R2 Time Yield (%)c Mp/◦C


1 4a 4-OH-3-NO2C6H3 3a 4-CH3C6H4 CH3 — 4a, 2.5b 90a, 88b 265–266
2 4b 4-CH3C6H4 3a 4-CH3C6H4 CH3 — 6a, 3.5b 87a, 87b 283–285
3 4c 4-NO2C6H4 3a 4-CH3C6H4 CH3 — 4a, 2.0b 92a, 91b 290–291
4 4d 4-FC6H4 3a 4-CH3C6H4 CH3 — 4a, 2.5b 88a, 85b 225–227
5 4e 3,4-OCH2OC6H3 3a 4-CH3C6H4 CH3 — 7a, 4.0b 85a, 82b 258–260
6 4f 4-BrC6H4 3a 4-CH3C6H4 CH3 — 4a, 3.0b 91a, 90b 255–256
7 4g 3,4,5-(CH3O)3C6H2 3a 4-CH3C6H4 CH3 — 5a, 4.5b 87a, 88b 168–170
8 4h 2,4-Cl2C6H3 3a 4-CH3C6H4 CH3 — 4a, 2.0b 93a, 92b 291–293
9 4i 4-(Benzo[d]oxazol-2-yl)C6H4 3a 4-CH3C6H4 CH3 — 5a, 2.5b 92a, 89b 277–278


10 4j CH3(CH2)2CH2 3a 4-CH3C6H4 CH3 — 10a, 4.5b 85a, 86b 260–261
11 4k CH3(CH2)10CH2 3a 4-CH3C6H4 CH3 — 9a, 5.0b 88a, 85b 167–169
12 4l 3-NO2C6H4 3b C6H5 CH3 — 4a, 2.5b 92a, 90b 242–244
13 4m 4-CH3OC6H4 3b C6H5 CH3 — 6a, 3.0b 86a, 87b 250–251
14 4n 4-OH-3-CH3OC6H3 3b C6H5 CH3 — 6a, 4.0b 88a, 82b 272–274
15 4o C6H5 3b C6H5 CH3 — 5a, 2.5b 90a, 85b 257–258
16 4p 2-Thienyl 3b C6H5 CH3 — 8a, 3.5b 85a, 87b 230–232
17 4q 4-BrC6H4 3b C6H5 CH3 — 4a, 3.0b 91a, 90b 283–284
18 4r 4-ClC6H5 3b C6H5 H — 4a, 3.5b 91a, 89b 236–237
19 4s 3,4-(CH3O)2C6H3 3a 4-CH3C6H4 H — 6a, 4.5b 90a, 86b 257–259
20 7a 4-BrC6H4 3a 4-CH3C6H4 CH3 CH3 2a,1.5b 93a, 90b 229–230
21 7b 3,4-OCH2OC6H3 3a 4-CH3C6H4 CH3 CH3 4a, 2.0b 92a, 91b 168–169
22 7c 4-OH-3-NO2C6H3 3b C6H5 CH3 CH3 2a, 1.0b 94a, 92b 216–218
23 7d 2,4-Cl2C6H3 3b C6H5 CH3 C6H5 2a, 1.0b 95a, 93b >300
24 7e 4-(Benzo[d]oxazol-2-yl)C6H4 3b C6H5 CH3 C6H5 3a, 2.0b 89a, 92b 291–292
25 7f 2-Thienyl 3a 4-CH3C6H4 CH3 C6H5 3a, 1.5b 90a, 91b 297–299
26 8a 2,4-Cl2C6H3 3b C6H5 CH3 — 7a, 4.0b 87a, 88b 256–258
27 8b 3,4-OCH2OC6H3 3a 4-CH3C6H4 CH3 — 8a, 3.0b 86a, 85b 277–279
28 8c 4-NO2C6H4 3b C6H5 CH3 — 6a, 3.5b 90a, 87b 294–295
29 8d 4-ClC6H5 3a 4-CH3C6H4 H — 8a, 3.0b 85a, 83b 262–264
30 8e 3-NO2C6H4 3a 4-CH3C6H4 H — 5a, 3.5b 91a, 89b 235–236
31 8f 3-NO2C6H4 3b C6H5 H — 7a, 3.5b 92a, 89b 260–262
32 9a 1,4-CHOC6H4 3a 4-CH3C6H4 CH3 — 5a, 4.0b 90a, 91b 289–290
33 9b 1,3-CHOC6H4 3b C6H5 CH3 — 6a, 3.5b 91a, 89b 296–297
34 9c 1,4-CHOC6H4 3b C6H5 CH3 — 5a, 4.5b 89a, 90b >300


a The time (min) and the yield of the product under microwave irradiation at 120 ◦C. b The time (h) and the yield of the product by using the traditional
heating mode at 120 ◦C. c Isolated yields.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3664–3668 | 3665







either electron-withdrawing groups or electron-donating groups
can be used, dialdehydes, aliphatic and heterocyclic aldehydes
gave also excellent results. A range of indeno[1,2-b]quinoline-
9,11(6H,10H)-diones 4 have been conveniently synthesized in high
yields.


In order to examine the applicability of this new three-
component cyclocondensation reaction to other active methylene
compounds, we employed 5-substituted-cyclohexane-1,3-dione 5
or malononitrile 6 instead of 1,3-indanedione 2 in the reaction with
aldehydes 1 and enaminones 3 (Scheme 4). The results (Table 2)
show that a wide range of aldehydes including aromatic aldehydes
with either electron-withdrawing or electron-donating groups and
heterocyclic aldehydes can likewise take part in this reaction,
leading to the preparation of a series of acridine-1,8(2H,5H)-
diones 7 or multi-substituted quinolines 8.


Scheme 4


Furthermore, we have synthesized bifunctional compounds
containing two indenoquinoline units (9) using o-phthalaldehyde
and p-phthalaldehyde as precursors (Scheme 5).


Scheme 5


Additionally, all the reactions were performed at 120 ◦C under
classical heating conditions in acetic acid. A comparison of
the results for the 34 compounds listed in Table 2 indicated
that the reactions are efficiently promoted by microwave ir-
radiation, and when almost quantitative yields were obtained,
the reaction time was strikingly shortened from 1.0–4.5 h in
traditional heating conditions to 2–10 min under microwave
irradiation.


All the products were characterized by IR, 1H NMR and
elemental analyses. The structure of 4g was established by an
X-ray crystallographic analysis (Fig. 2).18 The IR spectrum of
compound 4g shows C=O stretchings at 1686 cm−1 and 1634 cm−1.
It is particularly noteworthy that in the 1H NMR spectra of
compounds (4a–s and 9a–c), two absorption peaks appeared
at 4.91 ppm and 5.35 ppm, which belonged to the aromatic


Fig. 2 Crystal structure of 4g.


protons (see 1H NMR data). This could be explained by the X-
ray structure of 4g. In the crystal structure of 4g (Fig. 2), the
distance between the protons at C3 and the phenyl ring (C17


to C22) is 2.46 Å, indicating that the proton at C3 is shielded
by the benzene ring (C17 to C22), which caused its 1H NMR
absorption to be shifted to upfield and it appeared as a doublet
at 5.19 ppm.


Conclusion


In summary, we have demonstrated a rapid and direct
method that offered a simple and efficient route for one-pot,
three-component synthesis of highly functionalized indeno[1,2-
b]quinoline-9,11(6H,9H)-dione, acridine-1,8(2H,5H)-dione and
poly-substituted quinoline-3-carbonitrile derivatives in excellent
yields. Particularly valuable features of this method, which
was achieved by both microwave irradiation and conven-
tional heating, include high yields, broad substrate scope and
convenient operation. This series of indeno[1,2-b]quinoline,
and acridine-1,8(2H,5H)-dione, poly-substituted quinoline-3-
carbonitrile derivatives may prove to be of biological interest and
provide new classes of compounds for biomedical screening.


Experimental


General


Microwave irradiation was carried out with microwave oven
EmrysTM Creator from Personal Chemistry, Uppsala, Sweden.
Melting points were determined in open capillaries and are
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uncorrected. IR spectra were taken on a FT-IR-Tensor 27
spectrometer in KBr pellets and reported in cm−1. 1H NMR
spectra were measured on a Bruker DPX 400 MHz spectrometer
in DMSO-d6 with chemical shifts (d) given in ppm relative to
TMS as internal standard. Elemental analysis was determined by
using a Perkin-Elmer 240c elemental analysis instrument. X-Ray
crystallographic analysis was performed with a Siemens SMART
CCD and a Siemens P4 diffractometer.


General procedure for the synthesis of enaminones 3 with
microwave irradiation in a monomodal EmrysTM Creator microwave


The reactions were performed in a monomodal EmrysTM Creator
from Personal Chemistry, Uppsala, Sweden. In a 20 mL EmrysTM


reaction vial, aromatic amine (11 mmol), dimedone (10 mmol) or
cyclohexane-1,3-dione (10 mmol) and water (3 mL) were mixed
and then capped. The mixture was irradiated for 6 min with
200 W power at 100 ◦C. The reaction mixture was cooled to
room temperature and then poured into cold water. The solid
product was filtered, washed with water and EtOH (95%), and
recrystallized from acetone to give the pure product.


General procedure for the synthesis of compounds 4, 7, 8 and 9
with microwave irradiation in a monomodal EmrysTM Creator
microwave


All the reactions were performed in a monomodal EmrysTM


Creator from Personal Chemistry, Uppsala, Sweden. In a 10 mL
EmrysTM reaction vial, aldehyde (1, 1 mmol), 1,3-indanedione (2,
1 mmol) (or 5-substituted-cyclohexane-1,3-dione (5, 1 mmol) or
malononitrile (6, 1 mmol)), enaminone (3, 1 mmol) and acetic acid
(1.0 mL) were mixed and then capped. The mixture was irradiated
for a certain time (Table 2) at a power of 200 W at 120 ◦C. Upon
completion of the reaction as indicated by TLC monitoring, the
reaction mixture was cooled to room temperature and then poured
into cold water. The solid product was filtered, washed with water
and EtOH (95%), and subsequently dried and recrystallized from
EtOH (95%) to give the pure product.


General procedure for the synthesis of compounds 4, 7, 8 and 9
with conventional heating


A mixture containing aldehyde (1, 1 mmol), 1,3-indanedione (2,
1 mmol) (or 5-substituted-cyclohexane-1,3-dione (5, 1 mmol) or
malononitrile (6, 1 mmol)), enaminone (3, 1 mmol) and acetic acid
(1.0 mL) was introduced into a 10 mL EmrysTM reaction vial, the
vial was capped and the mixture was then stirred at 120 ◦C (oil
bath temperature) for the designated time. When the reaction was
completed (TLC monitoring), work-up as mentioned above gave
the product.


4g. IR (KBr, m, cm−1): 2956, 2833, 1687, 1644, 1457, 1491,
1365, 1126, 888; 1H NMR (DMSO-d6) (d, ppm): 7.54–7.48 (m,
4H, ArH), 7.27 (d, 1H, ArH, J = 6.8 Hz), 7.18 (t, 1H, ArH, J =
7.4 Hz), 7.01 (t, 1H, ArH, J = 7.6 Hz), 6.59 (s, 2H, ArH), 5.19 (d,
1H, ArH, J = 7.6 Hz), 4.82 (s, 1H, CH), 3.76 (s, 6H, CH3), 3.61 (s,
3H, CH3), 2.50 (s, 3H, CH3), 2.48 (d, 1H, CH2, J = 16.4 Hz), 2.31
(d, 1H, CH2, J = 17.6 Hz), 2.10 (d, 1H, CH2, J = 16.4 Hz), 2.03
(d, 1H, CH2, J = 17.6 Hz), 0.97 (s, 3H, CH3), 0.93 (s, 3H, CH3).


Anal calcd. for C34H33NO5, C, 76.24; H, 6.21; N, 2.61; found C,
76.35; H, 6.25; N, 2.55%.


7a. IR (KBr, m, cm−1): 3033, 2956, 2929, 2870, 1634, 1575,
1484, 1363, 1223, 1009, 840, 763; 1H NMR (DMSO-d6) (d, ppm):
7.44–7.40 (m, 5H, ArH), 7.25 (d, 3H, ArH, J = 8.0 Hz), 4.99 (s,
1H, CH), 2.42 (s, 3H, CH3), 2.33–2.00 (m, 5H, CH2), 1.98–1.84
(m, 4H, CH2), 0.88 (s, 3H, CH3), 0.78 (d, 3H, CH3, J = 6.4 Hz),
0.66 (s, 3H, CH3); Anal calcd. for C29H30BrNO2, C, 69.05; H, 5.99;
N, 2.78; found C, 69.17; H, 5.91; N, 2.84%.


8a. IR (KBr, m, cm−1): 3459, 3321, 3214, 2959, 2870, 2179,
1651, 1592, 1564, 1374, 1258, 1042, 871, 832, 743; 1H NMR
(DMSO-d6) (d, ppm): 7.62–7.53 (m, 4H, ArH), 7.47–7.40 (m, 4H,
ArH), 5.34 (s, 2H, NH2), 4.99 (s, 1H, CH), 2.42 (d, 1H, CH2, J =
17.6 Hz), 2.18 (d, 1H, CH2 J = 16.4 Hz), 1.97 (d, 1H, CH2, J =
16.4 Hz), 1.75 (d, 1H, CH2, J = 17.6 Hz), 0.89 (s, 3H, CH3), 0.80
(s, 3H, CH3); Anal calcd. For C24H21Cl2N3O, C, 65.76; H, 4.83; N,
9.59; found C, 65.81; H, 4.79; N, 9.56%.
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0.700 and −0.248 e Å−3. CCDC reference number 602003. For crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/
b607575d.
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The mechanism of hydroxide ion binding to nonionic surfaces
is explored by variation of the properties of the water-
aggregate interface and by variation of the type of the
aggregate.


In previous papers we reported the unconventional and amazingly
rich pH-dependent phase behavior of carbohydrate-based gemini
surfactants (CBGS, exemplified by 1 in Scheme 1).1–3 In the
acidic pH region the protonation state of both nitrogen atoms
determines the morphology of the aggregate in aqueous solution.
At low pH and a significant protonation of both nitrogen atoms,
spherical micelles are formed with the strong curvature of the
aggregate resulting from substantial inter- and intramolecular
head group repulsion and hydration. At higher pH the head
group charge and hydration continually decrease leading to the
subsequent formation of wormlike micelles and vesicles. These
morphological changes can be rationalized on the basis of an
increase of the packing parameter of the amphiphilic molecules.3


Most remarkably, the vesicles formed around pH 6.7 from partially
protonated 1 (estimated intrinsic pKa1 ca. 8.1, pKa2 ca. 6.0)
flocculated upon an increase of the pH to ca. 7.7, but at a
still higher pH (ca. 8.7) an unexpected redispersal occurred of
vesicles with the same size distribution as that before flocculation.
Redispersal was accompanied by charge reversal as demonstrated
by negative electrophoretic mobilities. We suggested that the
negative f potential was due to hydroxide-ion binding to the depro-
tonated, nonionic vesicular surface. Specific binding of OH− ions
to hydrophobic surfaces in water is a known phenomenon,4,5 but
it remains largely unexplained. Recent MD simulations6 provided


Scheme 1 Structure of the gemini surfactants. R = oleyl (75% cis).
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a possible mechanism for the counterintuitive binding process
involving binding of OH− ions within the first two preferentially
oriented water layers away from the surface. The MD data confirm
that the adsorption is specific for OH− ions in accord with results
obtained with vibrational sum frequency spectroscopy.7,8 However,
in the case of CBGSs alternative mechanisms could involve depro-
tonation of one of the carbohydrate hydroxy groups or hydrogen
bonding of the carbohydrate hydroxy substituents to OH− ions.


There was a two-fold motivation for the present study: (1) to
obtain compelling evidence for distinguishing between the three
possible mechanisms of OH− binding and (2) to further extend
the scope of the interfaces capable of physisorption of OH− ions.
For these purposes we have examined the aggregation behavior
of three novel compounds 2–4, providing compelling evidence for
OH− binding to the interface.


We began by examining amphiphile 2 (liquid at room temper-
ature) carrying methoxy-terminated tetra(ethylene oxide) groups
instead of reduced carbohydrate units at both nitrogen atoms.
This structural change prevents both OH−-induced deprotonation
and the hydrogen-bond donation effect. Nevertheless, similar
morphological changes are observed as for 1. At room temperature
at low pH, 2 forms spherical micelles as evidenced by the
wavelength of maximum fluorescence of the dye Nile Red bound
to the aggregates and consistent with the low intensity of scattered
light.9 As indicated by the decrease in the wavelength of maximum
fluorescence of the dye Nile Red and the small increase in the
amount of scattered light at pH 6.6 ± 0.2 wormlike micelles are
formed followed by the formation of vesicles at pH 7.1 ± 0.2,
consistent with dynamic light scattering data (Fig. 1).10 Phase


Fig. 1 Maxima in the size distributions obtained by dynamic light
scattering of solutions containing aggregates formed from 2 (×), 3 (�)
and 4 (�) as a function of pH. Lines are only drawn to guide the eye.
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separation (defined here as the formation of aggregates larger
than 1 lm) is observed at pH 8.4 ± 0.2, followed by redispersal of
lamellar aggregates at pH 9.2 ± 0.2 (Fig. 2A, showing vesicular
aggregates upon charge reversal).


Fig. 2 Cryo-electron microscopy picture of 2 vitrified at 25 ◦C at pH 11.2
(A) and 3 at pH 6.8 (B). Bars represent 100 nm.


We next turned our attention to compound 3, with two methyl
substituents instead of the (reduced) carbohydrate units on the
nitrogen atoms and which also forms spherical micelles at low
pH. Light scattering increases dramatically at pH 5.3 ± 0.3 due
to formation of particles with diameters >50 nm (Fig. 1). Most
notably, cryo-electron microscopy at pH 6.8 shows the presence
of homogeneous particles, i.e. oil droplets, rather than vesicles
(Fig. 2B). These droplets exhibit remarkable stability, as they are
stable overnight. Apparently, 3 now behaves as an oil rather than
an amphiphile, with the oil entering the core of the initially formed
micelles to reduce contact with water when the surface charge
decreases significantly. Finally, the steady reduction of the positive
surface charge leads to growth of the droplets. Dynamic light
scattering data indicate a continuing increase in droplet size until
they phase separate. Rather surprisingly, the droplet size starts to
decrease again at pH >9.8 ± 0.5. The smaller particles that are
formed repel each other, and these effects become more important
with a further increase of the pH, consistent with increasing
OH− binding to the surface of the droplets. The pH values for
phase separation and redispersal are somewhat less reproducible
than for 2 as expected for OH−-stabilized suspended oil droplets
since their size and stability depend in a complex manner on


several parameters including the amount of dissolved air and
aging.11,12


Finally, compound 4, also a liquid, and carrying 2,3-
dihydroxypropyl substituents, exhibits behavior in between that of
2 and 3. At pH 6.9 both small oil droplets and lamellar structures
are observed. Phase separation occurs at pH 8.4 ± 0.1, whereas
exclusively oil droplets are formed at pH 9.6 as evidenced by cryo-
electron microscopy (ESI†). The particle diameters decrease upon
a further increase of the pH, as anticipated for increased OH−


binding to the interfaces (Fig. 1).
In conclusion, the present study shows that despite crucial


structural differences, 1–4 in their unprotonated states all form
molecular assemblies that possess the ability to adsorb hydroxide
ions in water. Binding of strongly hydrophilic and hydrated
hydroxide ions is a counterintuitive process. The hydration layers
adjacent to the interfaces should provide the driving force for the
physisorption process, with the permanent dipole moment of the
OH− ion interacting with the electrical potential gradient in the
hydration shells.6 We find that the interfaces may both be lamellar
(vesicular) or homogeneous (oil droplet). We conclude that not
only rather hydrophobic (i.e. alkane-like such as 3) interfaces, but
also more hydrophilic interfaces such as those provided by 1, 2 and
4 possess hydration layers that allow efficient binding of hydroxide
ions.13 These results allow the design of novel amphiphilic systems
carrying a pH-dependent charge provided by physisorption of
hydroxide ions from the aqueous medium.
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Lysostaphin (EC. 3.4.24.75) is a protein secreted by Staphylococcus simulans biovar staphylolyticus and
has been shown to be active against methicillin resistant S. aureus (MRSA). The design and synthesis of
three internally quenched substrates for lysostaphin based on the peptidoglycan crossbridges of S.
aureus, and their use in fluorescence resonance energy transfer (FRET) assays is reported. These
substrates enabled the gathering of information about the endopeptidase activity of lysostaphin and the
effect that mutations have on its enzymatic ability. Significant problems with the inner filter effect and
substrate aggregation were encountered; their minimisation and the subsequent estimation of the
kinetic parameters for the interaction of lysostaphin with the substrates is described, as well as a
comparison of substrates incorporating two FRET pairs: Abz–EDDnp and DABCYL–EDANS. In
addition to this, the points of cleavage caused by lysostaphin in Abz-pentaglycine-EDDnp have been
determined by HPLC and mass spectrometry analysis to be between glycines 2 and 3 (∼60%) and
glycines 3 and 4 (∼40%).


Introduction


The emergence of virulent strains of bacteria that are resistant to
antibiotics is a cause for concern in the medical profession. Since
resistance to the b-lactam antibiotic penicillin G was first observed
in Staphylococcus aureus in the 1940s, the number of cases of
infections caused by resistant strains has increased markedly. As a
result, the penicillin derivative methicillin was used therapeutically
as it retained activity against penicillin-resistant strains of S.
aureus. Methicillin resistant S. aureus (MRSA) was first reported in
1961;1 in 2003 over 7600 cases of MRSA were recorded in England
alone2 and from 1993 to 2002 the number of MRSA-related deaths
rose from 51 to 800 per annum.3 In recent years, S. aureus strains,
such as Mu50, have been shown to have multi-drug resistance
that extends beyond the b-lactams. Intermediate resistance to
the glycopeptidic “antibiotic of last resort”, vancomycin was first
found in Japan in 19974 and a clinical isolate of MRSA was found
to also have resistance to the oxazolidinone, linezolid, shortly after
the introduction of this new antibiotic in 2001.5 It is clear that
new types of antibiotic are urgently required for the treatment of
MRSA-related infections. These should have a well-understood
mechanism of action, so that the potential problem of resistance
can be addressed prior to its occurrence.


Lysostaphin is one such possibility. It is a 27 kDa member
of the M37/M23 zinc endopeptidase family of enzymes and
was first explored as an anti-staphylolytic agent in 1964.6 Owing
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to the prevalence of other effective antibiotics at the time and
the difficulties encountered in producing a pure form of the
protein, lysostaphin was largely ignored as a potential therapeutic
agent. The emergence of multi-drug resistant bacteria and the
recombinant protein technology required for ease of production
has lately led to a renewed interest in lysostaphin and it is
currently being developed as a new antibiotic for S. aureus.7,8 It
is produced by another staphylococcal species, S. simulans biovar
staphylolyticus, and it is reported to kill both S. aureus and another
pathogenic bacteria, S. epidermidis. The mode of action appears
to be the cleavage of the pentaglycine crossbridge found in the
peptidoglycan of the bacterial cell wall of Staphylococcus species.
Part of the structure of the peptidoglycan of S. aureus is shown
in Fig. 1. It is this structure that confers rigidity to the bacterial
cell wall and prevents osmotic rupture. S. simulans also has a
glycyl crossbridge, but protects itself with lysostaphin immunity
factor (Lif), which enables the replacement of glycine by serine in


Fig. 1 Representation of part of the peptidoglycan of S. aureus, showing
the sugar backbone, side chain tetrapeptide and pentaglycine crossbridge.
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the pentaglycine crossbridge.9 The gene for this immunity factor,
lif , was characterised by Thumm and Götz and was found to
code for a 413 residue polypeptide.10 The glycine residues that are
replaced in the crossbridge are numbers 3 and 5; this protects the
cell wall as lysostaphin cannot hydrolyse glycyl–serine or seryl–
glycine bonds.11, 12


Mature lysostaphin is a two domain structure consisting of 247
amino acid residues, the first 132 of which form the catalytic
or endopeptidase domain of the protein. This is followed by a
thirteen residue linker, which is attached to the N-terminal of
the targeting (cell-wall binding) domain (102 residues), forming
the remainder of the enzyme. Lysostaphin is related to other
glycylglycyl endopeptidases, which have similar domain-type
structures. These include ALE-1, a 36 kDa protein secreted by
S. capitis13 and LytM,14 which is believed to be responsible for the
functional autolytic activity in the Lyt− mutant of S. aureus; the
crystal structures of LytM and the cell-wall binding domain of
ALE-1 have recently been elucidated.15,16 In the LytM structure,
an exposed triglycine sequence (Gly206–Gly 208) of one monomer
is found to be inserted into a groove in the surface of an adjacent
monomer in close proximity to the zinc. This helps delineate the
active site of this enzyme.


Several assays for the activity of lysostaphin have been reported
in the literature; the first being a turbidimetric method proposed
by Schindler and Schuhardt.6 Spectrophotometric variations on
this method have also been reported17 and used to examine the
Michaelis–Menten kinetics of the interaction of lysostaphin with
whole cells, leading to the determination of the specific activity of
the enzyme.18 Other spectrophotometric assays described include a
dye-release assay developed by Zhou et al.,19 which gave results that
were more reproducible than the turbidometric method. Kline and
co-workers developed a TNBS-based colorimetric micro titre plate
assay that monitored the hydrolysis of N-acetylated hexaglycine
by lysostaphin.20 The latter two assays are more cumbersome to
perform as they are ‘stopped assays’ where the product formed is
analysed by removal of samples from the assay mixture. Given that
peptidoglycan has a variable composition from sample to sample
due to the level of crosslinking, it was decided that a synthetic
substrate would provide more accurate and reproducible kinetic
data.


Other proteolytic enzymes have been investigated in continuous
assays through the use of internally quenched peptide substrates,21


that mimic the target of the enzyme and are labelled with a
fluorophore. Also attached to the substrate is an acceptor group,
which undergoes fluorescence resonance energy transfer (FRET)22


with the donor fluorophore, leading to a decrease in the emission of
the donor. As this is a distance-dependent effect, when the peptide
chain holding the two groups together is cleaved by an enzyme,
thus enabling the donor to move away from the quenching group,
the FRET effect is diminished and an increase in fluorescence is
observed. Our aim was to develop internally quenched peptide
substrates that could be used in FRET assays for lysostaphin,
based on the target for this enzyme, the bacterial pentaglycine
crossbridge.


Results and discussion


Of the FRET pairs available, ortho-aminobenzoic acid (Abz) and
N-(2,4-dinitrophenyl)ethylene diamine (EDDnp) were the most


readily accessible, and so we adopted these as our starting point.
This pair has already been used in several studies, including
the investigation of trypsin23 and an angiotensin converting
enzyme.24 The substrate N-(aminobenzoyl)pentaglycyl-[N-(2,4-
dinitrophenyl) ethylene diamine] (7) was synthesised using solution
phase methodology, as shown in Scheme 1. A convergent approach
was used, consisting of the synthesis of a diglycine and a triglycine
fragment labelled with EDDnp and Abz respectively, using Boc
and ethyl ester protecting groups. These two compounds (6 and
3) were coupled using an EDCI-mediated reaction to yield the
desired substrate in a 20% yield over 7 steps.


FRET assays to demonstrate the cleavage of 7 by lysostaphin
were performed and found to be successful. The method used for
the purification of lysostaphin was found to influence the activity
of the enzyme: samples of the protein that had been purified using a
zinc-affinity chromatography column were found to be more than
three times more active than those from a nickel-affinity column
(data not shown). The observed drop in activity suggested that use
of the latter column led to replacement of the zinc co-factor by a
nickel ion in some of the lysostaphin molecules. The results in this
article are from assays using the zinc-purified enzyme.


The fragments from a full digestion of the substrate by
lysostaphin were examined by mass spectrometry. The diglycyl and
triglycyl derivatives of EDDnp were detected, indicating that the
enzyme cleaves the substrate between both Gly2–Gly3 and Gly3–
Gly4. Analysis of the digestion products by high performance
liquid chromatography (HPLC) and comparison with the re-
tention times of (N-(2,4-dinitrophenyl)ethylene diamine)diglycine
(6) and (N-(2,4-dinitrophenyl)ethylene diamine)triglycine (8), re-
vealed that the ratio of products 6 and 8 was 2 : 3. This indicates
that cleavage is slightly favoured between glycines 2 and 3.


FRET assays at different [substrate] were performed in order
to determine the Michaelis constant (KM) and V max for the
substrate–enzyme interaction. A significant inner filter effect was
encountered when substrate concentrations greater than 10 lM
were used. The kmax of the bell-shaped absorbance spectrum of
the substrate is 359 nm and so the substrate absorbs light, to an
extent that is dictated by the [substrate], at both the excitation and
emission wavelengths used for the FRET assays. This results in
not all of the applied energy being available to excite the product
of cleavage, (3), and some of the fluorescence that 3 emits being
absorbed by remaining substrate, so that it does not reach the
detector. This inner filter effect means that the initial fluorescence
intensity (FI) observed for the substrate, prior to enzyme addition,
was not directly proportional to [substrate], and consequently, the
rate of increase in FI at higher [substrate] after addition of enzyme
was lower than it would have been in the absence of the inner
filter effect. The effect can be compensated for by measuring the
absorbance of the substrate at both the excitation (ODex) and
emission (ODem) wavelengths, and applying the values obtained to
the observed fluorescence (F obs) (or rate) as dictated by eqn (1).25


Fcorr = Fobsanti log
(


ODex + ODem


2


)
(1)


By reducing the pathlength of the cuvette used for the assays,
and thus the absorbance of light by the substrate, it was possible to
extend the working concentration range for the assay, although at
the expense of sensitivity. A 5 mm path length cuvette enabled the
use of a [substrate] up to 70 lM. After this point the correction
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Scheme 1 a) SOCl2, EtOH, 0 ◦C to reflux, N2, 4 h (83%); b) Isatoic anhydride, DCM, Et3N, DMAP, reflux, N2, 17 h (78%); c) HCl (1 M), 40 ◦C, 7 h
(quant.); d) Boc2O, NaOH, dioxane, N2, rt, 19 h (69%); e) EDDnp·HCl, PyBOP, DIPEA, DMF, N2, rt, 20 h (48%); f) TFA–DCM (1 : 1), N2, rt, 3h (97%);
g) EDCI, DPIEA, DMF, N2, rt, 15 h (61%).


factor obtained by the use of eqn (1) was greater than 2, and
insufficient compensation for the inner filter effect was observed.
Fig. 2 demonstrates the effect that applying a correction factor has
on the observed initial fluorescence: a linear relationship between
[substrate] and FI is indicated.


Fig. 3 shows the Michaelis–Menten curve obtained using
Grafit C© to plot the corrected rate vs. [substrate]. The kinetic con-
stants calculated from this graph were: KM = (0.20 ± 0.02) mmol
dm−3 and V max = (63 ± 5) pmol s−1 mg(Lss)−1. A linear regression
analysis of a Hanes plot gave KM = (0.30 ± 0.04) mmol dm3 and


Fig. 2 A graph of the initial substrate fluorescence intensity with and without correction for the inner filter effect. Once corrected a linear relationship
between [substrate] and intensity is observed.


3628 | Org. Biomol. Chem., 2006, 4, 3626–3638 This journal is © The Royal Society of Chemistry 2006







Fig. 3 Grafit C©-fitted Michaelis–Menten curve for the cleavage of 7 by
lysostaphin.


V max = (76 ± 1) pmol s−1 mg(Lss)−1 (R2 = 0.944). The rates of
hydrolysis were converted from relative values to those based on
the increase in [product] by use of a standard calibration curve of
fluorescence intensity vs. [3].


The triglycine and tetraglycine analogues of 7 were also
synthesised using similar methods to those described previously.
FRET assays of these substrates with lysostaphin revealed that
the triglycine substrate was not cleaved at all and the tetraglycine
substrate was hydrolysed approximately five times more slowly
than 7. Firczuk et al. briefly reported the testing of tetraglycine-
[N-(2,4-dinitrophenyl)ethylene diamine] as a fluorescent substrate
for LytM during the course of our work.16 In this case the product
has to be separated from the substrate chromatographically. They
found this compound to be a moderate substrate (kcat = 0.003 s−1,
KM = 2.3 mmol dm−3, pH 7.5), which is consistent with the results
we present here. It might have been expected, from the cleavage site
analysis described previously, that the triglycine analogue would
have been cleaved as one of the hydrolysable bonds (between Gly
2 and Gly 3) was still present; the fact that it is not suggests
that decreasing the length of glycine chain reduces the ability of
lysostaphin to recognise its target. Kinetic assays were performed
with the tetraglycine analogue; using Grafit C© the values of KM


and V max were estimated to be (0.2 ± 0.05) mmol dm−3 and (32 ±
4) pmol s−1 mg(Lss)−1 respectively. The very slow rate of cleavage
measured meant that assays with this analogue had to be quite
long (at least 15 min) and were less reliable than those performed
using 7 as a substrate. It was concluded that further substrates for
lysostaphin should contain at least the pentaglycine motif in their
structure.


Ideally, the [substrate] range used for the measurement of
kinetic parameters should be in the range 20 lM to 1 mM given
the Michaelis constant for 7 determined above. This was not
possible, owing to the inner filter effect, and so attention was
turned to a second substrate that incorporated a lysine residue,
L-lysine(pentaglycine N-(2-aminobenzoyl))-(2,4-dinitrophenyl)-
ethylene diamine (14), the structure of which is shown in Fig. 4.


Scheme 2 illustrates the synthetic route used for its synthesis.
It was hoped that the inclusion of this residue would improve
the solubility of the substrate and also, as lysine is the point of
attachment for one end of the pentaglycine crossbridge to the
muramyl tetrapeptide side chain, improve the substrate–enzyme
binding. The synthesis started from a lysine residue, the amine
groups of which were protected with the orthogonal groups Boc
and Fmoc. As the pentaglycine chain was to be attached to
the Ne of the lysine group, this was protected with the Boc
group. The previously prepared reagents, N-Boc-diglycine (4) and
N-(2-aminobenzoyl)-triglycine hydrochloride (3) were attached
consecutively following the coupling of the EDDnp group to the
free C-terminal. Removal of the Fmoc group using standard basic
conditions gave the substrate, 14, in 44% yield over 6 steps.


Scheme 2 a) PyBOP, DIPEA, EDDnp·HCl, rt, N2, 22 h (76%); b) 1 : 1
TFA–DCM, rt, 1.5 h (quant); c) TBTU, HOBt, 4, DIPEA, DMF, rt, N2,
2 h (94%); d) 1 : 1 TFA–DCM, rt, 3 h (97%); e) 3, EDCI, DIPEA, DMF,
rt, N2, 19 h (64%); f) 20% piperidine in DMF, 45 min (quant.).


When kinetic assays were performed using 14 as the substrate, a
slight increase in cleavage rate was observed. The kinetic constants
obtained by Grafit C© and Hanes plot analyses of the results are
shown in Table 1. The lower KM values of 14 compared with 7
indicate that there is an increase in the binding affinity of the
enzyme to this substrate. The accessible [substrate] range was the
same as for 7; the overlap, between this and the ideal range for


Fig. 4 Structures of L-lysine(N-e-pentaglycine-N-(2-aminobenzoyl))-[N-(2,4-dinitrophenyl)ethylenediamine] (14) and L-lysine(N-e-pentaglycyl-
DABCYL)-EDANS (17).
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Table 1 Kinetic parameters measured for the three substrates


7 14 17


Grafit Hanes Grafit Hanes Grafit Hanes


KM/10−4 M 2.0 3.0 0.7 0.7 0.8 0.7
Error KM/10−4 M 0.2 0.4 0.1 0.1 0.2 0.2
V max/pmol s−1 mg(Lss)−1 63 76 27 27 570 570
Error V max/pmol s−1 mg(Lss)−1 5 1 4 4 70 70
R2 (Hanes) 0.944 0.967 0.895


the measurement of a Michaelis constant of ∼70 lM, is greater,
and so 14 is a better substrate for lysostaphin than 7, although the
substrate–enzyme binding is still quite poor.


A second FRET pair was also investigated. 4-((4-
(Dimethylamino)phenyl)azo)benzoic acid (DABCYL) and 5-((2-
aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS) have
previously been used by other groups for examining the activity
of various proteases, as there is excellent overlap of the EDANS
emission spectrum and the absorption spectrum of DABCYL.26


The extent of the overlap of these two spectra is important as a
greater overlap leads to better FRET efficiency. It was hoped that
the introduction of these two groups, in place of Abz and EDDnp,
which have a smaller overlapping region of their emission and
absorption spectra, would lead to a more sensitive assay; better
FRET efficiency entails a larger fluorescence quenching effect and
thus, when one substrate molecule is cleaved by the enzyme, a
larger change in fluorescence intensity should be observed. The
effect that use of a different FRET pair had on the binding of
lysostaphin to the substrate was also explored.


Scheme 3 illustrates the solid phase-based synthetic route
that was used to synthesise N-(L-lysyl[N-(4-((4-(dimethylamino)-
phenyl)azo)benzoyl)pentaglycyl] -5-((2-aminoethyl)amino)naph-
thalene-1-sulfonic acid (17).


The strategy employed was similar to that used by Grahn
and co-workers in their synthesis of DABCYL–EDANS-labelled
substrates for trypsin:27 a solid phase synthesis of the DABCYL-
peptide (15) that was followed by a solution coupling of EDANS
to this peptide to form 16 (using the method of Pennington
and Dunn28). Removal of the Boc protecting groups yielded the
desired substrate, 17. The solubility of 17 was very poor, even in
solvents such as dimethylformamide, which made purification of
the final peptide difficult. Several chromatographic methods were
attempted, including silica column chromatography and prepar-
ative thin layer chromatography; the most effective method was
found to be semi-preparative HPLC, using dimethylformamide
as the injection solvent and an aqueous acetonitrile mobile phase.
This worked well provided a small volume (∼50 ll) of concentrated
solution was injected into a relatively large sample loop (1 ml).
Larger sample volumes resulted in unacceptable quantities of
peptide eluting with the dimethylformamide/solvent system front.


Experiments were conducted to compare the relative FRET
efficiencies of the Abz–EDDnp and DABCYL–EDANS pairs.
Fig. 5 shows the emission spectra obtained from 10 lM solutions
of 14 and 17, and 1 lM solutions of N-(2-aminobenzoyl)triglycine
(3) and (5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid)
diglycine (18). It is clear that DABCYL quenches the emission


Scheme 3 a) Boc-K(Fmoc)-OH, DIPEA, DCM, 14 h, then MeOH, 30 min (99%); b, d, f, h, j, l) 20% piperidine in DMF, 10 min; c, e, g, i, k) TBTU,
Fmoc-Gly, HOBt, DIPEA, DMF, 3 h; m) HOBt, DABCYL-OH, DIPCDI, DMF, 20 h; n) 1% TFA in DCM, 40 min, then py–MeOH (69% overall); o)
EDANS·Na, EDCI, HOBt, DMF, N2, 20 h; p) TFA–DCM (1 : 1), 40 min, then Et3N–MeOH (6% over 2 steps).
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Fig. 5 Relative quenching efficiencies of the Abz–EDDnp and DABCYL–EDANS FRET pairs following excitation at 325 nm and 335 nm respectively.


from EDANS more efficiently than EDDnp does the emission of
Abz. When the relative fluorescence intensities were compared,
it was determined that there is a 3-fold increase in the efficiency
of quenching for the DABCYL–EDANS pair relative to Abz–
EDDnp. This was reflected in the values obtained for the relative
rates of cleavage of 14 and 17 by lysostaphin; a much larger increase
in emission intensity was observed over the same time period for
the DABCYL–EDANS substrate than for that containing Abz
and EDDnp.


Kinetic assays were performed using 17, and the KM and V max


values for this substrate were obtained, as shown in Table 1.
Unfortunately these assays were not as straightforward as had
been hoped. It is suggested that as the [substrate] is increased,
aggregation of substrate 17 in the buffer solution occurs. The
first indication of this was the rapid alteration in the absorbance
spectrum of the substrate once the stock solution (in DMSO)
was added to the buffer solution. A decrease in the measured
rates of cleavage for consecutive assays using the same [substrate]
was also evident, and after a few hours a red precipitate was
observed, suspended in the colourless buffer solution. This effect
has previously been reported with a DABCYL–EDANS peptide
consisting of three residues.29 Various methods, including alter-
ation of temperature or pH, reduction of sodium chloride content
of the buffer solution, increasing DMSO or glycerol content, or
addition of chaotropic agents were tested, but these either resulted
in no substrate stabilisation or inactivation of the enzyme. The
zwitterionic detergent 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) was added to the buffer solution
prior to addition of the substrate. It was found that if 12 mM
CHAPS was used, then substrate stabilisation did occur. This
is above the critical micelle concentration of the detergent (∼6
mM) in the buffer solution, but lower [CHAPS] only gave partial
success. Lysostaphin still appeared to be active even under these
conditions, and may be activated by the presence of the detergent.
When assays using the first substrate, 7, were run with and without
12 mM CHAPS, an increase in cleavage rate (∼2 fold) was observed
when the detergent was present, even though this substrate shows
no evidence of aggregation. The results in Table 1 suggest that
the use of DABCYL and EDANS does not affect the binding of


the enzyme and substrate, as the Michaelis constant is almost the
same as that for 7. The inner filter effect was at a similar level
for this substrate as for those containing Abz and EDDnp. The
maximum [substrate] possible was ∼63 lM, and so this means that
the [substrate] range used is still not one that gives the best scope
for accurate kinetic parameter determination.


Both 7 and 17 were used in FRET assays with endopeptidase
domain mutants of lysostaphin: H83A and H114A (which had
been shown to be inactive in turbidity and disk diffusion assays).
No net increase in fluorescence was observed in these FRET
assays, confirming the inactive status of the mutants and the
possible use of these internally quenched substrates for the activity-
screening of other lysostaphin mutants. In particular, 17 would be
suitable for this, owing its greater sensitivity.


Conclusions


Three new internally quenched peptides for measuring the catalytic
activity of lysostaphin have been synthesised and demonstrated to
function as substrates for this enzyme. It has been shown that
the pentaglycine sequence can be cleaved efficiently between both
Gly2–Gly3 and Gly3–Gly4. This is in agreement with the data
available on the cleavage of peptidoglycan demonstrating that
the synthetic substrates are processed in a similar manner to the
natural substrate. It has been found that the pentaglycine with
DABCYL and EDANS groups provides a more sensitive assay
that leads to shorter duration assays than those with the Abz–
EDDnp FRET pair. However aggregation and precipitation of
this substrate over short periods of time, when placed in aqueous
solution mean that the Abz–EDDnp pentaglycine substrates give
more reproducible results in kinetic assays. The change in FRET
pairs does not appear to significantly affect the interaction of
lysostaphin with the substrate. The relatively low affinity of
lysostaphin for all of these substrates necessitates that they be
used at relatively high concentrations leading to a significant
inner filter effect. This can be corrected to a limited extent, but
ideally internally quenched peptides with lower Km values should
be identified to avoid this problem.
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These internally quenched substrates provide a relatively sensi-
tive, continuous assay for lysostaphin and despite the substrate
concentrations being significantly lower than the KM values,
the rates measured are directly proportional to the catalytic
efficiency (kcat/KM) allowing the method to be used to compare
the catalytic efficiency of mutants of the enzyme. The dye-release
assay described by Zhou et al.,19 is slightly more sensitive than
that described in this paper and it requires a slightly lower
protein concentration of lysostaphin (3 lg ml−1) compared to
the 14 lg ml−1 for the FRET assays. However, theirs is a
stopped assay and therefore much less convenient for the rapid
generation of kinetic data; this is also the case for the stopped
colorimetric assay of Kline et al., that requires lysostaphin in the
1.25 to 20 lg ml−1 range and significant post-assay manipulation.20


Further elaboration of the substrates described in this paper to
include other elements of the peptidoglycan may well improve the
sensitivity of the FRET assay and be able to provide more accurate
kinetic data.


In the recently reported ALE-1 (lysostaphin homologue from S.
capitis) cell wall binding domain structure,30 the authors identified
a groove in the surface of the cell wall binding domain that
appears to be suitable to accommodate the pentaglycine cross-
bridge as found in S. aureus and S. capitis EPK2 suggesting
that both endopeptidase and cell wall binding domains bind
to the same peptide motif. Further evidence for this is given
by studies reported by Grundling and Schneewind who have
studied the binding of lysostaphin cell wall binding domain-GFP
conjugates to S. aureus peptidoglycan.31 Therefore an internally
quenched peptide that possessess two pentaglycine sequences,
one of which is modified to be non-hydrolysable may provide
a higher affinity substrate provided the distance between these
motifs is appropriate for the enzyme. The tetraglycine motif is
reported to be cleaved by a number of other proteases including
the LasA protease (staphylolysin) from Pseudomonas aeruginosa32


and dipeptidyl peptidases III from Rattus norvegicus that cleaves
elastin.33 The internally quenched peptides reported here should
therefore provide suitable substrates for these enzymes as well.


Experimental


Instrumentation


1H and 13C NMR spectra were recorded on a Bruker AV400,
Bruker DRX500 or a Bruker Ultrashield 400 spectrometer. The
13C spectra were proton decoupled. Chemical shifts are in parts per
million using a residual protic solvent as an internal standard and
coupling constants (J) are in Hz. Mass spectra were recorded on
a VG LCT (electrospray, ES+) or VG Autospec mass spectrometer
(fast atom bombardment, FAB+). In FAB mass spectrometry,
nitrobenzyl alcohol or glycerol in water and methanol was used
as the matrix. Microanalytical data were obtained on a Perkin
Elmer 240B elemental analyser. IR spectra were recorded on
a Nicolet Avatar 320 FT-IR spectrophotometer as solids. UV–
Visible spectra were measured on a Cary 100 Bio UV–visible
spectrophotometer or a Hekios b Thermospectronic UV–visible
spectrophotometer. Melting points were recorded using a Stuart
Scientific SMP3 melting point apparatus and are uncorrected.
Measurement of [a]D values was performed using a Jasco DIP-370
polarimeter or a Bellingham-Stanley Ltd ADP 200 polarimeter.


Column chromatography was carried out using Fluorochem silica
gel 60 (35–70 lm) and analytical thin layer chromatography was
performed on precoated aluminium backed plates (Merck, silica
gel 60 F254). Preparative thin layer chromatography was performed
using plates purchased from Sigma-Aldrich (silica, 20 × 20 cm,
2 mm). Reverse-phase high performance liquid chromatography
(RP-HPLC) was performed analytically on an Agilent Eclipse
XDB-C8 column (150 × 4.6 mm, 5 lm) using ChemStation for
LC (Agilent Technologies) software on an Agilent 1100 series
system at a flow rate of 1.0 ml min−1. Semi-preparative RP-
HPLC was performed using the same system and software and
a Hichrom 100–5C8 column (150 × 10 mm, 5 lm), with a flow
rate of 4.5 ml min−1. The eluent was monitored by UV absorbance
at 220 nm and 325 nm, 335 nm or 359 nm, depending on the
fluorophore/quencher groups present. The solvents used were
solvent A (0.06% v/v TFA (aq.) in Milli-Q water, de-gassed using
nitrogen for 30 min) and solvent B (0.06% v/v TFA (aq.) in 9 : 1 v/v
MeCN (aq.)–Milli-Q water, de-gassed by sonication for 30 min).
An Edwards Modulyo freeze drier was used for lyophilisation
of the products. Peptide synthesis was carried out using a
NovaSyn Gem manual peptide synthesiser with post-column UV
monitoring at 290 nm using a LKB Biochrom Ultrospec 4050
spectrophotometer and Fmoc deprotection profiles were recorded
using a LKB Bromma 2210 chart recorder.


Chemicals


Chemicals were purchased from Sigma-Aldrich (Gillingham,
UK), Alfa Aesar (Heysham, UK) and Fisher Scientific UK Ltd
(Loughborough, UK). Fmoc amino acids and coupling agents
were purchased from Novabiochem UK (Nottingham, UK).
DABCYL succinimidyl ester was purchased from Invitrogen (Pais-
ley, UK). Deuterated chloroform, DMSO, methanol and water
were purchased from Sigma-Aldrich. Solvents were purchased
from Fisher Scientific UK Ltd. DMF was distilled from CaH2


and ethanol was distilled from magnesium turnings and iodine.
Both were stored over 4 Å molecular sieves and under a nitrogen
atmosphere following purification. All other reagents were used as
supplied.


Synthetic procedures


N-(2,4-Dinitrophenyl)ethylene diamine hydrochloride (EDDnp).
This compound was prepared according to the method of Melo
et al.34 Rf 0.09 (methanol–ethyl acetate 1 : 1); mp 268–269 ◦C
(decomp) (Lit30 268–270 ◦C); dH (400 MHz, D2O) 3.29 (2H, t, J
6.1, CH2), 3.82 (2H, t, J 6.1, CH2), 7.09 (1H, d, J 9.6, CH), 8.25
(1H, dd, J 2.7 and 9.6, CH), 8.99 (1H, d, J 2.7, CH); dC (100 MHz,
D2O) 38.7, 40.9, 115.4, 125.4, 131.6, 131.7, 136.9, 149.3; m/z (ES+):
found (M+H)+ 227.0796. C8H11N4O4 requires M, 227.0780.


Triglycine ethyl ester hydrochloride (1). The method described
was adapted from that used by Akora et al. for the preparation of
methyl esters.35 Thionyl chloride (1.93 ml, 26.4 mmol) was added,
dropwise, to ice cold ethanol (300 ml), so that the temperature
remained below 5 ◦C. Triglycine (2.50 g, 13.2 mmol) was added,
and the solution refluxed for 4 h, under nitrogen. The solvent was
removed in vacuo to give a white solid that was recrystallised from
boiling ethanol, giving the ester (2.78 g, 83%) as fine white needles.
Rf 0.06 (methanol–ethyl acetate 1 : 1); mp 214–218 ◦C (decomp)
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(Lit36 214–219 ◦C); mmax (solid)/cm−1 3323w, 3104w, 1734s, 1641vs,
1585w, 1550m; dH (400 MHz, D2O) 1.20 (3H, t, J 7.0, CH3), 3.85
(2H, s, CH2), 3.96 (2H, s, CH2), 3.99 (2H, s, CH2), 4.15 (2H,
q, J 7.0, OCH2); dC (100 MHz, CD3OD) 14.3, 41.5, 42.1, 43.1,
63.0, 168.4, 172.1, 172.1; m/z (ES+): found (M+Na)+ 240.0963.
C8H15N3NaO4 requires M, 240.0960.


N-(2-Aminobenzoyl)triglycine ethyl ester (2). Triglycine ethyl
ester hydrochloride, 1 (0.80 g, 3.15 mmol) was dissolved in
DCM (200 ml) and triethylamine (0.88 ml, 6.31 mmol). 4-
Dimethylaminopyridine (39 mg, 0.32 mmol) was added and the
suspension was heated to reflux temperature. Isatoic anhydride
(3.57 g, 21.9 mmol) was added once the solution had cooled
slightly and the resulting suspension was refluxed for 17 h,
under nitrogen. The solid residue was collected by filtration. The
remaining solution was washed with water (3 × 25 ml). The
aqueous layer was washed with ethyl acetate (3 × 50 ml) and
the organic layers were combined and dried over magnesium
sulfate. The solvent was removed in vacuo and the resulting residue
was combined with the solid collected by filtration. This was
dissolved in methanol and DCM, evaporated onto silica (2 g)
and then purified twice by column chromatography (silica, ethyl
acetate, followed by ethyl acetate–methanol 9 : 1 then 1 : 1) to
give the product (0.82 g, 78%) as a cream powder. Rf 0.41 (ethyl
acetate–methanol 9 : 1); mp 156–157 ◦C; mmax (solid)/cm−1 3312w,
3267w, 3075w, 1748s, 1673m, 1655s, 1629vs, 1587m, 1547vs; kmax


(CH3OH)/nm 215 (e/dm3 mol−1 cm−1 37 700), 249 (15 300) and
331 (7 900); dH (CD3OD/D2O, 400 MHz) 1.30 (3H, t, J 7.2, CH3),
3.98 (2H, s, CH2), 4.00 (2H, s, CH2), 4.05 (2H, s, CH2), 4.21 (2H,
q, J 7.2, OCH2), 6.67 (1H, ddd, J 0.9, 7.0 and 8.1, CH), 6.79 (1H,
dd, J 0.9 and 8.3, CH), 7.24 (1H, ddd, J 1.4, 7.0 and 8.3, CH), 7.59
(1H, dd, 1.4 and 8.1, CH); dC (100 MHz, CD3OD/D2O) 14.4 (CH3


C-19), 42.0 (CH2), 43.4 (CH2), 44.2 (CH2), 62.4 (CH2), 116.2 (C),
117.2 (CH), 118.3 (CH), 129.3 (CH), 133.6 (CH), 150.8 (C), 171.2
(C=O), 172.2 (C=O), 172.5 (C=O), 172.8 (C=O); m/z (ES+):
found (M+H)+ 336.1424. C15H20N4O5 requires M, 336.1433.


N-(2-Aminobenzoyl)triglycine hydrochloride (3). N-(2-Amino-
benzamido)triglycine ethyl ester, 2 (0.10 g, 0.30 mmol) was stirred
in HCl (1 M, 3 ml) at 40 ◦C for 7 h. The solvent was removed in
vacuo to give the product (0.13 g, quant.) as a fine cream powder.
Rf 0.31 (methanol–ethyl acetate 1 : 1); mp 189–190 ◦C (decomp);
mmax (solid)/cm−1 3263w, 2972m, 2900m, 1746w, 1653vs, 1532vs,
1498m; dH (400 MHz, D2O) 3.89 (2H, s, CH2), 3.89 (2H, s, CH2),
4.06 (2H, s, CH2), 7.38 (1H, d, J 7.8, CH), 7.47 (1H, ddd, J 1.0, 7.8
and 7.8, CH), 7.58 (1H, ddd, J 1.3, 7.8 and 7.8, CH), 7.77 (1H, dd,
J 1.3 and 7.8, CH); dC (100 MHz, D2O) 41.9 (CH2), 43.3 (CH2),
43.7 (CH2), 125.6 (CH), 126.7 (C), 129.9 (CH), 130.1 (CH), 131.5
(C), 134.5 (CH), 169.8 (C=O), 172.7 (C=O), 172.9 (C=O), 174.1
(C=O); m/z (ES+): found (M+Na)+ 331.1005. C13H16N4NaO5


requires M, 331.1018.


N-Boc-diglycine (4). This method was adapted from that
described by Garner and Park for the Boc-protection of amino
acids.37 A solution of di-tertbutyldicarbonate (3.20 g, 14.7 mmol)
in dioxane (14 ml) was added to an ice-cold, stirred solution of
diglycine (1.80 g, 13.6 mmol) in sodium hydroxide (1 M, 40 ml).
The biphasic suspension was stirred at 5 ◦C for 30 min and then
allowed to warm to room temperature, after which time it was
stirred for 19 h under nitrogen. The solvent was removed in vacuo


and sodium hydroxide (1 M, 25 ml) was added to the residue.
Following acidification to pH 2 by addition of hydrochloric acid
(1 M) the solution was extracted with ethyl acetate (5 × 90 ml). The
organic washings were combined, dried over magnesium sulfate
and filtered. The solvent was removed in vacuo to give the product
(2.19 g, 69%) as a white powder. Rf 0.40 (methanol–ethyl acetate 1 :
1); mp 128–129 ◦C (Lit38 128–130 ◦C); dH (400 MHz, CD3OD) 1.49
(9H, s, tBu), 3.79 (2H, s, CH2), 3.97 (2H, s, CH2); dC (100 MHz,
CD3OD) 28.7, 41.7, 44.5, 80.7, 158.4, 172.8, 172.9; m/z (FAB+)
233 (14%, M + H+), 177 (53), 73 (61), 69 (64) and 57 (100) (HRMS:
found (M+H)+, 233.1139. C9H17N2O5 requires M 233.1137).


N-[N-(2,4-Dinitrophenyl)ethylene diamine]Boc-diglycine (5).
N-Boc-diglycine, 4 (0.46 g, 1.98 mmol) was dissolved in dry
DMF (4 ml). PyBOP (1.03 g, 1.98 mmol) and DIPEA (0.34 ml,
1.98 mmol) were added and the yellow solution was stirred for
3 minutes. EDDnp (0.52 g, 1.98 mmol) was added and the resulting
orange solution was stirred for 20 h, under nitrogen, at room
temperature. The solvent was removed in vacuo and the residue
was partitioned between ethyl acetate and water. The organic layer
was washed with brine (2 × 5 ml) and water (2 × 5 ml) to give the
impure product. This was evaporated onto silica (1 g) and purified
by column chromatography (silica, ethyl acetate–methanol 9 : 1)
to give the product (0.42 g, 48%) as a bright yellow powder. Rf 0.38
(ethyl acetate–methanol 9 : 1); mp 106–110 ◦C; mmax (solid)/cm−1


3360w, 3281w, 1670m, 1614s, 1583m, 1522s; kmax (CH3OH)/nm
210 (e/dm3 mol−1 cm−1 15 800), 259 (9 600), 348 (18 100) and 405sh
(6 900); dH (D2O/CD3OD, 400 MHz) 1.43 (9H, s, tBu), 3.59 (2H,
t, J 5.8, CH2CH2), 3.70 (2H, t, J 5.8, CH2CH2), 3.78 (2H, s, CH2),
3.91 (2H, s, CH2), 7.26 (1H, d, J 9.6, CH), 8.35 (1H, dd, J 2.7 and
9.6, CH), 9.06 (1H, d, J 2.7, CH); dC (100 MHz, d6-acetone) 28.5
(CH3), 38.7 (CH2), 43.3 (CH2), 43.8 (CH2), 44.9 (CH2), 79.7 (C),
115.8 (CH), 124.3 (CH), 130.7 (CH), 131.4 (C), 136.5 (C), 149.7
(C), 157.4 (C=O), 170.7 (C=O), 170.8 (C=O); m/z (FAB+) 463
(15%, M + Na+), 308 (22), 169 (53), 100 (25), 73 (51), 69 (100)
and 65 (36) (HRMS: found (M+Na)+, 463.1561. C17H24N6NaO8


requires M 463.1553).


[N-(2,4-Dinitrophenyl)ethylene diamine]diglycine trifluoro-
acetate (6). N-[N-(2,4-Dinitrophenyl)ethylene diamine]Boc-
diglycine, 5 (2.36 g, 5.36 mmol) was stirred in TFA–DCM (1 :
1, 12 ml) for 3 h, under nitrogen, at room temperature. The
solvent was removed in vacuo, using methanol as a co-evaporant,
to give the product (2.37 g, 97%) as a bright yellow powder.
Rf 0.04 (methanol–ethyl acetate 1 : 1); RP-HPLC (18% B over
8 min): Rt = 6.76 min; mp 115–117 ◦C; mmax (solid)/cm−1 3355w,
3283w, 2988w, 2899w, 1676s, 1615s, 1582m, 1566m, 1521s; kmax


(H2O)/nm 204sh (e/dm3 mol−1 cm−1 21 000), 265 (10 200), 360
(18 700) and 413sh (8 200); dH (CD3OD, 400 MHz) 3.60 (2H, t, J
5.8, CH2CH2), 3.67 (2H, t, J 5.8, CH2CH2), 3.87 (2H, s, CH2),
3.98 (2H, s, CH2), 7.25 (1H, d, J 9.7, CH), 8.32 (1H, dd, J 2.7 and
9.7, CH), 8.99 (1H, d, J 2.7, CH); dC (100 MHz, CD3OD/D2O)
33.9 (CH2), 41.4 (CH2), 43.3 (CH2), 43.4 (CH2), 115.6 (CH), 125.2
(CH), 130.9 (C), 131.3 (CH), 136.4 (C), 149.8 (C), 168.5 (C=O),
172.5 (C=O); m/z (ES+): found (M+H)+ 341.1243. C12H17N6O6


requires M 341.1210.


N-(2-Aminobenzoyl)pentaglycine-[N-(2,4-dinitrophenyl)ethylene
diamine] (7). N-(2-Aminobenzoyl)triglycine, 3 (0.91 g,
2.65 mmol) was added to N-[(2,4-dinitrophenyl)ethylene
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diamine]diglycine trifluoroacetate, 6 (1.20 g, 2.65 mmol) in
DMF (50 ml). DIPEA (1.4 ml, 8.00 mmol) and EDCI (0.51 g,
2.65 mmol) were added, and the yellow solution was stirred
for 15 h, under nitrogen, at room temperature. The solvent was
removed in vacuo to give a yellow solid. Ethanol and water (1 : 1,
160 ml total volume) were added to this, and the precipitate that
formed was collected by filtration on a sintered glass funnel, and
washed with water and ethanol to give the product (1.00 g, 61%)
as an orange-yellow powder. Rf 0.76 (ethyl acetate–methanol
9 : 1); mp 271–272 ◦C; Found: C, 47.5; H, 4.9; N, 21.9%;
(M+Na)+ 653.2068. C25H30N10O10 requires C, 47.6; H, 4.9; N
22.2%; (M+Na)+ 653.2044; mmax (solid) 3295m, 3294m, 1696m,
1645vs, 1627s, 1589m, 1525s, 1501s; kmax (CH3OH)/nm 261
(e/dm3 mol−1 cm−1 14 700), 357 (19 900) and 430sh (5 400); dH


(400 MHz, d6-DMSO) 3.36 (2H, dt, J 6.2 and 6.2, CH2CH2NH),
3.57 (2H, dt, J 6.2 and 6.2, CH2CH2NH), 3.68 (2H, d, J 5.9,
CH2NH), 3.75 (2H, d, J 5.7, CH2NH), 3.79 (4H, d, J 5.8, 2
CH2NH), 3.87 (2H, d, J 5.8, CH2NH), 6.44 (2H, s, NH2), 6.53
(1H, ddd, J 1.0, 7.0 and 8.0, CH), 6.71 (1H, dd, J 1.0 and 8.3,
CH), 7.16 (1H, ddd, J 1.4, 7.0 and 8.3, CH), 7.30 (1H, d, J
9.6, CH), 7.56 (1H, dd, J 1.4 and 8.0, CH), 8.08 (1H, t, J 5.7,
CH2NH), 8.18 (4H, m, 4 NH), 8.28 (1H, dd, J 2.7 and 9.6, CH),
8.49 (1H, t, J 5.8, CH2NH), 8.88 (1H, d, J 2.7, CH), 8.95 (1H, t,
J 5.9, CH2NH); dC (100 MHz, d6-DMSO) 37.7 (CH2), 39.7 (CH2)
42.1 (CH2), 42.2 (CH2), 42.3 (CH2), 42.6 (CH2), 42.7 (CH2), 114.1
(C), 114.6 (CH), 115.3 (CH), 116.6 (CH), 123.8 (CH), 128.5 (CH),
130.0 (C), 130.1 (CH), 132.1 (CH), 135.0 (C), 148.5 (C), 150.0 (C),
169.3 (C=O), 169.4 (C=O), 169.5 (C=O), 169.7 (C=O), 169.9
(C=O).


[N-(2,4-Dinitrophenyl)ethylene diamine]triglycine trifluoroac-
etate (8). A solution of di-tert-butyldicarbonate (1.00 g,
4.58 mmol) in dioxane (4 ml) was added to an ice cold stirred
solution of triglycine (0.80 g, 4.23 mmol) in sodium hydroxide
(1 M, 12 ml). The suspension was stirred at 5 ◦C for 30 min,
then allowed to warm to room temperature and was stirred for
15 h, under nitrogen. The suspension was concentrated to half its
original volume by evaporation in vacuo, cooled in an ice bath
and the remaining aqueous solution was adjusted to pH 2 by
addition of HCl (1 M). The solution was extracted with ethyl
acetate (3 × 6 ml) and the acidification–extraction process was
repeated with the remaining aqueous layer. The organic washings
were combined and dried over magnesium sulfate. The solvent
was removed in vacuo to give the product as a white powder
(0.50 g, 41%). Rf 0.26 (methanol–ethyl acetate 1 : 1); mp 129–
130 ◦C (Lit34 88–90 ◦C); dH (400 MHz, CD3OD) 1.49 (9H, s,
tBu), 3.78 (2H, s, CH2), 3.97 (4H, s, 2 CH2); dC (100 MHz,
CD3OD) 28.7, 41.7, 43.3, 44.9, 81.0, 158.7, 172.1, 172.9, 173.1;
m/z (FAB+): found (M+H)+ 290.1376. C11H20N3O6 requires M,
290.1352. N-Boc triglycine (0.31 g, 1.07 mmol) was dissolved
in dry DMF (3 ml). PyBOP (0.55 g, 1.06 mmol) and DIPEA
(0.18 ml, 1.04 mmol) were added and the yellow solution was
stirred for 3 minutes. EDDnp (0.27 g, 1.04 mmol) was added
and the resultant orange solution was stirred overnight, under
nitrogen, at room temperature. The solvent was removed in vacuo
and the residue was partitioned between ethyl acetate and water.
The organic layer was washed with brine (2 × 5 ml) and water (2 ×
5 ml) to give the product as a mixture with EDDnp. The crude
product was purified twice by column chromatography (silica,


ethyl acetate–methanol 9 : 1) to give the contaminated product,
N-[N-(2,4-dinitrophenyl)ethylene diamine]Boc-triglycine (0.26 g,
48%) as an orange powder. Rf 0.24 (ethyl acetate–methanol 9 : 1).
This powder was stirred in TFA–DCM (1 : 1, 2 ml) for 30 min,
under nitrogen, at room temperature. The solvent was removed in
vacuo, using methanol as a co-evaporant, to give the crude product.
A sample of the crude solid (0.078 g) was purified by column
chromatography (reverse-phase silica, acetonitrile–methanol 1 : 4)
to give the product, 8 (0.042 g, 58%) as a bright yellow powder. Rf


0.45 (ammonia–dioxane 1 : 2); RP-HPLC (18% B over 8 min): Rt =
6.18 min; mmax (KBr)/cm−1 3292m, 2974m, 2874m, 1680s, 1639s,
1590w, 1525m; kmax (H2O)/nm 266 (e/dm3 mol−1 cm−1 8 600), 365
(17 800) and 408sh (7 000); dH (CD3OD, 400 MHz) 3.43 (2H, t, J
5.8, CH2CH2), 3.55 (2H, t, J 5.8, CH2CH2), 3.66 (2H, s, CH2),
3.74 (2H, s, CH2), 3.88 (2H, s, CH2), 7.17 (1H, d, J 9.7, CH), 8.21
(1H, dd, J 2.7 and 9.7, CH), 8.93 (1H, d, J 2.7, CH); dC (100 MHz,
d6-DMSO) 37.5 (CH2), 40.0 (CH2), 41.9 (CH2), 41.9 (CH2), 42.5
(CH2), 115.2 (CH), 123.6 (CH), 129.8 (C), 129.8 (CH), 134.8 (C),
148.4 (C), 161.5 (C=O), 168.6 (C=O), 169.5 (C=O); m/z (ES+):
found (M+H)+ 398.1424. C14H20N7O7 requires M 398.1424.


Fmoc-L-lysine(Boc)-[N-(2,4-dinitrophenyl)ethylene diamine] (9).
Fmoc-L-lysine(Boc)-OH (0.50 g, 1.07 mmol) was dissolved in
dry dimethylformamide (2 ml). PyBOP (0.57 g, 1.10 mmol) and
DIPEA (0.20 ml, 1.09 mmol) were added, and the pale yellow
solution was stirred, under nitrogen, for 3 min. EDDnp (0.32 g,
1.22 mmol) was added, and the resulting orange solution was
stirred, at room temperature, under nitrogen, for 22 h. The solvent
was removed in vacuo and water (50 ml) was added and the
yellow solid was collected by filtration. This was washed with
ethanol (20 ml) and water (20 ml) to give the product (0.55 g,
76%) as a yellow powder. Rf 0.59 (ethyl acetate); mp 271–272 ◦C
(decomp); [a]D (c = 1.04, DMSO) −4.9; vmax (solid) 3326w,
3297w, 1689s, 1649s, 1623m, 1583w, 1524s; kmax (CH3OH)/nm 265
(e/dm3mol−1cm−1 32 700), 289 (8 700), 300 (10 500), 348 (20 700),
408sh (7 500); dH (400 MHz, d6-DMSO) 1.19 (5H, m, 2CH2 and
CH), 1.32 (9H, s, CH3), 1.48 (2H, m, CH2), 2.81 (2H, m, CH2),
3.37 (2H, m, CH2), 3.53 (2H, t, J 5.7, CH2), 4.18 (3H, m, CH and
CH2), 7.20 (1H, d, J 9.7, CH), 7.30 (2H, m, 2 CH), 7.39 (2H, dd, 2
CH), 7.65 (2H, dd, 2 CH), 7.84 (2H, d, 2 CH), 8.18 (1H, dd, J 2.7
and 9.7, CH), 8.79 (1H, d, J 2.7, CH); dC (100 MHz, d6-DMSO)
23.1 (CH2), 28.5 (CH3), 29.4 (CH2), 31.6 (CH2), 37.7 (CH2), 39.8
(CH2), 42.8 (CH2), 46.8 (CH), 55.0 (CH), 65.8 (CH2), 77.5 (C),
115.5 (CH), 120.3 (CH), 123.8 (CH), 125.5 (CH), 127.2 (CH),
127.8 (CH), 130.0 (C), 130.1 (CH), 135.0 (C), 140.9 (C), 143.9 (C),
144.1 (C), 148.6 (C), 155.7 (C=O), 156.1 (C=O), 173.0 (C=O);
m/z (ES+): found (M+Na)+ 699.2823. C34H40N6NaO9 requires M
699.2754.


Fmoc-L-lysine-[N-(2,4-dinitrophenyl)ethylene diamine] trifluoro-
acetate (10). Fmoc-L-lysine(Boc)-[N-(2,4-dinitrophenyl)ethylene
diamine], 9 (1.30 g, 1.92 mmol) was stirred in TFA and DCM
(1 : 1, 4 ml), under nitrogen, for 1.5 h. The solvent was removed
in vacuo, using methanol as a co-evaporant, to give the product
(1.34 g, 100%). Rf 0.07 (ethyl acetate); mp 127–130 ◦C; [a]D (c =
1.04, DMSO) −3.04; vmax (solid) 3299w, 2970w, 2897w, 1686m,
1649s, 1623s, 1585w, 1565m, 1524m; kmax (CH3OH)/nm 265
(e/dm3mol−1cm−1 30 400), 289 (7 800), 300 (9 400), 348 (18 800),
401sh (6 900); dH (400 MHz, d6-DMSO, D2O) 1.23 (4H, m, 2 CH2),
1.46 (5H, m, 2 CH2 and CH), 2.71 (2H, t, CH2), 3.36 (3H, m, CH2
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and CH), 3.49 (2H, t, CH2), 7.12 (1H, d, J 9.8, CH), 7.28 (2H, dd,
J 7.4, 2 CH), 7.34 (2H, dd, J 7.4, 2 CH), 7.70 (2H, d, J 7.4, 2 CH),
7.76 (2H, d, J 7.4, 2 CH), 8.12 (1H, d, J 9.8, CH), 8.72 (1H, s,
CH); dC (100 MHz, CD3OD) 23.9 (CH2), 28.1 (CH2), 32.4 (CH2),
38.1 (CH2), 40.4 (CH2), 43.9 (CH2), 48.4 (CH), 56.4 (CH), 67.9
(CH2), 115.8 (CH), 120.9 (CH), 124.6 (CH), 126.1 (CH), 126.2
(CH), 128.1 (CH), 128.8 (CH), 130.0 (CH), 137.1 (C), 142.6 (C),
145.0 (C), 145.4 (C), 149.3 (C), 156.8 (C=O), 173.6 (C=O); m/z
(ES+): found (M+H)+ 577.2411. C29H33N6O7 requires M 577.2411.


Fmoc- L - lysine(N -e -N ′ -Boc-diglycine)-[N-(2,4-dinitrophenyl)-
ethylene diamine] (11). TBTU (0.74 g, 2.32 mmol), HOBt (0.16 g,
1.20 mmol) and N-Boc-glycylglycine, 4 (0.54 g, 2.32 mmol) were
dissolved in DMF (6 ml) and DIPEA (0.8 ml, 4.64 mmol) was
added. The mixture was allowed to stand for 3 min, until it had
become a pale yellow solution, and was then added to a solution
of Fmoc-L-lysine-[N-(2,4-dinitrophenyl)ethylene diamine] trifluo-
roacetate, 10 (0.40 g, 0.56 mmol) in DMF (4 ml). The resultant
yellow solution was stirred, under nitrogen, at room temperature
for 2 h. The solvent was removed in vacuo, using methanol as a
co-evaporant. Water (100 ml) was added and the suspension was
sonicated for 1 min. The yellow solid was collected by filtration,
washed with water (200 ml) and methanol (2 ml) and dried under
vacuum to yield a dark yellow powder (0.41 g, 94%). Rf 0.24
(methanol–ethyl acetate 1 : 9); mp 159–160 ◦C; [a]D (c = 1.04,
DMSO) −2.77; vmax (solid) 3304w, 2990w, 2900w, 1686m, 1649s,
1624m, 1582w, 1524m; kmax (H2O)/nm 268 (e/dm3mol−1cm−1


24 000), 361 (14 500), 409sh (7 900); dH (400 MHz, d6-DMSO)
1.26 (4H, m, 2 CH2), 1.39 (9H, s, CH3), 1.55 (2H, m, CH2), 3.03
(2H, m, CH2), 3.37 (CH2), 3.57 (4H, d, 2 CH2), 3.67 (2H, d, CH2),
3.88 (1H, dd, CH), 4.24 (3H, m, CH and CH2), 7.05 (1H, t, NH),
7.30 (1H, d, J 9.6, CH), 7.34 (2H, dd, J 7.4, 2 CH), 7.43 (2H, dd,
J 7.4, 2 CH), 7.47 (1H, d, NH), 7.73 (3H, t, 2 CH and NH), 7.90
(2H, d, J 7.4, 2 CH), 8.02 (1H, t, NH), 8.19 (1H, t, NH), 8.24 (1H,
dd, J 2.1 and 9.6, CH), 8.84 (1H, d, J 2.1, CH), 8.89 (1H, t, NH);
dC (100 MHz, d6-DMSO) 23.1 (CH2), 28.3 (CH3), 28.9 (CH2),
31.6 (CH2), 37.7 (CH2), 39.5 (CH2), 42.2 (CH2), 42.8 (CH2), 43.6
(CH2), 46.8 (CH), 55.0 (CH), 65.8 (CH2), 78.4 (C), 115.5 (CH),
120.3 (CH), 123.7 (CH), 125.5 (CH), 127.2 (CH), 127.8 (CH),
130.0, 130.1, 135.0, 140.9, 143.9, 144.1, 148.6, 156.1 (C=O), 168.6
(C=O), 169.8 (C=O), 173.0 (C=O); m/z (ES+): found (M+Na)+


813.3248. C38H46N8NaO11 requires M 813.3184.


Fmoc-L- lysine(N -e -diglycine) - [N - (2,4-dinitrophenyl)ethylene
diamine] trifluoroacetate (12). Fmoc-L-lysine(N-Boc-glycyl-
glycine)-[N-(2,4-dinitrophenyl)ethylene diamine], 11 (0.30 g,
0.39 mmol) was dissolved in TFA and DCM (1 : 1, 1 ml).
The yellow solution was stirred, at room temperature, under a
nitrogen atmosphere for 1 h. The solvent was removed in vacuo,
using methanol as co-evaporant, to give the product as a yellow
powder (0.30 g, 97%). Rf 0.28 (1 : 1 methanol–ethyl acetate);
mp 148–152 ◦C; [a]D (c = 0.70, DMSO) −11.5; vmax (KBr)
3323s, 3112m, 2934m, 1686vs, 1649vs, 1624vs, 1584m, 1526s; kmax


(CH3OH)/nm 266 (e/dm3mol−1cm−1 25 400), 301 (7 100), 362
(14 500), 410sh (7 100); dH (400 MHz, d6-DMSO–D2O) 1.24 (2H,
broad m, CH2), 1.34 (2H, m, CH2), 1.50 (1H, m, 1H of CH2), 1.58
(1H, m, 1H of CH2), 3.01 (2H, m, CH2), 3.39 (2H, m, CH2CH2),
3.56 (2H, m, CH2CH2), 3.60 (2H, s, CH2), 3.75 (2H, s, CH2), 3.84
(1H, m, CH), 4.19 (1H, m, CH), 4.22 (2H, m, CH2), 7.24 (1H, d,
J 9.2, CH), 7.32 (2H, dd, J 7.4, 2 arom CH), 7.41 (2H, dd, J 7.4,


2 arom CH), 7.68 (2H, app t, J 7.4, 2 arom CH), 7.87 (2H, d, J
7.4, 2 arom CH), 8.20 (1H, dd, J 9.2, 2.0, CH), 8.81 (1H, d, J
2.0, CH); dC (100 MHz, d6-DMSO–D2O) 23.3 (CH2), 29.1 (CH2),
31.7 (CH2), 37.9 (CH2), 38.7 (CH2), 40.3 (CH2), 42.2 (CH2), 42.9
(CH2), 47.1 (CH), 55.1 (CH), 66.1 (CH2), 115.6 (CH), 120.5
(CH), 123.9 (CH), 125.7 (CH), 127.5 (CH), 128.2 (CH), 130.2
(C), 130.3 (CH), 135.3, 141.1, 144.0, 144.3, 148.9, 156.6, 166.5
(C=O), 168.5 (C=O), 173.3 (C=O); m/z (ES+): found (M+H)+


691.2826. C33H39N8O9 requires M 691.2840.


Fmoc-L-lysine(N -e-pentaglycine-N-(2-aminobenzoyl))-[N-(2,4-
dinitrophenyl)ethylene diamine] (13). A solution of N-(2-
aminobenzoyl)triglycine hydrochloride, 3 (0.01 g, 0.03 mmol)
in dry DMF (0.5 ml) was added to a solution of Fmoc-L-
lysine(glycylglycine)-[N-(2,4-dinitrophenyl)ethylene diamine] tri-
fluoroacetate, 12 (0.025 g, 0.03 mmol) in dry DMF (0.5 ml).
A solution of DIPEA (16 ll, 0.09 mmol) and EDCI (0.006 g,
0.03 mmol) in dry DMF (0.5 ml) was added and the yellow
solution was stirred for 19 h, under a nitrogen atmosphere, at
room temperature. The solvent was removed in vacuo and water
(25 ml) was added to the solid residue. The resultant suspension
was filtered and washed with water (25 ml). The residue was dried
to give the protected peptide as a fine yellow powder (0.019 g,
64%). Rf 0.68 (1 : 9 methanol–ethyl acetate); mp 186–188 ◦C
(decomp); vmax (KBr) 3301 (broad, s), 3085w, 2934w, 1651vs, 1620s,
1586m, 1525s; kmax (CH3OH)/nm 258 (e/dm3mol−1cm−1 26 800),
356 (15 800), 409sh (8 000); dH (400 MHz, d6-DMSO) 1.17 (2H,
broad m, CH2), 1.36 (2H, m, CH2), 1.54 (2H, broad m, CH2), 3.02
(2H, broad s, CH2), 3.38 (under water peak, CH2), 3.57 (2H, m,
CH2), 3.67 (2H, d, J 5.6, CH2), 3.75 (2H, d, J 6.0, CH2), 3.78 (4H,
m, 2 CH2), 3.87 (3H, d, J 5.6, CH and CH2), 4.23 (3H, m, CH
and CH2), 6.46 (2H, s, NH2), 6.52 (1H, dd, J 7.6, CH), 6.70 (1H,
d, J 7.6, CH), 7.15 (1H, dd, J 7.6, CH), 7.33 (3H, m, 2 CH and
CH), 7.43 (2H, d, J 7.6, 2 CH), 7.51 (2H, broad d, NH), 7.56 (2H,
d, J 7.6, CH), 7.75 (3H, m, 2 CH and NH), 7.90 (2H, d, J 7.6,
2 CH), 8.09 (1H, t, J 5.6, NH), 8.20 (5H, m, J 2.8, CH and 4
NH), 8.50 (1H, t, J 5.6, NH), 8.85 (1H, d, J 2.8, CH), 8.90 (1H,
t, J 5.8, NH); m/z (ES+): found (M+H)+ 981.3941. C46H53N12O13


requires M 981.3855.


L-Lysine(N-e-pentaglycine N-(2-aminobenzoyl))-[N-(2,4-di-
nitrophenyl)ethylene diamine] (14). Fmoc-L-lysine(pentaglycine-
N-(2-aminobenzoyl))-[N-(2,4-dinitrophenyl)ethylene diamine],
13 (0.20 g, 0.2 mmol) was stirred in a solution of piperidine in
DMF (20%, 10 ml) for 45 min, during this time a further aliquot
of piperidine (0.4 ml) was added. The solvent was removed in
vacuo and the residue was triturated with ether (3 × 25 ml)
and washed with water (2 × 5 ml). Following lyophilisation, the
product was obtained as a yellow powder (0.15 g, quant.). Rf


0.70 (reverse-phase silica, methanol); mp 188–190 ◦C (decomp);
[a]D (c = 0.57, DMSO) −7.0; vmax (KBr) 3296 (broad, s), 3087w,
2937w, 1648vs, 1610s, 1590m, 1550s, 1525s; kmax (H2O)/nm
248 (e/dm3mol−1cm−1 15 700), 359 (16 000), 415sh (6 000); dH


(400 MHz, d6-DMSO) 1.25 (2H, m, CH2), 1.35 (2H, m, CH2),
1.44 (1H, m, 1H of CH2), 1.58 (1H, m, 1H of CH2), 3.01 (2H,
m, CH2), 3.30 (1H, m, CH), 3.38 (under water peak, CH2), 3.59
(2H, m, CH2), 3.67 (2H, d, J 4.4, CH2), 3.74 (2H, d, J 4.4, CH2),
3.78 (4H, m, 2 CH2), 3.88 (2H, d, J 4.4, CH2), 6.43 (2H, s, NH2),
6.52 (1H, dd, J 7.6, CH), 6.70 (1H, d, J 7.6, CH), 7.16 (1H, dd,
J 7.6, CH), 7.33 (1H, d, J 9.8, CH), 7.56 (1H, d, J 7.6, CH),
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7.74 (1H, t, J 5.4, NH), 8.11 (1H, t, J 5.8, NH), 8.21 (3H, m, 3
NH), 8.28 (1H, dd, J 9.8, 2.8, CH), 8.39 (1H, m, NH), 8.51 (1H,
t, J 5.8, NH), 8.62 (1H, d, J 2.8, CH), 8.93 (1H, t, J 5.8, NH);
dH (100 MHz, d6-DMSO) 22.5 (CH2), 29.0 (CH2), 33.4 (CH2),
37.5 (CH2), 38.5 (CH2), 42.1 (CH2), 42.2 (CH2), 42.2 (CH2), 42.3
(CH2), 42.6 (CH2), 42.8 (CH2), 54.0 (CH2), 114.1 (C), 114.7 (CH),
115.4 (CH), 116.7 (CH), 123.8 (CH), 128.5 (CH), 130.0 (C),
130.1 (CH), 132.1 (CH), 135.1 (C), 148.5 (C), 150.0 (C), 168.6
(C=O), 169.2 (C=O), 169.4 (C=O), 169.5 (C=O), 169.6 (C=O),
170.0 (C=O); m/z (ES+): found (M+H)+ 759.3204. C31H43N12O11


requires M 759.3174.


Boc-L-lysine(N-e-pentaglycyl-DABCYL) (15). A solid phase
protocol was used for the synthesis of this compound. The first
residue was loaded onto the resin as follows: DCM (2 ml) was
added to Boc-L-lysine(Fmoc)-OH (0.234 g, 0.5 mmol) and 2-
chlorotritylchloride resin (0.417 g, 0.5 mmol). DIPEA (131 ll,
0.75 mmol) was added and the suspension was stirred for 15 h.
The end-capping of unreacted sites on the resin was achieved by
the addition of methanol (2 ml) to the reaction. This was stirred
for a further 30 min and the resin was collected by filtration.
Following washing by DMF (10 × 1 ml), DCM (10 × 1 ml)
and hexane (10 × 1 ml), the resin was dried for 3 h in vacuo. The
degree of substitution of the reactive sites achieved was determined
to be 99% using an Fmoc substitution test. The loaded resin
(0.127 g, 0.1 mmol) was pre-swollen in DMF, in a glass synthesis
column, overnight, and deprotected using a solution of piperidine
in DMF (20% v/v). 15 was assembled using a manual peptide
synthesiser and these reagents for each residue addition: Fmoc-
Gly–OH (0.119 g, 0.4 mmol), TBTU (0.128 g, 0.4 mmol), HOBt
(0.027 g, 0.2 mmol) and DIPEA (0.14 ml, 0.8 mmol). The coupling
period was 3 h in each case and each addition was followed by
removal of the Fmoc group with piperidine in DMF (20% v/v).
The resin was washed with DMF and a solution of DABCYL
(0.108 g, 0.4 mmol), diisopropylcarbodiimide (0.55 g, 0.44 mmol)
and HOBt (0.108 g, 0.8 mmol) in DMF was added. After 18 h the
resin was collected by filtration and washed with NMP, DCM and
methanol (ca. 10 ml of each), before drying in vacuo. The resin
was suspended in DCM (3.8 ml) and allowed to swell for 3 h prior
to the addition of a solution of TFA (77 ll) and TES (77 ll) in
DCM (3.8 ml). The final solution composition was DCM–TFA–
TES (98 : 1 : 1, 7.7 ml). The suspension was stirred gently for
40 min, after which time it was filtered into a solution of pyridine
in methanol (2%, v/v, 12.2 ml). The filtrate was evaporated in
vacuo and the residue was triturated with water (20 ml). The solid
was dried under air overnight, to give the title labelled peptide as a
dark purple solid (0.054 g, 69%). Rf 0.75 (methanol–ethyl acetate
1 : 2); mmax (KBr)/cm−1 3300s, 3086w, 1649vs, 1603m, 1551m; m/z
(ES+): found (M+H)+ 783.3814 (C36H51N10O10 requires 783.3790).


L-Lysine(N-e-pentaglycyl-DABCYL)-EDANS (17). Boc-L-
lysine(N-e-pentaglycyl-DABCYL), 15 (0.035 g, 0.044 mmol) was
dissolved in dry DMF (10 ml). A solution of EDCI (0.022 g,
0.12 mmol) and HOBt (0.018 g, 0.12 mmol) in dry DMF (8 ml)
was added; this was followed by the addition of a solution of
EDANS sodium salt (0.028 g, 0.096 mmol) in dry DMF (10 ml).
The resulting orange suspension was stirred under a nitrogen
atmosphere, at room temperature, for 20 h. The solvent was
removed in vacuo and the dark red residue was suspended in water
(60 ml) and centrifuged three times, at 4 800 rpm. The solid was


then suspended in water (3 ml) and centrifuged, at 14 000 rpm, in
eppendorfs (1.5 ml) four times. The solid was lyophilised to give
a deep purple powder (0.041 g). Analysis by TLC indicated that
both the starting material (EDANS sodium salt) and the desired
product were present. The crude product was dissolved in DMF
(10 ml) and loaded onto preparative silica plates. Preparative
TLC (silica, 1 : 2 methanol–ethyl acetate) was performed twice
and the product removed by dissolution in DMF. The solvent
was removed in vacuo and the residue was lyophilised to yield
N-Boc-L-lysine(N-e-pentaglycyl-DABCYL)-EDANS, 16 (0.037
g) as a deep purple powder, contaminated with silica. Rf 0.84 (1 :
2 methanol–ethyl acetate); m/z (ES+): found (M+H)+ 1031.4448.
C48H63N12O12S requires M 1031.4409. 16 (0.030 g) was dissolved
in TFA and DCM (1 : 1, 0.8 ml). The resultant orange solution
was stirred at room temperature, for 30 min. DCM (5 ml) was
added, followed by a solution of triethylamine (1.5 ml) in DCM
(5 ml). The solvent was removed in vacuo and the residue was
diluted with DMF and purified by semi-preparative RP-HPLC
(20% B over 5 min then 20–22% B linearly over 12 min). The
product was lyophilised to give 17 (0.002 g, 6% over 2 steps) as a
deep red-purple powder. Rf 0.15 (1 : 1 methanol–ethyl actetate);
RP-HPLC (20% B over 5 min then 20–35% B linear gradient
over 10 min): Rt = 11.81 min; kmax (H2O, 10% CHAPS)/nm 453
(e/dm3mol−1cm−1 18 000); m/z (ES+): found (M+Na)+ 953.3681.
C43H54N12NaO10S requires M 953.3704.


Preparation and purification of lysostaphin


Preparation and purification of lysostaphin. Lysostaphin was
cloned from DNA isolated from Staphylococcus simulans biovar
staphylolyticus using primers RJ84 (GCA TAT GGC TGC AAC
ACA TGA ACA TTC) and DW41 (GGA GCT CCT TTA TAG
TTC CCC AAA G) in the PCR. Primer RJ84 inserts an NdeI
site, and thus a methionine codon, immediately upstream and
in frame with the first alanine codon of the mature lysostaphin
encoding fragment of the lysostaphin gene. Primer DW41 inserts
an XhoI site, and thus two additional amino acids, in place of
the stop codon of the lysostaphin gene. The resulting 249 amino
acid encoding PCR product was restricted with NdeI and XhoI
and then ligated into expression vector pET21a restricted with the
same enzymes. After transformation into E. coli DH5a, plasmid
pEA3 was isolated from a transformant and shown to contain the
expected NdeI–XhoI fragment of the lysostaphin gene inserted
into the pET21a vector (Novagen), which results in a C-terminal
hexahistidine tag on the mature lysostaphin.


A standard protocol was used for induction and over-expression
of His-tagged proteins from E. coli BL21(DE3). A single trans-
formant of E. coli BL21(DE3) was inoculated into 4 ml 2YT-
ampicillin (100 lg ml−1) and cultured with aeration for 2 h at
37 ◦C. The starter culture was then inoculated into 0.5 l 2YT-
ampicillin and grown to mid log phase (OD600 = 0.6), transferred to
25 ◦C and growth allowed to continue for 30 min before induction
with IPTG (1 mM final concentration). After 2.5 h induction the
cells were harvested by centrifugation at 10 000 g (4 ◦C) and the
cell pellet stored at −80 ◦C.


A standard immobilised metal affinity chromatography pro-
tocol was employed for the purification of His-tagged proteins.
A 5 ml HiTRAP chelate column (Pharmacia Biotech) was used.
Frozen cells were gently resuspended in 30 ml cold charge buffer
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(20 mM sodium phosphate buffer pH 7.4, 500 mM NaCl, 5 mM
imidazole, 1 mM PMSF) and then disrupted mechanically by
French Press. Two successive centrifugations, 30 and 20 min, at
18 000 g were used to clear the cell lysate of insoluble cell debris
ready for chromatography. The column was charged with zinc(II)
using a 24 ml injection of 50 mM ZnCl2, equilibrated in buffer
A (20 mM sodium phosphate buffer pH 7.4, 0.5 M NaCl, 5%
(v/v) glycerol, 5 mM imidazole), then buffer B (20 mM sodium
phosphate buffer pH 7.4, 0.5 M NaCl, 5% (v/v) glycerol, 0.5 M
imidazole) and finally buffer A again followed by 15 ml filtered
dH2O to clear all precipitated Zn salts. Solid NaCl was added
to the cleared cell lysate to a final concentration of 0.5 M and
the sample applied to the column at a flow-rate of 1 ml min−1.
The loaded column was washed in 5% buffer B (95% buffer
A) until no unbound proteins eluted from the column. Bound
proteins were eluted from the column using a linear gradient of
5–85% buffer B in a total volume of 40 ml. Fractions containing
the required protein, identified by SDS-PAGE, were pooled and
dialysed overnight (4 ◦C) in the appropriate buffer for ready ion-
exchange chromatography. His-tagged lysostaphin was diluted 5-
fold into cold buffer cexA (10 mM Tris-HCl pH 7.4, 50 mM NaCl,
5% (v/v) glycerol) and dialysed in buffer cexA overnight (4 ◦C).


After immobilised metal-affinity chromatography, His-tagged
lysostaphin was subjected to cation-exchange chromatography. A
5 ml HiTRAP SP column (Pharmacia Biotech) was used. The
column was equilibrated in buffer cexA (10 mM Tris-HCl pH 7.4,
50 mM NaCl, 5% (v/v) glycerol), then buffer cexB (10 mM Tris-
HCl pH 7.4, 1 M NaCl, 5% (v/v) glycerol) and finally buffer cexA
again. Lysostaphin in buffer cexA was loaded on to the column
at a flow-rate of 1 ml min−1 and the column washed with 25 ml
buffer cexA. Protein bound to the column was eluted using a linear
gradient of 0–100% buffer cexB in a volume of 60 ml. Fractions
containing only the required protein were identified using SDS-
PAGE and stored at −80 ◦C.


FRET assays


Fluorescence data were collected with the timedrive function of a
Perkin-Elmer LS55 Luminescence Spectrometer using 4 nm exci-
tation and emission slits and a 0.8 ml quartz fluorimeter cuvette
(pathlength 0.5 cm) in a thermostatted cell-holder at 37 ◦C. A
solution of substrate was made up from stock DMSO solutions
into 50 mM sodium phosphate buffer, pH 7.0, such that the DMSO
content was <1% v/v. The reaction volume was 0.70 ml. The
buffer–substrate solution was allowed to equilibrate for 10 minutes
prior to addition of lysostaphin in a water bath at 37 ◦C. The
buffer solution used was 50 mM sodium phosphate, 150 mM
sodium chloride, pH 7.0 and was filtered using Minisart syringe
filters (0.45 lm). Lysostaphin from a frozen stock was dialysed
overnight into the reaction buffer, using Sigma Dialysis Tubing
(cellulose membrane) and was centrifuged at 4 ◦C in a Sigma
3K30 centrifuge, at 12 000 rpm, before use. Determination of
[lysostaphin]stock was performed by measuring the UV absorbance,
at 280 nm, on a Cary 100 Bio UV–visible spectrophotometer.
Calculation of the concentration of substrate used was performed
by measurement of the absorbance of the substrate at 359 nm
(Abz–EDDnp substrates) or 453 nm (DABCYL–EDANS), using
a quartz cuvette (1 cm pathlength). The values obtained were
divided by the extinction coefficients of the quencher groups:


17 700 mol−1 dm3 cm−1 and 17 800 mol−1 dm3 cm−1 for EDDnp
and DABCYL respectively. The absorbance at the excitation and
emission wavelengths were measured, at a temperature of 37 ◦C,
maintained by a circulating water bath, so that the inner filter effect
could be calibrated for at the temperature at which the assays were
performed. The signal bandwidth used for these measurements
was 4 nm. The excitation and emission wavelengths were as follows:
325 nm and 420 nm respectively for Abz–EDDnp assays and
335 nm and 485 nm respectively for DABCYL–EDANS assays.


Assays with 7, 14 and 17


A solution of substrate was made up from stock DMSO solutions
into sodium phosphate buffer such that the DMSO content was
<1%. (In the case of 17 the buffer contained 12 mM CHAPS
and the overall DMSO content was <3%.) This solution was
sufficient for 4 assays to be performed and for a sample to be
used to determine the concentration of substrate present and the
absorbance values required for inner filter effect correction, as
described in the previous section. Three assays, at least 5 min in
duration, were performed using this solution. The concentration
of lysostaphin was 0.5 lM and the consumption of substrate
was <1% during the assay period. Once assays for the first
concentration were complete, a solution of the substrate at the next
concentration to be investigated was prepared and the procedure
was repeated.


Analysis of the cleavage site of 7


Mass spectrometry. A sample of lyophilised lysostaphin was
dissolved in ammonium bicarbonate (100 mM, 200 ll) and its con-
centration determined to be 52.9 lM by measuring the absorbance
of the solution at 280 nm. The stock lysostaphin solution (151 ll)
and an aliquot of a stock solution of 7 in DMSO (7.0 mM, 8.0 ll)
was added to a solution of ammonium bicarbonate so that the
final volume was 800 ll. The concentrations of 7 and lysostaphin
were 70 lM and 10 lM respectively. The solution was stored at
37 ◦C in an incubator for 8 h and was then lyophilised for 60 h. A
sample of the resultant pale yellow residue was analysed by mass
spectrometry using a VG LCT (electrospray, ES+ and ES−).


RP-HPLC


Reverse-phase high performance liquid chromatography (RP-
HPLC) was performed analytically using the instrumentation,
column and solvents described in the General section. The eluent
was monitored by UV absorbance at 220 nm and 359 nm.
Solutions of 6 and 8 were prepared in solvent A and injected onto
the column. The solvent elution program was modified until the
peaks were baseline separated and could be clearly distinguished.
The protocol used was: 18% B for 8 min, 18–100% B linearly over
2 min, 100% B for 2 min, 100–18% B linearly over 2 min then
18% B for 2 min. The retention times were: 6.18 min for 6 and
6.76 min for 8. A sample from the residue produced by digestion,
as described in the previous section, was dissolved in solvent A,
injected onto the column and eluted using the protocol outlined
above. The area of the two peaks at the retention times for 6 and
8 was calculated with ChemStation and the two values compared.
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(CR1) at the Universities of Orléans and Paris-sud. He then moved
to the University of Aarhus in January 1997 as an associate professor
to initiate research in organic synthesis and was appointed a full
professor in 2002.


Karl B. Lindsay performed his PhD research in organic synthesis
at the University of Wollongong, Australia under the supervision of
Professor Stephen Pyne. He has been working as a postdoc at the
University of Aarhus since March 2004.


Jean-Philippe Ebran completed his PhD studies with Professor
Charles Quirion at the University of Rouen, France in asymmetric
catalysis. He has been working as a postdoc at the University of
Aarhus since November 2004.


Christina M. Jensen, Rolf Taaning and Sine A. Johannesen are
PhD students at the University of Aarhus. Jakob Karaffa is currently
completing his MSc at the same university.


Introduction


Low-valent metal complexes employed as single electron trans-
ferring agents have become important reagents for promoting
synthetic organic transformations. One of the most widely used
is the lanthanide(II) salt, samarium diiodide (SmI2), introduced to
organic chemists some 25 years ago by Kagan and coworkers,1


which has been applied to a wealth of radical and anionic
reactions, including pinacol coupling reactions, Barbier- and
Grignard-type reactions, aldol- and Reformatsky-type coupling
reactions, conjugate additions, nucleophilic acyl substitutions,
radical addition reactions, ketyl–olefin coupling reactions, de-
oxygenation and dehalogenation, as well as other reduction
reactions.2 Many properties of this reagent have contributed to
its immense success. Because of its moderate oxidation potential
and high oxophilicity, the divalent samarium reagent displays
functional group selectivity in the reduction step and, when
relevant, in general leads to the formation of products with high
diastereoselectivities. The intermediate reducing abilities of SmI2


have also led to the development of numerous combinations of
radical anionic/crossover reactions which have been elegantly
applied for the construction of complex carbo- and heterocyclic
ring systems.2 And finally, an additional attractive feature of this
one electron donating reagent is its ease of preparation, such as
from 1,2-diiodoethane or diiodomethane with samarium metal in
tetrahydrofuran.1


Over the last 13 years, we have been examining the possibilities
for exploiting such single electron reducing agents for providing
new means for the creation of C–C bonds in a variety of
systems (Fig. 1), including in particular biomolecules such as
carbohydrates and peptides, work which was commenced with
Jean-Marie Beau at the Universities of Orléans and Paris-sud,
France, and thereafter continued at the University of Aarhus,
Denmark.3–33 The ability to selectively modify such primary
biomolecules has been a central research topic for many groups di-
rected to the preparation of carbohydrate and peptide mimics and
analogues for biomedical research, as well as for drug development
programs. Nevertheless, performing selective transformations on
carbohydrates and peptides represents a formidable task due to the
repetitiveness of the functional and reactive groups (for example,
hydroxy groups for sugars, amide bonds for peptides, sidechains on
amino acids, etc.) and their close proximity to each other. Adapting
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Fig. 1 C–C bond forming reactions examined at the University of Aarhus.


ionic reactions for the creation of new carbon–carbon or carbon–
heteroatom bonds with such molecules is notably challenging,
again because of the close vicinity of other similar functional
groups which can participate and thereby lead to alternative
reaction pathways than those desired. Nonetheless, our earlier
experiences in the synthesis of C-glycosides revealed the suitability
of SmI2 as a promoter for C–C bond formation at the anomeric
position of sugars via an initial two step reductive metallation se-
quence followed by a modified Barton–McCombie deoxygenation
step (Scheme 1).3–17 These reactions were interesting in two respects
for the subsequent work with peptides. First, an anomeric anion
could be generated under mild conditions via sequential electron
transfer from two equivalents of samarium diiodide, and second,
this anion displayed a remarkable stability towards a potentially
important side reaction involving elimination with the adjacent
C2-protected hydroxyl group, instead coupling preferentially with


Scheme 1 An example of a SmI2-promoted C-glycosylation.


a carbonyl substrate. Such observations prompted us to examine
whether similar reactions could be extended successfully to the C-
alkylation of glycine residues in small peptides, thereby permitting
for the rapid preparation of nonnatural peptides by introducing
carbinol side chains directly on the peptide in one step. But our
work does not stop there. As these reduction steps involve radical
intermediates, we have also developed two alternative C–C bond
forming reactions with amino acids and peptides involving a
carbon centered radical. Radical reactions are compatible with
a wide variety of functional groups as well as solvents including
water, in contrast to ionic reactions, which makes them ideal
when working with such biomolecules. Such reactions have been
exploited for the asymmetric synthesis of c-amino acids and for a
rapid approach to hydroxyethylene isosteres of peptides which is
elaborated on in further detail below.


Selective C-alkylation of glycine residues in peptides


Our goal in this work was to develop an alternative method for
the preparation of peptide analogues directly from a single glycine-
containing peptide by selectively introducing side chains on this
simple amino acid unit (Scheme 2). The method would provide an
access to libraries of peptides containing nonproteinogenic amino
acids without resorting to the classical approach involving stepwise
synthesis of peptides with commercially available or synthetic
amino acids, requiring individual synthesis of each peptide.
Although few techniques have been developed involving radical
or ionic procedures, by far the most remarkable is represented by


Scheme 2 Selective introduction of side chains on a glycine unit.
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work published by Seebach and coworkers where linear and cyclic
peptides could selectively be alkylated at a glycine residue at low
temperatures, through the generation of a multiple anionic species
with strong base, where all amide protons were initially removed
before enolate formation.34 However, successful preparation of
this enolate required that the adjacent amide be N-alkylated.
Resolution of this problem by the introduction of an electron
withdrawing group on the glycine a-carbon increases the acidity of
the a-CH proton allowing for successful alkylation at this position
with only one equivalent of base.34b This strategy nevertheless
requires an additional step for the removal of this activating
substituent.


In our approach, the deprotonation steps could be avoided, as
the enolate is generated indirectly by reductive metallation with
samarium diiodide.19–21 Nevertheless, a reducible group must be
introduced in order to selectively generate the reactive anionic
species upon subjection to samarium diiodide. This was accom-
plished in either of two ways. The first relied on the introduction
of a pyridyl sulfide group into a series of di-, tri- and tetrapeptides
via a two-step procedure involving radical induced bromination
of glycine residues with N-bromosuccinimide according to the
work of Easton35 followed by nucleophilic substitution with
2-mercaptopyridine (Scheme 3, route I).19,20 Good yields were
generally observed for the dipeptides, whereas with longer peptides
the yields tended to diminish, which was illustrated by the necessity
for prolonged reaction times in the bromination step.


Alternatively, the introduction of the pyridyl sulfide could be
achieved by Pb(OAc)4-promoted degradation of serine residues
to a glycine acetate36 followed by nucleophilic displacement
with 2-mercaptopyridine (Scheme 3, route II). This method for
functionalisation proved more convenient, as the yields of these
reactions were less influenced by the length of the peptide.21


The subsequent alkylation step was performed by treating a low
temperature solution of the peptide and aldehyde or ketone with
SmI2 in the presence of catalytic NiI2 (1 mol%).37,38 As illustrated
in Scheme 3, yields of the alkylation with small peptides could be
quite effective, attaining 90%. Even cyclic peptides of biological
interest, such as the one depicted in Scheme 4, proved its worth
for these alkylation studies.21 Particularly noteworthy for these
reactions is the ability to create these C–C bonds in the presence
of several amide bonds, considering the involvement of a putative
anionic intermediate.


Somewhat unexpected was the low diastereoselectivities ob-
served for these coupling reactions, considering the hard Lewis
acid properties of lanthanide metal ions, and hence their good
complexing abilities with amide functionalities, as well as the
potential influence of the neighbouring chiral amino acids. In
any event, the methodology allows for an alternative preparation
of peptide libraries from a single reaction providing peptides
containing both a non natural D- or L-amino acid unit.


A potential mechanism for these coupling reactions is presented
in Scheme 5 which involves the initial generation of a captodatively
stable glycyl radical. This may proceed either by (a) reduction of
the pyridyl ring followed by homolytic cleavage of the C–S bond,
or (b) expulsion of the thiopyridine unit upon complexation with
SmI2 leading to an N-acyl iminium ion which is ultimately reduced
by the low valent lanthanide reagent. A succeeding reduction
step with a second equivalent of samarium diiodide then leads
to a Sm(III) enolate intermediate of unknown geometry which


Scheme 3 Approaches to the C-alkylation of small peptides.


ultimately reacts with the carbonyl compound to give the C-
alkylated peptide.


An intramolecular variation of this chemistry was explored in
attempts to provide a novel route to potent tricyclic class of the b-
lactam antibiotics, such as sanfetrinem (GV104326).39 Cyclisation
of the azetidinone depicted in Scheme 6 stereoselectively afforded
the requisite tricyclic [4.5.6] core structure of sanfetrinem as
the major compound in 55% yield.22 However, in most of the
other examples examined, cyclisation was followed by an N to
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Scheme 4 C-Alkylation of a cyclic peptide.


Scheme 5 Proposed mechanism for the SmI2-promoted C-alkylation.


O acyl migration involving cleavage of the b-lactam ring leading
to the formation of functionalised proline derivatives as a single
diastereomer (Scheme 7). The method, therefore, allowed for a
preparation of numerous bicyclic proline derivatives. Although
the thiopyridyl derivative could also be used in these cases, we


Scheme 6 Ring closing reaction to a tricyclic b-lactam.


Scheme 7 SmI2-promoted synthesis of proline derivatives.


discovered for the intramolecular cyclisations that the simpler
benzoate derivatives were equally effective.


Synthesis of c-amino acids via a nitrogen equivalent of a ketyl
radical addition


In 2002, Vallée, Py and coworkers published a communication
disclosing the remarkable ability of nitrones and aldehydes or
ketones to undergo a heteropinacol coupling reaction in the
presence of samarium diiodide providing a novel entry to vicinal
amino alcohols.40 Concerning the mechanism of this reaction it
was not clear at the time whether the key C–C bond forming
step involved a radical addition step to the carbonyl substrate.
Hence, we proceeded to examine whether the plausible ketyl-
like radical intermediate generated upon SmI2-mediated reduction
of the nitrone group could efficiently add to a,b-unsaturated
esters or amides allowing for the synthesis of c-amino acids after
a subsequent N–O cleavage step. Indeed, the low temperature
treatment of simple nitrone derivatives as illustrated in Scheme 8
with SmI2 in the presence of an acrylamide or acrylate led to
the formation of the requisite c-hydroxyamino acids alone or
as constituents in mixed peptides in acceptable to good yields.23


This coupling protocol therefore provides an alternative use of
these two classes of reagents other than the well-known dipolar
cycloadditions providing access to isoxazolines. It should be
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Scheme 8 SmI2-promoted synthesis of c-amino acids.


noted that we were not alone in examining this new version of
a ketyl radical addition, as similar results were also published
simultaneously by Vallée and Py group.41


With the successful development of this new route to 4-
substituted c-amino acids, we next pursued the possibility of
designing an asymmetric version of this reaction. Unlike the ketyl
radical addition reactions with carbonyl substrates, two options
were available for introducing a chiral auxiliary in either of the
coupling reagents. In the first studies, we proceeded to examine
the addition of nitrone to chiral acrylates or acrylamides, a
strategy previously known for the simple ketyl radical addition
reactions. Of the various chiral auxiliaries tested, (1S,2R)-N-
methylephedrine proved to be the most efficient with respect to
coupling yields and diastereoselectivity, leading to a dr of 9 : 1
of the N-hydroxyamino acid (Scheme 9). Spontaneous loss of
the chiral auxiliary upon chromatography followed by a 3-step


Scheme 9 Asymmetric synthesis of a c-amino acid.


sequence then provided the Boc-protected c-amino acid in high
enantiomeric excess.23


The nitrone version of the ketyl radical addition reaction
offers an alternative strategy for an asymmetric variant, namely
the use of the nitrogen as an attachment point for the chiral
auxiliary, an option which is not available for the parent reactions
involving aldehydes and ketones. Although sugar nitrones have
been exploited for some time in asymmetric synthesis (notably by
the work of Vasella in cycloaddition reactions42) we were inspired
to exploit such derivatives after reading a 2002 publication from
the group of Carreira, demonstrating the possibility for carrying
out highly diastereoselective additions of terminal alkyne reagents
to nitrones bearing N-substituted sugars.43 To our delight, the
reaction of a-D-mannose substituted nitrone substrates with n-
butyl acrylate promoted by SmI2 provided the corresponding
N-hydroxy c-amino acids in good yields and with high diatere-
omeric ratios as exemplified in Scheme 10.24 Acid hydrolysis with


Scheme 10 Sugars as chiral auxiliaries for c-amino acid synthesis.
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TFA–H2O allowed for the cleavage of the sugar–nitrogen bond
affording the N-hydroxy c-amino acids. Most gratifying was the
observation that the D-ribose substituted nitrone proved equally
effective in these C–C bond forming reactions leading to products
of opposite stereochemistry at the newly created stereogenic center.


A model was put forth to explain the stereochemical outcome
of these reactions as depicted in Fig. 2.24 Reduction of the nitrone
results in the formation of a ketyl-like radical intermediate where
complexation of the oxygen bound lanthanide(III) ion to the C2-
alkoxy group of the mannose unit prevents rotation around the
C1–N bond. The carbon centered radical then adds to the least
hindered face of the electrophilic alkene.


Fig. 2 Proposed model for the asymmetric ketyl-like radical additions.


Although not directly related to our work with peptides, we have
also recently published an alternative use of these new ketyl like
radicals for providing a novel and an expedient access to cyclic
cis-vicinal diamines.25 In this work, dinitrones (as illustrated with
the example in Scheme 11) were subjected to excess SmI2 in the
presence of methanol, leading to cyclisation and ensuing cleavage
of the N–O bond of the resulting hydroxyamines. Treatment with
phosgene then furnished the bicyclic urea derivatives in good yields
for the three steps and with moderate to high diastereoselectivity
depending on the ring size where all were in favour of the cis-
isomer.


Scheme 11 SmI2-promoted synthesis of cyclic cis-vic-diamines.


Accessing peptide analogues via acyl-like radicals


At end of 2002, we discovered another useful reaction promoted by
samarium diiodide, involving olefin addition of acyl-like radicals,
reactions which could readily be exploited for the synthesis of
peptide analogues. The addition of acyl radicals to alkenes rep-
resents an important C–C bond forming step for the synthesis of
natural products and other complex compounds.44 However, these
reactions are generally limited to either alkyl acyl radicals lacking
substitution in the a-position or to unsaturated acyl radicals,
due to the ability of such reactive intermediates to undergo
decarbonylation (Fig. 3). The rate of this fragmentation step is
governed by the stability of the new radical species formed, such
that the more stable the radical generated after decarbonylation,


Fig. 3 Examples of rate constants for the decarbonylation of alkyl acyl radicals.
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the faster the process. Typically, when the rate constant for the
decarbonylation approaches 104 s−1, this process competes with
the radical addition step, leading to products lacking the carbonyl
group.45 Two examples of such cases with amino acids are shown
in Scheme 12. In the first example, tributyltin hydride mediated
addition of the phenylalanine derivative to methyl acrylate af-
forded only the corresponding c-amino acid.46 Even cyclisation of
the glycine derivative underwent exclusive decarbonylation prior
to the addition step.47 In both cases, decarbonylation is victorious
because of the radical stabilising effect of the adjacent nitrogen
lone pair.


Scheme 12 Examples where decarbonylation precedes radical addition.


With the above in mind, it was therefore interesting to observe
the ability of SmI2 to promote the low temperature coupling of the
4-pyridylthio ester of amino acids with acrylamides and acrylates,
as exemplified in Scheme 13, directly providing c-ketoamides and
-esters, respectively.26 Most noteworthy for these intermolecular
radical reactions is that (a) no products of decarbonylation were
isolated, and (b) a stoichiometric amount of the acrylamide is
only required in order to provide good coupling yields. This
latter observation contrasts radical addition reactions mediated
by tin hydride which generally require a large excess of the
radical acceptor. On the other hand, the coupling with acrylates
necessitated 3 equivalents of the olefin for obtaining good coupling
yields, which is contradictory to the reactivity of these two a,b-
unsaturated systems.


The peptide structures obtained from these reactions bear a
close similarity to a class of effective and medicinally important
protease inhibitors, where the scissile peptide bond has been
replaced by a hydoxyethylene unit. For example, the tetrapeptide
structure depicted in Scheme 13 resembles the c-secretase inhibitor
L-685458,48 requiring only a stereoselective reduction of the ketone
and an introduction of the adjacent benzyl group.


Selective reduction of the ketone to either of the two diastere-
omers can be achieved according to literature procedures.49,50


Hence, as illustrated in Scheme 14, reduction of the c-ketoamide
with either LiAl(Ot–Bu)3H or S-Alpine hydride leads to either
diastereomer with high selectivity and good yields.27 With the c-
ketoester, reduction is followed by internal cyclisation generating
the corresponding lactone.28 Other researchers have demonstrated
the importance of chiral c-butyrolactones as important precursors
for the synthesis of hydroxyethylene isosters due to their ability to


Scheme 13 SmI2-promoted synthesis of c-ketoamides and -esters.


Scheme 14 Stereoselective reduction of a-aminoketones.


introduce stereoselectively alkyl sidechains in the a-position of the
ring.51 An example of this approach is depicted in Scheme 15, with
our recently completed formal total synthesis of the renin inhibitor,
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Scheme 15 Formal total synthesis of the renin inhibitor, aliskiren.


aliskiren.29,52 Coupling of the thioester of the nonnatural amino
acid with methyl acrylate followed by stereoselective reduction
proceeded smoothly affording the c-butyrolactone. An ensuing
four step introduction of the isopropyl side chain and protecting
group exchange led to a precursor previously transformed by the
Dondoni group to aliskiren in two steps.53


In Scheme 16, our proposed mechanism is shown for this
unusual radical addition reaction. Clearly, electron transfer from
SmI2 to the pyridylthio ester does not result in homolytic cleavage
of the C–S bond leading to an acyl radical, as no isolated products
were deficient of the acyl carbon. Hence, we proposed that the low
valent Lewis acid complexes with the carbonyl group followed by
a reduction step generating a ketyl radical. Subsequent addition to
the acrylamide or acrylate, possibly guided by a precomplexation


Scheme 16 Proposed mechanism for the acyl-like radical additions.


of the ester or amide group to the Sm(III) center, affords a new
radical center which eventually is reduced by a second equivalent
of SmI2. Protonation under the reaction conditions and hydrolysis
of the thiohemiacetal after work up then affords the c-ketoamide
or -ester. In principle, a second mechanism could also be operating,
invoking a double reduction of the a,b-unsaturated amide or ester
to a dianion followed by nucleophilic acyl substitution. However,
several observations reject this pathway. First, the acrylamide
or acrylate are only slowly reduced by SmI2 under the reaction
conditions used27 and second, reduction of the thioester to the
corresponding aldehyde was seen in many of these coupling
reactions as a minor byproduct implying that electron transfer
was taking place with the thioester carbonyl group.28,29


Whereas this acyl-like radical addition reaction was successful
with many of the amino acids tested, it also suffered from
several limitations. Firstly, attempts to expand this reaction to
thioesters other than with amino acids failed. Secondly, bulky
amino acid sidechains such as with valine were not tolerated.28


And finally, dramatic reductions in the coupling yields were noted
with acrylamides or acrylates bearing a- or b-substituents. Inspired
by work reported from the Namy group dealing with the SmI2-
promoted coupling of N-acyl pyrrolidinones to ketones,54 we
recently disclosed the successful adaptation of N-acyl derivatives
of oxazolidinones as substitutes for the 4-pyridylthio esters as illus-
trated in Scheme 17.30 Basically, all the alkyl N-acyl oxazolidinones
tested were successfully coupled to either acrylates, acrylamides or
even acrylonitrile. Although the same reaction conditions applied
with the thioesters were not successful, the simple addition of
8 equivalents of water to the reaction mixture allowed these
coupling reactions to proceed even with substrates where the
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Scheme 17 An alternative route to c-ketoamides and -esters.


decarbonylation rate constants exceed 109 s−1!55,56 As shown in
Scheme 18, reactions simply not attainable with the thioesters


Scheme 18 Introducing substituents into c-ketoamides and -esters.


were now possible exploiting the oxazolidinone approach. This
included amino acids with bulky sidechains, as well as a- or b-
substituted acrylates or acrylamides. Even the major fragment
of aliskiren could be synthesised directly using this approach
although with essentially no diastereoselectivity.57


It was difficult to understand this large variation in reactivity
upon the simple exchange of the thiopyridine group with a 2-
oxazolidinone, suggesting the possibility of an alternative mecha-
nism operating with the latter. This concern was corroborated from
coupling experiments performed with the cyclopropyl derivatives
shown in Scheme 19a. If electron transfer proceeded as with
the thioesters, reducing the N-acyl carbonyl bond to a ketyl
radical, a rapid ring opening of the cyclopropyl substituent
was expected. However, the product from the coupling with an
acrylate or acrylamide led only to isolation of the c-keto ester
and amide, respectively, implying that electron transfer was not
directed to the N-acyl oxazolidinone. Instead, reduction of the
acrylates or acrylamides may now occur under the more reducing
conditions with SmI2–H2O providing a dianion species which then
participates in a nucleophilic acyl substitution.


However several experiments, performed in collaboration with
the group of Robert A. Flowers, II at Lehigh University,
were not in favour of this explanation.58 Firstly, the coupling


Scheme 19 Studying the mechanism of the C–C bond forming reaction.
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reactions may proceed with up to 40 equivalents of water without
substantial deterioration of the coupling yields. Secondly, in the
absence of an N-acyl oxazolidinone, the acrylates dimerise in
high yields (Scheme 19b). As there is no literature precedent for
organolanthanide reagents undergoing 1,4-additions, the dimeri-
sation step must proceed via a radical mechanism. Nevertheless,
in the presence of an N-acyl oxazolidinone, the c-keto ester
predominates. Thirdly, the N-pivaloyl oxazolidinone couples
well with N-t-butyl acrylamide, whereas the corresponding Pfp
ester does not (Scheme 19c). Fourthly, CV experiments revealed
that complexation of the N-acyl oxazolidinone to SmI2 has a
negligible effect on the reducing power of this reagent. And
finally, a competition experiment between N-pivaloyl and N-acetyl
oxazolidinone with N-t-butyl acrylamide led to the isolation of the
t-butyl ketone in 78% yield with almost complete recovery of the
N-acetyl oxazolidinone (Scheme 19d). All of these experiments
are in accord with a mechanism depicted in Scheme 20 invoking
radical addition of the singly reduced a,b-unsaturated ester or
amide to the exocylic carbonyl group of the N-acyl oxazolidinone
via a complex I. Not only does the lanthanide metal ion activate
the carbonyl group due to its hard Lewis acid character, but it also
acts as a tether for the two reactants thereby allowing the reaction
to proceed in an pseudo-intramolecular fashion. Further studies
are ongoing to examine the validity of this hypothesis.


Scheme 20 Proposed mechanism.


We have recently expanded this coupling protocol to a variety of
other structures. For example, an interesting dimerisation process
with imide derivatives and 2-indolylcarboxylic acids was observed
in work performed in collaboration with M.-Luı̈sa Bennasar
at the University of Barcelona.59 As illustrated in Scheme 21,
treatment of such compounds with samarium diiodide provided a
dimer in 70% yield, which bears a structure closely related to the
marine natural product caulersine.60 In these cases, water is not
necessary for effectuating the electron transfer into the carbonyl
bond owing to its lower lying LUMO compared to alkyl N-acyl
oxazolidinones. 1,4-Addition of the ketyl radical, followed by
reduction, protonation and autooxidation upon work-up leads
to the diindolyl ketone.


Finally, we have also extended Evans’ asymmetric alkylation
protocol with the direct removal of the chiral auxiliary after
a-alkylation and formation of a C–C bond in one step.59 An


Scheme 21 SmI2-promoted dimerisation of an imide derivative of 2-in-
dolylcarboxylic acid.


example of this procedure is shown in Scheme 22, where the
chiral oxazolidinone is subjected to an acrylamide and samarium
diiodide after the benzylation step providing directly the chiral
ketone in 72% yield. The generality of this reaction is currently
under evaluation as well as its ability to be exploited after Evan’s
asymmetric aldol condensations.


Scheme 22 C–C bond formation with chiral oxazolidinones.


Conclusions


Samarium diiodide has demonstrated a remarkable ability to
promote a variety of reactions with biomolecules including amino
acids and peptides. In this review, we have outlined our work
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with three of such reactions involving side chain introductions,
c-amino acid synthesis and acyl-like radical additions for the
construction of C–C mimics of the peptidic bonds. One important
conclusion from this work is that an analogy can be drawn from
the effects of additives to samarium diiodide as with ligands for
transition metal catalysed cross couplings. In both cases, the type
of additive or ligand is crucial for the success of the reaction
or substrates investigated. An initial failure to promote a given
reaction with samarium diiodide does not necessarily mean the
desired reaction is impossible. Screening of additives is required
and was instrumental to the reactions developed and discussed
in this review. Undoubtedly, the chemistry of this lanthanide
reagent is rich and prosperous having greatly expanded over the
last 25 years since its introduction to organic chemists by Kagan
in the late 70s.
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14 S. L. Krintel, J. Jiménez-Barbero and T. Skrydstrup, Tetrahedron Lett.,
1999, 40, 7565.


15 L. M. Mikkelsen, S. L. Krintel, J. Jiménez-Barbero and T. Skrydstrup,
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Naturally occurring nucleopeptidic replication primers (VPg–pUpU) of poliovirus and coxsackie virus
were chemically synthesized. The synthesis was accomplished via block-coupling of two minimally
protected fragments of the target structures: a short RNA-nucleopeptide and a longer peptide segment
containing diverse side-chain functionalities. The synthetic VPg–pUpU of coxsackie virus was
characterized by NMR spectroscopy.


Introduction


Picornaviridae is a large family of plus-stranded RNA viruses that
includes a number of important human and animal pathogens,
the notable examples being poliovirus, rhinovirus and foot-and-
mouth disease virus.1 The genome of picornaviruses is charac-
terized by the presence of a small (20–24 amino acids) protein
(VPg) covalently attached to the 5′-end of the viral RNA.2 This
covalently attached peptide originates from the replication of
the viral genome, which starts at a VPg–pUpU nucleopeptide
primer containing the two uridines linked to a tyrosine side-
chain present in the VPg sequence. The VPg–pUpU is assembled
by the viral RNA polymerase on a two adenosine template of
the cis-acting replication element (cre) located within the viral
genome.3,4 The replication mechanism involving the action of the
cre has first been proposed for rhinovirus5 and, as it appears
now, is generally applicable for all members of Picornaviridae,
including poliovirus6,7 and coxsackie virus.8 The functional cre
is thought to comprise a stem-loop structure9 (Fig. 1) where the
first two conserved adenosines in a 5′-AAACA-3′ loop consensus
sequence are crucial for VPg uridylylation as well as subsequent
viral replication. A conspicuous structural feature of picornaviral
cres is the large size of the RNA loop, which can contain up to 14
nucleotides (Fig. 1). Limited structural information is available for
RNA hairpins containing such large loops and no experimental
data exist on the structure of VPg–pUpU bound to the cre. Only
one NMR study on the cre of human rhinovirus 14 (HRV-14) free
in solution has been reported, suggesting a structured loop without
any hydrogen bond interactions. A theoretical model comprising
VPg–pUpU bound to the RNA hairpin has been presented in the
same study.10


As part of our effort to chemically synthesize RNA con-
taining nucleopeptides11,12 for functional and structural studies
we embarked on the preparation of picornaviral VPg–pUpUs.
These compounds are valuable assets in NMR studies aimed at
refining the model of the viral replication process by unravelling
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Fig. 1 Predicted partial structure of the cre of poliovirus (a) and human
rhinovirus 14 (b), nucleotides essential for replication are shown in bold.


the structure of VPg–pUpU in complex with cre and the viral
proteins known to be involved in the replication process, such
as 3Dpol (polymerase) and 3CDpro (the precursor of the protease
3C and polymerase 3D). It can reasonably be expected that
other spectroscopic and biological research directed at a better
understanding of the viral replication will benefit from the
availability of synthetic and well defined VPg–pUpU.


We report here a chemical synthesis of VPg–pUpUs 1 and 2
(Fig. 2) from poliovirus and a closely related coxsackie virus,
respectively. The modular synthetic approach presented here is
designed to be extensible to the synthesis of VPg–pUpUs from
different picornaviruses because it takes advantage of the strong
homology between the terminal pentapeptides of VPgs of the
different members of Picornaviridae.


Results and discussion


We recently described a general solid phase approach to
monouridylylated peptides employing pre-nucleotidylated Fmoc-
amino acids.11,12 However, such a method cannot be conveniently
applied to the synthesis of VPg–pUpU. Not only because the
required suitably protected tyrosine–pUpU building block is not
readily accessible, but more importantly, the side-chain protection
of the remaining amino acids in the VPg has to be fundamentally
altered because of the occurrence of migration and/or cleavage
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Fig. 2 Structures of the nucleopeptides from poliovirus (1) and coxsackie virus (2), the arrow indicates the retrosynthetic disconnection of the amide
bond.


of the internucleosidic phosphodiester bond13 in UpU during the
acidic removal of the standard protecting groups.


The expected difficulties of a stepwise synthesis of 1 guided us
to explore a fragment condensation approach.11 Retrosynthetic
analysis indicated the possibility of disconnecting the marked
bond (indicated by the arrow in Fig. 2) in nucleopeptide 1 to
furnish a pentameric nucleopeptide fragment and a heptade-
cameric peptide fragment. The presence of a C-terminal glycine
residue in the pentameric nucleopeptide fragment prevents the
occurrence of racemization during the final condensation of the
fragments. Moreover, a fragment condensation approach allows
for a protective group strategy which is compatible with the
presence of RNA.


The assembly of 1 commences with the development of an
efficient route to a suitable protected pentameric nucleopeptide
10 (see Scheme 1). The hydroxyl function of threonine and the
2′-hydroxyl of the uridine moiety in 10 were protected with a
tert-butyldimethylsilyl (TBS) group, while the terminal amine
was protected with an allyloxycarbonyl (Alloc) group. Both
these protective groups can be cleaved under mild conditions in
the final stage of the synthesis. Two convergent approaches to
pentameric nucleopeptide 10 (see Scheme 1) can be considered.
Either an immobilized UpU is elongated with a pentapeptide-
phosphoramidite (route A) or conversely, a resin-bound pentapep-
tide is phosphitylated with UpU-phosphoramidite (route B).


Route A (see Scheme 1) was first explored because of its
potential usefulness for incorporation of longer oligonucleotides
in the target structure. Esterification of Fmoc–Gly–OH with the
acid-labile HMPB–MBHA resin 3 under the agency of DCC
and a catalytic amount of DMAP afforded immobilized glycine
derivative 4. Deprotection of the Fmoc group in 4 was followed by
sequential coupling of Fmoc–Thr(TBS)–OH,14 Fmoc–Tyr–OH,
Fmoc–Ala–OH and Alloc–Gly–OH15 under the agency of BOP
and HOBt. Cleavage of immobilized pentapeptide 5 from the
resin with 1% TFA in CH2Cl2 gave C-terminal carboxylic acid
6, which was converted into 2-chlorotrityl ester 7. Phosphitylation
of the phenolic hydroxyl in 7 with known16 2-cyanoethyl-(N,N-
diisopropylamino)phosphochloridite yielded phosphoramidite 8.
Benzimidazolium triflate17 (BT, Scheme 1) mediated condensation
of 8 with the immobilized uridine dimer 9, obtained by standard
procedures,18,19 was followed by oxidation of the intermediate
phosphite triester. The immobilized nucleopeptide product was
treated with 0.5% TFA to unmask the carboxylic acid function
and subsequently with NH3–MeOH to remove the cyanoethyl
groups and to release the nucleopeptide from the solid support.


Unfortunately, LC-MS analysis of the crude mixture only showed
the presence of the uridine-dimer while the target nucleopeptide
10 could not be detected. The disappointing outcome of the final
phosphitylation step agrees with reported precedents20,21 on the
inability to couple peptide-phosphoramidites. Therefore route B
(Scheme 1) to nucleopeptide 10 was investigated. The immobilized
pentapeptide 5 was condensed with UpU-phosphoramidite22 11
under the influence of BT. After 4 hours, gel-phase 31P-NMR
analysis23 of the resin showed the presence of two broad phos-
phorus signals (d 134.8; −1.5 ppm) indicating a phosphite and
a phosphate triester, respectively. Oxidation of the intermediate
phosphite triester with t-BuOOH furnished nucleopeptide-resin 12
(gel-phase 31P-NMR analysis, d −6.5; −1.6 ppm). Nucleopeptide
10 was obtained from 12 by acid-mediated release from the
resin and subsequent ammonolysis to remove the acetyl and the
cyanoethyl groups. Finally, RP HPLC purification afforded the
desired nucleopeptide fragment 10 as the triethyl ammonium salt,
the integrity of which was confirmed by mass spectroscopy, 1H-
NMR and 31P-NMR analysis (D2O: d −0.28; −4.40 ppm).


With the nucleopeptide fragment 10 in hand, the synthesis of
the heptadecameric peptide fragment 16 (Scheme 2) originating
from poliovirus was undertaken. An essential characteristic of
16 is the protection of the C-terminal carboxylic acid and the
minimal protection of the side-chain functionalities of the amino
acids. Only arginine and lysine are vulnerable to acylation and
require protection in the final condensation step. Initially, the
allyloxycarbonyl (Alloc) group was selected for protection of the
amine function of lysine as well as the d- and x-positions of
the guanidino function of arginine. Moreover, to minimize the
number of deprotection steps in the final stage of the synthesis,
the C-terminal carboxylic acid was protected as an allyl ester.
Unfortunately, pilot experiments showed that the d-Alloc group at
the side-chain of arginine was not entirely stable to the conditions
of solid phase peptide synthesis diminishing the yield of the target
minimally protected peptide fragment. Therefore, we decided to
examine whether protonation of the guanidino function would be
sufficient to prevent acylation during the final condensation step.
To this end we employed for the preparation of peptide fragment
16 a standard TFA labile Pbf-protection that is cleaved in the
final stage of the solid phase synthesis leaving the arginine side-
chain protonated. Following this approach to partially protected
peptide fragment 16 (Scheme 2) Fmoc–Glu–OAll was attached to
Rink Amide MBHA resin 13 via its side-chain acid functionality.
In a standard protocol the Fmoc group in 14 was removed and
commercially available amino acids were condensed under the
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Scheme 1 Approaches in the synthesis of nucleopeptide fragment 10. Reagents and conditions: (i) Fmoc–Gly–OH (3 eq), DCC (3.3 eq), DMAP (5 mol%);
(ii) a. 20% piperidine–NMP, rt, 5 min; b. Fmoc–AA–OH (5 eq), BOP (5 eq), HOBt, (5 eq), DiPEA (10 eq), rt, 1 h; c. Ac2O–DiPEA–HOBt–NMP, rt,
1 min; (iii) 1% TFA–CH2Cl2, rt, 10 min; (iv) Cs2CO3 (1.0 eq), DMF, rt, 10 min; (v) 2-chlorotrityl chloride (1.2 eq), DMF, rt, 1 h; (vi) Cl-P(OCNE)N(iPr)2


(1.1 eq), DiPEA (5 eq), CH2Cl2, rt, 2 h; (vii) BT (4 eq), 1,4-dioxane–CH3CN (3 : 1, v/v), rt, 4 h; (viii) 0.02 M I2 in CH3CN–sym-collidine–H2O, rt, 1 min;
(ix) 0.5% TFA–CH2Cl2, rt, 5 min; (x) NH3–MeOH, rt, 1 h; (xi) BT (4 eq), CH3CN–1,4-dioxane (1 : 5, v/v), rt, 4 h; (xii) t-BuOOH, CH3CN–1,4-dioxane
(1 : 5, v/v), rt, 20 min; (xiii) RP HPLC purification.


agency of BOP and HOBt to afford immobilized fully protected
peptide 15. Cleavage of 15 from the resin and removal of the
acid-labile protecting groups i.e. Pbf, Trt and t-Bu was effected by
treatment with TFA in the presence of triisopropylsilane (TIS) as a
cation scavenger. Purification of crude 16 by RP HPLC furnished
pure heptadecameric peptide 16 (TFA-salt). Fragment 16 was
converted into the corresponding HCl-salt by anion exchange


under the agency of Dowex resin (Cl−-form). The obtained peptide
16 was characterized by LC-MS analysis.


At this stage the palladium catalyzed removal of the Alloc
groups and the allyl ester in 16 was examined. A borane–
dimethylamine complex and thiosalicylic acid were selected as
allyl cation scavengers.24 LC-MS analysis of the crude deprotection
mixtures showed in the case of Me2NH·BH3 a fast and relatively
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Scheme 2 Synthesis of the peptide fragment 16. Reagents and conditions:
(i) 20% piperidine–NMP, rt, 5 min; (ii) Fmoc–Glu–OAll (1.5 eq), BOP (2
eq), HOBt (3 eq), DiPEA (6 eq), rt, 24 h; (iii) a. 20% piperidine–NMP, rt,
5 min; b. Fmoc–AA–OH (5 eq), BOP (5 eq), HOBt (5 eq), DiPEA (10 eq),
rt, 1 h; c. Ac2O–DiPEA–HOBt–NMP, rt, 1 min; (iv) TFA–TIS–H2O (95 :
2.5 : 2.5, v/v/v), rt, 2 h; (v) RP HPLC purification; (vi) DOWEX −2 (Cl-)
anion exchange.


clean reaction. Furthermore, subjection of the nucleopeptide 10 to
these conditions did not lead to degradation of the UpU moiety.


The key condensation reaction of nucleopeptide 10 with hep-
tadecameric fragment 16 was executed as depicted in Scheme 3.
Nucleopeptide fragment 10 (TEA-salt) was pre-activated with
PyBOP in the presence of DiPEA and subsequently coupled with
the minimally protected heptadecameric peptide 16 (HCl-salt).
The progress of the reaction was monitored by LC-MS analysis,
which showed after 22 h the formation of the partially protected
nucleopeptide 17 that was isolated in 63% yield after gel filtration.
MALDI-TOF-MS analysis showed partial loss of one of the TBS-
protecting groups. The Alloc groups and the allyl ester in 17 were
cleaved by means of PdO-catalysed allyl transfer24 in the presence of
the borane–dimethylamine complex as the accepting nucleophile.


The crude TBS-protected nucleopeptide 18 was purified by RP
HPLC. The TBS groups in 18 were removed with a TEA·3HF
complex in the presence of additional TEA25 to furnish crude 1.
Purification by gel filtration gave pure VPg–pUpU 1 of poliovirus,
which was analyzed by MALDI-TOF–MS (m/z = 2969.3 [M +
H]+) and 31P-NMR (D2O, d −0.49; −4.34 ppm).


The successful outcome of the condensation of minimal pro-
tected fragments in the preparation of nucleopeptide 1 was an
incentive to further explore this concept in the preparation of
VPg–pUpU 2 of coxsackie virus. The route of synthesis followed
to attain this goal is described in Scheme 4. The minimally
protected heptadecameric peptide fragment 20 was assembled
by a similar protocol as described for 16. Acylation of thus
obtained heptadecameric peptide fragment 20 with pre-activated
pentameric nucleopeptide 10 afforded, after 27 h, the partially
protected nucleopeptide 21 as was observed by LC-MS analysis
in an estimated 90% yield. After RP HPLC purification under
slightly acidic conditions followed by lyophilisation, MALDI-
TOF-MS analysis (m/z = 3428.96 [M + H]+) showed the
almost complete loss of one of the TBS groups, nevertheless
the partially protected target nucleopeptide was isolated in 50%
yield. Subsequent treatment with Pd(PPh3)4 in the presence of the
borane–dimethylamine complex effected simultaneous removal of
the allyloxycarbonyl groups and the allyl ester. Surprisingly, LC-
MS analysis of the crude mixture showed the fully deprotected
target nucleopeptide 2 instead of its partially silylated derivative.
Probably, the reaction mixture became slightly acidic during the
latter deprotection step, resulting in cleavage of the remaining silyl-
protecting groups. Purification of crude 2 by gel filtration afforded
the VPg–pUpU 2 from coxsackie virus as was confirmed by RP
HPLC, 31P-NMR (D2O, d −0.28; −4.40 ppm) and MALDI-TOF-
MS analysis (m/z = 3021.3 [M + H]+).


At this stage we set out to conduct preliminary NMR assess-
ments of VPg–pUpU 2 which we intend for future use in the
structural studies of cre-VPg–pUpU complexes. A particular point
of concern was a possible occurrence of the migration of the
phosphodiester in the dinucleotide portion of the molecule from
the natural 3′→5′ to an unnatural 2′→5′ position.


To distinguish the normal 3′→5′ from a possible 2′→5′ linkage
in the structure of VPg–pUpU 2 the following NMR data were
collected and analyzed. All proton and phosphorus resonances
of the pUpU moiety were assigned by a combination of 2D
DQF-COSY,26 TOCSY,27 1H-31P HETCOR28 and NOESY29 ex-
periments. The sugar spin systems were assigned using TOCSY


Scheme 3 Synthesis of VPg–pUpU 1 from poliovirus. Reagents and conditions: (i) 10 (TEA-salt, 1 eq), PyBOP (1.1 eq), HOBt (1.1 eq), DiPEA (2 eq),
rt, 22 h; (ii) gel filtration, 63%; (iii) Pd(PPh3)4 (5 mol%), PPh3 (cat. amount), Me2NH·BH3 (2 eq), rt, 3 h; (iv) RP HPLC; (v) TEA·3HF, TEA, rt, 16 h;
(vi) gel filtration.
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Scheme 4 Synthesis of nucleopeptide 2 from coxsackie virus. Reagents and conditions: (i) a. 20% piperidine–NMP, rt, 5 min; b. Fmoc–AA–OH (5 eq),
BOP (5 eq), HOBt (5 eq), DiPEA (10 eq), rt, 1 h; c. Ac2O–DiPEA–HOBt–NMP, rt, 1 min; (ii) TFA–TIS–H2O (95 : 2.5 : 2.5, v/v/v), rt, 2 h; (iii) RP
HPLC; (iv) anion exchange; (v) 10 (TEA-salt, 1 eq), PyBOP (1.1 eq), HOBt (1.1 eq), DiPEA (2 eq), rt, 27 h; (vi) Pd(PPh3)4 (5 mol%), PPh3 (cat. amount),
Me2NH·BH3 (2 eq), rt, 3 h; (vii) gel filtration.


and DQF-COSY experiments. The TOCSY experiment (Fig. 3)
provided connectivities between the H1′ and the H3′ and H4′


resonances, and for one of the two uridines, U2, a full sequential
walk from H1′ to H5′′ could be easily traced out in the DQF-
COSY (Fig. 4). Distinction between the U1 and U2 resonances
was derived from the 2D-NOESY, which showed a clear sequential
U1H2′–U2H6 NOE contact (data not shown). All H2′–H4′


resonances of U2 appear in a very small region between 4.1
and 4.3 ppm with all cross-peaks on or close to the diagonal.


However, a constant time DQF-COSY, in which proton–proton J-
couplings in the F1 dimension were refocused, provided additional
resolution and by close inspection of the CT-DQF-COSY (Fig. 5)
and TOCSY (Fig. 3) experiments the U2 sugar protons could be
assigned as well. Finally, assignment of the phosphorus resonances
and establishment of the type of phosphodiester bond between U1
and U2 could be deduced from the 31P-1H HETCOR (Fig. 6). One
phosphorus, resonating at −0.66 ppm is connected to the H4′ and
H5′/H5′′ of U1, while the other phosphorus shows cross-peaks to


Fig. 3 Portions of the 2D-TOCSY experiment showing the aligned H1′ to other sugar proton region and the H2′–H5′′ to H2′–H5′′ region separated by
a thin line. Some sugar proton assignments are given along the H1′ frequency line.
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Fig. 4 Regions of the 2D-DQF-COSY spectrum identical to those in Fig. 3. Assignment of the U1 sugar protons is traced out. Assignments of the
cross-peaks are quoted in F2, F1 dimensions.


Fig. 5 Portions of the 2D-CT-DQF-COSY experiment, identical to those in Fig. 4. Resolution enhancement by refocusing the H1′–H1′ J-couplings in
the F1 dimension is evident.


the U1H3′ and U2H5′/H5′′. Hence, the phosphorus resonance at
−0.66 ppm belongs to the phosphorus 5′ to U1, while the other one
belongs to the phosphorus between U1 and U2. The latter shows a
3-bond J-coupling to the H3′ of the 5′-residue, which demonstrates
a 3′–5′ linkage between the two uridines. The assignments are listed
in Table 1.


Conclusions


In conclusion, the VPg–pUpUs of poliovirus and coxsackie
virus have been synthesized by fragment condensation of a
small nucleopeptide and the corresponding minimally protected
heptadecameric peptides. The applied protection strategy i.e. Alloc


Table 1 Proton (relative to TMA) and phosphorus chemical shifts
(relative to TSP) of the pUpU moiety in the VPg–pUpU nucleopeptide 2


H6 H5 H1′ H2′ H3′ H4′ H5′ H5′′ Pa


U1 7.90 5.89 5.60 4.39 4.64 4.52 4.30 4.20 −0.66
U2 7.72 5.72 5.94 4.32 4.26 4.14 4.25 4.14 3.44


a Phosphorus resonances are denoted 5′ to each residue.


group for lysine and protonation for arginine was shown to be
compatible with the presence of the dinucleotide.
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Fig. 6 Plot of the 31P-1H HETCOR experiment. Assignments of the phosphates are given by P(Ni), which indicates the phosphate 5′ to residue number
Ni. The asterisk denotes a cross-peak from an unidentified impurity.


Experimental


Pyridine (Acros Organics), N,N-dimethylformamide (Baker, p.a.),
1,4-dioxane (Baker, p.a.) and 1,2-dichloroethane (Baker, p.a.) were
stored over molecular sieves (4 Å). Acetonitrile (extra dry, DNA
synthesis grade) was purchased from Biosolve. Methanol (HPLC
grade) and triethylammonium acetate buffer (TEAA, pH 7) were
purchased from Biosolve. Sephadex G-25 was obtained from
Pharmacia. All reagents were obtained from Acros Chemicals,
unless otherwise stated, and used as received. Pd(PPh3)2Cl2 was
bought at Aldrich.


Solvents used in the automated peptide synthesis, DiPEA
and TFA were all of peptide synthesis grade (Biosolve) and
used as received. BOP reagent, anhydrous HOBt and 2-
chlorotrityl chloride were obtained from Senn Chemicals, 4-
(4-hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) and
4-methylbenzhydrylamine (MBHA) resin were obtained from
NovaBiochem. PyBOP was obtained from Senn Chemicals and
the protected amino acids were obtained at NovaBiochem. Alloc–
Gly–OH was synthesized as described15 and tert-butyldimethylsilyl
ether of Na-(9-fluorenylmethoxycarbonyl) threonine [Fmoc–
Thr(TBS)–OH] was synthesized as described.14


The UV absorption in the determination of the loading of
the resin was measured with a Varian DMS 200 UV–VIS
spectrophotometer. TLC analysis was performed on Merck 25DC
Plastikfolien Kieselgel 60 F254. Detection by UV absorption
(254 nm) and spraying with one of the following solutions:
(a) 20% H2SO4 in EtOH followed by charring; (b) ammonium
molybdate (25 g L−1)–ceric ammonium sulfate (10 g L−1) in
10% aq. H2SO4 followed by charring; (c) KMnO4 (10 g L−1 in
2% aq. Na2CO3). Fluka silica gel (230–400 mesh) was used for
column chromatography. The solvents for chromatography were
of technical grade and distilled before use.


1H-NMR, 13C-NMR and 31P-NMR spectra were recorded
with a Bruker AC200 instrument at 200, 50.1 and 80.7 MHz,
respectively. Chemical shifts (d) are given in ppm, relative to


tetramethylsilane as an internal standard for 1H-NMR and 13C-
NMR and 85% H3PO4 as an external standard for 31P-NMR. LC-
MS analysis was performed on a Jacso HPLC system (detection
simultaneously at 214 and 254 nm) coupled to a Perkin Elmer
Sciex API 165 mass instrument equipped with a custom-made
Electrospray Interface (ESI). An analytical Alltima C18 column
(Alltech, 4.6 mmD × 250 mmL, 5 l particle size) was used. Buffers:
A: H2O; B: CH3CN and C: 0.5% aq TFA.


For RP HPLC purification, a BioCAD “Vision” automated
HPLC system (PerSeptive Biosystems, inc.), supplied with a semi-
preparative Alltima C18 column (Alltech, 10.0 mmD × 250 mmL,
5 l particle size, running at 4 mL min−1) was used. An appropriate
gradient of buffer B (CH3CN) in buffer A (H2O) was applied while
buffer C (as specified) was kept at 10% throughout the purification
run. Detection was performed by UV, simultaneous at 214 nm and
254 nm. MALDI-TOF-MS spectra were recorded on a Voyager-
DE PRO mass spectrometer (PerSeptive Biosystems, Inc.).


Solid phase peptide synthesis


The peptides were prepared on an ABI 433A (Applied Biosystems,
division of Perkin-Elmer) automatic peptide synthesizer, using
the peptide synthesis protocol supplied with the synthesizer. The
peptides were synthesized on a 50 lmol, 250 lmol or 1 mmol
scale. The consecutive steps performed in each cycle were: 1)
Deprotection of the Fmoc-group with 20% piperidine for 5 ×
2 min, unless stated otherwise. 2) Coupling of the appropriate
amino acid applying an excess of an appropriate Fmoc-amino
acid (5-fold for 50 lmol scale, 4-fold for 250 lmol scale and 3-
fold for 1 mmol scale). Thus for 50 lmol synthesis, the Fmoc-
amino acid (0.25 mmol) was dissolved in NMP (0.5 mL) and
subsequently 0.25 mmol of BOP–HOBt (0.5 M BOP–0.5 M HOBt
in DMF–NMP 1 : 1, v/v) and 0.63 mmol of DiPEA (1.25 M
in NMP) were added. The resulting solution was transferred
to the reaction vessel, which was then shaken for 1 hour. 3)
The remaining amino functions were capped by addition of a
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solution of 0.5 M acetic anhydride, 0.125 M DiPEA and 0.015 M
HOBt in NMP. The resulting suspension was shaken for 1 min.
The side-chain protections were: Arg(Pbf), Asn(Trt), Asp(Ot-
Bu), Gln(Trt), Lys(Boc), Thr(t-Bu), unless stated otherwise.
Double couplings were performed for Val, Thr, Ile, Arg and
Asn.


HMPB–MBHA resin (3). Under a blanket of argon, 4-
methylbenzhydrylamine resin (2.4 g, 1.5 mmol, 0.62 mmol g−1) was
suspended in a mixture of NMP and dichloromethane (1 : 1, v/v,
60 mL). BOP (1.99 g, 4.5 mmol), HOBt (0.6 g, 4.5 mmol), HMPB
(1.1 g, 4.5 mmol) and DiPEA (1.53 mL, 9.0 mmol) were added.
The suspension was shaken overnight after which the solvents and
reagents were removed by filtration. The resin was washed with
CH2Cl2 (2 × 20 mL), MeOH (20 mL) and CH2Cl2 (2 × 20 mL).
The resin was dried followed by subjecting a sample of the resin to
the Kaiser test,30 which showed the coupling of the HMPB linker
to be complete.


Fmoc–Gly–HMPB–MBHA resin (4). HMPB–MBHA resin
(1.5 mmol) was dried by co-evaporation with 1,4-dioxane (2 ×
20 mL) and suspended in dichloromethane (60 mL). Subsequently,
Fmoc–Gly–OH (1.3 g, 4.5 mmol), DCC (1.0 g, 4.9 mmol) and
DMAP (27 mg, 0.23 mmol) were added. The reaction mixture was
shaken for 2 hours after which the resin was filtered and washed
with CH2Cl2 (2 × 10 mL), MeOH (10 mL), CH2Cl2 (2 × 10 mL)
and dried in a high vacuum. Finally, of an analytical sample of
resin 4, the loading (0.39 mmol g−1) was determined as described.31


5′ -O-[2-Cyanoethyl-(N ,N -diisopropyl)phosphitamido]-2′ -tert-
butyldimethylsilyluridyl-[3′-OP-2-cyanoethyl] → 5′]-2′,3′-di-O-ace-
tyluridine (11). Known12 2′,3′-di-O-acetyluridine (1.9 g,
5.8 mmol) was treated with commercially available 3′-O-
[5′-O-(4,4′-dimethoxytrityl)-2′-O-tert-butyldimethylsilyl-uridinyl]
2-cyanoethyl-(N,N-diisopropyl)phosphoramidite (5 g, 5.8 mmol)
and 5-(ortho-nitrophenyl)tetrazole (2.2 g, 11.6 mmol) in 75 mL of
dry CH3CN for 15 min. Next t-BuOOH was added as a solution
in di-t-butyl peroxide (80%, 5 mL) and the mixture was stirred for
15 min, pyridine (100 mL) was added followed by acetic anhydride
(4 mL). After 5 min the reaction mixture was quenched with 5 mL
ethanol, diluted with EtOAc (250 mL), washed with aq. NaHCO3


and H2O, dried with MgSO4 and concentrated to dryness. Next
the DMT group was cleaved by treatment of the resulting oil with
50 mL of 3% TCA in DCM for 10 min followed by slow addition
of TES (1.9 mL, 12 mmol). The reaction mixture was diluted with
DCM (150 mL) washed with aq. NaHCO3 and H2O, dried with
MgSO4 and upon concentration to near dryness, purified by silica
gel column chromatography (DCM–MeOH from 100 : 0 to 95 :
5 v/v) to give 2.7 g (3.4 mmol, 58%) of the partially protected
dinucleotide. The latter material was co-evaporated with pyridine,
dissolved in dry dioxane (40 mL, freshly distilled from K/Na-
benzophenone ketyl) and treated with TEA (23.5 mmol, 3.3 mL)
and next with Cl-P(OCNE)N(iPr)2 (4 mmol, 0.860 mL in 10 mL
DCM). After stirring for 30 min the reaction mixture was diluted
with DCM (150 mL) washed with aq. NaHCO3 and H2O, dried
with MgSO4 and upon concentration to near dryness purified by
precipitation from pentane to give 11 (3.4 g, quant., off-white
powder) as a mixture of 4 diastereomers at the phosphorus
centres. The latter material was used in the next step without
further purification. 31P-NMR (200 MHz, CH3CN, acetone-d6,


external lock): d 150.1, 149.0, 148.8 (phosphoramidite); −0.8,
−1.0, −1.3, −1.5 (phosphotriester).


Alloc–Gly–Ala–Tyr[pU(TBS)pU]–Thr(TBS)–Gly–OH (10)


Route A. Immobilized dinucleotide 9 (1 lmol) was prepared
as described18,19 using controlled pore glass (0.32 lmol g−1, 500 Å)
as a solid support. Dinucleotide resin 9 was subsequently treated
with a mixture of peptide phosphoramidite 8 (0.13 M in dioxane,
115 lL, 15 lmol) and benzimidazolium triflate17 (BT) (0.2 M in
dioxane–CH3CN 1 : 1, 300 lL, 60 lmol) for 4 h. Compound
8 was rendered dry by co-evaporation with dioxane, BT was
repeteadly co-evaporated with dry CH3CN. The resulting support
was oxidized with 0.02 M I2 in CH3CN–sym-collidine–H2O (11 :
1 : 5), rinsed with dry CH3CN, treated with 0.5% TFA in CH2Cl2,
rinsed with CH2Cl2 and the product was cleaved with NH3–MeOH
for 1 h. LC-MS analysis revealed the presence of UpU as the only
component while no trace of desired product 10 was detected.


Route B. The synthesis of the pentapeptide was performed
as described above (Solid phase peptide synthesis). The Fmoc-
group of immobilized glycine derivative 4 was cleaved with 20%
piperidine and subsequently the appropriate building blocks were
coupled to obtain peptide resin 5. An analytical sample of 5
was treated with 1% TFA in CH2Cl2 for LC-MS analysis (Rt =
18.93 min, Alltima C18, analytical column, buffers A: H2O; B:
CH3CN and C: 0.5% aq. TFA, linear gradient 5 → 50% B
in 20 min; ESI-MS: m/z = 666.4 [M + H]+). For coupling of
the phosphoramidite of the uridine dimer, the peptide resin 5
(0.89 g, 0.25 mmol) was dried by co-evaporation with 1,4-dioxane
(2 × 20 mL). The amidite 11 (1.0 g, 1.0 mmol) was added,
co-evaporation was repeated twice using pyridine–1,4-dioxane
(1 : 1, v/v, 2 × 20 mL) and the solids were dried in a high
vacuum (15 min). Subsequently, BT (1.1 g, 4.0 mmol, dried by
co-evaporation with CH3CN) was added and the mixture was
dried in a high vacuum for 15 more minutes. Under a blanket
of argon, the resin was suspended in 1,4-dioxane (8 mL) and
CH3CN (1.6 mL). The mixture was shaken for 4 hours, filtered,
and the resin was washed with CH2Cl2 (2 × 10 mL) and CH3CN
(2 × 20 mL). A sample of the resin was taken for gel-phase
31P-NMR analysis ((CDCl3): d 134.8 (phosphite triester); −1.5
(phosphate triester), both broad signals). Next, t-BuOOH (2 mL)
was added, the reaction mixture was shaken for 20 more minutes
after which NMR analysis23 (gel-phase 31P-NMR (CDCl3): d −1.6;
−6.5) showed the complete conversion of the phosphite triester
into phosphate triester. The resin containing the immobilized
nucleopeptide (12) was filtered, washed with CH2Cl2 (2 × 10 mL),
MeOH (10 mL), CH2Cl2 (2 × 10 mL) and dried in a high vacuum
to give 12 (1.3 g). A small batch of the resin 12 (300 mg, ± 58 lmol)
was transferred onto a glass filter equipped with an adapter and
flask filled with dry toluene (50 mL). Under an argon atmosphere,
the resin was washed with 1% TFA in CH2Cl2 (25 mL). The volume
of the filtrate was reduced to 20 mL (temperature of the waterbath
35 ◦C), diluted with toluene (2 × 25 mL) and concentrated to
dryness. The residue was dissolved in NH3–MeOH (10 mL) and
stirred for 2 hours. After evaporation, the residue was redissolved
in water and purified by RP HPLC (Alltima C18, semi-preparative
column, buffers A: H2O; B: CH3CN; C: TEAA 0.2 M, pH 7; 27
→ 37% B for 5 CV) to give title compound 10 (41.8 mg, 43%,
based on the loading of resin 5). LC-MS analysis: Rt 15.81 min
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(Alltima C18 analytical column, buffers A: H2O; B: CH3CN; C:
aq. 0.5% TFA; linear gradient 10 → 90% B in 20 min); ESI-MS:
m/z = 1392.7 [M + H]+; 697.1 [M + 2H]2+; calc. 1391.45 [M + H]+.
31P-NMR (PH COSY, 600 MHz, D2O): d −0.4 (Tyr–pUpU); −4.1
(Tyr–pUpU). 1H-NMR (HHCOSY, 600 MHz, D2O): d 7.86 (d,
1H, J = 8.1 Hz, H-6 U1); 7.77 (d, 1H, J = 8.04 Hz, H-6 U2); 7.14
(d, 2H, J = 8.04 Hz, H-2, H-6 Tyr); 7.05 (d, 2H, J = 8.12 Hz, H-3,
H-5 Tyr); 6.03 (d, 1H, J = 7.01 Hz, H-1′); 5.94–5.82 (m, 3H, H-1′


U1, = CH Alloc, H-5 U1); 5.77 (d, 1H, J = 7.58 Hz, H-5 U2); 5.29
(d, 1H, J = 17.1 Hz, CH=CHH Alloc); 5.21 (d, 1H, J = 10.1 Hz,
CH=CHH Alloc); 4.61 (m, 2H, H-4′ U1, H-4′ U2); 4.55 (br d, 2H,
J = 5.0 Hz, OCH2 Alloc); 4.34 (br m, 12H, H-2′ U1, H-2′ U2, H-3′


U1, H-3′ U2, H-5a′, H-5b′ U1, H-5a′, H-5b′ U2, aCH Ala, bCH
Thr, bCH2 Tyr); 3.77 (m, 4H, 2 × aCH2 Gly); 0.88 (s, 9H, (CH3)3C
TBS); 0.82 (s, 9H, (CH3)3C TBS); 0.07(s, 6H, (CH3)2Si TBS); 0.06
(s, 6H, (CH3)2Si TBS).


Fmoc–Gln(Rink Amide MBHA resin)–OAll (14). Rink amide
MBHA resin 13 (1.0 g, 0.5 mmol) was suspended in piperidine–
DMF (1 : 4, v/v, 10 mL) and shaken for 5 min. The resin was
filtered and the piperidine treatment was repeated twice after
which the resin was washed with CH2Cl2 (2 × 20 mL), MeOH
(20 mL) and CH2Cl2 (2 × 20 mL) and dried in a high vacuum. The
free amine containing resin was suspended in DMF (25 mL) and
subsequently were added Fmoc–Glu–OAll (320 mg, 0.75 mmol),
BOP (442 mg, 1.0 mmol), HOBt (200 mg, 1.5 mmol) and DiPEA
(0.52 mL, 3.0 mmol). The mixture was shaken for 24 hours after
which the solvent and reagents were removed by filtration. The
resin 14 was washed with DMF (3 × 20 mL), CH2Cl2 (2 × 20 mL),
MeOH (2 × 20 mL) and CH2Cl2 (2 × 20 mL). The resin was dried
in a high vacuum and of an analytical sample, the loading of 14
(0.44 mmol g−1) was determined as described.31


HCl·H–Leu–Pro–Asn–Lys(Alloc)–Lys(Alloc)–Pro–Asn–Val–Pro–
Thr–Ile–Arg–Thr–Ala–Lys(Alloc)–Val–Gln–OAll (16). The par-
tially protected peptide fragment 16 was assembled on the solid
support as described above (Solid phase peptide synthesis) starting
from resin 14 (50 lmol). After completion of the synthesis,
the fully protected peptide resin 15 was removed from the
synthesizer and placed into a round-bottom flask. A mixture of
TFA–TIS–H2O (95 : 2.5 : 2.5, v/v/v, 10 mL) was added and the
obtained suspension was gently shaken for 2 hours. The resin
was filtered and washed with TFA. The filtrate was diluted with
toluene (15 mL) and the solvents were removed under reduced
pressure. The crude peptide 16 was dissolved in TFA (0.75 mL)
and precipitated by dropwise addition to ether (10 mL). The
suspension was centrifuged and the solution was decanted. The
precipitate was dissolved in a mixture of H2O–CH3CN (3 : 1,
v/v) and purified by RP HPLC (Alltima C18 semi-preparative
column; buffers A: H2O; B: CH3CN and C: 1% aq. TFA; linear
gradient in B 25 → 35%, 17 min, 3.5 CV). The purified peptide
16 (15 mg, TFA-salt) was converted into the HCl-salt by passing
through a DOWEX-2 Cl− column. After lyophilization pure 16
(10.7 mg, 9% overall based on the loading of 14) was obtained.
LC-MS analysis: Rt 18.85 min (Alltima C18 analytical column,
buffers A: H2O; B: CH3CN; C: 0.5% aq. TFA, linear gradient
in B: 5 → 50% in 20 min); ESI-MS: m/z = 2197.8 [M + H]+;
1099.6 [M + 2H]2+.


Alloc–Gly–Ala–Tyr[pU(TBS)pU]–Thr(TBS)–Gly–Leu–Pro–Asn–
Lys(Alloc)–Lys(Alloc)–Pro–Asn–Val–Pro–Thr–Ile–Arg–Thr–Ala–
Lys–Val–Gln–OAll (17). In a 5 mL flask, nucleopeptide
fragment 10 (8.0 mg, 4.7 lmol, TEA-salt) was co-evaporated
with DMF (2 × 1 mL). Solutions of PyBOP (2.7 mg, 5.2 lmol)
and HOBt (0.7 mg, 5.2 lmol) in DMF (100 lL) and DiPEA
(1.6 lL, 9.4 lmol) in DMF (100 lL) were added and the mixture
was stirred for 10 minutes (pre-activation). Next, a solution of
16 (11 mg, 4.7 lmol, HCl-salt, dried by co-evaporation with
DMF (2 × 1 mL)) in DMF (100 lL) was added and stirring was
continued. The progress of the condensation was followed by
LC-MS analysis which showed the reaction to be complete after
22 hours (Rt 13.3 min, Alltima C18 analytical column, buffers A:
H2O; B: CH3CN and C: 0.5% aq. TFA; linear gradient of B: 5 →
50% in 20 min; ESI-MS: m/z = 1787.0 [M + 2H]2+; 1191.6 [M +
3H]3+). The crude nucleopeptide was subjected to gel filtration
(LH-20, DMF–H2O, 2 : 1, v/v) and the obtained fractions were
analyzed by mass spectrometry and RP HPLC (BioCAD, Alltima
C18 analytical column, buffers A: H2O; B: CH3CN; C: 0.2 M
TEAA pH 7, linear gradient of 35 → 90% B in 12.5 min, 5.0 CV).
Lyophilization of the nucleopeptide containing fractions afforded
17 (11 mg, 63%). MALDI-TOF-MS: m/z = 3575.2 [M + H]+;
3460 [M + H]+ (product-TBS). 31P-NMR (DMF–H2O, 9 : 1, v/v;
acetone-d6, external lock): d −0.52; −4.34.


H–Gly–Ala–Tyr(pUpU)–Thr–Gly–Leu–Pro–Asn–Lys–Lys–Pro–
Asn–Val–Pro–Thr–Ile–Arg–Thr–Ala–Lys–Val–Gln–OH (VPg–
pUpU, 1). Partially protected nucleopeptide 17 (4.1 mg, 1.1
lmol) was dissolved in DMF (300 lL through which argon
had been passed for 10 min). Under a blanket of argon were
added Me2NH·BH3 (0.63 mg, 11 lmol), PPh3 (cat. amount) and
Pd(PPh3)4 (0.3 mg, 0.3 lmol). After stirring for 3 hours with
the exclusion of light, the reaction mixture was diluted with
RNase-free water (3 mL) and extracted with diethyl ether (1 mL).
The water layer was evaporated and analyzed with LC-MS and
the deprotection was found to be complete (Rt 10.70 min, Alltima
C18 analytical column, buffers: A: H2O; B: CH3CN; C: 0.5% aq.
TFA, linear gradient in B, 10 → 90% over 20 min; ESI-MS: m/z =
1598.2 [M + 2H]2+ product; 1541.6 [M + 2H]2+ product-TBS;
1484.0 [M + 2H]2+ product −2 × TBS). Several procedures i.e.
cation exchange and RP HPLC at pH 7.4 and 6.2 using a TEAA
buffer were explored to purify crude 18, however these methods
were not suitable for the obtained product. A good separation
was obtained by RP HPLC applying buffers A: 10% CH3CN in
0.1% aq. AcOH and B: 90% CH3CN in 0.1% aq. AcOH (Jasco,
Alltima C18 analytical column, linear gradient of 10 → 26% B in
15 min, detection at 254 nm). Rt 13.3 min. MALDI-TOF-MS:
m/z = 3198.6 [M + H]+. Partially protected nucleopeptide 18 was
dissolved in DMF (0.75 mL) and TEA (375 ll) and TEA·3HF
(500 lL) were added. The reaction mixture was gently stirred
for 16 hours after which the reaction was quenched by addition
of NH4


+ HCO3
− (0.15 M, 5 mL). The crude nucleopeptide 1


was purified by gel filtration (Sephadex G-25, buffer 0.15 M
aq. NH4


+HCO3
−, running at 300 mL hour−1, detection at 254


nm). The appropriate fractions were concentrated and the
residue was dissolved in MeOH–H2O (1 : 1, v/v, 3 × 10 mL)
and evaporated to dryness. Lyophilization from H2O afforded
pure VPg–pUpU 1 (0.66 mg) from poliovirus. 31P-NMR (D2O)
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d −0.49; −4.34, MALDI-TOF-MS: m/z = 2969.3 [M + H]+;
calc. 2964.38


HCl·H–Val–Pro–Asn–Gln–Lys(Alloc)–Pro–Arg–Val–Pro–Thr–
Leu–Arg–Gln–Ala–Lys(Alloc)–Val–Gln–OAll (20). The par-
tially protected peptide fragment 19 was assembled on solid
support 14 (50 lmol) as described above (Solid phase peptide
synthesis). A five-fold excess of amino acid building blocks was
used in BOP–HOBt–DiPEA-mediated couplings. Lysine was
incorporated as Fmoc–Lys(Alloc)–OH. Double couplings were
performed for b-branched amino acids, Fmoc–Arg(Pbf)–OH
and Fmoc–Asn(Trt)–OH. After the assembly of the peptide was
complete, the resin was removed from the vessel and placed in a
round-bottom flask. A cleavage mixture of TFA, TIS and H2O
(95 : 2.5 : 2.5, v/v/v, 10 mL) was added and the suspension
was shaken for 2 hours at room temperature. Subsequently the
cleavage mixture was filtered, the filtrate was diluted with toluene
(30 mL) and concentrated. The residue was redissolved in TFA
(0.5 mL) and precipitated by addition to diethyl ether (5 mL).
The crude fragment 20 (TFA-salt) was purified by RP HPLC
(Alltima C18 semi-preparative column, buffer A: H2O; B: CH3CN;
C: 1% aq. TFA, linear gradient of B 25 → 30.5% in 15 min, 3
CV). The purified fragment 20 was converted into the HCl-salt
by passing through a DOWEX-2 Cl− column (17.2 mg, 15%,
overall based on the loading of 14). ESI-MS: m/z = 2168.6
[M + H]+; 1085.2 [M + 2H]2+; 723.4 [M + 3H]3+. RP HPLC Rt


16.29 min (Alltima C18, analytical column, buffer A: H2O; B:
CH3CN; C: 0.5% aq. TFA, linear gradient of B, 5 → 50% in
20 min).


Alloc–Gly–Ala–Tyr(pUpU)–Thr–Gly–Val–Pro–Asn–Gln–Lys-
(Alloc)–Pro–Arg–Val–Pro–Thr–Leu–Arg–Gln–Ala–Lys(Alloc)–
Val–Gln–OAll (21). In a 5 mL flask, nucleopeptide fragment 10
(12.8 mg, 7.6 lmol, TEA-salt) was co-evaporated with DMF (2 ×
1 mL) and dissolved in DMF (100 lL). Fragment 10 was pre-
activated by addition of PyBOP (4.3 mg, 8.3 lmol) and HOBt
(1.1 mg, 8.3 lmol) in DMF (100 lL) and DiPEA (2.6 lL,
15 lmol) in DMF (100 lL). After stirring this mixture for 10
minutes, a solution of 20 (17 mg, 7.6 lmol, HCl-salt), dried by co-
evaporation with DMF (2 × 1 mL), in DMF (100 lL) was added
and stirring was continued. The progress of the condensation
was followed by LC-MS analysis (Alltima C18 analytical column,
buffer A: H2O; B: CH3CN; C: 0.5% aq. TFA; linear gradient
of B: 10 → 90% in 20 min) which showed the reaction to be
complete after 27 hours. The reaction mixture was diluted with
H2O (3 mL) and purified by RP HPLC (Alltima, C18, semi-
preparative column, buffer A: H2O; B: CH3CN; C: 1% aq. AcOH;
linear gradient of B, 10 → 48%, 24 min, in 5 CV) to give pure
title compound 21 (12.6 mg, 3.8 lmol, 50%). ESI-MS: m/z =
1714.8 [M + 2H]2+. RP HPLC Rt 16.56 min (Alltima analytical
column C18, buffer A: H2O; B: CH3CN; C: 0.5% aq. TFA)
linear gradient in B (10 → 50%) in 20 min. MALDI-TOF-MS:
m/z = 3428.96 [M + H]+ (product-TBS); 31P-NMR (D2O) d 0.44;
−3.73.


VPg–pUpU 2. Partially protected nucleopeptide 21 (12.6 mg,
3.8 lmol) was dissolved in DMF (1 mL). Under a blanket of
argon were added Me2NH·BH3 (2.3 mg, 40 lmol), PPh3 (cat.
amount) and Pd(PPh3)4 (1.1 mg, 1 lmol). After stirring for
3 hours with the exclusion of light, the reaction mixture was


diluted with RNase-free water (3 mL) and extracted with diethyl
ether (1 mL). The water layer was evaporated and analyzed with
LC-MS. The deprotection was found to be incomplete and the
procedure described above was repeated once more. The obtained
crude 2 was diluted with aq. NH4


+HCO3
− (0.15 M, 5 mL) and


applied onto a Sephadex G-25 column. Elution with aqueous
ammonium bicarbonate (0.15 M) gave pure VPg–pUpU 2 (1.5 mg,
0.5 lmol, 13%), which was lyophilized twice from H2O. MALDI-
TOF-MS: m/z = 3021.4 [M + H]+; 3043.5 [M + Na]+; 3060.3
[M + K]+; calc. 3019.40 [M + H]+. RP HPLC Rt 14.1 min
(Jasco, Alltima C18 analytical column, buffer A: 5% CH3CN in
0.1% aq. AcOH and; B: 75% CH3CN in 0.1% aq. AcOH, linear
gradient in B, 0 → 50%, in 25 min). 31P-NMR (D2O): d −0.28;
−4.40.


NMR experiments with coxsackie VPg–pUpU (2). Roughly
0.8 mg of the VPg–pUpU nucleopeptide 2 was dissolved in 240 ll
D2O, yielding a ∼1.2 mM sample. The pH of the sample was
adjusted to 5.5 (meter reading) and transferred to a Shigemi
NMR tube. All spectra were recorded at 25 ◦C on a Varian Inova
500 MHz spectrometer. Resonances were assigned using standard
2D DQF-COSY,26 TOCSY,27 1H-31P HETCOR,28 and NOESY29


experiments. For the CT-DQF-COSY, a 67 ms constant time delay
was used in the t1 dimension.
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The function of gene products involved in the biosynthesis of
the clinically important polyketide rapamycin were elucidated
by biotransformation and gene complementation


Interest in rapamycin 1 and its derivatives has surged over
the past few years following appreciation of their immense
pharmacological potential. These compounds are currently the
most selective kinase inhibitors known and the only inhibitors
of mTOR (mammalian target of rapamycin) associated kinase
activity.1 Rapamycins bind the cyclophilin FKBP12, and this
complex binds and inhibits the function of mTOR. mTOR, a
serine–threonine kinase, appears to act as a central controller
sensing cellular environment and regulating translation initiation
through the eukaryotic initiation factor 4E and ribosomal p70
S6 kinase pathways. Rapamycin (Sirolimus, Rapamune) has
been licensed for use as an immunosuppressant after organ
transplantation, and has shown potential therapeutic use in the
treatment of cardiovascular, autoimmune and neurodegenerative
diseases.2 In addition, rapamycin and its derivatives represent
exciting candidates for anticancer therapeutic development, with
three rapamycin derivatives, CCI-779, RAD001 and AP23573,
presently in clinical trials as anticancer agents.3


Rapamycin is a lipophilic macrolide produced by Streptomyces
hygroscopicus NRRL 5491.4 The biosynthetic gene cluster has
been shown to encode a modular polyketide synthase (PKS), a
non-ribosomal peptide synthetase-like protein, and other biosyn-
thetic genes.5 Biosynthesis is initiated by incorporation of a
shikimate derived 4,5-dihydroxycyclohex-1-ene carboxylic acid
(DHCHC) starter unit,6 the biosynthesis of which is dependent
on RapK.7 Macrocycle biosynthesis is completed by incorporation
of pipecolic acid (an L-lysine derived amino acid formed by the L-
lysine cyclodeaminase RapL8) and ring closure. The first enzyme
free intermediate, pre-rapamycin 2,9 is thought to be modified
by three methyltransferases (rapI , rapM and rapQ) and two
cytochrome P450 monooxygenases (rapJ, rapN), with the support
of the associated putative ferridoxin rapO, to yield 1 (Fig. 1).


In the present study, complete rapamycin genes associated with
the modification of 2 were inserted in isolation or in combination
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Fig. 1 Structure of rapamycin and possible post-PKS variations; R1 =
OH or OCH3; R2 = H, OH or OCH3; R3 = H or CH3; R4/R5 = H/H
or O. For rapamycin (1), R1, R2 = OCH3; R3 = CH3; R4/R5 = O; for
pre-rapamycin (2), R1 = OH, R2 = H, R3 = H, R4/R5 = H/H.


into the chromosome of S. hygroscopicus MG2–10, comprising
the deletion of genes rapKIJMNOQL,9 and Streptomyces lividans
TK24, using integrative expression plasmids based on pSET152.10


In S. hygroscopicus, rapK and rapL were always included to ensure
precursor supply except where indicated. Gene expression was
driven by the promoter PactI with its cognate activator actII-orf4
from Streptomyces coelicolor,10 which was found to be an effective
promoter in both organisms. Thus, through a combination of
complementation into the deletion mutant S. hygroscopicus MG2–
10, and heterologous biotransformation with S. lividans TK24, the
gene product functions were elucidated and differentiated, and
rapamycin analogues were isolated (see ESI† for methods and
analysis).


To confirm the function and differentiate the site of action of
RapI and RapM, S. hygroscopicus MG2–10 was complemented
with rapI (BIOT-2034), rapM (BIOT-2209) or rapIM (BIOT-
2210). Compounds 3, 4 and 5 respectively were isolated in good
yields and to a high degree of purity using preparative chromatog-
raphy. Structural elucidation was achieved by a combination of
LCMS/MS and 2D NMR analysis. Full detail is provided in the
supplementary information but, briefly, LCMS/MS isolated the
structural changes to the anticipated fragments of the molecule as
shown in Table 1. These fragmentation pathways have been verified
for 1 and 2 using accurate mass FT-ICR-MS/MS methods and
are directly applicable to our intermediate structures (Fig. 2).7,9


NMR data were fully consistent with the anticipated structures.
All compounds were derivatives of 2. 3 was O-methylated only at


the C39 position, and 4 was O-methylated only at the C16 position.
Where the deletion strain was complemented with rapIM, the
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Table 1 Isolated rapamycin analogues and their associated mass spectrometry fragmentation patterns


R1 R2 R3 R4/R5 A B C D E


1 OMe OMe Me =O 936.4 807.2 642.2 614.2 320.1
2 OH H H H,H 864.3 735.3 614.2 556.2 306.0
3 OMe H H H,H 878.4 749.3 628.3 556.2 306.0
4 OH H Me H,H 878.4 749.4 614.2 570.2 306.0
5 OMe H Me H,H 892.7 763.6 628.4 570.3 306.0
6 OMe OH H H,H 894.7 765.6 628.4 572.3 306.0
7 OH OH Me H,H 894.4 765.4 614.3 586.2 306.0
8 H OMe H =O 892.5 763.5 612.3 600.4 320.1
9 OH H H =O 878.4 749.3 628.2 570.2 320.1


Fig. 2 Fragmentation pattern of rapamycin and structural definition of rapamycin mass spectrometry fragments A–E.


isolated compound 5 was O-methylated both at C39 and C16.
As further confirmation of the function and site of action of
these enzymes, rapI and rapM were heterologously expressed
separately in S. lividans TK24. On feeding 2 to these strains,
compounds consistent with 3 and 4 respectively were observed


by chromatographic methods and MS/MS for which the masses
of fragments C and D are characteristic for these changes (Table 1).


A third O-methylation at C27 is also observed during the
biosynthesis of 1. Prior to this, hydroxylation at C27 of 2 is
required and RapN had been postulated as the monooxygenase
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responsible for insertion of oxygen into the C–H bond at this
position. Due to the juxtaposition of rapO to rapN in the
biosynthetic gene cluster, where they are present as an operon of
translationally fused open reading frames under a single promoter,
rapO (encoding the ferridoxin RapO) was retained with rapN with
the assumption that this ferridoxin supports electron transfer to
RapN. From the S. hygroscopicus MG2–10 strains complemented
with rapINO and rapMNO respectively (BIOT-2212 and BIOT-
1815) the compounds 6 and 7 were isolated. After analysis by
LCMS/MS and 2D NMR it was clear that both compounds
were hydroxylated at C27. Moreover, no C27-methoxy forms of
6 or 7 were observed in the culture broths, and it would appear
that the O-methyltransferases RapI and RapM are unable to O-
methylate this position. As expected, compounds 6 and 7 were
O-methylated at the C39 and C16 groups respectively, confirming
the absolute regio-specificity of the O-methyltransferases RapI for
the C39 position and RapM for the C16 position.


The third candidate O-methyltransferase, RapQ, was investi-
gated in the S. hygroscopicus MG2–10 strain BIOT-3373, com-
plemented with only rapJNOQL and fed cyclohexanecarboxylic
acid (CHCA), an analogue of DHCHC which is not produced
in this strain due to the absence of RapK. This starter unit is
hydroxylated at the C4 position prior to its incorporation by
the rapamycin PKS.7 A compound 8 was isolated in good yield
and to high purity following fermentation. Based on 2D NMR
analysis a methoxy group was clearly shown to be present at
C27, demonstrating the regio-specificity of RapQ for this position.
When rapQ alone was heterologously expressed in S. lividans
TK24, no modification of 2 (which lacks the C27 hydroxyl group)
was detected further supporting the fact that RapQ does not O-
methylate other positions.


Confirmation and differentiation of the function and specificity
of the two cytochrome P450 monooxygenases was performed
using the same approach of complementation and heterologous
biotransformation. As described above, the inclusion of rapN
in a complemented strain resulted in hydroxylation at C27
alone confirming the monooxygenase function of RapN and
demonstrating its regio-specificity for this position.


Strain BIOT-3373 producing 8 described above is comple-
mented with both monooxygenase genes rapN and rapJ. As seen
for 6 and 7, hydroxlation by RapN at C27 had occurred allowing O-
methylation of this group by RapQ. Additionally, a keto group was
incorporated at C9 in 8, something which had not been observed
in the absence of rapJ in any of the strains tested above. This
suggested that RapJ had the suprising ability of performing two
rounds of oxygen insertion to form the C9-keto group. To further
investigate the function of RapJ, S. hygroscopicus MG2–10 was
complemented with rapJ (BIOT-1811). The resulting compound
9 was isolated in good yield and to high purity. However, due
to the presence of multiple rotamers of 9 it was difficult to
fully assign the structure of this compound. Fortunately, it was
clear that no new methoxy signals were present in the NMR
spectra and the connectivity around the C9-keto group could be
determined for the major rotamer, verifying the site of action of
RapJ and its function as a monooxygenase. Additional analysis by
LCMS/MS was consistent with this modification as the increase
in mass by 14 units was clearly not due to O-methylation and
was located within fragment E (Table 1). As further confirmation
of the function of RapJ, S. lividans TK24 complemented with


rapJ, rapK or rapKJ respectively were fed with 2 and the culture
extracts analysed by LCMS/MS. The strains expressing rapJ
alone or in combination with rapK converted 2 to a compound
with an LCMS/MS profile consistent with 9. There is significant
precedent for a cytochrome P450 monooxygenase to catalyse
two rounds of oxygen insertion. The enzyme BorI involved in
borrelidin biosynthesis is believed to convert the C12-methyl
carbon of the borrelidin precursor to a formyl species prior to
the biosynthesis of a novel nitrile moiety.11 This activity has been
confirmed in vitro (unpublished work).12 Similarly, the cytochrome
P450 monooxygenase TylI is involved in the formation of a C18-
formyl group during the biosynthesis of the macrolide tylosin.13 A
BLAST protein homology search of RapJ revealed that amongst
its closest relatives are PimG, CanC, AmphN and NysN. It has
been proposed that these enzymes might catalyse the oxidation
of a methyl group to a carboxylate, and based on the analysis of
genetic mutation AmphN does appear to introduce two oxygen
atoms into an unactivated methyl group.14


Finally, complete complementation of S. hygroscopicus MG2–
10 with rapIJMNOQ (BIOT-3206) resulted in the production of 1
at wild-type levels, confirmed by LCMS/MS and 2D NMR and
was consistent with a pure standard of 1.


It is striking that complementation of the deletion strain, S.
hygroscopicus MG2–10, produces such a variety of compounds.
Indeed all twenty-four possible intermediate compounds between
2 and 1 have been observed after the complementation of this
strain with all possible combinations of the deleted genes (data not
shown). However, not all are produced in good yield, indicating
that although there are clear parallel pathways for complete
rapamycin biosynthesis, there is a preferred route or routes. On
complementation with rapI , rapM or rapJ, the expected com-
pounds 3, 4, 9, were efficiently produced through fermentation.
O-Methylation at C27 is dependent first upon the action of RapN,
forming the C27 hydroxyl group. However, yields of 6 and 7 from
strains BIOT-2212 and BIOT-1815 were low with 4 accumulating
as an intermediate in BIOT-1815 fermentations suggesting 4 is
not the ideal substrate for RapN. The O-methylation at C27 by
RapQ was consistently found to be the most difficult modification
to achieve, but appeared to occur more readily after introduction
of the C9-keto group. In addition, this O-methylation appeared to
occur late in the fermentation process with the intermediate 27-
O-desmethylrapamycin accumulating and clearly being converted
to the final product later on during the fermentation of the wild-
type rapamycin producer. We propose that a preferred complete
rapamycin biosynthetic route occurs via O-methylation at C39
(RapI), introduction of a keto group at C9 (RapJ), O-methylation
at C16 (RapM), hydroxylation at C27 (RapN) with the final step
being O-methylation at C27 (RapQ).


Utilising the versatility of this system has allowed the pro-
duction of a wide range of rapamycin compounds7,8 in order to
explore the structure activity relationships (SAR) of rapamycin
analogues; a more comprehensive and detailed description of
their properties will be provided elsewhere. Simple changes in the
level of O-methylation have resulted in the production of more
soluble compounds with altered metabolism profiles, for example
compound 6 is three times more soluble than rapamycin, has an
improved Caco-2 permeabilty and a 20 fold reduction in Caco-2
B–A/A–B flux ratio (efflux) relative to 1. Key sites of metabolism,
such as the C39 methoxy group, which is the major target of
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Cyp3A4 for rapamycin metabolism, can be removed by feeding
CHCA to strains lacking RapK. Despite these changes to the
molecule, potency can be retained, with 6 comparing favourably
with rapamycin in the NCI 60 cancer cell line panel giving an aver-
age log GI50 of −6.22 versus −6.8 for rapamycin. Furthermore, in
a COMPARE analysis15 versus rapamycin, 6 scores 0.5 suggesting
that although the two compounds have a similar average potency
there are significant differences in the profile of activities against
the cell lines.


By controlling the post-PKS processing of 2 and combining this
with alternative starter units, pipecolate analogues, and even PKS
level changes, the combinatorial biosynthesis of a wide range of
rapamycin analogues is now possible. These offer great potential as
new agents with enhanced therapeutic properties and as chemical
genetic probes of the molecular pathways involved in rapamycin
action.
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The Johnson–Claisen rearrangement of D-gluco and L-ido-derived allylic orthoesters afforded
c,d-unsaturated ester that on ester reduction, epoxidation, regioselective oxirane opening by sodium
azide and hydrogenation led to sugar amino alcohols—immediate precursors for
1-deoxy-homonojirimycin 3a,b and polyhydroxylated homoazepanes 4a,b. Our synthetic approach and
glycosidase inhibitory activity is reported.


Introduction


Glycobiology is an emerging research field at the frontier of
chemistry, enzymology and biology. Many important biological
processes, wherein glycosidases play a crucial role, are being un-
covered leading to the possibility of finding new therapeutic targets
for the treatment of various diseases such as obesity, diabetes, viral
infection including AIDS and cancer.1 Most glycosidase inhibitors
share two common structural features: (i) a basic nitrogen atom
that at physiological pH mimics the positive charge formed during
the hydrolysis of the glycosidic bond and (ii) an array of hydroxyl
groups in a conformationally restricted motif which selectively
fit into the enzyme active site.2 The iminosugar structure is the
obvious choice as their polyhydroxylated nitrogen containing ring
skeleton is identical to that of sugars and thus mimics the enzyme.
The parent molecule of iminosugars (also called as azasugars)
namely nojirimycin 1a (Fig. 1) is the compound in which the


Fig. 1 Nojirimycin and azepane analogues.
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ring oxygen of D-glucose is replaced by a nitrogen atom,3


whereas in 1-deoxynojirimycin 1b (and other 1-deoxyazasugars),
the hemiacetalic functionality is replaced by an aminomethylene
group. The latter modification improved the glycosidase inhibitory
activity and some of them are therapeutically useful.3b,4–6 In
iminosugars the absolute configuration at each stereocentre is
crucial for its biological activity and therefore many stereoselective
syntheses of 1-deoxynojirimycin 1b and analogues have been
described to date.7,8


The one carbon ring homologues of 1b are polyhydroxylated
azepanes 2a,b and 4c,d (Fig. 1)9–11 which are glycosidase inhibitors
and potential DNA minor groove binding ligands (MGBL) due to
the flexibility of the seven-membered ring.12 Thus, the development
of new azasugars and azepanes opened a dynamic research
field at the interface between glycobiology and synthetic organic
chemistry. In this regard, we have recently reported the synthesis
of tetrahydroxy perhydroazaazulenes.13 Our approach hinges on
the Johnson–Claisen rearrangement of D-glucose derived allylic
alcohols 5a,b using trimethyl orthoacetate and propionic acid,
to give c,d-unsaturated ester 6 (Scheme 1). Conversion of methyl
ester 6 to an azidomethyl group and epoxidation gave 7. Reductive
5-exo-tet-cyclization of 7 under Staudinger conditions led to 8
that on opening of the 1,2-acetonide functionality followed by
reductive aminocyclization afforded perhydroazaazulenes 9.


Scheme 1 Synthesis of perhydroazaazulenes.


In continuation of our investigations in the area of
iminosugars,14 we thought of exploiting the Johnson–Claisen rear-
rangement product 6 in the synthesis of an altogether new 1-deoxy-
D-altro-homonojirimycin 3a, 1-deoxy-L-gluco-homonojirimycin
3b and the corresponding ring homologated polyhydroxylated
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homoazepanes 4a and 4b, and studied their glycosidase inhibitory
activity. Our results are described herein.


Results and discussion


The c,d-unsaturated ester 6 was obtained by the Johnson–Claisen
rearrangement of D-glucose derived allylic alcohols 5a and/or 5b
in 90% yield. Reduction of the ester functionality in 6 by LAH
followed by benzylation gave benzyl ether 11 which on treatment
with m-CPBA afforded a diastereomeric mixture of epoxides 12a
and 12b in a 2 : 1 ratio. The appreciable difference in the Rf values
allowed us to separate the epoxides by column chromatography.
The formation of 12a as a major product could be due to the
six-membered hydrogen bonding of m-CPBA with the oxygen of
C3-OBn and the delivery of oxygen from the b-face; whereas the
five-membered hydrogen bonding of m-CPBA with the furanose
oxygen and attack from the a-face gave 12b as a minor product.
Based on this the absolute configurations at the newly generated
C5,C6-stereocentres were assigned as 5R,6S for 12a and 5S,6R for
12b.15


The utility of 12a,b was initially demonstrated in the formation
of homoazepanes 4a,b respectively. Thus, regioselective epoxide
ring opening of 12a and 12b at C6, with lithium azide in DMF,
afforded exclusively 6-azido compounds 13a and 13b, respectively,
in high yield16 (Scheme 2). The appearance of a double doublet
at ∼d 4.2 corresponding to H5 and a multiplet at d 3.42–3.58
for H6 in 13a/13b indicated the regioselective formation of 6-
azido compounds. In the subsequent step, removal of –OBn
groups and reduction of the azide functionality in 13a, using
ammonium formate in the presence of 10% Pd/C, followed
by selective Cbz protection afforded N-Cbz protected amino
alcohol 14a as a white solid in 76% yield. Compound 14a on
reaction with TFA–water (to cleave the 1,2-acetonide function-
ality) followed by reductive aminocyclization, using ammonium
formate in the presence of 10% Pd/C in methanol, followed
by chromatographic purification afforded 1,6,7,8-tetradeoxy-1,6-
imino-(2S,3R,4R,5R,6R)-L-glycero-D-gluco-nonitol 4a as a thick
oil. The free base was treated with MeOH–HCl to give 4a as
a hydrochloride salt. The same sequence of reactions with 12b
gave 1,6,7,8-tetradeoxy-1,6-imino-(2S,3R,4R,5S,6S)-D-glycero-L-
ido-nonitol 4b and its hydrochloride salt 4b·HCl (Scheme 2).
Compounds 13a/13b and 14a/14b were characterized by spectral
and analytical techniques and the data were found to be in
agreement with the structures.


Although the spectral data of homoazepanes 4a and 4b were
found to be consistent with the structures, the configurational
assignments at each stereocentre in 4a and 4b were tentatively
made, stereocentres C2/C3/C4 are the same as in the D-glucose
and C5/C6 by knowing the stereochemistry of epoxides 12a
and 12b. The 1H NMR spectra of 4a and 4b did not give any
supportive information on the conformational and configura-
tional assignment due to the flexibility in seven-membered ring
systems.9–11 As an alternative, we thought of converting 12a/12b
to the corresponding six-membered piperidine derivatives 3a/3b
(by chopping the anomeric carbon), wherein the configurational
assignment at each carbon atom will be clearly evident from
the six-membered cyclic chair structure, by either 4C1 or 1C4


conformation, and the same configurational assignments would
be applicable to the homoazepanes 4a,b.


Scheme 2 Reagents and conditions: (a) LAH, THF, 0 ◦C, 1 h; (b) NaH,
BnBr, TBAI, THF, 0 ◦C to rt, 8 h; (c) m-CPBA, CH2Cl2, 0 ◦C to 25 ◦C,
24 h; (d) NaN3, LiCl, DMF, 100 ◦C, 8 h; (e) (i) HCOONH4, 10% Pd/C,
MeOH, 80 ◦C, 1 h; (ii) CbzCl, NaHCO3, MeOH–H2O, 0 ◦C to rt, 12 h; (f)
(i) TFA–H2O (2 : 1), 0 ◦C to rt, 2.5 h; (ii) HCOONH4, 10% Pd/C, MeOH,
80 ◦C, 1 h; (g) MeOH–HCl, rt, 3 h.


Thus, targeting the synthesis of 1-deoxy-homonojirimycin ana-
logues 3a,b, the free hydroxyl groups in 14a were protected as
acetates by treatment with acetic anhydride and pyridine to afford
triacetyl derivative 15a (Scheme 3). In the next step, cleavage of the
1,2-acetonide functionality in 15a (TFA–water), treatment with


Scheme 3 Reagents and conditions (a) Ac2O, Py, DMAP, 8 h; (b) (i)
TFA–H2O (2 : 1), 0 ◦C to rt, 2.5 h; (ii) NaIO4, acetone–water (9 : 1),
0 ◦C, 30 min; (iii) H2, 10% Pd/C, MeOH, 80 psi, 12 h; (iv) HCl–CH3OH
(9 : 1), 80 ◦C, 3 h; (c) aq. NH3, MeOH, rt, 15 min.
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sodium metaperiodate (to cleave the anomeric carbon atom) and
hydrogenation in the presence of 10% Pd/C in methanol afforded
a mixture of tetra-O-acetyl- and tri-O-acetyl-O-formyl-1-deoxy-
D-altro-homonojirimycins.17 One pot removal of O-acetyl and O-
formyl groups using methanolic hydrogen chloride afforded the
hydrochloride salt of the 1-deoxy-D-altro-homonojirimycin 3a as
a sticky gum, which on treatment with methanolic ammonia and
purification afforded 3a as a thick liquid.


Similarly, 14b gave 1-deoxy-L-gluco-homonojirimycin 3b as a
thick liquid. Compound 15b was characterized by spectral and
analytical techniques and the data were found to be in agreement
with the structure.


Conformational analysis


The six-membered iminosugars are known to exist in 4C1 or 1C4


conformations.11b In order to determine the conformations of
3a and 3b, we studied their 1H NMR spectra and the coupling
constant information was obtained by decoupling experiments. In
the 1H NMR spectrum of 3a, the appearance of two doublets of
doublets, corresponding to H1a and H1e with one large geminal
coupling constant (J1a,1e = 13.8 Hz) and small vicinal coupling
constants (J1a,2e = 3.6 Hz and J1e,2e = 2.7 Hz) indicated the
equatorial orientation of H2 and this fact was confirmed by the
appearance of H2 as a doublet of doublets of doublets with small
coupling constants (J2e,1a = 4.8 Hz, J2e,1e = 2.7 Hz and J2e,3e =
3.0 Hz). The relative disposition of H2 and H3 is trans as in the
starting compound 15a the corresponding H3 and H4 are trans
and the same stereochemistry is maintained in 3a. Therefore, H3
is assumed to be equatorial and confirmed by its appearance as
a doublet of doublets with small J values (J3e,4a = 4.8 Hz and
J3e,2e = 3.0 Hz). H4, however, appeared as doublet of doublets
with one large coupling constant (J4a,5a = 9.0 Hz) indicating a
di-axial relation between H4 and H5. The doublet of triplets
corresponding to H5 with a large (J4a,5a = 9.0 Hz) coupling
constant confirmed the di-axial orientation of H4/H5. This fact
clearly indicated the 4C1 conformation (Fig. 2) of 3a with 4R,5R
absolute configurations at the newly generated stereocentres. In
the 1H NMR spectrum of 3b, the appearance of one of the
doublet of doublets corresponding to H1 with a large coupling


Fig. 2 Conformations of 3a,b.


constant of 12.6 Hz indicated the axial orientation of H2. H3
and H4 appeared as two triplets with large coupling constants
(J2,3 = J3,4 = J4,5 = 9.6 Hz) indicating the relative axial orientation
of these protons and the 1C4 conformation of 3b with 4S,5S
absolute configurations at the newly generated stereocentres. Thus,
the stereochemistry assigned to 3a and 3b on the basis of the
stereochemistry of 15a and 15b was confirmed by the 1H NMR
of 3a and 3b. Because the formation of 3a and 3b involves the
loss of the corresponding anomeric carbon of 15a and 15b, the
configurational assignments at each carbon atom of 3a and 3b
provided proof for the stereochemistry of homoazepanes 4a and
4b at four stereocentres.


Glycosidase inhibitory study


The glycosidase inhibitory activity against a-glucosidase, b-
glucosidase, b-galactosidase, and a-mannosidase for compounds
3a,b and 4a–d was studied and the IC50 values are summarized
in Table 1. Compounds 3a and 3b were found to be selective
b-glucosidase inhibitors. Asano et al.18 have reported 1-deoxy-
D-altro-nojirimycin 3c as a non-selective glycosidase inhibitor.
However, the structurally similar, two carbon homologated 1-
deoxy-D-altro-homonojirimycin 3a showed selective b-glucosidase
inhibition in millimolar concentration. Chida et al.19 have reported
1-deoxy-L-gluco-nojirimycin 3d with an IC50 value of 74 lg
mL−1 (0.454 mM) against b-glucosidase, while 1-deoxy-L-gluco-
homonojirimycin 3b showed selective b-glucosidase inhibition
(IC50 = 45.0 lM) with a ten fold increase in the activity. This
effect could be attributed to the two carbon homologation at
C5. The synthesis of polyhydroxylated azepanes 4c and 4d was
reported earlier by us.11b Herein we report their biological activity
and compare their values with the activities of newly synthesised
two carbon homologated compounds 4a and 4b. Compound 4a
was found to be a a-glucosidase inhibitor, whereas 4c inhibit both
b-glucosidase and b-galactosidase in millimolar concentrations.
Compound 4b inhibit a-glucosidase and b-glucosidase whereas
compound 4d is active against b-glucosidase and b-galactosidase
in millimolar concentrations.


Conclusions


We have demonstrated the utility of c,d-unsaturated ester 6 em-
ploying Johnson–Claisen rearrangement for the synthesis of ho-
moazepanes 4a,b and 1-deoxy-homonojirimycin 3a,b analogues,
which involves ester reduction, benzyl ether protection, epoxida-
tion, regioselective nucleophilic ring opening by azide, hydrogenol-
ysis and N-Cbz protection protocol. The ready availability


Table 1 IC50 values in mMa


Compounds a-Glucosidase (yeast) b-Glucosidase (almonds) b-Galactosidase (bovine testes) a-Mannosidase (jack bean)


4a 10.4 602.2 NI NI
4c ND 21.6 44.3 ND
4b 17.3 7.3 NI NI
4d ND 69.1 45.8 48.4
3a NI 7.6 NI NI
3b NI 0.045 NI NI


a NI: No inhibition under our assay conditions. ND: Not determined. Values are the average of three sets of assays performed.
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of reagents, high yielding steps and good regioselectivity in the
process give easy access for the synthesis of different types of
otherwise difficult azasugars required for glycosidase inhibition
study. Another interesting aspect of the present route is that
we have converted D-glucose to 3b, which is an L-glucose. Thus
we have converted D-glucose to L-glucose by simple organic
transformations and chopping of the anomeric carbon atom,
which alters the numbering. We also studied compounds for their
glycosidase inhibition and found that compound 3b is a selective
b-glucosidase inhibitor in the lM range and compounds 3a, 4a
and 4b are selective b-glucosidase inhibitors in the mM range.


Experimental


General methods


Melting points were recorded with a melting point apparatus and
are uncorrected. IR spectra were recorded with FTIR as a thin film
or in nujol mull or using KBr pellets and are expressed in cm−1. 1H
(300 MHz) and 13C (75 MHz) NMR spectra were recorded using
CDCl3 and/or D2O as solvent(s). Chemical shifts are reported
in d units (ppm) with reference to TMS as an internal standard
and J values are given in Hz. Decoupling and DEPT experiments
confirmed the assignments of the signals. Elemental analyses were
carried out with a C,H analyzer. Optical rotations were measured
using a polarimeter at 25 ◦C. Thin layer chromatography was
performed on pre-coated plates (0.25 mm, silica gel 60 F254).
Column chromatography was carried out with silica gel (100–
200 mesh). The reactions were carried out in oven-dried glassware
under dry N2. Methanol, pyridine and THF were purified and
dried before use. Distilled n-hexane and ethyl acetate were used for
column chromatography. Sodium azide, lithium chloride, benzyl
chloroformate and m-chloroperbenzoic acid were purchased from
Merck. 10% Pd/C was purchased from Aldrich and/or Fluka.
After decomposition of the reaction with water, the work-up
involves washing of the combined organic layers with water, then
brine, drying over anhydrous sodium sulfate and evaporation of
solvent under reduced pressure.


1,6,7,8-Tetradeoxy-1,6-imino-(2S,3R,4R,5R,6R)-L-glycero-D-
gluco-nonitol (4a). A solution of 14a (0.10 g, 0.243 mmol) in
TFA–H2O (3 cm3, 2 : 1) was stirred at 25 ◦C for 2.5 h. Trifluroacetic
acid was co-evaporated with benzene to furnish a thick liquid. To a
solution of the above product in methanol was added ammonium
formate (0.092 g, 1.46 mmol) and 10% Pd/C (0.05 g) and the
reaction mixture was refluxed for an hour. The catalyst was filtered
through a pad of celite and washed with methanol. The filtrate was
concentrated to get a thick liquid, which on column purification
(chloroform–methanol–25% aqueous ammonia = 8 : 1.9 : 0.1)
afforded 4a (0.048 g, 94%) as a semisolid (Found: C, 48.88; H,
8.64. Calcd for C9H19NO5: C, 48.86; H, 8.66%); Rf 0.58 (methanol);
[a]25


D +3.1 (c 0.65 in CH3OH); mmax.(nujol)/cm−1 3200–3600 (broad
band); dH (300 MHz; D2O) 1.62–1.81 (3H, m, H7a,b and H8a),
1.82–1.98 (2H, m, H8b and H1a), 3.30–3.38 (2H, m, H6 and
H1a), 3.45 (1H, dd, J 6.6, 4.8 Hz, H4), 3.64 (2H, t, J 5.4 Hz,
CH2OH), 3.86–3.97 (2H, m, H2/H5), 4.11 (1H, d, J 5.1 Hz,
H3); dC (75 MHz; D2O) 25.6, 28.9 (C7/C8), 46.6, 62.2, 63.2
(C1/C6/C9), 72.1, 73.7, 75.1, 75.2 (C2/C3/C4/C5).


1,6,7,8-Tetradeoxy-1,6-imino-(2S,3R,4R,5S,6S)-D-glycero-L-
ido-nonitol (4b). Compound 14b (0.10 g, 0.243 mmol) was
reacted with TFA–H2O (3 cm3, 2 : 1) followed by ammonium
formate (0.092 g, 1.46 mmol) and 10% Pd/C (0.05 g) as described
in the synthesis of 4a to afford 4b (0.046 g, 90%) as a sticky
gum (Found: C, 48.85; H, 8.65. Calcd for C9H19NO5: C, 48.86;
H, 8.66%); Rf 0.52 (methanol); [a]25


D +2.7 (c 0.75 in CH3OH);
mmax.(nujol)/cm−1 3200–3600 (broad band); dH (300 MHz; D2O)
1.58–1.89 (3H, m, H7a,b and H8a), 1.98–2.12 (1H, m, H8b), 3.27
(1H, dd, J 14.1 and 6.6 Hz, H1a) 3.35 (1H, dd, J 14.1 and 3.3 Hz,
H1b), 3.24–3.36 (1H, m, H6), 3.65 (2H, t, J 6.3 Hz, CH2OH),
3.58–3.67 (1H, m, H3), 3.69 (1H, t, J 7.5 Hz, H4), 3.78 (1H, t,
J 7.5 Hz, H5), 4.01 (1H, ddd, J 9.6, 6.6 and 3.3 Hz, H2); dC


(75 MHz; D2O) 29.9, 29.7 (C7/C8), 48.8, 62.5 (C1/C6), 63.6,
70.4, 73.5, 77.7, 78.1 (C2/C3/C4/C5/C9).


1,6,7,8-Tetradeoxy-1,6-imino-(2S,3R,4R,5R,6R)-L-glycero-D-
gluco-nonitol hydrochloride (4a·HCl). To a solution of 4a in
methanol (2 cm3) was added a drop of concentrated hydrochloric
acid and the resulting reaction mixture was stirred for 15 min
at 25 ◦C. The solvent was evaporated on a rotary evaporator to
afford 4a·HCl as a semisolid in quantitative yield (Found: C, 41.91;
H, 7.81. Calcd for C9H20ClNO5: C, 41.94; H, 7.82%); [a]25


D +46.7
(c 0.3 in CH3OH); mmax.(nujol)/cm−1 3200–3600 (broad band); dH


(300 MHz; D2O) 1.64–1.86 (3H, m, H7a,b and H8a), 1.88–2.02
(1H, m H8b), 3.67 (2H, t, J 4.5 Hz, CH2OH), 3.47–3.56 (1H, m,
H1a), 3.57–3.74 (3H, m, H1b, H5 and H6), 3.91–4.25 (2H, m, H3
and H2), 4.14 (1H, d, J 5.1 Hz, H4); dC (75 MHz; D2O) 26.5, 28.1
(C7/C8), 44.2, 59.9, 61.0 (C1/C6/C9), 69.7, 71.3, 73.1 (strong)
(C2/C3/C4/C5).


1,6,7,8-Tetradeoxy-1,6-imino-(2S,3R,4R,5S,6S)-D-glycero-L-
ido-nonitol hydrochloride (4b·HCl). The reaction of compound
4b with concentrated hydrochloric acid as described in the prepa-
ration of 4a·HCl afforded 4b·HCl in quantitative yield (Found: C,
41.97; H, 7.79. Calcd for C9H20ClNO5: C, 41.94; H, 7.82%); [a]25


D


+4.0 (c 0.5 in CH3OH); mmax.(nujol)/cm−1 3200–3600 (broad band);
dH (300 MHz; D2O) 1.74–1.93 (3H, m, H7a,b and H8a), 2.01–2.14
(1H, m, H8b), 3.32 (1H, dd, J 14.4 and 6.9 Hz, H1a), 3.33–3.41
(1H, m, H6), 3.40 (1H, dd, J 14.4 and 3.0 Hz, H1b), 3.66 (2H,
t, J 6.0 Hz, CH2OH), 3.69 (1H, d, J 7.5 Hz, H3), 3.73 (1H, d,
J 7.5 Hz, H5), 3.83 (1H, t, J 7.5 Hz, H4), 4.05 (1H, ddd, J 9.3,
6.9 and 3.0 Hz, H2); dC (75 MHz; D2O) 26.7, 27.4 (C7/C8), 46.2,
60.1, 61.3 (C1/C6/C9), 67.6, 70.8, 75.7, 75.9 (C2/C3/C4/C5).


3,5,9-Tri-O-acetyl-6-(N-benzoxycarbonylamino)-6,7,8-trideoxy-
1,2-O-isopropylidene-a-D-glycero-D-gluco-nona-1,4-furanose (15a).
To an ice-cooled solution of 14a (0.50 g, 1.22 mmol) in
dry pyridine (1.5 cm3) was added acetic anhydride (2.48 g,
24.33 mmol). After stirring for 8 h at room temperature, ice-water
(2 cm3) was added and the reaction mixture was extracted with
chloroform (3 × 15 cm3). Usual workup and chromatographic
purification (n-hexane–ethyl acetate = 9 : 1) afforded triacetyl
derivative 15a (0.64 g, 98%) as a white solid (Found: C, 58.11;
H, 6.59. Calcd for C26H35NO11: C, 58.09; H, 6.56%); Rf 0.49
(20% ethyl acetate–n-hexane); [a]25


D +20.7 (c 0.68 in CHCl3); mp
110–112 ◦C (ethyl acetate–n-hexane = 1 : 9); mmax.(KBr)/cm−1


3300–3400 (broad band), 1742, 1671, 1529, 1450, 1375 and 1240;
dH (300 MHz; CDCl3; Me4Si) 1.31 (3H, s, CH3), 1.50 (3H, s, CH3),
1.61–1.85 (4H, m, H7a,b and H8a,b), 2.00 (3H, s, COCH3), 2.04
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(3H, s, COCH3), 2.05 (3H, s, COCH3), 4.04–4.16 (3H, m, H9a,b
and H6), 4.32 (1H, dd, J 9.6 and 3.0 Hz, H4), 4.44 (1H, d, J
3.6 Hz, H2), 4.89 (1H, d, J 9.6 Hz, exchanges with D2O, NH),
5.05 (1H, dd, J 9.6 and 2.7 Hz, H5), 5.09 (2H, ABq, J 12.3 Hz,
OCH2Ph), 5.28 (1H, d, J 3.0 Hz, H3), 5.90 (1H, d, J 3.6 Hz, H1),
7.25–7.35 (5H, m, ArH’s); dC (75 MHz; CDCl3; Me4Si) 20.7, 20.8,
21.0 (3 × COCH3), 25.4, 26.2 (2 × CH3), 26.7, 26.8 (C7/C8),
52.5, 63.9 (C6/C9), 66.8 (C4), 71.3 (OCH2Ph), 75.0, 77.0, 82.7
(C2/C3/C5), 105.0 (C1), 112.2 (OCO), 127.8 (strong), 128.3
(strong), 136.2 (ArC’s), 156.0 (NHCO), 169.4, 169.8, 170.9 (3 ×
COCH3).


3,5,9-Tri-O-acetyl-6-(N-benzoxycarbonylamino)-6,7,8-trideoxy-
1,2-O-isopropylidene-b-L-glycero-L-ido-nona-1,4-furanose (15b).
The reaction of 14b (0.50 g, 1.22 mmol) with acetic anhydride
(2.48 g, 28.72 mmol) and dry pyridine (1.5 cm3) as described in
the synthesis of 15a afforded 15b (0.63 g, 95%) as a thick liquid
(Found: C, 58.07; H, 6.53. Calcd for C26H35NO11: C, 58.09; H,
6.56%); Rf 0.44 (20% ethyl acetate–n-hexane); [a]25


D −5.0 (c 0.4 in
CHCl3); mmax.(neat)/cm−1 3300–3500 (broad band), 1735, 1600,
1400 and 1377; dH (300 MHz; CDCl3; Me4Si) 1.32 (3H, s, CH3),
1.52 (3H, s, CH3), 1.42–1.52 (1H, m, H7a), 1.57–1.69 (3H, m,
H7b and H8a,b), 2.05 (3H, s, COCH3), 2.07 (3H, s, COCH3),
2.09 (3H, s, COCH3), 3.79–3.89 (1H, m, H6), 4.06 (2H, t, J
6.3 Hz, CH2OAc), 4.43 (1H, dd, J 6.0 and 3.9 Hz, H4), 4.52
(1H, d, J 3.9 Hz, H2), 5.06 (2H, s, OCH2Ph), 5.11 (1H, d, J 9.3,
exchanges with D2O, NH), 5.17 (1H, dd, J 6.0 and 4.2 Hz, H5),
5.19 (1H, d, J 3.9 Hz, H3), 5.90 (1H, d, J 3.9 Hz, H1), 7.26–7.34
(5H, m, ArH’s); dC (75 MHz; CDCl3; Me4Si) 20.8, 21.0, 21.1 (3 ×
COCH3), 25.1, 26.4, 26.9 (strong) (2 × CH3 and C7/C8), 51.4,
51.5, 63.7 (C5/C6/C9), 66.8 (C4), 72.3 (OCH2Ph), 77.2, 83.8
(C2/C3), 104.3 (C1), 112.5 (OCO), 127.9 (strong), 128.0, 128.4
(strong), 136.3 (ArC’s), 155.9 (NHCO), 169.9, 170.1, 170.9 (3 ×
COCH3).


1,5,6,7-Tetradeoxy-1,5-imino-(2R,3S,4R,5R)-D-altro-octitol hy-
drochloride (3a·HCl). A solution of 15a (0.20 g, 0.37 mmol) in
TFA–H2O (2 : 1, 3 cm3) was stirred at 25 ◦C for 2.5 h. Trifluroacetic
acid was co-evaporated with benzene to furnish a thick liquid. To
a cooled solution of hemiacetal (0.18 g, 0.36 mmol) in acetone–
water (10 cm3, 5 : 1) was added sodium metaperiodate (0.09 g,
0.43 mmol) and stirred for half an hour. The reaction mixture
was quenched by adding ethylene glycol (0.1 cm3). Acetone was
removed under reduced pressure and the residue obtained was
extracted with chloroform (3 × 15 cm3). Usual workup and column
purification (n-hexane–ethyl acetate = 8 : 2) afforded aldehyde,
which was directly subjected for hydrogenation in methanol (8 cm3)
and 10% Pd/C (0.08 g) under 80 psi for 12 h. The catalyst was
filtered through a pad of celite, washed with methanol and the
filtrate was concentrated to get a gummy solid that was directly
subjected for deacetylation using MeOH–HCl (5 cm3, 9 : 1) under
reflux conditions for 3 h. The reaction mixture was cooled to
room temperature and freeze-dried to get 3a·HCl (0.051 g, 60%
overall) as a semisolid (Found: C, 42.21; H, 7.96. Calcd for
C8H18ClNO4: C, 42.20; H, 7.97%); Rf 0.64 (methanol); [a]25


D +29.6
(c 0.68 in CH3OH); mmax.(nujol)/cm−1 3200–3600 (broad band); dH


(300 MHz; D2O) 1.64–1.85 (3H, m, H6a,b and H7a), 1.98–2.16
(1H, m, H7b), 3.21 (1H, dd, J 13.2 and 3.6 Hz, H1a), 3.32–3.42
(2H, m, H1b and H5), 3.68 (2H, t, J 5.7 Hz, CH2OH), 3.98 (1H,
dd, J 9.6 and 3.0 Hz, H4), 4.02 (1H, dd, J 4.5 and 3.0 Hz, H3),


4.14–4.21 (1H, m, H2); dC (75 MHz; D2O) 25.7, 27.5 (C6/C7),
44.3, 55.5 (C1/C5), 61.2 (C9), 66.2, 67.2, 68.8 (C2/C3/C4).


1,5,6,7-Tetradeoxy-1,5-imino-(2R,3S,4S,5S)-L-gluco-octitol hy-
drochloride (3b·HCl). The reaction of 15b (0.20 g, 0.37 mmol)
with TFA–H2O (2 : 1, 3 cm3) and NaIO4 (0.093 g, 0.43 mmol)
followed by hydrogenation in the presence of 10% Pd/C (0.08 g),
using the same reaction conditions as described in the synthesis
of 3a·HCl afforded 3b·HCl (0.048 g, 56% overall) as a semisolid
(Found: C, 42.23; H, 7.99. Calcd for C8H18ClNO4: C, 42.20;
H, 7.97%); Rf 0.62 (methanol); [a]25


D −22.2 (c 0.45 in CH3OH);
mmax.(nujol)/cm−1 3200–3600 (broad band); dH (300 MHz; D2O)
1.56–1.80 (3H, m, H6a,b and H7a), 1.94–2.14 (1H, m, H7b),
2.93 (1H, t, J 12.0 Hz, H1a), 3.14 (1H, ddd, J 9.6, 6.9 and
3.6 Hz, H5), 3.45 (1H, t, J 9.6 Hz, H3), 3.47 (1H, dd, J 12.0
and 5.1 Hz, H1b), 3.48 (1H, t, J 9.6 Hz, H4), 3.62 (2H, t, J 5.7 Hz,
CH2OH), 3.77 (1H, ddd, J 12.0, 9.6 and 5.1 Hz, H2); dC (75 MHz;
D2O) 28.3, 29.5 (C6/C7), 48.6 (C5), 61.4, 63.5, 69.3, 73.5, 78.5
(C1/C2/C3/C4/C8).


1,5,6,7-Tetradeoxy-1,5-imino-(2R,3S,4R,5R)-D-altro-octitol (3a).
A solution of 3a·HCl (0.05 g, 0.18 mmol) in methanol and 25%
aqueous ammonia (2:1, 3 cm3) was stirred at room temperature
for 15 min. The solvent was evaporated on a rotary evaporator
to afford a thick liquid, which on purification by column chro-
matography (chloroform–methanol–25% aqueous ammonia = 8 :
1.9 : 0.1) afforded 3a (0.035 g, 83%) as a thick liquid (Found:
C, 50.27; H, 8.97. Calcd for C8H17NO4: C, 50.25; H, 8.96%); Rf


0.49 (methanol); [a]25
D +26.7 (c 0.68 in CH3OH); mmax.(nujol)/cm−1


3200–3600 (broad band); dH (300 MHz; D2O) 1.48–1.82 (3H, m,
H6a,b and H7a), 1.83–1.94 (1H, m, H7b), 2.89 (1H, dd, J 13.8
and 3.6 Hz, H1a), 3.00 (1H, dt, J 9.0 and 4.2 Hz, H5), 3.09 (1H,
dd, J 13.8 and 2.7 Hz, H1b), 3.64 (2H, t, J 6.3 Hz, CH2OH), 3.77
(1H, dd, J 9.0 and 3.0 Hz, H4), 3.92 (1H, dd, J 4.8 and 3.0 Hz,
H3), 3.97 (1H, ddd, J 4.8, 3.6 and 2.7 Hz, H2); dC (75 MHz; D2O)
26.5, 27.9 (C6/C7), 44.5, 55.2 (C1/C5), 61.6 (C8), 68.1, 69.1, 70.1
(C2/C3/C4).


1,5,6,7-Tetradeoxy-1,5-imino-(2R,3S,4S,5S)-L-gluco-octitol (3b).
The reaction of 3b·HCl (0.047 g, 0.21 mmol) with 25% aque-
ous ammonia as described for 3a and column purification
(chloroform–methanol–25% aqueous ammonia = 8 : 1.9 : 0.1)
afforded 3b (0.03 g, 76%) as a thick liquid (Found: C, 50.28; H,
8.94. Calcd for C8H17NO4: C, 50.25; H, 8.96%); Rf 0.47 (methanol);
[a]25


D −22.2 (c 0.45 in CH3OH); mmax.(nujol)/cm−1 3200–3600 (broad
band); dH (300 MHz; D2O) 1.54–1.82 (3H, m, H6a,b and H7a),
1.98–2.12 (1H, m, H7b), 2.78 (1H, dd, J 12.6 and 11.4 Hz, H1a),
2.93 (1H, ddd, J 9.6, 7.8 and 3.9 Hz, H5), 3.35 (1H, t, J 9.6 Hz,
H3), 3.36 (1H, dd, J 12.6 and 4.5 Hz, H1b), 3.42 (1H, t, J 9.6 Hz,
H4), 3.64 (2H, t, J 6.0 Hz, CH2OH), 3.70 (1H, ddd, J 11.4, 9.6
and 4.5 Hz, H2); dC (75 MHz; D2O) 26.5, 27.3 (C6/C7), 47.1 (C5),
59.2 (C1), 61.4, 68.2, 72.4, 76.9 (C2/C3/C4/C8).


Procedure for inhibition assay


Inhibition potencies of 4a–d and 3a,b were determined by
measuring the residual hydrolytic activities of the glycosidases.
Glycosidases namely a-mannosidases (jack bean), a-glucosidase
(baker’s yeast), b-glucosidase (almond) and b-galactosidase
(bovine testes) were purchased from Sigma Chemicals Co.
USA. Substrates (purchased from Sigma Chemicals Co. USA)
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p-nitrophenyl-b-D-glucopyranoside, p-nitrophenyl-a-D-glucopy-
ranoside of 2 mM concentration, were prepared in 0.025 M citrate
buffer with pH 6.0, and p-nitrophenyl-a-D-mannopyranoside, of
2 mM concentration, was prepared in 0.025 M citrate buffer with
pH 4.5. The test compound (of various concentrations of 0.5 lM to
1 mM) was preincubated with the enzyme, buffered at its optimal
pH, for 30 min at 25 ◦C. The enzyme reaction was initiated by the
addition of 100 lL of substrate. Controls were run simultaneously
in the absence of test compound. The reaction was terminated at
the end of 10 min by the addition of 0.05 M borate buffer (pH 9.8)
and absorbance of the liberated p-nitrophenol was measured at
405 nm with a Shimadzu Spectrophotometer UV-1601.20
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Methyl 3-O-p-methoxybenzyl-b-D-xylopyranoside (2) was exploited as a novel hinge-type tether for the
[2 + 2] cycloaddition of cinnamate. The major ring conformation occupied by the 2,4-dicinnamate
derivative of 2 was 4C1, which extends two cinnamates along a diequatorial orientation. However,
3-O-deprotected dicinnamate 5, when in a non-polar solvent, favours the 1C4 conformation, which
assists the approach of two cinnamates with the 1,3-diaxial scaffold. Photoirradiation of compound 5 at
313 nm in CHCl3 afforded the intramolecular cycloaddition of cinnamates to give methyl b-, d-, and
n-truxinates in a 86 : 8 : 6 ratio after transesterification with methanol. The regio- and stereoselectivities
are comparable to those reported by others for tethered cinnamates. The per-deuterated dicinnamate
derivative of 5 facilitated the conformation analyses of the pyranoside rings by 1H NMR, indicating
that all the products of photoirradiation had 1C4-fixed pyranosides. Excellent b-selectivity was achieved
when m-bromocinnamate was subjected to hinge-tethered [2 + 2] cycloaddition.


Introduction


Tethered synthesis of organic compounds has been widely studied
to improve regio- and stereoselectivities in the syntheses of
macromolecules and natural products.1 Its principle lies in the
constraint of two reacting components within a short distance (A
and B in Fig. 1a), which magnifies the effective concentration of
the reactants and stabilizes the transition-state (TS) structures,
speeding up the reaction usually with increased or different
selectivities compared with the intermolecular counterparts. How-
ever, many tethers developed thus far have a sizable freedom of
internal motion, permitting the formation of a number of transient
structures besides the near-TS structures during the reactions. To
diminish potential side-product formation, one may need a tether
with a restricted and discontinuous motion. A molecular hinge is
one that enables this kind of motion; i.e., the switch between an
open structure and a closed near-TS structure as shown in Fig. 1b.


Fig. 1 A coupling reaction between A and B assisted by a general tether
(a) and by a hinge-like tether (b).
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Although two reactants are far apart in the open structure so that
the tether-attachment is easy, the closed hinge can be a scaffold to
stabilize the near-TS structure.


We have developed hinge-like molecules employing the ring flip
of b-xylopyranosides (Fig. 2).2 A b-xylopyranoside adopting the
4C1 chair conformation is regarded as an open-hinge, because all
the substituents are equatorially oriented and, if the molecular
components are attached to the 1,3- or 2,4-positions, they will
form an extended arrangement. On the other hand, when the same
xylopyranoside adopts a 1C4 conformation, it resembles a closed-
hinge and the molecular components at the 1,3- or 2,4-positions
are arranged in a stacked manner because the substituents are now
all in an axial orientation. In practice, when pyrene groups were
incorporated into the 2,4-positions of methyl b-xylopyranoside,
pyrene-stacking was made possible by this hinge-like motion.3


The population of the closed form was solvent-dependent and
thus we were able to open and close the hinge molecule by simply
changing solvents. These results prompted us to investigate the
use of the hinge molecule in the tethering system for the [2 + 2]
cycloaddition of cinnamate. This cycloaddition was selected as a
model reaction to evaluate the hinge tether because there are a
number of examples of tethered syntheses for comparison with
this reaction.4 In addition, the diaxial scaffold provided by the
hinge-tether seemed to fit the product-like TS structure of the
cycloaddition, which was assumed to be a stacked dimer of two
cinnamates.


Fig. 2 A b-xylopyranoside as a hinge molecule.
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Results and discussion


At first, we attempted to tether two cinnamates by the direct and
selective esterification of methyl xylopyranoside in the presence
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), 4-(dimethylamino)pyridine (DMAP), and cinnamic acid.
However, the desired 2,4-dicinnamate was obtained in only
3 to 5% yields in DMF, pyridine, or toluene–pyridine, while
all the other possible isomers were produced at higher yields.
We thus decided to block the 3-OH group with a temporary
protecting group. We synthesized methyl 3-O-p-methoxybenzyl-
b-D-xylopyranoside 2 from the epoxide 1 through nucleophilic
ring opening with p-methoxybenzyloxide (Scheme 1).5 Although
the 1H NMR spectrum of 2 is complicated due to the overlap
of H2 and H3 signals, the coupling constants of J4,5a = 5.3 Hz
and J4,5b = 10 Hz are typical of the 4C1 conformation, indicating
that 2 sits in the “open-form”. Esterification of p-methoxybenzyl
ether 2 was performed with cinnamic acid, EDC, and DMAP to
give 3-O-protected dicinnamate 4 in 78% yield. In this reaction,
4-monocinnamate 3 was also obtained in 21% yield. The coupling
constants of compounds 3 and 4 were deduced to be 19% and
51% (Table 1) of the 1C4 populations, respectively, by previously
reported methods.2 A higher 1C4 population of 4 than 3 is most
likely due to stabilization caused by aromatic stacking (Fig. 3).
Deprotection of the 3-O-p-methoxybenzyl group of compound 4


Scheme 1 Synthesis of 2,4-dicinnamate derivatives of methyl
3-O-p-methoxybenzyl-b-D-xylopyranoside (2). Reagents and conditions:
(a) PMBO−Na+; (b) CinOH, EDC, DMAP; (c) Cind7OH, SO2Cl2, TEA;
(d) mBrCinOH, EDC, DMAP; (e) DDQ.


Fig. 3 Importance of aromatic stacking and hydrogen bonding for the
formation of the closed-hinge.


Table 1 J-Values (Hz) and 1C4 population of xylopyranoside derivatives


Compound Solvent J1,2 J2,3 J3,4 J4,5a J4,5b
1C4


2 CDCl3 — — — 5.3 10.2 0%
3 CDCl3 6.7 8.5 8.5 5.2 8.9 19%
4 CDCl3 4.7 6.1 6.1 3.8 6.1 51%
5 CDCl3 3.7 5.3 5.3 3.4 4.6 70%
5 CD3OD 6.6 8.4 8.4 4.7 8.5 23%
5 DMSO-d7 7.3 8.6 8.6 5.2 7.8 22%


was carried out with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) to give the desired 2,4-dicinnamate 5. The 1C4 population
of compound 5 and 2,4-dipyrenecarbonyl derivative had a similar
solvent-dependence:3 70%, 23%, and 22%, respectively for CDCl3,
CD3OD, and DMSO-d6 solutions, indicating that less polar
solvents tend to afford a greater population of the closed-form.
Solvent dependence has been attributed to the disturbance of a
hydrogen bond by a polar solvent and to aromatic stacking that
stabilizes the closed-hinge in a non-polar solvent, as suggested
for the 2,4-dipyrenecarbonyl derivative.3 The fact that there is a
smaller 1C4 population of 3-O-protected hinge 4 (51%) than the
deprotected counterpart 5 (70%) emphasizes the importance of
the hydrogen bond between 3-OH and 1-O in the stabilization of
the closed form. The following profiles can be drawn from the
above results: cinnamates are readily attachable to the uncrowded
open form of the hinge-tether. Immediately after attachment, the
hinge-tether automatically closes in 50% of the population. Fur-
ther closure of the hinge-tether is enhanced by the removal of the
3-OH blocking group and by dissolving it in a non-polar solvent.


We next undertook a [2 + 2] cycloaddition for the two
cinnamates of compound 5 to assess whether the closed-form of
the hinge-tether allows for an intramolecular coupling reaction.
Solutions of 5 in CHCl3, methanol or DMF were photoirradiated
at 313 nm with a band-filtered 500 W Hg(Xe) lamp. Only
the CHCl3 solution underwent a reaction. Disappearance of
compound 5 was confirmed after 44 h by UV absorption at 270 nm
and the reaction resulted in a mixture of four diastereomers 7A–D,
which were partially isolated by silica gel column chromatography.
From the integrals in the 1H NMR spectra, the yields of 7A–
D were determined to be 66%, 9%, 7%, and 5.5%, respectively.
Since determination of the stereochemistry of these compounds
by 1H NMR spectra seemed impractical, the product mixture
was transesterified with methanol to remove the hinge-tether. The
fractions including 7A and 7B diastereomers produced an identical
cyclobutane, whose structure was elucidated to be methyl b-
truxinate 8b by comparison with the reported 1H NMR spectrum.6


This result indicates that two major tethered adducts have the
structures 7A and 7B shown in Scheme 2, in which the hinge-
tether was connected in different orientations. Molecular models
suggest that 7B is more congested than 7A with regard to the space
between the benzene rings and the equatorial protons of H1 and
H5 (Fig. 4), accounting for the large downfield shifts of H1 and
H5b in the 1H NMR spectrum of the cycloadduct 7B owing to ring
current effects. A fraction containing three products (7A, 7C and
7D) produced methyl b-, d-, and n-truxinates on transesterification.
However, we could not determine the stereochemistry of 7C
out of two possible diastereomers and 7D out of four possible
diastereomers. Overall, the product ratio of methyl b-, d-, and n-
truxinates (8b, d, n) in this hinge-tethered synthesis was 86 : 8 : 6.
All the isomers are head-to-head adducts derived from 5 with the
b- and d-isomers being E–E adducts and the n-isomer being a E–Z
adduct as shown in Scheme 2. The regio- and stereoselectivities are
comparable to those reported by others for tethered cinnamates,4


though a few studies demonstrated the exclusive formation of
b- and d-truxinates from the tethered dicinnamates 97 and 10,8


respectively (Chart 1). Though the n-isomer is asymmetric, we
were unable to elucidate the stereochemistry because neither the
tethered-cycloadduct 7D nor the released-cycloadduct 8n could
be separated from the other diastereomers. The production of
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Scheme 2


Chart 1


Fig. 4 Molecular models of compounds 7A (left) and 7B (right).
Numerals are lengths in angstrom between H1 or H5b and the nearest
peripheral proton of a benzene ring. The molecular models were optimized
by SYBYL force field using PC Spartan software.11


n-truxinate is rather unusual, since this isomer has been produced
in small quantities in non-tether reactions9 and has seldom been
obtained from tethered cinnamates.10 This isomer, and even some
of the other isomers, might have been produced in an intermolec-
ular cycloaddition. To assess this hypothesis, the cinnamates of
5 were replaced with the all-deuterated cinnamates. This would
facilitate the assignment of the pyranose protons in the 1H NMR
spectra and thus the determination of the ring conformation
as to whether it is fixed in 1C4 or unfixed in a conformational
equilibrium. The di-d7-cinnamate 5d14 was prepared by subjecting
compound 2 to thionyl chloride, triethylamine, and cinnamic acid-
d7 and the subsequent removal of the p-methoxybenzyl group


(Scheme 1). The esterification resulted in an incomplete reaction
to give two mono-cinnamates, 6 and 3d7, besides dicinnamate 4d14.
The esterification conditions used for the synthesis of compound 4
(EDC, DMAP) resulted in the exchange of D to H at the a-position
of the cinnamate. The conformation of 5d14 showed almost the
same solvent dependence as that of 5 and photoirradiation was
performed for the chloroform solution of 5d14 under the same
conditions as those for 5. The reaction produced four products
7d14A–D in 75% yield with a product ratio of 65 : 13 : 11 :
11. The stereoselectivity (b–d–n = 78 : 11 : 11) was similar to
that obtained with the all-H cycloadduct 7. These isomers had
singlet H1 signals in the 1H NMR spectra indicative of a 1C4


pyranose conformation. According to our observations, all the
b-xylopyranosides fixed in 1C4 showed singlet H-1 signals and
they became doublets when they were unfixed even with 75% 1C4


population.2,3 It was thus suggested that all the diastereomers were
produced through intramolecular cycloaddition.


During the photoirradiation study, we found that there was
a pre-equilibrium of the double-bond isomerization prior to
cyclization to afford Z–Z 5Z,Z (26%), E–Z 5E,Z (21%), and Z–E 5Z,E


(21%) dicinnamates, together with the cycloadducts 7 (7%) and the
recovery of 5 (17%) after 4 h photoirradiation (Scheme 3). Though
the isomers could not be isolated and complete conformational
analyses were unfeasible due to the signal overlaps in the 1H
NMR spectra, the larger J-values of H1 signals for 5Z,Z (5.2 Hz),
5E,Z, and 5Z,E (4.4 and 4.7 Hz) relative to 5 (3.7 Hz) indicate
that the incorporation of Z-cinnamate tends to reduce the 1C4


population. We thus postulate that the formation of the near-
TS structure is relatively difficult from Z-cinnamates12 probably
due to congestion, and therefore the formation of an E–E adduct
was favored despite a small proportion of precursor 5 during the
double-bond isomerization.


Nakatsuji and coworkers found that the [2 + 2] cycloaddition of
m-bromocinnamates results exclusively in the E–E adducts.13 The
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Scheme 3


excellent stereoselectivity is explained by the reactivity–selectivity
principle, where the electron-withdrawing group caused the lower
reactivity and higher selectivity compared to the non-substituted
cinnamate. To ensure that our tether system reproduces high
selectivity, we synthesized the hinge-tethered m-bromocinnamate
5Br from compound 2 through compound 4Br (Scheme 1).
Photoirradiation of 5Br was carried out under the same conditions
as for 5 to afford 7BrA and 7BrB in 67% and 4% yields, respectively.
The other adducts were not found in this case. Release of the
hinge unit from the mixture of 7BrA and 7BrB yielded only the
methyl b-truxinate derivative (8Brb). The stereochemistry of 8Brb
was determined by the similarity of its NMR spectra with that of
8b. These results demonstrate that the hinge-tether system affords
a practical stereoselectivity in cases where an appropriate substrate
is attached to the tether.


Conclusions


We developed a novel hinge-type tether for the [2 + 2] cycloaddition
of cinnamate, in which a two-step closing procedure is employed
as shown in Fig. 5. The cinnamates were feasibly incorporated
into the partially protected hinge sugar in a polar solvent,
since the hinge molecule is mostly opened and uncrowded.
Deprotection (1st stage) and the use of a non-polar solvent
(2nd stage) promote the closure of the hinge molecule with
the assistance of hydrogen-bonding and aromatic stacking. The
[2 + 2] cycloaddition of hinge-tethered cinnamates proceeded
efficiently with this closed scaffold in a stereoselective manner. The
use of m-bromocinnamates afforded b-truxinate exclusively after
removal from the hinge molecule. Overall, the carbohydrate-tether
can intentionally generate a switching motion between open (or
uncrowded) and closed (or near-transition-state) forms, providing
a conceptually new tethering system.


Experimental


General


All solvents and reagents used were reagent grade and, in cases
where further purification was required, standard procedures14


were followed. Solution transfers where anhydrous conditions
were required were done under dry argon using syringes. Thin-
layer chromatograms (TLC) were performed on precoated silica
gel Merck 60-F254 plates (Art 5715) and visualized by quenching
of fluorescence and/or by charring after spraying with 1% CeSO4–
1.5% (NH4)6Mo7O24·4H2O–10% H2SO4. Column chromatogra-
phy was performed on Merck Kieselgel 60 (Art 7734), Wako gel
C-300, or Kanto Silica gel 60N (spherical, neutral) with the solvent
systems specified


Optical rotations were determined with a Horiba SEPA-200
using 1 dm or 0.1 dm length cell. 1H NMR (1D, COSY, HMQC,
and HMBC) spectra were recorded at 400 MHz (Varian Unity-
400) or 270 MHz (JEOL EX-270). Internal tetramethylsilane (d
0 ppm) was used as a standard in CDCl3 or solvents peaks were
used as standards (d 2.50 ppm in DMSO-d6 or d 2.75 in DMF-d7).
Chemical shifts are expressed in ppm referenced to the solvent,
as an internal standard. Coupling constants are measured in Hz.
The multiplicity of signals is abbreviated as follows: s = singlet,
d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of
triplets, ddd = doublet of doublets of doublets, br = broad signal,
m = multiplet. 13C NMR spectra were recorded at 67.8 MHz
(JEOL JNM-EX-270) or 100.6 MHz (Varian Unity-400) and
solvent peaks were used as standards (d 77.0 ppm in CDCl3 or
d 29.76 in DMF-d7). High resolution mass spectra (HRMS) were
recorded on Mariner Biospectrometry Workstation ESI-TOF MS.


Methyl 3-O-p-methoxybenzyl-b-D-xylopyranoside, 2. A mix-
ture of 55% NaH (75 mg, 1.71 mmol), which was washed
several times with hexane to remove the coated oil prior to use,


Fig. 5 The two-step closing system for the hinge-tethered photocycloaddition of cinnamates.
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and p-methoxybenzyl alcohol (2.1 mL, 16.8 mmol) was stirred
for 15 min at 0 ◦C. To this suspension was dropped a solution of
methyl 2,3-anhydro-b-D-ribopyranoside (1, 50 mg, 0.342 mmol)
in THF (2 mL) and the mixture was stirred for 50 min at room
temperature and 3.5 h at 70 ◦C. The mixture was poured into ice-
water and extracted with CHCl3. The organic layer was washed
successively with aqueous NH4Cl and brine, dried over MgSO4,
and evaporated. The residue was purified by silica-gel column
chromatography (hexane–ethyl acetate, 3 : 1 to 2 : 3) to give 2
(69 mg, 71%) as a white solid: Rf 0.15 (hexane–ethyl acetate, 1 :
1), mp 140–143 ◦C; [a]22


D −37.6 (c 1.00 in MeOH); dH (270 MHz,
CD3OD) 7.35 (2H, d, J 8.8, Ar), 6.87 (2H, d, J 8.8, Ar), 4.81 (1H,
d, J 11.2, CH2Ph), 4.78 (1H, d, J 11.2, CH2Ph), 4.13 (1H, d, J
7.5, 1-H), 3.86 (1H, dd, J 11.4, J 5.3, 5-Ha), 3.78 (3H, s, PhOMe),
3.63–3.37 (1H, m, 4-H), 3.49 (3H, s, OMe), 3.32–3.27 (2H, m,
2-H, 3-H), 3.21 (1H, dd, J 11.4, J 10.2, H-5b); dC (67.8 MHz,
CD3OD) 160.7, 132.3, 130.8, 130.7, 114.7, 114.5, 106.2 (C1), 85.4,
75.5 (CH2Ph), 74.8, 71.1 (C4), 66.9 (C5), 57.2 (Me), 55.7 (Me);
HRMS (ESI) Found: 307.1172 [M + Na]+. Calc. for C14H20O6Na
307.1158.


Methyl 2,4-di-O-(E)-cinnamoyl-3-O-p-methoxybenzyl-b-D-
xylopyranoside, 4. A solution of cinnamic acid (70 mg,
0.472 mmol) and SOCl2 (138 lL, 1.89 mmol) in dry toluene
(2.5 mL) was stirred for 2 h at 80 ◦C. After the solution was
evaporated, the residue was dried under vacuum for 1 h and
dissolved in CH2Cl2 (1.0 mL), to which was added a solution
of compound 2 (45 mg, 0.158 mmol) in CH2Cl2–pyridine (2 :
1, 1.5 mL) at 0 ◦C. The solution was stirred for 2 h at room
temperature and then 2 h at 40 ◦C. The mixture was poured into
ice-water and extracted with CHCl3. The organic layer was washed
successively with aqueous NH4Cl, aqueous NaHCO3, and brine,
dried over MgSO4, and evaporated. The residue was purified by
silica-gel column chromatography (hexane–ethyl acetate, 4 : 1 to
2 : 1) to give methyl 4-O-(E)-cinnamoyl-3-O-p-methoxybenzyl-b-
D-xylopyranoside (3, 14 mg, 21%) and 2,4-dicinnamate 4 (67 mg,
78%) as solids.


3. Rf 0.26 (hexane–ethyl acetate, 3 : 2); mp 113–115 ◦C; [a]22
D


−48.2 (c 0.45 in CHCl3); dH (400 MHz, CDCl3) 7.67 (1H, d, J
16.0Hz, PhHC=C), 7.54–7.50 (2H, m, Ar), 7.42–7.38 (3H, m,
Ar), 7.27–7.24 (2H, m, Ar), 6.84–6.81 (2H, m, Ar), 6.36 (1H, d, J
16.0, COHC=C), 5.05 (1H, ddd, J3,4 8.5, J4,5a 5.2, J4,5b 8.9, 4-H),
4.73 (2H, s, CH2Ph), 4.25 (1H, d, J1,2 6.7, 1-H), 4.15 (1H, dd, J4,5a


5.2, J5a,5b 11.7, 5-Ha), 3.72 (3H, s, PhOMe), 3.63 (1H, t, J 8.5, 3-
H), 3.61–3.56 (1H, bt, 2-H), 3.54 (3H, s, OMe), 3.31 (1H, dd, J4,5b


8.9, J5a,5b 11.7, 5-Hb), 2.51 (1H, b, OH); dC (67.8 MHz, CDCl3)
166.0 (C=O), 146.0, 134.4, 130.8, 130.5, 129.8, 129.2, 128.4, 117.5,
114.1, 104.2 (C1), 80.0 (C3), 74.0 (CH2Ph), 73.5 (C2), 71.3 (C4),
62.8 (C5), 57.1 (Me), 55.4 (Me); HRMS (ESI) Found: 437.1578
[M + Na]+. Calc. for C23H26O7Na 437.1576.


4. Rf 0.24 (hexane–ethyl acetate, 3 : 1); mp 125–127 ◦C; [a]22
D


−78.3 (c 0.635 in CHCl3); dH (400 MHz, CDCl3) 7.73 (1H, d, J
16.0, PhHC=C), 7.69 (1H, d, J 16.5, PhHC=C), 7.49–7.44 (4H,
m, Ar), 7.41–7.29 (6H, m, Ar), 7.26–7.23 (2H, m, Ar), 6.82–6.79
(2H, m, Ar), 6.43 (1H, d, J 16.0, COHC=C), 6.40 (1H, d, J 16.5,
COHC=C), 5.15 (1H, dd, J1,2 4.7, J2,3 6.1, 2-H), 5.05 (1H, ddd,
J3,4 6.2, J4,5a 3.8, J4,5b 6.1, 4-H), 4.69 (1H, d, J 11.8, CH2Ph),
4.64 (1H, d, J 11.8, CH2Ph), 4.58 (1H, d, J1,2 4.7, 1-H), 4.27
(1H, dd, J4,5a 3.8, J5a,5b 12.1, 5-Ha), 3.82 (1H, t, J 6.2, 3-H), 3.69


(3H, s, PhOMe), 3.53 (1H, dd, J4,5b 6.1, J5a,5b 12.1, 5-Hb), 3.48
(3H, s, OMe); dC (67.8 MHz, CDCl3) 165.7 (C=O), 165.3 (C=O),
159.1, 145.6, 145.6, 134.0, 134.0, 134.0, 130.4, 130.3, 129.7, 129.5,
128.8, 128.8, 128.1, 128.0, 117.4, 113.7, 100.7 (C1), 75.2 (C3), 72.6
(CH2Ph), 70.3 (C2), 69.7 (C4), 60.5 (C5), 56.3 (Me), 55.1 (Me);
HRMS (ESI) Found: 567.1999 [M + Na]+. Calc. for C32H32O8Na
567.1995.


Methyl 2,4-di-O-(E)-cinnamoyl-b-D-xylopyranoside, 5. To a
stirred solution of compound 4 (84 mg, 0.154 mmol) in CH2Cl2–
H2O (18 : 1, 5 mL) was added 2,3-dicholoro-5,6-dicyano-1,4-
benzoquinone (DDQ; 40 mg, 0.176 mmol) at 0 ◦C and the mixture
was further stirred for 9 h at room temperature. The mixture was
diluted with CHCl3–H2O and the organic layer was washed with
sat. NaHCO3 and then brine, dried over MgSO4, and evaporated.
The residue was purified by silica-gel column chromatography
(hexane–ethyl acetate, 6 : 1 to 5 : 2) to give compound 5 (62 mg,
95%) as an amorphous solid: Rf 0.16 (hexane–ethyl acetate, 3 : 1);
mp 56–58 ◦C; [a]22


D −41.5 (c 1.27 in CHCl3); dH (400 MHz, CDCl3)
7.77 (1H, d, J 16.0, PhHC=C), 7.75 (1H, d, J 16.5, PhHC=C),
7.44–7.25 (10H, m, Ar), 6.48 (1H, d, J 16.0, COHC=C), 6.46 (1H,
d, J 16.5, COHC=C), 4.99–4.96 (2H, m, 2-H, 4-H), 4.74 (1H, d,
J1,2 3.7, 1-H), 4.26 (1H, dd, J4,5a 3.4, J5a,5b 12.8, 5-Ha), 4.05 (1H, dt,
J2,3 = J3,4 5.3, J3,OH 8.1, 3-H), 3.71 (1H, dd, J4,5b 4.6, J5a,5b 12.8, 5-
Hb), 3.52 (3H, s, OMe), 3.25 (1H, d, J3,OH 8.1, OH); dH (400 MHz,
CD3OD) 7.76 (1H, d, J 16.0, PhHC=C), 7.745 (1H, d, J 16.5,
PhHC=C), 7.60–7.57 (4H, m, Ar), 7.40–7.25 (6H, m, Ar), 6.56
(2H, d, J 16.0, COHC=C × 2), 4.93–4.89 (2H, m, 2-H, 4-H), 4.53
(1H, d, J1,2 6.6, 1-H), 4.17 (1H, dd, J4,5a 4.7, J5a,5b 11.6, 5-Ha), 3.94
(1H, t, J2,3 = J3,4 8.4, 3-H), 3.48 (1H, dd, J4,5b 8.5, J5a,5b 11.6, 5-Hb),
3.47 (3H, s, OMe); dH (400 MHz, DMSO-d6) 7.73–7.67 (6H, m,
Ar, PhHC=C × 2), 7.56–6.40 (6H, m, Ar), 6.66 (1H, d, J 16.0,
COHC=C), 6.65 (1H, d, J 16.0, COHC=C), 5.69 (1H, d, J3,OH


5.9, OH), 4.82–4.76 (2H, m, 2-H, 4-H), 4.51 (1H, d, J1,2 7.3, 1-H),
4.02 (1H, dd, J4,5a 5.2, J5a,5b 11.6, 5-Ha), 3.82 (1H, dt, J2,3 = J3,4


8.6, J3,OH 5.9, 3-H), 3.41 (1H, dd, J4,5b 7.8, J5a,5b 11.6, 5-Hb), 3.37
(3H, s, OMe); dC (67.8 MHz, CDCl3) 166.2 (C=O), 165.9 (C=O),
146.1, 145.9, 134.0, 134.0, 130.5, 130.5, 128.9, 128.1, 128.1, 117.4,
117.1, 99.9 (C1), 77.2, 70.4 (C4), 70.2 (C2), 68.2 (C3), 59.3 (C5),
56.2 (Me); HRMS (ESI) Found: 425.1635 [M + H]+. Calc. for
C24H25O7 425.1601.


Methyl 2,4-di-O-(E)-cinnamoyl-d7-3-O-p-methoxybenzyl-b-
D-xylopyranoside, 4d14. A solution of (E)-cinnamic-d7 acid
(60 mg, 0.387 mmol) and SOCl2 (231 lL, 3.17 mmol) in dry
toluene (2.5 mL) was stirred for 2 h at 80 ◦C. After the solution
was evaporated, the residue was dried under vacuum for 1 h
and dissolved in CH2Cl2 (1.5 mL). In parallel, compound 2
(50 mg, 0.176 mmol) was co-evaporated with D2O–acetone-d6


(1 : 1) and dissolved in CH2Cl2–pyridine (2 : 1, 1.5 mL). The
solution of 2 was carefully added to the cinnamic-d7 chloride
solution at 0 ◦C. The mixture was further stirred for 1 h at room
temperature and then for 24 h at 40 ◦C. The mixture was poured
into ice-water and extracted with CHCl3. The organic layer was
washed successively with aqueous NH4Cl, aqueous NaHCO3,
and brine, dried over MgSO4, and evaporated. The residue was
purified by silica-gel column chromatography (hexane–ethyl
acetate, 4 : 1 through 2 : 1 to 2 : 3) to give methyl 4-O-(E)-
cinnamoyl-d7-3-O-p-methoxybenzyl-b-D-xylopyranoside (3d7,
21 mg, 28%), 2,4-dicinnamate-d7 4d14 (32 mg, 33%), and methyl
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2-O-(E)-cinnamoyl-d7-3-O-p-methoxybenzyl-b-D-xylopyranoside
(6, 14 mg, 19%) as solids.


3d7. Rf 0.26 (hexane–ethyl acetate, 1.5 : 1); mp 113–115 ◦C;
[a]22


D −88.6 (c 0.525 in CHCl3); dH (400 MHz, CDCl3) 7.28–7.24
(2H, m, Ar), 6.85–6.81 (2H, m, Ar), 5.06 (1H, dt, J4,5a 5.2, J3,4 =
J4,5b 8.9, 4-H), 4.73 (2H, s, CH2Ph), 4.26 (1H, d, J1,2 6.7, 1-H),
4.15 (1H, dd, J4,5a 5.2, J5a,5b 11.8, 5-Ha), 3.72 (3H, s, PhOMe),
3.64 (1H, t, J2,3 = J3,4 8.9, 3-H), 3.58 (1H, bt, 2-H), 3.54 (3H, s,
Me), 3.31 (1H, dd, J4,5b 8.9, J5a,5b 11.8, H-5b), 2.47 (1H, b, OH);
dC (67.8 MHz, CDCl3) 165.8 (C=O), 159.3, 133.8, 130.2, 130.0,
129.6, 128.8, 128.4, 128.1, 127.7, 127.4, 113.8, 104.0 (C1), 79.8
(C3), 77.2, 73.8 (CH2Ph), 73.3 (C2), 71.0 (C4), 62.6 (C5), 57.0
(Me), 55.1 (Me); HRMS (ESI) Found: 444.2000 [M + Na]+. Calc.
for C23H19D7O7Na 444.2016.


4d14. Rf 0.24 (hexane–ethyl acetate, 3 : 1); mp 124–126 ◦C; [a]22
D


−47.4 (c 0.515 in CHCl3); dH (400 MHz, CDCl3) 7.26–7.23 (2H,
m, Ar), 6.82–6.79 (2H, m, Ar), 5.10 (1H, dd, J1,2 4.7, J2,3 6.3, 2-H),
5.05 (1H, dt, J4,5a 3.8, J3,4 = J4,5b 6.3, 4-H), 4.69 (1H, d, J 11.8,
CH2Ph), 4.65 (1H, d, J 11.8, CH2Ph), 4.58 (1H, d, J1,2 4.7 Hz, 1-
H), 4.26 (1H, dd, J4,5a 3.8, J5a,5b 12.2, 5-Ha), 3.82 (1H, t, J2,3 = J3,4


6.3, 3-H), 3.69 (3H, s, PhOMe), 3.54 (1H, dd, J4,5b 6.3, J5a,5b 12.2, 5-
Hb), 3.48 (3H, s, OMe); dC (67.8 MHz, CDCl3) 166.1 (C=O), 165.7
(C=O), 159.4, 134.0, 129.8, 128.6, 127.9, 127.7, 117.5, 113.9, 101.0
(C1), 75.4 (C3), 72.9 (CH2Ph), 70.4 (C2), 69.9 (C4), 60.7 (C5), 56.5
(Me), 55.3 (Me); HRMS (ESI) Found: 581.2851 [M + Na]+. Calc.
for C32H18D14O8Na 581.2873.


6. Rf 0.19 (hexane–ethyl acetate, 1.5 : 1); mp 62–64 ◦C; [a]22
D


−2.6 (c 0.38 in CHCl3); dH (400 MHz, CDCl3) 7.26–7.22 (2H, m,
Ar), 6.86–6.82 (2H, m, Ar), 5.08 (1H, dd, J1,2 6.0, J2,3 7.5, 2-H),
4.72 (1H, d, J 11.5, CH2Ph), 4.56 (1H, d, J 11.5, CH2Ph), 4.44
(1H, d, J1,2 6.0, 1-H), 4.10 (1H, dd, J4,5a 4.3, J5a,5b 11.6, 5-Ha),
3.81–3.72 (1H, m, 4-H), 3.74 (3H, s, PhOMe), 3.56 (1H, t, J2,3 =
J3,4 7.5, 3-H), 3.47 (3H, s, OMe), 3.37 (1H, dd, J4,5b 8.1, J5a,5b 11.6,
5-Hb), 2.40 (1H, b, OH); dC (67.8 MHz, CDCl3) 165.7 (C=O),
159.6, 134.1, 130.2, 129.9, 117.4, 114.2, 102.0 (C1), 80.2 (C3),
77.4, 73.6 (CH2Ph), 71.8 (C2), 69.0 (C4), 64.1 (C5), 56.7 (Me),
55.4 (Me); HRMS (ESI) Found: 444.2013 [M + Na]+. Calc. for
C23H19D7O7Na 444.2016.


Methyl 2,4-di-O-(E)-cinnamoyl-d7-b-D-xylopyranoside, 5d14.
To a stirred solution of 4d14 (31.0 mg, 0.055 mmol) in CH2Cl2–
H2O (18 : 1, 1.0 mL) was added DDQ (14 mg, 0.62 mmol) at 0 ◦C
and the mixture was further stirred for 11 h at room temperature.
The mixture was diluted with CHCl3–H2O and the organic layer
was washed with sat. NaHCO3 and then brine, dried over MgSO4,
and evaporated. The residue was purified by silica-gel column
chromatography (hexane–ethyl acetate, 6 : 1 to 5 : 2) to give
compound 5d14 (23 mg, 95%) as an amorphous solid: Rf 0.30
(hexane–ethyl acetate, 2 : 1); mp 56–58 ◦C; [a]22


D −42.6 (c 1.00 in
CHCl3); dH (270 MHz, CDCl3) 5.00–4.96 (2H, m, 2-H, 4-H), 4.74
(1H, d, J1,2 3.7, 1-H), 4.26 (1H, dd, J4,5a 3.6, J5a,5b 12.8, 5-Ha),
4.05 (1H, b, 3-H), 3.70 (1H, dd, J4,5b 4.1, J5a,5b 12.8, 5-Hb), 3.52
(3H, s, OMe), 3.29 (1H, b, OH); dC (67.8 MHz, CDCl3) 166.2
(C=O), 165.9 (C=O), 146.0, 145.7, 145.4, 133.7, 128.7, 128.3,
128.0, 127.7, 127.4, 117.0, 99.9 (C1), 70.4, 70.2, 68.2 (C3), 59.3
(C5), 56.2 (Me); HRMS (ESI) Found: 461.2280 [M + Na]+. Calc.
for C24H10D14O7Na 461.2298.


Methyl 2,4-di-O-(E)-3-bromocinnamoyl-3-O-p-methoxybenzyl-
b-D-xylopyranoside, 4Br. A mixture of 2 (100 mg, 0.352 mmol),


3-bromocinnamic acid (176 mg, 0.775 mmol), 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC; 148 mg,
0.772 mmol) and 4-(dimethylamino)pyridine (DMAP; 95 mg,
0.778 mmol) in DMF (3.5 mL) was stirred for 24 h at room
temperature. The mixture was poured into ice-water and ex-
tracted with CHCl3. The organic layer was washed successively
with 0.5 M HCl, aqueous NaHCO3, and brine, dried over
MgSO4, and evaporated. The residue was purified by silica-gel
column chromatography (hexane–ethyl acetate, 7 : 2 to 2 : 1)
to give methyl 4-O-(E)-3-bromocinnamoyl-3-O-p-methoxybenzyl-
b-D-xylopyranoside (3Br, 29 mg, 17%) as a solid and 2,4-
dicinnamate 4Br (199 mg, 80%) as a syrup.


3Br. Rf 0.375 (hexane–ethyl acetate, 1 : 1); mp 148–150 ◦C; [a]22
D


−40.7 (c 0.625 in CHCl3); dH (400 MHz, CDCl3) 7.67–7.24 (7H,
m, Ar, PhHC=C × 2), 6.84–6.81 (2H, m, Ar), 6.33 (1H, d, J 16.0,
COHC=C), 5.05 (1H, ddd, J3,4 6.9, J4,5a 5.3, J4,5b 9.1, 4-H), 4.75
(1H, d, J 12.5, CH2Ph), 4.70 (1H, d, J 12.5, CH2Ph), 4.25 (1H,
d, J1,2 6.3 Hz, 1-H), 4.14 (1H, dd, J4,5a 5.3, J5a,5b 11.7, 5-Ha), 3.73
(3H, s, PhOMe), 3.62 (1H, t, J2,3 = J3,4 6.9, 3-H), 3.62–3.57 (1H,
m, 2-H), 3.54 (3H, s, OMe), 3.30 (1H, dd, J4,5b 9.1, J5a,5b 11.7, 5-
Hb), 2.45 (1H, b, OH); dC (67.8 MHz, CDCl3) 165.4 (C=O), 159.3,
143.9, 136.2, 133.3, 130.8, 130.4, 130.2, 129.7, 126.8, 123.1, 118.8,
113.8, 104.0 (C1), 79.8 (C3), 73.8 (CH2Ph), 73.3 (C2), 71.1 (C4),
62.6 (C5), 56.9 (Me), 55.2 (Me); HRMS (ESI) Found: 515.0710
[M + Na]+. Calc. for C23H25O7BrNa 515.0682.


4Br. Rf 0.34 (hexane–ethyl acetate, 2 : 1); [a]22
D −30.0 (c 2.34,


CHCl3); dH (400 MHz, CDCl3) 7.63–6.17 (12H, m, Ar, PhHC=C ×
2), 6.82–6.78 (2H, m, Ar), 6.37 (1H, d, J 16.2, COHC=C), 6.37
(1H, d, J 16.2, COHC=C), 5.10 (1H, dd, J1,2 5.1, J2,3 6.6, 2-
H), 5.06 (1H, ddd, J3,4 6.6, J4,5a 4.0, J4,5b 6.8, 4-H), 4.65 (2H, s,
CH2Ph), 4.54 (1H, d, J1,2 5.1, H-1), 4.25 (1H, dd, J4,5a 4.0, J5a,5b


12.0, 5-Ha), 3.81 (1H, t, J2,3 = J3,4 6.6, 3-H), 3.69 (3H, s, PhOMe),
3.49 (1H, dd, J4,5b 6.8, J5a,5b 12.0 Hz, 5-Hb), 3.48 (3H, s, OMe);
dC (67.8 MHz, CDCl3) 165.3 (C=O), 164.9 (C=O), 159.2, 143.9,
143.8, 136.2, 136.1, 133.3, 133.2, 130.7, 130.4, 130.4, 129.7, 129.5,
126.7, 126.6, 123.0, 123.0, 118.9, 118.8, 113.7, 100.9 (C1), 75.7
(C3), 72.8 (CH2Ph), 70.8 (C2), 70.1 (C4), 60.7 (C5), 56.2 (Me),
55.1 (Me); HRMS (ESI) Found: 723.0196 [M + Na]+. Calc. for
C32H30O8Br2Na 723.0206.


Methyl 2,4-di-O-(E)-3-bromocinnamoyl-b-D-xylopyranoside,
5Br. To a stirred solution of 4Br (182 mg, 0.258 mmol) in
CH2Cl2–H2O (18 : 1, 4 mL) was added DDQ (93 mg, 0.410 mmol)
at 0 ◦C and the mixture was further stirred for 5 h at room
temperature. The mixture was diluted with CHCl3–H2O and the
organic layer was washed with sat. NaHCO3 and then brine,
dried over MgSO4, and evaporated. The residue was purified by
silica-gel column chromatography (hexane–ethyl acetate, 5 : 1 to
5 : 2) to give compound 5Br (135 mg, 90%) as a syrup: Rf 0.265
(hexane–ethyl acetate, 2 : 1); [a]22


D −28.1 (c 1.375 in CHCl3); dH


(270 MHz, CDCl3) 7.65 (1H, d, J 15.9, PhHC=C), 7.64 (1H,
d, J 15.9, PhHC=C), 7.584 (1H, s, 2-H-BrPh), 7.580 (1H, s,
2-H-BrPh), 7.476 (1H, d, J 7.8, 4-H-BrPh), 7.474 (1H, d, J 7.8,
4-H-BrPh), 7.328 (1H, d, J 7.8, 6-H-BrPh), 7.325 (1H, d, J 7.8,
6-H-BrPh), 7.172 (1H, d, J 7.8, 5-H-BrPh), 7.165 (1H, t, J 7.8,
5-H-BrPh), 6.44 (2H, d, J 15.9, COHC=C × 2), 5.01–4.96 (2H,
m, 2-H, 4-H), 4.69 (1H, d, J1,2 4.1, 1-H), 4.25 (1H, dd, J4,5a 3.5,
J5a,5b 12.8, 5-Ha), 4.03 (1H, dt, J2,3 = J3,4 5.3, J3,OH 7.9, 3-H),
3.66 (1H, dd, J4,5b 5.0, J5a,5b 12.8 Hz, 5-Hb), 3.50 (3H, s, OMe),
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3.32 (1H, d, J3,OH 7.9 Hz, OH); dH (270 MHz, CD3OD) 7.75
(2H, s, 2-H-BrPh), 7.68 (1H, d, J 16.0, PhHC=C), 7.67 (1H, d,
J 16.0, PhHC=C), 7.55–7.53 (4H, m, Ar), 7.296 (1H, t, J 7.8,
5-H-BrPhh), 7.292 (1H, t, J 7.8, 5-H-BrPh), 6.69 (1H, d, J 16.0,
COHC=C), 6.68 (1H, d, J 16.0, COHC=C), 4.93–4.88 (2H, m,
2-H, 4-H), 4.54 (1H, d, J1,2 6.6, 1-H), 4.17 (1H, dd, J4,5a 4.9, J5a,5b


11.7, 5-Ha), 3.95 (1H, t, J2,3 = J3,4 8.2, 3-H), 3.48 (1H, dd, J4,5b


8.6, J5a,5b 11.7, 5-Hb), 3.47 (3H, s, OMe); 1H NMR (270 MHz,
DMSO-d6) 7.992 (1H, s, 2-H-BrPh), 7.987 (1H, s, 2-H-BrPh),
7.75 (2H, d, J 7.8, 4-H-BrPh), 7.68 (1H, d, J 16.0, PhHC=C),
7.66 (1H, d, J 16.0, PhHC=C), 7.62 (2H, d, J 7.8, 6-H-BrPh),
7.373 (1H, t, J 7.8, 5-H-BrPh), 7.368 (1H, t, J 7.8, 5-H-BrPh),
6.76 (1H, d, J 16.1, COHC=C), 6.75 (1H, d, J 16.1, COHC=C),
5.70 (1H, b, OH), 4.83–4.77 (1H, m, 4-H), 4.78 (1H, dd, J1,2


7.3, J2,3 8.7, 2-H), 4.51 (1H, d, J1,2 7.3, 1-H), 4.01 (1H, dd, J4,5a


6.1, J5a,5b 11.6, 5-Ha), 3.80 (1H, bt, 3-H), 3.46–3.34 (4H, m,
5-Hb, OMe); dC (67.8 MHz, CDCl3) 165.7 (C=O), 165.5 (C=O),
144.4 (PhC=C), 144.2 (PhC=C), 136.0, 133.3, 130.8, 130.4,
126.6, 123.0, 118.8 (COC=C), 118.6 (COC=C), 100.1 (C1), 70.8
(C4, C2), 68.6 (C3), 59.6 (C5), 56.3 (Me); HRMS (ESI) Found:
602.9616 [M + Na]+. Calc. for C24H22O7Br2Na 602.9631.


Photoirradiation of compound 5 for 4 h. A solution of com-
pound 5 (41 mg, 0.097 mmol) in CHCl3 (4 mL), which was bubbled
with argon gas prior to the reaction, was irradiated for 4 h at
16 ◦C with a 500 W Hg(Xe) lamp (band-filtered at 313 nm).
After removal of the solvent, the residue was chromatographed on
silica-gel (hexane–ethyl acetate, 5 : 2 to 2 : 1) to give the isomeric
mixture of methyl b-D-xylopyranoside-2,4-truxinates (7; 3 mg, 7%)
and three fractions (Fr1, Fr2, Fr3) each containing the mixture in
different ratios of methyl 2-O-(Z)-cinnamoyl-4-O-(E)-cinnamoyl-
b-D-xylopyranoside (5Z,E; 21%), methyl 2-O-(E)-cinnamoyl-4-O-
(Z)-cinnamoyl-b-D-xylopyranoside (5E,Z; 21%), and methyl 2,4-
di-O-(Z)-cinnamoyl-b-D-xylopyranoside (5Z,Z; 26%).


Fr1 (6 mg) includes 5E,Z, 5Z,E, and 5Z,Z in the ratio 0.13 : 0.361 :
0.51; [a]22


D −34.0 (c 0.75 in CHCl3).
Fr2 (13 mg) includes 5E,Z, 5Z,E, and 5Z,Z in the ratio 0.26 : 0.33 :


0.41; [a]22
D −42.6 (c 0.63 in CHCl3); dH (400 MHz, CDCl3, H: 5Z,Z,


H′: 5Z,E, H′′: 5E,Z) 7.73 (0.26H, d, J 16.0, (E)–PhH ′′C=C), 7.72
(0.34H, d, J 16.0, (E)–PhH ′C=C), 7.61–7.32 (10H, m, Ar), 7.03–
6.96 (1.41H, m, (Z)–PhHC=C, (Z)–PhH ′C=C, (Z)–PhH ′′C=C),
6.43 (0.33H, d, J 16.0, (E)–COH ′C=C), 6.42 (0.26H, d, J
16.0, (E)–COH ′′C=C), 6.01–5.94 (1.41H, m, (Z)–COHC=C, (E)–
COHC=C, (Z)–COH ′C=C, (Z)–COH ′′C=C), 4.95–4.83 (2H, m,
2-H, 2-H′, 2-H′′, 4-H, 4-H′, 4-H′′), 4.59 (0.26H, d, J1,2 4.4, 1-H′′),
4.55 (0.33H, d, J1,2 4.7, 1-H′), 4.43 (0.41H, d, J1,2 5.2, 1-H), 4.20
(0.33H, dd, J4,5a 3.7, J5a,5b 12.7, 5-H′a), 4.17 (0.26H, dd, J4,5a 4.0,
J5a,5b 12.8, 5-H′′a), 4.12 (0.41H, dd, J4,5a 4.1, J5a,5b 12.4, 5-Ha), 3.91–
3.87 (0.59H, m, 3-H′, 3-H′′), 3.75 (0.41H, bq, 3-H), 3.56 (0.33H, dd,
J4,5b 5.5, J5a,5b 12.7, 5-H′b), 3.52 (0.26H, dd, J4,5b 5.6, J5a,5b 12.8, 5-
H′′b), 3.49 (0.78H, s, OMe′′), 3.48 (0.99H, s, OMe′), 3.45 (1.23H, s,
OMe), 3.40 (0.41H, dd, J4,5b 6.4, J5a,5b 12.4, 5-Hb), 3.04 (0.33H,
d, J3,OH7.5, OH′′), 3.01 (0.26H, d, J3,OH 7.5, OH′), 2.81 (0.41H, d,
J3,OH 7.0, OH); dC (67.8 MHz, CDCl3) 166.3 (C=O), 166.0 (C=O),
165.4 (C=O), 165.4 (C=O), 165.2 (C=O), 165.1 (C=O), 146.1,
145.9, 144.6, 144.5, 144.5, 134.6, 134.5, 134.5, 134.2, 130.5, 129.8,
129.7, 129.3, 129.3, 129.3, 128.9, 128.2, 128.1, 128.0, 118.9, 118.7,
118.6, 117.3, 117.2, 100.5 (C1), 100.4 (C1′), 100.2 (C1′′), 71.3, 71.0,
70.9, 70.8, 70.8, 69.9 (C3), 69.4 (C3′), 69.3 (C3′′), 60.4 (C5), 60.1


(C5′), 59.9 (C5′′), 56.3 (Me); HRMS (ESI) Found: 447.1440 [M +
Na]+. Calc. for C24H24O7Na 447.1421.


Fr3 (15 mg) includes 5, 5E,Z, 5Z,E, and 5Z,Z in the ratio 0.47 : 0.24 :
0.15 : 0.14; [a]22


D −34.0 (c 0.75 in CHCl3).


Photoirradiation of compound 5 for 44 h. A solution of
compound 5 (30 mg, 0.071 mmol) in CHCl3 (3 mL), which was
bubbled with argon gas prior to the reaction, was irradiated for
44 h at 16 ◦C with a 500 W Hg(Xe) lamp (band-filtered at 313 nm).
After removal of the solvent, the residue was chromatographed on
silica-gel (toluene–ethyl acetate, 5 : 1) to give four fractions (Fr1,
Fr2, Fr3, Fr4) each containing the isomeric mixture of methyl
b-D-xylopyranoside-2,4-truxinates (7).


Fr1 (2 mg) includes a single isomer of methyl b-D-
xylopyranoside-2,4-b-truxinate (7B) as a syrup; Rf 0.40 (hexane–
ethyl acetate, 2 : 1); [a]22


D −44.3 (c 0.08 in CHCl3); dH (400 MHz,
CDCl3) 7.14–7.03 (6H, m, Ar), 6.93–6.88 (4H, m, Ar), 5.11 (1H, s,
1-H), 4.75–4.74 (1H, m, 2-H), 4.73–4.71 (1H, m, 4-H), 4.70–4.68
(2H, m, PhHC=C × 2), 4.51–4.47 (1H, m, 3-H), 4.33 (1H, dd, J4,5a


1.5, J5a,5b 13.4, 5-Ha), 4.20–4.16 (1H, m, 5-Hb), 3.93–3.83 (2H, m,
COHC=C × 2), 3.86 (1H, d, J3,OH 10.1, OH), 3.56 (3H, s, OMe);
dC (67.8 MHz, CDCl3) 174.4 (C=O), 170.2 (C=O), 138.3, 128.1,
128.1, 128.0, 127.9, 127.8, 127.6, 126.5, 126.4, 98.7 (C1), 73.0
(C2), 71.8 (C4), 60.2 (C3), 56.7 (C5), 56.1 (Me), 46.5 (cyclobutane),
46.2 (cyclobutane), 43.3 (cyclobutane), 43.1 (cyclobutane); HRMS
(ESI) Found: 447.1463 [M + Na]+. Calc. for C24H24O7Na 447.1421.


Fr2 (3 mg) includes two methyl b-D-xylopyranoside-2,4-b-
truxinates (7A and 7B) in the ratio 0.74 : 0.26; [a]22


D −34.0 (c 0.15
in CHCl3).


Fr3 (14 mg) includes another isomer of methyl b-D-
xylopyranoside-2,4-b-truxinate (7A) as a syrup; Rf 0.36 (hexane–
ethyl acetate, 2 : 1); [a]22


D −35.6 (c 0.70 in CHCl3); dH (400 MHz,
CDCl3) 7.13–7.06 (6H, m, Ar), 6.93–6.88 (4H, m, Ar), 4.93 (1H,
d, J1,2 0.6, 1-H), 4.77–4.73 (2H, m, 2-H, 4-H), 4.58–4.47 (3H, m,
3-H, PhHCC × 2), 4.31 (1H, dd, J4,5a 1.4, J5a,5b 13.3, 5-Ha), 4.19–
4.08 (2H, m, COHCC × 2), 3.91–3.85 (1H, m, 5-Hb), 3.81 (1H,
d, J3,OH 9.9, OH), 3.54 (3H, s, OMe); dC (67.8 MHz, CDCl3) 171.7
(C=O), 171.4 (C=O), 138.3, 129.0, 128.7, 128.2, 127.8, 126.6,
126.3, 98.9 (C1), 71.8 (C2), 69.4 (C4), 59.3 (C3), 57.0 (C5), 56.1
(Me), 45.0 (cyclobutane), 44.9 (cyclobutane), 42.3 (cyclobutane);
HRMS (ESI) Found: 447.1422 [M + Na]+. Calc. for C24H24O7Na
447.1421.


Fr4 (7 mg) includes methyl b-D-xylopyranoside-2,4-b-truxinate
(7A), methyl b-D-xylopyranoside-2,4-d-truxinate (7C), and methyl
b-D-xylopyranoside-2,4-n-truxinate (7D), in the ratio 0.48 : 0.29 :
0.23; [a]22


D −31.7 (c 0.36 in CHCl3); dH (400 MHz, CDCl3, H: 7A,
H′: 7C, H′′: 7D) COSY d 7.37–6.88 (10H, m, Ar), 4.93 (0.48H, s, 1-
H), 4.87 (0.29H, s, 1-H′), 4.85 (0.23H, s, 1-H′′), 4.77–4.73 (1.48H,
m, 2-H, 4-H, 2-H′, 4-H′′), 4.73–4.64 (0.58H, m, PhH ′CC × 2),
4.58–4.46 (1.94H, m, 3-H, PhHCC, 3-H′, 3-H′′, 2-H′′, 4-H′′), 4.33–
4.21 (1H, m, 5-Ha, 5-H′a, 5-H′′a), 4.19–4.08 (0.94H, m, PhHCC,
PhH ′′CC × 2), 4.04–3.97 (0.58H, m, COH ′CC × 2), 3.91–3.82
(0.77H, m, 5-Hb, 5-H′b), 3.82–3.69 (2.42H, m, OH, OH′, 5-H′′b,
COHCC × 2, COH ′′CC × 2), 3.60 (0.23H, d, J3,OH 9.6, OH′′),
3.54 (1.44H, s, OMe), 3.51 (1.56H, s, OMe′, OMe′′); dC (67.8 MHz,
CDCl3) 171.4, 171.3, 171.0, 141.4, 138.7, 138.3, 129.0, 128.7, 128.2,
128.0, 127.8, 127.0, 126.7, 126.6, 126.3, 99.1, 98.9, 98.7, 71.8, 71.6,
69.4, 69.3, 59.3, 58.8, 58.6, 57.2, 57.0, 56.9, 56.1, 56.0, 46.8, 46.6,


3700 | Org. Biomol. Chem., 2006, 4, 3694–3702 This journal is © The Royal Society of Chemistry 2006







45.7, 45.5, 45.0, 44.9, 44.1, 44.0, 42.3, 41.8, 29.7; HRMS (ESI)
Found: 425.1640 [M + H]+. Calc. for C24H25O7 425.1601.


Ester exchange reaction for methyl b-D-xylopyranoside-2,4-
truxinates. A mixture of methyl b-D-xylopyranoside-2,4-b-
truxinates (7: 24 mg, 0.056 mmol) in Fr1, Fr2, Fr3 obtained in
the previous section were treated with SOCl2–MeOH (1 : 100,
5.0 mL) under argon gas for 3 days at room temperature. After
evaporation, the mixture was dissolved in CHCl3, washed with sat.
NaHCO3, dried over MgSO4, and evaporated to give b-truxinate
8b (15.5 mg, 85%) as a white solid: dH (400 MHz, CDCl3) 7.12–6.89
(10H, m, Ar), 4.41–4.39 (2H, m, PhHCC × 2), 3.86–3.84 (2H, m,
COHCC × 2), 3.75 (6H, s, OMe); dC (67.8 MHz, CDCl3) 172.9
(C=O), 138.4, 128.0, 127.7, 126.4, 52.2 (Me), 44.9 (cyclobutane),
43.2 (cyclobutane); HRMS (ESI) Found: 347.1264 [M + Na]+.
Calc. for C20H20O4Na 347.1260.


A mixture of b-truxinate 8b, d-truxinate 8d, and n-truxinate
8n (0.7 : 0.2 : 0.1) was obtained through the above treatment
from Fr4: dH (400 MHz, CDCl3) 7.36–6.92 (10H, m, Ar), 4.66
(0.1H, t, J 10.4, n-PhHCC), 4.38–4.36 (1.4H, m, b-PhHCC × 2),
3.96–3.84 (0.2H, m, n-PhHCC, n-COHCC), 3.83–3.81 (1.4H, m,
b-COHCC × 2), 3.78 (0.6H, s, d-OMe), 3.72 (4.2H, s, b-OMe ×
2), 3.70 (0.3H, s, n-OMe), 3.73–3.68 (1.0H, m, d-PhHCC × 2,
d-OMe), 3.47 (0.4H, m, d-COHCC × 2), 3.35–3.31 (0.1H, m, n-
COHCC), 3.27 (0.3H, s, n-OMe); dC (67.8 MHz, CDCl3) 172.9,
138.4, 128.9, 128.6, 128.5, 128.3, 128.1, 127.9, 127.7, 127.3, 127.12,
127.07, 126.8, 126.6, 125.4, 52.1, 51.9, 47.3, 46.8, 44.9, 44.6, 44.4,
43,3, 43.2, 29.7; HRMS (ESI) Found: 347.1264 [M + Na]+. Calc.
for C20H20O4Na 347.1260.


Photoirradiation of compound 5d14 for 44 h. A solution of
compound 5d14 (47 mg, 0.107 mmol) in CHCl3 (5 mL), bubbled
with argon gas prior to the reaction, was irradiated for 44 h at
16 ◦C with a 500 W Hg(Xe) lamp (band-filtered at 313 nm).
After removal of the solvent, the residue was chromatographed
on silica-gel (toluene–ethyl acetate, 5 : 1) to give both isomers
of methyl b-D-xylopyranoside-2,4-b-truxinates-d14 7d14A (15 mg,
32%) and 7d14B (5 mg, 11%) as syrups and a fraction (Fr3; 15 mg,
32%) containing the mixture of methyl b-D-xylopyranoside-2,4-
truxinates-d14 (7d14).


7d14A. [a]22
D −37.9 (c 0.77 in CHCl3); dH (400 MHz, CDCl3) 4.93


(1H, s, 1-H), 4.77–4.74 (1H, m, 2-H, 4-H), 4.57–4.53 (1H, m, 3-H),
4.31 (1H, d, J5a,5b 13.4, 5-Ha), 3.89 (1H, d, J5a,5b 13.4, 5-Hb), 3.81
(1H, d, J3,OH 9.8, OH), 3.55 (3H, s, OMe); dC (67.8 MHz, CDCl3)
171.7 (C=O), 171.4 (C=O), 138.1, 127.8, 127.5, 127.1, 98.9 (C1),
71.8 (C2), 69.4 (C4), 59.2 (C3), 57.0 (C5), 56.1 (Me), 29.7 (m,
cyclobutane); HRMS (ESI) Found: 461.2286 [M + Na]+. Calc. for
C24H10D14O7Na 461.2298.


7d14B. [a]22
D −65.0 (c 0.14 in CHCl3); dH (400 MHz, CDCl3)


5.07 (1H, s, 1-H), 4.72–4.70 (1H, m, 2-H), 4.70–4.69 (1H, m, 4-
H), 4.47–4.42 (1H, m, 3-H), 4.29 (1H, dd, J4,5a 1.2, J5a,5b 13.4,
5-Ha), 3.83 (1H, d, J5a,5b 13.4, 5-Hb), 3.83 (1H, d, J3,OH 9.9, OH),
3.53 (3H, s, OMe); dC (67.8 MHz, CDCl3) 174.4 (C=O), 170.2
(C=O), 98.7 (C1), 73.0 (C2), 69.9 (C4), 60.2 (C3), 56.7 (C5),
56.1 (Me); HRMS (ESI) Found: 461.2296 [M + Na]+. Calc. for
C24H10D14O7Na 461.2298.


Fr3 includes methyl b-D-xylopyranoside-2,4-b-truxinate-d14


(7d14A), methyl b-D-xylopyranoside-2,4-d-truxinate-d14 (7d14C),
and methyl b-D-xylopyranoside-2,4-n-truxinate-d14 (7d14D), in the
ratio 0.5 : 0.25 : 0.25; [a]22


D −38.0 (c 0.76 in CHCl3); dH (400 MHz,


CDCl3, H: 7d14A, H′: 7d14C, H′′: 7d14D) 4.90 (0.5H, s, 1-H), 4.84
(0.25H, s, 1-H′), 4.82 (0.25H, s, 1-H′′), 4.74–4.70 (1.5H, m, 2-H,
2-H′, 4-H, 4-H′′), 4.54–4.42 (1.5H, m, 3-H, 3-H′, 3-H′′, 2-H′′, 4-
H′′), 4.29–4.18 (1H, m, 5-Ha, 5-H′a, 5-H′′a), 3.87–3.73 (1.75H, m,
5-Hb, 5-H′b, OH, OH′, 5-H′′b), 3.58 (0.25H, d, J3,OH 9.6, OH′′),
3.51 (1.5H, s, OMe), 3.47 (1.5H, s, OMe′, OMe′′); dC (67.8 MHz,
CDCl3) 171.7, 171.4, 171.3, 170.9, 170.5, 141.1, 139.9, 139.7, 138.5,
138.4, 127.8, 127.7, 127.4, 127.1, 126.1, 125.8, 99.1 (C1), 98.9 (C1),
98.7 (C1), 71.8, 71.6, 69.4, 69.3, 59.2, 58.8, 58.6, 57.2, 57.0, 56.9,
56.1, 56.0, 29.7; HRMS (ESI) Found: 461.2286 [M + Na]+. Calc.
for C24H10D14O7Na 461.2298.


Photoirradiation of compound 5Br for 44 h. A solution of
compound 5Br (46 mg, 0.079 mmol) in CHCl3 (3.5 mL), bubbled
with argon gas prior to the reaction, was irradiated for 44 h at
16 ◦C with a 500 W Hg(Xe) lamp (band-filtered at 313 nm).
After removal of the solvent, the residue was chromatographed
on silica-gel (hexane–ethyl acetate, 2 : 1 to 3 : 2) to give a
fraction (Fr1) containing the isomeric mixture of methyl b-
D-xylopyranoside-2,4-b-3,3′-dibromotruxinates (7BrA and 7BrB;
11 mg, 24%) and a single isomer of methyl b-D-xylopyranoside-
2,4-b-3,3′-dibromotruxinate 7BrA (20 mg, 43%) as a syrup.


7BrA. Rf 0.20 (hexane–ethyl acetate, 3 : 2); [a]22
D −35.2 (c 1.00


in CHCl3); dH (400 MHz, CDCl3) 7.26–6.78 (8H, m, Ar), 4.93
(1H, s, 1-H), 4.76–4.72 (2H, m, 2-H, 4-H), 4.40–4.56 (3H, m, 3-H,
PhHCC × 2), 4.30 (1H, d, J5a,5b 13.3, 5-Ha), 4.05–4.13 (2H, m,
COHCC × 2), 3.89 (1H, d, J5a,5b 13.3 Hz, 5-Hb), 3.82 (1H, d, J3,OH


9.5, OH), 3.55 (3H, s, OMe); dC (67.8 MHz, CDCl3) 171.2 (C=O),
170.9 (C=O), 140.2, 130.8, 130.75, 129.8, 129.75, 129.69, 129.67,
126.51, 126.47, 122.4, 98.8 (C1), 72.0 (C2), 69.5 (C4), 59.2 (C3),
57.0 (C5), 56.1 (Me), 44.6 (cyclobutane), 44.5 (cyclobutane), 42.0
(cyclobutane), 42.0 (cyclobutane); HRMS (ESI) Found: 580.9770
[M + H]+. Calcd for C24H23O7Br2 580.9811.


Fr1 includes 7BrA and methyl b-D-xylopyranoside-2,4-b-3,3′-
dibromotruxinate (7BrB), in the ratio 0.83 : 0.17; Rf 0.20 (hexane–
ethyl acetate, 3 : 2); [a]22


D −36.6 (c 0.56 in CHCl3); dH (400 MHz,
CDCl3) 7.26–6.78 (8H, m, Ar), 5.11 (0.17H, s, 1-H′), 4.92 (0.83H, s,
1-H), 4.78–4.72 (2H, m, 2-H, 2-H′, 4-H, 4-H′), 4.64–4.61 (0.34H,
m, PhH ′CC × 2), 4.54–4.41 (2.66 H, m, 3-H, 3-H′, PhHCC ×
2), 4.33–4.27 (1H, m, 5-Ha, 5-H′a), 4.16 (0.17H, d, J5a,5b 13.8,
5-H′b), 4.13–4.02 (1.66H, m, COHCC × 2), 3.90–3.79 (2.17H,
m, 5-Hb, COH ′CC × 2, OH, OH′), 3.56 (0.51H, s, OMe′), 3.55
(2.49H, s, OMe); dC (67.8 MHz, CDCl3) 171.2 (C=O), 170.9
(C=O), 170.0 (C=O), 130.8, 130.8, 130.8, 130.8, 129.9, 129.8,
129.7, 129.7, 129.7, 126.5, 126.5, 126.3, 126.1, 122.5, 122.4, 122.4,
98.8 (C1), 98.7 (C1′), 73.2 (C2′), 72.0 (C2), 70.0 (C4′), 69.5 (C4),
60.2 (C3′), 59.2 (C3), 57.0 (C5), 56.6 (C5′), 56.1 (Me), 56.1 (Me′),
46.1 (cyclobutane′), 42.8 (cyclobutane′), 42.0 (cyclobutane), 42.0
(cyclobutane); HRMS (ESI) Found: 580.9818 [M + H]+. Calcd for
C24H23O7Br2 580.9811.


Ester exchange reaction for methyl b-D-xylopyranoside-2,4-b-
3,3′-dibromotruxinates (7Br). A mixture of methyl b-D-xylo-
pyranoside-2,4-b-3-bromotruxinates (7Br: 65 mg, 0.112 mmol) in
Fr1 obtained in the previous section were treated with SOCl2–
MeOH (1 : 100, 5.0 mL) under argon gas for 15 h at room tem-
perature. After evaporation, the mixture was dissolved in CHCl3,
washed with sat. NaHCO3, dried over MgSO4, and evaporated.
The residue was chromatographed on silica-gel (hexane–ethyl
acetate, 2 : 1 to 3 : 2) to give b-3,3′-dibromotruxinate 8Brb (52 mg,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3694–3702 | 3701







97%) as a white solid: dH (400 MHz, CDCl3) 7.22 (1H, m, 4-H–
Ph), 7.09 (1H, t, J 1.6, 2-H–Ph), 7.00 (1H, t, J 7.9, 5-H–Ph), 6.81
(1H, m, 6-H–Ph), 4.35, 3.72 (2H, each m, cyclobutane), 3.76 (6H, s,
OMe × 2); dC (67.8 MHz, CDCl3) 172.4, 140.3, 130.7, 129.8, 129.7,
126.4, 122.3, 52.3, 44.5, 42.9; HRMS (ESI) Found: 502.9497 [M
+ Na]+. Calc. for C20H18O4Br2Na 502.9470.
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Monoclonal antibodies have been elicited against an achiral
rhodium complex and this complex was used in the presence
of a resultant antibody, 1G8, for the catalytic hydrogenation
of 2-acetamidoacrylic acid to produce N-acetyl-L-alanine in
high (>98%) enantiomeric excess.


Transition metals such as Rh, Pd, Pt, Ru etc. have been extensively
used as heterogeneous catalysts1,2 for various transformations of
molecules. A great number of transition metal complexes have
been prepared and used as homogeneous catalysts,3,4 because they
are considered as an intermediate of metal catalyzed reactions.
However, the complexes of transition metals such as Rh, Pd, Pt,
Ru have not been found in enzymes. If these complexes can be
used as if they are cofactors of enzymes, the scope of the catalysts
will be revolutionarily broadened.


Asymmetric catalyses have attracted much attention because of
the importance of chirality for living systems.5,6 In recent years,
water-soluble complexes of transition metals with proteins or
DNAs have played an important role in synthetic chemistry as
environmentally benign catalysts.7 In all cases, the metal complexes
were incorporated into biomolecules by non-direct methods, for
example the utilization of avidin–biotin interactions during the
complex formation of avidin with a biotinylated metal complex.8


The most important method to directly incorporate transition
metal complexes into proteins is thought to be the preparation
of monoclonal antibodies9 against transition metal complexes.
Now we have succeeded in preparing monoclonal antibodies for
transition metal complex 1 (Fig. 1) and found that the antibody–
Rh complex catalyzed the hydrogenation of amino acid precursors
to give L-amino acid ((S)-enantiomer) with >98% enantiomeric
excess (ee).


Fig. 1 Structure of achiral Rh complex 1 used as hapten.


We chose a rhodium cyclooctadiene phosphine complex as
a transition metal complex, because the Rh complex catalyzes


Department of Macromolecular Science, Graduate School of Science,
Osaka University, Toyonaka, Osaka, 560-0043, Japan. E-mail: harada@
chem.sci.osaka-u.ac.jp; Fax: +81-6-6850-5445; Tel: +81-6-6850-5445
† Electronic supplementary information (ESI) available: experimental
procedures and HPLC/GC analyses of the hydrogenation products. See
DOI: 10.1039/b609242j


a variety of reactions such as hydrogenation, hydroformy-
lation, isomerization, and so on.10 Achiral Rh complex 1,
[(1,5-cyclooctadiene){bis(2-diphenylphosphinoethyl)succinamido}
rhodium(I)] perchlorate, was synthesized8a,11 and characterized
by 1H-, 31P-NMR and FAB-MS measurements. The Rh complex
1 was used as a hapten to obtain monoclonal antibodies for the
Rh catalyst. The hapten was covalently attached to a keyhole
limpet hemocyanin (KLH) or bovine serum albumin (BSA) via
activation of the carboxyl group in the hapten molecule using
carbonyldiimidazole. The conjugates KLH–1 and BSA–1 were
purified by size exclusion chromatography and used as an antigen
to immunize mice and in enzyme-linked immunosorbent assays
(ELISA), respectively. Balb/c mice were immunized with KLH–1
conjugate in saline emulsified 1 : 1 in Freund’s complete adjuvant
four times at two week intervals. The hybridomas secreting
anti-1 antibodies were cloned twice by limiting dilution. Four
monoclonal antibodies (1B11, 1C5, 1G8, 1H5) specific for Rh
complex 1 were chosen and their subclasses were found to be
immunoglobulin M (IgM). The dissociation constant (Kd) of the
complex between one of the antibodies (1G8) and 1 was found to
be 2.3 × 10−7 M by ELISA.


The hydrogenation of amino acid precursors 2–4 was examined
(Table 1). The Rh complex was added to the aqueous solution
of the monoclonal antibody under argon atmosphere at room
temperature. The substrate was added to the mixture and H2


Table 1 Results of Rh-catalyzed hydrogenation of amino acid precursorsa


Entry Catalyst Substrate ee (%) Yield (%)


1 1 2 0 14
2 1–Antibody 1G8 2 —b 0
3 1–Antibody 1G8 3 —b 0
4 1 4 0 11
5 1–Antibody 1G8 4 >98 (S) 23
6 1–Antibody 1H5 4 <10 (S) 10
7 1–Antibody 1C5 4 <10 (S) <5
8 1–BSAc 4 0 12


a Rh complex 1 (21 nmol) was dissolved in 5 mL of phosphate buffer
(0.1 M, pH 7.0) with or without monoclonal antibodies (4.2 nmol, [antigen
binding site] = 42 nmol). The substrates 2–4 (78 lmol) were added into a
Schlenk containing an aqueous solution of Rh complex 1 or the antibody–
Rh complexes. The flask was purged with argon at first for 1 h, and then
hydrogen was introduced into the solutions through a needle. After stirring
for 12 h at 37 ◦C, the conversions and the ee values of the reaction products
were determined by HPLC or GC. b No products were obtained. c The
conjugate of Rh complex 1 with BSA (21 nmol) was used. It contains
1 mol of 1 per mol of BSA.
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was introduced to the solution at 1 atm, 37 ◦C for 12 h. The
HPLC and GC diagrams of the hydrogenation products of
each amino acid precursor were monitored (see ESI†). Without
antibodies, 2-acetamidocinnamic acid (phenylalanine precursor,
2) was converted to racemic N-acetyl-phenylalanine by the Rh
catalyst in 14% yield (entry 1). However, no catalytic reaction was
observed for 2 in the presence of the antibody 1G8–1 complex
(entry 2). A similar result was obtained for the hydrogenation of
2-acetamido-4-methylpentenoic acid (leucine precursor, 3) in the
presence of the antibody–1 complex (entry 3).


We examined the hydrogenation of 2-acetamidoacrylic acid
(alanine precursor, 4) catalyzed by Rh complex 1 in the absence
and presence of antibody 1G8 (entries 4 and 5, respectively). The
product obtained by the complex of antibody 1G8 with 1 was
(S)-enantiomer (N-acetyl-L-alanine) with >98% ee. The turnover
frequency of the Rh complex in the presence of the antibody was
found to be 1.2 min−1 for the hydrogenation of 4. On the other
hand, the substrate was converted to racemic N-acetyl-alanine by
the achiral Rh complex without antibodies.


The substrate specificity of this Rh catalyst–antibody 1G8
complex indicated that the antibody binding to the catalyst could
control the accessibility of substrates to the Rh catalyst (Fig. 2).
The enantioselective hydrogenation of the alanine precursor
achieved by using this antibody–Rh complex indicates that the
H2 attacks the double bond of the substrate at one face and the
other face is blocked by the protein.


Fig. 2 A schematic representation of the structure of the complex between
antibody 1G8 and the Rh catalyst to show the substrate specificity. The
characters S and P in the ligands of the Rh complex indicate solvent
molecules and diphenylphosphine ligands, respectively.


We have tested the catalytic hydrogenation of 4 by the Rh
complex with the other antibodies (entries 6 and 7) and the
conjugate of the Rh complex with BSA (entry 8). In these cases,
ee values were less than 10% or 0%. Only antibody 1G8 could
catalyze the hydrogenation of 2-acetamidoacrylic acid with high
enantioselectivity, although all antibodies tested in this study
could bind Rh complex 1.


Because of the very low solubility of the substrates to buffer
and a decrease of the catalytic activity of Rh complexes in
buffer, compared with organic solvents such as methanol, yields
of the hydrogenation products were very low in the absence of
the antibody. However, conversion of 2-acetamidoacrylic acid
to the corresponding hydrogenation product by the antibody
1G8–1 complex (23%) was higher than that without antibodies
(11%). These results suggested that a suitable environment around
Rh complex could be introduced by the binding of antibody
1G8 to control the catalytic activity, substrate specificity and
enantioselectivity of the hydrogenation reaction.


In conclusion, this work represents the first example of asym-
metric hydrogenation of an amino acid precursor catalyzed by the
complex of a transition metal with immunoglobulin. Although
the hydrogenation reaction of 2-acetamidoacrylic acid by the Rh
complex alone was non-selective, one of the antibodies bound
achiral Rh complex 1 and the resulting antibody–Rh complex
gave an enantiomeric product (N-acetyl-L-alanine) with >98% ee.
The hapten used to generate the antibodies does not incorporate
a substrate mimic. However, the substrate specificity of antibody
1G8 indicated that a smaller substrate such as an alanine precursor
could react with the Rh complex immobilized in the antibody
binding pocket and larger substrates than the hapten molecules
such as leucine and phenylalanine precursors could not bind to the
Rh catalyst. Antibody 1G8 could bind substrates with a similar
size as the hapten, although we did not design the binding pocket
for these amino acid precursors. The antibody 1G8–Rh complex
was found to be a precise stereoselective catalyst with substrate
specificity through second-sphere coordination.
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A series of peptidomimetic boronate esters containing the photoisomerisable azobenzene group has
been synthesised and assayed against the serine protease a-chymotrypsin. Compounds with
borophenylalanine inhibition groups were found to be inhibitors with micromolar activity, while those
with aryl boronate inhibition groups were inactive. Selected compounds were isomerised by UV or
visible light to obtain enriched states of the (Z) or (E) isomers, respectively, and assayed. A change in
activity on photoisomerisation was observed, however some decomposition of the boronate group on
irradiation was also observed, limiting reversibility.


Introduction


The physical and chemical properties of materials can be con-
trolled at the molecular level using molecular switches that operate
under a variety of conditions and in a variety of situations.
Numerous switching systems have been developed that control
the movement or reactivity of molecules based on pH,1 light2


and electrochemical3 switches, for example. Our research aims to
control optically biological systems using photoswitchable enzyme
inhibitors. We and others have reported examples of inhibitors
of serine proteases that combine an azobenzene photoswitch
with a group that binds to the enzyme of interest: for example,
boronic acid 1 was found to be 3 times less active after UV
irradiation (inhibition constant, K i, of 41 lM vs 11 lM) to give a
predominance of the cis isomer,4 while the a-keto ester 2 was found
to be 2 times more active (K i of 130 vs 240 nM) after irradiation to
give the cis isomer.5 In this paper, we extend this concept with the
preparation and testing of peptidomimetic-based photoswitchable
inhibitors of proteases that are amenable to incorporation into a
peptide sequence as a means to potentially increase potency and
specificity for one protease over another. These systems are also
amenable to attachment to other materials, such as metal surfaces,
polymers or nanoparticles. Photoswitch molecules attached to
such materials might form the basis for molecular computing or
reversible biosensor technologies. We also hoped to gain some
insight into those structural factors that influence the potency of
cis vs trans azobenzenes given the opposing results obtained for 1
and 2.


Initially, two groups of mono-substituted azobenzenes (Fig. 1)
were synthesised: those containing a simple aryl boronate (3–5)
based on literature photoswitch inhibitor 1, and a novel series
containing the boronate ester analogue of phenylalanine (6–8).6


The second series was prepared in an attempt to better target a-
chymotrypsin, where this enzyme is known to prefer aromatic
residues (e.g., the benzyl group of Phe) at the P1 position of
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substrates and inhibitors7 (see notation of Schechter and Berger8).
These compounds were assayed against a-chymotrypsin and found
to be active micromolar inhibitors. Based on these results the
disubstituted azobenzenes 9 and 10 (Fig. 2) were designed,
synthesised and tested as compounds suitable for incorporation
into a peptide sequence and for surface attachment.


Results and discussion


Further to the design of the photoswitchable inhibitors we
anticipated that potency, specificity and photoswitchability might
be further controlled by incorporating an amino acid with a
hydrophobic side chain (e.g. leucine) into the structure at P2,
this provides potential to bind to the S2 protease subsite9 (see
4, 5, 7, and 8). The design of 4 and 5 assumes that the aryl
boronic acid group occupies the S1 subsite. Compounds 3–5 were
synthesised by standard peptide coupling methods (Schemes 1–
3) and assayed against chymotrypsin using a spectrophotometric
assay. Surprisingly, these compounds were found to be inactive
against chymotrypsin up to their solubility limits (∼0.5 mM),
despite their structural similarity to reported inhibitor 1. This
suggests that the fit of 1 into the enzyme active site is significantly
enhanced by the shape and/or hydrogen bonding attributable to
the sulfonamide group. However, replacing the amide of 4 with
a sulfonamide to give 5 did not replicate this effect (see Table 1).
It is possible that the incorporation of a boronate ester into 3–5
might account for the reduction in potency relative to 1. However,
the observed >50 fold decrease in activity is not consistent with
literature, where boronate esters and their corresponding free
acids are reported to possess very similar activities.6,10 Our results
suggest that 1, although an effective photoswitch, cannot be simply
extended as a peptide analogue.


Better results were obtained using compounds 6–8, which
contain a boronate ester analogue of phenylalanine. Compound 6
was synthesised by coupling azobenzene 11 to the pinacol ester
of borophenylalanine 13 (Scheme 1). Difficulties were initially
encountered on attempting to perform amide coupling reactions
with 13 using normal peptide coupling reagents such as 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDCI)
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Fig. 1 Monosubstituted azobenzenes.


and benzotriazol-1-yloxytris(dimethylamino)phosphonium hex-
afluorophosphate (BOP), although the mixed anhydride coupling
method with isobutyl chloroformate gave acceptable yields. Di-
astereomers 7 and 8 were synthesised similarly from 14 and 12
in good yield (Scheme 2). Separation of the diastereomers was
problematic since they decomposed on silica. However, careful
chromatography on deactivated silica allowed separation of 7 and


Fig. 2 Disubstituted azobenzenes.


Scheme 1


8 in up to 86% de (see Table 1), although with poor recovery yields
(<10%) due to decomposition.


The 1H NMR of synthetic samples of 6, 7, and 8 revealed
them to be present almost exclusively as the E isomers (>95%).
Assay of these samples against chymotrypsin gave IC50 values of
3, 1.3 and 18 lM, respectively (see Table 1 entries vi, viii, and ix).


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3618–3625 | 3619







Scheme 2


Scheme 3


Encouragingly, the potency of compounds 6 and 7 is similar to the
activity of acetylborophenylalanine ityself (K i = 2.1 lM), a well-
studied inhibitor of chymotrypsin.11 This result is perhaps better
than might have been expected, and it implies that activity is not
significantly impaired by the presence of the azobenzene group
or the protection of the boronic acid as the pinacol ester. It is


Table 1 Activities of inhibitorsa


Entry Compound Inhibition constant/lMb


i 1 2.1c


ii 2 (26%, Z isomer) 0.24c


iii 3 >500
iv 4 >500
v 5 >400
vi 6 3.0
vii 6 (Z isomer) 4.7
viii 7 and 8, 92 : 8 ratio 1.3
ix 7 and 8, 7 : 93 ratio 18
x 9 10
xi 10 10


a >95% (E)-isomer, unless specified; b IC50, unless specified; c K i


possible that the azobenzene group may even enhance activity by
providing either a good fit into the shallow hydrophobic S2 subsite,
or an extended mimic of a b-strand, the preferred conformation
of peptide substrates of proteases.12 This could then offset any
possible reduction in activity due to the boronic acid protection.
The configuration of compounds 7 and 8 could not be assigned
from NMR data. However, the more active isomer 7 is assigned
the (R) configuration, as this corresponds to (i) the configuration
of natural phenylalanine and (ii) that commonly found in the more
active isomers of related inhibitors.13 Interestingly, the most active
diastereomer 7 was found to have approximately twice the potency
of racemic 6. This suggests that incorporation of leucine into the
inhibitor structure does not significantly enhance binding through
interaction of leucine with the S2 subsite. It is, however, possible
that any increase in binding conferred by leucine is off-set by the
affinity of the hydrophobic azobenzene group for the S2 subsite
(as in 6) rather than the S3 subsite (as in 7).


A sample of (Z) 6, obtained by chromatography from a mixture
of (E) and (Z) isomers formed from pure (E) on exposure to
ambient light conditions, was also assayed to assess the influence
of the configuration of the azobenzene on activity. This isomer
was less active (Table 1 entry vii), a result consistent with earlier
reports on the photoswitching of the related boronic acid 1, where
the (E) isomer was the more active.


The disubstituted azobenzenes 9 and 10 were synthesised based
on the successful inhibitor 6 (Scheme 4). These structures consist
of the borophenylalanine enzyme binding group, the azobenzene
photoswitch and an amino acid (glycine) at the N-terminus. The
added amino acid is intended to enhance the peptidic character
of the inhibitors in order to better mimic a natural substrate, as
well as adding extra bulk to the photoswitch with the aim of
improving photoswitching. The corresponding free amine is also
potentially useful for attachment of further substituents and for
surface attachment work.14 In addition, the Boc protecting group
of 9 allows assessment of the effect of substitution on binding
at a site well removed from the main binding and photoswitching
region of the inhibitor. Inhibitor 9 was synthesised in six steps from
commercially available 18 and previously reported 20.15 Amine 18
was oxidised by catalyst Mo(O2)2O·H2O·HMPA16 to the nitroso
derivative 19, which was then heated with 20 in HOAc to form
azobenzene 21. The Fmoc protecting group was found to cause
solubility and purification difficulties if carried into further steps.
Therefore, it was removed at this stage to give 22, and the more
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Scheme 4


convenient Boc group was introduced by coupling to Boc-glycine,
giving 23. Deprotection of the ester was unsuccessful under normal


conditions (LiOH, THF–H2O, 0 ◦C, 2 h), presumably due to the
stabilising effect of the aromatic group, however, heating and
longer reaction times afforded acid 24 in good yield. Boronate
ester 9 was synthesised by mixed anhydride coupling of 24 with
13, and 10 was formed by Boc deprotection. Assay of 9 and 10
gave identical inhibition constants (10 lM, Table 1 entries x and
xi), several times weaker than the monosubstituted parent 6, but
significantly more potent than 3–5. This suggests that the extra
substitution of the azobenzene group only slightly impairs the
‘fit’ of the inhibitor into the active site. The extra bulk of the
Boc group in 9 is tolerated, suggesting that the specificity of the
enzyme binding site does not extend further than the glycine in
these inhibitors.


The inhibitors 6 and 9 were photoisomerised and the two resul-
tant photostationary states assayed against chymotrypsin in order
to assess their efficacy as photoswitches. Good photoisomerisation
of both compounds was obtained on UV irradiation with a 500 W
mercury arc lamp through a UV filter with a narrow wavelength
band centred at 340 nm, giving rise to up to 74% (Z) isomer for
6, and 68% (Z) for 9. Assays were performed during a series of
irradiations in order to assess the impact of photoswitching and
potential decomposition. A sample of inhibitor was dissolved in
acetonitrile, irradiated with UV light, visible light (>360 nm),
then UV light, and aliquots were removed and assayed initially
and after each irradiation. For inhibitor 6 the decomposition
outweighed any photoswitching effect so that activity decreased
after each irradiation cycle. Irradiation of a sample of 6 with UV
for several hours gave a mixture that was partially purified by flash
chromatography. NMR analysis of this revealed that the pinacol
group had been lost. As this decomposition product showed no
(or very weak) activity it is assumed that the entire boronate group
was lost, or significantly altered by irradiation. Better results were
obtained for 9, and photoswitching was observed with limited
decomposition at each cycle. As shown in Fig. 3 the activity
increased from 10 lM (for sample containing <5% (Z) isomer)
to 7 lM after UV isomerisation to give 60% (Z) isomer. The
activity then decreased to 13 lM on isomerisation back to 85%
(E) isomer, and finally increased to 10 lM following a second UV
irradiation.


Fig. 3 Semi-reversible photoswitching of inhibitor 9.


Conclusions


A new series of boronate ester inhibitors of chymotrypsin has
been developed and tested. Compounds with a disubstituted
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azobenzene core that exhibit photoswitching of enzyme activity
are presented (see compounds 9 and 10). While the magnitude
of photoswitching is not improved by increasing the substitution
and peptidic character of inhibitors, it is possible to retain
photoswitching in such extended chain inhibitors. This opens up
possibilities for such compounds to be used in useful molecular
switching applications. Some decomposition of the boronate
group was observed on irradiation, however the peptidomimetic
design of these compounds is modular and so easily modified,
to allow simple alteration of the warhead group in order to
improve stability. The amino acids used can also be easily altered,
which should allow specific photoswitch inhibitors for a variety
of proteases to be developed using these basic methods. The last
point to note is that the exact fit of the inhibitors into the active
site appears to be particularly sensitive to molecular shape or
conformation. This is evidenced by the fact that in some cases
(1 and 6) the (E) azobenzene is the more active isomer, while for
others (2 and 9) the (Z) isomer is more active. A direct correlation
does not seem to exist between the nature of the warhead or linker,
and the relative activities of the (Z) and (E) isomers. Rather, it is
dependent upon the gross structure of the inhibitor and hence the
nature of its overall ‘fit’ in the active site.


Experimental


General


NMR spectra were obtained on a Varian Inova spectrometer,
operating at 500 MHz for 1H NMR and at 126 MHz for 13C NMR,
or on a Varian Unity 300 spectrometer, operating at 300 MHz for
1H NMR and at 75 MHz for 13C NMR. Two-dimensional NMR
experiments including COSY and HSQC were used to assign
spectra, and were obtained on the Varian Inova spectrometer
operating at 500 MHz. Electrospray ionisation mass spectra were
detected on a Micromass LCT TOF mass spectrometer operating
in electrospray mode with 50% acetonitrile–H2O as solvent. Dry
DMF was purchased from Acros. Dry THF was distilled from
sodium or potassium, dry DCM was distilled from CaH. EtOAc,
NMM, HOAc and EtOH were distilled before use. HPLC grade
acetonitrile was purchased from BDH. All other commercial
reagents were used as received.


Photoisomerisation


Compounds were photoisomerised by irradiation with UV or
visible light from a 500 W mercury arc lamp. The light beam
was filtered through water to reduce heat, and through either an
Edmund optics 340 nm interference filter for UV, or a Corning
0–51 visible filter for visible light. Samples were dissolved in d3-
acetonitrile, and irradiated for 70 min with UV light, or for 30 min
with visible light. The ratio of (E) : (Z) isomers was determined
before and after irradiations by 1H NMR analysis using the
integrals of well separated peaks. The major isomer was assigned
the thermodynamically more stable (E) configuration based on
literature precedence.4,5 The minor (Z) isomer characteristically
gave rise to upfield signals for the aryl protons which were
enhanced on irradiation. 2D NMR was used to confirm the
presence of minor isomers in some representative cases. All
experiments involving photoisomerisation were carried out in dim


lighting conditions, i.e. glassware wrapped in foil and with the
lights turned off.


Enzyme assays


Buffer solution (Tris): Tris(hydroxymethyl)aminomethane (1.21
g), CaCl2·6H2O (0.44 g) and Triton X-100 (0.05 g) were dissolved
in Milli-Q deionised water (75 mL), adjusted to pH 7.8 with 1 M
NaOH solution and made up to 100 mL with Milli-Q water.


Substrate solution: N-succinyl–(Ala)2–Pro–Phe–4-nitroanilide
(21 mg) was dissolved in Tris buffer solution (10 mL) by
ultrasonication. The solution was stored at −18 ◦C for up to two
weeks. The concentration of the solution was determined at the
start of each day from its UV spectrum (e315 = 14 000 L mol−1 cm−1)


Enzyme solution: a stock solution was prepared from a-
chymotrypsin (15 mg) in HCl solution (10 mL, pH 3, made up
by dilution of conc. HCl with Milli-Q water). The stock solution
was stored at −18 ◦C for up to 1 month. Each day an enzyme
solution was prepared: stock solution (200 lL) and Triton X-100
(25 mg) were made up to 50 mL with Milli-Q water.


Inhibition of a-chymotrypsin was determined with Suc–Ala–
Ala–Pro–Phe–4-nitroanilide as the substrate by an assay proce-
dure developed from the technique described by Geiger,17 except
that the order of addition of enzyme and substrate was inverted,
and only one substrate concentration was used, in order to obtain
inhibition constants as IC50 rather than K i. Briefly, inhibitors
were dissolved in acetonitrile at a series of dilutions ranging from
0.5–500 lM as appropriate for each compound. For each rate
measurement, inhibitor solution (or acetonitrile blank, 50 lL),
substrate solution (60 lL) and buffer solution (910 lL) were mixed
in a cuvette, and incubated for 5 min at 25 ◦C. Enzyme solution
(30 lL) was added, and the absorbance at 405 nm was monitored
for 5 min. An absorbance vs time plot was obtained, and the
slope used to find the initial rate. From the difference between
the initial rate and the initial rate for the acetonitrile blank, the
percent inhibition was calculated. This experiment was repeated
over as many inhibitor concentrations as required to obtain a
good straight line plot of percent inhibition vs log [inhibitor
concentration], from which the IC50 was interpolated. In the case
of the assay of photoisomerised azobenzene (Z)-isomers, assays
were performed as above except with d3-acetonitrile instead of
acetonitrile.


Synthesis


4-(Phenylazo)-N -(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)benzamide (3). To a mixture of 4-(phenylazo)benzoic
acid 11 (200 mg, 0.88 mmol), 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzenamine 12 (194 mg, 1 eq.) and O-
(7-azabenzotriazol-1-yl)-N,N,N ′,N ′-tetramethyluronium hexaflu-
orophosphate (HATU, 370 mg, 1.1 eq.) was added DMF (5 mL)
then DIEA (340 lL, 2.2 eq.). The solution was stirred for 16 h then
diluted with ethyl acetate (50 mL), washed with water (50 mL ×
2), dried over mgSO4 and concentrated. The crude product was
purified by flash chromatography, eluting with DCM followed by
1 : 9 EtOAc–DCM then 1 : 5 EtOAc–DCM, giving 3 (200 mg, 53%,
>95% E by 1H NMR) as an orange solid: mp 162–164 ◦C. Found:
C, 70.19; H, 6.04; N, 9.93, calcd for C25H26BN3O3: C 70.27, H
6.13, N 9.83%. 1H NMR (300 MHz, CDCl3) d 1.32 (12H, s,
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(CMe2)2), 7.37 (1H, t, J = 7.8), 7.50 (3H, m), 7.60 (1H, d, J = 7.2),
7.87–8.04 (8H, m), 8.23 (1H, s); 13C NMR (75 MHz, CDCl3) d
24.9, 84.0, 123.09, 123.10, 123.3, 126.2, 128.0, 128.7, 129.2, 131.0,
131.7, 136.5, 137.3, 152.5, 154.3, 164; m/z (ES) 428.2162, calcd
for C25H27


11BN3O3 (MH+) 428.2145.


(S)-N -(4-Methyl-1-oxo-1-(3-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan - 2 - yl)phenylamino)pentan-2-yl)-4-(phenyldiazenyl)benza-
mide (4). A solution of (S,E)-4-methyl-2-(4-(phenylazo)ben-
zamido)pentanoic acid 1418 (165 mg, 0.49 mmol), 12 (108 mg,
1 eq.), EDCI (130 mg, 1 eq.) and HOBt (92 mg, 1 eq.) in DCM
(5 mL) was stirred for 16 h then washed with water (50 mL), brine
(50 mL), and filtered to give 4 (113 mg, 43%, >95% E by 1H
NMR) as an orange solid: mp 225–227 ◦C, 1H NMR (300 MHz,
(CD3)2SO) d 1.05 (6H, t, J = 6.8, CHMe2), 1.38 (12H, s, (CMe2)2)
1.72 (1H, m), 1.80–2.00 (2H, m), 4.77 (1H, m, COCH), 7.42 (2H,
m), 7.71 (3H, m), 7.92 (1H, d, J = 6.6), 8.05 (5H, m), 8.25 (2H,
d, J = 8.4 Hz), 8.92 (1H, d, J = 7.2), 10.30 (1H, s); 13C NMR
(75 MHz, (CD3)2SO) d 21.6 (CHMe2), 23.2 (CHMe2), 24.8(2C,
(CMe2)2 and CHMe2), 41 (obscured by solvent peak, CH2), 53.2
(COCH), 83.8 (CMe2)2), 122.4, 122.9, 125.6, 128.5, 129.1, 129.4,
129.7, 132,2, 136.3, 138.8, 152.0, 153.5, 165.9, 171.5; m/z (ES)
541.2958, calcd for C31H38


11BN4O4 (MH+) 541.2986.


(S) - 4 - Methyl-2-(4-(phenylazo)phenylsulfonamido)-N-(3-(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pentanamide (5).
A mixture of 12 (50 mg, 0.23 mmol), 17 (100 mg, 1 eq.) and
HATU (95 mg, 1.1 eq.) was dissolved in DMF (5 mL) and DIEA
(87 lL, 2.2 eq.) was added. The reaction mixture was stirred
overnight then diluted with EtOAc (50 mL), washed with water
(50 mL), brine (50 mL), dried over mgSO4 and concentrated. The
crude material was purified by flash chromatography, eluting with
1 : 19 EtOAc–DCM to give 5 (43 mg, 28%, >95% E by 1H NMR)
as an orange solid: mp 75–80 ◦C, 1H NMR (500 MHz, CDCl3) d
0.75 (3H, d, J = 5, CHMe2), 0.87 (3H, d, J = 5.5, CHMe2), 1.31
(12H, m, (CMe2)2), 1.54 (1H, t, J = 9), 1.65 (2H, m), 3.88 (1H,
m, COCH), 5.45 (1H, m, NH), 7.24 (1H, t, J = 7.8), 7.49–7.54
(4H, m), 7.60 (1H, s), 7.64 (1H, d, J = 7), 7.86 (1H, s), 7.90–7.96
(4H, m), 8.03 (2H, d, J = 7.5) 13C NMR (75 MHz, CDCl3) d 21.4
(CHMe2), 22.9 (CHMe2), 24.4 (CHMe2), 24.8 ((CMe2)2), 42.2
(CH2), 56.4 (COCH), 83.9 ((CMe2)2), 123.1, 123.3, 123.4, 125.9,
128.4, 128.5, 129.2, 131.1, 132.1, 136.4, 140.5, 152.3, 154.8, 169.2;
m/z (ES) 577.2665, calcd for C30H38


11BN4O5S (MH+) 577.2656.


N -(2-Phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
ethyl)-4-(phenylazo)benzamide (6). To a solution of 11 (190 mg,
0.84 mmol) in THF (5 mL) was added isobutylchloro-
formate (108 lL, 1 eq.) then NMM (183 lL, 2 eq.). The reaction
mixture was stirred for 10 min, then a solution of 4,4,5,5-tetra-
methyl-a-(phenylmethyl)-1,3,2-dioxaborolane-2-methanamine, tri-
fluoroacetic acid salt 136 (300 mg, 1 eq.) in THF (5 mL) was
added. The resulting mixture was stirred for 16 h, then diluted
with EtOAc (50 mL), washed with water (50 mL) then brine
(50 mL) and concentrated. The crude material was purified by
flash chromatography, eluting with 3 : 7 EtOAc–DCM to give 6
(192 mg, 51%, >95% E by 1H NMR) as an orange solid: mp 205–
206 ◦C. Found: C, 71.13; H, 6.55; N, 9.31, calcd for C27H30BN3O3:
C 71.22, H 6.64, N 9.23%. 1H NMR (500 MHz, CDCl3) d 1.31
(6H, s, CMe2)2), 1.32 (6H, s, (CMe2)2), 2.83 (1H, dd, J = 11.8
and 14.3, CHCH2), 3.08 (1H, dd, J = 4.3 and 14.3, CHCH2),


3.15 (1H, m, CHCH2), 6.96 (1H, s, NH), 7.27 (3H), 7.36 (2H, t,
J = 7.8), 7.53 (3H), 7.87 (2H, d, J = 8.5), 7.94 (4H); 13C NMR
(126 MHz, CDCl3) d 25.0, 25.3, 37.3 (CHCH2), 46.3 (CHCH2),
81.0, 122.9, 123.2, 126.3, 128.7, 128.9, 129.0, 129.2, 131.9, 140.8,
152.4, 155.2, 170.4; m/z (ES) 456.2451, calcd for C27H31


11BN3O3


(MH+) 456.2458.


(Z)-N -(2-Phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)ethyl)-4-(phenylazo)benzamide ((Z)-6). A solution of (E)-6
(10 mg, 0.02 mmol) in 3 : 7 EtOAc–DCM (2 mL) was exposed
to ambient indoor lighting and daylight for 2 d, giving a mixture
of (E) and (Z) 6. Separation by flash chromatography, eluting with
3 : 7 EtOAc–DCM, gave (Z)-6 (1 mg, 7%). 1H NMR (500 MHz,
CDCl3) d 1.27 (6H, s, (CMe2)2), 1.28 (6H, s, (CMe2)2), 2.76 (1H,
dd, J = 12,14), 3.03 (1H, dd, J = 14, 4.3), 3.09 (1H, m), 6.80 (3H,
m), 6.85 (2H, d, J = 8.5), 7.18 (1H, t, J = 9.3), 7.23 (5H, m), 7.33
(2H, t, J = 7.5), 7.62 (2H, d, J = 8.5).


(S)-N -(4-Methyl-1-oxo-1-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,
2-dioxaborolan-2-yl)ethylamino)pentan-2-yl)-4-(phenylazo)benza-
mide (7 and 8). A solution of 1418 (100 mg, 0.29 mmol) in THF
(4 mL) was cooled to 0 ◦C, then isobutylchloroformate (40 lL, 1
eq.) and NMM (65 lL, 2 eq.) were added. The reaction mixture
was stirred for 10 min then a solution of 136 (106 mg, 1 eq.)
in THF (4 mL) was added. The mixture was stirred for 16 h,
diluted with EtOAc (50 mL), washed with water (50 mL) then brine
(50 mL), dried over MgSO4 and concentrated. The crude material
was purified by silica column chromatography on deactivated silica
(containing 35% water w/w), eluting with 3 : 7 EtOAc–DCM to
give a mixture of 7 and 8 (125 mg, 76%) as an orange solid.
The mixture of diastereomers was further purified three times by
column chromatography to give 7 (8 mg, 5%, 86% de, >95% E by
1H NMR)) as an orange solid: mp 55–60 ◦C, 1H NMR (500 MHz,
CD3OD) d 0.98 (3H, d, J = 6.5, CHMe2), 1.00 (3H, d, J = 5,
CHMe2), 1.14 (12H, m, (CMe2)2), 1.68–1.87 (3H, m), 2.60 (1H,
dd, J = 9.3, 12.8), 2.80–2.88 (2H, m), 4.89 (1H, m, COCH), 7.12–
7.23 (5H, m), 7.55 (3H, m), 7.94–8.03 (6H, m), m/z (ES) 569.3307,
calcd for C33H42


11BN4O4 (MH+) 569.3299; and 8 (5 mg, 3%, 86%
de, >95% E by 1H NMR)) as an orange solid: mp 60–64 ◦C,
1H NMR (500 MHz, CD3OD) d 0.96 (3H, d, J = 6, CHMe2),
0.99 (3H, d, J = 6.5, CHMe2), 1.10 (6H, s, (CMe2)2), 1.15 (6H, s,
(CMe2)2), 1.68 (1H, m), 1.78 (1H, m), 1.87 (1H, m), 2.62 (1H, dd,
J = 8.5, 12), 2.84 (2H, m), 4.92 (1H, dd, J = 5, 10.5), 7.17 (1H, m),
7.26 (4H, m), 7.55 (4H, m), 7.94–8.04 (6H, m); m/z (ES) 569.3279,
calcd for C33H42


11BN4O4 (MH+) 569.3299.


tert - Butyl - 2 - oxo-2-(4-((4-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,
2-dioxaborolan-2-yl)ethylcarbamoyl)phenyl)diazenyl)benzylamino)-
ethylcarbamate (9). A solution of 24 (30 mg, 0.07 mmol) in
DMF (3 mL) was cooled in an ice bath and isobutylchloroformate
(10 lL, 1 eq.) and NMM (16 lL, 2 eq.) were added. The reaction
mixture was stirred for 10 min then a solution of 13 (26 mg, 1
eq.) in DMF (2 mL) was added. The resulting mixture was stirred
for 16 h, warming from 0 ◦C to r.t, then diluted with EtOAc
(50 mL), washed with water (50 mL × 2), brine (50 mL), dried
over MgSO4, filtered and concentrated. The crude material was
purified by silica column chromatography on deactivated silica
(containing 35% water w/w), eluting with EtOAc to give 9 (28 mg,
60%, >95% E by 1H NMR) as an orange solid: mp 188–191 ◦C,
1H NMR (500 MHz, CDCl3) d 1.31 (12H, m, (CMe2)2), 1.45
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(9H, s, CMe3), 2.83 (1H, dd, J = 12,14.1, CHCH2), 3.08 (1H,
dd, J = 14.1, 3.80, CHCH2), 3.16 (1H, m, CHCH2), 3.86 (2H,
d, J = 6), 4.55 (2H, d, J = 5.5), 5.18 (1H, s, NH), 6.65 (1H, s,
NH), 7.13 (1H, s, NH), 7.28 (3H, m), 7.37 (2H, t, J = 7.8), 7.41
(2H, d, J = 8), 7.88 (6H, m); 13C NMR (75 MHz, CDCl3) d 25.0
(CMe2)2), 25.1 (CMe2)2), 28.2 (CMe3), 37.4 (CHCH2), 42.7, 44.2,
46.8 (CHCH2), 80.1 (CMe2), 80.6 (CMe2)2), 122.7, 123.3, 126.0,
127.8, 128.4, 129.0, 129.2, 140.7, 142.1, 151.4, 154.8, 156.2, 169.9,
170.5, 207.0; m/z (ES) 642.3488, calcd for C35H45


11BN5O6 (MH+)
642.3463.


4-((4-((2-Aminoacetamido)methyl)phenyl)diazenyl)-N-(2-phenyl-
1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-ethyl)benzamide
(10). To a solution of 9 (17 mg, 0.03 mmol) in DCM (4 mL)
was added TFA (1 mL). The reaction mixture was stirred for
30 min then concentrated and the crude material purified by flash
chromatography, eluting with 1 : 3 EtOH–DCM to give 10 (14 mg,
82%, >95% E by 1H NMR) as an orange solid: mp 157–160 ◦C,
1H NMR (500 MHz, CD3OD) d 1.15 (12H, m, (CMe2)2), 2.73
(1H, dd, J = 9.1,13.8), 2.96 (1H, dd, J = 6.4, 13.8), 2.99 (1H,
dd, J = 6.4, 9.1), 3.72 (2H, s), 4.49 (2H, s), 7.16 (1H, m), 7.27
(4H, m), 7.47 (2H, d, J = 8.1), 7.89 (2H, d, J = 8.1), 7.96 (2H,
d, J = 8.1), 8.09 (2H, d, J = 8.1), m/z (ES) 542.2965, calcd for
C30H37


11BN5O4 (MH+) 542.2938.


(S)-Methyl-4-methyl-2-(4-(phenylazo)phenylsulfonamido)penta-
noate (16). A mixture of 4-(phenylazo)benzenesulfonyl chloride
1519 (773 mg, 2.75 mmol) and (S)-leucine methyl ester (500 mg, 1
eq.) was dissolved in DCM (15 mL) then DIEA (1.44 mL, 3 eq.)
was added. The reaction mixture was refluxed for 2 h, then cooled,
diluted with EtOAc (100 mL), washed with water (100 mL) then
brine (100 mL), dried over MgSO4 and concentrated. The crude
product was purified by flash chromatography, eluting with DCM
then 1 : 9 EtOAc–DCM to obtain 16 (979 mg, 91%, >95% E
by 1H NMR) as an orange solid: mp 131–134 ◦C, 1H NMR
(300 MHz, CDCl3) d 0.91 (6H, m, CHMe2), 1.53 (2H, t, J = 7.1,
CH2), 1.81 (1H, m, CHMe2), 3.45 (3H, s, OMe), 4.03 (1H, m,
COCH), 5.39 (1H, d, J = 9.6, NH), 7.54 (3H, m), 7.93–8.01 (6H,
m); 13C NMR (126 MHz, CDCl3) d 21.3, 22.7, 24.3, 42.2, 52.3,
54.4, 123.1, 123.2, 128.3, 129.2, 132.1, 141.1, 152.3, 154.6, 172.5;
m/z (ES) 390.1485, calcd for C19H24N3O4S (MH+) 390.1488.


(S)-4-Methyl-2-(4-(phenylazo)phenylsulfonamido)pentanoic acid
(17). To a solution of 16 (500 mg, 1.28 mmol) in THF (20 mL)
was added a solution of LiOH (8 mL; 0.25 M in 2 : 1 THF–water).
The reaction mixture was stirred for 16 h then diluted with water
(100 mL), washed with DCM (100 mL), then acidified to pH 3
with 1 M HCl and extracted with DCM (100 mL). The organic
layer was dried over MgSO4 and concentrated. The crude material
was purified by silica column chromatography, eluting with 1 : 1
EtOAc–DCM to give 17 (302 mg, 63%, >95% E by 1H NMR) as an
orange solid: mp 128–130 ◦C, 1H NMR (300 MHz, CDCl3) d 0.83
(6H, m, CHMe2), 1.48 (2H, m, CH2), 1.74 (1H, m, CHMe2), 3.97
(1H, m, COCH), 5.18 (1H, d, J = 9.9, NH), 5.35–5.90 (1H, br s,
OH), 7.54 (3H, m), 7.96 (6H, m); 13C NMR (75 MHz, CDCl3) d
21.1, 22.7, 24.3, 41.9, 54.1, 123.2, 123.3, 128.3, 129.3, 132.2, 141.0,
152.3, 154.8, 176.6; m/z (ES) 376.1345, calcd for C18H22N3O4S
(MH+) 376.1331. Unreacted 16 (114 mg, 23%) was also recovered
from the column.


Ethyl 4-((4-((((9H-fluoren-9-yl)methoxy)carbonylamino)methyl)-
phenyl)diazenyl)benzoate (21). A mixture of ethyl 4-amino-
benzoate 18 (2 g, 12 mmol) and MoO5·H2O·HMPA (0.45 g, 0.1 eq.)
was dissolved in DCM (20 mL) and a solution of H2O2 (6 mL; 30%
in water) was added. The reaction mixture was stirred for 16 h then
quenched by addition of excess MgSO4, filtered and concentrated.
The crude material was purified by flash chromatography, eluting
with 1 : 9 EtOAc–DCM to obtain ethyl 4-nitrosobenzoate 19 as a
yellow solid. To this compound was added 2015 (1.2 g, 3.49 mmol)
then HOAc (25 mL). The resulting mixture was heated to 100 ◦C
for 1 h, then cooled and filtered to collect an orange precipitate.
The filtrate was diluted with DCM (100 mL), washed with sat.
NaHCO3 (100 mL × 3) then dried over MgSO4 and concentrated.
This crude material was combined with the precipitate and purified
by silica column chromatography, eluting with 1 : 19 EtOAc–DCM
to give 21 (1.345 g, 22% over 2 steps, >95% E by 1H NMR) as
an orange solid: mp 191–194 ◦C, 1H NMR (300 MHz, CDCl3) d
1.43 (3H, t, J = 7, Me), 4.24 (1H, t, J = 6.3, CH2CH), 4.40–4.53
(6H, m), 5.17 (1H, NH), 7.26–7.42 (6H, m), 7.61 (2H, d, J = 6.9),
7.77 (2H, d, J = 7.2), 7.93 (4H, m), 8.20 (2H, d, J = 8.7); 13C
NMR (75 MHz, CDCl3) d 14.3 (Me), 44.7, 47.3 (CH2CH), 61.3,
66.7, 120.0, 122.6, 123.5, 125.0, 127.1, 128.1, 130.6, 132.2, 141.4,
142.3, 143.8, 151.9, 155.0, 156.5, 166.1; m/z (ES) 506.2120, calcd
for C31H28N3O4 (MH+) 506.2080.


Ethyl 4-((4-((2-(tert-butoxycarbonylamino)acetamido)methyl)-
phenyl)diazenyl)benzoate (23). To a solution of 21 (900 mg,
1.78 mmol) in DMF (12 mL) was added piperidine (3 mL). The
reaction mixture was stirred for 15 min then diluted with EtOAc
(100 mL), washed with water (100 mL) then brine (100 mL), dried
over MgSO4, filtered and concentrated in vacuo to give 22 as an
orange solid which was not purified further. To this compound
was added Boc-glycine (312 mg, 1 eq.), HATU (677 mg, 1 eq.)
then DMF (10 mL) and DIEA (620 lL, 2 eq.). The reaction
mixture was stirred for 16 h, diluted with EtOAc (100 mL) and
washed with water (100 mL) brine (100 mL), dried over MgSO4,
filtered and concentrated. The crude material was purified by silica
column chromatography, eluting with 1 : 1 EtOAc–DCM to give
23 (691 mg, 88% over 2 steps, >95% E by 1H NMR) as an orange
solid: mp 136–139 ◦C, 1H NMR (500 MHz, CDCl3) d 1.41–1.47
(12H, CMe3 and CH2Me), 3.87 (2H, d, J = 5.5), 4.42 (2H, q,
J = 5.4), 4.57 (2H, d, J = 6.0), 5.13 (1H, br, NH), 6.56 (1H, br,
NH), 7.44 (2H, d, J = 8.0), 7.92 (2H, d, J = 8.0), 7.94 (2H, d,
J = 8.5), 8.19 (2H, d, J = 8.5); 13C NMR (75 MHz, CDCl3) d
14.3, 28.2, 42.9, 44.5, 61.2, 80.4, 122.6, 123.4, 128.2, 130.5, 132.1,
141.8, 151.8, 154.9, 156.2, 166.0, 169.6; m/z (ES) 441.2108, calcd
for C23H29N4O5 (MH+) 441.2138.


4-((4-((2-(tert-Butoxycarbonylamino)acetamido)methyl)phenyl)-
diazenyl)benzoic acid (24). To a solution of 23 (68 mg,
0.15 mmol) in THF (5 mL) was added a solution of LiOH (1 mL;
0.25 M in 2 : 1 THF–water). The reaction mixture was heated
to 50 ◦C and stirred for 16 h then concentrated. The crude
material was purified by flash chromatography, eluting with 1 : 99
HOAc–EtOAc to give 24 (55 mg, 87%, >95% E by 1H NMR) as
an orange solid: mp > 360 ◦C, 1H NMR (500 MHz, CD3OD) d
1.45 (9H, s, CMe3), 3.76 (2H, s), 4.49 (2H, s), 7.47 (2H, d, J = 8),
7.87 (4H, m), 8.08 (2H, d, J = 8); 13C NMR (75 MHz, CD3OD) d
29.0 (CMe3), 43.9, 45.1, 81.1 (CMe3), 123.4, 124.3, 129.5, 131.5,
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141.8, 144.0, 153.5, 155.3, 158.8, 173.1, 174.7; m/z (ES) 413.1805,
calcd for C21H25N4O5 (MH+) 413.1825.
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The efficient and direct synthesis of protected biaryl amino acids, including dityrosine (50% overall
yield over 3 steps), by Negishi cross-coupling of the serine-derived organozinc reagent 4 with iodo- and
di-iodobiaryls, is reported. An improved, although still not perfect, diiodination of 2,2′-biphenol has
been achieved using NMe3BnICl2–ZnCl2. Protection of phenolic hydroxyl groups as acetates, rather
than benzyl ethers, is required for efficient cross-coupling, and evidence for acetyl migration has been
observed during debenzylation of a substituted 2-acetoxy-2′-benzyloxybiaryl. Aromatic C–I to C–Cl
conversion has been detected as a minor reaction pathway in the palladium-catalyzed coupling of aryl
iodide 3b with organozinc reagent 4.


Introduction


Biaryl amino acids are present in a variety of natural products,
from relatively simple amino acids to complex macrocycles, many
of which display a range of biological activities.1 Of particular
interest is the 2,2′-biphenol amino acid 1, a structural motif
commonly found in nature, which in certain circumstances can
exhibit atropisomerism.2 2,2′-Biphenol derivatives have also found
many applications in asymmetric catalysis, for example as the
backbone of phosphoramidite ligands which have been used to
effect a variety of enantioselective transformations.3


Dityrosine 24 occurs naturally and is a member of a larger fam-
ily which contains, amongst others, isodityrosine,5,6 trityrosine,4


isotrityrosine,7 pulcherosine8 and di-isodityrosine.9 The formation
of dityrosine was initially reported by Gross and Sizer by the
oxidation of tyrosine with aqueous hydrogen peroxide and perox-
idase, resulting in dimerisation by formation of the biaryl bond.10


Andersen then identified the cross-links of resilin, a rubber-like
protein present in some of the elastic ligaments of arthropods,
as dityrosine and trityrosine.4 Subsequently, LaBella reported the
presence of dityrosine in mammalian collagen11 and vertebrate
elastin,12 and suggested that the cross-linking of this amino acid
was partially responsible for their structural properties. Dityrosine
formation was also subsequently shown to be induced by oxidation
of a variety of nonstructural proteins.13
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In particular, the formation of biphenol amino acid derivatives
by the crosslinking of tyrosyl residues on the cell membrane of the
sea urchin egg generates a hard fertilisation envelope (HFE), which
serves to protect the embryo from disruptive agents, physical forces
and polyspermy.14,15 Similarly, the oocyst cell wall of apicomplexan
parasites in their infective form is hardened by the formation of
dityrosine cross-links between proteins encapsulating the oocyst,
and protects it from the environment.16


The presence of dityrosine in several proteins is also related
to non-specific oxidative damage upon exposure to a variety
of agents,17 including oxygen free-radical species,18 hydrogen
peroxide,19 nitrogen dioxide20 and related species21 and ultraviolet
(UV) irradiation.22 The non-specific formation of tyrosine cross-
links has been implicated in several human diseases which
include neurodegenerative disorders such as Parkinson’s23,24 and
Alzheimer’s diseases,25 atherosclerosis,26 diabetes,27 cystic fibrosis28


and the formation of cataractous lens in humans.29 During some of
these investigations, the urinary levels of dityrosine had been used
as a non-invasive biological marker to examine protein oxidative
stress in vivo,26,27 since these levels can be easily monitored due to
the amino acid 2 possessing an intense 420-nm fluorescence.17,30


Cross-linked biphenol amino acid derivatives have also been
implicated as playing an important role in the oxidative damage of
proteins, through the formation of the tyrosyl radical,31 and that
such damaged proteins mediate signals for degradation.32


Previous syntheses of dityrosine derivatives have either re-
lied on oxidative dimerisation of tyrosine, or on methods in-
volving Pd-catalyzed coupling reactions. The enzyme-catalyzed
preparation of dityrosine from L-tyrosine using horseradish
peroxidase has been reported,33,34 as well as non-enzymatic
oxidative methods using acidic aqueous potassium bromate,35


or VOF3 with N-benzyloxycarbonyl-L-tyrosine methyl ester.36


Yamamura and co-workers reported electrolytic phenolic ox-
idation of a 3,5-diiodotyrosine derivative as the key-step in
the synthesis of dityrosine, albeit in low overall yield.37 Lygo
reported a catalytic asymmetric phase transfer alkylation of
a glycine-derived imine to install the amino-acid fragments
of dityrosine in one high-yielding step.38 Alternative strategies
which employ palladium catalyzed cross-coupling reactions to
generate the biaryl link have also been reported. Achab has
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reported that a Stille biaryl-coupling between 3-iodo and 3-
stannyl tyrosine derivatives can be achieved in moderate yields,39


while a Miyaura borylation–Suzuki intermolecular cross-coupling
approach has been successfully used by van Vranken40 and
Hutton.41,42


Results and discussion


Our approach to the synthesis of the protected biphenol amino
acid 1 and dityrosine 2 employs the Negishi cross-coupling
reaction of an appropriate iodobiaryl 3 with the organozinc
iodide 4.43,44 We have previously employed a related strategy in
an intramolecular fashion for the synthesis of the macrocyclic
tripeptide K13,45 and intermolecularly in the synthesis of a non-
natural, macrocyclic potential protease inhibitor.46


The synthesis of the aromatic iodide coupling partner 3a used
commercially available 2,2′-biphenol, which already has the biaryl
linkage installed (Scheme 1). Mono-benzylation of 2,2′-biphenol
was achieved efficiently (95% yield), using the conditions originally
reported for an analogous transformation of 1,1′-bi-2-naphthol
by Oda.47 Regioselective mono-iodination was subsequently ac-
complished in high yield, following the procedure reported by
Harrowven for a similar substrate,48 based on earlier work,49 and
subsequent acetylation gave the protected iodobiphenol derivative
3a (88% over two steps). Coupling of the amino acid-derived
organozinc iodide 4 with the differentially protected iodobiphenol
derivative 3a furnished the desired mono-coupled product 1a in
62% isolated yield (Scheme 1).


Scheme 1


The differentially protected 2,2′-biphenol 1a appeared to be a
potentially useful intermediate for further elaboration. Deben-
zylation, however, gave an inseparable 60 : 40 mixture of two
compounds (as determined by 1H NMR), which were ultimately
identified as the expected phenol 1b, and the product of acetyl
transfer 1c. Initially, it was suspected that the two sets of signals


observed in the 1H NMR spectrum might be the result of
diastereoisomers resulting from atropisomerism. However, 1H
NMR studies in CDCl3 (at 62 ◦C), and especially in DMSO (at 27
and 107 ◦C), which showed exactly the same ratio of signals in each
case, instead strongly suggested the presence of two constitutional
isomers. Structural assignment was supported by chemical trans-
formations which afforded either the free biphenol derivative 1d or
the diacetylated compound 1e as single compounds (Scheme 2).
In addition, compounds 1d and 1e each exhibited a single set
of signals in the 1H NMR spectrum. Since neither of these
compounds exhibited atropisomerism, it seemed reasonable to
deduce that neither would the phenol 1b. Debenzylation which
resulted in acyl migration has been previously reported, although
in this case intramolecular transfer occurred between nitrogen
substituents.50


Scheme 2


Treatment of 2,2′-biphenol with KOtBu and an excess of benzyl
bromide gave the corresponding 2,2′-dibenzyl–biphenol derivative
5 in 92% yield. When the protected biphenol 5 was subjected to
the conditions for iodination reported by Kajigaeshi,51 the desired
diiodinated protected biphenol 3b was obtained in 75% isolated
yield (Scheme 3).


Scheme 3
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Use of 2,2′-biphenol as a substrate for this reaction gave the
corresponding unprotected diiodide derivative 3c in 82% yield.
Upon close inspection of the mass spectrum, it was apparent
that the isolated material was an approximately 10 : 1 mixture
of the diiodide 3c and the corresponding mono-iodinated, mono-
chlorinated product 5-chloro-5′-iodo-2,2′-biphenol 3c′, as sug-
gested by the relative intensities of the respective molecular ions.
Efforts to separate the compounds by column chromatography
proved unsuccessful. No competing chlorinated product was
observed in the formation of the dibenzyl diiodide 3b, presumably
due to the less reactive nature of the dibenzyl ether precursor
5. It is noteworthy that, although diiodination of 2,2′-biphenol
with NMe3BnICl2–ZnCl2


51 was not completely clean, giving small
amounts of 3c′, previous attempts to effect controlled iodination
using a variety of iodination procedures gave complicated mixtures
of mono- and poly-iodinated phenols, which proved difficult to
separate and purify, an observation also made by Harrowven
during attempted mono-iodination.48 Treatment of the diiodide
3c with acetic anhydride gave the acetylated derivative 3d in 95%
yield, again as a 10 : 1 mixture with the 5-chloro-5′-iodo derivative
3d′ (Scheme 3). The composition of this mixture was again
determined by the relative intensities of the two corresponding
molecular ions (EI+) and, in this case, also by the elemental
analysis of the product mixture. The self-consistent results that
were obtained from each method validated the earlier assessment
of the 3c : 3c′ ratio.


Previous studies established that 4-iodophenol, possessing an
unprotected phenolic OH group, is compatible with the Negishi
cross-coupling reaction of the organozinc iodide 4.52 Attempted
cross-coupling reaction of the unprotected biphenol derivative 3c,
however, resulted in substantial amounts of alanine, presumably


due to the increased acidity of the biphenolic derivative 3c arising
from a co-operative effect of hydrogen-bonding interactions
between the OH substituents (PhOH pKa = 10.0, 2,2′-biphenol
pKa1 = 7.6 in water).53–55


The dibenzyl (3b) and diacetyl (3d) protected biphenol deriva-
tives reacted under palladium catalysis with the organozinc
reagent 4 to afford the expected bis-coupled products 2a
and 2b, respectively, together with varying amounts of the
mono-coupled (6 and 7) and the homo-coupled (8) products
(Scheme 4 and Table 1). Use of an excess of zinc reagent 4
resulted in a satisfactory overall yield (65%) of the desired pro-
duct 2b.


The initial products of mono-coupling are the species 6a and
7a, which possess an iodine substituent at the 5′ position, and can
then each, therefore, undergo a second cross-coupling reaction to
afford the protected dityrosine derivative 2a and 2b, respectively.
Compounds 6c and 1e, may arise from insertion of excess zinc,
present in the reaction mixture, into the aromatic C–I bond,
followed by protonation. Alternatively, compounds 6c and 1e
could arise from initial insertion of zinc into one of the carbon–
iodine bonds of 3b or 3d, respectively, prior to cross-coupling with
the zinc reagent 4. In an effort to minimise this side reaction,
the solution of organozinc reagent 4 was transferred into a
separate flask containing the electrophile. Although this allowed
the isolation of the mono-coupled product 7a (Table 1, entry 4) it
did not prevent the formation of the reduced by-product 1e when
a large excess of the organozinc reagent 4 was employed (Table 1,
entry 5). The mass balance in all these reactions suggested that,
in the absence of an excess of the zinc reagent 4 (Table 1, entries
2 and 4), a substantial amount of the diiodide 3d was consumed
by non-productive side reactions. The crude NMR spectra did


Scheme 4


Table 1 Palladium catalyzed double cross-coupling reactions


Entry Equivalents of reagent 4 Diiodide Products (%)a


1 2.4 3b 2a, 22 6a + 6b, 14b 6c, 19
2 1.2 3d 2b, 36 7b, 4 1e, 15
3 2.1 3d 2b, 50 7b, 4 1e, 15
4c 1.2 3d 2b, 19 7b, —d 7a, 25
5c 4.0 3d 2b, 65 7b, 5 1e, 16


a Yields are calculated with respect to diiodide derivative 3, isolated after column chromatography. In all cases the homo-coupled product 8 was obtained
in 4–8% isolated yield. b A 4 : 1 ratio of 6a to 6b was observed by ES+. c The solution of organozinc iodide 4 was added to a separate flask containing the
diiodo biphenol derivative 3d. d Not isolated.
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contain evidence of additional aromatic by-products, but no other
compounds were isolated.


A small amount of the mono-coupled product 7b, which
contains a chloro substituent at the 5′ position, was observed in
entries 2, 3 and 5 (Table 1). This is not unexpected, since the
diacetate derivative 3d was accompanied by the corresponding 5′-
chloro-5-iodo derivative 3d′, which underwent a single selective
cross coupling reaction at the 5-iodo position. It is interesting
to note that a mixture of 6a and 6b was also obtained with
the dibenzyl protected derivative 3b, even though the starting
material was devoid of any chlorinated biphenol (Table 1, entry
1). Compound 6b could arise by a palladium-catalyzed aromatic
Finkelstein reaction, in which the necessary chloride anions are
produced during the zinc activation process (which uses Me3SiCl);
aromatic Finkelstein reactions have been previously reported using
both copper56 and nickel catalysts,57 and an analogous fortuitous
observation resulted in the discovery of the copper-catalyzed
process.56 Further experiments to investigate this preliminary
observation of a palladium-catalyzed halide exchange appear
warranted.


Conclusions


In summary, the expedient synthesis of a range of enantiomerically
pure, novel biphenol amino acid derivatives is reported, which
could find application in asymmetric catalysis and as useful
synthetic intermediates. The synthesis of orthogonally protected
dityrosine derivative 2b (50% yield over 3 steps from commercially
available materials) is also reported, in which the key step is a
palladium catalyzed double cross-coupling reaction of the amino
acid-derived organozinc reagent 4 and the diiodide 3d.


Experimental


All moisture/air sensitive reactions were conducted under a
positive pressure of nitrogen in flame dried or oven dried glassware.
All reagents used were purchased from commercial sources or
prepared and purified according to literature procedure. Dry
DMF was distilled from calcium hydride and stored over 4 Å
molecular sieves. Dry dichloromethane was distilled from calcium
hydride. Dry THF was distilled from potassium benzophenone
ketyl. Petroleum ether refers to the fraction with a boiling point
between 40–60 ◦C.


Nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker AC-250, Bruker AMX2–400 or a Bruker DRX-500
NMR spectrometer at room temperature. Chemical shifts were
measured relative to residual solvent and are expressed in parts
per million (d). Coupling constants (J) are given in Hertz and
the measured values are rounded to one decimal place. High-
resolution mass spectra were recorded using a MicroMass LCT
operating in electrospray (ES) mode or a MicroMass Prospec
operating in either electro impact (EI) or chemical ionisation (CI)
mode. Chemical analyses were performed using a Perkin Elmer
2400 CHN elemental analyser. Optical rotations were measured
on a Perkin Elmer 241 automatic polarimeter at k 589 nm (Na,
D-line) with a path length of 1 dm at the stated temperature
and concentrations. The concentration is given in g per 100 ml
and the optical rotations are quoted in 10−1 deg cm2 g−1. Infra-


red spectra were recorded on a Perkin Elmer Paragon 100 FTIR
spectrophotometer (tmax in cm−1) with KBr disks.


Thin layer chromatography (TLC) was performed on precoated
plates (Merck aluminium sheets silica 60 F254, art. no. 5554).
Visualisation of compounds was achieved by illumination under
ultraviolet light (254 nm) or using an appropriate staining reagent.
Flash column chromatography was performed on silica gel 60
(Merck 9385).


General procedure 1: iodination of aromatic ethers using
benzyltrimethylammonium dichloroiodate and zinc chloride


Following the method described by Kajigaeshi,51 benzyltrimethy-
lammonium dichloroiodate (2.2 eq.) and excess anhydrous ZnCl2


was added to a stirred solution of the 1,1′-biarylphenol derivate (1
eq.) in acetic acid. The mixture was stirred at room temperature
for 16 h. Water (20 ml) and aqueous NaHSO3 (10% w/v solution,
20 ml) was added to the reaction mixture. The aqueous fraction
was extracted with diethyl ether (3 × 50 ml), the organic fractions
collected, dried over MgSO4 and the solvent removed under
reduced pressure to afford the crude product which was purified
by silica gel column chromatography.


General procedure 2: zinc-activation and insertion into C–I bond
using Me3SiCl as the activating agent


Chlorotrimethylsilane (100–150 ll) was added to a rapidly stirred
suspension of zinc powder (5–6 eq.) in dry DMF (2–3 ml) and the
resulting mixture stirred for 15 min at room temperature under a
nitrogen atmosphere. The suspension was allowed to settle, and
the supernatant was removed by syringe and discarded. The zinc
powder was washed with fresh dry DMF (3 × 1 ml) and the
supernatant removed each time and discarded. Finally the powder
was dried using a heating gun under reduced pressure. Once at
room temperature, dry DMF (1 ml mmol−1 of iodo-alanine) was
added to the zinc powder and the iodo-alanine derivative Boc–I–
Ala–OMe (1.2 to 4 eq.) was added in one portion to the rapidly
stirred suspension under nitrogen. An exotherm was typically
observed during the zinc insertion process, which was controlled
with the aid of a water bath at room temperature. The zinc
insertion can be monitored by TLC (80% Et2O–petroleum ether).
Aryl iodide (1 eq.), Pd2(dba)3 (3 mol%) and P(o-Tol)3 (12 mol%)
were added to the stirred suspension at room temperature and
the mixture stirred overnight. The suspension was filtered through
silica gel, eluted with ethyl acetate and the solvent removed under
reduced pressure to afford the crude reaction mixture which was
purified by column chromatography.


General procedure 3: zinc-activation and insertion into C–I bond
using Me3SiCl as the activating agent


The general procedure 2 was followed, except that after zinc
insertion, the stirred suspension was allowed to settle, and the
solution transferred to a second flask which contained a stirred
mixture of the aryl iodide (1 eq.), Pd2(dba)3 (3 mol%) and P(o-Tol)3


(12 mol%) at room temperature under a nitrogen atmosphere,
and was stirred overnight. The suspension was filtered through
silica gel, eluted with ethyl acetate and the solvent removed under
reduced pressure to afford the crude reaction mixture which was
purified by column chromatography.
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2′-Benzyloxybiphenyl-2-ol


Using the conditions originally reported for an analogous trans-
formation by Oda,47 a solution of benzyl bromide (1.91 ml,
16.2 mmol) in dry THF (75 ml) was added dropwise to a stirred
suspension of 2,2′-biphenol (3.00 g, 16.1 mmol) and KOtBu (1.81 g,
16.2 mmol) in dry THF (300 ml) over a period of 10 min at room
temperature, under an atmosphere of nitrogen. The suspension
was heated at reflux for 14 h and the reaction was cooled to room
temperature and concentrated under reduced pressure. The brown
residue was partitioned between CH2Cl2 and a saturated aqueous
solution of Na2CO3. The organic layer was separated, washed with
brine and dried over MgSO4. The solvent was evaporated under
reduced pressure to give a brown solid (4.44 g), which was purified
by crystallization from methanol–water to give the benzyl mono-
protected biphenol (4.22 g, 95%) as yellow crystals. Mp 97–98 ◦C
(methanol–water). (Found: C, 82.7; H, 5.6. C19H16O2 requires C,
82.6; H, 5.8%); tmax(film)/cm−1 3380, 3062, 1209; dH (400 MHz;
CDCl3) 5.12 (2 H, s, CH2Ph), 6.33 (1 H, s, OH), 7.02 (2 H, br t, J
8.2, Ar), 7.11 (1 H, br d, J 9.0, Ar), 7.15 (1 H, br d, J 9.0, Ar) and
7.26–7.38 (9 H, m, Ar); dC (100 MHz; CDCl3) 71.7, 114.3, 117.4,
120.9, 122.7, 126.3, 127.2, 128.0, 128.1, 128.5, 129.2 (×2), 131.2,
132.6, 135.9, 153.6 and 154.7; m/z (EI) 276 (M+, 60%), 91 (100)
(found M+ 276.1149. C19H16O2 requires 276.1150).


2′-Benzyloxy-5-iodobiphenyl-2-ol


Following the procedure originally described by Edgar,49 an aque-
ous solution of NaOCl (4% available chlorine, 6.4 g, 3.6 mmol)
was slowly added over a period of 30 min to a stirred solution of
2′-benzyloxybiphenyl-2-ol (500 mg, 1.81 mmol), NaOH (72 mg,
1.8 mmol) and NaI (270 mg, 1.8 mmol) in methanol (5 ml) in
an ice bath. When the reaction was judged complete by TLC, a
saturated aqueous solution of Na2S2O3 (5 ml) was added, followed
by 1 M HCl until pH 6–7 was achieved. The mixture was extracted
with EtOAc (3 × 20 ml) and the organic phases combined and
washed with water, brine and dried over MgSO4. The solvent
was evaporated under reduced pressure, and purification by
column chromatography (8% EtOAc–petroleum ether) gave 2′-
benzyloxy-5-iodobiphenyl-2-ol (653 mg, 90%) as a pale yellow oil.
m(film)/cm−1 3340, 2960, 2920 and 1215; dH (400 MHz; CDCl3)
5.12 (2 H, s, CH2Ph), 6.34 (1 H, s, OH), 6.79 (1 H, d, J 9.0, Ar),
7.09–7.16 (2 H, m, Ar), 7.24–7.28 (2 H, m, Ar), 7.29–7.34 (4 H,
m, Ar), 7.35–7.40 (1 H, m, Ar) and 7.52–7.57 (2 H, m, Ar); dC


(100 MHz; CDCl3) 71.8, 82.9, 114.3, 119.7, 122.8, 126.5, 127.3,
128.4, 128.6, 128.8, 129.8, 132.3, 135.6, 137.8, 139.5, 153.7 and
154.5; m/z (ES) 401 ((M–H)−, 30%) (found (M–H)− 401.0029.
C19H14O2I requires 401.0039).


2-Acetoxy-2′-benzyloxy-5-iodobiphenyl (3a)


An excess of Ac2O (2 ml) was added dropwise to a stirred
solution of 2′-benzyloxy-5-iodobiphenyl-2-ol (500 mg, 1.24 mmol)
in pyridine (3 ml) and was left to stir overnight. EtOAc (20 ml) and
water (30 ml) were added and the mixture separated. The aqueous
phase was extracted with EtOAc (20 ml) and the combined organic
phases were washed with 1 M HCl (30 ml), saturated aqueous
NaHCO3 (30 ml), water and brine. The organic layer was dried
over MgSO4 and the solvent evaporated under reduced pressure.
Purification by column chromatography (30% Et2O–petroleum


ether) gave the iodophenol derivative 3a (540 mg, 98%) as a viscous
yellow oil tmax(film)/cm−1 3050, 2995, 1761 and 1182; dH (400 MHz;
CDCl3) 1.99 (3 H, s, OAc), 5.06 (2 H, s, CH2Ph), 6.93 (1 H, d, J
8.5, Ar), 6.98–7.03 (2 H, m, Ar), 7.20 (1 H, dd, J 7.5 and 2.0, Ar),
7.27–7.34 (6 H, m, Ar), 7.68 (1 H, dd, J 8.5, J 2.0, Ar) and 7.74
(1 H, d, J 2.0, Ar); dC (100 MHz; CDCl3) 20.7, 70.5, 89.7, 113.2,
120.9, 124.4, 125.7, 126.9, 127.6, 128.4, 129.5, 130.9, 134.0, 136.9,
137.2, 140.3, 148.4, 155.5 and 168.9; m/z (EI) 444 (M+, 12%), 402
(M+–Ac, 12) and 91 (100) (found M+ 444.0205. C21H17O3I requires
444.0222).


(2S)-tert-Butoxycarbonylamino-3-(2-acetoxy-2′-
benzyloxybiphenyl-5-yl)propionic acid methyl ester (1a)


Using general procedure 2, compound 3a (1.0 g, 2.25 mmol),
Zn (0.88 g, 13.5 mmol), Boc–I–Ala–OMe (0.89 g, 2.70 mmol),
Pd2(dba)3 (62 mg, 0.067 mmol) and P(o-Tol)3 (82 mg, 0.27 mmol)
in dry DMF (2.70 ml) gave, after purification by column chro-
matography (20% EtOAc–petroleum ether), the biaryl amino
acid 1a (726 mg, 62%) as an oil. [a]22


D +32.7 (c 1.2 in CHCl3);
tmax(film)/cm−1 3372, 2964, 2924, 1759, 1744, 1713, 1500, 1444,
1362, 1220, 1189, 1011 and 751; dH (500 MHz; CDCl3) 1.39 (9 H, s,
(CH3)3C), 1.97 (3 H, s, OAc), 3.08–3.11 (2 H, m, b), 3.64 (3 H, s,
OMe), 4.58 (1 H, dd, J 13.9 and 6.2, a), 5.00 (1 H, br s, NH),
5.03 (2 H, s, CH2Ph), 6.95 (1 H, d J 8.2, Ar), 6.98 (1 H, td, J
7.5 and 0.9, Ar), 7.09 (1 H, d, J 9.0, Ar), 7.11–7.16 (2 H, m, Ar),
7.17 (1 H, dd J 7.5 and 1.8, Ar) and 7.23–7.30 (6 H, m, Ar);
dC (125 MHz; CDCl3) 20.7, 28.2(×3), 37.6, 52.2, 54.3, 70.5, 79.9,
113.3, 120.9, 122.4, 126.8(×2), 127.0, 127.5, 128.3(×2), 129.1(×2),
131.2, 131.8, 132.5, 133.4, 137.2, 147.5, 155.1, 155.7, 169.2 and
172.2; m/z (ES) 542 (MNa+, 50%) and 420 (100) (found MNa+


542.2162. C30H33NO7Na requires 542.2155).


(2S)-tert-Butoxycarbonylamino-3-(2-acetoxybiphen-2′-ol-5-yl)-
propionic acid methyl ester (1b) and (2S)-tert-butoxycarbonyl-
amino-3-(2′-acetoxybiphen-2-ol-5-yl)propionic acid methyl
ester (1c)


A degassed suspension of the amino acid 1a (0.5 g, 0.96 mmol) in
ethyl acetate (30 ml), Pd/C (10% on carbon, 50 mg) and 3 drops
of acetic acid, under an atmosphere of hydrogen gas (balloon),
was vigorously stirred until the reaction was judged complete by
TLC analysis. The reaction mixture was filtered through Celite R©


and concentrated under reduced pressure. The crude mixture
was purified by column chromatography (20% EtOAc–petroleum
ether) to give isomeric phenols 1b and 1c (314 mg, 76% yield) as a
mixture. tmax(film)/cm−1 3361, 2954, 2924, 1749, 1708, 1505, 1362,
1260, 1194, 1164, 1021 and 802; dH (500 MHz; CDCl3) (X : Y ratio
40 : 60) 1.34 (9 H, s, (CH3)3C, Y), 1.39 (9 H, s, (CH3)3C, X), 1.98 (3
H, s, OAc, Y), 2.02 (3 H, s, OAc, X), 2.91 (1 H, dd, J 13.7 and 7.5,
b, Y), 2.95 (1 H, dd, J 13.9 and 5.6, b, X), 3.03 (1 H, dd, J 13.9 and
5.7, b, X), 3.16 (1 H, dd, J 13.7 and 4.2, b, Y), 3.65 (3 H, s, OMe,
X), 3.67 (3 H, s, OMe, Y), 4.48–4.53 (1 H, m, a, X), 4.56–4.64 (1 H,
m, a, Y), 5.06 (1 H, br s, NH, X), 5.19 (1 H, br s, NH, Y), 6.83–6.67
(1 H, m, Ar, Y), 6.89 (1 H, t, J 7.5, Ar, Y), 6.92–6.99 (1 H, m, Ar, X
and Y), 7.05–7.09 (1 H, m, Ar, X and Y), 7.11–7.24 (2 H, m, Ar, Y),
7.11–7.24 (3 H, m, Ar, X), 7.26–7.33 (1 H, m, Ar, X and Y) and 7.38
(1 H, t, J 7.8, Ar, X); dC (125 MHz; CDCl3) (ratio 40 : 60) 20.5, 28.1,
37.1, 38.1, 52.1, 52.4, 54.3, 54.5, 79.8, 80.0, 116.2, 116.3, 119.6,
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122.7, 122.8, 123.4, 124.0, 126.4, 127.4, 129.2, 129.4, 130.1, 130.2,
131.5, 131.6, 132.7, 134.3, 147.5, 148.5, 152.2, 153.3, 155.0, 169.7,
172.1 and 172.2; m/z (ES) 881 (M2Na+, 30%) and 452 (MNa+,
100) (found MNa+ 452.1692. C23H27NO7Na requires 452.1685).


(2S)-tert-Butoxycarbonylamino-3-(2,2′-biphenol-5-yl)propionic
acid methyl ester (1d)


K2CO3 (0.50 g, 3.62 mmol) was added to a stirred solution of the
mixture of phenols 1b and 1c (0.53 g, 1.23 mmol) in methanol
(20 ml) at room temperature. The reaction was stirred overnight at
this temperature and quenched by the addition of EtOAc (20 ml)
and water (30 ml). The layers were separated and the aqueous
phase extracted with EtOAc (20 ml). The organic phases were
combined and washed with 1 M HCl (30 ml), saturated aqueous
NaHCO3 (30 ml), water and brine. The organic layer was dried
over MgSO4 and the solvent removed under reduced pressure.
Purification by column chromatography (40% EtOAc–petroleum
ether) gave the biphenol 1d (433 mg, 91% yield) as a viscous oil.
[a]22


D +34.6 (c 1.0 in CHCl3); tmax(film)/cm−1 3343, 2972, 2918, 1738,
1679, 1503, 1489, 1362, 1226 and 1163; dH (500 MHz; CDCl3) 1.37
(9 H, s, (CH3)3C), 2.93 (1 H, dd, J 13.9 and 6.7, b), 3.07 (1 H,
dd, J 13.9 and 5.3, b), 3.79 (3 H, s, OMe), 4.51–4.58 (1 H, m, a),
5.19 (1 H, d, J 8.2, NH) and 6.96–7.27 (9 H, m, Ar and ArOH);
dC (125 MHz; CDCl3) 28.2(×3), 37.5, 52.4, 54.6, 80.5, 116.9(×2),
121.1, 124.8, 125.2, 128.3, 129.3, 130.0, 131.3, 132.4, 152.1, 153.0,
155.4 and 172.6; m/z (ES) 410 (MNa+, 50%) and 288 (100) (found
MNa+ 410.1566. C21H25NO6Na requires 410.1580).


(2S)-tert-Butoxycarbonylamino-3-(2,2′-diacetoxybiphenyl-5-yl)-
propionic acid methyl ester (1e)


An excess of Ac2O (2 ml) was added dropwise to a stirred solution
of the mixture of phenols 1b and 1c (0.5 g, 1.16 mmol) in pyridine
(3 ml) at room temperature. The reaction was stirred overnight at
this temperature and quenched by the addition of EtOAc (20 ml)
and water (30 ml). The layers were separated and the aqueous
phase extracted with EtOAc (20 ml). The organic phases were
combined and washed with 1 M HCl (30 ml), saturated aqueous
NaHCO3 (30 ml), water and brine. The organic layer was dried
over MgSO4 and the solvent removed under reduced pressure.
Purification by column chromatography (20% EtOAc–petroleum
ether) gave the diacetate 1e (519 mg, 95%) [a]22


D +33.6 (c 0.5 in
CHCl3); tmax(film)/cm−1 3372, 2964, 2913, 1764, 1708, 1499, 1367,
1194, 1011, 914 and 756; dH (400 MHz; CDCl3) 1.41 (9 H, s,
(CH3)3C), 2.03 (3 H, s, OAc), 2.05 (3 H, s, OAc), 3.06 (1 H, dd,
J 13.9 and 5.9, b), 3.14 (1 H, dd, J 13.9 and 5.8, b), 3.71 (3 H, s,
OMe), 4.55–4.63 (1 H, m, a), 5.05 (1 H, d, J 7.9, NH), 7.04 (1 H,
br s, Ar), 7.08 (1 H, d, J 8.2, Ar), 7.13 (1 H, d, J 7.6, Ar), 7.14–7.17
(1 H, m, Ar), 7.24–7.30 (2 H, m, Ar) and 7.39 (1 H, ddd, J 7.9,
6.7 and 2.3, Ar); dC (125 MHz; CDCl3) 20.7(×2), 28.3(×3), 37.6,
52.3, 54.3, 80.0, 122.5, 122.6, 125.9, 129.0, 129.7, 130.3, 130.5,
131.1, 132.2, 133.7, 147.1, 148.0, 155.0, 169.3(×2) and 172.1; m/z
(ES) 494 (MNa+, 100%) and 372 (30) (found MNa+ 494.1782.
C25H29NO8Na requires 494.1791).


2,2′-Dibenzyloxybiphenyl (5)


Modifying the conditions originally reported by Oda for mono-
benzylation of a binaphthol derivative,47 benzyl bromide (0.96 ml,


8.03 mmol) was added dropwise to a stirred solution of 2,2′-
biphenol (0.50 g, 2.68 mmol) and KOtBu (0.66 g, 5.90 mmol)
in THF (30 ml) at room temperature, under an atmosphere of
nitrogen. The stirred suspension was heated at reflux for 14 h
and the reaction was then cooled to room temperature and
concentrated under reduced pressure. The brown residue was
partitioned between CH2Cl2 and a saturated aqueous solution of
Na2CO3. The organic layer was separated, washed with brine and
dried over MgSO4. The solvent was evaporated under reduced
pressure to give, without the need for further purification, the
dibenzyl protected biphenol58 5 (0.90 g, 92%) as a white solid. Mp
100–102 ◦C; tmax(film)/cm−1 3065, 3016, 2919, 2852, 1592, 1500,
1481, 1442, 1263, 1224, 1021, 749 and 696; dH (250 MHz; CDCl3)
5.07 (4 H, s, CH2Ph), 7.03 (2 H, dd, J 8.2 and 0.9, Ar), 7.11 (2 H,
td, J 7.3 and 0.9, Ar), 7.26 (8 H, br s, Ar) and 7.32–7.44 (6 H, m,
Ar); dC (62.5 MHz; CDCl3) 70.2, 113.0, 120.8, 126.6, 127.4, 128.3,
128.5, 128.6, 131.7, 137.6 and 156.3; m/z (CI) 384 (M + NH4


+,
8%), 367 (MH+, 10), 289, 275, 216, 199, 108 and 91 (100).


2,2′-Dibenzyloxy-5,5′-diiodobiphenyl (3b)


Following general procedure 1, dibenzyl protected biphenol 5
(0.40 g, 1.09 mmol), benzyltrimethylammonium dichloroiodate
(0.836 g, 2.40 mmol) and ZnCl2 (1.6 g, 11.7 mmol) in acetic acid
(24 ml) gave, after purification by column chromatography (10%
EtOAc–petroleum ether), the diiodo dibenzyl biphenol derivative
3b (506 mg, 75%) as a white solid. Mp 144–146 ◦C; tmax(film)/cm−1


3025, 2916, 2847, 1494, 1450, 1252, 1242, 1144, 1005, 798, 733 and
694; dH (250 MHz; CDCl3) 4.98 (4 H, s, CH2Ph), 6.73 (2 H, d, J 8.2,
Ar), 7.16–7.30 (10 H, m, Ar), 7.55 (2 H, dd, J 8.2 and 2.1, Ar) and
7.58 (2 H, s, Ar); dC (62.5 MHz; CDCl3) 70.3, 82.9, 115.0, 126.6,
127.7, 128.5, 129.3, 136.7, 137.6, 139.8 and 156.0; m/z (ES) 641
(MNa+, 100%) and 515 (34) (found MNa+ 640.9457. C26H20O2I2Na
requires 640.9451).


5,5′-Diiodo-2,2′-biphenol (3c) with ∼10% 5-chloro-5′-iodo-2,2′-
biphenol (3c′)


Following general procedure 1, 2,2′-biphenol (0.40 g, 2.15 mmol),
benzyltrimethylammonium dichloroiodate (1.64 g, 4.71 mmol)
and ZnCl2 (1.6 g, 11.7 mmol) in acetic acid (24 ml) gave, after
purification by column chromatography (20% EtOAc–petroleum
ether), diiodo biphenol 3c (0.772 g, 82%), contaminated with
∼10% 5-chloro-5′-iodo-2,2′-biphenol 3c′. tmax(film)/cm−1 3155
(br), 1474, 1382, 1222, 1180, 1111, 1015 and 877; dH (250 MHz;
CD3OD) 5.12 (2 H, br s, OH), 6.73 (2 H, d, J 8.5, Ar) and 7.45–7.57
(4 H, m, Ar); dC (62.5 MHz; CD3OD) 80.6, 117.9, 127.1, 137.2,
139.3 and 153.9; m/z (EI) 438 (M+(3c), 100%) and 346 (M+(3c′),
10%) (found M+ 437.862264. C12H8O2I2 requires 437.861384).


2,2′-Acetoxy-5,5′-diiodobiphenyl (3d) with ∼10% 2,2′-acetoxy-5-
chloro-5′-iodobiphenyl (3d′)


Acetic anhydride (2.0 ml, 21 mmol) was added dropwise to a
stirred solution of the diiodo biphenol 3c (0.50 g, 1.14 mmol) in
pyridine (3 ml), and the solution allowed to stir for 16 h. EtOAc
(20 ml) and water (30 ml) were added to the reaction mixture.
The layers were partitioned, separated and the aqueous phase
washed with EtOAc (20 ml). The combined organic fractions
were washed with 1 M HCl (30 ml), saturated aqueous NaHCO3
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(30 ml), water and brine. The organic fraction was dried over
MgSO4 and the solvent evaporated under reduced pressure to
give, after purification by column chromatography (30% EtOAc–
petroleum ether), the diacetate protected biphenol derivative
3d (566 mg, 95%), contaminated with ∼10% 2,2′-acetoxy-5-
chloro-5′-iodobiphenyl (3d′) as a white solid. Mp 119–123 ◦C;
tmax(film)/cm−1 3508, 3327, 3064, 2919, 2847, 1762, 1490, 1468,
1368, 1205, 1182, 1114, 1019 and 906; dH (250 MHz; CDCl3) 2.06
(6 H, s, OAc), 6.92 (2 H, d, J 8.5, Ar), 7.62 (2 H, d, J 2.1, Ar) and
7.70 (2 H, dd, J 8.5 and 2.1, Ar); dC (62.5 MHz; CDCl3) 20.7, 89.9,
124.7, 131.2, 138.3, 139.6, 147.9 and 168.8; m/z (EI) 522 (M+(3d),
21%), 430 (M+(3d′), 2); m/z (ES) 545 (MNa+(3d), 100%) (found
MNa+ 544.8714. C16H12O4I2Na requires 544.8723).


Table 1, entry 1


Following general procedure 2, 2,2′-dibenzyloxy-5,5′-
diiodobiphenyl 3b (250 mg, 0.40 mmol), Zn (320 mg, 4.89 mmol),
Boc–I–Ala–OMe (320 mg, 0.97 mmol), Pd2(dba)3 (11 mg,
0.012 mmol) and P(o-Tol)3 (15 mg, 0.048 mmol) in dry DMF
(0.97 ml) gave, after purification by column chromatography
(gradient 10–20% EtOAc–petroleum ether), the mono-coupled
products 6a, 6b and 6c as a mixture, and the bis- and homo-
coupled products 2a and 8 also as a mixture. Compounds 6a and
6b were separated from 6c by column chromatography (2% Et2O–
petroleum ether) to give (2S)-tert-butoxycarbonylamino-3-(2,2′-
dibenzyloxy-5′-iodobiphenyl-5-yl)propionic acid methyl ester
(6a) and (2S)-tert-butoxycarbonylamino-3-(2,2′-dibenzyloxy-5′-
chloro-biphenyl-5-yl)propionic acid methyl ester (6b) as a 80 : 20
mixture (37 mg, 14%) as an oil dH (500 MHz; CDCl3) 1.40 (9 H, s,
(CH3)3C), 3.00–3.10 (2 H, m, b), 3.66 (3 H, s, OMe), 4.51–4.58
(1 H, m, a), 4.95 (2 H, s, CH2Ph), 4.97 (2 H, s, CH2Ph), 4.99 (1
H, br s, NH), 6.69 (1 H, d, J 8.6, Ar), 6.88 (1 H, d, J 8.5, Ar),
7.00–7.07 (3 H, m, Ar), 7.12–7.26 (9 H, m, Ar), 7.53 (1 H, dd,
J 8.6 and 2.3, Ar) and 7.56 (1 H, d, J 2.3, Ar); dC (125 MHz;
CDCl3) 28.3, 37.4, 52.1, 54.5, 70.2, 70.3, 79.9, 82.9, 112.8, 115.1,
126.5, 126.6, 127.0, 127.4, 127.5, 128.0(×2), 128.3(×2), 126.6,
130.9, 132.3, 136.9(×2), 137.2, 139.8, 155.2, 156.1 and 172.4; m/z
(ES) 716 (MNa+ (6a), 100%) and 624 (MNa+ (6b), 30%) (found
MNa+ (6a) 716.1461. C35H36NIO6Na requires 716.1485) and
(found MNa+ (6b) 624.2133. C35H36NClO6Na requires 624.2129),
and (2S)-tert-butoxycarbonylamino-3-(2,2′-dibenzyloxybiphenyl-
5-yl)propionic acid methyl ester (6c) (43.5 mg, 19%) as an oil. [a]22


D


+46.5 (c 0.4 in CHCl3); tmax(film)/cm−1 3423, 2915, 2849, 1739,
1711, 1495, 1448, 1363, 1222, 1161, 1016 and 734; dH (500 MHz;
CDCl3) 1.40 (9 H, s, (CH3)3C), 3.02–3.11 (2 H, m, b), 3.66 (3 H, s,
OMe), 4.54–4.58 (1 H, m, a), 4.97 (1 H, br s, NH), 4.98 (2 H, s,
CH2Ph), 5.00 (2 H, s, CH2Ph), 6.89 (1 H, d, J 8.2, Ar), 6.96 (1 H,
br d, J 7.8, Ar), 7.00–7.08 (4 H, m, Ar), 7.14–7.19 (3 H, m, Ar),
7.19–7.23 (5 H, m, Ar) and 7.28–7.30 (3 H, m, Ar); dC (125 MHz;
CDCl3) 28.3(×3), 37.4, 52.1, 54.5, 70.2(×2), 79.8, 112.9, 120.7,
126.5(×3), 126.6(×3), 127.3, 127.8(×2), 128.4(×4), 128.6, 128.7,
128.8, 129.1, 131.4, 132.5, 137.5, 155.4(×2), 156.2 and 172.5; m/z
(ES) 590 (MNa+, 50%) and 534 (100) (found MNa+ 590.2545.
C35H37NO6Na requires 590.2519).


The mixture of compounds 2a and 8 was separated by a second
chromatography column (8% Et2O–petroleum ether), which gave
the bis-coupled product (2S)-tert-butoxycarbonylamino-3-{2,2′-
dibenzyloxy-5′ -[(2S)-tert-butoxycarbonylamino-2-methoxycar-


bonyl-ethyl]biphenyl-5-yl}propionic acid methyl ester (2a) (68 mg,
22%) as an oil [a]22


D +37.2 (c 2.0 in CHCl3); tmax(film)/cm−1 3367,
2974, 2916, 1745, 1712, 1497, 1362, 1249, 1220, 1166 and 1016;
dH (500 MHz; CDCl3) 1.39 (18 H, s, (CH3)3C), 3.05 (4 H, d, J
5.8, b), 3.65 (6 H, s, OMe), 4.53–4.58 (2 H, m, a), 4.97 (4 H, s,
CH2Ph), 5.01 (2 H, br s, NH), 6.88 (2 H, d, J 8.2, Ar), 7.02–
7.07 (4 H, m, Ar), 7.10–7.19 (4 H, m, Ar) and 7.20–7.28 (6 H,
m, Ar); dC (125 MHz; CDCl3) 28.2(×3), 37.5, 52.1, 54.5, 70.3,
79.8, 130.0, 126.5(×2), 127.3, 127.9, 128.3(×2), 128.5, 129.2,
132.3, 137.4, 155.1, 155.3 and 172.5; m/z (ES) 791.6 (MNa+,
100%) and 769.6 (MH+, 45) (found MH+ 769.3699. C44H53N2O10


requires 769.3700), and the homo-coupled compound (2S,5S)-
2,5-bis-tert-butoxycarbonylaminohexane-1,6-dioic acid dimethyl
ester (8) (31 mg, 8%) as an oil tmax(film)/cm−1 3361, 2968, 2925,
1742, 1712, 1515, 1362, 1249, 1161 and 1057; dH (500 MHz; CDCl3)
1.42 (18 H, s, (CH3)3C), 1.57–1.68 (2 H, m, b), 1.84–1.93 (2 H, m,
b), 3.72 (6 H, s, OMe), 4.26–4.35 (2 H, m, a) and 5.03 (2 H, d, J
7.8, NH); dC (125 MHz; CDCl3) 28.2, 28.8, 52.4, 52.9, 80.0, 155.3
and 172.8; m/z (ES) 427 (MNa+, 100%) and 405 (MH+, 40) (found
MH+ 405.2221. C18H33N2O8 requires 405.2237).


Table 1, entry 2


Following general procedure 2, diiodo diacetate biphenol deriva-
tive 3d (250 mg, 0.48 mmol), Zn (187 mg, 2.86 mmol), Boc–I–
Ala–OMe (188 mg, 0.57 mmol), Pd2(dba)3 (13 mg, 0.014 mmol)
and P(o-Tol)3 (17 mg, 0.057 mmol) in dry DMF (0.57 ml)
gave, after purification by column chromatography (gradient
20–30% EtOAc–petroleum ether), the mono-coupled products
1e, 7b and the homo-coupled product 8 as a mixture, and
the bis-coupled product (2S)-tert-butoxycarbonylamino-3-{2,2′-
diacetoxy-5′ -[(2S)-tert-butoxycarbonylamino-2-methoxycarbo-
nylethyl]biphenyl-5-yl}propionic acid methyl ester (2b) (116 mg,
36%) as an oil [a]22


D +46.5 (c 1.0 in CHCl3); tmax (film)/cm−1 3370,
2979, 2928, 1760, 1749, 1708, 1500, 1365, 1195, 1165, 1055, 1012
and 910; dH (500 MHz; CDCl3) 1.40 (18 H, s, (CH3)3C), 2.02 (6 H,
s, OAc), 3.03 (2 H, dd, J 13.8 and 6.2, b), 3.11 (2 H, dd, J 13.8 and
5.5, b), 3.69 (6 H, s, OMe), 4.54–4.59 (2 H, m, a), 5.05 (2 H, br d, J
7.5, NH), 7.00 (2 H, br s, Ar), 7.05 (2 H, d, J 8.2, Ar) and 7.15 (2 H,
br d, J 8.2, Ar); dC (125 MHz; CDCl3) 14.1, 28.2(×3), 37.6, 52.3,
54.3, 80.0, 122.5, 129.8, 130.3, 132.0, 133.8, 147.1, 155.1, 169.3
and 172.1; m/z (ES) 695 (MNa+, 1%), 673 (MH+, 18) and 517
(100) (found MNa+ 695.2761. C34H44N2O12Na requires 695.2792).


The mixture of compounds 1e, 7b and 8 was separated by a sec-
ond chromatography column (8% Et2O–petroleum ether), which
gave the mono-coupled product (2S)-tert-butoxycarbonylamino-
3-(2,2′-diacetoxy-5′-chloro-biphenyl-5-yl)propionic acid methyl
ester (7b) (9.5 mg, 4%) as an oil [a]22


D +53.7 (c 0.9 in CHCl3);
tmax(film)/cm−1 3375, 2980, 2923, 1759, 1711, 1499, 1364, 1191,
1042, 1008, 907 and 734; dH (500 MHz; CDCl3) 1.41 (9 H, s,
(CH3)3C), 2.03 (3 H, s, OAc), 2.05 (3 H, s, OAc), 3.05 (1 H, dd,
J 13.9 and 6.0, b), 3.14 (1 H, dd, J 13.9 and 6.0, b), 3.71 (3 H, s,
OMe), 4.55–4.61 (1 H, m, a), 5.04 (1 H, d, J 7.8, NH), 7.02 (1 H,
d, J 1.8, Ar), 7.07 (1 H, d, J 8.6, Ar), 7.08 (1 H, d, J 8.4, Ar),
7.16 (1 H, dd, J 8.4 and 1.8, Ar), 7.26 (1 H, d, J 2.6, Ar) and
7.34 (1 H, dd, J 8.6 and 2.6, Ar); dC (125 MHz; CDCl3) 20.6, 20.7,
28.3(×3), 37.6, 52.4, 54.3, 80.1, 122.7, 123.8, 128.9, 129.1, 130.2,
130.9, 131.2, 131.9, 134.0(×2), 146.6, 146.9, 155.0, 169.1(×2) and
172.0; m/z (ES) 528 (MNa+, 90%), 506 (MH+, 34) and 406 (100)
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(found MNa+ 528.1388. C25H28NO8ClNa requires 528.1401), the
mono-coupled product 1e (34 mg, 15%) and the homo-coupled
product 8 (9 mg, 4%) as oils, all spectroscopically consistent with
the data already reported.


Table 1, entry 4


2S-tert-Butoxycarbonylamino-3-(2,2′-diacetoxy-5′-iodobiphenyl-
5-yl)propionic acid methyl ester (7a). A pure sample of
compound 7a was obtained following general procedure 3, with
diiodo diacetate biphenol derivative 3d (250 mg, 0.48 mmol), Zn
(187 mg, 2.86 mmol), Boc–I–Ala–OMe (188 mg, 0.57 mmol),
Pd2(dba)3 (13 mg, 0.014 mmol) and P(o-Tol)3 (17 mg, 0.057 mmol)
in dry DMF (0.57 ml) which gave, after purification by column
chromatography (gradient 20–30% EtOAc–petroleum ether), the
mono-coupled product 7a (72 mg, 25%) as an oil [a]22


D +33.1
(c 0.7 in CHCl3); tmax(film)/cm−1 3377, 2969, 2919, 1760, 1711,
1494, 1478, 1365, 1195, 1007 and 912; dH (500 MHz; CDCl3) 1.41
(9 H, s, (CH3)3C), 2.03 (3 H, s, OAc), 2.06 (3 H, s, OAc), 3.05
(1 H, dd, J 13.9 and 6.0, b), 3.14 (1 H, dd, J 13.9 and 5.5, b), 3.71
(3 H, s, OMe), 4.55–4.61 (1 H, m, a), 5.04 (1 H, br d, J 8.1, NH),
6.89 (1 H, d, J 8.6, Ar), 7.01 (1 H, br s, Ar), 7.08 (1 H, d, J 8.2,
Ar), 7.16 (1 H, br d, J 8.2, Ar), 7.59 (1 H, d, J 2.2, Ar) and 7.68
(1 H, dd, J 8.6 and 2.2, Ar); dC (125 MHz; CDCl3) 20.6, 20.7,
28.3(×3), 37.6, 52.3, 54.3, 80.1, 89.8, 122.7, 124.5, 128.9, 130.2,
131.9, 132.7, 134.0, 137.9, 139.7, 146.9, 148.0, 155.0, 168.9, 169.1
and 172.0; m/z (ES) 620 (MNa+, 100%) (found MNa+ 620.0742.
C25H28NO8INa requires 620.0757). The bis-coupled product 2b
(61 mg, 19%) and the homo-coupled product 8 (15 mg, 6%) were
also obtained as oils and spectroscopically consistent with the
data already reported.


Table 1, entry 5


Following general procedure 3, diiodo diacetate biphenol deriva-
tive 3d (250 mg, 0.48 mmol), Zn (0.62 g, 9.48 mmol), Boc–I–Ala–
OMe (0.62 g, 1.91 mmol), Pd2(dba)3 (13 mg, 0.014 mmol) and
P(o-Tol)3 (17 mg, 0.057 mmol) in dry DMF (1.91 ml) gave, after pu-
rification by column chromatography (gradient 20–30% EtOAc–
petroleum ether), the bis-coupled product 2b (210 mg, 65%), and
after further purification by column chromatography (8% Et2O–
petroleum ether), the mono-coupled products 1e (36 mg, 16%)
and 7b (12 mg, 5%), and the homo-coupled product 8 (46 mg,
6%), all obtained as oils and spectroscopically consistent with the
data already reported.
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Pantothenate synthetase catalyses the ATP-dependent condensation of D-pantoate and b-alanine to
form pantothenate. Ten analogues of the reaction intermediate pantoyl adenylate, in which the
phosphodiester is replaced by either an ester or sulfamoyl group, were designed as potential inhibitors
of the enzyme. The esters were all modest competitive inhibitors, the sulfamoyls were more potent,
consistent with their closer structural similarity to the pantoyl adenylate intermediate.


Introduction


Pantothenate 1 (vitamin B5) is a key precursor of the 4′-
phosphopantetheine moiety of coenzyme A (CoA) and the acyl
carrier protein (ACP). Both CoA and ACP are necessary cofactors
for cell growth and are involved in essential biosynthetic pathways.
Pantothenate 1 (Scheme 1) is biosynthesised in micro-organisms,
plants, and fungi, but not in animals,1 and the enzymes of the
pantothenate pathway are considered to be potential herbicide
and antimicrobial targets.


The pathway to pantothenate 1 is best understood in Escherichia
coli, where it comprises four enzymatic reactions.2,3 The final trans-
formation, to produce pantothenate 1, is catalysed by pantothen-
ate synthetase (EC 6.3.2.1, Scheme 1), encoded by the panC gene.
Pantothenate is biosynthesised by the condensation of D-pantoate
and b-alanine. One equivalent of ATP is used, resulting in the
formation of AMP and pyrophosphate (PPi). The Mg2+-dependent
reaction consists of two sequential steps, initial pantoyl adenylate
2 formation, followed by subsequent nucleophilic attack on the
activated carbonyl by b-alanine (Scheme 1).4 The kinetic mech-
anism of Mycobacterium tuberculosis pantothenate synthetase
has been shown to be a BiUniUniBiPingPong mechanism.4,5


Pantothenate synthetase is a member of the aminoacyl-tRNA
synthetase superfamily and the mechanism for formation of the
pantoyl adenylate 2 is similar to that for formation of the acyl
adenylate intermediate.6 Several inhibitors of aminoacyl-tRNA
synthetases are known which mimic the aminoacyl adenylate
intermediate.7–9


No potent inhibitors of pantothenate synthetase have been
reported. Several potential inhibitors, pantoate analogues or
phosphonate analogues of pantoate/pantothenate (Fig. 1) have
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1EW. E-mail: ca26@cam.ac.uk; Fax: +44 1223 3336362; Tel: +44 1223
333405
bDepartment of Plant Sciences, Downing Street, Cambridge, UK CB2 3EA.
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† Electronic supplementary information (ESI) available: Diagram of
binding interactions made by pantoyl adenylate in the active site of M.
tuberculosis pantothenate synthetase based on the crystal structure of
pantothenate synthetase in complex with pantoyl adenylate 2. Figure
generated using LIGPLOT15 (from PDB coordinates 1n2h). Diagram of
binding interactions made by pantoyl adenylate 2 in the model of the
close structure of the active site of E. coli pantothenate synthetase. Figure
generated using LIGPLOT.15. See DOI: 10.1039/b609482a


Fig. 1 Compounds reported as potential inhibitors of pantothenate
synthetase.10,11


been synthesised, however none showed significant inhibition of
pantothenate synthetase under a variety of assay conditions.10,11 A
non-hydrolysable analogue of ATP, AMPCPP, has been shown
to inhibit M. tuberculosis pantothenate synthetase, with a K i


of 290 lM.4 No mimics of the pantoyl adenylate 2 have been
described.


The crystal structures of the apoenzyme forms of E. coli
pantothenate synthetase (PDB code: 1iho)6 and M. tuberculosis
pantothenate synthetase have been published, as well as several
very informative complexes of the M. tuberculosis enzyme includ-
ing the pantoyl adenylate 2 bound at the active site (PDB code:
1n2h).12–14 Pantothenate synthetase exists as a homodimer. Each
subunit has two well-defined domains, an N-terminal Rossmann
fold which contains the active site cavity and a C-terminal domain
which acts as a hinged lid for this cavity. ATP binds into the
N-terminal domain,6,13 and pantoate binds into a pocket on the
other domain. For E. coli pantothenate synthetase it has been
proposed that the binding of ATP is accompanied by a hinge
bending action that moves the two domains of the enzyme closer
together from an open apo-structure to a closed structure.6 The
ternary M. tuberculosis pantothenate synthetase structure adopts
a closed conformation, believed to be catalytically relevant.


In this paper we describe the preparation of a closed model
of E. coli pantothenate synthetase, the synthesis of a number of
pantoyl adenylate analogues (compounds 3–12, Fig. 2), molecular
docking studies of these analogues into the active site of E.
coli pantothenate synthetase, and their inhibition of E. coli
pantothenate synthetase.


Results


Preparation of the closed model of E. coli pantothenate synthetase


A sequence alignment of E. coli and M. tuberculosis pantothenate
synthetase was performed with the CLUSTALW 1.82 software
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Scheme 1 Reaction catalysed by pantothenate synthetase.


Fig. 2 Analogues of pantoyl adenylate 2 described in this paper.


program (http://www2.ebi.ac.uk/clustalw).15 This revealed that
the active sites of the two enzymes possess a high degree of
sequence similarity. The residues M30, H37, N58, Q61, G149,
D152 and Q155 in E. coli are conserved as M40, H47, N69, Q72,
G158, D161 and Q164 in M. tuberculosis.


The high degree of similarity in the active sites of E. coli and
M. tuberculosis pantothenate synthetase, the number of conserved
residues and the fact that the M. tuberculosis crystal structures
were in the required conformation to be catalytic, led to the
construction of a model for the closed structure of E. coli
pantothenate synthetase using the M. tuberculosis pantothenate
synthetase (PDB code: 1n2h) structure. The position of pantoyl
adenylate 2 was modelled into the E. coli active site. An overlay of
a subunit of the two structures is shown in Fig. 3A (the protein-
ligand interactions for M. tuberculosis pantothenate synthetase
(PDB code: 1n2h) and the modelled closed form of E. coli
pantothenate synthetase are shown as LIGPLOT diagrams16 in
the Supplementary Information (ESI)†). Of note is a molecule
of water bound 3.3 Å away from the C2′ ribose hydroxyl of the
pantoyl adenylate 2 which mediates hydrogen bonds from the
ribose hydroxyl(s) to the protein backbone. This key structural
water molecule is present in all pantothenate synthetase crystal
structures that include ribose-containing ligands. The LIGPLOT


diagrams show the importance of the hydrogen bonds between the
water molecule and the hydroxyl group at the C2′, the aspartate
residue and the glycine residue.


Docking studies and design of inhibitors


The structure of M. tuberculosis pantothenate synthetase (PDB
code: 1n2h), was prepared using SYBYL 6.5.17 The pantoyl
adenylate 2, the glycerol molecule, the ethanol molecules and all
the water molecules (except the key structural water, see above)
were removed from the crystal structure. Hydrogens were added
to the amino acid residues and the structure was minimised
using a Tripos force field.17 The closed model structure of E.
coli pantothenate synthetase was prepared as described in the
Experimental section. GOLD (version 2.1.1)18 was used to dock
small molecules into the protein binding site. The structures of
the ligands were prepared using the program SYBYL 6.517 and
energy-minimised using the Tripos force field. A maximum of
25 independent GOLD runs were executed for each ligand.18


The dockings were allowed to terminate early if the root-mean-
squared deviation (RMSD) between the heavy atoms of the top
five ranked conformations was less than 1.5 Å. The GoldScore
scoring function was used in all cases.
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Fig. 3 A) Overlay of M. tuberculosis pantothenate synthetase from the crystal structure (2.0 Å, PDB code: 1n2h, shown in blue) with the modelled
closed conformation of E. coli pantothenate synthetase (shown in green). The bound pantoyl adenylate 2 is also shown. The diagram was generated using
Weblab Viewer Pro (Molecular Simulations Inc) and Povray (http://www.povray.org/). B) GOLD docking results of the ligands in the active site of the
closed model of E. coli pantothenate synthetase (1) pantoyl adenylate 2, (2) inhibitor (2R)-12. These representations were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIH
P41 RR-01081).28


Pantoyl adenylate 2 was initially docked as a control into the
active sites of E. coli and M. tuberculosis pantothenate synthetase,
and then compared to either the pantoyl adenylate–enzyme
complex (M. tuberculosis) or the pantoyl adenylate–enzyme model
(E. coli). The docked conformation corresponded to that of the
crystallographically observed pantoyl adenylate 2 to within 0.6 Å
RMSD.


The inhibitors were designed to be analogues of the pantoyl
adenylate 2. Ten compounds were chosen (3–12), where the labile
phosphodiester is replaced with either an ester or sulfamoyl group
and the pantoyl functionality is modified. The (2S)-diastereomer
of ligands 3 and 8 and each stereoisomer of the ligands 4–7
and 10–12 were docked into the active site of M. tuberculosis
pantothenate synthetase and the active site of the closed model
of E. coli pantothenate synthetase. The docking results suggested
that the ligands would bind in the same orientation as the pantoyl
adenylate 2 in the active site. The top docking results of the pantoyl
adenylate 2 and the ligand (2S)-12 in the active site of E. coli
pantothenate synthetase are shown in Fig. 3B.


Synthesis of ester analogues 3–7


The amino ester analogue 3 was prepared from commercially
available N-Boc-L-tert-leucine. The N-Boc protected amino acid
was coupled with 2′,3′-isopropylideneadenosine, under Mitsunobu
conditions (Scheme 2).19 Deprotection of both the acetonide
and N-Boc protecting groups was accomplished under acidic
conditions to give the ester 3.


Ester analogue 4 was synthesised in three steps from pina-
colone (Scheme 3). The required ketoacid 14 was synthesised by
permanganate oxidation of the methyl group.20 Coupling of the
ketoacid 14 with 2′,3′-isopropylideneadenosine gave the protected
ester 15, which was deprotected under acidic conditions to
give 4.


The methoxy ether ester analogues 5 and 6 were synthe-
sised in five steps from a-hydroxy-v-butyrolactone and (±)-
pantolactone respectively (Scheme 4). In both cases the secondary
alcohol of the lactone was protected as a 2-methoxyethoxymethyl
(MEM) ether to give compounds 16 and 17, and 15-crown-5


Scheme 2 Reagents and conditions: (i) DEAD, PPh3, THF, 16 h; (ii)
TFA–H2O, 3 h.


was added as a co-catalyst to improve the solubility of NaH.21


The required acids, 18 and 19, were obtained after ring opening
of the protected lactone and derivatisation to the corresponding


Scheme 3 Reagents and conditions: (i) KMnO4, NaOH(aq), 0 ◦C, 1 h, 22 ◦C,
2 h; (ii) DCC, CH2Cl2, 16 h; (iii) TFA–H2O, 3 h.
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Scheme 4 Reagents and conditions: (i) NaH, 15-crown-5, MEMCl, 0 ◦C,
warm to 22 ◦C, 15 h (ii) H2O–MeOH, KOH, 80 ◦C, 4 h; (iii) NaH,
15-crown-5, MeI, 0 ◦C, warm to 22 ◦C, 15 h; (iv) DEAD, PPh3, THF,
16 h; (v) TFA–H2O, 3 h.


methoxy ether. Coupling of the acids 18 and 19 with 2′,3′-
isopropylideneadenosine, under Mitsunobu conditions, gave the
protected esters (20 or 21 respectively). The final compounds,
analogues 5 and 6, were obtained after removal of the acetal
protecting group.


Ester analogue 7 was prepared from 3,3-dimethyl-1,2-
butanediol in four steps (Scheme 5). The required acid 22
was obtained after oxidation of 3,3-dimethyl-1,2-butanediol with
Pt–C in the presence of oxygen. Protection of the secondary
alcohol with a dichloroacetate group gave the dichloroacetate ester
23 in good yield. This protected 3-dimethyl-2-hydroxybutanoic
acid 23 was coupled with 2′,3′-isopropylideneadenosine under
Mitsunobu conditions to give the protected ester 24. Deprotection
under acidic conditions gave the corresponding ester 7 in good
yield.


Scheme 5 Reagents and conditions: (i) Pt–C, NaOH(aq), CH2CH2, O2(g),
70 ◦C, 5 h; (ii) ClCOCHCl2, 80 ◦C, 4 h; (iii) DEAD, PPh3, THF, 16 h; (iv)
TFA–H2O, 3 h.


Synthesis of sulfamoyl analogues 8–12


The synthesis of N-acylsulfamoyls 8–12 was based on literature
procedures for the preparation of isoleucyl- and tyrosyl-tRNA
synthetase inhibitors.7,9,22 The required 2′,3′-protected adenosi-
nesulfamate 25 was prepared from 2′,3′-isopropylideneadenosine
and sulfamyl chloride using a modification of literature
conditions.7,22,23 Previous work had shown that the 5′-O–SO2NH2


group was more reactive than the 6-NH2 amino group on the
adenine ring.24 Hence the adenosinesulfamate derivative 25 was
directly acylated with appropriately activated carboxylic acid
derivatives to give the N-acylsulfamates.


Sulfonamide analogues 8 and 9 were prepared by coupling the
adenosinesulfamate 25 with the hydroxysuccinimide ester of N-
Boc-L-tert-leucine and the diketone 14 respectively (Schemes 6 and
7). The hydroxysuccinimide ester was formed by reacting N-Boc-
L-tert-leucine or the diketone 14 with N-hydroxysuccinimide to
give the activated acid (26 or 28).25 The hydroxysuccinimide esters
were unstable to purification by chromatography. Deprotection of
the N-acylsulfamates (27 or 29) under acidic conditions gave the
required sulfamoyls.


Scheme 6 Reagents and conditions: (i) hydroxysuccinimide, DME, DCC,
0 ◦C, 15 h; (ii) DBU, DCM, 16 h; (iii) TFA–H2O, 16 h.


Scheme 7 Reagents and conditions: (i) hydroxysuccinimide, DME, DCC,
0 ◦C, 15 h; (ii) DBU, DCM, 16 h; (iii) TFA–H2O, 3 h.
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Scheme 8 Reagents and conditions: (i) EDC, DMAP, CH2Cl2, HOC6F5, 15 h; (ii) DBU, DMF, 16 h; (iii) TFA–H2O, 3 h.


Due to the instability of the hydroxysuccinimide esters a
different activating group was tried. Consequently, the sulfamoyl
analogues 10 and 11 were prepared by coupling 2′,3′-protected
adenosinesulfamate 25 with the pentafluorophenol esters of the
hydroxy acids 18 or 19 (Scheme 8). Purification by chromatography
resulted in an oil which was a mixture in which the desired product
(32 or 33) was identified by NMR spectroscopy and LCMS
analysis. Removal of both the acetonide and MEM protecting
groups was accomplished under acidic conditions. The vigorous
conditions required to remove the MEM protecting group led to
a mixture of products from which the sulfamoyls (10 or 11) were
purified.


Sulfonamide analogue 12 was also prepared by coupling 2′,3′-
protected adenosinesulfamate 25 with the pentafluorophenol ester
of the protected acid 23 (Scheme 9). Purification by chromatogra-
phy led to a mixture of products including some loss of the diacetyl
protecting group. Deprotection of the acetonide protecting group
was accomplished under acidic conditions which resulted in
several products, from which 12 was purified.


Scheme 9 Reagents and conditions: (i) EDC, DMAP, CH2Cl2, HOC6F5,
15 h; (ii) DBU, DMF, 16 h (iii) TFA–H2O, 16 h.


Assay results


E. coli pantothenate synthetase was assayed using a coupled assay
that measures the formation of AMP spectrophotometrically.26


The kinetic parameters were obtained by plotting the rate as a
function of concentration of varied substrate and curve fitting to
the Michaelis–Menten equation. Control experiments were carried
out to show that the compounds did not inhibit the coupling
enzymes.


The ester analogues, (2S)-3 and the racemic compounds 4–7,
were tested as inhibitors against E. coli pantothenate synthetase.
In all cases the inhibition studies were carried out using a
constant concentration of pantoate and b-alanine and varying
concentrations of ATP. The K i values were obtained by plotting the
rate as a function of the concentration of ATP at different inhibitor
concentrations and curve fitting to the equation for competitive
inhibition (Table 1).27 All the compounds were found to be modest
reversible inhibitors of E. coli pantothenate synthetase, and were
competitive with ATP. The degree of inhibition is relatively
insensitive to the structure of the acyl group, with the K is ranging
from 1.9 mM (for 4) to 18.2 mM (for 6). This suggests that most
of the binding is coming from the adenine and ribose groups in
the ATP pocket, and that the varied acyl group cannot reach far
enough into the pantoate binding pocket to pick up the specific
binding interactions associated with recognition of the pantoyl
group in the reaction intermediate 2.


Table 1 Inhibiton results for the ester analogues, varying concentrations
of ATPa


Compound K i/mM Inhibition


3 9.5 ± 1.2 Competitive
4 1.9 ± 0.22 Competitive
5 3.5 ± 0.4 Competitive
6 18.2 ± 4.2 Competitive
7 2.5 ± 0.2 Competitive


a [E. coli pantothenate synthetase] 50 nM. Km ATP 1.75 mM, (±)-pantoate
1.45 mM, b-alanine 0.31 mM, kcat = 1.4 s−1 at 25 ◦C.
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Table 2 Inhibition results for the sulfamoyl analoguesa


Compound Varying substrate K i/lM Inhibition


8 ATP 65 ± 7 competitive
pantoate 160 ± 13 competitive
b-alanine 250 ± 23 uncompetitive


9 ATP 14 ± 2 competitive
pantoate 15 ± 2 competitive
b-alanine 120 ± 9 uncompetitive


10 ATP 0.8 ± 0.1 competitive
pantoate ND competitive
b-alanine ND uncompetitive


11 ATP 30 ± 4 competitive
pantoate 54 ± 5 competitive
b-alanine 144 ± 17 uncompetitive


12 ATP 0.3 ± 0.05 competitive
pantoate 0.8 ± 0.05 competitive
b-alanine 1.1 ± 0.08 uncompetitive


a [E. coli pantothenate synthetase] 50 nM, ND—not determined, insuffi-
cient compound, Km (ATP) 1.75 mM, (±)-pantoate 1.45 mM, b-alanine
0.31 mM, kcat = 1.4 s−1 at 25 ◦C.


Inhibition studies with the sulfamoyl analogues, (2S)-8 and
the racemic compounds 10–12, were carried out against E. coli
pantothenate synthetase. The inhibition by these compounds was
measured against varying concentrations of ATP, pantoate and
b-alanine. In all assays the concentration of two of the substrates


were kept constant and that of the third substrate was varied.
The K i values were obtained by plotting the rate as a function of
the concentration of the varied substrate at different inhibitor
concentrations, and curve fitting to equations for competitive,
non-competitive or un-competitive inhibition (Table 2).27 The
inhibition data for compound 12 versus ATP, pantoate and b-
alanine are shown in Fig. 4.


Conclusions


The esters 3–7 and sulfamoyl compounds 8–12 were designed
as analogues of the intermediate in the pantothenate synthetase
reaction, pantoyl adenylate 2. The compounds were synthesised
and assayed against E. coli pantothenate synthetase. The sul-
famoyls 8–12 were approximately 100-fold more potent inhibitors
than their corresponding ester analogues, reflecting their closer
structural similarity with pantoyl adenylate, and suggesting that
the interactions that the phosphate group makes with the enzyme
contribute significantly to binding. The inhibition values for these
compounds ranged from 300 nM (compound 12, versus ATP) to
250 lM (compound 8, versus b-alanine).


The sulfamoyl groups 8–12 were competitive inhibitors against
ATP and pantoate and uncompetitive inhibitors against b-
alanine. This was somewhat unexpected as it has previously been
reported that the kinetic catalytic mechanism of M. tuberculosis


Fig. 4 Steady state inhibition studies of E. coli pantothenate synthetase with inhibitor (2SR)-12, A) versus ATP, data were fitted to the equation for
competitive inhibition, B) versus pantoate, data were fitted to the equation for competitive inhibition, C) versus b-alanine, data were fitted to the equation
for uncompetitive inhibition. GraFit software (version 5.0.6, Erithacus Software Limited, http://www.erithacus.com/grafit/) was used to construct
Michaelis–Menten plots of the kinetic data and to calculate K i values for competitive inhibition.
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pantothenate synthetase involves ordered binding of ATP followed
by pantoate.4,5 It is interesting however that pantoate can be
soaked into a crystal of apoenzyme, suggesting that binding of
ATP is not absolutely required for pantoate binding.13 Sulfamoyl
analogue 12, the most potent inhibitor, is structurally most similar
to the pantoyl adenylate 2. The pantoate fragment differs only
by replacement of the primary hydroxyl group with a proton.
The inclusion of a primary methyoxy ether in 11 results in
a hundred-fold decrease in potency. This result was consistent
with docking studies which revealed that 11 was too large to
bind in the same orientation as the pantoyl adenylate 2, due
to the combined presence of the methoxy ether and the gem-
dimethyl groups. Docking studies of compound 10, which had the
gem-dimethyl groups removed, showed that this compound could
bind in the same orientation as the pantoyl adenylate 2 and
this was mirrored by an increase in potency. Replacement of
the secondary hydroxyl in compound 12 with a ketone (com-
pound 9) or amino group (compound 8) resulted in less potent
molecule, indicating that the secondary hydroxyl group is required
for activity. All compounds were found to be poor inhibitors
of pantothenate kinase and ketopantoate reductase (data not
showm).


This paper reports the first synthesis of a submicromolar in-
hibitor of pantothenate synthetase. The structure of the inhibitor is
consistent with the mechanism of the enzyme proceeding through
a pantoyl adenylate intermediate. The kinetics of the inhibition
suggest that a random order binding of the two substrates, ATP
and pantoate, is possible for the E. coli enzyme.


Experimental


Design of the closed model of E. coli pantothenate synthetase


The N-terminal domains of E. coli pantothenate synthetase
(PDB code: 1iho) and M. tuberculosis pantothenate synthetase
complexed with the pantoyl adenylate 2 (PDB code: 1n2h) were
superimposed using Swiss-PDBViewer. The backbone RMSD was
found to be 1.0 Å for this region. This domain corresponds to the
Rossmann fold and is assumed to stay rigid. Particular attention
was then paid to the hinge region between the domains.


The program SYBYL was used to modify the torsion angles
along the backbone around the central proline (P176 in E. coli
and P180 in M. tuberculosis) so that the C-terminal domains
overlapped. The proline ring conformation was changed in order
to accommodate the backbone torsion angle changes. The back-
bone torsion angles were modified near residues 175–177, with
no amide torsion (x) being moved by more than 4 degrees. The
region between residues 174–180 was then minimised in SYBYL
to allow for reorientation of the sidechains. The active site of the
protein was then modelled by extracting the position observed
in the (superimposed) M. tuberculosis pantothenate synthetase
structure, merging the pantoyl adenylate into the new active site
and then conducting a minimisation of the intermediate and
the surrounding sidechains using a substructure minimisation
in SYBYL (hydrogens were added to both the protein and the
intermediate). The key water molecule from the M. tuberculosis
pantothenate synthetase structure was retained in the active
site.


GOLD docking


All ligands and the receptor were prepared using SYBYL 6.5 and
used as MOL2 files. The structures of the ligands were energy-
minimised using the Tripos force-field prior to docking. Each
ligand was docked into the active site of pantothenate synthetase
(M. tuberculosis. and E. coli) using GOLD 2.1.1 in 25 independent
genetic algorithm (GA) runs, and for each of these a maximum
of 100 000 GA operations were performed on a single population
of 50 individuals. Operator weights for crossover, mutation and
migration in the entry box were used as default parameters (95, 95
and 10, respectively), as well as the initial hydrogen bonding (4.0
Å) and external van der Waals (2.5 Å) parameters. The position of
the active site was introduced and the radius was set to 10 Å, with
the automatic active site detection on. The “flip ring corners”,
“flip amide bonds” and “flip planer N” flags were switched on,
while “internal H-bonds” was switched off.


Protein expression


The panC gene was subcloned into SmaI–EcoRI-digested pUC19,
such that the panC gene was under the control of the lacZ
promoter. For overexpression of pantothenate synthetase, E. coli
cells were grown overnight at 37 ◦C on LB medium containing
ampicillin (100 mg ml−1). The lacZ gene was induced by the
addition of IPTG (70 mg ml−1) at the start of the culture.
Pantothenate synthetase was purified as described previously,6 and
stored in aliquots as concentrated solutions in glycerol–Tris buffer
at −20 ◦C.


Pantothenate synthetase assay


Pantothenate synthetase activity was assayed by coupling the
formation of AMP to the reactions of myokinase, pyruvate kinase,
and lactate dehydrogenase as described previously26 except that
Tris buffer was used. The decrease in absorbance of NADH
at 340 nm (e340 = 6220 M−1 cm−1) was measured in a 96-well
plate using a Biotek Powerwave XS plate reader running KC4
v3.2 Biotek instrument software. Conversion of (±)-pantolactone
to (±)-sodium pantoate was achieved by treatment of (±)-
pantolactone with 1 molar equivalent of sodium hydroxide.


The standard assay contained 100 mM Tris, pH 7.5, 10 mM
MgCl2, 5 mM ATP, 3 mM b-alanine, 1.5 mM potassium phos-
phoenolpyruvate, 150 lM NADH, 5 units of myokinase, 10 units
of pyruvate kinase, and 10 units of lactate dehydrogenase and
E. coli pantothenate synthetase (50 nM) in a total volume of
160 lL at 25 ◦C. After incubation for 5 min at 25 ◦C, reactions
were initiated by the addition of sodium pantoate (4 mM, 40 lL,
preincubated to 25 ◦C). The rate of pantothenate formation is
proportional to the rate of oxidation of NADH, two molecules of
NADH are oxidized for each molecule of pantothenate formed.
The apparent KM values for (±)-pantoate, ATP and b-alanine
were 1.45 ± 0.38 mM, 1.75 ± 0.05 mM and 0.31 ± 0.04 mM,
respectively, and kcat was 1.4 s−1. GraFit software (version 5.0.6,
Erithacus Software Limited, http://www.erithacus.com/grafit/)
was used to construct Michaelis–Menten plots of the kinetic data.
All experiments were performed in duplicate and the mean values
are reported.
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Inhibition studies


The pantothenate synthetase assay was repeated in the presence
of inhibitor. When ATP was the varied substrate the enzymatic
reaction was initiated by the addition of sodium pantoate (4 mM,
40 lL, preincubated to 25 ◦C). When sodium pantoate was
the substrate varied the enzymatic reaction was initiated by
the addition of ATP (5 mM, 40 lL, preincubated to 25 ◦C).
When b-alanine was the substrate varied the enzymatic reaction
was initiated by the addition of (±)-pantoate (3 mM, 40 lL,
preincubated to 25 ◦C).


GraFit software (version 5.0.6, Erithacus Software Lim-
ited, http://www.erithacus.com/grafit/) was used to generate
Michaelis–Menten plots of the kinetic data and calculate K i


values for competitive inhibition, non-competitive inhibition,
uncompetitive inhibition and mixed inhibition.27 The type of
inhibition was determined by statistical analysis (F test) of the
K i. The results are shown in Tables 1 and 2. All experiments were
performed in duplicate, unless otherwise stated, and the mean
values are reported.


Chemistry—General Methods


1H NMR spectra were recorded on either a Bruker Avance DPX-
250 MHz spectrometer, a Bruker DPX-400 MHz spectrometer, or
a Bruker DPX-400 MHz spectrometer in deuterated solvents, as
specified. Splitting patterns are abbreviated as follows: s, singlet,
d, doublet, t, triplet, q, quartet and m, multiplet. 13C NMR
spectra were recorded on a Bruker DPX-400 MHz spectrometer
operating at 100 MHz or Bruker DPX-500 spectrometer operating
at 125 MHz. Samples were referenced with respect to the residual
solvent signal.


Infrared spectra were recorded on an ATI Mattson Genesis
FTIR infrared spectrometer using NaCl plates or on a Perkin
Elmer Spectrum One FTIR spectrometer using attenuated trans-
mittance reflectance (ATR).


Mass spectrometry was carried out using a Micromass
Quadrapole-time of flight (Q-Tof) spectrometer. Liquid chro-
matography mass spectrometry (LCMS) was carried out using
an Alliance HT Waters 2795 Separations Module coupled to a
Waters Micromass ZQ Quadrapole Mass Analyzer. Samples were
detected using a photomultiplier detection system. Samples were
run on a gradient from 10 mM ammonium acetate containing
0.1% formic acid to 95% acetonitrile over a period of 8 minutes.


Column chromatography was performed with Kieselgel 60
(230–400 mesh). Where indicated, compounds were purified with
diaion HP-20SS resin (Supelco). TLC was performed using
commercially prepared silica gel (Kieselgel 60 0.25 mm) plates
which were visualized either with UV light (254 nm) or by
immersion in acidic ammonium molybdate solution.


HPLC purification was carried out on a Gilson HPLC system
fitted with a Gilson 118 UV–vis detector, with detection at 254 nm.
Where noted, compounds were purified using a Hichrom KR-100
C18 5 lm 250 × 4.6 mm column. Columns were eluted with a
gradient of methanol–water.


Organic solutions were dried over Na2SO4 or MgSO4, as
indicated. All organic solvents were freshly distilled prior to
use. Dichloromethane (DCM), ethyl acetate (EtOAc), methanol,
hexane and acetonitrile were distilled over calcium hydride.


Tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled
over a mixture of lithium aluminium hydride and calcium hydride.
All other reagents were purchased from Aldrich, Acros, or Fisher
Scientific, and were used without further purification. Moisture
sensitive reactions were carried out under a nitrogen atmosphere
in pre-dried glassware.


(2S)-Adenosyl-2-L-amino-3,3-dimethylbutanoate (3). To a so-
lution of Boc-L-tert-leucine (347 mg, 1.5 mmol) and 2′,3′-
isopropylideneadenosine (384 mg, 1.25 mmol) in THF (20 mL)
was added DEAD (236 lL, 1.5 mmol) and triphenylphosphine
(332 mg, 1.3 mmol). After stirring at 22 ◦C for 16 h the solution was
concentrated and then diluted with EtOAc (30 mL), washed with
water (20 mL) and dried (MgSO4), and the solvent was removed
in vacuo. Purification by column chromatography (methanol–
DCM gradient 2–5% methanol) gave the protected ester 13 as
a white solid (600 mg, 92%). dH (250 MHz, CDCl3): 0.89 (s, 9H,
CH3), 1.39 (s, 3H, CH3), 1.41 (m, 9H, CH3, Boc), 1.61 (s, 3H,
CH3), 4.21 (m, 4H, H4′, H5′ and H2), 5.06 (m, 1H, H3′), 5.58 (m,
1H, H2′), 6.06 (m, 1H, H1′), 7.25 (s, 2H, NH2), 7.88 (s, 1H, H2′’),
8.37 (s, 1H, H8′′).


The protected ester 13 (600 mg, 1.15 mmol) was dissolved
in water–TFA (2 : 4 v/v) and stirred at 22 ◦C for 3 h. The
solvent was removed in vacuo by azeotroping with ethanol
and toluene. Purification by column chromatography (methanol–
DCM gradient 2–15% methanol) gave the ester as a white solid
(244 mg, 55%). dH (250 MHz, DMSO): 0.90 (s, 9H, CH3), 4.15 (m,
1H, H3′), 4.24 (m, 1H, H4′), 4.38 (m, 2H, H5′), 4.78 (m, 1H, H2′),
5.52 (br s, 2H, NH2), 5.90 (d, 1H, J = 5.5 Hz, H1′), 7.25 (br s, 2H,
NH2), 8.12 (s, 1H, H2′′), 8.31 (s, 1H, H8′′). dC (62.5 MHz, DMSO):
26.2, 33.3, 61.0, 65.7, 70.6, 72.7, 81.5, 87.8, 119.4, 140.2, 149.5,
152.7, 156.2, 169.5. HRMS (ES) for C16H24N6O5: (MH+) calcd:
381.1808, found: 381.1805.


3,3-Dimethyl-2-oxobutyric acid (14).20 To a suspension of
sodium hydroxide (2.0 g, 51.5 mmol), KMnO4 (6.1 g, 38.6 mmol) in
water (48 mL) cooled to 0 ◦C, was added a solution of pinacolone
(2.5 mL, 19.9 mmol) in water (40 mL). The solution was stirred at
0 ◦C for 1 h and then 22 ◦C for 2 h. The mixture was filtered through
a pad of celite, acidified to pH 2, extracted with Et2O (3 × 40 mL)
and dried (Na2SO4), and the solution was concentrated in vacuo.
Distillation (81 ◦C, 20 mm) gave the acid as a clear oil (2.23 g, 87%).
dH (400 MHz, CDCl3): 1.32 (s, 9H, CH3). dC (100 MHz, CDCl3):
26.1, 160.9, 201.3. mmax (NaCl): 3100 (br s), 1731 (s), 1715 (s),
1428 (s) cm−1. HRMS (ES) for C6H12O3: (MNa+) calcd: 153.0528,
found: 153.0527.


3,3-Dimethyl-2-oxobutyric acid 5-(6-aminopurin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-ylmethyl ester (4). To a solution of
3,3-dimethyl-2-oxobutyric acid 14 (198 mg, 1.52 mmol), 2′,3′-
isopropylideneadenosine (200 mg, 0.65 mmol) in DCM (2 mL)
was added DCC (206 mg, 0.87 mmol) portionwise. After stirring
at 22 ◦C for 16 h the solution was filtered, the solid was washed
with DCM (20 mL) and the solution was concentrated in vacuo.
Purification by column chromatography (methanol–EtOAc, 1 :
20 v/v) gave the protected ester 15 as an oily residue (184 mg,
42%). dH (500 MHz, CDCl3): 1.19 (s, 9H, t-Bu), 1.38 (s, 3H, CH3),
1.60 (s, 3H, CH3), 4.46 (m, 2H, H5′), 4.52 (m, 1H, H4′), 5.08
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(dd, 1H, J = 3.3 and 6.3 Hz, H3′), 5.44 (dd, 1H, J = 2.2 and
6.3 Hz, H2′), 6.13 (d, 1H, J = 2.2 Hz, H1′), 7.93 (s, 1H, H2′′),
8.32 (s, 1H, H8′′). dC (125 MHz, DMSO): 25.3, 25.6, 27.1, 33.9,
42.6, 64.7, 81.6, 84.2, 84.4, 90.6, 114.7, 120.0, 139.7, 149.2, 153.1,
155.7, 162.6. mmax (NaCl): 3322 (m), 2929 (m), 1740 (m), 1625 (s),
1575 (s), 1242 (s), 1007 (m) cm−1. LCMS: RT 3.7 min, (MH+)
420.


The protected ester 15 (184 mg, 0.43 mmol) was dissolved in
water (0.4 mL) and cooled to 0 ◦C. TFA (1 mL) was added
dropwise and the reaction mixture was stirred and allowed to
22 ◦C over 3 h. The solvent was removed in vacuo by azeotroping
with ethanol and toluene. Purification by column chromatography
(methanol–EtOAc gradient 1 : 20 v/v) gave the ester as a white
solid (30 mg, 19%).dH (400 MHz, MeOD): 1.20 (s, 9H, t-Bu), 4.34
(m, 2H, H5′), 4.41 (t, 1H, J = 5.0 Hz, H4′), 4.57 (m, 1H, H3′),
4.73 (t, 1H, J = 4.9 Hz, H2′), 6.07 (d, 1H, J = 4.7 Hz, H1),
8.23 (s, 1H, H2′′), 8.33 (s, 1H, H8′′). dC (100 MHz, MeOD): 26.0,
43.6, 65.6, 71.9, 75.4, 83.3, 90.2, 120.5, 141.6, 150.6, 152.6, 156.5,
164.3. mmax (ATR): 3449 (m), 1677 (s), 1615 (s), 1454 (m), 1203 (s),
1088 (s) cm−1. HRMS (ES) calcd for C16H21N5O6: (MNa+) calcd:
380.1570, found: 380.1583.


2-Methoxyethoxymethoxy-v-butyrolactone (16). To a suspen-
sion of sodium hydride (60% oil dispersion, 3.5 g, 88 mmol) and
15-crown-5 (0.65 g, 8 mmol) in THF (100 mL), cooled to 0 ◦C, was
added a-hydroxy-v-butyrolactone (5.0 g, 49 mmol). After stirring
at 0 ◦C for 10 min MEMCl (6.7 g, 55 mmol) and THF (50 mL)
were added dropwise and the solution was stirred at 22 ◦C for
15 h. The reaction was quenched carefully with water (30 mL)
and the THF was removed in vacuo. The residue was diluted
with EtOAc (3 × 50 mL), dried (MgSO4) and solvent removed
in vacuo to yield the lactone as an oil (9.3 g, 100%) which was
used without further purification. dH (250 MHz, CDCl3): 2.31
(m, 1H, H3), 2.56 (m, 1H, H3), 3.38 (s, 1H, OCH3), 3.54 (m,
2H, OCH2), 3.74 (m, 2H, OCH2), 4.31 (m, 3H, H2 and H4),
4.90 (AB quartet, 2H, J = 6.9 Hz, H5, OCH2O). dC (62.5 MHz,
CDCl3): 29.8, 59.0, 65.8, 67.5, 70.3, 71.6, 94.9, 174.8. mmax: 1786
(s) cm−1. HRMS (ES) for C8H14O5: (MNa+) calcd: 213.0739,
found: 213.0738.


4,4-Dimethyl-2-methoxyethoxymethoxy-v-butyrolactone (17).
To a suspension of sodium hydride (60% oil dispersion, 6.0 g,
150 mmol), 15-crown-5 (1.3 g, 16 mmol) in THF (100 mL) cooled
to 0 ◦C, was added 4,4-dimethyl-a-hydroxy-c-butyrolactone
(100 mmol, 13.2 g). After stirring at 0 ◦C for 10 min MEMCl
(14.7 g, 120 mmol) was added and the solution was stirred at 22 ◦C
for 15 h. The reaction was quenched carefully with water (50 mL)
and the THF was removed in vacuo. The residue was diluted with
EtOAc (3 × 100 mL) and dried (MgSO4), and the solvent was
removed in vacuo to yield the lactone as an oil (22 g, 100%) which
was used without further purification. dH (250 MHz, MeOD):
1.09 (s, 3H, CH3), 1.19 (s, 3H, CH3), 3.38 (s, 3H, OCH3), 3.55
(m, 2H, methylene protons), 3.79 (m, 2H, methylene protons),
3.89 (AB quartet, 2H, J = 8.8 Hz, H4), 4.11 (s, 1H, H2), 4.82 (d,
1H, J = 6.8 Hz, OCH2O), 5.07 (d, 1H, J = 6.8 Hz, OCH2O). dC


(62.5 MHz, MeOD): 19.4, 23.1, 40.2, 59.0, 67.5, 70.6, 71.6, 78.4,
95.1, 175.0. mmax (NaCl): 1739 (s) cm−1. HRMS (ES) for C10H18O5:
(MNa+) calcd: 241.1052, found: 241.1054.


4-Methoxy-2-(2-methoxyethoxymethoxy)-butyric acid (18).
To a solution of 2-methoxyethoxymethoxy-v-butyrolactone 16
(3.0 g, 16 mmol) in water (30 mL) and methanol (20 mL) was
added potassium hydroxide (750 mg, 19 mmol). After heating
at 70 ◦C for 4 h the solvent was removed in vacuo to give an
oil. This oil was dissolved in THF (40 mL) and 15-crown-5 (150
lL), cooled to 0 ◦C and sodium hydride (1.28 mg, 22 mmol) was
added carefully. After 10 min iodomethane (2.49 mL, 40 mmol)
was added and the solution was stirred at 22 ◦C for 15 h. A
solution of NaOH(aq) (10 mL of 1 M) was added carefully and the
solution was stirred at 60 ◦C for 2 h. The solution was acidified
to pH 3, extracted with EtOAc (3 × 25 mL), successively washed
with water (25 mL) and brine (25 mL), dried (MgSO4) and
concentrated in vacuo. The acid was obtained as an oil (1.5 g,
43%). dH (250 MHz, CDCl3): 2.00 (m, 2H, H2), 3.31 (s, 3H,
OCH3), 3.36 (s, 3H, OCH3), 3.51 (m, 4H, H7 and H4), 3.74 (m,
2H, CH2O), 4.31 (s, 1H, H2), 4.78 (m, 2H, H6). dC (100 MHz,
CDCl3): 30.9, 56.7, 57.3, 66.3, 68.3, 70.0, 71.1, 94.0, 174.6. mmax


(NaCl): 1745 (s) cm−1. HRMS (ES) for C9H18O6: (MNa+) calcd:
223.1182, found: 223.1168.


4-Methoxy-2-(2-methoxyethoxymethoxy)-3,3-dimethylbutyric
acid (19). To a solution of 4,4-dimethyl-2-methoxyethoxy-
methoxy-v-butyrolactone 17 (1.0 g, 4.6 mmol) in water (20 mL)
and methanol (5 mL) was added potassium hydroxide (310 mg,
5.5 mmol). After heating at 80 ◦C for 4 h the solvent was removed
in vacuo to give an oil. This oil was dissolved in THF (30 mL)
and 15-crown-5 (100 lL) and cooled to 0 ◦C, and sodium hydride
(480 mg, 12 mmol), was added carefully. After 10 min iodomethane
(1.24 mL, 20 mmol) was added and the solution was stirred
at 22 ◦C for 15 h. A solution of NaOH(aq) (10 mL of 1 M)
was added carefully and the solution was stirred at 60 ◦C for
5 h. The solution was acidified to pH 3, extracted with EtOAc
(3 × 25 mL), successively washed with water (25 mL) and brine
(25 mL), dried (MgSO4) and concentrated in vacuo. Purification
by column chromatography (EtOAc–hexane 1 : 1 v/v) gave the
acid as an oil (410 mg, 39%). dH (250 MHz, CDCl3): 1.06 (s,
3H, CH3), 1.11 (s, 3H, CH3), 3.20 (AB quartet, 2H, J = 8.9 Hz,
CH2O), 3.33 (s, 3H, OCH3), 3.39 (s, 3H, OCH3), 3.51 (t, 2H,
J = 4.7 Hz, OCH2), 3.74 (m, 2H, CH2O), 4.06 (s, 1H, H2), 4.80
(AB quartet, 2H, J = 6.9 Hz, H8). dC (62.5 MHz, CDCl3): 20.5,
21.2, 58.6, 70.5, 73.1, 74.2, 78.0, 81.7, 87.5, 172.8. mmax (NaCl):
1739 (s) cm−1. HRMS (ES) for C11H22O6: (MNa+) calcd 273.1314,
found 273.1314.


(2RS)-Adensoyl-2-hydroxy-4-methoxybutyrate (5). DEAD
(205 lL, 1.3 mmol) and triphenylphosphine (332 mg,
1.3 mmol) were added to a solution of 4-methoxy-2-(2-
methoxyethoxymethoxy)-butyric acid 18 (332 mg, 1.5 mmol)
and 2′,3′-isopropylideneadenosine (306 mg, 1.0 mmol) in THF
(30 mL). After stirring at 22 ◦C for 16 h the solution was
concentrated and then diluted with EtOAc (30 mL), washed with
water (20 mL) and dried (MgSO4), and the solvent was removed in
vacuo. Purification by column chromatography (methanol–DCM
gradient 2–15% methanol) gave the protected ester 20 as a white
solid (600 mg, 80%). dH (250 MHz, CDCl3): 1.36 (s, 3H, CH3),
1.58 (s, 3H, CH3), 1.94 (m, 2H, H3), 3.25 (s, 2H, H5), 3.33 (s,
3H, MEM group), 3.35 (m, 4H, MEM group and H4), 3.66
(m, 2H, MEM group), 4.22 (m, 3H, H2, H4′ and H5′), 4.71 (m,
2H, MEM group), 5.04 (m, 1H, H3′), 5.42 (m, 1H, H2′), 6.08
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(m, 1H, H1′), 6.30 (m, 2H, NH2), 7.91 (s, 1H, H2′′), 8.32 (s, 1H,
H8′′).


The protected ester 20 (600 mg, 1.2 mmol) was stirred for 3 h at
22 ◦C in water–TFA (2 : 4 v/v). The solvent was removed in vacuo
by azeotroping with ethanol and toluene. Purification by column
chromatography (methanol–DCM gradient 2–30% methanol)
gave the ester as a white solid (125 mg, 27%). dH (250 MHz, CDCl3):
1.74 (m, 2H, H3), 3.15 (s, 2H, H5), 3.25 (m, 2H, H4), 4.25 (m, 3H,
H2, H4′and H5′), 4.60 (m, 1H, H3′), 5.51 (m, 2H, OH, H2′), 5.90
(d, 1H, J = 5.5 Hz, H1′), 7.00 (m, 2H, NH2), 8.13 (s, 1H, H2′′),
8.32 (s, 1H, H8′′). dC (125 MHz, DMSO): 34.0, 58.6, 61.8, 64.3,
67.7, 70.5, 73.5, 81.7, 88.0, 119.4, 140.0, 149.5, 152.7, 156.2, 174.0.
mmax (ATR): 3321 (w), 1643 (s), 1603 (s), 1478 (m), 1203 (m), 1075
(s) cm−1. HRMS (ES) for C15H19N5O7: (MH+) calcd: 384.1519,
found: 384.1508.


(2RS)-Adensoyl-3,3-dimethyl-2-hydroxy-4-methoxybutyrate (6).
DEAD (221 lL, 1.4 mmol) and triphenylphosphine (358 mg,
1.4 mmol) were added to a solution of 4-methoxy-2-(2-
methoxyethoxymethoxy)-3,3-dimethylbutyric acid 19 (236 mg,
1.0 mmol) and isopropylideneadenosine (368 mg, 1.2 mmol) in
THF (30 mL). After stirring at 22 ◦C for 16 h the solution was
concentrated and then diluted with EtOAc (30 mL), washed with
water (20 mL) and dried (MgSO4), and the solvent was removed in
vacuo. Purification by column chromatography (methanol–DCM
gradient 2–15% methanol) gave the protected ester 21 as a white
solid (385 mg, 73%). dH (250 MHz, CDCl3): 0.95 (s, 6H, H4), 1.36
(s, 3H, CH3), 1.58 (s, 3H, CH3), 3.16 (s, 2H, H5), 3.31 (m, 3H,
MEM group), 3.32 (s, 3H, H6), 3.46 (m, 2H, MEM group), 3.65
(m, 2H, MEM group), 4.01 (m, 1H, H2), 4.38 (m, 2H, H5′), 4.49
(m, 1H, H4′), 4.69 (m, 1H, MEM group), 5.08 (m, 1H, H3′), 5.45
(m, 1H, H2′), 5.65 (br s, 2H, NH2), 6.12 (m, 1H, H1′), 7.96 (s, 1H,
H2′′), 8.36 (s, 1H, H8′′).


The protected ester 21 (385 mg, 0.73 mmol) was stirred for 3 h at
22 ◦C in water–TFA (2 : 4 v/v). The solvent was removed in vacuo
by azeotroping with ethanol and toluene. Purification by column
chromatography (methanol–DCM gradient 2–30% methanol)
gave the ester as a white solid (110 mg, 37%). dH (250 MHz,
DMSO): 0.83 (s, 6H, H4), 3.16 (s, 2H, H5), 3.17 (s, 3H, H6), 3.90 (s,
1H, H2), 4.19 (m, 4H, H3′, H4′ and H5′), 4.67 (m, 1H, H2′), 5.93 (d,
1H, J = 5.2 Hz, H1′), 7.42 (br s, 2H, NH2), 8.17 (s, 1H, H2′′), 8.39 (s,
1H, H8′′). dC (62.5 MHz, DMSO): 20.5, 21.2, 55.0, 58.6, 64.1, 70.5,
73.1, 74.2, 78.0, 81.8, 87.5, 119.1, 139.9, 149.4, 152.2, 155.7, 172.8.
mmax (ATR): 3434 (m), 1732 (m), 1644 (s), 1601 (m), 1477 (w), 1150
(s) cm−1. HRMS (ES) for C17H25N5O7: (MH+) calcd: 412.1824,
found: 412.1828.


3,3-Dimethyl-2-hydroxybutanoic acid (22). A solution of 3,3-
dimethyl-1,2-butanediol (2.8 g, 23.7 mmol), Pt–C (10%, 800 mg)
and NaOH (3.7 g, 93 mmol) in water (60 ml) under a constant
gentle flow of oxygen, was stirred at 70 ◦C for 5 h. The
mixture was filtered through a pad of celite, acidified to pH 3
and the solution was concentrated in vacuo. The solution was
diluted with EtOAc (50 mL), filtered to remove NaCl(s) and
dried (MgSO4), and the solvent was removed in vacuo to yield
the acid as an oil (1.5 g, 46%) which was >95% pure by 1H
NMR spectroscopy. dH (250 MHz, MeOD): 0.99 (s, 9H, CH3,
H4), 3.74 (s, 1H, H2). dC (62.5 MHz, MeOD): 25.6, 62.1,


78.4, 178.3. HRMS (ES) for C6H12O3: (MNa+) calcd: 155.0684,
found: 155.0689.


2-Dichloroacetoxy-3,3-dimethylbutanoic acid (23). 3,3-
Dimethyl-2-hydroxybutanoic acid 22 (500 mg, 3.8 mmol) was
added to dichloroacetyl chloride (2 mL, 20 mmol) and heated at
80 ◦C for 4 h. After removal of the excess dichloroacetyl chloride
in vacuo the acid was obtained as an oil (680 mg, 2.8 mol, 73%).
dH (250 MHz, CDCl3): 1.12 (s, 9H, CH3, H4), 4.78 (s, 1H, H2),
6.06 (s, 1H, H6). dC (62.5 MHz, CDCl3): 26.0, 34.2, 63.9, 81.8,
167.0. mmax (NaCl): 1735 (s) cm−1.


(2RS)-Adenosyl-2-hydroxy-3,3-dimethylbuyrate (7). To a so-
lution of 2-dichloroacetoxy-3,3-dimethylbutyric acid 23 (194 mg,
0.8 mmol) and 2′,3′-isopropylideneadenosine (270 mg, 0.88 mmol)
in THF (20 mL) were added DEAD (158 lL, 1.0 mmol) and
triphenylphosphine (256 mg, 1.0 mmol). After stirring at 22 ◦C
for 16 h the solution was concentrated in vacuo to remove the
THF. The residue was taken up in EtOAc (30 mL), washed with
water (20 mL) and dried (MgSO4), and the solvent was removed
in vacuo. Purification by column chromatography (methanol–
DCM gradient 2–10% methanol) gave the protected ester 24
as an oil (150 mg, 35%). dH (250 MHz, CDCl3): 0.89 (s, 9H,
CH3), 1.38 (s, 3H, CH3), 1.58 (s, 3H, CH3), 3.72 (m, 1H, H2′),
4.37 (m, 3H, H4′ and H5′), 5.08 (m, 1H, H3′), 5.30 (m, 1H,
H2′), 6.09 (m, 1H, H1′), 6.21 (s, 1H, CH), 8.21 (s, 1H, H2′′),
8.27 (s, 1H, H8′′).


The protected ester 24 (150 mg, 0.28 mmol) was dissolved in
pyridine–water (1 : 1 v/v, 2 mL, pH 7.5) and stirred for 16 h
at 22 ◦C. The solvent was removed in vacuo and the residue
was dissolved in water–TFA (2 : 4 v/v) and stirred at 22 ◦C
for 3 h. The solvent was removed in vacuo by azeotroping with
ethanol and toluene. Purification by column chromatography
(methanol–DCM gradient 2–20% methanol) gave the ester 7
as a white solid (90 mg, 82%). dH (250 MHz, MeOD): 0.91
(s, 9H, CH3), 3.82 (s, 1H, H2), 4.39 (m, 4H, H3′, H4′ and
H5′), 4.74 (m, 1H, H2′), 6.03 (d, 1H, J = 5.7 Hz, H1′), 8.21
(s, 1H, H2′′), 8.34 (s, 1H, H8′′). dC (62.5 MHz, DMSO): 25.0,
34.5, 63.6, 70.6, 73.9, 78.6, 82.2, 88.9, 122.2, 140.7, 150.6, 154.7,
157.1, 173.1. HRMS (ES) for C16H24N6O5: (MH+) calcd: 382.1726,
found: 382.1737.


2′,3′-Isopropylidene-5′-O-sulfamoyladenosine (25). To an ice-
cooled solution of chlorosulfonylisocyanate (1 mL, 1.6 g,
11.3 mmol) in acetonitrile (10 ml), was added water (0.2 ml),
dropwise. The mixture was warmed to 22 ◦C and stirred for
15 min. The solution was concentrated in vacuo by azeotroping
with toluene (10 mL) to give chlorosulfonylamine as a white
powder (1.4 g, 100% crude yield).


To a solution of 2′,3′-isopropylideneadenosine (1.0 g, 3.3 mmol),
DCM (10 ml) and DBU (1 mL) was added a solution of
chlorosulfonylamine (1.4 g) in DCM (5 mL) over 5 min. The
solution was stirred for 15 h, and then the solvent was removed
in vacuo. Column chromatography (methanol–ethyl acetate 10 :
90 v/v) gave the sulfamoyl as a white solid (751 mg, 58%). dH


(400 MHz, MeOD): 1.32 (s, 3H, CH3, H6), 1.53 (s, 3H, CH3, H7),
4.26–4.39 (AB of ABX, 2H, H5), 4.54 (X of ABX, 1H, H4), 5.12
(dd, J = 2.8 and 6.0 Hz, 1H, H3), 5.41 (dd, 1H, J = 2.4 and
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6.0 Hz, H2), 6.24 (d, 1H, J = 2.4 Hz, H1), 8.21 (s, 1H, H2′), 8.27
(s, 1H, H8′). dC (100 MHz, MeOD): 26.0, 28.0, 70.5, 83.5, 86.0,
86.3, 92.3, 116.2, 121.0, 142.0, 150.8, 154.6, 157.9. mmax (ATR):
3122 (m), 2100 (w), 1686 (s), 1650 (s), 1374 (s), 1105 (s) cm−1.
HRMS (ES) for C13H18N6O6SNa: (MNa+): calcd 409.0906, found
409.0927.


(2RS)-5′-O-(3,3-Dimethyl-2-aminobutyrylsulfamoyl) adenosine
(8). To Boc-L-tert-leucine (388 mg, 1.55 mmol) and hydroxy-
succinimide (355 mg, 3.08 mmol) in DME (10 mL), cooled to
0 ◦C, was added DCC (438 mg, 2.12 mmol). After sitting at
0 ◦C for 15 h the solution was filtered and the solvent was
removed in vacuo. The residue was dissolved in Et2O (20 mL)
and filtered, and the solvent was removed in vacuo to give the
hydroxysuccinimide ester 26 as a white solid (318 mg, 62%).
The product was unstable to purification by chromatography. dH


(400 MHz, CDCl3): 1.12 (s, 9H, CH3), 1.45 (s, 9H, CH3), 2.82 (s,
4H, CH2), 4.42 (d, 1H, J = 7.2 Hz, H-a), 5.08 (d, 1H, J = 7.2 Hz,
NH). HRMS (ES) for C15H24N2O6Na: (MNa+) calcd 351.1532,
found 351.1540.


To a solution of isopropylidene sulfamoyl adenoside 25
(350 mg, 0.90 mmol) and DBU (500 lL) in DCM (5 mL) was
added 2-tert-butoxycarbonylamino-3,3-dimethylbutyric acid 2,5-
dioxopyrrolidin-1-yl ester 26 (330 mg, 1.00 mmol) portionwise.
The reaction was stirred at 22 ◦C for 16 h, then the solvent
was removed in vacuo and the residue was purified by column
chromatography (EtOAc). Compound 27 was obtained as a white
solid (263 mg) which included DBU impurities (5% by 1H NMR
spectroscopy). dH (400 MHz, MeOH): 1.28 (s, 9H, t-Bu), 1.37 (s,
3H, CH3), 1.51 (s, 9H, t-Bu), 1.59 (s, 3H, CH3), 4.21 (br s, 1H,
CH), 4.53 (br s, 2H, H5′), 4.59 (m, 1H, H4′), 5.16 (m, 1H, H3′),
5.33 (dd, 1H, J = 3.2, 5.8 Hz, H2′), 6.21 (d, 1H, J = 3.1 Hz, H1′),
8.36 (s, 1H, H2′′), 8.55 (s, 1H, H8′′). mmax (ATR): 3118 (m), 2101
(m), 1686 (s), 1647 (s), 1604 (s), 1374 (s), 1178 (s), 1079 (s) cm−1.
LCMS: Rt 4.0, (MH+) 600.


The protected compound 27 (82 mg, 0.14 mmol) was stirred for
16 h at 22 ◦C in water–TFA (2 : 4 v/v). The solvent was removed
in vacuo by azeotroping with ethanol and toluene. Purification
by diaion HP-20SS chromatography (THF–water gradient 0 to
5%) gave the sulfamoyl as a white solid (48 mg, 76% yield). dH


(250 MHz, D2O): 1.07 (s, 9H, H4), 4.38 (m, 4H, H2, H4′ and
H5′), 4.63 (m, 1H, H3′), 4.79 (m, 1H, H2′), 6.09 (m, 1H, H1′), 8.18
(s, 1H, H2′′), 8.51 (s, 1H, H8′′). dC (125 MHz, D2O): 25.7, 32.8,
64.4, 67.5, 70.6, 74.6, 82.8, 88.1, 118.7, 139.8, 149.3, 152.5, 155.8,
174.1. mmax (ATR): 2990 (m), 1634 (s), 1600 (s), 1335 (m), 1150 (s),
1044 (s) cm−1. HRMS (ES) for C16H25N7O7SNa: (MNa+) calcd:
482.1434, found: 482.1428.


(2RS)-5′-O-(3,3-Dimethyl-2-oxobutyrylsulfamoyl) adenosine
(9). To 3,3-dimethyl-2-oxobutyric acid 14 (504 mg, 3.9 mmol)
and hydroxysuccinimide (646 mg, 5.6 mmol) in DME (10 mL),
cooled to 0 ◦C, was added DCC (939 mg, 4.5 mmol). After sitting
at 0 ◦C for 15 h the solution was filtered and the solvent removed
in vacuo. To further precipitate remaining DCU the residue was
resuspended in Et2O (20 mL) and filtered, and the solvent was
removed in vacuo to give the activated compound 32 as a white
solid (444 mg, 50%). The product was unstable to purification by
chromatography. dH (400 MHz, CDCl3): 1.34 (s, 9H, CH3), 2.89
(s, 4H, CH2).


To a solution of 2′,3′-isopropylidene-5′-O-sulfamoyladenosine
25 (598 mg, 1.5 mmol) and DBU (500 lL) in DCM (10 mL)
was added 3,3-dimethyl-2-oxobutyric acid 2,5-dioxopyrrolidin-1-
yl ester 28 (820 mg, 3.6 mmol) portionwise. After the reaction
was stirred at 22 ◦C for 16 h, the solvent was removed in vacuo.
The residue was purified by column chromatography (EtOAc–
MeOH 90 : 10 v/v) and 29 was obtained as a white solid
(524 mg, 70%). dH (400 MHz, MeOH): 1.22 (s, 9H, t-Bu), 1.39
(s, 3H, CH3), 1.62 (s, 3H, CH3), 4.31 (t, 2H, J = 4.3 Hz, H5′),
4.56 (m, 1H, H4′), 5.16 (dd, 1H, J = 2.2 and 6.1 Hz, H3′),
5.39 (dd, 1H, J = 3.0 and 6.1 Hz, H2′), 6.25 (d, 1H, J =
2.9 Hz, H1′), 8.23 (s, 1H, H2′′), 8.42 (s, 1H, H8′′). dC (125 MHz,
MeOD): 25.6, 27.1, 27.5, 30.0, 33.8, 50.0, 70.2, 83.3, 85.7, 115.4,
120.2, 141.4, 150.5, 154.1, 157.4, 167.5, 174.6. LCMS: Rt 4.1,
(MH+) 499.


The protected compound 29 (50.2 mg, 0.10 mmol) was stirred
for 3 h at 22 ◦C in water–TFA (2 : 4 v/v). The solvent was
removed in vacuo by azeotroping with ethanol and toluene to
give a white solid (40 mg, 87%). Purification by diaion HP-
20SS chromatography (THF–water gradient 0 to 5%) gave the
sulfamoyl as a white solid (25 mg, 54%). dH (400 MHz, D2O):
1.10 (s, 9H, t-Bu), 4.36 (m, 2H, H5′), 4.77 (m, 3H, H4′, H3′, H2′),
4.98 (m, 1H, H2′), 6.10 (d, 1H, J = 5.1 Hz, H1′), 8.35 (s, 1H,
H2′′), 8.50 (s, 1H, H8′′). dC (125 MHz, D2O): 24.6, 30.6, 57.9,
69.6, 74.7, 82.3, 92.6, 130.6, 139.4, 144.1, 148.8, 152.6, 175.9,
198.8. mmax (ATR): 3324 (w), 2928 (m), 1684 (s), 1436 (m), 1134
(s) cm−1. HRMS (ES) for C16H23N6O8S: (MH+) calcd: 459.1298,
found: 459.1284.


(2RS)-5′-O-(2-Hydroxy-4-methoxybutyrylsulfamoyl) adenosine
(10). To a solution of 4-methoxy-2-(2-methoxyethoxymethoxy)-
butyric acid 18 (500 mg, 2.3 mmol) and EDC (600 mg, 4 mmol) in
DCM (30 mL) were added pentafluorophenol (752 mg, 4 mmol)
and DMAP (50 mg, 0.4 mmol). After stirring at 22 ◦C for 15 h the
solution was washed with water (2 × 20 mL), dried (Na2SO4) and
concentrated in vacuo. Purification by column chromatography
(EtOAc–toluene 1 : 1 v/v) gave the pentafluorophenol ester 30
(529 mg, 60%). dH (250 MHz, MeOD): 2.19 (m, 2H, OCH2), 3.35
(s, 3H, OCH3), 3.39 (s, 3H, OCH3), 3.58 (s, 4H, H7 and H4),
3.77 (m, 2H, CH2O), 4.69 (m, 1H, H2), 4.84 (AB quartet, 2H,
J = 6.8 Hz, OCH2O). dF (376 MHz, MeOD): −152.1, −156.9,
−163.4.


2′,3′-Isopropylidene-5′-O-sulfamoyladenosine 25 (386 mg,
1 mmol), DMF (10 mL), and DBU (230 lL, 1.5 mmol) were
combined and stirred at 22 ◦C for 10 min. 4-Methoxy-2-(2-
methoxyethoxymethoxy)-butyric acid pentafluorophenol ester 30
(529 mg, 1.36 mmol) was added and the reaction was stirred
at 30 ◦C for 16 h. The residue was diluted with ethyl acetate
(30 mL), washed with water (20 mL), dried (Na2SO4) and
concentrated in vacuo. Purification by column chromatography
(methanol–DCM 2–30% methanol) gave an oil (100 mg), which
was a mixture of products including the desired product 32 by
LCMS.


The protected compound 32 (50 mg by LCMS analysis, max.
0.08 mmol) was stirred for 40 h at 22 ◦C in water–TFA (2 :
4 v/v). The solvent was removed in vacuo by azeotroping with
ethanol and toluene. Purification by HPLC gave the sulfamoyl
10 as a white solid (10 mg, 2% yield from 2′,3′-isopropylidene-
5′-O-sulfamoyladenosine 25). dH (400 MHz, MeOD): 2.01 (m,
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2H, H3), 3.22 (t, 2H, J = 6.9 Hz, H4), 3.30 (s, 3H, H5),
4.35 (m, 1H, H2), 4.43 (m, 4H, H3′, H4′ and H5′), 4.65 (m,
1H, H2′), 6.14 (d, 1H, J = 4.8 Hz, H1′), 8.40 (s, 1H, H2′′),
8.55 (s, 1H, H8′′). dC (125 MHz, D2O): 35.8, 37.5, 52.6, 58.9,
69.9, 71.9, 76.2, 84.3, 90.4, 120.4, 143.6, 145.7, 150.1, 152.0,
174.4. HRMS (ES) for C15H23N6O9S: (MH+) calcd: 463.1247,
found: 463.1263.


(2RS)-5′ -O-(3,3-Dimethyl-2-hydroxy-4-methoxybutyrylsulfa-
moyl) adenosine (11). To a solution of 4-methoxy-2-(2-
methoxyethoxymethoxy)-3,3-dimethylbutyric acid 19 (500 mg,
2.1 mmol) and EDC (600 mg, 4 mmol) in DCM (30 mL) was
added pentafluorophenol (752 mg, 4 mmol) and DMAP (25 mg,
0.2 mmol). After stirring for 15 h at 22 ◦C, the solution was washed
with water (2 × 20 mL), dried (Na2SO4) and concentrated in vacuo.
Purification by column chromatography (EtOAc–toluene 1 : 1 v/v)
gave the pentafluorophenol ester 31 (255 mg, 30%). d H (250 MHz,
MeOD): 1.00 (s, 3H, CH3), 1.02 (s, 3H, CH3), 3.20 (AB quartet,
2H, J = 8.9 Hz, CH2O), 3.34 (s, 3H, OCH3), 3.38 (s, 3H, OCH3),
3.53 (m, 2H, OCH2), 3.76 (m, 2H, CH2O), 4.06 (s, 1H, H2), 4.75
(AB quartet, 2H, J = 6.9 Hz, H8). dF (376 MHz, MeOD): −151.5,
−158.2, −163.1. mmax: 1790 (s) cm−1.


2′,3′-Isopropylidene-5′-O-sulfamoyladenosine 25 (232 mg,
0.6 mmol), DMF (10 mL), and DBU (179 lL, 1.2 mmol)
were combined and stirred at 22 ◦C for 10 min. 4-Methoxy-
2-(2-methoxyethoxymethoxy)-3,3-dimethylbutyric acid pentaflu-
orophenol ester 31 (180 mg, 0.45 mmol) was added and the
reaction mixture was stirred at 30 ◦C for 16 h. The solvent
was removed in vacuo and the residue was dissolved with ethyl
acetate (30 mL), washed with water (20 mL), dried (Na2SO4) and
concentrated in vacuo. Purification by column chromatography
(methanol–DCM 2–30% methanol) gave an oily residue (77 mg).
This was a mixture in which the desired product 33 was detected by
LCMS.


The protected compound 33 (max. 77 mg, 0.12 mmol) was
stirred for 16 h at 22 ◦C in water–TFA (2 : 4 v/v). The solvent
was removed in vacuo by azeotroping with ethanol and toluene.
Purification by HPLC gave the sulfamoyl 11 as a white solid (8 mg,
4% yield from 2′,3′-isopropylidene-5′-O-sulfamoyladenosine 25).
dH (250 MHz, MeOD): 0.94 (m, 3H, H4), 0.97 (m, 3H, H5), 3.15
(m, 2H, H6), 3.29 (s, 3H, H7), 3.89 (s, 1H, H2), 4.38 (m, 4H, H3′,
H4′ and H5′), 4.63 (m, 1H, H2′), 6.05 (m, 1H, H1′), 8.25 (s, 1H,
H2′′), 8.29 (s, 1H, H8′′). dC (125 MHz, D2O): 20.8, 21.0, 38.2, 58.6,
68.1, 70.2, 73.9, 75.6, 77.4, 82.4, 87.1, 118.7, 139.7, 149.1, 152.8,
155.7, 180.3. mmax (ATR): 3257 (w), 1672 (s), 1648 (s), 1439 (w),
1325 (w), 1180 (s) cm−1. HRMS (ES) for C17H27N6O9S: (MH+)
calcd: 491.1156, found: 491.1577


(2RS)-5′-O-(3,3-Dimethyl-2-hydroxybutyrylsulfamoyl) adeno-
sine (12). To a solution of 2-dichloroacetoxy-3,3-dimethylbutyric
acid 23 (209 mg, 0.88 mmol) and EDC (600 mg, 1 mmol) in DCM
(30 mL) was added pentafluorophenol (752 mg, 2.2 mmol) and
DIPEA (175 lL, 1 mmol). The reaction was stirred at 22 ◦C for
16 h. Then the solution was washed with water (2 × 20 mL), dried
(Na2SO4) and concentrated in vacuo to give the pentafluorophenol
34 (500 mg, max. 0.88 mmol). This was directly reacted with 2′,3′-
isopropylidene-5′-O-sulfamoyladenosine 25 (386 mg, 1 mmol),
DMF (10 mL), and DBU (225 lL, 1.5 mmol). After stirring
at 30 ◦C for 16 h, the solution was concentrated in vacuo.


Purification by column chromatography (methanol–DCM 2–
30% methanol) gave a white solid (368 mg). This contained
several products in which the desired product 35 was detected
by LCMS:


The protected compound 35 (386 mg, max. 0.77 mmol) was
stirred for 16 h at 22 ◦C in water–TFA (2 : 4 v/v). The solvent
was removed in vacuo by azeotroping with ethanol and toluene.
Purification by diaion HP-20SS chromatography (THF–water
gradient 0 to 5%) gave the sulfamoyl 12 as a white solid (33 mg, 7%
yield from isopropylidene sulfamoyl adenoside 25). dH (250 MHz,
D2O): 0.79 (s, 9H, H4), 3.58 (m, 1H, H2), 4.30 (m, 4H, H3′, H4′


and H5′), 4.65 (m, 1H, H2′), 6.05 (m, 1H, H1′), 8.25 (s, 1H, H2′′),
8.29 (s, 1H, H8′′). dC (125 MHz, D2O): 25.8, 36.8, 70.7, 72.8,
76.5, 83.5, 85.1, 89.7, 121.2, 142.3, 151.6, 155.4, 158.1, 183.3.
mmax (ATR): 3110 (w), 1633 (s), 1599 (s), 1376 (m), 1150 (s), 1040
(s) cm−1. HRMS (ES) for C16H25N6O8S: (MH+) calcd: 461.1454,
found: 461.1460.
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The influence of microwave heating on free Candida antarctica lipase B activity and stability was
studied over the temperature range from 40 to 110 ◦C. Concerning the lipase activity, identical initial
rate and conversion yield were obtained under microwave radiation and classical thermal heating for
the alcoholysis between ethyl butyrate and butanol in a solvent-free system. On the other hand, the
kinetics of the free lipase inactivation in butanol appears to be influenced by the heating mode. The
Arrhenius plot obtained under classical heating was linear over all the temperature range studied
whereas a biphasic Arrhenius plot was obtained under microwaves. The non-classical effect of the
microwave heating on the initial rate of the enzymatic inactivation was thus dependent on the
temperature of incubation.


Introduction


Microwave radiation as an energy source to heat is today widely
used in organic chemistry. Indeed, an electromagnetic field of
high frequency (2.45 GHz) induces molecular rotation of dipolar
species, which is accompanied by intermolecular friction and
subsequent dissipation of energy by heating in the core. Reduction
in reaction times, enhancement in conversions and sometimes
in selectivity have been reported concerning mainly solvent-free
reactions conducted under a microwave field.1a–c It is not very
clear whether these rate enhancements are purely due to thermal
effects caused by the heating rate or whether some non-thermal
effects, resulting from the uniqueness of the microwave dielectric
heating mechanisms, are involved.2,3


In enzymatic synthesis, the use of microwave radiation remains
limited. Literature on this subject is still poor and often controver-
sial. A few studies deal with microwave-assisted enzymatic trans-
esterifications carried out in non-aqueous media. Some of these
report initial rate,4–6 conversion yield7,8 and enantioselectivity9,10


enhancements when the reaction medium was heated at a specified
temperature by microwaves rather than by conventional heating.
The molecular mechanisms for these results are seldom discussed
and are not well understood. Until now, the influence of the
microwave radiation on the enzymatic stability has not been
investigated and has not been taken into account.


We recently reported the influence of microwave heating on the
activity and stability of immobilized Candida antarctica lipase B
at 100 ◦C in a non-aqueous medium.11 The results showed that
in our conditions, the lipase activity was not influenced by the
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Scheme 1 The model reaction.


heating mode whereas enzyme inactivation could be slowed down
by using microwave dielectric heating. In the present work, we
further investigated the microwave effect on Candida antarctica
lipase B properties. In these experiments, lipase was used in a free
form. The latter is more thermosensitive than the immobilized
form and enabled us to vary the temperature of the study from
40 to 110 ◦C. The temperature influence on the enzymatic activity
and stability, according to the heating mode, has been studied.
Lipase activity was tested with a trans-esterification model reaction
between ethyl butyrate and butanol (alcoholysis) in a solvent-
free medium (Scheme 1). Lipase stability was studied in storage
conditions in butanol, with a thermodynamic water activity (aw)
close to 0, considering that microwave effects on enzymatic
stability have been found in these conditions with the immobilized
form of the lipase.11


Results and discussion


Alcoholysis activity of the free lipase


The alcoholysis activity of the biocatalyst for the model reaction
was determined at 100 ◦C and aw ≈ 0, by adding different amounts
of the free lipase to a mixture of substrates (ethyl butyrate–butanol,
15 : 44 mmol). Experiments were carried out under conventional
and microwave heating to detect a possible effect of the heating
mode on the enzymatic activity.


The alcoholysis reaction, which did not occur in the absence of
the enzyme, produces butyl butyrate and ethanol and is reversible.
Its initial rate was determined by following the appearance of
butyl butyrate in the first fifteen minutes of reaction. Initial rates,
obtained according to the quantity of lipase and to the heating
mode, are shown in Fig. 1.
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Fig. 1 Determination of the alcoholysis activity of the free lipase at 100 ◦C
and aw ≈ 0 (�, conventional heating; X, microwave heating).


The enzymatic activity of the free Candida antarctica lipase
B is similar under both heating modes. The same result was
obtained with the immobilized form of the lipase.11 In the present
conditions, the free biocatalyst has an alcoholysis activity of 5.8
lmol min−1 mg−1.


The initial rate of alcoholysis increases linearly with lipase
quantity up to 8 mg of Chirazyme. The study of enzymatic stability
is carried out with 5 mg of free lipase and the corresponding profile
of reaction at 100 ◦C is shown in Fig. 2.


Fig. 2 Kinetics of the alcoholysis reaction with 5 mg of Chirazyme, at
100 ◦C and aw ≈ 0.


The kinetics of the alcoholysis reaction were similar under
conventional and microwave heating. With 5 mg of Chirazyme, the
reaction was in initial rate conditions in the first fifteen minutes
whereas equilibrium of the reaction was reached after 48 h. The
quantity of butyl butyrate synthesized was about 11 mmol, which
corresponds to 70% of the initial ethyl butyrate quantity. Traces
of butyric acid resulting from the hydrolysis of ethyl- and butyl
butyrate have been detected. However, the hydrolysis reaction was
not significant and can be ignored under both heating modes.


Temperature effect on the alcoholysis enzymatic activity


The influence of temperature on enzymatic activity was studied by
varying the temperature of the reaction, from 40 ◦C to 110 ◦C. The
alcoholysis initial rate was independent of the heating mode over
all the temperature range tested (Fig. 3). A maximum activity
level of about 10 lmol min−1 mg−1 appears at 60 ◦C. Increasing
the temperature further to 60 ◦C resulted in a spectacular drop
in enzymatic activity, showing the thermal inactivation of the
enzyme.


Fig. 3 Influence of temperature on alcoholysis enzymatic activity (�,
conventional heating ; X, microwave heating).


Enzymatic stability in storage conditions in butanol


The stability of the free Candida antarctica lipase B was studied
in storage in butanol under both heating modes, from 70 ◦C to
110 ◦C. The thermal irreversible deactivation curves obtained are
shown in Fig. 4.


Fig. 4 Inactivation kinetics of Candida antarctica free lipase in butanol
at 70 ◦C (♦), 80 ◦C (X), 90 ◦C (�), 100 ◦C (�), 105 ◦C (+) and 110 ◦C (�),
under conventional (a) and microwave (b) heating.


Over all the temperature range tested, residual enzymatic activ-
ities decrease rapidly with time, in the first minutes of incubation.
Even faster inactivation kinetics are observed when higher values
of temperature are adopted. In all cases, the enzymatic inactivation
process can be considered as completed from 30 min of incubation,
since the loss of enzymatic activity was extremely slow thereafter.


The remaining enzymatic activity, after 30 min of incubation,
was identical for both heating types (Fig. 5). For temperatures
of incubation lower than 90 ◦C, the free lipase was relatively
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Fig. 5 Residual activity of Candida antarctica free lipase after 30 min of
incubation in butanol, under conventional (�) and microwave (X) heating.


stable, since less than 40% of its activity was lost. From 90 ◦C, the
inactivating effect of butanol was clearly enhanced with increasing
temperature, which reflects the cooperativity of the inactivation
process.


The initial rate of the enzymatic inactivation was determined
in the first 4 minutes of incubation, according to the incubation
temperature and to the heating mode. The rate deactivation
constant (kd) at a specified temperature has been calculated from
the gradient of the respective pseudo-first order plot of ln(E/E0 ×
10) versus pre-incubation time (Fig. 6), where E is the residual
enzymatic activity obtained after pre-incubation and E0 is the
enzymatic activity obtained without pre-incubation. Different kd


values could be obtained at a given temperature, depending on the
heating mode used for the enzymatic pre-incubation.


Fig. 6 Determination of deactivation constant (kd) of Candida antarctica
free lipase in butanol at 70 ◦C (♦), 80 ◦C (X), 90 ◦C (�), 100 ◦C (�), 105 ◦C
(+) and 110 ◦C (�), under conventional (a) and microwave (b) heating.


The temperature dependence of the first order inactivation
rate constant can be expressed by the Arrhenius relationship as
indicated in eqn (1):


ln kd = −Ea/(RT) + ln A (1)


where Ea is the activation energy, A, a constant and R the gas
constant (8314 J mol−1 K−1). The relation between ln kd and 1/T
obtained according to the heating mode is presented in Fig. 7.


Fig. 7 Arrhenius plots for deactivation of Candida antarctica free lipase
in butanol (�, conventional heating; X, microwave heating).


Under conventional heating, the Arrhenius plot was linear over
all the temperature range tested. This enabled us to determine the
activation energy (Ea) of the inactivation process. Ea was found to
be equal to 70 kJ mol−1. Under microwave heating, the temperature
dependence of kd was different. The Arrhenius plot indicates
two inactivation regimes (two slopes) of the free lipase according
to the temperature of incubation. At temperatures higher than
100 ◦C, the rate of enzyme inactivation was strongly affected
by a temperature-dependent inactivation regime, i.e. the enzyme
inactivation rapidly increased with increasing temperature. At
lower temperatures, a slower inactivation regime was observed,
again different from that obtained under classical heating. Thus,
at 100 ◦C, free lipase inactivation in butanol was slowed down
when the reaction medium was heated by microwaves rather than
by conventional heating. The same result was obtained with the
immobilized form of the lipase.11 However, at other temperatures,
the inactivation process can also be accelerated under microwave
radiation, which denoted two different mechanisms of inactivation
according to the heating mode.


Conclusions


Several researchers have envisaged the existence of a special effect
of microwave radiation on enzymatic catalysis. In our conditions,
microwave radiation does not have any effect on the activity of
alcoholysis of Candida antarctica free lipase B, but seems to affect
the enzymatic stability in storage conditions.


Although the same enzymatic state was observed after 30 min
of incubation in butanol under microwave and conventional
heating, the initial rate of the enzymatic inactivation was different
depending on the heating type used during the incubation and
the variation of rate measured was dependent on the incubation
temperature.


The effect of the microwave radiation on the inactivation rate
could be of non-thermal origin. Indeed, the interaction of the
microwave field with the enzyme could induce a modification
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of the local enzymatic configuration, as suggested in previous
studies.12 This modification would modify the stability. A specific
organization of the reaction medium in the microwave field,
leading to a change in the pre-exponential factor A6 or in
the activation energy in the Arrhenius equation,13 can also be
envisaged.


However, a thermal/kinetic origin of the effect of the microwave
radiation cannot be excluded. The presence of “hot spots” has
been reported in various experiments3,14 and a heterogeneous
repartition of the temperature in the incubation medium could
modify the enzymatic inactivation rate when the medium was
heated by microwaves rather than by conventional heating.


More research is required to explain the real effect of microwave
radiation on the enzymatic stability that we have observed. In
situ structural studies must be now carried out to determine
if microwave and conventional heating are producing different
structural enzymatic intermediates during the inactivation process,
or if only the rate of the enzymatic transitions is influenced by the
heating type.


Experimental


Enzymatic and chemical materials


Chirazyme R© L-2 Lyo, a purified and lyophilized preparation of
Candida antarctica lipase B, in a free form, was procured from
Boehringer Mannheim GmbH (Germany). Ethyl butyrate, butyl
butyrate, butyric acid were purchased from Sigma Chemical Co.
(USA). Butanol, ethanol and acetonitrile were obtained from
Carlo Erba Reagenti (Italy). All substrates and solvents were of
the highest purity (99% minimum).


Biocatalyst was stored at 4 ◦C with P2O5 under vacuum
and substrates were dried with MgSO4 before use, to fix the
thermodynamic activity of water of the experiments close to 0.
This thermodynamic parameter is defined as follows:15


aw = Pp,w/Pp,w,ref = relative humidity/100 (2)


where Pp,w is the vapor pressure of water in equilibrium with
the system used and Pp,w,ref is the vapor pressure at the same
temperature above pure water.


Microwave equipment


Focused microwave irradiations were carried out at atmospheric
pressure with a synthewave S402 Prolabo microwave reactor (300
W, monomode system, capacity of the quartz reactor used: 10
and 70 mL). The apparatus possesses a variable speed rotation,
visual control, irradiation monitored by PC computer, infrared
measurement and continuous feed temperature control (by PC).16


The temperature of the reaction mixture was controlled using an
algorithm, which allows the temperature to be set at a given value
by varying the power between 10 and 60 W to operate under the
electromagnetic field over the reaction. Although this model is
not yet commercially available reactions can be reproduced at
atmospheric pressure, in the same conditions, using the CEM
Discover reactor which possesses similar characteristics.17


Gas chromatographic analysis


The GC analysis was performed with a Hewlett Packard model
5890A instrument equipped with flame ionization detector (FID)
and an OV 01 fused silica capillary column (Chrompack, France).
The split ratio was 68 : 1.2. Injector and detector were kept at 220
and 250 ◦C respectively. Carrier gas was nitrogen and the flow rate
in the column was 1.2 ml min−1. Hydrogen and air were supplied
to the FID at 45 and 350 ml min−1 respectively.


For the separation of the substrates and products, diluted in
acetonitrile, the column temperature was programmed to increase
from 60 to 190 ◦C, at 15 ◦C min−1.


Alcoholysis model reaction


A mixture of substrates, ethyl butyrate and butanol (15 : 44 mmol),
was placed in a 10 mL quartz vessel and heated at the specified
temperature in an oil bath (conventional thermal heating) or
in the microwave oven. When the temperature of the mixture
was stabilized, the reaction was started by the rapid addition
of the free lipase. The temperature of the reaction medium was
then continuously monitored. Periodically, 40 ll of the reactional
medium were withdrawn and immediately centrifuged (1 min,
14000 rpm) in order to eliminate the enzyme and to stop the
reaction. 10 ll of supernatant was then diluted in 400 ll acetonitrile
and then analysed by GC.


All experiments were repeated three times to reduce measure-
ment activity errors. The errors never exceeded 5%. The showed
graphs are based on the average value of the three measure-
ments.


Enzymatic stability in storage conditions in butanol


Butanol (44 mmol) was placed in the quartz vessel and heated
to the specified temperature under conventional or microwave
heating. As soon as thermal equilibrium was reached, 5 mg
of Chirazyme were rapidly added to initiate the pre-incubation.
The temperature was maintained constant (±1 ◦C) by microwave
radiation or conventional heating for all the duration of the
incubation period.


At the end of the pre-incubation time, ethyl butyrate (15 mmol)
was added to the mixture to test the residual activity of the lipase.
The initial rate of the enzymatic alcoholysis was calculated in
the first fifteen minutes of the reaction and was compared to the
initial rate obtained in identical conditions without enzyme pre-
incubation.
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The synthesis of a multifunctional building block for poly-
ketide construction and several subsequent reactions are
presented.


Polyketides are a major class of natural products that are
biosynthetically produced by sequential linkage of malonyl-
CoA subunits. Some life forms of mainly marine origin also
incorporate butyryl units in the form of ethylmalonyl-CoA into
the growing chains, which leads to ethyl side-groups in the natural
product.1 Thus, stereoselective syntheses of building blocks for the
construction of pharmacologically interesting compounds such as
concanamycin A (1),2 salinomycin,3 lasalocid A4 and others are
highly significant. In this manuscript, we report the synthesis of
a multifunctional building block for the synthesis of compounds
such as 1 (Scheme 1).


Scheme 1 Core structure of concanamycin A (1) and multifunctional
building block 2.


Our synthetic efforts started from commercially available methyl
(R)-3-hydroxy-2-methylpropionate (3), which was transformed to
ketone 4 utilising a strategy originally developed by Paterson.5


This intermediate was then reacted with gaseous formaldehyde in
an anti-selective aldol reaction6 using a commercially available
hexane solution of chlorodicyclohexylborane. Upon oxidative
workup using hydrogen peroxide in MeOH, we were able to obtain
multifunctional building block 2 in an overall yield of 90% with a
diastereoselectivity of 19 : 1 in favour of the anti isomer (Scheme 2).


This useful building block can easily be transformed to
the corresponding triols. The stereochemistry of the newly
formed alcohol function can be controlled by variation of the
order of protecting group manipulations and reduction steps
(Scheme 3). Direct chelation-controlled reduction of 2 using
sodium triacetoxyborohydride7 leads to clean reduction in a


University of Karlsruhe (TH), Institute of Organic Chemistry, Fritz-Haber-
Weg 6, 76131, Karlsruhe, Germany. E-mail: braese@ioc.uka.de; Fax: +49
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† Electronic supplementary information (ESI) available: Experimental
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Scheme 2 Reagents and conditions: (i) a) (c-Hex)2BCl (1.5 equiv.), NEt3


(1.8 equiv.), Et2O, −78 ◦C, then 0 ◦C, 2 h; b) formaldehyde (4.0 equiv.),
−78 ◦C, 2 h, then −26 ◦C, 14 h; c) H2O2, MeOH–pH7 buffer, 90%, dr =
19 : 1.


Scheme 3 Reagents and conditions: (i) NaBH(OAc)3 (3.0 equiv.),
THF–AcOH, 0 ◦C, 18 h, 90%, dr = 9 : 1; (ii) TIPSCl (1.1 equiv.), imidazole
(2.5 equiv.), DMAP (cat.), CH2Cl2, rt, 22 h, 99%; (iii), H2, 10% Pd/C,
MeOH, rt, 4 h, 99%; (iv) repeat of step (i), 72%, dr = 9 : 1.


yield of 90% with a 9 : 1 diastereoselectivity in favour of the
diastereomer with a syn relationship between the alcohol and
ethyl groups. When 2 is first protected as a TIPS-derivative
under standard conditions, debenzylated and then subjected to
reduction, isomer 8, with an anti relationship between the alcohol
and ethyl groups, can be obtained in a yield of 72%. Thus, alcohols
with opposite stereochemistry at C-3 can be synthesized using
a similar methodology in comparable yields and stereoisomeric
purities.


To emphasize the utility of our approach, we developed two
routes that could be useful in the application of these building
blocks to the synthesis of complex natural products. As the Wittig
reaction is a useful approach for fragment union, we transformed
alcohol 8 using the sequence detailed in Scheme 4. We were able to
obtain Wittig salt 10 in a overall yield of 47% starting from 8 using
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Scheme 4 Reagents and conditions: (i) PMPCH(OMe)2 (5.0 equiv.),
p-TsOH (0.1 equiv.), CHCl3, rt, 5 h, 95%; (ii) DIBAL-H (5.0 equiv.),
CH2Cl2, 0 ◦C, 2 h, 68%; (iii) PPh3 (2.0 equiv.), imidazole (2.2 equiv.), I2


(2.0 equiv.), CH2Cl2, rt, 1 h, 99%; (iv) PPh3 (10.0 equiv.), 95 ◦C, 20 h, 84%.


a sequence of acetalisation, regioselective opening, iodination and
salt formation. The Wittig salt could then be used as building
block in subsequent reaction steps.


We finally elaborated a second reaction series for the homolo-
gation of derivative 5. These efforts are summarised in Scheme 5.
Monoprotected diol 5 can be transformed to aldehyde 11 upon
oxidation using TEMPO with iodobenzene diacetate as a stoichio-
metric oxidant.8 Wittig reaction with stabilized ylide 129 proceeded
uneventfully, though it was crucial to introduce the TBS protection
afterwards for reasonable yields in the olefination reaction. Final
protection provided us with homologated compound 13 in an
overall yield of 64%.


In conclusion, we have detailed the synthesis of a multifunc-
tional building block for polyketide synthesis. We have shown that
this building block can easily be transformed to a number of more
advanced intermediates that can be useful for the synthesis of
complex natural products.


Scheme 5 Reagents and conditions: (i) TEMPO (0.2 equiv.), iodobenzene
diacetate (1.2 equiv.), CH2Cl2, rt, 10 h; (ii) 12, benzene, reflux, 10 h, 80%
over 2 steps, E/Z = 9 : 1; (iii) TBSOTf (1.1 equiv.), 2,6-lutidine (2.0 equiv.),
CH2Cl2, 0 ◦C, 1 h, then rt, 20 h, 80%.
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