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The antioxidant effects of the new thiosulfinate derivative, S-benzyl phenylmethanethiosulfinate (BPT),
against the oxidation of cumene and methyl linoleate (ML) in chlorobenzene were studied in detail using
HPLC. The results showed that BPT provided effective inhibition with a well-defined induction period
under these oxidation conditions, and it was found that the stoichiometric factor (n), the number of
peroxyl radicals trapped by one antioxidant molecule, of BPT is about 2. We then undertook a thorough
investigation aimed at elucidating the active structural site of BPT. Various model compounds, such as
diphenyl disulfide, dibenzyl disulfide, S-phenyl benzenethiosulfinate and S-ethyl phenylmethanethiosul-
finate, were used which provided evidence that the benzylic hydrogen of BPT is mainly associated with the
peroxyl radical scavenging. Moreover, we measured the rate constant for the reaction of BPT with peroxyl
radicals derived from cumene and ML in chlorobenzene, and based on these measurements, BPT reacts
with these peroxyl radicals with a rate constant of kinh = 8.6 × 103 and 6.2 × 104 M−1 s−1, respectively.


Introduction


It is generally known that garlic extract exhibits antioxidant
activity against lipid peroxidation.1–10 We reported that garlic
extracts inhibit methyl linoleate (ML) oxidation in an acetonitrile
solution, and the antioxidant activity is mostly due to the presence
of allicin (1f) (Fig. 1), one of the main thiosulfinates in garlic.11


More recently, we also showed that allicin (1f) inhibits the
oxidation of cumene and ML in chlorobenzene, and this ability is
characterized by a reaction with the peroxyl radical derived from
cumene and ML with the rate constants (kinh) 2.6 × 103 M−1 s−1


and 1.6 × 105 M−1 s−1, respectively.12 However, the antioxidant
activity of allicin (1f) is weaker than that of a-tocopherol (a-toc).
In addition, we elucidated that allicin (1f) antioxidant activity
requires a combination of an allyl group and an –S(O)S- group,
and that the antioxidant properties of allicin (1f) are due to the
fact that the transfer of the allylic hydrogen of allicin (1f) causes
scavenging of the chain-carrying peroxyl radicals of the substrates
forming hydroperoxides.12 Our present aim is to compare the
antioxidant activity and antioxidative mechanism of allicin (1f)
with those of other thiosulfinate derivatives.


Petiveria alliacea L. is widely distributed throughout the South
and Central Americas, and has commonly been used in folk
medicines.13–15 It has been reported that various preparations
made from these plants exhibit anti-inflammatory, antimicrobial,
anticancer and stimulant effects. It is interesting to note that
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Fig. 1 Chemical structures of thiosulfinates (1) and related organosulfur
compounds (2) used in this study.


the root of this plant contains various thiosulfinate compounds,
and S-benzyl phenylmethanethiosulfinate (BPT) (1b) is the most
abundant thiosulfinate found in this extract.15 BPT (1b) is believed
to possess antibacterial and antifungal activities, however, as far as
we know, reliable data on its antioxidant activities are lacking. This
paper is the first report on kinetic and mechanistic investigations
of the new thiosulfinate derivative, BPT (1b), as an antioxidant.


Experimental


Materials


Cumene, 2,2′-azobis(isobutyronitrile) (AIBN), 1,1-diphenyl-2-
picrylhydrazyl (DPPH), and chlorobenzene were obtained from
Wako Pure Chemical Industries (Osaka, Japan). AIBN was
recrystallized from methanol, and cumene was purified on a
silica-gel column before use. ML was purchased from the Sigma
Chemical Co. (St. Louis, MO, USA) and purified on a silica-gel
column before use. Dibenzyl disulfide (2b) and diphenyl disulfide
(2a) were obtained from the Aldrich Chemical Co. (Milwaukee,
WI, USA). a-Toc was purchased from the Kanto Chemical Co.
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(Tokyo, Japan) and used without purification. All other reagents
were of the highest grade commercially available.


Synthesis of BPT (1b) from dibenzyl disulfide (2b)


BPT (1b) was chemically synthesized from dibenzyl disulfide (2b)
using the method of Cruz-Villalon.16 The synthesized BPT (1b)
was purified by preparative HPLC (10 mL min−1 methanol +
30% H2O) using a UV detector at 254 nm with an RP-C18
column (particle size 10 lm; 19 × 300 mm; Waters lBondapakTM).
BPT (1b) was identified by comparing its mass spectrum to
that reported by Kubec et al.; MS m/z (relative intensity): 263
(MH+, 20%), 139 (C6H5CH2SO+, 10).15 A Micromass ZQ mass
spectrometer (Waters) equipped with an atmospheric pressure
chemical ionization (APCI) source was used in the positive
ionization mode. The mass ionization conditions were as follows:
desolvation temperature, 400 ◦C; source temperature, 120 ◦C; cone
voltage, 9V; and desolvation gas flow, 160 L h−1.


S-Phenyl benzenethiosulfinate (1a) and S-ethyl phenyl-
methanethiosulfinate (1d, 1e) were also synthesized from diphenyl
disulfide (2a) and benzyl ethyl disulfide (2c), respectively, in the
same way as described above. However, the benzyl ethyl disulfide
(2c) was synthesized using the method of Mugesh et al.17 The
purification and confirmation of these compounds were performed
following the procedure given above.


Cumene and ML oxidation in chlorobenzene solution


In a typical experiment, either cumene (5.35 M) or ML (91 mM)
was incubated in chlorobenzene in the presence of an appropriate
amount of BPT (1b) at 30 ◦C in air. A solution of AIBN (23 mM
for cumene and 40 mM for ML) in chlorobenzene was added to
this reaction mixture.18,19 The rates of the substrate oxidations were
followed by measuring the peroxides generated from each substrate
using reverse phase HPLC (0.3 mL min−1 methanol + 15% water,
Shiseido CAPCELLPAK C18 5 lm 3.0 × 150 mm column), and
peaks were detected at 260 nm for cumene hydroperoxide (CHP)
and at 234 nm for ML hydroperoxide (MLOOH). At the same time,
the consumption of BPT (1b) was analyzed using a C18 HPLC with
a UV detector at 254 nm.


Reactivity of BPT (1b) toward DPPH


DPPH (50 lM) and BPT (1b) (25 lM) were dissolved in
chlorobenzene at 30 ◦C. The rate of the DPPH-scavenging reaction
was monitored at 517 nm using a spectrophotometer. In the same
way, DPPH (50 lM) and BPT (1b) (50 lM) were dissolved in
methanol in the presence of Mg(ClO4)2 (0.2 M) and monitored at
516 nm using a spectrophotometer.20 The consumption of BPT
(1b) (0.5 mM or 1.0 mM) by reaction with DPPH (1.0 mM)
was analyzed using an HPLC equipped with an RP-C18 column
(0.3 mL min−1 methanol + 25% water, Shiseido CAPCELLPAK
C18 5 lm 3.0 × 150 mm column), and BPT (1b) was detected by
its UV absorption at 254 nm.


Analysis of MLOOH isomers


The oxidation of ML (91 mM) was performed in chlorobenzene
with AIBN (40 mM) in the presence of BPT (1b) (50 lM) at


30 ◦C in air. Samples (0.5 mL) were withdrawn from the mixture at
known intervals during the induction period and were immediately
reduced to ML hydroxides (MLOH) by the addition of 1.0 mL of
2 mM triphenylphosphine in chlorobenzene to these samples. The
analysis was performed using silica-gel HPLC (1.0 mL min−1 n-
hexane + 1.0% 2-propanol, Supelco SUPELCOSIL LC-Si 5 lm
250 × 4.6 mm column) and peaks in MLOH were detected at
234 nm.21


Calculation of bond dissociation enthalpy (BDE) values


The calculation of the BDE values of BPT (1b) was performed
by the Gaussian 03 program (Gaussian, Inc., Carnegie, PA,
USA) as follows: geometrical optimization and determination
of the vibrational frequencies were performed using HF/6-
31+G(2d,p).22 The single-point electronic energies were obtained
using B3LYP/6-31+G(2d,p).


Results and discussion


Inhibitory effect of BPT (1b) against cumene and ML oxidation


The effects of BPT (1b) as an antioxidant against cumene and
ML oxidation have been investigated in chlorobenzene, which has
proven useful in quantitative assays of the chemical activities of
antioxidants against lipid peroxidation. In fact, these experimental
conditions are frequently employed as a simple means to determine
the rate constants for peroxyl radical trapping by antioxidants.23,24


We previously determined the rate constants kinh for the reaction
of allicin (1f) with peroxyl radicals.12 Therefore, at this time, we
decided to study the antioxidant activity of BPT (1b) under these
conditions using HPLC.


Fig. 2 shows the increase in traces of CHP by BPT (1b)’s
inhibition of the cumene oxidation initiated by AIBN. BPT
(1b) displayed a very clear induction period during cumene
oxidation. The induction period ended when the BPT (1b) had


Fig. 2 Inhibitory effect of BPT (1b) on the oxidation of cumene induced
by AIBN in chlorobenzene. Cumene (5.35 M) was oxidized at 30 ◦C in
chlorobenzene in air with AIBN (23 mM) in the absence (a) and presence
(b) of 20 lM, and (c) 30 lM BPT (1b). The CHP was measured by HPLC.
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been exhaustively consumed, and the rates of oxidation after the
induction period were almost the same as those in the absence of
BPT (1b). A very similar behavior was exhibited when BPT (1b)
was added to the ML oxidation system (Fig. 3). In addition, we
examined the effect of BPT (1b) as a hydroperoxide decomposer in
chlorobenzene at 30 ◦C. However, it was found that BPT (1b) had
no significant effect on the decomposition of CHP or MLOOH
(data not shown).


Fig. 3 Inhibitory effect of BPT (1b) on the oxidation of ML induced
by AIBN in chlorobenzene. ML (91 mM) was oxidized at 30 ◦C in
chlorobenzene in air with AIBN (40 mM) in the absence (a) and presence
(b) of 30 lM, and (c) 50 lM BPT (1b). The MLOOH was measured by
HPLC.


Structure–antioxidant activity relationship of BPT (1b)


To elucidate the active structural site of the BPT (1b) as an
antioxidant, we studied the relationship between the structure
and antioxidant activity of BPT (1b) against cumene oxidation
in chlorobenzene at 30 ◦C.


The results indicated that the diphenyl disulfide (2a), diben-
zyl disulfide (2b) and S-phenyl benzenethiosulfinate (1a) had
no significant antioxidant activity, though BPT (1b) has fairly
strong activity at the same concentration (data not shown).
Similarly, as shown in Fig. 4, C6H5CH2S(O)SCH2CH3 (1e) was
much less efficient in suppressing cumene oxidation. However,
CH3CH2S(O)SCH2C6H5 (1d) was more effective in inhibiting the
oxidation of cumene than 1e. It is evident from these results that
the –S(O)S–CH2C6H5 portion of BPT (1b) is an essential site for
its antioxidant activities.


Antioxidant mechanism of BPT (1b)


The ratios of MLOOH isomers are known to be remarkably
different during ML oxidation in the presence of hydrogen-
donating antioxidants.21 That is, the amount of cis, trans-MLOOH
increases and the trans, trans-MLOOH decreases with increasing
concentrations of hydrogen-donating antioxidants, which results
in a decrease in the cis, trans to trans, trans (c, t : t, t) ratio
of the formed MLOOH. Therefore, we analyzed the ratios of
the MLOOH isomers in the presence of BPT (1b) to confirm


Fig. 4 Inhibitory effects of 1d and 1e on the oxidation of cumene induced
by AIBN in chlorobenzene. Cumene (5.35 M) was oxidized at 30 ◦C in
chlorobenzene in air with AIBN (23 lM) in the absence (a) and presence
(b) of 30 lM 1e, and (c) 30 lM 1d.


the contribution of BPT (1b)’s hydrogen atoms to its antioxidant
activity.


BPT (1b) was added to the ML oxidation induced by AIBN in
chlorobenzene, and then the MLOOH isomers formed during oxi-
dation were reduced by triphenylphosphine to their corresponding
alcohols, which were analyzed by HPLC. As shown in Fig. 5, the


Fig. 5 Distribution of geometric isomers of the MLOH. ML (91 mM)
was oxidized at 30 ◦C in chlorobenzene in air with AIBN (40 mM) in the
absence (a) and presence (b) of 50 lM BPT (1b). Sample (0.5 ml) was
withdrawn from the mixture after 30 min and was reduced to MLOH by
adding triphenylphosphine to the sample. The MLOH was analyzed by
HPLC.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1097–1102 | 1099







c, t : t, t ratio of the MLOOH formed during the uninhibited AIBN-
initiated oxidation of ML in chlorobenzene remained constant at
0.16 from 5 to 30 min. However, the addition of 50 lM BPT (1b)
to this reaction mixture induced a c, t : t, t ratio of about 0.23
over the course of the induction period. This fact suggests that the
hydrogen atom of BPT (1b) may at least contribute to determining
its antioxidant activity.


Furthermore, we have also extended the investigation to the
radical-scavenging mechanism of BPT (1b). It is well known that
there are two mechanisms for the radical-scavenging reactions of
antioxidants: a one-step hydrogen atom transfer and an electron
transfer followed by a proton transfer.25 In addition, the electron-
transfer mechanism is known to be accelerated in the presence
of Mg2+.20 We then examined the effect of Mg2+ on the radical-
scavenging rate of BPT (1b) in methanol according to the method
of Nakanishi et al.20 As shown in Fig. 6, the rate of the DPPH-
scavenging reaction with BPT (1b) was not affected by the addition
of Mg2+. This shows that the radical-scavenging reactions of BPT
(1b) proceed via a one-step hydrogen atom transfer.


Fig. 6 Reactivity of BPT (1b) toward DPPH in the presence of Mg2+ in
methanol. DPPH (50 lM) was reduced at 30 ◦C in methanol under air in
the absence (a) and presence (b) of 0.2 M Mg(ClO4)2, (c) 50 lM BPT (1b),
and (d) 0.2 M Mg(ClO4)2 and 50 lM BPT (1b).


To further explore the contribution of the BPT (1b) hydrogen
atom, we calculated the BDE values of the benzylic C–H bond
of BPT (1b) using Gaussian 03. Because the one-step hydrogen
atom transfer mechanism is governed by BDE to a large extent,26


we focused our attention on the BDE values of the benzylic C–H
bond of BPT (1b). As a result, the BDE value of the benzylic C–H
bond of C6H5–CH2–S(O)SCH2C6H5 (1b) was 93.0 kcal mol−1, and
that of C6H5CH2S(O)S–CH2–C6H5 (1b) was 88.9 kcal mol−1. This
result shows that the benzylic hydrogen atom of C6H5CH2S(O)S–
CH2–C6H5 (1b) could contribute to its antioxidant activities,
consistent with the observation that CH3CH2S(O)SCH2C6H5 (1d)
was capable of more effectively inhibiting cumene oxidation than
C6H5CH2S(O)SCH2CH3 (1e).


Determination of stoichiometric factor (n)


In order to determine the rate constants for the scavenging of
peroxyl radicals by BPT (1b), we measured the stoichiometric
factor n, the number of peroxyl radicals trapped by one molecule


of BPT (1b), by measuring its reactivity with DPPH. DPPH has
often been used in estimating of the reactivity of antioxidants
with radicals and can also be used to estimate antioxidant
stoichiometries.27 Therefore, we measured the rate of reduction
of DPPH by BPT (1b) and the amount of unreacted BPT (1b)
remaining after the BPT (1b) was mixed with equimolar quantities
of DPPH in chlorobenzene. As shown in Fig. 7, it was found that
50% of the BPT (1b) remained, despite the fact that DPPH was
completely reduced by the BPT (1b). This result clearly shows that
the n for BPT (1b) is almost 2.0 in chlorobenzene at 30 ◦C.


Fig. 7 Consumption of BPT (1b) and DPPH by reaction of BPT (1b)
with DPPH in chlorobenzene. DPPH (1.0 mM) was reduced at 30 ◦C in
chlorobenzene in air in the presence of (a) and (c) 1.0 mM, and (b) and (d)
0.5 mM BPT (1b). BPT (1b) and DPPH were measured by HPLC.


It is obvious from the results of the Gaussian 03 calculation
that the S–S bond of BPT (1b) was significantly weaker after the
benzylic hydrogen atom of BPT (1b) was abstracted by radicals.
That is, the BDE value of the S–S bond of BPT (1b) was calculated
to be 34.8 kcal mol−1, while that of the corresponding radical
(1c) obtained by the abstraction of a benzylic hydrogen atom
was only slightly above 0 kcal mol−1. This means that BPT (1b)
may have decomposed after the benzylic hydrogen atom of BPT
(1b) was abstracted by radicals. It is suggested that the products
arising from the decomposition of BPT (1b) by loss of a benzylic
hydrogen atom would contribute to determining the n value. In
fact, we detected some products using LC-MS after the reaction
of BPT (1b) with DPPH. However, their structures have not yet
been characterized. The structure of the products formed from
BPT (1b) during the reaction with DPPH needs to be further
examined in detail.


Determination of rate constants (kinh) for the scavenging reaction of
BPT (1b) with peroxyl radicals


We determined the rate constants for the scavenging of peroxyl
radicals, kinh, by BPT (1b) for comparison with those of another
antioxidant. We first experimentally measured the s and Rinh, the
length of the induction period, and the rate of hydroperoxide
formation during the course of the induction periods of the cumene
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Table 1 Summary of antioxidant activity of BPT (1b), allicin (1f) and a-toc


n kp/M−1 s−1 Ri/M s−1 Rinh/M s−1 s/s kinh/M−1 s−1


Cumene oxidation system
30 lM BPT (1b) 2.0 4.6 × 10−9 5766 8.6 × 103


25 lM allicin (1f) 1.0 0.18 2.5 × 10−9 3.7 × 10−8 2788 2.6 × 103


25 lM a-toc 2.0 3.9 × 10−10 20286 1.2 × 105


ML oxidation system
50 lM BPT (1b) 2.0 4.8 × 10−9 2895 6.2 × 104


50 lM allicin (1f) 1.0 62 5.3 × 10−9 3.6 × 10−9 2659 1.6 × 105


50 lM a-toc 2.0 2.7 × 10−10 18948 1.1 × 106


and ML oxidations induced by BPT (1b). We then determined
the rate of radical chain initiation (Ri) by the inhibitor method,
using a-toc as the reference antioxidant: Ri = 2[a-toc]/s. The kinh


values were determined by a previously used method, following
eqn (1),28,29


(1)


where ROOH, RH, IH and kp are the substrate hydroperoxide,
substrate, antioxidant and the rate constant for the chain prop-
agation, respectively. The kp values used for cumene and ML
in chlorobenzene at 30 ◦C were 0.18 M−1 s−1 and 62 M−1 s−1,
respectively.30,31 The kinh can be determined by introducing each
value into eqn (1). The kinh, n, Rinh and s versus the cumene and ML
oxidations in chlorobenzene at 30 ◦C are summarized in Table 1 for
comparison to those of allicin (1f) and a-toc. The kinh values gave
the rate constants for BPT (1b) with the peroxyl radicals derived
from cumene and ML of 8.6 × 103 M−1 s−1 and 6.2 × 104 M−1 s−1.
This is about three times that of allicin (1f) and one-fourteenth
that of a-toc in the cumene oxidation system and about half that
of allicin (1f) and one-seventeenth that of a-toc in the ML system.


Based on the above results, BPT (1b) is chemically less reactive
toward the peroxyl radical than a-toc, but it was found that
BPT (1b) reacts with peroxyl radicals derived from cumene about
3 times faster than allicin (1f). In the ML oxidation system, BPT
(1b) has half the antioxidant activity of allicin (1f). However,
this kinh indicates the value for one peroxyl radical trapped by
one molecule of BPT (1b). As described above, one molecule
of BPT (1b) can scavenge two molecules of peroxyl radicals. In
addition, we obtained valuable data about the mechanism of the
thiosulfinate derivative as an antioxidant, that is, the benzyl group
would be more effective as an antioxidant of the thiosulfinate
derivatives than the allyl group, and one molecule of BPT (1b) can
scavenge two molecules of radical.


It is generally believed that the oxidative modification of
biological molecules leads to tissue damage and eventually to
various diseases.32,33 The action of BPT (1b) as a radical-scavenging
antioxidant, first discovered in this study, could contribute to a
decrease in the development of these diseases.
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The investigation of recognition events between carbohydrates and proteins, especially the
understanding of how spatial factors and binding avidity are correlated, remains a great interest for
glycobiology. In this context we have investigated by nanogravimetry (QCM-D) and surface plasmon
resonance (SPR), the kinetics and thermodynamics of the interaction between concanavalin A (Con A)
and various neoglycopeptide ligands of low molecular weight. Regioselectively addressable
functionalized templates (RAFT) have been used as scaffolds for the design of multivalent
neoglycopeptides bearing thiol or biotin functions for their anchoring on transducer surfaces. Although
these multivalent neoglycopeptide ligands cannot span multiple binding sites within the same Con A
protein, they have increased activities relative to their monovalent counterpart. Our results emphasize
that the multivalent RAFT ligands function by clustering several lectins, which leads to enhanced
affinities.


Introduction


Lectin–carbohydrate interactions play a crucial role in the
biomolecular interactions of various biological processes. These
interactions are involved in inflammation processes, in cellular
recognition including adhesion of infectious agents and the im-
mune response.1,2 Lectins, carbohydrate binding proteins, contain
two or more specific sugar-combining sites and comprise a large
family of recognition molecules, especially in the immune system.
While the affinity between lectin and monosaccharides is weak, KD


in the 0.1–1 mM range, sugar–protein interactions are very efficient
and specific due to multivalent events commonly known as the
’glycoside cluster effect”.3 This effect has previously been defined
as an “affinity enhancement achieved by multivalent ligands over
monovalent ones that is greater than would be expected from
a simple effect of concentration increase”.4 Multivalent carbo-
hydrate derivatives that can simultaneously interact with several
binding sites of a multivalent lectin (chelating effect) are relevant
for medicinal interest.4 In this context, some small multivalent
ligands, in which the distances between their carbohydrate moieties
are too low to enable their binding to multiple sites of the same
lectin, have proved to be also more efficient than monovalent
ones.5–7 This improvement could be attributed either to local
ligand concentration effects, also defined as proximity/statistical


Département de Chimie Moléculaire - Equipe Ingénierie et Interactions
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† Electronic Supplementary Information (ESI) available: Characterization
of the grafting of thiolated RAFT ligands onto gold surfaces. Con A
interactions with RAFT-(Man)1 and RAFT-(Man)4 surfaces studied by
QCM-D. Analysis of Con A binding using the rectangular hyperbolic
relationship. See http://dx.doi.org/10.1039/b716214f/


Fig. 1 Schematic representation of the three main effects at the origin of
the “glycoside cluster effect”, illustrated by the interaction of a bivalent
lectin with small multivalent ligands which cannot span to multiple sites
of a single lectin (A) in solution, (B) immobilized on a surface, and (C)
comparison with the interaction of a bivalent lectin with monovalent
ligands immobilized on a surface: “1 : 1 interaction”, “chelating” effect,
“proximity/statistical” effect and “clustering” effect.


effects8,9 or, as rarely demonstrated, to a favorable clustering of
lectins (interaction of one multivalent ligand with several lectins).5


These various possibilities related to the “glycoside cluster effect”
are shown pictorially in Fig. 1. In the last few years, we have
developed new molecular tools that combine recognition and
effector properties for diverse biological applications such as
vectors for neo-vasculature targeting,10 cell surface mimics,11 anti-
tumoral synthetic vaccines12 or tumor imaging.13 Our approach
utilizes cyclodecapeptide templates based on the TASP model
which were previously described for protein de novo design.14


These topological templates (namely regioselectively addressable
functionalized templates, “RAFT”) exhibit two independent and
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chemically addressable domains. This structural feature permits
the sequential and regioselective assembly of biomolecule-based
ligands (“recognition domains”) and biologically functional units
(“effector domains”).15,16


We have demonstrated recently that clusters of carbohydrate-
based ligands presented at the surface of RAFT molecules ensure
the specific recognition and a significantly enhanced affinity
for lectins through multivalent interactions in solution11 and
on solid supports.17,18 It is important to notice that since the
distance between two mannose residues of this low-molecular
weight tetramannosyl glycoconjugate (∼25 Å, as estimated from
molecular modeling) is much lower than the distance between two
binding sites of Con A (∼65 Å),19 simultaneous binding to multiple
sites on the same lectin (chelating effect, Fig. 1A) can be ruled out.
Thus, only two effects, i.e. proximity/statistical effects and/or
lectin clustering could a priori explain the observed enhanced
affinity. It is important to note that additional phenomena coupled
to chelating and/or clustering effects could also occur. Brewer
et al. have reported that, in solution, Con A binding to multivalent
ligands depends on the degree of occupancy with negative
cooperativity,20,21 while positive forces between lectins adsorbed
on sugar surfaces were evidenced by Kiessling et al.22 These latter
phenomena will not be developed in the following discussion.


On solid supports, binding tests between horseradish peroxidase
(HRP) labelled lectins and beads of resin derivatized with neo-
glycopeptides displaying clustered lactose, N-acetylgalactose and
mannose residues have qualitatively shown specific recognition
and enhanced affinity through multivalent interactions.17 Similar
conclusions could be obtained with glycopeptide–oligonucleotide
conjugates bearing a glycocluster by using microtiter plate bind-
ing assays with HRP-labelled lectins.18 Since presentation at a
solid surface is formally multivalent for any system, even with
immobilized monovalent ligands, the enhancement obtained with
our immobilized multiple carbohydrate-based ligands emphasizes
that it is not only the multiple presentation of the sugar ligands
that is important for improving the interaction, but also that the
control of their local density is crucial. While some papers report
systematic studies concerning the impact of the density of mono-
valent carbohydrate modified surfaces on lectin recognition,22–29


to our knowledge, only a few examples of lectin–carbohydrate
recognition investigated as a function of the grafting ratio of
multivalent carbohydrate ligands can be found in literature.30


In order to get deeper insights into this recognition process
between multivalent immobilized ligands and a model lectin (Con
A), we have designed and synthesized RAFT molecules displaying
both clusters of sugars and anchoring elements for streptavidin
or gold surfaces (Fig. 2). The RAFT molecules bearing four
mannose or four lactose moieties (RAFT-(Man)4 and RAFT-
(Lac)4 respectively) were synthesized by using a convergent and
chemoselective oxime bond strategy.17 To assess the multivalent
effect of such interactions, we also prepared the corresponding
monovalent glycopeptides as controls (RAFT-(Man)1 and RAFT-
(Lac)1 respectively). As schematically depicted in Fig. 1, the
situation is rather complex when ligands are immobilized on
a surface. At a high RAFT-(Man)4 surface density (Fig. 1B),
the chelating effect induced by the surface presentation cannot
be dissociated from the local multivalent effects induced by
the RAFT-(Man)4 ligands (proximity/statistical effects or lectin
clustering effects). At a sufficiently low RAFT-(Man)4 surface


Fig. 2 Synthesis of tetravalent (A) and monovalent (B) glycoclusters.
Reagents and conditions: (a) See reference;18 (b) biotin-OSu, DIEA, DMF;
(c) i: BocCys(NPys)–OSu, DIEA, DMF; ii: TFA–CH2Cl2. In order to
facilitate the reading of the manuscript, molecules 2, 4, 6 are called
RAFT-(Man)4, molecules 8, 10 are named RAFT-(Man)1. In the same
manner, molecules 3, 5, 7 are called RAFT-(Lac)4 and molecules 9, 11 are
named RAFT-(Lac)1.


density, the mean distance between adjacent ligands is expected
to become larger than the distance between two binding sites
of the same lectin, thus allowing suppression of the chelating
effect and simplifying the overall system. Similarly, only at a
sufficiently low RAFT-(Man)1 surface density, is a monovalent 1 :
1 interaction with Con A expected to occur without the complexity
induced by the chelating effect and the statistical/proximity effect
(Fig. 1C). For these reasons, we have investigated the Con A
binding properties at various RAFT-mannose surface densities
by diluting them with RAFT-(Lac)4 ligands which do not interact
with the protein. Two complementary real-time techniques, quartz
crystal microbalance with energy dissipation monitoring (QCM-
D) and surface plasmon resonance (SPR), were employed to
investigate the binding processes.


Results


Synthesis


The RAFT molecule 1 (Fig. 2) was prepared following the
previously reported protocol.31 A linear decapeptide was first
synthesized on solid phase following the standard Fmoc–tBu
strategy using a parallel peptide synthesizer, then cyclized in
solution to give the orthogonally protected cyclodecapeptide 1.
After coupling serine moieties to the upper face of the template,
followed by acidolysis of protecting groups then generation
of aldehyde functions by periodate oxidation, aminooxylated
mannose and lactose32 ligands were introduced as glycoclusters
2 and 3 through oxime linkages.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1114–1122 | 1115







To ensure the further immobilization of these molecules on
streptavidin coated surfaces, we used an active ester to introduce
biotin on the side chain of the lysine pointing from the lower face
of the molecules 2 and 3. This reaction occurred in DMF at basic
pH to give biotinylated compounds 4 and 5 in good yields after
reverse-phase HPLC purification (RP-HPLC).


As a more direct immobilization strategy, we functionalized
the compounds 2 and 3 with a cysteine residue bearing the
activating group S-3-nitro-2-pyridinesulfenyl (Npys) on the side
chain. BocCys(Npys) was coupled to the free lysine as the succinic
ester in DMF. After removal of the Boc group by treatment with
TFA solution and RP-HPLC purification we obtained 6 and 7
which could be readily immobilised on gold surfaces.


QCM-D experiments


QCM-D measures absolute areal mass density (ng cm−2) without
the need for a reference channel and with a typical mass
sensitivity of 3.5 ng cm−2. RAFT self-assembled monolayers
(SAMs) exhibiting variable densities of mannose residues were
prepared outside the measurement chamber, by adsorption from
0.1 mM aqueous solutions of RAFT-(Man)1 (ligand 10) or RAFT-
(Man)4 (ligand 6) diluted with RAFT-(Lac)4 (ligand 7) at RAFT-
mannose : RAFT-(Lac)4 molar ratios of 100, 33, 20, 10, 5 and 2%.
A cleaned gold QCM-D sensor was immersed overnight in the
RAFT solution, rinsed by milliQ water and dried by nitrogen.33,34


The surface densities mentioned in the text correspond to the
RAFT-mannose bulk concentrations of the solutions used for
adsorption. Finally, the functionalized gold-coated quartz was
set up in the measurement chamber. 0.005% P20 was added to
the working buffer (WB) to prevent non-specific adhesion. No
adhesion was observed during a 1lM peanut agglutinin (PNA,
a lectin non-specific for mannose) injection onto a 100% RAFT-
(Man)4 SAM, confirming the efficiency of the P20 use. Ex situ
ellipsometry measurements were performed on the gold coated
quartz crystal before and after the RAFT immobilization (see
ESI†) and gave for the dried RAFT layer an average thickness of
2.1 nm, in agreement with the molecular modeling study (2.5 nm).
An in situ kinetic study of the RAFT self-assembled monolayer
formation was performed by QCM-D (see ESI†). Results confirm
that SAM formation is a slow process that needs ∼15 hours. Since
RAFT immobilization on gold coated quartz offers the ability
of surface regeneration, cyclic adsorptions–desorptions of Con A
lectin were performed at increasing concentrations on the different
SAMs. Each protein adsorption–desorption cycle was followed by
two regeneration steps, firstly with a highly concentrated mannose
solution (25 mM) and then with a 0.05% SDS solution. Indeed,
mannose injections, even at a 50 mM mannose concentration, did
not procure a total regeneration of the surface. A representation of
a single experiment conducted on a 100% RAFT-(Man)4 surface
is shown in Fig. 3.


Con A interactions with RAFT-(Man)1 and RAFT-(Man)4


were compared by overlaying part of the curves concerning
each adsorption–desorption cycle of Con A for the same SAM
(Fig. ESI-3†). Since the dissipation factor remains low (less than
10−6) for adsorption of the protein, we considered as a first
approximation a rigid behaviour for the Con A layer so that
the normalized frequency shifts can be linearly related to mass
uptake using the Sauerbrey equation. In order to compare the Con


Fig. 3 Typical QCM-D response, normalized frequency Df n/n (bold line)
and Dn variation (thin line) for the third overtones (n = 3), recorded
during Con A adsorption onto a surface prepared by adsorption of
a 100% RAFT-(Man)4 solution. (a) Lectin adsorption (a1) 0.049 lM,
(a2) 0.098 lM, (a3) 0.49 lM, (a4) 0.98 lM, (a5) 4.9 lM and (a6)
9.8 lM. The injection of buffer leads to partial dissociation of Con
A. Surface regeneration is performed by successive injection of (b) 25 mM
mannose solution and (c) 0.05% SDS. The experiments were performed in
flow mode at 100 lL min−1.


A adsorption on the different surfaces, maximum mass uptakes
recorded after 9 min of association have been plotted as a function
of Con A concentration (Fig. 4).


For both RAFT-mannose saturated surfaces, similar maximum
areal mass uptakes of about 710 ng cm−2 are obtained upon
Con A binding. It is interesting to compare this value with a
theoretical mass value calculated for a hydrated Con A monolayer.
Assuming a density for the Con A monolayer of ∼1.165 g cm−3


and considering the hydrated Con A as a cube with edge ∼65 Å,
35,36 a theoretical mass of ∼770 ng cm−2 is obtained. The maximum
mass uptake extracted from the QCM-D data agrees well with the
theoretical mass. Clearly the mannose surface density exhibited
by both kinds of surfaces is enough to ensure the formation of a
hydrated Con A monolayer and provides enough sugar heads to
complete a multivalent adhesion of the protein.


Differences between the two surfaces are highlighted for higher
dilutions of RAFT-mannose in the SAMs. For equivalent di-
lutions of RAFT-mannose, larger mass uptakes are observed
for RAFT-(Man)4 surfaces compared to RAFT-(Man)1 ones,
meaning that more protein is adsorbed onto RAFT-(Man)4


SAMs. By increasing the RAFT-mannose dilution in the SAM,
distances between ligands on the surface increase and protein
binding via more than one RAFT-mannose should be avoided.
In this case, the chelating effect involved by the surface (Fig. 1)
should be progressively removed to the benefit of the local ligand
concentration effect (clustering or proximity/statistical effects).
However, while a RAFT-(Man)4 molecule benefits more from a
higher proximity/statistical effect when binding to one protein
than does a RAFT-(Man)1 molecule, this effect could not explain
the significantly higher amount of protein adsorbed onto the
RAFT-(Man)4 surfaces. It could then be supposed that even if the
distance between two sugars on the RAFT scaffold is about 2.5 nm,
a RAFT-(Man)4 molecule allows the immobilization of several
different Con A. More quantitative information is difficult to
extract from these QCM-D experiments for the following reasons.
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Fig. 4 Maximum mass uptake recorded for Con A binding onto (A) RAFT-(Man)1 and (B) RAFT-(Man)4 adsorbed on gold surfaces. The dotted lines
have been drawn for better visualization. The numbers indicate the RAFT-mannose molar ratio of the solutions used for adsorption. Other experimental
conditions are reported in the caption for Fig. 3.


Firstly the mass uptake measured by QCM-D includes, in addition
to the mass of dry protein, a contribution due to acoustically
coupled water. Both contributions (dry protein and coupled
water) are not linearly linked. Reliable kinetic or thermodynamic
information cannot be deduced since only the amount of adsorbed
protein is relevant for this kind of data treatment. Secondly, the
association curves of Con A (Fig. ESI-3†) present linear portions
that are characteristic of mass transport limitations. Although
the present QCM-D experiments were conducted under flowing
conditions, both the large measuring chamber volume (∼80 lL)
and the low flow rate (100 lL min−1) lead to mass transport
limitations. For these reasons, SPR experiments based on Biacore
technology were realized.


SPR experiments


SAMs exhibiting various sugar dilutions were realized by adsorp-
tion from solutions of thiolated RAFT-mannose diluted to the
desired ratio with thiolated RAFT-(Lac)4 (Fig. 2). Cleaned gold
chips are activated by two injections of 70% ethanol solution.
Then various 0.1 mM RAFT solutions in WB are injected during
20 minutes at 5 lL min−1.37 A 100% RAFT-(Lac)4 SAM is used
as a reference. Kinetics curves recorded on this surface reveal
a non-specific adhesion of Con A (from 24.5 nM to 39.2 lM)
even in the presence of 0.05% of P20 in the working buffer. An
increase in the concentration of the thiolated RAFT solution
to 1 mM, an increase of contact time between the gold surface
and the RAFT solutions to 1 hour, as well as a bovine serum
albumin injection prior to the lectin injection were also tested
unsuccessfully. Since this problem was not observed with QCM-
D experiments, an explanation could be that the contact time
between the thiolated molecules and the gold surface (20 min)
during a functionalization directly in the SPR sensor chamber
is too short compared to the ex situ immobilization (15 hours)
performed for the QCM-D experiments. As a consequence, only a
partial coverage of the gold surface by thiolated RAFT molecules
is obtained whereas the remaining free gold surface is expected
to induce a strong non-specific Con A adhesion. It could be
remarked that while a 15 hour ex situ immobilization of thiolated
RAFT on a gold sensor chip surface is possible, it will lead to
the same functionalization of the four Biacore microchannels. In
consequence, no reference surface will be available to exploit the


kinetics recorded by the Biacore system. In situ functionalization
of each of the four Biacore channels could not be realized because
it would have needed such a large amount of thiolated RAFT
molecules, which was incompatible with the available quantities.


To overcome these difficulties, the four Biacore channels were
selectively functionalized with biotinylated RAFT molecules by
the way of biotin–streptavidin links. Streptavidin was, firstly,
grafted to a C1 carboxylated surface using a classical amine
coupling. A similar quantity of streptavidin, ∼370 RU, was grafted
onto each flow cell, in order to guarantee the same number of
available biotin binding sites and the anchoring of a reproducible
RAFT surface. The mass uptake DmSPR can be obtained from
relation (1) with CSPR calibrated to ∼0.066 ng cm−2 for protein
adsorption on a flat gold surface.38


DmSPR = d
neff


biomolecule − nbuff er


dn/dc
= CSPRDRU (1)


The amount of grafted streptavidin was thus estimated to be
∼24.5 ng cm−2, which is about 10% of a monolayer.39 This low
grafting level was chosen in order to minimize mass transport
limitation during SPR kinetic experiments and to dilute RAFT-
mannose on the surface. Anchoring of biotinylated RAFT was
then performed by 3 min injection of 5 lM RAFT solutions in
WB, at 5 lL min−1. Surfaces exhibiting various RAFT-(Man)1


(ligand 8) or RAFT-(Man)4 (ligand 4) densities were prepared by
adsorption of RAFT-mannose–RAFT-(Lac)4 (ligand 5) mixtures
obtained by dilution of RAFT-mannose solutions with RAFT-
(Lac)4 solution to the desired molar ratio (100%, 25%, 10% and
5%). As for the QCM-D study, the surface densities mentioned in
the text correspond to the RAFT–mannose bulk concentrations
of the solutions used for adsorption. A surface coated only with
RAFT-(Lac)4 was tested and used as a reference. After Con A
binding, the RAFT-mannose surfaces could be regenerated by
injecting a 50 mM mannose solution. Similar sensorgrams were
recorded at various flow rates, which demonstrates the absence of
mass transfer limitations (not shown). Fig. 5 compares the binding
curves of Con A, recorded at 25 lL min−1, onto surfaces exhibiting
various surface densities of RAFT-(Man)4 and RAFT-(Man)1. As
already observed by QCM-D, the amount of bound Con A is
systematically higher on the RAFT-(Man)4 surfaces, whatever the
RAFT-mannose surface density is. Another important difference
occurs in the rate of the Con A association–dissociation process,
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Fig. 5 Comparison of the sensorgrams recorded at 25 lL min−1 on RAFT-(Man)4 (right) and RAFT-(Man)1 (left) surfaces. The reference surface is a
100% RAFT-(Lac)4. The RAFT-mannose surfaces were prepared by adsorption of mixed solutions of RAFT-mannose–RAFT-(Lac)4 on streptavidin
surfaces. The RAFT-mannose molar ratios of the adsorption solutions are (A) 100% (B) 25% (C) 10% and (D) 5%. At 5% dilution, only the signal
recorded on the RAFT-(Man)4 surface is detectable.


which is much more rapid on the RAFT-(Man)1 surfaces than on
the RAFT-(Man)4 ones. The responses obtained at equilibrium
(Req) have been considered first. At the lowest RAFT-(Man)1


surface density (10%), a linear Scatchard plot (Req/C as a function
of Req, with C = [Con A]) is obtained (Fig. 6A). It can thus
be concluded that at this dilution, the mean distance between
immobilized RAFT-(Man)1 is large enough to avoid a multivalent
interaction of Con A with the surface immobilized mannose
(chelating effect, Fig. 1C) and that a true monovalent 1 : 1
interaction is observed as expected. From this linear Scatchard
plot, a dissociation constant KD of 110 lM was extracted, which
is in good agreement with the values reported in the literature for
the interaction of monomeric mannose with Con A.22


At higher RAFT-(Man)1 surface densities (25% and 100%),
non-linear Scatchard plots were obtained (Fig. 6A) meaning that
the interaction cannot be described as a simple 1 : 1 mechanism.
As depicted in Fig. 1C, a multivalent interaction of Con A with the
RAFT-(Man)1 surface (chelating effect) can explain this deviation.
For surfaces modified by RAFT-(Man)4, non-linear Scatchard
plots were systematically obtained (Fig. 6B), meaning that, even
at the lowest dilution used, a simple monovalent 1 : 1 interaction is
never obtained. In this case, a more complex situation is obtained


since both the chelating and the clustering effects (Fig. 1B) can be
at the origin of this behavior.


Discussion


Our first objective was to rationalize how the presentation of
multiple mannose epitopes offered by RAFT scaffolds increases
their Con A binding activities relative to their monovalent coun-
terparts. For this purpose, RAFT ligands have been immobilized
on gold surfaces at various surface densities, and the binding
affinity of Con A towards the resulting surfaces has been assessed
using QCM-D and SPR. Since QCM-D allows absolute areal
mass determination without needing a reference channel, ex situ
functionalization of the gold surface transducer is possible by way
of self-assembled monolayers of thiolated RAFT. This approach
allowed us to prepare surfaces that were fully saturated by RAFT-
(Man)1 or RAFT-(Man)4 ligands. Both kinds of these saturated
surfaces were able to bind a similar monolayer of Con A, meaning
that at high RAFT surface densities, the multiple presentation of
mannose does not improve, as expected, the binding activity. It
is only at lower surface densities that different behaviors appear
between monovalent and multiple ligands. This work has also
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Fig. 6 Scatchard plots of the interaction of Con A with increasing surface densities of (A) RAFT-(Man)1 and (B) RAFT-(Man)4. The numbers indicate
the RAFT-mannose molar ratio of the solutions used for adsorption. Insert: part of graph (B) enlarged. Experimental conditions as in Fig. 5.


Table 1 Intrinsic dissociation constant (KDX) and effective concentration (CX*) of affinity binding sites for the interaction of Con A with RAFT-mannose
molecules immobilized at various surface densities. These values are obtained by analyzing the amount of bound Con A on the basis of the modified
rectangular hyperbolic relationship with f = 2


RAFT-(Man)1 KDX/lM CX*/lM r RAFT-(Man)4 KDX/lM CX*/lM r


100% 45 0.023 0.9993 100% 6.6 0.067 0.9972
25% 105 0.018 0.9987 25% 34 0.049 0.9960
10% 154 0.012 0.9970 10% 68 0.030 0.9970


5% 84 0.017 0.9966


pointed out the limitations of QCM-D for these kinds of binding
studies. Since QCM-D is sensitive not only to the mass of protein
but also to the mass of water that is acoustically coupled with
the protein layer, only qualitative results can be obtained by
this technique. As a consequence of the design of the QCM-D
measuring chamber, mass transport limitations also constitute an
important parameter that should be taken into account for any
kinetic studies.


Since SPR is only sensitive to the local change in refractive
index of a thin layer of liquid in proximity to the transducing
surface, the true amount of binding protein can be determined
independently of the coupled water. The disadvantage lies in the
need to subtract the signal of a reference channel (where binding of
the protein does not occur) in order to abstract the refractive index
change of the protein solution with regards to the pure buffer. As
a consequence, surface functionalization of the different Biacore
measuring microchannels must be realized in situ, which in our
case prohibits the use of thiolated RAFT.


On the other hand, the covalent binding of streptavidin on a
C1 sensorchip provided an excellent platform for assessing the
binding affinity of Con A for various ligands immobilized on the
surface through biotin–streptavidin bridges. In particular, using
a low surface density of immobilized streptavidin (∼10% of a
monolayer39) and a high dilution (10%) of the biotinylated RAFT-
(Man)1 with RAFT-(Lac)4 provided a surface where only 1 : 1
interactions occurred between immobilized RAFT-(Man)1 and
Con A in solution. In agreement with the literature, we found a
weak binding affinity (KD = 110 lM) for the monovalent RAFT-
(Man)1–Con A interaction. When the RAFT-(Man)1 surface


density was increased up to 25% and 100% of the available
streptavidin binding sites, larger equilibrium amounts of bound
Con A and non-linear Scatchard plots were obtained (Fig. 6A).
This was interpreted by multivalent interactions of Con A with the
surface (chelating effect, Fig. 1C). Using a modified rectangular
hyperbolic relationship, Winzor and co-workers have reported a
method for determining an intrinsic dissociation constant (KDX)
and an effective concentration of binding sites (CX*) on a surface
for the multivalent interaction of a protein having f equivalent
and independent binding sites.40 From the raw SPR data, a plot of
effective bound surface concentration versus the effective injected
concentration of Con A was generated (see ESI†) from which KDX


and CX* could be extracted (Table 1).
In the case of RAFT-(Man)1 surfaces, it is first interesting to


observe that the modified rectangular hyperbolic relationship,
used here for a bivalent interaction of Con A (chelating effect
with f = 2), allows an excellent fitting of the experimental data
with high correlation coefficients. As the RAFT-(Man)1 surface
density increases, the number of available binding sites and the
affinity increase (CX* increases and KDX decreases). Since it
was demonstrated previously that at low RAFT-(Man)1 surface
density (10%), the interaction was monovalent, this bivalent
Scatchard analysis appears meaningful only at higher RAFT-
(Man)1 densities (25% and 100%). In the case of RAFT-(Man)4


surfaces, excellent data fitting is also observed. However in this
case, the bivalent Scatchard analysis does not constitute a perfect
theoretical model, since in addition to the chelating effect (that
is only described by this model), some Con A clustering can
occur as a consequence of the multiple mannose presentation
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provided by RAFT-(Man)4 molecules. Indeed we observed that, as
the RAFT-(Man)4 surface density increases, the affinity increases,
but with KDX values that are systematically lower than those
observed with RAFT-(Man)1 (Table 1). Another important point
is that the amount of available binding sites (CX*) is systematically
higher (by a ratio of about 2.5–3) on RAFT-(Man)4 surfaces
(Table 1). Even at a similar mannose surface density but different
spatial organization (comparison of 100% RAFT-(Man)1 and 25%
RAFT-(Man)4) a better affinity is obtained for RAFT-(Man)4


as compared to RAFT-(Man)1 surfaces (KDX = 34 lM and
45 lM respectively) as well as a higher amount of binding sites
(CX* = 0.048 lM and 0.023 lM respectively). This qualitative
analysis strongly suggests that a clustering of Con A can occur
on immobilized RAFT-(Man)4, which greatly improves both the
affinity, by a factor of 3 to 7, and increases the number of binding
sites by a factor of about 3.


To confirm the ability of RAFT-(Man)4 molecules to bind
two or more proteins, a competitive binding experiment was
conducted and followed by SPR. Solutions of Con A (16.33 lM)
mixed with various quantities of RAFT-(Man)1 or RAFT-(Man)4


were injected onto the 100% RAFT-(Man)1 surface prepared
via streptavidin–biotin interaction as described previously. The
responses obtained at the end of the association time as a function
of the RAFT-mannose concentration in solution are presented in
Fig. 7.


Fig. 7 SPR response recorded for the association of Con A (16.33 lM)
with 100% RAFT-(Man)1 surfaces obtained through biotin-streptavidin
bridges in the presence of increasing concentrations of RAFT-(Man)4


(solid line) or RAFT-(Man)1 (dashed line).


No signal variations are observed for injection of Con A in
the presence of RAFT-(Man)1 meaning that this monovalent
molecule is not able, within the range of concentrations explored,
to compete efficiently with the binding affinity of Con A towards
the multivalent mannosylated surface. On the opposite hand, a
large signal enhancement is observed for Con A injected in the
presence of 3 to 6 lM of RAFT-(Man)4, with a maximum response
recorded for 5 lM. Thus, tetravalent RAFT-(Man)4 appears to
effectively bind and promote the clustering of Con A in solution
at concentrations where no inhibition by monovalent RAFT-
(Man)1 is observed. It could be supposed that in the bulk phase,
RAFT-(Man)4 binds at least two or three lectins to form soluble
clusters.5 These clusters could then interact with the RAFT-(Man)1


surfaces. In this range of concentrations, RAFT-(Man)4 behaves
as a promoter of the Con A–RAFT-(Man)1 surface interaction
since Con A aggregates exhibit a more important multivalent
behavior. For higher RAFT-(Man)4 concentrations, inhibition of
the interaction between Con A and the RAFT-(Man)1 surface is
observed as expected. Whereas Con A presents four sugar-binding
sites, inhibition occurs at a RAFT-(Man)4–Con A molar ratio
closer to 1. Probably the lectins are too aggregated to exhibit free
binding sites to the surface.


Conclusion


Tetravalent carbohydrate-based ligands presented at the surface
of cyclodecapeptidic RAFT scaffolds cannot span the saccharide
binding sites within the same Con A tetramer. In solution, these
multivalent ligands have been found to promote the formation of
Con A clusters that exhibit enhanced affinity toward carbohydrate-
substituted surfaces. When immobilized on a surface at various
surface densities, these multivalent ligands exhibit affinities to-
wards Con A that are typically 3 to 7 fold better than their
monovalent counterpart. At similar surface densities they can
bind about 3-fold higher amounts of Con A as a consequence
of their ability to form clusters of lectins. This lectin clustering
process could be at the origin of the higher affinity exhibited by
the multivalent ligands, although the presence of a high local con-
centration could also participate through a proximity/statistical
effect. Complementary work is in progress to quantify the relative
influence of these two processes.


Experimental


Synthesis


All chemical reagents and solvents were purchased from Sigma
Aldrich, Acros or Carlo-Erba and were used without further
purification. All protected amino acids were obtained from Ad-
vanced ChemTech Europe (Brussels, Belgium), Bachem Biochimie
SARL (Voivins-Le-Bretonneux, France) and France Biochem S.A.
(Meudon, France). Fmoc-Gly-SASRIN R© resin was purchased
from Bachem and PyBOP from France Biochem. Reverse phase
HPLC analyses were performed on Waters equipment: the ana-
lytical (Nucleosil 120 Å 3 lm C18 particles, 30 × 4.6 mm) was
operated at 1.3 mL min−1 and the preparative (Delta-Pak 300 Å
15 lm C18 particles, 200 × 25 mm) at 22 mL min−1 with UV
monitoring at 214 nm and 250 nm using a linear A–B gradient
(buffer A: 0.09% CF3CO2H in water; buffer B: 0.09% CF3CO2H
in 90% acetonitrile). Mass spectra were obtained by electron spray
ionization (ES-MS) on a VG Platform II in the positive mode.


Synthesis of tetravalent neoglycopeptides 2 and 3


Aminooxy a-D-mannopyranosyl (28 mg, 144 lmol) or b-D-
lactopyranoyl (109 mg, 305 lmol)32 was added to a solution of
RAFT molecule bearing aldehyde functions (18 mg, 14.4 lmol for
mannose; 38 mg, 30.5 lmol for lactose) in 20% aqueous acetic
acid (1 mL). After stirring for 3 hours at room temperature,
compounds 2 (20 mg, 71%) and 3 (46 mg, 59%) were purified
by semi-preparative RP-HPLC (linear gradient: 95 : 5 to 60 : 40
A : B in 30 min, detection: k = 214 and 250 nm). Compound 2:
Rt = 7.3 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15 min);
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ES-MS (positive mode): calcd for C79H130N19O38 1952.88 [M + H]+,
found: 1953.09; compound 3: Rt = 6.6 min (linear gradient: 95 :
5 to 60 : 40 A : B in 15 min); ES-MS (positive mode): calcd for
C103H169N19O58Na 2623.07 [M + Na]+, found: 2622.86.


Synthesis of biotin functionalized tetravalent neoglycopeptides 4
and 5


Neoglycopeptide 2 (7 mg, 3.6 mmol) and biotin-OSu (2.5 mg, 7.2
mmol) were dissolved in DMF (1 mL) and the pH of the solution
adjusted to 8 with DIEA. After 30 minutes at room temperature
and purification by semi-preparative RP-HPLC (linear gradient:
95 : 5 to 60 : 40 A : B in 30 min, detection: k = 214 and 250 nm),
compound 4 (5 mg, 59%) was obtained as a white powder: Rt =
8.8 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15 min); ES-
MS (positive mode): calcd for C89H144N21O40S 2178.96 [M + H]+,
found: 2178.65. The same procedure was followed for the synthesis
of 5: Rt = 8.4 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15
min); ES-MS (positive mode): calcd for C113H184N21O60S 2827.17
[M + H]+, found: 2828.56.


Synthesis of cysteine functionalized tetravalent neoglycopeptides 6
and 7


Neoglycopeptide 2 (5.5 mg, 2.8 mmol) and BocCys(Npys)-OSu
(2.6 mg, 5.6 mmol) were dissolved in DMF (1 mL) and the pH of
the solution adjusted to 8 with DIEA. After 30 minutes the solvent
was evaporated and the peptide precipitated in diethyl ether. The
crude yellow powder was then taken up with a solution of TFA–
CH2Cl2 (1 : 1, 10 mL) and purified by semi-preparative RP-HPLC
(linear gradient: 95 : 5 to 60 : 40 A : B in 30 min, detection: k = 214
and 250 nm). Compound 6 (4.5 mg, 72%) was obtained as a yellow
powder: Rt = 9.9 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15
min); ES-MS (positive mode): calcd for C87H137N22O41S2 2209.87
[M + H]+, found: 2210.93. The same procedure was followed for
the synthesis of compound 7: Rt = 9.2 min (linear gradient: 95 :
5 to 60 : 40 A : B in 15 min); ES-MS (positive mode): calcd for
C111H177N22O61S2 2858.08 [M + H]+, found: 2859.50.


Synthesis of biotin functionalized monovalent neoglycopeptides 8
and 9


Compounds 8 and 9 were prepared following the procedure
described above for 4 and 5. Compound 8: Rt = 9.2 min (linear
gradient: 95 : 5 to 60 : 40 A : B in 15 min); ES-MS (positive
mode): calcd for C56H89N15O19S 1307.62 [M + H]+, found: 1308.09;
compound 9: Rt = 8.6 min (linear gradient: 95 : 5 to 60 : 40 A :
B in 15 min); ES-MS (positive mode): calcd for C62H100N15O24S
1470.68 [M + H]+, found: 1470.50.


Synthesis of cysteine functionalized monovalent neoglycopeptides
10 and 11


Compound 10 and 11 were prepared following the procedure
described above for 6 and 7. Compound 10: Rt = 10.3 min (linear
gradient: 95 : 5 to 60 : 40 A : B in 15 min); ES-MS (positive mode):
calcd for C54H83N16O20S2 1339.54 [M + H]+, found: 1339.60;
compound 11: Rt = 10.1 min (linear gradient: 95 : 5 to 60 : 40 A :
B in 15 min); ES-MS (positive mode): calcd for C60H93N16O25S2


1501.59 [M + H]+, found: 1501.62.


Buffer and other chemicals


Concanavalin A (Con A) was purchased from Fluka, streptavidin,
bovine serum albumin and peanut agglutinin from Sigma. All
other reactants are analytical grade, CaCl2 came from Normapur,
anhydrous MnCl2 from Acros organics, sodium dodecyl sulphate
(SDS) from Panreac and N-(2-hydroxyethyl)piperazine-N ′-(2-
ethanesulfonic acid) (HEPES) from Euromedex. P20 was provided
by Biacore.


The working buffer (WB) used for all experiments consisted of
HEPES saline buffer (HBS) (0.1 M HEPES, NaCl 0.1 M) pH 7.2
with 1 mM CaCl2 and 1 mM MnCl2.


Substrate preparation


Gold QCM-D sensors and gold-coated glass slides (SIA Au kit, Bi-
acore, Sweden) were treated by exposure to UV–ozone for 10 min
followed by immersion in ethanol for 15 min. Then, surfaces were
dried with nitrogen and docked in the SPR measurement chamber
or, for QCM-D experiments, immersed in the functionalization
solution.


QCM-D measurement


Experiments were performed on a quartz crystal microbalance
with an energy dissipation Q-SENSE D300 system equipped
with a radial flow chamber from Q-sense AB (Västra Frölunda,
Sweden). Changes in the resonance frequencies (Df ), related to
attached mass (including coupled water), and its dissipation, DD,
related to frictional (viscous) losses in the adlayer, are measured
simultaneously during the assembling process for the quartz
crystal fundamental resonance frequency (f 1 = 5 MHz) and odd
overtones (n = 3, 5, 7). In the case of homogeneous, quasi-rigid
films with low thickness, the areal adsorbed masses, DC , could
be calculated according to the Sauerbrey equation,41 DC = −C Dfn


n


with the mass sensitivity C = 17.7 ng cm−2 Hz−1 for f 1 = 5 MHz.
QCM-D measurements were operated in flow mode


(0.1 mL min−1). The T-loop in the measurement chamber was
bypassed and all solutions were kept in a thermostated bath
(24.5 ◦C) to ensure stable operation at a working temperature
of 24 ◦C. All solutions were previously degassed in order to avoid
bubble formation in the QCM-D measuring chamber.


SPR measurement


The SPR measurements were performed with a BIAcore T100
(Biacore AB, Sweden) operated with BIAcore T100 evaluation
software 1.1. All measurements were performed at 25 ◦C, at
5 lL min−1 for ligand immobilization and 25 lL min−1 for kinetic
measurements. Experiments were realized in WB containing 0.05%
P20. The SPR technique detects changes expressed in relative units
(RU) in the interfacial effective refractive index resulting from
the binding of an analyte in solution to a ligand immobilized
on a sensor chip. For all BIAcore experiments, 0.05% P20 in
buffer solution was used to prevent non-specific interactions
between proteins and the surfaces. A non-specific surface was
used as a reference. Curves obtained on the reference surface were
subtracted from the curves recorded on the recognition surfaces,
allowing elimination of refractive index changes due to buffer
effects. The absence of mass transport effects on experiments was
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checked on each surface by separately running one injection of
Con A (9.8 lM) for 1 min at three different flow rates (5, 15
and 75 lL min−1). The curves obtained are able to be overlaid,
confirming the kinetic control of the experiments (not shown).


Ellipsometry


Ellipsometric measurements were performed using an imaging el-
lipsometer EP3-SE from Nanofilm Technology GmbH, Germany.
Experiments were performed ex situ under air conditions at a
wavelength of 630.2 nm and at variable angles of incidence ranging
from 50◦ to 80◦. Optical modeling was performed using the
EP3View software from Nanofilm Technology GmbH. A three-
layer model, substrate–layer–ambient air, was used to fit the data.
The optical properties of the bare gold substrate (a QCM-D gold
coated quartz crystal) were previously measured.
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The importance of selenium as an essential trace element is now well recognized. In proteins, the
redox-active selenium moiety is incorporated as selenocysteine (Sec), the 21st amino acid. In mammals,
selenium exerts its redox activities through several selenocysteine-containing enzymes, which include
glutathione peroxidase (GPx), iodothyronine deiodinase (ID), and thioredoxin reductase (TrxR).
Although these enzymes have Sec in their active sites, they catalyze completely different reactions and
their substrate specificity and cofactor or co-substrate systems are significantly different. The
antioxidant enzyme GPx uses the tripeptide glutathione (GSH) for the catalytic reduction of hydrogen
peroxide and organic peroxides, whereas the larger and more advanced mammalian TrxRs have cysteine
moieties in different subunits and prefer to utilize these internal cysteines as thiol cofactors for their
catalytic activity. On the other hand, the nature of in vivo cofactor for the deiodinating enzyme ID is not
known, although the use of thiols as reducing agents has been well-documented. Recent studies suggest
that molecular recognition and effective binding of the thiol cofactors at the active site of the
selenoenzymes and their mimics play crucial roles in the catalytic activity. The aim of this perspective is
to present an overview of the thiol cofactor systems used by different selenoenzymes and their mimics.


1. Introduction


Selenium, discovered in 1818 by the Swedish chemist Berzelius,1


is an essential biological trace element. The major biological form
of selenium is represented by the selenium analogue of cysteine
known as selenocysteine (Sec). In contrast to the thiol group
in cysteine (Cys), the selenol moiety in the free amino acid L-
selenocysteine (1), is very unstable and oxidizes spontaneously
in air to produce the corresponding diselenide, selenocystine (2).
In the absence of any reducing agents, the selenol group in Sec-
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containing peptides is also unstable, and the synthesis of peptides
having Sec as one of the amino acids normally leads to the
formation of Sec-dimers with an Se–Se covalent bond. This is
due to the fact that the diselenide bonds are intrinsically more
stable than the disulfide bonds.2 Although it is not clear whether
diselenide bonds play any role in biology, the recent identification
of diselenide bonds in natural proteins suggests that these bonds
could play a role in redox regulation.2b


The main biological function of Sec is associated with its
incorporation into certain proteins having redox motifs.3,4 The
antioxidant selenoenzyme glutathione peroxidase (GPx),5–10 the
deiodinating enzyme iodothyronine deiodinase (ID)11–14 and the
flavin-containing redox enzyme thioredoxin reductase (TrxR)15–20


represent a few key enzymes in mammalian systems where the
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redox properties of Sec play important roles. The presence of the
Sec moiety in the active sites of these selenoproteins confers a
dramatic catalytic advantage over the Cys residue in such proteins.
This is evident from the observation that the replacement of
the catalytically active Sec residue in the type I ID enzyme by
a Cys moiety dramatically reduces the catalytic activity of the
native enzyme.21 This modification also leads to a decrease in
the sensitivity of the enzyme to inhibition. This is probably due
to the lower pKa (5.2) of the selenol group in the active site of
enzyme as compared with thiol (8.0). Therefore, the selenol group
of Sec residue is fully dissociated at physiological pH and the
dissociated selenolate in the enzyme’s active site is a much better
nucleophile than the undissociated thiol. These properties and
the unique redox behaviour of selenium make the Sec residues in
proteins more reactive than Cys and, therefore, the Sec residues in
selenoenzymes can be termed “super-reactive cysteines”.


Although the selenoenzymes mentioned above have Sec in
their active site, their substrate specificity, catalytic mechanism
and cofactor systems are strikingly different. While the naturally
occurring tripeptide glutathione (GSH) is an efficient and a
selective cofactor for the antioxidant selenoenzyme GPx, such
monothiols are not efficient cofactors for the catalytic activity
of the deiodinases. The mammalian TrxR enzymes, on the other
hand, utilize internal cysteines as cofactors instead of external
thiols such as GSH. The aim of this article is not to give
a comprehensive review of the biological role of all known
selenoenzymes and their synthetic analogues, but to provide an
outline of various thiol cofactors for the three major mammalian
selenoenzymes i.e. GPx, ID and TrxR, and the effect of these thiols
on the catalytic activity of these enzymes.


2. Monothiols as cofactors


The major problem with low-molecular-weight thiols is the
sensitivity of the thiol moiety to auto-oxidation. Although the
thiol group in cysteine is more stable than the selenol group
in selenocysteine in its isolated form, the cysteine residue is
oxidized on a time-scale of minutes in air under physiological
conditions.22–25 The auto-oxidation of thiols normally produces
reactive oxygen species that are highly toxic to cells.22 The
tripeptide glutathione (GSH), the most abundant thiol present
in the cell, is relatively less sensitive to auto-oxidation than free
cysteine even in the presence of heavy metals.22–25 GSH contains
an unusual peptide bond between glutamate and cysteine (Fig. 1),
which prevents GSH from being hydrolysed by most peptidases.26


In the cell, the redox state of the thiol moiety is maintained by
glutathione reductase (GR), a flavoenzyme that uses NADPH
as cofactor to reduce the disulfide bond in glutathione disulfide
(GSSG).26,27


The reactive thiol moiety in GSH helps in scavenging reac-
tive oxygen and nitrogen species.27–29 Therefore, GSH itself is
an antioxidant, protecting cells against oxygen toxicity.27–29 In
addition to its antioxidant properties, GSH acts as a substrate


Fig. 1 The enzymatic and non-enzymatic oxidation of GSH leads to the
formation of GSSG, which is enzymatically reduced back to GSH by the
glutathione reductase/NADPH system.


in both conjugation reactions and reduction reactions, catalyzed
by glutathione S-transferase enzymes in cytosol, microsomes, and
mitochondria.30 GSH also acts as a cofactor for the selenoenzyme
glutathione peroxidase (GSH), which is one of the most important
enzymes that uses GSH as a cofactor for the reduction of harmful
peroxide substrates without generating any free radical species. In
addition, GSH also protects the active site selenol from irreversible
inactivation by reactive oxygen species. In the presence of GSH, the
Sec moiety in GPx exists predominantly in its selenol (or selenoate)
form.


The catalytic mechanism of GPx proceeds via a selenenyl sulfide
intermediate as shown in Fig. 2. According to this mechanism, the
selenol moiety reacts with hydroperoxides to produce an unstable
selenenic acid, which immediately reacts with GSH to generate
the selenenyl sulfide intermediate. The attack of second GSH at
the Se–S bond regenerates the active site selenol with a release of
the cofactor in its oxidized form, GSSG. When the cofactor GSH
is depleted in the reaction mixture, the selenenic acid produced
in response to GPx oxidation may undergo further oxidation to
a seleninic acid (–SeO2H) or a selenonic acid (–SeO3H), which
disturb the main catalytic pathway.


Fig. 2 Proposed catalytic mechanism of GPx. The rapid reaction of the
selenenic acid with GSH ensures that the selenium moiety in the enzyme
is not irreversibly inactivated.


Although both the thiol group in GSH and selenol group in
GPx can react with hydroperoxides, it is the selenol moiety in the
enzyme that reacts with the peroxide substrates. This is due to the
involvement of the Sec residue in a “catalytic triad” with two other
active site residues, tryptophan (Trp) and glutamine (Gln). This
arrangement leads to the formation of a highly reactive selenolate
as shown in Fig. 3. The catalytic triad involving Sec, Trp and Gln
residues appears to be common in all selenium-containing GPx
enzymes.31 The hydrogen bonding of Sec with the imino group of
the Trp residue and the amido group of the Gln residue not only
stabilizes the selenol group but also increases the reactivity of Sec
towards hydroperoxides.32 Therefore, the reactivity of selenium
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Fig. 3 The selenol group of Sec in GPx is highly stabilized by a catalytic
triad involving Sec, Trp and Gln residues at the active site.


in GPx can be compared with that of iron in certain heme
peroxidases, although the major function of heme peroxidases
is not associated with antioxidant activity.33


It is evident from various studies that the thiol cofactor
systems may vary within the GPx superfamily. Among four
types of enzymes31,32,34–37—the classical cytosolic GPx (cGPx),
phospholipid hydroperoxide GPx (PHGPx), plasma GPx (pGPx)
and gastrointestinal GPx (giGPx)—only the cGPx uses exclusively
GSH as reducing thiol cofactor for its catalytic activity, and the
GPx activity of this enzyme is much higher with GSH than any
other thiols. The PHGPx and giGPx may also utilize GSH as
a physiological thiol cofactor, although the efficiencies of these
enzymes depend on the nature of peroxide substrates. In contrast,
the plasma enzyme, pGPx, is not as efficient as the cytosolic
enzyme when GSH is used as the thiol cofactor. This enzyme
is almost 10 times less active than cGPx in the reduction of
hydroperoxides. These observations, combined with the fact that
the concentration of reduced GSH in human plasma is very low,
led to the assumption that GSH may not be the physiological
cofactor for pGPx. Alternatively, the extracellular thioredoxin
reductase, thioredoxin, or glutaredoxin have been proposed to
be reasonable candidates.38


The catalytic reduction of hydroperoxides by certain enzymes
can be achieved by using synthetic thiols as cofactors. For example,
the replacement of serine residue in serine protease subtilisin by a
Sec residue converts the protease into a peroxidase.39,40 This chem-
ically modified enzyme, selenosubtilisin, does not accept GSH,
but it utilizes an aromatic thiol, 3-carboxy-4-nitrobenzenethiol
(3, Fig. 4a), as the thiol cofactor.40,41 This is probably due to
the absence of any GSH binding site in the engineered enzyme.
In selenosubtilisin, the selenol group is activated by a catalytic
triad involving Sec, histidine (His) and asparagine (Asn) residues
(Fig. 4b).42 The high GPx activity of selenosubtilisin due to
the presence of this catalytic triad confirms the importance of
hydrogen bonding within the active site of GPx, although the


Fig. 4 (a) Chemical structure of the thiol cofactor for selenosubtilisin.
(b) Activation of the selenol moiety in selenosubtilisin by a catalytic triad
involving Sec, His and Asn residues.


amino acids that are involved in such interactions in GPx are
different from that of selenosubtilisin.


Similar to the Ser-to-Sec conversion, the replacement of essen-
tial Cys residue by a Sec at the active site of phosphorylating
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) led to a
seleno-GAPDH having GPx activity.43 The modified enzyme has
been shown to be an active catalyst in the reduction of H2O2


by using 3-carboxy-4-nitrobenzenethiol as the thiol cofactor. The
natural thiol GSH is expected to be a poor cosubstrate for
this enzyme due to the absence of any GSH binding site. The
accessibility of the selenenic acid by GSH may also be responsible
for the poor GPx activity of selenosubtilisin and seleno-GAPDH
with GSH as compared with the natural enzyme GPx. It should be
mentioned that the active site of GPx is located on the surface of
the protein, whereas those of selenosubtilisin and seleno-GAPDH
are buried into the protein scaffold. Therefore, smaller thiols such
as 3-carboxy-4-nitrobenzenethiol may have better access to the
active sites than the larger thiols such as GSH.


It is not always the case that chemically modified proteins prefer
to use aromatic thiols as cofactors. The conversion of Ser to Sec at
the active site of an enzyme that already uses GSH as a substrate
may lead to the generation of peroxidase having a strong preference
for GSH. Luo and coworkers have shown that the conversion
of a Ser residue in the rat theta-class glutathione transferase
(rGST) into a Sec by chemical methods leads to a semisynthestic
enzyme (Se-rGST) that catalytically reduces H2O2 by using GSH
as cofactor.44 In this case, the authors have utilized the advantage
of a highly specific GSH binding site of a GST scaffold to achieve
both high thiol specificity and high catalytic efficiency.


A protein scaffold is not essential for GSH to function as
cofactor. For example, 2-phenyl-1,2-benzoisoselenazol-3-(2H)-
one, commonly known as ebselen, exhibits significant GPx activity
by using GSH as cofactor. The anti-inflammatory, antiatheroscle-
rotic, and cytoprotective properties of ebselen have led to the
design and synthesis of new GPx mimics for potential therapeutic
applications. After the discovery that ebselen mimics the action of
GPx, the chemical aspects of the reduction of hydroperoxide by
GPx have been extensively studied with the help of synthetic sele-
nium compounds.45–50 Some representative examples of synthetic
GPx mimics are given in Fig. 5.


In contrast to the natural enzyme, these compounds can
use a variety of thiol cofactors in addition to GSH. These
include benzenethiol, 4-methylbenzenethiol, 4-nitrobenzenethiol,
benzylthiol and 3-carboxy-4-nitrobenzenethiol. The use of these
aromatic thiols has certain advantages. The major advantage
is the presence of a UV-active chromophore, which allows the
determination of the GPx activity of synthetic compounds by
using UV-Vis spectrophotometers. In contrast to the GSH-
mediated GPx activity, which is measured indirectly by following
the reduction of GSSG by GR/NADPH, the use of aromatic thiols
allows direct measurement of the activity by following the decrease
in absorbance due to the thiol or increase in absorbance due to the
formation of the corresponding disulfide. However, some synthetic
selenium compounds such as ebselen exhibit much higher GPx
activity with GSH than with aromatic thiols (see next section).51


When the synthetic organoselenium compounds are employed as
catalysts for the reduction of hydroperoxides, the thiols are used
not only as cofactors for the peroxidase reactions, but also for the
activation of the procatalysts.
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Fig. 5 Some representative examples of synthetic GPx mimics that use
GSH or other thiols as cofactors for their catalytic activity.45–50


3. Thiol exchange reactions


Thiol or thiol–disulfide exchange reactions are very common in
proteins that have one or more disulfide bonds.52 Thiol–disulfide
exchange represents the key reaction by which disulfide bonds are
formed and rearranged in proteins. The disulfide rearrangement
(disulfide shuffling) within a protein generally occurs through
intramolecular thiol–disulfide exchange reactions in which a
thiolate moiety of a cysteine residue attacks at the disulfide bond
to produce a new disulfide linkage. In this process, the number of
disulfide bonds in the protein remains unchanged. The second type
of thiol–disulfide exchange involves attack of an external thiol at
the disulfide bond, leading to the formation of a mixed disulfide.
For example, GSH can cleave the disulfide bonds in proteins by
thiol–disulfide exchange reactions (Fig. 6). The resulting mixed


Fig. 6 (A) Intra-protein thiol–disulfide exchange reaction. (B) Thi-
ol–disulfide exchange involving an external thiol such as GSH.


disulfide bond can be attacked by another thiol to produce the
cysteine in the protein in its reduced form. GSH is then eliminated
as the disulfide (GSSG).


The replacement of one of the Cys residues with a Sec leads to
the formation of a selenenyl sulfide (–Se–S–) instead of a disulfide
(–S–S–), and this leads to a complication in the thiol–disulfide
exchange reactions. Therefore, the nature of thiol cofactors has a
dramatic effect on the reaction catalyzed by selenoenzymes. For
example, the reaction of selenol in GPx with H2O2 affords the
corresponding selenenic acid, which reacts with GSH to produce
the mixed selenenyl sulfide. The attack of a second equivalent of
GSH at the Se–S bond leads to two different products depending
upon whether the thiol attacks at sulfur or selenium. If the
incoming thiol attacks at the sulfur centre in the Se–S bond,
the reaction would regenerate the selenol and thus complete the
catalytic cycle. On the other hand, the attack of the incoming
thiol at the selenium centre leads to a thiol exchange reaction that
reduces the GPx activity (Fig. 7).


Fig. 7 The generation of a selenol by nucleophilic attack of thiol at sulfur,
and thiol exchange reaction by an attack of thiol at selenium.


Recent model studies on low-molecular-weight selenium com-
pounds show that the reduction of selenenyl sulfides to selenols
needs to overcome a large energy barrier (∼21.5 kcal mol−1),
and therefore the nucleophilic attack of thiol (or thiolate) at
the selenium centre in the Se–S bond is both kinetically as well
as thermodynamically more favourable than at sulfur (Fig. 8).53


Although Se–S bonds are more susceptible than S–S bonds for
cleavage by thiol (or thiolate) nucleophiles, the thiol exchange
reactions hamper the regeneration of the catalytically active
selenol species. Therefore, the thiol–selenenyl sulfide exchange
reactions may account for the relatively low catalytic activity of
synthetic selenium compounds with certain thiol cofactors. For
example, the anti-inflammatory drug ebselen exhibits good GPx
activity when GSH is employed as the thiol cofactor, but does not
show any noticeable activity in the presence of aromatic thiols.51b,c


Fig. 8 Nucleophilic attack of thiol at the selenium in selenenyl sulfides is
more favoured than at the sulfur.


The thiol attack at the selenium centre in selenenyl sulfides is
further enhanced by non-bonding interactions between selenium
and other heteroatoms such as O and N.54 The effect of thiols
on the GPx activity of ebselen is one of the best examples of
where the non-bonding interactions play an important role.51b
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According to the currently available mechanism (Fig. 9), the Se–N
bond in ebselen is readily cleaved by GSH or aromatic thiols to
produce the corresponding selenenyl sulfides. Further reduction
of the Se–S bond by an excess amount of thiol would generate
the catalytically active selenol, which reduces hydroperoxides to
produce a selenenic acid. The selenenic acid undergoes further
reaction with thiols to regenerate the selenenyl sulfides. When
GSH is used as cofactor, the reaction proceeds as expected, and
therefore, ebselen and related compounds exhibit significant GPx
activity. However, ebselen has been found to be an inefficient
catalyst in the reduction of hydroperoxides with aryl and benzylic
thiols (such as PhSH and BnSH) as cofactors.49,51 Back and
coworkers have observed a similar lack of activity with some
selenenyl sulfides and have shown that these compounds undergo a
deactivation pathway that considerably reduces the GPx activity.49c


Fig. 9 The reductive cleavage of the Se–N bond in ebselen by GSH and
the reduction of hydroperoxides by the catalytically generated selenol.


Recent experimental and theoretical studies show that the
relatively poor GPx activity of ebselen and related compounds
is due to the undesired thiol exchange reactions that take place
at the selenium centre in the selenenyl sulfide intermediate.51b


This has been experimentally verified by using PhSH and 4-Me-
C6H4SH as thiol cofactors. When ebselen was treated with PhSH,
it produced the expected selenenyl sulfide (20), which underwent
thiol exchange reaction with 4-Me-C6H4SH to produce a new
selenenyl sulfide (21). Similarly, when selenenyl sulfide 21 was
treated with PhSH, the reaction afforded compound 20 (Fig. 10).
These reactions failed to produce any selenol 18, indicating that
the strong Se · · · O interactions in the selenenyl sulfides 20 and
21 increase the electrophilic reactivity of selenium. Such thiol


Fig. 10 Thiol exchange reactions at the selenium centre in the selenenyl
sulfides derived from ebselen.


exchange reactions also take place in compounds having strong
Se · · · N non-bonding interactions.


The strength of Se · · · O/N interactions in 20 and some related
compounds (22–26) (Fig. 11) has been extensively studied with
the help of experimental and theoretical methods (Table 1). These
studies suggest that the positive charge on selenium increases
with an increase in the strength of Se · · · O/N interactions.
These interactions also lead to an elongation of the Se–S bond,
facilitating the cleavage of the bond upon thiol attack.51b,55 In
other words, when there is a strong Se · · · O/N interaction in the
selenenyl sulfide, the thiol always attacks at the selenium centre,
leading to the generation of another selenenyl sulfide and not
selenol.


Fig. 11 Examples of selenenyl sulfides with strong Se · · · O/N interac-
tions. Compound 22 is given as a comparison.


4. Strategies to overcome thiol exchange reactions


As the nucleophilic attack of thiol (or thiolate) at selenium is
both kinetically as well as thermodynamically more favourable
than at sulfur, it is expected that the monothiol GSH may not
serve as a suitable cofactor for GPx. Interestingly, GPx acts as
a remarkable catalyst in the reduction of hydroperoxides at the
expense of GSH. How does GPx overcome the thiol exchange
reactions? Although the use of a large excess of thiol may help in
regenerating the selenol, some other factors must be responsible
for directing the nucleophilic attack of GSH at the sulfur centre
of the selenenyl sulfide intermediate. A careful analysis of the


Table 1 Interatomic distances56 and Natural Bond orbital (NBO) analysis57 of 20 and 22–26 calculated at the B3LYP/6-31G(d) level of theory.58


Compound rSe · · · N/O/Å rSe–S/Å qSe qS ESe · · · N/O/kcal mol−1


20 2.470 2.249 0.3773 0.0283 19.01
22a — 2.216 0.2436 0.0898 —
23 2.569 2.242 0.3745 0.0394 14.35
24a 2.595 2.246 0.3577 −0.0198 13.07
25 2.608 2.250 0.3521 0.0331 13.45
26a 2.636 2.252 0.3342 −0.0231 12.01


a Taken from ref. 55.
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active site features of GPx reveals that the sulfur atom in the
selenenyl sulfide intermediate is involved in a weak interaction with
the amido nitrogen of the threonine residue (Fig. 12),59 lowering
the energy barrier and increasing the possibility of nucleophilic
attack of the negatively charged thiolate at the sulfur atom in the
Se–S bond. The interactions between sulfur and other atoms in
the selenenyl sulfide intermediate appear to be the most striking
feature in the structural changes that take place during the binding
of GSH. The molecular modelling studies have also revealed that
the selenium atom in the selenenyl sulfide intermediate is not
involved in any noncovalent interactions with any of the amino
acid residues at the active site.59 The Trp and Gln residues, which
have been shown to stabilize the selenolate moiety by forming
a catalytic triad, stay away from selenium during the substrate
binding.


Fig. 12 S · · · NH interactions in the GPx–GSH selenenyl sulfide state.


These observations led to the assumption that the introduction
of coordinating amino or other groups in the thiols would enhance
the GPx activity of ebselen and other related organoselenium
compounds. In agreement with this assumption, the reaction of
selenenyl sulfide 27, having both Se · · · O and S · · · N interactions,60


react with thiol 28 to produce the expected selenol (18).51b In
this particular case, the S · · · N interactions modulate the attack
of an incoming thiol at the sulfur centre, although the Se · · · O
interactions are expected to be much stronger than the S · · · N
interactions (Fig. 13). The generation of selenol may become even
more favoured when only the sulfur atom in the selenenyl sulfide
is involved in such interactions.


Fig. 13 S · · · N interactions modulate the attack of incoming thiol at the
sulfur centre in ebselen selenenyl sulfide 27.


Another interesting strategy adopted by the selenoenzymes to
overcome the thiol exchange reactions is the use of a dithiol as
cofactor instead of a monothiol. For example, the deiodinating
selenoenzyme iodothyronine deiodinase (ID) uses dithiols as
cofactors for the reduction of a selenenyl iodide intermediate.
The 5′-deiodination of thyroxine (T4) catalyzed by the type I


deiodinase (ID-I) is a ping-pong bisubstrate reaction in which the
selenol (more precisely selenolate) group of the enzyme first reacts
with thyroxine (T4) to form an unusual selenenyl iodide (E–SeI)
intermediate.14 The regeneration of the selenol from the selenenyl
iodide species requires a thiol cofactor.14,61 In this catalytic cycle,
dithiols such as 1,4-dithiothreitol (DTT) are found to be more
efficient in vitro than the monothiols such as GSH (Fig. 14).14,21b,62


Other dithiols such as dihydrolipoic acid or dihydrolipoamide have
also been shown to be efficient thiol cofactors for ID-I.62a,63


Fig. 14 Monodeiodination of thyroxine (T4) to the biologically active
hormone T3 catalyzed by the selenium-containing iodothyronine deiodi-
nase type I enzyme (ID-I).


It has been shown that the reaction of a synthetic selenenyl
iodide with benzenethiol can proceed readily to produce the
corresponding selenenyl sulfide.64 However, the selenenyl sulfide
produced in the reaction undergoes a thiol exchange reaction,
particularly when there is an Se · · · N interaction. In contrast to
monothiols, the dithiols are efficient cofactors for ID, probably
due to the facile attack of the second thiol group at the sulfur
centre in the Se–S bond, to regenerate the selenol. When dithiols
such as DTT or dihydrolipoic acid (DHLA) are used, the reaction
of selenenyl iodide with thiols ought to produce the corresponding
selenenyl sulfides having one free thiol group in close proximity
to sulfur (Fig. 15). The strain induced in the molecule due to
an attack at selenium disfavours such interactions and, therefore,


Fig. 15 Effective regeneration of the active selenol in the presence of
dithiols in the ID catalytic cycle.
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thiol exchange at the selenium centre becomes difficult. The non-
bonding interactions between selenium and other heterocyclic
nitrogens in the selenenyl iodide (30) and selenenyl sulfide (25)
suggest that such interactions may also be present in the ID-I
intermediates.


It has been shown that one of the histidine residues in the
active site of ID-I plays an important role by deprotonating
the selenol, leading to the formation of a selenium–imidazolium
ion pair as shown in Fig. 16.65 Interestingly, four His residues
have been identified near the Sec active site of ID-I and at least
two of them (His158 and His174) have been proposed to play
crucial roles in protein conformation and catalysis.65 In particular,
His174 has been shown to be important for catalytic activity, as
the mutagenesis of this residue to asparagine (Asn) or glutamine
(Gln) altered reactivity with substrates and reduced inhibition by
diethylpyrocarbonate and rose bengal.65 However, it is not known
whether the His nitrogen interacts with selenium in the selenenyl
iodide (Fig. 16B) or selenenyl sulfide intermediate.


Fig. 16 Possible role of proximal histidines; (A) deprotonation of the
selenol by His residue to form a selenium–imidazolium ion pair. (B)
involvement of Se · · · N interactions in the selenenyl sulfide intermediate.


In agreement with the observations that dithiols are better
cofactors than monothiols for ID-I, the anti-inflammatory drug
ebselen exhibits higher GPx activity when dithiols are used instead
of GSH. The rate of selenol formation is increased in the presence
of dihydrolipoic acid (DHLA), which leads to an enhancement in
the GPx activity of ebselen (Fig. 17).66 A comparison of kinetic


Fig. 17 Efficient regeneration of ebselen-selenol from the reaction of
ebselen with dihydrolipoic acid.


parameters of ebselen catalysis in the presence of GSH and DHLA
suggests that the formation of selenol is not rate-limiting in the
presence of the dithiol. This is due to the availability of the second
intramolecular nucleophilic thiol group in the vicinity of the sulfur
in the selenenyl sulfide intermediate. In this case, the attack at
sulfur by the second thiol is more favoured than the attack at
selenium. The formation of a stable five-membered disulfide may
also be a driving force for the conversion.


The third and most advanced strategy used by the sele-
noenzymes to overcome the thiol exchange reactions is the
utilization of internal thiols instead of external thiols as cofactor.
The mammalian thioredoxin reductase (TrxR) uses this strategy
effectively to reduce the disulfide bond in thioredoxin (Trx). TrxR
is a dimeric flavoprotein that catalyzes the reduction of Trx
using NADPH as a cofactor. This reaction is the basis for a
number of further transformations such as enzymatic synthesis
of deoxyribonucleotide, defence against oxidative stress, signal
transduction or redox regulation of gene expression.67,68 The
reduced form (dithiol form) of Trx can reduce a number of disulfide
bonds in proteins (Fig. 18). Therefore, the TrxR/Trx system is the
major disulfide reductase system that maintains the redox balance
in proteins.


Fig. 18 The reduction of disulfide bonds in proteins by thioredoxin
(Trx) and the reduction of the disulfide bond in oxidized Trx by the
TrxR/NADPH system.


The catalytic mechanism (Fig. 19) of the reduction of Trx
by TrxR involves three major intermediates: a selenol, a mixed


Fig. 19 Proposed catalytic reaction mechanism for the reduction of Trx
by the mammalian TrxR and NADPH.
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selenenyl sulfide and an internal selenenyl sulfide.69 In the first step,
the internal selenenyl sulfide receives electrons from NADPH (via
the flavin adenine dinucleotide (FAD) and the redox-active dithiol
of the first subunit) to generate a thiol and a selenol in the second
subunit. Because of the low pKa value of the selenol, selenolate
should be a predominant species under physiological conditions.
The reactive selenolate then attacks at the disulfide bond of Trx
to produce a mixed selenenyl sulfide. At this stage, a cysteine
thiol (most likely Cys497) reacts with the mixed selenenyl sulfide
to produce the Trx in its reduced form. This process leads to the
formation of an internal selenenyl sulfide. A second thiol, probably
Cys59 from the other subunit, would then attack the Se–S bridge
to regenerate the selenol. Therefore, the internal selenenyl sulfide
serves as either a catalytically essential redox centre or transient
intermediate during the reduction of Trx.


Recent model studies on small-molecule selenenyl sulfides
suggest that the mammalian TrxR may use internal cysteines
mainly to overcome thiol exchange reactions and to enhance the
reduction of selenenyl sulfide intermediates.70 These studies also
suggest that the possible interaction between the sulfur atom in
the selenenyl sulfide bridge and some His residues would further
enhance the nucleophilic attack of internal cysteines at the sulfur
centre. A detailed analysis of the structure of the Sec498Cys
mutant of rat TrxR (Fig. 20)71 reveals that the sulfur atoms of
Cys497 and Cys59 are located very close to His108 and His472,
respectively. The sulfur atom of Cys59 in the –S–S– bridge is
located 3.69 Å from the nitrogen atom of His472, and the sulfur
atom of Cys497 is positioned 7.59 Å from the nitrogen atom of
His108. Possibly, the conformation of the C-terminal in TrxR
can be modelled in such a way that it approaches the redox-
active disulfide Cys59–Cys64 sufficiently close for electron transfer
without much steric clash. These conformational changes decrease
the distance between Cys59 and Cys497 from 12 to 3 Å. In such
a conformational change, the basic His residues can interact with
the sulfur atom of the selenenyl sulfide and modulate the reactivity


Fig. 20 The active site of the SeCys498Cys mutant of rat TrxR showing
the close proximity of His472 and His108 to Cys59 and Cys497 respectively.
(PDB code: 1H6V).71


of the selenenyl sulfide. These assumptions are very similar to
those of GPx, where the Thr residue interacts with the sulfur in
the selenenyl sulfide species to enhance nucleophilic attack of the
thiol at sulfur rather than attack at the selenium centre. The His
residues in TrxR are expected to be better candidates than the Thr
residue in GPx for this purpose.


Recently, Brandt and Wessjohann have shown that a catalytic
triad between Sec, His and Glu is essential to stabilize the
selenolate form of TrxR.72 These authors have created homology
models of human TrxR based on the X-ray crystal structure
of rat TrxR mutant, and subsequently docked it to Trx to
model the enzyme–substrate complex. These studies revealed the
formation of a new type of catalytic triad involving Sec498,
His472 and Glu477 residues. It should be mentioned here that
the catalytic triad involving Sec, His and another amino acid
has been previously observed for the semisynthetic enzymes
selenosubtilisin and seleno-GAPDH, and such an arrangement
has been postulated for the deiodinase enzymes. Interestingly, none
of these selenoenzymes uses GSH as a cofactor for the catalytic
activity.


5. Summary and outlook


The importance of selenoproteins in mammalian systems is rep-
resented by at least three major enzymes: glutathione peroxidase
(GPx), iodothyronine deiodinase (ID) and thioredoxin reductase
(TrxR). Although these enzymes contain Sec in their active
site, their substrate specificity, catalytic mechanism and cofactor
systems are entirely different. The most striking change is the
nature of thiol cofactor, which is very efficient for one enzyme but
less effective for the other. For example, glutathione (GSH) is an
efficient cofactor for GPx, but this thiol is not an efficient cofactor
for ID. The mammalian TrxR enzymes prefer internal cysteines as
cofactors instead of external thiols such as GSH.


In contrast to the natural GPx, the catalytic reduction of
hydroperoxides by semisynthetic selenoenzymes and synthetic
selenium compounds can be achieved by using synthetic thiols
as cofactors. However, the catalytic efficiencies of the catalysts
may depend upon the nature of thiol attack at the selenenyl
sulfide intermediates. It is clear that the thiol exchange reactions
involving attack of the incoming thiol at the selenium centre
reduce the activity. As the conversion of the selenenyl sulfides
to the corresponding selenols is the rate-determining step in the
catalytic cycle of many selenium compounds, any strategy that
can enhance the nucleophilic attack of the thiol at the sulfur atom
in the selenenyl sulfide intermediates would enhance the catalytic
activity.


The GPx enzyme may probably overcome the thiol exchange
reactions by introducing specific GSH binding sites and involving
the sulfur atom of the selenenyl sulfide intermediate in a weak
interaction with some of the amino acid residues, which would
increase the possibility of nucleophilic attack of the negatively
charged thiolate at the sulfur atom in the Se–S bond. The
deiodinase enzymes, particularly the type I enzyme, utilize dithiols
as cofactors instead of monothiols. The third class of enzymes,
i.e. the mammalian TrxRs, may employ internal cysteines mainly
to overcome the thiol exchange reactions. Recent studies also
suggest that the possible involvement of the sulfur atom of the
selenenyl sulfide in noncovalent interactions with some of the His
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residues should further enhance the nucleophilic attack of internal
cysteines at the sulfur centre. However, the isolation and structural
characterization of the key selenenyl sulfide intermediates should
provide valuable information regarding the role of active site
residues in determining the cofactor systems for a particular
selenoenzyme.
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Condensation of organic isothiocyanates with cyanoacetamides gave 24 N- and N ′-substituted
cyanomonothiocarbonylmalonamides in different tautomeric ratios i.e., amide–thioamides (TMA)
R3NHCSCH(CN)CONR1R2 (12), thioamide–enols of amides (E) R3NHCSC(CN)=C(OH)NR1R2 (11)
or amide–thioenols (TE) R3NHC(SH)=C(CN)CONR1R2 (13). The equilibrium constants (K thioenol =
[TE]/[TMA] and K enol = [E]/[TMA]) in solution depend on R1, R2, R3 and the solvent. The %(E + TE)
for NR1R2 increases in the order NMe2 < NHMe < NH2. The (K thioenol + K enol) in various solvents
follows the order CCl4 > CDCl3 > C6D6 > THF-d8 > (CD3)2CO > CD3CN > DMF-d7 > DMSO-d6.
The d(OH) values are 16.46–17.43 and the d(SH) values are 3.87–5.26 ppm in non polar solvents, e.g.,
CDCl3 and 6.34–6.97 ppm in THF-d8 and CD3CN. An intramolecular O–H · · · O hydrogen bond leads
to the preferred Z-configuration of the enols, and an N–H · · · O bond stabilizes the thioenols’ preferred
E-configuration with a non-bonded SH in solution. X-Ray crystallography revealed that systems with
high %(E + TE) in solution mostly display the enols 11 in the solid state and systems with lower %(E +
TE) in solution display structure 12. The differences in d(OH), d(NH), K enol and crystallographic data
for analogous enol and thioenol systems are compared.


Introduction


Enols and keto–enol equilibria for mono-carbonyl and 1,3-
dicarbonyl compounds have been extensively investigated over
the last hundred years.1 In contrast, enols of carboxylic acids,
their esters, anhydrides, amides, thioamides or halides have been
scarcely investigated until recently.2 In the last decade we have
extensively investigated these species,3,4 especially the enols of
amides,3a–c,4 which are usually unobservable, i.e., the equilibrium
constant K enol = [enol]/[amide] is <0.01. The computed K enol for
acetamide is 10−21.6.5 The reason for this is that mesomeric electron
donation by X stabilizes the acid derivative 2a via contributing
structure 2b which is favored by the negative charge on its oxygen
atom (eqn (1)).


(1)


A similar electron donation by X and OH to Ca of the enol
1a creates a negative charge on Cb, which only slightly stabilizes


Department of Organic Chemistry and the Lise Meitner Minerva Center
for Computational Quantum Chemistry, The Hebrew University, Jerusalem
91904, Israel. E-mail: ZR@vms.huji.ac.il
† Presented in part in the 11th Kyushu International Symposium on
Physical Organic Chemistry (KISPOC XI), Fukuoka, September 12–15,
2005
‡ CCDC reference numbers 667545–667551. For crystallographic data in
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the enol when Y,Y′ are not electron-withdrawing groups (EWGs).
Consequently, the acid derivative is much more stabilized than
the enol with a drastic reduction in K enol compared with those for
simple carbonyl derivatives.6


Our approach to stabilized enols of carboxylic acid derivatives
is by increased stabilization of structure 1b by substituting Cb with
resonatively negative charge EWGs Y and Y′.3,4 The stabilized 1b
is zwitterionic with delocalized positive charge on Ca, X and OH
and negative charge on Cb, Y and Y′. This implies a relatively
long Ca–Cb formal double bond with a significant single bond
character. The acid derivatives are presumably also destabilized
by Y,Y′/CO dipole–dipole repulsion.3b


By applying this approach we observed by NMR spectroscopy
>100 enols of amides YY′C=C(OH)NHX (4) either exclusively
or as mixtures with the isomeric amides Y′YCHCONHX (3) in
solution, and determined the solid structures of >25 enols by X-
ray crystallography. Combinations of Y,Y′ for which only the enol
is observed in CDCl3 (K enol ≥ 50) include amides where Y′Y is
the cyclic diester Meldrum’s acid (MA) moiety,3a Y = CN, Y′ =
CO2R, R = CH3


3b or CH2CCl3,4d or Y = CO2CH(CF3)2, Y′ =
CO2CH2CF3. The K enol value is low when Y = Y′ = CO2Me.3a


A problem is that Y or Y′ can serve as an enolization site.
Although ester groups do not compete with an amide, a ketonic
CO at Cb, e.g., in PhNHCOCH(COMe)CO2Et (5),3b serves as an
enolization site. Substituted 2-amidoindandiones can form enol
isomers on both the amide and the ring CO.7


Cyanomalonamides display in solution both the amide 6 and
one of the enols 7or 8 (eqn (2)). The enolic hydrogen forms a strong
intramolecular hydrogen bond to the carbonyl of the second amide
group and apparently migrates rapidly between the two oxygens.8


The K enol and dH (OH) values in moderate and polar solvents are
relatively high.
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In the present work we replaced one carbonyl group in 6
by a thiocarbonyl group, obtaining cyanomonothiocarbonyl-
malonamides R3NHCSCH(CN)CONR1R2, in order to investigate
the following goals: (i) to extend the scope of stable enols of
amides with a b-thioamido group; (ii) to study the intramolecular
competition between amide and thioamide enolization sites as a
function of R1–R3; (iii) to probe the role of hydrogen bonding on
the configuration and conformation of the enols and thioenols;
(iv) to determine the solid state structure of these species, and
whether it is the same as in solution.


Results


Synthesis


The 24 “formal”9 cyanomonothiocarbonylmalonamides 11/
12/13 (a–x) were prepared by reacting the anion of a substituted
cyanoacetamide (9) with an organic isothiocyanate (10) (eqn
(3)). The products are the amide–thioamide (TMA, 12), the
enol (E, 11) and/or the thioenol (TE, 13), or a mixture. Three
equilibrium constants are defined: K enol, K thioenol and K total (eqn (4)).
Compounds, 12e,10a 12h,10b 12k,10c 11k,10c 11o,10d 11p10e,f and 12r11


were prepared previously. The stereochemistries of 11 and 13 are
discussed below. Compounds 11/12/13 are much more reactive
than 6/7/8. Several of them react on crystallization in a variety of
ways, mostly to give heterocyclic compounds.11


K enol = [E]/[TMA], K thioenol = [TE]/[TMA],


K total = ([E] + [TE])/[TMA] (4)


Solid state structures


Solid state structures of eight systems were determined by X-ray
diffraction.‡ Four of them display the enol structures 11h–11k. 11h
and 11i were crystallized from EtOAc and 11j was crystallized from
EtOAc under nitrogen. Fig. 1a displays the ORTEP drawing of 11j
which shows both intramolecular O–H · · · S and intermolecular
CN · · · H–N hydrogen bonds. The four derivatives 12d (Fig. 1b),
12f, 12k, 12v display amide structures. 12d, 12f and 12v were
crystallized from CDCl3.


Table 1 gives selected crystallographic data for enols 11h–11j.
Data for 11k, which was crystallized from CDCl3, was reported
earlier.10c The differences between the relevant parameters for the
four compounds are small, considering the standard deviations.
The C(1)–O(1) bond lengths of 1.301–1.307 Å, the C(2)–C(4) bond
of 1.402–1.417 Å, the small difference of ≤ 0.011 Å between the
bond lengths of C(1)–C(2) and C(2)–C(3) for the three compounds,
and the doubly bonded C=S moiety (1.687–1.700 Å), indicate a
highly delocalized enol structure. The variable O–H bond length
of 0.98–1.18 Å is in line with the difficulty in locating hydrogens
by X-ray diffraction. The O · · · S non-bonding distance of 2.836–
2.865 Å, and the non-linear C=S · · · H–O hydrogen bond of
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Fig. 1 ORTEP drawing of (a) 11j and (b) 12d (thermal ellipsoids scaled
to include 50% probability).


1.70–1.93 Å indicate a weaker hydrogen bond than the O · · · H–
O bond in enols 7/8.8 Bond angles around the C(1)–C(2) bond
are 120 ± 5◦ (Table 1), and their sum of 359.8–360.0◦ indicate
planarity around C(2). The structures are dimeric: one cyano
nitrogen in each molecule is intermolecularly hydrogen bonded
to the amide H–N–CO of a second molecule. These bonds cause
a C(4)–N(2) bond elongation from 1.136–1.137 Å for the Csp1≡N
bond12 to 1.148–1.151 Å. The non-bonding N · · · N# (N# belongs
to a second molecule) and H · · · N# distances, the N–H bond
lengths and the N(1)–H · · · N(2)# angles indicate an asymmetric
and bent intermolecular hydrogen bond.


Fig. 1b, Table 2 and the ESI§ give structural data for the amides
12d, 12f and 12v and of the “amide” part of 12r (see below; those
of 12k was reported earlier10c), with normal bond lengths: C=O
1.228–1.236 Å, C=S 1.646–1.659 Å, C≡N 1.129–1.137 Å and
C(1)–C(2) 1.535–1.543 Å. The 107.6–113.6◦ angles around C2
indicate an sp3 carbon. The structures are “polymeric” where the
C=O carbonyl is intermolecularly hydrogen bonded to the H–N–
C=S of another molecule.


Crystallization of 12r from CD3CN gave an associate with
an “apparent” amide structure 12r intermolecularly hydrogen
bonded via one water molecule to 3,5-bis(isopropylamino)-
[1,2]dithiolane-4-carbonitrile (Fig. 1 in ref. 11). The C(1)–C(2),
C(2)–C(3) and C(2)–C(4) bonds of 12r are shorter, and the C(1)–
O(1), C(3)–N(3) and C(4)–N(2) bonds are longer, than those of
the other amides (Table 2). The H–N–C=S is intramolecularly
hydrogen bonded to the C=O group with an N–H bond length
and O · · · H and O · · · N distances of 0.82(2) Å, 2.01(2) Å and
2.667(2) Å, respectively, and an OHN angle of 137.7(17)◦. It was
suggested that the species is a radical derived from 12r.11


System 11k/12k/13k, R3 = Me was crystallized either as the
amide 12k or as the enol 11k, depending on the solvent polarity.10c


Structures in solution. NMR spectra and K enol values in solution


1H and 13C NMR spectra were recorded for 11/12/13 in several
solvents. Selected 1H spectral parameters are given in Table 3 and
the complete data are in Table S1. The 13C NMR data are in Table
S2 in the supplementary data.§


On dissolving a sample of the X-ray analyzed crystals of either
11 or 12 or the formal9 TMA, the substituent- and solvent-
dependent spectra of the tautomeric system 11 (E)/12 (TMA)/13
(TE) were instantaneously observed. The composition did not
change with time, i.e., equilibria between the various species is
rapidly established, as found for other enols of amides.3,4


Both the E and TE species can a priori exist in both E and
Z configurations. For the analogous 7/8 only the isomer whose
enolic OH is intramolecularly hydrogen bonded to the cis amido
carbonyl is usually observed.8 The linear CN cannot form an
intramolecular CN · · · H–O hydrogen bond and the isomer with
the cis-CN/OH configuration is not observed.


For all enols 11 the d(OH) signals at >16 ppm in CDCl3 indicate
the presence of hydrogen bonding. Most derivatives (except for
NR1R2 = NMe2, R3 = Alk) also showed a relatively high field
singlet at ca. 3.9–7.0 ppm ascribed to a non-hydrogen bonded SH
group of 13.


Fig. 2a displays the low field region of a CDCl3 solution of
formal9 t-BuNHCSCH(CN)CONHMe 12n. The lowest field very
narrow doublet at d 16.88 is ascribed to the hydrogen bonded
OH signal of 11, by analogy with many systems.3,4 There are two
relatively sharp NH signals for each species, with reliable position
and integration for assignment and for determination of the K enol


values; e.g., the signals at d 6.55 and 6.05 with 99% intensities of
the d(OH) are the NH signals of 11. The NH signals at d 11.61 and
5.81 with 40 ± 1% intensity of d(OH), are ascribed to 13. Its SH
signal almost overlaps the amide CH signal at d 4.79. The signals
of 12 at d 8.75 and 7.05 have 81% intensity of d(OH).


The 1H NMR spectrum in DMSO-d6 displays only the CH,
CSNH and CONH signals of 12n at d 5.13, 8.00 and 9.77 ppm,
respectively (Fig. 2b). In the 13C NMR spectrum in CDCl3


(Fig. 2c), three pairs of signals appear in the high ppm region:
at ca. d 185 for the C=S groups of 11n and 12n, at d 172 and 168
for Ca of the 11n and 13n, and at d 162 and 164 for the C=O signals
of 13n and 12n. The coupled Cb signals are singlets at 66.7 (11n)
and 70.7 (13n) ppm and a doublet at 56.1 ppm for 12n. Simpler
1H NMR spectra are observed for systems 11a–g/12a–g/13a–g,
having only three NH signals; e.g., for 11c/12c/13c the d(NH)
values resemble those observed in Fig. 2a. The separated CH and
SH signals are at 5.49 and 4.50 ppm, respectively.


The d(OH), d(SH) and d(CH) for selected R3NHCSCH(CN)-
CONR1R2 systems in several solvents where all three species are
observed are given in Table 3. In all the solvents and for all R’s
d(OH) is at 16.46–17.43, d(SH) is at 3.87–6.97 and d(CH) is at
4.09–5.79. Changes due to combinations of R1, R2 and R3 are not
systematic. The highest d(OH) and d(SH) values are in THF-d8 or
C6D6, for each group.


In the dC values of the C=S, C=O, Ca(11), Ca(13), C≡N and
Cb signals for the three isomers of all systems soluble in CDCl3


(Table S3 in the ESI§), each isomer displays pairs of low field
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Table 1 Selected crystallographic data (bond lengths, hydrogen bond distances and angles) for the enols R3NHCSC(CN)=C(OH)NR1R2 11h–11j, (R3 =
Ph, p-An(p-MeOC6H4), 1-Np) at room temperaturea


Compound 11h (R3 = Ph)b 11i (R3 = p-An) 11j (R3 = 1-Np)


Bond length/Å
C(1)–C(2) 1.426(2), 1.425(2) 1.424(5) 1.412(3)
C(1)–N(1) 1.318(2), 1.317(2) 1.314(4) 1.319(3)
C(1)–O(1) 1.301(2), 1.302(2) 1.301(4) 1.307(2)
C(2)–C(3) 1.427(2), 1.427(2) 1.427(4) 1.423(3)
C(3)–N(3) 1.352(2), 1.345(2) 1.346(4) 1.344(3)
C(3)–S(1) 1.693(1), 1.700(1) 1.687(3) 1.694(2)
C(2)–C(4) 1.415(2), 1.414(2) 1.402(5) 1.417(3)
C(4)–N(2) 1.151(2), 1.149(2) 1.151(4) 1.148(3)
O(1)–H(O1) 1.06(3), 1.05(3) 1.18(5) 0.98(3)
S(1) · · · H(O1) 1.85(3), 1.84(3) 1.70(5) 1.93(3)
O(1) · · · S(1) 2.857(1), 2.849(1) 2.836(3) 2.865(2)
N(1)–H(N1) 0.82(2), 0.77(2) 0.83(3) 0.87(2)
N(3)–H(N3) 0.75(2), 0.76(2) 0.83(4) 0.78(2)
N(2) · · · H(N1)c 2.23(2), 2.30(2) 2.23(4)#1 2.14(2)#2


N(1) · · · N(2)c 2.999(2), 2.975(2) 2.976(5)#1 2.947(3)#2


Bond angle/◦


O(1)–C(1)–C(2) 122.7(1), 123.0(1) 122.5(3) 122.9(2)
O(1)–C(1)–N(1) 115.3(1), 115.3(1) 115.4(3) 115.3(2)
N(1)–C(1)–C(2) 122.0(1), 121.7(1) 122.2(3) 121.8(2)
C(1)–C(2)–C(3) 124.9(1), 125.1(1) 124.9(3) 125.1(2)
C(1)–C(2)–C(4) 116.1(1), 116.3(1) 116.0(3) 116.7(2)
C(4)–C(2)–C(3) 118.9(1), 118.6(1) 119.0(3) 118.0(2)
C(2)–C(3)–S(1) 123.7(1), 122.9(1) 123.1(3) 124.2(2)
N(3)–C(3)–S(1) 120.5(1), 120.3(1) 119.8(3) 119.2(2)
C(2)–C(3)–N(3) 115.8(1), 116.7(1) 117.1(3) 116.7(2)
C(2)–C(4)–N(2) 178.5(2), 179.3(2) 179.3(5) 178.4(3)
C(1)–O(1)–H(O1) 108(2), 104(2) 104(2) 107(2)
O(1)–H · · · S(1) 156(2), 160(2) 161(3) 158(2)
N(1)–H(N1) · · · N(2)c 150(2), 151(2) 151(3)#1 153(2)#2


a Measured at 173(1) K. b Two independent molecules. c Symmetry transformations used to generate equivalent atoms: #1, −x + 2, −y + 1, −z + 1; #2, −x,
−y + 1, −z + 1.


Table 2 Selected crystallographic data for the amides R3NHCSCH(CN)CONR1R2 [12d, 12f, 12v, 12r (associated with a heterocycle)] at room
temperaturea


Compound 12d (R3 = Me) 12f (R3 = i-Pr) 12v (R3 = i-Pr) 12r (R3 = i-Pr)


Bond length/Å
C(1)–C(2) 1.535(6) 1.542(2) 1.543(6) 1.447(2)
C(1)–N(1) 1.315(5) 1.310(2) 1.333(6) 1.340(2)
C(1)–O(1) 1.236(5) 1.229(2) 1.228(5) 1.253(2)
C(2)–C(3) 1.540(5) 1.544(2) 1.524(6) 1.425(2)
C(3)–N(3) 1.308(5) 1.315(2) 1.300(7) 1.333(2)
C(3)–S(1) 1.646(4) 1.659(1) 1.646(5) 1.713(2)
C(2)–C(4) 1.456(7) 1.467(2) 1.460(7) 1.418(2)
C(4)–N(2) 1.129(6) 1.137(2) 1.133(6) 1.149(2)
C(2)–H(C2) 0.98 0.98 0.98 —
N(3)–H(N3) 0.81(5) 0.82(2) 0.65(5) 0.82(2)
H(N3) · · · O(1)b 2.07(5)#1 2.15(2)#2 2.45(5)#3 2.01(2)c


N(3) · · · O(1)b 2.871(5)#1 2.910(2)#2 3.064(5)#3 2.667(2)c


Bond angle/◦


O(1)–C(1)–C(2) 118.8(4) 119.7(1) 122.6(5) 122.4(2)
O(1)–C(1)–N(1) 123.9(4) 122.7(1) 124.2(5) 119.0(2)
N(1)–C(1)–C(2) 117.3(4) 117.6(1) 112.9(4) 118.6(2)
C(1)–C(2)–C(3) 111.6(3) 112.3(1) 107.6(4) 124.9(1)
C(1)–C(2)–C(4) 109.9(4) 108.2(1) 110.2(4) 116.6(1)
C(4)–C(2)–C(3) 109.5(3) 107.7(1) 113.6(4) 118.5(1)
C(2)–C(3)–S(1) 121.0(3) 119.06(9) 120.8(4) 120.5(1)
N(3)–C(3)–S(1) 124.4(3) 126.9(1) 125.8(4) 121.4(1)
C(2)–C(3)–N(3) 114.6(4) 114.05(1) 113.1(4) 118.1(1)
C(2)–C(4)–N(2) 176.1(5) 177.7(2) 175.8(5) 174.9(2)
N(3)–H(N3) · · · (O1)b 172(5)#1 154(2)#2 158(7)#3 138(2)c


a Measured at 173(1) K. b Symmetry transformations used to generate equivalent atoms: #1 x − 1, −y + 1/2, z − 1/2; #2 x, −y + 1/2, z + 1/2; #3 x, −y +
2, z + 1/2. c The N–H is intramolecularly hydrogen bonded to oxygen O(1).
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Fig. 2 1H NMR spectra for the 11n/12n/13n system: (a) OH, NH, CH
and SH regions (inset Me and t-Bu signals) in CDCl3 at rt; (b) in DMSO-d6


at rt. Only 12n is observed, and no signals are at <10 ppm. (c) 13C NMR
spectrum in CDCl3 at rt.


signals with similar intensities. For 12 the C=S and C=O signals
are at 183.16–187.67 ppm and 158.78–162.37 ppm, respectively;
for 11 the C=S and Ca(E) are at 184.75–189.88 ppm and 170.41–
173.26 ppm, respectively. Mostly, d(C=S, 11) > d(C=S, 12). The


C=O and Ca signals of 13 are at 164.80–169.38 ppm (13k at
173.26 ppm). The C≡N signals are doublets (J = 9.5–11.0 Hz)
at 113.85–114.64 ppm for 12 and at 117.93–120.04 ppm for 11,
and are singlets at 120.21–121.78 ppm for 13. The coupled Cb


signals are doublets at 50.15–58.65 ppm (J = 139.2–143.2 Hz) for
12, and the Cb signals are singlets for 11 and 13 at 65.93–68.09 and
69.82–73.04 ppm, respectively.


Substituent and solvent effects


The substituents R1–R3 have an effect on the distribution of
the three species, and the derived K enol for R1R2NCOCH-
(CN)CSNHR3 in different solvents at rt is given in Table 4.


For NMe2 systems the %(12) in CDCl3 is much higher for the
aliphatic R3 = Alk, when 13 is not observed, than when R3 = Ph,
p-An, 1-Np, where 13 is present in 16–29%. When R3 = Ph, p-An,
%(11) > %(13), whereas the %(11 + 13) is higher when R3 = 1-
Np, but the %(13) slightly exceeds the %(11). A similar trend was
observed for other NR1R2 systems (Table 4). The effects of R1–R3


on the % and the K’s of the various species are shown in Table 4.
The %(11 + 13) increases by successively replacing the Me groups
in NR1R2 by hydrogens, as was observed for the 7/8/9 system and
in calculations.8 Thus, for R3 = Alk, the %(12) is 88–96%, 22–37%
and 7–24% for NR1R2 = NMe2, NHMe and NH2, respectively,
and a similar trend was found for R3 = Ar. Systematically, K enol >


K thioenol for R3 = Alk, Ph. In both CDCl3 and THF-d8, 12 is the
major species for the NMe2 derivative, a minor component for
NHMe and is absent for the NH2 derivative. For the NHMe and
NH2 derivatives 11h/12h/13h and 11o/12o/13o, the %(13)/%(11)
in CDCl3 is ca. 1.1 and 1.5, respectively. However, in THF-d8


K enol/K thioenol = 11 for NHMe, and 49 for NH2 when R3 = Ph. For
11h–n/12h–n/13h–n, the %(11) decreased on increasing the bulk
of R3: Me (71) > Et (68) ≈ i-Pr (66) > t-Bu (45) ≈ Ph (46) > p-An
(43) > 1-Np (31). The %(12) and %(13) increase on increasing the
steric effect according to t-Bu > i-Pr ≈ Et > Me (Table 4).


The percentage of enolization and thioenolization decreases on
increasing the solvent polarity from CCl4 to DMSO-d6 (Table 4),
as found earlier for enols of amides.3,4,8 In the highly polar DMSO-
d6 and DMF-d7, and also for several systems in CD3CN, only 12 is
observed. The highest %(13) for all systems is in CDCl3. In CDCl3


and CCl4, K thioenol resembles or is higher than K enol for aromatic
R’s. In the other solvents K enol > K thioenol.


Discussion


Comparison of the solid state structures of 6/7/8 and 11/12/13


The X-ray solid state structures of three analogous pairs of the
two series can be compared: (i) i-PrNH(C=Z)CH(CN)CONMe2


(I), in which Z = O, S have amide structures with small bond
length differences (DOS = 0.003–0.0096 Å) between Z = O and
Z = S. For I in CDCl3, Z = O is 80% enol and Z = S is 12% enol;
(ii) PhNH(C=Z)CH(CN)CONHMe (II), in which Z = O displays
an amide structure, whereas for Z=S it crystallized as an enol,
although in CDCl3 the %(enol) is 90% (Z = O) and 46% (Z = S);
(iii) p-AnNH(C=Z)CH(CN)CONHMe (III), in which Z = O, S
are both enols, with small bond length differences (DOS = 0.004–
0.03 Å). The C(1)–C(2) bond lengths of 1.401 Å for Z = O and
1.422 Å for Z = S indicate a lower single bond character for the
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Table 3 Selected 1H NMR d values (in ppm) for 11/12/13 systems in several solvents at room temperature


Compound R3 Solvent d(OH) (E, 11) d(CH) (TMA, 12) d(SH) (TE, 13)


11a/12a/13a Ph CDCl3 16.64 5.33 4.58
11b/12b/13b p-An CDCl3 16.61 5.33 4.53
11c/12c/13c 1-Np CCl4 16.56 5.01 4.29


CDCl3 16.64 5.49 4.50
C6D6 17.29 5.09 4.27
THF-d8 16.89 5.79 5.17
CD3CN 16.52 5.65 5.11


11h/12h/13h Ph CDCl3 16.85 5.05 4.45
THF-d8 17.09 5.03 6.89
CD3CN 16.85 5.05 6.80


11i/12i/13i p-An CDCl3 16.85 4.94 4.36
THF-d8 17.12 5.01 4.85
CD3CN 16.86 5.01 4.55


11j/12j/13j 1-Np CDCl3 16.83 a 4.34
THF-d8 17.11 5.30 6.97
CD3CN 16.79 5.36 6.34


11k/12k/13k Me CDCl3 16.59 4.88 4.55
11l/12l/13l Et CDCl3 16.64 4.87 4.54
11m/12m/13m i-Pr CDCl3 16.68 4.85 5.84
11n/12n/13n t-Bu CCl4 16.57 4.21 4.47


CDCl3 16.88 4.79 4.79
C6D6 17.43 4.09 5.44


11o/12o/13o Ph CDCl3 16.61 a 4.47
11r/12r/13r i-Pr CDCl3 16.46 4.68 5.22
11s/12s/13s t-Bu CDCl3 16.66 4.75 4.88


C6D6 17.02 4.29 3.87
11t/12t/13t Ph CDCl3 16.82 5.17 4.70


THF-d8 17.11 5.04 6.35
11u/12u/13u i-Pr CDCl3 16.64 4.83 5.26
11v/12v/13v i-Pr CDCl3 16.94 4.81 4.63
11w/12w/13w t-Bu CDCl3 17.09 4.79 4.83
11x/12x/13x t-Bu CDCl3 17.31 4.86 4.90


a The CH or other signals of the TMA were not observed.


latter. For III in CDCl3, Z = O is 90% enol, and Z = S is 43% enol.
We conclude that there is no correlation between the %(enol) in
solution and the structure of the crystallized species. The data are
reported in Table S4 in the ESI.§


Enolization on C=O vs. thioenolization on C=S


A main theme of this work is the intramolecular competition
between enolization on C=O and thioenolization on C=S. Both
processes have been previously compared in terms of both
intermolecular and intramolecular competition as shown below.
For single enolization sites thioenolization is qualitatively much
more facile than enolization. Simple thioenols are observable
species13 but the corresponding enols are usually unobservable.6


Recent measurements illustrate this point: K thioenol/K enol = ≥106,
ca. 104, 106 and 105 when X = S, O for Ph2CHC(=X)Ph,14 9-
C(=X)OMe-fluorenes,15 mesityl-C(=X)Me16a and benzo[b]-2,3-
dihydrothiophene-2-(=X).16b


The higher extent of thioenolization is ascribed17 to the much
weaker C=S bond than the C=O bond (115 vs. 177 kcal mol−1),18


which is not compensated by the smaller C–S and S–H bond
energies than those of C–O and O–H bonds (61, 82, 88 and
110 kcal mol−1).18 From these values thioenolization is 7 kcal
mol−1 more favored than the enolization, as reflected in the
experimental values. However, these O–H and S–H bond energies


are for saturated systems, and for triarylethenols the O–H BDE
is ca. 80 kcal mol−1.19 Extensive calculations17 for the CH3CH=X
systems (X = S, O) show that thioenolization (DH = −5.5–8 kcal
mol−1) is always favored over enolization (DH = 5–17 kcal mol−1).
For (CH3)2C=X, the D(DH) value is 8.8 kcal mol−1 at B3LYP/6–
31G**. In less extensive calculations D(DH) = 8–11 kcal mol−1.20


These large differences do not apply for intramolecular compet-
itive enolization in an O=C–CH–C=S system. Our systems are
the first where such competition involves C=O and C=S sites of
amides and thioamides. A competitive intermolecular enolization
on esters strongly favors the C=S site.15,21 However, for 1,3-
thioxoketones R′C(=O)CHRC(=S)R′′ (R′, R′′ = Alk, Ar),22 the
situation is more complex. The many techniques used to determine
whether enolization or thioenolization is preferred gave different
answers.22 Complications arise from the simultaneous presence of
thioxoketone, cis (with an O–H · · · S=C hydrogen bond) and trans
enols, and cis (with a S–H · · · O=C hydrogen bond) and trans
thioenols. The observation of only one NMR (OH/SH) signal at rt
is ascribed to a rapid prototropic equilibrium between few species,
especially the cis enol and thioenol, which average the NMR
signals. Indeed, in a low temperature dynamic NMR study22h


both species plus a minor percentage of the non-hydrogen bonded
Z-thioenol were observed. The large intermolecular preference
of enolization over thioenolization had disappeared, presum-
ably due to a counter-effect of intramolecular O–H · · · S and
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Table 4 Effect of R1, R2, R3 and the solvent on K enol, K thioenol and K total for 11/12/13 systemsa


Compound R3 Solvent % 12 % 11 % 13 K total K enol K thioenol


11a/12a/13a Ph CDCl3 60 24 16 0.67 0.40 0.27
THF-d8 91 9 0 0.10 0.10 0
CD3CN 96 4 0 0.04 0.04 0


11b/12b/13b p-An CDCl3 61 23 16 0.63 0.38 0.25
THF-d8 94 6 0 0.06 0.06 0
CD3CN 97 3 0 0.03 0.03 0


11c/12c/13cb 1-Np CCl4 33 35 32 2.03 1.06 0.97
CDCl3 44 27 29 1.27 0.61 0.66
C6D6 58 28 14 0.72 0.48 0.24
THF-d8 86 12 2 0.16 0.14 0.02
(CD3)2CO 92 7 1 0.09 0.08 0.01
CD3CN 94 5 1 0.06 0.05 0.01


11d/12d/13dc Me CDCl3 88 12 0 0.14 0.14 0
THF-d8 96 4 0 0.05 0.05 0


11e/12e/13ec Et CDCl3 92 8 0 0.09 0.09 0
THF-d8 96 4 0 0.05 0.05 0


11f/12f/13fc i-Pr CCl4 72 28 0 0.039 0.39 0
CDCl3 88 12 0 0.14 0.14 0
THF-d8 97 3 0 0.03 0.03 0


11g/12g/13gc t-Bu CCl4 89 11 0 0.13 0.13 0
CDCl3 96 4 0 0.04 0.04 0
THF-d8 100 0 0 ≤0.02 ≤0.02 ≤0.02


11h/12h/13h Ph CDCl3 4 46 50 24.00 11.50 12.50
THF-d8 19 74 7 4.17 3.81 0.36
CD3CN 38 54 8 1.66 1.45 0.21


11i/12i/13i p-An CDCl3 4 43 53 25.89 11.73 14.16
THF-d8 20 75 5 4.07 3.8 0.27
CD3CN 39 53 8 1.58 1.37 0.21


11j/12j/13j 1-Np CDCl3 0 31 69 ≥50
THF-d8 15 76 9 5.66 5.04 0.62
(CD3)2CO 29 65 6 2.43 2.23 0.20
CD3CN 33 55 12 2.08 1.70 0.38


11k/12k/13k Me CDCl3 22 71 7 3.54 3.23 0.31
THF-d8 34 66 0 1.97 1.97 0
CD3CN 67 33 0 0.50 0.50 0


11l/12l/13l Et CDCl3 22 68 10 3.64 3.14 0.50
THF-d8 38 62 0 1.62 1.62 0
CD3CN 70 30 0 0.44 0.44 0


11m/12m/13m i-Pr CDCl3 23 66 11 3.35 2.87 0.48
THF-d8 47 53 0 1.13 1.13 0
CD3CN 77 23 0 0.30 0.30 0


11n/12n/13nb t-Bu CCl4 14 74 12 6.19 5.32 0.87
C6D6 31 62 7 2.23 2.02 0.21
CDCl3 37 45 18 1.64 1.18 0.46
THF-d8 66 34 0 0.51 0.51 0
CD3CN 89 11 0 0.12 0.12 0


11o/12o/13o Ph CDCl3 0 40 60 ≥50
THF-d8 0 98 2 ≥50


11p/12p/13p p-An CDCl3 0 39 61 ≥50
11q/12q/13q 1-Np THF-d8 0 100 0 ≥50
11r/12r/13r i-Pr CDCl3 24 66 10 3.17 2.75 0.42
11s/12s/13sb t-Bu C6D6 0 90 10 ≥50


CDCl3 7 70 23 14.12 10.6 3.53
THF-d8 17 83 0 5.01 5.01 0
CD3CN 67 33 0 0.49 0.49 0


11t/12t/13t Ph CDCl3 54 9 37 0.86 0.16 0.69
THF-d8 31 64 5 2.23 2.06 0.17
CD3CN 49 45 6 1.04 0.92 0.12


11u/12u/13u i-Pr CDCl3 23 70 7 3.47 3.15 0.32
THF-d8 61 39 0 0.64 0.64 0
CD3CN 85 15 0 0.18 0.18 0


11v/12v/13vc i-Pr CDCl3 11 65 24 8.45 6.16 2.29
THF-d8 80 20 0 0.25 0.25 0


11w/12w/13wc t-Bu CDCl3 31 42 27 2.21 1.35 0.86
THF-d8 90 10 0 0.11 0.11 0


11x/12x/13xc t-Bu CDCl3 20 32 48 4.15 1.69 2.46
THF-d8 17 83 0 5.01 5.01 0


a For all systems only 12 was observed in DMSO-d6. b Only 12 was observed in DMF-d7. c Only 12 was observed in CD3CN.
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O · · · H–S hydrogen bonds of different strengths, whose magni-
tudes were disputed.23


b-Oxothioacetamides, which were also investigated by NMR,
are written as the enols R′C(OH)=CRC(=S)NR′R′′′, displaying
only one (presumably OH) signal at d 14.2–15.2.24


Structures of enols 11 and thioenols 13 in solution


Potential enol and thioenol structures (Chart 1 and 2) are the Z-syn
thioenol 14 with an S–H · · · O=C bond and a Z-syn enol 18 with
an O–H · · · S=C hydrogen bond. In both the two double bonds
are in an s-syn arrangement. These 6-membered ring structures are
analogous to the most stable structures for the cyanomalonamides
7/88 where the NR1R2 and NHR moieties are not involved in
hydrogen bonding. Rotation around the C–C(=X) bond (X = O, S)
gives the Z-anti structures with an S–H · · · NR1R2 hydrogen bond
for 15 or an O–H · · · NHR3 bond for 19. Formal rotation around
the C=C bond generates the E-isomers. In the E-syn enol, if the
cis-NR1R2 to the C=S contains no hydrogen there is no hydrogen
bond, but if R1 and/or R2 = H, an N–H · · · S=C hydrogen bond
exists in 20. Since in all the cyanomonothiocarbonylmalonamides
the thioamide nitrogen carries one hydrogen, there is an N–
H · · · O=C hydrogen bond in the E-syn thioenol 16. An N–H · · · N
bond exists in both the E-anti enol and thioenol isomers (17 and
21) and if R1 and/or R2 = H, there are several options for such a
bond. Consequently, the combination of dipole–dipole attraction
and repulsion interactions, and different hydrogen bonds in the
various structures, make it difficult to unequivocally determine the
structure in solution. The solid state structure is not necessarily
identical to that in solution and analogy with 7/8 is useless since
the C=O → C=S change affects the nature of the hydrogen bond.
In 12 there are intramolecular N–H · · · O=C bonds if one of the
R groups = H.


Chart 1 Possible structures for the thioenols of cyanomonothio-
carbonylmalonamides.


In our systems the nitrogen adjacent to the C=S is connected to
one hydrogen and only in the E-syn enols is there no C=S · · · H–
N bond when R1, R2 �= H. In analysing the relative stabilities


Chart 2 Possible structures for the enols of cyanomonothio-
carbonylmalonamides.


of the various configurations/conformations of 14–21 arising
from the contribution of the hydrogen bonds, we assume that
the C=S · · · H–N and the S–H · · · N hydrogen bonds are weaker
than the C=O · · · H–N and O–H · · · N bonds.


A valuable probe is the difference in the two d(N–H) values for
each species when R1 or R2 = H. We expect a large difference when
only one, low field hydrogen participates in a hydrogen bond and
a relatively small difference when both N–H bonds do not form
hydrogen bonds. Analysis shows that the N–H bond is involved
in hydrogen bonding for the E-anti enol and thioenol and for the
E-syn thioenols. If R1 = H, a large value is also predicted for the
E-syn enol.


When R1 = R2 = Me each species displays only one NH signal:
at d 12.14–13.19 for 13, at d 10.45–11.13 (R3 = Ar) and 8.65–9.00
(R3 = Alk) for 12, and at d = 8.33–8.49 (R3 = Ar) and 6.81–7.26
(R3 = Alk) for 11 (Table 5). When R1 = H, R2 = Me, the order
of d values is retained, but each species display two signals. The
Dd(N–H) values of 4.20–7.08 for 13 > Dd 2.97–3.52 (R3 = Ar)
and 1.69–2.50 (R3 = Alk) for 12 > Dd 1.59–2.17 (R3 = Ar) and
0.27–1.16 (R3 = Alk) for 11 (Table 5). For R1 = R2 = H, Dd =
6.19–7.21 for 13, 2.50 for 12 and 1.13–2.76 for 11.


Consequently, the large Dd values for 13 indicate an E-
configuration (16 or 17) and the significantly lower Dd values
for 11 indicate a Z configuration (18 or 19). This conclusion is
consistent with the d(OH) of >16.5 ppm (Table 3) observed for
other hydrogen bonded enols,3,4,8 and hence 18 is the preferred con-
formation for the enol; e.g., for enols ArNHC(OH)=C(CN)CO2R
(R=CF3CH2 and (CF3)2CH),4c d(OH) for the Z-isomers is mostly
at d 13.2–14.5, and moves 2–3 ppm to a higher field for the E-
isomers. The NH values are at ca. d 8.3–10.0 for the Z-enols and
at d 10.2–10.9 for the E-enols.


The low field d(SH) signals at 4.3–4.8 in CDCl3 (Table 3)
are consistent with a non-hydrogen bonded SH group in the E-
thioenols. Since an N–H · · · O is a stronger hydrogen bond than
an N–H · · · N bond, the structure should be E-syn 16. The d
of 6.3–6.9 for the NHMe derivatives in CD3CN and THF-d8 is
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consistent with intermolecular hydrogen bonds of the SH with
the hydrogen bond accepting solvents. Indeed, in b-thioxoesters
HSC(R1)=CHCO2R2 the intramolecular S–H · · · O=C hydrogen
bonded Z-isomer displays d(SH) at 5.68–8.19 ppm, which is at
ca. d 3.80 for the E-isomer.22a A structure related to 20 with a
“free” SH group was detected earlier in solution.22h,l


Comparison of d(OH) and K enol values of the enols 11 and 7/8


A qualitative comparison between the 11/12/13 and 6/7/8
systems show, in CDCl3, a 0.69–1.69 ppm lower field d(OH)
in the latter, ascribed to a better O–H · · · O=C than an O–
H · · · S=C hydrogen bond. K enol and K total values are significantly
higher for 6/7/8. The ratios for PhNH(C=Z)CH(CN)CONRMe
(Z = O, S) are >10-fold higher for R = Me than for R =
H (4.01–4.5 for R3 = Alk and 0.77–0.78 for R3 = Ar). For
i-PrNH(C=Z)CH(CN)CONHPr-i the ratio is 2.57. Hence, the
extent of enolization is strongly structure-dependent. The corre-
sponding data are reported in Table S5 in the ESI.§


Solvent and substituent effects on K enol and K thioenol


K enol and K thioenol are strongly solvent- and substituent-dependent
(Table 4). K enol values increase on decreasing the solvent polarity,
following the order CCl4 > CDCl3 > C6D6 > THF-d8 >


(CD3)2CO > CD3CN > DMF-d7 > DMSO-d6. The same trend
was observed for K thioenol, except that CDCl3 > CCl4. In contrast
with compounds 6/7/8, where the NHMe and NH2 derivatives
display the enol in DMSO-d6,8 for compounds 11/12/13, 12 is the
exclusive tautomer in DMSO-d6.


For a constant NHR3, both K enol and K thioenol decrease for NR1R2


in the order NH2 > NHMe > NMe2. Thus, for 11h–j/12h–
j/13h–j and 11o–p/12o–p/13o–p, 13 predominates in CDCl3, and
12 predominates for 11a–g/12a–g/13a–g systems. Moreover, for
NMe2 systems no 13 was observed for R3 = Alk and a small
to moderate %(13) was observed when R3 = Ar. The %(13) for
NHMe and NH2 systems was independent of R3.


Conclusions


Replacing one C=O with a C=S group in R3NHCOCH(CN)-
CONR1R2 leads to seven changes: (i) both enolization and
thioenolization are observed in solution. (ii) The intramolecular
O–H · · · O hydrogen bonded Z-enol structures in the 6/8 and
11/13 systems are analogous, whereas the thioenol structure
has the E-configuration, no intramolecular H-bonded SH group
and an intramolecularly N–H · · · O H-bonded moiety. (iii) d(OH)
values in 7 are at a lower field than in analogs 11. (iv) K enol values
for 11/12/13 are lower than in 6/7/8. (v) The thioenol 13 is less
stable than enol 11 for S=C-N-Alk-substituted systems, but the
stabilities are much closer and even slightly reversed for N-aryl
systems. An increased number of N–H bonds adjacent to the C=O
strongly increases the K thioenol and K enol values. (vi) Compounds
11/12/13 are more reactive, giving an array of different reactions.11


(vii) The intramolecular hydrogen bond strengths are important
in determining the structures of the enols and thioenols and the
differences between them.


Experimental section


General methods, NMR and analytical data


Melting points, 1H and 13C NMR and IR spectra were measured as
described previously.2f All the commercial precursors and solvents
were purchased from Aldrich.


d values are relative to Me4Si. J values are given in Hz. Analytical
data, mps and yields are given in Table S6 in the ESI.§


Reaction of N ,N-dimethylcyanoacetamide with phenyl, p-anisyl,
1-naphthyl, methyl, ethyl, isopropyl and tert-butyl isothiocyanates
to form 11a–g/12a–g/13a–g


The procedure for isopropyl isothiocyanate was also used with the
other isothiocyanates.


To a suspension of Na (0.25 g, 11 mmol) in dry THF (50 mL)
was added N,N-dimethylcyanoacetamide (1.12 g, 10 mmol) and
the mixture was stirred overnight giving a white precipitate. A
solution of isopropyl isothiocyanate (1.08 mL, 10 mmol) in dry
THF (20 mL) was added dropwise to the stirred mixture over
20 min. After stirring overnight at rt the dissolved white precipitate
gave a yellow solution. The solvent was evaporated, the remaining
Na salt was dissolved in DMF (5 mL) and the solution was added
slowly to a cold 2 N HCl solution (100 mL). The formed yellowish
precipitate was filtered, washed with cold water (30 mL) and dried
in air to give 1.96 g (92%) of 12f, mp 147–9 ◦C. Anal. calcd
for C9H15N3OS: C, 50.70; H, 7.04; N, 19.72; found: C, 50.30; H,
7.06; N, 19.42%. Crystals for X-ray diffraction were obtained by
keeping a solution of 12f in THF-d8 or CDCl3 at rt for 2–3 weeks.
Detailed NMR spectra of 11f/12f and the analogous preparation
and spectra of 11c are given in the ESI.§ Spectral data, mps, yields
and analyses are given in Tables 3, S1–S3 and S6.


Reaction of N-methylcyanoacetamide with phenyl, p-anisyl,
1-naphthyl, methyl, ethyl, isopropyl and tert-butyl isothiocyanates
to form 11h–n/12h–n/13h–n


The procedure is demonstrated for phenyl isothiocyanate. Very
small Na pieces (0.25 g, 11 mmol) were added to an N-
methylcyanoacetamide (0.98 g, 10 mmol) solution in dry THF
(50 mL) under nitrogen. The mixture was stirred for 48 h until
complete Na disappearance, giving a white precipitate in an
orange solution. A solution of phenyl isothiocyanate (1.2 mL,
10 mmol) in dry THF (20 mL) was added dropwise over 30 min
and during 6 h reflux the precipitate dissolved to give a dark
orange solution. Removal of the solvent left the brown salt
[PhNHCSC(CN)CONHMe]−Na+. dH (400 MHz, 298 K, DMSO-
d6): 2.61 (3H, d, J = 4.5, NMe), 6.94 (1H, t, J = 7.8, p-H), 7.21
(2H, t, J = 7.8, m-H), 7.79 (2H, d, J = 7.2, o-H), 13.20 (1H, s,
NH). dC (100.133 MHz, 298 K, DMSO-d6): 26.43 (q, J = 136.7,
Me), 76.76 (s, C[anion]), 122.18 (d, J = 160.4), 122.75 (d, J =
162.4), 125.56 (s, CN), 128.32 (d, J = 161.1), 142.26 (s), 169.66 (s,
C=O), 185.96 (s, C=S).


The salt was dissolved in DMF (5 mL) and the orange solution
was added dropwise to a cold 2 N HCl solution (100 mL). The
yellow precipitate was filtered, washed with cold water (200 mL)
and dried in air to give 1.87 g (80%) of 11h, mp 153–5 ◦C. Anal.
calcd for C11H11N3OS: C, 56.65; H, 4.72; N, 18.03; found: C, 56.72;
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H, 4.86; N, 17.79%. Crystals for X-ray diffraction were obtained
by slow evaporation of the EtOAc solution at rt.


Attempts to obtain the 1-naphthyl derivative, 11j, gave a product
in 89% yield, mp 158–60 ◦C. However, crystallization from EtOAc
at rt gave a 5-membered ring compound resulting from an
oxidation reaction, apparently by air oxygen.11 Crystallization
from EtOAc under nitrogen revealed the enol structure 11j.
Compounds 11i, 11l–n were obtained similarly. The reaction of
11n and the spectra of the 11n/12n/13n obtained, and spectral
and analytical data of all the compounds are given in Tables 3,
S1–S3 and S6.


Reaction of cyanoacetamide with phenyl, p-anisyl, 1-naphthyl,
isopropyl and tert-butyl isocyanates to form 11o–s/12o–s/13o–s


The procedure for all the derivatives is similar. To a heated solution
of cyanoacetamide (0.84 g, 10 mmol) in dry THF (100 mL) at
60 ◦C was added Na (0.25 g, 11 mmol) and the mixture was
stirred at 60 ◦C for 4 days, giving a white precipitate. The organic
isothiocyanate (10 mmol) in dry THF (30 mL) was added dropwise
during 30 min at rt. The mixture was refluxed for 48 h and then
stood at rt for 1 h to give a brown solution and a white precipitate
which was filtered and washed with dry ether giving the salt
[R3NHCSC(CN)CONH2]−Na+. The salt solution in DMF (5 mL)
was added dropwise to a cold 2 N HCl solution (100 mL), the
solid obtained was filtered, washed with cold water (500 mL) and
dried in air or in vacuum to give the pure product. Attempts to
crystallize the products gave different heterocycles.11 Their spectral
and analytical data are given in Tables 3, S1–S3 and S6.


Reaction of N-isopropylcyanoacetamide with phenyl and isopropyl
isothiocyanates to form 11t and 11u


The procedure resembles that of the reaction of N-
methylcyanoacetamide with phenyl isothiocyanate. 11t, mp 128–
30 ◦C, was prepared from N-isopropyl cyanoacetamide (1.26 g,
10 mmol) and phenyl isothiocyanate (1.2 mL, 10 mmol) in
80% yield. 11u, mp 157–8 ◦C, was prepared from N-isopropyl
cyanoacetamide (1.26 g, 10 mmol) and isopropyl isothiocyanate
(1.07 mL, 10 mmol) in 74% yield. The spectral and analytical data
are in Tables 3, S1–S3 and S6


Reaction of N-benzhydrylcyanoacetamide with isopropyl and
t-butyl isothiocyanates to form 12v and 12w


The procedure resembles the reaction of N,N-dimethylcyano-
acetamide with isopropyl isothiocyanate. The isopropyl derivative
11v (0.78 g, 89%), mp 162–4 ◦C, was obtained by reacting N-
benzhydrylcyanoacetamide (0.625 g, 2.5 mmol) with isopropyl
isothiocyanate (0.27 mL, 2.5 mmol). Crystals of 12v for X-ray
diffraction were obtained after long-term standing in CDCl3.
The t-butyl derivative 12w (0.67 g, 73%), mp 166–8 ◦C, was
obtained from N-benzhydrylcyanoacetamide (0.625 g, 2.5 mmol)
and t-butyl isothiocyanate (0.29 mL, 2.5 mmol). The spectral and
analytical data are in Tables 3, S1–S3 and S6.


Reaction of N-phenylcyanoacetamide with t-butyl isothiocyanate


The procedure resembles the reaction of N-methylcyanoacetamide
with t-butyl isothiocyanate. N-Phenylcyanoacetamide (0.8 g,


5 mmol) reacted with t-butyl isothiocyanate (0.58 mL, 5 mmol)
to yield 1.29 (87%) of 11x, mp 147–8 ◦C (dec.). The spectral and
analytical data are in Tables 3, S1–S3 and S6.


Crystal data


12d: C21H33N9O3S3, M = 555.74, monoclinic, a = 14.6537(11) Å,
b = 14.1922(11) Å, c = 14.9966(12) Å, a = 90◦, b = 108.8310(10)◦,
c = 90◦, U = 2951.9(4) Å3, T = 295(1) K, space group P2(1)/c,
Z = 4, 29 673 reflections collected, 5779 independent reflections
[R(int) = 0.0635]. The final wR(F2) = 0.1972 [I > 2r(I)]. 12f:
C9H15N3OS, M = 213.30, monoclinic, a = 7.3690(4) Å, b =
15.9322(8) Å, c = 10.1036(5) Å, a = 90◦, b = 98.6260(10)◦, c = 90◦,
U = 1172.79(10) Å3, T = 295(1) K, space group P2(1)/c, Z = 4,
12 869 reflections collected, 2557 independent reflections [R(int) =
0.0210]. The final wR(F2) = 0.1003 [I > 2r(I)]. 12v: C20H21N3OS,
M = 351.46, monoclinic, a = 12.321(2) Å, b = 18.376(3) Å, c =
9.3465(16) Å, a = 90◦, b = 116.339(3)◦, c = 90◦, U = 1896.5(6) Å3,
T = 295(1) K, space group Cc, Z = 4, 10 385 reflections collected,
4082 independent reflections [R(int) = 0.1157]. The final wR(F2) =
0.0973 [I > 2r(I)]. 11h: C11H11N3OS, M = 233.29, triclinic, a =
9.4637(5) Å, b = 9.9527(6) Å, c = 13.2117(8) Å, a = 81.3100(10)◦,
b = 79.1780(10)◦, c = 68.9710(10)◦, U = 1136.10(11) Å3, T =
295(1) K, space group P–1, Z = 4, 12 684 reflections collected,
4900 independent reflections [R(int) = 0.0172]. The final wR(F2) =
0.1267 [I > 2r(I)]. 11i: C12H13N3O2S, M = 263.31, monoclinic,
a = 10.5904(6) Å, b = 26.0342(14) Å, c = 9.6563(5) Å, a = 90◦,
b = 99.0470(10)◦, c = 90◦, U = 2629.2(2) Å3, T = 295(1) K,
space group P2(1)/c, Z = 8, 30 522 reflections collected, 6255
independent reflections [R(int) = 0.0845]. The final wR(F2) =
0.1344 [I > 2r(I)]. 11j: C15H13N3OS, M = 283.34, monoclinic, a =
4.9892(4) Å, b = 19.2928(14) Å, c = 14.7103(12) Å, a = 90◦, b =
99.0450(10)◦, c = 90◦, U = 1398.34(18) Å3, T = 295(1) K, space
group P2(1)/n, 15 798 reflections collected, 3056 independent
reflections [R(int) = 0.0569]. The final wR(F2) = 0.0865 [I > 2r(I)].
12r: C8.50H14N3OS1.50, M = 222.32, orthorhombic, a = 8.4053(5)
Å, b = 14.8272(9) Å, c = 18.2296(11) Å, a = 90◦, b = 90◦, c =
90◦, U = 2271.9(2) Å3, T = 293(1) K, space group P2(1)2(1)2(1),
Z = 8, 26 066 reflections collected, 4961 independent reflections
[R(int) = 0.0344]. The final wR(F2) = 0.0689 [I > 2r(I)].
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A conserved tetrasaccharide structure, L-glycero-a-D-manno-heptopyranosyl-(1→2)-(6-O-
aminoethylphosphono-L-glycero-a-D-manno-heptopyranosyl)-(1→3)-[b-D-glucopyranosyl-(1→4)]-L-
glycero-a-D-manno-heptopyranose, from the LPS inner core of Haemophilus influenzae has been
synthesised as its ethylamino glycosides to allow later conjugations. Starting from a previously
synthesised suitably protected trisaccharide intermediate, the third heptose and subsequently the spacer
were introduced using thioglycoside donor chemistry. The phosphoethanolamine was formed
employing a Boc-protected phosphoamidite. Final deprotection and conjugation to biotin gave
conjugates that will be used to study the specificity of MAbs raised against native LPS structures.


Introduction


The lipopolysaccharide (LPS) produced by the Gram-negative
bacteria Haemophilus influenzae is extremely heterogeneous, which
makes its structural analysis most difficult. However, with the
sequencing of the bacterial genome, subsequent use of bacterial
mutants and new analytical techniques, many structures, as well
as the genetics behind them, have recently been elucidated.1–3 The
results strongly indicates that the bacterium makes a conservative
core pentasaccharide (Fig. 1) linked to Lipid A via the Kdo moiety.
This conserved core is then modified in numerous ways by glycans,
various phosphate groups, amino acids and acetates.


Fig. 1 Structure of the conserved inner core of H. influenzae LPS.


Several glycoconjugate vaccines based on capsular polysaccha-
ride structures (CPS) are now commercial and have been most
successful, inter alia, against H. influenzae type b.4–6 However,
H. influenzae bacteria are frequently found as non-capsulated
(also referred to as non-typeable) H.influenzae (NTHi). Due to
the heterogeneity of the native LPS it is not possible to use
these carbohydrate structures for the construction of a conjugate
vaccine. One conceivable solution is to use LPS from bacterial
mutants expressing less variation.3 Still, there are several problems
connected with this approach, such as identification of protective
motifs, detoxification of the lipid A part and conjugation of the
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LPS structures to a carrier protein. Another possibility would be to
use synthetic oligosaccharide structures. Apart from being well-
defined vaccine candidates, these synthetic derivatives can also
be of assistance in establishing immunodominant motifs, inter
alia, by aiding in the determination of the specificity of MAbs.
As part of a programme directed towards LPS-based vaccines
against H. influenzae, we are involved in synthesising partial
structures of the LPS inner core and evaluating these as vaccine
candidates. Obvious primary target structures are motifs from the
conserved inner core. Herein, we describe the synthesis of the
outer tetrasaccharide part of the conserved inner core including
the phosphoethanolamino group on the middle heptose, an inner
core feature, which in molecular models appears to be exposed
and accessible, and thus, might be immunologically important.7–9


Results and discussion


The synthesis starts from a published trisaccharide precursor 110


containing features allowing all the transformation necessary to
reach the target structures, namely orthogonal protecting groups
in the 2′- and 6′-positions to permit the introduction of a heptose
residue and a phosphoethanolamine group, respectively, and a
1,6-anhydro bridge, both protecting the reducing end and making
elongation possible after acetolysis and transformation into a
thioglycoside donor.


Removal of the p-methoxybenzyl group from 1 by DDQ-
oxidation afforded the 2′-OH acceptor 2 in 77% yield
(Scheme 1). Coupling with the perbenzoylated thioglycoside 3
using NIS/AgOTf as promoter gave a high yield of the exclusively
a-linked tetrasaccharide 4, as proven by JC,H-couplings (>170 Hz)
of the anomeric carbon.11 Hydrolysis using TFA (90% aqueous)
removed the BDA-acetal without touching the anhydro linkage to
produce the 3′,4′-diol 5 (89%), leaving open the possibility for
substitution in these positions.12 Since this time we only were
interested in 6′-phosphorylation, a scandium triflate-mediated
acetolysis was performed to accomplish cleavage of the anhydro
linkage and (concurrently) acetylation of all free hydroxyl groups.
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Scheme 1 Synthesis of the protected tetrasaccahride spacer glycoside.
Reagents and conditions: (i) DDQ; (ii) NIS, AgOTf; (iii) 90% TFA;
(iv) Sc(OTf)3, Ac2O; (v) TMSSMe, TMSOTf; (vi) N-(benzyloxycarbonyl)-
aminoethanol, NIS, TfOH.


Concomitant acetolysis of the primary benzyl group was also
observed to different extent. To get a single product the acetolysis
was allowed to go to completion to produce derivative 6 in almost
quantitative yield


Efforts to convert this compound into the corresponding ethyl
thioglycoside were difficult to monitor both by TLC (no difference
in Rf value) and also by MALDI-TOF MS (almost the same
MW). Hence, the methyl thioglycoside, the formation of which
could easily be followed by MALDI-TOF MS, was synthesised by
treatment with TMSSMe/TMSOTf, affording 7 (78%). As proven
before with a similar trisaccharide donor, coupling with a spacer
acceptor yielded exclusively the a-linked spacer glycoside 8 (72%),
although a non-participating benzyl group was present in the 2-
position.13 These results are different from the ones obtained with
monosaccharide donors, where often a substantial amount of b-
linked product is produced.14–16


Compound 8 was deprotected in two effective steps, Zemplén
deacylation followed by catalytic hydrogenolysis, to give the
non-phosphorylated target structure 9 in high yield (Scheme 2).
Selective removal of the chloroacetyl group from 8 was first tried
with a reagent, DABCO, reported in the literature to prevent acetyl
migration.17 However, in this case, this reagent caused substantial
acetyl migration and removal, whereas the reagent we normally
use, hydrazine dithiocarbonate,18 removed the chloroacetyl group


Scheme 2 Synthesis of target structures 9 and 13. Reagents and conditions:
(vii) NaOMe; (viii) Pd/C, HCl; (ix) hydrazine dithiocarbonate; (x) a. 11,
tetrazole. b. mCPBA.


smoothly without any indication of acetyl migration to yield
the 6′-OH derivative 10 (78%). When introducing the phospho-
ethanolamine substituent, a Boc-protection of the amino group
was chosen, so as to be able to differentiate this from the
spacer amino group in later conjugations. Preliminary attempts
using H-phosphonate chemistry were not successful, and so a
phosphoamidite, 11, was synthesised and tested. This time the
phosphotriester 12 was produced in 89% yield as a diastereomeric
mixture. Again, deprotection in two steps was effective to afford
the Boc-protected aminoethanolphosphorylated target structure
13 (87%).


Biotin conjugates were of interest for ELISA-screening of MAbs
produced against NTHi bacteria with a known specificity for
inner core structures. Treatment of compounds 9 and 13 with the
commercial NHS-ester of biotin, afforded derivatives 14 and 15,
respectively, in almost quantitative yield according to MALDI-
TOF MS (Scheme 3). Mild TFA-hydrolysis of the Boc-group in
15 then yielded the last target structure 16.


In conclusion, an effective synthesis of Haemophilus inner core
structures from the versatile precursor 1 has been performed. In
four steps and 45% overall yield a tetrasaccharide thioglycoside
intermediate 7 was prepared. This was then successfully converted
to the two target structures 9 and 13, in 30 and 20% overall
yield (from 1) respectively. The target structures are designed
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Scheme 3 Synthesis of biotin conjugates. Reagents and conditions:
(xi) (+)-biotin N-hydroxysuccinimide ester, Et3N, 0.1 M phosphate buffer
pH 7.0; xii: TFA(aq).


to allow selective activation and conjugation through the spacer
amino group. Biotin conjugates have been constructed and protein
conjugates are under way. The former will be used to investigate
the epitope specificity of MAbs, whereas the latter will be used in
immunological experiments and evaluated as vaccine candidates.


Experimental


General methods


Organic solvents were dried over MgSO4 before concentration,
which was performed under reduced pressure at <40 ◦C (bath
temperature). TLC was carried out on Merck precoated 60 F254


plates with detection by UV-light and/or 8% sulfuric acid or
ammonium molybdate (100 g) : Ce(IV) sulfate (2 g) : sulfuric acid
(10%, 2 L). Column chromatography was performed on silica gel
(35–70 lm, Millipore), and reverse-phase chromatography was
performed on silica gel (C18 60A 40–60 lm). NMR spectra
were recorded in CDCl3 at 25 ◦C on a Varian 300 MHz or
400 MHz instrument, unless otherwise stated. MALDI-TOF
spectra were recorded on a Bruker Biflex III instrument using
2′,4′,6′-trihydroxyacetophenone trihydrate (THAP) as matrix.


(2′S,3′S)-(7-O-Benzyl-6-O-chloroacetyl-3,4-O-(2′,3′-dimethoxy-
butane-2′,3′ -diyl)-L-glycero-a-D-manno-heptopyranosyl)-(1→3)-
[(2,3,4,6-tetra-O-benzoyl-b-D-glucopyranosyl)-(1→4)]-7-O-acetyl-
1,6-anhydro-2-O-benzyl-L-glycero-b-D-manno-heptopyranose (2).
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 45 mg,
0.197 mmol) and H2O (0.5 mL) were added to a solution of 110


(197 mg, 0.131 mmol) in CH2Cl2 (10 mL). The mixture was stirred
at room temperature for 4 h, then diluted with CH2Cl2, washed
with Na2S2O3 (5% aq), dried (Na2SO4) and concentrated. The
residue was purified by silica gel chromatography (toluene–EtOAc
1 : 1) to give 2 (138 mg, 0.100 mmol, 76%): [a]D +33 (c 1.0,
CHCl3); 13C NMR d 17.9 (CH3 BDA), 20.8 (CH3CO), 41.0
(ClCH2CO), 47.9, 48.2 (CH3O BDA), 62.1, 62.8, 64.9, 68.1, 68.2,


69.1, 69.4, 70.0, 70.1, 71.5, 71.8, 72.1, 72.7, 72.8, 72.8, 73.4, 75.6,
75.7 (C-2-7, C-2′-7′, C-2′′-6′′, PhCH2O), 98.1, 100.0, 100.3, 100.3,
100.4 (C-1, C-1′, C-1′′, C BDA), 127.4-137.9 (aromatic C), 165.1,
165.2, 165.9, 166.2, 167.0, 170.6 (CH3CO, PhCO, ClCH2CO).


(2′S,3′S)-(2,3,4,6,7-Penta-O-benzoyl-L-glycero-a-D-manno-hep-
topyransyl)-(1→2)-(7-O-benzyl-6-O-chloroacetyl-3,4-O-(2′,3′-di-
methoxybutane-2′,3′-diyl)-L-glycero-a-D-manno-heptopyranosyl)-
(1→3)-[(2,3,4,6-tetra-O-benzoyl-b-D-glucopyranosyl)-(1→4)]-7-
O-acetyl-1,6-anhydro-2-O-benzyl-L-glycero-b-D-manno-heptopyr-
anose (4). A solution of 2 (43 mg, 31.3 lmol) and 313 (48 mg,
62.5 lmol) in CH2Cl2 containing powdered molecular sieves (4 Å)
was stirred at room temperature under an argon atmosphere for
1 h. The mixture was cooled to −30 ◦C, NIS (14 mg, 62.5 lmol)
and AgOTf (cat.) were added, and the reaction was slowly brought
to 5 ◦C. After neutralisation with Et3N, the mixture was diluted
with CH2Cl2 and filtered through Celite. The filtrate was washed
with Na2S2O3 (10% aq) and water, dried and concentrated.
Purification by silica gel chromatography (toluene–EtOAc 10:1)
gave 4 (56 mg, 26.8 lmol, 86%): [a]D −16 (c 1.0, CHCl3); 13C
NMR d 17.7, 17.8 (CH3 BDA), 20.8 (CH3CO), 41.5 (ClCH2CO),
47.8, 48.2 (CH3O BDA), 61.7, 62.3, 65.2, 65.5, 68.7, 68.8, 69.4,
69.8, 70.2, 70.3, 70.7, 71.5, 71.6, 72.2, 72.8, 73.4, 73.7, 74.1, 74.9,
76.3 (C-2-6, C-2′-6′, C-2′′-6′′, PhCH2O), 97.1 (JC,H 171 Hz), 98.8
(JC,H 176 Hz), 99.0 (JC,H 163 Hz), 99.9, 100.2, 100.4 (JC,H 176 Hz)
(C-1, C-1′, C-1′′, C BDA), 127.5–138.2 (aromatic C), 164.7,
165.0, 165.2, 165.5, 165.5, 165.7, 165.8, 166.1, 166.9, 167.6, 170.8
(CH3CO, PhCO, ClCH2CO). HRMS calcd for C114H107ClO36 [M
+ Na]+ 2091.6129, found 2091.6204.


(2,3,4,6,7-Penta-O-benzoyl-L-glycero-a-D-manno-heptopyransyl)-
(1→2)-(7-O-benzyl-6-O-chloroacetyl-L-glycero-a-D-manno-hepto-
pyranosyl)-(1→3)-[(2,3,4,6-tetra-O-benzoyl-b-D-glucopyranosyl)-
(1→4)]-7-O-acetyl-1,6-anhydro-2-O-benzyl-L-glycero-b-D-manno-
heptopyranose (5). Compound 4 (148 mg, 70.9 lmol) was
dissolved in 90% TFA (aq, 5 mL) and the reaction mixture
was stirred at room temperature for 1 h, concentrated
and co-concentrated with toluene. Purification by silica gel
chromatography (toluene–EtOAc 1 : 1) gave 5 (124 mg, 62.8 lmol,
89%): [a]D −45◦ (c 1.0, CHCl3); 13C NMR d 20.9 (CH3CO), 41.1
(ClCH2CO), 60.7, 65.2, 65.4, 65.8, 67.2, 68.6, 68.8, 69.0, 70.2,
70.6, 70.7, 70.9, 71.3, 71.4, 71.8, 72.3, 72.7, 72.7, 72.9, 73.2, 73.5,
74.1, 74.7, 76.7 (C-2-7, C-2′-7′, C-2′′-6′′, C-2′′′-7′′′, PhCH2O), 96.2,
98.2, 99.3, 100.2 (C-1, C-1′, C-1′′, C-1′′′), 127.8–138.0 (aromatic
C), 164.9, 165.1, 165.2, 165.6, 165.7, 165.7, 165.7, 166.1, 166.9,
169.3, 170.9 (CH3CO, PhCO, ClCH2CO).


(2,3,4,6,7-Penta-O-benzoyl-L-glycero-a-D-manno-heptopyransyl)-
(1→2)-(3,4,7-tri-O-acetyl-6-O-chloroacetyl-L-glycero-a-D-manno-
heptopyranosyl)-(1→3)-[(2,3,4,6-tetra-O-benzoyl-b-D-glucopyran-
osyl)-(1→4)]-1,6,7-tri-O-acetyl-2-O-benzyl-L-glycero-a-D-manno-
heptopyranose (6). Sc(OTf)3 (0.5 mol%) was added to a solution
of 5 (51 mg, 25.8 lmol) in Ac2O and the mixture was stirred at
room temperature over night., The reaction was quenched by
the addition of MeOH whereafter the mixture was concentrated.
Purification by silica gel chromatography (toluene–EtOAc 2 : 1)
gave 6 (53 mg, 25.1 lmol, 97%): [a]D −15 (c 1.0, CHCl3); 13C
NMR d 20.4, 20.6, 20.7, 20.9, 21.0 (CH3CO), 41.1 (ClCH2CO),
61.7, 62.0, 63.8, 64.7, 65.5, 66.0, 66.3, 67.7, 68.9, 69.1, 69.2, 69.5,
69.8, 70.8, 71.2, 71.7, 71.9, 72.0, 73.1, 73.4, 73.8, 74.8, 75.4, 78.7
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(C-2-7, C-2′-7′, C-2′′-6′′, C-2′′′-7′′′, PhCH2O), 90.4 (JC,H 174 Hz),
99.8 (JC,H 173 Hz, 2C), 101.9 (JC,H 163 Hz) (C-1, C-1′, C-1′′,
C-1′′′), 128.2–137.1 (aromatic C), 164.2, 165.1, 165.2, 165.5, 165.6,
165.7, 165.9, 166.0, 166.3, 167.4, 169.0, 169.5, 169.9, 170.1, 170.5,
170.9 (CH3CO, PhCO, ClCH2CO). MALDI-TOF MS calcd for
C111H103ClO40 [M + Na]+ 2134,56, found 2134.52.


Methyl (2,3,4,6,7-penta-O-benzoyl-L-glycero-a-D-manno-hepto-
pyransyl)-(1→2)-(3,4,7-tri-O-acetyl-6-O-chloroacetyl-L-glycero-
a-D-manno-heptopyranosyl)-(1→3)-[(2,3,4,6-tetra-O-benzoyl-b-
D-glucopyranosyl)-(1→4)]-6,7-di-O-acetyl-2-O-benzyl-1-thio-L-
glycero-a-D-manno-heptopyranoside (7). TMSSMe (158 lL,
1.11 mmol) and TMSOTf (536 lL, 2.96 mmol) were added to a
stirred solution of 6 (277 mg, 0.131 mmol) in CH2Cl2, containing
molecular sieves (AW-300). The reaction mixture was stirred at
room temperature for 72 h (monitored by MALDI-TOF MS),
filtered through Celite and concentrated. Purification by silica
gel chromatography (toluene–EtOAc 3 : 1) gave 7 (214 mg,
0.102 mmol, 78%): [a]D −20 (c 1.0, CHCl3); 13C NMR d 13.9,
20.4, 20.7, 20.9, 20.9 (CH3CO), 41.3 (ClCH2CO), 61.3, 62.4, 64.1,
64.1, 65.6, 66.1, 67.9, 69.4, 69.7, 69.8, 69.9, 70.0, 70.1, 70.4, 70.9,
71.9, 72.0, 73.3, 73.3, 75.6, 76.0, 78.0 (C-2-7, C-2′-7′, C-2′′-6′′, C-
2′′′-7′′′, PhCH2O), 83.5, 99.6, 99.6, 102.0 (C-1, C-1′, C-1′′, C-1′′′),
127.9–137.6 (aromatic C), 164.5, 165.2, 165.2, 165.5, 165.6, 165.9,
166.0, 166.1, 167.7, 169.5, 170.0, 170.4, 170.5, 170.7 (CH3CO,
PhCO, ClCH2CO). HRMS calcd for C110H103ClO38S [M + Na]+


2121.5435, found 2121.5435.


2-(N-Benzyloxycarbonyl)aminoethyl (2,3,4,6,7-penta-O-ben-
zoyl-L-glycero-a-D-manno-heptopyransyl)-(1→2)-(3,4,7-tri-O-
acetyl-6-O-chloroacetyl-L-glycero-a-D-manno-heptopyranosyl)-
(1→3)- [(2,3,4,6-tetra-O -benzoyl-b -D-glucopyranosyl)-(1→4)]-
6,7-di-O-acetyl-2-O-benzyl-L-glycero-a-D-manno-heptopyranoside
(8). A solution of 7 (35 mg, 16.7 lmol) and N-(benzyloxycar-
bonyl)aminoethanol (13 mg, 66.7 lmol) in Et2O containing
powered molecular sieves (4 Å) was stirred at room temperature
for 1 h. The reaction mixture was cooled to 10 ◦C, NIS (7.5 mg,
33.4 lmol) and TfOH (cat.) were added, and the reaction mixture
was stirred for 3 h. After dilution with Et2O and filtration through
Celite, the organic phase was washed with Na2S2O3 (10% aq),
dried and concentrated. Purification by silica gel chromatography
(toluene–EtOAc 2 : 1) gave 8 (26 mg, 12.0 lmol, 72%): [a]D


−22 (c 1.0, CHCl3); 13C NMR d 20.4, 20.7, 21.0, 21.1 (CH3CO),
40.8, 41.2 (OCH2CH2N, ClCH2CO), 61.5, 62.2, 63.9, 64.8, 65.6,
66.0, 66.5, 67.0, 67.9, 68.3, 68.9, 69.4, 69.6, 69.9, 70.1, 70.8,
71.3, 71.9, 73.2, 73.5, 74.9, 75.9, 78.7 (C-2-7, C-2′-7′, C-2′′-6′′,
C-2′′′-7′′′, PhCH2O, OCH2CH2N), 97.9 (JC,H 176 Hz), 99.5 (JC,H


179 Hz), 99.8 (JC,H 171 Hz), 102.1 (JC,H 164 Hz) (C-1, C-1′, C-1′′,
C-1′′′), 128.0–137.7 (aromatic C), 156.7, 164.3, 165.2, 165.3, 165.5,
165.7, 165.8, 165.9, 166.4, 166.5, 167.4, 169.5, 169.9, 170.5, 170.8
(CH3CO, PhCO, ClCH2CO). HRMS calcd for C119H112ClNO41


[M + 2Na]2+ 1145.8097, found 1145.8025.


2-Aminoethyl (L-glycero-a-D-manno-heptopyransyl)-(1→2)-(L-
glycero-a-D-manno-heptopyranosyl)-(1→3)-[(b-D-glucopyranosyl)-
(1→4)]-L-glycero-a-D-manno-heptopyranoside (9). Compound
8 (22 mg, 9.79 lmol) was dissolved in MeOH and the pH was
adjusted to 11 by treatment with 1 M NaOMe (in MeOH). The
mixture was stirred for 2 h, neutralised with Dowex 50 (H+)
ion exchange resin, filtered and concentrated. The residue was


dissolved in EtOH, HCl (0.1 M, 98 lL) palladium on activated
carbon powder was added, and the mixture was hydrogenolyzed
at 110 psi over night, followed by filtration through Celite and
concentration. Purification by Biogel P2-column (1% BuOH in
H2O) gave 9 (7 mg, 8.75 lmol, 89%): [a]D +174 (c 0.5, H2O); 1H
NMR (D2O, 30 ◦ C) d 3.20–3.41 (7H), 3.57–4.04 (22 H), 4.11 (bs,
1H), 4.21 (t, J 10 Hz, 1H), 4.56 (d, J1,2 7.5 Hz, 1H), 4.88 (s, 1H),
5.13 (s, 1H), 5.68 (s, 1H). HRMS calcd for C36H59NO24 [M + H]+


800.2958, found 800.2991.


2- (N -Benzyloxycarbonyl)aminoethyl (2,3,4,6,7 -penta-O -ben-
zoyl-L-glycero-a-D-manno-heptopyransyl)-(1→2)-(3,4,7-tri-O-
acetyl -L-glycero -a -D-manno -heptopyranosyl) - (1→3)- [(2,3,4,6-
tetra-O-benzoyl-b-D-glucopyranosyl)-(1→4)]-6,7-di-O-acetyl-2-O-
benzyl-L-glycero-a-D-manno-heptopyranoside (10). Hydrazine
dithiocarbonate18 (71 lL, 26.7 lmol) was added to a stirred
solution of 8 (20 mg, 8.90 lmol) in DMF. After 1 h, the solution
was diluted with CH2Cl2, washed with 1M H2SO4, NaHCO3


(sat., aq), water, dried and concentrated. Purification by silica
gel chromatography (toluene–EtOAc 2 : 1) gave 10 (15 mg, 6.91
lmol, 78%): [a]D −18 (c 1.0, CHCl3); 13C NMR d 20.4, 21.0, 21.1,
21.2 (CH3CO), 40.8 (OCH2CH2N), 61.4, 64.0, 64.7, 65.8, 66.5,
66.7, 67.0, 67.5, 67.9, 68.3, 69.3, 69.9, 70.3, 70.5, 70.7, 71.0, 71.9,
72.1, 73.3, 73.5, 74.8, 75.1, 76.0, 78.4 (C-2-7, C-2′-7′, C-2′′-6′′,
C-2′′′-7′′′, PhCH2O, OCH2CH2N), 98.1, 99.1, 99.1, 102.1 (C-1,
C-1′, C-1′′, C-1′′′), 127.9–138.0 (aromatic C), 156.7, 164.3, 165.2,
165.4, 165.5, 165.6, 165.8, 166.0, 166.4, 166.4, 170.0, 170.6, 170.8,
171.1, 171.3 (CH3CO, PhCO, ClCH2CO).


Benzyloxy-[2-(tert-butyloxycarbonylamino)ethoxy]-(N ,N-diiso-
propylamino)phosphine (11). 2-(tert-Butyloxycarbonylamino)-
ethanol (0.343 g, 2.13 mmol) in CH2Cl2 was added to a stirred
solution of benzyloxybis(N,N-diisopropylamino)phosphine19


(1.08 g, 3.19 mmol) and tetrazole (75 mg, 1.07 mmol) in
CH2Cl2. The mixture was stirred at room temperature for 3 h
and concentrated. Purification by silica gel chromatography
(pentane–EtOAc–Et3N 90 : 10 : 5) gave 11 (0.611 g, 1.53 mmol,
72%): 1H NMR d 1.19 (dd, 12H), 1.42 (s, 9H), 3.31 (d, 2H), 3.67
(m, 4H), 4.71 (m, 2H), 4.95 (bs, 1H), 7.30 (m, 5H); 13C NMR d
24.7 (t, J 6.9 Hz), 28.5, 41.9 (d, J 5.94 Hz), 43.0 (d, J 12.2 Hz),
62.8 (d, J 16.8 Hz), 65.5 (d, J 18.3 Hz), 79.1, 127.1, 127.4, 128.4,
139.3 (d, J 7.63 Hz), 156.0; 31P NMR d 147.9.


2-(N-Benzyloxycarbonyl)aminoethyl (2,3,4,6,7-penta-O-benzoyl-
L-glycero-a-D-manno-heptopyransyl)-(1→2)-(3,4,7-tri-O-acetyl-6-
O - [benzyl - 2 - (tert - butyloxycarbonylaminoethyl)phosphono] - L -
glycero-a-D-manno-heptopyranosyl)-(1→3)-[(2,3,4,6-tetra-O-ben-
zoyl-b-D-glucopyranosyl)-(1→4)]-6,7-di-O-acetyl-2-O-benzyl-L-
glycero-a-D-manno-heptopyranoside (12). Tetrazole (8 mg,
111 lmol) was added to a solution of 10 (48 mg, 22.1 lmol) and
11 (44 mg, 111 lmol) in dry CH2Cl2. The reaction mixture was
stirred at room temperature for 4 h, and after cooling to 0 ◦C,
m-chloroperbenzoic acid (17 mg, 66.3 lmol) was added. The
mixture was stirred for another hour at room temperature and the
solution was diluted with CH2Cl2, washed with NaHCO3 (sat.,
aq), dried (MgSO4), filtered and concentrated. Purification by
silica gel chromatography (toluene–EtOAc 2 : 1) gave 12 (49 mg,
19.7 lmol, 89%): 31P NMR d 8.08; MALDI-TOF MS calcd for
C131H131N2O45P [M + Na]+ 2506.78, found 2507.33.
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2-Aminoethyl (L-glycero-a-D-manno-heptopyransyl)-(1→2)-(6-
O - (benzyl - 2 - ((tert - butyloxycarbonyl)aminoethyl)phosphono) - L -
glycero-a-D-manno-heptopyranosyl)-(1→3)-[(b-D-glucopyranosyl)-
(1→4)]-L-glycero-a-D-manno-heptopyranoside (13). Compound
12 (10 mg, 4.03 lmol) was dissolved in THF–EtOH 3 : 1, HCl
(0.1 M, 40 lL), palladium on activated carbon powder was
added and the mixture was hydrogenolyzed at 110 psi over night,
followed by filtration through Celite and concentration. The
residue was dissolved in MeOH and the pH was adjusted to 11
by treatment with 1 M NaOMe (in MeOH). The mixture was
stirred for 2 h, neutralised with Dowex 50 (H+) ion exchange
resin, filtered and concentrated. Purification by reverse-phase
chromatography (H2O–MeOH 1 : 0 → 1 : 1) gave 13 (3.6 mg, 3.52
lmol, 87%): [a]D +110 (c 0.1, H2O); 1H NMR (D2O, 30 ◦C) d 1.38
(s, 9H, (CH3)3), 3.20–3.41 (9H), 3.59–4.05 (23 H), 4.10 (bs, 1H),
4.23 (t, J 10 Hz, 1H), 4.42 (dd, 1H, H-6′), 4.56 (d, J1,2 7.5 Hz, 1H,
H-1′′), 4.88 (s, 1H), 5.12 (s, 1H), 5.77 (s, 1H) (H-1,1′,1′′′); 31P (D2O)
d 0.56. HRMS calcd for C131H131N2O45P [M + H]+ 1023.3567,
found 1023.3627.


2-[(+)-Biotinylamino]ethyl (L-glycero-a-D-manno-heptopyranosyl)-
(1→2)-(L-glycero-a-D-manno-heptopyranosyl)-(1→3)-[(b-D-glucopy-
ranosyl)-(1→4)]-L-glycero-a-D-manno-heptopyranoside (14).
(+)-Biotin N-hydroxysuccinimide ester (0.8 mg, 2.50 lmol) and
Et3N (50 lL) were added to 9 (1 mg, 1.25 lmol) in 0.1 M
phosphate buffer pH 7.0 (0.5 mL). After 30 min the reaction was
completed (monitored by MALDI-TOF MS) and the residue
was purified on a Biogel P2 column eluted with H2O (1%
n-BuOH), followed by lyophilisation to give 14: HRMS calcd for
C39H67N3O26S [M + Na]+ 1048.3626, found 1048.3613.


2-[(+)-Biotinylamino]ethyl (L-glycero-a-D-manno-heptopyransyl)-
(1→2)-(6-O-aminoetylphosphono-L-glycero-a-D-manno-heptopyra-
nosyl)-(1→3)-[(b-D-glucopyranosyl)-(1→4)]-L-glycero-a-D-manno-
heptopyranoside (16). Compound 13 (1 mg, 0.777 lmol) was
treated with biotin N-hydroxysuccinimide (0.7 mg, 1.96 lmol)
and Et3N (50 lL) in 0.1 M phosphate buffer pH 7.0 (0.5 mL)
as described for compound 14 to give compound 15. The
Boc-protecting group was subsequently removed by treatment of
15 with TFA (100 lL) in H2O (500 lL) for 2 h. Purification by
size-exclusion chromatography using a Biogel P2 column eluted
with H2O (1% n-BuOH) and lyophilisation gave 16: MALDI-TOF
MS calcd for C41H73N4O29PS [M + Na]+ 1171.28, found 1172.28.
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The two predominant forms of vanadium occurring in the geo-, aqua- and biosphere, soluble
vanadate(V) and insoluble oxovanadium(IV) (vanadyl), are subject to bacterial activity and
transformation. Bacteria belonging to genera such as Shewanella, Pseudomonas and Geobacter can use
vanadate as a primary electron acceptor in dissimilation or respiration, an important issue in the
context of biomineralisation and soil detoxification. Azotobacter, which can employ vanadium as an
essential element in nitrogen fixation, secretes a vanadophore which enables the uptake of vanadium(V).
Siderophores secreted by other bacteria competitively (to ferric iron) take up vanadyl and thus interfere
with iron supply, resulting in bacteriostasis. The halo-alkaliphilic Thioalkalivibrio nitratireducens
possibly uses vanadium as a constituent of an alternative, molybdopterin-free nitrate reductase. Marine
macro-algae can generate a variety of halogenated organic compounds by use of vanadate-dependent
haloperoxidases, and a molecular vanadium compound, amavadin, from Amanita mushrooms has
turned out to be an efficient catalyst in oxidation reactions. The present account is a focused and critical
review of the current knowledge of the interplay of bacteria and other primitive forms of life
(cyanobacteria, algae, fungi and lichens) with vanadium, with the aim to provide perspectives for
applications and further investigations.


Introduction


With a concentration of ca. 30 nM, vanadium is the second-to-
most abundant transition metal in sea-water, exceeded only by
molybdenum (100 nM), and clearly more abundant than iron
(≤0.7 nM). Vanadium is mainly present in its easily soluble
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form, dihydrogen-orthovanadate(V), ion-paired to sodium ions,
viz. Na+H2VO4


−. Vanadium is also omnipresent in soils and fresh
water reservoirs in its soluble (vanadate(V)) and insoluble form
(mainly oxovanadium(IV) = vanadyl VO2+), in the latter case
absorbed to particulate matter or mobilised by “vanadophores”
(vide infra). Riverine input of vanadium to the oceans is partially
removed by sea-floor vent-derived iron oxides, controlling the
concentration and cycling of vanadium.1


Vanadium is thus generally available for living organisms.
The two predominant vanadium forms are redox coupled
(H2VVO4


−/VIVO2+) with a redox potential EpH = 7 = −0.34 V (vs.
NHE), well within the range of physiological redox processes.
Marine organisms such as sea-squirts (Ascidiaceae)2 and the fan
worm Pseudopotamilla occelata3 take up vanadate from sea water,
reduce it to vanadyl, which is intermittently bound to vanadium-
binding proteins particularly rich in lysine (1 in Fig. 1), and
finally further reduced to vanadium(III) and stored in specialised
blood cells (vanadocytes) in concentrations up to 0.3 M. Many
marine macro-algae, e. g. the brown alga Ascophyllum nodosum4a


and the red alga Corallina pilulifera4b contain a haloperoxidase in
which vanadate is covalently linked to a histidine of the protein
matrix (2 in Fig. 1). These haloperoxidases are also present in
certain terrestrial fungi and lichens. Finally, the fly agaric (Amanita
muscaria) contains an organic non-oxo vanadium(IV) compound,
amavadin, apparently without any function, in which vanadium
is coordinated to two dichiral, trianionic ligands derived from N-
hydroxyimino-2,2′-diisopropionic acid (H6hidpa), 3 in Fig. 1.5


Nitrogen-fixing bacteria (Azotobacter vinelandii and A.
chroococcum) and cyanobacteria (Anabaenae) employ vanadium
as an alternative to molybdenum in the absence of the latter,
or at low temperatures, as a constituent of nitrogenase (4 in
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Fig. 1 Naturally occurring vanadiumorganic compounds. 1: Proposed structure for vanadyl coordinated to a lysine side-chain of vanabin, a vanadium
binding protein from the sea squirt Ascidia sydneiensis samea; 2: the active centre of vanadate-dependent haloperoxidases (2a) and its active
hydroperoxo form (2b); 3: [D-VO{S,S-(hidpa)}2]2− (amavadin) from Amanita muscaria; 4: the immediate vanadium environment in the M cluster of
vanadium-nitrogenase from Azotobacter vinelandii; 5: vanadyl-desoxiphyllerythrine, a vanadium compound present in crude oil.


Fig. 1).6 While this specific bacterial use of vanadium is well
established, there have been reports during the last two decades on
other missions of vanadium in bacterial function, metabolism and
growth which, when established, can be of considerable interest
as it comes to the detoxification of, e. g., ground water in areas
impacted by mining activities, or in other environmental issues
related to vanadium overload. Understanding these bacterial
functions can also help to cast light on the (geochemical)
cycling of vanadium, including its conversion to vanadiumorganic
compounds such as the porphinogenic system 5 in Fig. 1, present
in crude oils, oil shales and the like, and in understanding the
role of microbial and cellular speciation of vanadium, a problem
which has previously been addressed with the aid of the fungus
Saccharomyces cerevisiae.7


Bacterial use and speciation of vanadium will be dealt with in the
context of vanadium in a putative vanadium-dependent nitrate-
reductase,8 the role of siderophores in mobilising vanadium,
including a vanadophore from Azotobacter,9 and the use of
vanadate(V) as primary electron acceptor in bacterial respiration,
in particular by the soil bacterium Shewanella oneidensis.10


An alternative nitrate reductase?


Nitrate reductases are enzymes that commonly catalyse the two-
electron reduction of nitrate to nitrite; eqn (1). They regularly
contain molybdenum as a constituent of a so-called molyb-
dopterin cofactor, in which Mo (changing between the oxidation
states +IV and +VI) is coordinated to a dithiolene moiety of
a tetrahydropterin derivative. Nitrate reductases lacking Mo
and this specific cofactor, and containing vanadium instead,
have been isolated and characterised from the halo-alkaliphilic
sulfur bacterium Thioalkalivibrio nitratireducens,8 and the fac-
ultatively anaerobic, chemolithotrophic bacterium Pseudomonas
isachenkovii.11,12 The respective enzyme from T. nitratireducens
is a homotetramer of molecular mass 195 kDa, which contains
vanadium and iron in a molar ratio 1 : 3, along with haeme-c.
Energy source for the nitrate reduction is thiosulfate. In vitro,
this enzyme also promotes the reduction of nitrite (to N2O; eqn
(2)), chlorate, bromate, selenate and sulfite. It further exhibits a


haloperoxidase activity, i.e. it catalyses the oxidation of halide
X− to an {X+} species, e. g., hypohalous acid, using hydrogen
peroxide as oxidant; eqn (3). Whether the haloperoxidase activity
is associated with haeme-c (and thus related to haeme-type
peroxidases) or the presence of vanadium (i.e. related to vanadate-
dependent peroxidases as in marine algae; vide infra) has not
been revealed. An enzyme exhibiting activity in reduction and
oxidation certainly is an unusual feature, although compatible
with the chemistry of vanadium, which easily changes between
the oxidation states +V, +IV and +III.


NO3
− + 2e− + 2H+ → NO2


− + H2O (1)


2NO2
− + 4e− + 6H+ → N2O + 3H2O (2)


X− + H2O2 + H+ → HXO + H2O (X = Cl, Br, I) (3)


The pterin cofactor is also lacking in the alternative, periplas-
matic nitrate reductase from P. isachenkovii, nor does the enzyme
from this source contain a haeme-c, presupposing that vanadium
is directly coordinated to side-chain functions of the protein, e. g.
to the amine nitrogen of histidine, as in the case of vanadate(V)-
dependent peroxidases (2 in Fig. 1), or of lysine, glutamine or
arginine, as suggested for VO2+ in vanabins from ascidians (1 in
Fig. 1). P. isachenkovii, when grown in a culture medium containing
lactate as an electron donor and vanadate(V) as primary electron
acceptor secretes a protein (molecular mass 14 kDa) into the
culture medium which coordinates up to 20 vanadyl ion per
protein,13 resembling, in this respect, the vanabins, and possibly
classifying it as a storage protein. The synthesis of a vanadium(IV)-
binding protein and its secretion may be a way of detoxification of
excessive vanadate (vanadate is an effective inhibitor of ATPases,
kinases and ribonucleases).


The presence of a periplasmatic vanadium-containing ni-
trate/vanadate reductase, on the other hand, appears to indicate
that P. isachenkovii also employs vanadium in its dissimilatory
functions. The reductase, a tetramer, has a molecular mass of
220 kDa, an activity optimum at 80◦, and a pH optimum of 6.0–
8.5. Nitrate is reduced to dinitrogen. Vanadate reduction starts
only after denitrification has been almost completed. On the other
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hand, for Shewanella it has been demonstrated (see below) that
the reduction of vanadium(V) does not depend on the induction
of specific proteins.


Vanadate as a primary electron acceptor


Vanadate reduction to primarily vanadyl, eqn (4), has also been
noted for Pseudomonas vanadiumreductans14 and Geobacter met-
allireducens (“feeding” on acetate),15 and investigated thoroughly
for Shewanella oneidensis.10 The Pseudomonas bacteria, which also
generate some vanadium(III), eqn (5), can use several organic
electron donors (sugars, organic acids), but also carbon monoxide
and dihydrogen as electron source. The vanadium deposits formed
by P. vanadiumreductans, containing both VV and VIV, resemble
the vanadium mineral sherwoodite, Ca9Al2VIV


4VV
24O80·56H2O,


casting some light on the possible role of these (and other) bacteria
in biomineralisation. Vanadate respiration by G. metallireducens
has been shown to be an effective strategy to decontaminate
subsurface environments burdened with vanadium from industrial
and mining activities, or natural sources.15


H2VO4
− + e− + 4H+ → VO2+ + 3H2O (4)


VO2+ + e− + 2H+ → V3+ + H2O (5)


S. oneidensis, renowned for its respiratory versatility, is able
to use over twenty terminal electron acceptors, including Fe3+,
Mn4+, U6+, MoO4


2− and H2VO4
−. Reduction of vanadate(V) by


S. oneidensis, employing lactate as the electron donor,16 clearly is
respiratory (proper culture conditions provided10) i.e. coupled with
proton translocation, ATP formation and consequently growth
(dissimilatory reduction occurs without the generation of a proton
motive force). The average biomass doubling time amounts to
ca. 10 h; typical reduction rates are 12 mmol vanadium per h
and g of cells. The biomass yield is proportional to the amount of
vanadate used. The product of reduction is VO2+, which provides
a bluish colouration to the growth medium. A model for the
electron transfer pathway, coupled with proton delocation, ATP
formation and outer membrane vanadate reduction,10 supported
by investigations of the reduction of FeIII to FeII,17 is depicted in
Fig. 2.


In this simplified model, lactate has been chosen as the primary
electron source which, by action of a dehydrogenase, delivers
protons on conversion to pyruvate. It has been shown that
menaquinones (and not ubiquinones) play a crucial role in further
dealing with the reduction equivalents: mutants of S. oneidensis
lacking the genes for menaquinone and CymA are severely
limited in vanadate reduction.18 CymA, a tetrahaeme c-type
cytochrome associated with the periplasmatic inner membrane,
acts as a menaquinol dehydrogenase. The proton gradient (and the
electrochemical gradient) generated by these redox processes are
then exploited to store energy in the form of ATP. Of interest in this
context is the observation that the proton-translocating ATPase
from the bacterium Vibrio parahaemolyticus—another vanadate
reducer—is not at all inhibited by vanadate,19 a remarkable
issue since vanadate otherwise is a very effective inhibitor of
ATPases. In the reduction of ferric iron, the next step in electron
shuttle is achieved by periplasmatic decahaeme cytochromes
(MtrD and MtrA).17 It is likely that these cytochromes are also
involved in vanadate reduction. At least some of the vanadate
appears to be reduced in the periplasmatic space, as revealed
by transmission electron microscopy, showing the formation
of granules located in the periplasm, possibly representing in-
soluble vanadylhydroxides.20 The main amount of vanadate is
reduced by the outer-membrane decahaeme c-type cytochromes
MtrC/OmcB; omcB-deficient mutants reduce vanadate only to
a very limited extent. The extracellular reduction product, blue
soluble VO2+ (stabilised by ingredients of the culture medium or
excretions of the bacterial cells ligating to the vanadyl ion) in
the first instance, converts to a granular precipitate consisting of
vanadylhydroxides and condensation products thereof, colonised
by the bacteria.


Rusty brown to blackish precipitates have also been observed in
the course of anaerobic vanadate reduction by bacteria associated
with and isolated from deep sea hydrothermal vent worms.21 The
colouration, and hence the composition, of the reduction products
depends on the nature of the applied vanadate, viz. orthovanadate
vs. metavanadate. The reasons for these differentiations are not
quite clear. They might reflect influences of the pH: solutions
prepared from metavanadate are neutral, eqn (6a), solutions of
orthovanadate are alkaline, eqn (6b). In either case, these reactions
are succeeded, in the concentration range applied (5–8 mM),


Fig. 2 Model for the electron pathway from the inner membrane to the vanadate reductase (OmcB) located at the outer membrane of S. oneidensis
strain MR-1. The gap between CymA (a tetrameric haeme-type protein) and MtrC/OmcB (decameric haeme proteins) is surpassed by periplasmatic
cytochromes. MQ/H2MQ = menachinone/-chinol.
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by condensation to di- and tetravanadate; see, e.g., the non-
stoichiometric eqn (6c). The culture medium should, however,
equilibrate pH influences.


VO3
− + H2O → H2VO4


− (6a)


VO4
3− + H2O → OH− + HVO4


2− (6b)


H2VO4
− � H2O + H2V2O7


− and V4O12
4− (6c)


Vanadate is also reduced to vanadyl by wild type and
respiratory-deficient strains of beer yeast (Saccharomyces ceriv-
isiae). Contrasting Shewanella, vanadyl is accumulated in the cell,
i.e. medium vanadate, at concentrations of 1 mM (where growth is
not inhibited), is converted to cellular vanadyl.7a Cytoplasmatic
glutathion and catechols have been proposed as reductants,
in accordance with the known chemistry of vanadium(V). At
considerably higher, growth-inhibiting concentrations efflux of
vanadyl from the cells is observed along with cell associated
vanadyl species. As demonstrated by EPR spectroscopy, dinuclear
oxovanadium units are present.22


Vanadium-chelating siderophores and vanadophores


Siderophores (Greek for “iron-carriers”) are ligand systems se-
creted by, inter alia, bacteria. Siderophores have characteristics
enabling them (i) to efficiently coordinate ferric ions and (ii) to
transport the iron thus mobilised from insoluble deposits through
an aqueous medium before being incorporated by the cell. This
is a vitally necessary strategy for organisms living in aerobic
compartments where iron only exists in the form of practically
insoluble ferric hydroxides/oxides. As shown in the previous


chapter, vanadium can become unavailable when reduced to VO2+,
where it forms sparingly soluble vanadyl hydroxides/oxides under
anoxic conditions, and still remains in this insoluble VIV state
when conditions turn back to oxic, competing with iron for
the siderophores and thus preventing sufficient supply of the
organisms with iron.


Two siderophores that have been well investigated are defer-
oxamine (H4df+, also termed desferrioxamine) and enterobactin
H6ent, secreted by actinobacteria belonging to the genus Strep-
tomyces, and by proteobacteria such as the enteric Escherichia
coli, respectively. Deferoxamine is an iron chelator which is also
being employed to treat iron overload such as thalassaemia.
Both siderophores, H4df+ and H6ent, have been shown to also
effectively coordinate vanadium in its oxidation state +IV. In
the case of the hydroxamic acid deferoxamine B, a complex
of the likely composition [VO(OH)(H2O)2H2df] (6 in Fig. 3)
is formed under slightly acidic conditions,23 eqn (7), with an
apparent formation constant at pH 4 of Kapp ≈ 107 M−1. In this
complex, the siderophore uses only two of its three hydroxamate
functions for coordination to the vanadyl centre. Enterobactin
H6ent, which contains a trisserine lactone back bone and three
catechol functionalities, forms the non-oxo vanadium(IV) complex
[V(ent)]2−, eqn (8) and 7 in Fig. 3.24 Elimination of the oxo group
in VO2+ is a feature commonly observed with catecholato ligands.


[VO(H2O)4(OH)]+ + H4df+ � [VO(H2O)2(OH)(H2df+)] (6)
+ 2H+ + H2O (7)


[VO(H2O)4(OH)]+ + H6ent � [V(ent)]2− (7) + 3H+ + 6H2O (8)


The competition of vanadium with iron for binding by
siderophores is evident for the strong growth inhibition of


Fig. 3 Vanadium complexes built with the siderophores deferoxamine B (6, containing VIVO2+), enterobactin (7, containing VIV), pyoverdine (8,
containing VIVO2+) and azotochelin (10, containing VVO3+). The siderophore 9, pyochelin, can form ligand–vanadium 2 : 1 complexes with VIVO2+ and
with vanadate(V). 6 and 8 are proposed structures, 7 has been structurally characterised by X-ray diffraction, and the structure of 10 is based on the
structural characterisation of the related molybdenum(VI) complex. In the pyoverdine represented in 8, the chromophore carries a peptide chain made up
of seven amino acids: Asp(OH) = hydroxyaspartic acid, Dab = 2,4-diaminobutyric acid, Orn(OH) = N-hydroxyornithine.
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Pseudomonas aeruginosa on addition of 1–2 mM vanadyl to
the culture medium.25 P. aeruginosa produces two siderophores
under iron-limiting conditions, pyoverdine H3pvd+, and the thi-
azoline derivative pyochelin, H2pch. Pyoverdine consists of a
chromophore, a chinoline derivative which provides two catechol
functions for coordination to a metal centre, and a peptide chain,
terminated by cyclo-OH-ornithine, furnishing two additional
coordination sites as shown for [VO(pvd)] (8) in Fig. 3. Evidence
for this coordination mode comes from MAS spectra.25 Pyochelin,
9 in Fig. 3, forms an anionic vanadium–ligand 1 : 2 complex
([VO(pch)2]n−) with both, VIV (n = 2) and VV (n = 1), where
coordination probably takes place through the deprotonated
phenol and carboxylic acid functions. The complex has a strong
antibacterial effect. The conversion of the VIV to the VV form can
generate superoxide, eqn (9), and thus give rise to oxidative stress.


[VO(pch)2]2− + O2 → [VO(pch)2]− + O2
− (9)


In the context of oxidative stress, it is of interest that mutants
of Pseudomonas fluorescens with transposons inserted in genes
coding for the tricarboxylic acid cycle exhibit resistance to
vanadium. Citrate is isomerised by aconitase to isocitrate (cf.
Fig. 4). Of the three aconitase genes, acnD is switched off in the
22C3 mutant. This specific gene encodes [Fe–S] dependent activity
([Fe–S] stands for an iron-sulfur cluster), which is particularly
sensitive towards reactive oxygen species. Its deactivation initiates
overproduction of the two other aconitases (AcnA and AcnB)
which are less sensitive or insensitive to oxidative stress. In addition
to the 22C3 mutant deactivating the aconitase gene acnD, 7D9
insertion into the gene idh, encoding NADP-dependent isocitrate
dehydrogenase, also effectuates vanadium resistance.26


Fig. 4 Part of the citrate–isocitrate pathway in Pseudomonas. The acnD
mutant 22C3 and the idh mutant 7D9 of P. fluorescens (strain ATCC 17400)
show resistance against vanadyl sulfate.


With azotochelin, H5ach, the VV complex is exclusively formed.
Azotochelin, produced by the free-living nitrogen-fixing bacterium
Azotobacter vinelandii, acts as a siderophore, molybdophore and
vanadophore.9,27 A. vinelandii is able to reduce dinitrogen to am-
monium ions (coupled with the reduction of protons to hydrogen,
eqn (10), and energy-driven by ATP hydrolysis), employing a nitro-
genase which relies on molybdenum or, alternatively, on vanadium.
Azotochelin contains two catechol moieties linked by a lysine,
which can take up ferric ions, molybdate and vanadate and thus
increase the bioavailability of these metals, the acquisition of which
is essential for diazotropic growth of the bacterium. The stability of
the vanadium(V) complex, [VO(OH)(Hach)]2− (10 in Fig. 3), or the
corresponding protonated (aqua) or deprotonated (dioxo) form,
quantified by the apparent formation constant Kapp = 6.3·108 M−1


(at pH. 6.6), surmounts that of the molybdenum(VI) complex by
an order of magnitude. Under Mo-limiting conditions, vanadate
triggers secretion of azotochelin; the vanadium complex then
formed is taken up by the bacteria via a specific transport system,
regulated by the concentration of vanadium.27


N2 + 14H+ + 12e− → 2[NH4]+ + 3H2 (10)


Oxidation catalysis by haloperoxidases and amavadin


Vanadate-dependent haloperoxidases from marine algae are re-
sponsible for a variety of halogenated organic compounds found in
marine environments.28,29 Bromoperoxidases (VBrPO) can catalyse
the generation of simple compounds such as bromoform, and
more complex ones, such as the two diastereomeric 8-epicapparapi
oxides 12a and 12b in Fig. 5, generated from the sesquiterpene (E)-
(+)-nerolidol, 11.30 This reaction is reminiscent of the laboratory
synthesis of brominated pyrane and tetrahydrofuran derivatives
(14 and 15) through reaction between the alkenol 13 and pyri-
dinium hydrobromide and tert-butylperoxide, catalysed by the
Schiff base vanadium complex 16. Complex 16 has a coordination
environment reminiscent of that in VBrPO (cf. 2 in Fig. 1).31


Vanadate itself can catalyse oxidation reactions; a simple example,
the oxidation of cyclohexane to cyclohexanol and cyclohexanone,
is represented by the reaction scheme 17 in Fig. 5.32 Another
intriguing parallel between reactions catalysed by VBrPO and a
vanadium catalyst, respectively, is the enantioselective formation
of chiral sulfoxides from prochiral sulfides, as shown in Fig. 5
for the oxidation of thioanisol catalysed by VBrPO from different
algal sources (the brown alga Ascophyllum nodosum vs. the red alga
Corallina pilulifera),33 or by the catalyst 18,34 and the oxidation
of p-chlorothioanisol, employing the chiral catalyst system 19.35


Chiral sulfoxides are important synthons in organic chemistry,
and in pharmaceutics (Sulindac R©).


As noted earlier, the role of amavadin (3 in Fig. 1) from
Amanita mushrooms such as A. muscaria (the fly agaric) is elusive.
Interestingly, amavadin and model compounds thereof catalyse
oxidation and oxygenation reactions. The reaction represented
by 17 in Fig. 5 is also catalysed by (synthetic36) amavadin with
H2O2 as the oxidant. Bromocyclohexane is obtained if bromide is
additionally present,37 hence a catalytic activity comparable to that
of VBrPO. Of considerable interest is the oxidation by peroxodisul-
fate of carbon monoxide, and in particular methane which is not
easily activated, to carbonic acids with amavadin-based catalysts;
see the non-stoichiometric eqns (11) and (12).38 In the light of
the diagonal relationship between molybdenum and vanadium,
and the well established role of molybdenum in oxygenases and
deoxygenases, it is attractive to assume that amavadin has been
a component of a primitive redox-active enzyme, a remainder
of, e.g., an evolutionary overcome oxygenase;39 Fig. 6. As in
oxovanadium compounds, the vanadium oxidation state in the
non-oxo compound amavadin easily changes between +IV (in the
natural product) and +V.


CH4 + S2O8
2− → CH3-CO2H (11)


RH + CO + S2O8
2− → R-CO2H (12)


Conclusions and outlook


The availability of vanadium in sea water (second-to-most
abundant transition metal), its general ubiquity along with its
amphoteric character (anionic as vanadate, cationic in the form
of nonoxo-, oxo- and dioxovanadium), and the ease with which it
changes oxidation states under physiological conditions suggests
that this element has already been used as an essential metal in
the early stages of evolution. In Fig. 7, a phylogenetic tree is
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Fig. 5 Reactions that exemplify parallels between the synthetic potential of algal vanadate-dependent haloperoxidases (VBrPO) on the one hand, and
inorganic vanadium catalysts on the other hand. Naturally occurring reactions are indicated in blue, model reactions in magenta.


Fig. 6 Model for the oxygenase activity of a putative enzyme with
amavadin (Av) in its active centre, adapted and modified from ref. [39].
For the structure of amavadin see 3 in Fig. 1.


shown, incorporating those organisms for which vanadium is—or
can be—essential, spanning from cyanobacteria (approximately 3
billion years old) to green algae (Chlorophyta; ca. 0.8 billion years
old).


The existence of an alternative, i.e. a vanadium-dependent
nitrogenase in the proteobacterium Azotobacter and the cyano-
bacterium Anabaena, and a putative nitrate-reductase in


Fig. 7 Section of the phylogenetic tree, incorporating organisms, in red, that (can) use vanadium. All of these organisms belong either to the domains
bacteria or eucaryotes; for archaea, functions of vanadium have so far not been reported. LUCA = last universal common ancestor. The time scale is
approximate and not linear.
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Thioalkalivibrio nitratireducens from soda lakes, are current ex-
amples for the (bacterial) use of vanadium, as are the vanadate-
dependent peroxidases, widespread mainly in brown and red
marine algae (Phaeophyta and Rhodophyta), but also present in
certain green algae (Halimeda sp.), fungi (Curvularia inaequalis)
and lichens (e.g. Xanthoria parietena, a symbiosis between an
ascomycete and the green alga Trebouxia).40 The same motif as in
the (algal) vanadate-dependent peroxidases is present in vanadate-
inhibited acid phosphatases from the pathogenic bacteria Shigella
flexneri and Salmonella enterica, and these actually do exhibit per-
oxidase activity, though by an order of magnitude less pronounced
than with the genuine algal peroxidases.41 The similarities extend
to conserved domains in the amino acid sequence of bacterial
acid phosphatases and the vanadium peroxidases,41 an intriguing
feature that extends to the active site structure of the non-specific
acid phosphatase from Escherichia blattae.42


The high abundance of vanadium in fossil matter of animal
and plant origin prompts the question whether this element was
formerly more intensively used by living organisms. Iron-only
nitrogenases and haeme-type peroxidases are well established in
nature along with the vanadium enzymes of comparable function;
the competitive use of siderophores/vanadophores (piochelin
from P. aeruginosa; azotochelin from A. vinelandii), and the use
of vanadate(V) or Fe3+ as an electron acceptor by S. oneidensis
may hint towards points of intersection in vanadium and iron
metabolism. Additionally, intersections between vanadate and
molybdate metabolism are conceivable. The chemistry of vana-
dium and molybdenum is similar to some extent in consequence
of the diagonal relationship between these two elements. In the
context of this report, the fact is noteworthy that molybdate(VI)
can also energise respiration by S. oneidensis; and azotochelin
from A. vinelandii also works as a molybdophore. Molybdenum-
nitrogenase is the more common nitrogenase used by nitrogen-
fixing bacteria and cyanobacteria, and molybdenum is a well
established essential element in molybdopterin-based nitrate-
reductase and other oxidases/reductases. The ability of the natural
non-oxo vanadium compound amavadin from the fly agaric to
catalyse oxygenation reactions in vitro certainly is an interesting
fact in this context.


After all, vanadium appears to be a generally essential trace
element for most if not all living organisms40 insofar as it regulates,
based on the similarity between vanadate H2VO4


− and phosphate
HPO4


2−, phosphate-metabolising enzymes. Also from this point
of view, more intensive investigations into the metabolism and
function of elemental processes are desirable, involving vanadium
in the simplest and oldest organisms on our planet, the domains
bacteria and—unexplored as far as vanadium is concerned—
archaea.
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A simple and convenient synthesis of di(E)-arylidene-tetralone-spiro-glutarimides from Baylis–Hillman
acetates via an interesting biscyclization strategy involving facile C–C and C–N bond formation is
described. Also, one-pot multistep transformation of the Baylis–Hillman acetates into
di(E)-arylidene-spiro-bisglutarimides is presented.


Introduction


Tetralone and spiro-tetralone derivatives1 continue to occupy an
important place in organic and medicinal chemistry because of
the presence of this moiety in a number of natural products
such as palmarumycins1a–d (possess antifungal, antibacterial, and
herbicidal activites), humicolone1e (possesses cytotoxic activity),
daldinone A,1f and aristelegones A–C1g etc. The glutarimide
framework2 represents yet another important structural orga-
nization present in a number of bioactive molecules such as
thalidomide2a–c (sedative and hypnotic), migrastatin2d (antitumor),
sesbanimide2e (antitumor), aminoglutethimide2f (antineoplastic),
cinperene2g (antipsychotic and neuroleptic) and phenglutarimide2h


(antiparkinsonian and anticholinergic) etc. Recently, certain spiro-
glutarimides2i have been investigated for selective antagonists at
the a1d adrenergic receptor. It occurred to us that the development
of a simple and facile synthesis of an interesting and aestheti-
cally appealing spiro molecular architecture containing both the
tetralone framework and glutarimide structural unit linked by
an appropriate spiro bridge as in the case of alonimid (I), i.e.
[1,2,3,4-tetrahydronaphthalen-1-one]-4-spiro-3′-[piperidine-2′, 6′-
dione] (well known for sedative and hypnotic activities),3 would
certainly provide an easy access to the different derivatives of
alonimid (Fig. 1) and hence represents an attractive and challeng-
ing endeavor in organic and medicinal chemistry. In continuation
of our interest in developing simple and useful methodologies
for the synthesis of spiro and hetero/carbocyclic molecules,4


Fig. 1 Alonimid (I) and di(E)-arylidene alonimids (II).
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experimental procedures, with all spectral data of 2a–i, 3a–i and 4a–
e, crystal data and ORTEP diagrams of 2e, 3a, 3f and 4d. See DOI:
10.1039/b717843c


we herein report a convenient synthesis of di(E)-arylidene-
tetralone-spiro-glutarimides [di(E)-arylidene alonimids, II] via the
bisalkylation of benzyl cyanide with tert-butyl 3-acetoxy-3-aryl-2-
methylenepropanoates (acetates of Baylis–Hillman adducts) fol-
lowed by an interesting biscyclization strategy involving successive
C–C and C–N bond formation through an intramolecular Friedel–
Crafts reaction and hydrolysis of the nitrile group with subsequent
formation of a glutarimide ring. We also herein report one-
pot multistep transformation of the Baylis–Hillman acetates into
spiro-bisglutarimide derivatives.5


Results and discussion


In recent years, the Baylis–Hillman reaction6 has become a
powerful atom-economical carbon–carbon bond forming reaction
in organic chemistry because it provides a simple and facile
method for the synthesis of interesting classes of densely func-
tionalized molecules that have been used in a variety of inter-
esting organic transformation methodologies.4,6–8 We have been
working on the applications of Baylis–Hillman adducts4c,e–g,k,n,7s


and acetates4a,h,j,m,7r with a view to developing Baylis–Hillman
chemistry as a useful source for the synthesis of various structural
frameworks that ultimately would lead to the production of
important molecules of medicinal relevance. During our on-
going research program on the synthesis of spiromolecues,4b,d


it occurred to us that the carbon linking phenyl and nitrile
groups in benzyl cyanide would be easily projected as the
spiro-carbon, as the phenyl ring would be converted into the
tetralone moiety while the nitrile group would be transformed
into the glutarimide skeleton (Scheme 1). We also envisaged that
Baylis–Hillman (B–H) acetates i.e. tert-butyl 3-acetoxy-3-aryl-2-
methylenepropanoates, would serve as good alkylating agents for
bisalkylation of benzyl cyanide, as one of the ester groups in the
bisadduct (III) would be used for an intramolecular Friedel–Crafts
reaction while the other ester group would serve in the formation
of the glutarimide framework thus leading to the generation
of the spiro molecule with an appropriate substitution profile
(Scheme 1).


Accordingly, we first selected tert-butyl 3-acetoxy-2-methylene-
3-phenylpropanoate (1a) as an alkylating agent for bisalkylation
of benzyl cyanide. The best results were achieved when benzyl
cyanide (2 mmol) was treated with B–H acetate 1a (5 mmol)
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Scheme 1 Schematic representation of a retro-synthetic strategy for di(E)-arylidene alonimids.


Table 1 Synthesis of bisadducts (2a–i)a and di(E)-arylidene-tetralone-spiro-glutarimides (3a–i)b from B–H acetates (1a–i)


Entry B–H acetate Ar Productc Yieldd (%) Productc Yieldd (%)


1 1a C6H5 2a 73 3ae 80
2 1b 2-MeC6H4 2b 81 3b 75
3 1c 4-MeC6H4 2c 80 3c 77
4 1d 4-EtC6H4 2d 78 3d 78
5 1e 4-(i-Pr)C6H4 2ee 72 3e 75
6 1f 2-ClC6H4 2f 70 3fe 82
7 1g 3-ClC6H4 2g 65 3g 67
8 1h 4-ClC6H4 2h 66 3h 77
9 1i 4-BrC6H4 2i 63 3i 71


a All reactions were carried out on a 2 mmol scale of benzyl cyanide with 5 mmol of B–H acetate (1a–i) in the presence of excess NaH (10 mmol) in
anhydrous toluene under reflux for 1 h in N2 atm. b All reactions were carried out on a 0.5 mmol scale of bisadducts (2a–i) in 1,2-dichloroethane (DCE,
3 mL) with conc. H2SO4 (2.5 mmol) and TFAA (2.5 mmol) under reflux for 6 h. c All the products (2a–i and 3a–i) were obtained as colorless solids, and
fully characterized (see ESI†). d Isolated yields of the pure products 2a–i (based on benzyl cyanide) and 3a–i (based on bisadducts). e The structures of
these molecules were also established from the single crystal X-ray data (see Fig. 2 and 3 and ESI†,‡).10


in the presence of excess NaH (10 mmol) in anhydrous toluene
under reflux for 1 h to provide the desired bisadduct, di-tert-butyl
2,6-di[(E)-benzylidene]-4-cyano-4-phenyl-1,7-heptanedioate (2a)
in 73% isolated yield after column chromatography (silica gel, 5%
EtOAc in hexanes) followed by crystallization9 (from 3% EtOAc
in hexanes at 0 ◦C) (Scheme 2, Table 1 and entry 1). Subsequent
treatment of this bisadduct 2a (0.5 mmol) with conc. H2SO4


(2.5 mmol)–trifluoroacetic anhydride (TFAA) (2.5 mmol) in 1,2-
dichloroethane (DCE, 3 mL) under reflux for 6 h provided the
desired 2,5′-di[(E)-benzylidene]-[1,2,3,4-tetrahydronaphthalen-1-
one]-4-spiro-3′-[piperidine-2′,6′-dione] (3a) as a colorless solid in
80% isolated yield after column chromatography using silica gel
(30% EtOAc in hexanes) (Scheme 2, Table 1 and entry 1). This
result is indeed very interesting and encouraging in the sense that
the Baylis–Hillman acetate (1a) is transformed into 2,5′-di[(E)-
benzylidene] alonimid (3a) in two steps in 58% overall yield. We
then successfully extended this methodology to representative
B–H acetates (1b–i) to provide di(E)-arylidene alonimids (3b–
i) in good yields (Scheme 2, Table 1 and entries 2–9). In fact,
we obtained single crystals in the case of bisadduct 2e, di(E)-


arylidene alonimids 3a and 3f, and established the structures of
these molecules by single crystal X-ray data analyses (see Fig. 2
and 3 and ESI†,‡).10


After successfully developing a simple and convenient method-
ology for the synthesis of di(E)-arylidene alonimids, we directed
our attention towards the synthesis of spiro-bisglutarimides via
bisalkylation of malononitrile with tert-butyl 3-acetoxy-3-aryl-2-
methylenepropanoates, followed by the hydrolysis of nitrile groups
and subsequent cyclization in a one-pot operation (Scheme 3). In
this direction, we first selected tert-butyl 3-acetoxy-2-methylene-3-
phenylpropanoate (1a) as a substrate for bisalkylation. Thus, the
treatment of 1a (2 mmol) in acetonitrile (3 mL) with malononitrile
(1 mmol) in the presence of triethylamine (1 mmol) at room
temperature for 1 h provided the bisadduct, which, on subsequent
reaction (after removing acetonitrile and triethylamine under
reduced pressure) with conc. H2SO4 (2 mmol) and TFAA (2 mmol)
(addition at 0 ◦C) at room temperature for 24 h in dichloromethane


‡ CCDC reference numbers 656194–656197. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b717843c
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Fig. 2 ORTEP diagrams (50% probability) of compounds (a) 2e and (b) 3a (hydrogen atoms are omitted for clarity).


Fig. 3 ORTEP diagrams (50% probability) of compounds (a) 3f and (b) 4d (hydrogen atoms are omitted for clarity).


Scheme 2 Synthesis of di(E)-arylidene-tetralone-spiro-glutarimides [di(E)-arylidene alonimids].
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Table 2 One-pot multistep synthesis of di(E)-arylidene-spiro-bisglutarimides (4a–e)a from B–H acetates (1a–d, f)


Entry B–H acetate Ar Productb Yieldc (%)


1 1a C6H5 4a 75
2 1b 2-MeC6H4 4b 56
3 1c 4-MeC6H4 4c 64
4 1d 4-EtC6H4 4dd 59
5 1f 2-ClC6H4 4e 55


a All reactions were carried out on a 1 mmol scale of malononitrile with 2 mmol of B–H acetate (1a–d, f) in the presence of Et3N in acetonitrile at room
temperature for 1 h and then subsequent treatment with conc. H2SO4 (2 mmol)–TFAA (2 mmol) in dichloromethane (5 mL) at room temperature for
24 h. b All the pure products 4a–e were obtained as colorless solids [with (E)-stereochemistry as evidenced by the 1H NMR spectral analysis and also in
analogy with that of 4d] and fully characterized (see ESI†). c Yields of the pure products based on B–H acetates. d The structure of this molecule [with
(E)-stereochemistry] was also established from the single crystal X-ray data (see Fig. 3 and ESI†,‡).10


Scheme 3 One-pot multistep synthesis of di(E)-arylidene-spiro-bisglutarimides.


(5 mL) followed by usual work-up, provided the desired 3,3′-spiro-
bis[5-{(E)-benzylidene}piperidine-2,6-dione] (4a) in 75% yield
(Scheme 3, Table 2 and entry 1).


With a view to understanding the generality of this method-
ology, we extended this strategy to the Baylis–Hillman acetates
(1b–d, f), which provided the resulting spiro-bisglutarimides (4b–
e) in moderate to good yields in an operationally simple one-pot
procedure (Scheme 3, Table 2 and entries 2–5). In fact, we obtained
a single crystal for compound 4d and established the structure of
this molecule by single crystal X-ray data (see Fig. 3 and ESI‡).10


Conclusions


In conclusion, we have successfully developed a convenient
and operationally simple two-step procedure for the synthesis


of di(E)-arylidene-tetralone-spiro-glutarimides [di(E)-arylidene
alonimids] and also described a one-pot multistep synthesis
of di(E)-arylidene-spiro-bisglutarimides from Baylis–Hillman ac-
etates (tert-butyl 3-acetoxy-3-aryl-2-methylenepropanoates).


Experimental


General methods


Melting points were recorded on a Superfit (India) capillary
melting point apparatus and are uncorrected. IR spectra were
recorded on a JASCO-FT-IR model 5300 spectrometer using solid
samples as KBr plates. 1H NMR (400 MHz) and 13C NMR (50/
100 MHz) spectra were recorded in deuterochloroform (CDCl3)
or deuterodimethyl sulfoxide (DMSO-d6) or in deuterochloroform
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(CDCl3) containing deuterodimethyl sulfoxide (DMSO-d6), on
a Bruker-AVANCE-400 and Bruker-AC-200 spectrometer using
tetramethylsilane (TMS, d = 0) as an internal standard. Elemental
analyses were recorded on a Thermo-Finnigan Flash EA 1112
analyzer. Mass spectra were recorded on a Shimadzu-LCMS-2010
A mass spectrometer. The X-ray diffraction measurements were
carried out at 298 K on a Bruker SMART APEX CCD area
detector system equipped with a graphite monochromator and a
Mo-Ka fine-focus sealed tube (k = 0.71073 Å).


Di-tert-butyl 2,6-di[(E)-benzylidene]-4-cyano-4-phenyl-1,7-hep-
tanedioate (2a). To a stirred suspension of oil-free excess NaH
(10 mmol, 0.24 g) in anhydrous toluene were added benzyl
cyanide (2 mmol, 0.234 g) and tert-butyl 3-acetoxy-2-methylene-
3-phenylpropanoate (1a) (5 mmol, 1.38 g) at room temperature,
and the mixture was heated under reflux for 1 h under a N2


atmosphere. Then the reaction mixture was allowed to come
to room temperature and was cooled to 0 ◦C. Excess NaH
was carefully quenched with the very slow addition of water at
0 ◦C. The reaction mixture was extracted with ether (3 × 30 mL).
The combined organic layer was dried over anhydrous Na2SO4


and the solvent was evaporated. The residue, thus obtained, was
purified by column chromatography (5% ethyl acetate in hexanes)
followed by crystallization (from 3% ethyl acetate in hexanes at
0 ◦C) to afford di-tert-butyl 2,6-di[(E)-benzylidene]-4-cyano-4-
phenyl-1,7-heptanedioate (2a), as a colorless solid in 73% (0.80 g)
yield; mp: 118–120 ◦C; IR (KBr): m 2235, 1711, 1635 cm−1


;
1H


NMR (400 MHz, CDCl3): d 1.44 (s, 18H), 3.09 and 3.34 (ABq,
4H, J = 13.6 Hz), 6.98–7.38 (m, 15H), 7.62 (s, 2H); 13C NMR
(50 MHz, CDCl3): d 28.00, 35.95, 48.28, 81.34, 120.39, 126.53,
127.50, 128.04, 128.16, 128.42, 128.84, 130.27, 135.60, 137.54,
142.01, 166.94; LCMS (m/z): 548 (M − H)−; Anal. Calcd. for
C36H39NO4: C, 78.66; H, 7.15; N, 2.55; Found: C, 78.67; H, 7.11;
N, 2.64%.


2,5′ -Di[(E)-benzylidene]-[1,2,3,4-tetrahydronaphthalen-1-one]-
4-spiro-3′-[piperidine-2′,6′-dione] (3a). To a stirred solution
of di-tert-butyl 2,6-di[(E)-benzylidene]-4-cyano-4-phenyl-1,7-
heptanedioate (2a) (0.5 mmol, 0.275 g) in 1,2-dichloroethane
(DCE, 3 mL) were added conc. H2SO4 (2.5 mmol, 0.245 g,
0.13 mL) and trifluoroacetic anhydride (TFAA, 2.5 mmol, 0.525 g,
0.35 mL) at room temperature. The reaction mixture was heated
under reflux for 6 h and was then allowed to cool to room
temperature. The reaction mixture was poured into aqueous
K2CO3 solution and extracted with EtOAc (3 × 25 mL). The
combined organic layer was dried over anhydrous Na2SO4. The
solvent was evaporated and the residue thus obtained was purified
by column chromatography (30% ethyl acetate in hexanes) to
provide 2,5′-di[(E)-benzylidene]-[1,2,3,4-tetrahydronaphthalen-1-
one]-4-spiro-3′-[piperidine-2′,6′-dione] (3a) as a colorless solid in
80% (0.168 g) yield; mp: 184–186 ◦C; IR (KBr): m 3300–2800 (mul-
tiple bands), 1711, 1693, 1651, 1624 cm−1; 1H NMR (400 MHz,
CDCl3): d 3.08 (s, 2H), 3.38 and 3.48 (ABq, 2H, J = 14.8 Hz), 6.88
(d, 2H, J = 6.6 Hz), 7.13–7.41 (m, 9H), 7.43–7.51 (m, 1H), 7.53–
7.62 (m, 1H), 7.72 (s, 1H), 7.85 (s, 1H), 8.20 (d, 1H, J = 7.2 Hz),
8.68 (s, 1H, D2O exchangeable); 13C NMR (100 MHz, CDCl3): d
35.23, 36.15, 48.25, 124.07, 126.64, 128.64, 128.67, 129.10, 129.17,
129.42, 129.55, 129.74, 129.87, 132.58, 133.63, 133.90, 134.60,
140.29, 142.49, 166.30, 174.45, 185.72; LCMS (m/z): 420 (M +
H)+; Anal. Calcd. for C28H21NO3: C, 80.17; H, 5.05; N, 3.34;


Found: C, 80.27; H, 5.00; N, 3.35%; Crystal data for 3a: empirical
formula, C28H21NO3; formula weight, 419.46; crystal color, habit:
colorless, block; crystal dimensions, 0.44 × 0.28 × 0.22 mm3; crys-
tal system, monoclinic; lattice type, primitive; lattice parameters,
a = 9.0369(18) Å, b = 25.751(5) Å, c = 9.2740(18) Å; a = 90.00;
b = 96.108(3); c = 90.00; V = 2145.9(7) Å3; space group, P21/n
(International Table No. 14); Z = 4; Dcalcd = 1.298 g cm−3; F 000 =
880; k(Mo-Ka) = 0.71073 Å; R (I ≥ 2r1) = 0.0427; wR2 = 0.1031.‡


3,3′-Spiro-bis[5-{(E)-benzylidene}piperidine-2,6-dione] (4a).
To a stirred solution of tert-butyl 3-acetoxy-2-methylene-
3-phenylpropanoate (1a) (2 mmol, 0.552 g) in acetonitrile
(3 mL) were added malononitrile (1 mmol, 0.066 g, 0.06 mL)
and triethylamine (1 mmol, 0.131 mL). After stirring at room
temperature for 1 h, solvent acetonitrile and Et3N were evaporated
under reduced pressure. The resulting residue was diluted with
dichloromethane (5 mL) and cooled to 0 ◦C. To this solution at
0 ◦C, conc. H2SO4 (2 mmol, 0.192 g, 0.10 mL) and trifluoroacetic
anhydride (TFAA, 2 mmol, 0.42 g, 0.28 mL) were added. Then
the reaction mixture was allowed to warm to room temperature.
After stirring for 24 h at room temperature, the reaction mixture
was poured into aqueous K2CO3 solution. The solid separated
was filtered and well washed with water followed by ethyl acetate.
Thus the obtained solid was dried in vacuo to provide pure
3,3′-spiro-bis[5-{(E)-benzylidene}piperidine-2,6-dione] (4a) as a
colorless solid in 75% (0.289 g) yield; mp: 255 ◦C (dec.); IR (KBr):
m 3200–2830 (multiple bands), 1711, 1680, 1610 cm−1; 1H NMR
(400 MHz, 50% DMSO-d6 in CDCl3): d 2.86 and 3.34 (ABq, 4H,
J = 15.2 Hz), 7.19–7.41 (m, 10H), 7.72 (s, 2H), 11.08 (br s, 2H);
13C NMR (100 MHz, DMSO-d6): d 31.02, 50.84, 125.59, 128.88,
129.34, 129.87, 134.34, 138.90, 165.97, 170.54; LCMS (m/z): 387
(M + H)+; Anal. Calcd. for C23H18N2O4: C, 71.49; H, 4.70; N,
7.25; Found: C, 71.33; H, 4.71; N, 7.17%.
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5′-Amino-5′-deoxyguanosine-5′-N-phosphoramidate (GNHP) was synthesised in four steps from
guanosine. Its identity was confirmed using spectroscopic and kinetic studies. A chromatographic
method for the purification of this unstable compound was developed. GNHP was found to initiate T7
RNAP promoted transcriptions to afford 5′-O3P-NH-RNA, which hydrolyses readily to yield
5′-H2N-RNA that can be conjugated to activated esters.


Indroduction


RNA conjugates have been used widely in biological research
to determine the nature of protein–nucleic acid interactions,1,2


understand RNA folding problems3 and for the in vitro selection
of ribozymes.4 Whilst automated synthesis can produce many
of these conjugates, the technique is limited to the production
of shorter oligonucleotides; thus for some applications, such as
in vitro selection of ribozymes and the study of longer RNA
sequences, one must rely on enzymatic preparation methods.


RNA molecules that are modified at their 5′-termini have
been produced by enzymatic incorporation of modified initiator
nucleotides, usually based on guanosine.1,5–8 Unfortunately many
of the synthetic routes towards these initiator molecules are
laborious and act as a deterrent to the use of these systems. We
aimed to develop a simple synthetic route towards an initiator
molecule that would broaden the appeal of this approach to a
wider research community.


The use of amine-based initiators has been investigated by Suga9


and Jäschke.5 Once incorporated, the amine functional group can
be further modified in a post-transcriptional step using standard
bioconjugation reagents such as reactive esters.10 Suga’s approach,
namely the use of 5′-amino-5′-deoxyguanosine in transcriptions,
whilst appealing owing to the ease of synthesis of the nucleoside,
unfortunately afforded low yields of RNA where the RNA
population contains only a small proportion (∼20%) of the amine
functional group. The likely cause of the poor performance is
the poor solubility of 5′-amino-5′-deoxyguanosine in aqueous
solution. Jäschke and coworkers have prepared several more
elaborate nucleotides that show good initiation characteristics, but
unfortunately the syntheses of these materials are quite lengthy
and thus limited to specialists. We hoped to develop methodology
that provides a simple synthetic route towards a modified initiator
molecule that is then effectively incorporated at the 5′-termini of
RNA molecules in the transcription process.


With this goal in mind, we set about designing a simple
strategy for the preparation and use of a new modified initiator
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molecule. Given that the use of 5′-amino-5′-deoxyguanosine
by Suga et al. was limited by poor solubility, we decided to
improve the solubility of this system by the introduction of a
phosphoryl group on the 5′-amino functional group. The resulting
phosphoramidate-based nucleotide, 5′-amino-5′-deoxyguanosine-
5′-N-phosphoramidate (GNHP), should be soluble at pH 8.0
(optimum pH for T7 RNA polymerase activity11), but the phos-
phoramidate functional group is also hydrolytically labile at this
pH with a predicted half-life on the order of several hours.12 Thus
we hoped that the phosphoramidate would be sufficiently stable to
allow incorporation during transcription whilst being sufficiently
labile to allow facile removal of the phosphoryl group in order to
reveal the 5′-amino group.


We have recently communicated details of the preparation
of GNHP from 5′-amino-5′-deoxyguanosine and usage of crude
GNHP in transcription studies.13 In this paper we shall discuss the
development of the aqueous phosphorylation method that was
used to prepare GNHP, the development of a purification strategy
for GNHP, and the use of purified GNHP in transcription in
comparison to the crude material.


Results and discussion


1. Optimisation of the aminophosphorylation procedure


Schattka and Jastorff attempted the synthesis of GNHP us-
ing 2′,3′-isopropylidene-protected 5′-amino-5′-deoxyguanosine as
their substrate and ester-protected phosphorylating agents.14


Unfortunately they were unable to remove the isopropylidene
protecting group without also removing the phosphoramidate
group. Thus when designing our synthetic route towards GNHP
we limited ourselves to strategies that avoided protecting groups
and where we could use 5′-amino-5′-deoxyguanosine as our
starting material, Scheme 1. A recent report from Dean allowed
us to produce 5′-amino-5′-deoxyguanosine via a convenient three-
step procedure.15


We attempted aminophosphorylation using phosphorus oxy-
chloride in acetonitrile, as employed by Hampton and co-workers
in their synthesis of the inosine analogue of GNHP,16 and we
found that a solution of 5′-amino-5′-deoxyguanosine could not
be obtained. The use of phosphorus oxychloride with trialkyl
phosphate as the solvent17,18 led to a bis-phosphorylation product
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Scheme 1 Synthetic strategy towards GNHP.


which we tentatively identified as 5′-amino-5′-deoxyguanosine-
5′-N-phosphoramidate-2′,3′-cyclic phosphate based on 31P NMR
and ES-MS analyses.


At this point we investigated a convenient water-based proce-
dure from the Drueckhammer laboratory that had been used for
the preparation of analogues of dihydroxyacetone phosphate.19


The procedure used an aqueous alkaline solution of the sub-
strate, where alkali was added at the same time as phosphorus
oxychloride in order to both hydrolyse P–Cl bonds in the
amino phosphorodichloridate intermediate and at the same time
maintain a high pH, at which the phosphoramidate product is
more stable.12 Unfortunately, hydroxide ion also competes against
the amine substrate as a reactant for phosphorus oxychloride,
and thus a balance between maintaining high pH and minimising
hydroxide ion concentration is needed. We were already aware
that 5′-amino-5′-deoxyguanosine showed poor solubility in water,
and thus we began our investigations using dimethyl sulfoxide
as a cosolvent. An initial experiment where the 5′-amino-5′-
deoxyguanosine substrate was dissolved in DMSO and phospho-
rus oxychloride in THF, and aqueous sodium hydroxide solution
was added simultaneously by pipette, gave a crude reaction mixture
that contained material giving rise to a triplet signal at ca. 8.5 ppm
in the 1H-coupled 31P NMR spectrum, which corresponds to
the expected signal for the desired phosphoramidate.20 With this
preliminary result in hand, we proceeded to systematically study
the effect of the DMSO–water ratio and the effect of the amount
of sodium hydroxide on reaction outcome.


In order to maintain consistency between experiments with
different ratios of DMSO to water, an excess of sodium hydroxide
was added to each experiment at the outset rather than during
the addition of the phosphorus oxychloride solution, so that the
co-addition rate was no longer a variable. The resulting crude
reaction mixtures were then analysed by 31P NMR spectroscopy.
The DMSO content was varied between 0 and 50%, and for
the experiment that did not contain DMSO we found that 5′-
amino-5′-deoxyguanosine was actually soluble in aqueous alkali
(rather than pure water). This improved solubility probably results
from deprotonation of the guanine to provide the water-soluble
guanine anion (pKa of N-1 of guanosine is ca. 9.421). The results
from this series of experiments are summarised in Table 1. In


Table 1 Formation of GNHP as a function of solvent composition


DMSO (%) GNHP (%)a


0 69
10 61
20 48
30 62
40 55
50 48


a Determined by 31P NMR spectroscopy on the crude reaction mixture.


addition to the desired phosphoramidate, the 31P NMR spectra
showed signals corresponding to by-products that we assigned
to inorganic phosphate and 5′-amino-5′-deoxyguanosine-2′- and
3′-monophosphates. We found that the experiment that did not
contain DMSO cosolvent led to the highest conversion to the
desired product. There are several factors that may have given
rise to this outcome, the most likely being a mixture of increased
nucleophilicity of hydroxide ion towards POCl3 owing to reduced
solvation at higher DMSO concentrations, and the increased
hydrolytic activity of phosphoramidates (even at higher pHs) in
mixed aqueous–organic systems.22 Together these factors would
both lead to increased production of inorganic phosphate ion and
consequent reduction in the conversion of POCl3 to GNHP.


We now turned our attention to the number of equivalents of
sodium hydroxide in the initial reaction mixture using a wholly
aqueous system. A series of experiments was run where the
initial number of equivalents of sodium hydroxide with respect to
substrate was varied. Phosphorus oxychloride was then added to
each aqueous substrate mixture as a solution in THF. The results
from this series of experiments are summarised in Fig. 1.


Fig. 1 Optimisation of NaOH. The number of equivalents of NaOH was
varied and the effect on product distribution was assessed by 31P NMR
spectroscopy.


An optimum of five equivalents was found to give the largest
conversion of phosphorus oxychloride to GNHP with the lowest
level of by-products. This number of equivalents likely represents
a balance between the need to ionise the guanine ring in order
to bring the substrate into solution, ionisation of the 2′,3′-cis diol
system, reaction of hydroxide ion with POCl3 and hydrolysis of
the phosphoramidate product once it has been formed. With this
crude material in hand, we began kinetic studies on its hydrolysis
in order to confirm that our material shows the expected pH-
dependent hydrolysis properties, and to determine conditions
under which the material may be purified and isolated.


2. Kinetic evidence for the phosphoramidate


Crude GNHP was subjected to a hydrolysis study over a range of
pHs in order to demonstrate that the product material displayed
similar kinetic properties to known alkyl phosphoramidates.12,16


We used 31P NMR spectroscopy to monitor the disappearance
of the phosphoramidate signal in a series of buffers of varying pHs.
A comparison of our data (obtained at 37 ◦C) with Benkovic’s12
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(obtained at 55 ◦C) shows that both profiles are very similar
in form, with the observed rate constants for Benkovic’s study
being higher in value owing to the elevated temperature used in
their experiments, Fig. 2. We chose 37 ◦C as the temperature
for our study because this is the temperature used for T7 RNA
polymerase-catalysed transcription reactions. The half-life for
hydrolysis of GNHP on the pH-independent plateau was 1.8 h, and
at pH 8.0, which is the optimal pH for T7-catalysed transcription,
the half-life was 2.5 h. Thus the phosphoramidate appeared to
be sufficiently stable to allow incorporation into RNA during
transcription (we use 2.5 h incubations for transcription reactions),
but sufficiently labile to allow facile removal of the phosphoryl
group after (and during) the transcription process.


Fig. 2 Kinetic data from 31P NMR studies on the hydrolysis of GNHP
at different pHs. Experimental data points (�) were fitted to eqn (1) (see
experimental) with the fitting being represented by the solid line. A plot
of the pH hydrolysis behaviour of butyl-N-phosphoramidate (obtained at
55 ◦C) is shown by the dotted line (data from Benkovic and Sampson).12


3. Chromatographic purification of GNHP


Ideally we wished to avoid the use of time-consuming chro-
matographic steps, and we have seen, from the viewpoint of T7-
promoted transcription, that unpurified material gives satisfactory
yields of RNA, with a reasonable proportion of the RNA
containing the 5′-amino group.13 In order to assess the effect of
GNHP purity on transcription performance, however, we needed
to develop a method for the purification of this hydrolytically labile
material. Hampton and co-workers were able to effect a series of
selective precipitation steps in order to gain the inosine analogue of
GNHP in a form that was homogeneous by paper electrophoresis
and thin layer chromatography. The nature of our synthetic
approach towards GNHP unfortunately leads to the formation
of some by-products and probably some unconverted starting
material (although 31P NMR does not give any information on
this). Owing to the lower hydrolysis rate of GNHP and the
improved solubility of 5′-amino-5′-deoxyguanosine at high pH, we
explored the use of strong anion exchange chromatography using a
gradient of increasing concentration of sodium hydroxide solution
as the eluent. This system provides the necessary increase in salt
concentration that allows elution of the desired product whilst
maintaining a high pH. A chromatographic profile of the crude
mixture shows good separation of four major components, Fig. 3.


Fig. 3 Capto Q anion exchange chromatography of crude GNHP using
a gradient of 0.1 M (eluent A) to 1 M NaOH (eluent B).


The identities of the components corresponding to the peaks in
the UV trace were deduced on the basis of an authentic standard
in the case of peak A and the basis of 31P NMR spectroscopy in
the cases of peaks B and C. We were unable to identify the nature
of the component that gave rise to peak D. Integration of the
UV trace (assuming that the components giving rise to each peak
have the same extinction coefficient) gives a product distribution
of 18% A, 64% B, 8% C and 8% D. In comparison with earlier 31P
NMR studies on the crude material, this chromatographic method
shows that the crude GNHP was less pure than we had previously
estimated. Whilst this clearly did not prevent efficient transcription
using the crude material, it makes it all the more important to
study the effect of purity on transcription properties. After elution
from the ion exchange system, the material was lyophilised and
then subjected to gel filtration chromatography on Sephadex G10
media in order to reduce the salt content. Water was used as the
eluent for this process, and thus a small amount of hydrolysis
of the GNHP occurred as the material passed through the
chromatography column (transit time approximately 20 minutes).
The eluted material was immediately frozen and then lyophilised.
We investigated other strategies for the desalting of the eluted
GNHP, such as ethanol precipitation and reduction of the pH to
the isoelectric point (ca. pH 5, see Section 2); however, these proved
less effective than gel filtration. Gel filtration using a mildly basic
eluent (e.g. 2 mM K2CO3


23 or 1 mM NaOH), whilst effective, did
leave the eluted material contaminated with salt, which may have
proven detrimental to the transcription process. A small amount
of the freeze-dried material was then repeatedly lyophilised from
D2O before being subjected to 1H NMR spectroscopy.


4. Spectroscopic evidence for the phosphoramidate


Given the number of potential phosphorylation sites that were
available on the unprotected aminonucleoside, we were eager
to confirm that phosphorylation had indeed taken place on
the amino group of 5′-amino-5′-deoxyguanosine rather than one
of the guanine functional groups or the ribose hydroxyls. We
have already discussed the use of 31P NMR spectroscopy, the
significance of the triplet signal and its chemical shift, which we
believe correspond to the phosphoramidate group. Kinetic data
on the hydrolysis of the product are also in agreement with similar
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compounds in the literature. 1H NMR spectroscopy gave further
confirmation of our assignment in the form of a complicated
multiplet corresponding to the 5′-CH2 group, Fig. 4. In addition
to the ABX system that results from coupling to the 4′-proton
and geminal coupling between the protons of the methylene
group, the signals corresponding to the 5′-CH2 group of the
phosphoramidate also show coupling to the phosphorus nucleus
within the phosphoramidate. 13C NMR spectroscopy reveals 3J
coupling between the phosphorus centre and the 4′-C atom, but
2J coupling to the 5′-C was not observed.


Fig. 4 The 5′-CH2 region of the 1H NMR spectrum of purified
GNHP. A complex multiplet occurs at 2.9 ppm that corresponds to
geminal and vicinal coupling to adjacent protons and vicinal coupling
to phosphorus. The sample is contaminated with a small amount of
5′-amino-5′-deoxyguanosine owing to hydrolysis of GNHP.


5. Transcription studies


We have already reported our results on the use of crude GNHP
in transcriptions,13 and they are summarised in Fig. 8A.


We have seen from our chromatography studies that the crude
GNHP contained 18% 5′-amino-5′-deoxyguanosine and 64%
GNHP i.e. amine and phosphoramidate in a ratio of 1 : 3.6.
The crude material that was used for transcriptions studies was
originally estimated to contain approximately 90% GNHP on
the basis of 31P NMR spectroscopy, which, of course gave no
direct information on the level of 5′-amino-5′-deoxyguanosine.
In addition, given the labile nature of the phosphoramidate, the
balance between amine and phosphoramidate is continuously
changing. After chromatographic purification we were able to
obtain a sample of GNHP with a much reduced content of
5′-amino-5′-deoxyguanosine, where amine and phosphoramidate
were present in a 1 : 11.1 ratio by 1H NMR spectroscopy, Fig. 4.
The small amount of 5′-amino-5′-deoxyguanosine likely resulted
from hydrolysis of GNHP during desalting.


With the purified material in hand, we began to assess the
effect of purification and, more significantly, the effect of amine
vs. phosphoramidate on transcription performance.


Purified GNHP was used under the same transcription condi-
tions as we employed for the crude material. A series of experi-
ments, where each transcription experiment contained a different
concentration of the purified GNHP, was performed. At the end
of the 2.5 h incubation period the RNA from each experiment was
purified by urea-PAGE. The transcription procedure incorporated
a 32P radiolabel thus the level of radioactivity from each RNA


band on the purification gel gives a direct measure of the amount
of RNA produced in each experiment, Fig. 5.


Fig. 5 Phosphorimage of a purification gel of transcription reactions
containing increasing concentrations of purified GNHP.


As the concentration of purified GNHP was increased the
amount of RNA produced increased initially, but then quickly
tailed off as higher concentrations were attained. The gel pieces
containing the RNA transcripts were then excised from the
purification gel and the RNA was eluted passively from the
gel pieces. During this time the remaining phosphoramidate
groups were expected to hydrolyse completely, thus revealing
5′-amino groups on a proportion of the RNA transcripts. A
biotinylation assay was then used in order to assess the level
of incorporation of 5′-amino groups in the RNA transcripts
from each transcription experiment. The transcripts from each
experiment were derivatised using 3-sulfo-N-hydroxysuccinimidyl
biotin, and the level of biotinylation (which corresponds to the
level of 5′-amine label in the RNA transcripts) was assessed using
a streptavidin (SAv)-dependent gel shift assay. The biotinylated
RNA molecules bind to the streptavidin and their mobilities are
reduced relative to those RNA molecules that are not biotinylated
(i.e. those RNAs that were initiated with GTP rather than our
modified initiator molecule). The biotinylation assays revealed that
the level of incorporation of 5′-amino group increased steadily as
the concentration of GNHP was increased in the corresponding
transcription experiments, Fig. 6.


Fig. 6 Phosphorimage of a gel of biotinylated transcription products
from transcription reactions containing increasing concentrations of
purified GNHP.


In order to confirm that the observed gel shifts arose as a result
of the presence of 5′-amino groups in the RNAs, which in turn
arose from the use of GNHP in transcriptions, a series of control
experiments were also performed. Transcriptions and subsequent
biotinylations were performed where GNHP, biotinylating agent
and/or streptavidin were omitted and the resulting matrix of
experiments was analysed by urea-PAGE, Fig. 7. The experiments
show clearly that the shifted RNA band is seen only when all
components are present, and thus we conclude that the band arose
as a result of the presence of 5′-amino groups in the RNAs.


The results of the series of transcription and biotinylation
experiments illustrated in Figs. 5 and 6 have been combined to
produce Fig. 8B. This figure shows that total RNA yield tails off
very quickly as the concentration of purified GNHP is increased in
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Fig. 7 Phosphorimage of gel-shift assays on transcription products from
reactions containing (lanes 1–4) or lacking (lanes 5–8) purified GNHP. A
‘+’ symbol signifies the presence of a reagent, whereas a ‘−’ symbol signifies
its absence.


Fig. 8 Transcription results. The overall yield of RNA relative to control
transcriptions that do not contain GNHP are represented by the heights
of the light grey bars. The level of incorporation of the 5′-amino group into
transcripts is represented by the height of the darker bars within the shaded
bars. Data in charts A and B correspond to results from experiments on
unpurified GNHP and purified GNHP respectively. The concentrations of
unpurified GNHP were based on the assumption that complete conversion
of 5′-amino-5′-deoxyguanosine to GNHP occurred during synthesis.


the transcription experiments. The analogous results for the crude
GNHP, Fig. 8A, show a more gradual tailing off of RNA yield at
higher concentrations of GNHP, even when correcting for the fact
that the crude GNHP contained only ca. 64% GNHP. In terms of


incorporation of 5′-amino groups, the results between the two sets
of experiments are similar, with both series reaching a maximum
of ca. 60% of the RNA-containing 5′-amino groups at the higher
GNHP concentrations. The result from the crude GNHP system
at 7.5 mM is particularly interesting as the overall RNA yield
is high and the level of incorporation of the 5′-amino group is
also reasonable. We have to remember that the concentration of
7.5 mM was based on the assumption that the material used
in the synthetic procedure was quantitatively converted to the
phosphoramidate, which we have shown not to be the case. The
results of the chromatography study (Section 3) revealed that the
crude material contained the 5′-amino-5′-deoxyguanosine and the
GNHP in approximate proportions of 18% and 64%, respectively.
Thus the actual concentrations of 5′-amino-5′-deoxyguanosine
and GNHP in this experiment were closer to 1.35 mM and
4.8 mM, respectively. Although the amine is sparingly soluble
it is an effective initiator, and, when combined with GNHP,
both systems contribute towards initiation of transcription with
both systems leading to the production of 5′-amino-RNA. The
transcription results from our studies with purified GNHP, where
the concentration of any residual 5′-amino-5′-deoxyguanosine is
very much lower (<10%), show inhibition of RNA production at
much lower concentrations of initiator.


We believe that the anionic phosphoramidate, whilst an effective
inhibitor, may also inhibit the elongation phase of T7 RNA
polymerase. Martin and Coleman demonstrated that the anionic
phosphate groups of GTP and GMP are not required during tran-
scription initiation.24 Indeed, guanosine shows similar initiation
properties to its phosphorylated homologues. The triphosphate
portions of NTPs are, however, bound in the elongation phase of
polymerisation, and so the phosphoryl group of GNHP may also
bind in competition with GTP in the elongation phase. As GNHP
does not possess the same pyrophosphate leaving group as the
NTPs, its binding to the elongation active site is unproductive
and will lead to inhibition and reduced yield. Famulok and
co-workers have observed similar inhibition effects when using
higher concentrations of phosphorylated guanosine analogues as
initiators.7 Although limited by its poor solubility, the amine is
not charged, and therefore we believe that it does not inhibit
the elongation phase in the same way as the phosphoramidate;
thus RNA production with crude GNHP, which contains a
greater proportion of the amine, is significantly greater. This is
a challenging hypothesis to prove as uncharged nucleosides are
likely to be intrinsically limited in their solubility properties, and
thus we are unable to explore the effect of high concentrations
on transcription. We are, however, investigating the transcription
properties of an uncharged guanosine analogue that shows
reasonable solubility properties,25 and we hope to investigate the
properties of cationic initiator nucleosides in the future.


Conclusions


We have devised and optimised a convenient method for the
preparation of a previously unknown nucleoside phosphorami-
date. Our procedure uses a simple aqueous approach to solubilise
5′-amino-5′-deoxyguanosine followed by a chemoselective N-
phosphorylation. The use of alkali may represent a general strat-
egy for the solubilisation of recalcitrant guanosine derivatives and
we are currently exploring its use with 5′-deoxy-5′-iodoguanosine
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and other guanosine systems. The nucleoside phosphoramidate
was then purified by a combination of ion exchange and gel
filtration chromatographies. The identity of the phosphoramidate
was confirmed by kinetic and spectroscopic techniques before
being used in T7 RNA polymerase-catalysed transcriptions.
We found that crude GNHP gave a superior performance in
transcription studies, and we believe that the uncharged nucleoside
5′-amino-5′-deoxyguanosine acts as a supplementary initiator. We
are currently exploring the use of another uncharged guanosine
derivative that displays better solubility characteristics than 5′-
amino-5′-deoxyguanosine.


Experimental


5′-Amino-5′-deoxyguanosine


Prepared in three steps from guanosine using Dean’s procedure.15


5′-Amino-5′-deoxyguanosine was recrystallised from water in
order to produce analytically pure material as off-white crystals.
mp = 218–220 ◦C (dec.); lit., 219–220 ◦C15 or 221 ◦C14; (Found
C, 39.8; H, 5.4; N, 27.7. C10H14N6O4·H2O requires C, 40.0; H, 5.3;
N, 28.0%); mmax(KBr disc)/cm−1 2622br (OH), 1702 (C=O); 1H
NMR, dH(500 MHz, DMSO-d6; Me4Si): 2.72 (1 H, ABX system,
JAB 13.5, JBX 5.5, 5′-CHAHB), 2.77 (1H, ABX system, JAB 13.5,
JAX 4.5, 5′-CHAHB), 3.77–3.81 (1H, m, 4′-HX), 4.08 (1H, t, J 4.5,
3′-H), 4.44 (1H, t, J 6.8, 2′-H), 5.66 (2H, d, J 6.5, 1′-H), 6.52 (1H,
br s, NH2), 7.93 (1H, s, 8-H): dC(100.6 MHz, DMSO-d6; Me4Si):
43.5 (5′-C), 70.6 (3′-C), 73.11 (2′-C), 85.5 (4′-C), 86.2 (1′-C), 116.7
(5-C), 135.71 (8-C), 151.3 (4-C), 153.6 (2-C), 156.7 (6-C)): m/z
(ES+) 283.1 ([M + H]+).


Preliminary experiment using mixed aqueous–DMSO solvent
system


5′-Amino-5′-deoxyguanosine (20 mg, 68.8 lmol) was dissolved in
DMSO (500 lL, 5.82 mmol), and the solution was then diluted
with water (500 lL) and cooled to 0 ◦C. Phosphorus oxychloride
(7.04 lL, 75 lmol) dissolved in dry THF (34.4 lL) was added
dropwise with sufficient sodium hydroxide solution (stock of
109 mg, 2.7 mmol in 1.1 mL water) in order to ensure that the
pH was always above 10 (by indicator paper). When the addition
of the phosphorus oxychloride was complete, the reaction mixture
was diluted with water to a final volume of 750 lL and the mixture
was transferred to an NMR tube. 31P [1H coupled] NMR, dP(121
MHz): 8.52 (t, OP(O)2–NH–CH2), 2.31 (s, inorganic phosphate):
m/z (LC–ES−) 361 ([GNHP2− + H+]).


Optimisation of DMSO–water ratio


5′-Amino-5′-deoxyguanosine (10 mg, 35 lmol) was added to
DMSO (where applicable) and stirred for 5 min, over which time
full dissolution of the solid occurred. Water was added to the
solution, in most cases resulting in the precipitation of a white
solid. The reaction vessel was then cooled to 0 ◦C (in an ice-
bath), before addition of NaOH(aq) (3.75 mmol) resulted in the
dissolution of all the solid to give a clear solution. Additions (10
lL) of phosphorus oxychloride solution (22.8 lL POCl3 in 77.2 lL
dry THF]) were made at 60 s intervals over the course of 10 min.
The solvents were removed under reduced pressure to give white


solids, which were each dissolved in water (1 mL) and transferred
to NMR tubes. Product distribution was then assessed by 31P
NMR spectroscopy.


Preparation and purification of GNHP


5′-Amino-5′-deoxyguanosine (50 mg, 177 lmol) was dissolved in
a mixture of NaOH(aq) (885 lL of a 1 M volumetric standard,
885 lmol (5 eq)) and water (1 mL), and then cooled to 0 ◦C
on an ice bath. Phosphorus oxychloride (33 lL, 177 lmol) in
anhydrous THF (1 mL) was then added dropwise to the solution
over the course of 10 min. The reaction mixture was diluted
with water (3 mL) and loaded on to a Capto Q strong anion
exchange chromatography column (25 mL bed volume) attached
to an Äkta Prime Plus automated liquid chromatography system.
Materials were eluted from the column using a gradient starting
with eluent A (0.1 M NaOH) and running to 25% eluent B (1 M
NaOH), and the absorbance at 254 nm of the eluted material
was recorded, Fig. 3. Fractions containing material from each
peak were combined and lyophilised. The residues from each
peak were then dissolved in water (0.75 mL) and subjected to
31P NMR spectroscopy. The material from the peak B, Fig. 3,
was then subjected to gel filtration chromatography (Äkta Prime
Plus automated liquid chromatography system, Sephadex G10,
150 mL bed volume, 5 mL min−1 of water) in order to remove salt.
Fractions containing material absorbing at 254 nm were combined
and lyophilised. The material was then repeatedly lyophilized from
D2O in order to reduce the large residual water signal in the 1H
NMR spectrum. Integration of the 1H NMR spectrum showed
that the sample contained 8% 5′-amino-5′-deoxyguanosine. Spec-
troscopic data for GNHP: 1H NMR, dH(500 MHz, D2O; Me4Si):
2.86 (1 H, ABX system, JAB 13.5, JAXP 6.5, 5′–CHAHB), 2.93 (1 H,
ABX system, JAB 13.5, JBXP 5.5, 5′-CHAHB), 4.04–4.02 (1H, m,
4′-HX), 4.20 (1H, t, J 4, 3′-H), 4.61 (1H, t, J 5.5, 2′-H), 5.66
(2H, d, J 6.5, 1′-H), 7.74 (1H, s, 8-H): 13C NMR dC(100.6 MHz,
D2O; Me4Si): 44.4 (5′-C), 71.5 (3′-C), 73.1 (2′-C), 85.4 (d, JCP 10.1,
4′-C), 86.9 (1′-C), 117.9 (5-C), 136.2 (8-C), 151.8 (4-C), 161.1 (2-
C), 167.8 (6-C): 31P NMR dP(121 MHz, D2O; H3PO4): 10.2 (t,
88%, phosphoramidate), 4.1 (s, 12%, inorganic phosphate), see
ESI for spectra: FT–MS m/z (ES−): found 361.06661 at a FWHH
resolving power of 106; C10H14N6O7P− requires 361.06671.


Kinetic study on the hydrolysis of GNHP


Owing to the great range of reactivity covered from pH 3 to
10.5, kinetic experiments were performed using three different
methods. For experiments between pH 7.2 and 9, GNHP (final
concentration 30 mM) was dissolved in buffer (0.5 M MES pH 7.2,
0.5 M sodium bicarbonate pH 8.0 or 0.5 M sodium borate pH 9.0
where the pHs were measured after dissolution of GNHP) and the
samples were transferred to the NMR machine (equilibrated to
37 ◦C). Spectra were acquired regularly at fixed time points using
the automated software. For experiments at lower pHs (3 and 3.5)
GNHP was dissolved to a final concentration of 30 mM in 0.5 M
sodium formate buffer and the pH was measured (one experiment
at pH 3.0, one at pH 3.5). Aliquots of were withdrawn from the
stock solutions at 5 min intervals and were quenched directly
into sodium hydroxide solution. The quenched mixtures were then
subjected to 31P NMR spectroscopy. At higher pHs (9.8 and 10.5)
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GNHP was dissolved to a final concentration of 30 mM in either
0.5 M sodium carbonate buffer or sodium hydroxide solution
and the pH was measured as pH 9.8 or pH 10.5 respectively.
The samples were transferred to a water bath set at 37 ◦C. The
samples were periodically removed for 31P NMR analysis and then
returned to the water bath. All spectra were integrated and the
ratio of the 31P NMR signal corresponding to GNHP relative to
that inorganic phosphate and GNHP was calculated for each time
point. The fraction of GNHP within the mixture was then plotted
as a function of time, and the data were found to fit simple first
order decay curves. The observed pseudo first order rate constants
are plotted in logarithmic form in Fig. 2. The data were found to
fit eqn (1), which represents a simplified version of the expression
used by Benkovic and Sampson.12 Fitted values of the constants
were kH= 26 M−1 s−1, k0 = 6 × 10−3 s−1 and pKa= 8.6.


kobs = kH × 10−pH + k0


1 + 10pH−pKa
(1)


Transcription studies and biotinylation assays


These experiments were performed as described previously.13
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Steric effects of various polar and some charged groups were estimated on sterically crowded
cyclopropane cis-1,2-bisderivatives 2 or 3, in which the variable substituent is in the proximity of a
t-butyl group or of a methyl group. The steric energy was evaluated with reference to the pertinent
mono derivatives, that is as reaction energy of an isodesmic reaction, in which the crowded compound
is formally synthesized from simple derivatives. Energies were calculated within the framework of the
density functional theory at level B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) for 11 dipolar and 5
charged substituents. Interaction of charged substituents is not only steric (destabilizing) but also
inductive (stabilizing). The steric effects evaluated in this way differ distinctly from the standard steric
constants derived purely from the van der Waals radii of the substituents.


Introduction


The most successful evaluation of steric effects and their separation
from inductive effects was achieved by Taft.1 When the hydrolysis
of various substituted esters is kinetically followed both in acidic
and alkaline media, the steric effect makes the reaction slower
in both media almost in the same extent, while the inductive
effect is in the two reaction media just opposite. In this way, a
scale of inductive constants r* and of steric constants Es were
created;1–3 a rate constant k or equilibrium constant K could
then be approximately expressed by their linear combination,
eqn (1), where q* and d are proportionality constants (regression
coefficients).


log k [K] = q*r* + dEs (1)


It was recognized early that the constants, both r* and Es,
have different physical meaning for alkyl groups and for polar
substituents, so that further evaluation can be carried out in four
ways as outlined in the following paragraphs, 1. to 4.


1. The constants r* of the alkyl groups are small and difficult to
estimate,3–5 so that even their sign is difficult to determine.6,7 Never-
theless, they have often been discussed, corrected or improved,4–7


for instance for the possible contribution of hyperconjugation.8


According to a recent detailed reinvestigation,7 these substituent
effects are better described in terms of polarizability than polarity
since they stabilize both cations and anions.7


2. The constants r* of the polar groups are the most important
and have been studied extensively. Most attention has been
given1–3,9 to groups of structure CH2X, whose constants r* were
transformed into the inductive constants rI of the group X
according to the empirical eqn (2).


aDepartment of Organic Chemistry, Institute of Chemical Technology, CZ-
16628 Praha 6, Czech Republic
bInstitute of Organic Chemistry and Biochemistry, Academy of Sciences of
the Czech Republic, CZ-16610 Praha 6, Czech Republic
† Electronic supplementary information (ESI) available: DFT calculated
energies and some geometric parameters of the cyclopropane derivatives 1
to 3. See DOI: 10.1039/b717913h


rI(X) = 0.45r*(CH2X) (2)


The constants rI were also determined by alternative indepen-
dent procedures6,10,11 and were found to be applicable to diverse
reactivities10–12 and physical quantities.13 They were the most
important achievements of the whole theory and contributed
significantly to the popularity of R. W. Taft’s work and its 25 000
citations. The inductive effect was evaluated as the most general
and most important empirical relationship.14 Recently, the induc-
tive effect was redefined as an interaction energy of two groups in
a saturated system without differentiating the substituent and the
reaction centre.15 A quantum chemical procedure was suggested
defining rI from the calculated acidity of the corresponding 4-
substituted bicyclo[2.2.2]octane-1-carboxylic acid.16


3. Steric effects of alkyl groups are considerable but are only very
roughly proportional in various systems. The pertinent constants
Es were determined by the outlined procedure and by several
others, more specifically.17 The main progress was achieved by
defining18,19 steric constants t from the idealized geometry on the
basis of van der Waals radii rV according to eqn (3).


t = rv − 1.20 (3)


Eqn (3) is applicable unambiguously to symmetrical groups.
Unsymmetrical groups like CH2CH3 can prefer a conformation
with minimal steric hindrance; the corresponding minimum value
of t was denoted tmn. Other values were corrected19 according
to some experimental reaction rates and denoted tef; the set of t
values is thus not homogeneous. In our previous communication,
we attempted to define new steric constants directly in terms of
energy, avoiding geometric considerations.20 Of several reactions
tried, the most suitable was eqn (4), in which a sterically crowded
cyclopropane derivative 2 was produced from the pertinent mono
derivative 1; X was an arbitrary alkyl group. The DFT-calculated
reaction energies D4E were empirically scaled and suggested20 as a
measure of steric effect.


(4)
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(5)


A similar reaction, eqn (5), with the same group X as in eqn (4),
yielded much smaller steric energies D5E, but roughly proportional
to D4E. Reactions of eqn (4) and (5) are both isodesmic21,22 and
homodesmic.23 The principle of isodesmic reactions was analyzed
in some detail15,24 and applied broadly for defining substituent
effects of various kinds.16,20,22 Values of D4E were suggested as
a new measure of steric effects;20 they should be scaled to be
comparable to the common values19 tef. In eqn (6), 0.029 is an
empirical constant; the symbol t12 should denote interactions in
the neighbouring positions 1,2.


t12 = 0.029 D4E (kJ mol−1) (6)


4. The steric effects of polar substituents is the subject of the
present communication. For polar groups, the steric constants
need not be defined unambiguously; there are doubts as to whether
they can be called steric. Let as observe eqn (4) as an example.
When X is a polar group—or even a charged group—one can
imagine that it induces charges in the t-butyl group of 2; in this
way, this molecule is stabilized and the apparent steric constant is
reduced. We wanted to estimate roughly this effect and to compare
quantitatively the steric effect on energy with the common steric
constants19 t based on the van der Waals radii, that is apparently
on a purely geometric dimension. Note, however, that within the
Born–Oppenheimer approximation, pure geometry is defined only
for the atomic nuclei; the so-called van der Waals radii are defined
(in several different ways19) through the electron density. Moreover,
some constants t were estimated only from reactivities in solution19


and their empirical confirmation was based only on multiple
regressions, which included further empirical parameters.25–27 The
older constants Es correlate with t very roughly, with unexplained
exceptions,28 and are generally still less dependable.


For all these reasons, we believed that a more objective scale of
steric effects would be useful, based on the energy of a concrete
molecule instead of on uncertain constructions, even when this
concrete molecule was only one of many possible models. Such a
scale could serve as a reference, unambiguously defined and easy
to calculate. Estimating which portion is the purely steric effect
is of secondary importance and is more difficult. We returned to
eqn (4) and (5) and calculated their reaction energies at the level
B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p), which was well-
tried for various substituent effects7,15,16 in molecules of similar size;
in particular, it was found satisfactory even for steric effects.20,29


We investigated a group of common polar substituents including
also, as the limiting case, several charged groups. These should be
compared with isoelectronic groups (for instance CO2


− with NO2)
to distinguish roughly the steric, van der Waals effect from the
polar effects due to induced charged.


Calculations


The DFT energies of substituted cyclopropanes 1–3 were calcu-
lated at the B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) level
with the GAUSSIAN 03 program.30 Possible conformations were
always taken into consideration and calculations were started


Table 1 Calculated reaction energies of the isodesmic reactions, eqn (4)
or (5), and derived steric constants of substituents


Substituent
D4E/kJ mol−1,
eqn (4) t12 tef ref. 19


D5E/kJ mol−1,
eqn (5)


H 0 0 0 0
CH3 17.66a 0.51 0.52 6.21a


C2H5 18.29a 0.53 0.56 5.77a


CH(CH3)2 21.73a 0.63 0.76 7.41a


C(CH3)3 42.75a 1.24 1.24 17.66
C≡CH 8.06 0.23 0.58 0.59
CF3 21.47 0.62 0.90 7.02
CN 4.68 0.14 0.40 −1.05
Si(CH3)3 23.04 0.67 1.40 8.43
NH2 19.93 0.58 0.35 3.39
NO2 15.12 0.44 0.35 5.43
OH −0.95 −0.03 0.32 −6.29
OCH3 7.88 0.23 0.36 3.97
SO2CH3 21.00 0.61 1.13 6.32
F 5.84 0.17 0.27 1.68
Cl 10.72 0.31 0.55 1.91
C≡C− −3.20 −0.09 −0.94
CO2


− 9.06 0.26 4.55
NH3


+ −7.78 −0.23 −4.50
N(CH3)3


+ 31.91 0.93 12.66
O− −11.59 −0.34 −3.28


a Ref. 20.


from the appropriate structures; planarity or any symmetry was
never anticipated. No correction for the zero-point energy was
introduced. All structures were checked by vibrational analysis
and behaved as energy minima.


The DFT energies are listed in Table S1 (ESI†). Some important
geometric parameters of 2 and 3 are given in Table S2. The reaction
energies D4E and D5E of the reactions, eqn (4) and (5), respectively,
are listed in Table 1.


Results and discussion


Steric effects of nonpolar and polar groups


The interaction energies in t-butyl cyclopropane derivatives 2 and
methyl derivatives 3 are represented by reaction energies in eqn
(4) and (5), respectively. They are listed in Table 1, columns 2 and
5. The first question was whether the two scales are proportional,
which is in principle not necessary. Proportionality of steric effects
was observed only in very similar reactions and even there, the
dependence need not be linear.20 The dependence of D4E and D5E
is shown in Fig. 1. Note that the D5E values are rather small; for
instance, they could hardly be determined by experiments with an
acceptable accuracy. Therefore, most of the attention was given to
the greater values of D4E, which were also used to calculate new
steric constants t12 according to eqn (6). These are given in Table 1,
column 3, but let us stress that they are purely formal values
obtained only by scaling D4E to be comparable to the standard
values t. Concerning the dependence of D5E on D4E (Fig. 1), no
exceptional deviations and particular features were detected; the
observed scatter may be partly attributed to the small scale of
D5E. The only, perhaps significant, deviation may be that of the
substituent OH. We examined whether it could be connected to
change of conformation but found the same conformation for 2
and 3 with X = OH (H apart from the t-butyl or methyl group).
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Fig. 1 Comparison of the interaction (steric) energies of substituents in
two reactions: x-axis, strong effects in eqn (4), y-axis, weaker effects in
eqn (5); � uncharged substituents X, � charged substituents; the statistics
relate to the former set; some deviating substituents are marked.


Table 2 Short-range polar effects of charged substituents by comparison
with isoelectronic groups (kJ mol−1)


Substituent Reference group D7E, eqn (7) D8E, eqn (8)


C≡C− C≡N −7.9 0.1
CO2


− NO2 −10.9 −0.9
NH3


+ CH3 −25.4 −10.8
N(CH3)3


+ C(CH3)3 −10.6 −5.0
O− F −17.4 −5.0


We gave most attention to groups bearing a charge and
wanted to explore whether this charge influences significantly the
substituent effects, which then could not be denoted as purely
steric. One can imagine that the charge produces induced charges
in the near t-butyl group of 2 (or in the methyl group of 3); the
molecule would be stabilized and the apparent “steric” constant
(always destabilizing) would be reduced. In agreement with this,
the values of D4E and D5E for charged groups are small and may
become even negative, that is stabilizing (Table 1). We attempted to
obtain a semiquantitative description of this effect by comparing
the charged groups with similar isosteric and isoelectronic groups
without charge (Table 2). The energy difference may serve as an
estimate of the short-range polar effect. The values given in Table 2
were obtained by simple subtracting D4E or D5E of the two groups
but they can also be given a physical meaning in terms of the
isodesmic reactions eqn (7) or (8), where an uncharged group Y is
exchanged for the isosteric charged group X.


(7)


(8)


The values of D7E and D8E are stabilizing and their relative
values confirm the expectation. They are smaller (in absolute
values) when the charge is further apart or sheltered by further
atoms. Nevertheless, they are not more than rough estimates.
We have not attempted any electrostatic calculations since the
interaction with the induced dipole depends on the fourth power
of the distance (r−4), and a reasonable estimation of r is the main
problem in such calculations. Our conclusion is that the estimated
steric effects of charged groups are biased since they include
electrostatic induction; this may apply also, to a smaller extent,
to some strongly dipolar groups (CN, NO2) but would be difficult
to prove and to estimate quantitatively.


Relation to the standard steric constants


Scaled reaction energies D4E - t12 of the isodesmic reaction,
eqn (4), have been plotted in Fig. 2 vs. the standard steric
constants19tef. One could expect some parallelism but not an
exact linear dependence since D4E are values of energy and tef


should be based merely on the geometry.19 Note, however, that
any purely geometric volume of an atom does not exist; the van
der Waals radius depends on an assumed electron distribution and
on a deliberate limit; it can be defined differently. Moreover, some
values of tef (for unsymmetrical groups) were estimated from the
experimental values of reactivity.19


Fig. 2 Plot of the scaled steric energies determined in this work t12 vs.
the standard steric constants tef: � uncharged substituents, � charged
substituents; some important substituents are marked.


The most conspicuous features of Fig. 2 are the big deviations
downward of the charged substituents, particularly O−, NH3


+


and C≡C−. This is in agreement with the explanation given in
the preceding section: the charged substituents exert a stabilizing
effect due to induction in the crowded molecule 2. The deviations
are only in qualitative agreement with the effects estimated in
Table 2; a more quantitative approach cannot be attempted, in
our opinion. The forced conclusion is that charged substituents
must not be included in the scale of steric constants. Note that
they are not present in Charton’s tables;19 their values of tef were
calculated here from the van der Waals radii according to eqn
(3). Another consequence, perhaps less evident but important,
is that the same effect, although weaker, must be observed also
with polar uncharged groups. We examined in detail the pertinent
substituents in Fig. 2 but found no general proof. While the
deviations of groups SO2CH3 and CF3 could be attributed to such
induction, this is certainly not observable with the substituent
NO2. We also attempted to account for the substituent polarity
by multiple regression of D4E with tef and with the inductive
constants rI but no dependence on the latter was observed,
similarly as on further substituent constants. Evidently there is
another effect, which we can call deformability. The van der
Waals radius relates to the isolated molecule and gives no idea
how the electron distribution and energy are charged in the
proximity of another atom. A striking example is the substituent
Si(CH3)3. In comparison with C(CH3)3, it has an almost equal
van der Waals radius but it is apparently “softer”, that is, it
can be deformed with less energy. In our opinion, this principal
discrepancy cannot be improved and is the reason why the steric
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effects are not proportional in different reaction series, unless these
series are very similar. Such an example is shown in Fig. 1 but
great deviations were observed in series only slightly less similar.20


Correlations with steric constants described in the literature19,25,26


are only multiple regressions, in which t was only one of several
explanatory variables; the relative importance of these variables
would require a more detailed statistical analysis, also with respect
to the recently observed difference in resonance effects of donor
and acceptor substituents.31 With multiple regression, it may
be that a substituent effect is attributed to another explana-
tory variable; this is evident, for instance, from a correlation,
in which no inductive effect was found,19 although it cannot
be absent.


Steric effects on geometric parameters


Substituent effects on energy and on geometry are not always
parallel and their comparison has sometimes revealed different
mechanisms of interactions of the subgroups of substituents.20,31


Such comparisons are of merit, as they do not depend on any
constants r or on similar constructions, but use only directly
observable quantities. In compounds 2 and 3, the steric strain can
be relieved in several ways: extended bond length C1–C2, widened
bond angles ϑ 1 = ∠ X–C1–C2 and ϑ 2 = ∠ C1–C2–C, or non-
zero dihedral angle s = ∠ X–C1–C2–C. Previous experience of
alkyl substituents20 revealed that changes in the bond length C1–
C2 are negligible and the values of s are mostly small, but always
quite irregular: attention was focused on the average values of
bond angles, (ϑ 1 + ϑ 2)/2. A plot of (ϑ 1 + ϑ 2)/2 against D4E for
compound 2 is shown in Fig. 3. Deviations of charged substituents
were expected. For the other groups, an approximate linearity is
observed but it is strongly dependent on the substituent t-C4H9.
The deciding effect of the extreme points can also be observed in
Fig. 1 and in many other empirical relationships.32


Fig. 3 Dependence of the bond angles ϑ 1 and ϑ 2 in the cyclopropane
derivatives 2 on the relative energy D4E of the same compounds, eqn (4):
� uncharged substituents X, � charged substituents; the statistics relate
to the former set; some important substituents are marked.


The conclusions from Fig. 3 may be summarized thus: the
energy values, D4E, are prevailingly of steric origin when they
are roughly proportional to changes of geometry.


Conclusions


The principle of steric hindrance is certainly not to be doubted,
but the problem is whether the steric effects of individual groups
can be arranged into a unified scale of constants, which would be


valid for various molecules in various reactions. In this work, we
have defined one scale based on energy, strictly thermodynamically
defined, free of artificial constructions and independent of solvent
effects. However, this scale is not generally applicable, in particular
for charged and strongly polar groups, it does not describe pure
steric effects. As far as we know, exact parallelism of steric
effects was observed only in very similar model reactions (Fig. 1
of this work or ref. 20); in slightly less similar reactions, the
proportionality is violated.20 When we summarize these results
together with earlier results of multiple regression,19,25,26 we are
of the opinion that a universal scale of steric effects is not
possible.
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14 O. Exner and S. Böhm, Curr. Org. Chem., 2006, 10, 763–778.
15 O. Exner, J. Phys. Org. Chem., 1999, 12, 265–274.
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The photochemistry of three 5-allyloxy-tetrazoles, in methanol, acetonitrile and cyclohexane was
studied by product analysis and laser flash photolysis. The exclusive primary photochemical process
identified was molecular nitrogen elimination, with formation of 1,3-oxazines. These compounds were
isolated in reasonable yields by column chromatography on silica gel and were fully characterized.
DFT(B3LYP)/6-31G(d,p) calculations predict that these 1,3-oxazines can adopt two tautomeric forms
(i) with the NH group acting as a bridge connecting the oxazine and phenyl rings and (ii) with the –N=
bridge and the proton shifted to the oxazine ring. Both tautomeric forms are relevant in the photolysis
of oxazines in solution. Secondary reactions were observed, leading to the production of phenyl
vinyl-hydrazines, enamines, aniline and phenyl-isocyanate. Transient absorption, detected by laser flash
photolysis, is attributed to the formation of triplet 1,3-biradicals generated from the excited
5-allyloxy-tetrazoles. The 1,3-biradicals are converted to 1,6-biradicals by proton transfer, which, after
intersystem crossing, decay to generate the products. Solvent effects on the photoproduct distribution
and rate of decomposition are negligible.


Introduction


Tetrazoles have received much attention due to their important
industrial and biological practical applications.1 Most of these
applications are related to the acid–base properties of the tetrazolic
ring. In fact, the tetrazolic acid fragment, –CN4H, has similar
acidity to the carboxylic acid group, –CO2H, and is almost isosteric
with it, being metabolically more stable at physiologic pH.2 This
metabolic stability of the tetrazole ring strongly influences applica-
tions of its derivatives in medicine and, then, this heterocycle comes
out in the structure of many highly efficient drugs.3–9 Tetrazoles
are also used as stabilizers in photography, gas-generating agents
in airbags in the automobile industry, and herbicides, fungicides
and plant growth regulators in agriculture.10,11


In view of the widespread importance of many tetrazolyl deriva-
tives, we have held a continued interest in structure–reactivity
relationships of this class of compounds. Recently, photochemical
reactions of tetrazole-based compounds have been under scrutiny
in our group.


The photochemistry of tetrazole and some substituted tetrazoles
has been addressed elsewhere. According to these investigations,
tetrazole-ring cleavages leading either to azides or aziridines
represent the main characteristic photochemical reactions of this
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family of heterocycles. However, the nature of the ring substituents
strongly determines the precise nature and relative amounts of the
final photoproducts, making this type of compound an ongoing
scientific challenge.12–14


In previous contributions we have described the photochemistry
of some representative tetrazolyl compounds isolated in low-
temperature matrices.15–20 Recently we have also studied the
photochemistry of a series of 4-allyl-tetrazolones (1, Scheme 1)
in solution,21 and proved that photolysis in alcoholic solutions
results in exclusive formation of 3,4-dihydro-6-substituted-3-
phenylpyrimidin-2(1H)-ones (2, Scheme 1), which are versatile
intermediates in heterocyclic synthesis.22


Scheme 1 Photochemical conversion of 4-allyl-tetrazolones 1 into 3,4-di-
hydro-6-substituted-3-phenylpyrimidin-2(1H)-ones 2.


Mechanistically, we postulated that these reactions presumably
take place via formation of a triplet biradical intermediate 1(i).
Photoexcitation of 4-allyl-tetrazolones promoted by UV radiation
leads to elimination of N2 from the tetrazole ring, yielding the
biradical 1(i). In a second step, this intermediate rapidly undergoes
a 1,2-migration of hydrogen and closes the ring to form the
pyrimidinone 2, in an exothermic process.


The participation of the reactive triplet intermediate 1(i) could
not be unequivocally proved. However, this mechanism is sup-
ported by the effect of solvent viscosity on the photolysis quantum
yields, and the sensitizing effect of the dissolved oxygen upon the
photodegradation of tetrazolone 1, interpreted as a consequence
of the T → S conversion of triplet biradicals 1(i) opening the way
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to the formation of the product 2. Both effects were explained by
the involvement of a caged triplet radical pair.21


Dunkin et al. described the photochemistry of 1,4-dihydro-
5H-tetrazole derivatives isolated in low-temperature matrices.23


In that work, the authors also interpreted the results obtained
upon matrix photolysis on the basis of a biradical intermediate,
invoking a mechanism similar to the one proposed by us for
the photo-conversion of 4-allyl-tetrazolones into pyrimidinones.
Earlier, Quast and co-workers had studied the photochemistry of a
series of tetrazole derivatives, concluding that the photochemically
induced opening of the tetrazole ring is a very common process.24–28


Herein we present results on the photochemistry of 5-allyloxy-
tetrazoles (3a–c, Scheme 2) in solution. Besides our own interest
in understanding the mechanism of photocleavage of these ethers,
the possibility of isolation and characterization of reaction photo-
products may be particularly important for synthetic applications.


Scheme 2 Structure of 5-allyloxy-tetrazoles 3a–c.


Results and discussion


Steady-state photolysis: photoreactivity and photoproduct
distribution


The 5-allyloxy-tetrazoles studied were synthesized from the cor-
responding allylic alcohols, initially converted into the alkox-
ides with sodium hydride, and then reacted with 5-chloro-1-
phenyltetrazole.29


UV spectra of ethers 3a and 3b show absorption maxima around
230 nm, while the ether 3c exhibits an intense absorption band at
about 250 nm, due to the bathochromic effect of the phenyl ring
(Fig. 1). The substrates dissolved in methanol, acetonitrile and
cyclohexane were irradiated with a low-pressure mercury lamp
(k = 254 nm). The progress of the photoreactions was monitored
by HPLC and GC-MS and the quantum yields for photocleavage
were determined in each one of the tested solvents.


Fig. 1 shows changes in the UV absorption spectra of com-
pounds 3a–c caused by the irradiation (k = 254 nm) of their air-
equilibrated methanolic solutions. For compound 3a, the absorp-
tion peak around 230 nm decreased with irradiation time, while a
new absorption band grew at 238 nm. These spectral changes are
very similar to those observed for derivative 3b, indicating that the
methyl group attached to the allylic chain exerts a negligible effect
on the photoreactivity. Moreover, in the spectra of compounds
3a and 3b (Fig. 1), the absorptivity at 254 nm registered for the
new band belonging to the photoproducts is higher than that of the
initial substrates at the same wavelength. This fact will significantly
reduce the apparent photodecomposition rates of the two ethers,
since the formed photoproducts absorb a large part of the incident
UV light.


Interestingly, for ether 3c, the reaction proceeds faster than for
compounds 3a and 3b, as seen from their absorption spectral
changes, showing an isosbestic point at ≈275 nm. In Fig. 1 (3c)


Fig. 1 Changes in UV spectra of 5-allyloxy-tetrazoles 3a–c in methanol
(1 × 10−4 mol dm−3) induced by UV irradiation (k = 254 nm) at room
temperature, with intervals of 30 s (3a, 3b) and 15 s (3c). The vertical
arrows indicate the evolution of absorbance with the irradiation time.


we can observe that the absorptivity at 254 nm registered for the
new bands belonging to the photoproducts is lower than that of
the initial substrate at the same wavelength. For derivative 3c, the
competition for the UV light between the photoproducts and the
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substrate is much less marked, due to the absorption of the large
part of the incident UV light by the substrate.


HPLC and GC-MS analysis of irradiated methanolic solutions
of ethers 3a–c led to the identification of one primary photoprod-
uct for each of the three derivatives. These primary photoproducts
result from N2 elimination from the tetrazolyl ring system through
photo-induced cleavage of the two weakest N–N formally single
bonds of the heterocycle, and were characterized as N-phenyl-1,3-
oxazines 4a (m/z = 174), 4b (m/z = 188) and 4c (m/z = 251)
(see Fig. 2). Preparative-scale irradiations of the three tetrazolyl
ethers in methanol were performed, aiming at the isolation of
the primary photoproducts. These irradiations were carried out in
cylindrical quartz cells with a 50 mm light path, using 50 mg of the
starting material (see experimental section) and were controlled
by TLC and HPLC. Irradiation of the sample continued until
the first detection of a secondary photoproduct. The remaining
starting material was separated from the primary photoproduct
by column chromatography on silica gel. Mass spectrometry (CI)


Fig. 2 Proposed photodegradation pathways for 5-allyloxy-tetrazoles
3a–c, in solution.


and 1H-NMR analysis of the isolated primary extracts confirmed
the structures of compounds 4a–c.


Oxazines 4a–c can adopt two tautomeric forms, depending on
the position of the amino function on the molecule. The NH
group can act as a bridge, connecting the oxazine and phenyl
rings, or this group can be alternatively included in the oxazine
ring. DFT calculations performed at the B3LYP/6-31G(d,p)
level of theory carried out for the two tautomers of oxazines
4a and 4b, led to the identification, for both compounds, of
two low-energy local minima when the NH group is connected
to the two rings (structure 4(i) in Fig. 2), and of three low-
energy local minima when the NH function is included in the
oxazine ring (structure 4(ii) in Fig. 2). Calculations performed
at the same level of theory for oxazine 4c revealed nine low-
energy local minima for the two tautomers of this compound:
four minima with the NH group linking the phenyl and oxazine
rings, and five minima with the NH included on the oxazine
ring. All possible conformers and tautomers of oxazines 4a–c
have been theoretically investigated and the calculated Hessian
matrices showed no imaginary frequencies, confirming that all the
structures are true energy minima. For simplicity, only the data
for the most stable structure of each compound are included in
the ESI (pages S4–S6).†


In order to estimate the conformational and tautomeric com-
position of compounds 4a–c in solution, the thermochemical
calculations were carried out for all compounds at 25 ◦C. Based
on the calculated Gibbs free energies, the equilibrium Boltzmann
populations were estimated for all tautomers/conformers and the
selected results are presented in Table 1.


Because of the significant energy differences between the
tautomers 4(i) and 4(ii), it can be expected that the population
of oxazines at 25 ◦C will be dominated by structures 4(i). Indeed,
for all compounds 4a–c, predicted populations of forms 4(i) exceed
96% (see Table 1). The contribution of the minor tautomer 4(ii)
to the equilibrium mixture was predicted to range from about 2
to 4%, for isolated molecules in vacuum. It is important to call
attention to the fact that the total dipole moments of tautomers
4(ii) are systematically higher than those of the tautomers 4(i)
(Table 1). It may be expected that, in the polar media, forms 4(ii)
will undergo additional stabilization with respect to forms 4(i),
and the relative population of the minor conformer will increase.
Based on this reasoning, we may conclude that both the tautomers
4(i) and 4(ii) will be relevant for further photolysis of oxazines 4a–c
in solution. Therefore, the secondary photoproducts of 5-allyloxy-
tetrazoles 3a–c will be formed via photodecomposition of forms
4(i) and 4(ii), as presented in Fig. 2.


Table 1 B3LYP/6-31G(d,p) calculated relative energies, populations and dipole moments for tautomers (i) and (ii) of oxazines 4a–ca


Relative energy/kJ mol−1 Population (%) Dipole moment (Debye)


Substrate (i) (ii) (i) (ii) (i) (ii)


4a 0 9.8 98.2 1.8 1.97 3.80
4b 0 7.6 96.0 4.0 1.63 4.21
4c 0 8.2 98.3 1.7 1.88 4.33


a Relative energies and dipole moments correspond to the most stable conformations of tautomers (i) and (ii); populations correspond to the sum of
populations of all conformers within a given tautomer, and were estimated based on the calculated relative Gibbs energies at 25 ◦C.


1048 | Org. Biomol. Chem., 2008, 6, 1046–1055 This journal is © The Royal Society of Chemistry 2008







We propose four different photochemical channels for the
photodegradation of oxazines 4a–c in methanol (routes A–D,
Fig. 2).


In the first channel (route A), photoproduct 5 (a phenyl vinyl-
hydrazine) is formed by extrusion of carbon monoxide from the
oxazine ring. In the second photochemical channel (route B), the
oxazine is directly converted, via a concerted mechanism, into
aniline 6 and photoproduct 7, also with CO extrusion.


The proposal of the independent photochemical channel (route
A) leading to formation of aniline and products 5 and 7, is
fully justified by the fact that product 5 and aniline start to be
detected at the same reaction time. Upon continued exposure to
UV radiation, even after complete decomposition of substrates
3a–c into the primary photoproducts, we noted that the concen-
tration of product 5 was decreasing, accompanied by a similar
growth of aniline concentration. Hence, aniline and product
7 cannot result exclusively from oxazine photodecomposition
through a concerted mechanism (route B), being also a product of
photodecomposition of the photoproduct 5 (route A). Probably,
both routes A and B operate via the same transient species formed
after absorption of a photon by the oxazine tautomers 4(i) (Fig. 2).


The production of aniline, directly from oxazine tautomers
4(i) or by photodegradation of compound 5, should involve
the formation of the phenylnitrene intermediate [Ph–N:], which
subsequently abstracts two hydrogen atoms from the environment,
forming product 6 (see Fig. 2). The proposed source of the two
hydrogen atoms required to form aniline will be addressed further
in this work, together with a discussion of the kinetics of the
photoreactions.


The photoproducts 7a (R = H; m/z = 55) and 7b (R = CH3;
m/z = 69) have never been detected chromatographically in the
course of the irradiation experiments. This could be explained
by their high volatility, fast photodecomposition into molecular
products of lower weight, or very rapid elution in the chromato-
graphic conditions used. On the other hand, the photoproduct
7c (R = Ph; m/z = 131) was clearly identified by GC-MS. The
attribution of chemical structures to products 5 and 7 was based
on their mass spectra, through the analysis of the fragmentation
patterns exhibited. Aniline was easily identified, comparing the
respective chromatogram with that of an authentic aniline sample.


A single photochemical channel is proposed for the formation
of product 8 (phenyl-isocyanate). This species is formed via
degradation of the minor oxazine tautomer 4(ii) (route C, Fig. 2).
As for aniline, phenyl-isocyanate was identified using an authentic
sample for comparison. Formation of phenyl-isocyanate in the
photochemical channel C implies formation of a by-product also
produced in routes A and B, namely product 7.


Apparently, phenyl-isocyanate, also obtained as a stable sec-
ondary photoproduct upon photolysis of 4-allyl-tetrazolones21


could undergo photocleavage to phenylnitrene [Ph–N:], with
elimination of CO, which could then abstract hydrogen to form
aniline. However, in view of the experimental observations, we
consider that aniline and phenyl-isocyanate are produced via two
independent photodegradation channels of oxazines (routes A,
B and C, Fig. 2). In the course of the irradiation experiments,
simultaneous formation of photoproducts 6 and 8 was detected,
indicating that aniline does not derive from phenyl-isocyanate.
This hypothesis was confirmed by HPLC analysis of irradiated
solutions of phenyl-isocyanate in methanol, under conditions


similar to those used for 5-allyloxy-tetrazoles 3a–c. Phenyl-
isocyanate remained photostable upon prolonged irradiation at
254 nm, and no aniline formation was ever detected.


Another photoproduct was identified upon irradiation of ethers
3a–c in methanolic solutions, namely benzyl carbamate (10, m/z =
151) (route D, Fig. 2). One possible explanation for the formation
of compound 10 could be the rearrangement of methyl phenyl-
urethane (9, Fig. 2), produced from the reaction of phenyl-
isocyanate, formed via route C, with a solvent molecule. To check
this hypothesis, we have used an authentic sample of carbamate 9
and irradiated it in a methanolic solution under conditions similar
to those used for the tetrazolyl ethers. However, chromatographic
analysis demonstrated that benzyl carbamate is not a product of
photodegradation of carbamate 9. Therefore, at the present stage
the pathway leading to formation of benzyl carbamate 10 upon
photolysis of tetrazolyl ethers 3a–c remains unclear.


The kinetics of photodecomposition of 5-allyloxy-tetrazoles
3a–c in methanolic solution are shown in Fig. 3, along with
the kinetics of photoproducts formation. After 120 minutes of
UV-irradiation, about 90% of the reagents 3a–c were consumed.
The photodecomposition of ether 3c occurs faster. After 30
minutes, 63% of compound 3c was consumed, against 38% for
compounds 3a,b. After formation of the primary photoproducts
4a–c, we found that, among the secondary photoproducts, the
transformation of oxazines into phenyl-isocyanate (route C, Fig. 2)
proceeds with the highest efficiency, as can be observed in Fig. 3.
This observation indicates that, in solution, the population of
tautomer with the higher dipole moment, 4(ii), might be higher
than that predicted for the gas phase on the basis of molecular
orbital calculations. But more important is the fact that the
population of 4(ii) is constantly maintained as “small-but-present”
due to dynamic equilibrium with 4(i) in solution. Then the
photoreaction may be derived from the constantly re-populated
4(ii), if 4(i) is not reactive (or not reactive enough) and serves
mainly as a source of 4(ii).


Fig. 4 shows the changes in the UV absorption spectra of
ethers 3a–c upon UV-irradiation (k = 254 nm) in air-equilibrated
acetonitrile and cyclohexane solutions. The evolution of the UV
absorption spectra reveals that the photoreactivity of 3a–c should
be very similar in acetonitrile and cyclohexane. The absorption
band around 230 nm present in the spectra of compounds 3a
and 3b decreased with irradiation time, while a new band grew at
238 nm. Fig. 5 shows the kinetics for the photodecomposition of
5-allyloxy-tetrazoles (3a–c) in acetonitrile. As in methanol so-
lutions, the photoreactivities of compounds 3a and 3b are very
similar, whereas the photodecomposition of 3c is faster. Both the
reaction rates and the photoproduct distributions are very similar
in the three solvents, with the extrusion of the N2 from the tetrazole
ring remaining the sole primary process of photodegradation of
tetrazoles 3a–c, leading to the formation of oxazines 4a–c.


Analysis of the kinetic results obtained for the photodegrada-
tion of ethers 3a–c in the three tested solvents clearly shows that the
effect of the nature of the solvent on the photoproduct distribution
is very weak, i.e., the relative percentage of photoproducts is
maintained for all cases. In methanolic solution, formation of
benzyl-carbamate is observed, due to nucleophilic attack by
methanol.


The analysis of the kinetics of photoreactions led us to propose
a possible mechanism for aniline formation from phenyl-nitrene
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Fig. 3 Time evolution of the amount of 5-allyloxy-tetrazoles 3a–c and of
photoproducts resulting from UV-irradiation (k = 254 nm) in methanolic
solution (1 × 10−4 mol dm−3). The amount of reagent before irradiation
was assumed to be 100%. The yields of different photoproducts were
monitored by gaseous chromatography. Note that the ordinate scale is
logarithmic. Note the assignment of geometrical symbols (rhombs—3a–c,
squares—oxazine, triangles—aniline, circles—phenylisocyanate, etc.) to
particular photoproducts on top of each frame.


in photochannels A and B. All kinetics resemble each other
very closely, and occur in solvents that are very different from
the viewpoint of proton-affinities: methanol, cyclohexane and
acetonitrile. It is very unlikely that the two additional hydrogen
atoms required for formation of aniline are provided by the
solvent. Most probably, the compound itself undergoes an
additional photochemical transformation resulting in abstraction
of two H atoms. This abstraction does not involve the three
R-substituents (hydrogen, methyl, phenyl), since aniline formation
is observed in all cases. We suggest that the two hydrogen atoms


(the most labile H’s) are abstracted from positions 3 and 6 of
the oxazine ring of 4a–c photoproducts in their 4(ii) tautomeric
form. The suggested mechanism for hydrogen abstraction is
shown in Scheme 3. The optimized structures of derivatives
11a–c are included as ESI (pages S14–S15).† An analogous
photochemically induced hydrogen abstraction was reported for
1,4-cyclohexadiene in pentane solution30 and the possibility of
the occurrence of such a reaction was also shown theoretically.31


Photolysis quantum yields


Quantum yields for the photodecomposition of 5-allyloxy-
tetrazoles 3a–c were determined in the three solvents. They are
collected in Table 2 and show that the photoreactivity is very
similar in acetonitrile and cyclohexane and is only slightly higher
in methanol. Thus, the solvent effect on reactivity is indeed very
weak. However, the enhancement of the photolysis quantum yield
caused by the introduction of a phenyl on the allylic chain is much
more pronounced.


Laser flash photolysis and mechanistic considerations


Laser flash photolysis of 5-allyloxy-tetrazoles 3a–c in acetonitrile
at 266 nm revealed formation of short-lived transient species,
as detailed in Table 3. The transient decay for ether 3a is
apparently biexponential, with the contribution of the slower
transient increasing at higher concentrations of the substrate. The
faster transient for ether 3a is spectrally similar to that of ether 3b,
presented in Fig. 6 (top), with the lifetimes only slightly affected by
the presence of dissolved oxygen. We identify these two transients
as reactive radical species.


Laser flash photolysis of a deaerated 10−4 mol dm−3 solution
of tetrazole 3b in acetonitrile yielded a wide transient absorption,
with a maximum at 300 nm (see Fig. 6). The lifetime of this species
was around 800 ns under our experimental conditions.


Ether 3c is once again a special case. The corresponding
transient appears at shorter wavelengths, with the decay kinetics
clearly accelerated by the dissolved oxygen (see Table 3). We
identify this transient as a triplet excited state. Compared with


Table 2 Quantum yields (Uobs) for the photodegradation of 5-allyloxy-
tetrazoles 3a–c, in the range of solvents used (k = 254 nm, 25 ◦C)


Solvent (air-equilibrated) 3a, Uobs 3b, Uobs 3c, Uobs


CH3CN 0.023 0.021 0.106
Cyclohexane 0.025 0.020 0.112
CH3OH 0.037 0.035 0.144


Table 3 Selected spectral and kinetic parameters for the transient species
detected by laser flash-photolysisa


Transient 1 Transient 2


Ether Lifetime/ls kmax/nm Lifetime/ls kmax/nm


3a (N2, sat.) 2.2 350 13.8 310
3a (O2, sat.) 1.3 330 10.0 290
3b (N2, sat.) 0.8 300 — —
3b (O2, sat.) 0.7 320 — —
3c (N2, sat.) 2.3 290 — —
3c (O2, sat.) 0.5 290 — —


a Results obtained in acetonitrile with excitation at 266 nm.
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Fig. 4 Changes in UV spectra of 5-allyloxy-tetrazoles 3a–c in acetonitrile (left) and cyclohexane (right) (1 × 10−4 mol dm−3) induced by UV irradiation
(k = 254 nm) at room temperature, with intervals of 30 s (3a, 3b) and 15 s (3c). The vertical arrows indicate the evolution of absorbance with the irradiation
time.


ethers 3a–b, the excited-state lifetime of the substrate 3c is
increased due to the presence of a larger “p”-electronic system,
whereas the hydrogen transfer reaction is further accelerated by
the presence of the R = Ph substituent and does not limit the


overall reaction kinetics any more. This justifies the identification
of the transients observed for 3a–b as radical species, and that for
3c as the triplet excited state. This assumption is further supported
by the considerations that follow.
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Fig. 5 Time evolution of the amount of 5-allyloxy-tetrazoles 3a–c and of
photoproducts resulting from UV-irradiation (k = 254 nm) in acetonitrile
solution (1 × 10−4 mol dm−3). The amount of reagent before irradiation
was assumed to be 100%. The yields of different photoproducts were
monitored by gaseous chromatography. Note that the ordinate scale is
logarithmic. Note the assignment of geometrical symbols (rhombs—3a–c,
squares—oxazine, triangles—aniline, circles—phenylisocyanate, etc.) to
particular photoproducts on top of each frame.


Fig. 6 Absorption spectra observed for the transient species formed
upon laser excitation of 3b (top) and 3c (bottom) in acetonitrile (1 ×
10−4 mol dm−3), under nitrogen, immediately after the laser (266 nm) pulse.
The inserts show decays, as monitored at 310 nm (3b, top) and 290 nm (3c,
bottom).


Indeed, the photoinduced loss of nitrogen from tetrazoles 3a–c
may involve a cycloelimination leading to a diazirine that reacts
further to give the observed oxazines 4a–c, or may occur through a
biradical intermediate that subsequently cyclises to give the same
compounds 4a–c. Usually, the transition state associated with a
concerted mechanism (cleavage of two N–N formally single bonds
and formation of one new N–N formally single bond and the
transformation of N=N double bond into N≡N triple bond) has a
higher polarity than the initial substrate. Considering the variation
in polarity associated with the three solvents used in this work, it
appears that the solvent polarity effects are weak or absent during
tetrazolone photolysis, contrasting with what could be expected
for a concerted process occurring via a polar transition state.


Scheme 3 Proposed mechanism for the hydrogen abstraction from oxazines 4a–c in their 4(ii) tautomer modification.
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It is well known that biradicals are among the most important
intermediates in solution-phase organic photochemistry. However,
and in agreement with reports in the literature, detection of these
intermediates is not easy, and could not be achieved in this work.
In some related investigations, such species were detectable only
in a limited number of cases.23 On the other hand, based on the
experimental results obtained, namely on the weak solvent effects,
it is our conviction that a radicalar mechanism operates in this
case.


Hence, we attribute the observed transients of 5-allyloxy-
tetrazoles 3a–c to the triplet biradicals 3(i) obtained through
homolytic cleavage of two N–N single bonds, and the observed
kinetics to the respective proton transfer reaction 3(i) → 3(ii)
(see Fig. 2). After conversion of triplet 1,6-biradicals 3(ii) into
singlet biradicals via intersystem crossing, these intermediates
decay to the ground state yielding final products. Presumably,
faster intersystem crossing occurs when the approach of both
radical termini becomes easier. In the case of 3c, the triplet excited
state lives longer, whereas the proton transfer reaction 3(i) → 3(ii)
operates faster, by influence of the phenyl substituent group, and
therefore does not limit the overall reaction kinetics, as happens
for the substrates 3a and 3b.


Conclusions


The results reported in this paper answer several important mech-
anistic questions concerning the photochemistry of 5-allyloxy-
tetrazoles 3a–c. Photolysis of these compounds in the steady-state
has been investigated in methanol, acetonitrile and cyclohexane
solutions. Through this study we have shown that the exposure
of tetrazoles 3a–c to UV light (k = 254 nm) induces a primary
photochemical process in which molecular nitrogen is elimi-
nated, producing oxazines 4a–c. In preparative-scale experiments,
compounds 4a–c were isolated from the reaction medium and
fully characterized. DFT(B3LYP)/6-31G(d,p) calculations pre-
dict that, in the gaseous phase, oxazines 4a–c should mostly exist in
the tautomeric form where the NH group is the bridge connecting
the oxazine and phenyl rings (the lowest-energy structures). The
tautomers of 4a–c with the NH function included in the oxazine
ring are higher in energy, the differences exceeding 7.5 kJ mol−1.
However, it is expected that, in the polar media, the higher-
energy forms of oxazines will undergo additional stabilization
with respect to the lowest-energy structures, and the relative
population of the minor conformer will increase. In fact, secondary
photoproduct analysis supports this interpretation. It is clear from
the experiments that the presence of both oxazine tautomers
is relevant in solution, increasing the number of secondary
photodegradation channels in the three solvents. From these,
phenyl vinyl-hydrazines 5a–c, enamines 7a–c, aniline and phenyl-
isocyanate were obtained. The pathway leading to production of
phenyl-isocyanate predominates, this resulting from photocleav-
age of oxazine 4(ii). Kinetic results for the photodegradation
of ethers 3a–c in different solvents show that the effect of the
nature of the solvent on the photoproduct distribution is very
weak and the relative yields of photoproducts are maintained in
all cases. However, there is a structural effect on the photolysis
quantum yields upon introduction of a phenyl on the allylic chain.
Mechanistically, primary photoexcitation of 5-allyloxy-tetrazoles
should involve formation of a triplet 1,3-biradical with a lifetime


of ca. 10−6 s, which subsequently isomerizes to form a triplet 1,6-
biradical. After intersystem crossing, the 1,6-biradical decays to
the ground state to form the products.


Experimental section


Materials


All chemicals were used as purchased from Aldrich. Solvents for
extraction and chromatography were of technical grade. When
required, solvents were freshly distilled from appropriate drying
agents before use. Compounds 3a–c were synthesized as described
elsewhere.29


Equipment and experimental conditions


Analytical TLC was performed with Merck silica gel 60 F254


plates. Melting points were recorded on a Stuart Scientific SMP3
melting point apparatus and are uncorrected. UV absorption
spectra were recorded on a Varian CARY 50 Bio UV–Visible
Spectrophotometer. Mass spectra were obtained on a VG 7070E
mass spectrometer by electron ionization (EI) at 70 eV. 1H
NMR (400 MHz) spectra were obtained on a Bruker AM-
400 spectrometer using TMS as the internal reference (d =
0.0 ppm). Elemental analyses were performed on an EA1108-
Elemental Analyzer (Carlo Erba Instruments). Infrared spectra
were obtained as neat oils, or solids in NaCl on a Bruker FTIR-
TENSOR 27 spectrometer.


HPLC analyses were performed using an Agilent 1100 Series
chromatograph with a 655A-22 UV detector and Shimadzu SPD-
M6A Photodiode Array. A LiChroCART 125 column (RP-18,
5 lm, Merck) was used and the runs were performed using a
mixture of water and acetonitrile (40 : 60) as the eluent.


GC-MS analyses were carried out using a 6890-N Network
GC System gas chromatograph with a 5973 inert Mass Selective
Detector (E.I. 70 eV) of Agilent Technologies, using a DB-
35MS capillary column with 30 m length and 0.25 mm I.D.
(J & W Scientific, Agilent). The initial temperature of 50 ◦C was
maintained during 3 min and then a heating rate of 10 ◦C min−1 was
applied, until a final temperature of 250 ◦C was reached. Analyses
were conducted on irradiated samples and on control solutions,
kept in darkness. Controls showed no sign of degradation.


Optical bench irradiation system


Steady-state photolysis experiments were carried out in acetoni-
trile, cyclohexane and methanol using 1 × 1 cm fused-silica cells
(Hellma) on a standard optical bench system. Photolyses were
conducted with the cells at a distance of 10 to 40 cm from the
Hg lamp. Generally, 10−4 mol dm−3 solutions of substrates were
used when the analysis was carried out by UV–Visible absorption
spectrophotometry. More concentrated solutions (10−2 mol dm−3)
were irradiated under the same conditions for product identifica-
tion using GC-MS and HPLC. The 254 nm UV radiation was
performed using a 16 W low-pressure mercury lamp (Applied
Photophysics). A suitable interference filter was used to isolate
the 254 nm line of the Hg lamp. Photolysis quantum yields were
measured using ferrioxalate actinometer.32–34
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Laser flash-photolysis


Flash photolysis experiments were carried out on an Applied
Photophysics LKS.60 laser-flash-photolysis spectrometer, with a
Spectra-Physics Quanta-Ray GCR-130 Nd/YAG laser (fourth
harmonic, 266 nm) for excitation and a Hewlett–Packard Infinium
Oscilloscope for transient decay capture. Sample solutions were
pumped through a quartz cell at a 0.8 mL min−1 flow rate (SSI
chromatographic pump).


Computational methods


The equilibrium geometries for compounds 4a–c, 5a–c, 6,
7a–c, 8, 9, 10 and 11a–c were fully optimized at the DFT level
of theory with the standard 6-31G(d,p) basis set, using the
Gaussian 03 program.35 DFT calculations were carried out with
the B3LYP three-parameter density functional, which includes
Becke’s gradient exchange correction36 and the Lee, Yang and Parr
correlation functional.37 No symmetry restrictions were imposed
on the initial structures. Geometries, energies and Cartesian
coordinates for the most stable conformers of molecules studied
are included as ESI (pages S4–S26).†


General procedure for the preparation of compounds 4a–c
(preparative scale irradiations)


Irradiations at k = 254 nm were carried out using a 10 mL
cylindrical quartz cell with a 50 mm light path (Hellma). Solutions
of ethers 3a–c (50 mg in 10 mL of acetonitrile) were irradiated
with continuous stirring, with the cell at a distance of 10 cm from
the Hg lamp. The sample irradiation continued until detection
of a secondary photoproduct, corresponding to the substrate
conversion of about 30%, as monitored by HPLC analysis. At this
point the solutions were removed and evaporated to concentrate
the photoproducts. The photoproducts 4a–c were isolated from the
crude by column chromatography on silica gel, using a mixture
of hexane and ethyl acetate as eluent. 1,3-Oxazines 4a–c were
obtained as light-yellow oils.


N-Phenyl-6H-1,3-oxazin-2-amine (4a). Ether 3a was irradi-
ated during 10 h. The crude oil was chromatographed on silica gel
(hexane–AcOEt 10 : 1), to give 15 mg (34%) of 4a as a yellow oil.
IR (NaCl disks), mmax: 3270 (N–H), 1672, 1642, 1595, 1560, 1498,
1448, 1228, 1073, 1021, 992 and 759 cm−1; 1H NMR (400 MHz,
CDCl3): d 4.22 (1H, s, N–H), 5.06–5.10 (2H, d, –CH2–), 5.33–5.38
(1H, d, =CH–N), 6.05–6.08 (1H, m), 7.36–7.45 (1H, d), 7.46–7.52
(2H, t), 7.64–7.69 (2H, d) ppm; MS (EI), m/z 175 [M + H]+; Acc.
Mass (CI): found = 175.1312, calcd for C10H11N2O: 175.1344.


4-Methyl-N-phenyl-6H-1,3-oxazin-2-amine (4b). Ether 3b was
irradiated during 10 h. The crude oil was chromatographed on
silica gel (hexane–AcOEt 10 : 1), to give 13 mg (30%) of 4b as a
yellow oil. IR (NaCl disks), mmax: 3264 (N–H), 2929, 1673, 1638,
1595, 1559, 1498, 1448, 1368 and 757 cm−1; 1H NMR (400 MHz,
CDCl3): d 0.92 (3H, s, –CH3), 4.20–4.24 (2H, t, –CH2–), 5.02–5.08
(1H, t, =CH), 5.34 (1H, s, N–H), 7.45–7.54 (3H, m), 7.69–7.75
(2H, d) ppm; MS (EI), m/z 189 [M + H]+; Acc. Mass (CI): found =
189.2161, calcd for C11H13N2O: 189.2171.


N ,4-Diphenyl-6H-1,3-oxazin-2-amine (4c). Ether 3c was irra-
diated during 6 h. The crude oil was chromatographed on silica


gel (hexane–AcOEt 6 : 1), to give 15 mg (33%) of 4c as a yellow oil.
IR (NaCl disks), mmax: 3255 (N–H), 1678, 1597, 1543, 1498, 1444,
1314, 1250, 1223 and 752 cm−1; 1H NMR (400 MHz, CDCl3):
d 4.79–4.81 (2H, d, –CH2–), 5.42 (1H, s, N–H), 6.72–6.79 (1H,
t, =CH), 7.28–7.33 (3H, m), 7.43–7.48 (4H, m), 7.55–7.60 (3H,
m) ppm; MS (EI), m/z 251 [M + H]+. Acc. Mass (CI): found =
251.2312, calcd for C16H15N2O: 251.2312.
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The synthesis of 24-membered macrocycles is described, in which rigid xanthene units (X) and/or
diphenyl ether units (D) as flexible analogues are linked via urea groups. All four possible combinations
(XXX, XXD, XDD, DDD) have been obtained with yields of 40–72% for the cyclisation step. In two
cases, the respective cyclic hexamers (XXDXXD, XXXXXX) were also isolated. Two compounds have
been characterised by a single crystal X-ray analysis of the free triurea (XXD, XDD) and one example
(DDD) by its complex with tetrabutylammonium chloride. It shows the chloride anion in the centre of
the macrocycle, held by six NH · · · Cl− hydrogen bonds. The interaction with various other anions has
been studied by 1H NMR. Complexation constants for chloride, bromide and acetate have been
measured for all trimers by UV spectrophotometry. Molecular dynamics simulations have been carried
out to determine the conformation of the free receptors in chloroform and acetonitrile. They show that
in chloroform, intramolecular hydrogen bonding occasionally facilitated by trans→cis isomerisation of
an amide bond dominates the conformation of the macrocycles while in acetonitrile (the solvent used
for complexation measurements), the ligating urea NH protons are properly arranged for the
complexation of anions, however, their strong solvation is counteractive to the complexation.


Introduction


Amide groups are often used as hydrogen bond donors in synthetic
anion receptors.1 They have been combined as podands on a suit-
able platform, e.g. a calix[4]arene,2 or included into macrocyclic3


or macrobicyclic molecules.4 Urea or thiourea functions are able
to form “three centered” hydrogen bonds to an appropriate
acceptor atom.5 Consequently, various anion receptors based on
oligoureas have been described, in which the urea groups are either
arranged as podands or incorporated into a macrocycle,6 while
macrobicyclic oligourea molecules are not known.


In spite of these numerous examples, anion binding by neutral
cyclic oligoureas has not yet shown remarkable results. This may
be due to an insufficient complementarity or to intramolecular
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hydrogen bonding in the macrocycle. On the other hand, it is
tempting to envisage anion receptors for the planar nitrate anion
based on a suitable cyclic arrangement of three urea groups.7 We
therefore started with the question, what would be an appropriate
spacer holding three urea groups in the optimum position, and we
tried to find some guidelines by molecular modelling.


Based on molecular modelling studies,8 the 4,5-substituted
xanthene skeleton was evaluated as an appropriate spacer
between the urea functions (Fig. 1). Along with its rigidity, it has
an additional advantage. The repulsion between the xanthene
oxygens and the urea oxygens should favour conformations in
which the urea hydrogens are oriented towards the centre of
the macrocycle. This “preorganization” should also minimise
intermolecular hydrogen bonding.


The known 2,7-di-tert-butyl-9,9-dimethyl-4,5-diamino-xan-
thene 1 (X-unit) was chosen as a building block for the synthesis
of macrocycles, since it is easily prepared from the commercially
available dicarboxylic acid.9 This xanthene-derived spacer was al-
ready used in some simple open chain urea-based anion receptors,
which demonstrated promising results.10


In general, the receptor properties of a host molecule are
determined by a delicate balance between the prearrangement
of ligating functions due to a certain “rigidity” and the ability
to adapt to the target guest by a sufficient “flexibility”. Thus we
decided to introduce, besides the rigid xanthene units, the more
flexible diphenyl ether derivative 2 (D-unit), which could also be
prepared following relatively simple procedures.11


Results and discussion


Syntheses


The family of cyclic trimers based on these two units X and
D consists of four possible compounds 10 (XXX), 11 (XXD),
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Fig. 1 Cyclic triureas with rigid spacers as potential receptors for the nitrate anion.


Scheme 1 Reagents and conditions: (a) triphosgene, diisopropylethylamine, CH2Cl2, r. t., 3 h; (b) Boc-anhydride, THF, 25 ◦C, 18 h; (c) Boc-anhydride,
THF, 60 ◦C, 48 h; (d) N-acylation: p-nitrophenyl chloroformate, diisopropylethylamine, THF, 60 ◦C, 18 h; deprotection: trifluoroacetic acid, CH2Cl2, r.
t., 3 h; (e) 7 as bis-trifluoroacetate, diisocyanate 3, triethylamine, CH2Cl2, r. t., 12 h; (f) diisocyanate 4, acetonitrile, r. t., 12 h; (g) diamine 1, CH2Cl2, r. t.,
18 h; (h) diisocyanate 4, CH2Cl2, r. t, 18 h.


12 (XDD) and 13 (DDD). Their synthesis is summarised in the
general Scheme 1.


Both diamines 1 and 2 were prepared according to the slightly
improved literature procedures. Reaction with triphosgene in
the presence of diisopropylethylamine led to the corresponding
diisocyanates 3 and 4 in 76 and 88% yield, respectively. The
preparation of mono-protected diamines 5 and 6 was possible
by reaction with di-tert-butyl dicarbonate in THF (molar ratio 1 :
1), followed by chromatographic separation. The compounds were
isolated with yields of 55 and 42%, respectively. 5 and 6 form the
corresponding ureas almost quantitatively when they are reacted


in a 2 : 1 ratio with p-nitrophenyl chloroformate in the presence of
base (Scheme 1). The subsequent deprotection with trifluoroacetic
acid yields the dimeric diamines 7 or 8. Isocyanates were preferred
over the active urethanes for the formation of urea groups in the
further reaction steps since the absence of bulky residues resulted
in better yields and higher purity of the products.


For the synthesis of cyclic trimers, we envisaged the reaction
of the diisocyanates 3 or 4 with the dimeric diamines 7 or 8.
The concentration of the reactants was kept between 2.9 mM
and 6.0 mM, but no general procedure can be given, due to their
different solubility and the different solvents used.
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Thus, the trimer XXD (11) was obtained in 62% yield when
the diisocyanate 4 was reacted with the diamine 7 in acetonitrile.
Interestingly, the cyclic hexamer XXDXXD (14) was formed (up
to 20% yield) in addition to 11, when the reaction was carried out
in the less polar methylene chloride.12


When the more rigid xanthene-based diisocyanate 3 was reacted
with the diamine 7 in dichloromethane under analogous condi-
tions, the corresponding hexamer XXXXXX (15), consisting of
xanthene units, appeared to be the main product with yields up to
49%, while the triurea XXX (10) was not isolated at all. In contrast
to the synthesis of the trimer 11, the change of the solvent to the
more polar acetonitrile did not lead to the preferred formation of
the trimer. A mixture of oligoureas with different chain lengths
was formed instead of the desired product. However, the trimer
10 is formed preferably and can be isolated by crystallization with
yields up to 40% when the trifluoroacetate of the diamine 7 was
used in the reaction instead of the non-protonated diamine.


The formation of side products hinders also the isolation of
the trimers XDD (12) and DDD (13), but the formation of
hexamers was not detected during attempts to synthesise these
more flexible compounds. Trimer 12 was prepared by the “reversed
2 + 1” strategy reacting the diisocyanate 9 with the diamine 1. The
reaction of the xanthene-based diisocyanate 3 with the flexible
diamine 8 produced so many byproducts, that the isolation of the
pure macrocycle 12 was nearly impossible, while the reaction of 9
with 1 allowed us to isolate the trimer with 40% yield. Probably,
the conversion of both amino groups to isocyanate groups in
9 decreases the possibility of undesired hydrogen bonding and
association in solution. The trimer 13 was prepared by the reaction
of the diamine 8 with diisocyanate 4 in THF and was isolated with
a yield of 72%.


X-Ray structures


Three of the four cyclic trimers were confirmed by single crystal
X-ray diffraction. Crystallographic details are collected in Table 1.


Suitable crystals of 11 where obtained by slow evaporation
of a solution in a mixture of chloroform–dichloromethane–


ethanol. The unit cell contains two molecules of 11 related by
an inversion center and four molecules of chloroform (two of
which are disordered over two positions). The urea groups linking
the diphenylether unit with the two xanthene units adopt a trans
conformation.


Their NH-protons form intramolecular hydrogen bonds to the
oxygen of the third urea group connecting the two xanthene units
(N–H · · · ·O=C distances 2.48–2.60 Å). This urea is found in the
cis conformation with the H- and O-atoms pointing roughly in the
same direction. Fig. 2 shows the molecular conformation of 11
seen from two directions. The packing is best illustrated by Fig. 3.
Intermolecular hydrogen bonds are not formed.


Fig. 2 Molecular conformation of 11, seen from two different directions.
Intramolecular hydrogen bonds are indicated by dashed lines.


Fig. 3 Packing diagram of 11, seen along the c-axis.


Single crystals of 12 were formed by slow evaporation of
a solution in DMSO–methanol. The unit cell contains four
molecules of 12 related by three two-fold screw axes. Two molecules
of DMSO and one molecule of methanol are incorporated per
molecule of 12. Fig. 4 shows the asymmetric unit of the crystal
and illustrates the molecular conformation of 12.


Table 1 Characterisation of the conformation in the crystal by interplanar angles between phenyl rings (first three columns) and between urea groups
(N–C(O)–N) and the adjacent phenyl units (last three columns)


Compound Ph1/Ph2 Ph3/Ph4 Ph5/Ph6 Ph2–Ur–Ph3 Ph4–Ur–Ph5 Ph6–Ur–Ph1


11 (XXD) 3.0 11.4 62.2 69.9/74.9 27.2/17.3 8.9/7.3
X X D X–X X-D D-X


12 (XDD) 4.8 72.6 62.0 20.2/37.4 4.8/26.0 44.6/35.0
X D D X-D D-D D-X


13 (DDD) 70.3 61.8 51.9 24.1/54.0 36.2/28.7 38.0/46.4
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Fig. 4 Molecular conformation of 12 seen from two directions. Hydrogen
bonds to solvent molecules are indicated by dashed lines.


All urea groups assume the trans conformation and the NH-
protons point to the center of the macrocycle forming hydrogen
bonds to the DMSO molecules. One of them is held by two
three-center hydrogen bonds from the urea groups adjacent to
the xanthene unit, while the second molecule of DMSO is bound
analogously by the third urea group and connected to another
urea also by a bifurcated hydrogen bond. The methanol molecule
is hydrogen bonded to one urea carbonyl group. Thus, again no
intermolecular hydrogen bonds exist between the molecules of 12
(Fig. 5).


Fig. 5 Packing diagram of 12, seen along the a-axis.


Slow evaporation of a solution of DDD (13) and tetra-
butylammonium chloride in a mixture of acetone–acetonitrile–
chloroform–dichloromethane–ethanol–ethyl acetate13 gave single
crystals containing both components in a 1 : 1 ratio. No solvent is
incorporated in the crystal lattice.


Each macrocycle includes one (spherical!) chloride anion
(Fig. 6) in the way envisaged for the planar (!) nitrate anion.
(Unfortunately all attempts to get crystals also with tetraethyl or
tetrabutyl nitrate have failed so far.) The trans urea groups form
six N–H · · · ·Cl hydrogen bonds with N–Cl distances between 2.47
to 2.75 Å. Their arrangement resembles a three-bladed propeller
formed by the three urea planes (–NH–C(O)–NH–), which are


Fig. 6 Molecular conformation of (13@Cl−); the chloride anion and the
urea groups of the macrocycle are shown in a space filling representation.


inclined by angles of 20◦–28◦ with respect to the planes through
the carbonyl C- or O-atoms.


The complexed chloride anions and the tetrabutylammonium
cations are ordered alternately to columns extending along the
c-axis (Fig. 7, left). Subsequent molecules of 13 in a column are
found in enantiomeric conformation symmetry related by a glide
plane. Cl–N distances are 4.464 Å and 4.546 Å, and the distances
between subsequent Cl (or N) atoms are 8.351 Å. These columns
are packed in a “pseudo” hexagonal arrangement, as illustrated
by Fig. 7 (right).


Fig. 7 Packing of (13@Cl−)C4H9
+ seen from different directions.


1H NMR studies


Since the 1H NMR spectra in CDCl3 are broad for all compounds,
due to various intra- and intermolecular hydrogen bonds, DMSO-
d6 was chosen for a comparative study. Fig. 8 shows the low field
section (aromatic and urea protons). Still, the spectrum of 10
remains broad and does not show any significant sharpening upon
heating nor upon addition of anions, although a strong interaction
with such anions as chloride, fluoride or dihydrogen phosphate is
evident.


The spectrum of 11 is sharp and well resolved at room
temperature (see also Fig. 9). Three singlets for NH, four m-
coupled doublets (8.16 and 7.15 ppm) for the xanthene units, two
o-coupled doublets (8.13 and 6.92 ppm) and two o-coupled triplets
(7.12 and 7.02 ppm) for the diphenylether unit correspond to the
expected C2v symmetry.
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Fig. 8 Sections of the 1H NMR spectra of the cyclic tri-urea compounds
10–13 in DMSO-d6. The trimer 11 is used to show the signal assignment.


Addition of tetrabutylammonium salts caused no changes for
I−, NO3


−, HSO3
−, BF4


− and SCN−, while broadened spectra
were obtained for H2PO4


− and F−. Sharp spectra, indicating a
new, kinetically stable species were obtained for Cl−, Br− and
CH3COO−, as shown for Cl− in Fig. 9. The similarity of the spectral
changes observed suggests the formation of a 1 : 1 complex for the
three anions, although for acetate a fivefold excess is required to
obtain again a sharp spectrum.


Fig. 9 Aromatic section of the 1H NMR spectra obtained upon stepwise
addition of tetrabutylammonium chloride to a 0.1 mM solution of 11 in
DMSO-d6.


For XDD (12) the same symmetry is expected as for XXD (11).
However, the spectrum is generally broadened and several signals
are overlapping around 7 ppm (Fig. 8). Four NH protons appear
as two peaks (at 9.14 and 8.93 ppm) and are downfield shifted
in comparison to 11 and 10, while the singlet for the remaining
two urea protons, which usually appears around 8 ppm, is not
visible in Fig. 8. The signals for aromatic protons appear generally


slightly shifted upfield. The addition of various anions causes
similar spectral changes as observed for 11, but smaller shifts.


The sharp, well resolved spectrum for 13 is in complete agree-
ment with the expected, time-averaged D3h symmetry, showing a
singlet for NH at low field (8.86 ppm), and two doublets (7.97
and 6.87 ppm) and two triplets (7.06 and 6.98 ppm) with o-
coupling, all with the same intensity. Based on the chemical shifts,
all protons experience practically the same environments as the
diphenylether unit in 11. Only small downfield shifts are observed
for the signals of 13 upon addition of various anions. This suggests
that the high flexibility of the macrocycle weakens any cooperative
interaction of the three urea functions with an anion.


UV spectrophotometry


The interaction of all cyclic trimers with various anions was
quantitatively studied by UV spectrophotometry. This requires
sufficient spectral changes upon complexation (for an example
see Fig. 10), which were not obtained in all cases. The spectral
variations observed for nitrate, for instance, were not sufficiently
significant to allow any interpretation. Stability constants, which
could be determined in this way, are collected in Table 2.


Fig. 10 Experimental spectra obtained upon addition of increasing
amounts of chloride to the solution of XDD (12) (cL = 10−5 M; 0 ≤
R = cA/cL ≤ 4).


The evaluation of the spectroscopic data reveals that, in addition
to 1 : 1 complexes, 1 : 2 complexes (anion to ligand) may also be
formed. It must be kept in mind, however, that a missing constant
in Table 2 could be either due to a small value for this constant or
to a small spectral change connected with its formation.


The following trends can be extracted from Table 2:
(a) XXD (11) and DDD (13) form 1 : 1 and 1 : 2 complexes with


Cl− while XDD (12) forms only a 1 : 2 complex and XXX (10)
only a 1 : 1 complex.


(b) As shown for chloride, the values of the stability constants
obtained may depend on the counter cation.


(c) Complexes with chloride and acetate show similar stability,15


while bromide is more weakly bound.16


(d) 11 (and chloride) forms the strongest complexes (e.g. log
b = 6.1 (1 : 1 complex) and 12.9 (1 : 2 complex) with Bu4N+ as
counterion).


(e) 12 (1 : 2 complex) and 10 (1 : 1 complex) show the weakest
binding.
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Table 2 Overall stability constants (log b ± r) of the complexes formed by the trimers with chloride, bromide and acetate (counterion : [Na + 222]+ or
Bu4N+)14 in acetonitrile (T = 25 ◦C)


Anion Composition (A− : L) 10 (XXX) 11 (XXD) 12 (XDD) 13 (DDD)


Cl− ([Na + 222]+) 1 : 1 4.5 ± 0.1 5.5 ± 0.2 — 5.1 ± 0.2
1 : 2 — 11.7 ± 0.1 10.5 ± 0.2 11.3 ± 0.4


Cl− (Bu4N+) 1 : 1 4.6 ± 0.2 6.1 ± 0.2 — 6.0 ± 0.1
1 : 2 — 12.9 ± 0.1 10.6 ± 0.5 11.5 ± 0.2


Br− (Bu4N+) 1 : 1 npa 3.9 ± 0.4 — 4.3 ± 0.1
1 : 2 npa — 8.7 ± 0.2 —


CH3COO− (Bu4N+) 1 : 1 npa 5.7 ± 0.3 4.7 ± 0.2 5.9 ± 0.4
1 : 2 npa — 10.0 ± 0.5 —


a Determination was not possible.


(f) A small cooperative effect is observed for the formation of
the 1 : 2 complexes (D = log b (1 : 2 complex)–2 log b (1 : 1
complex) = 0.6–1.1) except with DDD (13) and chloride with
Bu4N+ as counterion where this effect is slightly negative. This
means that the formation of biligand complexes is usually favoured
as compared to the 1 : 1 complexes.


Microcalorimetric studies are currently being undertaken to
obtain a deeper insight by a complete set of thermodynamic data
(DG, DH, and DS).


Molecular dynamics calculations


While our design of anion hosts mostly relied on geometrical
considerations, fragment search and molecular mechanics cal-
culations, we used molecular dynamics simulations to elucidate
the flexibility and the preorganisation of the receptors for anion
recognition. In order to investigate the effect of solvent polarity
on the conformation, the four triurea hosts were simulated in a
box of chloroform and acetonitrile molecules, respectively. MD
calculations are currently being carried out for complexes with
chloride, bromide, nitrate and mesylate as models for spherical,
trigonal planar and trigonal pyramidal anions, and will be
published in due course.


The conformations17 averaged over the whole course of the
simulations are shown in Fig. 11. Differences of the structures
in chloroform and acetonitrile result from different solvation of
the macrocyclic hosts and differences in hydrogen bonding.


In the less polar chloroform, intramolecular hydrogen bonding
plays the dominant role due to the poor solvation of the hydrogen
bond donor and acceptor groups (Fig. 12). In the case of 10 and
11, a trans → cis isomerisation of one of the urea amide bonds
occurs during the first ps of the dynamics since the macrocyclic
building blocks are too rigid to enable intramolecular hydrogen
bonding without significant conformational transitions.


When the MD simulation was started from the crystal structure
of 11 (with two cis configured amide bonds), the input geometry
was stable over the time course of the calculation. Due to the
presence of more than a single diphenyl ether unit, the hosts 12 and
13 are flexible enough to enable intramolecular hydrogen bonding
without the necessity of a cis configured amide bond. Both
compounds exhibit on average a C2 symmetrical conformation,
which is characterised by an inward directed carbonyl oxygen
hydrogen bonded by four urea protons. Thus, in chloroform, the
four anion receptors do not show the expected geometry with
the urea hydrogens pointing toward the center of the macrocyclic


Fig. 11 Average structures obtained from the MD simulations in chlo-
roform (left column) and acetonitrile (right column) for the macrocycles
10–13 (from top to bottom). Nonpolar hydrogen atoms have been omitted,
the carbon atoms of the diphenylether units are drawn in yellow.


cavity. Prior to the complexation of anions, the hosts have to
rearrange to the proper geometry, which is accompanied by
considerable energetic demand (Table 3) and hence by weakening
the binding affinity.
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Fig. 12 Radial distribution functions N–H · · · CCHCl3 (left) and N–H · · · NCH3 CN (right) of the six NH protons.


Table 3 Average reorganization energies (Ehost,complexed − Ehost,free, in kcal
mol−1) necessary for the binding of different anions


Cl− Br− NO3
− Mes−


10–CHCl3 38.4 32.2 31.9 34.5
11–CHCl3 36.8 34.8 33.3 35.4
12–CHCl3 41.1 37.5 32.2 34.2
13–CHCl3 39.1 31.5 28.3 27.7
10–CH3CN 11.2 5.7 4.7 5.3
11–CH3CN 10.9 10.9 7.2 9.1
12–CH3CN 21.5 15.7 11.8 11.5
13–CH3CN 17.8 9.5 5.7 5.4


In acetonitrile (the solvent used for the determination of stability
constants), the behaviour of the receptor molecules is completely
different. The radial distribution functions illustrated for 10 as
an example in Fig. 12 reveal that the urea protons are strongly
solvated by acetonitrile (forming intermolecular hydrogen bonds)
while intramolecular hydrogen bonding was observed only in the
case of 12. The XDD receptor 12 rearranges after about 5 ns to a
structure similar to that found in chloroform in which the carbonyl
group of the urea flanked by the two diphenyl ether units points
to the center of the macrocycle, hydrogen bonded by two urea


protons. This conformation is more stable by about 10 kcal mol−1


than the initial geometry and does not undergo a further transition
during the remaining simulation. The macrocycle 11 adopts a
twisted structure in which the planes of the three urea units are
stacked on top of each other. Only small conformational changes
are necessary to get a suitable structure for the complexation
of anions. Indeed, the reorganisation energies upon binding of
chloride, bromide, nitrate or mesylate (Table 3) are by far less
than for the same host in chloroform and for 12 in acetonitrile.
The same is also valid for the hosts 10 and 13, which adopt on
average nonplanar Cs and C3 structures, respectively, with all
the NH protons pointing towards the center of the macrocycle.
From the comparison of the two sets of MD simulations it can
be concluded that the strong solvation in acetonitrile results in a
better preorganisation of the host for anion binding, however, a
higher energetical price must in turn be paid for the desolvation in
the more polar solvent.


Conclusions


Regarding the initial plan, based on rational considerations
backed by advanced molecular modelling, we have to state that the


Table 4 Summary of crystallographic dataaa CCDC reference numbers 667517–667519. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b718114k


11 (XXD) 12 (XDD) 13·Bu4NCl (DDD)


Chemical formula C61H70N6O6·2CHCl3 C50H50N6O6·2DMSO·CH3OH C39H30N6O6·C16H36NCl
CCDC ref. numbers 667517 667519 667518
M 1221.97 1019.26 956.60
Crystal system Triclinic Orthorhombic Monoclinic
Space group P1̄ P212121 P21/c
a, Å 14.2014(19) 13.8190(8) 21.9730(16)
b, Å 15.4184(19) 17.9176(10) 14.2644(6)
c, Å 15.7438(17) 21.6376(10) 16.7013(12)
a, ◦ 73.389(9) 90 90
b, ◦ 81.409(10) 90 96.085(6)
c , ◦ 66.041(9) 90 90
V , Å3 3016.6(6) 5357.5(5) 5205.2(6)
Z 2 4 4
T , K 173 173 173
Reflections 24329 19313 66076
Unique reflections 10411 9414 9795
Rint 0.0882 0.0298 0.0866
wR(F 2), all data 0.3167 0.0859 0.1056
Flack-parameter — 0.02(5) —
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experimental results were different from our expectations. Among
the four cyclic triureas 10–13, the envisaged XXX (10) shows the
lowest affinity to a simple spherical anion such as chloride, while
the binding of the target anion nitrate is considerably weaker.
Rigidification of the linkers between the three urea groups does
not prevent their intramolecular hydrogen bonding as shown by
the crystal structure of XXD (11). A similar conformation seems to
be possible also for XXX (10) for which we have not yet obtained
single crystals. Surely the progress in supramolecular chemistry
will depend in the future, to a certain degree, on lucky chances, as
shown in the present case by the unexpected complexation of two
chloride anions12 by a cyclic hexaurea XXDXXD (14).


Experimental


Syntheses


All solvents were of analytical quality (p. a.) and were used without
additional purification. All solvents for NMR were purchased
from Deutero GmbH. All 1H NMR spectra were recorded on
a Bruker Avance DRX 400 spectrometer at 400 MHz using the
solvent signals as internal reference. Mass spectra were recorded
with the Finnigan MAT 8230 instrument. The melting points were
not corrected.


Diisocyanate 3. A solution of the diamine 1 (818 mg,
2.5 mmol) and diisopropylethylamine (746 mg, 2.5 mmol) in
dichloromethane (20 cm3) was added dropwise under a nitrogen
flow over 1 h to a vigorously stirred solution of triphosgene
(650 mg, 5 mmol) in dichloromethane (20 cm3). After 3 h
the mixture was filtered through silica gel (100 g), which was
subsequently washed with dichloromethane (2 × 50 cm3). The
solvent was removed under reduced pressure and the crude
product was kept on the rotavap for 1 h at 80 ◦C to remove excess
triphosgene. The diisocyanate 3 (781 mg, 76%) was obtained after
cooling as a light-brown solid; mp 168 ◦C; dH (400 MHz, CDCl3):
7.22 (2 H, d, J 2.4, ArH), 7.01 (2 H, d, J 2.4, ArH), 1.62 (6 H, s,
CH3), 1.30 (18 H, s, tBu).


Diisocyanate 4. A solution of diamine 2 (1.48 g,
7.37 mmol) and diisopropylethylamine (1.91 g, 14.7 mmol) in
dichloromethane (50 cm3) was added dropwise under a nitrogen
flow over 1 h to a vigorously stirred solution of triphosgene
(84 mg, 0.28 mmol) in dichloromethane (50 cm3). After 3 h the
reaction mixture was filtered through silica gel (100 g), which was
subsequently washed with dichloromethane (2 × 50 cm3). The
solvent was removed under reduced pressure and the crude oily
product was kept on the rotavap for 1 h at 80 ◦C to remove excess
triphosgene. After cooling, the isocyanate 4 (1.64 g, 88%) was
obtained as a light-brown oil. The compound could be crystallised
to a light-brown solid after initiation with a small crystalline
particle; mp > 95 ◦C (decomp.); dH (400 MHz, DMSO-d6): 7.25
(6 H, m, ArH), 7.01 (2 H, d, J 8.2, ArH).


Mono Boc-protected amine 5. A solution of di-tert-butyl
dicarbonate (5.26 g, 24 mmol) in THF (200 cm3) was added
dropwise over 1 h to a stirred solution of the diamine 1 (8.50 g,
24 mmol) in THF (500 cm3). After 18 h the solvent was removed
under reduced pressure. The residual yellow oil was dissolved in a
mixture of ethyl acetate (2 cm3) and hexane (18 cm3) and separated
by column chromatography (silica gel 1000 cm3, ethyl acetate–


hexane 1 : 8 (v/v)). The monoprotected diamine 5 (6.10 g, 56%)
was isolated as a white powder; mp 173 ◦C; dH (400 MHz, DMSO-
d6): 8.86 (1 H, s, NH), 7.63 (1 H, d, J 2, ArH), 7.13 (1 H, d, J 2,
ArH), 6.64 (1 H, d, J 2.4, ArH), 6.59 (1 H, d, J 2.4, ArH), 5.21
(2 H, s, NH2), 1.53 (6 H, s, CH3), 1.49 (9 H, s, tBu), 1.27 (9 H, s,
tBu), 1.23 (9 H, s, tBu).


Mono Boc-protected amine 6. A solution of di-tert-butyl
dicarbonate (6.86 g, 31.4 mmol) in THF (150 cm3) was added
dropwise over 1 h with stirring to a solution of the diamine 2
(6.30 g, 31.4 mmol) in THF (200 cm3). After 48 h at 60 ◦C
the solvent was removed under reduced pressure. The residual
brown oil was dissolved in a mixture of toluene (2 cm3), ethyl
acetate (2 cm3) and hexane (16 cm3) and was separated by column
chromatography (silica gel 1000 cm3, ethyl acetate–hexane 1 : 5
(v/v)). The monoprotected diamine 6 (4.00 g, 42%) was isolated
as a white powder; mp 112 ◦C; dH (400 MHz, DMSO-d6,): 8.54 (1
H, s, NH), 7.64–7.57 (1 H, m, ArH), 7.00–6.87 (3 H, m, ArH),
6.78 (2 H, dd, 3J 8.0, 4J 1.6, ArH), 6.58–6.50 (2 H, m, ArH), 1.46
(9 H, s, tBu).


Diamine 7. A solution of 4-nitrophenyl chloroformate (1.04 g,
5.1 mmol) in THF (100 cm3) was added dropwise over 1 h
to a stirred solution of the monoprotected diamine 5 (4.65 g,
10.2 mmol) and diisopropylethylamine (1.33 g, 10.2 mmol) in THF
(100 cm3). After stirring at 60 ◦C for 18 h the solvent was removed
under reduced pressure. The residual yellow oil was dissolved in
ethyl acetate (100 cm3) and the solution was washed with 5 N
sodium carbonate solution until the yellow colour of nitrophenol
disappeared. Then, the solution was washed with distilled water
(2 × 100 cm3) and dried over MgSO4. Evaporation of the solvent
gave the protected dimeric diamine 7 as a foam-like solid. The
product was dissolved in dichloromethane (50 cm3), the solution
was cooled in an ice bath and trifluoroacetic acid (30 cm3) was
added. The mixture was allowed to reach room temperature during
the next 4 h of stirring. Then the reaction mixture was slowly
poured into a 5 M solution of sodium carbonate (300 cm3). The
pH was adjusted to 9–10; the organic layer was separated and
the aqueous layer extracted with dichloromethane (2 × 50 cm3).
The organic solutions were combined and dried over MgSO4.
Evaporation under reduced pressure yielded the dimeric diamine
7 (3.85 g, 98%) as a light-brown powder; mp >200 ◦C (decomp.);
dH (400 MHz, DMSO-d6): 8.90 (2 H, s, NH), 8.13 (2 H, d, J 2,
ArH), 7.11 (2 H, d, J 2, ArH), 6.68 (2 H, d, J 2, ArH), 6.62 (2 H,
d, J 2, ArH), 5.26 (4 H, s, NH2), 1.57 (12 H, s, CH3), 1.31 (18 H, s,
tBu), 1.26 (18 H, s, tBu); m/z (FD) 731.6 (M+, 100%).


Diamine 8. A solution of 4-nitrophenyl chloroformate (1.34 g,
6.66 mmol) in THF (100 cm3) was added dropwise over 1 h
to a stirred solution of the monoprotected diamine 6 (4.0 g,
13.3 mmol) and diisopropylethylamine (1.72 g, 13.3 mmol) in
THF (100 cm3). After stirring at 60 ◦C for 18 h the solvent was
removed under reduced pressure. Trituration of the oily residue
with methanol (100 cm3) produced a crystalline solid which was
filtered off and washed with methanol (3 × 50 cm3) to remove the
residual nitrophenol. The Boc-protected dimeric diamine 8 was
isolated as a microcrystalline powder. The product was dissolved
in dichloromethane (60 cm3), the solution was cooled in an ice
bath and trifluoroacetic acid (30 cm3) was added. The mixture was
allowed to reach room temperature during the next 4 h of stirring.
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The reaction was stopped by slowly pouring the mixture into a
5 M solution of sodium carbonate (300 cm3). The pH was adjusted
to 9–10. The organic layer was separated and the aqueous layer
was extracted with dichloromethane (2 × 50 cm3). The combined
organic solutions were dried over MgSO4. Evaporation under
reduced pressure yielded the dimeric diamine 8 (1.83 g, 87%) as a
light-brown powder; mp 200 ◦C; dH (400 MHz, DMSO-d6): 9.16
(2 H, s, NH), 8.17 (2 H, dd, 3J 8.2, J 1.5, ArH), 7.01–6.83 (6 H,
m, ArH), 6.80 (4 H, d, J 8.2, ArH), 6.59–6.50 (4 H, m, ArH), 4.97
(4 H, s, NH2); m/z (FD) 427.0 (M+, 100%).


Diisocyanate 9. A solution of diamine 8 (1,0 g, 2.34 mmol)
and diisopropylethylamine (0.61 g, 2.34 mmol) in a mixture of
THF (10 cm3) and dichloromethane (20 cm3) was added dropwise
under nitrogen during 1 h to a vigorously stirred solution of
triphosgene (696 mg, 4.7 mmol) in dichloromethane (20 cm3).
After 3 h the mixture was filtered through silica gel (100 g), which
was subsequently washed with dichloromethane (2 × 50 cm3).
The solvent was removed under reduced pressure and the crude
product was kept on the rotavap for 1 h at 80 ◦C to remove excess
triphosgene. The diisocyanate 9 (890 mg, 79%) was obtained, after
cooling, as a brownish solid; mp 205 ◦C; dH (400 MHz, CDCl3):
8.12 (2 H, dd, 3J 8.2, 4J 1.2, ArH), 7.18–6.98 (12 H, m, NH, ArH),
6.87–6.80 (4 H, m, ArH).


Cyclic trimer 10. Trifluoroacetic acid (0.3 cm3) was added to a
solution of the diamine 7 (120 mg, 0.12 mmol) in dichloromethane
(10 cm3). After 15 min of stirring, the solvent was evaporated under
reduced pressure and the residual light-brown oil was dissolved
in dichloromethane (10 cm3). A solution of the diisocyanate 3
(51 mg, 0.12 mmol) in dichloromethane (10 cm3) and triethylamine
(0.2 cm3) was added with stirring. After 12 h, the solvent was
evaporated, the oily residue was dissolved in ethyl acetate (10 cm3)
and filtered through silica gel (20 g), which was subsequently
washed with ethyl acetate (2 × 20 cm3). The yellow oil obtained
after evaporation was dissolved in hexane (10 cm3). After 2 h the
cyclic trimer 10 started to precipitate. It was filtered off, yielding
50 mg (37%) as thin white flakes; mp >340 ◦C (decomp.); dH


(400 MHz, DMSO-d6): 8.34 (6 H, s, NH), 7.50 (6 H, br.s, ArH),
7.06 (6 H, s, ArH), 1.44 (18 H, s, CH3), 1.23 (54 H, s, tBu); m/z
(FD) 1134.8 (M+, 100%).


Cyclic trimer 11. The diamine 7 (120 mg, 0.164 mmol) was
dissolved in acetonitrile (25 cm3). A solution of the diisocyanate 4
(42 mg, 0.164 mmol) in acetonitrile (15 cm3) was added dropwise
over 30 min with vigorous stirring under nitrogen. After 12 h a
white precipitate of the trimer 11 (100 mg, 62%) was filtered off;
mp >280 ◦C (decomp.); dH (400 MHz, DMSO-d6): 8.71 (2 H, s,
NH), 8.59 (2 H, s, NH), 8.36 (2 H, s, NH), 8.16 (d, 2 H, J 2.0,
ArHxan), 8.13 (2 H, d, J 7.8, ArHdiph), 7.30 (2 H, d, J 2.0, ArHxan),
7.24 (2 H, d, J 2.0, ArHxan), 7.15 (2 H, d, J 2, ArHxan), 7.12 (2 H,
t, J 7.6, ArHdiph), 7.02 (2 H, t, J 7.0, ArHdiph), 6.92 (2 H, d, J 7.8,
ArHdiph), 1.61 (12 H, s, CH3xan), 1.29 (18 H, s, tBu), 1.21 (18 H, s,
tBu); m/z (ESI) 1005.6 (M+ + Na, 100%).


Cyclic trimer 12. Solutions of the diisocyanate 9 (100 mg,
0.201 mmol) in dichloromethane (25 cm3) and the diamine 1
(73 mg, 0.201 mmol) in dichloromethane (25 cm3) were added
simultaneously with stirring under nitrogen over 2 h to a flask
containing dichloromethane (20 cm3). After 18 h the solvent was
evaporated under reduced pressure, and the trimer 12 (70 mg, 40%)


was isolated by column chromatography (ethyl acetate–hexane, 1
: 5) as a white powder; mp >340 ◦C (decomp.); dH (400 MHz,
DMSO-d6): 9.14 (2 H, s, NH), 8.93 (2 H, s, NH), 8.30 (2 H, d,
J 7.3, ArHdiph), 8.07 (2 H, d, J 1.5 Hz, ArHxan), 8.01 (2 H, s,
NH), 7.75 (2 H, d, J 7.3, ArHdiph), 7.25–7.13 (2 H, m, ArHdiph,
overlapped with d at 7.17, 2 H, J 1.8, ArHxan), 7.10–6.99 (8 H, m,
ArHdiph), 6.74 (2 H, d, J 7.7, ArHdiph), 1.74 (3 H, s, CH3xan), 1.49
(3 H, s, CH3xan), 1.30 (18 H, s, tBu); m/z (ESI) 853.4 (M+ + Na,
100%).


Cyclic trimer 13. Solutions of the diisocyanate 4 (80 mg,
0.32 mmol) in dichloromethane (25 cm3) and the diamine 8
(135 mg, 0.32 mmol) in THF (25 cm3) were added simultaneously
with stirring under nitrogen over 2 h to a flask containing
dichloromethane (50 cm3). After 18 h the solvent was evaporated
under reduced pressure and the crude product was triturated with
hexane (50 cm3). The solid was filtered off and washed with hexane
(2 × 25 cm3) to yield the trimer 13 (156 mg, 72%) as a beige powder;
mp >184 ◦C (decomp.); dH (400 MHz, DMSO-d6): 8.86 (6 H, s,
NH), 7.97 (6 H, dd, 3J 7.8, 4J 1.2, ArH), 7.06 (6 H, ddd, 3J 7.4, 3J
7.8, 4J 1.2, ArH), 6.98 (6 H, ddd, 3J 8.2, 3J 7.4, 4J 1.6, ArH), 6.87
(6 H, dd, 3J 8.2, 4J 1.2, ArH); m/z (ESI) 701.2 (M+ + Na, 100%).


Absorption spectrophotometric titrations


Stability constants were determined by absorption spectropho-
tometry using a VARIAN (Cary 3) spectrophotometer equipped
with a thermoregulated cell compartment (25.0 ± 0.1 ◦C). Small
volumes (0.02 cm3) of a solution containing the anion were added
to 2 cm3 of the ligand solution, directly in the spectrophotometric
cell of 1 cm path length.


Spectra were recorded in the wavelength range 220–300 nm after
each addition. The ratio anion : ligand (A : L), reached at the end of
the titration, was between 2 and 100 according to the ligands and
the anions studied. Preliminary kinetic studies were performed
to make sure that the equilibrium of the systems was reached.
For each system, at least two independent measurements were
performed. The software SPECFIT Global Analysis System V3.0
32 bit for Windows was used to calculate the stability constants
(log b) of the complexes formed.18


The various anions studied were provided as tetraalkylam-
monium salts: Bu4NCl (Fluka, ≥97%), Bu4NBr (Fluka, ≥99%),
Bu4NAcO (Aldrich, ≥97%), Et4NNO3 (Fluka, ≥99%). In the case
of chloride, a mixture of NaCl (SDS, ≥95.5%) + 222 (Merck,
Kryptofix) was also used to provide a bulky cation. These salts
were dried under vacuum at room temperature during 24 h.


All the solutions were prepared in acetonitrile (Riedel de Haën,
≥99.5%). No supporting electrolyte was added to the solution
because of (i) the insolubility of most inert salts in this solvent
and (ii) the very small ligand and anion concentrations used (2 ×
10−5 M).


Molecular modelling


All molecular dynamics simulations were performed using the
AMBER 7 and AMBER 9 software packages and the gaff
parameter set.19 The initial geometry of the macrocycles was
obtained by manual construction with an all-trans arrange-
ment of the urea amide groups. Charges (see ESI†) were de-
rived following the standard RESP procedure20 from a 6-31G*
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electrostatic potential calculated with the Gaussian98 program21


and the molecule structures were transferred into the LEaP format.
Subsequently, a rectangular box of chloroform or acetonitrile
molecules, respectively (approximately 14 Å solvent layer thickness
on each side), was added. For the chloroform solvent model, the
corresponding parameters22 of AMBER 7 and for the acetonitrile
model the parameters by Kollman et al.23 were used. Missing
parameters for the ca–oh bond length, the ca–ca–oh and ca–oh–ho
bond angles, as well as the X–ca–oh–X and ca–ca–c–oh dihedral
angles were adopted from the AMBER 7 parm98 parameter set.
The missing parameter for ca–c3–ca was taken from Kirchhoff
et al.24 The solvated structures were subjected to 5000 steps of
minimisation followed by a 30 ps belly dynamics (300 K, 1 bar, 1 fs
timestep) for solvent relaxation and a 100 ps equilibration period.
Subsequently, MD simulations were performed in a NTP (300 K,
1 bar) ensemble for at least 9 ns using a 1 fs time step. Constant
temperature and pressure conditions were achieved by the weak
coupling algorithm and isotropic position scaling. Temperature
and pressure coupling times of 0.5 ps and 1.0 ps, respectively, and
the experimental compressibility values of 100 × 10−6 bar−1 for
chloroform and of 87.1 × 10−6 bar−1 for acetonitrile were used. The
particle mesh Ewald (PME) method25 was applied to treat long-
range electrostatic interactions, and the van der Waals interactions
were truncated by using a cut-off value of 9 Å. Bonds containing
hydrogen atoms were constrained to their equilibrium length using
the SHAKE algorithm. Snapshots were recorded every 2 ps.


Geometrical and energetical analyses of the trajectories were
carried out with the carnal and anal modules of AMBER 7.
Graphical analysis of the results was performed with the SYBYL
program.26


Single-crystal X-ray diffraction


Data were collected on a STOE-IPDS-II two-circle diffrac-
tometer employing graphite-monochromated MoKa radiation
(0.71073 Å). Data reduction was performed with the X-Area
software.27 An empirical absorption correction was performed
using the MULABS28 option in PLATON.29 Structures were
solved by direct methods with SHELXS-9030 and refined by full-
matrix least-squares techniques with SHELXL-97.31


All non-H atoms were refined with anisotropic displacement
parameters. Hydrogens were included at calculated positions and
allowed to ride on their parent atoms. The H atoms at the
urea nitrogens of 13@Bu4NCl and 12 were freely refined. One
chloroform molecule of 11 is disordered over two positions with
a ratio of the site occupation factors of 0.528(9) : 0.472(9). In
13@Bu4NCl the terminal ethyl group of a butyl side chain is
disordered over two positions with a ratio of the site occupation
factors of 0.551(8) : 0.449(8). The C–C bond lengths of this butyl
chain were restrained to 1.50(1) Å and the 1–3 C–C distances were
restrained to 2.4(1) Å.


Crystallographic data are summarised in Table 4.
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and Dr Uta Schädel for preliminary screening experiments.


Notes and references


1 S. O. Kang, R. A. Begum and K. Bowman-James, Angew. Chem.,
2006, 118, 8048–8061, (Angew. Chem., Int. Ed., 2006, 45, 7882–
7894).


2 Y. Morzherin, D. M. Rudkevich, W. Verboom and D. N. Reinhoudt,
J. Org. Chem., 1993, 58, 7602–7605; A. Casnati, L. Pirondini, N. Pelizzi
and R. Ungaro, Supramol. Chem., 2000, 12, 53–65; M. D. Lankshear,
A. R. Cowley and P. D. Beer, Chem. Commun., 2006, 612–614; B.
Schazmann, N. Alhashimy and D. Diamond, J. Am. Chem. Soc., 2006,
128, 8607–8614.


3 K. Choi and A. D. Hamilton, J. Am. Chem. Soc., 2003, 125, 10241–
10249; S. Kubik, R. Goddard, R. Kirchner, D. Nolting and J. Seidel,
Angew. Chem., 2001, 113, 2722–2725, (Angew. Chem., Int. Ed., 2001,
40, 2648–2651); M. A. Hossain, S. O. Kang, D. Powell and K. Bowman-
James, Inorg. Chem., 2003, 42, 1397–1399.


4 A. A. P. Bisson, V. M. Lynch, M. C. Monahan and E. V. Anslyn, Angew.
Chem., 1997, 109, 2435–2437, (Angew. Chem., Int. Ed., 1997, 36, 2340–
2342); S. O. Kang, M. A. Hossain, D. Powell and K. Bowman-James,
Chem. Commun., 2005, 328–330.


5 K. D. Shimizu and J. Rebek, Jr., Proc. Natl. Acad. Sci. USA, 1995, 92,
12403–12407; A. Shivanyuk, M. Saadioui, F. Broda, I. Thondorf, M. O.
Vysotsky, K. Rissanen, E. Kolehmainen and V. Böhmer, Chem.–Eur. J.,
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12 D. Meshcheryakov, V. Böhmer, M. Bolte, V. Hubscher-Bruder, F.
Arnaud-Neu, H. Herschbach, A. Van Dorsselaer, I. Thondorf and
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Under sunlight irradiation (5′S)-5′,8-cyclo-2′-deoxyadenosine 2 photoisomerises to the (5′R) isomer 1,
which is the more easily repaired damage when these cyclopurine lesions are formed in DNA.


Introduction


5′,8-Cyclo-2′-deoxyadenosine (cdA) lesions, which do not result in
cleavage of the DNA polymer, are observed among the decompo-
sition products of DNA when it is exposed to ionising radiation
and are generated in two diastereomeric forms, depending on the
configuration at the C5′ position, i.e., (5′R)-isomer 1 and (5′S)-
isomer 2 (Scheme 1).1,2 Their mechanism of formation is thought
to involve an initial hydrogen abstraction by a hydroxyl radical
from the C5′ position of the sugar. This is followed by cyclisation
of the C5′ radical onto the C8 position of the base and finally
oxidation of the resulting aminyl radical. The overall result is the
formation of a new covalent bond between the sugar moiety and
the purine base.3,4


Scheme 1 Structures of (5′R)-cdA 1 and (5′S)-cdA 2 lesions.


The (5′S)-cdA isomer has been identified in mammalian cellular
DNA in vivo, and its level is enhanced by conditions of oxidative
stress.5 This moiety can be analysed after complete release from
DNA by enzymic hydrolysis, and its level in tissue DNA is
comparable to those of other oxidatively induced DNA lesions.1


For instance, it has been found that (5′S)-cdA levels in cellular
DNA are similar to those of 8-hydroxy-2′-deoxyguanosine, and
three times higher than those of 8-hydroxy-2′-deoxyadenosine.1


Moreover, (5′S)-cdA has been shown to block DNA and RNA
polymerases in vitro and to be a transcription blocking lesion.6,7


The (5′R)-cdA isomer has also been identified in mammalian
cellular DNA in vivo, although its background levels are lower
than those of (5′S)-cdA.8 Neither of the two diastereomers are
repaired via recognition by human DNA glycosylases active
in the base excision repair (BER) pathway. However, they are
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substrates (albeit relatively poor ones) for the nucleotide exci-
sion repair (NER) mechanism, the (5′R)-isomer being repaired
more efficiently than its (5′S)-counterpart. It has been suggested
that, in contrast to several other types of oxidatively generated
DNA damage, these cyclonucleosides are chemically stable and
can accumulate in DNA at a slow rate over years.6,7 In some
genetic diseases such as xeroderma pigmentosum, where the NER
system is defective, the formation of cyclopurines appears to be
responsible for neurodegeneration and for the increased risk of
certain types of cancer.5–7


In view of their biological significance, the aim of the present
work has been to investigate the photostability of cdAs, under
conditions typical of sunlight irradiation. Moreover, a possible
photoisomerisation process would be relevant in connection with
the efficiency of their repair.


Results and discussion


Compounds 1 and 2 were obtained in an expedient one-pot
procedure by the UV photolysis of 8-bromo-2′-deoxyadenosine in
acetonitrile, with a conversion of 65% and in a diastereoisomeric
ratio of 1 : 2 = 1.7.4


The two isomers were separately irradiated in aqueous solutions,
at neutral pH, under both aerobic and anaerobic conditions,
using a solar simulator as the light source. The crude reaction
mixtures were analysed by HPLC coupled with UV detection,
using authentic samples as reference compounds for identification
of the products. No photoreaction was observed starting from 1
after 35 h of exposure; by contrast, compound 2 was progressively
converted into its isomer 1. Fig. 1A shows the 3D HPLC plot
for the kinetic behaviour of the photolysis of 2: a build up of 1
coupled with the disappearance of the starting material was clearly
observed.


Thus, sunlight irradiation produces a one-way photoisomeri-
sation of 2 to 1, whereas the latter compound does not iso-
merise under the same conditions. It should be noted that,
unlike pyrimidines, purine DNA bases rarely exhibit direct solar
photoreactivity, which requires light absorption in the UVB
region. This prerequisite is fulfilled by compound 2, whose UV-
spectrum is shown as an inset in Fig. 1B. As a matter of fact,
a clean photoisomerisation of 2 to 1 was also observed upon
monochromatic irradiation at k = 295 nm (Fig. 1B). The efficiency
of the process was compared to the formation of cyclobutane
thymine dimers, a well-studied lesion in DNA, using isoabsorptive
solutions (A = 0.1) of 1, 2, thymidine and thymidylyl-(3′-5′)-
thymidine, at the same excitation wavelength. Operating in this
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Fig. 1 A: 3D HPLC plot of (5′S)-cdA irradiation with a solar
simulator. B: photodegradation of 1 (�), 2 (�), thymidine (�) and
thymidylyl-(3′-5′)-thymidine (�) under N2, at 295 nm, using isoabsorptive
solutions (A = 0.1) of the four compounds at this wavelength. Inset:
UV-absorption spectrum of 2 in aqueous solution (0.19 mM).


way, it was found that photoisomerisation of (5′S)-cdA was
markedly faster than thymidine dimerisation but slower than
the equivalent intramolecular process in the dinucleotide. Using
phenylglyoxilic acid as an actinometer,9 the upper limit for the
quantum yield of the process was found to be 0.01.


To gain some insight into the photochemical mechanism in-
volved, a laser flash photolysis study was performed. Photolysis of
1 and 2 in an aqueous medium with 266 or 308 nm laser light, under
an anaerobic atmosphere, did not result in the formation of any
observable transient. However, when the cyclonucleosides were
irradiated in the presence of acetone, as a triplet photosensitiser, a
new signal was observed (Fig. 2). Thus, the excited triplet state
of 1 or 2 is not reached by direct photolysis, but it can be
produced by triplet–triplet energy transfer from acetone, which
is known to possess a high triplet energy level.10 The inset of
Fig. 2 shows the photosensitised triplet formation (s ∼ 0.5 ls)
and decay in water, which was very similar for 1 and 2 (s ∼ 9.6
and 8.2 ls, respectively). Triplet assignment was confirmed by
oxygen quenching, which occurred with a rate constant close to
the diffusional limit. Hence, formation of 1 upon direct steady-
state irradiation must occur from the singlet excited state, as
no triplet–triplet absorption was detected in the unsensitised
laser flash photolysis experiment. However, this does not allow
a possible photoisomerisation following the triplet pathway to
be ruled out. In fact, when 2 was subjected to irradiation using
longer-wavelength monochromatic light (310 nm), in the presence
of acetone, it was also converted into 1 (ca. 30% after 24 h); by


Fig. 2 Transient absorption spectrum obtained from the laser flash
photolysis (308 nm) of N2-purged aqueous solutions containing 1 or 2
(1 mM) in the absence (–�–) and in the presence (–�–) of acetone (0.54
M), taken 0.75 ls after the laser pulse. Inset: time dependence of the T–T
absorption of 2 at 450 nm, in the acetone-photosensitised experiment.


contrast, no significant photoisomerisation of 1 to 2 occurred
under the same conditions.


The observed photobehaviour of 1 and 2 can be explained by
the general mechanism accepted for the photolysis of benzylic
alcohols and, in a more general way, for the photocleavage of
benzyl–heteroatom r bonds (see Scheme 2A).11 It must proceed
through a heterolytic cleavage of the C–O bond leading to benzyl-
type cations, which subsequently undergo nucleophilic trapping by
the solvent with concomitant isomerisation. This is supported by
the incorporation of methanol (MH+= 264), which was observed
when the photoreaction was performed in this solvent.


Scheme 2 A: mechanism proposed for the photoisomerisation of
5′,8-cyclo-2′-deoxyadenosines 1 and 2. B: molecular models of both
isomers.


Heterolysis of the C–O bond requires ca. 60 kcal mol−1 to be
possible in energetic terms. This value seems to be lower than both
the singlet and the triplet excited state energies of cdAs. The singlet
energy of 1 and 2 is unknown, as all attempts to record reliable
fluorescence spectra were unsuccessful. However, it clearly has to
be higher than the required 60 kcal mol−1, since according to the
energy transfer experiments the lower-lying triplet state must be
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below that of acetone (79 kcal mol−1) and therefore similar to those
reported for related adenosine derivatives (ca. 73 kcal mol−1).10


Finally, the differences observed between the photobehaviour of
the two isomeric cdA lesions must be related to the configuration of
the 5′ carbon atom. In this context, the main differentiating feature
found in simple MOPAC molecular models (see Scheme 2B) is the
closer arrangement between the 5′-OH group and the oxygen atom
of the tetrahydrofuran ring of the sugar in the (5′R)-isomer. This
could facilitate nucleophilic attack by water at C5′ of the benzylic-
type cation from its less hindered side, probably assisted by
hydrogen bonding between the nucleophile and the ether oxygen.


Conclusions


The observed photoisomerisation of (5′S)-cdA to (5′R)-cdA might
be important due to its potential biological significance, consid-
ering the different efficiencies reported for the repair of the two
diastereomers by enzymes.7 When these lesions are formed in DNA
under conditions of oxidative stress, it might be presumed that
photoisomerisation by sunlight could possibly be used to obtain
the more easily repaired lesion. However, it has to be taken into
account that the experiments reported here have been conducted
with the isolated cyclonucleosides. In order to investigate whether
the observed process also occurs under natural conditions, (5′S)-
cdA should be incorporated into DNA or duplex oligonucleotides
and then exposed to UVB-radiation. This is clearly beyond the
scope of the present work and constitutes an exciting challenge for
future research.


Experimental


Synthesis


Diastereomers (5′S)-cdA and (5′R)-cdA were obtained in an
expedient one-pot procedure by UV photolysis of 8-bromo-2′-
deoxyadenosine, and isolated as previously described.4


Steady-state irradiation experiments


Broad band irradiations of 1 or 2 (ca. 1 mM) were carried out using
an Oriel Class A 91192A solar simulator (Stratford, CT, USA) with
a 1000 W Xe arc (see Fig. 3 for comparison between the real solar
emission spectrum and that of the solar simulator). Its output was
adequately filtered to produce a spectrum approximating natural


Fig. 3 Solar simulator (–) and real solar ( · · · ) emission spectra.


sunlight (1.5 G air mass filter). The spectral output was measured
using a grating UV spectroradiometer (Luzchem SPR-01).


For irradiations at 295 nm or 310 nm the light source was the 75
W Xe lamp of a Photon Technology International Inc. (PTI) LPS-
220B spectrofluorometer equipped with an 814 photomultiplier
detection system from PTI. The samples were placed inside quartz
cuvettes (optical path length 1 cm), and the absorbance was
kept at ≈ 0.1 for 1, 2, thymidine, thymidylyl-(3′-5′)-thymidine,
and phenylglyoxilic acid. In the case of the photosensitised
experiment only absorption by acetone was present (A ≈ 0.1). All
the photolysis experiments were performed at room temperature
(22 ◦C), under a controlled atmosphere, using aqueous solutions
of water purified through a Millipore Milli-RO plus 30 system.


Instrumental analysis


The irradiated mixtures were analysed by reverse-phase HPLC,
using a Waters apparatus equipped with an Agilent column (SB-
Zorbax, 150 × 4.6 mm, 5 lm) and a Waters 2996 photodiode
array detector fixed at a wavelength of 254 nm. For analytical
determination, acetonitrile and water were used as the eluents in a
5 : 95 (v/v) ratio at an initial flow rate of 0.4 ml min−1 (for 10 min)
and subsequently increasing this rate to 0.7 ml min−1, until a total
elution time of 25 min had passed. Mass balance was ca. 100%, as
assessed by the use of adequate standards for calibration.


Time-resolved laser flash photolysis


Nanosecond laser flash photolysis experiments were made with an
excimer laser (Xe–HCl–Ne) exciting at 308 nm. The single pulses
were ca. 17 ns in duration, and the energy was 200 mJ output
at the source. A pulsed Oriel-Lo255 Xe lamp was employed as
the detecting light source. The laser flash photolysis apparatus
consisted of the pulsed laser, the Xe lamp, an Oriel-77200
monochromator, and an Oriel photomultiplier-tube (PMT) system
made up of a 77348 side-on PMT tube, a 70680 PMT housing,
and a 70705 PMT power supply. The output signal from the
oscilloscope (Tektronix TDS-640A) was transferred to a personal
computer. Concentrations of 1 and 2 were ca. 1 mM, whereas that
of the photosensitiser (acetone) was 0.54 M. The absorbance was
ca. 0.30 in the laser cell at the excitation wavelength.
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Feeding 5-hydroxy and 5-fluorotryptophan to a Streptomyces
coelicolor Trp-auxotrophic strain WH101 results in the pro-
duction of a number of new calcium-dependent antibiotics
(CDAs) possessing modified Trp residues. It is anticipated
that this method could be used to modulate the biological
properties of Trp-containing nonribosomal peptide natural
products, or to generate analogues with useful fluorescent
properties for studying biological mechanisms of action.


For many years auxotrophic strains of bacteria and fungi,
which are unable to produce a specific proteinogenic amino
acid, have been exploited to produce proteins containing amino
acid analogues.1 For example tryptophan analogs including 7-
azatryptophan (7AW) 1 and 5-hydroxytryptophan (5HW) 2
(Fig. 1) have been incorporated into proteins in Trp-auxotrophic
bacteria, grown on minimal media with depleted levels of L-Trp.2


Such Trp analogues (1 and 2) have distinct fluorescence properties,
which can be used to probe the structure, function and dynamics
of selected proteins.2 Indeed shorter peptides (domains) have been
similarly produced, possessing modified Trp residues, and then
subsequently assembled into larger multidomain proteins using
expressed protein ligation.2c The biological properties of small ri-
bosomally encoded peptides, including the disulfide bridged cyclic
peptide compstatin, can also be improved by incorporation of
Trp analogues using an E. coli Trp-auxotroph.3 Finally, precursor
directed biosynthesis, involving feeding amino acid analogues
to wild-type bacterial and fungal strains, has also resulted in
the production of secondary metabolite analogues incorporating
modified amino acid residues.4 For example fluorinated analogs
of the nonribosomal peptide actinomycin D were produced by
feeding 5-fluorotryptophan (5FW) 3 to Streptomyces parvullus.4b


Fig. 1 Structures of 7-azatryptophan 1, 5-hydroxytryptophan 2 and
5-fluorotryptophan 3 analogues used in this study.
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Despite this, there are very few examples where amino acid aux-
otrophs have been exploited in the precursor directed biosynthesis
of natural products.5


Previously, we used the Trp-auxotrophic WH101 strain of
Streptomyces coelicolor6 to determine the stereochemical course
of Trp dehydrogenation during the biosynthesis of Z-2′,3′-
dehydrotryptophan (Z-DTrp) found at the C-terminal position
11 of the calcium-dependent antibiotics (CDA) (Fig. 2).7 CDA
is a nonribosomal lipopeptide, which in addition to Z-DTrp,
contains a number of other nonproteinogenic and D-amino acids,
including D-Trp at position 3, as well as an N-terminal trans-
2,3-epoxyhexanoyl fatty acid side chain.8 CDA shares a similar
structure, and probably a related calcium-dependent antimicrobial
mechanism of action, as the commercial lipopeptide antibiotic
daptomycin.9 As a result of this, there has been considerable
interest in developing new methods for the engineered, and
precursor directed, biosynthesis of new lipopeptide variants.10


Following on from this, it was envisaged that the S. coelicolor
WH101 strain, which can incorporate high levels (ca. 60%) of
deuterated Trp into CDA when grown on minimal medium,7 might
be used in the directed biosynthesis of CDAs possessing modified
Trp-derived residues.


Fig. 2 Calcium-dependent antibiotics (CDAs) produced by the wild type
S. coelicolor: CDA1, R9 = OPO3H2 and R10 = H; CDA2, R9 = OPO3H2


and R10 = CH3; CDA3, R9 = OH, R10 = H; CDA4, R9 = OH, R10 = CH3.
The a-series contain Z-DTrp (R11 = p-bond) and the b-series contain L-Trp
(R11 = H,H) at position 11.


Accordingly, the WH101 strain was grown in the minimal
medium SV2a, estimated to contain low levels of L-Trp (ca.
6.0 lg mL−1),7 which was supplemented with D/L-7-azatryptophan
(7AW) 1 (75.0 lg mL−1). Following fermentation, the culture
supernatants were analysed by ESI-LC-MS.7 Detailed analysis
of the LC-MS failed to show the presence of any CDAs with


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 975–978 | 975







molecular weights consistent with 7-azatryptophan containing
variants. Instead, wild-type CDA4b was shown to be the major
product by comparison with an authentic sample. In the absence
of 7AW 1, the WH101 strain, under identical conditions, produces
predominantly the a-series CDA4a with a minor amount of
CDA3a, which both contain C-terminal Z-DTrp residues. Thus,
whilst 7AW 1 is not incorporated into CDA, it apparently inhibits
the production of a-series CDA in favour of CDA4b, which
possesses a C-terminal L-Trp, rather than a Z-DTrp residue. One
possible reason for this could be that 7AW inhibits the putative
Trp dehydrogenase/oxidase enzyme that is predicted to catalyse
the oxidation of the C-terminal Trp side chain.7 Indeed, Trp
analogues with modifications in the indole ring have been shown
to inhibit the L-tryptophan oxidase (LTO) from Chromabacterium
violaceum,11 which shares some mechanistic similarity to the
enzyme responsible for Z-DTrp in CDA.7


Following this, S. coelicolor WH101 was grown in SV2a,
supplemented with 5-hydroxytryptophan (5HW) 2 (37.5 lg mL−1),
and the culture supernatants were analysed by LC-MS (Fig. 3).
This revealed that CDA4a was the major product (Rt = 6.98).
However, in addition, three new products were evident that are
not produced by the WH101 strain in the absence of 5HW 2.
Furthermore, these new products do not correspond with the
retention times or MS molecular ions that are observed for any
of the known CDAs produced by S. coelicolor. Indeed, two of
the products (Rt = 5.96 and 6.19 min) exhibit molecular ions
that are exactly 16 Da higher than CDA4a. This is consistent
with the single incorporation of 5HW 2 at either position 3 or 11
of CDA4a. The low quantities of these products and difficulties
associated with their separation prevented isolation of sufficient
quantities of peptides for the assignment of the regiochemistry
of the 5HW incorporation. However, a fourth additional minor
product was also evident with a shorter retention time (Rt =
5.19 min) and molecular ions that are 32 Da higher than CDA4a.
The increased polarity and MS of this product is thus consistent
with a new CDA analogue that has incorporated two 5HW
molecules at both position 3 and 11 of CDA4a. Furthermore,
the molecular ions of the three new products in this case are
all consistent with 2′,3′-dehydrogenation of the Trp or 5HW
residues, at position 11, having taken place. This suggests that the
putative CDA Trp dehydrogenase/oxidase biosynthetic enzyme
is not inhibited by 5HW and indeed can accept a 5HW residue
as a substrate, presumably oxidising this to the 2′,3′-dehydro-5-
hydroxytryptophan residue.


In addition to this, 5-fluorotryptophan (5FW) 3 (37.5 lg mL−1)
was fed to the WH101 auxotroph in a similar fashion. In this
case, there is evidence of very low-level production of CDA4b and
CDA3b, however, none of the a-series wild-type lipopeptides is
observed above the threshold level of detection. Instead, the major
products from these feedings are a group of four closely eluting
compounds, which are clearly not evident in fermentations in the
absence of 5FW (Fig. 4). In addition, these products have longer
retention times and do not possess molecular ions in the MS that
correspond with any known CDAs produced by WH101 or any
other known S. coelicolor strain. The products with retention times
of 7.41 and 7.52 min, exhibit molecular ions that are consistent
with the single incorporation of 5FW into CDA3b and CDA4b,
respectively. In addition, the two remaining products with longer
retention times of 7.62 and 7.71 min, exhibit molecular ions in the


Fig. 3 (A) HPLC trace and (B) MS of the products resulting from feeding
5-hydroxytryptophan (5HW) 2 to S. coelicolor WH101. Rt = 7.01 min,
CDA4a: m/z 1495.6 ([M + H]+ C67H79N14O26 requires 1495.5); 1517.6 ([M
+ Na]+ C67H78N14O26Na requires 1517.5); 1533.6 ([M + K]+ C67H78N14O26K
requires 1533.5). Rt = 6.19 and 5.96 min, single incorporation (5HW)
CDA4a regioisomers: m/z 1511.6 ([M + H]+ C67H79N14O27 requires 1511.5);
1533.6 ([M + Na]+ C67H78N14O27Na requires 1533.5); 1549.6 ([M + K]+


C67H78N14O27K requires 1549.5). Rt = 5.17 min, double incorporation
product, (5HW)2CDA4a: m/z 1527.6 ([M + H]+ C67H79N14O28 requires
1527.5); 1549.6 ([M + Na]+ C67H78N14O28Na requires 1549.5); 1565.6 ([M
+ K]+ C67H78N14O28K requires 1549.5).


MS that are consistent with the double incorporation of 5FW into
both positions 3 and 11 of CDA3b and CDA4b, respectively. Given
that the incorporation of 5FW 3 into CDA is apparently higher
than 5HW 2, this would appear to suggest that the 5FW is a better
substrate for the NRPS enzymes that activate and condense the
Trp precursors. On the other hand, the absence of any wild-type
a-series CDA or any probable a-series CDA variants possessing
5FW residues suggests that 5FW residues are not substrates for
the Trp-dehydrogenase/oxidase and probably 5FW also inhibits
the dehydrogenation of the natural Trp residues in the wild-type
CDAs.


Conclusion


In summary, using the Trp-auxotrophic S. coelicolor WH101
strain, it is possible to effect the precursor directed biosynthesis
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Fig. 4 (A) HPLC trace and (B) MS of the products resulting from
feeding 5-fluorotryptophan (5FW) 3 to S. coelicolor WH101. Rt =
7.71 min, double incorporation product (5FW)2CDA4b: m/z 1533.5
([M + H]+ C67H79F2N14O26 requires 1533.5), 1555.5 ([M + Na]+


C67H78F2N14Na1O26 requires 1555.5), 1571.5 ([M + K]+ C67H78F2K1N14O26


requires 1571.5); Rt = 7.62 min, double incorporation product
(5FW)2CDA3b: m/z 1519.5 ([M + H]+ C66H77F2N14O26 requires 1519.5),
1541.5 ([M + Na]+ C66H76F2N14Na1O26 requires 1541.5), 1557.5 ([M + K]+


C66H76F1K1N14O26 requires 1557.5); Rt = 7.51 min, single incorporation
product (5FW)1CDA4b: m/z 1515.5 ([M + H]+ C67H80F1N14O26 requires
1515.5), 1537.5 ([M + Na]+ C67H79F1N14Na1O26 requires 1537.5), 1553.6
([M + K]+ C67H79F1K1N14O26 requires 1537.5); Rt = 7.41 min, single incor-
poration product (5FW)1CDA3b: m/z 1501.6 ([M + H]+ C66H78F1N14O26


requires 1501.5); 1523.6 ([M + Na]+ C66H77F1N14Na1O26 requires 1523.5),
1539.4 ([M + K]+ C66H78F1K1N14O26, requires 1539.5).


of CDA analogues possessing modified Trp residues by feeding
5-hydroxy and 5-fluorotryptophan analogues (2 and 3). Interest-
ingly, the 7-azatryptophan analogues cannot be incorporated into
CDA in this way. The typical low yields for production of CDAs
and difficulties associated with separating the products, including
regioisomers, complicated by the fact that CDA possesses two Trp
derived residues, prevented the isolation of sufficient quantities
of products for biological testing. Nevertheless, it is possible that
this approach might be used to modify Trp residues found in
other natural products, particularly nonribosomal peptides, which
could lead to new products with improved biological activities.
For example, the commercial lipopeptide daptomycin, which


was approved for use in 2003 and is now widely used in the
clinic, possesses an L-Trp residue as well as a Trp derived L-
kynurenine (Kyn) residue. Indeed, the Streptomyces roseosporus
industrial daptomycin production strain gives ca. 100 fold higher
titres of lipopeptides compared to S. coelicolor. It is thus likely
that a S. roseosporus Trp-auxotroph could be used to produce
significant quantities of daptomycins possessing modified Trp and
Kyn residues. In addition to potentially improving the biological
properties of the lipopeptide, those analogs possessing 5HW will
exhibit fluorescence excitation at wavelengths longer than the
absorbance of Trp and thus their fluorescence can be selectively
excited.2a The distinct fluorescent properties of such lipopeptides
could thus be used to further probe the structure and dynamics
of lipopeptides. In addition, fluorescence could be used to study
the interactions of lipopeptides with specific molecular targets
within bacterial cell membranes. This could assist in efforts to
further elucidate the antimicrobial mechanisms of action of these
lipopeptides, which remains a subject of considerable debate and
uncertainty.9,12
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The efficient cleavage of the N–O bond of some nitroso Diels–Alder cycloadducts has been achieved in
mild conditions, mediated either by 2,2-dimethyl-1,3-dioxan-5-one or 1,3-dithiolane-2-carboxaldehyde.
These new and purely organic conditions allow an excellent tolerance with respect to many functional
groups that would have been affected by previous reductive cleavage conditions.


Introduction


3,6-Dihydro-1,2-oxazines are valuable synthetic intermediates that
have found applications in numerous total syntheses of biologically
relevant targets due to the regio- and stereoselectivity of the nitroso
Diels–Alder reaction. Thus the cycloadduct may be used as a
temporary protection of the functionalities then created and be
further deprotected or transformed selectively in the synthesis,
via most usually the reductive cleavage of the N–O bond of
the six-membered heterocycle.1 The numerous methods that have
been developed for the cleavage of the N–O bond can be listed
under three different types: (a) radical-mediated,2 (b) anionic-
mediated (with3 or without4 quaternarization reaction of the
nitrogen atom) and (c) metal-mediated. The latter class includes
the majority of the reduction conditions, based on sodium or
aluminium amalgam,5 zinc in acetic acid,6 LiAlH4,7 molybdenum8


or samarium9 complexes, indium10 and catalytic hydrogenation
over Pd/C, Pd(OH)2, PtO2 or Raney Ni.11 Some of the previous
methods require harsh reaction conditions (such as strongly acidic
medium at elevated temperature)6 or lead to undesired side-
reactions and/or rearrangements.12 On the other hand, some
reductive methods do not allow the selective N–O bond cleavage
in the presence of other reducible functional groups.


During the course of our studies concerning the recently
developed nitroso Diels–Alder dienophile 1, we observed an
unexpected N–O bond cleavage of the cycloadduct, which afforded
the 1,4-cis aminoalcohols 5 in good yields (Scheme 1).13 The
broad synthetic interest of the obtained 1,4-cis aminoalcohols
5 combined with the mild reaction conditions led us to further
investigate the direct conversion observed with the cycloaddition
conditions. Actually, we wondered whether the condensation of a
carbonyl derivative bearing a heteroatom in the a position such as
6 (Scheme 2) with a cyclic hydroxylamine derivative like 7 might
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Bâtiment 410-Université Paris-Sud XI, 15 rue Georges Clémenceau,
91405, Orsay Cedex, France. E-mail: cykouklo@icmo.u-psud.fr; Fax: 33
169154679; Tel: 33 169157391
bLaboratoire de Chimie Organique, ENSCMu-UMR 7015, 3 rue A. Werner,
68093, Mulhouse Cedex, France, nicolas.blanchard@uha.fr; Fax: 33
389336860; Tel: 33 389336824
† Electronic supplementary information (ESI) available: 1H and 13C NMR
spectra. See DOI: 10.1039/b718787d


Scheme 1 Tandem [4 + 2] cycloaddition/N–O bond cleavage.13


Scheme 2 Proposed organic N–O r bond heterolysis.


produce such a heterolytic N–O bond cleavage via the iminium–
enamine equilibrium observed in our previous studies.13


Such a carbonyl derivative would selectively react with the
nucleophilic nitrogen of the dihydro-1,2-oxazine and should
therefore be inert towards other reducible functional groups, such
as nitro or benzyloxy moieties.


For such an analogous reaction mediated only by a non-
reductive organic compound, we are only aware of the previous
N–O bond cleavage mediated by nitrosobenzene during a tandem
aminoxylation/O–N bond heterolysis observed by Barbas and
Ramachary.14
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Table 1 N–O r bond heterolysis of dihydrooxazines with ketone 9a


Entry Reactant Solvent Temp/◦C Time/h Promoter 10 : 11b Yield (%)c


1 7 Tol. 20 14 — 0 : 100 95
2 7 Tol. 45 22 PPTS 100 : 0 44
3d 7 Tol. 45 22 PPTS 0 : 100 62
4 7 DCE 85 22 LiOAc 33 : 67 55
5 8 i-PrOH 20 14 — 20 : 80 100
6 8 i-PrOH 40 19 — 40 : 60 79
7e 8 i-PrOH 30 8 — 71 : 29 76


a Reaction conditions: dihydrooxazine 7 or 8, ketone 9 (1 equivalent) under the conditions of solvent (0.15 M) and time specified in the Table. Hydrolysis
with 1 N aqueous HCl followed by protection with Boc2O in aqueous NaOH. b Determined by 1H NMR analysis of the crude reaction mixture. c Isolated
combined yield. d In the absence of ketone 9. e 10 equivalents of ketone 9 were used.


In the present article, we wish to report our results concerning
the efficient and general N–O bond cleavage of nitroso Diels–
Alder cycloadducts mediated by some specific carbonyl deriva-
tives such as 2,2-dimethyl-1,3-dioxan-5-one or 1,3-dithiolane-2-
carboxaldehyde in mild conditions. We have shown that these
conditions allow selective cleavage in the presence of some other
functional groups in contrast to other previous reductive methods.


Results and discussion


N–O r bond cleavage mediated by 2,2-dimethyl-1,3-dioxan-5-one 9


For the first experiments, commercially available ketone 9 derived
from 1,3-dihydroxyacetone and 3,6-dihydro-1,2-oxazine 7 was
selected, and a variety of reaction conditions were screened
(Table 1).‡


In the absence of promoters, no reaction occurred at 20 ◦C
and thus, after NBOC protection for analysis and further product
isolation, 11 was obtained in 95% yield (entry 1). A slight increase
of the temperature to 45 ◦C and the addition of one equivalent
of pyridinium para-toluenesulfonate led, after NBOC protection
for chromatographic isolation, to an encouraging 44% yield of
the hydroxycarbamate 10 (Table 1, entry 2). Although this yield
was still moderate, this result clearly showed that the desired
N–O bond cleavage might be achieved, mediated by a suitable
ketone such as 9 in a pure organic medium, requiring no added
reducing agent. In the absence of ketone 9, after NBOC protection,
11 was isolated only in 62% yield, indicating that substantial
decomposition occurred under this set of conditions (Table 1,
entry 3). Switching from the Br�nsted acid PPTS to the Lewis acid


‡ Simpler carbonyl derivatives (including commercially available dihydrox-
yacetone dimer and [1,3]-dithiane-2-carbaldehyde prepared according to
P. C. Bulman Page, A. P. Marchington, L. J. Graham, S. A. Harkin and
W. W. Wood, Tetrahedron, 1993, 49, 10369) were also evaluated in these
studies. Inferior results and/or complex mixtures were obtained.


LiOAc in 1,2-dichloroethane at 85 ◦C increased only moderately
the conversion (Table 1, entry 4).


The limited stability of 3,6-dihydro-1,2-oxazine 7 under this
set of conditions and the poor solubility of PPTS in toluene
prompted us to examine other reaction conditions. Taking these
considerations into account, 3,6-dihydro-1,2-oxazinium chloride
8 might have the advantage of catalyzing the formation of the
desired iminium 2, immediate precursor of the postulated key
intermediate 3 for cleavage (Scheme 1). When 3,6-dihydro-1,2-
oxazinium chloride 8 was reacted with one equivalent of ketone
9 in iPrOH at 20 ◦C for 14h, a 10 : 11 ratio of 20 : 80 was
obtained in quantitative yield after protection (Table 1, entry
5). Increasing the temperature to 40 ◦C for 19 h led to a 10 :
11 ratio of 40 : 60 (Table 1, entry 6). TLC monitoring of the
reaction mixture showed that ketone 9 was rapidly disappearing
presumably due to some hydrolysis of the ketal, even when 9 was
used in large excess (Table 1, entry 7, 10 : 11 = 71 : 29, 76%). Such
competitive ketal deprotection could not be avoided under the
preceding acidic conditions, therefore requiring an a-heteroatom
substituted carbonyl derivative, which should be stable in the
reaction conditions, in order to optimize the desired cleavage.


N–O r bond cleavage mediated by 1,3-dithiolane-2-
carboxaldehyde 12


1,3-Dithiolane-2-carboxaldehyde 12 was selected as reactant, due
to its stability in the acidic conditions used previously and to its
greater electrophilicity compared to ketone 9. Aldehyde 12 was
conveniently prepared on a multigram scale by DIBAH reduction
of commercially available ethyl 1,3-dithiolane-2-carboxylate.15


When 3,6-dihydro-1,2-oxazinium chloride 8 was reacted with
one equivalent of aldehyde 12 in i-PrOH (0.15 M) at 30 ◦C for
4.5 h, a 10 : 11 ratio of 77 : 23 was obtained (Table 2, entry 1).
The best yield was then obtained with 1.5 equivalents of aldehyde
12 (0.15 M) in iPrOH, at 40 ◦C for 30 h (97% conversion), or
more conveniently at 50 ◦C after 4.5 h (86% isolated yield, Table 3,
entry 4).
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Table 2 N–O r bond heterolysis of dihydrooxazines with aldehyde 12a


Entry Temp/◦C Time/h 10 : 11b Yield (%)c


1d 30 4.5 77 : 23 65
2 30 20 89 : 11 94
3 40 30 97 : 3 94
4 50 4.5 98 : 2 86


a Reaction conditions: dihydrooxazinium chloride 8, aldehyde 12 (1.5
equivalents) in i-PrOH (0.15 M). Hydrolysis with 1 N aqueous HCl
followed by protection with Boc2O in aqueous NaOH. b Determined by
1H NMR and/or GC analysis of the crude reaction mixture. c GC yield
calibrated versus an internal standard (butylphthalate). d 1 equivalent of
aldehyde 12 was used.


Scope of the N–O r bond cleavage mediated by
1,3-dithiolane-2-carboxaldehyde 12


We next examined the scope of this new cleavage of the N–O bond
of dihydrooxazinium hydrochlorides, mediated by the aldehyde 12
(Table 3).


Under the previously defined optimal conditions, 1,2-oxazinium
chloride 13 led to the corresponding 1,4-cis-aminoalcohol 14 in
an excellent 88% yield for two steps (Table 3, entry 1). Aromatic
substituents in the 6-position of the 1,2-oxazinium chloride allow
a clean and efficient cleavage as long as the aromatic ring is not too
electron-rich. Actually, 1,2-oxazinium chloride 15 led to a complex
mixture under our standard N–O bond cleavage conditions
(Table 3, entry 2), and extensive attempts to try to optimize
the formation of the desired cleavage product were unsuccessful.
On the other hand, 1,2-oxazinium chloride 17 bearing a meta-
bromo aryl substituent underwent a smooth N–O bond cleavage,
affording after NBOC protection, the desired hydroxycarbamate
in 77% isolated yield (Table 3, entry 3). It is worth noting that such
a C–Br bond would not be compatible with some of the previously
reported N–O bond reductive cleavage, such as some catalytic
hydrogenations, or sodium amalgam for example.16 Another
functional group incompatible with the classical conditions is
the nitro group. The latter is readily reduced by LiAlH4, Zn–
AcOH or under catalytic hydrogenation conditions.17 Only a few
examples of N–O r bond reduction in the presence of a nitro
group are known.18 In contrast, when 1,2-oxazinium chloride 19
bearing a para-nitro phenyl substituent was treated with [1,3]-
dithiolane-2-carbaldehyde 12 for 2.5 h at 50 ◦C, a clean N–O bond
scission occurred, leading after NBOC protection, to the desired
hydroxycarbamate 20 in 76% isolated yield (Table 3, entry 4).


Conclusions


We have shown that some carbonyl compounds having an a-hetero
substituent, such as 2,2-dimethyl-1,3-dioxan-5-one or preferably
1,3-dithiolan-2-carboxaldehyde, react with 1,2-oxazinium salts to
achieve efficiently in mild conditions the cleavage of the N–O
bond. The corresponding 1,4-cis aminoalcohols were isolated in


good to excellent yield, without metal contamination, inherent to
classical reducing methods. The scope of this purely organic N–O
bond cleavage has been studied and the only current limitation
appeared to be dihydrooxazinium chlorides bearing electron-rich
aromatic rings as substituents in the 6-position of 3,6-dihydro-1,2-
oxazinium hydrochlorides. This new method of cleavage should
be compatible with many functional groups that tolerate the
moderately acidic conditions described. This method should also
be of interest for the selective cleavage of the N–O bond of
tetrahydro-1,2-oxazines, which are more difficult to achieve for
example by Al(Hg), Na(Hg) or even samarium iodide. We are
currently exploring the scope of this organomediated N–O bond
cleavage for acyclic N–O as well as N–N r bonds in general.


Experimental


General experimental


All reactions were conducted in flame-dried or oven-dried glass-
ware under an atmosphere of dry nitrogen. All solvents were pu-
rified before use unless otherwise indicated. Tetrahydrofuran, di-
ethyl ether and toluene were distilled over sodium–benzophenone
ketyl anion under argon. Dichloromethane was distilled over
CaH2 under argon. All other reagents were purchased and used
without further purification. Solvent removal was performed at
reduced pressure using a rotary evaporator with water aspiration.
Analytical thin layer chromatography (TLC) was performed on
glass plates precoated with a 0.25 mm thickness of Kieselgel 60
F254. The TLC plates were visualized by shortwave UV light,
potassium permanganate, p-anisaldehyde or ceric ammonium
molybdate stain. Flash chromatography was performed according
to the method of Still on Kieselgel 60 (230–400 mesh) silica
gel. Infrared spectra were recorded as thin films on NaCl plates
using a Perkin–Elmer Spectrum One FT-IR spectrophotometer.
1H NMR spectra were measured at 300 MHz on Bruker Advance
300. Melting points were recorded on a Büchi 510 melting point
apparatus. Chemical shifts are reported in d units to 0.01 ppm
precision, with coupling constants reported in Hertz to 0.1 Hz
precision using residual chloroform (d 7.27 ppm) as an internal
reference. Multiplicities are reported as follows: s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, m = multiplet, bs =
broad singlet. 13C NMR spectra were measured at 75 MHz using
CDCl3 (d 77.0 ppm) as an internal reference. Mass spectra were
performed at the Institut de Chimie des Substances Naturelles
(ICSN, CNRS, Gif sur Yvette, France). Compounds 7,19 8,20 1215


and 1321 were prepared according to literature procedures. The
spectroscopic data of compounds 10, 11 and 14 obtained in these
studies were identical to those reported in the literature.13


(2E,4E)-5-(4-Benzyloxy-3-methoxy-phenyl)-penta-2,4-dienoic
acid ethyl ester (22)


To a solution of triethyl phosphonocrotonate22 (5.0 mL,
22.6 mmol) and 3-methoxy-4-benzyloxy benzaldehyde 21 (5.47 g,
22.6 mmol) in THF (38 mL) was added molecular sieves (powdered
4 Å, 6.0 g) and LiOH·H2O (1.0 g, 23.7 mmol) under vigorous
stirring. The suspension was warmed at 45 ◦C for 3 h, cooled to
room temperature, filtered on a Büchner funnel and the filtrate was
diluted with water. The aqueous phase was extracted with EtOAc
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Table 3 Scope of the N–O r bond heterolysis of dihydrooxazinesa


Entry Oxazinium chloride Time/h Product Yield (%) b


1 13 4.5 14 88


2 15 2–24 16 —


3 17 2.5 18 77


4 19 2.5 20 76


a Reaction conditions: dihydrooxazinium chloride, aldehyde 12 (1.5 equivalents except for entry 4, 1.4 equivalents) in i-PrOH (0.15 M, except for entry 4,
0.05 M) at 50 ◦C. Hydrolysis with 1 N aqueous HCl followed by protection with Boc2O in aqueous NaOH. b Isolated yield.


and the combined organic phases were dried over magnesium
sulfate, filtered and concentrated. The residue was purified by flash
chromatography on silica gel (cyclohexane–ethyl acetate = 90 : 10
to 80 : 20) to give 6.67 g (87%) of compound 22 as a thick yellow
oil that slowly crystallised.


Mp: 77 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 7.46–
7.39 (6 H, Ph + CH=CH); 7.04–6.80 (5 H, Ar + CH=CH);
5.97 (1 H, d, J 15.3, CH=CH); 5.20 (2 H, s, OCH2Ph), 4.25
(2 H, q, J 7.2, OCH2CH3); 3.95 (3 H, s, OCH3); 1.33 (3 H, t,
J 7.2 Hz, OCH2CH3). 13C NMR (75 MHz, CDCl3), d (ppm):
167.2 (CO), 149.7 (Ar. Quat.), 149.1 (Ar. Quat.), 144.8, 140.3,
136.7 (Ar. Quat.), 129.5, 128.6, 127.9, 127.2, 124.4, 121.0, 120.2,
113.5, 109.5, 70.8 (PhCH2O), 60.3 (CH3CH2OCO), 56.0 (OCH3),
14.3 (CH3CH2OCO). LRMS (ES): m/z (%) = 361.1 ([M + Na]+,
100), 436.1 (34). HRMS (ES, Na+): calculated for C21H22O4Na
[M + Na]+: 361.1416, found: 361.1428.


1-Benzyloxy-4-((1E,3E)-5-benzyloxy-penta-1,3-dienyl)-2-
methoxy-benzene (23)


To a solution of ester 22 (6.66 g, 19.7 mmol) in CH2Cl2 (100 mL) at
0 ◦C was added DIBAL (1.5 M in toluene, 29.0 mL, 43.3 mmol).
The solution was slowly warmed to room temperature over 1 h
and transferred carefully to a saturated aqueous solution of
potassium and sodium tartrate (100 mL) via canula. Diethyl ether
(200 mL) was added and vigorous stirring was continued until both
phases were clear. The aqueous phase was extracted with EtOAc
and the combined organic phases were dried over magnesium
sulfate, filtered and concentrated. The residue was purified by
flash chromatography on silica gel (cyclohexane–ethyl acetate =
80 : 20 to 60 : 40) to give 5.26 g (79%, 2 steps) of the desired
alcohol as a white solid (mp: 86 ◦C, LRMS (ES): m/z (%) =
319.1 ([M + Na]+, 100), 267.1 (43), 320.1 (7), 228.1 (3); HRMS
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(ES, Na+): calculated for C19H20O3Na [M + Na]+: 319.1310, found:
319.1306).


The latter compound (4.50 g, 15.18 mmol) was dissolved
in DMF (15 mL) and cooled to 0 ◦C. NaH (purum, 0.47 g,
19.7 mmol) was then added. After 10 min, BnBr (2.0 mL,
16.7 mmol) was added dropwise and the reaction mixture was
warmed to room temperature. After 12 h, the solution was
hydrolyzed with water (70 mL) and the aqueous phase was
extracted with a cyclohexane–CH2Cl2 solution (90 : 10, 3 ×
60 mL). The combined organic phases were dried over magnesium
sulfate, filtered and concentrated. The residue was purified by flash
chromatography on silica gel (cyclohexane–ethyl acetate = 95 : 5)
to give 4.04 g (69%) of compound 23 as a pale yellow oil that
slowly crystallized to white crystals.


Mp: 43 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 7.50–7.30
(10 H, 2 × Ph); 7.01 (1 H, d, J 1.7, H Ar); 6.90 (1 H, dd, J 1.7
and 8.2, H Ar); 6.84 (1 H, d, J 8.2, H Ar); 6.70 (1 H, dd, J 10.5
and 15.2, Ar–CH=CH–CH=CH–CH2); 6.52 (1 H, d, J 15.2, Ar–
CH=CH–CH=CH–CH2); 6.42 (1 H, m, Ar–CH=CH–CH=CH–
CH2); 5.92 (1 H, dt, J 6.1 and 15.2, Ar–CH=CH–CH=CH–CH2);
5.19 (2 H, s, CH2OCH2Ph); 4.57 (2 H, s, ArOCH2Ph); 4.14 (2 H,
d, J 6.1, Ar–CH=CH–CH=CH–CH2); 3.94 (3 H, s, OCH3). 13C
NMR (75 MHz, CDCl3), d (ppm): 149.6 (Ar. Quat.), 148.0 (Ar.
Quat.), 138.2 (Ar. Quat.), 137.0, 133.2, 132.5 (Ar. Quat.), 130.7,
129.1, 128.5, 128.4, 127.8, 127.75, 127.6, 127.2, 126.6, 119.6 (Ar),
113.8 (Ar), 109.1 (Ar), 72.0 (CH2O), 70.9 (CH2O), 70.5 (CH2O),
55.9 (OCH3). LRMS (ES): m/z (%) = 459.2 (40), 443.2 (24), 425.2
(45), 358.2 (14), 357.1 (100).


(3R,6S)-6-(4-Benzyloxy-3-methoxy-phenyl)-3-benzyloxymethyl-
3,6-dihydro-[1,2]oxazine-2-carboxylic acid tert-butyl ester (24)


To a solution of 1,3-diene 23 (2.27 g, 5.80 mmol) and tert-butyl-
N-hydroxycarbamate20 (0.78 g, 5.80 mmol) in CH2Cl2 (15 mL) at
0 ◦C was added Bu4NIO4 (2.51 g, 5.8 mmol) portionwise over
30 min. After 1 h 30 min at 0 ◦C, additional BocNHOH (0.2 g,
1.50 mmol) and Bu4NIO4 (0.4 g, 0.92 mmol) were added. The
reaction mixture was then hydrolyzed with water and the aqueous
phase was extracted with EtOAc. The combined organic phases
were washed with a 10% aqueous Na2S2O3 solution, dried over
magnesium sulfate, filtered and concentrated. The residue was
purified by flash chromatography on silica gel (cyclohexane–ethyl
acetate = 95 : 5 to 90 : 10) to give 2.15 g (71%) of compound 24
as a yellow oil that crystallized slowly to white crystals. 372 mg of
1,3-diene 23 (16%) were also recovered.


Mp: 97 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 7.46–7.28 (10
H, 2 × Ph); 6.93 (1 H, s, Ar.); 6.87 (2 H, s, Ar.); 6.10 (1 H, ddd, J
2.2, 4.3 and 10.3, OCH–CH=CH–CHN); 5.99 (1 H, br. d., J 10.3,
OCH–CH=CH–CHN); 5.50 (1 H, br. s, OCH–CH=CH–CHN
or OCH–CH=CH–CHN); 5.19 (2 H, s, CH2OCH2Ph); 4.76 (1 H,
br. s., OCH–CH=CH–CHN or OCH–CH=CH–CHN); 4.65 (1
H, d, J 12.0, ArOCH2Ph); 4.60 (1 H, d, J 12.0, ArOCH2Ph); 3.87 (3
H, s, OCH3); 3.84 (1 H, dd J 7.2 and 9.7, CH2OCH2Ph); 3.71 (1 H,
dd J 6.2 and 9.7, CH2OCH2Ph); 1.55 (9 H, s, OC(CH3)3). 13C NMR
(75 MHz, CDCl3), d (ppm): 154.4 (Ar. Quat.), 149.5 (Ar. Quat.),
148.5 (Ar. Quat.), 138.0 (Ar. Quat.), 136.8 (Ar. Quat.), 129.9, 128.8,
128.4, 128.2, 127.7, 127.4, 127.0, 124.7, 120.8 (Ar.), 113.5 (Ar.),
111.8 (Ar.), 81.5 (OCMe3), 78.3 (OCHPh), 73.1 (OCH2Ph), 70.8
(OCH2Ph), 70.5 (CH2OCH2Ph), 55.8 (CH3O), 53.7 (br, CHN),


28.2 (OCMe3). LRMS (ES): m/z (%) = 540.2 ([M + Na]+, 100),
484.2 (90), 485.2 (13), 440.2 (18). HRMS (ES, Na+): calculated for
C31H35NO6Na [M + Na]+: 540.2386, found: 540.2362.


(3R,6S)-6-(4-Benzyloxy-3-methoxy-phenyl)-3-benzyloxy-methyl-
3,6-dihydro-2H-[1,2]oxazin-2-ium chloride (15)


To a solution of dihydrooxazine 24 (0.30 g, 0.58 mmol) in dioxane
(1 mL) at 0 ◦C was added HCl (4 N in dioxane, 0.58 mL,
2.32 mmol). White crystals precipitated after 1 h at 0 ◦C. After
filtration, the solids were washed with pentane and dried under
high vacuum to give 0.178 g (68%) of the desired 15 as white
crystals.


Mp: 143 ◦C (decomp.). 1H NMR (300 MHz, CD3OD), d (ppm):
7.47–7.30 (10 H, 2 × Ph); 7.01 (1 H, d, J 8.1, Ar.); 6.94–6.88 (2
H, Ar.); 6.23 (1 H, br. dt, J 1.3 and 10.8, OCH–CH=CH–CHN);
6.13 (1 H, ddd, J 1.9, 4.3 and 10.8, OCH–CH=CH–CHN); 5.81 (1
H, br. d, J 1.7, OCH–CH=CH–CHN or OCH–CH=CH–CHN);
5.15 (2 H, s, ArOCH2Ph); 4.67 (2 H, s, CH2OCH2Ph); 4.33 (1 H, m,
OCH–CH=CH–CHN or OCH–CH=CH–CHN); 3.83–3.79 (5 H
including 3.80 (3 H, s, OCH3), CH2OCH2Ph). 13C NMR (75 MHz,
CD3OD), d (ppm): 151.2 (Ar. Quat.), 150.9 (Ar. Quat.), 138.6 (Ar.
Quat.), 138.3 (Ar. Quat.), 130.4, 129.5, 129.2, 129.1, 129.0, 128.6,
122.8, 120.8 (Ar.), 115.1 (Ar.), 113.5 (Ar.), 81.6 (OCMe3), 74.4
(OCHPh), 71.8 (OCH2Ph), 67.5 (OCH2Ph), 56.6 (CH2OCH2Ph
or CH3O), 55.8 (CH2OCH2Ph or CH3O). LRMS (ES): m/z (%) =
440.1 ([M − Cl + Na]+, 100), 418.2 (28), 409.2 (22). HRMS (ES,
Na+): calculated for C26H28NO4Na [M − Cl + Na]+: 441.1916,
found: 441.1903.


(2E,4E)-5-(3-Bromo-phenyl)-penta-2,4-dienoic acid ethyl ester
(26)


To a suspension of 3-ethoxycarbonylallylidenetriphenyl-arsonium
bromide23 (2.0 g, 4 mmol) in THF (10 mL) was added n-BuLi
(2.5 M in hexanes, 1.6 mL, 4 mmol) dropwise at 0 ◦C. The
red solution was stirred for 30 min at that temperature. 3-
Bromobenzaldehyde (0.23 mL, 2 mmol) was then added and the
reaction mixture was stirred for 1 h at 0 ◦C and 1 h at room
temperature before being quenched with a saturated aqueous
solution of NH4Cl. The aqueous phase was extracted with EtOAc
and the combined organic phases were dried over magnesium
sulfate, filtered and concentrated. The residue was purified by flash
chromatography on silica gel (cyclohexane–ethyl acetate = 90 : 10)
to give 339 mg (60%) of compound 26 as a slightly yellow oil.


1H NMR (300 MHz, CDCl3), d (ppm): 7.62 (1 H, t, J 1.7,
H Ar.); 7.47–7.37 (2 H, Ar.); 7.28–7.21 (2 H); 6.92–6.78 (2 H,
Ar–CH=CH–CH=CH–CO); 6.04 (1 H, d, J 15.3, Ar–CH=CH–
CH=CH–CO); 4.25 (2 H, q, J 7.2, OCH2CH3); 1.33 (3 H, t, J 6.9,
OCH2CH3). 13C NMR (75 MHz, CDCl3), d (ppm): 166.9 (CO),
143.8, 138.4, 138.1, 131.7, 130.3, 129.8, 127.6, 125.8, 122.4, 60.5
(OCH2CH3), 14.3 (OCH2CH3). LRMS (ES): m/z (%) = 598.0
(14), 473.0 (14), 438.2 (19), 416 (19), 237 (100).


1-((1E,3E)-5-Benzyloxy-penta-1,3-dienyl)-3-bromo-benzene (27)


To a solution of ester 26 (0.275 g, 0.98 mmol) in CH2Cl2 (4.9 mL) at
0 ◦C was added DIBAL (1.5 M in toluene, 1.57 mL, 2.35 mmol).
The solution was slowly warmed to room temperature over 1 h
and transferred carefully to a saturated aqueous solution of
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potassium and sodium tartrate via canula. Diethyl ether (30 mL)
was added and vigorous stirring was continued until both phases
were clear. The aqueous phase was extracted with EtOAc and
the combined organic phases were dried over magnesium sulfate,
filtered and concentrated to give a colorless oil that was used
without purification in the next step. The residue was dissolved in
DMF (4.9 mL) and cooled to 0 ◦C. NaH (purum, 47 mg, 2 mmol)
was then added. After 10 min, BnBr (0.175 mL, 1.47 mmol)
was added dropwise and the reaction mixture was warmed to
room temperature. After 12 h, the solution was hydrolyzed with
water (10 mL) and the aqueous phase was extracted with a
cyclohexane–CH2Cl2 solution (90 : 10, 3 × 30 mL). The combined
organic phases were dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 99 : 1 to 95 : 5) to give
223 mg (69%, 2 steps) of compound 27 as a colorless oil.


1H NMR (300 MHz, CDCl3), d (ppm): 7.55 (1 H, t, J 1.9, Ar.);
7.42–7.30 (7 H, Ph + Ar.); 7.19 (1 H, t, J 7.8, Ar.); 6.80 (1 H, dd,
J 10.0 and 15.0, Ar–CH=CH–CH=CH–CH2O); 6.51–6.40 (2 H,
Ar–CH=CH–CH=CH–CH2O); 5.97 (1 H, dt, J 6.2 and 15.0, Ar–
CH=CH–CH=CH–CH2O); 4.57 (2 H, OCH2Ph); 4.14 (2 H, d, J
6.2, CH2OCH2Ph). 13C NMR (75 MHz, CDCl3), d (ppm): 132.3,
131.3, 130.9, 130.3, 130.1, 129.6, 129.1, 128.4, 127.8, 127.7, 125.0,
122.8, 122.0, 72.2 (CH2OCH2Ph), 70.2 (CH2OCH2Ph). LRMS
(ES): m/z (%) = 459.3, 441.3, 425.3, 385.2, 357.3, 331.3.


(3R*,6S*)-3-Benzyloxymethyl-6-(3-bromo-phenyl)-3,6-dihydro-
[1,2]oxazine-2-carboxylic acid tert-butyl ester (28)


To a solution of 1,3-diene 27 (0.22 g, 0.67 mmol) and tert-butyl-
N-hydroxycarbamate20 (0.13 g, 1.0 mmol) in CH2Cl2 (3.4 mL) at
0 ◦C was added Bu4NIO4 (0.29 g, 0.67 mmol) portionwise over
30 min. After 2 h at 0 ◦C, additional Bu4NIO4 (0.29 g, 0.67 mmol)
was added portionwise over 30 min. The reaction mixture was
then hydrolyzed with a saturated aqueous solution of NH4Cl and
the aqueous phase was extracted with EtOAc. The combined
organic phases were dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 90 : 10) to give 515 mg
(61%) of compound 28 as a colorless oil.


1H NMR (300 MHz, CDCl3), d (ppm): 7.52–7.47 (2 H, Ar.);
7.37–7.21 (7 H, Ar. + Ph); 6.10 (1 H, ddd, J 2.4, 4.5 and 10.5, OCH–
CH=CH–CHN); 5.93 (1 H, dt, J 1.4 and 10.5, OCH–CH=CH–
CHN); 5.50 (1 H, br. s, OCH–CH=CH–CHN); 4.72 (1 H, br. s,
OCH–CH=CH–CHN); 4.64 (1 H, d, J 11.9, PhCH2OCH2); 4.59
(1 H, d, J 11.9, PhCH2OCH2); 3.82 (1 H, dd, J 7.2 and 9.8,
PhCH2OCH2); 3.69 (1 H, dd, J 6.2 and 9.8, PhCH2OCH2); 1.53
(9 H, s, OC(CH3)3). 13C NMR (75 MHz, CDCl3), d (ppm): 154.4
(CO), 139.2 (Ar. Quat.), 138.0 (Ar. Quat.), 132.0, 131.1, 130.2,
128.3, 127.6, 126.8, 125.2, 122.6 (Ar. Quat.), 81.9 (OC(CH3)3),
77.8 (CHO), 73.2 (PhCH2O), 70.5 (HN–CH2O), 53.7 (CHN),
28.3 (OC(CH3)3). LRMS (ES): m/z (%) = 482.1 ([M + Na]+,
57), 428.0 (93), 426.0 (100). HRMS (ES, Na+): calculated for
C23H26BrNO4Na [M + Na]+: 482.0943, found: 482.0964.


(3R*,6S*)-3-Benzyloxymethyl-6-(3-bromo-phenyl)-3,6-dihydro-
2H-[1,2]oxazin-2-ium chloride (17)


To a solution of dihydrooxazine 28 (0.345 g, 0.75 mmol) in dioxane
(1 mL) at 0 ◦C was added HCl (4 N in dioxane, 0.75 mL, 3 mmol).


White crystals precipitated after 1 h at 0 ◦C. After filtration, the
solids were washed with pentane and dried under high vacuum to
give 0.234 g (79%) of the desired 17 as white crystals.


Mp: >160 ◦C (decomp.). 1H NMR (300 MHz, CD3OD),
d (ppm): 7.65–7.57 (2 H, Ar.); 7.44–7.32 (7 H, Ar. + Ph);
6.24 (1 H, dt, J 1.4 and 10.7, OCH–CH=CH–CHN); 6.16 (1
H, ddd, J 1.9, 4.3 and 10.7, OCH–CH=CH–CHN); 5.88 (1
H, br. s, OCH–CH=CH–CHN or OCH–CH=CH–CHN); 4.66
(2 H, s, PhCH2O); 4.35 (1 H, m, OCH–CH=CH–CHN or
OCH–CH=CH–CHN); 3.88–3.77 (2 H, CHN–CH2O). 13C NMR
(75 MHz, CD3OD), d (ppm): 138.4 (Ar. Quat.), 134.2, 132.4, 131.9,
129.7, 129.6, 129.2, 129.1, 128.4, 123.7, 122.6 (Ar. Quat.), 121.2,
80.8 (CHOAr), 74.4 (PhCH2OCH2), 67.4 (PhCH2OCH2), 55.8
(CHN). LRMS (ES): m/z (%) = 385.0 (13), 384.0 (92), 382.0
([M − HCl + Na]+, 100), 362.1 (8), 360.2 (8), 353.0 (12), 351.0
(12). HRMS (ES, Na+): calculated for C18H18BrNO2Na [M −
HCl + Na]+: 382.0419, found: 382.0430.


[(Z)-(1R*,4S*)-1-Benzyloxymethyl-4-(3-bromo-phenyl)-4-
hydroxy-but-2-enyl]-carbamic acid tert-butyl ester (18)


To a suspension of dihydrooxazinium chloride 17 (59 mg,
0.15 mmol) in i-PrOH (1 mL) was added [1,3]-dithiolane-2-
carbaldehyde3 (30 mg, 0.22 mmol) via a syringe. The reaction
mixture became homogeneous at 30–35 ◦C and was stirred at 50 ◦C
for 2 h 30 min. The solution was then cooled to room temperature
and hydrolyzed with aqueous HCl (1 N, 0.5 mL). After 15 min,
aqueous NaOH (3 N) was added dropwise until pH > 10 and
a solution of Boc2O (65 mg, 0.3 mmol) in THF (2 mL) was then
added. The reaction mixture was stirred 12 h at room temperature,
diluted with water and extracted with diethyl ether. The combined
organic phases were dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 70 : 30 to 50 : 50) to give
53 mg (77%) of compound 18 as a white solid.


Mp: 52–53 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 7.58 (1
H, br. s, Ar.); 7.43–7.19 (8 H, Ph + Ar.); 5.75 (1 H, dd, J 8.6 and
10.7, OCH–CH=CH–CHN); 5.67–5.58 (2 H, OCH–CH=CH–
CHN + NH/OH); 5.28 (1 H, br. d, J 6.4, CHO); 4.80–4.70 (2 H,
CHN + NH/OH); 4.60 (1 H, d, J 11.9, OCH2Ph); 4.55 (1 H, d, J
11.9, OCH2Ph); 3.66 (1 H, dd, J 3.8 and 9.3, CH2OCH2Ph); 3.54
(1 H, dd, J 4.5 and 9.3, CH2OCH2Ph); 1.47 (9 H, s, OC(CH3)3).
13C NMR (75 MHz, CDCl3), d (ppm): 156.0 (CO), 145.3 (Ar.
Quat.), 137.4 (Ar. Quat.), 134.8, 130.1, 129.8, 129.0, 128.8, 128.5,
128.0, 127.7, 124.5, 122.4 (Ar. Quat.), 80.5 (OC(CH3)3), 73.4
(CHO), 71.2 (PhCH2OCH2), 67.4 (PhCH2OCH2), 47.6 (CHN),
28.3 (OC(CH3)3). LRMS (ES): m/z (%) = 487.1 (10), 486.1
(98), 484.1 ([M + Na]+, 100), 428.0 (18), 384.1 (13). HRMS (ES,
Na+): calculated for C23H28BrNO4Na [M + Na]+: 484.1099, found:
484.1082


(2E,4E)-5-(4-Nitro-phenyl)-penta-2,4-dienoic acid ethyl ester (30)


To a solution of triethyl phosphonocrotonate23 (1.46 mL,
6.6 mmol) and 4-nitrobenzaldehyde 29 (1.0 g, 6.6 mmol) in
THF (11 mL) was added molecular sieves (powdered 4 Å, 1.0 g)
and LiOH·H2O (0.29 g, 6.9 mmol) under vigorous stirring. The
suspension was warmed at 45 ◦C for 10 min, cooled to room
temperature, filtered through Celite R© and rinsed thoroughly with
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diethyl ether. The black filtrate was diluted with water and
the aqueous phase was extracted with EtOAc, the combined
organic phases were dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 90 : 10 to 80 : 20) to give
613 mg (40%) of compound 30 as a yellow crystals.


Mp: 101 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 8.24 (2 H,
d, J 8.8, O2N–C=CH–CH=C × 2); 7.61 (2 H, d, J 8.8, O2N–
C=CH–CH=C × 2); 7.45 (1 H, dd, J 9.8 and 15.3, Ar–CH=CH–
CH=CH–CO); 7.01–6.91 (2 H, Ar–CH=CH–CH=CH–CO);
6.11 (1 H, d, J 15.3, Ar–CH=CH–CH=CH–CO); 4.26 (2 H, q, J
7.2, OCH2CH3); 1.34 (3 H, t, J 7.2, OCH2CH3). Spectroscopic
data identical with the reported NMR.23 LRMS (ES): m/z
(%) = 518.2 (8), 517.2 (100). HRMS (ES, Na+): calculated for
C26H26N2O8Na [2M + Na]+: 517.1587, found: 517,1593.


1-((1E,3E)-5-Benzyloxy-penta-1,3-dienyl)-4-nitro-benzene (31)


To a solution of ester 30 (2.89 g, 12.5 mmol) in CH2Cl2 (60 mL) at
0 ◦C was added DIBAL (1.5 M in toluene, 18.3 mL, 27.5 mmol).
The solution was slowly warmed to room temperature over 1 h
and transferred carefully to a saturated aqueous solution of
potassium and sodium tartrate (100 mL) via canula. Diethyl ether
(200 mL) was added and vigorous stirring was continued until both
phases were clear. The aqueous phase was extracted with EtOAc
and the combined organic phases were dried over magnesium
sulfate, filtered and concentrated. The residue was purified by
flash chromatography on silica gel (cyclohexane–ethyl acetate =
70 : 30) to give 1.49 g (58%) of the desired alcohol. The latter
compound (1.49 g, 7.27 mmol) was dissolved in DMF (18 mL) and
cooled to 0 ◦C. NaH (purum, 0.26 g, 10.9 mmol) was then added.
After 10 min, BnBr (1.12 mL, 9.4 mmol) was added dropwise
and the reaction mixture was warmed to room temperature. After
12 h, the solution was hydrolyzed with water (70 mL) and the
aqueous phase was extracted with a cyclohexane–CH2Cl2 solution
(90 : 10, 3 × 60 mL). The combined organic phases were dried
over magnesium sulfate, filtered and concentrated. The residue
was purified by flash chromatography on silica gel (cyclohexane–
toluene–ethyl acetate = 80 : 20 : 0 then 50 : 50 : 0 then 50 : 40 : 10)
to give 1.07 g (50%) of compound 31 as a pale yellow oil.


1H NMR (300 MHz, CDCl3), d (ppm): 8.20 (2 H, d, J 8.8,
O2N–C=CH–CH=C × 2); 7.53 (2 H, d, J 8.8, O2N–C=CH–
CH=C × 2); 7.40–7.19 (5 H, Ph); 6.97 (1 H, dd, J 10.5 and
15.7, Ar–CH=CH–CH=CH–CH2O); 6.61 (1 H, d, J 15.7, Ar–
CH=CH–CH=CH–CH2O); 6.51 (1 H, dd, J 10.7 and 15.0, Ar–
CH=CH–CH=CH–CH2O); 6.08 (1 H, dt, J 5.3 and 15.0, Ar–
CH=CH–CH=CH–CH2O); 4.47 (2 H, s, OCH2Ph); 4.18 (2 H,
dd, J 0.7 and 5.3, CH2OCH2Ph). 13C NMR (75 MHz, CDCl3),
d (ppm): 146.7 (O2N–C=CH–CH=C), 143.7, 138.1, 133.7, 132.7,
131.5, 130.0, 128.4, 127.7, 126.7, 124.0, 72.4 (CH2OCH2Ph), 70.0
(CH2OCH2Ph). LRMS (ES): m/z (%) = 352.1 ([M + Na]+, 100),
350.1 (41), 279.1 (9).


(3R*,6S*)-3-Benzyloxymethyl-6-(4-nitro-phenyl)-3,6-dihydro-
[1,2]oxazine-2-carboxylic acid tert-butyl ester (32)


To a solution of 1,3-diene 31 (1.0 g, 3.40 mmol) and tert-butyl-N-
hydroxycarbamate20 (0.45 g, 3.40 mmol) in CH2Cl2 (17 mL) at 0 ◦C
was added Bu4NIO4 (0.74 g, 1.70 mmol) portionwise over 30 min.


After 1 h 30 min at 0 ◦C, additional BocNHOH (0.2 g, 1.50 mmol)
and Bu4NIO4 (0.4 g, 0.92 mmol) were added. The latter addition
was repeated 4 times. The reaction mixture was then hydrolyzed
with water and the aqueous phase was extracted with EtOAc.
The combined organic phases were washed with a 10% aqueous
Na2S2O3 solution, dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 80 : 20 to 60 : 40) to give
0.69 g (48%) of compound 32 as a yellow oil.


1H NMR (300 MHz, CDCl3), d (ppm): 8.10 (2 H, d, J 8.4, O2N–
C=CH–CH=C × 2); 7.42 (2 H, d, J 8.4, O2N–C=CH–CH=C ×
2); 7.29–7.18 (5 H, Ph); 6.04 (1 H, ddd, J 2.1, 4.3 and 10.4,
CHO–CH=CH–CHN); 5.82 (1 H, br. d, J 10.4, CHO–CH=CH–
CHN); 5.56 (1 H, br. s, CHO–CH=CH–CHN); 4.65 (1 H, br. s,
CHO–CH=CH–CHN); 4.55 (1 H, d, J 12.0, CH2OCH2Ph); 4.50
(1 H, d, J 12.0, CH2OCH2Ph); 3.75 (1 H, dd, J 7.2 and 9.7,
CH2OCH2Ph); 3.62 (1 H, dd, J 6.0 and 9.7, CH2OCH2Ph); 1.44
(9 H, s, OC(CH3)3). 13C NMR (75 MHz, CDCl3), d (ppm): 154.1
(CO), 147.7 (O2N–C=CH–CH=C), 143.8 (Ar. Quat.), 137.6 (Ar.
Quat.), 128.5, 128.1, 127.4, 125.2, 123.5, 81.9 (OC(CH3)3), 76.3
(CHO), 72.9 (CH2OCH2Ph), 70.0 (CH2OCH2Ph), 53.6 (CHN),
28.0 (OC(CH3)3). LRMS (ES): m/z (%) = 449.2 (18), 394.1
(6), 393.1 (100), 349.1 (3). HRMS (ES, Na+): calculated for
C23H26N2O6Na [M + Na]+: 449.1689, found: 449.1668.


(3R*,6S*)-3-Benzyloxymethyl-6-(4-nitro-phenyl)-3,6-dihydro-2H-
[1,2]oxazin-2-ium chloride (19)


To a solution of dihydrooxazine 32 (0.65 g, 1.52 mmol) in dioxane
(1 mL) at 0 ◦C was added HCl (4 N in dioxane, 1.5 mL, 9.1 mmol).
From the purple solution, pink crystals precipitated after 1 h
at 0 ◦C. After filtration, the solids were washed with pentane
and dried under high vacuum. Recrystallization from EtOH gave
0.308 g (56%) of the desired 19 as light pink crystals.


Mp: >170 ◦C (decomp.). 1H NMR (300 MHz, CD3OD), d
(ppm): 8.22 (2 H, d, J 8.4, O2N–C=CH–CH=C × 2); 7.62 (2
H, d, J 8.4, O2N–C=CH–CH=C × 2); 7.44–7.33 (5 H, Ph); 6.24
(1 H, br. d, J 10.7, CHO–CH=CH–CHN or CHO–CH=CH–
CHN); 6.18 (1 H, ddd, J 1.7, 3.8 and 10.7, CHO–CH=CH–CHN
or CHO–CH=CH–CHN); 6.05 (1 H, br. s, CHO); 4.67 (2 H, s,
PhCH2OCH2); 4.38 (1 H, m, CHN); 3.88 (1 H, dd, J 4.3 and
11.0, PhCH2OCH2); 3.83 (1 H, dd, J 6.5 and 11.0, PhCH2OCH2).
13C NMR (75 MHz, CD3OD), d (ppm): 150.1 (O2N–C=CH–
CH=C), 142.9 (Ar. Quat.), 138.6 (Ar. Quat.), 130.5, 129.6, 129.4,
129.3, 129.2, 125.0, 121.4, 80.4 (CHO), 74.4 (CH2OCH2Ph), 67.5
(CH2OCH2Ph), 55.8 (CHN). LRMS (ES): m/z (%) = 350.1 (30),
349.1 (100), 327.1 (8), 318.1 (12), 188.1 (4). HRMS (ES, Na+):
calculated for C18H18N2O4Na [M − HCl + Na]+: 349.1164, found:
349.1162.


[(Z)-(1R*,4S*)-1-Benzyloxymethyl-4-hydroxy-4-(4-nitro-phenyl)-
but-2-enyl]-carbamic acid tert-butyl ester (20)


To a suspension of dihydrooxazinium chloride 19 (25 mg,
0.07 mmol) in i-PrOH (1.4 mL) was added [1,3]-dithiolane-2-
carbaldehyde3 (14 mg, 0.10 mmol) via a syringe. The reaction
mixture became homogeneous at 40 ◦C and was stirred at 50 ◦C
for 2 h 30 min. The solution was then cooled to room temperature,
hydrolyzed with aqueous HCl (1 N, 0.5 mL). After 15 min, aqueous
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NaOH (3 N) was added dropwise until pH > 10 and a solution
of Boc2O (30 mg, 0.14 mmol) in THF (2 mL) was then added.
The reaction mixture was stirred for 12 h at room temperature,
diluted with water and extracted with diethyl ether. The combined
organic phases were dried over magnesium sulfate, filtered and
concentrated. The residue was purified by flash chromatography
on silica gel (cyclohexane–ethyl acetate = 80 : 20 to 70 : 30) to give
22.3 mg (76%) of compound 20 as a white solid.


Mp: 103 ◦C. 1H NMR (300 MHz, CDCl3), d (ppm): 8.18 (2
H, d, J 8.8, O2N–C=CH–CH=C × 2); 7.54 (2 H, d, J 8.8, O2N–
C=CH–CH=C × 2); 7.42–7.33 (6 H, Ph + OH/NH); 5.78–5.61 (3
H, HNCH–CH=CH–CHOH + OH/NH); 5.28 (1 H, br. d, J 6.9,
CHO); 4.75 (1 H, m, CHN); 4.60 (1 H, d, J 11.9, CH2OCH2Ph);
4.54 (1 H, d, J 11.9, CH2OCH2Ph); 3.67 (1 H, dd, J 4.1 and 9.3,
CH2OCH2Ph); 3.55 (1 H, dd, J 4.5 and 9.3 CH2OCH2Ph); 1.46
(9 H, s, OC(CH3)3). 13C NMR (75 MHz, CDCl3), d (ppm): 156.1
(CO), 150.5 (Ar. Quat.), 147.0 (Ar. Quat.), 137.3 (Ar. Quat.), 134.1,
129.6, 128.5, 128.0, 127.8, 126.6, 123.5, 80.7 (OC(CH3)3), 73.5
(CHO), 71.1 (CH2OCH2Ph), 67.3 (CH2OCH2Ph), 47.6 (CHN),
28.3 (OC(CH3)3). LRMS (ES): m/z (%) = 452.2 (11), 451.2
(100), 396.1 (4), 395.1 (53). HRMS (ES, Na+): calculated for
C23H28N2O6Na [M + Na]+: 451.1845, found: 451.1833.
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A set of three pH-responsive ratiometric Eu(III)complexes has been synthesised incorporating a
coordinated azathioxanthone sensitiser and a pH dependent alkylsulfonamide moiety. Emission
properties, anion binding affinities, pH response curves and protein binding constants were studied in
detail in aqueous media, and solutions containing various concentrations of interfering anions and
protein were also examined. The complex, [EuL3] exhibited some interference from protein and
endogenous anions, e.g. lactate and hydrogen carbonate, but possessed a protonation constant of 7.2 in
human serum solution. A suitable calibration curve was obtained and was used to determine the local
pH using a 680/589 nm intensity ratio vs. pH plot. Confocal fluorescence microscopy images revealed
fast uptake of the complex and a well distributed localisation within the cell; fast egress also occurred.
Ribosomal localisation, with a high concentration within the protein-dense nucleoli was observed, in a
similar manner to structurally related complexes bearing the same coordinated sensitising moiety. An
IC50 value of 67 (±20) lM was estimated using an MTT assay. Selected emission band ratio versus pH
plots allow pH measurement in the range 6 to 8, enabling intracellular pH to be measured by
microscopy. A value of 7.4 was estimated for NIH 3T3 cells in the protein rich regions of the nucleolus
and ribosomes.


A common strategy to monitor the pH of biochemical events relies
on chromogenic pH indicators operating at visible wavelengths.
However, in heterogeneous media where indicator concentration
or visual observation may be limited, more sensitive indicators
and more precise methods are needed to measure pH. This is
especially true when monitoring tissue or intracellular pH. To
address these problems, a variety of fluorescent probes has been
developed to monitor diverse physiological and pathological
processes. Acidic environments are known to be associated with
poorly vascularised tumours,1 cystic fibrosis,2 asthma3 and several
conditions associated with renal dysfunction. For example, intra-
tumoural pH was recently reported to range from 6.3 to 7.0,1,4 and
lung airway pH values as low as 5.2 may occur in asthmatics.3 Acid
responsive probes may also find application for cellular imaging
of acidic intracellular vesicles, such as endosomes, lysosomes and
phagosomes, where pH can range from 4.5 to 6.5.5 For efficient
in vivo imaging, dyes that absorb and emit in the visible or NIR
region are promising due to the increased optical transparency
and lower tissue autofluorescence in this régime.6


A wide variety of optical probes for studying proton
concentrations7–10 in biological environments has been reported.
Two main optical methods may be considered in defining probes
for imaging local pH: nano-crystals,8,10 e.g. those based on surface-
modified CdSe crystals, relying on fluorescence energy transfer
(FRET) as the signal transduction mechanism, or the large class
of low MW organic fluorophores.11,12 The application of these
sensors is limited by one or more of the following properties:
low water solubility leading to the need for a co-solvent, a pH-
dependent quantum yield, sub-optimal pKa value, a small Stokes’
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shift and low sensitivity because their photoactivity may lie in
the spectral window where endogenous chromophores may either
absorb or fluoresce. Most importantly, they usually do not possess
the property of ratiometric analysis,13 as the pH is often signalled
by emission intensity changes in a single broad band. Hence,
their use may be highly concentration dependent, compromising
accuracy.


In designing a practicable luminescent probe of pH that is
suitable for usage inside living cells and may be examined by
spectroscopy and microscopy, several exacting constraints must
be addressed. The complex must be cell-permeable, kinetically
stable and non-toxic; it should be excited at a wavelength above
340 nm, preferably corresponding to a common laser or LED
emission (e.g. 355, 365 or 405 nm); it should signal changes in
local pH reversibly by a modulation of the intensity of at least two
emission bands, thereby allowing a ratiometric measurement; it
should possess a large Stokes shift to minimise autofluorescence
and preferably possess a long excited state lifetime, permitting the
use of time-resolved methods.


Several different approaches to luminescent pH probes are
being devised and emissive lanthanide complexes intrinsically are
particularly well suited for this purpose. Various examples of
responsive europium and terbium complexes have been reported
over the past few years,14,15 that satisfy some of these criteria. For
example, a reversible pH-dependent intramolecular sulfonamide
ligation mode (Scheme 1) has been engineered into macrocyclic
Eu complexes.16 These original systems lacked direct usage, as
the sensitising moiety was integrated into the sulfonamide group.
Therefore, the distance of the sensitiser from the europium ion
was also pH-dependent and overall emission intensities fell on
acidification, in parallel with changes of emission spectral form,
precluding accurate ratiometric analysis. Such a problem can be
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Scheme 1


obviated by integrating the sensitiser into the ligand structure in a
manner that is independent of the sulfonamide moiety.


The emission spectrum of europium(III) complexes is a partic-
ularly sensitive function of the local coordination environment
provided by the ligand. Both the local symmetry around the metal
and the charge and polarisability of the donor atoms determine
the relative intensity of the emission bands from the 5D0 excited
state.17a,17b This is most apparent in changes in the form and
intensity of the hypersensitive DJ = 2 (610–630 nm) and DJ = 4
(680–710 nm) bands. Emission bands within these electric-dipole
allowed transitions are particularly sensitive to the polarisability
of the axial donor ligand17 and an intense 680 nm transition in
the DJ = 4 manifold has been observed for several complexes
with axial N ligation.18,19 For example, the switch from the binding
of the sulfonamide N to europium(III) to (Scheme 1) ligation by
water or an intramolecular carboxylate group, may be signalled
by a diminution in the relative intensity of the 680 nm band.16


Herein, we report details of the synthesis and characterisation of
a set of three putative pH probes and the selection and application
of the best system for pH measurement within cells. A preliminary
account of aspects of this work has appeared.17c


Ligand and complex synthesis


A set of three macrocyclic europium complexes, [EuL1–L3], was
designed incorporating an N-linked methylsulfonamide moiety, as
well as a sensitising group that remains bound to the metal centre
as the pH is varied. The ligand switches coordination number from
8 in basic media to 7 in acidic media, following protonation of the
sulfonamide N. Such a change is then signalled by modulation of
the spectral form of the emission from the Eu ion, allowing pH to
be monitored by examining the intensity ratio of pairs of emission
bands.


The chromophore selected was an azathiaxanthone, as it
allows long wavelength excitation of Eu(III) in the range 355 to
405 nm and can be synthesised quickly and efficiently.19,20 Reaction
of 2-bromomethyl-1-azathiaxanthone with the appropriate 1,7-
disubstituted ester in dry MeCN in the presence of NaHCO3


at 70 ◦C led to formation of the mono-alkylated adduct. This
was separated from any dialkylated material by column chro-
matography. Subsequent reaction with N-mesylaziridine, or its
acyclic mesylate precursor, (MeCN, K2CO3) afforded the desired
ligand. Acid or base-catalysed hydrolysis of the ester groups (TFA–
CH2Cl2 for removal of tBu groups; KOH–H2O for hydrolysis of
Me esters) gave the ligands L1–L3. Complexation of each of these
ligands with a suitable europium salt, e.g. Eu(OAc)3 in aqueous
methanol afforded the desired 1 : 1 lanthanide(III) complex. The
acetate or chloride anion complexes (obtained, if necessary, by
anion exchange chromatography) were used to enhance the water
solubility of the complex. The homogeneity of each complex
was established by reverse-phase HPLC, and each gave a high


resolution mass spectrum with the appropriate isotope ratio and
calculated mass. Proton NMR spectra of each complex were
found to be exchange broadened in aqueous solvents, over the
observed 200–700 MHz frequency régime, at ambient temperature.
Irrespective of the nature of the ligand, a bathochromic (red)
shift was observed following Eu coordination, both in absorption
(380 nm) and emission (440 nm). A small increase was also
observed in the molar extinction coefficient of the azathioxanthone
moiety, e.g. from 4070 cm−1 to 5130 cm−1 (in H2O for [EuL3]), whilst
a 200 cm−1 increase in the sensitiser triplet energy (22 800 cm−1 for
[GdL1]) was measured (77 K, EPA glass), following ligation of the
pyridine to the europium centre.


Emission spectra for the Eu(III) complexes were examined as
a function of pH (0.1 M NaCl, 298 K) in aqueous media. For
both [EuL1] and [EuL3], substantial and reversible changes were
observed in the splitting of the DJ = 1 transition and the form of
the DJ = 2 and DJ = 4 manifolds; new bands appeared at 627 nm
and 680 nm as the pH was raised from 5 to 8. For example,
for [EuL3] a plot of the change in the emission intensity ratio
(680/587 nm) versus pH (Fig. 1) revealed an 80% change in
this ratio (pH 4.5 to 8). Apparent protonation constants of 6.15
(±0.05) [EuL3] and 6.1 (±0.1) for [EuL1] were estimated, fitting the
variation of this ratio with pH by iterative non-linear least squares


Fig. 1 (upper) pH dependence of the metal-based emission spectrum of
[EuL3], (kexc 380 nm, 0.1 M NaCl, 298 K); (lower) intensity ratio vs. pH
plot with a protonation constant, pKa = 6.15 (±0.05), highlighting the
dominant Eu(III) species at the limiting ratios and their Eu(III) emission
spectra.
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fitting. Very similar values were obtained (±5%) by examining
changes in the intensity ratio of other pairs of emission bands, e.g.
618/627 or 612/618 nm.


With [EuL2], each of these intensity ratios was more or less
invariant over the pH range 4.5 to 7. Only above pH 7.5 was the
appearance of the 627 and 680 nm emission bands more evident
(Fig. 2). By fitting the changes in emission intensity ratio with pH
to two successive protonation constants, values of 4.5 (±0.1) and
7.6 (±0.1) could be estimated. These relate to protonation of the
Eu bound side-chain carboxylate and sulfonamide N, respectively.
Such behaviour accords with earlier observations16 with analogues
of [EuL2], in which intramolecular carboxylate ligation, leading
to formation of a seven-ring N–O chelate, competes with 5-ring
sulfonamide chelation. The binding of the carboxylate group
is suppressed with [EuL3], due to unfavourable 8-ring chelate
formation.


Fig. 2 Variation of the europium emission with pH for [EuL2] (kexc


380 nm, 0.1 M NaCl, 298 K, [complex] = 20 lM) showing (insert) an
emission intensity ratio vs. pH plot, with key species highlighted.


Photophysical data (radiative rate constants and quantum
yields) were measured for each complex at pH 4.5 and 8; for [EuL2],
the values in acidic media were recorded at pH 3 and 5.5 (Table 1).
Changes in complex hydration state, q, were assessed by measuring
the radiative rate constants for excited state depopulation in H2O
and D2O using an established relationship to deduce the number
of water molecules bound to Eu.21 In each case at pH 8, a q


Table 1 Radiative rate constants, kb (ms−1 ± 10%) for depopulation of
the Eu 5D0 excited state, metal hydration states, qa (± 0.2) and overall
absolute emission quantum yield (± 20%) for Eu complexes (kexc 384 nm,
298 K)


Complex pH kH2O kD2O qEu φem
c (%)


EuL1 4.5 2.08 1.32 0.62 0.9
8.0 2.43 2.10 0.10 1.0


EuL2 3.0 1.70 0.92 0.65 1.7
5.5 1.41 1.00 0.19 2.0
8.0 2.13 1.87 0.01 1.8


EuL3 4.5 1.36 1.21 0 6.1
8.0 2.38d 2.12 0.01 5.4e


a q Values were estimated according to reference 21 and assume fast
NH/ND exchange for unbound sulfonamides. b Values represent the mean
of three separate measurements. c The error on quantum yield values is
estimated to be ±20%. d Reduces to 1.61 ms−1 in human serum solution at
pH 7.4. e Increases to 14% in human serum solution.


value of zero was obtained, with partial hydration only in more
acidic media (q = 0.6 at pH 4.5 for [EuL1] and [EuL2]). With
[EuL3], the hydration state apparently remained near zero over the
entire pH range, with a slightly higher overall emission quantum
yield (ca. 6%). The lower hydration of this complex throughout
the pH range, must reflect the greater steric demand imposed
by L3, about the Eu centre. Confirmation of this behaviour
was obtained by examining the pH dependence of [GdL3]: the
measured relaxivity was 3.1 mM−1 s−1 (±0.2) over the pH range 3
to 5.5 and reduced to 1.9 mM−1 s−1 at pH 8.5. From the variation
of relaxivity with pH, an apparent protonation constant of 6.2
(±0.15) was estimated, agreeing well with the value obtained from
luminescence emission experiments. These low relaxivity values
are consistent with the behaviour of a q= 0 complex,22 with the
changes reflecting modulation of the extent of the second sphere
of hydration.


Behaviour of complexes in the presence of anions


In order to judge whether the europium complex was suitable
for biological applications, the emission behaviour was examined
in the presence of common bioactive anions. Preliminary studies
involved pH titration of a given Eu(III) complex, in a ‘simulated
extracellular’ ionic background (0.9 mM hydrogen phosphate;
0.13 mM citrate; 2.3 mM lactate; 30 mM bicarbonate and 0.1 M
chloride, each as sodium salts). Each complex exhibited some
anion sensitivity in the observed pH régime (3 to 9). In order to
understand the complexity of these titrations and to determine
the nature of the predominant [EuLn(anion)x] ternary species
in solution, pH titrations were also undertaken using individual
anion solutions. To avoid a significant change in the ionic strength
of the sample, a common background of 0.1 M NaCl was used. If
a particular anion revealed an affinity towards the given complex,
titrations were undertaken increasing the anion concentration up
to its limiting extracellular concentration value, maintaining a
constant pH. Such detailed studies allowed the limiting spectral
form of a given ternary anion adduct to be established. The
characteristic spectral features serve to act as a fingerprint for
this species, allowing the distinction to be made between different
adducts in solutions containing mixtures of anions.


As an example of this approach, the behaviour of [EuL3]
may be considered first. The pH dependence of the Eu spectral
profile (Fig. 3), in the simulated extracellular fluid solution was
studied. Pronounced changes in the form and intensity of bands
within the DJ = 2 and DJ = 4 manifolds were observed. For
example, the 680 nm band reports on intramolecular sulfonamide
N ligation over the range 5 to 7,16a whilst the relative intensity
of the 613/615/617 bands may be associated with competitive
intermolecular carbonate ligation.16b


In studies with single added anions, no significant changes over
the pH range 3 to 9 were observed in the Eu emission profile with
either added hydrogen phosphate or added citrate, up to 2 mM
concentrations. Moreover, addition of up to 1 mM concentrations
of ascorbate and urate neither perturbed the intensity of the
emission spectrum nor changed the measured radiative lifetime,
consistent with an absence of static and dynamic quenching from
these low MW reductants.19a In contrast, spectral titrations (0.1 M
NaCl, 298 K 5 lM [complex]) with either hydrogen carbonate
or lactate revealed distinctive emission intensity changes. In


1022 | Org. Biomol. Chem., 2008, 6, 1020–1033 This journal is © The Royal Society of Chemistry 2008







Fig. 3 Variation of Eu emission in [EuL3] with pH, using a simulated
extracellular anion fluid as the background medium ([complex] = 20 lM,
298 K, kex = 380 nm, I = 0.1 M NaCl). (insert): intensity ratio (squares;
615/617.5 nm and circles: 680/598 nm) vs. pH plots, indicating the
presence of differing [EuL3(anion)] species at the limiting ratios.


these cases, each anion is able to bind to the Eu centre, and
apparent affinity constants were able to be measured. A log K
value of 2.75 was estimated for lactate at pH 5.5, and 4.09 for
hydrogen carbonate at pH 7.4 (Table 2). Supporting evidence for
a 1 : 1 stoichiometry of binding came from electrospray mass
spectrometry. With, the europium complex of L3, for example, the
anion adduct [EuL3H(CO3)Na3]+ was observed at m/e 1089 D
for aqueous methanolic solutions of the complex, in the presence
of sodium carbonate. The differing pH values for the stability
constant determinations were chosen after examining the pH
dependence of the single anion solution titrations; a pH value was
chosen around which pH-based modulation of emission intensity
was minimal.


Similar series of experiments were carried out for [EuL1] and
[EuL2], (Table 2). The order of complex affinity for lactate and
bicarbonate was of the same order of magnitude, with ternary
anion adducts of L1 being weakest and those of L3 being the
strongest. This affinity order may simply reflect the lesser free
energy of hydration of the complexes, with the more hydrophobic
ligands in [EuL2] and [EuL3]. No spectral evidence for the binding
of citrate by [EuL2] and [EuL3] could be obtained. In each of these


Table 2 Summary of anion binding affinity constantsa, log KEuLX, at
the stated pH (0.1 M NaCl, 295 K) and pKa values associated with N-
sulfonamide protonation for [EuLn], (n = 1,2,3)


Complex
Lactateb


(pH 5.5)
Citratec


(pH 7.4)
Bicarbonate
(pH 7.4)


pKa (±0.1)
(N-sulfonamide)


[EuL1] 3.50(0.06) 4.59(0.05) 1.97(0.03) 6.1
[EuL2] 3.86(0.02) < 1 2.15(0.02) 7.6
[EuL3] 4.09(0.08) < 1 2.75(0.02) 6.2d


a Standard deviations are given in parentheses. b Lactate affinities at pH 7.4
were not assessed here as the Eu emission profile (2.3 mM lactate
background) was steeply pH dependent over the range 6 to 8 for each
complex. c Over the pH range 3.3 to 8.0, in the presence of 2 mM sodium
citrate, no evidence for citrate binding was found for [EuL2] and [EuL3]
and only spectral changes associated with sulfonamide N-ligation or (for
[EuL2]) intramolecular coordination of the terminal glutarate carboxylate
group were observed. At pH 6.5, [EuL1] gave an apparent affinity constant
of 4.73 (±0.04). d In the presence of 0.7 mM human serum albumin, this
value is 7.2 (±0.07).


complexes, both electrostatic repulsion and the enhanced steric
demand about the Eu centre may suppress citrate ligation. For
[EuL1], however, citrate binding occurred readily and at pH 6.5
an affinity constant of 4.73 was calculated, monitoring changes
in the ratio of the 614/612 nm bands (Fig. 4). A similar value
was obtained by examining the modulation of the 680/694 nm
intensity ratio. It is pertinent to note here that the affinity for
citrate in such europium complexes may be enhanced in analogous
positively charged complexes, for which greater binding selectivity
over lactate is also a feature.19b,23


Fig. 4 Variation of the emission spectrum of [EuL1] with added sodium
citrate, allowing an estimation of the 1 : 1 anion formation constant
(pH 7.4, kexc 380 nm, 0.1 M NaCl, 298 K, [complex] = 20 lM).


Protein affinity of [EuL3]


At this stage, only the complex [EuL3] was selected for further
studies. Each of the other complexes had drawbacks as a pH probe.
[EuL1] suffered significant interference from hydrogen carbonate
and lactate or citrate. In the former case, this was most evident
over the range 8 to 6.5 suppressing the desired intramolecular
sulfonamide binding, with lactate or citrate, interference was
most apparent below pH 6.5. For [EuL2], the introduction of
the glutarate groups did inhibit intermolecular anion binding to
some extent. However, the competition between intramolecular
carboxylate binding (pH range 4 to 7), reversible hydrogen
carbonate binding (pH 6.5 to 8) and the desired intramolecular
sulfonamide coordination meant that spectral changes were rather
complex and were less well defined than the pH-emission response
profile of [EuL3].


Protein interference was examined using human serum albumin.
This 66 kD protein is known to possess one high affinity site
for aryl substrates and 4 other binding sites of much reduced
affinity.24 The affinity of the lanthanide complex for the protein
was assessed by a spectral titration with the Eu complex and
by monitoring changes in relaxivity with added protein for the
Gd analogue. Titrations were carried out using either aqueous
0.1 M NaCl solution as the background medium or the simulated
extracellular anion mixture at pH 7.4 (±0.05). Changes in both
ligand fluorescence (440 nm) and Eu emission (570–720 nm)
were monitored as a function of added protein concentration.
During each of these titrations, significant structural changes in
europium emission were not observed. Therefore, the concept
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of direct binding of any of the protein’s functional groups to
the Eu centre can be eliminated. Interestingly, with increasing
protein concentration, the ratio of ligand fluorescence versus Eu
emission intensity did change significantly. This change involved
a significant decrease in the intensity of ligand fluorescence at
440 nm following addition of HSA. This may be attributed to
quenching of the chromophore fluorescence (azathiaxanthone S1


state) by electron transfer from the electron rich aromatic groups
in HSA, such as Tyr or Trp. However, a mechanism involving
energy transfer may also be possible.


The protein affinity of [EuL3] can be described by an apparent
binding constant, assuming a 1 : 1 stoichiometry, consistent with
the well known propensity of HSA to form stable complexes with
certain annulated aromatics in the ‘high affinity’ type IIa binding
site.24 Values for log K = 4.46 (±0.03) and 4.21 (±0.02) were
calculated from the intensity ratio 440/612 nm versus [HSA] plot,
using the extracellular anion medium and 0.1M NaCl solution as
background, respectively.


The relaxivity of [GdL3] in the presence of 0.7 mM HSA
in water, was measured to be 3.1 mM−1 s−1 at pH 3 (37 ◦C,
60 MHz). Increasing the pH to 7.5 caused the relaxivity to rise
to 14.2 mM−1 s−1. Further increases in pH caused no significant
relaxivity change. The inverse experiment (pH 9 to 3) gave the
same result with ±5% fluctuation in the observed relaxivity values
(Fig. 5). Repetition of this study, using the mixed extracellular
anion solution as background, did not alter the values obtained
significantly. The ‘relaxivity’ titration (pH 7.4, 310 K), monitoring


the change as a function of added HSA gave a similar binding
constant (Fig. 5) in 0.1 M NaCl (log K = 4.14 (±0.07)) and in
the mixed anion medium (log K = 4.22 ± 0.05). These values are
the same within error, as those obtained (log K = 4.21 (±0.03)
by the luminescence titration at 298 K, and are consistent with
reversible binding of the lanthanide complex to the protein with
predominant formation of a 1 : 1 adduct.


Use of [EuL3] in microscopy and spectroscopy for
determination of cellular pH


A series of emission response vs. pH curves was examined to
define the ratiometric profile of the europium complex [EuL3],
in fluids of varying composition. These were in order of increasing
complexity: 0.7 mM HSA in 0.1 M NaCl solution; 0.7 mM HSA
in the anion mixture with either 5 mM or 30 mM [HCO3


−]);
reconstituted human serum solution (100%), (Fig. 6). Analyses
of the variation of the 680/589 nm intensity ratio with pH were
broadly similar, with an apparent protonation constant of 7.2
(±0.1) in each case. Not only the protonation constant was altered
upon protein binding, but also there was a significant increase in
the Eu radiative lifetime at pH 7.4. The measured overall emission
quantum yield increased to 14% (100% increase). This behaviour
may be attributed to a perturbation of the energy of the sensitiser
S1 and T1 states following protein binding, accompanied by
increased shielding of the sensitiser excited states from vibrational
deactivation. As a consequence, the rate of energy transfer between


Fig. 5 left: Variation of the relaxivity of [GdL3] with pH in the presence of 0.7 mM HSA in water; right: change in the measured relaxivity with added
protein concentration, showing the fit (line) to the observed data for a 1 : 1 binding model (310 K, 60 MHz, I = 0.1 M NaCl, [complex] = 90 lM).


Fig. 6 Europium emission intensity ratio vs. pH plots for [EuL3] using the stated medium (298 K, 0.1 M NaCl, kexc = 380 nm, [complex] = 20 mM);
squares: 0.7 mM HSA plus simulated extracellular anion mixture (30 mM [HCO3


−]); circles: 0.7 mM HSA only; diamonds: 0.7 mM HSA plus simulated
extracellular anion mixture (5 mM [HCO3


−]); triangles: reconstituted human serum solution.
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the sensitising chromophore and the Eu 5D0 state excited state may
also become more efficient.


An attempt was made to demonstrate the applicability of [EuL3]
to pH measurement. Spectroscopic analysis can be used when an
extracellular pH determination is required, simply by obtaining a
small volume of the fluid and measuring the emission intensity
ratio of the sample. This analysis requires a high resolution
spectrofluorimeter and an appropriate pH calibration curve for
the complex in the relevant medium. However, for in cellulo
applications a different approach is required. One such applica-
tion, involves the use of a fluorescence microscope, with suitable
excitation wavelength and emission filters for observing the total
Eu emission and the ligand fluorescence. More importantly, for
pH measurements, filters dedicated to observation of individual DJ
manifolds are required. Therefore, with the incorporation of a fibre
optic into the microscope set-up, measurement of different ‘areas’
of the Eu emission is possible for a given cell or cell compartment,
in which the complex localises. Consequently, instead of measuring
peak intensity ratios, selected ‘area’ ratios of the Eu emission can
be plotted as a function of pH. This analysis requires that the ratio
of the integrated changes, in a selected manifold, is proportionate
to the changes of its constituent bands.


A calibration curve was obtained (Fig. 7) using the ratio defined
by (1/DJ = 2)/DJ = 4) manifolds (i.e. [1/618–628 nm]/678–
689 nm) (Fig. 7). By plotting the intensity ratio of the europium
emission bands spanning 621–626 nm versus 681–687 nm, a 250%
change in this parameter was obtained between pH 6 and 8.


Fig. 7 ‘Area’ ratio (1/618–628 nm)/678–689 nm versus pH plot for [EuL3]
using reconstituted human serum solution ([complex] = 20 lM, 298 K,
kexc = 380 nm, I = 0.1 M NaCl).


Behaviour of [EuL3] in NIH 3T3 cells and assessment
of intracellular pH


The cellular uptake profile of the complex [EuL3] was examined
in mouse embryonic fibroblast (NIH 3T3) cells, which were
grown in a monolayer on 0.1 mm thick glass cover slips.
Incubation times varied from 1 to 24 h, while two different complex
concentrations were loaded onto the cells (50 and 100 lM)
by dissolving lyophilised complex in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% NCS (Newborn Calf Serum)
and 1% penicillin–streptomycin. Prior to mounting of the cells
without any additional treatment, incubation was carried out for
each individual time point in a copper jacketed incubator using 5%


CO2 and about 10% relative humidity. Cover slips were mounted,
by withdrawal of the growth medium, subsequent washing with
phosphate buffered saline (PBS) solution (×3) followed by sealing
them around the edge onto the 1 mm thick microscope slide.
The uptake and distribution of the complex within the cell was
observed by fluorescence microscopy, following excitation of the
chromophore.


Epifluorescence images were taken on a Zeiss Axiovert 200M
epifluorescence microscope. For excitation a 340–390 nm (90%
transmission) band-pass (BP) filter was used. Ligand fluorescence
was observed using a 445–465 nm band-pass filter (80% transmis-
sion), while Eu emission was observed using a 570 nm long-pass
(LP) filter (85% transmission). Confocal microscopy images were
taken on a Zeiss LSM 500 META confocal microscope using a
BIORad 405 nm diode laser for excitation, with appropriate filters
to allow ligand fluorescence or europium emission to be observed.


Incubation of NIH 3T3 cells with [EuL3] resulted in fluorescence
that could be readily detected. For each time point (2, 4, 6, 8, 10,
12, 24 h), epifluorescence and confocal images were recorded; the
former images were taken immediately, whilst confocal images
were recorded in each case after the 24 h time point. When
optical sections through the cells were taken, the fluorescence
could be detected in each layer. This confirms that the complex
has been successfully taken up into the cells, and was not merely
associating with the cell membrane. As a control, untreated cells
were mounted and they showed no fluorescence in each of the
observed wavelength regions. While only one set of images for
each time point is shown here, images were taken at a number of
points across the slide, with a similar localisation profile observed
at each position.


Two different loading concentrations were applied, 50 lM
and 100 lM. Each provided bright images, with no significant
concentration dependence in image quality and more importantly,
localisation profile. Images recorded at 30 min and 1 h showed
similar localisation profiles, with lower overall fluorescence in-
tensity. Therefore, longer acquisition times were required, which
led to some image distortion. No time dependence for either
ligand or Eu emission intensity was observed in the 2 to 12 h
loading period, and neither were significant changes observed in
complex localisation. This effect was studied, by comparing the
acquisition time of constant overall brightness of each recorded
image containing a constant number of cells and as a function
of complex loading time (Fig. 8). The colour consistency of the
merged images suggests that the complex remains chemically inert
and no evidence for complex dissociation was apparent within the
cells; i.e. separate ligand fluorescence was not observed.


By analysing each image recorded, there appears to be complex
localisation in the protein-rich regions of the nucleolus, with
localisation in other organelles in the cytoplasm. The appearance
of these organelles is most consistent with the size and distribution
of the protein-dense ribosomes. As the images revealed a more
intense fluorescence around the nuclear membrane, it is also
possible that there is some degree of perinuclear localisation.
However, the light intensity of the nucleoli was found to be
2.8 times higher than that in the cytoplasm and 1.5 times
higher than in the nuclear membrane (Fig. 9). This intensity
differentiation permits the acquisition of an exclusive image of
the nucleolus by adjusting the excitation intensity or the gain of
the microscope (acquisition time).
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Fig. 8 Confocal fluorescence microscopy images of NIH 3T3 cells (mouse
skin fibroblasts) loaded with [EuL3] (2, 4, 6 and 8 h incubation 100 lM
complex concentration in the growth medium), kexc = 405 nm, observing
Eu emission above 570 nm (red) and azathiaxanthone fluorescence (green)
at 450 nm separately and merged (right), revealing the localisation of
the complex in the nucleolus and showing the ribosomal profile in the
extranuclear regions.


Fig. 9 Fluorescence microscopy images of EuL3 (kex = BP 340–390 nm,
kem = LP 570) in an NIH 3T3 cell, with integration of the light intensity,
highlighting the localisation of the complex in the nucleoli.


The number of nucleoli in the cell depends on its mitotic stage
and its health status. The nucleolus is visible before mitosis (inter-
phase), dissolves at prophase, and then becomes discernible again
at telophase.25 As is evident from the images, almost every cell
examined has more than two nucleoli. This is consistent with the


fact that NIH 3T3 cells, like more malignant cells, possess a higher
nucleolus number, a feature that is related to their cell proliferative
activity.26 This hypothesis for localisation was based on similar ob-
servations, with a structurally related europium complex, [EuL4]3+,
that possesses the same coordinating sensitiser, and also binds
strongly to protein.23 Cell viability was found to be concentration
and time dependent, and was monitored by visual counting of the
number of cells in a selected population as a function of time.
From bright field measurements, more than 95% of the cells were
considered to be healthy over the 24 h period. An MTT cell toxicity
assay27 indicated that the IC50 value was >>67 (±19) lM.


For determination of the [EuL3] concentration in the cells, an
8 h loading time point with a 100 lM loading concentration
was chosen. Not only the sorted and counted (201 794) cells
were submitted for ICP-MS, but also the combination of PBS
washings used after growth medium withdrawal. The number of
Eu complexes inside a single cell was determined to be 2.9 × 107.
This value gives a [Eu]total of 12.5 lM inside a single cell (assuming
4000 lm3 as the mean cell volume), which means that 12.5% of
the original loading concentration had been taken up by the cells.
This measurement was confirmed by comparing the absorbance
values of the complex containing growth medium prior to and after
incubation, giving a 14% (±2%) decrease in complex concentra-
tion. Surprisingly, 31% of the complex concentration measured by
ICP-MS was measured from the submitted PBS solution. This not
only confirms the observed relatively fast influx of the complex,
but warns about rapid egress, upon withdrawal of complex from
the growth medium. Although time dependent egress experiments
were not carried out in this work, this behaviour is consistent with
a diffusion-driven transport mechanism across the cell membrane.
The driving force of this hypothetical mechanism is the complex
concentration gradient between the intracellular and extracellular
space. This also supports the observed time independent complex
uptake profile, noted in the fluorescence microscopy studies.


In an attempt to utilise the pH-mapping function of the
complex, NIH 3T3 cells loaded with 50 lM complex were used
in a trial experiment. Fast egress of Eu(III)complexes designed
for in cellulo applications had been observed. Withdrawal of the
medium containing the complex leads to relatively fast egress of
the complex from the cells. Therefore, cells were removed from
their growth medium containing the complex, and quickly washed
three times with PBS. Cells were suspended in PBS following
scraping them into a fluorescent cuvette (detaching them from the
surface using trypsin takes 5 min, with additional washes using
PBS) and measuring the emission spectrum. This process was
completed within a minute, to ensure minimal release of complex
from the cells.


In the absence of an appropriate calibration curve in simulated
intracellular mouse skin fibroblasts, the intensity ratio vs. pH
plot for [EuL3] in reconstituted 100% human serum was used
(Fig. 7). Due to the descending baseline of the spectrum caused by
ligand fluorescence and light scattering, subtraction of the ligand
fluorescence from the Eu emission spectrum was used, prior to
analysis of the 680/617.5 nm intensity ratio. Estimation of the
pH, using the measured intensity ratio of 0.138, gave a global pH
within the cell of 7.4. Evidently, the error of this measurement is
relatively high (±0.2). In order to confirm this, a large number of
cells (ca. 20 000) with the same loading concentration and time
were removed mechanically from their cover-slips, washed with
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PBS (×3), and subsequently sonicated to achieve a homogenous
macerated cell solution (50 lL). The emission spectrum of this
sample was recorded, albeit with low resolution due to the small
sample volume. A pH of 7.6 (±0.1) was obtained using the usual
intensity ratio. For comparison, the pH of the solution was also
measured using a narrow, accurately calibrated electrode, giving a
pH value of 7.47 (±0.05).


These trial experiments carry a number of assumptions. They
do, however, support the application of [EuL3] as a ratiometric pH
probe, capable of estimating intracellular pH.


Summary and conclusions


A series of pH-responsive ratiometric Eu(III)complexes has been
synthesised incorporating an efficient sensitiser and a pH de-
pendent binding moiety. Their luminescence properties were
thoroughly studied to identify the best candidate for intra- and
extracellular pH measurements. The complex, [EuL3] exhibited
some interference from endogenous anions and protein. Despite
this, even using reconstituted 100% human serum, a suitable
calibration curve was obtained and was applied to determine
the local pH using intensity ratio vs. pH plots for spectroscopic
applications. Selected emission band ratio vs. pH plots allow
application of this method to microscopy, measuring pH over the
range 6 to 8 using an appropriate microscope set-up.


Cellular uptake images revealed fast uptake of the complex
and a well distributed localisation within the cell. However,
fast egress was also observed. Ribosomal localisation with an
even higher concentration within the nucleoli was observed, in
a similar manner to structurally related complexes bearing the
same coordinated sensitising moiety. The localised complex seems
to remain intact within the cell, and an IC50 value of 67 (±19) lM
was measured using the MTT27 cell toxicity assay. Images were
observed using non-fixed cells, which is appropriate for live
cell imaging applications. Thus, this complex shows promise for
application as a ratiometric intracellular pH probe for living cells
and related biological media.


Experimental


All commercially available reagents were used as received, from
their respective suppliers. Solvents were dried using an appropriate
drying agent when required (CH3CN over CaH2, CH3OH over
Mg(OMe)2 and THF over Na–benzophenone). Water and air
sensitive reactions were carried out under argon atmosphere.
Water and H2O refer to high purity water with conductivity
≤0.04 lS cm−1 obtained from the ‘PuriteSTILL Plus’ purification
system. Thin-layer chromatography was carried out on neutral
aluminium oxide plates (Merck Art 5550) or silica plates (Merck
5554), both visualised under UV irradiation (254 nm) or iodine
staining. Preparative column chromatography was carried out
using neutral aluminium oxide (Merck Aluminium Oxide 90,
activity II–III, 70–230 mesh), pre-soaked in ethyl acetate, or
silica (Merck Silica Gel 60, 230–400 mesh). Melting points were
measured using a Reichart-Kofler block and are uncorrected.


1H and 13C NMR spectra were recorded on a Varian Mercury
200 (1H at 199.97 MHz, 13C at 50.29 MHz), Varian Unity 300
(1H at 299.91 MHz, 13C at 75.41 MHz), a Varian VXR 400 (1H at
399.97 MHz, 13C at 100.57 MHz), a Bruker Avance spectrometer


(1H at 400.13 MHz, 13C at 100.61 MHz), or a Varian Inova-
500 (1H at 499.78 MHz, 13C at 125.67 MHz). All spectra were
referenced internally to the solvent residual proton signals, except
for complexes in D2O, where tert-butanol was added as an internal
reference (d = 0 ppm).


Electrospray mass spectra were recorded on a VG Platform II
(Fisons Instrument), operating in positive or negative ion mode
as stated, with methanol as the carrier solvent. Accurate masses
were measured on a Thermo Finnigan LQT. UV/Vis absorbance
spectra were recorded either on a Perkin Elmer Lambda 900
UV/Vis/NIR spectrometer (using FL Winlab software) or a
Unicam UV/Vis UV2. Emission spectra were measured on a ISA
Joblin-Yvon Spex Fluorolog-3 luminescent spectrometer (using
DataMax v2.20 software), while lifetimes were measured on a
Perkin Elmer LS55 luminescence spectrometer (using FL Winlab
software). All samples were contained in quartz cuvettes with
a path length of 1 cm and polished base. Measurements were
obtained relative to a reference of pure solvent contained in a
matched cell.


Luminescent titrations were carried out by normalising the
emission spectra with the absorption spectra at each point in order
to revise the decrease in the sample concentration caused by pH
adjustment or addition of an anion/cation stock solution where
appropriate. All measurements were carried out using I = 0.1 M
NaCl ionic background.


Relaxivity measurements were carried out at 37 ◦C and 60 MHz
on a Bruker Minispec mq60 instrument. The mean value of three
separate measurements was recorded and averaged.


pH metric titrations were monitored using a Jenway 3020 or a
Jenway 3320 pH meter attached to an Aldrich Chemical Company
micro-pH combination electrode (three point calibration using
pH = 4.0 ± 0.02, pH = 7.00 ± 0.02 and pH = 10.00 ± 0.02 (T =
20 ◦C) buffer solution supplied by Aldrich. The adjustment of
pH was carried out using conc. NaOH and conc. HCl (or NaOD
and DCl if required) solution to avoid any significant increase in
sample volume. For measurements carried out in D2O the pD was
calculated using the actual pH meter reading and the equation:28,29


pD = pH (meter reading) + 0.41.
Lifetimes of europium complexes were measured by excitation


of the sample using a short pulse of light (380 nm or 384 nm
depending on the nature of the complex) followed by monitoring
the integrated intensity of light (for europium 612–618 nm
depending on the measured species and the pH) emitted during
a fixed gate time, tg, after a delay time, td. At least 20 delay times
were used covering 3 or more lifetimes. A gate time of 0.1 ms was
used, and the excitation and emission slits were set to 10 nm and
2.5 nm band-pass respectively. The obtained exponential decay
curves were fitted to the equation below, using Origin 6.0 software
(Data Analysis & Technical Graphics):


I = A0 + A1exp(−kt)


To examine the influence of some biologically common anions
on Eu complexes, luminescent titrations were carried out by
using an ‘anion stew’, containing 30 mM Na2CO3, 2.3 mM
Na(lactate), 0.9 mM NaH2PO4 and 0.13 mM Na3(citrate) to assess
the overall influence of these anions. Luminescence titrations were
also carried out by using the above-mentioned anions separately
along with [ascorbate] = 0.3 mM and [HSA] = 0.7 mM, in order
to study their individual effect on the Eu emission spectra. Each
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measurement was carried out using a constant I = 0.1 M NaCl
ionic strength. Titrations were carried out from basic solutions
with acidification in order to avoid the undesirable evolution
of carbon dioxide. As the studied Eu-complexes showed major
changes in their Eu emission spectrum in the presence of some
biologically common anions, the concentration dependence of
the Eu emission was examined. A series of measurements was
carried out with the Eu-complexes presented in this work by
applying the appropriate anions that caused significant spectral
changes in the Eu emission at a chosen pH where the anion
influence was maximised within the relevant pH-range. All of
these measurements were carried out by adding the selected anion
as liquid concentrated stock solution where the addition at each
point was approx. 0.1–0.5% in volume of the original solution
observed to avoid significant increase in sample volume. HSA was
added as a solid. Each Eu emission spectrum was corrected for
dilution. The apparent binding constant of the selected anion was
calculated using the equation below:


[X] = [(F − F0) / (F1 − F0)]/K + [EuL] (F − F0) / (F1 − F0)
1 − (F − F0) / (F1 − F0)


− [EuL][(F − F0) / (F1 − F0)]2


1 − (F − F0) / (F1 − F0)


where: [X]: the total concentration of anion in the solution; [Eu]:
the total concentration of the complex; K: the binding constant;
F : the ratio of selected peaks; F 0: the initial ratio; F 1: the final
ratio; [EuX]: the concentration of the anion-coordinated complex;
[Xf]: the concentration of free anion in the mixture; [Euf]: the
concentration of the free complex.


Low temperature phosphorescence spectra measurements were
carried out on the chromophores to enable the determination of
their triplet state involved in sensitisation. An Oxford Instruments
optical cryostat operating at 77 K was used with the samples
dissolved in EPA (Et2O– isopentane–EtOH [2 : 5 : 5 by volume])
and contained in 10 mm cuvettes. The triplet energy was obtained
from the extrapolation of the highest energy (shortest wavelength)
phosphorescence band, corresponding to the 0–0 transition, using
time-gated detection.


Microscopy


Epifluorescence images were taken on a Zeiss Axiovert 200M
epifluorescence microscope with objectives 63×/1.40 oil DIC and
40×/1.40 oil DIC respectively, equipped with an Axiocam CCD
camera. For excitation a 340–390 nm (90% transmission) band-
pass (BP) filter was used. Ligand fluorescence was observed using
a BP 445–465 nm filter (80% transmission), while Eu emission was
observed using a 570 nm long-pass (LP) filter (85% transmission).
Confocal images were taken on a Zeiss LSM 500 META confocal
microscope with a BIORad 405 diode laser excitation and an LP
590 nm emission filter were used for europium luminescence and
a BP 505–550 filter for study of ligand fluorescence.


Cell culture and toxicity


Two cell lines were selected for cell cultural studies CHO (Chinese
hamster ovary) cells and NIH 3T3, mouse skin fibroblast (connec-
tive tissue) cells. Each line is transformed, and comprise adherent


cells, which grow in a monolayer. These cell lines were cultured
in a copper jacket incubator at 37 ◦C, average 20% humidity and
5% (v/v) CO2 in 50 mL volume plastic grow plates. Cells for
microscopy were grown in a 24 well-plate using d = 13 mm glass
cover slips (average thickness l = 0.1 mm). DMEM (Dulbecco’s
Modified Eagle Media), and F-12(Ham) media were used for NIH
3T3 and CHO cells respectively, each containing 10% (v/v) NCS
(Newborn Calf Serum) and 1% (v/v) penicillin-streptomycin.
Complexes were loaded onto cells using the appropriate growth
medium. For flow cytometry measurements, cells were detached
from the glass surface using 1% (v/v) trypsin solution at 37 ◦C for
5 min. The solutions and washings were analysed in separate ICP-
MS measurements to measure any possible europium complex
egress.


IC50 values were determined using the MTT assay, as described
by Carmichael et al.27 which makes use of the conversion of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to
a purple formazan product by the mitochondrial dehydrogenase
of viable cells. This insoluble formazan was quantified spec-
trophotometrically upon dissolution in DMSO. Approximately
5 × 103 NIH 3T3 cells in 100 lL DMEM were seeded into
each well of flat-bottomed 96-well plates and allowed to attach
overnight. Complex solutions were added to triplicate wells to
give final concentrations over a 2-log range. Following 24 h
incubation, MTT (1.0 mM) was added to each well, and the plates
incubated for a further 4 h. The culture medium was removed,
and DMSO (150 lL) was added. The plates were shaken for 20
seconds and the absorbance measured immediately at 540 nm
in a microplate reader. IC50 values were determined as the drug
concentration required to reduce the absorbance to 50% of that
in the untreated, control wells, and represent the mean for data
from three independent experiments. Observations of cell viability
using bright field microscopy suggested that for [EuL3] at both 50
and 100 lM loading concentrations, no obvious changes in cell
shape/morphology had occurred.


Flow cytometry and inductively coupled plasma mass spectrometry


Flow cytometric analysis and sorting was conducted using a
DakoCytomation Inc.MoFlo multi-laser flow cytometer (Fort
Collins, CO, USA) operating at 60 psi, 70 micron nozzle. Samples
were interrogated with a 100 mW 488 nm solid state laser: (FSC,
SSC). Fluorescence signals were detected through interference
filters FL1 530/40, FL2 58030, FL3 630/30 and FL4 670/30).
Fluorescence signals were collected in logarithmic mode. The data
were analyzed using Summit v4.0 (DakoCytomation) software.
ICP-MS determination of europium concentrations from cells
and growth media were carried out by Dr Chris Ottley in the
Department of Earth Sciences at Durham University using a
Thermo Finningan ELEMENT2 High Resolution Select Field
ICP-MS.


HPLC analysis/purification


Reverse phase HPLC analyses were performed at 298 K on a
Perkin Elmer system using a 4.6 × 20 mm 4 l Phenomenex Synergi
Fusion RP 80i analytical column. In each case an H2O + 0.1%
HCOOH–MeCN + 0.1% HCOOH solvent system was used
(gradient elution) with a run time of 20 minutes. In each case,
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a single major product was observed in >95% purity using a diode
array UV-Vis detector operating at 380 mm (analysis was also
undertaken at 280 nm). This corresponds to the absorption band
of the appropriate azathioxanthone used as sensitising moiety
for each Eu-complex and is at a longer wavelength than any
organic contaminant. Such behaviour indicated that each of the
species that was eluted bore this chromophore. A fluorescence
detector was also connected to the HPLC, monitoring eluent from
the column at a wavelength corresponding to the Eu centered
emission (616 nm); again emission was seen for each of these
peaks, suggesting that each peak corresponding to a chromophore
bound species also was coordinated to Eu in such way that it was
efficiently sensitised. For each Gd complex, a UV-Vis detector was
used operating with a LP 250 nm detection filter.


Ligand and complex synthesis


4-[(1-Azathioxanthone)-2-methyl]-1,7-bis(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane.


1,7-Bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclodode-
cane (250 mg, 0.62 mmol) was combined with 2-bromomethyl-1-
azathiaxanthone (1.1 eq., 190 mg) and K2CO3 (1 eq., 86 mg) and
the mixture stirred in dry MeCN (12 mL) at reflux under argon for
18 h. The reaction was monitored by TLC (DCM : MeOH, 97 :
3) and ESMS+ to confirm that the brominated starting material
had been consumed. The solvent was removed under reduced
pressure. The resulting solid was dissolved in a small volume of
DCM (5 mL) and the KBr–K2CO3 was filtered out. The crude
mixture was purified by column chromatography (DCM→2%
MeOH) to yield the title compound as a yellow oil (161 mg,
0.26 mmol, 42%). dH (CDCl3) 8.71 (1H, H4, d, J 8.1 Hz), 8.60
(1H, H6, d, J 8.0 Hz), 7.68 (2H, H8,9, m), 7.49 (1H, H7, m), 7.30
(1H, H3, d, J 8.1 Hz), 3.87 (2H, H10, s), 3.13–2.78 (4H, CH2CO2 +
16H, NCH2CH2N, m), 1.42 (18H, tBu, s); dC (CDCl3) 180.7 (C5),
170.2 (CO2


tBu), 161.3 (C2), 158.6 (C1′ ), 139.2 (C4′ ), 137.5 (C6′ ),
133.3 (C8), 130.2 (C6), 129.3 (C9′ ), 127.5 (C7), 127.1 (C9), 124.8
(C4), 122.2 (C3), 80.9 (CMe3), 52.4 (C10), 57.9 (CH2CO2), 50.1,
47.8 (NCH2CH2N), 27.8 (CH3); m/z (ESMS+) 626 (M + 1); Rf


0.18 (DCM–3%MeOH, alumina).


4-[(1-Azathioxanthone)-2-methyl]-10-[2-
(methylsulfonylamino)ethyl]-1,7-bis(tert-butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane.


4-[(1-Azathioxanthone)-2-methyl]-1,7-bis(tert-butoxycarbonyl-
methyl)-1,4,7,10-tetraazacyclododecane (87 mg, 0.14 mmol) was
combined with N-methanesulfonylaziridine (1.1 eq., 17.3 mg)
and K2CO3 (1 eq., 19 mg) stirred in dry MeCN (8 mL) at reflux
under argon for 24 h. The reaction was monitored by TLC
(DCM : MeOH, 97 : 3) and ESMS+ to confirm that the starting
secondary amine had been consumed. The solvent was removed
under reduced pressure. The resulting solid was dissolved in a
small volume of DCM (3 mL) and the K2CO3 was filtered out.
The crude mixture was purified by column chromatography on
neutral alumina (DCM→2% MeOH) to yield the title compound
as a light brown oil (72 mg, 97 lmol, 69%). dH (CDCl3) 8.71
(1H, H4, d, J 8.0 Hz), 8.60 (1H, H6, d, J 8.0 Hz), 7.68 (2H,
H8,9, m), 7.49 (1H, H7, m), 7.31 (1H, H3, d, J 8.0 Hz), 3.90
(2H, H10, s), 3.13–2.78 (4H, CH2CO2 + 16H, NCH2CH2N +
4H, SO2NHCH2CH2N m),), 2.01 (3H, SO2CH3), 1.41 (18H,
tBu, s); dC (CDCl3) 180.7 (C5), 170.2 (CO2


tBu), 161.3 (C2), 158.6
(C1′ ), 139.2 (C4′ ), 137.5 (C6′ ), 133.3 (C8), 130.2 (C6), 129.3 (C9′ ),
127.5 (C7), 127.1 (C9), 124.8 (C4), 122.2 (C3), 81.1 (CMe3), 67.0,
67.8 (SO2NHCH2CH2N), 52.4 (C10), 57.9 (CH2CO2), 50.1, 47.8
(NCH2CH2N), 38.5 (SO2CH3), 27.8 (C(CH3)3); m/z (ESMS+) 746
[M + 1], 768 [M + Na]; Rf 0.44 (DCM : MeOH, 97 : 3; alumina)


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(carboxymethyl)-1,4,7,10-tetraazacyclododecane.


A mixture of trifluoroacetic acid (1.5 mL) and DCM
(0.5 mL) was added to 4-[(1-azathioxanthone)-2-methyl]-10-[2-
(methylsulfonylamino)ethyl]-1,7-bis(tert-butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane (72 mg (97 lmol) and the mixture
stirred under argon at room temperature for 28 h. The solvents
were removed under reduced pressure and a small volume of
DCM (3 × 3 mL) was added and removed again under reduced
pressure. The crude mixture was dissolved in water (5 mL) and
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extracted with DCM (5 mL) thrice, and lyophilised to yield the
title compound as a dark orange oil which slowly crystallised
(55 mg, 87 lmol, 90%). This material was used for complexation
immediately, m/z (ESMS+) 658 [M − H + 2Na]; mp 120–121 ◦C.


EuL1


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl ] - 1,7 - bis(carboxymethyl) - 1,4,7,10 - tetraazacyclododecane
(28 mg, 44 lmol) was added to Eu(CF3SO3)3 (1.1 eq., 26 mg) and
the solids dissolved in MeCN (2 mL) and the reaction stirred at
reflux temperature for 30 h. After the reaction was cooled to room
temperature the solvents were removed under reduced pressure, the
remaining residue was dissolved in 5 mL water : MeOH (5 : 1). The
pH was then adjusted carefully to 10 by addition of conc. NaOH
solution (in order to get rid of the Eu-excess as Eu(OH)3) resulting
in a white precipitates removed via a fine syringe filter. The pH
was adjusted back to neutral and lyophilised to give a light brown
solid, which was loaded onto a DOWEX 1-X8 (Cl) anion exchange
resin. The column was eluted with water → 10% NH4OH and the
fractions were analysed by ESMS+. The fractions were combined
and lyophilised to yield the Eu-complex as a light brown powder. tR


(HPLC) = 10.3 min; m/z (HRMS+) 819.0914 (C28H35O7N6S2EuCl
requires 819.0915); kmax(H2O) 380 (4070 M−1 cm−1); sEu(H2O, pH =
4.5): 0.48 ms), sEu(H2O, pH = 8.0): 0.41 ms; sEu(D2O, pD = 4.5):
0.76 ms, sEu(D2O, pH = 7.6): 0.48 ms; φEu (pH = 3.0) = 1%, φEu


(pH = 8.0) = 0.9%.


1,7-Bis(a-dimethylglutarate)-1,4,7,10-tetraazacyclododecane


Tetraazacyclododecane (2.00 g, 11.61 mmol), dimethyl 2-
bromoglutarate (6.10 g, 25.54 mmol) was dissolved in dry MeCN
(20 mL) followed by addition of NaHCO3 (2.14 g, 2.2 eq.).
The mixture was stirred at 55 ◦C under argon. The reaction
was monitored by TLC (DCM : MeOH : NH4OH, 89 : 10 : 1)
and ESMS+. After 7 days dimethyl 2-bromoglutarate had been
consumed, and the solvent was removed under reduced pressure.
The remaining residue was dissolved in DCM (20 mL), the organic
layer was washed with HCl (pH 3), dried over K2CO3 and the
solvents removed under reduced pressure. The residue was purified
by column chromatography over silica (DCM : THF : MeOH :
NH4OH, 25 : 65 : 5 : 5). The fractions containing the title product
were combined and the solvents were removed under reduced
pressure to yield a pale brown oil (1.23 g, 2.52 mmol, 21%). dH


(CDCl3) 7.68 (2H, br s, NH), 3.63 (6H, s, H7), 3.57 (6H, s, H6),
3.26 (2H, m, H3), 2.78 (16H, m, H1,2), 2.36 (4H, m, H5), 1.92 (4H,
m, H4); dC (CDCl3) 173.4 (C7′ ), 172.9 (C6′ ), 64.1 (C3), 51.9 (CH3


6),
51.8 (CH3


7), 48.7, 46.5 (C1,2), 30.0 (C5), 22.6 (C4); m/z (ESMS+)


489 [M + 1], 490 [M + 2]; Rf 0.32 (DCM : MeOH : NH4OH, 89 :
10 : 1, silica).


4-[(1-Azathioxanthone)-2-methyl]-1,7-bis(a-dimethylglutarate)-
1,4,7,10-tetraazacyclododecane


1,7 - Bis(a - dimethylglutarate) - 1,4,7,10 - tetraazacyclododecane
(320 mg, 660 lmol) was combined with 2-bromomethyl-1-
azathiaxanthone (1 eq., 200 mg) and K2CO3 (1 eq., 91 mg) and
the mixture stirred in dry MeCN (10 mL) at reflux temperature
(85 ◦C) under argon for 30 h. The reaction was monitored by TLC
(DCM : MeOH, 97 : 3) and ESMS+ to confirm that the brominated
starting material had been consumed. The solvent was removed
under reduced pressure and the resulting solid was dissolved in
a small volume of DCM (5 mL) and the KBr–K2CO3 filtered
out. The crude mixture was purified by column chromatography
(DCM→2% MeOH) to yield the title compound as a pale brown
oil (120 mg, 168 lmol, 26%). dH (CDCl3) 8.68 (1H, d, J 8.0 Hz,
H4), 8.43 (1H, m, H6), 7.59 (2H, m, H8,9), 7.42 (1H, m, H7), 7,24
(1H, d, J 8.0 Hz, H3), 3.83 (2H, s, H10), 3.63 (6H, s, H16), 3.57
(6H, s, H17), 3.26 (2H, m, H13), 2.97 (16H, m, H11,11′ ,12,12′ ), 2.36
(4H, m, H15), 1.92 (4H, m, H14); dC (CDCl3) 180.5 (C5) 173.4
(C16′ ), 172.9 (C17′ ), 161.4 (C2), 158.6 (C1′ ), 138.4 (C4′ ), 137.5 (C6′ ),
133.3 (C8), 130.0 (C6), 129.0 (C9′ ), 127.1 (C7), 126.6 (C9), 125.3
(C4), 122.2 (C3), 65.1 (C13), 51.9 (C17), 51.8 (C16), 51.3, 50.4, 49.2,
46.5 (C11,11′ ,12,12′ ), 46.1 (C10), 30.9 (C15), 25.7 (C14); Rf 0.16 (DCM :
MeOH, 97 : 3; alumina); m/z (HRMS+) 714.3163 (C35H48O9N5S
requires 714.3173).


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(a-dimethylglutarate)-1,4,7,10-
tetraazacyclododecane


4-[(1-Azathioxanthone)-2-methyl]-1,7-bis(a-dimethylglutarate)-
1,4,7,10-tetraaza-cyclododecane (110 mg, 150 lmol) was com-
bined with N-methanesulfonylaziridine (1.1 eq., 19.4 mg) and


1030 | Org. Biomol. Chem., 2008, 6, 1020–1033 This journal is © The Royal Society of Chemistry 2008







K2CO3 (1 eq., 22 mg) stirred in dry MeCN (5 mL) at reflux
temperature (85 ◦C) under argon for 46 h. The reaction was
monitored by TLC (DCM : MeOH, 97 : 3) and ESMS+ to
confirm that the starting material had been consumed. The solvent
was removed under reduced pressure and the resulting solid was
dissolved in a small volume of DCM (3 mL) and the K2CO3


removed by filtration. The crude mixture was purified by column
chromatography (DCM→2% MeOH) to yield the title compound
as a light brown oil which slowly crystallised (50 mg, 60 lmol,
41%). dH (CDCl3) 8.70 (1H, d, J 8.0 Hz, H4), 8.48 (1H, m, H6),
7.63 (2H, m, H8,9), 7.44 (2H, d + dd, H3,7), 3.83 (2H, s, H10), 3.63
(6H, s, H16), 3.60 (6H, s, H17), 3.26 (2H, m, H13), 3.02 (3H, s, H20),
2.93 (16H, m, H11,11′ ,12,12′ ), 2.50 (6H, m, H15,18), 1.90 (4H, m, H14),
1.56 (2H, t, J 7.8 Hz, H19); dC (CDCl3) 180.5 (C5) 173.3 (C16′ ), 173.0
(C17′ ), 162.1 (C2), 158.8 (C1′ ), 138.5 (C4′ ), 137.5 (C6′ ), 133.7 (C8),
130.0 (C6), 128.9 (C9′ ), 127.2 (C7), 126.6 (C9), 125.5 (C4), 122.7 (C3),
65.9 (C13), 51.7 (C17), 51.4 (C16), 54.2, 51.3, 49.2, 46.6 (C11,11′ ,12,12′ ),
46.1 (C10), 38.1 (C20), 33.4 (C18), 30.9 (C15), 25.7 (C14), 22.9 (C19);
Rf 0.39 (DCM : MeOH, 97 : 3, alumina); mp 137–139 ◦C; m/z
(HRMS+) 835.3358 (C38H55O11N6S2 requires 835.3370).


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(a-glutarate)-1,4,7,10-tetraazacyclododecane


Freshly made KOD solution (2.5 mL, 0.1 M) was added to 4-[(1-
azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)ethyl]-
1,7 - bis(a - dimethylglutarate) - 1,4,7,10 - tetraazacyclododecane
(50 mg, 60 lmol). The reaction mixture was kept under argon at
room temperature and progress was monitored by NMR. After
3 h no protecting methyl group signals were observed in the 1H-
NMR spectrum, the pH of the mixture was increased (pH ≈ 6)
with conc. HCl and the solution loaded onto a DOWEX 50 ×
4–100 strong cation exchange resin. The column was eluted with
water → 10% NH4OH and the fractions were analysed by ESMS+.
The fractions were combined and lyophilised to yield the title
compound as a dark orange oil (26 mg, 33 lmol, 55%), which
was used for complexation reaction immediately. dH (CDCl3) 8.46
(1H, d, J 8.0 Hz, H4), 8.18 (1H, m, H6), 7.44 (4H, m, H8,9,3,7), 3.83
(2H, s, H10), 3.26 (2H, m, H13), 3.02 (3H, s, H20), 3.09 (22H, br m,
H11,11′ ,12,12′ ,15,18), 2.05 (6H, m, H14,19); m/z (ESMS−) 779 [M − H].


[H2EuL2]


4-[1-(Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl] - 1,7 - bis(a - glutarate) - 1,4,7,10 -tetraazacyclododecane
(25 mg, 32 lmol) was added to Eu(CH3CO2)3 (1.1 eq., 15 mg)
and the solids dissolved in H2O (2 mL). The pH was carefully


adjusted to 5 by addition of acetic acid and the reaction left to
stir at 70 ◦C for 72 h. After the reaction was cooled to room
temperature, the solvents were removed under reduced pressure
and the remaining residue was dissolved in 5 mL H2O. The pH
was then adjusted carefully to 10 by addition of conc. NaOH
solution (in order to remove the excess Eu as Eu(OH)3) resulting
in a white precipitate, removed via a fine syringe filter. The pH
was adjusted back to neutral and the mixture lyophilised to give
a bright yellow solid (26 mg, 28 lmol). tR (HPLC) = 10.9 min;
m/z (HRMS−) 927.1562 (C34H42O11N6S2Eu requires 927.1565);
kmax(H2O) 380 (4070 dm3 mol−1 cm−1); sEu


(H2O, pH = 3.0): 588 ms,
sEu


(H2O, pH = 5.5): 709 ms, s Eu
(H2O, pH = 8.0): 469 ms; sEu


(D2O, pD = 2.6): 1086 ms,
sEu


(D2O, pD = 5.1): 1000 ms, sEu
(D2O, pD = 7.6): 534 ms; φEu


(pH = 3.0) = 1.8%,
φEu


(pH = 5.5) = 2.0%, φEu
(pH = 8.0) = 1.7%.


1,7-Bis(a-dimethyladipate)-1,4,7,10-tetraazacyclododecane


Tetraazacyclododecane (1.20 g, 6.98 mmol), dimethyl 2-
bromoadipate (3.88 g, 15.35 mmol) was dissolved in dry MeCN
(20 mL) followed by addition of NaHCO3 (1.29 g, 2.2 eq.). The
mixture was stirred at 55 ◦C under argon. The reaction was
monitored by TLC (DCM : THF : MeOH, 50 : 50 : 5) and
ESMS+. After 4 days of reaction all dimethyl 2-bromoadipate
had been consumed, and the solvent was removed under reduced
pressure. The remaining residue was dissolved in DCM (10 mL).
The organic layer was washed with HCl (pH 3), dried over K2CO3


and the solvents removed under reduced pressure. The residue
was purified by column chromatography over silica (DCM : THF :
MeOH, 50 : 50 : 3). The fractions containing the title product were
combined and the solvents were removed under reduced pressure
to yield a transparent viscous oil which slowly crystallised to reveal
a white solid (760 mg, 1.47 mmol, 21%). dH (CDCl3) 4.18 (1H, m,
H3) 3.77 (6H, s, H7), 3.73 (6H, s, H8), 3.29 (16H, m, H1,2), 2.36 (4H,
m, H6), 1.78 (8H, m, H4,5); dC (CDCl3) 174.0 (C7′ ), 173.9 (C8′ ), 70.3
(C3), 53.0 (C8), 52.7 (C7), 52.6, 52.1, 51.8, 46.6 (C1,2), 33.7 (C4),
33.6 (C6), 31.0 (C5); m/z (ESMS+) 517 [M + H], 530 [M + Na]; Rf


0.42 (THF : DCM : MeOH, 50 : 50 : 5, silica).


4-[(1-Azathioxanthone)-2-methyl]-1,7-bis(a-dimethyladipate)-
1,4,7,10-tetraazacyclododecane


1,7 - Bis(a - dimethyladipate) - 1,4,7,10 - tetraazacyclododecane
(310 mg, 600 lmol) was combined with 2-bromomethyl-1-
azathiaxanthone (1 eq., 183 mg) and NaHCO3 (1 eq., 50 mg) and
the mixture stirred in dry MeCN (10 mL), was heated initially
at 60 ◦C for 4 h followed by 70 ◦C for 20 h under argon.
The reaction was monitored by TLC (DCM : THF : MeOH :
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Et3N, 80 : 20 : 3.5 : 3.5, silica) and ESMS+ to confirm that the
brominated starting material had been consumed. The solvent
was removed under reduced pressure and the resulting solid was
dissolved in a small volume of DCM (5 mL) and the sodium salts
removed by filtration. The crude mixture was purified by column
chromatography (DCM : THF 80 : 20 → 3% MeOH : Et3N (1 : 1));
fractions containing clean product were combined and the solvents
were removed under reduced pressure. The remaining residue was
dissolved in DCM (5 mL) and washed with water (3 × 15 mL).
The organic layer was evaporated dry to yield the title compound
as a pale yellow oil (165 mg, 170 lmol, 28%). dH (CDCl3) 8.80
(1H, d, J 8.0 Hz, H4), 8.60 (1H, br d, J 7.9 Hz, H6), 7.67 (2H, m,
H8,9), 7.55 (1H, dt, J 7.9 Hz, H7), 7,34 (1H, d, J 8.0 Hz, H3), 4.19
(1H, m, H13), 3.81 (2H, s, H10), 3.73 (6H, s, H17), 3.69 (6H, s, H18),
3.17 (16H, m, H11,11′ ,12,12′ ), 2.38 (4H, m, H16), 1.78 (8H, m, H14,15);
dC (CDCl3) 181.2 (C5) 173.4 (C16′ ), 172.9 (C17′ ), 162.1 (C2), 158.8
(C1′ ), 138.4 (C4′ ), 137.5 (C6′ ), 133.4 (C8), 130.2 (C6), 129.1 (C9′ ),
127.1 (C7), 126.7 (C9), 125.8 (C4), 122.5 (C3), 70.3 (C13), 52.0 (C18),
51.8 (C17), 51.9, 51.8, 51.7, 49.2 (C11,11′ ,12,12′ ), 48.1 (C10), 33.8 (C14),
33.7 (C16), 29.9 (C15); Rf 0.33 (DCM : THF : MeOH : Et3N, 80 :
20 : 3.5 : 3.5, silica plate); m/z (HRMS+) 742.3489 (C37H52O9N5S
requires 742.3486).


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(a-dimethyladipate)-1,4,7,10-tetraazacyclododecane


4-[(1-Azathioxanthone)-2-methyl] -1,7-bis(a-dimethyladipate)-
1,4,7,10-tetraazacyclododecane (190 mg, 256 lmol) was combined
with 2-methanesulfonato-N-methanesulfonylethylamine (1.2 eq.,
67.2 mg) and Na2CO3 (1.5 eq., 42 mg) and the mixture stirred in
dry MeCN (10 mL) at reflux for 30 h under argon. The reaction was
monitored by TLC (DCM : THF : MeOH : Et3N, 80 : 20 : 2.5 : 2.5,
silica) and ESMS+ to confirm that the starting material had been
consumed. The solvent was removed under reduced pressure. The
resulting solid was dissolved in a small volume of DCM (5 mL)
and the sodium salts were filtered out. The crude mixture was
purified by column chromatography (DCM : THF 80 : 20 → 3%
MeOH : Et3N (1 : 1)). The fractions containing product only were
combined and the solvents were removed under reduced pressure.
The remaining residue was dissolved in DCM (5 mL) and washed
with water (3 × 10 mL). The organic layer was evaporated to yield
the title compound as a pale brown oil (170 mg, 197 lmol, 77%).
dH (CDCl3) 8.80 (1H, d, J 8.0 Hz, H4), 8.66 (1H, br d, J 7.9 Hz,
H6), 7.76 (2H, dd, J 7.9 Hz, H8,9), 7.65 (1H, dt, J 7.9 Hz, H7), 7.53
(1H, d, J 8.0 Hz, H3), 4.19 (1H, m, H13), 3.84 (2H, s, H10), 3.66
(6H, s, H17), 3.64 (6H, s, H18), 3.06 (16H, m, H11,11′ ,12,12′ ), 2.98 (3H,


dd, H21), 2.33 (6H, m, H16,19), 1.68 (10H, m, H14,15,20); dC (CDCl3)
180.8 (C5) 174.9 (C18′ ), 173.5 (C17′ ), 165.4 (C2), 158.1 (C1′ ), 138.1
(C4′ ), 137.7 (C6′ ), 133.1 (C8), 130.1 (C6), 129.2 (C9′ ), 126.9 (C7),
126.7 (C9), 125.8 (C4), 121.7 (C3), 65.7 (C13), 51.8 (C18), 51.4 (C17),
54.3, 54.1, 50.2, 50.1 (C11,11′ ,12,12′ ), 50.0 (C10), 40.1 (C21), 34.4 (C14),
33.8 (C16), 30.6 (C19) 29.6 (C15), 22.3 (C20); Rf 0.61 (DCM : THF :
MeOH : Et3N, 80 : 20 : 2.5 : 2.5, silica); m/z (HRESMS+) 863.3686
(C40H58O11N6S2 requires 863.3679).


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(a-adipate)-1,4,7,10-tetraazacyclododecane, H5L3


Freshly made KOD solution (5 mL, 0.1 M) was added to 4-[(1-
azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)ethyl]-
1,7 - bis(a - dimethyladipate) - 1,4,7,10 - tetraazacyclododecane
(57 mg, 66 lmol) and the mixture was stirred under argon at room
temperature; the reaction was monitored by 1H-NMR. After 3 h no
methyl group signals were observed in the 1H-NMR spectrum; the
pH of the mixture was adjusted (pH ≈ 6) with conc. HCl, washed
with DCM (3 × 5 mL) and loaded onto a DOWEX 50 × 4–100
strong cation exchange resin. The column was eluted with water →
10% NH4OH and the fractions were analysed by ESMS+. The
appropriate fractions were combined and lyophilised to yield the
title compound as a dark orange oil (25 mg, 33 lmol, 47%), which
was used in a complexation reaction immediately. dH (CDCl3) 8.55
(1H, d, J 8.0 Hz, H4), 8.24 (1H, m, H6), 7.49 (4H, m, H8,9,3,7),
3.16 (27H, br m, H10,11,11′ ,12,12′ ,16,19.21), 1.67 (10H, m, H14,15,20); m/z
(ESMS−) 805 [M − H].


[H3EuL3]


4-[(1-Azathioxanthone)-2-methyl]-10-[2-(methylsulfonylamino)-
ethyl]-1,7-bis(a-adipate)-1,4,7,10-tetraazacyclododecane (25 mg,
31 lmol) was added to Eu(OAc)3 (1.1 eq., 13 mg) and the solids
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dissolved in 2.5 mL H2O : MeOH (5 : 1). The pH was carefully
adjusted to 5 by addition of acetic acid and the reaction left to
stir at 75 ◦C for 72 h. After the reaction was cooled to room
temperature, the pH was then adjusted carefully to 10 by addition
of conc. NaOH solution (in order to remove excess Eu as Eu(OH)3)
resulting in a white precipitate removed via centrifugation. The
pH was adjusted back to neutral and the sample lyophilised
to give a bright yellow solid (30 mg, 30 lmol). tR (HPLC) =
11.2 min; m/z (HRMS+) 979.1846 (C36H47O11N6S2EuNa requires
979.1849); kmax(H2O) 380 (4070 dm3 mol−1 cm−1); sEu


(H2O, pH = 4.5):
830 ms, sEu


(H2O, pH = 8.0): 430 ms; sEu
(D2O, pD = 4.1): 825 ms, sEu


(D2O, pD = 7.6):
470 ms; φEu


(pH = 4.5) = 6.1%, φEu
(pH = 8.0) = 5.3%.


[H3GdL3]


The Gd-complex was prepared as described above for [H3EuL3],
tR (HPLC) = 11.5 min; m/z (HRMS− in MeOH) 1001.2299
(C36H49O11N6S2GdNa mono Me-ester requires: 1001.2273);
r1p


(pH = 4.5): 3.12 mM−1 s−1 r1p
(pH = 8.5): 1.87 mM−1 s−1.
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Ten tetra-urea calix[4]arene derivatives with different ether residues (methyl, pentyl, benzyl, all
combinations of methyl and pentyl, 1,3-dibenzyl-2,4-dipentyl), including also the tetrahydroxy
compound and the 1,3-dipentyl ether, were synthesised. Their urea groups were substituted with a
lipophilic residue to ensure sufficient solubility in cyclohexane. Thus, kinetics for the exchange of the
included guest (benzene) against the solvent (cyclohexane) could be followed by 1H NMR spectroscopy.
The apparent first order rate constants decrease with increasing size of the ether residues from methyl
to benzyl by more than three orders of magnitude. This can be understood by a decreasing
flexibility/mobility of the calixarene skeleton. In line with this explanation is the rather slow exchange
for the tetrahydroxy compound, where the cone conformation is stabilised by a cyclic array of
intramolecular OH · · · OH hydrogen bonds.


Introduction


The inclusion of guest molecules into the cavity of self-assembled
capsules is a topic of steadily growing interest, since the first
example of a hydrogen bonded capsule was reported nearly
15 years ago.1 Calix[4]arenes substituted at their wide rim by four
urea functions (1) form dimeric capsules held together by a seam
of intermolecular hydrogen bonds between the urea groups.2,3


The internal volume of about 190–200 Å3 is large enough to
host suitably sized (neutral or cationic) guests. Although larger
capsules are known, including examples composed of more than
two molecular building blocks,4–6 dimers formed by 1 are attractive
and challenging due to their special geometry. The two calixarene
molecules are turned by 45◦ around their common axis and the
interdigitating urea groups of the two calixarenes point in opposite
directions including angles of 25–30◦ with the S4 axis of the
dimer and of 120–130◦ between adjacent urea groups. Functional
groups R attached to the urea residues are thus brought into
a unique mutual position.7,8 This has been used, for instance,
to synthesise various topologically interesting molecules, such as
multiple catenanes or rotaxanes.9
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The guest included in a capsule can be exchanged with another
guest and the mechanism of this guest exchange 1·G1·1 → 1·G2·1
is another challenging problem. A simple opening of a single flap
as described for glycoluril based dimeric capsules10 is surely not
possible here. However, it seems at least possible that the hydrogen
bonded belt is partly retained. Yet, early studies by a series of 2D
NMR experiments suggested that the guest (benzene) included in
a dimeric capsule is exchanged with the solvent (benzene) via a
dissociation–recombination process.11 Much deeper insight into
the association and dissociation process was obtained by FRET
techniques, using tetra-urea derivatives marked by covalently
attached donor and acceptor dyes.12 The rate for the guest
release is lower if benzene is replaced by cyclohexane as solvent,
allowing kinetic measurements for the decyl ether of the tetratolyl
urea 1 (Y = C10H21, R = p-CH3–C6H4) and various guests by
“conventional” NMR spectroscopy.13 To elucidate the influence of
the ether residues on the kinetic stability, we have now conducted a
detailed kinetic study of the exchange of included benzene against
cyclohexane used as solvent.


Results and discussion


To ensure sufficient solubility for all combinations of ether residues
we have chosen tetra-urea compounds 8 substituted by branched
tetradecyloxy phenyl groups. As ether groups, Y, we considered
initially methyl (small enough to pass the annulus) and pentyl
in all possible combinations. The series was later completed by
selected compounds with benzyl ether groups and free phenolic
hydroxy groups. Again, all exchange reactions could be monitored
by recording the NMR spectra as a function of time.


Syntheses


The main synthetic steps are summarised in Scheme 1.
All tetra-urea derivatives were obtained by acylation of the


respective tetraamino calix[4]arene 4 with the isocyanate obtained
in situ from the alkoxy aniline 7 with triphosgene. 7 was prepared
by O-alkylation of N-(p-hydroxyphenyl)acetamide 5, followed
by alkaline hydrolysis. Tetraamino calix[4]arenes 4 were usually
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Scheme 1 Synthesis of tetra-urea derivatives, 8, used for the kinetic studies. Ether residues Y are indicated by letters M (= methyl), P (= pentyl), B (=
benzyl) and H (free OH group) as subscript, e.g. 8MPPP = methyltripentyl ether, 8BBBB = tetrabenzyl ether, 8PHPH = 1,3-dipentyl ether.


synthesised by ipso-nitration (60–77%) of the corresponding
tetraethers 2 of tert-butylcalix[4]arene and subsequent hydrogena-
tion. Mixed pentyl/methyl ethers of tert-butylcalixarene were
prepared via the mono-, di- and tripentyl ethers followed by
exhaustive O-methylation.14 This sequence is essential to ensure
that all pentyl ether groups are in a syn-orientation.


Since all attempts to ipso-nitrate the tetrabenzyl ether of tert-
butylcalix[4]arene (2BBBB) failed, the respective tetraamine 4BBBB


was prepared as described.2 The tetraamine 4PBPB was synthesised
analogously. The dibenzyldipentyl ether of p-H-calix[4]arene,
obtained by 1,3-dibenzylation followed by exhaustive O-alkylation
with pentylbromide, was iodinated, substituted by phthalimide
and finally reacted with hydrazine.


The whole synthetic sequence was followed step-by-step by 1H
NMR spectroscopy, which in this case is the most appropriate
analytical technique. Only partially methylated nitro- and amino-
compounds could not be easily characterised due to their confor-
mational flexibility. However, the dimeric capsule of the tetra-urea
derivative showed a well resolved 1H NMR spectrum. On the
other hand, for tetra-urea derivatives with Cs-symmetry (8MMMP,
8MMPP, 8MPPP) two regioisomeric capsules exist, which leads to
rather complicated spectra.15 Nevertheless, they could be analysed,
showing that both capsules were formed with the same probability.
(Kinetic data refer to this average).


Kinetics


The 1H NMR spectra of the dimeric capsules containing benzene
or cyclohexane-d12 are sufficiently different so as to enable a rapid
identification as to the identity of the encapsulated guest. Thus,
the exchange could be followed by NMR spectroscopy, using the
more or less resolved signal(s) of the benzene-filled capsules (in
most cases a urea NH signal). An example is shown in Fig. 1.


Intuitively it might be more reasonable to use the increasing
signal of free benzene in cyclohexane. However, due to the long
reaction times (often several weeks), the signals of a volatile


compound (such as benzene) are much less reliably monitored,
than those of non-volatile compounds. (For details see the
experimental part).


As anticipated, clean first order reactions were observed for
all compounds from 5% up to conversions of 70–80%. Plots are
shown in Fig. 2, which show linearity during the course of the
exchange reaction with the exception of the initial period of the
reaction. Presently it is not clear if the slight but distinct deviations
observed in the very beginning are due to an artefact. Fig. 2
contains plots for three examples from which the apparent first
order rate constants are easily derived as the slopes of their linear
parts. These values are collected in Table 1. Since they differ by a
factor higher than 103 the respective half-life times are visualised
in Fig. 3 using a logarithmic scale.


It can be easily shown, that the rate of the guest exchange
increases upon addition of small amounts of water. Although the
measurements were done under dry conditions (see experimental
part), the available technique did not allow us to exclude traces
of water completely. This may be the reason why a reproducibility
of ±10% was observed for the rate constants within a period of


Fig. 1 Section of the NMR spectrum of 8PPPP as a function of time,
illustrating the exchange of encapsulated benzene by cyclohexane-d12; red:
signals for free (e′) and included (e) benzene, green: signals for the new
complex (a′–d′), the respective signals of the initial complex are marked as
a–d.
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Table 1 Apparent first order rate constants for the exchange of benzene
by cyclohexane-d12


Tetra-urea k/h−1


8MMMM 0.47 ± 0.03
8MMMP 0.37 ± 0.02
8MPMP 0.35 ± 0.02
8MMPP 0.090 ± 0.008
8MPPP 0.052 ± 0.003
8PPPP 0.027 ± 0.003
8PBPB 0.0082 ± 0.0001
8BBBB 0.00026 ± 0.00007
8PHPH 0.031 ± 0.002
8HHHH 0.0039 ± 0.0003


Fig. 2 Examples of first order plots for the exchange of encapsulated
benzene by cyclohexane-d12.


Fig. 3 Illustration of the half-life times for the exchange of encapsulated
benzene by cyclohexane-d12 for the series of compounds 8.


1–2 months (using also the same samples of cyclohexane-d12 and
benzene) while the reproducibility is lower over a longer period.
However, for the present discussion it is only important that the
apparent rate constants can be compared within the set of data
presented in Table 1.


Among the tetraether derivatives with identical ether residues
Y (8MMMM, 8PPPP and 8BBBB) the rate of the guest release decreases
drastically with increasing size of Y. The ratio of the rate constants
for capsules formed by 8MMMM, 8PPPP and 8BBBB is 1808 : 104 : 1.
Mixed tetraethers show intermediate rates.


Tentatively this may be explained by an increasing rigidity
(decreasing flexibility) of the calixarene skeleton with increasing
size of the ether groups. A tetraether with ether residues equal to
or larger than propyl is kept in one of the basic conformations,
e.g. the cone conformation, which however is “pinched” due to the
repulsion of the ether residues. Methoxy groups still can pass the
annulus of the calix[4]arene and for the same reason a tetramethyl
ether normally prefers the partial cone conformation.16 Within
the dimeric capsule the calixarenes are kept in a regular (C4-
symmetrical) cone conformation. The opening of the capsule by
bending one (or several) urea residues outwards, means that the
corresponding ether residues must be bent inwards. And this is
obviously more easily facilitated for small ether residues where the
repulsion is lower.


This explanation is further corroborated by the whole series of
compounds with methyl and pentyl ether groups 8MMMM to 8PPPP,
which show decreasing rate constants with increasing number of
pentyl ether groups. Interestingly, the alternating arrangement in
8MPMP leads to 3.9 times higher rates for the guest release than
the adjacent position of identical ether groups Y in 8MMPP. In this
alternating arrangement the inwards moving methyl group faces
the opposite methyl group. An opposite pentyl ether group as in
8MMPP might cause a stronger repulsion, which explains the lower
exchange rate.


A slow exchange reaction is also observed for 8HHHH and may be
explained in a similar way, although in this case the main reason
for the stabilisation of the cone conformation is the cyclic belt of
intramolecular OH · · · OH hydrogen bonds between the phenolic
hydroxyl groups. A lower stability for the capsule of 8PHPH is in
line with this but a further interpretation in comparison with the
tetraether derivatives is not possible on the basis of the present
results.


Conclusions


We have shown that the rate of guest exchange strongly depends
on the size of the ether groups attached to the narrow rim of tetra-
urea calix[4]arenes. This is in keeping with a mechanism where the
opening of the capsule is connected with an outwards movement
of the urea residues, necessarily accompanied by an inward motion
of the alkoxy groups. This movement is sterically hindered by the
repulsion of the ether residues, which increases with increasing
size. Although other mechanisms for the guest exchange might be
also possible, e.g. an opening by rotation around the aryl–urea–
aryl axis, the proposed explanation is in agreement with the lower
rate of guest exchange found for capsules where the calix[4]arenes
are rigidified by two short crown ether groups.17


Experimental


Cyclohexane-d12 (Deutero GmbH, 99.5 atom% D) and benzene
(Riedel-de Haën, p.a.) were treated as described below. All other
solvents and commercially available chemicals were purchased
from Acros and Aldrich, and used without further purification.
NMR spectra were recorded on a Bruker Avance DRX400
spectrometer at 25 ◦C if not stated otherwise. FD- and ESI-mass
spectra were measured on Finnigan MAT 8230 and Micromass
QToF Ultima 3 instruments. Melting points were determined
with a MEL TEMP 2 capillary melting point apparatus and
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are uncorrected. 1-Bromo-2-hexyloctane,18 tetraamines 4MMMM,14


4PPPP,19 4MPMP
11 and 4BBBB,2 and p-H-calix[4]arene 1,3-dibenzyl


ether20 were described previously. Synthesis and characterisation
of the new compounds 2–7 are reported in the ESI.†


Synthesis


General procedure for the preparation of tetra-urea calixarenes 8
from tetraamines 4. Triphosgene (0.36 g, 1.2 mmol) was added
to a stirred solution of 4-[(2-hexyloctyl)oxy]aniline 7 (0.37 g,
1.2 mmol) in toluene (70 ml). The solution was refluxed under
nitrogen for 1 h, cooled and the solvent evaporated in vacuo at
70–80 ◦C. The resultant oil was dissolved in toluene (5 ml) and
the solution of the respective calixarene 4 (0.2 mmol) in toluene
(30 ml) was added. The reaction mixture was stirred overnight at
room temperature and then concentrated in vacuo. The residue
was finally purified by column chromatography (gradient from
dichloromethane to dichloromethane–ethanol, 30 : 1).


Calix[4]arene 8MMMM. Yield 62%, mp 192–194 ◦C. Dimer:
dH(400 MHz; C6D6) 9.68 (s, 8H, NH), 8.07 (d, J 9.2 Hz, 16H,
ArHPh), 8.02 (d, J 2.2 Hz, 8H, ArH), 7.47 (s, 8H, NH), 6.87 (d,
J 9.2 Hz, 16H, ArHPh), 6.30 (d, J 2.2 Hz, 8H, ArH), 4.27 (d,
J 11.8 Hz, 8H, ArCH2Ar), 3.61 (s, 24H, OCH3), 3.57 (m, 16H,
OCH2CH), 3.17 (d, J 11.8 Hz, 8H, ArCH2Ar), 1.69 (m, 8H, CH),
1.51–1.15 (m, 160H, CH2), 0.91 (t, J 7.0 Hz, 24H. CH3) and 0.90 (t,
J 7.0 Hz, 24H, CH3). Monomer: dH(400 MHz; THF-d8) 7.57 (br s,
4H, NH), 7.40 (br s, 4H, NH), 7.26 (d, J 8.6 Hz, 8H, ArHPh), 6.87
(s, 8H, ArH), 6.73 (d, J 8.6 Hz, 8H, ArHPh), 4.32 (d, J 12.7 Hz, 4H,
ArCH2Ar), 3.77 (br s, 20H, OCH3 + OCH2), 3.09 (d, J 12.7 Hz,
4H, ArCH2Ar), 1.57–1.21 (m, 84H, CH2), 0.89 (m, 24H. CH3) and
0.90 (t, J 7.0 Hz, 24H, CH3). dC(100 MHz; THF-d8) 154.01 (C=O),
152.53, 151.97, 134.22, 133.80, 132.80 (CAr), 118.94, 117.74, 113.67
(CHAr), 70.11 (OCH2CH), 60.35 (OCH3), 37.63 (CH), 31.30, 30.84
(CH2), 30.12 br s (ArCH2Ar), 29.16, 26.26, 22.03 (CH2) and 12.92
(CH3). ESI-MS m/z 1889.26 (100%), 1888.26 (64), 1890.26 (46)
[M + Na]+ for C116H168NaN8O12 (1888.27).


Calix[4]arene 8MMMP. Yield 62%, mp 190–192 ◦C.21


dH(400 MHz; THF-d8; 0 ◦C) 8.00–7.47 (m, 6H, NH), 7.46–
7.07 (m, 14H, NH + ArHPh + ArH), 6.84–6.60 (m, 8H, ArHPh),
6.47 (br s, 4H, ArH), 4.31 (br d, 3H, ArCH2Ar), 4.03 (br s, 1H,
ArCH2Ar), 3.95–3.60 (m, 19H, OCH2 + OCH3 + OCH2CH),
3.09 (m, 4H, ArCH2Ar), 1.90 (m, 2H, CH2), 1.61 (m, 2H, CH),
1.53–1.16 (m, 86H, CH + CH2), 0.96 (t, J 7.1 Hz, 3H, CH3) and
0.88 (m, 24H, CH3). dC(100 MHz; THF-d8) 155.56, 155.52 (C=O),
154.49, 153.68, 153.59, 152.48, 137.38, 137.32, 135.81, 134.78,
134.60, 134.43, 134.35, 134.20 (CAr), 120.55, 120.47, 119.42 br s,
115.23, 115.15 (CHAr), 75.93 (OCH2), 71.66 (OCH2CH), 62.55,
61.30 (OCH3), 39.16 (CH), 32.83, 32.39, 32.36, 31.80, 31.64,
31.18, 30.69 (CH2), 29.55 (ArCH2Ar), 27.79, 23.55 (CH2) and
14.45 (CH3). ESI-MS m/z 1945.37 (100%), 1944.37 (63), 1946.37
(58) [M + Na]+ for C120H176NaN8O12 (1944.33).


Calix[4]arene 8MPMP. Yield 43%, mp 193–195 ◦C. Dimer:
dH(400 MHz; C6D6) 9.90 (s, 2H, NH), 9.88 (s, 2H, NH), 9.81
(s, 2H, NH), 9.79 (s, 2H, NH), 8.46 (d, J 2.2 Hz, 2H, ArH), 8.27
(br s, 2H, ArH), 8.25 (d, J 8.9 Hz, 4H, ArHPh), 8.18 (d, J 8.9 Hz,
4H, ArHPh), 8.17 (d, J 9.2 Hz, 4H, ArHPh), 8.07 (br s, 2H, ArH),
8.05 (d, J 9.2 Hz, 4H, ArHPh), 7.78 (d, J 2.2 Hz, 2H, ArH), 7.70
(s, 2H, NH), 7.67 (s, 2H, NH), 7.35 (s, 2H, NH), 7.34 (s, 2H, NH),


7.03 (d, J 9.2 Hz, 4H, ArHPh), 6.95 (d, J 8.9 Hz, 4H, ArHPh),
6.92 (d, J 8.9 Hz, 4H, ArHPh), 6.82 (d, J 9.2 Hz, 4H, ArHPh), 6.54
(d, J 2.2 Hz, 2H, ArH), 6.47 (d, J 2.2 Hz, 2H, ArH), 6.40 (d, J
2.2 Hz, 2H, ArH), 6.38 (d, J 2.2 Hz, 2H, ArH), 4.53 (d, J 12.1 Hz,
2H, ArCH2Ar), 4.47 (d, J 12.1 Hz, 2H, ArCH2Ar), 4.44 (d, J
12.1 Hz, 2H, ArCH2Ar), 4.41 (d, J 12.1 Hz, 2H, ArCH2Ar), 3.92
(s, 12H, OCH3), 3.71–3.47 (m, 24H, OCH2), 3.43 (d, J 12.1 Hz,
2H, ArCH2Ar), 3.31 (d, J 12.1 Hz, 2H, ArCH2Ar), 3.29 (d, J
12.1 Hz, 2H, ArCH2Ar), 3.20 (d, J 12.1 Hz, 2H, ArCH2Ar), 1.97
(m, 8H, CH2), 1.74 (m, 8H, CH), 1.57–1.16 (m, 176H, CH2) and
1.09–0.90 (m, 60H, CH3). Monomer: dH(400 MHz; DMSO-d6–
CDCl3) 8.31 (s, 2H, NH), 8.22 (s, 2H, NH), 7.88 (s, 2H, NH),
7.78 (s, 2H, NH), 7.31 (d, J 8.9 Hz, 4H, ArHPh), 7.21 (s, 4H,
ArH), 7.09 (d, J 8.9 Hz, 4H, ArHPh), 6.77 (d, J 8.9 Hz, 4H,
ArHPh), 6.68 (d, J 8.9 Hz, 4H, ArHPh), 6.48 (s, 4H, ArH), 4.26
(d, J 11.4 Hz, 4H, ArCH2Ar), 3.88 (s, 6H, OCH3), 3.75 (d, J
5.4 Hz, 4H, OCH2CH), 3.70 (d, J 5.4 Hz, 4H, OCH2CH), 3.63
(br s, 4H, OCH2), 3.09 (d, J 11.4 Hz, 4H, ArCH2Ar), 1.87 (m,
4H, CH2), 1.68 (m, 4H, CH), 1.55 (m, 4H, CH2), 1.47–1.11 (m,
84H, CH2), 0.92 (t, J 7.3 Hz, 6H, CH3) and 0.88–0.76 (m, 24H,
CH3). dC(100 MHz; DMSO-d6–CDCl3) 154.03, 153.87 (C=O),
152.96, 152.78, 152.44, 150.72, 136.08, 134.25, 132.86, 132.67,
132.56, 132.45 (CAr), 119.70, 119.49, 118.49, 117.39, 114.31, 114.19
(CHAr), 75.07 (OCH2), 70.53 (OCH2CH), 60.21 (OCH3), 37.30
(CH), 31.20, 31.18, 30.76, 30.73 (CH2), 29.70 (ArCH2Ar), 29.05,
29.02, 27.91, 26.15, 26.13, 22.04, 22.01 (CH2), 13.76, 13.74 and
13.72 (CH3). ESI-MS m/z 2001.45 (100%), 2000.46 (57), 2002.46
(57) [M + Na]+ for C124H184NaN8O12 (2000.39).


Calix[4]arene 8MMPP. Yield 47%, mp 198–200 ◦C.21


dH(400 MHz; THF-d8) 7.61 (br s, 4H, NH), 7.51 (br s, 4H,
NH), 7.25 (br d, 8H, ArHPh), 6.84 (br s, 8H, ArH), 6.72 (br
d, 8H, ArHPh), 4.34 (br s, 4H, ArCH2Ar), 3.75 (br d, 8H,
OCH2CH), 3.73 (br s, 4H, OCH2), 3.57 (s, 6H, OCH3), 3.04 (br
d, 4H, ArCH2Ar), 1.93 (br s, 4H, CH2), 1.73 (br s, 4H, CH),
1.53–1.20 (m, 88H, CH2), 0.95 (br s, 6H, CH3) and 0.88 (br s,
24H, CH3). dC(100 MHz; THF-d8) 155.54 (C=O), 153.85 br s,
153.76, 152.83, 135.90 br s, 135.60 br s, 135.24 br s, 135.01 br s,
134.30 (CAr), 120.55, 119.63 br s, 115.20 (CHAr), 76.01 (OCH2),
71.66 (OCH2CH), 61.66 (OCH3), 39.16 (CH), 32.82, 32.37, 30.68
(CH2), 29.44 (ArCH2Ar), 27.79, 23.68, 23.55 (CH2), 14.60 and
14.45 (CH3). ESI-MS m/z 2001.44 (100%), 2000.44 (60), 2002.45
(60) [M + Na]+ for C124H184NaN8O12 (2000.39).


Calix[4]arene 8MPPP. Yield 54%, mp 200–202 ◦C.21


dH(400 MHz; THF-d8; 0 ◦C) 7.95 (s, 1H, NH), 7.94 (s, 1H,
NH), 7.80 (s, 2H, NH), 7.50 (s, 2H, NH), 7.44–7.19 (m, 10H, NH
+ ArHPh + ArH), 7.14 (br d, J 7.8 Hz, 4H, ArHPh), 6.77 (br d, J
7.8 Hz, 4H, ArHPh), 6.65 (br d, J 8.3 Hz, 4H, ArHPh), 6.40 (m,
4H, ArH), 4.42 (d, J 12.2 Hz, 2H, ArCH2Ar), 4.30 (d, J 12.2 Hz,
2H, ArCH2Ar), 4.06 (m, 2H, OCH2), 3.89–3.60 (m, 15H, OCH2


+ OCH3 + OCH2CH), 3.06 (d, J 12.2 Hz, 4H, ArCH2Ar), 2.07
(m, 2H, CH2), 1.89 (m, 4H, CH), 1.63–1.16 (m, 96H, CH2), 0.96
(t, J 7.1 Hz, 9H, CH3) and 0.87 (m, 24H, CH3). dC(100 MHz;
THF-d8) 155.54, 155.52 (C=O), 154.54, 153.91, 153.66, 153.58,
152.23, 137.51, 137.40, 135.71, 135.38, 134.58, 134.47, 134.44,
134.16, 134.09 (CAr), 120.59, 120.47, 120.44, 119.66, 119.57,
115.23, 115.14 (CHAr), 75.98 (OCH2), 71.66 (OCH2CH), 61.27
(OCH3), 39.18, 39.15 (CH), 32.83, 32.40, 32.35 (CH2), 31.97
(br s, ArCH2Ar), 31.16 (CH2), 30.69, 29.62 (CH2), 29.27 (br s,
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ArCH2Ar), 27.80, 23.80, 23.62, 23.56 (CH2), 14.52 and 14.46
(CH3). ESI-MS m/z 2057.44 (100%), 2058.45 (61), 2056.44 (57)
[M + Na]+ for C128H192NaN8O12 (2056.46).


Calix[4]arene 8PPPP. Yield 71%, mp 202–204 ◦C. Dimer:
dH(400 MHz; C6D6) 9.92 (s, 8H, NH), 8.15 (d, J 2.2 Hz, 8H,
ArH), 8.13 (d, J 9.2 Hz, 16H, ArHPh), 7.41 (s, 8H, NH), 6.85 (d,
J 9.2 Hz, 16H, ArHPh), 6.49 (d, J 2.2 Hz, 8H, ArH), 4.61 (d, J
11.8 Hz, 8H, ArCH2Ar), 3.76 (m, 16H, OCH2), 3.53 (d, J 5.7 Hz,
16H, OCH2CH), 3.33 (d, J 11.8 Hz, 8H, ArCH2Ar), 2.12 (m,
16H, CH2), 1.68 (m, 8H, CH), 1.52–1.16 (m, 192H, CH2), 1.02 (t,
J 7.3 Hz, 24H, CH3), 0.91 (t, J 6.8 Hz, 24H, CH3) and 0.90 (t,
J 6.8 Hz, 24H, CH3). Monomer: dH(400 MHz; THF-d8) 7.51 (s,
4H, NH), 7.39 (s, 4H, NH), 7.25 (d, J 8.6 Hz, 8H, ArHPh), 6.81 (s,
8H, ArH), 6.72 (d, J 8.6 Hz, 8H, ArHPh), 4.44 (d, J 13.0 Hz, 4H,
ArCH2Ar), 3.87 (t, J 6.7 Hz, 8H, OCH2), 3.78 (d, J 5.1 Hz, 8H,
OCH2CH), 3.07 (d, J 13.0 Hz, 4H, ArCH2Ar), 1.95 (m, 8H, CH2),
1.56–1.16 (m, 100H, CH + CH2), 0.98 (t, J 6.7 Hz, 12H, CH3) and
0.89 (m, 24H, CH3). dC(100 MHz; THF-d8) 153.96 (C=O), 151.96,
151.07, 134.34, 133.54, 132.86 (CAr), 118.86, 117.81, 113.63 (CHAr),
74.31 (OCH2), 70.11 (OCH2CH), 37.64 (CH), 31.29, 30.84 (CH2),
30.62 (ArCH2Ar), 29.36, 29.16, 27.98, 26.26, 22.25, 22.02 (CH2),
13.09 and 12.92 (CH3). ESI-MS m/z 2113.52 (100%), 2114.52 (69),
2112.52 (53) [M + Na]+ for C132H200NaN8O12 (2112.52).


Calix[4]arene 8PBPB. Yield 89%, mp 198–200 ◦C. Dimer:
dH(400 MHz; C6D6) 9.95 (s, 4H, NH), 9.90 (s, 2H, NH), 9.89
(s, 2H, NH), 8.26 (d, J 2.2 Hz, 2H, ArH), 8.21 (d, J 2.2 Hz, 2H,
ArH), 8.18 (d, J 8.9 Hz, 4H, ArHPh), 8.17 (br d, 4H, ArH), 8.15
(d, J 8.9 Hz, 4H, ArHPh), 8.14 (d, J 8.9 Hz, 4H, ArHPh), 8.11
(d, J 8.9 Hz, 4H, ArHPh), 7.57 (s, 2H, NH), 7.54–7.45 (m, 12H,
NH + ArHBz), 7.40 (s, 2H, NH), 7.39–7.33 (m, 12H, ArHBz), 6.92
(d, J 8.9 Hz, 4H, ArHPh), 6.89 (d, J 8.9 Hz, 4H, ArHPh), 6.88
(d, J 8.9 Hz, 4H, ArHPh), 6.87 (d, J 8.9 Hz, 4H, ArHPh), 6.53
(d, J 2.2 Hz, 4H, ArH), 6.47 (d, J 2.2 Hz, 2H, ArH), 6.45 (d, J
2.2 Hz, 2H, ArH), 4.70 (d, J 12.0 Hz, 2H, OCH2Ph), 4.88 (d, J
12.0 Hz, 2H, OCH2Ph), 4.77 (d, J 12.0 Hz, 2H, OCH2Ph), 4.76 (d, J
12.0 Hz, 2H, OCH2Ph), 4.54 (d, J 12.0 Hz, 2H, ArCH2Ar), 4.53 (d,
J 12.0 Hz, 2H, ArCH2Ar), 4.40 (d, J 12.0 Hz, 2H, ArCH2Ar), 4.38
(d, J 12.0 Hz, 2H, ArCH2Ar), 3.72–3.50 (m, 24H, OCH2), 3.27 (d,
J 12.0 Hz, 2H, ArCH2Ar), 3.23 (d, J 12.0 Hz, 2H, ArCH2Ar), 3.11
(d, J 12.0 Hz, 2H, ArCH2Ar), 3.06 (d, J 12.0 Hz, 2H, ArCH2Ar),
1.76 (m, 16H, CH + CH2), 1.55–1.15 (m, 176H, CH2), 1.10 (m,
12H, CH3) and 1.00–0.89 (m, 48H, CH3). Monomer: dH(400 MHz;
THF-d8) 7.66 (s, 2H, NH), 7.54 (s, 2H, NH), 7.50 (m, 4H, ArHBz),
7.41 (s, 2H, NH), 7.36–7.27 (m, 10H, ArHPh + ArHBz), 7.25 (s, 2H,
NH), 7.17 (d, J 8.9 Hz, 4H, ArHPh), 7.07 (s, 4H, ArH), 6.76 (d,
J 8.9 Hz, 4H, ArHPh), 6.68 (d, J 8.9 Hz, 4H, ArHPh), 6.56 (s, 4H,
ArH), 4.80 (s, 4H, OCH2Ph), 4.41 (d, J 13.2 Hz, 4H, ArCH2Ar),
3.84 (m, 4H, OCH2), 3.79 (d, J 5.9 Hz, 4H, OCH2CH), 3.75 (d,
J 5.9 Hz, 4H, OCH2CH), 3.02 (d, J 13.2 Hz, 4H, ArCH2Ar),
1.53–1.00 (m, 96H, CH + CH2) and 0.92–0.82 (m, 30H, CH3).
dC(100 MHz; THF-d8) 155.55, 155.47 (C=O), 153.66, 153.61,
153.13, 151.33, 139.20, 136.87, 135.16, 135.12, 134.40, 134.29
(CAr), 130.03, 128.86, 128.47, 120.47, 120.43, 119.51, 119.43,
115.22, 115.14 (CHAr), 77.85, 75.81 (OCH2), 71.65 (OCH2CH),
39.16 (CH), 32.82, 32.38, 32.36, 32.27, 30.67, 30.30 (CH2), 29.06
(ArCH2Ar), 27.79, 23.55, 23.52 (CH2), 14.73 and 14.45 (CH3).


ESI-MS m/z 2153.56 (100%), 2154.56 (46), 2152.56 (27) [M +
Na]+ for C136H192NaN8O12 (2152.46).


Calix[4]arene 8BBBB. Yield 75%, mp 182–184 ◦C. Dimer:
dH(400 MHz; C6D6) 9.77 (s, 8H, NH), 8.11 (d, J 2.2 Hz, 8H,
ArH), 8.02 (d, J 9.2 Hz, 16H, ArHPh), 7.49 (s, 8H, NH), 7.50 (br t,
J 7.2 Hz, 8H, ArHBz), 7.29 (br t, J 7.2 Hz, 16H, ArHBz), 7.21 (br
d, J 7.2 Hz, 16H, ArHBz), 6.82 (d, J 9.2 Hz, 16H, ArHPh), 6.33 (d,
J 2.2 Hz, 8H, ArH), 4.85 (d, J 12.1 Hz, 8H, OCH2Ph), 4.58 (d, J
12.1 Hz, 8H, OCH2Ph), 3.97 (d, J 12.1 Hz, 8H, ArCH2Ar), 3.60
(m, 16H, OCH2), 2.75 (d, J 12.1 Hz, 8H, ArCH2Ar), 1.72 (m, 8H,
CH), 1.45 (m, 16H, CH2), 1.39–1.14 (m, 144H, CH2) and 0.88 (t, J
6.5 Hz, 48H, CH3). Monomer: dH(400 MHz; THF-d8) 7.47 (s, 4H,
NH), 7.38–7.33 (m, 12H, NH + ArHBz), 7.27–7.19 (m, 20H, ArHPh


+ ArHBz), 6.76 (s, 8H, ArH), 6.73 (d, J 9.2 Hz, 8H, ArHPh), 4.94
(s, 8H, OCH2Ph), 4.21 (d, J 13.3 Hz, 4H, ArCH2Ar), 3.78 (d, J
5.5 Hz, 8H, OCH2CH), 2.84 (d, J 13.3 Hz, 4H, ArCH2Ar), 1.53–
1.24 (m, 84H, CH + CH2) and 0.89 (m, 24H, CH3). dC(100 MHz;
THF-d8) 153.96 (C=O), 151.89, 149.87, 137.57, 134.67, 133.79,
132.85 (CAr), 129.14, 127.17, 126.87, 118.86, 117.68, 113.63 (CHAr),
75.73 (OCH2), 70.10 (OCH2CH), 37.63 (CH), 31.30 (CH2), 31.06
(ArCH2Ar), 30.84, 29.15, 26.26, 22.02 (CH2) and 12.92 (CH3).
ESI-MS m/z 1108.23 (100%), 1108.73 (63), 1107.72 (34) [M +
2Na]2+ for C140H184Na2N8O12 (2215.38) and 2193.45 (28), 2194.42
(20) [M + Na]+ for C140H184NaN8O12 (2192.39).


Calix[4]arene 8PHPH. Pd/C (10%, 0.048 g, 0.045 mmol) was
added to a solution of 8PBPB (0.096 g, 0.045 mmol) in THF (30 ml)
and the mixture was stirred at room temperature under H2 for 14 h.
The reaction mixture was filtered and the filtrate concentrated. The
product was re-precipitated from dichloromethane–ethanol. Yield
51% (0.045 g), mp 220–222 ◦C. Dimer: dH(400 MHz; C6D6) 9.67
(s, 2H, NH), 9.66 (s, 2H, NH), 9.40 (s, 2H, NH), 9.38 (s, 2H, NH),
8.50 (s, 2H, OH), 8.49 (s, 2H, OH), 8.30 (d, J 2.2 Hz, 2H, ArH),
8.19 (d, J 2.2 Hz, 2H, ArH), 8.13 (br s, 2H, ArH), 8.11 (d, J 8.9 Hz,
4H, ArHPh), 8.07 (d, J 8.9 Hz, 4H, ArHPh), 8.03 (d, J 8.9 Hz, 4H,
ArHPh), 7.99 (d, J 8.9 Hz, 4H, ArHPh), 7.98 (br s, 2H, ArH), 7.84
(s, 2H, NH), 7.81 (s, 2H, NH), 7.76 (s, 2H, NH), 7.71 (s, 2H, NH),
6.95 (d, J 8.9 Hz, 4H, ArHPh), 6.89 (d, J 8.9 Hz, 4H, ArHPh),
6.87 (d, J 8.9 Hz, 4H, ArHPh), 6.82 (d, J 8.9 Hz, 4H, ArHPh), 6.39
(d, J 2.2 Hz, 2H, ArH), 6.35 (d, J 2.2 Hz, 2H, ArH), 6.34 (d, J
2.2 Hz, 2H, ArH), 6.33 (d, J 2.2 Hz, 2H, ArH), 4.42 (d, J 12.6 Hz,
2H, ArCH2Ar), 4.39 (d, J 12.6 Hz, 2H, ArCH2Ar), 4.32 (d, J
12.6 Hz, 2H, ArCH2Ar), 4.28 (d, J 12.6 Hz, 2H, ArCH2Ar), 3.68–
3.42 (m, 24H, OCH2), 3.35 (d, J 12.6 Hz, 2H, ArCH2Ar), 3.32
(d, J 12.6 Hz, 2H, ArCH2Ar), 3.25 (d, J 12.6 Hz, 2H, ArCH2Ar),
3.22 (d, J 12.6 Hz, 2H, ArCH2Ar), 2.03 (m, 8H, CH2), 1.71 (m,
4H, CH), 1.63 (m, 4H, CH), 1.55–1.09 (m, 176H, CH2), 1.04 (t,
J 7.0 Hz, 6H, CH3), 1.03 (t, J 6.8 Hz, 6H, CH3) and 0.90 (m,
48H, CH3). Monomer: dH(400 MHz; DMSO-d6–CDCl3) 8.13 (s,
2H, NH), 8.08 (s, 2H, OH), 8.07 (s, 2H, NH), 8.06 (s, 2H, NH),
8.03 (s, 2H, NH), 7.25 (d, J 9.2 Hz, 4H, ArHPh), 7.16 (d, J 9.2 Hz,
4H, ArHPh), 7.12 (s, 4H, ArH), 7.02 (s, 4H, ArH), 6.72 (d, J 9.2 Hz,
4H, ArHPh), 6.69 (d, J 9.2 Hz, 4H, ArHPh), 4.19 (d, J 12.7 Hz, 4H,
ArCH2Ar), 3.91 (br t, J 6.5 Hz, 4H, OCH2), 3.71 (d, J 5.7 Hz, 4H,
OCH2CH), 3.69 (d, J 5.7 Hz, 4H, OCH2CH), 3.28 (d, J 12.7 Hz,
4H, ArCH2Ar), 2.00 (m, 4H, CH2), 1.67 (m, 8H, CH + CH2), 1.47
(m, 4H, CH2), 1.40–1.12 (m, 80H, CH2), 0.97 (t, J 7.3 Hz, 6H,
CH3), 0.82 (t, J 6.8 Hz, 12H, CH3) and 0.82 (t, J 6.5 Hz, 12H, CH3).
dC(100 MHz; DMSO-d6–CDCl3) 154.03, 153.97 (C=O), 152.85,
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152.53, 147.85, 147.46, 136.16, 133.49, 132.54, 130.98, 127.65,
126.32 (CAr), 119.74, 119.68, 119.38, 118.47, 114.23, 114.17 (CHAr),
76.34 (OCH2), 70.54 (OCH2CH), 37.29, 37.27 (CH), 31.18, 30.73,
30.71, 29.02, 29.01, 28.06, 27.49, 26.14, 26.12, 22.02, 21.92 (CH2),
13.76 and 13.72 (CH3). ESI-MS m/z 1973.44 (100%), 1972.44 (50),
1974.44 (41) [M + Na]+ for C122H180NaN8O12 (1972.36).


Calix[4]arene 8HHHH was obtained from calixarene 8BBBB (0.271 g,
0.125 mmol) and Pd/C (10%, 0.133 g, 0.125 mmol) in THF
(40 ml) as described for 8PHPH. Yield 95% (0.22 g), mp 244–246 ◦C
(decomp.). Dimer: dH(400 MHz; C6D6) 10.13 (s, 8H, OH), 9.19
(s, 8H, NH), 8.01 (d, J 2.2 Hz, 8H, ArH), 7.93 (d, J 8.9 Hz,
16H, ArHPh), 7.87 (s, 8H, NH), 6.90 (d, J 8.9 Hz, 16H, ArHPh),
6.11 (d, J 2.2 Hz, 8H, ArH), 4.00 (d, J 13.4 Hz, 8H, ArCH2Ar),
3.62 (m, 16H, OCH2), 3.18 (d, J 13.4 Hz, 8H, ArCH2Ar), 1.71
(m, 8H, CH), 1.43 (m, 16H, CH2), 1.37–1.16 (m, 144H, CH2)
and 0.90 (m, 48H, CH3). Monomer: dH(400 MHz; DMSO-d6–
CDCl3) 9.66 (s, 4H, OH), 8.08 (s, 4H, NH), 7.96 (s, 4H, NH),
7.16 (d, J 8.9, 8H, ArHPh), 7.10 (s, 8H, ArH), 6.67 (d, J 8.9 Hz,
8H, ArHPh), 4.14 (br s, 4H, ArCH2Ar), 3.67 (br d, J 5.1 Hz,
8H, OCH2CH), 3.37 (br s, 4H, ArCH2Ar), 1.63 (m, 4H, CH),
1.41–1.05 (m, 80H, CH2) and 0.79 (m, 24H, CH3). dC(100 MHz;
DMSO-d6–CDCl3) 154.15 (C=O), 152.74, 143.33, 133.38, 132.16,
128.18 (CAr), 119.83, 118.38, 114.17 (CHAr), 70.60 (OCH2CH),
37.30 (CH), 31.18, 30.72, 29.02, 26.14, 22.01 (CH2) and 11.66
(CH3). ESI-MS m/z 1833.23 (100%), 1832.23 (56), 1834.23 (28)
[M + Na]+ for C112H160NaN8O12 (1832.21).


Kinetic studies


All the tetra-ureas 8 were dissolved in dichloromethane–ethanol
(100 : 1, v/v) and then passed through a 1 cm layer of silica. The
evaporated samples were solidified upon addition of methanol
(p.a.) and then pre-dried with a rotary evaporator first at
room temperature and then at 60 ◦C. The obtained powders of
monomeric 8 were kept in vacuo over P2O5 and solid NaOH for
1 week. Cyclohexane-d12 was dried over molecular sieves 3 Å for
at least 4 weeks. Benzene was passed through a 1 cm layer of basic
Al2O3 and then kept over molecular sieves 3 Å for 2 days. NMR
tubes, sample pipettes and flasks for kinetic runs were kept in vacuo
over P2O5 and NaOH for 2 days.


A sample of the monomeric 8 was weighted in a flask to give
finally a 2 mM solution of the respective dimer in the NMR tube
(4.89–5.86 mg of 8). Benzene (5 ml) was added and the solution
was kept at room temperature for 1 h. The solvent was evaporated
without heating, and the glassy mass of 8·C6H6·8 was dried in vacuo
over P2O5 and NaOH for 2–3 days. Cyclohexane-d12 (0.675 ml)
was added to the flask and, after 1 min, the clear solution was
transferred in one portion to the NMR tube, containing one piece
of molecular sieve 3 Å. The tube was stoppered with the cap
and covered with PARAFILM. The first NMR measurement was
performed exactly 10 min after the addition of cyclohexane-d12


to 8·C6H6·8. Normal 1H NMR spectra were acquired at 25 ◦C
with 32 scans accumulation. The total duration of one kinetic
measurement was 3 min 58 s, so for the rate calculations the middle
of this time interval was used. Between kinetic measurements
samples were thermostated at 25 ◦C. The guest exchange was
monitored by the integration of the same signals from 8·C6H6·8
and 8·C6D14·8. For each tetra-urea 8 at least 3 independent kinetic


runs were performed. Measurements at different concentrations
(1.0 mM to 4.0 mM) did not show any significant deviation or
trend in the rate constants, thus confirming the first order rate law.
The individual exchange rate values for each run are given in the
ESI.†
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A novel synthesis of 5-O-feruloylquinic acid, a polyphenolic
compound found in coffee beans, and its methyl ester deriva-
tive has been optimized. The sequence involves 6 steps and is
compatible with the preparation of potential human metabo-
lites of these compounds. The key reaction is a Knoevenagel
condensation of 4-hydroxy-3-methoxy-benzaldehyde and a
malonate ester of quinic acid.


Chlorogenic acids are natural polyphenolic compounds contain-
ing quinic acid and trans-cinnamic acid units. The main subgroup
is formed by the 5-mono-esters of caffeic (5-CQA), p-coumaric
(5-pCoQA) and ferulic acid (5-FQA) (Scheme 1), present in coffee
beans, potatoes and many fruits and vegetables.1 Chlorogenic
acids possess many biological properties such as antibacterial,
antioxidant, antimutagenic, antitumor and antiviral activities.2,3


Consequently there is a lot of interest in the chemistry of chloro-
genic acids and their potential human metabolites. The previously
reported syntheses of chlorogenic acids and their derivatives were
based on the esterification of quinic acid by a cinnamic acid
derivative (Scheme 1).4 However, the regioselective esterification
requires suitable protection of both precursors, and the final
deprotection step could be delicate. In fact, the chlorogenic
acid skeleton may be sensitive to hydrogenative, basic or strong
acidic conditions under which some double bond reduction,
isomerisation (transesterification) and/or ester cleavage reactions
can take place.


Scheme 1
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Herein we describe a new flexible approach towards chlorogenic
acids and its first application to the synthesis of 5-O-feruloylquinic
acid 1 and its methyl ester derivative 2.


In our convergent approach to 5-O-feruloyquinic acid 1 and
5-O-feruloyquinic acid methyl ester 2, the (E)-double bond will
be formed in the last step by the condensation of the aldehyde
4 and malonates 3a–b derived from quinic acid (Scheme 2).
Advantageously, this Knoevenagel reaction did not require the
protection of the phenol 4 and the malonyl quinic fragments 3a–b.
Using this approach, the desired hydroxycinnamoyl quinic acid
was directly obtained with no deprotection step, thus eliminating
any additional reaction on the sensitive FQA skeleton.


Scheme 2


The synthesis of malonates 3a–b was readily achieved starting
from commercially available quinic acid 5 (Scheme 3). The
latter was first dehydrated and protected to the benzylidene
quinide derivative 6 (92%) by heating it to reflux in toluene
with benzaldehyde and a catalytic amount of p-toluenesulfonic
acid.5 Protection of the free 1-hydroxyl group in 6 under standard
benzylation conditions (NaH, BnBr, DMF)6 provided the lactone
7 in 87% yield. Saponification using NaOH in THF–H2O at room
temperature, followed by esterification of the resulting carboxylate
by treatment with Cs2CO3 (0.5 eq.) and benzyl bromide,7 afforded
benzyl ester 8a in 94% yield over the two steps. The methyl
ester 8b was directly prepared by treatment of the lactone 7
with MeONa in MeOH (94%).5 The 5-alcohol functions of 8a–
b were then esterified by refluxing in toluene with commercially
available 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s acid),8


to lead to the corresponding malonates 9a–b in 92% and 79%
yields, respectively. Removal of all protective groups was then
performed in one step using hydrogenative conditions (Pd/C 5%,
MeOH/H2O), to give the quinic acid fragments 3a–b (70% and
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Scheme 3 Reagents and conditions: a) PhCHO, p-TsOH, toluene, reflux, 16 h, 92%; b) NaH, DMF, 0 ◦C, 30 min then BnBr, DMF, rt, 12 h, 87%; c)
NaOH, THF–H2O, rt, 40 min, quant.; d) Cs2CO3, MeOH–H2O, rt, 20 min then BnBr, DMF, rt, 8 h, 8a 94%; e) NaOMe, MeOH, rt, 1 h, 8b 94%; f)
Meldrum’s acid, toluene, reflux, 3 h 30 min, 9a 92%, 9b 79%; g) H2, Pd/C 5%, MeOH–H2O, rt, 40 h, 3a 70%, 3b quant.; h) vanillin 4, DMAP, piperidine,
DMF, rt, 7 days, 1 40%, 2 75%


quantitative, respectively). Finally, DMAP-catalysed Knoevenagel
condensation was achieved on vanillin 4 and malonates 3a–b, using
the mild conditions developed by List et al. (rt, 7 days).9 This
afforded 5-O-feruloyquinic acid10 1 (40%) and 5-O-feruloylquinic
acid methyl ester11 2 (75%). The analytical data (1H and 13C NMR)
of synthetic 5-O-feruloyquinic acid 1 were in good agreement with
the reported data for the natural product.12


In conclusion, starting from quinic acid and vanillin, the
syntheses of 5-O-feruloylquinic acid and 5-O-feruloyquinic acid
methyl ester were achieved in 19% and 44% overall yields,
respectively. This new efficient route to chlorogenic acids could
be applied in the future to the synthesis of potential human
metabolites of these compounds (sulfo-and glucuro-conjugates),
which are not compatible with the deprotection step conditions
used in the previous reported syntheses. Work on the synthesis of
these conjugates is in progress in our laboratory and the details
will be published in a forthcoming paper.
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Improved palladium catalysts for the Suzuki coupling of 3-
bromo-1-methyl-4-(2-methyl-3-indolyl)maleimide have been
developed. The coupling of both aryl- and heteroarylboronic
acids proceeds smoothly in good to excellent yields at low
catalyst loading.


A number of biologically active compounds of current interest is
characterized by a 3,4-bisindolylmaleimide subunit. Among these
products, arcyriarubins represent the simplest members of the
naturally occurring 3,4-bisindolylmaleimides (Scheme 1; a).1,2 In
general, they are structurally related to the arcyriaflavines1a,1b,1d


(b) and to the aglycon of the well-known staurosporine3 (c),
rebeccamycine4 (d), and other biologically active metabolites.
Notably, synthetic analogues of these and related natural products
possess wide spectra of antibacterial, antiviral, antimicrobial and
antigenic activities.3g–3i, 5,6


Scheme 1 Arcyriarubins (a), arcyriaflavins (b), staurosporine (c), and
rebeccamycine (d).


Furthermore, derivatives of this class of compounds are promis-
ing agents for autoimmune diseases,7 e.g. diabetes, cancer, as
well as valuable inhibitors of different protein kinases,8 especially
PKC, which plays an important role in many signal transduction
pathways. Interestingly, some derivatives are currently being
evaluated in human clinical trials as anticancer drugs.9


Besides their pharmaceutical importance, 3,4-bisindolyl-
maleimides have also found application as components in red-
light emitting diodes (LED) due to their intensive color.10
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Based on our interest in the development of transition metal-
catalyzed syntheses of indoles,11 and the application of novel
palladium catalysts in coupling reactions of aryl and het-
eroaryl halides,12 we recently became attracted to the study of
palladium-catalyzed coupling reactions of 3-bromo-1-methyl-4-
(2-methylindolyl)maleimide and the synthesis of novel 3-indolyl-
4-aryl(heteroaryl)maleimides.


In this paper, we describe our initial investigations, which
resulted in an efficient two step synthesis of potentially
bioactive unsymmetrically substituted maleimides using either
Pd(OAc)2–triphenylphosphine or Pd(OAc)2–n-butyl-di-1-ada-
mantylphosphine13 catalysts.


In the past, several research groups have synthesized 3-indole-
substituted maleimides.14 The most widely used synthetic pro-
tocols were developed by the groups of Steglich15 and Faul.16


Notably, both methods allow for the synthesis of unsymmetrically
disubstituted maleimides.17 According to the Steglich procedure,
indolyl magnesium bromide is reacted with commercially available
3,4-dibromomaleimide to give mono- or disubstituted products
depending on the ratio of starting materials. It should be noted
that the outcome of this reaction is strongly dependent on the
solvent. The procedure of Faul et al.16 involves a one step
condensation of substituted (aryl or indolyl) acetamides with
substituted (aryl or indolyl) glyoxyl esters in the presence of strong
base.


While a number of simple 3-aryl-4-(3-indolyl)maleimides is
known, derivatives substituted at the 2-position of the indole
are less common. Because of the easy access to such derivatives
by hydroamination chemistry,11 we chose 2-methylindole as a
model substrate. Thus, we first synthesized 3-bromo-1-methyl-4-
(2-methyl-3-indolyl)maleimide6a (1), starting from commercially
available 3,4-dibromomaleimide and 2-methylindole. Applying the
protocol of Steglich gave the desired monosubstituted product in
68% isolated yield. In addition, a minor amount of the corre-
sponding disubstituted product (5%) was isolated. To our delight,
applying lithium hexamethyldisilazane as base,1b compound 1
was obtained in excellent selectivity and nearly quantitative yield
(98%).


Next, the Suzuki coupling reaction18 of 1 with phenylboronic
acid was performed in the presence of 0.05–4 mol% Pd(OAc)2


and seven different phosphine ligands (Table 1). Notably, the first
Suzuki coupling reaction of an indolylmaleimide triflate derivative
to bisindolylmaleimides using Pd2(dba)3–CHCl3 (4 mol%) was
described by Neel et al.19 So far, Suzuki coupling reactions for the
synthesis of indolyl and aryl disubstituted maleimides have only
been described for ligand free catalysts at high catalyst loading
(10 mol% Pd).20 To the best of our knowledge, no ligand variation
has been performed for such reactions.


Low yields were observed with tri-tertbutylphosphine III
and 1,1′-bisdiphenylphosphinoferrocene VII (Table 1, entries 3
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Table 1 Model coupling reaction using Pd(OAc)2 and different ligands.a


Entry Ligand Ligand (mol%) Pd(OAc)2 (mol%) Reaction time/h Yield (%)b


1 1 0.5 3 99


2 1
0.5


0.5
0.05


3
3


99
99


3 8 4 20 10


4 8 4 20 58


5 8 4 20 58


6 8 4 20 69


7 8 4 20 37


a Reaction conditions: compound 1 (1 mmol), phenylboronic acid (1.5 mmol), Pd(OAc)2 (0.05–4 mol%), ligand (0.5–8 mol%), solvent: dimethoxyethane
(3 ml), base: K2CO3 (1M solution in water, 3 ml), 100 ◦C. b Isolated yield based on 1.


and 7). Electron rich, sterically hindered biaryl type ligands
IV–VI gave mediocre yields (Table 1, entries 4–6). However, in
the presence of n-butyl-di-1-adamantylphosphine I (cataCX ium
A) and triphenylphosphine II, quantitative coupling to 2 took
place. Even at comparably low catalyst loading (0.5 mol% Pd
with II and 0.05 mol% Pd with I) an excellent yield of the
corresponding product 2 was obtained in 3 h (Table 1, entries
1 and 2). The resulting catalyst turnover numbers up to 2000 are
the highest so far reported for coupling reactions of 3-bromo-4-
indolylmaleimides.


Next, coupling reactions of 4-acetyl- and 2,6-dimethylphenyl-
boronic acid with 1 in the presence of the two best ligands I and
II were performed (Table 2, entries 1–3). In case of 4-acetylphenyl-
boronic acid, the catalyst–ligand system I gave a slightly higher
yield compared to catalyst–ligand II. On the other hand, cou-
pling of the sterically hindered 2,6-dimethylphenylboronic acid
proceeded only in the presence of triphenylphosphine. Appar-
ently, steric factors have strong influence on this coupling re-
action. As shown in Table 2, the Suzuki coupling of differ-
ent substituted phenylboronic acids led to the corresponding
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Table 2 Pd-catalyzed coupling reactions of 3-bromo-1-methyl-4-(2-methylindolyl)maleimide 1 with arylboronic acidsa


Entry Compound Arylboronic acid Product Ligand (mol%) Pd(OAc)2 (mol%) Reaction time/h Yield (%)b


1


3 4 2 3.5 99


2
3 4


4c


4c
2
2


18
3


96
87


4


5 1c 0.5 3 97


5


6 2 1 3 60


6


7 2.5 2 15 97


7
8 8


1c


3
0.5
1.5


3
8


95
60


9
10 9


1c


2.5
0.5
2


3
15


10
96


11
12 10


1c


1c
0.5
0.5


3
3


95
93
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Table 2 (Contd.)


Entry Compound Arylboronic acid Product Ligand (mol%) Pd(OAc)2 (mol%) Reaction time/h Yield (%)b


13 11 2.5 2 15 51


14
15 1221


1c


2.5
0.5
2


3
15


46
93


16
17 13


1c


1c
0.5
0.5


3
3


77
99


a Reaction conditions: 1 (1 mmol), arylboronic acid (1.5 mmol), Pd(OAc)2 (0.5–2 mol%), ligand (1–4 mol%), solvent: dimethoxyethane (3 ml), base: K2CO3


(1M solution in water, 3 ml), 100 ◦C. b Isolated yield based on compound 1. c Ligand II was used.


3-aryl-4-(3-indolyl)maleimides in good to excellent yields. Except
for ortho-substituted arylboronic acids with electron-withdrawing
groups, all coupling reactions proceeded smoothly in yields >90%
(often >95%) (Table 2, entries 1, 2, 4, 6, 7, 10, 11, 12, 15, and 17).


An interesting example is the coupling reaction of 4-
vinylphenylboronic acid (Table 2, entries 15 and 16). Here, no
competitive Heck reaction was observed and the product could
be easily further functionalized. Among the used substrates, 2,4-
dichlorophenylboronic acid was somewhat more problematic (60%
yield; Table 2, entry 5). In this case side-reactions because of
the activation of the C–Cl bond were observed. Notably, het-
eroarylboronic acids such as 4-pyridinyl- and 3-thiophenylboronic
acids also gave the pharmaceutically interesting 3-heteroaryl-
substituted maleimides in 60–97% yield (Table 2, entries 6–9).
The low yield in the presence of triphenylphosphine is ascribed to
competitive coordination of the pyridine.


It is worth mentioning that all coupling products are bright
colored crystalline compounds.


In conclusion, the palladium-catalyzed Suzuki coupling of 3-
bromo-1-methyl-4-(2-methylindolyl)maleimide with various aryl-
boronic acids proceeded smoothly. High yields and unprecedented
catalyst turnover numbers have been obtained for this class of com-
pounds. The resulting 3-aryl-4-(2-methyl-3-indolyl)maleimides
constitute new potentially biologically active compounds. Protec-
tion and deprotection of the indole nitrogen are not necessary.


Biological tests of the isolated compounds are currently in
progress.
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and water. After removal of the solvent in vacuo, the coupling product
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(from CH2Cl2–heptane); Rf = 0.3 (hexane–ethyl acetate 2 : 1); 1H
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NMR (300 MHz, CDCl3) d 2.14 (s, 3H, H-1b), 3.17 (s, 3H, H-1a),
5.25 (dd, 1H, J = 0.66 Hz, J = 10.89 Hz, –CH=CH2), 5.72 (dd, 1H,
J = 0.70 Hz, J = 17.61 Hz, –CH=CH2), 6.63 (dd, 1H, J = 10.88 Hz,
J = 17.62 Hz, –CH=CH2), 6.96 (m, 1H, H-6b), 7.09 (m, 2H, H-4b,
H-5b), 7.23 (m, 1H, H-7b), 7.27 (m, 2H, H-3c, H-5c), 7.53 (m, 2H,
H-2c, H-6c), 8.32 (br s, 1H, NH); 13C NMR (75.5 MHz, CDCl3) d 13.8
(C-1b), 24.3 (C-1a), 103.0 (C-3b), 110.6 (C-7b), 115.1 (–CH=CH2),
120.4 (C-6b), 120.6 (C-4b), 122.1 (C-5b), 126.2 (2C, C-3c, C-5c),


126.6 (C-7′b), 129.6 (2C, C-2c, C-6c), 129.7 (C-1c), 132.8 (C-3a), 133.8
(C-4a), 135.8 (C-3′b), 136.3 (–CH=CH2), 136.9 (C-2b), 138.2 (C-4c),
171.3 (C-2a), 171.6 (C-5a); MS (EI, 70 eV) m/z (rel. intensity): 342
(100) [M+], 270 (15), 257 (16), 256 (25), 228 (5), 127 (10). HRMS (EI):
Calcd for C22H18N2O2: 342.13628. Found: 342.13618; Anal. calcd for
C22H18N2O2: C, 77.17; H, 5.30; N, 8.18. Found: C, 76.80; H, 5.31; N,
8.01%; IR (ATR, cm−1): 3380, 3053, 2920, 1745, 1689, 1456, 1428,
1383, 1235, 990, 903, 847, 814, 741, 656.
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The chain-breaking antioxidant activities of two garlic-derived allyl sulfides, i.e. diallyl disulfide (1), the
main component of steam-distilled garlic oil, and allyl methyl sulfide (3) were evaluated by studying the
thermally initiated autoxidation of cumene or styrene in their presence. Although the rate of cumene
oxidation was reduced by addition of both 1 and 3, the dependence on the concentration of the two
sulfides could not be explained on the basis of the classic antioxidant mechanism as with phenolic
antioxidants. The rate of oxidation of styrene, on the other hand, did not show significant changes upon
addition of either 1 or 3. This unusual behaviour was explained in terms of the co-oxidant effect,
consisting in the decrease of the autoxidation rate of a substrate forming tertiary peroxyl radicals (i.e.
cumene) upon addition of little amounts of a second oxidizable substrate giving rise instead to
secondary peroxyl radicals. The relevant rate constants for the reaction of ROO· with 1 and 3 were
measured as 1.6 and 1.0 M−1 s−1, respectively, fully consistent with the H-atom abstraction from
substituted sulfides. It is therefore concluded that sulfides 1 and 3 do not scavenge peroxyl radicals and
therefore cannot be considered chain-breaking antioxidants.


Introduction


Garlic is widely used as dietary supplement for the treatment of
many diseases, being traditionally considered a natural remedy
for hypercholesterolemia and atherosclerosis.1 Since oxidative
modification of low density lipoproteins (LDL) is a key step in
the development of these cardiovascular diseases, the antioxidant
efficacy of garlic constituents has received great attention.2–5 It
has been pointed out that the in vivo effects of garlic preparations
may derive not only from direct radical scavenging, but also from
induction of the endogenous antioxidant defences.1 On the other
hand, the abnormal intake of garlic extracts is correlated with
severe toxic effects.1


Among the constituents of garlic, polysulfides have attracted
attention due to their many biological actions, which span from
antibacterial to antitumoral activities.6 Diallyl disulfide (1) is the
main component of steam-distilled garlic oil,1 and this, together
with other garlic sulfides, was claimed to protect LDL from
oxidation and to spare vitamin E.7,8 Diallyl disulfide and other
polysulfides originate from allicin (2), a thiosulfinate produced
from its precursor alliin by the enzyme allinase upon chopping
fresh garlic.6


In order to quantitatively assess the antioxidant behaviour of
synthetic and natural compounds, the most important approach
consists in studying their reaction with peroxyl radicals (ROO·) in
the presence of an oxidizable substrate (LH) under air or oxygen.9


Chain-breaking antioxidants (AH), such as substituted phenols or
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aromatic amines, inhibit peroxidation by transferring their phenol
or amine H atom to the propagating ROO· radicals (eqn (2))
at a rate faster than that of chain propagation (eqn (1)), thus
interrupting or reducing the oxidation of the substrate. The best
known example of a phenolic antioxidant is a-tocopherol, the most
potent constituent of vitamin E.10


(1)


(2)


The peroxyl radical trapping ability of garlic sulfides was
recently investigated by Okajima and coworkers11 by using this
technique. These authors reported that allicin (2) actively scav-
enges ROO· with a kinh value of 2.6 × 103 M−1 s−1 and 1.6 ×
105 M−1 s−1 at 30 ◦C depending on the oxidizable substrate, cumene
or methyl linoleate (MeLH), respectively.† They proposed that
peroxyl radicals abstract a H-atom from allicin forming an alkyl
radical centred on the carbon in aposition to the reduced S atom,12


which in turn reacts with another ROO· radical. The computed
dissociation enthalpy (BDE) of this allylic C–H bond (85.8 kcal
mol−1) obtained by DFT calculation was given to support this
hypothesis.11


This interpretation is surprising for two reasons: first, the
reported kinh values are much larger than typically found for H-
atom abstractions from C–H bonds even weaker than that of
allicin. For instance, the rate constant for H-atom abstraction from
the bisallylic C–H bond of MeLH, characterized by a BDE value of
76.6 kcal mole−1,13 is only 62 M−1 s−1,14 i.e. more than three orders
of magnitude lower than the value reported for allicin when using


† A possible reason for the very short induction time observed by Okajima
and co-workers,11 when oxidizing cumene or MeLH in the presence of
allicine, might be that the oxidizing mixture contains some antioxidant
impurities. In our case, in order to overcome this problem, the sulfide was
added to the mixture only after the oxidation reaction reached a constant
rate.
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MeLH as oxidizable substrate. Second, the dependence of the
rate constant kinh on the nature of the abstracting peroxyl radicals
(which in MeLH is claimed to be 60 times larger than in cumene),
seems unusually strong. In addition, it should be emphasized that
allicin does not fulfil one of the conditions required by a molecule
to behave as a chain-breaking antioxidant,9 i.e. that the radical
formed by the inhibitor (A·) has to be unreactive toward molecular
oxygen, otherwise the resulting peroxyl radical will propagate the
oxidative chain (eqn (3)–(4)).9 Being, in the case of allicin, A· a
carbon centred radical, it is expected to react with oxygen at an
almost diffusion controlled rate.15


(3)


(4)


With the aim to better clarify the chemistry underlying the
aerobic oxidation of garlic-derived sulfides, we investigated the
reaction of diallyl disulfide (1) and allyl methyl sulfide (3) with
peroxyl radicals in an apolar solvent by studying the autoxidation
of cumene and styrene in the presence of these sulfur derivatives.


Results and discussion


Cumene autoxidations


The first set of autoxidations was performed by varying the
concentration of 1 and 3 and by keeping constant those of
cumene and of the radical initiator (azobisisobutyronitrile, AIBN).
Cumene is a convenient oxidizable substrate for studying the
chain-breaking activity of inhibitors of moderate efficacy, thanks
to the low values of its rate constants for chain propagation kp


and termination 2kt. As shown in Fig. 1, the AIBN initiated
autoxidation of cumene in chlorobenzene is practically unaffected
by the presence of sulfides 1 and 3, when these are used at
the concentrations (<10−4 M) normally employed with effective
antioxidants. The oxygen consumption is instead retarded at much
higher concentrations (≥10−3 M). The dependence of the rate of
oxidation of the mixtures on the concentration of the added sulfide
is shown in Fig. 2.


Fig. 1 Oxygen consumption observed during the AIBN (0.05 M) initiated
autoxidation of cumene (6.2 M) at 30 ◦C in chlorobenzene in the presence
of increasing amounts of 1: (A) 0 M; (B) 1.2 × 10−3 M; (C) 6.3 × 10−3 M;
(D) 1.7 × 10−2 M. Trace (E) shows also the autoxidation of the same
substrate in the presence of the very effective phenolic inhibitor PMHC
(6.3 × 10−6 M).


This experimental behaviour cannot be ascribed to a classical
chain-breaking antioxidant action as, for instance, that observed
in the presence of 2,2,5,7,8-pentamethyl-6-chromanol (PMHC),
which strongly inhibits cumene autoxidation at concentrations


Fig. 2 Oxygen consumption rate observed during the AIBN (0.05 M)
initiated autoxidation of cumene (6.2 M) at 30 ◦C in chlorobenzene in
the presence of increasing amounts of either 1 (A) or 3 (B). Experimental
points were fitted considering the co-oxidation of cumene and the added
sulfides by eqn (15).


as low as 6 × 10−6 M (see Fig. 1). It is instead similar to what
was observed by Russell when oxidizing a moderately oxidizable
hydrocarbon such as cumene in the presence of the more reactive
substrate (co-oxidant) tetralin.16 Russell explained the retarded
oxidation of the mixture by proposing that some secondary peroxyl
radicals from tetralin are formed in solution containing mostly
cumene. These secondary peroxyl radicals undergo bimolecular
termination and cross-termination (according to the reaction de-
picted in Scheme 1) much more readily than tertiary cumylperoxy
radicals, so that the rate of oxidation for the mixture is lower than
for pure cumene because of the small overall concentration of
peroxyl radicals.


Scheme 1


The addition to cumene of little amounts of substrates 1 and
3 that produce fast terminating secondary peroxyl radicals (see
Scheme 2) is also expected to retard the oxidation of the mixture,
provided that the co-oxidants are more reactive than cumene with
peroxyl radicals. In this case, the results of Fig. 1 and 2 can
be interpreted in terms of the co-oxidant effect. A quantitative
justification of this interpretation was obtained as follows.


Scheme 2


The overall reaction scheme can be described as shown in
eqn (5)–(14), where RH and PH are the oxidizable substrates
undergoing co-oxidation, i.e. cumene and the sulfides 1 or 3,
respectively, and R·, P·, ROO· and POO· the corresponding alkyl
and peroxyl radicals.16


(5)


(6)


(7)


(8)
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(9)


(10)


(11)


(12)


(13)


(14)


By assuming the usual steady state approximation, the rate of
oxidation can be derived as in eqn (15).17


(15)


Here the propagation and the termination rate constants of
cumylperoxyl radicals, k8 and k12, are known (0.32 M−1 s−1


and 4.6 × 104 M−1 s−1, respectively).18 The other rate constants
were obtained by simulating the plots of Fig. 2, reporting the
dependence of the oxygen consumption rates on the sulfide
concentrations, by keeping in mind that the rate constants of
the termination reactions involving POO· radicals (k13 and k14)
are expected to be 2–3 orders of magnitude greater than k12.17


Eqn (15) was simplified by assuming that the kinetics of H-atom
abstraction from cumene (RH) or sulfides (PH) is independent
from the peroxyl radical nature (k8 = k11 and k9 = k10) and by
considering the rate constant for cross-termination between ROO·
and POO·, k13, equal to k14.


The rate constants obtained with this procedure, reported in
Table 1, show that 1 and 3 react with peroxyl radicals (k9) only 3–
5 times faster than cumene. Since the inhibiting effect is observed
for sulfide concentrations of about 1 mM, the fraction of ROO·
radicals that react with cumene is ≈1000 times larger than the
fraction that react with the sulfides. However, the small amount of
POO· radicals formed is compensated by the large k13(or k14)/k12


ratio.
It should be emphasized that, although the propagation step


of the oxidation of the allyl sulfides 1 and 3 (eqn (9) and (10))
was assumed to be a H-atom transfer to peroxyl radicals, the
kinetic scheme does not change if addition of peroxyl radicals to
the double bond takes place.20 On thermodynamic grounds, the
latter reaction seems, however, unlikely since the small enthalpy
decrease associated with addition of ROO· to the double bond
(−3.8 against −0.4 kcal mol−1 for H-atom transfer)13,21 is largely
counterbalanced by the entropic term (ca. −35 e.u. corresponding


at room temperature to 10.5 kcal mol−1). H-atom transfer should
therefore be preferred over addition by a free energy of ca. 7 kcal
mol−1.13,21


In the case of compound 3, a good fitting of the data of
Fig. 2b could not be obtained if the rate constants, k9 and k10,
are kept equal. Better agreement with the experimental results
was instead achieved for a k10 value several times larger than
k9; this means that the labile H-atom of sulfide 3 reacts with its
own peroxyl radical faster than with the cumylperoxyl radical.
Although different reactivity of the peroxyl radicals POO· and
ROO· has been observed in other cases and has been interpreted in
terms of steric crowding,22 it seems better to explain the difference
between 1 and 3 by considering that, once formed, the peroxyl
radical from 3 can undergo a second intramolecular H-transfer
through a six membered transition state (Scheme 3).23 In the case
of 1, instead, where the second hydrogen abstraction could only
take place through an energetically unfavourable seven membered
transition state, this reaction, ultimately affording a di-peroxide,
does not occur. If this is the case, the oxidizability of compound
3 will be larger and will thus explain the increase of the oxidation
rate observed at higher concentrations of 3 (see Fig. 2b). Support
to this suggestion comes from the k10/(k14)1/2 ratio measured in
the autoxidation of 3 (see below), which is seven times larger the
corresponding value obtained in the autoxidation of the disulfide
1 (see Table 1). Unfortunately we could not reveal the expected
oxidation products by ESI-MS analysis of the crude reaction
mixture, following a procedure reported earlier.24 Actually, it is
known that, unlike hydrocarbons, organic sulfides give little or no
hydroperoxides upon autoxidation, while the principal reaction
products appear to be sulfoxides, water and compounds resulting
from the decomposition of the initial hydroperoxides.19


Scheme 3


Styrene autoxidations


The co-oxidation experiments were also repeated in chlorobenzene
using styrene as the main oxidizable substrate; in this case, no


Table 1 Propagation (k9, k10) and termination (k14 = k13) rate constants at 30 ◦C of diallyl disulfide 1 and allyl sulfide 3 obtained by co-oxidation studies
with cumene.aOxidizability, k10/(k14)1/2, determined from the AIBN initiated autoxidation of the two sulfides at 30 ◦C


k9 k10 k14 k10/(k14)1/2


Substrate /M−1 s−1 /M−1 s−1 /107 M−1 s−1 /10−4 M−1/2 s−1/2


1 1.6 ± 0.8b 1.6 ± 0.8b 9 ± 6 1.5 ± 0.5
3 1.0 ± 0.6 8 ± 5 5 ± 3 10 ± 2
Tetrahydrothiopyranc 1.5 3 2.7
Tetrahydrothiophenec 6.4 3 12
Benzyl phenyl sulfidec 9.5 5.7 13


a The data reported are not corrected for the number of abstractable H atoms. b k9 and k10 were assumed to be equal, see text. c From ref. 19.
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reduction of oxidation rate was detected upon addition of either
sulfide 1 or 3 (see Fig. 3) at concentrations up to 1 M. This
behaviour provides additional evidence that the two sulfides do not
act as antioxidants. Actually, the absence of any retarding effect
can be easily explained by considering that the peroxyl radicals
from styrene are secondary radicals, already characterized by a
high value of the termination rate constant k12 (4.2 × 107 M−1 s−1).22


Thus the peroxyl radicals from the added sulfides do not decrease
the overall stationary concentration of ROO· radicals, and the rate
of oxidation is expected to remain the same both in the absence
and in the presence of co-oxidant.


Fig. 3 Oxygen consumption rate observed during the AIBN (0.05 M)
initiated autoxidation of styrene (4.3 M) in chlorobenzene at 30 ◦C in the
presence of increasing amounts of either 1 (A) or 2 (B).


Autoxidation of allyl sulfides


In order to check the reliability of the k10 and k14 values, we
also studied the AIBN initiated autoxidation of the sulfides in
chlorobenzene in the absence of other oxidizable substrates. At
low conversions, the rate of oxygen consumption is given by eqn
(16), that provides the oxidizability22 of the sulfides 1 and 3, i.e.
the value of k10/(k14)1/2 (k14 is usually indicated as 2kt).


(16)


The good agreement between the oxidizabilities obtained by this
procedure, reported in Table 1, and those calculated by using the
k10 and k14 values from the co-oxidation kinetics (1.7 × 10−4 and
1.1 × 10−3 M−1/2 s−1/2 for 1 and 3 respectively), demonstrates that
the results of the co-oxidation experiments have been interpreted
correctly. The data obtained in the present work are also in
reasonable agreement with those measured for other organic
sulfides by Howard and Korcek (see Table 1) using the rotating
sector method.19


Chain-breaking activity of allicin


On the basis of the present results, some considerations on the
claimed chain-breaking antioxidant activity of allicin (2) can be
made. As far as the reaction with peroxyl radicals is concerned,
it seems dubious that 2 can react with them 103–105 times faster
than 1 or 3. The values reported by Okajima and coworkers11 for 2
perhaps might be justified if the reactive site was the CH2 adjacent
to the SO group rather than to the S atom, although this would
be in contrast with what was reported in a previous paper by the
same authors.12 However, literature data show that the strengths
of CH3SCH2–H and CH3SOCH2–H bonds are approximately
the same (93.7 and 94 kcal mol−1, respectively),13 so that little


difference is expected between the reactivities of the two allylic
C–H bonds in allicin.


Additional evidence against the alleged antioxidant activity of
allicin is provided by the observation that compounds 1 and 3
take part in the oxidative chain reaction so that the allyl radicals
resulting from H-atom abstraction must undergo fast reaction with
molecular oxygen to give the chain-propagating peroxyl radicals.
Allicin should behave similarly to 1 and 3, although, as suggested
by Pratt et al. for several EW–C· radicals,25 the possibility that the
presence of an electron withdrawing (EW) S=O group in allicin
may reduce the reactivity toward O2 of the nearby alkyl radical,
cannot be rejected beyond any doubt.


Conclusions


The two allyl sulfides examined in the present work were found
to undergo an autoxidation reaction in the presence of radical
initiators. The rate constants for their reaction with the related
chain propagating peroxyl radicals are similar to those reported in
the literature for other substituted sulfides19 and are 4–6 orders of
magnitude smaller than those typical of phenolic antioxidants.10


Therefore, it can be concluded that sulfides 1 and 3 (and almost
certainly allicin) do not act as chain-breaking antioxidants.


Indeed, a deeper knowledge of the chemistry of this important
class of natural products may help to rationalize their interesting
biological actions.6


Experimental


Materials


Solvents and reagents were of the highest grade commercially
available. Cumene was purified on a silica column before use,
styrene on an alumina column to remove the inhibitor. Diallyl
disulfide 1 was purified by fractional distillation. AIBN was
recrystallized from methanol. Allyl methyl sulfide 3 and 2,2,5,7,8-
pentamethyl-6-chromanol (PMHC) were used as received.


Autoxidation procedure


Experiments were carried out by following the autoxidation of
cumene (6.2 M) or styrene (4.3 M) in chlorobenzene at 30 ◦C using
as an initiator AIBN (0.05 M) in the presence of variable amounts
of 1 or 3. The reaction was monitored with an oxygen uptake
apparatus built in our laboratory and based on a differential
pressure transducer. The entire apparatus was immersed in a
thermostatted bath, which ensured a constant temperature within
±0.1 ◦C. In a typical experiment, an air-saturated solution of
cumene in chlorobenzene containing AIBN was equilibrated with
a reference solution of the same composition also containing
an excess of PMHC (1 × 10−4 M). When constant oxygen
consumption was reached, a small amount of sulfide 1 or 3 in a
concentrated chlorobenzene solution was added to the sample and
the differential pressure between the two channels was recorded
as function of time. This instrumental setting allowed us to have
N2 production and the oxygen uptake due to the azo-initiator
decomposition already subtracted from the measured reaction
rates.


The autoxidation of 1 or 3 was carried out using either of the two
sulfur compounds as an oxidizable substrate instead of cumene.
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Initiation rates, Ri, were determined for each condition in
preliminary experiments using PMHC as reference antioxidant.
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Unmodified [60]fullerenes (C60) were solubilised with high stability using various type of poly(ethylene
glycol) (PEG) based block copolymer micelles. Block copolymer micelle-incorporated C60 fullerenes
were studied in cultures for biological activities using human cervical cancer HeLa cells. As a result, the
cationic block copolymer micelles delivered C60 into the cells depending on their surface densities and
showed cytotoxicity under photoirradiation.


Introduction


Photodynamic therapy (PDT) has been developed as a cancer
therapy over the last 30 years and has been expanded as an
emerging modality for the treatment of a variety of cardiovascular,
dermatological and ophthalmic diseases.1 Although most photo-
sensitising drugs (PSs) currently under clinical evaluation for PDT
are porphyrins or porphyrin-based molecules,2 fullerenes have also
attracted much attention as PSs because of their absorption of
visible light and the formation of a long-lived triplet state.3 Despite
their potential, the poor water solubility of fullerenes has severely
limited their use in applications. To solve this problem, several
approaches have been studied, including modification of the
fullerenes with water-soluble substituents4 and solubilisation using
polymers,5 lipid membranes,6 c-cyclodextrin,7,8 or calixarenes.9 Of
these methods, lipid membrane liposomes are of great interest
not only as solubilising agents but also as materials for drug
delivery systems (DDSs)10 on account of their ability to accu-
mulate within inflamed and solid tumour regions; the so-called
enhanced permeability and retention (EPR) effect.11 Previously,
we reported that various types of lipid membrane-incorporated
unmodified C60 (LMIC60) fullerenes can be easily prepared, and
LMIC60 with a cationic surface showed high cytotoxicity under
photoirradiation.12,13 LMIC60 can be stored for at least one week
at 4◦C, however, sedimentation was observed over longer periods
of incubation (ca. one month). This stability of LMIC60 remains a
problem for their practical use in clinical treatment.


Recently, block copolymer micelles (BP micelles) with a
hydrophobic core and hydrophilic shell have attracted much
attention as solubilising agents for poorly soluble drugs and
materials for DDSs.14 BP micelles possess high stability both in
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vitro and in vivo, and are successfully used as drug carriers.15


Usually, amphiphilic micelle-forming block copolymers include
poly(ethylene glycol) (PEG) blocks as hydrophilic corona blocks.16


The PEG polymer is inexpensive, has low toxicity and serves as an
efficient steric protector of particulate delivery systems resulting
in prolonged blood circulation kinetics.14,17


In this paper, we employed BP micelles as solubilising agents to
improve the stability of unmodified C60 in nanoparticles. To this
end, we synthesized various types of PEG-based cationic (1–3),
neutral (4) and anionic (5) block copolymers (Scheme 1), and the
block copolymer micelle-incorporated C60 fullerenes (BPMIC60)
of 1–5 were examined for their ability as drug carriers and PSs.


Scheme 1 Block copolymers synthesized in this work.


Results and discussion


Preparation and characterisation of BMPIC60


BPMIC60 fullerenes of 1–5 were prepared using a high-speed
vibration mill.8 Vigorously mixed BP and C60 were dissolved in an
aqueous solution to produce a brown emulsion and centrifuged
to remove the non-dispersed C60. Concentrations of the respective
components were evaluated using the absorbance of their UV-
vis absorption spectra (ESI† Fig. S1). The order of C60 solubility
was determined to be: 3 > 2 ≈ 4 ≈ 1 > 5 (ESI† Table S1: C60


solubilities 0.43, 0.38, 0.37, 0.35 and 0.18 mM). To characterise
the BPMIC60 fullerenes of 1–5, size distributions and zeta potential
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Table 1 Average particle sizes (nm) determined using a light scattering
method at 25◦C in the absence and presence of C60


Average particle size/nm


Polymer Before addition of C60 After addition of C60


1 N. D.a 124
2 N. D.a 105
3 N. D.a 92
4 N. D.a 86
5 N. D.a 137


a N. D. denotes that particle aggregation was not detected.


Table 2 Zeta potentials of BPMIC60


Polymer Zeta potential/mV


1 18a


2 25a


3 30a


4 −3a


5 −25a


a [NaCl] = 10 mM, [C60] = 0.1 mM, 25 ◦C.


studies were carried out using dynamic light scattering (DLS) and
electrophoretic light scattering spectrophotometry. The average
diameters of all BP micelles in the presence of C60 were mostly
in the range from 80 to 140 nm, at which size EPR effects can
be expected, whereas particle aggregation was not detected in the
absence of C60 (Table 1). As shown by the zeta potential, the
surface charge of each BPMIC60 corresponded with those of the
corresponding BP elements (Table 2). The BPMIC60 fullerenes
of 1–5 could be stably stored for at least four months at room
temperature (ESI† Table S2).


Intracellular uptake of BPMIC60


The BPMIC60 fullerenes of 1–5 were studied in cultures for
biological activities using human cervical cancer HeLa cells. At
first, we evaluated the ability of these micelles as drug carriers.
To this end, the intracellular uptake of the BPMIC60 fullerenes
of 1–5 was quantified by monitoring the reduction of BPMIC60


in the culture medium. After 24 h incubation with HeLa cells,
the BPMIC60 reduction was determined using the absorbance of
340 nm (ESI† Fig. S2). The cationic BPMIC60 fullerenes of 1–3
delivered fullerenes into cells depending on their surface densities.
On the other hand, no intracellular uptake of fullerenes was
monitored when the anionic and neutral BPMIC60 fullerenes of 4
and 5 were incubated with cells. The effects of the surface densities
were consistent with those described in previous reports.13,18


Photodynamic activity of BPMIC60


We then examined the photodynamic activity of BPMIC60. To
visualize nonviable cells, propidium iodide (PI) was used because
the nonviable cells cannot exclude PI. After 24 h incubation with
BPMIC60 ([C60] = 2.5 lM), the cells were exposed to light (350–
500 nm, 19 mW cm−2) for 2 h each. Cells treated with the BPMIC60


fullerenes of 1–3 showed an abnormal shape and were stained
with PI after light irradiation, though other treatments and all
treatments without light irradiation induced no apparent change
(Fig. 1 and 2). Furthermore, the percentages of cells stained
with PI were increased by additional culturing for 24 h after
photoirradiation. In all, 65.7, 87.0 and 98.7% of cells were stained
with PI by treatment of the cationic BPMIC60 fullerenes of 1–
3 in combination with light irradiation (ESI† Table S3). On the
other hand, few cells were stained by the neutral and anionic
BPMIC60 fullerenes of 4 and 5 (0.7% for 4 and 0.9% for 5). These
results are consistent with those for the intracellular uptake of


Fig. 1 Photodamage from BPMIC60 fullerenes in HeLa cells. BPMIC60 treated cells were exposed to light (350–500 nm) for 2 h at 35 ◦C (a–e, g–k,
m–q, s–w) or incubated at 35 ◦C without light irradiation as a control (f, l, r and x). Following light irradiation (a–l) and 24 h incubation after light
irradiation (m–x), the cells were stained with PI and observed using fluorescence microscopy: phase contrast images (a–f, m–r), PI (g–l, s–x). (a), (g), (m)
and (s): BPMIC60 of 1, (b), (h), (n) and (t): BPMIC60 of 2, (c), (f), (i), (l), (o), (r), (u) and (x): BPMIC60 of 3, (d), (j), (p) and (v): BPMIC60 of 4 and (e), (k),
(q) and (w): BPMIC60 of 5.


1016 | Org. Biomol. Chem., 2008, 6, 1015–1019 This journal is © The Royal Society of Chemistry 2008







Fig. 2 Cell percentages stained with PI of HeLa cells treated with the
BPMIC60 fullerenes of 1–5 and BP alone as a control; HeLa cells without
light irradiation (yellow bars), after light irradiation for 2 h at 35 ◦C and
without incubation (orange bars) and after light irradiation for 2 h at 35 ◦C
and incubation in the dark for 24 h at 37 ◦C (red bars). Each experiment
was repeated three times; the average is shown.


BPMIC60, indicating that intracellular BPMIC60fullerenes can act
as a photosensitiser.


Analysis of the mode of cell death induced by BPMIC60


It is known that early apoptotic cells can exclude PI, such that its
ability will be lost depending on the progression of apoptosis.19


Since this phenomenon resembles the increase in percentages
of cells stained with PI in cationic BPMIC60 treatments after
photoirradiation, we analysed whether apoptotic cell death was
induced by cationic BPMIC60 fullerenes. To this end, cell surface-
exposed phosphatidyl serine, which occurred in the earlier stages
of apoptosis, was visualised using FITC-conjugated annexin V. By
combining FITC-conjugated annexin V with PI, the different
labelling patterns identified the different cell fractions, i.e. PI-
negative/annexin V-negative viable cells, PI-negative/annexin V-
positive early apoptotic cells, PI-positive/annexin V-positive late
apoptotic and/or necrotic cells. As a result, several cells, especially
those treated with the BPMIC60 fullerenes of 1, were stained with


only annexin V after light irradiation, indicating that these cells
undergo early apoptosis (Fig. 3), whereas all nonviable cells were
stained with not only PI but also annexin V after 24 h exposure
to light irradiation. These results suggest that cationic BPMIC60


fullerenes have the potential to induce apoptosis when combined
with light irradiation.


Conclusions


In this study, five kinds of BPs were synthesized and their
corresponding BP micelles shown to have the ability to act
as solubilising agents of unmodified C60. These solubilised C60


fullerenes were stably stored for at least four months, while
the BPMIC60 fullerenes were kept at room temperature. This
stability of the unmodified C60 in nanoparticles may extend its
application. Furthermore, the cationic BPMIC60 fullerenes of 1–
3 showed cytotoxicity that depended on their ability to act as
drug carriers under photoirradiation, whereas no cytotoxicity was
monitored before photoirradiation. These findings imply, there-
fore, that the concepts of cultivated BP micelle-incorporated C60


and their homologues can be more fruitfully applied to medicinal
chemistry.


Experimental


General


UV-Vis spectra were obtained on a UV-2550 spectrophotometer
(Shimadzu Corporation). Size distributions and zeta potentials
were measured using a DLS-6000HL (Otsuka Electronics Co.
Ltd.) and an ELS-3000N (Otsuka Electronics Co. Ltd.). Light
irradiation was performed using a xenon lamp (MAX-301, 300
W; Asahi Spectra Co. Ltd.) equipped with a purpose-built mirror
module (350–500 nm; Asahi Spectra Co. Ltd.) and a long-pass
filter with cut-off at 350 nm (Asahi Spectra Co. Ltd.). Fluorescence
microscopy was performed with an inverted Axiovert 135M (Carl
Zeiss Inc.), equipped with an AxioCam CCD camera (Carl Zeiss
Inc.) and AxioVision 3.0 software (Carl Zeiss Inc.). The following
sets of filters were used: PI (BP546, FT580, and LP 590); and FITC
(450–490, FT 510, and 515–565).


Fig. 3 Analysis of the mode of cell death induced by cationic BPMIC60 fullerenes in HeLa cells. Following light irradiation (a–d, i–l, q–t) and 24 h
incubation after light irradiation (e–h, m–p, u–x), the cells were stained with both PI and FITC-conjugated annexin V and observed using fluorescence
microscopy: phase contrast images (a–h), PI (i–p) and annexin V (q–x). (a), (e), (i), (m), (q) and (u): BPMIC60 of 1, (b), (e), (j), (m), (r) and (v): BPMIC60


of 2, (c), (g), (k), (o), (s) and (w): BPMIC60 of 3 and (d), (h), (l), (p), (t) and (x): BPMIC60 of 4.
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Table 3 Structure and stoichiometry of monomers A and B


BP Monomer A Grams Monomer B Grams


1 3-Methacrylamido-N,N,N-trimethylpropan-1-aminium chloride 5.0 Allylcyclohexane 10.0
2 3-Methacrylamido-N,N,N-trimethylpropan-1-aminium chloride 7.5 Allylcyclohexane 7.5
3 3-Methacrylamido-N,N,N-trimethylpropan-1-aminium chloride 10.0 Allylcyclohexane 5.0
4 — 0.0 Allylcyclohexane 5.0
5 Sodium 4-vinylbenzenesulfonate 7.5 Allylcyclohexane 7.5


Preparation of BPs


A solution of monomer A and monomer B (Table 3) in 2-propanol
(150 ml) was added to VPE-0201 (5.0 g; macro azo initiator
containing PEG segments manufactured by Wako Pure Chemical
Industries, Ltd.; ESI† Scheme S1) and the mixture was stirred at
78 ◦C under an argon atmosphere for 6 h. The mixture was poured
into 500 ml hexane and the supernatant was removed through
decantation. The residue was dried to give the desired BP.


Solubilisation of C60 using block copolymer


Mixtures of the BP (2.00 mg) and C60 (1.00 mg; MER Co.) were
placed in an agate capsule together with two agate mixing balls
and vigorously mixed at 1800 rpm for 20 min using a high-speed
vibration mill (MM200; Retsch Co. Ltd.). The solid mixtures were
dissolved in 3.6 ml water to produce a brown emulsion. To remove
the non-dispersed C60, the solutions were centrifuged at 18000g
for 10 min at 20 ◦C and the resulting supernatants collected.
The resulting solutions were subjected to UV-Vis spectroscopic
measurements using a 1 mm cell. Concentrations of C60 were
determined using a molar extinction coefficient for the aggregation
state of C60·c-CDx complex of e340 = 2.0 × 104 M−1 cm−1.


Cell culture


HeLa cells were maintained in CO2 Independent Medium (Gibco
BRL) supplemented with 10% foetal calf serum at 37 ◦C in 5%
CO2. For experiments to determine the biological activities of the
BPMIC60 fullerenes, the cells were seeded on 35 mm plates at a
density of 3.4 × 105 cells plate−1. After growing overnight, the
cells were used for the experiments.


Analysis of intracellular uptake


The cells were incubated with [C60] = 2.5 lM of BPMIC60 for 24 h
in the dark at 37 ◦C in 5% CO2. After 24 h incubation, the culture
medium was collected and centrifuged at 1000g for 5 min at 20 ◦C
to remove the floating cells. The reduction of BPMIC60 in the
culture medium was determined by monitoring the absorbance at
340 nm (10 mm cell). The concentrations of C60 were determined
using e340 = 2.0 × 104 M−1 cm−1. The culture medium collected from
BPMIC60 non-treated cells was used as a blank. The non-specific
reduction of BPMIC60 in culture medium was not monitored when
BPMIC60 was incubated without cells on the culture plate for 24 h.


Photodynamic activity experiments


The cells treated with BPMIC60 were washed with phosphate-
buffered saline (PBS) and exposed to light followed by washing
with fresh medium. Photoirradiation was carried out under a
19 mW cm−2 light power at the cell level for 2 h at 35◦C. To visualize
the nonviable cells, the cells were stained with PI (1 lg ml−1; Sigma-
Aldrich) for 10 min at room temperature following BPMIC60


treatment, photoirradiation and 24 h incubation after photoirradi-
ation, respectively. After washing with PBS, the cells were replaced
with fresh medium and monitored by fluorescence microscopy.


Cell staining with PI and FITC-conjugated annexin V


For analysis of the mode of cell death induced by cationic
BPMIC60, the cells were seeded on glass coverslips. After pho-
toirradiation, the cells were stained with PI (1 lg ml−1) and FITC-
conjugated annexin V (0.5 lg ml−1; BioVision) according to the
manufacturer’s instructions. After staining with PI and annexin V,
the cells were mounted in a Permafluor (Beckman Coulter Inc.)
apparatus and monitored by fluorescence microscopy.
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5-Substituted and 5,5-disubstituted hydantoins are synthe-
sised from the corresponding aldehydes or ketones, using
a one-pot, gallium(III) triflate-catalysed procedure that is
compatible with a range of substrates and solvents.


The hydantoin scaffold is an important structural component
that is present in a number of natural products1–5 and pharma-
cologically important compounds.1,6–12 More recently, hydantoin-
derived guanine oxidation products have emerged as markers
of oxidative cell damage. These hydantoins are significant DNA
lesions that are targeted by repair enzymes and may be implicated
in cancer, aging and neurological disorders.13–17 Synthetically,
hydantoins are important precursors to amino acids, via either
acid-, base- or enzyme-catalysed hydrolysis. The Bucherer–Bergs
reaction (Scheme 1) is the most commonly used method for the
synthesis of hydantoins.18 This multicomponent reaction com-
mences from an aldehyde or a ketone and their ready availability
makes the Bucherer–Bergs reaction an attractive method for the
synthesis of hydantoins. However, the use of water and ethanol
as solvents gives rise to solubility problems with a number of
substrates, and the inclusion of ammonium carbonate can lead
to problems with sublimation, causing the reaction to often be
conducted within a sealed tube or acid digestion bomb. Other
methods of furnishing hydantoins include the treatment of a-
amino amides with triphosgene,19 the reaction of amino acids
with acetic anhydride and ammonium thiocyanate (to give the


Scheme 1 Intermediates in the proposed mechanism of the Bucher-
er–Bergs reaction.30,31
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thiohydantoin),20 combination of carbodiimides and a,b-
unsaturated carboxylic acids, and the treatment of nitriles with
organometallic reagents followed by potassium cyanide and
ammonium carbonate.21,22 Both microwave23 and solid phase24,25


technologies have been employed in the synthesis of hydantoins.
There are also more esoteric syntheses of hydantoins that involve
complex rearrangements.1,26,27


We have investigated a Lewis acid-catalysed variation of the
Bucherer–Bergs reaction, which is compatible with a range of
organic solvents and that commences from simple aldehyde or
ketone starting materials. Lewis acid catalysis engenders the
possibility of chiral catalysis and ultimately an enantioselective
reaction. Herein, we report the development of a one-pot, Lewis
acid-catalysed, hydantoin synthesis that is compatible with a range
of substrates and organic solvents.


The mechanism of the Bucherer–Bergs reaction (Scheme 1)
mirrors that of the Strecker synthesis until the formation of the
amino nitrile. At this point, the Strecker synthesis is complete,
whereas in the Bucherer–Bergs reactions, the amino nitrile goes
on to react with carbon dioxide. As enantioselective Lewis acid-
catalysed Strecker reactions are well documented,28,29 our initial
investigations focused on the conversion of amino nitriles to
hydantoins by treatment with carbon dioxide.


Literature from 1934 details one example of the conversion
of 2-amino-2-methylpropionitrile to 5,5-dimethylhydantoin by
treatment with carbon dioxide in water.32 In our hands, this
reaction only proceeded in 9% yield, although this could be
improved to 50% yield by conducting the reaction in a preformed
solution of aqueous carbonic acid (Table 1).


To determine whether the volatility of amino nitrile 1 con-
tributed to the poor yield, the reaction was repeated using the
less volatile 2. This reaction gave a yield of 50%, prompting us to
consider whether two equivalents of the aminonitrile are required
for the reaction to proceed. It was postulated that the amino


Table 1 Initial optimisation for the conversion of amino nitriles to
hydantoins


Entry R Solvent Time Yield


1 CH3 Water 15 h 9%
2 CH3 Carbonic acid solution 24 h 50%
3 Cyclopropyl Carbonic acid solution 12 h 50%
4 Cyclopropyl Water & Hünig’s base (3 eq) 6 h 77%
5 Cyclopropyl CH2Cl2 & Hünig’s base (3 eq) 12 h 90–94%
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Table 2 Screening for the optimum solvent


Entry Solvent Yield


1 Dichloromethane 90–94% (n = 2)
2 Ethyl acetate 61–80% (n = 2)
3 Ethanol 71–75% (n = 2)
4 Diethyl ether 65%
5 Toluene 45%
6 Water 32–75%a


a Adding solid CO2 gave 75% yield, bubbling CO2 (g) gave 32% yield.


nitrile was hydrolysing to give the ketone, hydrogen cyanide and
ammonia. The ammonia might then act as a base, either preventing
further amino nitrile hydrolysis, or playing a role in the reaction
itself. To investigate whether the addition of a base would improve
the yield of hydantoin 4, the reaction was repeated in the presence
of Hünig’s base (3 equivalents) and a yield of 77% was obtained. At
this stage our working hypothesis was that the carbon dioxide was
dissolving in the water to form carbonic acid and this was reacting
with the amino nitrile. We were thus gratified to find that, when
dichloromethane was employed as the solvent, 2 was converted to
the corresponding hydantoin (4) in excellent (90–94%) yield. This
high yield was maintained when strictly anhydrous conditions were
employed. Failure to include Hünig’s base resulted in no product
formation, indicating that the base plays a vital role in the reaction
when organic solvent is used.


Using dichloromethane as the solvent, a range of bases was
investigated. Both Hünig’s base and triethylamine promoted the
formation of 4 in excellent yield. Pyridine and DBU failed to
promote hydantoin formation of 4, indicating that those bases
with a pKb of approximately 11 are optimal. However, pKb is not
the only factor that affects the reaction, as the use of tributylamine
(pKb = 10.9) only afforded a 14–25% yield of the hydantoin 4.


Having established that either triethylamine or Hünig’s base
would effectively promote hydantoin formation, a range of
reaction solvents were investigated, but none was superior to
dichloromethane (Table 2). The reaction proceeded in good yield
when ethyl acetate, ethanol and diethyl ether were used as solvents.
Moderate yields were obtained when toluene and water were used.


A range of amino nitriles (1, 2, 5–10) was then chosen so as
to investigate the scope of the reaction. The amino nitriles were
synthesised as shown in Table 3. Problems with solubility were
encountered during the synthesis of the aromatic amino nitriles,
hence DMSO or methanol was used as a co-solvent. The isolation
of pure amino nitriles proved a challenge and we eventually found
it convenient to purify the amino nitriles by crystallisation as their
hydrochloride salts.


The amino nitrile salts were converted to the free amino nitriles,
and these were transformed to hydantoins using the conditions
described in Table 4. It can be seen that both aliphatic and aromatic
methyl ketones can be converted to the corresponding hydantoins
in good yield.


Table 3 The synthesis of amino nitriles


Amino nitrile R1 R2 Reaction time Yield


1a CH3 CH3 20 h 30%
5b C5H11 CH3 20 h 82%
6c tBu CH3 20 h 23%
2c Cyclopropyl CH3 20 h 62%e/88%f


7d Ph CH3 20 h 46%
8d 3-MeOPh CH3 40 h 41%
9d Ph C2H5 24 h 24%
10c C4H9 C4H9 20 h 7%


a Conditions used: KCN, NH4Cl, H2O, rt.33 b Conditions used: KCN,
NH4Cl, NH4OH, H2O, MeOH, 4 ◦C → rt.34 c Conditions used: KCN,
NH4Cl, NH4OH, H2O, 4 ◦C → rt.34 d Conditions used: KCN, NH4Cl,
DMSO, H2O, rt.35 e Isolated as HCl salt. f Isolated as the free amino nitrile.


Table 4 Scope of the amino nitrile to hydantoin reaction


Hydantoin R1 R2 Reaction timea Yield


11 Ph H 17 h 73%
12 C5H11 CH3 9 h 87%
13b tBu CH3 18 h 0%
13b tBu CH3 17 h 62%
4 Cyclopropyl CH3 12 h 94%
14 Ph CH3 20 h 90%
15 3-MeOPh CH3 24 h 60%
16 Ph C2H5 12 h 62%
17 C4H9 C4H9 14 h 47%


a Time of exposure to CO2. b Ethanol was used as the solvent as pinacolone-
derived amino nitrile is insoluble in dichloromethane.


The reaction times vary as each reaction was continued until no
starting material was present by TLC analysis. In the case of 13,
successful reaction was only observed when using ethanol as a sol-
vent, due to the insolubility of 6 (free amine) in dichloromethane.
Both the steric and electronic nature of the amino nitrile affect
the reaction, as lower yields were observed when 8 and 9 were
subjected to the reaction conditions. In contrast, 7 was converted
into the corresponding hydantoin in excellent yield (90%). It
proved impossible to isolate 2-amino-2-phenylacetonitrile using
the above conditions, however, commercially obtained material
was used to evaluate the conversion of this amino nitrile to
the corresponding hydantoin (11). Both N-allyl and N-benzyl
substituted aminonitriles, derived from cyclopropyl methyl ketone
and the corresponding primary amine, were submitted to our
optimised conditions. In neither case was any hydantoin formed.
This seems to indicate that N-substitution interferes with the
formation of a hydantoin.


Although the above conversion of amino nitriles to hydantoins
is useful, it is limited by the difficulty associated with the isolation
and purification of the amino nitriles. It was therefore desirable
to develop a one-pot synthesis of hydantoins from ketones or
aldehydes. The formation of imines from aldehydes and amines is
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often spontaneous. However, the formation of imines from amines
and the less electrophilic ketones often requires the presence of a
Brønsted or Lewis acid catalyst. The formation of an amino nitrile
from an imine may also require the presence of a Brønsted or Lewis
acid. In addition, it is possible that the addition of a Lewis acid
may assist in the conversion of the amino nitrile to hydantoin,
by interaction with carbon dioxide. Olah and co-workers have
recently shown that a range of N-substituted amino nitriles can
be formed from the corresponding amine, ketone and TMSCN
using gallium(III) triflate as a Lewis acid catalyst.36 We have
extended these conditions to use ammonia, giving the free amino
nitriles, which were then transformed in situ to the hydantoin.
Optimisation studies (Scheme 2 and see ESI†) were conducted on
2-acetonaphthalene (18), as it had proved impossible to isolate
a pure sample of the corresponding amino nitrile for use in the
reaction described above.


Scheme 2 The optimised conditions for the conversion of 2-acetonaph-
thalene to its corresponding hydantoin.


The optimum conditions were found to involve the addition of
liquid ammonia at −78 ◦C followed by stirring at this temperature
for 3 h with gallium(III) triflate. The hydrogen cyanide solution in
dichloromethane was added at −78 ◦C and the reaction solution
allowed to warm to room temperature with stirring over 24 h,
resulting in the evaporation of most of the liquid ammonia and
leaving the dichloromethane solvent present. Hünig’s base was
added and the carbon dioxide bubbled through the reaction
solution. When the gallium(III) triflate was excluded from the
reaction solution no product was isolated, indicating that Lewis
acid catalysis is required for either the formation of the imine or
formation of both the imine and the amino nitrile. Although these
conditions only gave modest yields (∼50%), they were applied
to a range of ketones in order to investigate the scope of the
reaction. It can be seen from Fig. 1 (dark bars) that the conversion
of aldehydes and ketones to the corresponding hydantoins was
achieved in modest to excellent yield (25–98%). Benzaldehyde,
heptan-2-one and cyclopropylmethyl ketone all underwent the
transformation in excellent yield. Ketone-derived hydantoins
with aromatic substituents were formed in more modest yields,
presumably due to the less electrophilic nature of the ketone. The
extended chain 17 was also formed in good yield. The yields for the
two-pot reaction (Fig. 1, light bars) are obtained by combining the
yields from Table 3 and Table 4. In all cases it can be seen that the
yields of the one-pot reaction are equal to or higher than those of
the two-pot reaction, demonstrating the advantages of the one-pot
approach. It should be noted that the one- and two-pot procedures
cannot be directly compared, as gallium(III) triflate is used in the
one-pot procedure, but not the two-pot procedure and hence two
different reactions are being considered. All compounds isolated
displayed analytical and spectroscopic data consistent with the
assigned structure.†


Fig. 1 Comparison of yields in the one- and two-pot conversions of
ketones and aldehydes to hydantoins. 11: R1 = Ph, R2 = H; 12: R1 =
C5H11, R2 = Me; 13: R1 = tBu, R2 = Me (EtOH is solvent); 4: cyclopropyl,
R2 = Me; 19: R1 = naphthyl, R2 = Me; 14: R1 = Ph, R2 = Me; 15: R1 =
3-MeOPh, R2 = Me; 16: R1 = Ph, R2 = Et; 17: R1 = C4H9, R2 = C4H9.


The methodology described herein represents a significant ad-
vance over the existing Bucherer–Bergs reaction for the synthesis
of hydantoins. In the first instance we developed conditions for
the synthesis of hydantoins from amino nitriles. Although one
example of this transformation existed in the early literature,31 we
have demonstrated that the solvent can be changed from water
to a range of organic solvents and discovered that the inclusion
of Hünig’s base or triethylamine is required for the reaction
to progress in good yield. Despite these advances, however, we
have found that the synthesis and purification of unsubstituted
amino nitriles can be challenging, mainly resulting from the
difficulty of isolating the amino nitriles or their salts. In order
to address this problem, we have developed a one-pot, gallium(III)
triflate-catalysed synthesis of hydantoins. Our methodology has a
number of advantages over the existing Bucherer–Bergs reaction.
Firstly, the use of organic, rather than aqueous, solvents makes
the reaction applicable to a wide range of substrates. Secondly,
the lower temperature at which the reaction is conducted avoids
complications related to the volatility of the ammonium carbonate.
In addition, it is operationally simple to carry out the one-pot
reaction on both aldehydes and ketones.


In summary, we have synthesised a range of 5-substituted and
5,5-disubstituted hydantoins from the corresponding aldehydes
and ketones in a one-pot procedure. We have demonstrated clearly
that gallium(III) triflate catalysis is required for this reaction to
progress.
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The palladium-catalyzed carboannulation and arylation reaction of propargylic carbonates with in situ
generated organozinc compounds produced an important new class of indene derivatives. The reaction
proceeded under mild conditions, and indene products were isolated in good to excellent yields.


Introduction


The indene ring system is present in drug candidates possessing
interesting biological activities1 and in metallocene complexes
utilized in the catalysis of olefin polymerization.2 Palladium-
catalyzed carboannulation of propargylic carbonates3 or alkynes4,
which has major advantages over traditional annulation methods,
was proved to be one of the most useful tools for the con-
struction of indene rings. In our recent reports,3,4b,c we prepared
a variety of highly substituted indenes using this procedure.
During our continuing studies in this research area, we exam-
ined the reaction of diethyl 2-{2-[3-(ethoxycarbonyloxy)prop-1-
ynyl]phenyl}malonate 1a with 1-iodobenzene under the carboan-
nulation conditions shown in Scheme 1. Although diethyl 2-
[(ethoxycarbonyloxy)methyl]-1H-indene-1,1-dicarboxylate 2 was
isolated in 88% yield, neither the desired arylation prod-
uct diethyl 2-[(ethoxycarbonyloxy)methyl]-3-phenyl-1H-indene-
1,1-dicarboxylate 3a nor the decarboxylation product diethyl 2-
methyl-1H-indene-1,1-dicarboxylate 4 was observed.


Scheme 1


Based on this observation, we envisioned that this reaction
occurs predominantly between propargylic carbonates and nu-
cleophiles, not electrophiles, such as aryl iodides. More recently,
Knochel et al. have pioneered the development of a method for the
preparation of functionalized organozinc reagents by the direct


State Key Laboratory of Applied Organic Chemistry, Lanzhou University,
Lanzhou 730000, P. R. China. E-mail: liangym@lzu.edu.cn; Fax: +86-931-
8912582; Tel: +86-931-8912593
† CCDC reference numbers 659624. For crystallographic data in CIF or
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insertion of zinc powder into organic iodides in the presence
of LiCl.5 Considering the greater functional group tolerance of
the coupling of aryl zinc reagents6–8 than that of the coupling
of aryl magnesium or lithium reagents,9 we anticipated that the
coupling of Knochel-type organozinc compounds could address
the problem of functional group tolerance in the coupling of aryl
nucleophiles.


Results and discussion


Our experiment was conducted by treating 1a with isolated
organozinc compound 510 (Scheme 2). The reaction was first
attempted using 1 equiv. of 1a (0.1 mmol), 3 equiv. of organozinc
compound 5, 2 mol% of Pd(PPh3)4 as the catalyst, and 2 equiv. of
K2CO3 in 2 mL of DMSO at 50 ◦C. Indeed, the reaction furnished
a 68% yield of the indene product 3i in 12 h.


Scheme 2


The conversion of this reaction into a synthetically useful
process would provide a straightforward route to a new important
class of indene derivatives. To the best of our knowledge, this
reaction catalyzed by Pd represents the first example of a
direct coupling of propargylic carbonates, diethyl malonate and
organozinc compounds. In particular, the product containing two
privileged substructures (the indene and the allyl ethyl carbonate
nuclei) affords an important intermediate in the preparation of a
wider variety of functionalized indene rings, which have attracted
considerable attention in organic syntheses.11


However, the organozinc reagent decomposed slowly under our
reaction conditions, and thus 3 or more equivalents of organozinc
reagent were required for the reaction. We have to overcome this
problem before we extend the scope of this process.


Since we felt that Knochel-type organozinc reagents might be
achieved in situ, we envisioned that this carboannulation and
arylation reaction might occur via in situ generated organozinc
reagents, which form in situ from zinc powder and iodobenzene in
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Table 1 Optimization of the palladium-catalyzed carboannulation and arylation of 1aa


Entry Pd Base Solvent Additive Yield (%)bc


1 Pd(PPh3)4 K2CO3 DMF Zn, LiCl 18 (0)
2 Pd(PPh3)4 K2CO3 CH3CN Zn, LiCl 15 (0)
3 Pd(PPh3)4 K2CO3 NMP Zn, LiCl <5 (0)
4 Pd(PPh3)4 K2CO3 DCE Zn, LiCl <5 (0)
5 Pd(PPh3)4 K2CO3 THF Zn, LiCl 20 (0)
6 Pd(PPh3)4 K2CO3 Toluene Zn, LiCl 12 (0)
7 Pd(PPh3)4 K2CO3 DMSO Zn, LiCl 94 (0)
8d Pd(PPh3)4 K2CO3 DMSO Zn, LiCl 88 (0)
9 Pd(PPh3)4 K2CO3 DMSO Zn 0 (72)


10 Pd(PPh3)4 K2CO3 DMSO LiCl 0 (76)
11 PdCl2(PPh3)2 K2CO3 DMSO Zn, LiCl 31 (0)
12 Pd(OAc)2 K2CO3 DMSO Zn, LiCl 88 (0)
13e Pd(OAc)2 K2CO3 DMSO Zn, LiCl, PPh3 89 (0)
14 Pd(dba)2 K2CO3 DMSO Zn, LiCl 23 (0)
15 Pd(PPh3)4 Cs2CO3 DMSO Zn, LiCl 40 (0)


a The reactions were run under the following conditions: 0.10 mmol of 1a, 0.15 mmol of 1-iodo-3-methylbenzene, 0.30 mmol of zinc powder, 0.30 mmol
of LiCl, 2 mol% of Pd catalyst, 0.20 mmol of base, stirred in 2 mL of solvent at 50 ◦C under an Ar atmosphere. b Yields are given for isolated product 3i.
c The numbers in parentheses are the isolated yields of product 2. d 0.12 mmol of 1-iodo-3-methylbenzene was used. e 4 mol% of PPh3 was added.


the presence of LiCl. Thus, a one-pot reaction of 1a, zinc and aryl
iodides would both address the problem and make the procedure
more simple. The reaction was attempted using 1 equiv. of 1a
(0.1 mmol), 1.5 equiv. of 1-iodo-3-methylbenzene, 3 equiv. of Zn,
3 equiv. of LiCl, 2 mol% of Pd(PPh3)4, and 2 equiv. of K2CO3


in 2 mL of DMSO at 50 ◦C. To our delight, a 94% yield of the
indene product 3i was obtained without any side product (Table 1,
entry 7).


Additional reaction parameters were also studied (Table 1). It
is noteworthy that the choice of solvent and palladium catalyst
turned out to be very important for the reaction’s success. When
other organic solvents, such as DMF, CH3CN, NMP, DCE, THF
and toluene, were used, the yield of the desired product was
drastically reduced. Other Pd catalysts, such as PdCl2(PPh3)2,
Pd(OAc)2, and Pd(dba)2, have also been employed in this reaction.
None of them gave a higher yield than Pd(PPh3)4. The use
of other bases, such as Cs2CO3, provided a lower yield of the
desired product. On the basis of these optimization efforts, the
combination of the propargylic carbonate 1a (0.1 mmol), 1.5 equiv.
of the aryl iodide, 3 equiv. of Zn, 3 equiv. of LiCl, 2 mol% of
Pd(PPh3)4, and 2 equiv. of K2CO3 in 2 mL of DMSO at 50 ◦C gave
the best result.


Having gained an understanding of the factors that influence
the carboannulation and arylation process, we have explored the
scope and limitations of this method. The results are summarized
in Table 2.


Aryl iodides bearing an electron-withdrawing group or an
electron-donating group in the para, meta, and ortho positions
afforded the corresponding multiply substituted indenes 3 in good
to excellent yields. A broad range of functionalized aryl iodides
bearing a methyl, an acetyl, or an ester group were all suitable
for this reaction (Table 2, entries 2, 3, 7–9, 11, 12). Electron-rich


aryl iodides such as methoxy derivatives are often poor substrates
because of their low reactivity in the zinc insertion reaction.
However, we were pleased to find that, using our conditions,
this did not occur. These reactions also proceeded smoothly with
high yields under our standard conditions (entries 6 and 14). In
particular, even 2-iodophenol is also compatible with the mild
reaction conditions, and 3m was obtained in 65% yield (entry
13). The reaction also displays excellent chemoselectivity. Treating
3-chloro/4-chlorophenyl iodide or 4-bromophenyl iodide with 1a
resulted only in reaction at the C–I bond to give products 3j (85%),
3d (90%) and 3e (87%) (entries 10, 4, 5). It is noteworthy that
ortho-substituted aryl iodides required a slightly longer reaction
time than that of para- or meta-substituted substrates. It can
be inferred here that the sterically hindered aryl iodides slightly
affect the rate of the arylation reaction. In addition, the use of 2-
iodothiophene also afforded the indene 3o in 86% yield (entry 15).
The reaction of aryl bromides with 1a is also possible in the case
of activated aryl compounds. Thus, diethyl 3-(4-acetylphenyl)-2-
[(ethoxycarbonyloxy)methyl]-1H-indene-1,1-dicarboxylate 3c was
formed in 50% yield starting from 4-bromophenyl ethanone
(entry 16).


Although the NMR spectroscopic data support the formation
of the products 3, the structure was unambiguously secured by an
X-ray crystal structure analysis of compound 3f (Fig. 1).†


We then turned our attention to the carboannulation and
arylation reaction using secondary carbonates and propargylic
carbonate with different electron-withdrawing groups. As de-
scribed in Table 3, these trials also gave satisfactory yields.


As observed in our previous studies on the carboannulation
route to indenes, the propargylic carbonates were found to
play a crucial role.3 No reaction occurred when diethyl 2-[2-(3-
acetoxyprop-1-ynyl)phenyl]malonate 1d was subjected to aryl zinc
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Table 2 Palladium-catalyzed carboannulation and arylation of diethyl 2-{2-[3-(ethoxycarbonyloxy)prop-1-ynyl]phenyl}malonate with in situ generated
organozinc reagentsa


Entry ArX Ar (3) Time/h Yield (%)b


1 PhI Ph (3a) 7 96
2 p-CH3C6H4I p-CH3C6H4 (3b) 11 88
3 p-CH3COC6H4I p-CH3COC6H4 (3c) 9 92
4 p-ClC6H4I p-ClC6H4 (3d) 7 90
5 p-BrC6H4I p-BrC6H4 (3e) 9 87
6 p-CH3OC6H4I p-CH3OC6H4 (3f) 7 86
7 p-CF3C6H4I p-CF3C6H4 (3g) 11 97
8 p-CH3O2CC6H4I p-CH3O2CC6H4 (3h) 10 94
9 m-CH3C6H4I m-CH3C6H4 (3i) 12 94


10 m-ClC6H4I m-ClC6H4 (3j) 9 85
11 o-CH3C6H4I o-CH3C6H4 (3k) 18 85
12 o-CH3O2CC6H4I o-CH3O2CC6H4 (3l) 32 63
13 o-HOC6H4I o-HOC6H4 (3m) 28 65
14 o-CH3OC6H4I o-CH3OC6H4 (3n) 32 90
15 2-Iodothiophene 2-Thienyl (3o) 6 86
16 p-CH3COC6H4Br p-CH3COC6H4 (3c) 95 50


a The reactions were run under the following conditions: 0.10 mmol of 1a, 0.15 mmol of the aryl halide, 0.30 mmol of zinc powder, 0.30 mmol of LiCl, 2
mol% of Pd(PPh3)4, 0.20 mmol of K2CO3, stirred in 2 mL of DMSO at 50 ◦C under an Ar atmosphere. b Yields are given for isolated products.


Fig. 1 ORTEP representation of 3f at 30% probability thermal ellipsoids.


reagents under our standard conditions. This is presumably due
to the incoordination of Pd(II) to the propargylic acetate.


Based on our experimental results and other related
studies,4a,12,13 we propose the general reaction mechanism shown
in Scheme 3. The first step of this mechanism is the oxidation of
Pd(0) to form Pd(II) by DMSO, and then coordination of Pd(II) to


the propargylic carbonates to give complex 6. The use of DMSO
as a solvent is crucial since Pd(0) promotes decarboxylation of
propargylic carbonate 1a, as observed in our previous studies.3


The second step is the intramolecular nucleophilic attack of the
carbanion on the activated carbon–carbon triple bond to afford
a vinylic palladium intermediate 7. Then, transmetallation of
7 with in situ generated organozinc compounds affords 8, and
reductive elimination of the intermediate 8 furnishes the indene 3
and regenerates the Pd(0) catalyst.


Scheme 3


Conclusion


In conclusion, we have developed a straightforward, very useful
approach to a new, important class of indene derivatives. The
reaction not only represents the first example of a direct coupling
of propargylic carbonates, diethyl malonate and organozinc
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Table 3 Palladium-catalyzed carboannulation and arylation of propargylic carbonates with in situ generated organozinc reagentsa


Entry 1 ArX Ar (3) Time/h Yield (%)a


1 E = CO2Et R = Me (1b) PhI Ph (3p) 35 52
2 1b p-CH3COC6H4I p-CH3COC6H4 (3q) 24 89
3 1b p-ClC6H4I p-ClC6H4 (3r) 31 46
4 1b p-CH3OC6H4I p-CH3OC6H4 (3s) 31 22
5 1b m-CH3C6H4I m-CH3C6H4 (3t) 24 60
6 E = SO2Ph R = H (1c) p-CH3COC6H4I p-CH3COC6H4 (3u) 24 74


a The reactions were run under the following conditions: 0.10 mmol of 1, 0.15 mmol of the aryl iodide, 0.30 mmol of zinc powder, 0.30 mmol of LiCl, 2
mol% of Pd(PPh3)4, 0.20 mmol of K2CO3, stirred in 2 mL of DMSO at 50 ◦C under an Ar atmosphere. b Yields are given for isolated products.


compounds, but also demonstrates for the first time that allyl ethyl
carbonates can be achieved from propargylic carbonates in the
presence of Pd. The procedure was simple, the reaction proceeded
under mild conditions, and indene products were isolated in good
to excellent yields. Further investigations on the application of this
method to the assembly of other functionalized indene products
are currently in progress.


Experimental


General details


Column chromatography was carried out on silica gel. 1H NMR
spectra were recorded at 300 MHz or 400 MHz in CDCl3 and 13C
NMR spectra were recorded at 75 MHz or 100 MHz in CDCl3


using TMS as internal standard. IR spectra were recorded on a
FT-IR spectrometer and only major peaks are reported in cm−1.
Melting points were determined on a microscopic apparatus and
were uncorrected. All new compounds were further characterized
by elemental analysis; copies of their 1H NMR and 13C NMR
spectra are provided in the ESI‡. Unless otherwise stated, all
aryl halides were purchased from commercial suppliers and
used without further purification. Propargylic carbonates were
prepared according to the literature.3


Typical procedure for preparation of 5 and synthesis of 3i


Anhydrous LiCl (7 mmol) was placed in an Ar-flushed flask and
dried for 20 min at 150–170 ◦C under high vacuum (1 mbar).
Zinc powder (7 mmol, 1.4 equiv., 325 mesh, Strem) was added
under Ar and the heterogeneous mixture of Zn and LiCl was
dried again for 10–20 min at 150–170 ◦C under high vacuum
(1 mbar). The reaction flask was evacuated and refilled with
argon three times. THF (5 mL) was added and the Zn was
activated with BrCH2CH2Br (5 mol%) and Me3SiCl (1 mol%).
1-Iodo-3-methylbenzene (5 mmol) was then added neat at room
temperature. The insertion reaction was complete after 48 h and
afforded a solution of 5.


The solution of 5 (0.3 mmol, 0.38 mL, titration with io-
dine) was carefully separated from the remaining zinc powder
using a syringe and transferred to a mixture of diethyl 2-{2-


[3-(ethoxycarbonyloxy)prop-1-ynyl]phenyl}malonate 1a (36.2 mg,
0.10 mmol), Pd(PPh3)4 (2.3 mg, 0.002 mmol, 2 mol%) and
K2CO3 (27.6 mg, 0.20 mmol) in DMSO (2.0 mL) under an
argon atmosphere. The resulting mixture was stirred for 12 h
at 50 ◦C. Then, the reaction mixture was allowed to cool to
room temperature, quenched with water and extracted with EtOAc
(2 mL × 3). The combined organic extracts were washed with water
and saturated brine. The organic layer was dried over Na2SO4 and
filtered. Solvents were evaporated under reduced pressure. The
residue was purified by chromatography on silica gel to afford the
corresponding indene product 3i in 68% yield (hexanes–EtOAc
15 : 1).


Typical procedure for indene synthesis via in situ organozinc
compounds


A solution of the propargylic carbonate 1 (0.10 mmol), aryl iodine
(0.15 mmol), Zn powder (19.5 mg, 0.30 mmol), anhydrous LiCl
(12.8 mg, 0.30 mmol), Pd(PPh3)4 (2.3 mg, 0.002 mmol, 2 mol%)
and K2CO3 (27.6 mg, 0.20 mmol) in DMSO (2.0 mL) was stirred
under an argon atmosphere at 50 ◦C. When the reaction was
considered complete as determined by TLC analysis, the reaction
mixture was allowed to cool to room temperature, quenched with
water and extracted with EtOAc (2 mL × 3). The combined
organic extracts were washed with water and saturated brine. The
organic layer was dried over Na2SO4 and filtered. Solvents were
evaporated under reduced pressure. The residue was purified by
chromatography on silica gel to afford the corresponding indene
product 3.


3a. Mp: 50–51 ◦C. 1H NMR (300 MHz, CDCl3) d 7.75–7.72
(m, 1H), 7.48–7.42 (m, 5H), 7.35–7.32 (m, 2H), 7.25–7.21 (m,
1H), 5.15 (s, 2H), 4.31–4.12 (m, 6H), 1.30–1.24 (m, 9H). 13C NMR
(75 MHz, CDCl3) d 167.7, 154.8, 149.5, 143.9, 140.5, 133.5, 132.6,
128.9, 128.6, 127.2, 125.3, 121.5, 70.2, 63.8, 62.7, 62.2, 14.2, 13.8.
IR (KBr, cm−1) 2983, 1744, 1252, 1050. Anal. calcd for C25H26O7:
C 68.48, H 5.98; found: C 68.27, H 5.69%.


3b. Mp: 80–80.5 ◦C. 1H NMR (300 MHz, CDCl3) d 7.74–7.71
(m, 1H), 7.36–7.22 (m, 7H), 5.14 (s, 2H), 4.30–4.12 (m, 6H), 2.42 (s,
3H), 1.30–1.25 (t, J = 6.9 Hz, 9H). 13C NMR (75 MHz, CDCl3) d
167.8, 154.8, 149.6, 144.0, 140.6, 138.4, 133.1, 129.6, 129.3, 128.8,
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128.5, 127.2, 125.3, 121.5, 70.2, 63.8, 62.8, 62.2, 21.3, 14.2, 13.8.
IR (KBr, cm−1) 2979, 1730, 1261, 1046. Anal. calcd for C26H28O7:
C 69.01, H 6.24; found: C 68.75, H 5.96%.


3c. Mp: 90.5–91 ◦C. 1H NMR (300 MHz, CDCl3) d 8.09–8.06
(d, J = 8.1 Hz, 2H), 7.75–7.72 (m, 1H), 7.55–7.57 (d, J = 8.1 Hz,
2H), 7.36–7.33 (m, 2H), 7.18–7.15 (m, 1H), 5.11 (s, 2H), 4.31–4.18
(m, 4H), 4.18–4.11 (q, J = 6.9 Hz, 2H), 2.66 (s, 3H), 1.30–1.24
(m, 9H). 13C NMR (75 MHz, CDCl3) d 197.6, 167.4, 154.7, 148.4,
143.4, 140.5, 137.6, 137.0, 134.6, 129.2, 128.7, 128.6, 127.6, 125.5,
121.3, 70.4, 63.9, 62.4, 62.3, 26.7, 14.2, 13.8. IR (KBr, cm−1) 3428,
2992, 1742, 1259. Anal. calcd for C27H28O8: C 67.49, H 5.87; found:
C 67.64, H 5.66%.


3d. Mp: 77–78 ◦C. 1H NMR (300 MHz, CDCl3) d 7.74–7.71
(m, 1H), 7.48–7.45 (d, J = 8.4 Hz, 2H), 7.41–7.38 (d, J = 8.4 Hz,
2H), 7.36–7.33 (m, 2H), 7.18–7.16 (m, 1H), 5.11 (s, 2H), 4.31–
4.12 (m, 6H), 1.32–1.25 (m, 9H). 13C NMR (75 MHz, CDCl3) d
167.5, 154.7, 148.4, 143.5, 140.4, 134.6, 134.0, 131.0, 130.3, 128.9,
128.7, 127.5, 125.4, 121.3, 70.3, 63.9, 62.5, 62.3, 14.3, 13.8. IR
(KBr, cm−1) 2978, 1727, 1261, 1044. Anal. calcd for C25H25ClO7:
C 63.49, H 5.33; found: C 63.37, H 5.38%.


3e. Mp: 87–88 ◦C. 1H NMR (300 MHz, CDCl3) d 7.75–7.72
(m, 1H), 7.64–7.61 (m, 2H), 7.37–7.32 (m, 4H), 7.19–7.16 (m,
1H), 5.11 (s, 2H), 4.31–4.12 (m, 6H), 1.30–1.25 (m, 9H). 13C NMR
(75 MHz, CDCl3) d 167.5, 154.7, 148.3, 143.5, 140.4, 134.0, 131.8,
131.5, 130.6, 128.7, 127.5, 125.4, 122.8, 121.3, 70.3, 63.9, 62.5,
62.3, 14.2, 13.8. IR (KBr, cm−1) 2978, 1745, 1725, 1260. Anal.
calcd for C25H25BrO7: C 58.04, H 4.87; found: C 58.01, H 5.01%.


3f. Mp: 94–95 ◦C. 1H NMR (300 MHz, CDCl3) d 7.74–7.71
(m, 1H), 7.42–7.39 (d, J = 8.7 Hz, 2H), 7.35–7.32 (m, 2H), 7.27–
7.24 (m, 1H), 7.03–7.00 (d, J = 8.7 Hz, 2H), 5.14 (s, 2H), 4.31–4.13
(m, 6H), 3.86 (s, 3H), 1.30–1.25 (t, J = 6.9 Hz, 9H). 13C NMR
(75 MHz, CDCl3) d 167.8, 159.7, 154.8, 149.3, 144.0, 140.5, 132.7,
130.2, 128.5, 127.2, 125.3, 124.8, 121.5, 114.0, 70.1, 63.8, 62.9, 62.2,
55.3, 14.3, 13.8. IR (KBr, cm−1) 2994, 1741, 1241, 1044. Anal. calcd
for C26H28O8: C 66.66, H 6.02; found: C 66.38, H 5.75%. Crystal
data: C26H28O8, M = 468.48, orthorhombic, Pca21, a = 8.5186(6),
b = 14.4133(11), c = 19.6340(15) Å, V = 2410.7(3) Å3, T = 294(2)
K, Z = 4, l (Mo Ka) = 0.096 mm−1, 11809 reflections measured,
4476 unique (Rint = 0.0346), R1 [I > 2r(I)] = 0.0449, wR2 [I >


2r(I)] = 0.1131.


3g. Mp: 91–92 ◦C. 1H NMR (300 MHz, CDCl3) d 7.77–7.74
(m, 3H), 7.60–7.57 (d, J = 8.4 Hz, 2H), 7.37–7.34 (m, 2H), 7.17–
7.14 (m, 1H), 5.12 (s, 2H), 4.32–4.11 (m, 6H), 1.31–1.24 (m, 9H).
13C NMR (75 MHz, CDCl3) d 167.4, 154.7, 148.0, 143.4, 140.4,
136.4, 134.8, 129.4, 128.8, 127.6, 125.6, 125.6, 125.5, 121.2, 70.4,
64.0, 62.4, 14.2, 13.8. IR (KBr, cm−1) 2978, 1745, 1725, 1257, 1116.
Anal. calcd for C26H25F3O7: C 61.66, H 4.98; found: C 61.47, H
4.68%.


3h. Mp: 71–72 ◦C. 1H NMR (300 MHz, CDCl3) d 8.18–8.15
(d, J = 8.1 Hz, 2H), 7.76–7.73 (m, 1H), 7.56–7.53 (d, J = 8.4 Hz,
2H), 7.37–7.34 (m, 2H), 7.19–7.17 (m, 1H), 5.12 (s, 2H), 4.30–4.12
(m, 6H), 3.96 (s, 3H), 1.31–1.25 (m, 9H). 13C NMR (75 MHz,
CDCl3) d 167.5, 166.7, 154.7, 148.5, 143.4, 140.5, 137.4, 134.6,
130.2, 129.9, 129.0, 128.7, 127.5, 125.5, 121.3, 70.4, 63.9, 62.5,
62.4, 52.3, 14.2, 13.9. IR (KBr, cm−1) 2923, 1739, 1258, 1046. Anal.
calcd for C27H28O9: C 65.31, H 5.68; found: C 65.60, H 5.74%.


3i. Mp: 102–103 ◦C. 1H NMR (300 MHz, CDCl3) d 7.74–7.71
(m, 1H), 7.39–7.30 (m, 3H), 7.25–7.21 (m, 4H), 5.14 (s, 2H), 4.31–
4.12 (m, 6H), 2.41 (s, 3H), 1.30–1.25 (t, J = 7.5 Hz, 9H). 13C NMR
(75 MHz, CDCl3) d 167.8, 154.8, 149.7, 144.0, 140.6, 138.2, 133.4,
132.5, 129.5, 129.3, 128.6, 128.5, 127.2, 126.0, 125.3, 121.6, 70.2,
63.8, 62.8, 62.2, 21.5, 14.3, 13.9. IR (KBr, cm−1) 3001, 1735, 1255,
1044. Anal. calcd for C26H28O7: C 69.01, H 6.24; found: C 68.78,
H 6.12%.


3j. Mp: 70–70.5 ◦C. 1H NMR (300 MHz, CDCl3) d 7.75–7.72
(m, 1H), 7.45–7.42 (m, 3H), 7.37–7.32 (m, 3H), 7.20–7.17 (m,
1H), 5.13 (s, 2H), 4.29–4.13 (m, 6H), 1.31–1.26 (m, 9H). 13C NMR
(75 MHz, CDCl3) d 167.4, 154.7, 148.0, 143.4, 140.4, 134.5, 134.4,
130.0, 128.9, 128.7, 127.5, 127.1, 125.4, 121.3, 70.3, 63.9, 62.4,
62.3, 14.2, 13.8. IR (KBr, cm−1) 2987, 1735, 1255, 1043. Anal.
calcd for C25H25ClO7: C 63.49, H 5.33; found: C 63.52, H 5.04%.


3k. Oil. 1H NMR (300 MHz, CDCl3) d 7.74–7.72 (m, 1H),
7.34–7.23 (m, 5H), 7.20–7.18 (m, 1H), 6.90–6.87 (m, 1H), 5.08–
5.04 (d, J = 12.3 Hz, 1H), 5.00–4.97 (d, J = 12.3 Hz, 1H), 4.30–4.17
(m, 4H), 4.12–4.05 (q, J = 6.9 Hz, 2H), 2.15 (s, 3H), 1.32–1.20
(m, 9H). 13C NMR (75 MHz, CDCl3) d 168.0, 167.5, 154.8, 149.3,
144.4, 140.4, 136.6, 134.6, 132.3, 130.1, 129.2, 128.6, 128.4, 127.1,
125.8, 125.0, 121.3, 70.2, 63.7, 62.8, 62.2, 19.5, 14.2, 13.9. IR
(KBr, cm−1) 2983, 1746, 1252, 1051. Anal. calcd for C26H28O7: C
69.01, H 6.24; found: C 68.83, H 5.98%.


3l. Oil. 1H NMR (400 MHz, CDCl3) d 8.11–8.09 (m, 1H),
7.73–7.70 (m, 1H), 7.63–7.59 (m, 1H), 7.54–7.50 (m, 1H), 7.36–
7.34 (m, 1H), 7.30–7.26 (m, 2H), 6.84–6.82 (m, 1H), 5.10–5.07
(dd, J1 = 0.9 Hz, J2 = 8.4 Hz, 1H), 5.00–4.97 (dd, J1 = 0.9 Hz,
J2 = 8.4 Hz, 1H), 4.31–4.20 (m, 4H), 4.11–4.06 (m, 2H), 3.48 (s,
3H), 1.32–1.21 (m, 9H). 13C NMR (100 MHz, CDCl3) d 167.8,
167.6, 167.2, 154.8, 149.6, 145.0, 140.0, 133.7, 133.1, 132.2, 130.9,
130.6, 128.6, 128.6, 127.0, 125.1, 120.7, 70.4, 63.7, 62.7, 62.2, 51.9,
14.2, 13.9. IR (KBr, cm−1) 2983, 1740, 1258, 1042. Anal. calcd for
C27H28O9: C 65.31, H 5.68; found: C 65.29, H 5.92%.


3m. Oil. 1H NMR (300 MHz, CDCl3) d 7.73–7.70 (m, 1H),
7.33–7.30 (m, 2H), 7.26–7.19 (m, 1H), 7.12–7.07 (m, 2H), 6.84–
6.77 (m, 2H), 5.10 (s, 2H), 4.34–4.07 (m, 6H), 3.74 (s, 1H), 1.32–
1.21 (m, 9H). 13C NMR (75 MHz, CDCl3) d 168.1, 167.3, 154.7,
146.5, 144.3, 143.6, 140.7, 136.1, 129.9, 129.7, 128.7, 127.4, 125.1,
121.7, 118.0, 117.4, 115.4, 70.2, 63.8, 63.0, 62.4, 62.3, 14.2, 13.9.
IR (KBr, cm−1) 3471, 3379, 2983, 1744, 1253. Anal. calcd for
C25H26O8: C 66.07, H 5.77; found: C 66.33, H 5.95%.


3n. Mp: 76–77 ◦C. 1H NMR (300 MHz, CDCl3) d 7.72–7.69
(m, 1H), 7.42–7.37 (m, 1H), 7.30–7.26 (m, 3H), 7.06–6.99 (m, 3H),
5.23–5.19 (d, J = 12.3 Hz, 1H), 5.01–4.97 (d, J = 12.3 Hz, 1H),
4.30–4.06 (m, 6H), 3.74 (s, 3H), 1.31–1.21 (m, 9H). 13C NMR
(75 MHz, CDCl3) d 168.0, 167.7, 157.1, 154.8, 145.7, 144.3, 140.3,
134.8, 130.8, 130.0, 128.3, 126.7, 125.0, 121.6, 120.5, 111.3, 70.2,
63.7, 63.4, 62.2, 62.1, 55.5, 14.2, 13.9, 13.8. IR (KBr, cm−1) 2927,
1741, 1247. Anal. calcd for C26H28O8: C 66.66, H 6.02; found: C
66.59, H 5.83%.


3o. Mp: 80–80.5 ◦C. 1H NMR (300 MHz, CDCl3) d 7.74–7.72
(m, 1H), 7.59–7.56 (m, 1H), 7.51–7.49 (m, 1H), 7.42–7.33 (m, 3H),
7.20–7.17 (m, 1H), 5.24 (s, 2H), 4.30–4.16 (m, 6H), 1.32–1.25 (m,
9H). 13C NMR (75 MHz, CDCl3) d 167.4, 154.8, 143.1, 142.5,
140.2, 134.1, 132.9, 128.7, 128.6, 127.5, 127.2, 125.4, 121.7, 70.4,
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63.9, 62.7, 62.3, 14.3, 13.8. IR (KBr, cm−1) 2983, 1742, 1251, 1043.
Anal. calcd for C23H24O7S: C 62.15, H 5.44; found: C 61.86, H
5.24%.


3p. Mp: 78–80 ◦C. 1H NMR (400 MHz, CDCl3) d 7.68–7.66
(m, 1H), 7.48–7.42 (m, 5H), 7.31–7.26 (m, 2H), 7.05–7.02 (m, 1H),
5.95–5.93 (m, 1H), 4.30–4.10 (m, 6H), 1.37–1.35 (m, 3H), 1.30–
1.22 (m, 9H). 13C NMR (100 MHz, CDCl3) d 167.9, 167.8, 154.4,
147.5, 145.3, 140.0, 138.4, 134.0, 129.2, 128.6, 128.4, 128.2, 127.0,
124.7, 121.2, 71.4, 63.6, 62.1, 19.3, 14.3, 13.9, 13.8. IR (KBr, cm−1)
2985, 1741, 1265, 1047. Anal. calcd for C26H28O7: C 69.01, H 6.24;
found: C 69.25, H 6.06%.


3q. Mp: 85–86 ◦C. 1H NMR (300 MHz, CDCl3) d 8.10–8.05
(m, 2H), 7.74–7.68 (m, 1H), 7.60–7.57 (m, 2H), 7.32–7.27 (m, 2H),
6.99–6.97 (m, 1H), 5.95–5.92 (m, 1H), 4.32–4.10 (m, 6H), 2.67 (s,
3H), 1.37–1.25 (m, 12H). 13C NMR (75 MHz, CDCl3) d 197.6,
167.6, 167.4, 154.2, 146.4, 144.7, 139.8, 139.2, 139.0, 136.7, 129.5,
128.9, 128.7, 128.3, 127.2, 124.9, 120.9, 71.3, 71.0, 63.6, 62.3, 26.6,
19.4, 14.2, 13.8, 13.7. IR (KBr, cm−1) 2988, 1730, 1682, 1260. Anal.
calcd for C28H30O8: C 68.00, H 6.11; found: C 68.29, H 6.05%.


3r. Mp: 96–97 ◦C. 1H NMR (400 MHz, CDCl3) d 7.69–7.66
(m, 1H), 7.47–7.45 (m, 2H), 7.42–7.39 (m, 2H), 7.33–7.29 (m, 2H),
7.01–6.99 (m, 1H), 5.94–5.89 (m, 1H), 4.32–4.09 (m, 6H), 1.41–
1.35 (m, 3H), 1.33–1.20 (m, 9H). 13C NMR (100 MHz, CDCl3)
d 167.8, 167.5, 154.3, 146.4, 145.0, 139.9, 138.9, 134.3, 132.4,
130.6, 128.7, 127.2, 124.9, 121.0, 109.8, 71.1, 63.6, 62.2, 19.4, 14.3,
13.9, 13.8. IR (KBr, cm−1) 2984, 1743, 1260, 1048. Anal. calcd for
C26H27ClO7: C 64.13, H 5.59; found: C 64.43, H 5.68%.


3s. Mp: 66–67 ◦C. 1H NMR (300 MHz, CDCl3) d 7.68–7.65
(m, 1H), 7.42–7.39 (d, J = 8.7 Hz, 2H), 7.31–7.28 (m, 2H), 7.09–
7.06 (m, 1H), 7.02–7.00 (d, J = 8.1 Hz, 2H), 5.95–5.93 (m, 1H),
4.31–4.10 (m, 6H), 3.87 (s, 3H), 1.39–1.36 (d, J = 6.9 Hz, 3H),
1.31–1.23 (m, 9H). 13C NMR (75 MHz, CDCl3) d 168.0, 167.9,
159.6, 154.4, 147.3, 145.5, 140.0, 137.9, 130.4, 128.5, 126.9, 126.1,
124.7, 121.2, 113.9, 71.4, 63.5, 62.1, 55.2, 19.1, 14.3, 13.9, 13.8. IR
(KBr, cm−1) 2984, 1730, 1251, 1049. Anal. calcd for C27H30O8: C
67.21, H 6.27; found: C 67.04, H 5.98%.


3t. Mp: 94–95 ◦C. 1H NMR (300 MHz, CDCl3) d 7.68–7.65
(m, 1H), 7.36–7.21 (m, 6H), 7.05–7.02 (m, 1H), 5.94–5.92 (m, 1H),
4.31–4.09 (m, 6H), 2.41 (s, 3H), 1.39–1.37 (d, J = 6.6 Hz, 3H),
1.31–1.23 (m, 9H). 13C NMR (75 MHz, CDCl3) d 168.0, 167.8,
154.3, 147.6, 145.3, 139.9, 138.1, 137.9, 133.7, 129.7, 128.9, 128.5,
128.2, 126.9, 126.2, 124.6, 121.2, 71.4, 71.0, 63.5, 62.1, 21.4, 19.3,
14.3, 13.9, 13.8. IR (KBr, cm−1) 2986, 1731, 1258, 1042. Anal.
calcd for C27H30O7: C 69.51, H 6.48; found: C 69.35, H 6.24%.


3u. Oil. 1H NMR (400 MHz, CDCl3) d 8.10–8.08 (d, J =
7.6 Hz, 1H), 7.98–7.96 (d, J = 7.6 Hz, 2H), 7.50–7.41 (m, 2H),
7.33–7.28 (m, 3H), 7.23–7.19 (m, 2H), 7.05–7.03 (d, J = 8.0 Hz,
2H), 6.77–6.75 (d, J = 7.6 Hz, 1H), 5.54–5.12 (d, J = 12.8 Hz,
1H), 5.08–5.05 (d, J = 12.4 Hz, 1H), 4.45–4.41 (m, 2H), 4.17–4.12
(q, J = 7.2 Hz, 2H), 2.63 (s, 3H), 1.41–1.38 (m, 3H), 1.29–1.25 (m,
3H). 13C NMR (100 MHz, CDCl3) d 197.3, 163.2, 151.5, 143.8,
137.2, 136.9, 136.7, 134.2, 133.8, 131.4, 130.0, 129.8, 128.6, 128.4,
127.9, 127.8, 127.5, 121.2, 74.2, 64.0, 63.4, 61.5, 26.6, 14.3, 13.9.
IR (KBr, cm−1) 3411, 2923, 1741, 1249. Anal. calcd for C30H28O8S:
C 65.68, H 5.14; found: C 65.78, H 5.37%.
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N-Benzylanilines were designed and synthesized as vascular
endothelial growth factor (VEGF)-2 inhibitors using de novo
drug design systems based on the X-ray structure of VEGFR-
2 kinase domain. Among compounds synthesized, compound
3 showed the most potent inhibitory activity toward VEGFR-
2 (KDR) tyrosine kinase and its IC50 value was 0.57 lM.


Vascular endothelial growth factor (VEGF) is a key growth factor
in tumor angiogenesis. In general, angiogenesis is tightly regulated
and only normally occurs in inflammation, wound healing, and the
female reproductive cycle in the adult.1 Uncontrolled angiogene-
sis involves pathological states such as atherosclerosis, diabetic
retinopathy, rheumatoid arthritis, and solid tumor growth. Vas-
cular endothelial growth factor (VEGF) is a key growth factor
in tumor angiogenesis, therefore, its receptor tyrosine kinases
known as VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1) have
been considered as attractive targets for the development of anti-
cancer drugs.2


The development of receptor-based drug design has profoundly
benefited the drug discovery process. Especially, de novo design
based upon a co-crystal structure of a protein–ligand complex
has become a powerful strategy to provide a starting point for
design of a lead compound.3,4 For instance, CDK4 inhibitors,3a


the HIV-1 integrase inhibitors,3b FKBP-12 ligands,3c Factor Xa
inhibitors,3d COX-2 inhibitors,3e and DNA gyrase inhibitors3f have
been developed using de novo systems. In this paper, we designed a
new type of VEGF tyrosine kinase inhibitor using Ludi, a de novo
drug design program,5 based on a crystal structure of tyrosine
kinase domain in complex with a ligand.


Fig. 1 shows the de novo design of the N-benzylbenzene-1,4-
diamine derivatives 1–3. On the basis of an X-ray model of the
KDR binding pocket (PDB code: 1Y6A),6 interaction sites of the
ligand were identified. Furthermore, taking into account other
co-crystal structures of the KDR kinase domain and ligands,
such as AAL993,2a AAZ,6 and 4-amino-furo[2,3-d]pyrimidines,7


we predicted four important interaction sites, Leu840, Arg842,
Cys919, and Asn1032, and partitioned off the binding pocket into
three partitions, A, B, and C (Fig. 1A). Among the fragment
library, phenylurea was chosen as a suitable fragment for partition
A with a high Ludi score (= 212) and two hydrogen bonds were
predicted between two hydrogens of the urea and the carbonyl
group of Arg842. In a similar manner, 3-hydroxybenzylamine
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(Ludi score = 373) and carboxylic acid (Ludi score = 300) were
chosen for partitions B and C, respectively. (Fig. 1B). Finally,
linking of these four fragments and modification of the obtained
structure due to synthetic compatibility led to candidate molecule
1 (Fig. 1B). According to the docking simulation of 1 toward KDR
kinase domain, five hydrogen bonds would be expected between
the urea and Arg842, the amine and Asn1032, the hydroxyl group
and Leu840, and carboxylic acid and Cys919, and Ligscore2 was
calculated as 5.59. Compound 1 showed the highest Ligscore2
value among the compounds conducted with selected fragments
(data not shown). Therefore, we designed and synthesized a series
of the N-benzylbenzene-1,4-diamine derivatives (1 and 2), and
N-(4-aminophenyl)benzamides (3) based on these observations
(Fig. 2).


Fig. 1 Design process of VEGFR-2 tyrosine kinase inhibitor using the
LUDI de novo drug design systems in the DS modeling 1.2 package based
on the X-ray analysis data of the kinase domain (PDB: 1Y6A).
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Fig. 2 Design of target compounds.


Synthesis of the aniline fragments that occupied site A is shown
in Scheme 1. Amines 7 and 8 were prepared from 4-nitroaniline
4 with Boc2O or BzCl, and the resulting protected anilines 5
and 6 underwent reduction under Pd/C catalyzed conditions to
afford amines 7 and 8 in 58% and 70% yields, respectively. Aniline
9 was treated with phenylisocyanate to give the corresponding
urea derivative 10, and then deprotection of the Boc group with
trifluoroacetic acid afforded 1-(4-aminophenyl)-3-phenylurea 11.


Scheme 1 Reagents and conditions: (a) Boc2O, CH2Cl2, reflux, 99%.
(b) BzCl, pyridine, cat. DMAP, 60 ◦C, 99%. (c) H2, Pd/C, MeOH. (d)
(Cl3CO)2CO, toluene, 80 ◦C; then 7, 99%. (e) 4 eq. TFA, CH2Cl2, reflux,
91%.


Aldehyde 17 was prepared from 5-hydroxyisophthalic acid
12 according to a previous report.8 Esterification of 5-
hydroxyisophthalic acid with methanol gave the dimethyl ester,
which underwent protection of the phenoxy group with benzylbro-
mide, followed by monohydrolysis using 2 equivalents of KOH to
afford monomethylester 13. Selective reduction of the carboxylic
acid group on compound 13 was carried out using borane dimethyl
sulfide complex to give the benzylalcohol 14. Oxidation of the
hydroxy group on compound 14 with activated MnO2 in ethyl
acetate gave the aldehyde 15. Hydrolysis of the aldehyde 15 was
carried out by treatment with lithium hydroxide in methanol–


water to give the benzoic acid 16, which underwent debenzylation
with TFA to give 3-formyl-5-hydroxybenzoic acid 17 (Scheme 2).


Scheme 2 Reagents and conditions: (a) MeOH, conc. H2SO4, reflux, 90%.
(b) BnBr, K2CO3, acetone, reflux, 93%. (c) 2 eq. KOH, MeOH, THF, reflux,
60%. (d) BH3·SMe2, THF, 71%. (e) MnO2, AcOEt, reflux, 87%. (f) LiOH,
MeOH–H2O, 92%. (g) TFA, reflux, 72%.


Finally, reductive amination of formyl-5-hydroxybenzoic acid
17 and 3,5-dihydroxybenzaldehyde 18 with amines 8 and 11 pro-
ceeded in the presence of NaCNBH3 to give the N-benzylbenzene-
1,4-diamine derivatives 1–3 in 13–37% yields (Scheme 3).


Scheme 3 Synthesis of N-benzylbenzene-1,4-diamine derivatives 1–3: (a)
NaCNBH3, MeOH, 60 ◦C.


Inhibitory activity of the N-benzylbenzene-1,4-diamine deriva-
tives 1–3 toward VEGFR2 (KDR) tyrosine kinase was examined
by ELISA.9,10 Among the derivatives synthesized, compound 3
showed the most potent inhibitory activity toward KDR tyrosine
kinase and its IC50 value was 0.57 lM (Table 1).


We next examined the inhibitory effect of compound 3 on
activation of VEGFR-2 kinase in cells. As shown in Fig. 3,
immunoblot analysis using HUVEC (human umbilical vein en-
dothelial cells) cells revealed that compound 3 suppressed the
VEGF-induced phosphorylation of KDR in a dose-dependent
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Table 1 Inhibitory activity of the N-benzylbenzene-1,4-diamines 1–3
against KDR


Compound IC50/lMa


1 21


2 15


3 0.57


a The inhibitory activity of compounds 1–3 toward KDR tyrosine kinase
was determined by ELISA. The drug concentrations required to inhibit
the phosphorylation of the poly(Glu:Tyr) substrate by 50% (IC50) were
determined from the semilogarithmic dose-response plots.


Fig. 3 Inhibition of the VEGF-induced phosphorylation of KDR. HU-
VEC cells were preincubated with the indicated concentrations of com-
pound 3 or AAL993, and then stimulated with VEGF (20 ng ml−1).
The levels of each protein were detected by immunoblot analysis with
the KDR-specific antibody.


manner, although AAL993 exhibited more potent inhibition of
KDR phosphorylation.


In conclusion, we succeeded in the synthesis of a series of
N-benzylbenzene-1,4-diamine derivatives as new candidates for
KDR inhibitors using de novo drug design systems. Among the
compounds synthesized, we found that compound 3 possessed
significant activity of inhibition of KDR kinase and its IC50 value
was 0.57 lM. Furthermore, compound 3 suppressed the VEGF-
induced phosphorylation of KDR in HUVEC cells. The current
findings suggest that compound 3 would be a candidate for a new
lead compound of KDR inhibitors.
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A metastable material with tunable free volume of molec-
ular size, vapor sorption properties of a porous sorbent
and variable thermal stability was prepared from tert-butyl-
calix[6]arene.


The preparation of molecular containers for volatile substances
and gases is vital both for gas storage and vapor sensing. Solid
calixarenes are prospective materials for these applications having
relatively high kinetic stability of binding products.1 This stability
is a result of clathrate cooperativity and the specific shape of
calixarene molecules. The release of guest from the capsules
formed by calixarene bowls in the clathrate may have a much
higher barrier than release from channels of rigid pores in covalent,
ionic or coordinated lattices.2 Still, the clathrate-forming hosts
have a disadvantage related to the existence of a threshold
preventing guest inclusion at low relative vapor pressures.3 This
threshold can be decreased practically to zero by small additives
of another guest,4or by preparation of a metastable porous host
structure.1 A search of such structures is not simple, because, in
many cases, clathrates collapse upon guest removal.1,2,5


In this work, a metastable calixarene material was prepared,
which has an unusually large free space in its molecular packing.
For this, the decomposition of tert-butylcalix[6]arene (1) clathrates
with various guests was used. These clathrates were prepared
using saturation of thermally equilibrated 1 (a-phase)‡ with guest
vapors at 298 K.3b The formation of a loose guest-free phase
(b0) upon elimination of some guests from their clathrates with
1 was proved using simultaneous thermogravimetry (TG) and
differential scanning calorimetry (DSC). TG–DSC curves for
clathrates of 1 were obtained as described elsewhere.3b


The formation of the b0-phase can be seen on TG-DSC curves
by the presence of a large exothermic DSC peak without mass loss§
above the temperature range of clathrate decomposition. This was
observed for clathrates of host 1 with benzene (Fig. 1), toluene,
acetone, acetonitrile, tetrachloromethane and dichloromethane,
see also Electronic Supplementary Information (ESI). Such
behavior is distinct from that of studied tert-butylcalix[4]arene
and tert-butylcalix[5]arene clathrates having no exo-peaks on the
DSC curves.3b,6 The host 1 phase formed by decomposition of its


aInstitute of Chemistry, Kazan State University, Kremlevskaya 18, Kazan,
420008, Russia. E-mail: Valery.Gorbatchuk@ksu.ru; Fax: +7 843 2927418;
Tel: +7 843 2315309
bA.E. Arbuzov Institute of Organic and Physical Chemistry, KSC RAS, ul.
Akad. Arbuzova 8, 420088, Kazan, Russia
† Electronic supplementary information (ESI) available: Additional
XRPD and TG–DSC data for different forms of tert-butylcalix[6]arene
and its clathrates, vapor sorption isotherms of dichloromethane on a and
b0 forms of this calixarene. See DOI: 10.1039/b800187a


clathrates with benzene and tetrachloromethane even has 2 exo-
peaks. The second collapse peak, in each case, is rather small,
Fig. 1b, ESI.


Fig. 1 The data from a simultaneous TG–DSC experiment for (a)
saturated clathrate of 1 with benzene, heating rate 4 K min−1 (solid line)
and 10 K min−1 (dotted line) and (b) b0-phase of 1 formed after heating of
the same clathrate up to 150 ◦C in air (dotted line) and after drying under
a vacuum 0.3 kPa during 6 h at 25 ◦C (solid line), heating rate 10 K min−1.


Parameters of clathrates and b0-phases from TG–DSC ex-
periments including clathrate stoichiometry (guest/host molar
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Table 1 Parameters of tert-butylcalix[6]arene (1) clathrates and host phase formed upon their thermal decomposition from simultaneous TG–DSC dataa


Guest S T e (T col)/
◦C DHe/kJ mol−1 DH (1)


col (DH (2)
col)/kJ mol−1


MeCN 1.27; 1.5b ,c; 2c 91 (234) 27 −10
Me2CO 1.04; 1d 139 (201) 50 −19
CH2Cl2 1.92; 2e 108 (205) 40 −14
C6H6 2.82; 3f 119 (178, 252g) 47 −32 (−3.1g)
CCl4 3.5 123 (188, 242g) 54 −33 (−3.9g)
C6H5CH3 1.05; 1h 147 (199) 70 −14
CHCl3 1.11 217 66
DMSOi 2.48; 2.5j 147 46
C5H5N 1.16 194 58
c-C6H12 2.14 (1.50k; 1.12l) 75; 217 59m


C2Cl4 1.07; 1n 207 41


a Heating rate 4 K min−1, error of DHe and DH (1)
col determination is 7% (10% for clathrates of Me2CO, C6H5CH3, CHCl3), the error of DH (2)


col is 20%,
the error of S determination is 3–5% depending on the clathrate stability. b Ref.7a. c Ref.7b. d TG data from Ref. 8. e Ref.7c. f Ref.7d. g Data for second
collapse peak from separate experiment with heating rate 10 K min−1. h Ref.7e. i Heating rate 10 K min−1. j Ref.7f . k Stoichiometry of clathrate stable at
room temperature. l Stoichiometry of clathrate formed after the first decomposition step above room temperature. m Value for the second decomposition
step. n Ref.7g.


ratio) S, temperatures of guest elimination T e, corresponding
to maximal rate of mass change, and host collapse T col, and
corresponding transition enthalpies, DHe and DHcol, are given in
Table 1.


For comparison, stoichiometry values are given in Table 1 from
X-ray data for monocrystals prepared from host 1 solutions in
liquid guests.7 In most cases, except for the acetonitrile clathrate,
there is an agreement within experimental error between the
monocrystal data and the S values of vapor saturated host
powders.


The exothermic phase collapse without mass loss is not intrinsic
to an empty a-phase of 1 prepared by prolonged thermal equili-
bration (ESI). Besides, no exo-peaks were observed on TG–DSC
curves for clathrates of 1 with cyclohexane, chloroform, dimethyl
sulfoxide, pyridine and tetrachloroethylene, Table 1. The last step
of the decomposition is rather narrow for these clathrates, Fig. 2a,
ESI. They have also a high point of last guest elimination, T e >


190 ◦C, Table 1, except for the 1·2.48DMSO clathrate with T e =
147 ◦C. The lower stability of this clathrate may be linked to a
specific 1,2,3-alternate conformation of 1 in its crystal structure.7f


In the other clathrates, for which monocrystal X-ray data are
available, host 1 has a pinched-cone conformation.7


For 1·1.04Me2CO and 1·1.05C6H5CH3 clathrates the guest
elimination range overlaps the exo-peak of host collapse but does
not mask it, Fig. 2b, ESI. Still, T e values for these clathrates are
relatively low, 139 and 147 ◦C, respectively.


The position of the exothermic peak of host collapse T col


depends on the guest eliminated. The higher the value of T col,
the lower the collapse enthalpy DHcol, Table 1. This relationship
is analogous to the linear dependence of free volume in glassy
polymers on their glass transition temperature, which has a
negative coefficient of proportionality.9 Thus, the −DHcol value
may be a parameter of the collapsing free volume in the host.


The thermodynamic cycle of formation–decomposition for
1·2.82C6H6 clathrate (b-phase) is shown in Fig. 3. All four forms of
this cycle were characterized using the X-ray powder diffraction
(XRPD) method, ESI. The three forms a, b, b0 have essentially
different crystal packing, which could be understood in the light
of the high enthalpies of their mutual transitions. The a′-form
with a rather small enthalpy of collapse to the a-phase, DH (2)


col =


−3.1 kJ mol−1, has a packing close to that of the a-phase. XRPD
data show that the powder of 1 saturated with benzene vapor (b-
phase) has the same packing as the 1·3C6H6 monocrystal prepared
from the host solution in liquid benzene.7d


According to this scheme, one can estimate the enthalpy of guest
elimination with complete collapse of host 1 as


DH(b→a) = DHe + R DHcol/S


where DHe is the enthalpy of clathrate decomposition per 1 mol of
guest, R DHcol is a sum of enthalpies for all exothermic transitions
per 1 mol of host for a given clathrate with guest/host molar ratio


Fig. 2 The data from a simultaneous TG–DSC experiment for saturated
clathrate of 1 (a) with dimethyl sulfoxide, heating rate 10 K min−1, and (b)
with toluene, 4 K min−1 (solid line) and 10 K min−1 (dotted line).
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Fig. 3 Thermodynamic scheme of 1·2.82C6H6 clathrate formation and
decomposition cycle (A), and generalized structural scheme of clathrate
(b) decomposition to the loose b0-phase and then to the dense a-phase
of host 1 (B). The clathrate packing in scheme B corresponds to that
of 1·toluene clathrate.7e Dotted lines indicate the surface of molecular
contacts lost by the guest upon leaving the clathrate and the possible free
surface collapsing in the host exothermic transition.


S. For two guests, benzene and tetrachloromethane this value,
DH(b→a) is equal to 35 and 43 kJ mol−1, respectively, which are
quite comparable by absolute value with the collapse enthalpies
R DHcol of the host produced from their clathrates, Table 1. In these
cases, the loose b0-phase has the same excess energy as required
for one guest molecule to leave the clathrate with formation of the
stable a-phase, DH(b→a) ≈−R DHcol.


This equation helps to estimate the collapsing free volume in the
loose b0-phase, if the energy of molecular contacts lost by guest
leaving the clathrate in b→a transition is equal to the energy of
molecular contacts restored in the exothermic collapse b0→a of
host, Fig. 3b. In this case, the ratio of DH(b→a) and −R DHcol is
equal to the ratio of guest volume and the collapsing free volume in
the host b0-phase. So, in the b0-phase formed after decomposition
of saturated benzene clathrate, this volume per 1 mol of host 1
should be close to the molar volume of benzene, because this
guest has nearly the same group composition as the neighboring
host groups in clathrate.


The value of host 1 collapse enthalpy after benzene elimination
R DHcol = −35 kJ mol−1 is 3.5 times higher by absolute value than
the enthalpy of endothermic transition of tert-butylcalix[4]arene
from the tightly packed a-phase to the loose b0-phase at 230 ◦C.3b,6


For comparison, the loose b0-phase of tert-butylcalix[4]arene binds
0.5 mol of CO2,10 or 1 mol of CH4


11 per 1 mol of host, which
corresponds to 25% of the benzene molar volume.


The loose b0-forms of 1 are stable at room temperature. The b0-
form of 1 prepared by heating of 1·2.82C6H6 clathrate to 150 ◦C
at an average rate of 13 K min−1 in an oven in air and further
immediate cooling to room temperature has the same collapse
profile (DH (1)


col= −31 kJ mol−1 at 188 ◦C; DH (2)
col= −4.0 kJ mol−1


at 258 ◦C) as the initial clathrate, Fig. 1b, Table 1. The same
TG–DSC curve was observed for the b0-form of 1 prepared by


drying of this clathrate during 6 h under a vacuum of 300 Pa at
room temperature, 25 ◦C, Fig. 1b. Vacuum drying of 1·1.92CH2Cl2


clathrate under the same conditions also gives the b0-phase of 1
having an exothermic peak at 211 ◦C with DH (1)


col = −12 kJ mol−1.
These parameters are also very close to those of the initial clathrate,
Table 1.


The ability of host 1 clathrates to decompose with formation of
the b0-phase at room temperature does not depend directly on the
guest volatility. Attempts to decompose 1·1.04(CH3)2CO clathrate
by vacuum drying at room temperature failed.


The empty b0-phase prepared by heating 1·3.5CCl4 clathrate at
150 ◦C under vacuum (0.1 kPa) behaves as the porous sorbent
for vapors of cyclohexane and dichloromethane. Their sorption
isotherms do not have a threshold by guest relative vapor pressure
P/P0, Fig. 4, ESI. Such an isotherm shape is intrinsic to the
sorption on porous sorbents.2 The a-phase of 1 has a clear-cut
threshold by guest activity on sorption isotherms of both guests,
Fig. 4, ESI. Isotherms of guest vapor sorption by solid host powder
were determined as described elsewhere.3


Fig. 4 Isotherms of cyclohexane vapor sorption at 298 K by powder of
(�) a-phase of tert-butylcalix[6]arene (1), and (�) b0-phase of 1 prepared
by heating of 1·3.5CCl4 clathrate under vacuum (0.1 kPa) at 150 ◦C for
8 h. The lines are drawn to guide the eye.


At high values of P/P0, the binding capacity (guest uptake A) of
b0-phase for cyclohexane is less than a half of the corresponding
value for the a-phase, Fig. 4, Table 1. The same was observed
for the loose b0-phase of tert-butylcalix[4]arene, which also binds
gases mostly within its free volume.10 Formation of a loose phase
above the clathrate decomposition point may be caused by the
specific pinched-cone shape of 1, which enables self-inclusion of
host molecules in clathrates by mutual hooking.7 This may prevent
the complete collapse of host upon guest removal. Thus, using a
single calixarene host, by guest variation one can obtain different
metastable materials with various free volume and thermostability.
These materials may be used as sorbents for non-threshold
encapsulation of volatiles and probably gases.
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‡ The a-phase of tert-butylcalix[6]arene (1) was prepared from this host
sample purchased from Fluka by heating under vacuum (100 Pa) during
30 min at 230 ◦C and then 6 h at 200 ◦C. The purity of the calixarene
powder was checked as described elsewhere.3


§ In several cases a slight mass change is observed corresponding to
<0.02 mol of guest per 1 mol of host.
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N-Heterocyclic carbenes promote the formal [2+2] cycloaddition of ketenes with N-tosyl imines to give
the corresponding b-lactams in good to excellent isolated yields; chiral NHCs give b-lactams in high e.e.
after crystallisation.


Introduction


N-Heterocyclic carbenes (NHCs) readily promote a range of
organocatalytic reactions.1 The majority of these transformations
are initiated by nucleophilic attack of the NHC upon an aldehyde
or acylsilane to generate the corresponding acyl anion equivalent.
Alternatively, the reaction of an NHC with a-functionalised
aldehydes can generate homoenolates2 for use in redox reactions,3


a reaction sequence that has been utilised to promote formal
[4+2]4 and [3+3]5 cycloaddition processes. As part of a research
programme directed towards developing alternative uses of NHCs
as organocatalysts,6 their ability to promote the formal [2+2]
cycloaddition of ketenes and imines for the synthesis of b-lactams
was investigated (Fig. 1).


Fig. 1 Proposed NHC catalysed b-lactam formation.


The b-lactam skeleton is a widely recognised pharmacophore
that has received extensive biological and synthetic investigation.
A number of methodologies exist for the preparation of b-
lactams,7,8 with asymmetric routes including the ring expansion
of aziridines9 and chiral auxiliary methods,10 amongst others.11


The Staudinger reaction12 is perhaps the most widely recognised
procedure for the synthesis of b-lactams,13 and Lectka et al.14 and
Fu et al.15 have elegantly shown that chiral amines can catalyse this
reaction asymmetrically. Although the addition of nucleophiles to
ketenes has been utilised for a number of synthetic applications,16


only limited studies concerning the activation of a ketene with
an NHC have been reported.17 We delineate herein that NHCs
catalyse the formation of b-lactams from ketenes and imines and
show that enantiomerically pure NHCs provide an important
platform for a catalytic enantioselective variant of this reaction.


EaStCHEM, School of Chemistry, University of St Andrews, North Haugh,
St Andrews, UK KY16 9ST. E-mail: ads10@st-andrews.ac.uk
† Electronic supplementary information (ESI) available: Further experi-
mental details and spectroscopic data (1H and 13C NMR) for all products.
See DOI: 10.1039/b800857b


Results and discussion


Developing an NHC mediated b-lactam synthesis


At the onset of these studies, a reliable working procedure for b-
lactam formation from diphenylketene and N-tosyl imine 4 using
triazolinylidene NHC 2 was sought. Deprotonation of azolium
salt 1 (20 mol%) with KHMDS (19 mol%) in toluene was used
to pre-generate NHC 2, with the order of addition of reactants
critical to the successful generation of b-lactam 5. Addition of
NHC 2 to an equimolar solution of diphenylketene and imine
4, or the inverse addition, gave 25% and 75% conversion to 5
respectively after 24 hours. Addition of imine 4 to NHC 2 followed
by diphenylketene gave no conversion to 5 even after 5 days, con-
sistent with reports of N-tosyl imine inhibition of catalyst turnover
in NHC reactions through irreversible nucleophilic addition.18


However, addition of diphenylketene to NHC 2, followed by imine
4, gave >95% conversion to product, giving 5 in 59% isolated
yield, implying that NHC activation of the ketene is necessary
to allow catalytic turnover in this reaction (Table 1, entry 1). To
further test this hypothesis, addition of diphenylketene (0.2 eq) to
NHC 2, followed by imine 4 (1.0 eq) and then a further portion of
diphenylketene (0.8 eq) gave 90% conversion to 5. Further reaction
optimisation showed that the initial addition of 1.3 eq of ketene 3
to NHC 2 in this procedure allowed full consumption of imine 4,
giving 5 in 84% isolated yield (entry 2). With a working protocol
in hand, the effect of solvent upon the catalytic efficiency of this
process was investigated. As a standard, using 19 mol% of NHC
2 in toluene gave 66% conversion to 5 after 1 hour, while the
corresponding reactions in THF or Et2O gave 83% and >95%
conversion respectively. Progressively lowering the catalyst loading
in Et2O showed that 4.5 mol% of NHC 2 gave >95% conversion to
5 within 1 hour, giving 5 in 93% isolated yield (entries 6–8). Lower
catalyst loadings (<1 mol%) of NHC 2 can be used to generate
moderate levels of conversion to b-lactam 5 but require extended
reaction times (entry 9).


Wilhelm and Sereda have recently shown that metal amides such
as KHMDS can catalyse directly the [2+2] cycloaddition of ketenes
and N-nosyl imines.19 To confirm that NHC 2 is the catalytic
species in this reaction manifold, control experiments indicated
that using KHMDS (5 mol%) alone gave <10% conversion to b-
lactam 5 after 24 hours in Et2O. Further experiments showed that
treatment of 3 and 4 with HMDS, or simply mixing 3 and 4 in
Et2O, returned only starting material. Using this information, a
simplistic mechanistic rationale for this process can be proposed.
Deprotonation of azolium salt 1 with KHMDS generates NHC
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Table 1 Racemic b-lactam synthesis: reaction optimisation


Entry 1 (mol%) KHMDS (mol%) 3 (eq) Solvent Time/h Product conversiona


1 20 19 1 Toluene 24 >95% (59%)b


2 20 19 1.3 Toluene 24 >95% (84%)b


3 20 19 1.3 Toluene 1 66%
4 20 19 1.3 CH2Cl2 1 0
5 20 19 1.3 THF 1 83%
6 20 19 1.3 Et2O 1 >95%
7 10 9 1.3 Et2O 1 >95%
8 5 4.5 1.3 Et2O 1 >95% (93%)b


9 1 0.9 1.3 Et2O 24 60%


a All reaction conversions and product distributions were judged by 1H NMR spectroscopic analysis of the crude reaction product. b Isolated yield of
homogeneous product after chromatographic purification.


2, that adds to diphenylketene to generate azolium enolate 6.
Enolate addition to N-tosyl imine 4 gives the b-amido carbonyl
7, which upon intramolecular cyclisation produces the b-lactam
5 and regenerates the NHC 2 (Fig. 2). While this mechanism
remains our current hypothesis, Fu et al. have proposed an
alternative mechanism when employing N-triflyl imines in this
reaction manifold that involves initial nucleophilic activation
of the imine.15b Preliminary mechanistic studies cannot, as yet,
unambiguously rule out this alternative pathway when employing
NHC mediated catalysis, and further investigations to delineate
conclusively the mechanism of this transformation are underway.


Fig. 2 Proposed mechanism of b-lactam synthesis using NHC 2.


Probing reaction scope


The generality of this catalytic process was next examined. Using
diphenylketene, a range of N-tosyl substituted imines derived
from aryl (entries 1 and 2), heteroaryl (entry 3), substituted aryl
(entries 4 and 5) and a,b-unsaturated aldehydes (entry 6) are readily
tolerated. High levels of conversion to the desired b-lactams were
readily achieved with <10 mol% of NHC 2 within one hour,


Table 2 Probing the generality of NHC catalysed b-lactam synthesis


Entry 2 (mol%) R Time/h Product Yielda


1 4.5 Ph 1 5 93%
2 4.5 2-Naphthyl 1 8 92%
3 4.5 2-Furyl 1 9 85%
4 9 4-MeOC6H4 24 10 59%
5 9 4-BrC6H4 1 11 89%
6 9 (E)–CH=CHPh 1 12 94%


a Isolated yield of homogeneous product after chromatographic purifica-
tion.


although with an electron rich 4-MeOC6H4 substituent (entry 4),
9 mol% of NHC 2 and a longer reaction time of 24 hours was
required, giving 10 in 59% isolated yield (Table 2).


The ability of NHC 2 to catalyse the formation of b-lactams
from unsymmetrical ketenes was next investigated. Addition of
isobutylphenylketene 13 to NHC 2 (9 mol%) followed by addition
of N-tosyl imine 4 gave full conversion after one hour to the desired
b-lactam 14 as a 68 : 32 mixture of syn : anti diastereoisomers in
89% isolated yield (entry 1).20 Lower catalyst loadings could be
used to achieve reasonable levels of conversion in this reaction
without altering the diastereoselectivity of this process (4.5 mol%
of NHC 2, 16 hours, 87% conversion). This protocol proved
general as a range of imines are readily tolerated, proceeding
to completion using 9 mol% of NHC 2 within one hour. The
desired b-lactams 14–17 are readily isolated in good yield (72–
94%) as a mixture of diastereoisomers, with a preference for the
syn-diastereoisomer observed in each case (Table 3).21
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Table 3 Diastereoselective NHC catalysed b-lactam synthesis


Entry R Time/h Product d.r. (syn:anti)a Yieldb


1 Ph 1 14 68 : 32 89%
2 2-Naphthyl 1 15 63 : 37 89%
3 2-Furyl 1 16 81 : 19 86%
4 4-BrC6H4 16 17 57 : 43 94%
5 (E)–CH=CHPh 1 18 76 : 24 72%


a As shown by 1H NMR spectroscopic analysis of the crude reaction product. b Isolated yield of diastereoisomeric product mixture after purification.


Catalytic asymmetric b-lactam synthesis employing NHCs


Subsequent investigations probed the ability of enantiomerically
pure NHCs to catalyse an enantioselective version of this reac-
tion. As C2-symmetry has proven a useful tool in asymmetric
catalysis,22 a C2-symmetric tetrafluoroborate NHC precatalyst
19 was prepared from (1R,2R)-cyclohexane-1,2-diammonium
mono-(+)-tartrate23 via bis-reductive amination and subsequent
cyclisation, giving 19 in good yield over three steps (Scheme 1).


Scheme 1 Preparation of C2-symmetric imidazolinium salt 19.


Initial results showed that NHCs 21 and 22, prepared by
deprotonation of 19 and the popular triazolium salt 20 (10
mol%) with KHMDS (9 mol%) respectively, promote readily
the formal cycloaddition of diphenylketene and N-tosyl imine
4, giving complete conversion to b-lactam 5 in 58% and 64%
e.e. respectively and in good isolated yields (Table 4, entries 1
and 2). Preferential crystallisation of the racemate from the 64%
e.e. sample, and concentration of the mother liquor, gave access
to b-lactam (R)-5 in >98% e.e. The absolute configuration of 5
was proven unambiguously by X-ray crystallographic analysis
(Fig. 3).‡ This procedure was subsequently applied to a number
of N-tosyl imines, giving access to enantiomerically enriched b-
lactams (R)-8, (S)-9 and (R)-11 in 56–75% e.e. and in good isolated
yields (79–96%).24 In each case, crystallisation and re-isolation of
the b-lactam from the mother liquor was used to enhance the e.e.
of the b-lactam to >92% e.e. (entries 4, 5 and 8, Table 4).


‡ CCDC reference number 671783. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b800857b


Table 4 Asymmetric NHC catalysed b-lactam synthesis


Entry Salt R Time/h Product Yielda e.e.b e.e.c


1 19 Ph 1 (R)-5 90% 58%
2 20 Ph 3 (R)-5 96% 64% >98%
3 19 2-Naphthyl 1 (R)-8 95% 73%
4 20 2-Naphthyl 3 (R)-8 92% 75% >99%
5 19 2-Furyl 1 (S)-9 85% 61% 92%
6 20 2-Furyl 3 (S)-9 93% 55%
7 19 4-BrC6H4 2 (R)-11 79% 56%
8 20 4-BrC6H4 3 (R)-11 96% 57% >99%


a Isolated yield of homogeneous product after chromatographic purification. b e.e. of isolated b-lactam after chromatography as shown by HPLC analysis.
c e.e. of b-lactam after crystallisation and re-isolation of the mother liquor as shown by HPLC analysis.
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Fig. 3 Molecular representation of the X-ray crystal structure of (R)-5.


In conclusion, we have shown that NHCs can catalyse effectively
the formal [2+2] cycloaddition of ketenes and imines to generate
b-lactams, and that chiral NHCs show promising levels of
enantioselectivity in this reaction manifold. Current investigations
are focused upon expanding the reactions of chiral NHCs to a
variety of catalytic enantioselective processes.


Experimental


General experimental


All reactions involving moisture sensitive reagents were performed
under an atmosphere of nitrogen via standard vacuum line
techniques and with freshly dried solvents. All glassware was flame
dried and allowed to cool under vacuum. Toluene, tetrahydrofuran
(THF), diethyl ether (Et2O) and dichloromethane were obtained
dry from a solvent purification system (MBraun, SPS-800). Potas-
sium hexamethyldisilazide (KHMDS) was supplied as a 0.5 M
solution in toluene (Aldrich), titrated before use,25 and used as a
0.45 M solution. Petrol is defined as petroleum ether 40–60 ◦C. All
solvents and commercial reagents were used as supplied without
further purification unless stated otherwise. Room temperature
refers to 20–25 ◦C. Reflux conditions were obtained using an
oil bath equipped with a contact thermometer. In vacuo refers
to the use of a Büchi Rotavapor R-2000 rotary evaporator with
a Vacubrand CVC2 vacuum controller or a Heidolph Laborota
4001 rotary evaporator with a vacuum controller. Analytical
thin layer chromatography was performed on aluminium sheets
coated with 60 F254 silica. TLC visualisation was carried out
with ultraviolet light (254 nm). Column chromatography was
performed on Kieselgel 60 silica in the solvent system stated.
1H and 13C nuclear magnetic resonance (NMR) spectra were
acquired on a Bruker Avance II 400 (400 MHz 1H, 100 MHz
13C) spectrometer and in CDCl3 unless stated otherwise. Coupling
constants (J) are reported in Hz. Infrared spectra (mmax) were
recorded on a Perkin-Elmer Spectrum GX FT-IR Spectrometer
using KBr discs as stated. Only the characteristic peaks are
quoted. Microanalyses were carried out on a Carlo Erba CHNS
analyser. Melting points were recorded on an Electrothermal
apparatus and are uncorrected. Mass spectrometric (m/z) data
were acquired by electrospray ionisation (ESI), electron impact
(EI) or chemical ionisation (CI), either at the University of St


Andrews Mass Spectrometry facility or from the EPSRC National
Mass Spectrometry Service Centre, Swansea. At the University of
St Andrews, low and high resolution ESI MS was carried out on a
Micromass LCT spectrometer and low and high resolution CI MS
was carried out on a Micromass GCT. At the EPSRC National
Mass Spectrometry Service Centre, low and high resolution EI
MS was carried out on a Micromass Quattro II spectrometer.


General procedure 1 for the synthesis of b-lactams (±)-5 and (±)-8
to (±)-12


A 0.45 M solution of KHMDS in toluene (0.04 mL, 0.0174 mmol,
4.5 mol% or 0.08 mL, 0.0347 mmol, 9 mol%) was added to a
suspension of triazolium salt 1 (5.3 mg, 0.0193 mmol, 5 mol% or
10.5 mg, 0.0386 mmol, 10 mol%) in Et2O (1.5 mL) under a nitrogen
atmosphere and the mixture was stirred for 30 minutes at room
temperature. A solution of diphenylketene 3 (97.4 mg, 0.501 mmol,
1.3 equiv) in Et2O (1.5 mL) was added, followed immediately by
the imine (0.386 mmol, 1.0 equiv) as a solid, then the reaction
mixture was stirred at room temperature before concentration in
vacuo.


Preparation of (±)-3,3,4-triphenyl-1-tosylazetidin-2-one (±)-5


Following general procedure 1, b-lactam (±)-5 was obtained
using diphenylketene 3 (97.4 mg, 0.501 mmol, 1.3 equiv)
and N-benzylidene-4-methylbenzenesulfonamide 4 (100.0 mg,
0.386 mmol, 1.0 equiv). The reaction mixture was concentrated
after stirring for 1 hour at room temperature and the residue was
purified by column chromatography (EtOAc–petroleum ether 20 :
80 then CH2Cl2–petroleum ether–EtOAc 50 : 45 : 5) to give b-
lactam (±)-5 (162.6 mg, 93% yield) as a white solid (mp = 184–
185 ◦C). IR (KBr disk) mmax 3063, 3037, 2928, 1776 (C=O), 1597,
1495, 1452, 1447, 1383, 1370, 1262, 1210, 1188, 1172, 1141, 1090,
1070, 1028; 1H NMR d 2.32 (3H, s), 5.70 (1H, s), 6.77–6.94 (7H,
m), 6.98 (2H, t, J = 7.6), 7.05 (1H, t, J = 7.2), 7.11–7.27 (5H, m),
7.31 (2H, d, J = 7.2), 7.65 (2H, d, J = 8.0); 13C NMR d 21.8 (CH3),
69.3 (CH), 72.9 (C), 127.0 (2 CH), 127.3 (CH), 127.7 (2 CH), 127.9
(3 CH), 128.0 (2 CH), 128.1 (2 CH), 128.4 (2 CH), 128.5 (CH),
129.0 (2 CH), 129.9 (2 CH), 134.0 (C), 135.4 (C), 135.9 (C), 139.0
(C), 145.4 (C), 166.9 (C); CIMS (NH3) m/z 471 (M + NH4


+, 4),
257 (67), 256 (Ph2C=CH+–Ph, 29), 212 (Ph2C=C=O + NH4


+, 27),
106 (O=C–N–SO2, 100), 91 (C6H5


+–CH3, 77); HRMS (CI, NH3)
[M + NH4


+] C28H27N2O3S requires 471.1737, found, 471.1738;
Anal. Calcd. for C28H23NO3S: C 74.15, H 5.11, N 3.09%, Found:
C 73.84, H 4.97, N 3.12%.


Preparation of (±)-3,3-diphenyl-4-(2-naphthyl)-
1-tosylazetidin-2-one (±)-8


Following general procedure 1, b-lactam (±)-8 was obtained
using diphenylketene 3 (97.4 mg, 0.501 mmol, 1.3 equiv) and
N-(2-naphthylidene)-4-methylbenzenesulfonamide (119.3 mg,
0.386 mmol, 1.0 equiv). The reaction mixture was concentrated
after stirring for 1 hour at room temperature and the residue was
purified by column chromatography (EtOAc–petroleum ether 20 :
80 then CH2Cl2–petroleum ether–EtOAc 50 : 45 : 5) to give b-
lactam (±)-8 (177.9 mg, 92% yield) as a white solid (mp = 182–
183 ◦C). IR (KBr disk) mmax 3054, 1792 (C=O), 1595, 1496, 1449,
1374, 1361, 1167, 1128, 1121, 1088; 1H NMR d 2.39 (3H, s), 5.94
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(1H, s), 6.81 (1H, dd, J = 8.4, 1.2), 6.83–7.03 (5H, m), 7.18 (2H, d,
J = 8.0), 7.22–7.39 (4H, m), 7.39–7.51 (5H, m), 7.56 (1H, s), 7.63
(1H, dd, J = 5.6, 3.2), 7.69 (3H, d, J = 8.0); 13C NMR d 27.7 (CH3),
69.7 (CH), 72.8 (C), 124.8 (CH), 126.3 (CH), 126.5 (CH), 127.0 (2
CH), 127.3 (CH), 127.7 (4 CH), 128.0 (4 CH), 128.1 (CH), 128.2 (2
CH), 129.0 (2 CH), 129.8 (2 CH), 131.5 (C), 132.7 (C), 133.1 (C),
135.5 (C), 135.7 (C), 139.2 (C), 145.4 (C), 166.8 (C); CIMS m/z
504 (M + H+, 18), 308 (M − Ph2C=C=O, 13), 307 (100), 306 (40),
198 (O=C–N=SO2–tol, 38), 194 (Ph2C=C=O, 18), 155 (SO2–tol,
16), 141 (C11H9, 5); HRMS (CI) [M + H+] C32H26NO3S requires
504.1633, found 504.1631.


General procedure 2 for the synthesis of b-lactams (±)-14 to (±)-18


A 0.45 M solution of KHMDS in toluene (0.08 mL, 0.0347 mmol,
9 mol%) was added to a suspension of triazolium salt 1 (10.5 mg,
0.0386 mmol, 10 mol%) in Et2O (1.5 mL) under a nitrogen
atmosphere and the mixture was stirred for 30 minutes at room
temperature. A solution of isobutylphenylketene 13 (87.3 mg,
0.501 mmol, 1.3 equiv) in Et2O (1.5 mL) was added, followed
by the imine (0.386 mmol, 1.0 equiv) as a solid, then the reaction
mixture was stirred at room temperature before concentration in
vacuo. The initial diastereoselectivity was measured by 1H NMR
on the crude product and can be improved (after purification by
column chromatography) by trituration of the product in Et2O
and filtration. This procedure allowed the characterisation of the
major syn diastereoisomer.


Preparation of syn-3,4-diphenyl-3-isobutyl-1-tosylazetidin-2-one
(±)-1415


Following general procedure 2, b-lactam (±)-14 was obtained
using isobutylphenylketene 13 (87.3 mg, 0.501 mmol, 1.3 equiv)
and N-benzylidene-4-methylbenzenesulfonamide 4 (100.0 mg,
0.386 mmol, 1.0 equiv). The reaction mixture was concentrated
after stirring for 1 hour at room temperature (d.r. = 68 : 32 syn :
anti) and the residue was purified by column chromatography
(EtOAc–petroleum ether 10 : 90 then CH2Cl2–petroleum ether–
EtOAc 50 : 45 : 5) to give b-lactam (±)-14 (148.7 mg, 89% yield).
Trituration in Et2O gave a white solid (mp = 156–158 ◦C, d.r. =
89 : 11 syn : anti). IR (KBr disk) mmax 3064, 3034, 2958, 2927, 2868,
2360, 1770 (C=O), 1597, 1496, 1447, 1364, 1241, 1188, 1170, 1145,
1090; 1H NMR syn: d 0.69 (3H, d, J = 6.8), 0.87 (3H, d, J = 6.4),
1.48–1.61 (1H, m), 1.92 (1H, dd, J = 14.6, 6.0), 2.04 (1H, dd, J =
14.0, 6.4), 2.43 (3H, s), 5.00 (1H, s), 6.77 (2H, d, J = 7.6), 6.85–
6.92 (2H, m), 6.95–7.05 (5H, m), 7.10 (1H, t, J = 7.4), 7.15–7.30
(2H, m), 7.71 (2H, d, J = 8.4); anti (visible peaks): d 0.37 (3H, d,
J = 6.4), 2.43 (3H, s), 5.05 (1H, s), 7.80 (2H, d, J = 8.4); 13C NMR
syn: d 21.7 (CH3), 23.7 (CH3), 23.8 (CH3), 24.9 (CH), 47.5 (CH2),
69.3 (C), 69.8 (CH), 127.0 (CH), 127.4 (2 CH), 127.6 (2 CH), 127.9
(2 CH), 127.95 (2 CH), 128.0 (2 CH), 128.4 (CH), 129.7 (2 CH),
134.2 (C), 134.9 (C), 135.7 (C), 145.2 (C), 168.1 (C); anti (visible
peaks): d 23.0, 24.0, 24.5, 42.1, 69.9, 126.1, 127.4, 127.8, 128.6,
128.8, 128.9, 129.8, 168.5.


Preparation of syn-3-isobutyl-4-(2-naphthyl)-3-phenyl-
1-tosylazetidin-2-one (±)-15


Following general procedure 2, b-lactam (±)-15 was ob-
tained using isobutylphenylketene 13 (87.3 mg, 0.501 mmol,


1.3 equiv) and N-(2-naphthylidene)-4-methylbenzenesulfonamide
(119.3 mg, 0.386 mmol, 1.0 equiv). The reaction mixture was
concentrated after stirring for 1 hour at room temperature (d.r. =
63 : 37 syn : anti) and the residue was purified by column
chromatography (EtOAc–petroleum ether 10 : 90 then CH2Cl2–
petroleum ether–EtOAc 50 : 45 : 5) to give b-lactam (±)-15
(165.8 mg, 89% yield). Trituration in Et2O gave a white solid (mp =
146–148 ◦C, d.r. = 90 : 10 syn : anti). IR (KBr disk) mmax 3060, 2956,
2927, 2870, 2358, 1784 (C=O), 1597, 1496, 1467, 1448, 1368, 1187,
1172, 1088; 1H NMR syn: d 0.72 (3H, d, J = 6.8), 0.91 (3H, d, J =
6.8), 1.51–1.65 (1H, m), 2.00 (1H, dd, J = 14.4, 6.0), 2.11 (1H, dd,
J = 14.0, 6.4), 2.38 (3H, s), 5.18 (1H, s), 6.62 (1H, dd, J = 8.4, 1.2),
6.88–7.00 (5H, m), 7.16 (2H, d, J = 8.0), 7.32 (1H, d, J = 8.8),
7.38–7.48 (3H, m), 7.60 (1H, dd, J = 6.0, 3.2), 7.60–7.69 (3H, m);
anti (visible peaks): d 0.33 (3H, d, J = 6.4), 2.45 (3H, s), 5.21 (1H,
s); 13C NMR syn: d 21.7 (CH3), 23.7 (CH3), 23.8 (CH3), 24.9 (CH),
47.8 (CH2), 69.2 (C), 70.0 (CH), 124.9 (CH), 126.2 (CH), 126.4
(CH), 127.0 (CH), 127.4 (2 CH), 127.5 (CH), 127.6 (2 CH), 127.9
(CH), 128.0 (2 CH), 128.2 (CH), 129.7 (2 CH), 131.7 (C), 132.6
(C), 133.1 (C), 134.8 (C), 135.6 (C), 145.1 (C), 168.0 (C); CIMS
m/z 484 (M + H+, 100), 287 (MH+–O=C=N–SO2tol, 37), 198
(O=C=N–SO2–tol, 40), 174 (Ph(i-Bu)C=C=O, 75), 154 (SO2tol,
29); HRMS (ESI+) [M + Na+] C30H29NNaO3S requires 506.1766,
found, 506.1768.


General procedure 3 for the enantioselective synthesis of b-lactams
(R)-5, (R)-8, (S)-9 and (R)-11


A 0.45 M solution of KHMDS in toluene (0.08 mL, 0.0347 mmol,
9 mol%) was added to a suspension of chiral imidazolinium salt
19 (15.2 mg, 0.0386 mmol, 10 mol%) or chiral triazolium salt
20 (14.5 mg, 0.0386 mmol, 10 mol%) in Et2O (1.5 mL) under a
nitrogen atmosphere and the mixture was stirred for 30 minutes
at room temperature. A solution of diphenylketene 3 (97.4 mg,
0.501 mmol, 1.3 equiv) in Et2O (1.5 mL) was added, followed
immediately by the imine (0.386 mmol, 1.0 equiv) as a solid,
then the reaction mixture was stirred at room temperature before
concentration in vacuo.


Preparation of (R)-3,3,4-triphenyl-1-tosylazetidin-2-one 5


Following general procedure 3, the b-lactam (R)-5 was obtained
using diphenylketene 3 (97.4 mg, 0.501 mmol, 1.3 equiv) and N-
benzylidene-4-methylbenzenesulfonamide 4 (100 mg, 0.386 mmol,
1.0 equiv). The reaction mixture was concentrated after stirring for
1 hour (using the NHC from 19) or 3 hours (using the NHC from
20) at room temperature and the residue was purified by column
chromatography (EtOAc–petroleum ether 10 : 90 then CH2Cl2–
petroleum ether–EtOAc 50 : 45 : 5) to give b-lactam (R)-5 as a
yellow solid (158.0 mg, 90% yield, from chiral imidazolinium salt
19 and 167.2 mg, 96% yield from chiral triazolium salt 20). HPLC
analysis: 64% e.e. (Daicel CHIRALCEL OD-H column, eluent:
hexane–i-PrOH 90 : 10, flow: 1 mL min−1, wavelengh: 254 nm,
retention times: 9.4 min (major, R) and 16.5 min (minor, S)). [a]20


D


+17.7 (c 1.00, CHCl3, 64% e.e.). The initial e.e. can be improved by
crystallisation (CH2Cl2–hexane) and re-isolation of the b-lactam
from the mother liquor, giving (R)-5 in 98% e.e. (mp = 152–154 ◦C,
98% e.e.). [a]20


D +22.0 (c 0.63, CHCl3, 98% e.e.).
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Preparation of (R)-3,3-diphenyl-4-(2-naphthyl)-1-
tosylazetidin-2-one 8


Following general procedure 3, b-lactam (R)-8 was obtained
using diphenylketene 3 (97.4 mg, 0.501 mmol, 1.3 equiv) and
N-(2-naphthylidene)-4-methylbenzenesulfonamide (119.3 mg,
0.386 mmol, 1.0 equiv). The reaction mixture was concentrated
after stirring for 1 hour (using the NHC from 19) or 3 hours
(using the NHC from 20) at room temperature and the residue
was purified by column chromatography (EtOAc–petroleum ether
10 : 90 then CH2Cl2–petroleum ether–EtOAc 50 : 45 : 5) to give
b-lactam (R)-8 as a pale yellow solid (184.1 mg, 95% yield, from
chiral imidazolinium salt 19 and 178.5 mg, 92% yield from chiral
triazolium salt 20). HPLC analysis: 75% e.e. (Daicel CHIRALCEL
OD-H column, eluent: hexane–i-PrOH 90 : 10, flow: 1 mL min−1,
wavelengh: 254 nm, retention times: 10.0 min (major, R) and
20.5 min (minor, S)). [a]20


D −5.0 (c 1.00, CHCl3, 75% e.e.). The
initial e.e. can be improved by crystallisation (CH2Cl2–hexane)
and re-isolation of the b-lactam from the mother liquor, giving
(R)-8 in >99% e.e. (mp = 136–138 ◦C, >99% e.e.). [a]20


D −5.9 (c
0.69, CHCl3, >99% e.e.).
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