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A series of molecular models of the adducts formed between N-acetyl-L-tryptophan ethylamide and
diacetyl-sn-glycero-3-phosphocholine have been generated. Using rOesy data that enabled us to place
restrictions on the proximity of a number of key protons in the amino acid/phosphocholine pairs, a
series of structures were generated following molecular dynamics and mechanics experiments using the
CHARMM27 force field. These structures were then subjected to a series of clustering algorithms in
order to classify the tight binding interactions between a single tryptophan and a phosphocholine.
From these analyses, it is evident that: (i) binding is characterised by hydrogen bonding between the
indole NH as donor and phosphate oxygen as acceptor, cation–carbonyl interactions between the
choline ammonium and amide carbonyl groups and cation–p interactions; (ii) cation–p interactions are
not always observed, particularly when their formation is at the expense of cation–carbonyl and
hydrogen bonding interactions; (iii) on the basis of amino acid torsional parameters, it is possible to
predict whether the phosphocholine headgroup will bind in a compact or elongated conformation.
Extension of the procedures to characterise 2 : 1 Trp–PC binding revealed that the same intermolecular
interactions are predominant; however, combinations of all three intermolecular interactions within the
same adduct occur much more frequently due to the availability of donor/acceptor groups from both
tryptophans in the 2 : 1 system.


Introduction


It is becoming increasingly clear that some amino acids have
specific roles in controlling the behaviour of peptides and proteins
in lipid bilayers.1 Of the amino acids most studied, tryptophan
has received particular attention because of its occurrence in
transmembrane peptides and proteins at an increased frequency
in interfacial regions associated with the lipid headgroups.2,3


Studies on model peptides have identified interactions between
tryptophan side chains and lipids through hydrogen bonding
between the NH of the tryptophan indole and the lipid carbonyl
groups.4 Whilst these experiments are useful for determining the
preferential conformations in such peptides, due to the constrained
nature of the system they do not necessarily indicate the preferred
conformation of the tryptophan residue in the absence of trans-
membrane constraints, such as during peripheral peptide binding.
It is, therefore, of interest to characterise the preferred interactions
between tryptophan and phosphocholine groups in the absence
of competing constraints in a non-competing solvent with a
dielectric constant intermediate between that of bulk water and
the hydrocarbon core of the membrane. Although low dielectric
solvents can exaggerate polar interactions, with the appropriate
control experiments, significant factors that contribute to binding
can be deduced.
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In previous work,5 the development of a system for char-
acterising these interactions in chloroform was described. It
was demonstrated that tryptophan and tyrosine have significant
interactions with phosphocholines, particularly when compared
with amino acids with apolar side chains, such as valine. In the
particular case of tryptophan, it was demonstrated that a 2 : 1
Trp–PC complex was formed, and intermolecular rOesy cross
peaks were obtained in order to generate distance restraints for
molecular modelling exercises. This paper reports a refinement of
the modelling approach and an analysis of the resulting structures.


Materials and methods‡


Molecular modelling


All calculations were performed with the Tinker software package6


using the CHARMM27 force field implementation.7 The solvent
was modelled implicitly in all experiments by setting the dielectric
constant to that of chloroform (4.8).8


Non-bonding interactions were truncated at a cut-off distance
of 9 Å. The upper distance limits for protons exhibiting intermolec-
ular cross peaks in 2D rOesy spectra were restrained, as described
previously,5 according to the magnitude of the cross peak: strong
≤4.2 Å; medium ≤4.7 Å; weak ≤5.3 Å. Seven pairs of distance
restraints were included: atoms 50–17/99, 50–20/102, 50–25/107,
53–20/102, 53–25/107, 61–20/102 and 61–25/107 (see Fig. 1 for


‡ The author thanks the Royal Society (UK) for an equipment grant that
supported part of this work (RSRG 24281). IUPAC naming conventions
have been adhered to. Therefore, a torsion of +60◦ is classified as +sc.
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Fig. 1 Structures of N-acetyl-L-tryptophan ethylamide and diacetyl-sn-
glycero-3-phosphocholine molecules described in this study and the
corresponding atom numbering scheme.


numbering). Intermolecular distances were restrained using a flat-
welled harmonic potential with a spring constant of 830 kJ mol−1.
In order to simplify the calculations and avoid complications aris-
ing from the application of distance restraints to the diastereotopic
protons of methylene groups, distance restraints were applied to
the carbon atom of the methylene group and relaxed by 1.12 Å (the
aliphatic C–H bond length). The NH–Ca coupling constant was
also extrapolated from the titration data to generate restrictions
for the u bond angles of the amino acids during the initial
optimisation of the structure. These were both restrained in the
range 215–265◦ using a flat-welled harmonic potential with a force
constant of 900 kJ degree−1. An initial low-energy structure was
generated using a variable-metric minimisation algorithm9 with
an RMS gradient cut-off of 0.04 kJ mol−1 Å−1. This was then
subjected to repeated simulated annealing protocols between 1000
and 500 K over 10 ps, with a 1 fs integration time and a 1 ps
equilibration period, using a sigmoidal cooling regime coupled
to a Berendsen-type external bath.10 During these calculations,
distance and angle restrains were maintained in accordance with
the earlier rOesy data. The final structure at the end of each
annealing run was used for subsequent calculations, generating an
initial set of 30 structures. Each of these structures was optimised
using the protocol described above and then subjected to a 1 ns
molecular dynamics run with a 1 fs step integration time. The
temperature in these calculations was maintained at 298 K via


coupling to a Berendsen-type external bath. These calculations
were performed without torsional restraints, but with the distance
restraints described above maintained. Structures were saved to
the output trajectory at 1 ps intervals, with those obtained in the
final 500 ps of each run used for subsequent work. Each of these
structures was optimised without restraints using the protocol
described above to generate a final dataset of 15 000 structures for
analysis.


Data analysis


Dihedral and interatomic distance data were generated for each
structure using purpose-written software. All statistical manipula-
tions were performed on these raw data using the R programming
environment (version 2.2.1),11 unless otherwise stated.


Sampling of conformational space. In order to verify that
the dynamics procedures had sufficiently sampled the available
conformational space in the system, the probability distributions
for several key torsions were calculated over the range −180 to
+180◦ with a bin width of 3◦ for histograms and 1◦ for probability
density plots. In the latter case, the probability densities at the bin
mid-points were smoothed by applying a running lines smoothing
algorithm using leave-one-out cross-validation methods.


Classification of 1 : 1 tight binding conformations. The initial
group of 15 000 structures was analysed to select those in which
one of the two tryptophan molecules was more tightly bound to
the phosphocholine residue than the other. This was done for
each structure through analysis of the indole NH-P (Fig. 1, atom
numbers 21–56 and 103–56) and aryl–N+ interatomic distances
(Fig. 1, atom numbers 16–37 and 98–37), with tight binding
being assigned when both of these distances were shorter for
one of the two tryptophan residues. This produced a filtered
dataset of tight-binding tryptophan residues, which was subjected
to k-means partitioning according to tryptophan u, w, v1 and
v2 conformational parameters using the CLARA medoid-based
algorithm for large datasets.12 Clustering was performed using
10 subsets of the dataset containing n/10 randomly selected
entries, where n = the total number of entries in the dataset.
Dissimilarity was calculated according to rmsd. Clustering was
initially performed by iterating the number of medoids k used
by the algorithm (i.e. the number of clusters generated) over a
range of values between 2 and 30. The quality of the clustering for
each value of k was analysed by assessing the silhouette width13 of
the clusters generated, with the value of k producing the highest
average width selected for further processing. Of the k clusters
generated, those with a silhouette width less than or close to
the mean width were subjected a repeated iterative clustering
procedure over a range of k values to generate subclusters.
Clustering was repeated until all clusters and subclusters had
a silhouette width greater than 0.6. In order to characterise
the output structures, a nomenclature was adopted based on a
combination of standard secondary structure and conformational
naming conventions. The u/w combination was labelled as a or
b according broadly to the regions of the Ramachandran plot
that correspond to these structures, v1 and v2 rotamers were
assigned as ±sc (syn-clinal; ±60◦), ap (anti-periplanar; ±180◦),
sp (syn-periplanar; 0◦) and ±ac (anti-clinal; ±120◦).14 Additional
assignments for v2 were ±c (clinal; ±90◦), ±s (syn; ±30◦) and
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±a (anti; ±150◦). For phosphocholine dihedral angles, standard
nomenclature was applied:15 a1 (64–61–59–56), a2 (61–59–56–60),
a3 (59–56–60–53), a4 (56–60–53–50), a5 (60–53–50–37), a6 (53–50–
37–46) and h1 (72–64–61–59); torsions were assigned in the same
manner as described above.


Classification of 2 : 1 binding conformations. For structures
where both tryptophan molecules had close contacts with the
phosphocholine molecule, hierarchical agglomerative cluster-
ing was performed using the program Xcluster (Version 1.7,
Schrödinger Inc., 2004).16 A distance matrix was generated using
atom sets composed of all nitrogen atoms and the phosphorous
atom from each structure. As the primary goal was to identify
conformations that were statistically more abundant than would
otherwise be expected, the clustering level at which the reordering
entropy was at its minimum value was selected, and clusters
that occurred with a relative frequency ≥0.02 identified from the
resulting dataset.


Tryptophan conformations from proteins of known structure.
Summaries of the backbone and side chain dihedral angles (u, w,
v1, v2) were generated for each tryptophan in the PDBSelect25
database.17 An additional membrane protein-only dataset was
generated. The latter comprised 1107 tryptophan entries from
the ‘membrane proteins of known structure’ database18 after
filtering to remove homologous sequences. Correlations were
formed between each of the dihedral angles in these datasets
using the same k-means clustering procedure described above for
analysis of the modelling results.


Results


Conformational properties of the model systems


In order to verify that sufficient conformational space had
been sampled during the dynamics calculations to enable the
determination of feasible binding conformations, torsional dis-
tributions were determined for several key bonds. Plots of the
probability density for selected torsions are shown in Fig. 2. The
distribution of the glycerol torsion h1 displayed maxima of equal
probability density separated by 120◦ (Fig. 2A). A similar trend
was observed for the a6 torsion of the choline group (Fig. 2B).
The conformations around the choline ethylene carbons exhibited
maximum probabilities for the a5 torsions of ±60◦ (Fig. 2C). The
absence of the 180◦ torsion is consistent with the literature.15,19


Both the u (Fig. 2D) and w (Fig. 2E) torsions produced data
consistent with Ramachandran-allowed conformations (Fig. 2G
and H, respectively). Probability trends for v2 of the amino
acids produced maxima at −90 and 90◦ (Fig. 2F), with lower
probability conformations at torsional values close to 0◦. These
conformations are expected for a torsion between sp2 and sp3


bonded carbon atoms and are consistent with those observed for
tryptophan in the PDB (Fig. 2I). Selected data also match previous
reports; v1 conformations for all helical conformations in the
PDBSelect25 dataset reflect those described previously,20,21 with
the ap conformation the most prevalent and ±sc conformations
found with approximately equal probability. Overall, the sampling
of conformational space was satisfactory for subsequent analyses
to be performed with confidence.


Conformational analysis of tight-binding adducts


Tryptophan conformations. The initial intention was to probe
tryptophan conformations that were implicated in binding to
phosphocholine headgroups. Modelling procedures were per-
formed with two tryptophan residues per phosphocholine group,
in accordance with the binding stoichiometry determined in earlier
work.5 However, it was considered that it would be useful to
characterise the instances from the dataset where the binding of
one of the tryptophan residues was much tighter than the other, as
this would reflect binding interactions present in the 1 : 1 complex
that is a prerequisite for the formation of the 2 : 1 adduct. The
interatomic indole–phosphate and indole–choline distances were
determined for each tryptophan in the 15 000 structure dataset;
identification of structures in which both distances were shorter
for one of the two tryptophans led to a filtered dataset containing
8576 tryptophan molecules involved in close association with the
phosphocholine. The filtered dataset was subjected to medoid-
based clustering analysis of amino acid dihedral combinations
for all values of k between 2 and 30, in order to optimise the
process and generate clusters with the highest possible mean
silhouette width. This led to the selection of an optimal value
for k of 7, which produced clusters with a mean silhouette
width of 0.66. Of these clusters, 5 were subjected to further k-
means clustering, yielding a final total of 19 clusters that were
distinct in conformational space and were present with a relative
frequency ≥0.02 (Table 1). Clustering was additionally assessed
by the production of Ramchandran plots for all of the amino acid
dihedral combinations in each cluster (Fig. 3). The same clustering
process was repeated for all of the tryptophan residues present in
the PDBselect25 and membrane datasets. In some cases, two or
more distinct clusters occurred with u/w combinations in the same
a- or b-structure region of the Ramachandran plot; these have been
entered separately in Table 1, but may be distinguished by their
ID in column 1.


From the data in Table 1, it is apparent that the majority
of the clusters have angle distributions that are represented by
tryptophan residues in the PDBselect25 and membrane datasets.
However, it is notable that the b −sc −c conformations (entries
1a and 1b) have a significantly higher occurrence in the model
dataset, suggesting that this is a significant binding conformation.
Also of note is high relative abundance of the a −sc +c conformer
in the membrane protein dataset. Although this may be explained
in part due to the higher proportion of helical proteins in this more
restricted dataset, it is still significantly raised in comparison to
other helical conformations when compared with the PDBSelect25
dataset and is well represented in the model dataset.


Phosphocholine conformations. For each cluster in Table 1,
the dihedral angle distribution of key torsions of each of the
phosphocholine molecules was assessed. Visual examination of
the structures from the model dataset revealed that the majority of
the interactions between tryptophan and PC molecules occurred in
the region of the choline group. Clustering analysis was therefore
performed using data for the a3, a4 and a5 angles. Data for the
final clusters are presented in Table 2.


Examination of these data indicates that the predominant
conformations observed across all clusters for a5 (±sc), a4 (±ac
and ap) and a3 (±sc) are broadly consistent with those observed
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Fig. 2 Probability distributions for selected torsions from the model dataset and the PDB. A: h1; B: a6; C: a5; D: u (combined data for 108–83–84–85
and 26–1–2–3); E: w (combined data for 83–84–85–86 and 1–2–3–4); F: v2 (combined data for 84–89–90–91 and 2–7–8–9); G: u (all Trp in PDBSelect25);
H: w (all Trp in PDBSelect25); I: v2 (all Trp in PDBSelect25). Histograms from which the probability densities were calculated are shown in grey.


in protein-bound lipids found in the PDB.19 In contrast with the
latter however, for a5 and a3, ap conformers are observed relatively
infrequently.


Conformational analysis of 2 : 1 complexes


Having characterised complexes in which one of the tryptophan
residues was more closely bound to the phosphocholine than the
other, the remainder of the complexes that involved close binding
contributions from both residues were considered. Hierarchical
agglomerative clustering approaches led to the identification of a
large number of bound structures, as anticipated. Nevertheless,
it was possible to identify 12 structures occurring with a relative
frequency ≥0.02, covering 34% of the structures in the dataset
(Table 3). The same preferences for tryptophan and PC confor-


mations observed in the 1 : 1 dataset are observed here, although
it is notable that there is only one entry in which both tryptophans
have the same conformation (a ap −c; entry 26).


Conclusions


Tryptophan–lipid binding conformations


1 : 1 Binding of b-structures. The intention of this work was
to investigate the conformational properties of tryptophan and
phosphocholine molecules that delineate the binding observed in
previous experiments and identify the interactions that contribute
to the formation of stable adducts. Inspection of the data in Table 1
and 2 reveals that close association between a single tryptophan
residue and a PC molecule in these models includes contributions
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Table 1 Classification and angle distribution data for tryptophan residues in the model, PDBselect25 and membrane protein datasets


Relative frequencyb Dihedral angle (◦)c


ID Classificationa Models PDB25 Memb. u w v1 v2


1a b −sc −c 0.14 0.02 0.03 −135 ± 13 167 ± 17 −69 ± 37 −85 ± 16
1b b −sc −c 0.17 0.02 <0.01 −94 ± 16 160 ± 21 −68 ± 32 −91 ± 13
2 b −sc −s 0.04 <0.01 <0.01 −104 ± 27 164 ± 17 −65 ± 24 −25 ± 30
3a b −sc +c 0.12 0.16 0.10 −98 ± 29 158 ± 18 −64 ± 14 95 ± 42
3b b −sc +c — 0.04 0.02 −100 ± 33 1 ± 41 −65 ± 29 93 ± −37
4 b −sc sp — 0.05 <0.01 −91 ± 46 140 ± 38 −69 ± 23 −5 ± 38
5a b +sc −c 0.09 0.04 0.03 −94 ± 26 159 ± 15 51 ± 7 −89 ± 11
5b b +sc −c — 0.07 <0.01 −76 ± 71 −27 ± 67 62 ± 31 −89 ± 31
6 b +sc +c — 0.03 0.03 −152 ± 22 161 ± 21 64 ± 20 89 ± 26
7 b ap −c — 0.07 0.04 −86 ± 53 126 ± 38 −176 ± 31 −102 ± 37
8 b ap +c <0.01 0.03 0.03 −78 ± 55 131 ± 37 −167 ± 28 77 ± 45
9 b ap +s <0.01 0.02 0.03 −127 ± 41 114 ±31 −177 ± 17 24 ± 30


10a a −sc −c 0.03 0.02 — −80 ± 13 −60 ± 11 −61 ± 10 −89 ± 14
10b a −sc −c 0.03 — — −96 ± 16 −91 ± 21 −70 ± 8 −92 ± 11
10c a −sc −c 0.02 — — −129 ± 30 −138 ± 57 −64 ± 11 −80 ± 30
11 a −sc +c 0.09 0.09 0.22 −87 ± 24 −64 ± 18 −63 ± 34 90 ± 45
12 a −sc −s <0.01 0.03 0.06 −65 ± 20 −38 ± 21 −67 ± 24 −24 ± 26
13 a ap −c 0.10 0.07 0.12 −93 ± 31 −68 ± 39 −170 ± 9 −96 ± 30
14 a ap +c 0.10 0.12 0.16 −88 ± 16 −62 ± 30 −168 ± 12 78 ± 29
15 a +sc −c <0.01 0.07 0.05 −68 ± 47 −28 ± 26 64 ± 25 −87 ± 20
16 a +sc +c — <0.02 0.02 −75 ± 28 −15 ± 29 59 ± 30 84 ± 37


a For details of classification, see main text. b Data are only shown for instances where a particular conformation was present with a relative frequency
≥0.02 in any of the datasets. c Dihedral angle data are reported from the model dataset for conformations with a probability density ≥0.02, or from the
PDBselect25 dataset otherwise.


Fig. 3 Contour plots showing the probability distributions of u, w, v1 and v2 torsions for the cluster with the highest relative frequency (entry1a, Table 1).
The inset in A shows the colour scale used for the z-axis. Contour plots for pairwise combinations of dihedrals were generated by a two-dimensional
kernel density estimation with 181 grid points in each direction and a bandwidth of 10◦.
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Table 2 Classification, distance and angle distribution data for phosphocholine molecules in the clustered datasets†


IDa Dihedral angle (◦)c Selected distances/Åd


1◦ 2◦ RFb a5 a4 a3 NH(21)–O(x) Ar–choline(x) O(x)–choline


1a A 0.10 69 ± 92 −167 ± 50 −83 ± 80 2.73 ± 1.00 (60) 4.30 ± 1.57 (Me) 2.58 ± 1.13 (27)
B 0.02 63 ± 7 92 ± 93 66 ± 79 2.72 ± 1.14 (59) 4.14 ± 1.47 (52) 2.47 ± 0.45 (27)
C 0.02 −60 ± 9 152 ± 35 66 ± 55 2.81 ± 1.26 (59) 4.44 ± 1.78 (54) 3.07 ± 1.56 (27)


1b A 0.07 64 ± 66 −166 ± 60 −70 ± 54 3.13 ± 1.04 (60) 4.16 ± 2.34 (Me) 2.73 ± 1.27 (27)
B 0.05 −64 ± 8 139 ± 26 63 ± 44 2.83 ± 1.31 (59) 4.14 ± 1.93 (Me) 2.75 ± 1.30 (27)
C 0.03 64 ± 9 76 ± 35 65 ± 99 3.00 ± 1.36 (59) 3.65 ± 2.25 (Me) 2.42 ± 0.66 (27)
D 0.02 −63 ± 10 −107 ± 83 −90 ± 139 3.28 ± 1.94 (59) 4.57 ± 2.92 (Me) 2.49 ± 0.79 (27)


2 A 0.02 93 ± 162 −143 ± 35 −80 ± 149 3.24 ± 1.42 (59) 4.20 ± 3.26 (Me) 5.58 ± 4.57 (27)
3a A 0.05 65 ± 28 −143 ± 29 −60 ± 37 3.48 ± 1.60 (59) 3.57 ± 1.32 (Me) 5.10 ± 5.61 (27)


B 0.04 −63 ± 26 −80 ± 41 −51 ± 35 2.72 ± 0.66 (59) 3.13 ± 0.45 (Me) 2.43 ± 0.76 (27)
5a A 0.05 72 ± 98 −154 ± 36 −58 ± 26 2.84 ± 1.58 (57) 4.58 ± 0.74 (52) 2.37 ± 0.19 (5)


B 0.03 −98 ± 170 149 ± 54 60 ± 140 2.89 ± 0.75 (59) 4.56 ± 2.33 (54) 3.17 ± 2.52 (5)
11 A 0.05 65 ± 47 −153 ± 53 −69 ± 97 3.60 ± 1.65 (59) 4.15 ± 2.09 (51) 5.07 ± 5.09 (27)
13 A 0.06 61 ± 10 −165 ± 46 −63 ± 38 3.66 ± 1.67 (59) 4.43 ± 2.12 (52) 2.45 ± 0.28 (27)


B 0.03 65 ± 6 75 ± 18 52 ± 65 3.41 ± 1.49 (59) 4.26 ± 1.97 (Me) 2.84 ± 1.52 (27)
14 A 0.05 −64 ± 33 −178 ± 65 77 ± 119 2.83 ± 1.58 (59) 6.36 ± 1.28 (52) 2.45 ± 0.47 (27)


B 0.04 68 ± 58 −139 ± 30 −53 ± 43 2.84 ± 1.00 (59) 3.95 ± 2.72 (55) 6.14 ± 2.58 (5)


a For details of classification, see main text. Data are only shown for instances where the probability density was ≥0.02. The 1◦ ID corresponds to the
cluster ID in Table 1. Individual clusters are referred to as 1aA, 1aB, etc. b RF = relative frequency. c For dihedral angle definitions, see main text. d Values
in parentheses indicate the atom number to which the distance was measured. Where multiple choices were available, ‘x’ represents the atom number that
gave the shortest measured distance. ‘Me’ represents a hydrogen atom on one of the choline methyl groups. Distances were measured to the centroid of
the 6-membered (Ar) ring of the indole.


Table 3 Classification of structures for which both tryptophans have
significant close interactions with the PC moleculea


Torsional classification


ID RF Trp1 Trp2 a5 a4 a3


17 0.05 b −sc −c a ap −c +sc −a −sc
18 0.02 b −sc −s a −sc +c +sc −ac −sc
19 0.05 b +sc −c b −sc −c −sc +ac +sc
20 0.02 b +sc −c b −sc −c −sc c −sc
21 0.04 b +sc −c a −sc −c −sc ap +sc
22 0.03 a −sc +c b −sc −c +sc ap −sc
23 0.02 a −sc +c b −sc +c −sc −c sp
24 0.02 a +sc −c a −sc −c −sc +a +sc
25 0.02 a ap −sc a −sc +c +sc ap −ac
26 0.03 a ap −c a ap −c +sc −a −sc
27 0.02 a ap −c b −sc −c +sc +a −sc
28 0.02 a ap −c b −sc sp +sc −a −sc


a Data are only shown for instances where the probability density was
≥0.02.


from hydrogen bonding between the indole NH atom as donor,
usually to a phosphate oxygen atom as acceptor, and cation–
carbonyl interactions between an amide carbonyl group and the
choline ammonium group. These interactions occur readily when
the indole N–H and amide C=O bonds are approximately aligned,
as is the case in the b −sc −c, b +sc −c, a −sc −c and a
−ap +c conformations (Fig. 4). These tryptophan conformations
allow good interactions with both the ammonium and phosphate
groups of the phosphocholine when the latter is in an extended
conformation. This explains why the more compact headgroup
conformations present in membrane lipids, with the ammonium
and phosphate groups forming a salt bridge, are present less
frequently in these models, reflecting a similar trend for lipid
molecules found in the PDB.19 Of the 1 : 1 structures, the most
prevalent (entry 1aA, Table 2; Fig. 5A) typifies this combination


of amino acid and phosphocholine parameters, with a b −sc −c
conformation for the former and an a5/a4/a3 combination of
+sc/ap/−sc for the latter. Cation–p interactions in entry 1aA
are not present; indeed, they are generally observed only when
the amino acid torsions place the indole–NH and both of the
amide carbonyl groups at less than optimal angles for interactions
with the phosphocholine. For example, increasing the cation–p
overlap observed in entry 1aA requires concomitant adjustments
in the u backbone torsion in order to minimise steric clashing
between the carbonyl of the N-acetyl group and the choline
ammonium group, producing the structure observed for entry
1bA (Table 2; Fig. 5B); this is the reason for the separation of
the b −sc −c conformation in to 2 subsets (entries 1a and 1b,
Table 1). Conformations in which the amide C=O and indole N–
H are not aligned allow binding of the phosphocholine in a more
compact conformation, as found in entries 3aA and 3aB (Table 2;
Fig. 5C), in which the phosphocholine adopts +sc/−ac/−sc
and −sc/−sc/−sc a5/a4/a3 conformations respectively. In these
cases, there is extensive cation–p overlap, again at the expense
of interactions between the N-acetyl carbonyl group and the
choline ammonium group, with only one of the carbonyl lone
pairs suitably oriented for interaction. With a b+sc −c tryptophan
conformation, cation–carbonyl interactions become possible with
the a-carbonyl group, which is now aligned with the indole N–
H bond. In these conformations, the phosphocholine is able to
bind in an extended configuration, allowing hydrogen bonding
interactions between the indole NH group and a phosphate
oxygen (entry 5aA, Table 2; Fig. 5D). In contrast with the b
−sc conformers, which all interact via the N-acetyl group, some
cation–p overlap is able to occur, although the extent of this
overlap is limited by partial occlusion of the 5-membered ring by
the backbone amide groups and the conformational restrictions
required for the hydrogen bonding interactions of the indole NH
group.
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Fig. 4 Newman projections showing schematic representations of binding conformations. Each structure is viewed along the a–b bond (v1).


Fig. 5 Structures for selected entries in Table 2. In each case, the median structure is displayed. A, 1aA; B, 1bA; C, 3aB; D, 5aA; E, 13A; F, 14A.


1 : 1 Binding of a-structures. The binding characteristics
observed for b-structures are also observed for helical structures.
In the a ap −c conformation for example, the backbone carbonyls
and the indole NH are not aligned. As a consequence, this
conformation is able to exhibit significant overlap of the cationic


parts of the choline group with the aromatic ring and cation–
carbonyl interactions, in this case with both of the carbonyl groups.
These interactions are detrimental to the hydrogen bonding
interactions of the indole NH group to the extent that this now
interacts with the carbonyl group of the acyl chain as acceptor
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(Fig. 5E). Switching v2 to the +c conformation aligns the a-
carbonyl and indole NH groups, permitting hydrogen bonding
interactions with the phosphate group at the expense of one of the
cation–carbonyl interactions (Fig. 5F).


2 : 1 Binding. Tryptophan–phosphocholine association in
these adducts is generally characterised by the inclusion of all of
the binding interactions described above. All of the complexes
display some degree of overlap of the cationic parts of the
choline group with one of the indole rings, hydrogen bonding
interactions between one or both of the indole NH groups
and the phosphate oxygens and multiple interactions between
the amide carbonyl groups and the choline ammonium group
(Fig. 6). Some tryptophan conformations occur that are present
in the PDBselect25 dataset, but not present in the tight-binding
modelling subset, such as b −sc sp in entry 26 (Table 3), but
otherwise the predominant conformations are similar. For most
of these structures, the conformational restrictions required for
tight binding to a single tryptophan are relaxed, as hydrogen
bonding, cation–carbonyl and cation–p interactions are able to
occur with different tryptophan molecules. All of the structures in
Fig. 6 display this tendency to some extent. Nevertheless, in some
cases, adducts are formed in which there is little cation–p overlap,
such as entry 17 (Table 3; Fig. 6E). This may be due in part to
2◦ interactions—in this case hydrogen bonding between the NH
of the a-amido group and the phosphate, the former of which is
in the cis configuration. Some of the structures exhibit Trp–Trp
interactions through backbone hydrogen bonding that are also
likely to contribute to adduct formation; cis-amide conformations
occasionally occur in these adducts, particularly where they are
able to permit closer intermolecular contacts.


Significance with respect to peptide–lipid interactions


Phosphocholine binding conformations. The model dataset al-
lows for analysis of feasible binding conformations between
tryptophan and a phosphocholine in a non-competing solvent.
Considered as a whole, the structures are consistent with the


complexation-induced chemical shift changes seen during NMR
titrations and cross-peaks seen in 2D rOesy experiments. Three
main types of non-covalent interaction contribute to the formation
of the observed adducts: indole–phosphate hydrogen bonds,
carbonyl–cation interactions between backbone amides and the
choline group and cation–p interactions between the choline
group and the indole system. Considering the prevalence of
each of these types of interaction in the model dataset, it seems
their relative importance runs in the order indole–phosphate
hydrogen bonding > carbonyl–cation > cation–p. Although the
distribution of conformations in the model dataset is different
to that in the PDBSelect25 and membrane datasets, all of the
conformations adopted may be considered as allowed, as all
occur to some degree in the latter datasets. In enthalpic terms,
all of the complexes exhibit similar intermolecular interaction
energies (in the range −50 to −70 kJ mol−1), although there is
a tendency for these potential energy terms to be more favourable
for helical conformations. Although the effects are likely to be
small,22 they nevertheless potentially contribute to the observed
differences in the association constants for Trp–PC complex
formation (19 ± 2 M−1 for K1 and 179 ± 21 M−1 for K2).
Furthermore, it has been suggested from ab initio calculations
that polarisation effects contribute significantly to the interaction
energy for cation–p interactions, being responsible for more than
50% of the binding energy in favourable cases (with electrostatic
interactions responsible for the remainder).23 The effects in these
examples are further complicated by the tendency (for steric
reasons) of cation–p interactions to occur with the 6-membered
phenyl ring instead of the pyrrole ring, which is the usual site of
interaction in globular proteins. There is, therefore, some scope
for obtaining data that enable optimised polarisation effects to
be included in future calculations. The lack of accounting for
inductive and polarisation effects with the CHARMM27 force
field is a limitation in this work that may influence the distributions
of conformers observed.


Time-resolved fluorescence studies on model peptides have
demonstrated that, at least in some cases, all of the three
available v1 tryptophan rotamers are sampled in random coil


Fig. 6 Structures for selected entries in Table 3. All are representative structures unless otherwise stated A, 15 (all structures); B, 15; C, 16; D, 17 (all
structures); E, 17; F, 19.
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conformations in solution; in the same studies, peptide binding
to membranes was characterised by the adoption of helical
conformations and a reduction of the number of v1 rotamers
sampled to two, reflecting the v1 distributions observed for ideal
a-helices.24 These were assigned as the ap and −sc conformers
on this basis, which reflects exactly the trend seen in our model
dataset when all helical conformations are considered. As the
model dataset was generated without any restraints with regard to
helicity and without the packing restraints of an ideal a-helix, this
would suggest that the a-conformations observed match those
determined experimentally during peripheral binding of helical
peptides. The predominant conformations however, are those in
which indole–phosphate and carbonyl–cation interactions are able
to occur optimally, i.e. those in which amide carbonyl and indole
NH bonds are aligned, which favours binding to a phosphocholine
in an extended conformation. The torsional angle distributions
for the choline headgroup are consistent with those observed
experimentally for lipids, although there is a tendency for extended
headgroup conformations to occur more frequently than observed
for membrane lipids. The significance of this with respect to
membrane binding is a likely disruption to lipid packing within one
leaflet of the membrane. It is interesting to speculate that this might
be sufficient to expose hydrophobic regions of the membrane to
facilitate further insertion, or facilitate the release of membrane
contents.


Peptide–lipid binding. There is a general consensus that for
integral (intrinsic) membrane proteins, tryptophan has a distinc-
tive role in anchoring the protein within the lipid bilayer. This
may be in part a consequence of the amphipathic nature of
indole, allowing hydrogen bonding interactions of the polar NH
group and concomitant partitioning of the 6-membered aromatic
ring into more hydrophobic regions of the fatty acyl chains.
In addition, a favourable alignment of the indole dipole with
the electrostatic field of the membrane may contribute.25 As a
consequence, the indole tends to be oriented with the NH group
directed towards the exterior surface of the bilayer. The situation
for peripheral (extrinsic) proteins and peptides is different. The
role of tryptophan in the membrane binding properties of a
number of proteins and peptides has been addressed, including
examples that remain bound peripherally, undergo insertion, or
are translocated across the bilayer. In general, binding to the
membrane is favoured by complementary electrostatic charge
profiles between the peptide or protein and the membrane, with the
former tending to be positively charged and the latter negatively
charged. Binding is further dependent on the hydrophobicity of the
protein, with most being appreciably hydrophobic or amphipathic
in nature. However, in all of these cases, examples exist where the
presence of tryptophan is essential for activity.


Even for peptides in which membrane binding is driven largely
by charge complementarity, tryptophan residues still impact upon
membrane behaviour. For example, although partitioning of
penetratins into the membrane is promoted principally by charge
complementarity,26 substitution of the N-terminal tryptophan
in the peptide RQIKIWFQNRRMKWKK by phenylalanine
disrupts translocation without affecting partitioning,27 suggesting
that factors other than simple charge matching between the
membrane and the peptide contribute to the process. Similar cases
exist for peripheral membrane proteins, such as annexin V, in


which mutation of a single tryptophan to alanine removes the
ability of the protein to bind to mixed PC/PS membranes.28


As there is no evidence for the involvement of this surface-
exposed tryptophan in direct interactions with PS molecules,
the explanation for these observations presumably lies in the
subtle thermodynamics of the membrane association process. In
contrast, mutation of a valine residue on the membrane-binding
surface of human phospholipase A2 to tryptophan increased the
activity of this enzyme towards PC membranes by a factor of 100.29


This enhanced activity was attributed to enhanced interfacial
binding. Interestingly, membrane binding was reduced in high
salt buffers, suggesting the involvement of electrostatic factors in
the binding interaction.


All of the above observations implicate tryptophan as having
a significant role in controlling the behaviour of peptides and
proteins following peripheral interaction with membranes. In most
cases, although structures of membrane-active peptides may be
characterised in solution or following interaction with membranes
or micelles, the role of critical tryptophan residues during the
initial interactions with the bilayer or during the insertion process
itself are largely uncharacterised. In contrast to the hydrogen
bonding interactions with acyl carbonyl groups characterised for
integral proteins, hydrogen bonding interactions in the model
systems occur with phosphate oxygen atoms as acceptor, with
40% of the examples exhibiting an H–O contact distance of
less than 3.0 Å. This is not entirely unexpected, as this is a
particularly favourable donor–acceptor pairing.30 Furthermore,
in contrast to integral proteins, entropic and dipolar effects that
favour the partitioning of the 6-membered aromatic ring into
the lower dielectric regions of the bilayer are not present in the
model system. This also holds true for peripheral binding to the
membrane, so it is not unreasonable a priori that phosphate–
indole hydrogen bonding could occur in these systems. Another
common feature of the models is the presence of carbonyl–cation
interactions, with 52% of the structures having O–choline contact
distances of less than 3 Å. In the majority of cases, the availability
of backbone carbonyl groups in integral proteins is expected to
be limited due to their participation in the formation of 2◦ and 3◦


structure. However, this is not the case for peptides, where higher
conformational flexibility or the presence of unusual folds and
loops stabilised by disulfide bridges frequently occur. A number
of membrane-active peptides have been characterised in which
the presence of several tryptophan residues, frequently clustered
in a localised structural fold, are essential for membrane binding
and insertion.31,32 Two related peptides from wheat endosperm,
puroindoline-a (PIN-a) and puroindoline-b (PIN-b) exhibit strong
binding to phosphocholine membranes, with reported dissociation
constants of the order of 10−7 and 10−8 M, respectively.33 PIN-a
has been demonstrated to form cation-selective channels, both in
Xenopus oocytes and planar lipid bilayers.34 Both peptides contain
tryptophan-rich sequences that are implicated in membrane
activity (WRWWKWWK in the case of PIN-a and WPTWWK
in the case of PIN-b). Despite being cationic peptides, both
display higher binding affinity to neutral phospholipid membranes
than negatively-charged membranes containing wheat glycolipids,
which contrasts with the typical behaviour of less tryptophan-
rich peptides. Carbonyl–cation interactions may therefore be
significant in more rigid peptides and a transient feature of more
dynamic ones. The third non-covalent feature seen in many of the
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models, cation–p interaction, tends to occur wherever geometric
features allow its formation, although for many of the structures,
a compromise is reached between carbonyl–cation and cation–
p interactions. Accordingly, a modest 35% of the models have
close contacts of less than 4.2 Å between the choline group
and the centroid of the indole aromatic ring. These interactions
have been well described for membrane proteins, and for some
synthetic membrane receptors,35 but the extent to which they
might contribute to the binding interactions of peptides is difficult
to ascertain with certainty, although their presence has been
speculated from studies on the binding of indole derivatives to
membranes.25,36,37


There is no doubt that charge neutralisation contributes sig-
nificantly to the enthalpy of binding of cationic peptides to
negatively charged membranes, as there are several examples
where binding is significantly diminished or removed completely
by disruption of the charge complementarity. In many cases,
substitution of tryptophan in a cationic peptide does not prevent
membrane binding, although the behaviour following binding may
be modified. These cases serve to illustrate that electrostatic inter-
actions between tryptophan and phosphocholines are generally
insufficient to produce strong binding with membranes formed
from mixtures of anionic and neutral lipids, but are able to exert
subtle effects on processes subsequent to binding. The exception to
this occurs when several tryptophan residues are clustered together
in a compact region of the peptide; in these cases, binding of
a cationic peptide to a neutral membrane may actually be even
more pronounced than that to a negatively charged membrane.
From our previous experimental data, we can estimate that the
maximum free energy available for 1 : 1 and 2 : 1 binding
between tryptophan and a phosphocholine molecule are of the
order of −7 and −20 kJ mol−1, respectively. From the modelling
experiments, the total available enthalpic contribution to binding
is of a similar order of magnitude (data not shown), suggesting
that entropic factors impact less on the free energy of binding in
this case. For binding of a peptide to a membrane, the available
free energy will be offset by desolvation effects and enthalpic and
entropic factors relating to membrane destabilisation, making
the net free energy benefit from tryptophan–phosphocholine
binding considerably less. The major difficulty in assessing the
enthalpic contributions of individual amino acids to binding is
accounting for contributions from other processes, such as the
formation of 2◦ structural elements following during binding; in
this regard, position-dependent effects are frequently observed,
with the substitution of a single isoleucine for tryptophan in the
synthetic peptide (KIGAKI)3–NH2 being a good example.38 In
a similar vein, the binding of the peptide Ac-WL5 to neutral
membranes has zero enthalpy at 25 ◦C, whereas the binding of
the related peptide Ac-WLWLL is exothermic. This may reflect
higher contributions from a 2 : 1 Trp–PC binding, but it supports
the idea that clusters of tryptophan molecules promote binding to
neutral membranes in peptides and illustrates the complexity of
analysing the thermodynamics of binding in peptide systems.39


Nevertheless, it is feasible that lipid binding by tryptophan is
favourable on purely enthalpic grounds. It is notable that the
binding of homologues of the antimicrobial peptide magainin to
neutral membranes has been shown to be enthalpically driven. The
binding of a tryptophan-containing homologue was enthalpically
more favourable by 10–15 kJ mol−1 at 30 ◦C than homologues


without tryptophan.40 These differences were attributed to a non-
classical hydrophobic effect. Although other substitutions were
made in these peptides, making the contribution of tryptophan
difficult to ascertain, the available free energy from tryptophan–
phosphocholine binding could at least account for part of this
difference. Studies on the binding of LamB-W, with a nominal net
charge of +2.5 (with 0.5 of a charge unit from the N-terminus),
to both negatively charged and neutral membranes indicated that
the enthalpic contribution to binding was 7.6 kJ mol−1 greater
in the case of negatively charged membranes, or 3 kJ mol−1 per
charge unit.41,42 A lower value of ∼1.2 kJ mol−1 per charge unit
was found for the binding of peptide PGLa to negatively-
charged and neutral membranes at 30 ◦C.43 However, the latter
study considered the effects of local surface concentrations in
the calculation of binding isotherms, leading to a conclusion
that the difference in binding of cationic peptides to negatively
charged and neutral membranes may be largely due to localised
concentration effects on the surface of the membrane. This is
consistent with the higher enthalpic contribution per unit charge
observed for the binding of LamB-W to neutral membranes. If the
contribution to binding from charge matching is indeed unrelated
to enthalpic effects, the enthalpic contributions of tryptophan–
phosphocholine interactions may be more significant than
expected.
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Glutathione forms complex reaction products with formaldehyde, which can be further modified
through enzymatic modification. We studied the non-enzymatic reaction between glutathione and
formaldehyde and identified a bicyclic complex containing two equivalents of formaldehyde and one
glutathione molecule by protein X-ray crystallography (PDB accession number 2PFG). We have also
used 1H, 13C and 2D NMR spectroscopy to confirm the structure of this unusual adduct. The key
feature of this adduct is the involvement of the c-glutamyl a-amine and the Cys thiol in the formation of
the bicyclic ring structure. These findings suggest that the structure of GSH allows for bi-dentate
masking of the reactivity of formaldehyde. As this species predominates at near physiological pH
values, we suggest this adduct may have biological significance.


Introduction


Carbonyl containing molecules, both endogenous and xenobiotic,
are toxic to most organisms, and require detoxification. Thiol
containing cofactors such as glutathione participate in enzymatic
detoxification by the formation of adducts, which are further
reduced by enzymes such as carbonyl reductase 1 (CBR1),1 or
are oxidized by enzymes such as formaldehyde dehydrogenase.2


The role of the thiol containing cofactor (GSH) in such reactions
is two-fold, one non-enzymatic and one enzymatic. In the non-
enzymatic reaction the thiol containing cofactor forms a covalent
adduct with the toxic species. This can be through interaction with
the carbonyl directly (formaldehyde)3–6 to form a hemithioacetal,
or with another reactive center in the molecule (i.e. a,b-unsaturated
carbonyls such as prostaglandins).1 Enzymatic recognition of the
cofactor-conjugate allows a single cofactor-specific enzyme to
carry out efficient redox chemistry on the xenobiotic portion of
the conjugate.


Although multiple cellular thiols exist, glutathione is generally
considered the universal thiol coenzyme. GSH is known to be
responsible for the detoxification of electrophilic species through
conjugation with a,b-unsaturated carbonyl compounds and alde-
hydes. In addition to its central role in carbonyl detoxification, its
importance as a nitric oxide carrier (GSNO) involved in bronchi-
olar dilation has been more recently uncovered.7 In the process of
investigating the molecular recognition of glutathione adducts of
reactive carbonyl compounds by CBR1, we uncovered a previously
unreported adduct between glutathione and formaldehyde. The
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key feature of this adduct is the involvement of the a-NH2 of
the c-glutamyl group and the Cys thiol in the formation of the
bicyclic ring structure. These findings suggest that the structure of
GSH allows for bi-dentate masking of the reactivity of aldehyde
containing compounds, and results in an equilibrium mixture of
relatively stable species awaiting enzymatic recognition.


Previous studies of the equilibrium mixture of formaldehyde
with GSH identified products that were formed in a pH and
concentration-dependent fashion.8 Some of these compounds
have been detected in prokaryotic organisms by use of in vivo 13C
NMR techniques,9 and elucidation of the structure of others has
been attempted by NMR spectroscopy and fast atom bombard-
ment mass spectroscopy (FABMS).8 Experiments using these tech-
niques led to proposed structures of 1 : 1 and 2 : 1 formaldehyde :
GSH adducts.8 Here we have employed protein-co-crystallization
using CBR1, a reductase containing an endogenous GSH binding
site, to trap a 2 : 1 formaldehyde : GSH adduct present in the
complex equilibrium mixture of GSH and formaldehyde. NMR
experiments further validate the structure of this adduct in solution
and demonstrate its presence at physiological pH.


Results and discussion


Co-crystallization of CBR1·BiGF2


In order to facilitate crystallization of formaldehyde–GSH conju-
gates, glutathione and formaldehyde were reacted in water (pH =
7.0), the solution was lyophilized, and the product was incubated
with recombinant CBR1 and NADP. Strong diffracting crystals
were grown from hanging drops, and were of space group P212121.
Their structure was determined by molecular replacement with the
inhibited form of CBR1 (PDB accession number 1WMA)10 as the
search model. High resolution data allowed model building and
refinement to 1.54 Å (Table 1). Clear difference density revealed
a single bicyclic glutathione : formaldehyde (1 : 2) adduct bound
within the enzyme’s active site. We have termed this ligand BiGF2,
to indicate the bicyclic ring structure and the stoichiometry of the
complex (GSH : 2Formaldehyde).
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Table 1 Data collection and refinement statistics for the CBR1·BiGF2


complex structurea


Title
PDB code


CBR1 with BiGF2


2PFG


Data collection
Space group P2(1)2(1)2(1)
Cell dimensions
a, b, c/Å 54.636, 59.884, 87.954
a, b, c /◦ 90.00, 90.00, 90.00
Resolution/Å 45.0–1.54 (1.59–1.54)
Rsym or Rmerge 2.9 (6.3)
Completeness (%) 98.5 (91.8)
Redundancy 3.9 (3.4)


Refinement
Resolution/Å 12–1.54
No. reflections 40523
Rwork/Rfree 11.2/16.3
No. atoms
Protein 2143
Ligand/ion 78/1
Water 468
R.m.s. deviations:
Bond lengths/Å 0.029
Bond angles/◦ 2.174


a Ramachandran for 2PFG: residues in most favored regions 91.1%,
residues in additional allowed regions 8.5%, residues in generously allowed
regions 0.4%, residues in disallowed regions 0%.


BiGF2 ((2S,7R)-7-(carboxymethylcarbamoyl)-5-oxo-9-thia-
1,6-diaza-bicyclo[4.4.1]undecane-2-carboxylic acid) consists of
two seven membered rings (A and B, Fig. 1A). The two large rings
are bridged by one formaldehyde methylene unit that is linked
to the a-amine of Cys and the a-amine of the c-Glu portions
of GSH. The second formaldehyde unit is bound to the same
a-amine of the c-Glu and to the Sc of Cys.


Binding mode of BiGF2 to CBR1


The co-crystal structure allowed visualization of BiGF2, but its
relevance to CBR1 is not clear. BiGF2 does not bind tightly to


CBR1 (Ki >200 lM); however, techniques of fragment-based
drug discovery11 have also demonstrated the ability of low affinity
ligands to bind in protein crystal structures. In our structure,
BiGF2 possessed well defined electron density allowing absolute
structure elucidation. The main core of BiGF2 is bound in a
hydrophobic site flanked by Phe94, Val96 and Met141 (Fig. 1A)
previously unknown as a typical ligand binding site. However,
electron density maps reveal the carboxylate group attached to ring
B of BiGF2 (Fig. 1A) stacks above the NADP nicotinamide ring,
likely stabilizing its positive charge. One of the oxygen atoms of the
carboxylate interacts with Og of Tyr139 and Oc of Ser193 (Fig. 1A)
of the catalytic machinery via hydrogen bonding. In addition to
direct hydrogen bonding interactions with residues, two water
molecules coordinate the glutamyl carbonyl of ring B (OE1). One
of these water molecules mediates a hydrogen bonding interaction
to Trp229 (OE1–H2O, 2.5 Å and H2O–Trp229 Ne1, 2.8 Å). An
additional water molecule is coordinated between the glycine
carboxylate oxygen (O11) and the cysteinyl carbonyl oxygen (O2).
The glycine moiety is less well defined and occupies multiple
conformations. During co-crystallization of BiGF2·CBR1, the
presence of excess formaldehyde, not sequestered by GSH, allowed
for hydroxymethylation of Sc of Cys121 as evidenced by positive
difference density fitting a covalently bound hydroxymethyl moiety
(Supplementary Fig. S1†).


13C NMR for the analysis of GSH–13C formaldehyde mixtures


Previous investigations8,12 of the products formed between GSH
and formaldehyde revealed a complex mixture of at least four
products observable by 13C NMR when 13C enriched formaldehyde
was employed. Products formed from 13C enriched formaldehyde
give much simplified 13C NMR spectra as only formaldehyde
and its derived methylenes are in high abundance. The complex
1H NMR spectra for these mixtures and those produced with
unlabelled formaldehyde have not been assigned previously.8


Based on 13C formaldehyde 13C NMR and mass spectrometry
a compound containing two formaldehyde-derived methylene
carbons (GF2, Fig. 2) was proposed to account for the 13C


Fig. 1 (a) Binding mode of CBR1·BiGF2. Hydrogen bonding interactions and residues within a distance of 4.0 Å from the ligand are shown. Non-polar
residues (green), polar residues (purple), and charged residues (purple/blue) are indicated. Distances are given (Å). (b) Electron density maps of
CBR1·BiGF2. The 2Fo − Fc map is contoured in gray at a level of 1 r. The Fo − Fc map is contoured in red at a level of 2.75 r. NADP (gray, blue and
red) and BiGF2 (grey, red, blue and yellow) are shown occupying the CBR1 active site.
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Fig. 2 Structures of the previously reported GSH : formaldehyde
2 : 1 adduct (GF2, (S)-1-((R,Z)-6-(carboxymethylimino)-1,3-oxathian-
5-yl)-7-oxo-1,3-diazepane-4-carboxylic acid)8 and BiGF2 are shown. Pre-
dicted and observed 13C chemical shifts for the formaldehyde-derived
methylenes are indicated.


resonances of 61.3 and 61.9 ppm evident when glutathione and
13C formaldehyde were allowed to react in aqueous solution.8,9


We repeated these conditions and identified the same resonances
(Fig. 2). Because no 13C chemical shift predictions were previously
published for GF2, we carried out calculations on the molecule
using ACD/CNMR DB (Advanced Chemistry Development Inc.
Toronto, ON Canada). The methylene carbon resonances of
GF2 were predicted at 58.2 and 70.5 ppm, vastly different from
those observed. Calculations involving BiGF2, however, predict
resonances of 61.3 and 61.7 ppm (Fig. 2) that closely match the
experimental observations of 61.5 and 62.2 ppm. The previously
reported configurational isomer (GF2) shares the formaldehyde
derived methylene that is linked to the a-amine of Cys and
the a-amine of the c-glutamyl portion of GSH. Interestingly,
this formaldehyde derived methylene has also been suggested to
form from reaction mixtures of S-methyl glutathione and 13C
formaldehyde,8 and is also found in our proposed structure, BiGF2.
The second formaldehyde derived methylene of GF2 was proposed
to be bound between the Sc and O of Cys. We believe the observed
13C resonances are more likely attributable to BiGF2 rather than
GF2 (Fig. 2).


pH Dependence of GSH–formaldehyde adduct formation


In an effort to enrich the contribution of the species responsible
for the 61.5 and 62.2 ppm resonances, and to allow more detailed
structural characterization in solution, we investigated the pH
dependence of the mixture of GSH and formaldehyde by using
13C enriched formaldehyde. Potassium phosphate buffered samples
of glutathione (13.3 mM) containing an 8-fold excess of 13C
paraformaldehyde in D2O were prepared at various pH. Inte-
gration of 13C resonances derived from formaldehyde allowed
an assignment of the contribution of each formaldehyde-derived
compound (Supplementary Fig. S2†). At pH 7.5 and above, only
a species with 13C resonances (61.5 and 62.2 ppm) along with free
13C formaldehyde (83.2 ppm) were detected by 13C NMR (Fig. 3).
Thus, solutions of pH 8.5 were used to further characterize the
structure of the stable adduct between GSH and formaldehyde.


1H and 13C NMR analysis of GSH–formaldehyde mixtures


An aqueous mixture of GSH and formaldehyde was enriched
for the distinct species at pH 8.5. We suggest based on our high
resolution protein crystallography experiments and NMR predic-
tions that this species is BiGF2. Therefore, we set out to assign


Fig. 3 Percent composition by 13C NMR of various GSH–13C formalde-
hyde adducts vs. pH for NMR samples containing an 8-fold excess of
formaldehyde. BiGF2 (-�-, 13C NMR = 61.5 and 62.2 ppm), HMGSH
(-�-, 13C NMR = 66.7 ppm) and an unidentified constituent (-�-, 13C
NMR = 44.1 ppm).


its structure via 2D 1H NMR spectroscopy experiments using
these reaction conditions. NMR samples containing glutathione
and an 8-fold excess of formaldehyde were adjusted to pH 8.5,
in a manner similar to those prepared with 13C formaldehyde. 13C
NMR indicated the presence of 61.5 and 62.2 ppm resonances and
other resonances predicted to be representative of BiGF2 (Supple-
mentary Fig. S3†). 1H NMR spectra (Supplementary Fig. S4†)
also indicated a relatively pure product, and was in accord with
the BiGF2 structure. Assignment of 1H resonances was aided by
COSY spectra (Supplementary Fig. S5†) demonstrating strong
geminal couplings for the formaldehyde derived prochiral protons


Table 2 Spectral assignments for protons of the bicycloundecane moiety
of (2S,7R)-7-(carboxymethylcarbamoyl)-5-oxo-9-thia-1,6-diaza-bicyclo-
[4.4.1]undecane-2-carboxylic acid, BiGF2. Long range W-couplings are
shown as dotted lines


Proton Multiplicity 1H Integration J/Hz d 1H


2 dd 1 3.4, 9.9 3.5
3 m 2 2.1
4(a) ddd 1 4.6, 8.4, 13.7 3.1
4(b) ddd 1 6.9, 9.5, 16.7 2.7
7 dd 1 6.0, 11.8 5.0
8(a) pro-R ddd 1 1.1, 5.9, 15.6 3.5
8(b) pro-S dd 1 11.8, 15.5 3.2
10(a) pro-S d 1 14.1 4.2
10(b) pro-R ddd 1 1.1, 1.1, 14.1 3.9
11(a) pro-R dd 1 1.1, 15.8 5.0
11(b) pro-S d 1 15.8 4.4
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(H10 and H11, Table 2). Significantly different 1H chemical shifts
were observed for these protons, indicating their presence in varied
chemical environments of a rigid scaffold. Chemical shifts of 4.4
and 5.0 ppm were observed for the prochiral protons of the
bridgehead 11-N,N-methylene, and chemical shifts of 3.9 and
4.2 ppm were observed for the 10-N,S-methylene. Additionally,
strong geminal couplings were apparent for the prochiral protons
of the Cys b-carbon (C8) and the Glu c-carbon (C4). It was further
possible to assign the formaldehyde-derived prochiral protons with
the aid of selective decoupling experiments (data not shown).
The pro-R proton of the bridgehead methylene (Table 2, H11(a))
exhibits rather broad lineshape due to a small coupling (1.1 Hz)
to the pro-R proton of the N,S-methylene (H10(b), W-coupling
through nitrogen). This pro-R proton, is also coupled (1.1 Hz) to
the pro-R proton of the cysteinyl methylene (H8(a), W-coupling
through sulfur). Prochiral protons of the Glu c-carbon (C4) were
not differentiated from each other because their assignment would
rely on couplings to protons of the b-glutamyl carbon that have
overlapping chemical shifts. This solution based NMR data is in
accord with the structure of BiGF2 observed in our high resolution
protein crystallography experiments.


Conclusion


Formaldehyde adducts of glutathione have been detected both
in vivo9 and in vitro, and the necessity for organisms to metabolize
formaldehyde generated as an intermediate during catabolism of
xenobiotics is well understood.4 HMGSH formed by reaction of
GSH and formaldehyde is readily catabolized. Other adducts of
GSH and formaldehyde have eluded detailed study because the
products vary in abundance, and have not been isolated in their
pure form. Here we have utilized protein crystallography to inform
the structure of an unusual adduct of GSH and formaldehyde that
has eluded detection.


Recently, groups have demonstrated the utility of protein X-
ray crystallography for the identification of endogenous ligands of
proteins. Short chain dehydrogenase (SDR) enzymes like CBR110


frequently co-crystallize with their nicotinamide cofactors, and
groups have identified inositolhexakis phosphate (IP6) buried
within the enzyme core of crystallized ADAR2, an enzyme
involved RNA editing.13 In addition, techniques of fragment-
based drug discovery11 have demonstrated the ability of low
affinity exogenous ligands to bind in protein crystal structures.
In an effort to discover physiologically relevant conjugates of
glutathione, we utilized protein X-ray crystallography with CBR1,
a protein containing a known glutathione binding site to trap
formaldehyde derived GSH ligands. It was possible to trap the
previously unidentified GSH conjugate, BiGF2, for crystallo-
graphic characterization. In order to perform a detailed structural
characterization and verify the presence of the same compound
in solution, it was necessary to find conditions at which BiGF2 is
stable. We determined that above pH 7.5, BiGF2 was exclusively
present. Thus, the complete NMR characterization of BiGF2 was
carried out.


Glutathione is unique in its ability to sequester two formalde-
hyde equivalents as a relatively stable species. Other thiol contain-
ing molecules including Cys containing proteins may transiently
react with formaldehyde, but only glutathione, by virtue of the Cys
nucleophile and the a-NH2 nucleophile of the c-glutamyl moiety


allow for bi-dentate “chelation” of formaldehyde. Such reactivity
allows for intramolecular cross-linking by formaldehyde, and the
formation of species that are expected to be favoured over those
formed by intermolecular cross-linking reactions. In the absence
of an appropriate dehydrogenase, glutathione, present in cells at up
to 10 mM concentration has the ability to sequester formaldehyde
both by the formation of HMGSH and BiGF2 at physiological
pH. At low formaldehyde concentrations or low pH, HMGSH is
favoured over the less reactive BiGF2, and may be metabolized by
the glutathione-dependant formaldehyde dehydrogenase4 that is
conserved from bacteria to humans.


Materials and methods


Chemical synthesis of S-hydroxymethylglutathione


To a solution of glutathione in water (2 mM, pH 7.0) was added
4 molar equivalents of an aqueous formaldehyde solution (27%
w/w stabilized with 10–15% methanol). The solution was stirred
for 1 h, frozen and lyophilized. The resultant clear solid was
reconstituted in water. NMR analysis in D2O revealed complex
spectra indicative of the formation of a mixture of products as
previously reported.8


Carbonyl reductase assay


Carbonyl reductase activity was determined spectrophotometri-
cally as previously described.10 Briefly, reactions contained 200 lM
NADPH, 200 lM menadione, 50 mM sodium phosphate (pH =
6.8) and hCBR1 (30 nmol). Initial rates were calculated from the
NADPH absorbance decrease (340 nm).


Protein expression and purification


Human carbonyl reductase 1 was overexpressed in E. coli and
purified by affinity chromatography exploiting the endogenous
GSH binding site.10 CBR1 expression was induced at 37 ◦C by the
addition of IPTG to pET-11aCR harbouring E. coli BL21(DE3).
Cells were harvested by centrifugation and resuspended in buffer
A (pH = 7.4) containing 50 mM sodium phosphate, 0.5 mM
EDTA, 150 mM KCl, 0.1 mM DTT, and complete EDTA-free
protease inhibitor (1 tablet per 10 mL, Roche). The suspension
was subject to two passes (50 psi) through a model M-110S Mi-
crofluidizer (Microfluidics Corporation). The effluent was clarified
by centrifugation (25000g, 1 h) and applied to a GSTPrep FF
16/10 column (Amersham) equilibrated with buffer B (pH = 7.4)
containing 50 mM sodium phosphate, 0.5 mM EDTA, 150 mM
KCl, 0.1 mM DTT, and 0.1% NP40. The column was washed with
buffer B (15 column volumes), and the protein was eluted over a 5
column volume gradient to 100% buffer C (pH = 6.8) containing
50 mM sodium phosphate, 0.5 mM EDTA, 0.5 M KCl, 0.1 mM
DTT and 20 mM glutathione. The purified protein solution
was dialyzed for 16 h against buffer D (pH = 6.8) containing
50 mM sodium phosphate, 0.5 mM EDTA, 150 mM KCl and
0.1 mM DTT. The protein was then concentrated using an Amicon
Ultra-15 centrifugal filter device (Millipore) to a concentration
of approximately 10 mg ml−1 (determined spectrophotometrically
using the calculated extinction coefficient of 0.69 (mg ml−1 cm−1


at 280 nm) prior to size exclusion chromatography using a
Superdex G75 16/60 column (Amersham) eluted with buffer
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D. The purified protein was then dialyzed for 16 h against buffer E
(pH = 6.8) containing 30 mM sodium phosphate, 100 mM KCl
and 20 lM DTT. The protein was concentrated as above to a final
concentration of 20 mg ml−1.


Crystallization and data collection


Crystals were obtained by the vapor diffusion method. To the
purified and concentrated protein solution (20 mg mL−1) 10 mM
of NADP and 5 mM of freshly prepared HMGSH were added
and incubated on ice for at least 30 min. Equal volumes of this
protein solution were mixed with a solution containing 17.5%
PEG 3350 and 200 mM LiCl, and equilibrated as sitting drops
over a reservoir of this solution. Large rectangular crystals of the
ternary complex belonged to orthorhombic space group P212121


with cell parameters of a = 54.6 Å, b = 59.9 Å, and c = 88.0 Å
and grew within two weeks. Single crystals were cryo-stabilized
by rapid equilibration in a solution of 11.25% glycerol followed
by flash freezing in a stream of nitrogen. Crystals of the ternary
complex diffracted to 1.4 Å. Complete datasets were collected at
100 K with an ADSC Quantum 4 CCD detector system, using
a wavelength of 1.11587 Å at the Advanced Light Source (ALS,
Berkeley) beam line 8.3.1. The data set was processed and scaled
using the HKL2000 program suite.14


Structure determination and refinement


The structure was solved by molecular replacement with
AMoRe.15 Starting coordinates where taken from human car-
bonyl reductase 1 in complex with NADP and inhibitor
hydroxy-PP (PDB accession code 1WMA).10 Crystallographic
refinement to 1.54 Å and electron density maps calculation
were carried out using Refmac.16 Configuration isomers of S-
hydroxymethylglutathione were constructed and minimized with
the MAB force field available in Moloc.17,18 Model building was
done using Coot.19 Detailed data and refinement statistics are
given in Table 1. Atomic coordinates for the human carbonyl
reductase 1·BiGF2 complex structure have been deposited to the
Protein Data Bank (accession code 2PFG). Figures were produced
using PyMol 2002 (DeLano Scientific, San Carlos, CA, USA).


NMR characterization of BiGF2 in solution


Reduced glutathione (40 mM) was dissolved in D2O containing
150 mM K3PO4 to obtain a solution of pH 8.5. Paraformaldehyde
or 13C labelled paraformaldehyde was dissolved in D2O at 160 mM
concentration. Reactions were prepared by the addition of the
requisite paraformaldehyde solution (0.6 ml) to NMR tubes
each containing 0.3 ml of the glutathione solution. Reactions
were allowed to equilibrate for a minimum of 3 h prior to
data collection. 1H and 13C NMR spectra were recorded on a
Varian Inova-400 spectrophotometer at 399.57 and 100.47 MHz,
respectively. High field 1H and COSY spectra were recorded on
a Varian Inova-600 spectrophotometer at 599.67 MHz. DEPT-
135 data allowed the degree of saturation to be assessed for each
carbon.


1H NMR (599.67 MHz, D2O) d 2.1 (m, 2H), 2.7 (ddd, J = 16.7,
9.5, 6.9 Hz, 1H), 3.1 (ddd, J = 13.7, 8.4, 4.6 Hz, 1H), 3.2 (dd, J =
15.5, 11.8 Hz, 1H), 3.5 (ddd, J = 15.6, 5.9, 1.1 Hz, 1H), 3.5 (dd,


J = 9.9, 3.4 Hz, 1H), 3.7 (s, 2H), 3.9 (ddd, J = 14.1, 1.1, 1.1 Hz,
1H), 4.2 (d, J = 14.1 Hz, 1H), 4.4 (d, J = 15.8 Hz, 1H), 5.0 (dd,
J = 15.8, 1.1 Hz, 1H), 5.0 (dd, J = 11.8, 6.0 Hz, 1H).


13C NMR (100.47 MHz, D2O) d 25.5 (CH2), 34.8 (CH2), 36.0
(CH2), 44.8 (CH2), 61.2 (CH), 61.5 (CH2), 62.2 (CH2), 64.1 (CH),
173.3 (C), 178.0 (C), 179.1 (C), 181.3 (C).


pH Profile of glutathione–formaldehyde adducts


Reduced glutathione (40 mM) was dissolved in D2O containing
150 mM K3PO4. The pH of the solution was adjusted with HCl
to yield solutions of pH 3, 6.5, 7.5, 8.0, and 8.5. 13C formaldehyde
(160 mM) in D2O (0.6 ml) was added to 0.3 ml of each of the
requisite glutathione solutions, and the reactions were allowed
to equilibrate for at least 3 h prior to data collection. 13C NMR
spectra were recorded on a Varian Inova-400 spectrophotometer
at 100.47 MHz. Proportions of each constituent were assessed by
integration.


Acknowledgements


We would like to thank those responsible for beamline 8.3.1 at
the Advanced Light Source at the Lawrence Berkeley National
Laboratory, and Mark Kelly at the UCSF NMR facility for his
assistance. We also thank Haridas Rode for careful review of
the manuscript. This work was supported by an award to KMS
from the Sandler Program for Asthma Research. Daniel Rauh was
supported by funds from the Deutsche Forschungsgemeinschaft.


References


1 J. N. Tinguely and B. Wermuth, Eur. J. Biochem., 1999, 260, 9–14.
2 R. Kaiser, B. Holmquist, B. L. Vallee and H. Jornvall, Biochemistry,


1989, 28, 8432–8438.
3 D. E. Jensen, G. K. Belka and G. C. Du Bois, Biochem. J., 1998, 331(Pt


2), 659–668.
4 L. Liu, A. Hausladen, M. Zeng, L. Que, J. Heitman and J. S. Stamler,


Nature, 2001, 410, 490–494.
5 L. Liu, A. Hausladen, M. Zeng, L. Que, J. Heitman, J. S. Stamler and


D. Steverding, Redox Rep., 2001, 6, 209–210.
6 J. M. Moulis, B. Holmquist and B. L. Vallee, Biochemistry, 1991, 30,


5743–5749.
7 L. G. Que, L. Liu, Y. Yan, G. S. Whitehead, S. H. Gavett, D. A. Schwartz


and J. S. Stamler, Science, 2005, 308, 1618–1621.
8 S. Naylor, R. P. Mason, J. K. Sanders, D. H. Williams and G. Moneti,


Biochem. J., 1988, 249, 573–579.
9 R. P. Mason, J. K. Sanders, A. Crawford and B. K. Hunter, Biochem-


istry, 1986, 25, 4504–4507.
10 M. Tanaka, R. Bateman, D. Rauh, E. Vaisberg, S. Ramachandani, C.


Zhang, K. C. Hansen, A. L. Burlingame, J. K. Trautman, K. M. Shokat
and C. L. Adams, PLoS Biol., 2005, 3, e128.


11 V. L. Nienaber, P. L. Richardson, V. Klighofer, J. J. Bouska, V. L.
Giranda and J. Greer, Nat. Biotechnol., 2000, 18, 1105–1108.


12 P. C. Sanghani, C. L. Stone, B. D. Ray, E. V. Pindel, T. D. Hurley and
W. F. Bosron, Biochemistry, 2000, 39, 10720–10729.


13 M. R. Macbeth, H. L. Schubert, A. P. Vandemark, A. T. Lingam, C. P.
Hill and B. L. Bass, Science, 2005, 309, 1534–1539.


14 Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276A, 307–326.
15 J. Navaza, Acta Crystallogr., Sect. D: Biol. Crystallogr., 2001, 57, 1367–


1372.
16 G. N. Murshudov, A. A. Vagin and E. J. Dodson, Acta Crystallogr.,


Sect. D: Biol. Crystallogr., 1997, 53, 240–255.
17 P. R. Gerber, J. Comput. Aided Mol. Des., 1998, 12, 37–51.
18 P. R. Gerber and K. Muller, J. Comput. Aided Mol. Des., 1995, 9,


251–268.
19 P. Emsley and K. Cowtan, Acta Crystallogr., Sect. D: Biol. Crystallogr.,


2004, 60, 2126–2132.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3363–3367 | 3367








EMERGING AREA www.rsc.org/obc | Organic & Biomolecular Chemistry


Molecularly imprinted polymers (MIPs): sensing, an explosive new
opportunity?


Adam McCluskey,*a Clovia I. Holdswortha and Michael C. Bowyerb


Received 7th June 2007, Accepted 21st August 2007
First published as an Advance Article on the web 10th September 2007
DOI: 10.1039/b708660a


Our group is currently developing in-field detection systems alongside the Australian Federal Police
Forensic Services utilising molecularly imprinted polymers as the recognition elements. This review
looks at MIP synthesis and our perceptions of future directions from an Australian and forensic
perspective.


Introduction


Illicit drugs and explosives detection


Traditional detection of narcotics and explosives (Fig. 1) vapors
relies on the olfactory system of dogs highly trained for such
a purpose. Canine detection, however, suffers from drawbacks
such as the expense associated with the handling and training
of dogs, their narrow attention span and the limited amount
of reliable scientific information obtained.1,2 While some instru-
mental trace level detection methods are commercially available
for use (gas chromatography with chemiluminescence, electron
capture or surface acoustic waves detectors and ion mobility
spectrometers, biosensors), and are continually improving, they
generally suffer from selectivity and sensitivity problems, limited
mobility/tracking ability, a high level of intrusiveness, high rate
of false positive results, short shelf-lives (e.g. immunosensors) and
high cost.1,3,4 These existing technologies also often require expert
training in their use and data analysis, and may be too complex and
specialised to allow a lay jury to fully comprehend the significance
of the data generated.


The development of simple, safe, non-intrusive, rapid, portable,
direct, cost-effective sensing equipment that is more sensitive and
selective for detecting traces of concealed explosives and narcotics
will greatly enhance the ‘dual-tasking’ capability of law enforcers in
controlling security (i.e. protection against threat of terrorism) and
preventing drug trafficking at entrance portals and other domestic
situations such as in buses, trains, buildings. Vapors emitted by
drugs/explosives can still be detected even after they have been
removed from the site of production and/or storage, or from one’s
body or clothing, hence the sensor can potentially be used for
passenger screening, checked and carry-on baggage screening and,
on a larger scale, containers, trucks and cargo.


In the presence of a chemical vapor, a sensing material must
be able to specifically recognise the vapor and elicit a measurable
response (i.e. change in the material’s properties) to the presence
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of the vapor (signal transduction). Most transduction methods
are already well developed but the design of a suitable chemical
recognition element remains a challenge to date. Techniques that
have been widely used to impart recognition to sensing devices
for trace levels of explosives and narcotics are based on the
interactions of the substrate with biological molecules (such as
host–guest and antigen–antibody interactions), which are unstable
and prone to saturation and decomposition.4,5 Over the past
5 years, we have developed considerable expertise in the field
of molecular imprinting and have applied the technology in the
extraction, detection and measurement of flavour contaminants
in wine and some illicit drugs.6–11 Specific recognition sites are
created, based on the interaction of a template molecule (also
the target) with functional monomer(s), around a rigid, robust
synthetic polymer matrix, that are retained upon removal of the
template such that the target can be recognized.


Molecularly imprinted polymers (MIPs)


Simply put, molecularly imprinted polymers (MIPs) are speciality
polymers generated via the interaction of functional monomers,
a target molecule (template) and a cross-linking agent. With
thousands to millions of highly specific template binding pockets,
MIPs, like their biological receptor counterparts, possess the
ability to recognize and bind specific target molecules.12 Unlike
biological receptors, MIPs are incredibly robust, insoluble in most
media and in most cases lack the natural homogeneity of active
sites associated with biological receptors. The population of bind-
ing sites in MIPs, especially those imprinted using non-covalent
monomer–template interactions, is heterogeneous because of the
influence of the equilibria that govern the monomer–template
complex formation and the dynamic of the growing polymer
chains prior to copolymerization.13


The nature and distribution of binding sites are influenced by
the method of MIP synthesis (see below), of which there are
ostensibly two approaches; covalent and non-covalent, which are
shown schematically in Fig. 2.13 With the former, the functional
monomer is covalently attached to the target molecule via a
removable covalent linkage and upon addition of a suitable
cross-linking agent (see below) and an initiator, the MIP is
generated via a variety of polymerization approaches.13 Post-
polymerization template removal requires destruction of the
covalent linker generating a cavity (binding site) that complements
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the size, shape and electronic properties of the template. With
the non-covalent, self-assembly approach, the template, functional
monomer and cross-linking agents are equilibrated to generate a
pre-polymerisation cluster utilizing hydrogen bond interactions,
electrostatic attraction and associated weak interactions. The
mix is then polymerized to generate cavities and the template
is subsequently removed via exhaustive extraction. Methods
of template extraction are not covered herein and the reader
is directed to an excellent work in this area by Sellergren
et al.14


MIP technology has been applied in a myriad areas including,
but not limited to, separation and isolation,12 antibody and recep-
tor mimics,15,16 and biosensor style devices.15 Their shelf stability,
robustness and reusability mean that they are highly usable and
flexible. The variety of molecules ‘imprinted’ is impressive in both
breadth of template and also diversity, highlighting the utility of
MIPs. The general MIP area has been extensively reviewed over
the past decade,12,15–17 and in this emerging area article we will focus
on new developments, in particular those that we anticipate will
have an impact on the forensic community as this is our primary
interest.


Synthetic approaches to MIPs


MIPs are required to be highly flexible polymers to facilitate
a fast equilibrium between release and uptake of the template;
however, they also should be rigid enough to maintain the integrity
of the original cavity after covalent linker cleavage or template
extraction, as well as possessing high thermal and mechanical
stability.17 These two properties are somewhat contradictory,
hence the optimisation of MIP structures and properties has
the propensity to become quite complex. Previously, a pseudo-
haphazard or shotgun approach, had developed into a highly
refined rationale process. The application of molecular modelling
and NMR titration (MM-NMR) approaches dominates and
vastly simplifies the design of MIP generation. It is the physical
process of MIP synthesis that imparts key properties associated
with the physical characteristics of MIPs, with control of particle
size, porosity, swelling capability, etc., all determined by the
appropriate methodology choice. Synthetic approaches to MIPs
fall into four main categories.13


Bulk—a simple, rapid approach with low solvent (porogen)
requirements and an associated low template concentration during
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Fig. 1 Chemical structures of selected illicit drugs and explosives. (1)
Trinitrotoluene (TNT); (2) nitroglycerine; (3) pentaerythritol tetranitrate
(PETN); (4) cyclotrimethylene triamine (RDX); (5) cyclotetramethylene
tetranitramine (HMX); (6) triacetone triperoxide (TATP); (7) metham-
phetamine; (8) methylenedioxmethamphetamine (MDMA, ecstasy); (9)
cocaine; (10) heroin; (11) c-butyrolactone; and (12) D9-tetrahydro-
cannabinol.


the polymerisation process. Typically, a free radical approach with
no attempt to control the particle size or polymer morphology.
The major disadvantage is the synthesis of polymer monoliths
that require considerable post-synthesis manipulation (grinding
and sieving) with the potential to remove valuable cavities, and
ultimately results in lower yields of usable MIP.13


Precipitation/emulsion—a simple but more time consuming
approach utilising higher porogen volumes in which the MIP
grows slowly until it precipitates from the reaction solution.
This approach typically affords MIPs with higher selectivities,
higher yields of usable material and more defined and controllable
particle size. The major disadvantage is the need for increased
porogen volume, an increased amount of template and longer
reaction times.13 However, we have recently shown that selected


examples of room temperature ionic liquids (RTILs) facilitate
the rapid development of well-defined particles from low porogen
volumes and reaction times. Thus RTILs may offset some, if not
all, the disadvantages associated with this approach.10


Electrodeposition—is directly related to the generation of MIP
films. Electrodeposition yields high surface area, uniform coverage
of the chosen surface and overcomes problems such as back
pressure build-up encountered in chromatography through the use
of smaller particles (<10 lm) generated by bulk or precipitation
methods. The use of conductive species such as polypyrroles
makes electrodeposition a particularly attractive proposition for
biosensing applications.18


Molecularly imprinted polymer films (MIPfs)—a post-
polymerisation imprinting technique involving the rapid solidifica-
tion of a polymer from its solution after imprinting.15 MIPfs do not
require a cross-linker, but rather a co-monomer to impart rigidity
and display fairly rough morphologies, which have been reported
to provide some of the best binding results. MIPfs allow direct and
rapid target detection using simple and portable instrumentation
such as a FTIR.19


A typical MIP recipe comprises the following four ingredients:
(1) the template (Fig. 1); (2) the functional monomer(s) (Fig. 3);
(3) the cross-linking agent (Fig. 4), and (4) the porogen (poly-
merisation solvent); in principle a simple cocktail, but in reality
a myriad possible combinations may be generated with a variety
of possible outcomes in terms of MIP specificity and efficiency.
The MM-NMR approach has introduced a degree of rationale
synthesis to the field. However, even with application of a MM-
NMR strategy, there are still multiple issues that require evaluation
with the interplay of (1)–(4) pivotal in determining the outcome
of the MIP synthesis.13


Effect of cross-linker


Conventional MIP recipes have the cross-linking agent as the
major component of the pre-polymerisation mixture with 1 :
4 : 20 (template–functional monomer–cross-linker) a typical
arrangement. Importantly, selectivity rises significantly if the
cross-linker comprises >50% of the pre-polymerisation mixture.
Traditional cross-linkers in this field include EGDMA (CL5, ethy-
lene glycoldimethylacrylate), TRIM (CL22, trimethylolpropane
trimethacrylate) and divinylbenzene (CL4), with the latter gen-
erating non-hydrolysable linkages, but with reduced selectivity.20


Recent work, by Spivak et al. in particular, has explored the
development of novel bismethacryloylethanolamine (so-called
NOBE) cross-linking agents. Capable of hydrogen bonding to the
template, NOBE cross-linkers eliminate the need for a functional
monomer to be included in the pre-polymer mix.21,22


The binding site interaction between the template and the func-
tional groups in the formed polymer must also be considered, as
the template makes defined interactions with both the functional
monomer and the cross-linker at the pre-polymerisation stage of
MIP synthesis. It has recently been shown that the template can
have a profound effect on MIP morphology, and consequently
impacts on sensitivity and selectivity.10,11 MIP selectivity depends
both on the orientation of the functional groups inside the cavities
and the shape of the cavities, with the former being the dominant
factor.7,8,23 Greater selectivity is achieved if the template binds
in a ≥2 point binding mode, i.e. the higher the number of
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Fig. 2 Self-assembly and covalent approaches to the synthesis of MIPs.


binding interactions within a cavity that are complementary to
the template, the greater the observed selectivity. With single point
binding, association constants are low (∼10), but rise rapidly
on accessing additional binding points (>100). Removal of the
template from the cavity results in solvation and the cavity swells.
This facilitates easy access for the template to re-bind, at which
point the cavity shrinks, giving an induced fit.12 This does not hold
in all instances. Porogenic RTILs can give rise to MIPs with no
observable swelling, but with high sensitivity and selectivity.10,11


Computational approaches to MIP design


Recent MIP development has been primarily due to the applica-
tion of computational approaches. The general acceptance of the
MM-NMR approach allows for a logical filtering of the number of
systems physically synthesised and evaluated. Numerous groups
have their own approach, from the reductionistic low level AM1-
NMR approach favoured by our laboratory to the more complex


high levels of theory calculations that deliver more accurate
complex geometries, but not necessarily more selective MIPs.6–11,13


Nevertheless, all such approaches have their place in the MIP
community, and have allowed an explosion in the synthesis of
specific MIPs.24 However, we are aware of no approach allowing
prediction of polymer properties, or, of arguably greater interest,
the impact of the template on polymer morphology. We believe
that resolution of this will have an immense impact on this
field, especially in the design of propriety materials for sensing
applications. This and the impact of designer RTILs have the
potential to change the MIP landscape.


We are now in the position of being able to conduct a series of
in silico studies to determine the best possible interaction between
the template and the functional monomer. Given the advent of
computational approaches, it is somewhat surprising that few in
the MIP community, our group included, have embraced the full
potential of the computational approach by de novo design of novel
functional monomers.13 While the use of commercially available
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Fig. 3 Some common functional monomer units used in MIP synthesis. FM1 1-vinylimidazole; FM2 4-vinylpyridine; FM3 2-vinylpyridine;
FM4 styrene; FM5 acrolein; FM6 acrylamide; FM7 acrylic acid; FM8 methacrylic acid; FM9 acrylamido-2-methyl-1-propanesulfonic acid; FM10
2-hydroxyethylmethacrylate; FM11 itaconic acid; FM12 N,N-diethylaminoethyl methacrylate; FM13 urocanic acid; FM14 urocanic acid ethyl ester;
FM15 acrylonitrile; FM16 allylamine.


monomers is normally adequate, sometimes it is seen as advan-
tageous to prepare monomers that specifically target structural
features of the template. In particular, multiple hydrogen bonding
regimes can enhance association constants and hopefully lead to
more selective recognition sites. Tanabe et al.25 prepared 2,6-bis-
acrylamidopyridine as a complement to the cyclic imide function-
ality of the barbiturates. The related 2-(meth)acrylamidopyridines
have also been prepared as complements to carboxylic acids.21,26


Spivak and Shea also prepared a monomer based on the nucleotide
base adenine as a complement to carboxylic acids.21 In a recent
example, Hall et al. designed and synthesised a polymerizable bis-
urea monomer.27 One could argue that it is only Spivak’s group
that has shown any significant progress in this area with the
development of OMNI MIPs. Spivak’s development of NOBE
based OMNI MIPs, where the role of functional monomer and
cross-linker are integrated (see the way forward), represents one of
the few attempts to take MIP design in radically new directions.21,22


Synthesis of MIP films


The combination of MIPs and FTIR spectrometry might allow
analytical problems to be addressed where the selectivity of the
MIP alone is not sufficient, e.g., when samples with complex
matrices are to be investigated or when structurally very similar
analytes are present in the sample.19


MIP films are essentially two-dimensional MIPs, holding con-
siderable promise in forensic applications,24,28 synthesised from
specifically designed monomer–solvent combinations,29 or by
imprinting protocols based on pre-formed polymer chains,
e.g. poly(methacrylic acid-co-ethylene glycol dimethylacrylate),
poly(methacrylic acid-co-acrylonitrile).30 Interestingly, there have


been recent reports of MIP films exhibiting recognition properties
under aqueous conditions, an area where MIPs are deficient.30


The composition of the co-polymer is a compromise between
imprinting (methacrylic acid) and an ability to maintain a rigid
structure (ethylene glycol dimethylacrylate and acrylonitrile), but
a significant advantage is the preparation of reproducible thin films
(assumes solvents are compatible with spin casting approaches).
Alternatively, it is possible to develop quality films via immersion
in a non-solvent (a coagulation approach).15,31 We have utilized this
approach in the synthesis of MIP films exhibiting selectivity for
ephedrine, heroin, cocaine and other substances of interest to the
forensic community.19 Selectivity is easily determined by FTIR.15


MIP films can be modified post imprinting. Additional binding
sites can be introduced by covalent imprinting using disulfide
linkages and subsequent cleavage and oxidation to a non-covalent
sulfoxide/sulfonic acid recognition groups.13 In this manner,
not only molecular recognition but also catalytic and signaling
functionality can be easily introduced into the synthetic polymers,
using appropriately designed template molecules. It is a small step
to envisage post-imprinting modifications incorporating improved
functionality in aqueous environments and subsequent integration
of reporter devices either via the generation of a colour change or
an electrical signal allowing in situ signal generation. However,
we are not yet aware of such reports. Importantly, the thin film
facilitates mass transfer, critical to rapid signal generation and
analysis.


To permit real-time analysis, it is imperative that the analyte
can rapidly diffuse to the MIP cavity; given the two-dimensional
nature of MIP films, this is an area in which they excel. Films
have been allied with surface plasmon resonance as an alternative
approach to signal generation with the incorporation of Au,
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Fig. 4 A variety of cross-linking agents used in MIP synthesis. CL1 1,3-diisopropenylbenzene; CL2 2-methacrylic acid 3-methyl-2-oxobut-3-enyl
ester; CL3 2,7-dimethylocta-1,7-diene-3,6-dione; CL4 (1,2; 1,3 and 1,4)-divinylbenzenes; CL5 ethylene glycol dimethylacrylate (EGDMA);
CL6 tri(ethyleneglycol) dimethylacrylate; CL7 N,N ′-methylenebisacrylamide; CL8 N,N ′-bis(acryloyl)cystamine; CL9 2-(methacryloylamino)ethyl
2-methyl acrylate; CL10 N,N ′-methylenebisacrylamide; CL11 2-methyl-N-(3-methyl-2-oxo-3-butenyl)-2-propenamide ; CL12 glycerol diacetate; CL13
N,O-bis-acryloyl-L-phenylalaninol; CL14 N,O-bis-methacryloyl-L-serine; CL15 N,a-bis-methacryloyl-L-aspartic acid; CL16 diacryloyl piperazine; CL17
2,6-bis-acrylamidopyridine; CL18 1,4-phenylene-bis-acrylamide; CL19 bisphenol A dimethylacrylate; CL20 3,5-bis-acrylamidobenzoic acid; CL21
pentaerythritol triacrylate (PETRA); CL22 trimethylolpropane trimethacrylate (TRIM); CL23 pentaerythritol tetraacrylate; CL24 1,4-butanediol
dimethylacrylate.


Ag or Pt nanoparticles.32 The intensity and position of the
surface plasmon resonance absorption bands are characteristic
of the types of metal, nanoparticle size, shape and distribution
as well as being highly sensitive to changes in local environ-
ments. Sensitivity can be further enhanced by attaching gold


nanoparticles onto the terminal end of the attached molecules.33


Immobilised gold nanoparticles have the potential to become a
novel chemosensor, promoting a specific chemical reaction and
converting the chemical event to useful signals such as electronic
or spectroscopic signals. Au–nanoparticle–MIP composites have
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demonstrated selective colorimetric detection of templates. Ideally,
Au nanoparticles should be ∼5–20 nm in diameter with a
narrow size distribution allowing for a sharp response. In these
circumstances, sensors can exhibit rapid response (6–10 min) and
low detection limits ∼5 nM.34


Miscellaneous methods


Also noteworthy, and of relevance for sensor technology, is
the templating of self-assembled monolayers (SAM),12,15,28 which
can be regarded as two-dimensional molecular imprinting. For
example, when a SAM of alkane thiols is formed on a gold
surface, the presence of a foreign molecule results in a hole in
the SAM, which is complementary in size with the guest molecule,
thus forming a binding site. The main drawback of this type of
imprinting is the lack of stability of a non-cross-linked film, with a
high probability of recognition site collapse on template removal.


The combination of multiple synthesis approaches and the MM-
NMR design stratagem allow for a rapid response to emerging tar-
gets and threats, e.g. new illicit drugs and chemical warfare agents.35


The approaches thus far do not account for device integration.


Approaches for integration of MIPs into signalling
devices


General detection principles


The first reported integrated MIP-based sensor was a capacitance
sensor comprising a field effect capacitor containing a thin
phenylalanine anilide-imprinted polymer membrane.12,15 Other
early MIP-based sensing developments include ellipsometric,
changes in the electrical streaming potential over an HPLC column
packed with a MIP, or permeability studies of imprinted polymer
membranes, which have been reviewed previously and are beyond
the scope of this article, with our focus on the development of
simple devices with forensic applications.12,13,15


Generally, electrical devices offer potential advantages of low
cost, small size, the possibility of achieving low detection limits
and ease of automation. As with any sensor, the integration of
the recognition element with the transduction element is crucial.
Table 1 summarises the methodologies that have been used in
the development of MIP-based electrochemical sensors to detect
materials that may be, or are, of forensic interest.18


Voltammetric/electrochemical MIP sensors


Voltammetric/electrochemical MIP sensors come in various
configurations that offer the possibility of controlling electrode
characteristics such as hydrophobic/hydrophilic character, perme-
ability and film thickness, all of which are essential for obtaining
(and maintaining) good sensor performance.


A key technical challenge in the development of widespread
cheap MIP-based sensors is in achieving an appropriate interface
between the recognition element (MIP) and the reporter circuit
(transducer). In most cases, the MIP has to be brought into
close contact with the transducer surface. An obvious approach
would be to generate the MIP in situ at or on the transducer
surface or actually incorporate the MIP into the surface itself
(a self assembled monolayer).12,15,18 In situ approaches exist with


electropolymerisation on conducting surfaces such as gold, but
this demands specialized polymer recipes. These are less well
understood than the traditional MIP recipes comprising acrylic
and vinylic monomers.


At their simplest, films have been generated via electropolymeri-
sation at the electrode surface; casting of polymeric membranes by
drop casting of a solution of pre-formed polymer (e.g. polyphosp-
hazene) and template in a low boiling point solvent at the electrode
surface;18 preparation of a composite membrane containing
conductive materials (graphite or carbon black), typically in an
acrylate based MIP of small particle size and PVC as a binder; and,
by in situ polymerisation of a thin layer of acrylate MIP deposited
on the electrode surface by spin coating. Film thickness can be
varied by the addition of varying concentrations of the monomer
added or the concentration of the pre-formed polymer solution.
The porosity and permeability of the film can be controlled by
adjusting the concentration of polymer and template in the casting
solution. Similar films have been used ∼25 times with no loss of
signal or sensitivity.18 A great advantage of these procedures is
that the preparation of modified electrodes, for example, from
a polyphosphazene solution is very simple and similar design
has been used to develop a voltammetric sensor by means of
single-use screen printed electrodes, although fraught with poor
response times. Overoxidised polypyrrole grown on glassy carbon
electrodes provides excellent outcomes and electropolymerisation
of polyprotoporphyrin yields nitrobenzene sensors with obvious
forensic applications.18 Capacitive detection has been employed in
conjunction with imprinted electropolymerized polyphenol layers
on gold electrodes.


Future directions—the way forward


The challenge for the next generation MIPs will be in the delivery
of robust materials with low detection limits and rapid response
rates. The ideal MIP will be low-cost and easily incorporated into
a signalling device and, with the current focus on intelligence
driven policing and the requirement to protect our borders,
these devices will also report remotely ‘back to base’ through
incorporation into the existing telecommunications grid. Classical
MIP formulations utilising acrylate and vinyl monomers currently
cope with almost all MIP requirements, and are still undergoing
development albeit slowly, other materials are gaining favour.
Polyphenols, polyurethanes, etc., being better suited to a given
application or being easier to synthesise in the desired format are of
increased prominance in the MIP literature.17 However, improved
monomer–template interactions is only part of the equation for
the next generation of ‘smart MIPs’. In this section, we attempt to
highlight some of the budding innovations that we feel will have
a significant impact on the rapid development of smart MIPs,
especially with regard to signalling and forensic applications. The
big question is how do we achieve this?


Optical sensing MIPs


The ideal MIP is one that will specifically and quantitatively
‘self-indicate’ receptor site occupancy, thereby indicating the
concentration of analyte present—a ‘smart MIP’ in a manner
conducive to device integration. To this end, there has been
considerable interest in introducing fluorescent or luminescent
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Table 1 Electrochemical MIP recognition approaches of potential forensic interest. (Adapted from ref. 18.)


Monomers Transduction/substrate Forensic interest


MAA–EGDMAa Amperometry/Pt Used for the detection of morphine—adaptable to the detection of opiates in
general. Detection range: 0.1–10 mg ml−1.


4-VP–EGDMA DPV/screen printed
electrodes


Screen printing approach to the generation of electrode materials—rapid and cost
effective method of sensor generation. Generates thin reproducible films
(1–1000 lM).


Styrene–DVB (19 : 1) CV, DPV, screen printed Single use sensors with no potential of target carry over. Detection range: 0.1–1 mM.
MAA–EDGMA ISFET/silicon wafer ISFET allows for signal amplification. Incorporation of corresponding NIP would


potentially allow automatic subtraction of non-specific binding.
DMF MAA + DEAEM + OUA
(DMF, chloroform)


Conductometric Trivial synthesis–monomer mixture poured between two quartz plates, MIP
generated in situ and yields a thin (60–120 lM), flexible and stable material.
Excellent reproducibility RSD < 5% and rapid signal response (6–10 min),
approaching real time. Excellent detection limits: 5–100 nM.


MAA–EDMA CV/ITO Used in the detection of theophyline, possible adaptations to illicit drugs. The use of
ITO and report of gate effects as first step in generating a field effect transistor device
for signal amplification.


(1 : 4.5) DMF AMPS–MBA
(1 : 2) H2O


Capacitance/Au coated
with SAM of
hexadecanethiol


Ultra thin layer generation—capable of rapid target diffusion to signal transducer.
Excellent response time (5 min) approaching real time. However poor detection limit
for original template, creatine (1–7 mM).


AMPS–MBA (1 : 2) H2O Capacitance/Au coated
with SAM of
hexadecanethiol


Reversible, reproducible (RSD 10%) sensor response over a 6 month window.
Excellent shelf life. Wide, but poor operational detection range (10–600 mM).


MAA–EDGMA DPV/glassy carbon Outstanding response time (2 min).
Pyrrole (overoxidised) CV/glassy carbon Ease at which ultra thin films (0.16 nM) can be formed and the potential wide and


low concentration detection window (50 lM–0.5 M).
Monolayer (hexadecylmercaptane) Cv/Au Good reproducibility (RSD < 5% with 3 sensors). Excellent response time (5 min)


approaching real time. Low limit of detection (15–60 lM).
Monolayer (hexanethiol,
dodecanethiol)


Capacitance/Au Simplicity of approach—mix and spread with a spreader bar approach to avoid
distortion of the two-component monolayer.


Monolayer (several thiols) SiO2


sol-gel
CV (and QCM)/Au;
CV/glassy carbon


Photochemical imprint in two-component monolayer. Effect of chain length of the
thiols in the template release. Selectivity study; drop cast (450 nM film thickness).
Permeability studies with template in the medium. Used for the detection of
dopamine—easy transition to amphetamine type substances.


TiO2 sol-gel ISFET/SiO2 ISFET allows for signal amplification. Incorporation of corresponding NIP would
potentially allow automatic subtraction of non-specific binding. Drop coat on the
gate; 5 min equilibrium time.


TiO2 sol-gel ISFET/Al2O3 Thickness 85 ± 10 lM.
Preformed polymer
(polyphosphazene–THF solution)


CV, DPV/glassy carbon Drop coating evaporations; 25 use electrode; fast response time. Low limits of
detection (0.25–6.6 lM).


a MAA (methacrylic acid); EGDMA (ethylene glycol dimethylacrylate); 4-VP (4-vinylpyridine); DPV (differential pulsed voltammetry); DVB (divinyl
benzene); CV (cyclic voltammetry); ISFET (ion-selective field-effect transistor); DMF (dimethylformamide); DEAEM (diethylaminoethyl acrylate); OUA
(oligourethane acrylate); ITO (indium tin oxide); AMPS (2-acrylamido-2-methyl-1-propane sulfonic acid); MBA (N,N ′-methylenediacrylamide); THF
(tetrahydrofuran).


groups into imprinted polymers. Multiple approaches are valid,
including incorporation of a fluorescent monomer such as trans-
4-[p-(N,N dimethylamino)styryl]-N-vinylbenzylpyridinium chlo-
ride, in a fluorescent cAMP sensor; a competition approach
with the incorporation of an efficient fluorescence quencher (p-
nitrobenzaldehyde) in a L-tryptophan sensor; to develop a sensor
for L-tryptophan. A number of other fluorescent monomers
have been prepared and successfully used to prepare fluorescent
reporter MIPs.37 The idea is that analyte binding will alter the mi-
croenvironment (polarity, pH) in the vicinity of the fluoro/lumino-
phore, and hence alter the optical properties.14,37–40 This may
lead to quenching, enhancement, energy transfer etc. Although
fluoresence is intrinsically more sensitive than UV–Vis, the latter
has been successfully applied in the detection of lM to mM
concentrations of a variety of templates.40


Quartz crystal microbalance/mass sensing


The combination of a quartz crystal microbalance (QCMB) and
a specific MIP is a forensically compelling one, a mass change of
as little as 1 ng (in a 10 MHz resonating system) will give rise


to a 1 Hz frequency change. Thus, a QCMB coated with a MIP
permits analyte detection with a high degree of specificity.36 Whilst
there is the issue of non-specific binding to consider, Dickert et al.
have extensively exploited this combination, especially with cross-
linked urethanes giving rise to a series of systems specific for poorly
functionalized templates, e.g. tetrahydrofuran and chloroform.
Dickert’s group further extended their studies utilizing in selective
polyaromatic hydrocarbon MIP layers on to QCMB surfaces.40,41


In this latter instance, cross-linked polyurethanes were used to pre-
pare chrysene and anthracene imprinted polymers. More recently,
Bunte et al. have reported a QCM-based detector for TNT.42


Similar mass sensitive detection techniques based on the
more sensitive Love wave approach have also been developed,
especially in the area of therapeutically relevant templates—
caffeine, epinephrine, pyrimethamine, phenobarbital and
trimethoprin.36


Enhancing site accessibility


Poor diffusion kinetics for ingress and egress of templates presents
a significant problem for most MIPs. This situation is exacerbated
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if the MIP is used in a displacement type assay format where a
competition is set up between the free analyte and a tagged analyte.
Obviously this situation would be greatly improved if the receptor
site could be localised at or near the surface of the MIP. Several
approaches to achieve this have been investigated.


Yilmaz et. al. specifically imprinted the surface of immobilised
templates covalently bonded to the surface of porous silica.43


The monomer–solvent mixture was polymerised in the silica pore
network around the templates and the silica network was etched
away with HF. The very harsh conditions necessitated the use of
DVB as cross-linker, but the approach had the advantage that the
resulting receptor sites were at the surface of the polymer and
should therefore have very good accessibility. Similarly, Titirici
et al. in situ imprinted surface confined sites on a silica support.44


While the surface confined sites were indeed more accessible
to larger templates than those of the equivalent conventionally
prepared bulk MIPs, the latter exhibited a greater selectivity for
the template than the surface imprints.


A much simpler approach is the grafting of a very thin layer
of MIP onto a preformed support. This might be a porous
polymer, a silica particle, a porous polymer membrane, a surface
such as an electrode or microtitre plate well or a nanoparticle.
Although there are numerous examples of such grafted MIPs in
the literature, there is little in the way of demonstrations that they
really deliver enhanced binding kinetics or accessibility by direct
comparison with a conventional particle. This, along with the
supposition that the template could be more effectively extracted,
leading to reduced or eliminated template leaching, remains to be
demonstrated experimentally.


Computer modelling of mixed/de novo functional
monomer–template interactions


The use of computational methods to select a functional
monomer(s) from a virtual library of compounds to maximise
interactions with a given target has assumed increased promi-
nence in MIP synthesis. Chianella and co-workers designed a
MIP specifically for the cyanobacterial toxin microcystin-LR.45


The monomers selected, acrylamidopropanesulfonic acid and
imidazole-4-acrylic acid ethyl ester, were copolymerized with
EGDMA as the cross-linker in the presence of the template. The
MIP had an affinity 3 times higher for the template than did
the MIP made from the standard methacrylic acid-co-EGDMA
polymer. New monomers are constantly being added to the
repertoire.


NOBE MIPs


Cross-linkers constitute ∼80–90% of MIP recipes, but are essen-
tially ignored during the initial pre-polymerisation complex design
phase. The vast majority (arguably all) of studies examine the
10–20% of the recipe that comprises the functional monomer–
template interaction and this is where the emphasis on develop-
ment is lain. However, Wulff noted that increased enantioselec-
tivity (for a chiral template) could be achieved by employing a
smaller cross-linker (CL5), EDGMA vs. BDMA (CL24).12 (Cross-
linker) size matters. It is often overlooked that the template and
functional monomer are of similar size. Consequently, it is the
cross-linker that ultimately determines the spatial arrangement,


resolution and number of specific cavities generated. Presumably,
the effect noted by Wulff represents a better ‘induced fit’ with
the smaller EDGMA. With this in mind, it is apparent that small
improvements in the 80–90% has the potential to have a more
significant impact on MIP performance than a major improvement
in the 10–20%. We should take a page from nature’s design
handbook and recognise that the near-perfect active site–ligand
interactions in these systems are not solely a function of active site
residues, but of the overall polymer architecture.


Spivak’s dual function cross-linker—the NOBE MIP ap-
proach—has embraced this concept. Spivak’s data clearly shows
that this is a highly feasible and indeed desirable approach with
simpler MIP recipes, comparable, if not better, selectivities and
overall better performing MIPs, although we have not seen reports
relating to materials of forensic interest.21,22 A number of key points
have arisen from this work: studies revealed that the improved
performance of cross-linker/monomers such as CL5 (Fig. 4) was
due to: the cross-linking nature of this monomer; control of
conformational flexibility; and a strong influence of monomer
chirality on enantioselectivity in MIPs. The NOBE MIPs work
well with O containing targets but show no improvement for N
containing systems—presumably a reflection of the lesser amounts
of H bonding. The key difference in architecture cf. proteins is the
wider array of interactions—particularly S–S.


The other factor appears to be proximity of the pendant
carboxylate group with respect to the cross-linker backbone. From
a design point of view, it appears that providing closer proximity of
the pendant functional group to the cross-linking group improves
selectivity, again due to reduction of the conformational flexibility
of the pendant group. The effects of binding group flexibility have
been shown to take an active role in the imprinting process by Wulff
and co-workers, who examined the influence of conformational
flexibility of functional monomers on selective behaviour by MIPs.
In this study, it was determined that decreasing binding group
flexibility resulted in greater selectivity; however, if the binding
group became too rigid, specificity was diminished.12


It also appears that diastereomeric complexes “imprint” dif-
ferently from complexes formed via nonstereogenic monomers—
a match/mis-match pairing. Preferential imprinting of one di-
astereomeric complex could occur from a more distinguishable
geometry (e.g., twisted versus spherical), or by a complex having
physical properties more compatible with the polymer (e.g., a
more hydrophobic complex for the hydrophobic polymer). This
observation indicates that diastereomeric complexation effects
can dominate any improvements to selectivity by the use of a
cross-linking functional monomer. However, more studies will
be needed to determine whether the origins of this effect are to
be found in the solution-phase pre-polymer complex or the final
polymeric binding site. The degree of cross-linking is maximized
without imposing restrictions on functional group concentrations.
Covalent tethering of the functional group to the binding site
matrix reduces conformational entropy that would otherwise
interfere with specific binding.


Room temperature ionic liquids


We have a long-standing interest in the synthesis and appli-
cability of RTILs in organic chemistry.10,11,46,47 Fascinated by
their apparently tunable and unique solvating properties,48,49 we
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were the first group to report MIP generation in RTILs.10,11


Interestingly, in our original report we noted considerable rate
enhancements, a known phenomenon in RTIL-mediated free
radical polymerisations, however, we also observed a greater
degree of control over particle size (in specific cases) and also an
increase in imprinting values.10,48,49 Commensurate with this was a
reduction in time required to achieve optimal binding. Subsequent
studies have indicated the nature of imprinting template and choice
of RTIL have a pronounced effect on all MIP properties, from
initial synthesis to performance and usability.11 Other interesting
features include no observable swelling if the RTIL is used as
the rebinding porogen, suggesting an increase in specific surface
binding interactions, which partly explains the reduced time
required to optimal binding. It is also possible that this is due
to an increased number of surface located specific cavities.10,11


Given that current literature indicates that rapid mass trans-
port/analyte diffusion is the key to fast response times and
reproducible sensors, if these initial RTIL results are translatable
to existing ultra rapid sensing MIPs (see Table 1), there is the
tantalising possibility of further sensing enhancements to real-
time measurement. However, as with all new MIP areas, there
is insufficient literature to accurately predict the future. RTILs
are fraught with issues: they are not amenable to spin casting,
hence the synthesis of MIP films will be problematic. However,
Rogers et al. have reported an elegantly simple methodology
for synthesis of cellulose films from [bmim][Cl].50 The factors
required for a specific RTIL to deliver the required properties
are unknown, largely research and development is via a ‘suck
and see’, reminiscent of the MIP field a decade ago. In the RTIL
field, perceived difficulties are a euphemism for the next challenge
leading to a greater understanding of these remarkable species.


Sensor arrays—do we need absolute specificity?


An eight channel MIP sensor array was prepared that was able
to differentiate seven different aryl amine analytes, including
diastereomers with 94% accuracy (Fig. 5).51 MIPs have been shown
to be easily tailored with selectivity for a wide range of analytes
and demonstrate high thermal and chemical stabilities. They are
also notable for being quickly and inexpensively generated from a
common polymer matrix, and thus MIPs appear to be well suited
for use in a sensor array format.


Combining multiple sensors together can compensate for any
of the limitations in binding of MIPs such as high levels of cross
reactivity and low overall affinities. In the array, individual sensors
may show high levels of cross reactivity and poor selectivity but as
long as the signal from one or more sensors in the array is different
then a unique pattern or ‘fingerprint’ will be generated for each
analyte.


Clearly a sensor array such as the above is feasible for the
detection of a variety of simple amphetamines, and the corre-
sponding sensor array could be developed for the more insidious
methylenedioxamphetamine-type substance. Such sensor arrays
will not be limited to the simple detection of amphetamine-
type substances, or opiates, but rather have a direct application
in intelligence-driven policing on drug detection. Incorporation
of multiple sensing elements also offers the potential to iden-
tify the synthetic route in the case of ATS and geographic
region of origin with opiates based on the known route spe-


Fig. 5 13 (±)-Propanolol, 14 benzylamine, 15 (+)-pseudoephedrine, 16
(−)-ephedrine, 17 a-methylbenzylamine, 18 R-(−)-2-phenylglycinol and 19
2-(dimethylaminoethyl)-3-hydroxypyridine.


cific/geographical origin markers. For example, cis- and trans-
1,2-dimethyl-3-phenylaziridines (20) (Fig. 6) can be considered
marker compounds as their formation during methamphetamine
synthesis is specifically related to ephedrine/pseudoephedrine. It
is proposed that during the synthetic reaction the intermediate
haloephedrine (iodoephedrine or chloroephedrine) undergoes a
ring closure to produce both the cis and trans aziridines.52 We
have shown that the presence of oripavine-derived products 21–24
(Fig. 6) are characteristic of Tasmanian derived heroin.53 Hence
the identification of these compounds in a sensor array indicates
a synthetic route in the former and geographic origin in the latter
case. Both these outcomes are of significance to law enforcement
agencies and can, in principle, be simply achieved by the use of
sensing MIPs.


The strength of this approach is not relying on a single
signal, but rather a MIP fingerprint for illicit drugs; again we
believe that this is also applicable to remote sensing of both
illicit drugs and explosives. Transducers based on, for example,
electrochemical, capacitance, quartz crystal microbalance, or
optical detection allow for the preparation of array structures
containing several MIPs with different specificities. Consequently,
the appearance of microprocessor-controlled multisensing devices
that detect multiple analytes simultaneously and that allow for
pattern recognition are no longer in the realm of science fiction
and we foresee the development of multimodal systems detecting
substances of interest, such as those highlighted in Fig. 1, as a
logical development of this field.


Conclusions


We have sought to address a number of developing issues in this
review, from Spivak’s NOBE MIPs to RTILs, to sensor arrays and
beyond. We have deliberately not discussed direct incorporation of
MIPs into devices as this is beyond our experience and capability,
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Fig. 6 Potential target templates for intelligence-driven policing
in the fight against drugs: 20 cis- and trans-1,2-dimethyl-3-phenyl-
aziridine; 21 3-acetyl-N-acetyldesthebaine; 22 3-acetyl-6-methoxy-4,5-
epoxyphenanthrene; 23 3,4-diacetyl-6-methoxyphenathrene; 24 3,4-di-
acetyl-6-methoxy-5-[2-(N-methylacetamido)]ethylphenanthrene.


but do highlight some potential approaches. In the ideal world
such incorporation would be trivial, however, there are complex
fabrication issues remaining unresolved—how do we link MIPs
and NIPs electronically to generate a real-time signal and how
is this interfaced into a chemometric signature relevant to the
forensic community? Whilst we have made significant advances in
ease of generation, design and control of particle size, the seem-
ingly simpler issues of ensuring batch-to-batch reproducibility of
MIPs, still eludes us. Hence in a forensic arena, low-cost single use
MIP-based sensors is the logical way forward. Forensically, the
ultimate ‘smart MIP’ will be a hybrid system targeting multiple
molecules determined as ‘of interest’ by the relevant authorities,
be this explosives, illicit drugs or chemical warfare agents. We
have made significant progress towards incorporation of MIPs
into existing forensic capabilities within Australia, e.g. MIPfs and
field-portable FTIR instrumentation.


The linchpin for the development of MIP-based sensors will be
the mass production of low-cost single or multiple use disposable
transducers. In general, electrochemical devices have advantages
such as low cost, small size, possibility of achieving low detection
limits, and easy automation. One of the most selective types of
electrochemical transduction is voltammetry, because the signal
(current intensity) is generated by the analyte at a characteristic
potential. A critical aspect of the development of a sensor is


integration of the recognition element with the transducer. If the
sensor is to be re-used, a procedure for surface renewal such as
mechanical polishing or thorough washing should be provided.
This is especially relevant for environmental and biomedical
analysis. As an example, for electrochemical sensors, screen printed
electrodes fulfil this need. The ease of preparation and low cost
of MIPs make them attractive as recognition elements for such
devices. Such systems are now being reported in the primary
literature.54


We believe that, because of the potential low production
costs, the combination of screen-printed electrodes and MIPs
is particularly well suited for the design of disposable sensing
elements. An elegant way of designing the MIP/transducer couple
is to have the signal generated by the polymer itself. This approach
appears promising since it does not depend on a special property
of the analyte.


Are we there yet? The recent report of a europium-MIP based
sensor for a Soman hydrolysis product suggests that we are
approaching our destination or we are at least at a turning
point in the use of MIPs as sensors.55 The complex of europium
ligated by divinylmethyl benzoate (ligating monomer) and by
the analyte pinacoyl methylphosphonate was co-polymerized
with styrene, whereafter the analyte molecule was removed by
washing. Rebinding of the analyte was quantified from laser-
excited luminescence spectra. Although it is not clear whether
imprinting has contributed to the selectivity of the sensor, this
detection principle appears exceptionally promising, taking into
account the very low detection limits that can be obtained (7 ppt
in this particular case).


Forensically, MIPs offer unparalleled possibilities for in-
field/roadside drug testing. Their integration into electronic
sensing devices, remote monitoring systems or even a ‘lab on a
chip’ device appears a foregone conclusion.56 Our ability to rapidly
design and synthesise MIPs facilitates swift development of new
sensors against emerging threats.
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Secondary metabolites are an extremely diverse and important group of natural products with
industrial and biomedical implications. Advances in metabolic engineering of both native and
heterologous secondary metabolite producing organisms have allowed the directed synthesis of desired
novel products by exploiting their biosynthetic potentials. Metabolic engineering utilises knowledge of
cellular metabolism to alter biosynthetic pathways. An important technique that combines chemical
synthesis with metabolic engineering is mutasynthesis (mutational biosynthesis; MBS), which advanced
from precursor-directed biosynthesis (PDB). Both techniques are based on the cellular uptake of
modified biosynthetic intermediates and their incorporation into complex secondary metabolites.
Mutasynthesis utilises genetically engineered organisms in conjunction with feeding of chemically
modified intermediates. From a synthetic chemist’s point of view the concept of mutasynthesis is highly
attractive, as the method combines chemical expertise with Nature’s synthetic machinery and thus can
be exploited to rapidly create small libraries of secondary metabolites. However, in each case, the
method has to be critically compared with semi- and total synthesis in terms of practicability and
efficiency. Recent developments in metabolic engineering promise to further broaden the scope of
outsourcing chemically demanding steps to biological systems.
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1. Introduction


The fundamental basis of chemistry is still and will be the chemical
synthesis for creating new molecules or materials with target
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properties. Due to the continuous development of new reactions,
new reagents and catalysts, new synthetic concepts such as domino
transformations or multicomponent reactions, stereocontrolled
organic synthesis has seen a dramatic sophistication over the last
three decades. Nowadays it is justified to consider total synthesis
approaches for preparing complex natural products or derivatives
on an industrial scale. In fact, this has recently been demonstrated
for the complex natural products with antitumor activity disco-
dermolide 11 and the epothilone derivative ZK-EPO 2 (Fig. 1).2


The major advantage of total synthesis approaches is associated
with the opportunity to modify a natural product in every possible
manner including alterations of the carbon backbone. However, so
far mainly semisynthesis of natural products, particularly chemical
modifications of the natural product itself, has served for the
preparation of small libraries of natural product derivatives useful
for studying structure–activity relationships (SAR).3,4 This ap-
proach, however, is commonly limited to selected transformations,
so that in comparison to chemically driven medicinal chemistry
and high throughput synthesis, natural products have lost some of
their attraction in industrial drug research.


Fig. 1 Discodermolide 1 and Schering’s epothilone derivative 2
(ZK-EPO, synthetic changes with respect to epothilone are marked in
blue) prepared in an industrial scale.


Still, because of being optimised and preevaluated by Nature
to serve as ligands for proteins and receptors, natural products
represent a very important source of drugs in several therapeutic
fields such as antiinfectives, immunosuppressants and in cancer
therapy.4,5 Therefore, there is a quest for improved techniques
for generating natural product-derived libraries. In addition to
total- and semisynthesis, new concepts based on interference with
the biosynthesis of natural products have been added to the
portfolio of methods for structural diversification (Scheme 1).6


One of the oldest strategies to generate novel structural diversity of
microbially produced secondary metabolites utilises the respective
wild-type strain producers (Scheme 1; case I) for precursor-
directed biosynthesis. PDB is performed by supplementing biosyn-
thetic precursor-analogues to the fermentation broth (Scheme 1;
case II). Due to the fact that wild-type producers are used,
PDB is a straightforward concept for exploiting the biosynthetic
machinery of secondary metabolite producing organisms without
time-consuming genetic manipulations using methods of modern
molecular biology. However, due to the internal competition of
natural and unnatural precursors, yields of the desired analogues
are often low and this problem is consequently accompanied by
difficulties in separation of these compounds in the presence of
the natural metabolites.


A very interesting strategy combines chemical synthesis with
biosynthesis using genetically engineered microorganisms. Occa-
sionally, this approach has been termed mutational biosynthesis
(MBS) or in short mutasynthesis.6c,7 According to Rinehart,8 mu-
tasynthesis involves the generation of biosynthetic block mutants,
feeding of mutasynthons to these mutants and their integration
into novel metabolites, followed by isolation of the unnatural
products for a final evaluation of their biological activities
(Scheme 1, case III). Recently, mutasynthesis has experienced
a renaissance since the number of fully sequenced biosynthetic
gene clusters coding for pharmaceutically potent natural products
has substantially increased, setting the stage for easier creation of
specific block mutants and therefore efficient access to modified
drug candidates.


The application of advanced genetic engineering offers another
principal strategy. While the approaches discussed previously
make use of any pre-existent enzymatic machinery, the concept of
combinatorial biosynthesis recruits different biosynthesis systems
for the assembly of engineered pathways in a host system of choice
(Scheme 1, case IV).9


The efficiency and selectivity of enzymatic catalysis forms the
basis for the preparative generation of natural products, and when
presented with non-natural precursors the enzymes are required
to exhibit broad substrate tolerance for the successful utilisation
of the aforementioned methods. While these prerequisites seem
contradictory at first glance, the examples discussed in this
article show that a practical compromise between selectivity and
flexibility of enzymatic machineries exists and can be exploited.


In this report we provide an overview on recent examples
of mutational biosynthesis including innovative examples of
PDB. Furthermore, we shall cover examples that require advanced
metabolic engineering which are expected to lead the reader into
the most recent developments in this field of natural product
research. The main perspective chosen in this article is the
one of a synthetic chemist. Thus, we will occasionally point
out the synthetic value of the examples presented with respect
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Scheme 1 Biosynthetic concepts for natural product synthesis and deriva-
tives (a–d = enzymes; A = starter building block; B–D = biosynthetic
intermediates; E = natural product or derivative).


to practicability, structural novelty and diversity. Considering
that elucidation of the required gene sequences and genetic
manipulation can be a time consuming task, not every mutational
synthesis approach or metabolic engineering concept will make
sense, when the same synthetic goal can straightforwardly be
achieved by semi- or total synthesis.


This overview is intended to highlight selected examples and is
far from comprehensive. For an excellent and more comprehensive
review on mutasynthesis the reader is kindly referred to ref. 7.


2. Precursor directed biosynthesis (PDB)


An efficient application of PDB for the generation of novel
secondary metabolites requires basic knowledge concerning the
cultivation of the producer organism and an elementary under-
standing of the target natural product’s biosynthetic assembly
process. Once a suitable type of precursor has been chosen for
supplementation experiments, several uncertainty factors remain,
those being (a) whether these analogues will be assimilated by the
organism, (b) will they exhibit non-predictable toxic side-effects,
(c) will they be accepted by the biosynthetic machinery in the
presence of the natural building block and finally (d) will it be
possible to separate novel analogues from the natural variants
with a reasonable amount of work. The following examples will
demonstrate that PDB is a worthwhile approach, even though the
aforementioned complications may occur.


A comprehensive example of PDB was recently applied by
Zeeck, de Meijere and coworkers who generated new analogues of
hormaomycin 4, a peptide lactone from Streptomyces griseoflavus
with a broad spectrum of biological activities, including antibac-
terial as well as antimalaria activities (Scheme 2). Preliminary
feeding experiments10 with standard deuterium-labelled building
blocks pointed to 2-nitrocyclopropylalanine 3 as a suitable pre-
cursor for the cyclopropane units. Interestingly, 2-aminocyclo-
propylalanine 15 is neither an intermediate nor an acceptable sub-
strate for the multienzyme complex. Subsequent feeding experi-
ments11 with a variety of building blocks resulted in the incorpo-
ration of unnatural amino acids, thus leading to novel hormao-
mycins 5–14. However, the authors noted difficulties in separation
of the analogues from the competitively produced hormaomycin
4, which is a principal problem for PDB. Nonetheless, structure–
activity relationship (SAR) studies were conducted and revealed
the unexpected antibacterial activity for one derivative against the
opportunistic fungal pathogen Candida albicans in an order of
magnitude equivalent to the antimycotic agent nystatine.


The immunosuppressant rapamycin 17 isolated from Strepto-
myces hygroscopicus is initially assembled by a polyketide synthase
(PKS) to yield pre-rapamycin 16 and further transformed to 17
by post-PKS modifications (Scheme 3). With the intention of em-
ploying a PDB approach, 4,5-dihydroxycyclohex-1-enecarboxylic
acid 18 (Scheme 4) was regarded as the most likely starter unit for
polyketide chain assembly.12 In a preliminary survey, a series of 21
carboxylic acids was fed to S. hygroscopicus, resulting in several
new rapamycin analogues 19–21 which exerted comparable or
weaker immunosuppressant activity. Due to the broad acceptance
of different starter acids the rapamycin loading module seems
to possess some degree of flexibility in recognizing carboxylic
acids. These results suggest that transfer of the rapamycin loading
module to other modular PKS systems could allow the intro-
duction of new building blocks selectable by this system into other
metabolites, representing a facet of the combinatorial biosynthesis
approach (Scheme 1; case IV).


A recent example for the extraordinary potential of PDB was
disclosed by Graziani et al.13 Instead of employing deficiency
mutants (vide supra) the authors demonstrated that enzyme
inhibitors can also be exploited to shut down the biosynthesis
of rapamycin 17 at an early stage (Scheme 5). Thus, by feeding
(±)-nipecotic acid 27 to cultures of Streptomyces hygroscopicus
the rapamycin biosynthesis was shut down. The inhibitor 27
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Scheme 2 Precursor-directed biosynthesis of novel hormaomycins 5–14.


Scheme 3 Rapamycin 17 and pre-rapamycin 16 (post-PKS modifications are labelled in rapamycin).


Scheme 4 Precursor-directed biosynthesis of novel rapamycin derivatives
19–21.


specifically interferes with the biosynthesis of L-pipecolate 22, a
building block that is naturally incorporated just prior to final ring
closure. In the presence of thiaanalogues of L-pipecolate, 25 and 26,


incorporation and hence formation of new thiarapamycins 23 and
24 was achieved. Remarkably, processing included all post-PKS
transformations while no competition with the natural building
blocks occurred. As a result, the yield of the thiaderivative 23
was comparable to rapamycin production, while for derivative 24
a tenfold lower yield was encountered. Despite the fact that the
activity assay indicated drastic weaker target binding affinities,
this approach revealed deeper insights into SARs.


Other remarkable studies exemplifying the potential of PDB
include the generation of soraphen-derivatives employing its
natural producer Sorangium cellulosum14 and formation of novel
rhamnopyranosides exploiting Streptomyces griseoviridis.15,16


3. Mutational synthesis


3.1. When is mutational biosynthesis beneficial? A synthetic
chemist’s perspective


When the administration of unnatural precursors to wild-type
organisms leads to complex product mixtures that are difficult to
separate, or does not give rise to any novel products at all, this
may be due to the internal competition with natural precursors.
These problems can be overcome by application of a mutant
organism blocked in key biosynthesis steps leading to the targeted
natural precursor of choice. The concept of complementing these
deficiencies by feeding exogenous precursors (‘mutasynthons’) to
the mutant is termed mutational biosynthesis or mutasynthesis
(MBS). Even though random mutagenesis and selection can in
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Scheme 5 Efficient generation of rapamycin thiaderivatives via precur-
sor-directed biosynthesis using inhibitor 27.


principal provide for the required mutant strains, information
concerning the genetic and functional background of the targeted
natural product’s biosynthesis greatly simplifies the process and
may be considered a prerequisite. MBS cannot be employed
when the natural precursor requiring elimination is essential for
the growth of the organism, so that the entry point has to be
reconsidered and more advanced precursors have to be used. When
a wild-type organism is not amenable to genetic manipulation,
sophisticated methods of metabolic engineering can solve this
problem (vide supra).


From a synthetic chemist’s point of view the concept of
mutasynthesis is highly attractive, as the method combines
chemical expertise with Nature’s synthetic machinery. The best
of both worlds are merged, combining the chemist’s flexibility
in creating any structural assembly and Nature’s efficiency in
carrying out multistep linear sequences with excellent preciseness
and stereocontrol. As a result, this synthesis–biosynthesis hybrid
technique rapidly generates small libraries derived from natural
products, typically with predictable structural alterations. It only
makes sense to spend much effort on sequencing and genetic
manipulations if the secondary metabolite has excellent biological
activity in a pharmaceutically relevant field or for cell biology.
The secondary metabolite should be structurally complex, making
mutational synthesis highly competitive over semi- and total
synthesis approaches.


In the following, selected recent examples on mutational
synthesis are presented and evaluated as far as being useful from
a synthetic point of view.


3.2. Sensible examples of mutational biosynthesis


The elimination of internal competition being the main advantage
of MBS over PDB, it does not surprise that MBS can lead to
improved yields of novel products also available via PDB. This was


recently demonstrated by Leadlay et al. using a mutant strain of
the rapamycin producer S. hygroscopicus, disrupted in the biosyn-
thesis of the natural starter acid (4R,5R)-4,5-dihydroxycyclohex-
1-ene carboxylic acid 28 as well as in all post-PKS modification
steps, facilitating access to pre-rapamycin derivatives (Scheme 6).17


Besides a significant enhancement of yield (up to 100 mg L−1 of


Scheme 6 Mutational biosynthesis of novel rapamycin derivatives.
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pre-rapamycin analogue compared to 5 mg L−1 of the correspon-
ding completely processed rapamycin analogue by PDB), the
application of MBS allowed the incorporation of unusual pre-
cursors, such as norbonane carboxylic acid 29 and tetrahydro-2H-
pyran-4-carboxylic acid 30, which had in previous PDB experi-
ments with the wild-type strain failed to result in novel products.18


Additional feeding experiments with this mutant strain revealed
that incorporation of precursor acids required either a hydrogen
bond acceptor, preferably at the 4-position, while alternatively
this position had to be kept vacant, retaining the possibility for
enzymatic oxidation there.19 This became evident when fluorine-
substituted cyclohexanoic acid derivatives were not accepted by
the PKS, probably due to the substantially different electronic
properties, thereby preventing enzymatic oxidation.


These insights into the requirements and limitations of the
biosynthetic machinery responsible for rapamycin production
pave the way for a more efficient generation of additional
derivatives.


A remarkable example for the generation of structural deriva-
tives not easily accessible via semi- or total synthesis is given by
an early mutasynthetic lead optimisation approach reported in
1991 (Scheme 7).20 The avermectins are a group of antiparasitic
macrolides produced by Streptomyces avermitilis. Mutational
biosynthesis served to create new avermectin derivatives modified


at C-25. This was achieved by feeding different carboxylic acids or
their biosynthetic precursors to a block mutant lacking the ability
to form S-2-methylbutyric acids 31 from the 2-oxo acid/amino
acid precursor. It was found that the substrate tolerance of the
avermectin loading domain was rather broad, allowing the suc-
cessful administration of about 40 different carboxylic acids. From
these studies, doramectin 33 was generated, the first commercial
drug obtained by mutasynthesis.


Based on these findings and particularly the possibility to
generate doramectin by mutational biosynthesis, Reynolds and
coworkers introduced the cyclohexylcarboxyl-CoA biosynthetic
gene cluster present in the ansatrienine producer Streptomyces
collinus into the block mutant of Streptomyces avermitilis. This
engineered strain was able to produce doramectin without sup-
plementation of cyclohexylcarboxylic acid, a strategic approach
that represents a creative facet of combinatorial biosynthesis
(Scheme 1; case IV).21


Another impressive application of MBS for lead optimisation
was disclosed by Wilkinson et al. and dealt with the polyke-
tide derived angiogenesis inhibitor borrelidin 35 (Scheme 8).22


Using a non-producing strain disrupted in the biosynthesis of
the starter unit (1R,2R)-cyclopentane-1,2-dicarboxylic acid 34,
supplementation with various analogues resulted in a set of
novel borrelidins 36–39 differing in the C-17 side chain. Assays


Scheme 7 Mutational biosynthesis of avermectins 32 and access to doramectins 33 (5-OMe: A series; 5-OH: B series).


Scheme 8 Mutational biosynthesis of borrelidins 35–39.
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Scheme 9 Successful mutasyntheses of ansamitocin P-3 41 derivatives.


examining their antiproliferative activity indicated a significantly
improved selectivity of the C17-cyclobutyl analogue 36 for in vitro
angiogenesis inhibition over cytotoxicity. These results underline
that MBS can be successfully applied for lead optimisation,
whereas total- or semisynthetic approaches towards such com-
pounds would be extremely laborious.


Another unusual starter unit, 3-amino-5-hydroxybenzoic acid
40 (AHBA), is required for the biosynthesis of ansamycin
antibiotics, a distinctive class of polyketide-based metabolites
(Scheme 9). Ansamitocins are one of the few most cytotoxic
compounds known, evident in the inhibition of different leukemia
cell lines as well as human solid tumors at very low concentrations
(10−3 to 10−7 lg ml−1). They are accessible via their bacterial pro-
ducer Actinosynnema pretiosum and differ in the nature of the acyl
side-chain, with ansamitocin P-3 (AP-3) 41 being an important
example.23 The group of ansamitocins has recently re-attracted
attention due to their extraordinary potency and are currently
being evaluated in phase I studies for their use as warheads in
target-directed antibody conjugates.24 Meanwhile, work towards
generation of novel ansamitocin analogues employing a mutant
blocked in the biosynthesis of the unique starter unit AHBA has
been conducted.25 By supplementing cultures of the A. pretiosum
mutant with benzoic acid derivatives 42–45, novel AP-3 derivatives
46–49 could be generated in amounts suitable for structural
identification and activity analysis (Scheme 9).26 The analogues
exhibited strong antiproliferative activity against several tumor
cell lines (IC50 values in pg mL−1-range). It should be noted
that total synthesis has not provided new AP-3 derivatives while
semisynthesis has mainly addressed ester side chain modifications
and dehalogenation.23


Vancomycin 50 is a glycopeptide antibiotic in clinical use.
Due to vancomycin-resistant bacteria strains there is an in-
tensive search for novel vancomycin-type derivatives, but semi-
synthetic approaches have primarily addressed the peripheral
glycon unit whereas the structure of the tricyclic aglycon has been
left unaltered except for some amide side chain modifications
(Fig. 2).27 From a pharmaceutical point of view, Süssmuth,
Wohlleben and coworkers reported one of the most remarkable
applications of mutasynthesis by utilizing different block mutants
of the actinomycete Amycolatopsis balhimycina, the producer
of the vancomycin-type glycopeptide antibiotic balhimycin 51.28


Elimination of internal b-hydroxytyrosine biosynthesis allowed
the introduction of structural variations at the 3-chloro-b-
hydroxytyrosine moieties by means of mutational biosynthesis.
In fact this approach led to the first fluorinated vancomycin-
type glycopeptide antibiotic (Scheme 10).28b Additionally, they
utilised a deletion mutant blocked in the biosynthesis of 3,5-
dihydroxyphenylglycine (Scheme 11)29 and obtained a second
set of new vancomycin-type derivatives modified in the AB
macrocycle.


Similar work on mutasynthesis of calcium dependent lipopep-
tides was reported, however, without full structural assignment
of the new products or presentation of any biological data.30


Enterocin 52 and wailupemycin 53 are secondary metabolites
from the marine bacterium Streptomyces maritimus and exert
bacteriostatic properties.31 These polyketide-based natural prod-
ucts originate from a common biosynthetic intermediate assem-
bled from a benzoyl-CoA starter unit. Moore and coworkers32a


administered a series of aryl acids (monosubstituted benzoates
and heteroaromatic carboxylates) and their corresponding SNAC
esters (vide infra), as well as cyclohex-1-enecarboxylate to a
mutant blocked in the initial step of the internal degradative
starter unit generation starting with L-phenylalanine (Scheme 12).
The structural complexity of 53 hampers easy access to aryl
analogues by semi- or total synthesis.32b In contrast to mutasyn-
thesis experiments involving the usually rather tolerant modular
type I PKS, the iterative type II PKS systems appeared to
be more discriminating toward mutasynthons, given that only
few successful mutasyntheses could be conducted. Nevertheless,
chemical access to these wailupemycin derivatives by synthetic
routes is expected to be very laborious.


Nature utilises the highly unusual polyketide starter unit
p-nitrobenzoate in the biosynthesis of aureothin, a polyketide–
shikimate hybrid metabolite from the soil bacterium Streptomyces
thioluteus. Following elimination of starter unit biosynthesis,
cultures of the respective mutant strain were supplemented
with a range of p-substituted benzoates.33 Since the first crucial
step leading to incorporation of modified analogues represents
starter unit activation and loading of the substrate onto the PKS
apparatus, feeding was carried out using either free acids or
N-acetyl cysteamine (NAC) thioesters. The NAC adducts serve
as activated acyl-CoA mimics34 that may enter the bacterial cells
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Fig. 2 Selected examples of semisynthetically derived analogues of
vancomycin 50 and the structure of balhimycin 51.


more easily than the free acids and, depending on the requirements
of the loading mechanism involved, may bypass a potential
CoA-activation bottleneck. However, only p-cyanobenzoate was
accepted and completely processed to the novel aureothin deriva-
tive aureonitrile. Surprisingly, aureonitrile exhibits significantly
enhanced antiproliferative activities.33


While a great number of additional studies employing muta-
synthesis have appeared in the literature, these experiments are
not discussed here in detail due to the following reasons. From a


synthetic point of view some of these secondary metabolites lack
complexity so that total synthesis strategies can be considered
instead of accessing derivatives by feeding mutasynthons to block
mutants. From our point of view the siderophore pyochelin35 and
the chitin synthetase inhibitor nikkomycin36 are typical examples.
While other examples of mutasynthesis allowed modification of
fairly complex natural products, the modifications introduced
were of a type that should in principle have been accessible
via semisynthetic means. The gyrase inhibitor clorobiocin37 is
such an example where MBS was employed to create altered
amide side chains. However, amide formation is a straightforward
chemical transformation with the advantage of larger substrate
flexibility compared to approaches based on biotransformations.
Admittedly, many of these examples were published in the eighties
and nineties, when mutasynthesis was still in its infancy and the
structural diversifications aimed at by those studies primarily
served to prove the principle concept.


3.3. How complex can a mutasynthon be?


The previous chapter dealt with structurally fairly simple mu-
tasynthons that could be supplemented to cultures of mutant
producers blocked in the biosynthesis of the respective natural
small building blocks. But is mutasynthesis limited to small
building blocks and how complex can such a mutasynthon be? The
generation of mutasynthons based on lead structures of advanced
biosynthetic intermediates via sophisticated chemical synthesis
further increases the flexibility of mutasynthesis since structural
modifications normally dictated by downstream biosynthetic steps
can be implemented. Apart from making the introduction of modi-
fications at unusual positions possible, the use of advanced biosyn-
thetic analogues promises a larger probability of mutasynthon
acceptance due to the smaller number of potentially specificity-
restricted biosynthetic steps required for final processing. When
administering more complex structures, their assimilation by the
producer organism, the cell membrane and transport systems
integrated therein have to be regarded as substantial obstacles. So
far, the application of mutasynthesis for advanced mutasynthons
appears to be no popular strategy as only a very limited number
of examples is described in the literature. This can be attributed
to the usually substantial synthetic efforts required prior to
feeding.


Studies integrating sophisticated methods of molecular biology
and chemical synthesis were carried out with the aim of eluci-
dating the acceptance of advanced intermediates by the 6-deoxy-
erythronolide B synthase (DEBS) of Saccharopolyspora erythraea,
the producer of the broad spectrum antibiotic erythromycin B 54.
The DEBS system represents the most extensively characterised
modular polyketide synthase and for a more detailed description
of the insights gained into its utilization of advanced intermediates,
the reader is directed to the work of Ward et al.38 Studies were
carried out with mutants of the natural producers, as well as with
modified DEBS systems reconstituted in different heterologous
hosts. The benefits of using the latter systems will be discussed
in the next chapter of this review, with the following paragraph
concentrating solely on the DEBS system itself. Due to the
selectivity of the DEBS loading module for standard biosynthetic
building blocks such as propionyl-CoA, the elimination of internal
precursor competition is not possible by blocking the respective
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Scheme 10 Mutational biosynthesis of novel vancomycin-type derivatives (part 1).


Scheme 11 Mutational biosynthesis of novel vancomycin-type derivatives (part 2).


Scheme 12 Mutational biosynthesis of enterocin 52 and wailupemycin
53 derivatives.


starter unit biosynthesis. To make the DEBS PKS suitable for
a mutasynthesis approach, a different strategy was employed. A
point mutation was introduced into the active site of the first PKS
ketosynthase (KS1) domain, thereby blocking diketide formation
based on the available internal starter units.42 These engineered
KS10 DEBS systems were shown to convert the natural diketide
as well as modified diketides and triketides into analogues of 6-
deoxy-erythronolide B 55.39,40 These advanced precursors could be
further modified into novel erythromycins 56–58 by application of
a S. erythrea mutant unable to synthesise the core polyketide, but
equipped with the full set of post-PKS tailoring enzymes. Remark-
ably, when SNAC-esters of 2,3-unsaturated triketide derivatives
were administered, polyketide elongation and macrolactonisation
yielded 16-membered lactones 59 which spontaneously formed
the corresponding lactols (Scheme 13).41 The triketide analogues
were apparently accepted as surrogates for the absent diketide
precursors and treated accordingly by the biosynthetic machinery,
finally resulting in an increased ring size. In a more recent study
it was demonstrated that removal of the DEBS loading domain
and first module rather than a catalytic inactivation of the latter
resulted in an increased utilisation of supplemented diketide
precursors by the engineered PKS system.38


Apart from the generation of novel compounds, MBS has
also served as a tool in biosynthetic investigations, such as
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Scheme 13 Successful incorporations of advanced mutasynthons into 6-deoxy-erythronolide B derivatives.


the stereochemical assignment of biosynthetic intermediates by
feeding different stereoisomeric ketides and monitoring their
acceptance.42,43 In this context, evidence has been accumulated that
advanced ketides are often not efficiently loaded on the relevant
polyketide synthase modules, so that addressing the postketide
enzymes holds greater promise. In fact, as asymmetric synthesis
has considerably matured over the past two decades, particularly
when preparing polyketide-type backbones, several examples have
recently appeared in the literature.


Fecik and co-workers carried out a de novo synthesis of the
macrocyclic polyketide narbonolide 60 and fed it to a mutant
strain of Streptomyces venezuelae incapable of synthesising the


pikromycin core polyketide 60 due to elimination of the first PKS
protein bearing the loading domain and elongation modules 1
and 2 (Scheme 14).44 The substrate was further processed by the
post-PKS tailoring enzymes (oxidation at C-12 and glycosylation
at O-5) so that a formal total synthesis of pikromycin 61 was
achieved.


The enantioselective total synthesis of proansamitocin 62, a
key biosynthetic intermediate of the antitumor agent ansamitocin
P-3 41, was disclosed by Kirschning et al. (Scheme 15).45 Feeding
of proansamitocin to a mutant of Actinosynnema pretiosum with
eliminated starter unit biosynthesis yielded ansamitocin P-3 41 as
well as dechloroansamitocin P-3 46. In tests with different cultured


Scheme 14 Mutasynthetic total synthesis of pikromycin 61 using narbonolide 60 as mutasynthon.
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Scheme 15 Mutasynthetic total synthesis of ansamitocin P-3 41 using proansamitocin 62 as mutasynthon.


human tumor cell lines, 46 showed strong antiproliferative activity
with IC50 values down to 10 pg mL−1.


The last two examples clearly reveal that very advanced
biosynthetic intermediates are able to cross the cell membrane
by means of unknown uptake mechanisms for further processing
to the final product by post-PKS enzymes. These studies pave the
way to process modified advanced intermediates, thus targeting
other parts of secondary metabolites for structural diversification.


4. Advanced metabolic engineering


While the conventional mutasynthetic approach allows the in-
troduction of modifications at specific points in the biosynthesis
of natural compounds, its flexibility can be broadened by com-
bining the primary genetic blockages with secondary inactivating
mutations, for instance addressing the enzymes responsible for
peripheral decoration of a core compound (Scheme 16).


Scheme 16 Additional mutations add further variety and flexibility to
the mutational biosynthesis concept.


An example of this strategy represents the mutasynthetic pro-
duction of pre-rapamycin analogues employing a S. hygroscopicus
strain both deficient in the production of the starter acid, as
well as the post-PKS modifications of the macrolactone (see also
Scheme 3).46 In principle, the selective expression of late-stage
enzymes can be employed for the engineered production of inter-
mediates with desired functionalities suitable for further chemical
modification and detailed SAR studies. However, intermediates
partially lacking peripheral decorations are often accumulated in
lower yields than their fully modified counterparts. Furthermore,
omittance of a specific modification in the biosynthetic assembly
logic might interfere with the substrate specificities of downstream
core-decorating enzymes, thus not leading to the accumulation of
the desired compound, but to partially modified intermediates. For
instance, the inactivation of the acyltransferase in the ansamitocin
pathway of Actinosynnema pretiosum did not lead to the expected


maytansinol 63, but to its N-demethyl-desepoxy analogue 64
(Scheme 17).47


The corresponding methyltransferase and epoxidase are
situated downstream of the acyltransferase in the biosynthetic
pathway grid and do not accept precursors bearing the free
hydroxyl group. Likewise, the acyltransferase has been shown to
utilise multiple pathway intermediates, but refused to exert its
activity when presented with semisynthetically prepared maytansi-
nol bearing N-methyl and epoxide functionalities. It is therefore
not suitable as a catalyst for chemoenzymatic attachment of
linker side-chains facilitating the formation of tumor-directed
immunoconjugates such as DM1 (Immunogen).48


Though a given organism’s biosynthetic potential offers the
means and selectivity to access complex molecules, it also imposes
restrictions on any attempts to generate novel compounds via
PDB and mutasynthesis. One set of limitations originates from
the highly complex nature of checks and balances making up an
organism’s inner mechanisms, while another is given by the regula-
tion of pathway-associated enzymes, their substrate flexibility and
given set of transformations. The fields of process engineering and
metabolic engineering provide means to address these problems.
For a more elaborate introduction into the latter field, the reader
is directed to the review written by Burkart.49 Optimisation
of fermentation procedures and strain improvement routinely
employed to provide for industrial strains can improve yields
and growth characteristics. The relocation of a set of enzymes or
entire pathways to heterologous hosts is another strategy to deal
with these problems, while in addition, the well-known systems
selected for this approach offer the advantages of sophisticated
procedures for genetic manipulation and cultivation. The aspects
of using heterologous hosts not only for the production of proteins
but to access complex secondary metabolites have been reviewed
with a special focus on polyketides and nonribosomal peptides
by Pfeifer and Khosla50 and recently by Watanabe and Oikawa.51


While this may provide for high-level production, especially if
closely related strains already optimised for production of related
compounds are used,52 the benefits of different host systems
have to be balanced against their disadvantages. The reported
biosynthesis of myxobacterial epothilone in E. coli certainly
allows for the facile genetic manipulation of the pathway, but the
reported yields for epothilone C and D have been disappointing
with titers of less than 1 lg l−1 of fermentation culture53 as
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Scheme 17 Logic of acyl chain incorporation in ansamitocin biosynthesis.


compared to more complex Streptomyces-based systems gener-
ating up to a hundred times as much product.54 In addition,
the step-by-step reassembly of biosynthetic pathways in a foreign
environment devoid of interfering background transformations
can give rise to refined insights into the functions of gene
products.55


Apart from changes in the absolute presence or absence of
substrates and catalysts, biological systems are highly susceptible
to changes in the relative levels of interacting components. The
over-expression of a pathway-inherent glycosyltransferase during
landomycin biosynthesis was described to lead to the novel
landomycin J bearing a tetrasaccharide side-chain, as well as the
previously unobserved monoglycosylated landomycin I (Fig. 3).56


The latter product was speculated to have arisen by depletion
of the shared substrate pool for the glycosyltransferase attaching
the second sugar moiety by the over-expressed enzyme, which
catalyzes the fourth glycosylation step.


Metabolic flux can be redirected by the introduction of new
key biosynthesis steps drawing from existing precursor pools and
leading to the internal production of unnatural substrates. The
introduction of a foreign gene encoding L-phenylalanine ammonia


lyase into a Streptomyces erythrea strain circumvented the need for
substrate supplementation. It provided an engineered hybrid PKS
with activated benzoic acid starter units (Scheme 18).57


Scheme 18 Engineering of a new pathway for internal precursor supply.


Fig. 3 Glycon-derivatives of landomycin.
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Scheme 19 Generation of novel spinosyns via loading module variation.


Depending on the host system used, a supplemented precursor
might exhibit toxic effects in concentrations required to produce
sensible amounts of metabolites. In systems requiring PKS-
independent precursor activation (e.g. CoA-thioester formation),
this may be due to the inefficient or absent processing mechanisms
in the host system. The addition of exogenous substrates may
even elicit detoxification mechanisms in versatile degraders such
as streptomycetes, mainly resulting in decomposition but not
integration of administered precursors. When benzoic acid was
externally supplemented to the fermentation of S. erythrea, it
was necessary to equip the organism with a benzoate:CoA ligase
to provide the hybrid PKS’s loading module with activated
starter units.57 This enabled the organism to channel the substrate
into a detoxifying pathway leading to the production of the desired
polyketide. When a different foreign benzoate:CoA ligase gene was
used, polyketide production was tripled and no inhibition of strain
growth could be observed, thus identifying starter unit activation
as a major choke point in the system on hand.


In more general terms, the substrate specificity of loading
modules usually represents the first barrier limiting the success
for PDB and MBS approaches. This bottleneck can be widened
by swapping the respective modules with their counterparts from
other gene clusters known to display a selectivity spectrum fitting
the studies′ demands. Loading modules exhibiting selectivity for
ubiquitous starter units such as CoA-thioesters of propionate
and acetate result in biosynthetic arrangements only suitable
for PDB,58 while those utilizing unusual building blocks such as
AHBA can give rise to systems for the application of mutasynthetic
strategies.59 Swapping loading modules is a popular engineering
strategy and whilst often efficient in the qualitative generation
of novel compounds, its preparative applicability is usually
comparable to PDB and mutasynthesis strategies. Spinosyns
represent a class of commercially important insecticides produced
by Saccharopolyspora spinosa. The native loading module of the
spinosyn PKS is of a usually rather restrictive type and recruits
methylmalonyl-CoA and to a lesser extent malonyl-CoA via decar-
boxylation. In order to introduce different starter units, the loading
module was replaced with different versions originating from
the erythromycin and avermectin PKS.58 These loading modules
show flexibility towards a range of different coenzyme A-activated
carboxylic acids and can be employed in engineered PDB systems.
A variety of carboxylic acids was fed to engineered producer
strains, relying in good faith on their internal activation prior
to processing, and novel spinosyns originating from the respective


loading module’s selection of internal (e.g. propionyl-CoA) and
external precursors could be generated (Scheme 19). Even though
the engineered systems yielded only about 2–8% of the native
spinosyn PKS (6–25 mg L−1 instead of 300 mg L−1), some of the
novel products could be isolated and characterised. Semisynthetic
modification of the novel cyclobutyl-variant 65 of spinosyn A via
hydrogenation led to its 5,6-dihydro-analogue displaying increased
activity against several insect pests in comparison to the natural
spinosyn A.


Similar to the advantages of mutasynthesis in comparison to
PDB, the incorporation of advanced precursors can be improved
by blocking biosynthetic steps upstream of a targeted entry point.
This has been demonstrated for the model type I PKS producing
the erythromycin aglycone 6-deoxyerythronolide B (Scheme 13,
vide supra).


Finally, the previously mentioned concept of swapping loading
modules between pathways can in principle be expanded to all
enzymatic entities forming a pathway, resulting in the concept of
combinatorial biosynthesis. The inherent potentials and problems
have been reviewed by Floss60 and recent developments outlined by
Baltz61 emphasizing the complementarity of the fields of molecular
engineering and medicinal chemistry. The success of combinatorial
biosynthesis is currently best ensured when closely related catalytic
entities are swapped,62 while their rearrangement to rationally
design biosynthetic pathways still suffers from the inadequate
understanding of their functional mechanisms and interaction.


5. Conclusions


Besides the well-established approaches of semi- and total synthe-
sis, mutational biosynthesis will emerge as a third major method
available for the generation of natural product libraries. This
strategy combines advanced methods of chemical synthesis with
those of molecular biology and microbiology required for mod-
ification of biosynthetic cascades and handling of their hosts. In
fact, mutational biosynthesis often complements semisynthesis63


as structural diversification can be achieved in positions that
often cannot be addressed by semisynthesis. With respect to
total synthetic approaches towards derivatives of complex natural
products, mutasynthesis can be regarded as a short cut total
synthesis strategy since linear synthetic sequences are included
into the synthesis conducted by the microbial producer.


The applicability of enzyme catalysts for a transformation of
choice is limited by their inherent substrate flexibility and by the
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reactions performed. The optimisation of substrate specificities,
which should include evolutionary techniques and the predictable
construction of artificial biosynthesis cascades by sophisticated
metabolic engineering, will certainly expand the scope of muta-
synthesis in the near future. But it has to be pointed out that
the intricacy and the principles of regulation of the biosynthetic
machineries are not fully understood yet and many mutasynthetic
approaches are far from being practical in terms of productivity. In
fact, several publications lack data on the structural and biological
characterisation of new mutaproducts. Structural proof is still
often based on LC-MS data and insufficient amounts of material
were generated to carry out SAR’s. It will definitely prove beneficial
for this field of natural product synthesis if more attention would
be paid to this aspect in the future.
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55 C. Sánchez, L. Zhu, A. F. Brána, A. P. Salas, J. Rohr, C. Méndez and
J. A. Salas, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 461–466.


56 L. Zhu, A. Luzhetskyy, M. Luzhetska, C. Mattingly, V. Adams, A.
Bechthold and J. Rohr, ChemBioChem, 2007, 8, 83–88.


57 J. Garcia-Bernardo, L. Xiang, H. Hong, B. S. Moore and P. F. Leadlay,
ChemBioChem, 2004, 5, 1129–1131.


58 L. S. Sheehan, R. E. Lill, B. Wilkinson, R. M. Sheridan, W. A. Vousden,
A. L. Kaja, G. D. Crouse, J. Gifford, P. R. Graupner, L. Karr, P. Lewer,
T. C. Sparks, P. F. Leadlay, C. Waldron and C. J. Martin, J. Nat. Prod.,
2006, 69, 1702–1710.


59 B. A. Pfeifer, S. J. Admiraal, H. Gramajo, D. E. Cane and C. Khosla,
Science, 2001, 291, 1790–1792.


60 H. G. Floss, J. Biotechnol., 2006, 124, 242–257.
61 R. H. Baltz, Nat. Biotechnol., 2006, 24, 1533–1540.
62 R. H. Baltz, P. Brian, V. Miao and S. K. Wrigley, J. Ind. Microbiol.


Biotechnol., 2006, 33, 66–74.
63 Many of the secondary metabolites described in this report are of phar-


maceutical importance so that derivatives obtained by semisynthesis
can be searched and found in the patent literature.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3245–3259 | 3259








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


Recent highlights in modified oligonucleotide chemistry


Alexander J. A. Cobb*


Received 27th June 2007
First published as an Advance Article on the web 6th September 2007
DOI: 10.1039/b709797m


The synthesis of modified nucleic acids has been the subject of much study ever since the structure of
DNA was elucidated by Watson and Crick at Cambridge and Wilkins and Franklin at King’s College
over half a century ago. This review describes recent developments in the synthesis and application of
these artificial nucleic acids, predominantly the phosphoramidites which allow for easy inclusion into
oligonucleotides, and is divided into three separate sections. Firstly, modifications to the base portion
will be discussed followed secondly by modifications to the sugar portion. Finally, changes in the type
of nucleic acid linker will be discussed in the third section. Peptide Nucleic Acids (PNAs) are not
discussed in this review as they represent a separate and large area of nucleic acid mimics.


1. Introduction


Modified nucleic acids continue to generate a large amount of
interest to the synthetic and medicinal chemist. The reasons
for this are numerous, but perhaps most topical are the recent
developments in RNA interference (RNAi) technology for which
Andrew Fire and Craig Mello were awarded the Nobel Prize for
medicine in 2006.1 This technology, discovered in 1998, has rapidly
become one of the most powerful tools available to molecular
biologists.2 RNAi uses short double-stranded RNA (dsRNA)
molecules to switch genes on and off. The beauty of this approach
is that the RNA can be designed to be specific to the gene sequence
of interest by binding to the mRNA coded by that gene, hence
repressing any protein synthesis from that mRNA. When the
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dsRNA enters a cell, it is cleaved into shorter segments of roughly
22 nucleotides, known as short interfering RNAs (siRNAs), and
it is these segments which bind to the mRNA.


Related to this is the concept of antisense oligonucleotides,
which directly target the mRNA through the complimentary
single-stranded RNA (ssRNA) sequence. The mRNA is then
either physically blocked as in RNAi, or the enzyme RNase H
digests the RNA strand of the DNA–RNA hybrid.3


The role of modified nucleic acids in these technologies is to
provide an oligonucleotide mimic which can not only bind to
the mRNA in a complimentary fashion, but will also be far less
susceptible to degradation pathways (e.g. endonucleases), which
are one of the major stumbling blocks for RNAi and antisense
technologies. Unnatural oligonucleotides have therefore emerged,
where the linker or (deoxy)ribose portion has been modified in
some way to be resilient to these exogenous processes.


Another reason for modification of the nucleic acids is the desire
to expand the genetic code, as well as to understand the scope and
limits of Watson–Crick base-pairing. Changes to the sugar portion
(e.g. use of a hexose instead of a pentose) or to the nucleobase
portion (through expanding the size of the naturally occurring
bases) go a long way to answering these questions.


2. Modifications to the nucleobase


(a) Probing nucleobase pairing


Perhaps the most impressive work in changing the base portion of
the nucleic acids in deoxyribose nucleic acids has been undertaken
by Kool and co-workers4 over the years, who have synthesised
a range of expanded nucleobases, primarily to see how these
modifications affect the Watson–Crick pairing, but ultimately to
expand the genetic code. They have synthesised several variations
of these base-expanded analogues through the use of phospho-
ramidite chemistry and have termed these modified sequences
xDNA (‘expanded DNA’),5 yDNA (‘wide DNA’)6 and yyDNA
(‘double wide DNA’).7
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In the case of xDNA, each base has been expanded by the
width of a phenyl ring—around 2.4 Å (Fig. 1). The expanded C-
linked cytidine (dxC) phosphoramidite 11 was obtained from the
expanded thymidine (dxT) 5, which itself was synthesised through
the Heck-type coupling of aryl iodide 1 to the glycal 2 using
a Pd(OAc)2/AsPh3 combination to give product 3. Removal of
the tert-butyldiphenylsilyl protecting group gave ketone 4, which
was stereoselectively reduced to deoxyribose 5 (Scheme 1).5d This
established8 method of C-nucleoside formation was also used
by McLaughlin and co-workers in their synthesis of dC and
dU analogues, which could be used to probe enzyme–substrate
interactions.9


Fig. 1 Kool’s expanded xDNA set: each of these xDNA bases is a
homologation of the naturally occurring bases with the exception of dxC,
which is strictly an expansion of 5-MeC. Synthetically, however, it was
easier to access owing to its shared starting materials with dxT.


The expanded N-linked nucleobases of dxA5f and dxG5d were
accessed through nucleobases 12 and 13 respectively (Scheme 2).
These glycosidations were effected through the two different
methods shown in Scheme 3. dxA was synthesised through the
use of Hoffer’s a-chlorosugar 14 (Scheme 2a)—a method which
due to the lack of stereocontrol generated four products; two
regioisomers resulting from both nitrogens on the imidazole ring
of 11 being able to undergo glycosidation, and the two anomers
associated with each of these regioisomers. Kool and co-workers
go some way to addressing this problem with their synthesis of
dxG, which utilises neighbouring group participation to form
exclusively the desired b-anomer, although two regioisomers still
form, and it is necessary to separate them at a later stage.
Furthermore, as it is a deoxyribose that is ultimately required,
the alcohol in the 2′-position needs to be removed later on,
and this is achieved via a Barton–McCombie-like deoxygenation.
Subsequent removal of the silicon protecting group exposes the
3′ and 5′ alcohol functionalities, which can be converted to the
phosphoramidite through conventional methods for incorpora-
tion into an oligonucleotide. These four new expanded nucleobases
thus allowed for the investigation of an eight-base genetic code
comprising the four natural DNA bases and the four size-
expanded ones.


Using dxA as a dA analogue to form Watson–Crick pairs
with dT, it was shown that the self-complimentary 10-mer,


5′-d(xATxAxATxATTxAT), formed a more thermodynamically
stable duplex with itself than it did with the corresponding DNA
sequence, 5′-d(ATAATATTAT). The main implication of this is
that there is a greater helical diameter, and this was shown clearly
by CD analysis. Remarkably, solution characterisation by NMR
showed that there were many similarities with DNA. The overall
structure retained its B-DNA characteristics, having both right-
handedness and the same Watson–Crick pairings as DNA, the
glycosidic bond conformations were anti, and all deoxysugar
conformations were 2′-endo.5e


Furthermore, examination of the thermal stability of all these
expanded bases and all their possible base-pairings showed that
they exhibited sequence recognition. Indeed, all four xDNA bases
were shown to have similar mismatching selectivity preferences
as natural DNA. In addition to generating new Watson–Crick
pairs, these expanded nucleobases were all found to be fluo-
rescent, giving them the potential to be used as biophysical
tools.5b


yDNA differs from xDNA by virtue of its changed geometry
around the benzohomologated system (Fig. 2). When yC (which
is actually an analogue of 5-MeC) was incorporated into a self-
complimentary sequence, the resulting complex was found to
be more thermally stable than the DNA controls. yT was also
investigated, and this too showed dramatic stabilisation compared
to the DNA controls, with a melting temperature 43 ◦C higher and
an estimated free energy that was more favourable by 11 kcal mol−1.
The stability of self-complimentary sequences that contained yC
and yT with G and A partners was also measured, and these
too showed a high degree of stability compared to the controls.
Interestingly, the difference in melting temperatures between an
oligonucleotide containing yT and a mismatched sequence was
greater than for the DNA control, suggesting that the selectivity
for the yDNA is higher than that for DNA. The ordering of the
mismatch stability was the same in both cases (A � G > T ≥
C). Furthermore, yDNA was also shown to have a preference for
antiparallel binding.


The utility of this innovation has been beautifully demonstrated
by a natural DNA octameric sequence being recognised using
an oligonucleotide entirely composed of yDNA. The subsequent
complex had a melting temperature 24 ◦C higher and an estimated
free energy >4 kcal mol−1 more favourable than the natural
complimentary DNA oligonucleotide.6a


yyDNA represents the set of naptho-homologated DNA bases
and pairs (specifically dyyT and dyyC, Fig. 3), and explores
the limits for the size of DNA-like molecules. This has demon-
strated that they have an unusually strong stacking ability
and, as expected, were fluorescent. Perhaps more impressive is
the fact that these size-expanded nucleosides also form stable
helices.7


Triplex-forming oligonucleotides (TFOs) have also been the
subject of much study, since an oligonucleotide that can recognise
and bind to a sequence-specific portion of dsDNA would allow
transcriptional activation and deactivation, as well a range of other
molecular biology techniques such as targeted mutagenesis and
targeted recombination.10 Generally, the use of triplex targeting
has been limited because the TFO can only recognise and bind
to purine bases (via Hoogsteen pairs) in dsDNA. This then limits
the formation of triple-stranded structures to regions of dsDNA
which are furnished with homopurine sequences (i.e. A or G),
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Scheme 1 Kool’s synthesis of expanded pyrimidine bases dxT and dxC.


because the TFO cannot traverse back and forth between the two
strands of dsDNA—not only is there the issue of having to span
approximately 10 Å, but the polaritiy of the TFO would also have
to be reversed (Fig. 4). In a series of papers, Gold and co-workers
have developed C-nucleosides that are designed to address these
issues and to specifically recognise T:A, A:T, G:C or C:G base pairs


in dsDNA, thus participating in triplex formation with them.11–14


They achieved this through the design of C-nucleosides which can
easily change their conformation to bind with the purine base
regardless of which strand it is on. Since the glycosidic bond is so
close to the centre of the major groove, the distance that the TFO
has to traverse is much shorter and the problem of changing strand
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Scheme 2 Kool’s synthesis of extended purine analogues.


polarity is removed because Gold’s TFO reads purine information
on either strand in a single direction (Fig. 5).


The most recent of Gold’s syntheses is that of the fluori-
nated antiAT phosphoramidite precursor 25 which was able
to be incorporated into an oligonucleotide, unlike the non-
fluorinated version.11 The synthesis was achieved by coupling the
4-fluoroaniline salt 22 with ethyl cyanoacetate to generate 23. This
was converted to bromide 24 and glycosidated via a Heck coupling
and reduction as described previously (Scheme 3).


Brown and co-workers15 have also synthesised a triplex-forming
nucleoside analogue, which, this time, was capable of recognising
CG inversions. Mimics 26–28 (Fig. 6) were synthesised via the
3H-furo[2,3-d]pyrimidin-2-one ring 32 (Scheme 4). These furopy-
rimidinones have been found to be unstable to oligonucleotide
deprotection conditions, with the oxygen being replaced with the
NH of ammonia. Brown and co-workers exploit this in order to
access derivatives 26–28 by allowing it to react with methylamine
so as to insert NMe into the ring. They propose that the triplet
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Fig. 2 Comparison of a yDNA base and an xDNA base.


Fig. 3 Kool’s yyDNA bases.


Scheme 3 Gold’s synthesis of a C-nucleoside designed to participate in
triplex formation with A:T base pairs in DNA.


shown in Fig. 7 is the one that is formed between their nucleobase
and a CG pair.


(b) Fluorescent nucleobases


Fluorescent DNA bases play an important role in biochemistry
and molecular biology, commonly as reporters in structural studies
of DNA and RNA as well as in processes such as DNA repair and
replication.16–23 As might be expected, this is a large topic, which
has been covered in an excellent recent review by Wilson and
Kool.16


Selected highlights of recent work not included in this review,
however, include the work of Greco and Tor, who have designed
a simple fluorescent pyrimidine analogue 33 (Fig. 8) to detect the
presence of DNA abasic sites.17


Fig. 4 Required change in strand polarity and movement of a pyrimidine
motif TFO backbone between complementary strands in duplex DNA at
a 5′-T:A/A:T base pair step (darkened bonds represent the attachment to
the sugar–phosphate backbone).14


Abasic sites are generated spontaneously or through the en-
zymic cleavage of damaged nucleosides (in some cases such as
that of antibody diversification, these damaged nucleosides are
deliberately formed18). The ability to detect where these abasic sites
occur can lead to a greater understanding of various biochemical
mechanisms.


Ju and co-workers have reported a 3′-OH-capped fluorescent
nucleotide that can act as a reversible terminator.19 Such a
nucleotide would help in the efficient sequencing by synthesis
(given the acronym SBS) of DNA, as the terminal fluorescent
nucleotide would enable the length of the nucleotide to be
easily measured. The uncapping and cleavage of the fluorescent
groups is achieved in a palladium-mediated deallylation reaction
(Scheme 5).


Brown and co-workers have recently made an interesting
contribution to nucleic acid fluorescence chemistry through
the development of non-fluorescent quenchers.20 When these
non-fluorescent nucleotides are contained in a duplex and are
complementing a fluorescent nucleotide, they quench that fluores-
cence until such a time that the duplex is denatured by heating
(Fig. 9).


(c) Novel synthetic approaches


Inouye and co-workers have performed the stereoselective synthe-
sis of alkynyl C-2-deoxy-b-D-ribofuranosides via an intramolec-
ular Nicholas reaction. In this sequence, a 3,5-protected ribofu-
ranose 37 was treated with an alkynyllithium reagent to afford a
diastereomeric mixture of the alkynyldiol 38. Treatment of this
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Fig. 5 Gold’s nucleobase is capable of spanning across the dsDNA ,as it can rotate through the glycosidic bond to reach both bases.


Fig. 6 Brown’s CG-recognising nucleosides.


with Co2(CO)8, catalytic triflic acid, triethylamine and iodine in
one pot gave the alkynyl ribofuranoside 40 with high b-selectivity
via the transition state shown (Scheme 6).24


More recently, Hocek and co-workers have utilised the
alkynyl moiety in a transition metal catalysed [2 + 2 + 2]-
cyclotrimerisation (Scheme 7).25


Kobayashi and co-workers have also devised a new method to
access C-glycosides through the use of a surfactant-type Brønsted
acid, where the b-anomer predominated by a factor of >20 : 1
using water as a solvent (Scheme 8).26


Lakshman and co-workers have devised a method for the
synthesis of a range of inosine-derived ribose and deoxyribose
nucleosides through substitution of the C6 position, critically
in the presence of BOP 46 (Scheme 9). This generates the
benzotriazole intermediate 49, which has been exposed to a range
of nitrogen, oxygen and sulfur nucleophiles.27


Scheme 4 Brown’s synthesis of CG-recognising nucleoside precursor
phosphoramidite 32. Reaction of the nucleobase with methylamine was
shown to replace the O7 unit with an NMe unit.


Robins and co-workers have also investigated the synthesis
of 6-substituted inosines by the Suzuki coupling of purine
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Fig. 7 Proposed model for CG recognition by Brown’s nucleosides.


Fig. 8 Tor’s abasic site-recognising nucleoside. When part of a duplex
and pairing with an abasic site, it displays significantly increased emission.


Scheme 5 Ju’s 3′-OH-capped fluorescent nucleoside and its subsequent
uncapping.


Fig. 9 Brown’s non-fluorescent quencher.


Scheme 6 Inouye’s synthesis of alkynyl C-2-deoxy-b-D-ribofuranosides
by an intramolecular Nicholas reaction.


Scheme 7 Hocek’s [2 + 2 + 2]-cyclotrimerisation.


Scheme 8 Kobayashi’s C-glycosidation.
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Scheme 9 Lakshman’s access to C6-substituted inosine nucleosides.


2′-deoxynucleosides and nucleosides with a range of boronic acids
using a nickel- and palladium-based system with imidazolium–
carbene ligands (Scheme 10). It is envisioned that the products of
this reaction could be used as cytostatic agents, although they still
have the potential to be incorporated into oligonucleotides.28


Scheme 10 Robins’ access to C6-substituted inosine nucleosides.


2. Modifications to the sugar portion


There are several reasons as to why the (deoxy)ribose part of a nu-
cleic acid might be manipulated. One which has become apparent
in recent years is the desire to synthesise oligomers that are stable to
enzymic degradation,10d,29–31 and can therefore be used effectively
in RNA interference and antisense technologies. However, other
reasons can range from the desire to add functionality to plasmid
DNA32 and triplex formation33 to the need for improving nucleic
acid–protein binding.34


(a) Substitution of the ribose oxygen


Substitution of the oxygen in the ribose ring for atoms such as
sulfur and nitrogen (as in the case of many PNAs which are not
the subject of this review35) can also lead to nuclease-resistant
properties. Although not intended for incorporation into an
oligonucleotide, Haraguchi and co-workers have devised the inge-
nious synthesis of a range of 4′-thionucleosides in the investigation
of their antiviral and antitumour activities.36 These thionucleosides
were accessed by the PhSeCl-mediated electrophilic glycosidation
of 4-thiofuranoid glycals with a carbon substituent at the C2-
position. These glycals were synthesised by the C2-lithiation of
1-chloro-4-thiofuranoid glycal 53 with LTMP. Birch reduction of
the chlorine atom followed by electrophilic glycosidation using
the nucleobase and PhSeCl generated intermediate 57 exclusively
as the b-anomer. Removal of the selenium provided the desired
4′-thionucleoside 58 (Scheme 11).


Scheme 11 Haraguchi’s synthesis of a 4′-thionucleoside.


Matsuda and Minakawa have also developed a practi-
cal synthesis of 4′-thioribonucleosides, specifically 2′-deoxy-4′-
thioribonucleosides.37 Problems associated with the Barton radical
deoxygenation of the 2′-OH, where the sulfur participated to
generate a major side product, were overcome by replacing the
2′-OH with a bromine atom, and subsequent radical reduction at
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this position (Scheme 12). Matsuda and Minakawa found that
oligonucleotides containing these 4′-thioDNAs showed higher
resistance to 3′-exonuclease cleavage. Interestingly, they also
showed that the 4′-thioDNA:4′-thioDNA homoduplex exhibits
RNA-like characteristics in that it adopts the A-form in aqueous
buffer at neutral pH and moderated salt conditions.37b


Scheme 12 Access to 2′-deoxy-4′-thionucleosides by radical reduction of
the 2′-bromonucleoside.


In their investigation of the degradation of DNA with re-
active oxygen species, Carell and co-workers have synthesised
the carbocyclic nucleoside analogue of guanine 64.38 One of the
most common DNA lesions formed is the 2′-deoxyguanisine ring-
opened lesion dubbed FaPydG 63, but the problem with studying
these types of lesion is that the b-FaPydG lesion readily anomerises
to give the a-FaPydG lesion. This then makes any study into base-
pairing effects of these lesions difficult to assess. The carbocyclic
analogue dcG 64 made by Carell is, of course, unable to anomerise
(Fig. 10). The effect of replacing the oxygen with carbon on base-
pairing was investigated, and it was found that dcG had similar
base pairing capabilities to dG, thus allowing confidence in any
subsequent lesion study.


Fig. 10 Carell’s carbocyclic guanine.


Jeong, Moon and co-workers have also synthesised novel
carbocyclic nucleoside analogues as selective A3 adenosine re-
ceptor agonists.34 Although they do not incorporate this into an
oligonucleotide, their method still represents a useful way of ac-
cessing modified C-nucleosides. Starting from 2,3-isopropylidene-


D-ribose 65, they obtained C2-hydroxymethyl lactol 66 in 3 steps.
They then incorporated a methylene unit by a Wittig reaction and
utilised ring-closing metathesis to generate the core carbocycle.
Reduction of the resulting double bond followed by Mitsunobu
incorporation of the nucleobase gave them the desired product 71
(Scheme 13).


Scheme 13 Jeong and Moon’s synthesis of a carbocyclic nucleoside
analogue.


(b) Addition of functionality


Nielsen and co-workers have synthesised a range of riboses which
carry two nucleobases (Fig. 11).39,40 Such modified nucleic acids
could stabilise secondary structures or three-way junctions and
could also potentially take part in a double-coding system. In par-
ticular, they showed that the incorporation of (5′S)-C-(thymine-1-
ylmethyl)thymidine 73 into duplexes revealed the (5′S)-C-position
as ideal for the orientation of the extra nucleobase into the
minor groove. The authors speculate that this might lead to the
development of self-assembling nucleic acid nanostructures.40
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Fig. 11 Nielsen’s bifunctionalised nucleosides.


(c) Replacement of the ribose


Several reports have detailed modifications to the sugar structure,
and one of the motivations for this is to explore the limits
of the conditions necessary to invoke Watson–Crick pairing.
Meggers and co-workers have developed a simplified nucleic acid
based on a glycol framework.41 They utilised (R)- or (S)-glycidol
74 as a template to introduce thymine or adenine nucleobases
(Scheme 14). They found that this glycol nucleic acid forms highly
stable antiparallel duplex structures using Watson–Crick pairing,
and this prompts them to suggest that this might have been a
possible predecessor of RNA as the genetic material for early life
on Earth.


Scheme 14 Megger’s simplified oligonucleotide.


Eschenmoser and co-workers have spent many years investigat-
ing the effect of a hexose as opposed to a pentose sugar within
the nucleic acid framework.42 They have recently investigated the
crystal structure of a homo-DNA octameric duplex, and have
shown that it has a weakly twisted right-handed duplex and that
the geometries of individual base-pair steps varies considerably.43


These insights have also allowed them to conclude that for fully
hydroxylated hexopyranose sugars 78–80 (Fig. 12), base pairing
is prevented because the bulkiness of the sugar prevents the bases
from adopting the orientation required for stacking.


Fig. 12 Eschenmoser’s hexose nucleoside equivalents.


(d) Conformationally restricted nucleosides


Naturally occurring DNA and RNA exist in an equilibrium
between two major conformers known as the North (N) 81 and
South (S) 82 types (Fig. 13).


Fig. 13 Equilibrium between North (N) and South (S) conformations.


The conformer which is adopted dictates the nature of the
double-helix which is formed, namely the A- and B-forms. The
N-type conformer is preferred by ribonucleosides that give rise
to the A-form, and the S-type conformer is preferred by the
2′-deoxyribonucleosides, which adopt the B-form. This confor-
mational equilibrium is thought to be important for a variety
of biological functions.44 Indeed, modifications to the nucleic
acid which maintain and reinforce the A-type geometry of RNA
perform well in RNAi.


The restriction of this equilibrium using bi- or tricyclic carbo-
hydrate moieties has therefore been a very useful tool in nucleic
acid chemical biology,45 as well as in the fields of diagnostics and
therapeutics.46


Locked nucleic acids (LNA) were introduced in 1998 by Wengel
and co-workers in order to generate monomers which will be
favourably locked in the N-type conformation.47 Their excellent
ability to recognize complimentary DNA and RNA strands has
made them the subject of much study, particularly as already
mentioned, owing to their stability to enzymic degradation.
Various analogues of these original LNAs have been synthesised
(Fig. 14).48,49
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Fig. 14 Conformationally restricted nucleosides.


Most recently, Hrdlicka and co-workers have developed a
range of 2′-amino-a-L-LNAs, which, although only imparting
modest changes in thermal stability with complimentary DNA,
give significant increases in the thermal stability observed with
RNA compliments and excellent Watson–Crick discrimination,49


such qualities being useful as nucleic acid probes in medicinal
and biotechnological applications. Two interesting products from
this work were the tetracyclic ‘locked’ LNAs 96 and 97, which
were synthesised from the 2′-amino-a-L-LNA 92 using KOAc,
18-crown-6 and dioxane, and formed through an intramolec-
ular aza-Michael reaction (Scheme 15). Phosphoramidites of
both tetracyclic nucleosides were made and incorporated into
an oligonucleotide, although 97 underwent retro-aza-Michael
addition to form 91. Thermal denaturation studies showed that
this monomer showed increased thermal stability with both DNA
and RNA and superior Watson–Crick selectivity. The tetracyclic
nucleoside 89, however, destabilised the duplex in all test sequences
and also appeared to destabilise neighbouring base pairs, which the
authors attribute to loss of aromaticity and subsequent increased
steric bulk.


Another example of a conformationally restricted nucleoside
comes from the laboratories of Chattopadhyaya and co-workers,
who synthesised a series of 1′,2′-azetidine-fused bicyclic pyrimi-
dine nucleosides of T, U, C and 5-Me-C.50 These modified nucle-


osides were shown to be locked into a ‘North-east’ conformation.
The key step in the synthesis of these new nucleotides was the
use of the nucleobase to invoke the correct stereochemistry in the
2′-position for efficient formation of the azetidine (Scheme 16).
When incorporated into a 15-mer oligonucleotide by standard
phosphoramidite chemistry, these sequences were shown to bind to
the complimentary RNA strand with improved binding efficiencies
over the analogous oxetane set of oligonucleotides and, of course,
this improved binding to RNA is particularly interesting owing to
its potential application in antisense technologies.


Recently, Wengel and co-workers have extended their LNA
systems to the formation of triplexes (as discussed in Section 1).33b


They tested a range of LNA-modified compounds against a 33-
mer DNA sequence using a 16-mer sequence that had between 1
and 15 nucleobases replaced with the LNA variant (Fig. 15).


They found that the sequence which formed the most stable
sequences incorporated the LNA monomer 107 (Fig. 16). This
combines two favourable qualities for triplex formation: (i) that
of ‘dual recognition’, whereby the nucleobase or sugar part of the
monomer is linked to a unit that contains one or more amines
that can be (at least partially) protonated under physiological
conditions, and (ii) that the ribose is locked in the N-conformation.


Paquette has combined the use of a different heteroatom within
the ribose with conformational rigidity to generate a class of
ribonucleosides where conformational rotation around the 5′-
hydroxymethyl substituent is inhibited.51 These types of com-
pound represent a new class of nucleoside mimic.52 The key step
in this synthesis is the generation of the sulfonium intermediate
112. This is accessed through the oxidation of the sulfur to the
sulfone using the Davis oxaziridine 109 followed by triethylamine-
induced elimination. Neighbouring group participation of the
dimethoxybenzoyl functionality at the 2′-position then ensures
that the nucleobase is delivered to the b-face (although some
elimination of the dimethoxybenzoyl group also occurs; see
Scheme 17).


3. Modifications to the nucleic acid linker


Once again, one of the principal aims behind the design of
modified internucleoside linkages is to allow antisense and RNAi
strategies to become more effective through improved enzymic sta-
bility, cellular uptake, biodistribution and minimisation of toxicity.
A common modification is the use of phosphorothioate linkages
where one of the non-bridging oxygens is formally replaced by a
sulfur atom, which not only invoke this stability but also increases
the binding to serum proteins and leads to reduced clearance rate
and improved bioavailability. There have been many reports on the
synthesis of these phosphorothioate linkages by the use of sulfur
transfer reagents such as 3H-1,2-benzodithiol-3-one-1,1-dioxide
(Beaucage reagent),53 dimethylthiarum disulfide (DTD)54 and
dibenzoyl tetrasulfide.55 One of the newer reagents, phenylacetyl


Fig. 15 The sequence of the target duplex and the unmodified TFO strand which Wengel has furnished with modified LNAs.
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Scheme 15 Hrdlicka’s 2′-amino-a-L-LNAs.


disulfide (PADS) 116 has been developed by Ravikumar and co-
workers.56 When an oligonucleotide was exposed to a solution of
this reagent, the phosphorothioate was generated, and the authors
suggest this proceeds by the mechanism shown in Scheme 18.
Remarkably, they note that addition of water to the PADS solution
does not lead to increased levels of the hydrolysed product 117,
and speculate that an alternative mechanism might be possible in
this case.


Stec and co-workers have designed the related phosphorose-
lenoate internucleotide linker 123 (Scheme 19)57 which could
potentially be used to probe structure and function by X-ray
crystallography because of multiwavelength anomalous dispersion
(MAD).58 These selenolinkers have a predetermined sense of P-
chirality.59


Recent studies by Rozners and co-workers have focused on
the synthesis and utility of a range of oligoribonucleotides with
amide linkages (Fig. 17).60 Their most recent report focused on


Fig. 16 Example of an LNA TFO designed by Wengel and co-workers.


monomer 129. Two syntheses were devised (each with their own
advantages and disadvantages), and the route shown (Scheme 20)
has the advantage that a variety of heterocyclic bases can be
introduced towards the end of the synthesis, allowing for late-stage
diversification.60a
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Scheme 16 Chattopadhyaya’s 1′,2′-azetidine mimic of thymine.


Caruthers and co-workers have developed oligodeoxynu-
cleotides with phosphonoformate linkers, again with the main
purpose of forming oligonucleotides capable of participating in
antisense binding without being degraded by cellular nucleases.61


By using phosphinylformic acid ester 133 (synthesised from 130)
to form phosphoramidite 135, they were able to introduce this
modified linker. The one issue that did rise in testing the ability
of these modified phosphoramidites to DNA synthesis was the
lability of the C–P bond to nucleophilic attack, which meant
that standard amine protecting groups on the exocyclic amines
of cytosine, adenine and guanine could not be used. However, the
Fmoc protecting group was found to be compatible with the new
linker, as it could be removed under the same conditions as the
DPSE group (Scheme 21).


Nielsen and co-workers have utilised ring-closing metathesis
to create a range of internucleotide linkages in addition to the
phosphate linker.62 Most recently, they have prepared a carbon
linker between the 5′-positions of adjacent thymine residues using
ring-closing metathesis (Scheme 22).62a Such modifications can
lead to the stabilisation of secondary nucleic acid structures such
as bulges or three-way junctions. This, the authors suggest, could
be used to modulate RNA function for future therapeutic uses and
nanobiotechnology.


Conclusions


This review has attempted to highlight recent developments in
modified nucleotides, and specifically their incorporation into


novel oligonucleotides. There has been a notable resurgence in
the development of nucleic acid mimics, and this is arguably a
direct result of developments in RNAi (and to a certain extent
antisense) technologies. The design of these mimics aims to address
the problem of RNA degradation, which is a major problem
in this methodology. Locked nucleic acids and oligonucleotides
with modified linkers have been directed towards this purpose.
Overcoming such obstacles will lead to the real possibility that
RNAi technology will be able to act against cancer through the
targeting of oncogenes, as well as against viral infection through
the targeting of viral genes. Of course there are a great many other
obstacles, such as delivery, which must be overcome before this
becomes a reality, but the discovery of an oligonucleotide mimic
which is resilient to endonuclease degradation would be a giant
leap forward.


In addition to this, there have been exciting developments in
oligonucleotides that show improved binding to double helices
to form triplexes. This will allow for improved transcriptional
activation or deactivation, and this too could lead to important
therapeutic developments.


The use of fluorescent nucleosides as probes in molecular
biology applications has become an important field of study and
an indispensable tool in nucleic acid biophysics.


Modified nucleic acids have also been developed to answer the
more fundamental questions about Nature and why it has chosen
the genetic coding system that it has. Such insights will no doubt
shed light onto the origins of life and how it evolved into the
complex genetic system it is today.
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Scheme 17 Paquette’s 4′-thioribonucleoside.


Scheme 18 Ravikumar’s sulfur transfer reagent.


Scheme 19 Stec’s predetermined P-chirality


Fig. 17 Rozner’s amide linkages.


Scheme 20 Rozner’s monomer synthesis.
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Scheme 21 Caruthers’ phosphonoformate linkage.
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A novel series of compounds, derived from 2,5-functionalized imidazoles, have been synthesized as
potential bisubstrate inhibitors of protein farnesyltransferase (FTase) using structure-based design.
These compounds have a 1,4-diacid chain and a tripeptide connected by an imidazole ring. The
synthetic strategy relies on the functionalization at the C-2 position of the heterocycle with the diacid
side chain and peptide coupling at the C-5 position. Several new compounds were synthesized in good
yields. Kinetic experiments on the most active compounds revealed different binding modes depending
on the diacid chain length.


Introduction


Since its identification, the protein farnesyltransferase (FTase)
has emerged as a promising target in cancer therapy.1 Recently,
it has also appeared as a potential target for the treatment of
parasitic diseases.2 FTase is a zinc metalloenzyme3 that catalyses
the addition of the lipid 15-carbon isoprenyl farnesyl moiety from
farnesylpyrophosphate (FPP) to a sulfhydryl of a cysteine residue
embedded in the C-terminal CaaX sequence motif of cellular
signal transduction proteins.4 The CaaX box is defined by an
invariant cysteine residue (C), two aliphatic residues (aa) and the
C-terminal residue (X), which contributes to substrate specificity.
The farnesylation reaction is part of a series of modifications
necessary for plasma membrane association, extracellular signal
transmission and cell proliferation.4,5


A broad range of FTase inhibitors (FTIs) that mimic the C-
terminal CaaX tetrapeptide and the farnesylpyrophospate (FPP)
have been already described,6 however only a few compounds
designed to mimic both substrates have been reported so far.7 This
kind of compound is classified as a bisubstrate derivative, which
is expected to exhibit better specificity and affinity for the enzyme
than either substrate alone due to its similarity with the transition
state of FTase.


In this paper, we wish to report our initial results on the synthesis
and the biological evaluation of higher-substituted imidazoles
with the aim of obtaining a novel class of FTIs. Based on the
studies reported by the Fierke,8 Poulter9 and Beese10 groups on
the transition state 1 of this enzyme, we designed a new class of
compounds with the general structure 2 outlined in Fig. 1 in order
to connect the CaaX- and pyrophosphate-binding sites.


The principal scaffold of our analogues is the imidazole ring. In
spite of the difficulty of working with this heterocycle due to its
particular reactivity, imidazole is a very important moiety of FTIs
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Fig. 1 Transition state of FTase (1) and our design of transition state
analogues (2).


because of the strong interaction of its basic nitrogen with the
zinc atom in the FTase catalytic binding site. Numerous FTIs bear
an imidazole ring such as tipifarnib11 and BMS-214662,12 which
are under clinical trials against cancer. It has been shown by X-
ray crystallography of these anticancer candidates complexed with
FTase that the imidazole is effectively bound to the zinc atom.13


A 1,4-diacid was chosen to go into the pyrophosphate binding
site because FPP competitive inhibitors bearing a 1,4-diacid, such
as chaetomellic acid A, have shown very good affinities for the
enzyme.14 Finally, the peptidic side chain is believed to function
as a mimic of the CaaX box. In order to obtain better interaction
with the enzyme, the chain length between the heterocycle and the
diacid has been varied.


The originality of these compounds relies on the 1,4-diacid
scaffold as well as the highly functionalized imidazole ring.
In fact, all the described imidazole-containing FTIs are either
monosubstituted in the C-4/5 position (like BMS-214662) or
disubstituted in the N-1 and C-5 positions (like tipifarnib). To
the best of our knowledge, no compound with a structure related
to our general model 2 has been described to date. Finally, this
work could also provide additional information about the exact
transition state of this enzyme that remains currently unknown.
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This article describes the synthesis and the biological activity
of the first compounds of this new class of FTIs with the peptide
chain linked at the C-5 position of the imidazole ring.


Results and discussion


1. Chemistry


Our first approach relied on the introduction of the diacid side
chain at the C-2 position of the imidazole moiety followed by the
coupling of the peptide at the C-5-substituted position. Among
the reactions of 2-lithioimidazoles with electrophiles,15 only a few
methods have so far been described for the direct introduction of a
functionalized alkyl chain at the C-2 position of this heterocycle.16


In fact, our initial efforts to execute the C-2 functionalization by
reaction between 2-lithioimidazole and bromoesters were unsuc-
cessful. Therefore, we looked into palladium-catalyzed coupling
reactions with 2-iodoimidazole derivatives under Heck conditions.
No C-2-substituted compound could be isolated under these
conditions, but these attempts allowed us to find a new way to
synthesize imidazoisoindole derivatives, and this new reaction has
been the subject of another study reported elsewhere.17


Therefore, we planned another retrosynthetic route, depicted in
Scheme 1. The peptide chain could be introduced at the end of the
syntheses by reductive amination of the aldehydes 3 obtained after
deprotection and oxidation of the C-5 hydroxymethyl moiety of
compounds 4. The key step of the syntheses is the introduction of
the 1,4-diester moiety by a Horner–Wadsworth–Emmons reaction
on the aldehydes 5 obtained by functionalization at the C-2
position of the 1-methyl-5-hydroxymethylimidazole derivative 6
synthesized from 1,3-dihydroxyacetone dimer 7.


Starting from the commercially available 1,3-dihydroxyacetone
dimer 7, the N-methyl-5-(hydroxymethyl)imidazole 8 was readily
obtained in two steps (47% overall yield) using the Marckwald18


procedure slightly modified by Rapoport19 and Collman20


(Scheme 2). Compound 8 was easily converted into aldehyde 5a
(n′ = 0) via TBS-protection followed by formylation21 of the C-
2 position (75% yield after two steps). Next, this compound 5a
was used as a common intermediate for the syntheses of all our
analogues.


With aldehyde 5a in hand, we started the synthesis of the
intermediate 4a bearing only one carbon between the imidazole


Scheme 1 Retrosynthetic analysis.


Scheme 2 Reagents and conditions: a) KSCN, CH3NH2·HCl, AcOH,
1-butanol, RT, 3 days, 62%; b) 2.4 N HNO3, NaNO2 cat., RT, 6 h, 75%;
c) TBDMSCl, imidazole, DMF, RT, 2 h, 91%; d) nBuLi, THF, −78 ◦C,
45 min, then DMF, −78 ◦C → RT, 2 h 30 min, 83%.


core and the 1,4-diester chain. Our approach was accomplished
by using a Horner–Wadsworth–Emmons reaction22 involving a
phosphonosuccinic ester followed by the hydrogenation of the
double bond (Scheme 3). The 2-(diethoxyphosphoryl)succinic
acid diethyl ester 9 has previously been synthesized in one step
using a slightly modified Linke protocol.23 Under typical Horner–
Wadsworth–Emmons conditions, compound 10 was obtained in


Scheme 3 Reagents and conditions: a) 9, NaH, THF, RT, 2 h, (100% E
isomer), 69%; b) H2 (1 atm), Pd/C (10%), EtOAc, RT, 4 h, 100%.
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69% yield, and following catalytic hydrogenation gave the expected
compound 4a in quantitative yield.


With 4a synthesized, we turned our attention to the intermediate
4c with a three-carbon chain between the imidazole ring and
the 1,4-diester part (Scheme 4). The aldehyde 5a was submitted
to Horner–Wadsworth–Emmons olefination with triethyl phos-
phonoacetate. The double bond of the resulting ester was then
hydrogenated and the ester was reduced to the corresponding
aldehyde 5c (n′ = 2). An additional Horner–Wadsworth–Emmons
olefination with 9 afforded the required compound 11 in 70% yield,
which was further hydrogenated to give the analogue 4c in 92%
yield.


Scheme 4 Reagents and conditions: a) (EtO)2P(O)CH2CO2Et, NaH, THF,
0 ◦C → RT, 3 h, (E/Z 9 : 1), 77%; b) H2 (1 atm), Pd/C (10%), EtOAc,
RT, 3 h, 100%; c) DIBAL-H, CH2Cl2, −78 ◦C, 2 h, 82%; d) 9, NaH, THF,
0 ◦C → RT, 1 h 40 min, (E/Z 4 : 1), 70%; e) H2 (1 atm), Pd/C (10%),
EtOAc, RT, 3 h, 92%.


Whereas the syntheses of the intermediates 4a and 4c were
quite straightforward by application of the Horner–Wadsworth–
Emmons procedure with 9, it was more troublesome to obtain
compound 4b. In fact, all our attempts to synthesize the aldehyde
5b (n′ = 1) were unsuccessful (Scheme 5). The alkylation–
formylation sequence24 failed because methylation of 6 afforded
only compound 13. Though the formation of the enol ether 14
was straightforward, no reaction or decomposition of the starting
material was observed when compound 14 was submitted to
different deprotection conditions.25 Finally, the hydroboration of
the vinyl derivative 15, easily obtained by Wittig condensation on
5a, was unsuccessful whatever the conditions employed. Though
the formation of the organoborane was observed, the following
addition of NaOH/H2O2 gave back the starting material, likely
by simple deprotonation and elimination of the borane, since 15 is
strongly stabilized by the conjugation of the double bond with the
imidazole ring. Following these results, we changed our strategy
and investigated a novel way to synthesize compound 4b.


Finally, compound 4b was successfully obtained using a
Johnson–Claisen rearrangement26 (Scheme 6). Starting from the
aldehyde 5c, a Horner–Wadsworth–Emmons reaction led to the
a,b-unsaturated ester 17 in 94% yield. After reduction to the cor-


Scheme 5 Attempts at the synthesis of aldehyde 5b.


Scheme 6 Reagents and conditions: a) (EtO)2P(O)CH2CO2Et, NaH, THF,
0 ◦C → RT, 2 h 40 min, 94%; b) DIBAL-H, CH2Cl2, −78 ◦C, 4 h,
79%; c) H3CC(OEt)3, H+, 140 ◦C, 1 h, 91%; d) KMnO4, NaIO4, K2CO3,
tBuOH–H2O, RT, 26 h, 53% at 68% conversion; e) TMSCHN2, MeOH,
0 ◦C, 2 h, 72%.


responding allylic alcohol 18, a Johnson–Claisen rearrangement
afforded compound 19 in 91% yield. Application of the Sharpless
procedure27 (RuCl3·nH2O and a catalytic amount of NaIO4) on
compound 19 provided the expected acid 20 in very low yield. Then
compound 19 was submitted to Lemieux–von Rudloff conditions28


following the Hesse and Detterbeck protocol29 with NaIO4 and a
catalytic amount of KMnO4. By application of these conditions,
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the acid 20 was isolated in 53% yield at 68% conversion of the
starting material. Esterification of 20 with TMSCHN2


30 in MeOH
afforded the intermediate 4b required for the synthesis of the n =
2 analogue.


Having synthesized compounds 4a–c, the corresponding alde-
hydes 3a–c were prepared using a TBS-deprotection–oxidation
sequence (Scheme 7). Two tripeptides were chosen as the aaX
part of our new derivatives 2. Valine-phenylalanine-methionine
(VFM) is the aaX part of CVFM, a highly active FTI, and valine-
isoleucine-alanine (VIA) is the C-terminal part of yeast H-Ras
protein.1a These two tripeptides were synthesized in very good
overall yields according to the classical peptide chemistry using
EDCI and HOBt peptide coupling reactions.31


Scheme 7 Reagents and conditions: a) TBAF, THF, 0 ◦C → RT, 30 min
(21a: 85%, 21b: 80%, 21c: 83%); b) MnO2, CHCl3, reflux, 32–48 h (3a:
86%, 3b: 92%, 3c: 97%).


Having successfully prepared the required aldehydes 3a–c and
the protected tripeptides 22 and 23, reductive amination followed
by saponification of the ester functions was performed, giving


our target molecules 2a–f (Scheme 8). The reductive amination
was carried out with NaBH3CN,32 and the saponification was
performed with LiOH·H2O in THF–MeOH–H2O mixture, leading
to the expected 2,5-difunctionalized imidazoles in very good yields.


2. Biological evaluation


Compounds 24a–f and 2a–f were evaluated for their inhibitory
activity against recombinant yeast FTase33 using a fluorescent-
based assay34 and adapted to 96-well plate format. Results are
reported in Table 1.


Generally, VFM-bearing compounds are more active than VIA-
containing imidazoles. In the VIA series, the acids 2d–f are all
more active than the corresponding esters 24d–f, and the most
active compound in this series is 2e bearing 2 carbons between
the imidazole ring and the succinic moiety. In the VFM series,


Table 1 Activity on yeast FTase


Compound n Peptide IC50/lM


24a 1 VFM >1000
24b 2 VFM 190 ± 20
24c 3 VFM 35 ± 3
24d 1 VIA Inactive
24e 2 VIA >1000
24f 3 VIA 340 ± 10
2a 1 VFM 150 ± 5
2b 2 VFM 400 ± 10
2c 3 VFM 80 ± 5
2d 1 VIA 270 ± 10
2e 2 VIA 80 ± 15
2f 3 VIA 180 ± 20


Scheme 8 Reagents and conditions: a) i) TFA–CH2Cl2, 0 ◦C, 20 min, ii) 4 Å MS, CH2Cl2–MeOH, RT, 10 min, then aldehyde 3a–c, iii) NaBH3CN,
MeOH–AcOH (10 : 1), RT (24a: 94%, 24b: 77%, 24c: 79%, 24d: 56%, 24e: 80%, 24f: 72%); b) LiOH·H2O, THF–MeOH–H2O, 0 ◦C → RT, 2–18 h (2a:
86%, 2b: 82%, 2c: 82%, 2d: 89%, 2e: 75%, 2f: 85%).
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the results are quite different. Except for n = 1, the esters are
more active than the corresponding acids, and the best activity is
obtained for compound 24c with n = 3. In order to understand
these differences and to check if these new compounds were
bisubstrate inhibitors, the most active derivatives, 24c (IC50 =
35 lM), 2c (IC50 = 80 lM) and 2e (IC50 = 80 lM), were subjected to
kinetic studies. The ester derivative 24c is noncompetitive to both
substrates whereas compound 2c is competitive to the peptide
but not to FPP. The inhibition constant of compound 2c (K i =
60 lM) was deduced from these kinetic experiments. Surprisingly,
compound 2e exhibits a different binding mode. It appears to
be noncompetitive to the peptide substrate and uncompetitive to
FPP, suggesting that it binds at a location that does not prevent
FPP binding.


Some known inhibitors bearing a 1,4-diacid moiety are compet-
itive to FPP.14 However, in contrast to our designed compounds,
they all bear an aliphatic chain that mimics the farnesyl moiety.
The lack of interaction of our imidazole derivatives with the FPP
binding site may be due to the absence of such a hydrophobic
chain in that part of the molecule.


The difference of activity between the VFM- or VIA-derivatives
2b–c and 2e–f is surprising. However it is known that CVFM
adopts a binding conformation in the FTase active site different
from that of the other peptides (like CVIM) due to the presence
of the phenyl ring.35 Because of this aromatic ring, it can similarly
be assumed that the VFM-containing compounds 2b–c adopt a
different conformation than the VIA-derivatives 2e–f, and that the
length of the diacid chain is more or less detrimental to binding
according to the conformational behaviour of these derivatives.


In contrast to most of the reports on FTIs, our biological results
are based on the determination of the inhibitor binding mode.
In our case, these experiments have allowed us to demonstrate
different binding modes (dependent on the nature of the tripeptide
and of the carbon chain carried by the imidazole ring) that were
hardly foreseeable on the basis of the IC50 values.


Conclusions


In summary, we have synthesized different higher-substituted
imidazoles with a succinic acid unit at C-2 and a tripetide at
C-5 of this heterocycle. The key transformation of our C-2
functionalisation sequence was a Horner–Wadsworth–Emmons
reaction that permitted us to achieve our syntheses in good overall
yields. This protocol was discovered following the failure of a
more traditional alkylation and of palladium-catalyzed reactions
due to the particular reactivity of the imidazole ring. The target
compounds were obtained from the commercially available 1,3-
dihydroxyacetone dimer 7 in a linear sequence with 14.5% and
9.0% (2a and 2d, n = 1, 10 steps), 2.4% and 2.4% (2b and 2e,
n = 2, 16 steps), 7.6% and 7.2% (2c and 2f, n = 3, 13 steps)
yields with VFM and VIA tripeptides respectively. Investigations
of the biological profile of our target compounds have shown that
VFM-containing compounds are generally more active than VIA
derivatives, and that the carbon chain length has an influence on
the activity. However, the kinetic experiments have demonstrated
that 2,5-disubstituted imidazoles are not bisubstrate analogues,
and only compound 2c is competitive to the CaaX motif.


The aim of this work was to create new inhibitors that can bind
to both CaaX and pyrophosphate binding sites. The failure of


our first 2,5-disubstituted imidazoles to fit this requirement could
be due to the relative position of the succinic acid and of the
peptide. Furthermore, a hydrophobic alkyl chain might be needed
to mimic the farnesyl group and to position the acid moiety in
the pyrophosphate binding site. Therefore, we are pursuing our
investigation into highly substituted imidazoles by the synthesis
of 1,2- and 2,4-disubstituted imidazoles as well as compounds
bearing a hydrophobic chain near the 1,4-diacid moiety.


Experimental


General method


Unless otherwise indicated, all reactions were carried out with
magnetic stirring and, in the case of air- or moisture-sensitive com-
pounds, reactions were carried out in oven-dried glassware under
argon. Syringes were used to transfer the reagents and the solvents
were purged with argon prior to use. Tetrahydrofuran (THF) was
distilled over sodium/benzophenone. Dichloromethane (CH2Cl2),
triethylamine (Et3N), diisopropylamine and toluene were dis-
tilled over calcium hydride. N,N ′-Dimethylformamide (DMF)
was dried over MgSO4 followed by distillation under reduced
pressure. Analytical thin-layer chromatography was carried out
on precoated silica gel glass plates (Merck TLC plates, silica
gel 60F254). The silica gel (silica gel 60 (35–70 lm)) used for
column chromatography was purchased from SDS. 1H and 13C
NMR spectra were recorded on Bruker AC-250/300 and DPX-
300 spectrometers at 250 and 300 MHz. 1H chemical shifts are
reported in delta (d) units in parts per million (ppm) relative
to the singlet at 7.26 ppm for d-chloroform (residual CHCl3)
and the singlet (0.00 ppm) for TMS. 13C Chemical shifts (d)
are reported in ppm relative to the central line of the triplet at
77.0 ppm for d-chloroform. Splitting patterns are designated as: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad
and combinations thereof. Coupling constants J are reported
in hertz (Hz). Melting points were measured on a Büchi b-450
apparatus and are uncorrected. IR spectra were recorded with an
FTIR Perkin-Elmer Spectrum BX spectrometer. Low- and high-
resolution mass spectra were recorded by a navigator LC/MS
(source AQA) instrument for electron spray ionisation (ESI – base
resolution) and electron ionisation (EI – high resolution). Optical
rotations were measured with a JASCO 1010 polarimeter in a 1 dm
cell using the sodium D line (589 nm) at the temperature, solvent,
and concentration indicated. Elemental analyses were performed
by the Microanalytical Laboratory of the ICSN-Gif-sur-Yvette.


5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazole
(6)


To a stirred solution of 8 (1.70 g, 15.2 mmol) in DMF
(17 mL) were added imidazole (3.10 g, 45.5 mmol) and tert-
butyldimethylchlorosilane (2.50 g, 16.7 mmol). The reaction
mixture was stirred for 2 h at room temperature. Then, the
reaction was quenched with H2O (30 mL) and extracted with
Et2O (3 × 40 mL). The combined organic layers were dried over
MgSO4. Concentration followed by column chromatography on
silica gel (EtOAc–MeOH 9.5 : 0.5) afforded 6 (3.13 g, 91%) as
an amorphous colorless solid. 1H NMR data identical to those
previously reported36; 13C NMR (62.5 MHz, CDCl3) d 138.3,
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130.5, 127.3, 54.6, 31.1, 25.3 (3C), 17.7, −5.8 (2C); IR (KBr)
1061, 1256, 1471 cm−1; HRMS calcd for C11H23N2OSi [M + H]+:
227.1580; found: 227.1547.


5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazole-2-
carbaldehyde (5a)


n-Butyllithium (17.6 mL, 28.2 mmol, 1.6 N in hexane) was added
dropwise to a solution of 6 (5.30 g, 23.5 mmol) in THF (60 mL)
at −78 ◦C. After 40 min at this temperature, DMF (5.60 mL,
70.5 mmol) was added. The reaction mixture was allowed to
warm to room temperature and after 2 h 30 min, CH2Cl2 (90 mL)
was added. The organic phase was successively washed with brine
(80 mL) and H2O (80 mL), and dried over MgSO4. Concentration
afforded the crude product as a yellow oil that was purified
by column chromatography on silica gel (heptane–EtOAc 3 :
2) followed by crystallization (heptane) to afford the required
aldehyde 5a (5.00 g, 83%) as white crystals. Mp 60.7–62.5 ◦C;
1H NMR (250 MHz, CDCl3) d 9.77 (s, 1H), 7.16 (s, 1H), 4.72 (s,
2H), 4.01 (s, 3H), 0.89 (s, 9H), 0.08 (s, 6H); 13C NMR (62.5 MHz,
CDCl3) d 182.3, 144.3, 137.4, 130.4, 55.0, 32.1, 25.7 (3C), 18.1,
−5.5 (2C); IR (KBr) 1072, 1256, 1484, 1689 cm−1; MS (ESI+): m/z
255 [M + H]+; Elemental analysis calcd (%) for C12H22N2O2Si: C
56.65, H 8.72, N 11.01; found: C 56.52, H 8.69, N 11.04.


2-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-ylmethylene]succinic acid diethyl ester (10)


A suspension of sodium hydride (0.54 g, 13.4 mmol) in THF
(5 mL) was treated with triethyl phosphonosuccinate 927 (3.66 g,
11.8 mmol) at 0 ◦C. The solution was stirred for 30 min at room
temperature before addition of the aldehyde 5a (2.55 g, 10.0 mmol)
in THF (10 mL). After 3 h at room temperature, the reaction
mixture was diluted with CH2Cl2 (40 mL) and extracted with
brine (30 mL) and H2O (30 mL). The organic layer was dried
over MgSO4 and concentrated. The crude product was purified
by column chromatography on silica gel (heptane–EtOAc 4 : 1)
to afford 10 (2.00 g, 69%, only the E isomer as determined by
NOE experiments) as white crystals. Mp 52.2–53.9 ◦C; 1H NMR
(250 MHz, CDCl3) d 7.58 (s, 1H), 7.05 (s, 1H), 4.66 (s, 2H), 4.28
(s, 2H), 4.26 (q, J = 7.0 Hz, 2H), 4.13 (q, J = 7.0 Hz, 2H), 3.72
(s, 3H), 1.31 (t, J = 7.0 Hz, 3H), 1.23 (t, J = 7.0 Hz, 3H), 0.88
(s, 9H), 0.05 (s, 6H); 13C NMR (62.5 MHz, CDCl3) d 171.4, 167.5,
144.0, 132.9, 129.2, 127.4, 124.0, 61.2, 60.6, 55.3, 33.6, 30.6, 25.8
(3C), 18.2, 14.2 (2C), −5.3 (2C); IR (KBr) 1062, 1268, 1463, 1637,
1709, 1736 cm−1; MS (ESI+): m/z 411 [M + H]+, 433 [M + Na]+.
Elemental analysis calcd (%) for C20H34N2O5Si: C 58.51, H 8.35,
N 6.82; found: C 58.21, H 8.26, N 6.75.


2-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-ylmethyl]succinic acid diethyl ester (4a)


Pd/C (0.10 g) was added to a solution of 10 (1.00 g, 2.44 mmol)
in EtOAc (15 mL). The mixture was allowed to react at room
temperature under hydrogen atmosphere (1 atm) for 4 h. The
reaction was filtered through a pad of Celite with EtOAc and the
filtrate was concentrated to give 4a (0.97 g, 100%) as a yellowish
oil. 1H NMR (250 MHz, CDCl3) d 6.80 (s, 1H), 4.62 (s, 2H), 4.13
(m, 4H), 3.59 (s, 3H), 3.36 (m, 1H), 3.13 (dd, J = 6.0, 15.0 Hz,
1H), 2.88 (dd, J = 6.0, 15.0 Hz, 1H), 2.74 (m, 2H), 1.23 (td, J =


1.5, 7.5 Hz, 6H), 0.88 (s, 9H), 0.04 (s, 6H); 13C NMR (62.5 MHz,
CDCl3) d173.7, 171.7, 146.4, 131.0, 126.3, 60.9, 60.6, 55.5, 39.9,
35.3, 30.3, 28.3, 25.8 (3C), 18.2, 14.1 (2C), −5.3 (2C); IR (KBr)
1057, 1256, 1472, 1736 cm−1; HRMS calcd for C20H37N2O5Si [M +
H]+: 413.2472; found: 413.2460.


(E,Z)-3-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]acrylic acid ethyl ester


A suspension of sodium hydride (1.29 g, 32.1 mmol) in THF
(15 mL) was treated with triethyl phosphonoacetate (6.00 mL,
30.1 mmol) at 0 ◦C. The solution was stirred for 30 min at room
temperature before addition of the aldehyde 5a (2.55 g, 10.0 mmol)
in THF (10 mL). After 3 h at room temperature, the reaction
mixture was diluted with CH2Cl2 (30 mL) and extracted with
brine (20 mL) and H2O (20 mL). The organic layer was dried
over MgSO4 and concentrated. The crude product was purified
by column chromatography on silica gel (heptane–EtOAc 7 :
3) to afford (E,Z)-3-[5-(tert-Butyl-dimethylsilanyloxymethyl)-1-
methyl-1H-imidazol-2-yl]acrylic acid ethyl ester (2.40 g, 77%, E/Z
9 : 1) as a white amorphous solid. E isomer: 1H NMR (300 MHz,
CDCl3) d 7.53 (d, J = 15.5 Hz, 1H), 7.03 (s, 1H), 6.82 (d, J =
15.5 Hz, 1H), 4.67 (s, 2H), 4.27 (q, J = 7.0 Hz, 2H), 3.73 (s, 3H),
1.32 (t, J = 7.0 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 6H); 13C NMR
(75 MHz, CDCl3) d 167.1, 144.2, 133.9, 129.4, 128.7, 120.7, 60.7,
55.4, 30.6, 25.7 (3C), 18.3, 14.4, −5.2 (2C); IR (KBr) 1036, 1279,
1469, 1631, 1706, 3058 cm−1; HRMS calcd for C16H29N2O3Si [M +
H]+: 325.1947; found: 325.1927. Z isomer: 1H NMR (300 MHz,
CDCl3) d 7.61 (d, J = 12.5 Hz, 1H), 6.97 (s, 1H), 6.28 (d, J =
12.5 Hz, 1H), 4.73 (s, 2H), 4.32 (q, J = 7.0 Hz, 2H), 3.86 (s, 3H),
1.34 (t, J = 7.0 Hz, 3H), 0.91 (s, 9H), 0.07 (s, 6H); 13C NMR
(75 MHz, CDCl3) d 168.7, 144.7, 135.4, 129.6, 128.9, 120.1, 60.8,
55.7, 31.0, 25.7 (3C), 18.4, 14.1, −5.3 (2C); IR (KBr) 1040, 1245,
1466, 1617, 1695, 3377 cm−1; HRMS calcd for C16H28N2O3SiNa
[M + Na]+: 347.1767; found: 347.1755.


3-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-yl]propionic acid ethyl ester


Pd/C (0.21 g) was added to a solution of (E,Z)-3-[5-(tert-
butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-2-yl]acrylic
acid ethyl ester (2.10 g, 6.73 mmol) in EtOAc (15 mL). The
mixture was allowed to react at room temperature under hydrogen
atmosphere (1 atm) for 3 h. The reaction was filtered through a
pad of Celite with EtOAc and the filtrate was concentrated to give
3-[5-(tert-butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-yl]propionic acid ethyl ester (2.10 g, 100%) as a colorless oil.
1H NMR (300 MHz, CDCl3) d 6.82 (s, 1H), 4.61 (s, 2H), 4.15 (q,
J = 7.0 Hz, 2H), 3.59 (s, 3H), 2.90 (m, 4H), 1.25 (t, J = 7.0 Hz,
3H), 0.88 (s, 9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) d
172.9, 147.9, 131.0, 126.1, 60.6, 55.5, 31.7, 30.2, 25.9 (3C), 22.1,
18.2, 14.2, −5.3 (2C); IR (KBr) 1057, 1256, 1472, 1736 cm−1; MS
(ESI+): m/z 327 [M + H]+.


3-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-yl]propionaldehyde (5c)


Diisobutylaluminium hydride (5.99 mL, 5.99 mmol, 1 N in
heptane) was added to a solution of 3-[5-(tert-butyldimethyl-
silanyloxymethyl)-1-methyl-1H -imidazol-2-yl]propionic acid
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ethyl ester (1.30 g, 3.99 mmol) in CH2Cl2 (12 mL) at −78 ◦C. The
reaction was stirred at this temperature for 2 h, and 3 drops of
MeOH were added to neutralize the excess of diisobutylaluminium
hydride. The mixture was warmed to room temperature and
quenched with a saturated aqueous solution of potassium sodium
tartrate (20 mL). After stirring for 30 min, the mixture was
filtered through a pad of Celite. The organic layer was separated,
washed with brine (10 mL) and H2O (10 mL), dried over
MgSO4 and concentrated. The residue was purified by column
chromatography on silica gel (EtOAc–MeOH 9.7 : 0.3) to give 5c
(0.93 g, 82%) as a colorless oil. 1H NMR (300 MHz, CDCl3) d
9.87 (s, 1H), 6.76 (s, 1H), 4.59 (s, 2H), 3.56 (s, 3H), 2.97 (m, 4H),
0.85 (s, 9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) d 201.1,
147.6, 131.2, 125.9, 55.5, 40.8, 30.2, 25.8 (3C), 19.4, 18.2, −5.3
(2C); IR (KBr) 1077, 1248, 1479, 1679 cm−1; MS (ESI+): m/z 283
[M + H]+, 315 [M + H + MeOH]+.


2-{3-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]propylidene}succinic acid diethyl ester (11)


A suspension of sodium hydride (0.16 g, 3.94 mmol) in THF
(10 mL) was treated with triethyl phosphonosuccinate 927 (1.02 g,
3.28 mmol) at 0 ◦C. After stirring for 30 min at room temperature,
the aldehyde 5c (0.93 g, 3.28 mmol) in THF (3 mL) was
added. After stirring for 1 h 40 min at room temperature, the
reaction mixture was diluted with CH2Cl2 (15 mL) and extracted
with H2O (10 mL). The organic layer was dried over MgSO4


and concentrated. The crude product was purified by column
chromatography on silica gel (EtOAc–MeOH 9.8 : 0.2) to give
11 (1.00 g, 70%, E/Z 8 : 2) as a colorless oil. E isomer: 1H NMR
(300 MHz, CDCl3) d 6.97 (t, J = 7.0 Hz, 1H), 6.77 (s, 1H), 4.57
(s, 2H), 4.15 (t, J = 7.0 Hz, 2H), 4.08 (q, J = 7.0 Hz, 2H), 3.54
(s, 3H), 3.32 (s, 2H), 2.75 (m, 2H), 2.66 (m, 2H), 1.23 (t, J =
7.0 Hz, 3H), 1.20 (t, J = 7.0 Hz, 3H), 0.84 (s, 9H), 0.03 (s, 6H);
13C NMR (75 MHz, CDCl3) d 170.8, 166.8, 147.9, 143.5, 131.1,
126.9, 126.1, 60.8 (2C), 55.5, 32.4, 30.2, 26.9, 25.9, 25.8 (3C), 18.2,
14.3 (2C), −5.3 (2C); IR (KBr) 1076, 1256, 1487, 1643, 1706,
1735 cm−1; HRMS calcd for C22H39N2O5Si [M + H]+: 439.2628;
found: 439.2627. Z isomer: 1H NMR (300 MHz, CDCl3) d 6.80 (s,
1H), 6.17 (t, J = 7.0 Hz, 1H), 4.61 (s, 2H), 4.20 (q, J = 7.0 Hz, 2H),
4.13 (q, J = 7.0 Hz, 2H), 3.55 (s, 3H), 3.25 (s, 2H), 2.97 (m, 2H),
2.82 (m, 2H), 1.35 (t, J = 7.0 Hz, 3H), 1.32 (t, J = 7.0 Hz, 3H),
0.88 (s, 9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) d 171.4,
166.3, 148.4, 145.2, 130.9, 126.7, 126.4, 60.5 (2C), 55.5, 40.2, 30.3,
27.6, 26.5, 25.8 (3C), 18.2, 14.2 (2C), −5.3 (2C); IR (KBr) 1062,
1259, 1471, 1648, 1706, 1735 cm−1; HRMS calcd for C22H39N2O5Si
[M + H]+: 439.2628; found: 439.2632.


2-{3-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]propyl}succinic acid diethyl ester (4c)


Pd/C (95.0 mg) was added to a solution of 11 (950 mg, 2.17 mmol)
in EtOAc (15 mL). The mixture was allowed to react at room
temperature under hydrogen atmosphere (1 atm) for 3 h. The
reaction was filtered through a pad of Celite with EtOAc and
the filtrate was concentrated. The residue was purified by column
chromatography on silica gel (EtOAc–MeOH 9.8 : 0.2) to give 4c
(875 mg, 92%) as a colorless oil. 1H NMR (300 MHz, CDCl3)
d 6.75 (s, 1H), 4.57 (s, 2H), 4.10 (m, 4H), 3.51 (s, 3H), 2.82 (m,


1H), 2.63 (m, 3H), 2.41 (dd, J = 5.0, 16.0 Hz, 1H), 1.73 (m, 3H),
1.59 (m, 1H), 1.21 (m, 6H), 0.85 (s, 9H), 0.04 (s, 6H); 13C NMR
(75 MHz, CDCl3) d 174.8, 172.0, 148.9, 130.8, 126.0, 60.7 (2C),
55.6, 41.1, 36.2, 31.6, 30.3, 26.9, 25.9 (3C), 25.1, 18.3, 14.3 (2C),
−5.2 (2C); IR (KBr) 1055, 1258, 1472, 1735 cm−1; HRMS calcd
for C22H41N2O5Si [M + H]+: 441.2785; found: 441.2822.


4-(tert-Butyldimethylsilanoxymethyl)-1,2,3-trimethyl-3H-
imidazol-1-ium iodide (13)


n-Butyllithium (4.31 mL, 6.90 mmol, 1.6 N in hexane) was added
dropwise to a solution of 6 (1.30 g, 5.75 mmol) in THF (15 mL) at
−78 ◦C. After stirring for 45 min at this temperature, iodomethane
(0.55 mL, 8.63 mmol) was added. After stirring for 2 h at this
temperature and for 1 h at room temperature, CH2Cl2 (20 mL)
was added. The organic phase was successively washed with a
saturated aqueous solution of Na2S2O3 (15 mL), brine (15 mL),
H2O (15 mL), and dried over MgSO4. Removal of the solvent
afforded the crude product as a yellow solid. The residue was
purified by crystallization (pentane–EtOAc 4 : 1) to afford 13
(1.50 g, 68%) as a yellowish solid. Mp 122.1–124.8 ◦C; 1H NMR
(250 MHz, CDCl3) d 7.44 (s, 1H), 4.70 (s, 2H), 3.97 (s, 3H), 3.86 (s,
3H), 2.87 (s, 3H), 0.90 (s, 9H), 0.13 (s, 6H); 13C NMR (62.5 MHz,
CDCl3) d 145.3, 132.6, 120.4, 54.8, 36.6, 33.7, 25.8 (3C), 18.2, 12.4,
−5.3 (2C); MS (ESI+): m/z 255 [M]+.


5-(tert-Butyldimethylsilanoxymethyl)-2-(2-methoxyvinyl)-1-
methyl-1H-imidazole (14)


To a suspension of (methoxymethyl)triphenylphosphonium chlo-
ride (1.14 g, 3.33 mmol) in THF (6 mL) at 0 ◦C potassium tert-
butoxide (5.54 mL, 5.54 mmol, 1 N in THF) was added dropwise.
After stirring for 30 min at this temperature, a solution of the
aldehyde 5a (705 mg, 2.77 mmol) in THF (8 mL) was added
slowly to the suspension. After 5 h at room temperature, H2O
(3 mL) was added and the reaction mixture was concentrated. The
residue was diluted with CH2Cl2 (20 mL) and washed with H2O
(15 mL). The organic phase was separated, dried over MgSO4


and concentrated. The phosphine oxide formed was crystallized
(heptane–EtOAc 4 : 1) and filtered. Then, the residue was purified
by column chromatography on silica gel (CH2Cl2–MeOH 9.5 : 0.5)
to give 14 (0.61 g, 78%) as a yellowish oil. 1H NMR (300 MHz,
CDCl3) d 7.46 (d, J = 12.0 Hz, 1H), 6.80 (s, 1H), 5.61 (d, J =
12.0 Hz, 1H), 4.61 (s, 2H), 3.69 (s, 3H), 3.54 (s, 3H), 0.88 (s, 9H),
0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) d 153.3, 145.9, 131.5,
126.6, 92.4, 57.3, 55.4, 30.1, 25.8 (3C), 18.2, −5.3 (2C); IR (KBr)
1054, 1231, 1469, 1642, 3072 cm−1; HRMS calcd for C14H27N2O2Si
[M + H]+: 283.1842; found: 283.1855.


5-(tert-Butyldimethylsilanoxymethyl)-1-methyl-2-vinyl-1H-
imidazole (15)


To a suspension of sodium hydride (173 mg, 4.33 mmol) in
THF (20 mL), methyltriphenylphosphonium bromide (1.41 g,
3.94 mmol) was added at room temperature. After stirring for
2 h at this temperature, a solution of the aldehyde 5a (1.00 g,
3.94 mmol) in THF (10 mL) was added. The mixture was refluxed
for 5 h followed by 14 h of stirring at room temperature. Then,
the reaction mixture was filtered, washed with ether (3 × 15 mL)
and concentrated. The phosphine oxide formed was crystallized
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(heptane–EtOAc 4 : 1) and filtered. Then, the residue was purified
by column chromatography on silica gel (ether) to afford 15
(715 mg, 72%) as a white amorphous solid. 1H NMR (300 MHz,
CDCl3) d 6.91 (s, 1H), 6.60 (dd, J = 11.0, 17.0 Hz, 1H), 6.17 (dd,
J = 1.5, 17.0 Hz, 1H), 5.41 (dd, J = 1.5, 11.0 Hz, 1H), 4.64 (s, 2H),
3.64 (s, 3H), 0.88 (s, 9H), 0.05 (s, 6H); 13C NMR (75 MHz, CDCl3)
d 146.4, 131.6, 127.5, 122.8, 118.1, 55.4, 30.3, 25.8 (3C), 18.2, −5.3
(2C); IR (KBr) 1038, 1257, 1468, 1625, 3096 cm−1; HRMS calcd
for C13H25N2OSi [M + H]+: 253.1736; found: 253.1765.


5-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-yl]pent-2-enoic acid ethyl ester (17)


To a suspension of sodium hydride (341 mg, 8.53 mmol) in THF
(10 mL), triethyl phosphonoacetate (1.50 mL, 7.26 mmol) was
added at 0 ◦C. After stirring for 30 min at room temperature, the
aldehyde 5c (1.85 g, 6.60 mmol) in THF (5 mL) was added. After
stirring 2 h 40 min at room temperature, the reaction mixture was
diluted with CH2Cl2 (20 mL) and washed with brine (15 mL)
and H2O (15 mL). The organic layer was dried over MgSO4


and concentrated. The crude product was purified by column
chromatography on silica gel (EtOAc–MeOH 9.8 : 0.2) to give
17 (2.15 g, 94%) as a white amorphous solid. 1H NMR (300 MHz,
CDCl3) d 7.04 (m, 1H), 6.81 (s, 1H), 5.89 (d, J = 16.0 Hz, 1H),
4.62 (s, 2H), 4.18 (q, J = 7.0 Hz, 2H), 3.55 (s, 3H), 2.66–2.84
(m, 4H), 1.28 (t, J = 7.0 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 6H); 13C
NMR (75 MHz, CDCl3) d 166.5, 147.8, 147.4, 131.0, 126.2, 122.2,
60.3, 55.5, 30.2, 29.9, 25.8 (3C), 25.6, 18.2, 14.3, −5.3 (2C); IR
(KBr) 1049, 1253, 1471, 1655, 1715, 3385 cm−1; HRMS calcd for
C18H33N2O3Si [M + H]+: 353.2260; found: 353.2267.


5-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-imidazol-
2-yl]pent-2-en-1-ol (18)


Diisobutylaluminium hydride (18.3 mL, 18.3 mmol, 1 N in
heptane) was added to a solution of 17 (2.15 g, 6.10 mmol) in
CH2Cl2 (20 mL) at −78 ◦C. The reaction was stirred at this
temperature for 4 h, and 5 drops of MeOH were added to
neutralize the excess of diisobutylaluminium hydride. The mixture
was warmed to room temperature and quenched with a saturated
aqueous solution of potassium sodium tartrate (50 mL). After
stirring for 1 h, the mixture was filtered through a pad of Celite. The
organic layer was separated, washed with brine (20 mL) and H2O
(20 mL), dried over MgSO4 and concentrated. The crude product
was purified by column chromatography on silica gel (heptane–
EtOAc 9 : 1) to afford 18 (1.50 g, 79%) as white crystals. Mp
74.3–77.5 ◦C; 1H NMR (300 MHz, CDCl3) d 6.79 (s, 1H), 5.73
(m, 2H), 4.61 (s, 2H), 4.08 (d, J = 5.5 Hz, 2H), 3.55 (s, 3H), 2.96
(sl, 1H), 2.76 (t, J = 7.0 Hz, 2H), 2.47 (q, J = 7.0 Hz, 2H), 0.87
(s, 9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) d 148.7, 130.8,
130.6, 130.5, 125.8, 63.2, 55.6, 30.2, 30.1, 26.8, 25.8 (3C), 18.2,
−5.3 (2C); IR (KBr) 1054, 1249, 1471, 1645, 3175 cm−1; HRMS
calcd for C16H31N2O2Si [M + H]+: 311.2155; found: 311.2140.


3-{2-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]ethyl}pent-4-enoic acid ethyl ester (19)


The allylic alcohol 18 (1.50 g, 4.84 mmol) was heated at 140 ◦C
in the presence of triethyl orthoacetate (6.20 mL, 33.9 mmol) and
propionic acid (22.0 lL, 0.29 mmol) with concomitant removal of


ethanol. The solution was refluxed for 3 h, and then the triethyl
orthoacetate was evaporated. The mixture was diluted with EtOAc
(15 mL) and filtered through a pad of Celite (EtOAc–MeOH 9.5 :
0.5). The organic layer was evaporated and the residue was purified
by column chromatography on silica gel (heptane–EtOAc 1 : 9)
to afford 19 (1.66 g, 91%) as a colorless oil. 1H NMR (300 MHz,
CDCl3) d 6.77 (s, 1H), 5.66 (m, 1H), 5.08 (m, 2H), 4.69 (s, 2H), 4.10
(q, J = 7.5 Hz, 2H), 3.51 (s, 3H), 2.62 (m, 3H), 2.38 (m, 2H), 1.93
(m, 1H), 1.76 (m, 1H), 1.23 (t, J = 7.5 Hz, 3H), 0.87 (s, 9H), 0.03
(s, 6H); 13C NMR (75 MHz, CDCl3) d 172.2, 149.1, 140.2, 130.7,
126.0, 116.0, 60.3, 55.5, 40.4, 40.1, 32.0, 30.1, 25.8 (3C), 24.7,
18.2, 14.3, −5.3 (2C); IR (KBr) 1052, 1252, 1471, 1640, 1731,
3079 cm−1; HRMS calcd for C20H37N2O3Si [M + H]+: 381.2573;
found: 381.2546.


2-{2-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]ethyl}succinic acid 4-ethyl ester (20)


To a solution of 19 (1.00 g, 2.63 mmol) in tBuOH (4.3 mL) were
added an aqueous solution of K2CO3 (1.09 g in 8.7 mL of H2O,
7.89 mmol), NaIO4 (1.69 g, 7.89 mmol) and KMnO4 (333 mg,
2.10 mmol). After stirring for 48 h at room temperature, the
mixture was extracted with EtOAc (6 × 5 mL). The combined
organic layers were filtered through a pad of Celite (EtOAc–
MeOH 9 : 1) and concentrated. The residue was purified by column
chromatography on silica gel (EtOAc then EtOAc–MeOH–AcOH
8.5 : 1.5 : 0.1) to afford 20 (0.37 g, 53% at 68% conversion) as a
colorless oil. 1H NMR (300 MHz, CDCl3) d 9.53 (bs, 1H), 6.87 (s,
1H), 4.61 (s, 2H), 4.12 (q, J = 7.0 Hz, 2H), 3.59 (s, 3H), 2.90 (m,
4H), 2.42 (m, 1H), 2.16 (m, 1H), 1.88 (m, 1H), 1.24 (t, J = 7.0 Hz,
3H), 0.88 (s, 9H), 0.06 (s, 6H); 13C NMR (75 MHz, CDCl3) d 176.9,
172.6, 148.5, 131.2, 122.8, 60.5, 55.2, 40.9, 36.8, 30.4, 29.4, 25.8
(3C), 24.6, 18.2, 14.2, −5.3 (2C); IR (KBr) 1024, 1253, 1453, 1723,
3373 cm−1; HRMS calcd for C19H35N2O5Si [M + H]+: 399.2315;
found: 399.2329.


2-{2-[5-(tert-Butyldimethylsilanyloxymethyl)-1-methyl-1H-
imidazol-2-yl]ethyl}succinic acid 4-ethyl ester 1-methyl ester (4b)


To a solution of 20 (0.20 g, 0.50 mmol) in MeOH (4 mL) was
added trimethylsilyldiazomethane (0.75 mL, 1.50 mmol, 2 N in
ether) at 0 ◦C. After stirring for 2 h at this temperature, the reaction
mixture was concentrated and the residue was purified by column
chromatography on silica gel (heptane–EtOAc 1 : 9 → EtOAc) to
afford 4b (0.15 g, 72%) as a colorless oil. 1H NMR (300 MHz,
CDCl3) d 6.78 (s, 1H), 4.60 (s, 2H), 4.12 (q, J = 7.0 Hz, 2H), 3.70
(s, 3H), 3.54 (s, 3H), 2.95 (m, 1H), 2.65–2.82 (m, 3H), 2.52 (dd,
J = 16.5, 5.0 Hz, 1H), 2.07 (m, 2H), 1.24 (t, J = 7.0 Hz, 3H),
0.87 (s, 9H), 0.03 (s, 6H); 13C NMR (75 MHz, CDCl3) d 174.8,
171.6, 148.1, 131.0, 125.8, 60.7, 55.4, 51.9, 40.7, 36.2, 30.2, 29.4,
25.8 (3C), 24.6, 18.2, 14.2, −5.3 (2C); IR (KBr) 1051, 1253, 1471,
1731 cm−1; HRMS calcd for C20H37N2O5Si [M + H]+: 413.2472;
found: 413.2477.


General procedure A: Deprotection of the TBS group


A solution of tetrabutylammonium fluoride (1 N in THF) was
added to a THF solution of compounds 4a–c at 0 ◦C. After
stirring for 30 min at room temperature, the reaction mixture was
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evaporated. The residue was purified by column chromatography
on silica gel to afford the required primary alcohols 21a–c.


2-(5-Hydroxymethyl-1-methyl-1H-imidazol-2-ylmethyl)succinic
acid diethyl ester (21a). Prepared according to general procedure
A on compound 4a (1.00 g, 2.42 mmol) in THF (12 mL) with
TBAF (4.85 mL, 4.85 mmol). After work-up and column
chromatography (EtOAc–MeOH 9.5 : 0.5), 21a (617 mg, 85%)
was isolated as a white amorphous solid. 1H NMR (300 MHz,
CDCl3) d 6.68 (s, 1H), 4.54 (s, 2H), 4.11 (m, 4H), 3.62 (s, 3H),
3.30 (m, 1H), 3.11 (dd, J = 7.0, 15.0 Hz, 1H), 2.85 (dd, J = 7.5,
15.0 Hz, 1H), 2.69 (m, 2H), 1.23 (m, 6H); 13C NMR (75 MHz,
CDCl3) d 173.6, 171.7, 146.3, 131.9, 126.0, 61.0, 60.7, 54.1, 39.9,
35.3, 30.3, 28.2, 14.2, 14.1; IR (KBr) 1487, 1726, 3139 cm−1; MS
(ESI+): m/z 299 [M + H]+, 321 [M + Na]+; Elemental analysis
calcd (%) for C14H22N2O5: C 56.36, H 7.43, O 26.81; found: C
56.12, H 7.37, O 26.76.


General procedure B: Oxidation of the primary alcohol


Manganese dioxide (6.5 equiv.) was added to a CHCl3 solution
of 21a–c. The mixture was refluxed for 32–48 h. After cooling to
room temperature, the reaction was filtered through a pad of Celite
(EtOAc) and concentrated. The residue was purified by column
chromatography to afford the required aldehydes 3a–c.


2-(5-Formyl-1-methyl-1H-imidazol-2-ylmethyl)succinic acid di-
ethyl ester (3a). Prepared according to general procedure B on
compound 21a (350 mg, 1.18 mmol) in CHCl3 (15 mL) with
MnO2 (671 mg, 7.67 mmol). After refluxing for 48 h, filtration
followed by column chromatography (CH2Cl2–MeOH 9.9 : 0.1)
afforded 3a (300 mg, 86%) as a yellowish amorphous solid. 1H
NMR (300 MHz, CDCl3) d 9.66 (s, 1H), 7.68 (s, 1H), 4.13 (m,
4H), 3.91 (s, 3H), 3.44 (m, 1H), 3.18 (dd, J = 7.0, 15.0 Hz, 1H),
2.96 (dd, J = 7.0, 15.0 Hz, 1H), 2.77 (m, 2H), 1.23 (m, 6H); 13C
NMR (75 MHz, CDCl3) d 179.0, 173.1, 171.4, 153.3, 143.0, 132.0,
61.2, 60.8, 39.4, 34.5, 32.3, 27.7, 14.2, 14.1; IR (KBr) 1469, 1657,
1725 cm−1; HRMS calcd for C14H20N2O5Na [M + Na]+: 319.1270;
found: 319.1251.


Boc-valinyl-phenylalaninyl-methionine methyl ester (22)


To a solution of Boc-L-phenylalanine (1.99 g, 7.51 mmol) in
CH2Cl2 (25 mL) were added at room temperature L-methionine
methyl ester (1.50 g, 7.51 mmol), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (1.72 g, 9.00 mmol), 1-
hydroxybenzotriazole hydrate (1.20 g, 9.00 mmol) and N-
methylmorpholine (1.00 mL, 7.51 mmol). After stirring for 2 h
30 min, the reaction was quenched with water (25 mL) and
extracted with CH2Cl2 (3 × 20 mL). The combined organic layers
were dried over MgSO4 and concentrated. The residue was purified
by column chromatography on silica gel (heptane–EtOAc 3 : 2)
followed by crystallization (heptane–EtOAc 9 : 1) to afford the
required dipeptide BocPhe-Val-OMe (2.92 g, 95%) as white crys-
tals. BocPhe-Val-OMe (1.34 g, 3.27 mmol) was deprotected with
a solution of 75% TFA–CH2Cl2 (8 mL) at 0 ◦C for 20 min. Evap-
oration with ether gave the required deprotected dipeptide as a
white solid, which was diluted in CH2Cl2 (25 mL) and treated with
Boc-L-valine (0.71 g, 3.27 mmol), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (748 mg, 3.92 mmol), 1-
hydroxybenzotriazole hydrate (523 mg, 3.92 mmol) and N-


methylmorpholine (0.40 mL, 3.27 mmol). After stirring for 2 h
30 min at room temperature, the reaction was quenched with water
(20 mL) and extracted with CH2Cl2 (3 × 20 mL). The combined
organic layers were dried over MgSO4 and concentrated. The
residue was purified by crystallization (MeOH) to give 22 (1.33 g,
80%) as white crystals. Mp 161.8–163.7 ◦C; 1H NMR (300 MHz,
CDCl3) d 7.15–7.34 (m, 5H), 6.70 (bs, 1H), 6.61 (bd, J = 7.5 Hz,
1H), 4.95 (bd, J = 7.0 Hz, 1H), 4.72 (m, 1H), 4.60 (m, 1H), 3.91
(m, 1H), 3.70 (s, 3H), 3.09 (m, 2H), 2.40 (t, J = 7.5, 2H), 2.13 (m,
2H), 2.05 (s, 3H), 1.92 (m, 1H), 1.42 (s, 9H), 0.92 (d, J = 7.0 Hz,
3H), 0.82 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 171.7,
171.6, 170.6, 156.0, 136.4, 129.4, 128.9 (2C), 127.3 (2C), 80.4, 60.4,
54.3, 52.6, 51.8, 38.1, 31.5, 30.6, 30.0, 28.4 (3C), 19.4, 17.5, 15.5;
MS (ESI+): m/z 532 [M + Na]+.


Bocvalinyl-isoleucinyl-alanine methyl ester (23)


Prepared according to the protoco1 used for 22 with Boc-
L-isoleucine (2.15 g, 9.31 mmol), CH2Cl2 (35 mL), L-alanine
methyl ester (1.30 g, 9.31 mmol), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (2.12 g, 11.2 mmol), 1-
hydroxybenzotriazole hydrate (1.48 g, 11.2 mmol) and N-
methylmorpholine (1.25 mL, 9.31 mmol). After work-up, column
chromatography on silica gel (heptane–EtOAc 7 : 3) followed by
crystallization (heptane–EtOAc 9 : 1) BocIle-Ala-OMe (2.21 g,
75%) was isolated as white crystals. Deprotection of BocIle-Ala-
OMe (1.12 g, 3.54 mmol) was carried out with 75% TFA–CH2Cl2


(10 mL) at 0 ◦C for 20 min. Reaction with Boc-L-valine (769 mg,
3.54 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (807 mg, 4.25 mmol), 1-hydroxybenzotriazole hy-
drate (563 mg, 4.25 mmol) and N-methylmorpholine (0.48 mL,
3.54 mmol) afforded after work-up and crystallization (pentane–
EtOAc 9 : 1) compound 23 (1.20 g, 82%) as white crystals. Mp
176.9–180.2 ◦C; [a]23


D −42.6 (c 1.22 CHCl3); 1H NMR (300 MHz,
CDCl3) d 6.90 (bd, J = 7.5 Hz, 1H), 6.81 (bd, J = 7.5 Hz, 1H),
5.26 (bd, J = 7.5 Hz, 1H), 4.56 (m, 1H), 4.35 (m, 1H), 3.96 (m,
1H), 3.74 (s, 3H), 2.11 (m, 1H), 1.90 (m, 1H), 1.44 (s, 9H), 1.39
(d, J = 7.0 Hz, 3H), 0.91 (m, 14H); 13C NMR (75 MHz, CDCl3)
d 173.1, 172.0, 170.7, 156.1, 80.1, 60.4, 57.8, 52.5, 48.2, 37.1, 30.8,
28.6 (3C), 24.9, 19.4, 18.2, 18.1; 15.5, 11.4; MS (ESI+): m/z 438
[M + Na]+; Elemental analysis calcd (%) for C20H37N3O6: C 57.81,
H 8.98, N 10.11, O 23.10; found: C 57.69, H 8.79, N 10.05, O
23.13.


General procedure C: Reductive amination


Tripeptides 22 and 23 (1.00 mmol) were deprotected with a
solution of 75% TFA–CH2Cl2 at 0 ◦C for 20 min. Evaporation
with ether gave the required deprotected tripeptide as a white solid
which was diluted in MeOH–CH2Cl2 and treated with powdered
4 Å molecular sieves and triethylamine (1 equiv.). After stirring
for 10 min at room temperature, a solution of 3a–c in MeOH–
CH2Cl2 was added to the mixture. After 4 h, a solution of sodium
cyanoborohydride (1.5–2 equiv.) in MeOH–AcOH (1 : 0.1) was
added. The solution was stirred for 18 h at room temperature.
Then, the mixture was filtered through a pad of Celite (CH2Cl2)
and concentrated. The mixture was taken into H2O and extracted
with CH2Cl2 (3×). The combined organic layers were dried over
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MgSO4 and concentrated. The residue was purified by column
chromatography on silica gel to afford compounds 24a–f.


Compound 24a. Prepared according to general procedure
C. Deprotection: 22 (200 mg, 0.39 mmol) in a solution 75%
TFA–/CH2Cl2 (3 mL). Reductive amination: To a solution of
the deprotected tripeptide in MeOH–CH2Cl2 1 : 1 (4 mL) were
added: powdered 4 Å molecular sieves (450 mg) and triethylamine
(55.0 lL, 0.39 mmol), 3a (116 mg, 0.39 mmol) and a solution
of sodium cyanoborohydride (50.0 mg, 0.79 mmol). After work-
up the residue was purified by column chromatography on silica
gel (CH2Cl2–MeOH 9.5 : 0.5) to afford 24a (225 mg, 94%) as a
colorless oil. 1H NMR (300 MHz, CDCl3) d 7.18–7.42 (m, 6H),
6.82 (bs, 1H), 6.74 (s, 1H), 4.78 (m, 1H), 4.62 (m, 1H), 4.13 (m,
4H), 3.73 (s, 3H), 3.63 (s, 3H), 3.60 (d, J = 14.0 Hz, 1H), 2.93–
3.49 (m, 6H), 2.80 (m, 3H), 2.45 (t, J = 7.0 Hz, 2H), 2.11 (m,
1H), 2.06 (s, 3H), 1.96 (m, 2H), 1.24 (m, 6H), 0.85 (d, J = 7.0 Hz,
3H), 0.80 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) d
173.9, 173.0, 171.9, 171.6, 171.0, 146.2, 130.6, 136.5, 129.3 (2C),
128.8 (2C), 127.1, 122.6, 67.6, 61.4, 61.0, 54.0, 52.6, 51.6, 42.2,
40.0, 38.0, 35.4, 31.6, 31.3, 31.0, 29.8, 27.4, 19.4, 18.2, 15.4, 14.2,
14.1; HRMS calcd for C34H52N5O8S [M + H]+: 690.3537; found:
690.3521.


General procedure D: Saponification


To a solution of 24a–f in THF–MeOH–H2O 1 : 1 : 1 was added
lithium hydroxide monohydrate (3.6 equiv.) at 0 ◦C. After 1–2 h
at this temperature and 1–16 h at room temperature, Amberlite
IRC 50 resin (H+) was added and the mixture was stirred until
pH = 7.0. Then, the reaction was filtered and the resin was washed
with MeOH (3×). Evaporation of the solvents afforded the target
compounds 2a–f.


Compound 2a. Prepared according to general procedure D.
24a (90.0 mg, 0.13 mmol) in THF–MeOH–H2O 1 : 1 : 1 (1.5 mL)
and lithium hydroxide monohydrate (20.0 mg, 0.47 mmol) at
0 ◦C for 1 h and at room temperature for 1 h. After work-up,
2a (69.5 mg, 86%) was isolated as a colorless foam. 1H NMR
(250 MHz, CD3OD) d 7.13–7.38 (m, 5H), 6.68 (s, 1H), 4.86 (m,
1H), 4.33 (m, 1H), 3.67 (s, 3H), 3.61 (d, J = 14.0 Hz, 1H), 2.89–
3.34 (m, 6H), 2.74 (m, 3H), 2.49 (t, J = 8.0 Hz, 2H), 2.16 (m, 1H),
2.07 (s, 3H), 1.98 (m, 2H), 0.85 (m, 6H); 13C NMR (62.5 MHz,
CD3OD) d 181.6, 180.0, 177.9, 176.6, 172.8, 149.2, 138.0, 132.2,
130.5 (2C), 129.7 (3C), 122.3, 68.7, 55.7, 45.3, 42.2, 41.3, 38.7,
34.1, 32.8, 31.7, 31.2, 29.5, 28.0, 20.2, 19.4, 15.4; HRMS calcd for
C29H42N5O8S [M + H]+: 620.2754; found: 620.2762.


Yeast FTase assay


Assays were carried out on 96-well plates, prepared with Biomek
NKMC and Biomek 3000 from Beckman Coulter and read on
Wallac Victor fluorimeter from Perkin-Elmer. In each well, 20 lL
of farnesyl pyrophosphate (10 lM) was added to 180 lL of
a solution containing 2 lL of varied concentrations of 24a–
f and 2a–f (dissolved in DMSO) and 178 lL of a solution
composed of 0.1 mL of partially purified recombinant yeast FTase
(2.2 mg mL−1) and 7.0 mL of Dansyl-GCVLS peptide (in the
following buffer: 5.8 mM DTT, 12 mM MgCl2, 12 lM ZnCl2


and 0.09% (w/v) CHAPS, 53 mM Tris·HCl, pH 7.5). Then the
fluorescence development was recorded for 15 min (0.7 seconds


per well, 20 repeats) at 30 ◦C with an excitation filter at 340 nm and
an emission filter at 486 nm. Each measurement was performed
twice as duplicate or triplicate.
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35 metagenome-derived esterases bearing a GGG(A)X motif were screened for activity and
enantioselectivity in the hydrolysis of a range of tertiary alcohol acetates. Most of the active esterases
showed little or no enantioselectivity in the hydrolysis of the terpinyl acetate, linalyl acetate and
3-methylpent-1-yn-3-yl acetate. However, one esterase showed excellent enantioselectivity (E > 100) in
the kinetic resolution of 1,1,1-trifluoro-2-phenylbut-3-yn-2-yl acetate as confirmed by a preparative
scale reaction.


Introduction


Optically active tertiary alcohols are an important class of organic
compounds with valuable applications in organic synthesis.1 For
instance, the tertiary a-acetylenic alcohols 2-phenylbut-3-yn-2-ol
4a and 1,1,1-trifluoro-2-phenylbut-3-yn-2-ol 5a were recently used
for the synthesis of A2A receptor antagonists that were shown to
be orally active in a mouse catalepsy model.2


Carboxylester hydrolases (lipases, EC 3.1.1.3; esterases, EC
3.1.1.1) represent a class of versatile biocatalysts for the prepa-
ration of enantiopure compounds, especially optically pure sec-
ondary alcohols and also, to a smaller extent, for the resolution
of primary alcohols and carboxylic acids.3 In contrast, tertiary
alcohols (TAs) are not accepted as substrates by almost all car-
boxylester hydrolases due to their sterically demanding structure.
We recently identified that a GGG(A)X-motif located in the
oxyanion hole near the active site region determines activity
towards tertiary alcohols and that lipases or esterases with the
much more common GX-motif are inactive.4 We also reported
that the enantioselectivity of the active enzymes is rather low,
but could be substantially improved by rational protein design or
addition of DMSO as cosolvent.5


In commercial hydrolases, the GGG(A)X-motif is rather rare
and therefore we could only study a handful of enzymes (i.e. lipase
from Candida rugosa, pig liver esterase, acetylcholine esterases)
and a recombinant esterase from Bacillus subtilis5 for their activity
and enantioselectivity towards tertiary alcohols. The recently
developed methods to access the ‘non-culturable’ biodiversity
by the metagenome approach substantially extend the number
of available biocatalysts. Most importantly, it has already been
shown that new subclasses of enzymes can be identified which
show a very broad sequence diversity and have unique properties.
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For instance, more than 130 novel nitrilases were discovered
from environmental DNA libraries, compared to less than 20
nitrilases identified previously by classical cultivation methods,6


and the metagenome-derived nitrilases showed unique and useful
activities. Similarly, we have previously described two studies of
the activities of metagenomic lipases and esterases, demonstrating
novel properties of these enzymes.7


Here we extend our survey of esterases and lipases from
environmental DNA libraries to investigate the activity and
enantioselectivity on tertiary alcohol acetates of a number of novel
enzymes bearing the GGG(A)X-motif.


Results


35 esterases from environmental DNA libraries and identified as
containing the GGG(A)X-motif were studied for activity in the
conversion of the tertiary alcohol acetates terpinyl acetate 1, linalyl
acetate 2, 3-methylpent-1-yn-3-yl acetate 3 and 2-phenylbut-3-
yn-2-yl acetate 4 (Scheme 1) using a high-throughput screening
method based on the quantification of acetic acid released upon
enzymatic activity8 (Fig. 1). This revealed that many of the
esterases were active and that the activity was dependent on the
substrate used. The lack of activity of some enzymes was related
to the fact that not all metagenome-derived enzymes expressed
well in E. coli, as these enzymes also exhibited very low activity
in a standard activity test using umbelliferyl butyrate as substrate
(data not shown).


Scheme 1 Acetate esters 1–8 and the corresponding tertiary alcohols
1a–8a used in this study.
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Fig. 1 Preliminary activity screening of the GGG(A)X-hydrolases in the hydrolysis of 1–4.


Enzymes identified to be active were further studied in the
kinetic resolution of the acetates 1–5, with special focus on the
enantioselectivities of the biocatalysts (Table 1). Using acetate 1 as
substrate, only two enzymes showed any measurable enantioselec-
tivity, and E = 2 is far too low to be of synthetic utility. Compound
1 is a challenging substrate for use in kinetic resolution studies due


to the distance of the stereocenter of 1 from the carboxylic carbon
atom and the cyclic structure of the terpinyl group (Scheme 1), and
so low E values are not unexpected. Compound 2 was hydrolyzed
by six esterases, but again enantioselectivities were low and never
exceeded E = 5 (Table 1). It is noteworthy, however, that one
esterase (19) showed opposite enantiopreference to the other


Table 1 Enantioselectivity of GGG(A)X esterases in the kinetic resolution of tertiary alcohols 1–8


Enantiomeric excess


Enzyme Time/h Substrate Conversion (%)a (% eeS)a (% eeP)a Eb


9 24 1 64 33 18 2 (−)
14 24 1 77 33 7 2 (−)
1 24 2 32 17 35 3 (+)


11 24 2 58 62 43 5 (+)
6 24 2 10 6 54 4 (+)


16 24 2 14 8 49 3 (+)
19 24 2 25 16 47 3 (−)
34 24 2 62 69 41 5 (+)
3 0.5 4 26 22 61 5 (R)
6 0.5 4 67 65 31 4 (R)


26 0.5 4 27 20 49 4 (R)
34 0.5 4 40 19 28 2 (S)
1 1 5 75 99 32 2 (−)
3 1 5 81 31 7 1.5 (−)
6 1 5 21 21 78 10 (−)


11 1 5 33 25 50 4 (−)
14 1 5 80 43 43 2 (−)
19 0.25 5 22 13 45 3 (−)
26 24 5 10 2 20 1.5 (−)
31 1 5 21 7 27 2 (−)
34 24 5 43 65 88 31 (+)
34 24 6 61 86 54 9
34 24 7 10 7 67 6
34 24 8 81 99 23 6


a Determined by chiral GC analyses. b In the case of 1 and 2, calculated from conversion and eeP. In the case of 3–8, calculated from eeS and eeP.
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enzymes. None of the enzymes tested exhibited enantioselectivity
towards 3 (data not shown).


Acetate 4 undergoes rather rapid non-enzymatic, SN1-mediated
hydrolysis1,5 in aqueous media, which can substantially lower the
optical purity of substrate and product, and so it was of no surprise
that none of the esterases tested showed high enantioselectivities
for this substrate. In contrast, the trifluorinated analog 5 is stable
in buffer5 and indeed we were pleased to find that two esterases, 34
(E = 31) and 6 (E = 10), exhibited moderate enantioselectivities
for this substrate. Interestingly, esterase 34 preferentially converted
(S)-4 and (+)-5, while the other metagenome-derived enzymes
investigated had opposite enantiopreferences for both substrates,
in common with the highly selective BS2 esterase mutant G105A
described previously.5


The gene encoding esterase 34 stems from an environmental
sample isolated at 106 ◦C and a pH of 6. However, kinetic
resolution studies with 34 and using 5 as substrate over a range
of temperatures revealed that above 50 ◦C the activity of the
enzyme decreased markedly (Fig. 2). The enantioselectivity of
34 on 5 was also affected by temperature and decreased above
30 ◦C. Variation of the pH also had a substantial effect on
enantioselectivity (Fig. 2), which was found to be maximal at pH 6
(E = 89 at 50% conversion), although this was not the optimal
pH for activity. Combining the optimal temperature (30 ◦C) and
pH (6) for esterase 34 at a reaction scale of 150 mg resulted in
excellent enantioselectivity (E > 100 at 35% conversion). Addition
of cosolvents like dimethyl sulfoxide, dimethyl formamide or


Fig. 2 Influence of pH (measured at 40 ◦C) and temperature (measured
at pH 7.5) on enantioselectivity (circles) and conversion (squares) using
esterase 34 in the kinetic resolution of 5. Data were determined after 24 h.


t-butanol did not further increase the enantioselectivity of the
esterase (data not shown).


The enantioselectivity of esterase 34 in the kinetic resolutions
was further studied using substrates 6, 7 and 8 (Table 1). The nature
and position of substituents on the aromatic ring were observed to
have a strong influence on the activity of the enzyme. Compounds
6 and 8 were converted with higher activity than 5, whereas acetate
7 was only converted at a low level. The enantioselectivities of the
enzyme on these substrates were low.


Discussion


Several new metagenome-derived esterases with activity towards
the hydrolysis of tertiary alcohol acetates were identified in an
activity-based screening approach. All of the enzymes tested
share a GGG(A)X motif, which is believed to confer activity on
these sterically hindered substrates by expanding the active site
around the oxyanion hole. Most of the active esterases showed
no significant enantioselectivity in the hydrolysis of the acetates
of the tertiary alcohols terpinyl acetate 1, linalyl acetate 2 and
3-methylpent-1-yn-3-yl acetate 3. However, esterase 34 demon-
strated moderate preference for hydrolysis of the (+)-enantiomer
of 1,1,1-trifluoro-2-phenylbut-3-yn-2-yl acetate 5. Optimization of
the reaction conditions resulted in excellent enantioselectivity of
esterase 34 (E > 100) on this substrate. This enzyme did not show
good enantioselectivity in the hydrolysis of several closely related
substrates.


The variation of enantioselectivity of an enzyme across a range
of substrates observed here indicates that successful identification
of a useful biocatalyst for a given synthetic problem can be
enhanced by having a large initial pool of enzymes to screen.
The metagenomic era is greatly expanding the pool of available
biocatalysts and can be expected to also expand the scope of
enzyme applications.


Experimental


All chemicals were purchased from Sigma (Steinheim, Germany)
unless stated otherwise. Compounds 1–8 were prepared as de-
scribed previously.4,5 Separation protocols, retention times and
the column types used for the chiral gas chromatographic analysis
of acetates 1–8 and their corresponding alcohols 1a–8a were
performed as described.4,5 All esterases were discovered and
produced by Verenium Corporation (San Diego, USA) and used
as lyophilized crude cell lysates.9


Preliminary screening


Screening with the acetic acid assay was performed in microtiter-
plate format as described previously.8 The test kit for the deter-
mination of released acetic acid was from R-Biopharm GmbH
(Darmstadt, Germany) and used according to the manufac-
turer’s protocol. Enzyme solution (20 lL, 2–5 mg lyophilisate
per mL) from the production plate and substrate solution (20 lL,
50 mg mL−1) were added to a mixture (150 lL) of the test
kit components. The increase in NADH after 10 min was
monitored at 340 nm by using Fluostar Galaxy or Fluostar Optima
spectrophotometers (BMG, Offenburg, Germany).
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General procedure for esterase-catalyzed small-scale resolutions


To a stirred solution of substrate (15 mM) in phosphate buffer
(100 mM, pH 7.5), the esterase solution (2–10 mg mL−1) was
added to a final volume of 1 mL. The reaction mixture was stirred
in a thermoshaker (Eppendorf, Hamburg, Germany) at 37 ◦C and
1400 rpm. Samples were taken after 1, 5 and 24 h. The reaction
samples were extracted twice with 400 lL dichloromethane.
The combined organic layers were dried over anhydrous sodium
sulfate and the organic solvent was removed under nitrogen.
Enantioselectivity and conversion were calculated according to
Chen et al.10


Kinetic resolution of 5 in preparative scale using esterase 34


3.2 mg lyophilisate of esterase 34 with an activity of 12.6 U mg−1


in the hydrolysis of p-nitrophenyl acetate was added to a stirred
solution of 5 (0.62 mmol) in phosphate buffer (100 mM, pH 6.0)
to a total volume of 50 mL. The reaction mixture was stirred
for 15 min at 30 ◦C and then extracted three times with 20 mL
dichloromethane. The organic layers were combined and washed
with brine (2 × 20 mL), water (2 × 20 mL) and dried over
anhydrous sodium sulfate. The solvent was removed under re-
duced pressure. Purification by column chromatography (hexane–
ethylacetate) yielded acetate 5 and alcohol 5a with a conversion of
35% and an E-value of E > 100.


(+)-1,1,1-Trifluoro-2-phenylbut-3-yn-2-ol (5a): yield: 30%
(38 mg); 97% ee.


(−)-1,1,1-Trifluoro-2-phenylbut-3-yn-2-yl acetate (5): yield:
51% (76 mg); 53% ee.
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Ab initio calculations using the 6-311G**, cc-pVDZ, and (valence) double-f pseudopotential (DZP)
basis sets, with (MP2, QCISD, CCSD(T)) and without (HF) the inclusion of electron correlation, and
density functional (BHandHLYP, B3LYP) calculations predict that the transition states for the reaction
of acetyl radical with several alkyl halides adopt an almost collinear arrangement of attacking and
leaving radicals at the halogen atom. Energy barriers (DE‡) for these halogen transfer reactions of
between 89.2 (chlorine transfer from methyl group) and 25.3 kJ mol−1 (iodine transfer from tert-butyl
group) are calculated at the BHandHLYP/DZP level of theory. While the difference in forward and
reverse energy barriers for iodine transfer to acetyl radical is predicted to be 15.1 kJ mol−1 for primary
alkyl iodide, these values are calculated to be 6.7 and −4.2 kJ mol−1 for secondary and tertiary alkyl
iodide respectively. These data are in good agreement with available experimental data in that atom
transfer radical carbonylation reactions are sluggish with primary alkyl iodides, but proceed smoothly
with secondary and tertiary alkyl iodides. These calculations also predict that bromine transfer
reactions involving acyl radical are also feasible at moderately high temperature.


Introduction


Atom transfer radical carbonylation (ATC) reactions are efficient
methods for the preparation of aliphatic carboxylic acid esters,
amides, and related heterocyclic compounds.1–3 Alkyl iodides and
carbon monoxide, both readily available materials, are employed in
this reaction. Although the reactions with secondary and tertiary
alkyl iodides proceed smoothly, ATC reactions with primary alkyl
iodides progress sluggishly to afford the required compounds
often in poor yield and requiring longer reaction times. These
reactions also often compete with undesirable side reactions such
as alkyl iodide decomposition, resulting in decreased product
yields. Addition of palladium or manganese catalysts with photo-
irradiation can often overcome the limitations of this process.4


ATC reactions involve both radical and ionic steps as illustrated in
Scheme 1. Acyl radical 1, generated from alkyl radical and carbon
monoxide, reacts in an iodine atom transfer reaction with the alkyl
iodide to afford acyl iodide 2 and another chain-carrying alkyl
radical (radical steps). The formed acyl iodide is easily quenched
with alcohols or amines to give the corresponding esters or amides,
respectively (ionic steps). The key step in the ATC process is
the iodine atom transfer reaction, which is expected to be the
rate-determining step in the process. Accordingly, ATC reactions
involving primary alkyl iodides are sluggish, presumably due to
the reduced leaving group ability of primary radicals compared


aDepartment of Chemistry, Graduate School of Science, Osaka Prefecture
University, Sakai, Osaka, 599-8531, Japan
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cBio21 Molecular Science and Biotechnology Institute, The University of
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Scheme 1


with secondary and tertiary systems. Indeed, rate constants for
halogen atom transfer to alkyl radicals are reported to be: (3 ±
2) × 106, (5.1–9.5) × 105 and (1.7–3.4) × 105 M−1 s−1 for tertiary,
secondary and primary alkyl iodides, respectively.5 However, the
rate constants for primary iodides do not seem significantly smaller
than those of secondary iodides, indicating that the poor outcomes
of ATC reactions involving primary iodides cannot be explained
well by rate constant data alone. It should also be noted that these
data are for transfers to alkyl radicals, not acyl radicals; indeed,
there are no kinetic data for halogen atom transfer reactions to
acyl radicals.


Work in our laboratories has been directed toward the un-
derstanding and utilization of free-radical homolytic substi-
tution chemistry with the aim of developing novel synthetic
methodology.6 To that end, we have published recently several
ab initio and DFT studies with the aim of increasing our
understanding of the factors that affect and control the mechanism
of homolytic substitution at several main-group heteroatoms.7–10


Our mechanistic studies on homolytic substitution reactions at
halogen atoms suggested that while 1,5-, 1,6- and 1,7-halogen
transfer reactions in x-haloalkyl radicals would be infeasible
due to high energy barriers (DE‡ > 100 kJ mol−1),7 homolytic
substitution reactions of methyl radical at the halogen atom in
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bromomethane and iodomethane as well as halogen atom transfer
reactions from the methyl group to silyl, germyl and stannyl
radicals in halomethanes can proceed.8


As part of our ongoing interest in homolytic substitution
chemistry involving higher main group heteroatoms and in order
to provide further insight into the mechanistic details of halogen
atom transfer reactions from alkyl groups to acyl radicals,11–13


we began to explore chlorine, bromine and iodine transfer
reactions from methyl, ethyl, isopropyl and tert-butyl groups to
acetyl radical (Scheme 2) through the use of ab initio and DFT
calculations.


Scheme 2


Methods


Ab initio and DFT calculations were carried out on Compaq
Personal Workstation 600au, Alpha Station DS10L, and Dell
PowerEdge 400SC computers using the Gaussian 98 and Gaussian
03 programs.14,15 Geometry optimizations were performed using
standard gradient techniques at the SCF, MP2, BHandHLYP
and B3LYP levels of theory using restricted (RHF, RMP2,
RBHandHLYP and RB3LYP) and unrestricted (UHF, UMP2,
UBHandHLYP and UB3LYP) methods for closed- and open-
shell systems respectively.16 All ground and transition states were
verified by vibrational frequency analysis. Further single-point
QCISD and CCSD(T) calculations were performed on each of
the MP2-, BHandHLYP- and B3LYP-optimized structures. When
correlated methods were used, calculations were carried out using
the frozen core approximation. Values of <s2> never exceeded
0.89 before annihilation of quartet contamination (except for some


UHF calculations). Where appropriate, zero-point vibrational
energy (ZPE) corrections have been applied. Standard basis sets
were used. In addition, the (valence) double-f pseudopotential
basis sets of Hay and Wadt17 supplemented with a single set of
d-type polarization functions were used for the heteroatoms in
this study, (exponents d(f)Cl = 0.640, d(f)Br = 0.428, and d(f)I =
0.289),18 while the double-f all-electron basis sets of Dunning19


with an additional set of polarization functions (exponents d(f)C =
0.75, d(f)O = 0.85 and p(f)H = 1.00) were used for C, O and H. We
refer to this basis set as DZP throughout this work.7–10 In previous
work, results generated using DZP proved to be very similar to
those obtained using 6-311G** for reactions involving chlorine7,8


and silicon.9,10


Optimized geometries and energies for all transition structures
in this study (Gaussian Archive entries) are available as Electronic
Supplementary Information (ESI†).


Results and discussion


Atom transfer reaction of chlorine from methyl group to acetyl
radical


Extensive searching of the C3H6ClO potential energy surface at
all of the levels of theory employed for optimization in this study
located hypervalent species 3 (X = Cl; R = Me), of Cs symmetry
as transition states for the atom transfer reaction of chlorine
from methyl group to acetyl radical (Scheme 2). The important
geometric features of the transition states 3 (X = Cl; R = Me)
are summarized in Fig. 1, while calculated energy barriers (DE1


‡


and DE2
‡, Scheme 2) together with the corresponding imaginary


frequencies are listed in Table 1. Full computational details are
available as ESI.


Inspection of Fig. 1 reveals that transition state 3 (X = Cl;
R = Me) is predicted to adopt an almost collinear arrangement
of the attacking acetyl radical and the leaving methyl radical at
all levels of theory employed (Cs symmetry). The transition state


Table 1 Calculated energy barriers (in kJ mol−1) for the forward (DE1
‡) and reverse (DE2


‡) atom transfer reactions of chlorine from methyl group to
acetyl radical and imaginary frequencies (m, in cm−1) of transition state 3


Method DE1
‡ DE1


‡ + ZPE DE2
‡ DE2


‡ + ZPE m


HF/6-311G** 131.2 127.3 129.2 138.2 610i
HF/DZP 132.5 128.3 139.3 147.8 623i
MP2/6-311G** 108.0 107.5 104.6 115.2 749i
MP2/DZP 113.3 112.4 121.3 131.8 796i
MP2/cc-pVDZ 103.3 102.8 104.8 115.3 751i
QCISD/6-311G**//MP2/6-311G** 102.9 — 92.6 — —
QCISD/DZP//MP2/DZP 105.5 — 105.7 — —
QCISD/cc-pVDZ//MP2/cc-pVDZ 97.2 — 91.6 — —
CCSD(T)/6-311G**//MP2/6-311G** 92.8 — 84.5 — —
CCSD(T)/DZP//MP2/DZP 95.8 — 99.5 — —
CCSD(T)/cc-pVDZ//MP2/cc-pVDZ 87.8 — 84.5 — —
BHandHLYP/6-311G** 90.6 88.4 79.7 88.7 551i
BHandHLYP/DZP 89.2 87.1 88.9 97.6 574i
BHandHLYP/cc-pVDZ 86.6 84.7 81.0 90.0 551i
QCISD/cc-pVDZ//BHandHLYP/cc-pVDZ 95.5 — 90.3 — —
CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ 85.9 — 82.9 — —
B3LYP/6-311G** 63.3 61.3 52.2 60.5 424i
B3LYP/DZP 60.8 59.0 60.6 68.9 446i
B3LYP/cc-pVDZ 59.4 57.7 53.6 61.8 427i
QCISD/cc-pVDZ//B3LYP/cc-pVDZ 95.5 — 89.7 — —
CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ 86.1 — 82.6 — —
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Fig. 1 Optimized structure of transition state 3 (X = Cl; R = Me) for the
atom transfer reaction of chlorine from chloromethane to acetyl radical at
various levels of theory.


(Ca–Cl) separations (r1) in 3 (X = Cl; R = Me) are predicted at
all levels of theory to lie in the range: 2.080–2.239 Å, while the
(Cl–Cb) distances (r2) in 3 (X = Cl; R = Me) are calculated to be
2.078–2.217 Å. Interestingly, the Cl–Ca distances are predicted to
be slightly longer than the Cl–Cb distances at the UHF and the
MP2 levels of theory, while the Cl–Ca distances are calculated to be
slightly shorter using the DFT methods. These distances are in the
expected ranges when compared with our previous calculations of
homolytic substitution reactions involving halogen atoms.7,8


Inspection of Table 1 reveals that the energy barrier (DE1
‡) for


the forward reaction (Scheme 2) associated with 3 (X = Cl; R =
Me) is calculated to be 131.2 kJ mol−1 at the HF/6-311G** level
of theory. As expected, electron correlation is important in these
calculations; MP2/6-311G** serves to lower this energy barrier
to 108.0 kJ mol−1 for 3 (X = Cl; R = Me), while inclusion of
zero-point vibrational energy correction (ZPE) has little effect on
these barriers. Further improvements in both basis set quality
and levels of correlation provide values of DE1


‡ for the reaction
involving 3 (X = Cl; R = Me) that range from 103.3 (MP2/cc-
pVDZ) to 102.9 (QCISD/6-311G**//MP2/6-311G**). At the
highest level of theory used (CCSD(T)/cc-pVDZ//MP2/cc-
pVDZ), an energy barrier (DE1


‡) of 87.8 kJ mol−1 is predicted
for the reaction involving 3 (X = Cl; R = Me). BHandHLYP/6-
311G** and BHandHLYP/cc-pVDZ calculations provide energy
barriers (DE1


‡) of 90.6 and 86.6 kJ mol−1 for the reaction
involving 3 (X = Cl; R = Me) respectively, while values of 63.3
and 59.4 kJ mol−1 are obtained at the B3LYP/6-311G** and
B3LYP/cc-pVDZ levels of theory. The B3LYP method provided


significantly smaller energy barriers than those obtained using
other methods, and deserves special mention. Interestingly, single-
point calculations on the geometries which were optimized on the
B3LYP calculation provided very similar energy barriers to those
on the structure optimized at the MP2 and the BHandHLYP levels
of theory, indicating that while the B3LYP method is capable of
providing reliable geometries, as has been observed previously,13 it
is incapable of providing reliable energy data.


It is interesting to note that the BHandHLYP/DZP level of
theory performs well when benchmarked against higher, all-
electron methods, such as CCSD(T). Given that the DZP basis set
is required for calculations involving iodine, the BHandLYP/DZP
method will be employed for subsequent calculations.


The data in Table 1 shows that the differences in energy barriers
between for the forward and reverse processes (DE1


‡and DE2
‡)


are small, indicating that this reaction is reversible under high
temperatures. This is not surprising given that acyl radicals are
known to be stabilized by resonance.11


Atom transfer reaction of chlorine from ethyl, isopropyl, and
tert-butyl groups to acetyl radical


Extensive searching of the H3C–CO–Cl–R (R = Et, i-Pr, t-Bu)
potential energy surfaces at the BHandHLYP/DZP level of theory
located hypervalent species 3 (X = Cl; R = Et, i-Pr, t-Bu) as
transition states for the atom transfer reactions (Scheme 1). The
important geometric features of the transition states 3 (X = Cl;
R = Et, i-Pr, t-Bu) are summarized in Fig. 2, while calculated
energy barriers (DE1


‡and DE2
‡, Scheme 2) together with the


corresponding imaginary frequencies are listed in Table 2. Full
computational details are available as ESI.


The structures in Fig. 2 bear a resemblance to those calculated
for the analogous reactions with a methyl group on 3 (X = Cl,
R = Me). Transition states 3 (X = Cl; R = Et, i-Pr, t-Bu) are
also predicted to adopt an almost collinear arrangement of the
attacking acyl radical and the leaving alkyl radical. Interestingly,
while transition state 3 with an ethyl group is predicted to have Cs


symmetry similar to the transition state involving a amethyl group,
transition state 3 with a bulky group (isopropyl or tert-butyl) is
calculated to have C1 symmetry, As shown in Fig. 2, the transition


Table 2 BHandHLYP/DZP calculated energy barriers (in kJ mol−1) for
the forward (DE1


‡) and reverse (DE2
‡) atom transfer reactions of chlorine


from ethyl, isopropyl and tert-butyl groups to acetyl radical, and imaginary
frequencies (m, in cm−1) of transition state 3


Alkyl group DE1
‡ DE1


‡ + ZPE DE2
‡ DE2


‡ + ZPE m


Et 88.2 86.2 86.4 93.4 559i
i-Pr 84.6 82.8 85.0 91.8 540i
t-Bu 78.5 77.3 84.6 88.0 518i


Fig. 2 BHandHLYP-optimized structure of transition states 3 (X = Cl; R = Et, i-Pr, t-Bu) for the atom transfer reaction of chlorine from ethyl, isopropyl
and tert-butyl groups to acetyl radical.
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state (Ca–Cl) and (Cl–Cb) separations in 3 (X = Cl; R = Et, i-Pr,
t-Bu) are predicted be longer on changing the leaving radical from
ethyl to isopropyl to tert-butyl, consistent with expectation on the
basis of leaving group ability.


Inspection of Tables 1 and 2 reveals that energy barri-
ers of the chlorine atom transfer reaction calculated on the
BHandHLYP/DZP level lie in the range 79–89 kJ mol−1. Cal-
culated energy barriers for the forward reaction (DE1


‡) decrease
in the order methyl > ethyl > isopropyl > tert-butyl, while those
for the reverse process (DE2


‡) decrease only slightly in the same
order of the leaving radical; the chlorine transfer reaction involving
tert-butyl radical is calculated to be a significantly exothermic
reaction. The computational data presented here indicate that
atom transfer reactions of chlorine from alkyl groups to acetyl
radical are predicted to be associated with high energy barriers in
all cases, suggesting that these transformations are unlikely to be
synthetically useful.


Atom transfer reaction of bromine and iodine from methyl, ethyl,
isopropyl, and tert-butyl groups to acetyl radical


Extensive searching of the H3C–CO–X–R (X = Br, I; R = Me,
Et, i-Pr, t-Bu) potential energy surfaces at the BHandHLYP/DZP
level of theory located hypervalent species 3 (X = Br, I; R = Me,
Et, i-Pr, t-Bu), as transition states for the atom transfer reactions
(Scheme 1). The important geometric features of the transition
states 3 (X = Br, I; R = Me, Et, i-Pr, t-Bu) are summarized in
Fig. 3, while calculated energy barriers (DE1


‡and DE2
‡, Scheme 2)


together with the corresponding imaginary frequencies are listed
in Table 3. Full computational details are available as ESI.


Fig. 3 BHandHLYP-optimized structure of transition states 3 (X = Br,
I; R = Et, i-Pr, t-Bu) for the atom transfer reaction of bromine and iodine
from methyl, ethyl, isopropyl and tert-butyl groups to acetyl radical.


Table 3 BHandHLYP/DZP calculated energy barriers (in kJ mol−1) for
the forward (DE1


‡) and reverse (DE2
‡) atom transfer reactions of bromine


and iodine from methyl, ethyl, isopropyl and tert-butyl groups to acetyl
radical, and imaginary frequencies (m, in cm−1) of transition state 3


Alkyl halide DE1
‡ DE1


‡ + ZPE DE2
‡ DE2


‡ + ZPE m


MeBr 59.1 57.6 49.0 58.1 384i
EtBr 57.1 56.0 48.8 56.5 370i
i-PrBr 53.3 52.6 49.6 57.4 352i
t-BuBr 47.6 47.3 51.6 56.2 334i
MeI 42.0 40.3 20.4 29.2 279i
EtI 37.0 36.1 22.0 29.7 267i
i-PrI 31.8 31.4 25.1 33.3 253i
t-BuI 25.3 25.4 29.5 34.6 238i


Not unexpectedly, the structures in Fig. 3 bear a striking
resemblance to those calculated for the analogous reactions
involving chlorine. Again, transition states 3 (X = Br, I; R =
Me, Et, i-Pr, t-Bu) are predicted to adopt an almost collinear
arrangement with Cs symmetry for methyl and ethyl, and C1


symmetry for isopropyl and tert-butyl. As shown in Fig. 3, (Ca–X)
distances in 3 are calculated to lie between 2.240 Å (X = Br, R =
Me) and 2.483 Å (X = I, R = t-Bu) at the level of theory employed,
while X–Cb separations in 3 are predicted to be between 2.300 Å
(X = Br, R = Me) and 2.534 Å (X = I, R = Me). Interestingly, while
both calculated bond distances around the transferred halogen
atom (Ca–X, X–Cb) generally increase in the order of methyl <


ethyl < isopropyl < tert-butyl, X–Cb separations in 3 predicted in
the transition states involving iodine decrease in the same order of
the leaving radical.


Similar to the chlorine system, calculated energy barriers (DE1
‡)


for the forward reaction decrease in the order of methyl > ethyl >


isopropyl > tert-butyl, while those (DE2
‡) for the reverse process


increase in the same order of the leaving radical. As a result,
while bromine or iodine transfer reactions involving methyl, ethyl,
and isopropyl groups are predicted to be endothermic, these
reactions involving the tert-butyl group are calculated to be slightly
exothermic.


As shown in Table 3, energy barriers (DE1
‡) of the bromine


and iodine transfer reaction calculated on the BHandHLYP/DZP
level lie in the range 48–59 and 25–42 kJ mol−1, respectively.20


It would therefore seem that the inefficiency that primary alkyl
iodides are afflicted with in ATC reactions is not well interpreted by
the calculated energy barriers alone; however, it can be explained
in terms of equilibria expected on the basis of the differences
in calculated energy barriers (DE) between the forward and
reverse reactions. Indeed, these differences for the bromine and
iodine transfer processes involving the isopropyl or tert-butyl
radicals are less than 7 kJ mol−1. Irrespective of the endothermic
or exothermic nature of these reactions, these reactions are
predicted to be reversible under the usual reaction conditions.
Once generated, the products of these atom transfer processes,
acyl halides, would be expected to react quickly with nucleophiles
such as alcohols or amines to give more stable products, such
as esters or amides, respectively. If we focus on the reactions
involving iodomethane and iodoethane, reactions known to be
inefficient, the differences DE for iodine transfer to acetyl radical
are calculated to be 22 and 15 kJ mol−1 respectively, favouring the
reverse process, and consistent with experimental observation. In
addition, the computational data presented in this work suggest
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that bromine transfer reaction from isopropyl and tert-butyl (and
perhaps ethyl and methyl) groups to acetyl radical is reversible at
high temperature. Consequently, we conclude that atom transfer
reactions involving acyl radicals might occur not only for iodine
but also for bromine under suitable conditions.
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We demonstrated previously that 3-position-modified 6-formylpterin (6FP) derivatives produce reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2) from oxygen in the presence of NADH in the
dark. It has been shown that 6FP derivatives markedly generate ROS, which gives rise to their
particular physiological activities, such as induction of apoptosis in cellular and living systems,
suggesting that such compounds provide a hint for the design of a ROS controlling agent in vivo.
However, it is not well understood why such unique activities appear on chemical modification. In the
present study, in order to see the effect on ROS generation activity in the dark by the modification of
the 1-position in 6FP, we have developed a new synthetic procedure for nucleoside analogs of 6FP and
prepared 1-(b-D-ribofuranosyl)-2-(N,N-diethylaminomethyleneamino)-6-formylpteridin-4-one
(RDEF) and 1-(b-D-ribofuranosyl)-2-(piperidine-1-ylmethyleneamino)-6-formylpteridin-4-one (RPIF)
in which the 1-position of 6FP is glycosylated. At pH 7.4, NADH was spontaneously oxidized to
NAD+ in the presence of RDEF in the dark. Using electron paramagnetic resonance analysis coupled
with the spin trapping technique, we show that O2 was converted to H2O2 via superoxide anion radical
(•O2


−) during this reaction. The modification of the 1-position of 6FP did not cancel ROS generation
activities, which were demonstrated in 3-position-modified 6FPs. Since the 6FP derivatives developed in
the present study have a ribose moiety, these compounds can be subjected to further derivatization,
such as incorporation into oligonucleotides, oligosaccharides, proteins, or any other compounds that
recognize and interact with specific biomolecules, and therefore would be useful in pharmaceutical
investigations that need generation of appropriate and controllable amounts of ROS in vivo.


Introduction


6-Formylpterin (6FP, Scheme 1) is a pteridine derivative produced
from folic acid by photooxidation in the presence of O2.1 In vivo,


Scheme 1 Structures of 6FP and 6FP derivatives.
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6FP has been shown to be produced from folic acid in some
pathological conditions, such as carcinoma.2 Furthermore, in
the past two decades, 6FP has been investigated in the field
of photochemistry.3 Under UV irradiation, for instance, 6FP
activates O2, generates singlet oxygen, and also forms H2O2 from
O2.4 However, detailed reaction mechanisms for both examples
remain to be defined.


In previous studies, we have shown that reactive oxygen species
(ROS), such as H2O2, are generated by 6FP and that it induced
apoptosis in HL-60 cells, inhibited Fas-mediated apoptosis in
Jurkat cells, and suppressed activation of NF-jB, cytokine pro-
duction, and cell proliferation in PanC-1 and human blood T
cells.5 In addition, 6FP showed neuroprotective effects against
transient ischemia-reperfusion injury (IRI) in gerbils6 and similar
effects for retinal IRI in rats;7 however, the mechanism of such
physiological activities has not been elucidated to date. IRI occurs
in conditions, including cardiac infarction, brain infarction, and
organ transplantation, that result in apoptotic cell death and,
therefore, protective agents against IRI have been one of the
most important research targets in medicinal and pharmaceutical
studies. Although 6FP shows notable physiological activities, it has
not been used clinically, partly because of its poor water solubility
at neutral pH.8


To overcome this drawback, 6FP derivatives with improved
water solubility at neutral pH have been developed and assessed
for their chemical activities in vitro.8,9 It is demonstrated that 6FP
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derivatives, such as 2-(N,N-dimethylaminomethyleneamino)-6-
formyl-3-pivaloylpteridin-4-one (DFP), 2-(N,N-dimethylamino-
methyleneamino)-6-formyl-3-methylpteridin-4-one (DFM), and
2-amino-6-formyl-3-methylpteridin-4-one (FM) (Scheme 1), with
a modified 3-position can generate H2O2 through NADH to
NAD+ oxidation in the dark in phosphate-buffered saline (PBS) at
pH 7.4 without the aid of any biological systems.10 It is important
to explore ROS generation by 6FP derivatives in the absence of
light because most biological events occur in the dark. In addition,
DFP, one of the 3-position modified 6FP derivatives in which
hydrogen atoms on the 2- and 3-positions of 6FP are replaced by
N,N-dimethylaminomethylene and pivaloyl groups, respectively,
showed suppressed proliferation of PanC-1 cells.11 Although the
mechanism is not clearly understood yet, we speculate that ROS
generated by DFP in the presence of NADH is involved in the
mechanism.


It is now widely known that ROS are not only involved in cell
death but are also involved in the modulation of a variety of cell
functions,12 thus, it is important to understand the relationship
between ROS activity and biological events. 6FP derivatives that
can generate ROS in the dark through NADH oxidation at neutral
pH in the absence of any biological systems, can be potent
physiological compounds that generate appropriate amounts of
ROS in living systems. In addition, it is possible that by using these
compounds the above-mentioned physiological activities of 6FP
can be introduced in most biological systems. In the present study,
in order to determine the factors responsible for such activities,
we have developed a synthetic procedure for nucleoside analogs of
6FP in which the 1-position is modified. It should be noted that in
photochemistry, pteridine nucleoside analogs, other than the 6FP
derivatives, have been developed and used for analytical purposes
due to their unique fluorescence properties.13


Recently, a number of homing devices that direct physiological
compounds to specific cells or biomolecules, i.e., specific drug
delivery systems,14 have been developed. Nucleoside analogs of
6FP derivatives developed in the present work contain a ribose on
the pteridine ring and, therefore, can be incorporated into homing
devices such as oligonucleotides, oligosaccharides, proteins, or any
other compounds. These compounds could be directly introduced
into specific cellular systems to recognize and interact with specific
biomolecules and generate appropriate and controllable amounts
of ROS in some specific position in vivo because NADH, a central
intermediate in oxidative catabolism that acts as a convenient
source of readily transferable electrons in cells,15 is abundant.


Results and discussion


When 6FP was reacted with tert-butoxybis(dimethylamino)-
methane in N,N-dimethylformamide (DMF) at 60 ◦C for 20 min,
2-(N,N-dimethylaminomethyleneamino)-6-formylpteridin-4-one
(DF)9 was obtained in a yield of 95%, as shown in Scheme 2. Then
the glycosylation reaction of DF was conducted. When DF was
reacted with 1-O-acetyl-2,3,5-tri-O-benzoyl-b-D-ribofuranose in
the presence of 1,8-diazabicyclo[5,4,0]undec-7-ene and trimethyl-
silyl trifluoromethanesulfonate in acetonitrile at 60 ◦C for
14 h, glycosylation reaction16 occurred at the 1-position of DF
and 1-(2,3,5-tri-O-benzoyl-b-D-ribofuranosyl)-2-(N,N-dimethyl-
aminomethyleneamino)-6-formylpteridin-4-one (BzRDF) was
obtained in a yield of 68% (Scheme 2). Next, the deprotection


Scheme 2 Chemical synthesis of RDEF and RPIF: (a) synthesis of
DF from 6FP using tert-butoxybis(dimethylamino)methane in DMF at
60 ◦C for 20 min, 95%; (b) glycosylation of DF using 1,8-diazabicyclo-
[5,4,0]undec-7-ene, trimethylsilyl trifluoromethanesulfonate, and 1-O-
acetyl-2,3,5-tri-O-benzoyl-b-D-ribofuranose in CH3CN at 60 ◦C for 14 h,
68%; (c) deprotection of BzRDF in MeOH containing 25% diethylamine
at rt for 24 h, 49%; (d) deprotection of BzRDF in MeOH containing 25%
piperidine at rt for 24 h, 25%.


reaction of BzRDF was carried out. When BzRDF was
stirred in methanol containing 25% diethylamine solution at
room temperature for 24 h, 1-(b-D-ribofuranosyl)-2-(N,N-
diethylaminomethyleneamino)-6-formylpteridin-4-one (RDEF)
was obtained in a yield of 49% as a nucleoside analog of a 6FP
derivative (Scheme 2). RDEF shows over 100 mM solubility
in PBS at pH 7.4 because of the hydrophilic ribose moiety. In
this reaction, the dimethylaminomethyleneamino group on the
2-position was substituted by N,N-diethylaminomethyleneamino.
To determine if this occurred generally, BzRDF was stirred
in methanol containing 25% piperidine solution at room
temperature for 24 h, and it was found that 1-(b-D-ribofuranosyl)-
2-(piperidine-1-ylmethyleneamino)-6-formylpteridin-4-one
(RPIF) was produced in a yield of 25% (Scheme 2).


We have demonstrated previously that DFP suppresses prolif-
eration of PanC-1 cells without photo irradiation.11 We speculate
that the observation of DFP-induced suppression of proliferation
in PanC-1 cells may be due to ROS generation through NADH
oxidation by DFP. ROS generation in the presence of NADH in
the dark is one of the most prominent physiological activities
attributed to the 6FP derivatives because it is related to the
physiological activities of 6FP.5 Therefore, the ROS generation
activity through NADH oxidation by RDEF in the dark was
investigated.


PBS solutions (pH 7.4) containing 2 mM RDEF and 2 mM
NADH were stirred in the dark in an open system at room
temperature and the time-dependent concentration change of each
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component was analyzed by reversed-phase high performance
liquid chromatography (RP-HPLC). During the reaction, a de-
crease in NADH concentration and generation of NAD+ was
observed, as shown in Fig. 1. In this oxidation reaction, RDEF
concentration also gradually decreased, probably because of the
decomposition caused by ROS generated in this system. In the
absence of NADH, RDEF remained constant over 100 h (data not
shown). In addition, in the absence of RDEF, NADH remained
constant over 100 h (data not shown). From these results, we
conclude that RDEF, a 6FP derivative in which the 1-position is
glycosylated, oxidized NADH to NAD+ in the dark.


Fig. 1 Oxidation reaction of NADH by RDEF in the dark. The
time course of the change in RDEF (�), NADH (�), and NAD+


(�) concentrations in the dark in an open system was measured by
RP-HPLC. A PBS solution containing 2 mM RDEF and 2 mM NADH
was stirred in the dark at pH 7.4. In the absence of RDEF, NADH is
constant over the 100 h of this experiment.


To identify the ROS generated in this reaction, electron
paramagnetic resonance (EPR) spectroscopy coupled with the
spin trapping technique, using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as a spin trap, was employed. PBS solutions (pH 7.4)
containing 2 mM RDEF and 2 mM NADH were incubated
for 48 h and diethylenetriaminepentaacetic acid (DETAPAC)
(500 lM), FeSO4 (250 lM), and DMPO (100 mM) were added
to the reaction mixture prior to EPR analysis. It should be noted
that in the presence of ferrous ion (Fe2+), hydroxyl radical (•OH)
is generated from H2O2 via the iron-catalyzed Fenton reaction.17


The results are summarized in Fig. 2. The solutions containing
either RDEF or NADH did not show EPR signals over 48 h,
as represented in Fig. 2(a) and 2(b). The solution containing
RDEF and NADH showed a quartet with the hyperfine splitting
constant (HFSC) of AN = 1.49 mT and AH = 1.49 mT (Fig. 2(c)).
This signal was quenched by adding catalase (10 000 units ml−1),
which eliminates H2O2, to the crude reaction solution (Fig. 2(d)).
Based on these observations, the quartet was identified as a DMPO
adduct of •OH (DMPO–OH), indicating that H2O2 was generated
in the dark in the solutions containing RDEF and NADH.


To identify the exact ROS species directly generated in the
reaction of RDEF and NADH, further EPR spectroscopy coupled
with the spin trapping technique, using a newly developed spin
trap, 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-
pyrroline-N-oxide (CYPMPO),18 was employed. CYPMPO has


Fig. 2 EPR spectra obtained for PBS (pH 7.4) containing (a) 2 mM
RDEF, (b) 2 mM NADH, (c) 2 mM RDEF and 2 mM NADH, and (d)
2 mM RDEF and 2 mM NADH. The reactions were performed for 48 h
in the dark in an open system. After the reaction, 500 lM DETAPAC,
250 lM FeSO4, and 100 mM DMPO were added to the reaction mixtures,
which were diluted to 1/10 immediately prior to the EPR measurement.
Catalase (10 000 units ml−1) was also added to (d).


been shown to demonstrate excellent ability to trap •O2
− and •OH


as compared with DMPO.18 PBS solutions (pH 7.4) containing
4 mM RDEF, 4 mM NADH, and 20 mM CYPMPO were
incubated at room temperature for 1 h in the dark in an open
system and measured using EPR spectroscopy. The results are
summarized in Fig. 3. The solutions containing either RDEF
or NADH and CYPMPO did not show EPR signals (data not
shown). The solutions containing RDEF, NADH, and CYPMPO
showed a prominent EPR spectrum pattern of a mixture of
•O2


− and •OH adducts of CYPMPO18 (Fig. 3(a)). These signals
were completely quenched by superoxide dismutase (SOD), which
converts •O2


− to H2O2 in the presence of a proton source (Fig. 3(b)).
Fig. 3(c) is a computer simulated spectrum of a mixture of •O2


−


and •OH adducts of CYPMPO. Both •O2
− and •OH adducts


are composed of two diastereomers respectively. The computer-
simulated spectrum showed good coincidence with the previously
reported spectrum of the mixture of •O2


− and •OH adducts of
CYPMPO,18 and also with the spectrum in Fig. 3(a) in this study.


Fig. 3 EPR spectra obtained for PBS (pH 7.4) containing (a) 4 mM
RDEF, 4 mM NADH and 20 mM CYPMPO, (b) 4 mM RDEF, 4 mM
NADH, 20 mM CYPMPO and 2000 units ml−1 SOD. The reactions were
performed for 1 h at room temperature in the dark in an open system and
measured using EPR spectroscopy. (c) Computer-simulated spectrum for
a mixture of •O2


− and •OH adducts of CYPMPO.
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Table 1 HFSCs of •O2
− and •OH adducts of CYPMPO used for


computer-simulation


•O2
− adduct •OH adduct


HFSC (AN, AH, AP)/mT 1.26, 1.11, 5.25 1.37, 1.37, 4.98
1.27, 1.04, 5.10 1.35, 1.23, 4.88


HFSCs used in this simulation are listed in Table 1. These results
clearly indicate that O2 was converted into •O2


− in the presence of
RDEF and NADH.


To further confirm •O2
− generation in the reaction, a chemi-


luminescence method with the •O2
− specific probe 2-methyl-


6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazine-3-one (CLA)19 was
also employed. After mixing 2 mM RDEF and 100 lM CLA with
or without 700 units ml−1 SOD in PBS solution, the luminescence
was monitored with a luminescence reader. It should be noted
that if •O2


− is generated in the reaction of RDEF and NADH, •O2
−


reacts with CLA and chemiluminescence is observed. When 2 mM
NADH was added to the mixture containing RDEF and CLA,
enhancement of the luminescence was observed (Fig. 4(a)). When
NADH was added to the mixture containing RDEF, CLA, and
SOD, the luminescence was suppressed (Fig. 4(b)). These results
also indicate that •O2


− was generated in the presence of RDEF
and NADH.


Fig. 4 Detection of •O2
− in PBS solutions containing RDEF and


NADH by the chemiluminescence method. PBS solutions containing (a)
2 mM RDEF and 100 lM CLA, (b) 2 mM RDEF, 100 lM CLA, and
700 units ml−1 SOD were incubated and the luminescence intensities (�
for (a), and � for (b)) were monitored every 30 s for 30 min. 2 mM NADH
was added to the solutions 90 s after the measurement was started.


In summary, we have shown that in the solutions containing
RDEF and NADH in the dark, RDEF oxidized NADH to NAD+


and simultaneously O2 was converted to •O2
−. The generated •O2


−


was finally converted to H2O2. The oxidation reaction of NADH
by RDEF was shown to be essential for •O2


− and H2O2 generation.
In previous studies, it has been reported that biopterin, neopterin,
and 6-(hydroxymethyl)pterin activate O2 to H2O2 under UV
irradiation,4 and reaction mechanisms that involve an intermediate
such as 6-formyl-5,8-dihydropterin, a reduced form of 6FP, have
been proposed. As evidence, such an intermediate was produced
from 6-(hydroxymethyl)pterin by UV irradiation, which activated
O2 to H2O2 and simultaneously converted 6FP by a thermal


reaction in the absence of light.4 Based on the present results and
previously reported data, it is possible that NADH was oxidized
by RDEF to NAD+ by hydride transfer,20 and then the reduced
form of RDEF thus generated would reduce O2 to a ROS such
as H2O2, through •O2


− formation. It should be emphasized that
all these reactions occurred in the dark without any biological
systems.


Conclusions


We synthesized novel nucleoside analogs of 6FP. RDEF, which
has a ribose on the 1-position of the pteridin ring, showed •O2


−


and H2O2 generation activity through the oxidation of NADH to
NAD+ in the dark at pH 7.4 without any biological systems. This
indicates that, in addition to the modification at the 3-position, a
modification at the 1-position also introduces the activity of ROS
generation in the presence of NADH in the dark. The compounds
developed in the present study have a ribose moiety, and would
therefore be of help in designing physiologically active molecules
such as oligonucleotides, oligosaccharides, proteins, or any other
compounds that recognize and interact with specific biomolecules
in specific cells in living systems and generate appropriate and
controllable amounts of ROS. Further applications of these
nucleoside analogs of 6FP derivatives are now under investigation.


Experimental


Materials and methods


6FP (Scheme 1) was obtained from Sankyo Kasei Kogyo (Hi-
ratsuka, Japan); tert-butoxybis(dimethylamino)methane, Sigma
Chemical Co. (St. Louis, MO, USA); N,N-dimethylformamide
(DMF), 1-O-acetyl-2,3,5-tri-O-benzoyl-b-D-ribofuranose, and
acetonitrile, Wako (Osaka, Japan); 1,8-diazabicyclo[5,4,0]undec-
7-ene (DBU), trimethylsilyl trifluoromethanesulfonate, and cata-
lase, Sigma-Aldrich Co. (St. Louis, USA); NADH, Oriental
Yeast (Tokyo, Japan); 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
Labotec Co. (Tokyo, Japan); FeSO4·7H2O (FeSO4), Kantokagaku
(Tokyo, Japan), diethylenetriaminepentaacetic acid (DETAPAC),
Nacalai Tesque (Kyoto, Japan), 2-methyl-6-phenyl-3,7-dihydro-
imidazo[1,2-a]pyrazine-3-one (CLA), Tokyo Kasei (Tokyo,
Japan), and 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-
methyl-1-pyrroline-N-oxide (CYPMPO), Radical Research Inc.
(Tokyo, Japan). Column chromatography was performed using
silica gel 60 from Nacalai Tesque (Kyoto, Japan). RDEF and
RPIF, were isolated using a reversed-phase high performance
liquid chromatography (RP-HPLC) system consisting of a CCPM
pumping system, and a PX-8010 system controller (TOSOH;
Tokyo, Japan): Column, ULTRON VX-ODS, Shinwa Chemical
Industries (Kyoto, Japan); column and particle size, 20.0 × 250 mm
and 5 lm, respectively; eluting with H2O–CH3CN (80 : 20). 1H
and 13C NMR spectra were recorded on a JEOL ECA-600 NMR
spectrometer (JEOL Ltd.; Tokyo, Japan) operating at 600 MHz
and 150 MHz, respectively. All chemical shifts are reported in ppm
downfield from tetramethylsilane. Peak multiplicities are denoted
by singlet (s), broad singlet (br s), doublet (d), broad doublet (br d),
triplet (t), and multiplet (m), with coupling constants (J) given in
Hz. Numberings of BzRDF, RDEF, and RPIF were as described
in Scheme 3. Mass spectra were recorded on a JEOL DX-300 at
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Scheme 3 The numbering of the 6FP nucleoside analogs synthesized in
this study.


30 eV for electron impact (EI) or fast atom bombardment (FAB)
conditions. The reaction in the dark was performed in a vessel
covered completely with foil. The EPR spectra were recorded on
a Model JES-TE300 spectrometer (JEOL Ltd.; Tokyo, Japan).


Synthesis


2 - (N ,N -Dimethylaminomethyleneamino) -6 - formylpteridin -4 -
one (DF). DF was synthesized from 6FP according to the
procedure reported previously.9 6FP (570.0 mg, 3.0 mmol) and
tert-butoxybis(dimethylamino)methane (930 ll, 4.5 mmol) were
mixed in DMF (6 ml) with stirring under nitrogen for 20 min at
60 ◦C. During this time, the suspended solid 6FP dissolved. The
mixture was evaporated in vacuo and the resultant orange-tan oil
was purified by column chromatography, eluting with chloroform–
methanol (90 : 10), to give the title compound as a yellow solid
(700.5 mg, 95%). dH (600 MHz; CDCl3–DMSO-d6 = 4 : 1) 11.89
(1H, br s, NH), 10.17 (1H, s, CHO), 9.24 (1H, s, 7), 9.02 (1H, s,
NCHN), 3.28 (3H, s, CH3), and 3.24 (3H, s, CH3). dC (150 MHz;
CDCl3–DMSO-d6 = 4 : 1) 191.1, 162.0, 160.3, 160.2, 159.1, 148.2,
142.3, 130.9, 41.8, and 35.7. MS(EI) m/z M+, 246.


1-(2,3,5-Tri-O-benzoyl-b-D-ribofuranosyl)-2-(N ,N -dimethyl-
aminomethyleneamino)-6-formylpteridin-4-one (BzRDF). Tri-
methylsilyl trifluoromethanesulfonate (1450 ll, 8.9 mmol) was
added slowly with ice cooling to a solution of 1-O-acetyl-
2,3,5-tri-O-benzoyl-b-D-ribofuranose (1006.5 mg, 2.24 mmol),
DF (550.2 mg, 2.24 mmol), and DBU (900 ll, 6.0 mmol) in
acetonitrile (10 ml). After stirring under nitrogen at 60 ◦C for
14 h, the mixture was evaporated in vacuo and the resultant
brown oil was purified by column chromatography, eluting with
chloroform–methanol (98 : 2), to give the title compound as a
yellow solid (939.3 mg, 68%). By heteronuclear multiple bond
correlation (HMBC) NMR analysis, it was observed that H at
C(r1) of the ribose ring has correlations with C(2) and C(9) of the
pterin ring. dH (600 MHz; CDCl3) 10.25 (1H, s, S1), 9.08 (1H, s,
7), 9.01 (1H, s, 1′), 7.97 (4H, b), 7.88 (2H, b), 7.56–7.53 (3H, b),


7.37–7.33 (6H, b), 7.46 (1H, d, J 2.4, r1), 6.43 (1H, br s, r2), 6.26
(1H, br s, r3), 4.86 (1H, br d, r5), 4.73 (1H, m, r4), 4.64 (1H, dd,
J 12.0, 4.8, r5), 3.21 (3H, s, 2′), 3.12 (3H, br s, 2′). dC (150 MHz;
CDCl3) 191.2 (S1), 166.6 (4), 166.2 (a), 165.4 (b), 165.3 (b), 160.9
(1′), 159.7 (2), 149.9 (9), 144.2 (7), 133.6 (6), 133.4 (b), 130.9 (10),
129.7–128.4 (b), 89.6 (r1), 78.2 (r4), 73.4 (r2), 70.6 (r3), 63.0 (r5),
42.2 (2′), 36.3 (2′). MS(FAB) m/z (M + H+), 691.2151.


1-(b-D-Ribofuranosyl)-2-(N ,N-diethylaminomethyleneamino)-6-
formylpteridin-4-one (RDEF). BzRDF (69.1 mg, 0.1 mmol) was
allowed to stir in methanol (containing 25% diethylamine, 8 ml)
under nitrogen at room temperature for 24 h. The mixture was
evaporated in vacuo. Then, H2O (10 ml) was added and neutralized
by 0.6 N HCl. The product was isolated by RP-HPLC. The
fraction was evaporated in vacuo and the title compound was
obtained as a yellow solid (19.9 mg, 49%). dH (600 MHz; CDCl3)
10.14 (1H, s, S1), 9.05 (1H, s, 7), 8.90 (1H, s, 1′), 7.11 (1H, d, J
5.5, r1), 5.04 (1H, t, J 1.5, r2), 4.71 (1H, t, J 6.2, r3), 4.09 (1H, m,
r4), 3.87 (2H, ddd, J 76.6, 12.0, 2.8, r5), 3.71 (2H, ddd, J 6.9, 2′),
3.55 (2H, ddd, J 6.9, 2′), 1.37 (3H, t, J 6.9, 3′), 1.31 (3H, t, J 7.6,
3′). dC (150 MHz; CDCl3) 190.9 (s1), 166.4 (4), 161.0 (2), 159.8
(1′), 150.1 (9), 144.1 (7), 143.8 (6), 130.5 (10), 91.6 (r1), 84.7 (r4),
71.4 (r2), 67.0 (r3), 62.4 (r5), 48.1 (2′), 42.0 (2′), 14.4 (3′), 12.4 (3′).
MS(FAB) m/z (M + H+) 407.1691.


1-(b-D-Ribofuranosyl)-2-(piperidine-1-ylmethyleneamino)-6-for-
mylpteridin-4-one (RPIF). BzRDF (138.0 mg, 0.2 mmol) was
allowed to stir in methanol (containing 25% piperidine, 10 ml)
under nitrogen at room temperature for 24 h. The mixture was
evaporated in vacuo. Then, H2O (10 ml) was added and neutralized
by 0.6 N HCl. The product was isolated by RP-HPLC. The fraction
was evaporated in vacuo and the title compound was obtained as
a yellow solid (20.9 mg, 25%). dH (600 MHz; CDCl3) 10.11 (1H, s,
S1), 9.05 (1H, s, 7), 8.78 (1H, s, 1′), 7.06 (1H, d, J 4.8, r1), 5.12
(1H, br, r2), 4.69 (1H, t, J 5.7, r3), 4.09 (1H, m, r4), 3.87 (2H,
ddd, J 74.6, 12.1, 2.5, r5), 3.83 (2H, br d, 2′), 3.65 (2H, br, 6′),
1.80 (2H, br, 4′), 1.78 (2H, br, 5′), 1.75 (2H, br, 3′). dC (150 MHz;
CDCl3) 190.9 (s1), 166.3 (4), 161.0 (2), 158.9 (1′), 150.1 (9), 144.3
(7), 143.7 (6), 130.1 (10), 91.5 (r1), 84.7 (r4), 71.1 (r2), 69.9 (r3),
62.3 (r5), 53.0 (6′), 45.9 (2′), 26.5 (4′), 25.3 (3′), 23.9 (5′). MS(FAB)
m/z (M + H+) 419.1664.


Oxidation reaction of NADH by RDEF in the dark


PBS solutions (4 ml, pH 7.4) containing 2 mM RDEF and 2 mM
NADH were prepared. These solutions were kept in the dark
and stirred in an open system at room temperature. The time-
dependent concentration change of each component in the sample
solutions was analyzed by RP-HPLC consisting of a DP-8020
pumping system, a CO-8020 column oven, and a PX-8020 system
controller (TOSOH; Tokyo, Japan): Column, ULTRON VX-ODS,
Shinwa Chemical Industries; (Kyoto, Japan); column and particle
size, 4.6 × 150 mm and 5 lm, respectively; eluent, 10 mM TEAA
buffer (pH 7.0); gradient, CH3CN concentration in the liner
gradient mode (0 min: 0%; 30 min: 50%); flow rate, 1.0 ml min−1;
temperature, 37 ◦C. NAD+ in the RP-HPLC peak was identified
by UV absorption spectra, 1H- and 13C-NMR analysis, and RP-
HPLC was used for its quantitative analysis.
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EPR spectra measurement in PBS solutions containing RDEF and
NADH in the dark


PBS solutions (pH 7.4) containing 2 mM RDEF and 2 mM
NADH were stirred for 48 h at room temperature in the dark
and measured using electron paramagnetic resonance (EPR)
spectroscopy combined with spin trapping with DMPO. The
reaction mixtures were diluted to 1/10, and 100 mM DMPO,
500 lM DETAPAC, and 250 lM FeSO4 were added before the
EPR measurement. The EPR settings were as follows: microwave
power, 5 mW; field, 329.4 ± 5 mT (9.2533 GHz); modulation,
0.079 mT; time constant, 0.03 s; amplitude, 500; and sweep time,
1 min. An Mn2+ marker was used as a reference.


PBS solutions (pH 7.4) containing 4 mM RDEF and 4 mM
NADH with 20 mM CYPMPO were incubated for 1 h at room
temperature in the dark in an open system and measured using
EPR spectroscopy. The EPR settings were as follows: microwave
power, 8 mW; field, 335.0 ± 7.5 mT (9.3949 GHz); modulation,
0.10 mT; time constant, 0.10 s; amplitude, 1000; and sweep time,
4 min. Sample solutions were placed in a flat quartz EPR aqueous
cell fixed in the cavity of the EPR spectrometer. Computer EPR
simulation was carried out using WIN-RAD software package
(Radical Research Inc.).


Detection of •O2
− in PBS solutions containing RDEF and NADH


by chemiluminescence method


The •O2
− generation activity of RDEF in the presence of NADH


was examined using chemiluminescence with an •O2
− specific


probe, CLA.19 After mixing 2 mM RDEF and 100 lM CLA with
or without 700 units ml−1 SOD in PBS solutions, the mixture
was mounted on a luminescence reader (Aloka BLR-301) and the
luminescence was monitored every 30 s for 30 min. 2 mM NADH
was added to the mixture 90 s after the measurement was started.
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Enantiopure, BINOL-derived diphosphoramidites built upon an achiral hydrazine spacer are efficient
ligands for the hydrogenation of 2-(acetylamino)-3-(aryl)-propenoic methyl esters. The activity and
enantioselectivity of the hydrazine derivatives were shown to be markedly influenced by the nature of
the two NR substituents, symmetrical but bulky R groups leading to the best results. A
diphosphosphoramidite obtained from tBuHNNHtBu resulted in ee’s as high as 95%. The present
results contradict previous reports on “short” diphosphoramidites.


Introduction


Over the past decade, many studies have focused on the synthesis
and use of BINOL-derived monophosphoramidites,1–6 of which
compound 1 is a prominent representative.7 Compounds of
this family are nowadays regarded as cheap, readily available
and powerful ligands for asymmetric catalysis, notably for the
rhodium-catalysed hydrogenation of prochiral olefins.8


When used for the first time, their effectiveness was rather
unexpected, their monodentate nature being considered a defi-
ciency. Similarly, chiral diphosphoramidites built upon an achiral
backbone were long considered unsuited for enantioselective
catalysis but it was very recently found that such ligands may also
lead to high ee’s in asymmetric olefin hydrogenation, provided
the phosphorus atoms are separated by a rather long spacer (for
example –N(CH2)nN-where n ≥ 2) which allows for a high degree
of ligand flexibility.9 Surprisingly, chiral diphosphoramidites with
spacers having less than two carbon atoms have not been consid-
ered yet. We have therefore investigated the catalytic behaviour
of some very short and incidentally rigid diphosphoramidites,
namely built upon a N,N ′-dialkyl or diaryl hydrazine unit.
Their properties have been compared to those of related, mixed
phosphoramidite–aminophosphine ligands, the synthesis of which
is also reported herein.
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Results and discussion


The diphosphoramidites 2–5 were prepared in ca. 30–40% yield by
reacting a dialkylhydrazine hydrochloride, [R1NH–NHR1]·HCl,
with 3 equiv. of diisopropylethylamine and 2 equiv. of the
appropriate enantiopure chlorophosphite, R- or S-PCl(OR)2


[(HOR)2 = BINOL) (Scheme 1). The arylhydrazine derivatives
6–9 were obtained by reduction of an azobenzene with sodium in
THF followed by reaction with the corresponding optically pure
chlorophosphite (Scheme 1) (yields ca. 50%). We found that the
procedure applied for the preparation of 2–5 could not be applied
to arylhydrazines, since in the latter case no reaction occurred.
The 31P NMR spectra of all these compounds reveal the presence


Scheme 1 Synthesis of the diphosphoramidites 2–9.
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in unequal amounts of two conformational isomers in solution,
the signals appearing in the range 135–150 ppm.


The diphosphoramidites readily form chelate complexes. Thus,
for example, when (S,S)-3 was reacted with [PtCl2(PhCN)2], com-
plex (S,S)-10 was formed quantitatively (Scheme 2). The NMR
spectra, which are consistent with a C2-symmetrical structure,
reveal the presence of a single isomer in this case. The observed
J(PPt) coupling constant, 5609 Hz, is typical for a platinum
complex with two cis-disposed phosphoramidites.10–12 The X-ray
structure of (S,S)-10 (Fig. 1) reveals a ligand bite angle of 84.4◦


and an almost planar PtP2Cl2 unit (maximum deviation from this
plane: 0.093 Å). The five-membered chelate ring displays a classic
open envelope shape, with the N(2) atom lying 0.38 Å above the
coordination plane. As found in other five-membered PNNPM
metallacycles, one of the two nitrogen atoms (N(2)) is planar, the
other being slightly pyramidal.13 Unsurprisingly for such a cycle,
the two nitrogen atoms come close to the coordination plane, their
distances to this plane being +0.26 Å and −0.38 Å, respectively.
Thus, the position of the nitrogen atoms in (S,S)-10 contrasts with
that found in the cis-[MX2(monophosphoramidite)2] complexes
for which an X-ray structure was established.11,14,15 In the latter
the N atoms, which are located on both sides of the metal plane,
are considerably more remote from this plane (>1 Å). Clearly,
this minimizes the steric repulsions between the two phosphorus
ligands. The dihedral angle between the naphthyl units linked to


Scheme 2 Quantitative synthesis of complex (S,S)-10.


Fig. 1 X-Ray structure of complex (S,S)-10. Important distances (Å)
and angles (◦): P(1)N(1) 1.666(6); P(2)N(2) 1.660(7); N(1)N(2) 1.464(9);
PtP(1) 2.174(2); PtP(2) 2.184(2); PtCl(1) 2.336(2); PtCl(2) 2.333(2).
P(1)N(1)N(2)P(2) 42.3(6); P(1)PtP(2) 84.42(7).


P(1) is 54.0◦, whereas that between the naphthyls connected to
P(2) is 56.1◦.


The phosphoramidites were assessed in the rhodium-catalysed
hydrogenation of the 2-(acetylamino)-3-(aryl)-propenoic methyl
esters 11a–d. As precatalyst, a dichloromethane solution contain-
ing [Rh(COD)2]BF4 (COD = 1,5-cycooctadiene) and 1.1 equiva-
lent of the bidentate ligand was used. As revealed by a separate
study, the complex [Rh(COD){(R,R)-2}]BF4 was formed as a
single product when sub-stoichiometric amounts of the corre-
sponding diphosphoramidite were used. Its 31P NMR (CDCl3)
spectrum displays a doublet at 155.8 ppm (J(RhP) = 249.5 Hz).
Using an excess of ligand afforded the by-product [Rh{(R,R)-
2}2](BF4) (d = 167.5 ppm; J(RhP) = 209.4 Hz), which turned
out to be inactive. As shown in Table 1, all diphosphoramidites
promoted fast olefin hydrogenation. As a general trend we found
that alkyl hydrazines gave higher reaction rates than those with
aryl substituents. Very fast hydrogenations, comparable to those
observed by Feringa and Reetz for monophosphoramidites, were
observed with the tert-butyl derivatives 4 and 5.4 The alkyl
hydrazines 2–5, as well as the phenyl hydrazines 6 and 7 gave


Table 1 Rh-catalysed asymmetric hydrogenation of 2-(acetylamino)-3-
(aryl)-propenoic methyl esters with ligands 2–9


Entry Ar Ligand Time/h Ee (%)a Config.


1 Ph (R,R)-2 1 85 S
2 (4-F)-Ph (R,R)-2 1 81 S
3 (4-Cl)-Ph (R,R)-2 1 83 S
4 (3,4-Cl)-Ph (R,R)-2 1 86 S
5 Ph (S,S)-3 1 85 R
6 (4-F)-Ph (S,S)-3 1 82 R
7 (4-Cl)-Ph (S,S)-3 1 83 R
8 (3,4-Cl)-Ph (S,S)-3 1 84 R
9 Ph (R,R)-4 0.25 91 S


10 (4-F)-Ph (R,R)-4 0.25 92 S
11b (4-F)-Ph (R,R)-4 0.5 92 S
12c (4-F)-Ph (R,R)-4 2 95 S
13d (4-F)-Ph (R,R)-4 4 93 S
14 (4-Cl)-Ph (R,R)-4 0.25 92 S
15 (3,4-Cl)-Ph (R,R)-4 0.25 92 S
16c Ph (S,S)-5 2 93 R
17c (4-F)-Ph (S,S)-5 2 94 R
18c (4-Cl)-Ph (S,S)-5 2 93 R
19c (3,4-Cl)-Ph (S,S)-5 2 93 R
20 Ph (R,R)-6 2 86 S
21 (4-F)-Ph (R,R)-6 2 91 S
22 (4-Cl)-Ph (R,R)-6 2 90 S
23 (3,4-Cl)-Ph (R,R)-6 2 89 S
24 Ph (S,S)-7 2 84 R
25 (4-F)-Ph (S,S)-7 2 93 R
26 (4-Cl)-Ph (S,S)-7 2 91 R
27 (3,4-Cl)-Ph (S,S)-7 2 88 R
28 Ph (R,R)-8 4 60 S
29 (4-F)-Ph (R,R)-8 4 58 S
30 (4-Cl)-Ph (R,R)-8 4 50 S
31 (3,4-Cl)-Ph (R,R)-8 4 57 S
32 Ph (S,S)-9 4 59 R
33 (4-F)-Ph (S,S)-9 4 58 R
34 (4-Cl)-Ph (S,S)-9 4 50 R
35 (3,4-Cl)-Ph (S,S)-9 4 56 R


General conditions: P(H2) = 5 bar; T = rt; solvent: CH2Cl2 [substrate : Rh :
ligand = 100 : 1 : 1.1]; 100% conversion in all cases.a Enantioselectivities
were determined by chiral GC analysis using a CHROMPAK chiral fused
silica 25 m × 0.25 mm i.d. and/or specific rotation. Coating Chirasil-L-Val
column. b Run carried out at 0 ◦C. c Run carried out at 1 bar. d Run carried
out at 1 bar and 0 ◦C.
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remarkably high ee’s, lying in the range 84–95%. For comparison,
with Reetz’s longer ligand 12, the hydrogenation of methyl 2-
acetamido acrylate led to ee’s no higher than 50%.9 The best
ee’s were obtained with ligands 4 and 5. Their efficiency possibly
results from the steric pressure exerted by each of the butyl groups
on the neighbouring binaphthyl moiety, which incidentally come
closer to the coordinated substrate and therefore may increase
the chiral induction. Almost as high ee’s were observed with the
phenylhydrazines 6 and 7. However, with the o-tolyl derivatives
8 and 9, the ee’s drop to 50–60%. The origin of this effect is not
known, but could be due to the restricted rotation of the o-tolyl
rings about the corresponding N–C(tolyl) bonds, which therefore
may lead to two isomeric complexes in solution, with (at least) one
of them giving low ee’s. Further, with 8 and 9, the hydrogenation
rates decreased by a factor of 2, suggesting that the methyl groups
of the tolyl rings approach the apical coordination sites, thereby
decreasing the ease of forming a rhodium hydrido species.


To confirm that phenyl substituents are preferable to o-
tolyl ones, we also studied the mixed aminophosphine–
phosphoramidite ligands 13–16. These hybrid ligands were ob-
tained in ca. 60% overall yield in two steps (Scheme 3) consisting of:
(i) treatment of the appropriate hydrazine with 1 equiv. of n-BuLi
and subsequent reaction with 1 equiv. of PPh2Cl;16 (ii) reaction of
the resulting aminophosphine with 1 equiv. of n-BuLi, followed by
reaction with R- or S-PCl(OR)2 ([(HOR)2 = BINOL). Both types
of ligand led to fairly fast hydrogenation rates, although ca. 4 times
lower than those observed with the symmetrical ligands described
above. While the o-tolyl derivatives gave mediocre ee’s (Table 2,
entries 9–16), the enantioselectivities obtained with the phenyl


Scheme 3 Synthesis of the mixed aminophosphine–phosphoramidite
ligands 13–16.


Table 2 Rh-catalysed asymmetric hydrogenation of 2-(acetylamino)-3-
(aryl)-propenoic methyl esters with ligands 13–16


Entry Ar Ligand Time/h Ee (%)a Config.


1 Ph (R)-13 2 89 S
2 (4-F)-Ph (R)-13 2 89 S
3 (4-Cl)-Ph (R)-13 2 89 S
4 (3,4-Cl)-Ph (R)-13 2 91 S
5 Ph (S)-14 2 88 R
6 (4-F)-Ph (S)-14 2 88 R
7 (4-Cl)-Ph (S)-14 2 88 R
8 (3,4-Cl)-Ph (S)-14 2 91 R
9 Ph (R)-15 8 9 S


10 (4-F)-Ph (R)-15 8 15 S
11 (4-Cl)-Ph (R)-15 8 10 S
12 (3,4-Cl)-Ph (R)-15 8 10 S
13 Ph (S)-16 8 7 R
14 (4-F)-Ph (S)-16 8 16 R
15 (4-Cl)-Ph (S)-16 8 9 R
16 (3,4-Cl)-Ph (S)-16 8 12 R


General conditions: P(H2) = 5 bar; T = rt. solvent: CH2Cl2 [substrate : Rh :
ligand = 100 : 1 : 1.1]; 100% conversion in all cases.a Enantioselectivities
were determined by chiral GC analysis using a CHROMPAK chiral fused
silica 25 m × 0.25 mm i.d. and/or specific rotation. Coating Chirasil-L-Val
column.


analogues, 88–91%, were only marginally lower than with their
symmetrical counterparts (Table 2, entries 1–8). These findings
further corroborate recent results, which established that non C2-
symmetrical systems which combine a chiral monophosphane and
an achiral one are not incompatible with high ee’s.17,18


In summary, this study demonstrates that very short BINOL-
derived diphosphoramidites can, like their longer counterparts, be
used as efficient olefin hydrogenation catalysts. The activity and
enantioselectivity of the hydrazine derivatives studied in this work
is markedly influenced by the nature of the two N-substituents,
symmetrical but bulky groups leading to the best results. Overall,
this work poses the general question whether “short” diphos-
phoramidites bearing chiral phosphorus units other than 3,5-
dioxa-4-phospha-cyclohepta-dinaphthyl groups are also suitable
for efficient asymmetric catalysis.


Experimental


General procedures


All manipulations involving diphosphoramidites and amino-
phosphine–phosphoramidites were performed in Schlenk-type
flasks under dry nitrogen. Solvents were dried by conventional
methods and distilled immediately prior to use. CDCl3 was passed
down a 5 cm thick alumina column and stored under nitrogen over
molecular sieves (4 Å). Routine 1H, 13C{1H} and 31P{1H} spectra
were recorded with Bruker FT Instruments (AC-200 and AC-300).
1H NMR spectra were referenced to residual protonated solvents
(7.26 ppm for CDCl3), 13C chemical shifts are reported relative
to deuterated solvents (77.16 ppm for CDCl3), and the 31P NMR
data are given relative to external H3PO4. Chemical shifts and
coupling constants are reported in ppm and in Hz, respectively.
Some compounds appear as a mixture of two isomers. The
corresponding peak listings take into account both isomers. Mass
spectra were recorded on a Bruker MicroTOF spectrometer (ESI)
using CH2Cl2 as solvent. Specific rotations (units: deg cm2 g−1)
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were measured on a Perkin-Elmer 341 digital polarimeter with a
1 dm cell. The complex [PtCl2(PhCN)2] was prepared according to
a literature procedure.19 The cationic complex [Rh(COD)2]BF4 was
obtained by treatment of [RhCl(COD)]2


20 with AgBF4 in CH2Cl2–
acetone, followed by reaction with 1,5-cyclooctadiene.


General procedure for the synthesis of diphosphoramidites 2–5


To a solution of the appropriate dialkylhydrazine hydrochloride in
THF (50 cm3) were added 3 equiv. of diisopropylethylamine and
2 equiv. of chloro-(R or S)-2,2′-O,O′-(1,1′-binaphthyl)phosphite
in toluene (50 cm3). The mixture was stirred overnight at room
temperature before being filtered over flashed Al2O3. The solvent
was removed in vacuo to afford the product as a white solid.


(R,R)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-dimethylhydrazine (R,R)-2. (R,R)-2 was obtained
as described above from N,N ′-dimethylhydrazine hydrochloride
(0.435 g, 3.270 mmol) using NiPr2Et (1.269 g, 9.810 mmol,
ca. 1.71 cm3) and chloro-(R)-2,2′-O,O′-(1,1′-binaphthyl)phosphite
(2.294 g, 6.540 mmol). Yield: 0.820 g, 36%, mp 105–106 ◦C. Owing
to the presence of two isomers (ratio 1 : 2), two sets of signals
appear in the NMR spectra. In the following, all the peaks are
listed in the order in which they appear. 1H NMR (300 MHz,
CDCl3, 25 ◦C): d = 8.07–7.91, 7.67–7.62 and 7.51–7.29 (3 m, 24 H,
arom. H), 2.74 and 2.49 (two s, 6 H, NCH3). 13C NMR (75 MHz,
CDCl3, 25 ◦C): d 149.38–130.95 (quat. C), 130.57–124.82 (arom.
CH), 124.10–122.97 (quat. C), 122.30–121.35 (arom. CH), 35.14
(s, NCH3 of major isomer), 34.93 (s, NCH3 of minor isomer). 31P
NMR (121 MHz, CDCl3, 25 ◦C): d = 146.5 (s, minor isomer),
142.2 (s, major isomer). [a]20


D = −49.1 (c 0.95 in toluene); m/z (EI)
688.23 (19%, M+ requires 688.17). Found C 73.22, H 4.28, N 3.95.
C42H30N2O4P2 (688.65) requires C 73.25, H 4.39, N 4.07%.


(S,S)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-dimethylhydrazine (S,S)-3. (S,S)-3 was prepared ac-
cording to the above procedure from N,N ′-dimethylhydrazine
hydrochloride (0.290 g, 2.180 mmol), using NiPr2Et (0.846 g,
6.540 mmol, ca. 1.14 cm3) and chloro-(S)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (1.529 g, 4.360 mmol). Yield: 0.500 g, 33%,
mp 105–106 ◦C. NMR as for (R,R)-2. [a]20


D = + 50.2 (c 0.95 in
toluene); m/z (EI) 688.30 (12%, M+ requires 688.17). Found C
73.18, H 4.42, N 4.01. C42H30N2O4P2 (688.65) requires C 73.25, H
4.39, N 4.07%.


(R,R)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-di-tert-butylhydrazine (R,R)-4. (R,R)-4 was obtained
as described above from N,N ′-di-tert-butylhydrazine hydrochlo-
ride (0.201 g, 1.111 mmol), using NiPr2Et (0.431 g, 3.333 mmol,
ca. 0.59 cm3) and chloro-(R)-2,2′-O,O′-(1,1′-binaphthyl)phosphite
(0.780 g, 2.222 mmol). Yield: 0.327 g, 38%, mp 121–122 ◦C. Owing
to the presence of two isomers (ratio 1 : 5), two sets of signals
appear in the NMR spectra. 1H NMR (300 MHz, CDCl3, 25 ◦C):
d = 8.01–7.86 and 7.71–7.58 (two m, 24 H, arom. H), 2.37 and
1.12 (two s, 18 H, NCH3). 13C NMR (75 MHz, CDCl3, 25 ◦C):
d = 152.88–131.41 (quat. C), 130.99–124.60 (arom. CH), 123.83–
122.23 (quat. C), 122.01–121.81 (arom. CH), 57.90 (s, CCH3),
26.89 (s, CCH3 of minor isomer), 24.06 (s, CCH3 of major isomer).
31P NMR (121 MHz, CDCl3, 25 ◦C): d = 147.9 (s, minor isomer),


136.6 (s, major isomer). [a]20
D = −70.3 (c 1.05 in toluene); m/z (EI)


772.20 (39%, M+ requires 772.26). Found C 74.72, H 5.41, N 3.52.
C48H42N2O4P2 (772.81) requires C 74.60, H 5.48, N 3.62%.


(S,S)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-di-tert-butylhydrazine (S,S)-5. (S,S)-5 was prepared
as above using N,N ′-di-tert-butylhydrazine hydrochloride (0.182 g,
1.007 mmol), NiPr2Et (0.390 g, 3.021 mmol, ca. 0.53 cm3)
and chloro-(S)-2,2′-O,O′-(1,1′-binaphthyl)phosphite (0.706 g,
2.014 mmol). Yield: 0.160 g, 21%, mp 121–122 ◦C. NMR as for
(R,R)-4. [a]20


D = +69.2 (c 1.05 in toluene); m/z (EI) 772.35 (31%, M+


requires 772.26). Found C 74.72, H 5.51, N 3.69. C48H42N2O4P2


(772.81) requires C 74.60 H, 5.48, N 3.62%.


General procedure for the synthesis of diphosphoramidites 6–9


To a solution of 1 equiv. of the appropriate azoalkane in THF
(50 cm3) was added an excess of sodium cut into small pieces. After
stirring for 72 h, the unreacted sodium was removed mechanically.
The solution of the resulting disodium salt was then added via
cannula over 1 h to a stirred THF solution of 2 equiv. of the
chlorophosphite maintained at −78 ◦C. After 72 h, the solution
was filtered through Al2O3. Evaporation of the solvent under
reduced pressure gave a residue which was washed with n-heptane
(100 cm3). Drying in vacuo afforded a white solid.


(R,R)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-diphenylhydrazine (R,R)-6. (R,R)-6 was obtained as
described above using azobenzene (1.152 g, 6.872 mmol),
Na (0.632 g, 27.492 mmol) and chloro-(R)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (2.410 g, 6.872 mmol). Yield: 4.820 g, 52%,
mp 134–136 ◦C. Owing to the presence of two isomers (ratio 1 :
5), two sets of signals appear in the NMR spectra. 1H NMR
(300 MHz, CDCl3, 25 ◦C): d = 8.05–7.79, 7.67–7.64, 7.46–7.20
and 7.06–6.74 (4 m, 34 H, arom. H). 13C NMR (75 MHz, CDCl3,
25 ◦C): d = 150.52–130.86 (quat. C), 130.75–124.81 (arom. CH),
124.48–124.41 (quat. C), 123.89–112.43 (arom. CH). 31P NMR
(121 MHz, CDCl3, 25 ◦C): d = 142.8 (s, minor isomer), 140.1
(s, major isomer). [a]20


D = −304.1 (c 5.4 in toluene); m/z (EI)
812.31 (29%, M+ requires 812.20). Found C 76.85, H 4.23, N
3.45. C52H34N2O4P2 (812.78) requires C 76.84, H 4.22, N 3.45%.


(S,S)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-diphenylhydrazine (S,S)-7. (S,S)-7 was obtained as
described above from azobenzene (3.131 g, 17.180 mmol),
Na (1.580 g, 68.730 mmol) and chloro-(S)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (12.051 g, 34.360 mmol). Yield: 7.401 g,
53%, mp 135–137 ◦C. NMR as for (R,R)-6. [a]20


D = +305.9 (c 5.4
in toluene); m/z (EI) 812.17 (36%, M+ requires 812.20). Found C
76.80, H 4.38, N 3.31. C52H34N2O4P2 (812.78) requires C 76.84, H
4.22, N 3.45%.


(R,R)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-(di-o-tolyl)hydrazine (R,R)-8. (R,R)-8 was obtained
as described above using azo(o-tolyl)benzene21 (0.530 g,
2.520 mmol), Na (0.580 g, 25.206 mmol) and chloro-(R)-2,2′-O,O′-
(1,1′-binaphthyl)phosphite (1.768 g, 5.041 mmol). Yield: 1.039 g,
49%, mp 151–153 ◦C. Owing to the presence of two isomers (ratio
1 : 10), two sets of signals appear in the NMR spectra. 1H NMR
(300 MHz, CDCl3, 25 ◦C): d = 8.00–7.92, 7.83–7.81, 7.56–7.07,
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6.96–6.87 and 6.73–6.68 (5 m, 32 H, arom. H), 1.30 and 1.07 (two s,
6 H). 13C NMR (75 MHz, CDCl3, 25 ◦C): d = 149.70–111.98 (quat.
C and arom. CH), 15.83 (s, Ar-CH3). 31P NMR (121 MHz, CDCl3,
25 ◦C): d = 144.6 (s, minor isomer), 138.7 (s, major isomer). [a]20


D =
−370.6 (c 1.13 in toluene); m/z (EI) 840.33 (29%, M+ requires
840.23). Found C 77.07, H 4.58, N 3.44. C54H38N2O4P2 (840.84)
requires C 77.13, H 4.56, N 3.33%.


(S,S)-N ,N ′-Bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-
2-yl)-N ,N ′-(di-o-tolyl)hydrazine (S,S)-9. (S,S)-9 was prepared
as above using azo(o-tolyl)benzene21 (0.424 g, 2.016 mmol),
Na (0.424 g, 20.165 mmol) and chloro-(S)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (1.414 g, 4.033 mmol). Yield: 0.848 g, 50%,
mp 149–151 ◦C. NMR as for (R,R)-8. [a]20


D = +372.0 (c 1.13 in
toluene); m/z (EI) 840.28 (26%, M+ requires 840.23). Found C
77.14, H 4.69, N 3.43. C54H38N2O4P2 (840.84) requires C 77.13, H
4.56, N 3.33%.


Synthesis of the complexes


cis-Dichloro-{(R,R)-N ,N ′-bis(dinaphtho[2,1-d:1′,2′-f ][1,3,2]dio-
xaphosphepin-2-yl)-N ,N ′-dimethylhydrazine}platinum(II) (S,S)-
10. A solution of diphosphoramidite (S,S)-3 (0.124 g,
0.180 mmol) in CH2Cl2 (8 cm3) was added to a solution of
[PtCl2(PhCN)2] (0.085 g, 0.180 mmol) in CH2Cl2 (10 cm3). The
solution was stirred at room temperature for 24 h. The solution
was then concentrated to ca. 5 cm3, upon which n-pentane
was added (30 cm3). Cooling this solution down to −10 ◦C
precipitated (S,S)-10 as a white solid. Yield: 0.168 g, 98%, mp
>250 ◦C. 1H NMR (300 MHz, CDCl3, 25 ◦C): d = 8.07–7.95 (m,
6 H, arom. H), 7.82–7.65 (m, 6 H, arom. H), 7.61–7.16 (m, 12
H, arom. H), 2.74 (t, 6 H, NCH3). 13C NMR (75 MHz, CDCl3)
(JCP values were obtained from a decoupling experiment): d =
147.58–147.33 (quat. C′s), 135.34 (d, JCP = 18.6 Hz, arom. CH),
133.62 (d, JCP = 5.6 Hz, arom. CH), 132.59 (s, quat. C), 132.43
(s, quat. C), 132.16 (s, arom. CH), 132.06 (s, quat. C), 131.88 (s,
quat. C), 131.70 (s, quat. C), 131.15 (s, quat. C), 129.52 (s, arom.
CH), 128.67 (s, arom. CH), 127.15 (d, JCP = 14.3 Hz, arom. CH),
127.14 (s, arom. CH), 126.92 (s, arom. CH), 126.65 (s, arom.
CH), 126.30 (d, JCP = 13.0 Hz, arom. CH), 122.46 (s, arom. CH),
120.50 (s, arom. CH), 35.60 (s, NCH3). 31P NMR (121 MHz,
CDCl3, 25 ◦C): d = 108.8 (s with Pt satellites, 1JPPt = 5621.2 Hz).
m/z (ESI-TOF) 918.07 (76%, (M − Cl)+ requires 918.10). Found
C 52.82, H 3.20, N 2.94. C42H30Cl2N2O4P2Pt (954.63) requires C
52.84, H 3.17, N 2.93%.


[Rh(COD){(R,R)-2}]BF4. A solution of (R,R)-2 (0.040 g,
0.060 mmol) in CH2Cl2 (5 cm3) was added dropwise to a solution
of [Rh(COD)2]BF4 (0.024 g, 0.060 mmol) in CH2Cl2 (5 cm3). After
stirring for 1 h, the mixture was filtered over Celite. Evaporation
of the solvent under reduced pressure afforded [Rh(COD){(R,R)-
2}]BF4. Yield: 0.090 g, 97%, mp > 250 ◦C. 1H NMR (300 MHz,
CDCl3, 25 ◦C): d = 8.14 (d, 3J = 8.9 Hz, 2 H, arom. H), 8.04–7.95
(m, 6 H, arom. H), 7.74 (d, 3J = 8.8 Hz, 2 H, arom. H), 7.57–7.49
(m, 4 H, arom. H), 7.40–7.28 (m, 10 H, arom. H), 5.89 (br s, 2 H,
H of COD), 5.60 (br s, 2 H, H of COD), 2.76 (t, 6 H, NCH3), 2.60–
2.27 (m, 8 H, H of COD). 31P NMR (121 MHz, CDCl3, 25 ◦C):
d = 155.8 (d, 1JPRh = 249.4 Hz). Found C 60.92, H 4.29, N 2.83.
C50H42BF4N2O4P2Rh (986.54) requires C 60.87, H 4.29, N 2.84%.


Addition of 2.2 equiv. of (R,R)-2 to [Rh(COD)2]BF4 afforded a
mixture of [Rh(COD){(R,R)-2}]BF4 and [Rh{(R,R)-2}2]BF4 in a
ratio of ca. 1 : 9. The latter complex is characterized by a doublet
at 167.5 ppm (1JRhP = 209.4 Hz).


N-Diphenylphosphino-N ,N ′-diphenylhydrazine. This com-
pound was prepared according to a procedure reported in the
literature.22 m/z (ESI-TOF) 369.27 (82%, (M + H)+ requires
369.15). Found C 78.18, H 5.80, N 7.59. C24H21N2P (368.41)
requires C 78.24 H 5.75, N 7.60%.


N-Diphenylphosphino-N ,N ′-di(o-tolyl)hydrazine. A hexane
solution of n-BuLi (1.6 M, 2.10 cm3) was added to a stirred
solution of 1,2-di(o-tolyl)hydrazine21 (1.070 g, 5.040 mmol) in
toluene (15 cm3) at 0 ◦C. After stirring for 10 min, a solution of
Ph2PCl (1.112 g, 5.040 mmol, ca. 0.90 cm3) in toluene (10 cm3)
was added dropwise. The reaction mixture, which turned orange
was stirred for a further 30 min at room temperature. It was then
washed with water to remove LiCl. The solution was dried over
MgSO4, then concentrated to ca. 20%. Addition of EtOH (20 cm3)
produced colorless crystals after 2 h. Yield: 1.000 g, 50%, mp
107–109 ◦C. 1H NMR (300 MHz, CDCl3, 25 ◦C): d = 7.54–7.51
(m, 4 H, arom. H), 7.50–7.35 (m, 6 H, arom. H), 7.26–7.22 (m, 2
H, arom. H), 7.02–6.96 (m, 2 H, arom. H), 6.91 (d, 3J = 1 Hz,
arom. H), 6.73 (d, 3J = 1 Hz, arom. H), 6.67–6.59 (m, 2 H, arom.
H), 5.40 (br s, 1 H, NH), 2.61 (s, 3 H, ArCH3), 1.84 (s, 3 H,
ArCH3). 13C NMR (75 MHz, CDCl3, 25 ◦C): d = 147.75–112.14
(quat. C and arom. CH), 19.48 (d, 4JCP = 12.4 Hz, ArCH3), 16.93
(s, ArCH3). 31P NMR (121 MHz, CDCl3, 25 ◦C): d = 66.2 (s).
m/z (ESI-TOF) 397.17 (69%, (M + H)+ requires 397.18). Found
C 78.57, H 6.51, N 6.96. C26H25N2P (396.46) requires C 78.77, H
6.36, N 7.07%.


General procedure for the synthesis of mixed
phosphoramidite–aminophosphines 13–16


To a solution of 1 equiv. of the appropriate N-diphenylphosphino-
N,N ′-diarylhydrazine in THF (50 cm3) at −78 ◦C was added
0.95 equiv. of n-BuLi (solution in hexane). After stirring for 20 min,
this dark blue mixture was added slowly via cannula to a stirred
solution of 1 equiv. of chlorophosphite. The mixture was stirred
overnight at room temperature before being filtered over flashed
Al2O3. The solvent was removed in vacuo to afford the product as
a white solid.


(R)-N-(Dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-2-yl)-N ′-
diphenylphosphino-N ,N ′-diphenylhydrazine (R)-13. (R)-13 was
obtained as described above using N-diphenylphosphino-N,N ′-
diphenylhydrazine (0.685 g, 1.859 mmol), n-BuLi (1.6 M,
1.16 cm3) and chloro-(S)-2,2′-O,O′-(1,1′-binaphthyl)phosphite
(0.652 g, 1.859 mmol). Yield: 0.444 g, 35%, mp 108–110 ◦C. Owing
to the presence of two isomers (ratio 1 : 1), two sets of signals
appear in the NMR spectra. 1H NMR (300 MHz, CDCl3, 25 ◦C):
d = 8.18–7.83 (m, 4 H, arom. H), 7.67–7.05 (m, 22 H, arom. H),
6.98–6.53 (m, 6 H, arom. H). 13C NMR (75 MHz, CDCl3, 25 ◦C):
d = 151.84–135.41 (quat. C), 134.91–116.89 (quat. C and arom.
CH). 31P NMR (121 MHz, CDCl3, 25 ◦C): d = 141.6 (d, 3JPP =
7.4 Hz, isomer 1), 138.7 (d, 3JPP = 14.8 Hz, isomer 2), 68.8 (d,
3JPP = 14.8 Hz, isomer 2), 64.8 (d, 3JPP = 7.4 Hz, isomer 1). [a]20


D =
−486.4 (c 0.79 in toluene); m/z (EI) 682.32 (25%, M+ requires
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682.19). Found C 77.66, H 4.98, N 4.25. C44H32N2O2P2 (682.68)
requires C 77.41, H 4.72, N 4.10%.


(S)-N-(Dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-2-yl)-N ′-
diphenylphosphino-N ,N ′-diphenylhydrazine (S)-14. (S)-14 was
prepared according to the above procedure using N-diphenyl-
phosphino-N,N ′-diphenylhydrazine (1.310 g, 3.556 mmol),
n-BuLi (1.6 M, 2.1 cm3) and chloro-(S)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (1.247 g, 3.556 mmol). Yield: 0.700 g,
29%, mp 108–110 ◦C. NMR as for (R)-13. [a]20


D = +485.7 (c 0.79
in toluene); m/z (ESI-TOF) 683.01 (19%, (M + H)+ requires
683.20). Found C 77.66, H 4.98, N 4.25. C44H32N2O2P2 (682.68)
requires C 77.41, H 4.72, N 4.10%.


(R)-N-(Dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-2-yl)-N ′-
diphenylphosphino-N ,N ′-di(o-tolyl)hydrazine (R)-15. (R)-15 was
obtained as described above using N-diphenylphosphino-N,N ′-
di(o-tolyl)hydrazine (0.310 g, 0.782 mmol), n-BuLi (1.6 M,
0.46 cm3) and chloro-(R)-2,2′-O,O′-(1,1′-binaphthyl)phosphite
(0.274 g, 0.782 mmol). Yield: 0.211 g, 40%, mp 119–121 ◦C. Owing
to the presence of two isomers (ratio 1 : 3), two sets of signals
appear in the NMR spectra. 1H NMR (300 MHz, CDCl3, 25 ◦C):
d = 8.01–7.74, 7.66–7.02, 6.94–6.86 and 6.72–6.54 (4 m, 30 H,
arom. H), 2.71 and 1.05 (two s, ArCH3, isomer 1), 2.57 and 1.68
(two s, ArCH3, isomer 2). 31P NMR (121 MHz, CDCl3, 25 ◦C):
d = 144.56 and 66.50 (two s, major conformer), 138.72 and 67.16
(two s, minor conformer). [a]20


D = −517.8 (c 0.86 in toluene);
m/z (EI) 710.13 (33%, M+ requires 710.23). Found C 77.69, H
5.09, N 4.08. C46H36N2O2P2 (710.74) requires C 77.74, H 5.11,
N 3.94%.


(S)-N-(Dinaphtho[2,1-d:1′,2′-f ][1,3,2]dioxaphosphepin-2-yl)-N ′-
diphenylphosphino-N ,N ′-di(o-tolyl)hydrazine (S)-16. (S)-16 was
prepared according to the above procedure using N-diphenyl-
phosphino-N,N ′-di(o-tolyl)hydrazine (0.530 g, 1.337 mmol),
n-BuLi (1.6 M, 0.48 cm3) and chloro-(S)-2,2′-O,O′-(1,1′-
binaphthyl)phosphite (0.469 g, 1.337 mmol). Yield: 0.334 g, 37%,
mp 120–122 ◦C. NMR as for (R)-15. [a]20


D = + 519.2 (c 0.86 in
toluene); m/z (EI) 710.26 (27%, M+ requires 710.23). Found C
77.72, H 5.13, N 4.03. C46H36N2O2P2 (710.74) requires C 77.74, H
5.11, N 3.94%.


General procedure for asymmetric hydrogenation and
determination of enantiomeric excesses


To a solution of [Rh(COD)2]BF4 (1 equiv.) in CH2Cl2 (10 mL) was
added a solution of the ligand (1.1 equiv.) in CH2Cl2 (10 mL), and
the resulting mixture was stirred for 30 min. before being used in
the catalytic run. The solution was introduced with a syringe into a
100 mL glass-lined, stainless steel autoclave containing a magnetic
stirring bar and the substrate (2.5 mmol). Hydrogen pressure (1
or 5 bar) was then applied. The runs were carried out at room
temperature or 0 ◦C. At the end of the catalytic run, the autoclave
was depressurized and the mixture was passed through a short
silica column to remove the catalyst. Conversions were monitored
by 1H NMR. Enantioselectivities were determined by chiral GC
analysis using a CHROMPAK chiral fused silica 25 m × 0.25 mm
i.d. and/or specific rotation. Coating Chirasil-L-Val column.


X-Ray crystallography


Crystal data for complex (S,S)-10. Crystals of (S,S)-10 suit-
able for X-ray diffraction were obtained by slow diffusion
of pentane into a dichloromethane solution of the complex.
PtC42H30Cl2N2O4P2·2H2O, M = 990.64, orthorhombic, P212121,
a = 11.1024(4), b = 13.8168(5), c = 26.9261(9) Å, V =
4130.5(3) Å3, Z = 4, Dx = 1.593 Mg m−3, k(Mo-Ka) = 0.71073 Å,
l = 36.52 cm−1, F(000) = 1960, T = 295(1) K. The sample (0.25 ×
0.22 × 0.22 mm) was studied on a Oxford Diffraction Xcalibur
Saphir 3 diffractometer with graphite monochromatized Mo-
Ka radiation. Data collection was carried out using CrysAlis.23


30171 Reflections were collected (1.76 < h < 27.54◦), of which
7755 had I > 2.0 r(I). The structure was solved with SIR-9724


which revealed the non hydrogen atoms of the molecule. After
anisotropic refinement, many hydrogen atoms could be localized
on a Fourier difference map. The whole structure was refined
with SHELXL-97.25 Hydrogen atoms were included and refined
using a riding mode in SHELX-97. The compound crystallizes
with two molecules of water. Final results: R1 = 0.042, wR2 =
0.114, goodness of fit 1.067, 496 parameters, residual electron
density: min./max. = −1.15/2.35. Flack parameter: −0.005(7).†
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In the presence of NaBH(OAc)3, a 1,5-keto-aldehyde, contained within a side-chain of an
g4-dienetricarbonyliron complex, undergoes a double reductive amination sequence with a series of
primary amines, to provide the corresponding piperidine products in good to excellent yield. The
dienetricarbonyliron complex functions as a powerful chiral auxiliary in this cascade process, exerting
complete control over the stereoselectivity of the reaction, with the formation of a single
diastereoisomeric product. The sense of stereoinduction has been confirmed by X-ray crystallography.
Removal of the tricarbonyliron moiety can be effected with CuCl2 to afford the corresponding
2-dienyl-substituted piperidine in excellent yield. Attempted extension of this cyclisation strategy to the
corresponding azepane ring system using a 1,6-keto-aldehyde as the cyclisation precursor was
unsuccessful; in this case, the reaction stopped after a single reductive amination on the aldehyde to
provide an acyclic keto-amine product.


Introduction


Unsymmetrically substituted g4-dienetricarbonyliron complexes
exhibit planar chirality and are readily prepared in enantiomeri-
cally pure form.1 As a consequence, this class of organometallic
compound has found widespread application as a chiral auxiliary
in stereoselective synthesis.1 The sterically demanding tricarbonyl-
iron moiety in these (and related2) complexes serves to control
the approach trajectory of external reagents on functionality ap-
pended to the diene ligand. Invariably, the external reagent attacks
the face of the pendant functional group, which is remote from the
bulky tricarbonyliron unit. Providing the functional group adopts
a single reactive conformation, levels of diastereoselectivity in
these addition reactions can be essentially complete. The reaction
of nucleophiles with pendant ketone functionality in g4-diene3


and related p-allyltricarbonyliron lactone complexes4 provides the
paradigm in this area.


We recently extended the utility of this organometallic chiral
auxiliary to the synthesis of 2-dienyl-substituted pyrrolidines,
using a double reductive amination cascade to assemble the
N-heterocycle (Scheme 1).5 Thus, starting from keto-aldehyde
complex 1, a first reductive amination involving the more elec-
trophilic aldehyde and a primary amine served to introduce a
secondary amine into the pendant chain. Without isolating this
intermediate, condensation of the secondary amine in 2 with
the proximal ketone afforded a new iminium species 3, which
underwent reduction to generate the pyrrolidine product 4 as a
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UK B15 2TT. E-mail: l.r.cox@bham.ac.uk; Fax: +44 (0)121 414 4403;
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† Electronic supplementary information (ESI) available: Experimental
procedures and characterisation data for all compounds; 1H-NMR and
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Scheme 1 A stereoselective double reductive amination route to
pyrrolidines.


single diastereoisomer (Scheme 1). Whilst a minor by-product in
these reactions was the corresponding pyrrole, formed via a Paal–
Knorr-type condensation,6 this side-reaction could be minimised
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by carrying out the reductive amination in the absence of a
Brønsted acid.


The dienetricarbonyliron unit plays a dual role in this pyrro-
lidine synthesis: first, it ensures the intermediate cyclic iminium
ion 3 adopts a single reactive conformation, which in this case,
is the s-trans conformation, as this orientation minimises steric
interactions between the diene ligand and nitrogen substituents
in the pendant iminium ion 3; second, the sterically demanding
tricarbonyliron moiety ensures the external hydride source7 re-
duces the cyclic intermediate by approaching anti to this large
group.8 Buoyed by the success of these reactions, we postulated
that this methodology could be extended to the synthesis of larger
N-heterocycles, in particular to 2-dienyl-substituted piperidines,
which occur as structural motifs in a range of natural products
including the cytotoxic piperidine alkaloid pseudodistomin C,
5,9 and the potent fish-feeding-deterrent corydendramine B, 6
(Fig. 1).10 We now report in full how this double reductive
amination methodology can indeed be extended to a highly
stereoselective synthesis of 2-dienyl-substituted piperidines, but
not to similarly substituted azepanes.


Fig. 1 Natural products possessing a 2-dienyl piperidine structural motif.


Our retrosynthetic analysis for these two classes of N-
heterocycle is collectively outlined in Scheme 2. In analogy with
our previous route to 2-dienyl-substituted pyrrolidines, we wished
to construct the ring in 7 via a double reductive amination of
the corresponding keto-aldehyde precursor 8. We envisaged this
cyclisation precursor could be accessed by addition of a suitably
functionalised nucleophile 9 into Weinreb amide complex 10,
which is readily accessed from sorbic acid 11.5


Scheme 2 Retrosynthetic analysis.


Our first targets were therefore the two cyclisation precur-
sors, namely 1,5-keto-aldehyde 8a, and 1,6-keto-aldehyde 8b.


A particularly direct route to these two cyclisation precursors
would involve ketone formation by reaction of the Grignard
reagents derived from commercially available 4-chlorobutan-1-
ol and 5-chloropentan-1-ol, with Weinreb amide 10, followed by
oxidation of the resultant keto-alcohols. We first investigated the
use of Grignard reagents prepared from these bifunctional starting
materials without prior masking of the alcohol functionality.
Using Normant’s temporary protection strategy,11 4-chlorobutan-
1-ol was treated with one equivalent of methylmagnesium chloride
to generate the corresponding magnesium alkoxide, and then with
magnesium metal to afford the desired Grignard reagent 12a.12


Unfortunately, reaction of 12a with Weinreb amide 10 failed to
afford the desired keto-alcohol; a complex mixture of products
was obtained (Scheme 3). Similar results were obtained with
the Grignard reagent, 12b,12 generated from 5-chloropentan-1-ol,
which would have allowed us entry into the cyclisation precursor
required for azepane synthesis.


Scheme 3 Treatment of Weinreb amide 10 with two Normant Grignard
reagents failed to yield the desired hydroxy-ketone products.


Since we had previously used this type of alkoxy-substituted
Grignard very effectively to access the 1,4-keto-aldehyde required
for our pyrrolidine synthesis, we were disappointed by these
results and tentatively postulate that the increased chain-length
affects the aggregation state, and therefore the reactivity of these
reagents; unfortunately the inclusion of TMEDA, which we hoped
might disrupt (or at least modify) the aggregation state, failed
to improve matters and we consequently resorted to protecting
the alcohol functionality prior to Grignard formation. Focusing
on the piperidine cyclisation precursor, our attention turned
to the Grignard reagent 13, derived from the corresponding
THP-protected chloroalcohol, which was readily prepared under
standard conditions from 4-chlorobutan-1-ol and dihydropyran in
the presence of CSA. Unfortunately, reaction of 1313 with Weinreb
amide 10 once again failed to provide the desired ketone product.
A mixture of products was again formed in which the principal
component was now secondary amide 15, whose structure was
confirmed by X-ray crystallography (Fig. 2)‡. The Grignard
reagent 14, in which the THP-ether protecting group had been


Fig. 2 ORTEP plot of 15. Atomic displacement parameters at 293 K are
drawn at the 30% probability level.


‡ CCDC reference numbers 654317 and 656908. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b710898b
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exchanged for a TBDMS ether, gave similar results. The generation
of a secondary amide product was unexpected, although is
not without precedent; its formation can be attributed to the
nucleophile acting preferentially as a base and leading to cleavage
of the methoxy group in the Weinreb amide (Scheme 4).14 This
process can proceed through a number of mechanisms, although in
the absence of an enolisable proton, as is the case with amide 10, the
reaction is thought to proceed via deprotonation of the methoxy
group on the amide and subsequent elimination of formaldehyde,
yielding the secondary amide on work-up (Scheme 4).15


Scheme 4 Addition of Grignard species 13 and 14 into Weinreb amide
10 provided a secondary amide rather than the desired ketone product.


Since we have successfully used a range of Grignard reagents
to generate ketones from Weinreb amide 10, its reactivity pattern
with this set of functionalised organomagnesium reagents was
surprising and we do not have an explanation for this change
in selectivity. We briefly considered changing the oxidation state
of the electrophile, and using a sorbaldehyde complex in place of
Weinreb amide 10, as the desired keto-aldehyde functionality could
potentially be introduced simultaneously by oxidising the two al-
cohol functionalities that would result from the addition reaction.
However, our own (and other groups′) experience with oxidising
alcohols a-to the diene ligand of tricarbonyliron complexes has
revealed this to be a very difficult transformation to perform.
All standard oxidants fail and 1,1′-(azodicarbonyl)dipiperidine,
which has been used successfully by Pearson to effect this
transformation,16 is expensive. Anticipating problems with this
approach further along the synthesis, we instead elected to intro-
duce the side-chain prior to iron complexation. Thus, treatment
of sorbaldehyde with the Grignard reagent derived from chloride
16a yielded the 1,2-addition product, 17a, as an inconsequential
mixture of diastereoisomers in excellent yield. Oxidation of the
dienylic alcohol in 17a with MnO2 furnished the corresponding
dienone 18a. Electron-deficient dienes of this type are generally
good substrates for tricarbonyliron complexation; indeed, reaction
of dienone 18a with diironnonacarbonyl in THF afforded the
ketone complex 19a as a mixture of THP-diastereoisomers in
good yield.17 Elaboration to our desired 1,5-keto-aldehyde 8a was
now straightforward: deprotection of the THP group, followed
by Swern oxidation of the resulting alcohol delivered the de-
sired cyclisation precursor in good yield. The 1,6-keto-aldehyde
precursor 8b was obtained via the same synthetic pathway, only
this time, starting from the THP ether of 5-chloropentan-1-ol 16b
(Scheme 5).


Scheme 5 Synthesis of the cyclisation precursors: Reagents and condi-
tions: (a) Mg, BrCH2CH2Br, THF, 70 ◦C, then sorbaldehyde, 17a, 98%;
17b, 90%; (b) MnO2, CH2Cl2, 18a, 94%; 18b, 91%; (c) [Fe2(CO)9], Et2O,
40 ◦C, 19a, 71%; 19b, 64%; (d) pPTS, EtOH, 50 ◦C, n = 1, 84%; n = 2,
93%; (e) Swern oxidation, 8a, 77%, 8b, 86%.


With our cyclisation precursors in hand, we were pleased to
observe that treatment of 1,5-keto-aldehyde 8a with a range
of primary amines and NaBH(OAc)3 in THF, under our opti-
mised conditions for pyrrolidine synthesis,5 effected the desired
cascade reaction. Furthermore, since competing aromatisation
side-reactions, which had sometimes attenuated the yield of our
pyrrolidine products, were no longer an issue with these one-
carbon-homologated substrates, all the piperidines, 7aa–7ag, were
isolated in good to excellent yield, and in every case as a single
diastereoisomer as evidenced by analysis of the crude reaction
mixture by 1H-NMR (Table 1).


Crystals of piperidine (E)-7af suitable for analysis by X-ray
diffraction allowed us to confirm the diastereoselectivity of the
cyclisation reaction (Fig. 3)‡. The relative stereochemistry between
the newly generated stereocentre and the planar chirality of


Table 1 Piperidine synthesis


Piperidine product RNH2 Isolated yield (%)


7aa BnNH2 85
7ab p-MeOPhCH2NH2 82
7ac BuNH2 81
7ad HOCH2CH2NH2 71a ,b


7ae Allylamine 80
7af 86


7ag 73


a AcOH used to reduce the reaction pH to ∼6. b Isolated % yield of the
TBDMS-protected product (2 steps).
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Fig. 3 ORTEP plot of piperidine (E)-7af. Atomic displacement parame-
ters at 293 K are drawn at the 30% probability level.


the iron complex is consistent with our working model, which
features the hydride reducing agent approaching the s-trans
conformer of the cyclic iminium species anti to the stereodirecting
tricarbonyliron group.


Decomplexation of iron complexes can be effected in a variety
of ways. Whilst our favoured approach employs basic peroxide,18


this was not possible with vinyl bromide 7ag owing to competing
elimination of HBr leading to the corresponding acetylene. How-
ever, Cu(II)-mediated oxidative decomplexation proved equally
effective, affording piperidine 20 in 99% yield (Scheme 6).19


Scheme 6 Oxidative decomplexation reveals a 2-dienyl-substituted
piperidine product.


Having successfully extended the scope of our double reductive
amination route to 2-dienyl-substituted piperidines, we were
keen to see whether the strategy could also be used to access
the corresponding azepane systems. The desired keto-aldehyde
cyclisation precursor 8b was synthesised as outlined above in
Scheme 5. Unfortunately all attempts to generate the azepane
ring system proved futile. Analysis of the crude reaction mixture
resulting from reaction of 1,6-keto-aldehyde 8b with allylamine
and NaBH(OAc)3 in THF, revealed the major product to be the
secondary amine intermediate 21. Thus reaction had apparently
stopped after the first reductive amination step. Azepanes are
known to be difficult substrates to form via reductive amination,20


and even carrying out the reaction at elevated temperature failed
to encourage cyclisation. Since Brønsted acids are commonly
employed in reductive amination reactions to increase the rate
of iminium ion formation,21 a solution of secondary amine 21 in
THF was heated under reflux in the presence of two equivalents of
NaBH(OAc)3 and one equivalent of acetic acid in an effort to drive
the cyclisation. However, whilst these reaction conditions now
resulted in complete consumption of the secondary amine starting
material, they once again failed to effect cyclisation; instead the
presence of the acetic acid simply resulted in the formation of
the acetylated product 22, and tertiary amine 23.22 Repeating the


reaction with NaCNBH3 as the reducing agent,21b again at elevated
temperature, failed to improve matters; the only product obtained
was once more the secondary amine 21 (Scheme 7).


Scheme 7 Attempted azepane synthesis afforded products arising from a
single reductive amination.


In summary, we have successfully extended the scope of our
double reductive amination strategy to the synthesis of 2-dienyl-
substituted piperidines. These reactions proceed in very good
yield and with complete diastereoselectivity. The stereochemical
outcome has been confirmed by X-ray crystallography and
supports our working model in which the intermediate cyclic
iminium species is reduced in its s-trans conformation with hydride
attack proceeding anti to the tricarbonyliron group. Attempts to
extend this approach to the azepane framework have not proved
fruitful, yielding, at best, the keto-amine intermediate 21, which
demonstrates the current limitation of the method. The 2-dienyl-
substituted piperidine products are ripe for further elaboration.
Future work will focus on using the diene functionality to access
bicyclic indolizidine and quinolizidine frameworks, which are
common structural motifs in natural product chemistry.


Experimental procedure for piperidine synthesis


[(2Z,1S*,4S*,2′R*)-1-[(N -Benzyl)piperidin-2′-yl]-(1,2,3,4-g)-
penta-2-en-1,4-diyl]tricarbonyliron 7aa. A solution of keto-
aldehyde 8a (57 mg, 0.186 mmol) in THF (1 mL) was added
to a stirred suspension of BnNH2 (24 lL, 0.223 mmol) and
NaBH(OAc)3 (158 mg, 0.744 mmol) in THF (2 mL). The reaction
mixture was stirred at rt for 12 h, and then partitioned between
Et2O (5 mL) and NaHCO3 solution (5 mL). The aqueous phase
was extracted with Et2O (3 × 5 mL), and the combined organic
phases were washed with brine (10 mL), dried (MgSO4) and
the solvent removed under reduced pressure. Purification of the
residue by SiO2 column chromatography (hexane–Et2O, 6 : 1
plus 1% Et3N) yielded piperidine 7aa as a yellow oil (60 mg,
85%); Rf (hexane–Et2O, 4 : 1) 0.44; (Found: C, 63.23; H, 5.93;
N, 3.79. C20H23FeNO3 requires C, 63.01; H, 6.08; N, 3.67%);
tmax(film)/cm−1 3027 w, 2934 s, 2856 m, 2788 m, 2039 s (CO), 1962 s
br (CO), 1494 w, 1442 m, 1380 w, 1366 w, 1029 w; dH(300 MHz;
CDCl3) 1.05–1.17 (1H, m, C(1)H), 1.31–1.55 (6H, stack, including
[1.40 (3H, d, J 6.3, C(5)H3], C(4)H, CH2CH2CHN, C(5)H3), 1.58–
1.78 (3H, stack, CHaHbCHN, CH2CH2N), 1.83–2.08 (3H, stack,
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CHaHbCHN, CHaHbN), 2.60–2.74 (1H, m, CHaHbN), 3.06–3.21
(1H, m, CHaHbPh), 4.20–4.37 (1H, m, CHaHbPh), 4.98 (1H, dd,
J 8.5, 4.8, C(2)H or C(3)H), 5.03–5.13 (1H, m, C(3)H or C(2)H),
7.17–7.39 (5H, stack, PhH); dC(100 MHz; CDCl3) 18.8 (CH3,
C5), 23.3 (CH2, CH2CH2CHN), 25.2 (CH2, CH2CH2N), 35.6
(CH2, CH2CHN), 50.7 (CH2, CH2N), 58.0 (CH, C4), 58.8 (CH2,
CH2Ph), 65.2 (2 × CH, C1, CHN, overlapping resonances), 84.2
(CH, C3), 84.5 (CH, C2), 127.0 (CH, p-Ph), 128.5 (CH, m-Ph),
129.0 (CH, o-Ph), (Cquat, ipso-Ph) not observed; m/z (ES) 382.0
[(M + H)+, 98%], 298.0 (100, M + H-3CO) [Found [M + H]+


382.1116. C20H24FeNO3 requires M + H, 382.1106].
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Received 19th July 2007, Accepted 21st August 2007
First published as an Advance Article on the web 6th September 2007
DOI: 10.1039/b711112f


By virtue of carefully chosen protecting groups, D-glucosamine trimethylene dithioacetal derivatives
were successfully oxidized to the corresponding 6-aldehydes. This methodology reverses the donor and
acceptor position on a normal open chain sugar and changes the relative position of the N-substituent.
From the 6-aldehydes, heptose epoxide derivatives were prepared by a Corey–Chaykovsky reaction, and
cyclized by the Corey–Seebach method. Depending on the designed protecting groups, the
orthogonally protected six- and seven-membered ring amino carbasugars can be produced selectively
and efficiently. (−)-Calystegine B3 was synthesized from one of those products with high yield. This is
the first anionic cyclization pathway to calystegine type structures.


Introduction


Iminosugars (also known as azasugars) and amino carbasugars
as selective and efficient glycosidase inhibitors are presently the
two most attractive categories1 in the field of N-containing car-
bohydrates. The compounds are mainly five- or six-membered (or
fused) ring systems. Some of them are used as chemotherapeutic
agents against diabetes or viral infections. The interest in larger
rings (seven or even eight-membered) has recently increased
significantly. Despite the difficulties, syntheses of iminosugars,1a,b,2


as well as amino carbasugars,2a,3 have been investigated and
reviewed extensively. Versatile, low cost, and concise synthetic
methodologies are of high interest.


A representative example is the calystegine family isolated
from Solanaceae and other plants4 (Fig. 1). These compounds,
typically constructed by a seven-membered carbocycle with a
nitrogen bridge, are considered as conformationally restricted
6-membered ring iminosugars; this explains their selective and
strong activities. Since they are regarded as lead compounds for
new bioactive structures and even drugs, calystegine (±)-A3,5


(±)-B2,6 (+)-B3,7 (+)-B4
7 and their analogues8 have been synthe-


sized. More calystegine type structures, especially their homo-
morphous analogues,9 which are believed to possess biological
activities, too, are still requested.


In contrast to most of the traditional synthetic methodologies
where the nitrogen has to be introduced into the molecules
at a later synthesis stage, we recently demonstrated10 that the
trimethylene dithioacetal derivatives, which are readily prepared
from D-glucosamine as an abundant natural source, serve as
cheap and versatile starting materials for N-containing carbo-
hydrates, especially iminosugars and amino carbasugars (via a
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Münster, Corrensstraße 40, D-48149, Münster, Germany. E-mail: redlich@
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‡ This article is part 8 of a series of work on carbohydrate trimethylene
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Fig. 1 Some calystegines discovered in nature.


stabilized dilithiated dithiane-imidate intermediate without 1,2-
elimination) by use of 6-O-Ts derivatives.10b Another attractive
step of conceptual importance would be oxidizing the 6-OH
derivative to the corresponding aldehyde. It reverses the donor
and acceptor position of a normal open chain sugar, switches
the relative stereochemistry from D-gluco to L-gulo according to
the established concept,11 and changes the relative substituting
position of the nitrogen. In general, this allows for many further
interesting conversions, for example, elongating the chain at the
side rather than the dithiane end.


In the work reported here, we have synthesized such aldehydes.
From the aldehydes bearing carefully designed protecting groups
of different types, the corresponding epoxides are produced
by one carbon elongation via an anionic cyclization10b of the
epoxides according to the Corey–Seebach method;12 depending on
the protecting groups,13 divergent syntheses of seven-membered
ring amino carbasugars as well as a six-membered ring fully
functionalized amino carbasugar bearing orthogonal protections
can be conducted efficiently. All products are valuable precursors
for iminosugar and amino carbasugar synthesis. Subsequently,
the power of this synthetic methodology is demonstrated by the
first synthesis of (−)-calystegine B3 from one of the cyclization
products, which is also the first anionic pathway to the calystegine
family, while the ring expansions,5a,6b,c the enzymatical resolution,5b


the cycloadditions,6a,d,e the ring closure metathesis,6f ,g,7 and the
radical cyclization6g have been explored.
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Results and discussion


For the success of the entire plan, it was essential to be able to
oxidize efficiently the non-reducing ends of properly protected D-
glucosamine trimethylene dithioacetals to aldehydes. However, an
oxidation reaction on densely functionalized compounds, espe-
cially those with sulfur and amide functional groups, is generally
a difficult task. Various known typical oxidation methods14 (e.g.
most of the DMSO based oxidations, chromium based oxidations,
hypervalent iodine based oxidations, manganese based oxidations,
TEMPO based oxidations, Ley oxidation, Oppenauer oxidation
and some other reported oxidation methods) were applied to the
N-acetyl (Ac) protected model compounds 1a and 1b. However,
the results were either no reaction or decomposition of the starting
material. Modification of these oxidation conditions did not
give any improvement. Similarly, the N-tert-butoxycarbonyl (Boc)
protected compound 1c failed to give the desired aldehydo group,
too (Scheme 1).


Scheme 1 The preliminary exploration of the oxidation.


Surprisingly, we found that when the free amino group was
protected by an N-trifluoroacetyl (Tfa) group, the oxidations
worked excellently even with different protection patterns for
the secondary hydroxyls in the molecule. When the N-Tfa
protection was used, the corresponding alcohols could be oxidized
smoothly to the desired aldehydes with typical methods, i.e., Dess–
Martin reagent (1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-3-
(1H)-one)15 or Parikh–Doering oxidation (SO3·Py, triethylamine
and DMSO).16 According to the experimental results, the dom-
inant factor for the successful oxidation of the hydroxyl in the
presence of the dithiane functional group is the N-protection. It
can be deduced from the results that an N-protection of strong
electron withdrawing capability enables the desired oxidation.


In another aspect, hydroxyl protections are crucial for further
reactions, though they do not strongly affect the oxidation as
observed in this particular case. We designed two series of
compounds with different types of O-protecting groups suitable
for the later cyclization reactions. One of the two types has the O-
acetal (an O-MOM and a cyclic formaldehyde acetal) protections,
while the other one has non-cyclic O-Bn protecting groups.
They are expected to induce diverse stereochemistry outcomes
in different stages.


Experimentally, from N-trifluoroacetyl D-glucosamine dithiane,
which was prepared readily10a,b by protecting D-glucosamine, O-
acetal-N-Tfa derivative 1d was produced in three steps and in 25%
yield.10b The subsequent oxidation of compound 1d with Dess–
Martin reagent gave the corresponding aldehyde 2d in a satisfying
83% yield after isolation. Also, starting from N-trifluoroacetyl
D-glucosamine dithiane, via regioselective 6-O tritylation, per-
O-benzylation, and de-O-tritylation, the O-Bn-N-Tfa derivative
1e was prepared in a high yield. Compound 1e was oxidized to


aldehyde 2e with the Dess–Martin reagent in 63% isolated yield
(Scheme 2).


Scheme 2 The preparation of the aldehydes. Reaction conditions and
yields: (a) reported procedures;10a,b (b) 3 steps,10b 25%; (c) Dess–Martin
reagent, 83%; (d) TrCl, Py, DMAP, 95%; (e) BnCl, NaH, n-Bu4NI, THF,
99%; (f) MeOH, EtOAc, p-TsOH hydrate, 78%; (g) Dess–Martin reagent,
63%.


By oxidating the 6-hydroxy to an a-synthon, along with the
established dithiane group, the donor and the acceptor position
in a normal open chain sugar is reversed. The relative position of
the N-substituent is also changed. In the extensively investigated
field of the so-called dithiane route, this is the first time that such a
manipulation is realized on a nitrogen containing sugar dithiane.
It is of great conceptual importance because a full utilization
of carbohydrate type intermediates in many natural product or
bioactive structure syntheses is enabled by this methodology.


The following epoxidation on compounds 2d and 2e could be re-
alized by the Corey–Chaykovsky method17 (using the ylide formed
from trimethyl sulfoxonium iodide and sodium hydride). As a
comparison, the halomethyllithium methods18 led to significant
decomposition of the aldehyde due to its strong basicity, which
probably interferes with the dithiane functional group or induces
side reactions on the aldehydo group.


In this epoxidation, the two different O-protecting patterns
gave distinct stereochemical outcomes. The tri-O-acetal protected
compound 2d gave a 1 : 1 mixture (by NMR) of the two
diastereoisomers 5a and 5b, which are inseparable by silica
gel chromatography. As an interesting comparison, the tri-O-
Bn derivative 2e gave only one diastereoisomer 6 (by NMR)
with the D-gluco-D-glycero configuration out of the two possible
diastereoisomers (Scheme 3). This absolute configuration was
decided by its cyclized derivatives, as the following describes.


The results can be understood by conformational analysis. The
rigid cyclic protection on compound 2d separates the main chain
as two substituents above and below the dioxolane ring. Therefore,
the epoxidation was performed without being strongly affected by
the chiral substituents. The nucleophilic reagent can attack the
carbonyl group of compound 2d from both the Re and Si face
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Scheme 3 Corey–Chaykovsky epoxidation.


to produce the 1 : 1 diastereomeric mixture. On the contrary, the
epoxidation on compound 2e took place on a molecule with the
natural sickle conformation.19 The Si face of the carbonyl group
of compound 2e is shielded most probably by the 3,4-hydroxyl
protections, while the Re face is left open to nucleophilic attack.
As a result, perfect diastereoselectivity is observed. Computer
modeling supported this idea, too.20


Scheme 4 illustrates the intramolecular anionic cyclization
according to the Corey–Seebach method.12 When the above-
produced tri-O-acetal protected epoxides 5a and 5b as a 1 : 1
mixture were deprotonated with n-BuLi at −90 ◦C, the stabilized
dilithiated dithiane-imidate intermediate was formed according to
our former report.10b,c An anionic cyclization from this intermedi-
ate took place immediately. Warming up to −70 ◦C in one hour
completed the reaction, and gave the carba-analogue of a 1-
amino-1-deoxy-a-D-altro-septanose derivative (7a) and the carba-
analogue of a 1-amino-1-deoxy-b-L-galacto-septanose derivative
(7b), which are readily separated by silica gel chromatography, with
yields of 50% and 33% respectively (ca. 1.5 : 1, 83% in total). No
six-membered ring was obtained under such conditions. The high
cyclization yield to seven-membered rings could be expected for
compounds with trans-3,4-O-cyclic acetal protection, again due
to the separated reaction centers. The ratio of products 7a and 7b
indicates that the anionic cyclization is accompanied by a slight
kinetic resolution process for the adducts 5a and 5b as a 1 : 1
diastereoisomeric pair, though the adduct related to the low yield
product 5b was not recovered. The kinetic resolution process can
be understood, for the dithiane anion of compound 7b attacks
the epoxide ring from a more hindered face than that of com-
pound 7a.


Scheme 4 Anionic cyclization of the O-acetal epoxides 5a,b.


The stereochemistry at C-6 and the conformations of both
diastereomers 7a (in CDCl3) and 7b (in C6D6) have been assigned
unambiguously by the corresponding coupling constants and the
NOE (see experimental section for detail).


A crystal structure of compound 7b is also available for further
confirmation of the stereochemistry (Fig. 2).21


Fig. 2 Crystal structure of compound 7b.


The tri-O-Bn counterpart 6 was cyclized under similar condi-
tions using 2.5 eq. of n-BuLi as the base and THF as the solvent.
Contrary to the last cyclization, a carba-analogue of 1-amino-
1-deoxy-b-L-galacto-pyranose derivative (8) was obtained as the
main product, accompanied by a certain amount of the carba-
analogue of a 1-amino-1-deoxy-a-D-altro-septanose derivative (9).
As illustrated in Scheme 5, in the last cyclization, under standard
Corey–Seebach conditions (at −10 ◦C due to the slow cyclization
rate), compounds 8 and 9 were obtained in 54% and 23% yield
respectively (ca. 2.4 : 1, 78% in total). However, when LiBr was
added, the cyclization was speeded up (therefore the reaction was
started from −90 ◦C and quenched at −50 ◦C) and the ratio of the
six-membered ring product to seven-membered ring product was
increased significantly, probably via a Li-chelated intermediate,
to give 62% yield for compound 8 and 8% yield for compound
9 (ca. 7.8 : 1, 70% in total). Clearly, the latter LiBr condition is
ideal for selective preparation of a fully functionalized branched
six-membered ring amino carbasugar 8.


Scheme 5 Anionic cyclization of the O-Bn epoxide 6. Reaction conditions
and yields: (a) n-BuLi, THF, −10 ◦C; (b) n-BuLi, THF, 1 eq. LiBr, −90 ◦C
to −50 ◦C.


Furthermore, in various optimization experiments, it was
found22 that with the Corey–Seebach method, a preference of
cyclization to a six-membered ring over a seven-membered ring
is a strong intrinsic nature of the epoxide 6, independent of
the conditions tested, because the six-membered ring formation
benefits from both geometrical and energetical factors, while the
formation of the seven-membered ring results only from the more
reactive C-7 of the epoxide.
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The stereochemistry at C-6 and conformations of six-membered
ring 8 and seven-membered ring 9 have been assigned unambigu-
ously by the corresponding coupling constants and the NOE. Both
the stereochemistry at C-6 on compound 8 and compound 9 match
each other and the configuration of C-6 on the epoxide 6 was
deduced readily (see experimental section for detail).


Several points from the above described cyclizations are worth
discussing here. Side reactions, such as deprotonation of the O-
Bn protecting group and the subsequent Wittig rearrangement23


did not occur when epoxide 6 was treated with n-BuLi. Besides,
it has been well known conceptually that the cyclization can
depend strongly on the protecting groups. However, the successful
application of such a concept is rare.13 As described above,
by generating a proper conformation with different protecting
groups, the fast reaction and strong preference for 7-endo-
cyclization of the tri-O-acetal epoxides 5a,b, as well as the rare
preference13a,b of the 6-exo-cyclization of the tri-O-Bn epoxide
6, were achieved divergently. This demonstrates a successful
application of a protection controlled cyclization concept.


In a practical aspect, the resulting orthogonally protected seven-
membered ring amino carbasugars 7a,b from the epoxides 5a,b as
well as the fully functionalized six-membered ring amino carba-
sugar 8 from epoxide 6 are useful precursors for many bioactive
structures. For example, from compound 8, the carba-analogue of
1-amino-1-deoxy-b-L-galacto-pyranose is readily available. From
compounds 7a,b and 9, calystegine type structures could be pro-
duced as well. Experimentally, the deprotections for compounds
7a, b, 8 and 9 are possible by our previously reported methods10b


or standard conditions.24 As an example, we decided to apply
the resulting seven-membered ring product in the synthesis of
an enantiomer of naturally discovered (+)-calystegine B3. For
simplicity of deprotection and purification, compound 9 was used
as the starting material.


The dithiane ring of compound 9 was cleaved by hydrogenol-
ysis with Raney-Ni. Without significant deprotection of O-Bn,
compound 10 was obtained in 71% isolated yield. The N-Tfa
protection25 of the resulting compound 10 was then removed by
heating with Ba(OH)2 octahydrate in a water–methanol mixture.
NaHCO3 and CbzCl were added to the above reaction mixture
to achieve an interesting one-pot protection group switching
reaction and produced the crude compound 11 (indicated by
HRMS-ESI+) mixed with inseparable impurities introduced by
CbzCl.26 The crude compound 11 was directly oxidized with
Dess–Martin reagent15 to the corresponding ketone 12, which
is readily purified by silica gel chromatography. The isolated
yield based on compound 10 is 58%. Hydrogenolysis of ketone
12 with 10% Pd-C in a THF–water mixture cleaved N-Cbz
completely without significant deprotection of O-Bn (according to
the HRMS-ESI+). The following hydrogenolytic de-O-benzylation
under acidic conditions led to (−)-calystegine B3 (81% isolated
yield), which shows a correct HRMS(ESI+) peak, a reversed
specific rotation signal and parallel NMR data as those from the
reported (+)-calystegine B3 (Scheme 6).27


Conclusions


In summary, we used D-glucosamine trimethylene dithioacetal
as a cheap and versatile starting material and established a
methodology for the first time that switches the sugar carbonyl


Scheme 6 The synthesis of (−)-calystegine B3. Reaction conditions and
yields: (a) R-Ni, EtOH, reflux, 71%; (b) i. Ba(OH)2 octahydrate, MeOH,
water, 80 ◦C; ii. CbzCl, NaHCO3; (c) Dess–Martin reagent, 58% for steps
b and c; (d) 1 atm H2, 10% Pd/C, THF, water, RT, overnight, followed by
addition of excessive 1 N HCl, 3 more days, 81%.


reaction center from head to tail as well as the relative position
of the N-substituent to yield valuable N-containing carbohydrate
dithiane synthetic intermediates. By virtue of carefully selected
protecting groups, the aldehydes 2d and 2e as very useful N-
containing carbohydrate building blocks were produced. The
following Corey–Chaykovsky method yielded the N-containing
heptose epoxide derivatives 5a, b and 6. The stereochemistry of
this epoxidation can be controlled to a certain extent by the
hydroxy protecting groups. Depending on the protecting groups,
via the stabilized dilithiate dithiane-imidate intermediate, the
anionic cyclizations of those epoxides according to the Corey–
Seebach method achieved either highly functionalized seven-
membered ring amino carbasugars 7a,b and 9 or six-membered
ring amino carbasugar 8 with defined stereochemistry and high
yields. From compound 9, we accomplished the first synthesis
of (−)-calystegine B3 as an interesting enantiomer, also a possible
homomorphous analogue of the naturally discovered calystegines.
As the first realization of an anionic cyclization pathway to
calystegine type structures, the strategy described above has a
high potential for the syntheses of various structural analogues
of calystegines. The bioactivity of (−)-calystegine B3 will be tested
in due course.


Experimental


Thin layer chromatography (TLC) was conducted on silica gel
aluminium sheets (Kieselgel 60 F254, Merck). The spots were vi-
sualized by UV light or heating after being dipped into a mixture of
two solutions (500 mg 1,3-dihydroxy naphthalin in 250 mL ethanol
and 250 mL 2 N H2SO4) or a mixture of 25 g phosphomolybdic
acid, 10 g Ce(SO4)2, 60 mL conc. H2SO4 and 940 mL water. All
solvents used were dried as a standard method or as indicated
in the procedures when an anhydrous condition was required. All
reagents are commercially available and were used without further
purification. Air or moisture sensitive reactions were performed
under an argon atmosphere (Argon 4.8 of Messer Griesheim,
without further drying) with standard Schlenk techniques. The
specific rotation was measured on a polarimeter 341 (Perkin-
Elmer) with 1 dm cuvettes. Nuclear magnetic resonance spectra
were recorded on a Bruker AMX 400 spectrometer, a Varian
500 INOVA, or a Varian Unity Plus 600. The chemical shift is
specified as d in ppm and the signal of the solvent was used as the
internal standard. Electrospray ionisation mass spectra (MS-ESI)
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were recorded on a Quattro LCZ or a MicroTof. Medium pressure
chromatography (MPLC) was performed on silica gel 60 (230–400
mesh, Merck). Melting points were measured on an uncorrected
Buchi B-540 apparatus. Elementary analysis was performed on
CHN-O-RAPID (Heraeus) and refers to the stoichiometric mass.
The elementary analysis results for most compounds were not
presented due to the large data deviation caused by the several
additional hetero elements in the system.


2-Deoxy-3,4-O-methylene-5-O-methoxymethyl-2-
trifluoracetamido-D-gluco-hexodialdose-1,1-trimethylene
dithioacetal, 2d


Under argon, alcohol 1d10b (4.0 g, 9.5 mmol, dried by coevapora-
tion with toluene) was dissolved in dichloromethane (40 mL). To
this solution at RT, 1,1,1-triacetoxy-1,1-dihydro-1,2-benzodioxol-
3-(1H)-one (Dess–Martin periodinane, 15% wt., from Acros,
28 mL, 9.9 mmol, 1.04 eq.) in dichloromethane was added. The
mixture was stirred at RT for 2 h (monitored by TLC). Then
triethylamine (1.5 mL) was added and the resulting mixture was
stirred for another 10 min at RT. All the volatile components were
removed under vacuum (bath temperature should be lower than
40 ◦C) and the residue was purified by MPLC (cyclohexane–ethyl
acetate 5 : 1) to yield product 2d (3.3 g, 83%) as a light yellow
oil; [a]D −1.7 (c 1.00, MeOH); dH (CD2Cl2, 400 MHz): 9.74 (d, J
1.6 Hz, 1H, H-6), 6.79 (m, 1H, NH), 5.14 (s, 1H, 3,4-O-methylene-
Ha), 5.01 (s, 1H, 3,4-O-methylene-Hb), 4.82 (dd, 1H, J 1.5 Hz, J
6.2 Hz, H-3), 4.81 (s, 2H, CH2-MOM), 4.60 (dt, J 1.5 Hz, J 9.7 Hz,
1H, H-2), 4.23 (dd, J 1.6 Hz, J 6.1 Hz, 1H, H-5), 4.02 (pseudo-t,
J 6.1 Hz, 1H, H-4), 3.95 (d, J 9.7 Hz, 1H, H-1), 3.47 (s, 3H, CH3-
MOM), 3.06–2.95 (m, 2H, dithiane), 2.75–2.66 (m, 2H, dithiane),
2.05–2.03 (m, 2H, dithiane); dC (CD2Cl2, 100 MHz): 200.4 (C-6),
157.9 (q, J 37.4, 1C, CO-Tfa), 116.2 (q, J 287.9, 1 C, CF3-Tfa), 97.8
(CH2-MOM), 96.6 (3,4-O-methylene), 81.7 (C-5), 76.8 (C-3), 76.7
(C-4), 56.6 (CH3-MOM), 52.2 (C-2), 46.2 (C-1), 27.6 (dithiane),
27.1 (dithiane), 25.5 (dithiane); HRMS-ESI+: m/z [M + MeOH +
Na]+ 474.0837, C15H24F3NNaO7S2 requires 474.0838.


2-Deoxy-2-trifluoracetamido-6-O-trityl-D-glucose-1,1-
trimethylene dithioacetal, 3


In dry pyridine (400 mL, over MS 4 Å), N-trifluoroacetamido-
D-glucose-1,1-trimethylene dithioacetal10b (20.0 g, 0.055 mol) was
dissolved. To this solution at RT, TrCl (28.0 g, 0.1 mmol) and
DMAP (0.5 g) were added. The clear solution was then stirred
at RT for 2 days. For quenching the reaction, MeOH (20 mL)
was added. Then all volatile components were removed under
vacuum. The residue was distributed in ethyl acetate (1 L) and
HCl (1 N, 500 mL). The organic phase was separated and washed
with saturated aqueous NaHCO3 (100 mL) and brine (100 mL)
in turn. The resulting solution was then evaporated to yield a
syrup, which was triturated with cyclohexane several times and
coevaporated to dryness with toluene. The resulting crude syrup
can be used directly for the next step of the reaction. Otherwise
it can be purified by MPLC (n-pentane–ethyl acetate 5 : 1) to
yield compound 3 (31.8 g, 95%) as a white solid; mp: 96–98 ◦C;
[a]D −12.7 (c 1.00, MeOH); dH (CDCl3, 400 MHz): 7.36–7.17 (m,
15H, Haryl-Tr), 6.87 (d, J 9.4 Hz, 1H, NH), 4.46 (m, 1H, H-2),
4.27 (brd, J 2.4 Hz, 1H, H-3), 3.97 (d, J 8.4 Hz, 1H, H-1),


3.73 (brd, J 4.1 Hz, 1H, H-5), 3.56 (brs, 1H, H-4), 3.33 (dd, J
4.4 Hz, J 9.8 Hz, 1H, H-6a), 3.25 (dd, J 3.3 Hz, J 9.8 Hz, 1H,
H-6b), 2.89–2.49 (m, 6H, dithiane and 3 × OH), 1.95–1.85 (m,
2H, dithiane); dC (CDCl3, 100 MHz): 157.3 (q, J 36.4 Hz, 1C,
COCF3), 146.8 (Cq,aryl-Tr), 128.5–127.1 (m, 15C, CHaryl-Ph), 116.1
(q, J 288.0 Hz, 1C, COCF3), 87.4 (Cq,alkyl-Tr), 72.8 (C-4), 71.5 (C-5),
69.3 (C-3), 64.3 (C-6), 53.5 (C-2), 46.1 (C-1), 27.6 (dithiane), 27.3
(dithiane), 25.2 (dithiane); HRMS-ESI+: m/z [M + Na]+ 630.1549,
C30H32F3NNaO5S2 requires 630.1566.


2-Deoxy-3,4,5-tri-O-benzyl-2-trifluoracetamido-6-O-trityl-D-
glucose-1,1-trimethylene dithioacetal, 4


Purified starting material 3 (30.0 g, 0.049 mol, crude product from
last step can be used too) was dissolved in THF (500 mL) and
immersed in an ice-water bath. To this solution, NaH (17.0 g, 60%
in oil, 0.71 mol) was added portion-wise followed by BnCl (80 mL,
0.7 mol) and n-Bu4NI (1.0 g). The resulting suspension was then
stirred at RT for 2 days and poured into a mixture of ethyl acetate
(1 L), ice cold water (1 L), and the necessary amount of HOAc
for keeping the mixture neutral. The two phases were separated
and the water phase was washed with ethyl acetate several times.
Combined organic layers were washed with HCl (1 N, 100 mL), sat.
aqueous NaHCO3 (100 mL), and brine (100 mL) in turn. Finally
the solvent was evaporated and the residue was coevaporated
with toluene several times to dryness. The resulting crude product
can be used directly for the next reaction or purified by MPLC
(cyclohexane–ethyl acetate 10 : 1) to yield compound 4 (42.5 g,
99%) as a colorless syrup; [a]D −4.0 (c 1.00, benzene); dH (C6D6,
600 MHz): 7.57–6.94 (m, 15H, Haryl-Bn), 6.86 (d, J 9.8 Hz, 1H,
NH), 4.85 (t, J 9.8 Hz, 1H, H-2), 4.76 (d, J 11.0 Hz, 1H, Halkyl-
Bn), 4.65 (d, J 12.0 Hz, 1H, Halkyl-Bn), 4.61 (d, J 11.0 Hz, 1H,
Halkyl-Bn), 4.51–4.47 (m, 3H, H-3 and 2 × Halkyl-Bn), 4.43 (d, J
12.0 Hz, 1H, Halkyl-Bn), 3.99 (dd, J 5.1 Hz, J 8.1 Hz, 1H, H-4),
3.74 (dd, J 4.3 Hz, J 8.1 Hz, 1H, H-5), 3.60 (br-d, J 3.6 Hz, 2H,
H-6a,b), 3.53 (d, J 9.6 Hz, 1H, H-1), 2.77–2.72 (m, 1H, dithiane),
2.26–2.21 (m, 1H, dithiane), 2.00–1.96 (m, 1H, dithiane), 1.71–
1.67 (m, 1H, dithiane), 1.45–1.39 (m, 1H, dithiane), 1.22–1.17
(m, 1H, dithiane); dC (C6D6, 150 MHz): d 157.4 (q, J 36.7 Hz,
1C, COCF3), 144.47 (3C, Cq,aryl-Tr), 138.7 (Cq,aryl-Bn), 138.6 (Cq,aryl-
Bn), 138.2 (Cq,aryl-Bn), 129.2–127.2 (30 C, CHaryl-Bn and CHaryl-Tr),
116.7 (q, J 288.3 Hz, 1C, COCF3), 87.3 (3C, Calkyl-Tr), 80.8 (C-
5), 79.6 (C-4), 77.6 (C-3), 75.4 (Calkyl-Bn), 74.6 (Calkyl-Bn), 72.0
(Calkyl-Bn), 62.8 (C-6), 53.2 (C-2), 45.8 (C-1), 26.5 (dithiane), 25.2
(dithiane), 23.3 (dithiane); HRMS-ESI+: m/z [M + Na]+ 900.2978,
C51H50F3NNaO5S2 requires 900.2975.


2-Deoxy-3,4,5-tri-O-benzyl-2-trifluoracetamido-D-glucose-1,1-
trimethylene dithioacetal, 1e


In a flask, purified starting material 4 (39.0 g, 0.044 mol, crude
product from last step can be used too) was dissolved in ethyl
acetate (400 mL) and MeOH (400 mL) followed by addition of
p-TsOH monohydrate (45.0 g, 0.237 mol). The reaction mixture
was stirred at RT for 2 days and poured into a mixture of water
(1 L) and ethyl acetate (1 L) with excessive NaHCO3 for keeping
the mixture slightly basic. The biphasic mixture was separated
and the water phase was washed several times with ethyl acetate.
Combined organic phases were washed with brine and evaporated
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to dryness. The residue was purified by MPLC (cyclohexane–ethyl
acetate 4 : 1) to yield compound 1e (21.8 g, 78%) as a light yellow
solid; mp: 150–151 ◦C; [a]D −19.6 (c 1.00, MeOH); dH (CDCl3,
500 MHz): d 7.42–7.27 (m, 15H, Haryl-Bn), 6.84 (d, J 9.8 Hz, 1H,
NH), 4.96–4.64 (m, 3H, Halkyl-Bn), 4.58 (t, J 9.8 Hz, 1H, H-2),
4.45 (d, J 8.6 Hz, 1H, H-3), 3.89 (d, J 4.7 Hz, 2H, H-6), 3.85–3.82
(m, 1H, H-4), 3.72–3.69 (m, 1H, H-5), 3.63 (d, J 9.6 Hz, 1H, H-1),
3.01–2.95 (m, 1H, dithiane), 2.75–2.70 (m, 1H, dithiane), 2.57–
2.52 (m, 1H, dithiane), 2.44–2.39 (m, 1H, dithiane), 2.21–2.08
(brs, OH), 1.98–1.86 (m, 2H, dithiane); dC (CDCl3, 125 MHz):
157.4 (q, J 37.1 Hz, 1C, COCF3), 137.7 (2C, Cq,aryl-Bn), 138.5
(Cq,aryl-Bn), 128.6–127.7 (15C, CHaryl-Bn), 115.8 (q, J 288.0 Hz,
1C, COCF3), 80.2 (C-5), 80.1 (C-4), 77.2 (C-3), 75.3 (Calkyl-Bn),
75.0 (Calkyl-Bn), 71.7 (Calkyl-Bn), 60.8 (C-6), 52.3 (C-2), 45.6 (C-1),
26.9 (dithiane), 26.2 (dithiane), 25.0 (dithiane); HRMS-ESI+: m/z
[M + Na]+ 658.1871, C32H36F3NNaO5S2 requires 658.1879.


2-Deoxy-3,4,5-tri-O-benzyl-2-trifluoracetamido-D-gluco-
hexodialdose-1,1-trimethylene dithioacetal, 2e


Alcohol 1e (16.0 g, 25.2 mmol, dried by coevaporation with
toluene) was dissolved in dichloromethane (80 mL). To this
solution, Dess–Martin periodinane (75.0 mL, 15% wt, from Acros,
26.5 mmol, 1.05 eq.) was added via syringe at RT. The mixture was
then stirred at RT for 1 h followed by addition of TEA (6.0 mL).
The dark mixture was stirred for 10 min and quenched by addition
of saturated aqueous Na2S2O3 (100 mL) and saturated aqueous
NaHCO3 (100 mL). The biphasic mixture was separated and
the water phase was washed with dichloromethane several times.
Combined organic phases were then evaporated and purified by
MPLC (cyclohexane–ethyl acetate 50 : 1–20 : 1) to yield aldehyde
2e (10.1 g, 63%) as a light yellow oil; [a]D −16.3 (c 1.00, benzene); dH


(C6D6, 600 MHz): 9.60 (s, 1H, H-6), 7.19–6.97 (m, 15H, Haryl-Bn),
6.91 (d, J 9.7 Hz, 1H, NH), 4.87 (t, J 9.2 Hz, 1H, H-2), 4.60–4.58
(m, 2H, H-3 and Halkyl-Bn), 4.49–4.34 (m, 5H, Halkyl-Bn), 3.95–
3.92 (m, 2H, H-4 and H-5), 3.63 (d, J 8.8 Hz, 1H, H-1), 2.73–
2.70 (m, 1H, dithiane), 2.56–2.52 (m, 1H, dithiane), 2.04–2.00
(m, 1H, dithiane), 1.94–1.90 (m, 1H, dithiane), 1.44–1.40 (m, 1H,
dithiane), 1.33–1.28 (m, 1H, dithiane); dC (C6D6, 150 MHz): 202.0
(C-6), 157.1 (q, J 36.7 Hz, 1C, COCF3), 137.7 (Cq,aryl-Bn), 137.4
(Cq,aryl -Bn), 136.9 (Cq,aryl-Bn), 128.4–127.5 (15C, CHaryl-Bn), 116.3
(q, J 288.3 Hz, 1C, COCF3), 83.3 (C-5), 81.6 (C-4), 76.4 (C-3),
74.4 (Calkyl-Bn), 73.7 (Calkyl-Bn), 72.9 (Calkyl-Bn), 51.1 (C-2), 46.4 (C-
1), 26.7 (dithiane), 26.0 (dithiane), 24.9 (dithiane); HRMS-ESI+:
m/z [M + MeOH + Na]+ 688.1978, C33H38F3NNaO6S2 requires
688.1985.


6,7-Anhydro-2-deoxy-3,4-O-methylene-5-O-methoxymethyl-2-tri-
fluoracetamido-D-gluco-D-glycero-heptose-1,1-trimethylene
dithioacetal and 6,7-anhydro-2-deoxy-3,4-O-methylene-5-O-
methoxy-methyl-2-tri-fluoracetamido-D-gluco-L-glycero-heptose-
1,1-trimethylene dithioacetal, 5a,b


A solution of trimethylsulfoxonium iodide (97 mg, 0.4 mmol)
in DMSO (1.0 mL) was added to a suspension of NaH (60%
dispersion in oil, 18 mg, 0.4 mmol) in DMSO (1 mL) at RT. The
suspension was stirred at room temperature for 30 min. A solution
of aldehyde 2d (40 mg, 0.1 mmol, dried by coevaporation with
toluene) in DMSO (1 mL) was added to the above suspension,


and the resulting mixture was stirred for 1 h at RT. The reaction
mixture was then poured into ice-cold water (20 mL) and extracted
with ethyl acetate several times. Combined organic phases were
evaporated and purified by MPLC (cyclohexane–ethyl acetate 5 :
1) to yield inseparable diastereomeric epoxides 5a,b (28 mg, 68%)
as a colorless oil; [a]D −16.2 (c 1.00, MeOH). The NMR spectra
are listed as separated compounds: diastereomer 1, dH (CD2Cl2,
600 MHz): 6.80 (m, 1H, NH), 5.07 (s, 1H, 3,4-O-methylene-Ha),
4.96 (s, 1H, 3,4-O-methylene-Hb), 4.84 (dd, J 1.1 Hz, J 6.3 Hz,
1H, H-3), 4.75 (s, 1H, CH2-MOM-Ha), 4.66 (s, 1H, CH2-MOM-
Hb), 4.60–4.56 (m, 1H, H-2), 3.96 (d, J 9.6 Hz, 1H, H-1), 3.85 (t, J
4.6 Hz, 1H, H-5), 3.77–3.73 (m, 1H, H-4), 3.40 (s, 3H, CH3-MOM),
3.10–3.08 (m, 1H, H-6), 3.02–2.95 (m, 2H, dithiane), 2.83–2.78 (m,
2H, H-7), 2.72–2.61 (m, 2H, dithiane), 2.02–1.95 (m, 2H, dithiane);
dC (CD2Cl2, 150 MHz): 157.86 (q, J 37.3, 1C, CO-Tfa), 116.2 (q, J
287.8, 1C, CF3-Tfa), 97.0 (CH2-MOM), 96.4 (3,4-O-methylene),
78.4 (C-4), 75.9 (C-3), 75.7 (C-5), 56.4 (CH3-MOM), 52.3 (C-2),
51.3 (C-6), 46.4 (C-1), 44.8 (C-7), 27.7 (dithiane), 27.3 (dithiane),
25.5 (dithiane); diastereomer 2, dH (CD2Cl2, 600 MHz): 6.80 (m,
1H, NH), 5.05 (s, 1H, 3,4-O-methylene-Ha), 4.90 (s, 1H, 3,4-O-
methylene-Hb), 4.88 (s, 1H, CH2-MOM-Ha), 4.79 (dd, J 1.1 Hz,
J 6.5 Hz, 1H, H-3), 4.71 (s, 1H, CH2-MOM-Hb), 4.68–4.66 (m,
1H, H-2), 3.92 (d, J 9.8 Hz, 1H, H-1), 3.77–3.73 (m, 1H, H-4),
3.59 (t, J 6.3 Hz, 1H, H-5), 3.37 (s, 3H, CH3-MOM), 3.06–3.02
(m, 1H, H-6), 2.82 (t, J 4.6 Hz, 1H, H-7a), 3.02–2.95 (m, 2H,
dithiane), 2.72–2.61 (m, 1H, H-7b), 2.72–2.61 (m, 2H, dithiane),
2.02–1.95 (m, 2H, dithiane); dC (CD2Cl2, 150 MHz): 157.89 (q, J
37.3, 1C, CO-Tfa), 116.2 (q, J 288.0, 1C, CF3-Tfa), 96.2 (3,4-O-
methylene), 96.0 (CH2-MOM), 78.0 (C-4), 76.8 (C-5), 76.7 (C-3),
56.4 (CH3-MOM), 52.5 (C-6), 52.3 (C-2), 46.2 (C-1), 43.8 (C-7),
27.4 (dithiane), 27.0 (dithiane), 25.5 (dithiane); HRMS-ESI+: m/z
[M + Na]+ 456.0725, C15H22F3NNaO6S2 requires 456.0733.


6,7-Anhydro-2-deoxy-3,4,5-tri-O-benzyl-2-trifluoracetamido-D-
gluco-D-glycero-heptose-1,1-trimethylene dithioacetal, 6


To a suspension of NaH (1.69 g, 60% in oil, 42.2 mmol) in
dry DMSO (20.0 mL, dried over MS 4 Å), a solution of
trimethylsulfoxonium iodide (9.21 g, 41.9 mmol) in dry DMSO
(100 mL) was added at RT. The mixture was stirred for 1 h at
RT, to which a solution of aldehyde 2e (8.0 g, 12.6 mmol, dried
by coevaporation with toluene) in dry DMSO (80 mL, dried over
MS 4 Å) was added via syringe. The resulting dark red solution
was stirred at RT for 1 h and poured into ice-cold saturated
aqueous ammonium chloride solution (200 mL). The water phase
was then extracted with ethyl acetate several times. Combined
organic phases were washed with brine and evaporated. The crude
product was purified by MPLC (cyclohexane–ethyl acetate 20 : 1)
to yield epoxide 6 (5.0 g, 61%) as a light yellow oil; [a]D −14.3 (c
1.00, MeOH); dH (C6D6, 600 MHz): 7.28–7.01 (m, 15H, Haryl-Bn),
6.78 (d, J 10.1 Hz, 1H, NH), 4.94 (d, J 11.0 Hz, 1H, Halkyl-Bn),
4.84 (d, J 11.0 Hz, 1H, Halkyl-Bn), 4.82 (t, J 10.1 Hz, 1H, H-2),
4.78 (dd, J 1.5 Hz, J 8.6 Hz, 1H, H-4), 4.66 (d, J 11.1 Hz, 1H,
Halkyl-Bn), 4.62 (d, J 11.1 Hz, 1H, Halkyl-Bn), 4.44 (s, 2H, Halkyl-
Bn), 3.94 (dd, J 1.9 Hz, J 8.6 Hz, 1H, H-5), 3.65 (d, J 10.1 Hz,
1H, H-1), 3.49 (dd, J 1.5 Hz, J 8.6 Hz, 1H, H-3), 3.32–3.29 (m,
1H, H-6), 2.82–2.75 (m, 2H, dithiane), 2.33–2.20 (m, 1H, H-7),
2.33–1.96 (m, 2H, dithiane), 1.52–1.48 (m, 1H, dithiane), 1.35–
1.32 (m, 1H, dithiane); dC (C6D6, 150 MHz): 157.7 (q, J 36.7 Hz,
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1C, COCF3), 138.9 (Cq,aryl-Bn), 138.6 (Cq,aryl-Bn), 138.5 (Cq,aryl-Bn),
128.7–127.8 (15C, CHaryl-Bn), 117.0 (q, J 288.3 Hz, 1C, COCF3),
84.2 (C-5), 81.1 (C-3), 77.9 (C-4), 76.1 (Calkyl-Bn), 75.3 (Calkyl-Bn),
72.7 (Calkyl-Bn), 52.4 (C-2), 48.9 (C-6), 46.1 (C-7), 45.4 (C-1), 26.6
(dithiane), 25.9 (dithiane), 25.3 (dithiane); HRMS-ESI+: m/z [M +
Na]+ 670.1886, C33H36F3NNaO5S2 requires 670.1879.


(2R,3R,4S,5R,6R)-6-Hydroxy-3,4-methylenedioxy-5-
methoxymethoxy-2-trifluoracetamido-cycloheptanone trimethylene
dithioacetal, 7a and (2R,3R,4S,5R,6S)-6-hydroxy-3,4-
methylenedioxy-5-methoxymethoxy-2-trifluoracetamido-
cycloheptanone trimethylene dithioacetal, 7b


Under argon, epoxides 5a,b as a 1 : 1 mixture (1.2 g, 2.8 mmol,
dried by coevaporation with toluene) were dissolved in THF
(12 mL) and cooled down to −90 ◦C. n-BuLi (6.5 mL, 1.6 M
in hexane, 10.4 mmol, 3.7 eq.) was added to the stirred solution.
The reaction mixture was then warmed up to −70 ◦C in 2 h and
saturated aqueous ammonium chloride was added to quench the
reaction. The resulting mixture was extracted by ethyl acetate.
The organic layer was then evaporated and purified by MPLC
(cyclohexane–ethyl acetate 3 : 1–2 : 1) to yield the faster moving
component as compound 7a (0.6 g, 50%) and the slower moving
component as compound 7b (0.4 g, 33%). Compound 7a as an
amorphous solid can be crystallized from a cyclohexane and ethyl
acetate mixture. Compound 7b was initially a light yellow oil that
turned into a solid after storage.


Compound 7a (the faster moving component), mp: 61–63 ◦C;
[a]D −48.8 (c 1.00, MeOH); dH (CDCl3, 600 MHz): 7.28–7.19 (brs,
1H, NH), 5.01 (d, J 8.7 Hz, 1H, 3,4-O-methylene-Ha), 4.96 (d,
J 8.7 Hz, 1H, 3,4-O-methylene-Hb), 4.82 (d, J 6.4 Hz, 1H, CH2-
MOM-Ha), 4.76 (d, J 6.4 Hz, 1H, CH2-MOM-Hb), 4.49 (t, J
9.8 Hz, J 9.8 Hz, 1H, H-2), 4.25 (s, 1H, H-5), 4.14–4.10 (m, 2H,
H-6 and H-3), 4.02 (m, 1H, H-4), 3.65–3.62 (m, 1H, OH), 3.46
(s, 3H, H-CH3-MOM), 2.96–2.90 (m, 1H, dithiane), 2.85–2.77 (m,
3H, dithiane), 2.53 (dd, J 15.1 Hz, J 10.5 Hz, 1H, H-7ax), 2.36
(d, J 15.1 Hz, 1H, H-7eq), 2.04–1.95 (m, 2H, dithiane); dC (CDCl3,
150 MHz): 156.7 (q, J 37.3 Hz, 1C, COCF3), 115.9 (q, J 288.2 Hz,
1C, COCF3), 98.5 (C-8), 95.2 (C-10), 78.3 (C-5), 78.1 (C-4), 74.0
(C-3), 66.3 (C-6), 58.1 (C-2), 56.1 (C-9), 53.3 (C-1), 40.4 (C-7),
27.3 (dithiane), 26.0 (dithiane), 23.7 (dithiane); HRMS-ESI+: m/z
[M + Na]+ 456.0733, C15H22F3NNaO6S2 requires 456.0733; Anal.
Calcd. for C15H22F3NO6S2: C 41.56, H 5.12, N 3.23%. Found: C
42.18, H 5.35, N, 3.13%.


Compound 7b (the slower moving component), mp: 128–
129 ◦C; [a]D +25.2◦ (c 1.00, MeOH); dH (C6D6, 600 MHz): 7.19 (d,
J 9.8 Hz, 1H, NH), 4.74 (s, 1H, 3,4-O-methylene-Ha), 4.72 (s, 1H,
3,4-O-methylene-Hb), 4.57 (d, J 6.6 Hz, 1H, CH2-MOM-Ha), 4.46
(d, J 6.6 Hz, 1H, CH2-MOM-Hb), 4.30 (t, J 10.2 Hz, J 10.2 Hz,
1H, H-2), 4.18 (dd, J 10.6 Hz, J 5.4 Hz, 1H, H-6), 3.94 (dd, J
10.2 Hz, J 8.6 Hz, 1H, H-3), 3.73 (t, J 5.4 Hz, J 5.1 Hz, 1H, H-5),
3.29 (dd, J 8.6 Hz, J 5.1 Hz, 1H, H-4), 3.21 (brs, 1H, OH), 3.04
(s, 3H, H-CH3-MOM), 2.58 (d, J 15.8 Hz, 1H, H-7eq), 2.43–2.38
(m, 1H, dithiane), 2.34–2.29 (m, 1H, dithiane), 2.00–1.90 (m, 3H,
2 × dithiane and H-7ax), 1.20–1.07 (m, 2H, dithiane); dC (C6D6,
150 MHz): 157.3 (q, J 37.1 Hz, 1C, COCF3), 116.9 (q, J 288.5 Hz,
1C, COCF3), 98.1 (C-8), 95.4 (C-10), 81.5 (C-5), 79.1 (C-4), 73.3
(C-3), 73.1 (C-6), 60.8 (C-2), 55.7 (C-1), 55.3 (C-9), 40.3 (C-7),


25.8 (dithiane), 24.9 (dithiane), 24.1 (dithiane); HRMS-ESI+: m/z
[M + Na]+ 456.0728, C15H22F3NNaO6S2 requires 456.0733.


Fig. 3 shows selected NOE effects on compounds 7a,b, which
confirmed their absolute stereochemistry along with the single
crystal structure21 of compound 7b.§


Fig. 3 The NOE observed from the protons on the seven-membered ring
skeletons of compounds 7a,b.


(2R,3R,4R,5R,6S)-3,4,5-Tris(benzyloxy)-6-hydroxymethyl-2-
trifluoracetamido-cyclohexanone trimethylene dithioacetal, 8 and
(2R,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-hydroxy-2-
trifluoracetamido-cycloheptanone trimethylene dithioacetal, 9


The salt free procedure:
Epoxide 6 (250 mg, 0.467 mmol, dried by coevaporation with


toluene) was dissolved in THF (10.0 mL) and cooled to −90 ◦C. To
this solution, n-BuLi (0.73 mL, 1.6 M in hexane, 2.5 eq.) was added
and the mixture was then warmed up to −10 ◦C immediately.
The reaction mixture was stirred at this temperature for 3 h
followed by addition of 3 mL saturated aqueous ammonium
chloride. The resulting mixture was then warmed to RT and
extracted by ethyl acetate (50 mL). The organic layer was washed
with brine, evaporated and purified by MPLC (cyclohexane–ethyl
acetate 10 : 1) to yield the faster moving component as the seven-
membered ring 9 (57 mg, 23%, colorless oil) and the slower moving
component as the six-membered ring 8 (135 mg, 54%, colorless oil,
but can be crystallized from ethanol).


The procedure with LiBr:
Epoxide 6 (50 mg, 0.094 mmol, dried by coevaporation with


toluene) and anhydrous LiBr (8 mg, 0.09 mmol, 1 eq.) were
dissolved in THF (1.0 mL) and cooled to −90 ◦C. At this
temperature, n-BuLi (0.13 mL, 1.6 M in hexane, 2.2 eq.) was
added to the resulting solution. The reaction mixture was then
warmed up to −50 ◦C in 2 h followed by addition of saturated
aqueous ammonium chloride (3 mL). The resulting mixture was
then warmed to RT and extracted by ethyl acetate (30 mL). The
organic layer was washed with brine, evaporated and purified
by MPLC to yield seven-membered ring 9 (4 mg, 8%) and six-
membered ring 8 (31 mg, 62%).


Compound 8, mp: 128–129 ◦C; [a]D +19.0 (c 1.00, MeOH);
dH (C6D6, 600 MHz): 7.36–7.01 (m, 15H, Haryl-Bn), 7.18 (d, J
2.7 Hz, 1H, NH), 5.03 (dd, J 9.0 Hz, J 2.7 Hz, 1H, H-2), 4.80 (d, J
11.9 Hz, 1H, Halkyl-Bn), 4.59–4.58 (m, 1H, H-5), 4.52 (d, J 11.9 Hz,
1H, Halkyl-Bn), 4.31–4.16 (m, 4H, Halkyl-Bn), 4.12 (dd, J 10.3 Hz,
J 2.0 Hz, 1H, H-7a), 3.98–3.91 (m, 2H, H-3 and H-7b), 3.71 (m,
1H, H-4), 2.43–2.40 (brs, 1H, H-6), 2.36–2.29 (m, 2H, dithiane),


§CCDC reference number 648111. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b711112f
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2.24–2.20 (m, 1H, dithiane), 2.04–2.00 (m, 1H, dithiane), 1.39–
1.34 (m, 2H, dithiane); dC (C6D6, 150 MHz): 156.3 (q, J 37.0 Hz,
1C, COCF3), 138.3 (Cq,aryl-Bn), 137.9 (Cq,aryl-Bn), 136.5 (Cq,aryl-Bn),
128.4–127.4 (15C, CHaryl-Bn), 116.7 (q, J 288.0 Hz, 1C, COCF3),
77.8 (C-3), 77.7 (C-4), 73.1 (Calkyl-Bn), 72.7 (C-5), 72.4 (Calkyl-Bn),
71.8 (Calkyl-Bn), 57.0 (C-7), 54.2 (C-1), 51.8 (C-2), 47.7 (C-6), 27.0
(dithiane), 25.6 (dithiane), 23.8 (dithiane); HRMS-ESI+: m/z [M +
Na]+ 670.1879, C33H36F3NNaO5S2 requires 670.1879.


Compound 9, [a]D −72.4 (c 1.00, MeOH); dH (C6D6, 600 MHz):
8.32 (d, J 10.6 Hz, 1H, NH), 7.28–7.03 (m, 15H, Haryl-Bn), 5.33 (d,
J 10.6 Hz, 1H, H-2), 4.76 (d, J 11.4 Hz, 1H, Halkyl-Bn), 4.68 (d, J
11.4 Hz, 1H, Halkyl-Bn), 4.57 (d, J 11.4 Hz, 1H, Halkyl-Bn), 4.47 (d,
J 11.4 Hz, 1H, Halkyl-Bn), 4.40 (d, J 11.4 Hz, 1H, Halkyl-Bn), 4.31
(d, J 7.7 Hz, 1H, H-4), 4.25 (d, J 11.4 Hz, 1H, Halkyl-Bn), 3.95 (m,
1H, H-5), 3.94–3.87 (m, 1H, H-6), 3.88 (m, 1H, H-3), 3.27–3.23
(m, 1H, dithiane), 2.93–2.88 (m, 1H, dithiane), 2.16–1.93 (m, 4H,
H-7ax, H-7eq and 2 × dithiane), 1.48–1.41 (m, 1H, dithiane), 1.31–
1.28 (m, 1H, dithiane); dC (C6D6, 150 MHz): 156.2 (q, J 36.5 Hz,
1C, COCF3), 138.6 (Cq,aryl-Bn), 137.8 (Cq,aryl-Bn), 136.9 (Cq,aryl-Bn),
128.6–127.4 (15C, CHaryl-Bn), 116.4 (q, J 288.5 Hz, 1C, COCF3),
86.8 (C-3), 83.7 (C-5), 82.9 (C-4), 75.7 (Calkyl-Bn), 73.1 (Calkyl-Bn),
73.0 (Calkyl-Bn), 68.2 (C-6), 51.1 (C-2), 51.0 (C-1), 38.9 (C-7), 27.4
(dithiane), 26.0 (dithiane), 24.3 (dithiane); HRMS-ESI+: m/z [M +
Na]+ 670.1890, C33H36F3NNaO5S2 requires 670.1879.


Fig. 4 shows selected NOE effects on compounds 8 and 9, which
confirmed their absolute stereochemistry


Fig. 4 The NOE observed from the protons on the six-membered ring
(compound 8) and seven-membered ring (compound 9) skeletons.


(1S,2R,3S,4R,5R)-2,3,4-Tris(benzyloxy)-5-hydroxy-1-
trifluoracetamido-cycloheptane, 10


Under air, compound 9 (200 mg, 0.309 mmol) was dissolved in
EtOH (10.0 mL) followed by addition of Raney-Ni suspension
in EtOH (4 mL, containing ca. 3 g W-2 Raney-Ni, purchased
from Aldrich as a water slurry). The mixture was then refluxed
for 1 h, cooled to RT, and filtered through a Celite R© 512 medium
(Fluka) pad. The filtrate was evaporated to dryness and purified by
MPLC (cyclohexane–ethyl acetate 10 : 1–5 : 1) to yield compound
10 (119 mg, 71%) as a colorless oil; [a]D −43.0 (c 1.00, MeOH); dH


(C6D6, 600 MHz): 8.06 (brs, 1H, NH), 7.22–7.07 (m, 15H, Haryl-
Bn), 4.63–4.53 (m, 3H, 2 × Halkyl-Bn and H-1), 4.50–4.25 (m, 4H,
Halkyl-Bn), 3.89 (brs, 1H, H-4), 3.57 (d, J 6.7 Hz, 1H, H-2), 3.43 (d, J
6.7 Hz, 1H, H-3), 3.66 (s, 1H, H-5), 1.66–1.29 (m, 4H, H-6a,b and
H-7a,b); dC (C6D6, 150 MHz): 156.1 (q, J 36.5 Hz, 1C, COCF3),
138.6 (Cq,aryl-Bn), 138.2 (Cq,aryl-Bn), 137.6 (Cq,aryl-Bn), 128.8–127.8
(m, 15C, CHaryl-Bn), 116.7 (q, J 288.4 Hz, 1C, COCF3), 83.9 (C-2),
83.7 (C-3), 83.0 (C-4), 74.8 (Calkyl-Bn), 73.5 (Calkyl-Bn), 72.2 (Calkyl-


Bn), 71.9 (C-5), 48.5 (C-1), 26.2 (C-6), 22.3 (C-7); HRMS-ESI+:
m/z [M + Na]+ 566.2131, C30H32F3NNaO5 requires 566.2125.


(1S,2R,3S,4R,5R)-1-(N-Benzyloxycarbonyl)-amino-5-hydroxy-
2,3,4-tris(benzyloxy)-cycloheptane, 11


In a sealed tube, starting material 10 (200 mg, 0.368 mmol) was
dissolved in MeOH (15.0 mL) and water (2.0 mL) followed by
addition of Ba(OH)2 octahydrate (1.5 g, 4.7 mmol). The mixture
was stirred at 80 ◦C for 1 h, cooled to RT, to which NaHCO3


(3.0 g) and CbzCl (1.0 mL) were added in turn. The resulting
mixture was stirred at RT for 2 h with the addition of two batches
of CbzCl (1.0 mL) at an interval of 1 h. Then the reaction mixture
was stirred overnight, to which Celite R© 512 medium (Fluka) was
added followed by filtration through a Celite R© 512 medium (Fluka)
pad. The clear filtrate was evaporated and purified by MPLC
(cyclohexane–ethyl acetate 5 : 1) to yield crude product 11 (which
was mixed with an inseparable impurity introduced by CbzCl) as
a colorless oil. In HRMS, the desired peak accompanied by other
impurity peaks can be observed: HRMS-ESI+: m/z [M + Na]+


604.2663, C36H39NNaO6 requires 604.2670.


(2S,3S,4R,5S)-5-(N-Benzyloxycarbonyl)-amino-2,3,4-
tris(benzyloxy)-cycloheptanone, 12


Under argon, the crude product 11 from the last step (dried by
coevaporation with toluene) was dissolved in dichloromethane
(5.0 mL) followed by addition of Dess–Martin periodinane
(1.5 mL, 15% wt., from Acros, 0.53 mmol). The mixture was stirred
at RT for 1 h, to which TEA (1 mL) was then added. The resulting
mixture was stirred for 10 min, and quenched by addition of
saturated aqueous Na2S2O3 (20 mL), saturated aqueous NaHCO3


(20 mL) and ethyl acetate (30 mL). The biphasic mixture was
separated and the water phase was washed with ethyl acetate
several times. The combined organic phases were then evaporated
and the residue was purified by MPLC (cyclohexane–ethyl acetate
10 : 1) to yield ketone 12 (149 mg) as a colorless syrup. The total
yield of the 2 steps is 58%; [a]D −3.5 (c 1.00, CHCl3); dH (C6D6,
600 MHz): 7.34–7.02 (m, 20H, Haryl-Bn), 6.13 (d, J 9.0 Hz, 1H,
NH), 5.15–4.78 (m, 4H, Halkyl-Bn), 4.75 (s, 1H, H-2), 4.51–4.48 (m,
1H, H-5), 4.36–4.05 (m, 4H, Halkyl-Bn), 4.04 (s, 1H, H-3), 3.56–3.54
(m, 1H, H-4), 2.51–2.05 (m, 1H, H-7a), 2.02–1.98 (m, 1H, H-
7b), 1.98–1.75 (m, 2H, H-6a and 6b); dC (C6D6, 150 MHz): 205.5
(COketone), 155.7 (NCOOBn), 138.7 (Cq,aryl-Bn), 138.1 (Cq,aryl-Bn),
137.8 (Cq,aryl-Bn), 137.4 (Cq,aryl-Bn), 128.6–127.6 (20C, CHaryl-Bn),
83.4 (C-2), 82.4 (C-3), 76.7 (C-4), 73.8 (Calkyl-Bn), 72.6 (Calkyl-Bn),
71.8 (Calkyl-Bn), 66.6 (Calkyl-Bn), 50.7 (C-5), 34.6 (C-7), 30.2 (C-6);
HRMS-ESI+: m/z [M + Na]+ 602.2511, C36H37NNaO6 requires
602.2513.


(−)-Calystegine B3


In THF (4.5 mL) and water (0.5 mL), ketone 12 (98 mg,
0.169 mmol) was dissolved. Then 10% Pd-C (20 mg) was added
to the solution. This suspension was hydrogenated at RT by a
balloon charged with hydrogen overnight. HRMS-ESI+ showed a
complete deprotection of N-Cbz, but no deprotection of O-Bn was
observed. Therefore HCl (1 N, 1.0 mL) was added and the mixture
was hydrogenated under the same conditions for 3 more days.
The resulting suspension was neutralized with Amberlite 400 OH−
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(Fluka), and filtered over a pad of silica gel. The filter cake was
washed with distilled water (10 × 15 mL). Combined filtrates
were washed with dichloromethane (5 × 20 mL), evaporated, and
coevaporated with toluene to dryness. This resulting white solid is
relatively pure according to NMR. But it can be further purified
by MPLC (ca. 25 × 2 cm) filled with Sephadex LH-20 (Sigma-
Aldrich) using ethanol as an eluent (ca. 2 mL for each fraction)
to yield (24 mg, 81%) (−)-calystegine B3 as an amorphous white
solid; [a]D −59.1 (c 1.00, water) {as a reference: for (+)-calystegine
B3, [a]D +76.8 (c 0.88, water),7b or [a]D +82.8 (c 0.50, water)27}; dH


(D2O, 600 MHz): 3.70 (d, J 4.0 Hz, 1H, H-2), 3.54 (dd, J 3.9 Hz, J
9.4 Hz, 1H, H-4), 3.47 (dd, J 4.0 Hz, J 9.4 Hz, 1H, H-3), 3.21 (dd, J
3.9 Hz, J 6.4 Hz, 1H, H-5), 1.85–1.75 (m, 1H, H-6a), 1.74–1.63 (m,
3H, H-6b and H-7a,b); dC (D2O, 150 MHz): 95.7 (C-1), 79.0 (C-2),
76.5 (C-4), 74.9 (C-3), 60.3 (C-5), 35.7 (C-7), 24.9 (C-6). The NMR
data are in full accordance with those reported for (+)-calystegine
B3;7b,27 HRMS-ESI+: m/z [M + H]+ 176.0924, C7H14NO4 requires
176.0917.
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Tetrahedron, 1987, 43, 2029.


12 (a) E. J. Corey and D. Seebach, Angew. Chem., 1965, 77, 1134; E. J.
Corey and D. Seebach, Angew. Chem., Int. Ed. Engl., 1965, 4, 1075;
(b) D. Seebach, N. R. Jones and E. J. Corey, J. Org. Chem., 1968, 33,
300.


13 For the effect of protecting groups in cyclizations, see for example: (a) K.
Krohn and G. Börner, J. Org. Chem., 1994, 59, 6063; (b) K. Krohn, G.
Börner and S. Gringard, in ref. 1a, pp. 107–122; (c) P. Balbuena, E. M.
Rubio, C. O. Mellet and J. M. G. Fernández, Chem. Commun., 2006,
2610.


14 See for example: M. B. Smith and J. March, March’s Advanced Organic
Chemistry: Reactions, Mechanisms, and Structure, John Wiley & Sons,
Inc., New York, 5th edn, 2001.


15 D. B. Dess and J. C. Martin, J. Am. Chem. Soc., 1991, 113, 7277.
16 J. R. Parikh and W. von E. Doering, J. Am. Chem. Soc., 1967, 89,


5505.
17 E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc., 1965, 87,


1353.
18 See for example: T. J. Michnick and D. S. Matteson, Synlett, 1991,


631.
19 D. Horton and J. D. Wander, J. Org. Chem., 1974, 39, 1859.
20 Models were generated by the Spartan′04 program at Hartree–Fock


3-21G* level.
21 X-Ray crystal structure analysis for compound 7b: formula


C15H22F3NO6S2, M = 433.46, colorless crystal 0.35 × 0.30 × 0.15 mm,
a = 9.905(1), c = 39.488(1) Å, V = 3874.1(6) Å3, qcalc = 1.486 g cm−3, l =
3.055 mm−1, empirical absorption correction (0.414 ≤ T ≤ 0.657), Z =
8, tetragonal, space group P41212 (no. 92), k = 1.54178 Å, T = 293 K,
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Long wavelength voltage-sensitive dyes (VSDs) called Pittsburgh (PGH) dyes were recently synthesized
by coupling various heterocyclic groups to a styryl-thiophene intermediate forming extended, partially
rigid chromophores. Unlike most styryl VSDs, dyes with a sulfonic acid anchor directly attached to the
chromophore showed no solvatochromic absorption shifts. The limited water solubility of many long
wavelength VSDs requires the use of surfactants to transport the dye through physiological saline
solutions and effectively label biological membranes. Here, we tested the chemical substitution of the
sulfonic acid moiety with polyethyleneglycol (PEG) chains, ranging from MW 750 to 5000, to overcome
the poor solubility of VSDs while retaining their properties as VSDs. The chemical synthesis of PGH
dyes and their PEG derivatives are described. The PEG derivatives were soluble in aqueous solutions
(>1 mM) and still reported membrane potential changes. In frog and mouse hearts, the voltage
sensitivity (DF/F per action potential) and spectral properties of PEG dyes were the same as the
sulfonated analogues. Thus, the solubility of VSDs can be considerably improved with small
polyethyleneglycol chains and can provide an effective approach to improve staining of excitable tissues
and optical recordings of membrane potential.


Introduction


Two- and three-dimensional mapping of electrical activity through
changes in voltage-sensitive dye (VSD) fluorescence has greatly
increased our understanding of the function of nerve networks and
of cardiac electrophysiology in normal and pathological states.1–5


Effective VSDs are amphiphilic molecules that contain a water
soluble moiety and a lipophilic region. To measure rapid changes
in cellular membrane potential, the sensor portions of these dye
molecules associate with the hydrophobic interior of the plasma
membrane where the electric field gradient is the highest. At the
same time, the dyes carry charged groups to facilitate transfer of
the dyes to the target tissues and to anchor the dyes at cell surfaces,
minimising diffusion of the VSDs to other membranes within the
cell.6 Effective imaging deep within tissues requires VSDs with
high molar extinction coefficients at red wavelengths and near-IR
emission with high quantum yields to reduce light scattering and
intrinsic tissue absorption and fluorescence.5,7,8


Styryl dyes are a class of fluorescent VSDs that are widely
used to measure membrane potentials because of their ability
to follow voltage changes on a millisecond timescale.2,5,9,10 Their
structures consist of an electron-rich aminophenyl group linked to
a quaternized nitrogen heterocycle by a conjugated polymethine
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chain. Many styryl dyes, including the series of RH and JPW
dyes, have been synthesised resulting in a wide range of excitation
and emission wavelengths and a variety of voltage responses.4,5,11,12


VSDs that have high quantum yields and produce a large change in
fractional fluorescence (DF/F) are desirable because they generate
adequate signals at lower dye concentrations. Recently, Salama
et al. reported a series of long-wavelength VSDs designed to report
cardiac action potentials (APs) from deeper layers of the heart
by incorporating a thienyl group in the polymethine bridge to
maintain the rigidity of the styryl chromophore while extending
the fluorescence wavelengths.3


Staining of target tissues requires transport of the dye to the
plasma membrane and T-tubules in sufficient quantities for voltage
measurements. Most styryl VSDs require an additional reagent
such as DMSO, Pluronics or cyclodextrins for transport through
the aqueous medium to the tissues.8,13 Labelling conditions are
determined for each dye, which can be a time-consuming, trial and
error process.3 Attachment of an uncharged hydrophilic anchoring
group to the dye structure may eliminate the need for such agents.
Poly(ethylene glycol)s (PEGs) are commonly used to improve the
water solubility of small molecule pharmaceuticals and exhibit
water solubility, high mobility in solution, lack of toxicity, lack of
immunogenicity, and are readily cleared from the body.14 Covalent
linkage of PEGs to voltage dyes will greatly simplify protocols for
probe delivery to excitable tissue.12


In this report, we present the synthesis and spectral charac-
terization of a set of styryl dyes which fluoresce at near infrared
wavelengths. The series, PGH-1 through PGH-8, demonstrates
the effect of different heterocycles on the spectral properties of
the dyes. Analogues of two VSDs were synthesised and coupled to
PEG groups of varying chain lengths (MW 750–5000) to increase
their water solubility. The enhanced solubility of PEG derivatives
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facilitated delivery to target tissues while retaining their spectral
properties and voltage sensitivity (DF/F per action potential) in
cardiac tissues.


Results


Sulfonated dyes


VSDs were synthesised from heterocycles A or B quaternised
with sulfonic acid anchors or carboxylic acid groups (Table 1),
and a common styrene-thienyl aldehyde intermediate as shown
in Scheme 1. The structures of PGH-1 through PGH-10
are listed in Table 2. Briefly, styrene (1) was made from
dibutylamino-benzaldehyde via Wittig reaction and then coupled
with bromothiophene-carboxaldehyde via a Heck reaction to yield
the styryl-thiophene intermediate (2).15 Other syntheses of these
intermediates have been reported;16,17 however, the methods used
here require minimal purification of the styrene and fewer steps
to prepare the aldehyde. Wuskell et al. recently reported the


Table 1 Structures of heterocyclic intermediates used in dye syntheses.
Heterocycles (A) are lepidines (3, 10 and 11); or (B) are indolenines
(4, 6, 8 and 12); benzothiazole (5); benzoxazole (7); and quinaldine (9).
Intermediates 11 and 12 contain carboxylic acid functional groups


Intermediate Het. X Y R


3 A H — C4H8SO3-
4 B H CMe2 C4H8SO3-
5 B H S C4H8SO3-
6 B SO3K CMe2 C4H8SO3-
7 B H O C4H8SO3-
8 B SO3K CMe2 C2H5


9 B OMe CH=CH C4H8SO3-
10 A OMe — C4H8SO3-
11 A H — C5H10CO2H
12 B SO3K CMe2 C5H10CO2H


Scheme 1 Synthesis of voltage sensitive dyes described in this report.


synthesis of VSDs with similar chromophores utilizing quaternary
ammonium anchors.8,18 The sulfonic acid anchors used here in dyes
PGH-1 to PGH-8 produced zwitterionic dyes with the positive
charge of the chromophore delocalized between the nitrogen
atoms. The benzoxazole dye, PGH-5, was produced; however, the
dye rapidly decomposed after chromatographic purification upon
drying under mild conditions.


The spectral properties of these new dyes, PGH-1 to PGH-
8, were characterized in alcohols of different polarity to verify
the solvatochromic sensitivity of the various heterocycles. The
absorption maxima and extinction coefficients are shown in
Table 3, while the emission maxima and relative fluorescence
intensities are given in Table 4. The observed increased Stokes
shift with increasing solvent polarity is typical for styryl VSDs.19


For two of the dyes, PGH-4 and PGH-6, the increased Stokes
shift was asymmetrical; the absorption maxima did not change
with solvent polarity. These anomalous dyes have a sulfonic acid


Table 2 Key to substitutions used in Scheme 1. Heterocycles A and B are shown in Table 1


Dye Het. X Y R


PGH-1 A H — C4H8SO3-
PGH-2 B H CMe2 C4H8SO3-
PGH-3 B H S C4H8SO3-
PGH-4 B SO3K CMe2 C4H8SO3-
PGH-5a B H O C4H8SO3-
PGH-6 B SO3K CMe2 C2H5


PGH-7 B OMe CH=CH C4H8SO3-
PGH-8 A OMe — C4H8SO3-
PGH-9 A H — C5H10CO2H
PGH-10 B SO3K CMe2 C5H10CO2H
PGH-9-PEG750 A H — C5H10CONH[C2H4O]∼17Me
PGH-9-PEG2000 A H — C5H10CONH[C2H4O]∼45Me
PGH-9-PEG5000 A H — C5H10CONH[C2H4O]∼113Me
Bis-PGH-9-PEG3400b A H — {C5H10CONH[C2H4O]∼37CH2}2


PGH-10-PEG5000 B SO3K CMe2 C5H10CONH[C2H4O]∼113Me


a Decomposed after purification. b Contains two PGH-9 dyes with both R substitutions being either end of the same bis-functional PEG3400 linker.
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Table 3 Absorption properties of VSDs in various solvents


Methanol Ethanol 2-Propanol n-Butanol n-Octanol


Dye Amax/nm e/M−1 cm−1 Amax/nm e/M−1 cm−1 Amax/nm e/M−1 cm−1 Amax/nm e/M−1 cm−1 Amax/nm e/M−1 cm−1


1 601 24900 608 24800 612 24300 619 24800 620 24700
2 664 32200 673 31500 670 33800 678 35200 678 33300
3 614 47400 620 46800 626 45750 630 47100 636 43000
4 686 53600 690 55200 680 53900 688 60600 686 55800
6 690 62500 690 67600 690 65800 696 52900 692 45500
7 587 42500 594 42100 594 43100 604 42000 606 43400
8 588 28400 598 34100 596 30300 602 32000 602 32000


Table 4 Emission properties of VSDs in various solvents. kEX = 610 nm


Methanol Ethanol 2-Propanol n-Butanol n-Octanol


Dye kmax/nm Fl. rel. int. kmax/nm Fl. rel. int. kmax/nm Fl. rel. int. kmax/nm Fl. rel. int. kmax/nm Fl. rel. int.


1 1025 107 966 300 934 714 900 795 868 2859
2 935 487 914 968 887 1855 890 1882 855 4392
3 928 707 901 1489 890 2621 888 2534 848 6626
4 940 341 923 832 888 1947 888 2046 849 2174
6 940 341 927 707 892 1397 893 486 861 1607
7 952 187 888 496 870 1121 866 1370 835 4062
8 959 108 960 351 940 686 898 930 866 2283


anchor directly attached to the chromophore. This difference in
absorption behaviour is illustrated in Fig. 1. PGH-1 shows a
wavelength shift with similar extinction values, while PGH-6 gives
an absorbance difference with similar wavelength maxima.


A dye that exhibits a large DF/F response also must be soluble
in solvents or buffers that are compatible with physiological
conditions of excitable tissues. Great care must be taken to avoid
the precipitation of dye or the formation of dye particles in
the capillaries which would block flow and render the organ
ischemic. The solubilities of selected dyes were tested by diluting
a known concentration of dye in DMSO into various solvents. At
micro-molar concentrations, the dyes remained soluble in alcohol
solvents as well as aqueous buffers, and even buffered saline
solutions. However, effective labelling of tissues and intact organs
with a VSD is typically achieved by perfusing the tissue with a
bolus injection of dye at 1–2 mM resulting in a homogeneous
and intense VSD labelling on the membranes of the tissue. Fig. 2
shows the excitation and emission spectra of PGH-1 in cardiac


Fig. 2 Excitation–emission curve pair of PGH-1 in frog cardiac tissue.
Parameters: kEM = 875 nm for excitation scan, kEX = 600 nm for emission
scan.


Fig. 1 Absorption spectra of PGH-1 (A) and PGH-6 (B) in methanol (black lines) and octanol (gray lines).


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3347–3353 | 3349







tissue. PGH dyes have desirable spectral properties in tissue but
in order to achieve sufficient loading, DMSO and Pluronic L-
64 are needed to keep the dyes from coming out of solution as
they course through the vascular bed.3 The search for alternative
methods to solubilise the dyes without extraneous surfactants led
to the development of PEG derivatives.


PEG derivatives


VSDs with functional groups (PGH-9 and PGH-10) were synthe-
sized as in Scheme 1. The highly water-soluble PEG derivatives
were prepared from different molecular weight amino-methoxy-
PEGs (mPEG-NH2) using standard methods and are listed in
Table 2.14,20 The combination of the hydrophilic polymer and
the hydrophobic styryl dye made purification of these PEG dyes
less straightforward than that of the sulfonated dyes. On acidic
alumina, the blue chromophore irreversibly disappeared for PGH-
9 derivatives of mPEG molecular weights 2000 to 5000. These
larger PEG-derivatives were successfully purified by C2-reversed
phase chromatography with water–methanol gradients containing
1% acetic acid. After purification, the PGH-9 derivatives had
an increased intensity of the short wavelength band (∼400 nm)
relative to long wavelength band (∼600 nm). Table 5 shows
a comparison of Ashort/Along of the PEG-dye derivatives, their
corresponding parent dyes (carboxylic acids PGH-9 and PGH-
10) and the sulfonate analogues (PGH-1 and PGH-6). When
compared with PGH-1 (containing no PEG group), the ratio of
Ashort/Along increased as the molecular weight of PEG increased,
ranging from 1.4 to 2.7 for PEG750 and PEG5000 derivatives
respectively. This increased absorbance ratio could not be reversed.
Syntheses of two PGH-9 PEG-derivatives were repeated with
closer stoichiometric control. Product isolation by precipitation
from ether (PGH-9-PEG5000) or recovery by rotary evapora-
tion (PGH-9-PEG750) yielded sufficiently pure material (single
component by TLC), eliminating the need for chromatographic
purification. The Ashort/Along increase seen previously was not
observed with these resynthesized preparations and the ratio (0.6)
was the same as underivatized PGH-9. Mass spectral analyses
confirmed that the PGH-9 PEG-derivatives were intact. This
enhanced short wavelength absorption was not observed with
PGH-10-PEG5000 following chromatographic purification.


The mass profile of the PEG derivatives showed polydispersity
as evidenced by a distribution of mass spectral peaks spaced 44


Table 5 Absorbance ratios (short/long) were calculated for PGH-1,
PGH-6 and PEG derivatives of PGH-9 and PGH-10 in MeOH


Short kMax. Long kMax. Ashort/Along


Lepidine dyes:
PGH-1 392 601 0.71
PGH-9 398 606 0.56
PGH-9-PEG750 (LC) 396 596 1.39
PGH-9-PEG2000 (LC) 390 590 1.99
PGH-9-PEG3400 (LC) 390 588 1.44
PGH-9-PEG5000 (LC) 390 588 2.71
PGH-9-PEG750 (No LC) 398 610 0.58
PGH-9-PEG5000 (No LC) 398 608 0.60
Indolenine dyes:
PGH-6 406 690 0.21
PGH-10 410 692 0.22
PGH-10-PEG5000 405 691 0.23


Table 6 Percentage aqueous solubility of voltage dyes and PEG
derivatives


Solubility of stock solutions


Dye Water PBS


PGH-1 40.7% 7.3%
PGH-9-PEG750 63.7% 69.0%
PGH-9-PEG5000 77.5% 83.2%
PGH-6 0%a 0%a


PGH-10-PEG5000 71.4% 78.9%


a Solution was colourless.


m/z units apart. The products showed polydispersity similar to the
starting mPEG-amine reagents, but shifted by approximately the
mass of the dye.14 A marked change in the TLC migration of the
products from the starting materials, with no change in spectral
properties, gave further evidence of dye–PEG conjugation.


The PEG dye derivatives had much higher water solubility than
the sulfonated dyes. The aqueous solubilities of PGH-1, PGH-
6, PGH-9-PEG750, PGH-9-PEG5000 and PGH-10-PEG5000 are
shown in Table 6. With the aid of DMSO, PGH-1 showed limited
solubility in water and saline; however, PGH-6 was essentially
insoluble. Each of the PEG dye derivatives showed high water sol-
ubility without the need for DMSO; the relative aqueous solubility
of PGH-9-PEG5000 was approximately 20% higher than that of
PGH-9-PEG750 in both water and PBS. The fluorescence prop-
erties of PGH-10-PEG5000 and the four PGH-9 PEG-derivatives
were similar to those of PGH-6 and PGH-1, respectively.


PEG derivatives of PGH dyes had similar spectral, voltage-
sensitive responses and retention in cardiac tissues indicating that
these dyes provide similar voltage sensing and tissue retention as
their non-PEGylated analogues with the added advantage of being
highly water soluble. Fig. 3 illustrates action potentials recorded
from mouse hearts stained with PGH-1 and its PEG analogues.
Action potentials recorded from PGH-1 delivered with a pH 6
aqueous stock solution (A) were similar to those recorded with
PGH-1 delivered from a DMSO plus Pluronic stock solution
(B). Similar results were obtained with PGH-9-PEG750 derivative
delivered from Ringer’s stock solution in the absence of Pluronic
(C). PGH-9-PEG750 (D) shows the same inversion of the action
potential signal as observed with PGH-1 when the excitation
wavelength was shifted from 540 to 690 nm.3 PGH-9-PEG2000
(E) had similar spectral response characteristics and exhibited
action potential signals with similar signal to noise (S/N) ratio
compared to the PGH-9-PEG750 derivative. In contrast, the PEG-
5000 derivative yielded considerably lower S/N ratio compared
to the other dyes, most likely due to reduced insertion in the
membrane (F).


Discussion


For a dye to function satisfactorily as a potentiometric probe, it
must exhibit the following essential properties: the dye must get to
target tissue and cells; must interact in the proper orientation to
sense membrane potentials across the plasma membrane; should
exhibit large and specific optical changes that vary only with
membrane potential changes; should induce minimal chemical-
and photo-toxicity to the cells and should be optically and
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Fig. 3 Comparison of mouse ventricular action potentials recorded with
PGH-1 and PGH-9 PEG derivatives. Excitation at 540 ± 25 nm and
emission monitored >650 nm (except D). A: PGH-1 in Ringer’s solution
at pH 6. B: PGH-1 in a stock solution of 18% Pluronic L64 and DMSO. C:
PGH-9-PEG750 in Ringer’s at pH 7.4. D: PGH-9-PEG750 stained as C,
excited at 690 ± 25 nm and the emission >750 nm. E: PGH-9-PEG2000 in
Ringer’s stock solution at pH 7.0. F: PGH-9-PEG5000 in Ringer’s stock
solution at pH 7.0.


spatially stable for long-lasting experiments.4,6,9 The voltage sensor
component of the dye should lie in the membrane where the
electric field and charge movements are most significant during
electrical activity. Molecular design features include (1) extended
conjugation for long wavelength absorption while maintaining
photostability; (2) various nitrogen heterocycles contributing to
the long wavelength absorption and providing spectral sensitivity
to voltage changes; (3) hydrophobic groups for stable partitioning
into the lipid bilayer; and (4) a hydrophilic group making the
dye membrane impermeant and facilitating tissue staining.5,21


Through the structural modifications of the dyes, we have reached
near IR excitation wavelengths with increased brightness and
improved the delivery of the dyes to the tissues.


Increasing the absorption wavelength is typically done by
extending the conjugated system. Incorporation of a thienyl unit in
the conjugated system extended the wavelength and was effective
in expanding conjugation of donor–acceptor molecules provid-
ing increased photostability and greater oscillator strength.17,22


Extension of fluorescence to the near infra-red range improves
penetration of the excitation and transmission of emitted light
through thick muscle tissue. Intrinsic chromophores in tissue


are avoided and Rayleigh scattering is reduced at the longer
wavelengths. Far-red absorption was achieved with PGH-2, PGH-
4 and PGH-6 dyes.


The length of the alkyl chains on the styryl portion of the
dye can determine the depth of penetration into the lipid bilayer
and the rate of dye washout.13 Because of their effectiveness in
other dyes, butyl groups were selected to maximize tissue retention
without an excessive compromise on water solubility.12 The depth
of chromophore penetration into the lipid bilayer also increases
with the number of carbons between it and the covalently linked
anchor.13 The type of hydrophilic group is significant. Loew and
coworkers developed a family of styryl dyes which excite at 600–
650 nm and emit >750 nm, but have restricted application for
cardiac tissue studies.8,23 While these dyes have improved spectral
ranges, they exhibit limited photostability and low S/N ratio
signals. The hydrophilic anchor of these dyes is the quaternary
ammonium group, which can be drawn through the plasma
membranes of cells with large negative membrane potential and
thus is not effective for anchoring the dyes at the cell surface.3 We
have used sulfonic acid counter ions to anchor our dyes to the
membrane surface.


The choice of the heterocycle can impact the quantum yield
and voltage sensitivity of the dye within the membrane.5 In this
study, styryl dyes, PGH-1 through PGH-8, were synthesized from
lepidine, quinoline, indolenine, benzothiazole and benzoxazole
heterocycles. While most of the heterocycles gave absorption
maxima near 600 nm, the indolenine dyes (PGH-2, PGH-4
and PGH-6) showed maxima near 690 nm. Unlike most styryl
VSDs, the indolenine dyes with the sulfonic acid group attached
directly to the chromophore (PGH-4 and PGH-6) did not show
absorbance solvatochromism. The close proximity of the anchor
to the aromatic system may maintain a polar environment for
the chromophore. The sulfonate group will effectively orient the
hydroxyl groups of the solvent molecules near the chromophore,
even in octanol. While PGH-1 yielded larger DF/F signals in
heart, PGH-6 also was effective as a VSD, even though it shows
minimal absorption wavelength solvatochromism.3


The surfactant-like properties of PGH-9 PEG derivatives pre-
sented additional challenges for purification. Column purified
PGH-9 PEG derivatives showed an increased Ashort/Along ratio
while alternate synthesis of these derivatives, and the PGH-10
derivative, showed the same ratios as the parent dyes. As the
hydrophobic voltage dye core and the highly water soluble PEG
group became more dissimilar (as with increasing molecular
weight of PEG group), the Ashort/Along ratio increased. Interactions
between the PEG groups, the hydrophobic dye moiety and the
chromatographic stationary phase may have induced these spectral
changes. A shift in absorption maximum from 600 nm to 400 nm,
while maintaining an intact dye structure, can be caused by
a disruption of the p electron system. Encapsulation by the
lengthy PEG group could stabilize a folded conformation of the
dye. Johnsson et al. incubated other types of PEG derivatives
at 60–70 ◦C for 3 h to obtain clear solutions.24 Heating had
no effect on the absorption spectra of our voltage dye-PEGs.
PEG lipids with molecular weight >1000 form spherical micelles
because of the steric hindrance of the larger molecular weight
PEG groups.24 Because of the duality inherent in their structure,
these new VSD PEG derivatives may behave like PEG lipids.
Practical considerations such as concentration may be necessary in
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applications where critical micellar concentration and formation
of spherical or lamellar aggregates are factors.24


Conjugation of PEG groups to VSDs significantly improved
water solubility and simplified delivery to excitable tissues.
Derivatives with a longer PEG group (MW 5000) allowed easier
isolation from reaction mixtures using precipitation with ether.
While derivatives with larger PEG groups are easier to synthesise,
the 2 mM stock concentrations of these materials approach 1%
solute concentration. At these concentrations, the viscosity of the
solution is high and can be problematic in applications where this is
a concern. Derivatives with a shorter PEG group (MW 750) could
not be isolated by precipitation, thus making product recovery
more arduous. However, the shorter PEG dyes labelled the tissues
better in mouse hearts than longer PEG dyes, and did not cause
ischemia. The difference in the relative aqueous solubilities of
PGH-9-PEG750 and PEG-9-PEG5000 (Table 5) shows that the
length of the PEG chain is also an important consideration.
The attachment of PEG groups to styryl VSDs, regardless of
their lengths, has made it possible to deliver these dyes to tissues
without the need for DMSO or Pluronics. The simplified delivery
method greatly improves the productivity of excitable membrane
experimentation and may prove to be particularly advantageous
in neurobiology and nerve networks.


Conclusion


The use of voltage sensitive dyes has been valuable for basic
research and medical physiology of excitable tissues like heart
and nerve networks. Improvements in the sensitivity of the probes
significantly enhance the data quality and range of possible
experiments. Furthermore, advantages can be obtained through
improved dye delivery and imaging of excitable cells from deeper
layers in heart and brain tissues. In developing new methods,
we have uncovered a better probe and enhanced membrane
staining using water-soluble VSDs. These developments provide
incremental improvements that may help us venture into new
paradigms that can produce major increments in dye performance.


Experimental


Chemical syntheses


Full synthetic and characterization details are available as elec-
tronic supplementary information (ESI†).


Synthesis of voltage dyes


Briefly, fluorescent dyes (PGH-1 through PGH-10) were synthe-
sized by the following general method. Equi-molar quantities of
anilino-thiophene-carboxaldehyde (2) in ethanol (∼0.25 M) and
quaternized heterocyclic intermediate (3 through 12) dissolved in
methanol (∼0.25 M) were stirred at room temperature. Quinoline
and lepidine intermediates (3, 9, 10 and 11) required the addition
of 1% (v/v) piperidine to facilitate the reaction. At various times
a sample of the mixture was diluted in ethanol and measured
by UV/Vis spectroscopy. Reaction progress was monitored by
appearance of the product dye (Table 3) and decrease of the alde-
hyde (A444). If significant starting aldehyde remained unreacted,
additional heterocycle was added and the reaction continued.
When the Adye/A444 ratio remained constant, the reaction was


concentrated to dryness by rotary evaporation. Dyes were purified
by either normal or reversed phase column chromatography. Refer
to ESI† for details.


Synthesis of PEG derivatives


Voltage dyes derivatised with PEG groups were synthesised
from PGH-9 and PGH-10 by conversion of carboxylic acid
functional groups to the highly reactive succinimidyl ester
using 1.5 molar equivalents of N,N,N ′,N ′-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU) in DMF con-
taining 1% diisopropylethylamine. mPEG-amines were then added
to the reactive NHS esters in 1.1 molar excess and the progress of
the reaction monitored by TLC. PEG derivatives were isolated by
rotary evaporation or precipitation with ethyl ether. Additional
purification for some of the PEG derivatives was done by column
chromatography. Refer to ESI† for details.


Spectral analysis of dyes


Absorption spectra and extinction coefficients were determined
using a Hewlett Packard Spectrophotometer (8452A Diode Array)
or a Perkin Elmer Lambda 45 Spectrophotometer. Corrected
excitation and emission spectra were obtained using a PTI
QuantaMaster fluorescence system configured with double grating
excitation and emission monochromators and a Hamamatsu
R5108 photomultiplier tube cooled with dry ice and run at 1100 V
in photon-counting mode. Data acquisition and analysis was done
with Felix32 software. Fluorescence samples were prepared by 1 :
10 dilution of the dye solution used for absorption spectroscopy in
an appropriate solvent. Excitation wavelength was set 10–20 nm
below the absorption maximum of the dye (for lepidine-type
dyes at 600 nm; for indolenine-type dyes at 675 nm). Real-time
correction software was used. Extinction coefficients presented in
the synthesis methods (refer to ESI†) were calculated from samples
typically prepared by dissolving 1.00 mg of dye in 100.0 ml of
methanol or ethanol with the aid of sonication. Dye samples in
DMSO (1.00 mg ml−1) were diluted into methanol or ethanol to
produce an optical density of approximately 1.0 AU. The same
volume of DMSO stock solution was diluted into solvents for
measurement of absorption spectra. Further dilutions of these
solutions were made into corresponding solvents yielding optical
densities of approximately 0.1 AU for measurement of fluorescence
spectra.


Solubility of dyes and PEG derivatives


Dye solids were dissolved to make 2 mM solutions in water and
PBS. While PEG derivatives dissolved directly, PGH-1 and PGH-6
required initial dissolution in 10 ll of DMSO followed by dilution
into aqueous solvents (1000 ll). After brief vortex mixing and
1 h of sonication, samples were filtered through 0.22 lm filters
then diluted into methanol for concentration determination by
absorption spectroscopy.


Tissue labeling experiments


Frog hearts were isolated and perfused in a Langendorff apparatus
and stained with a bolus of concentrated dye solution (20 ll of
1 mg ml−1 dye in DMSO plus or minus Pluronic) until it was
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noticeably stained.3,6 The heart was placed in a 10 mm × 10 mm
cuvette and right-angle fluorescence measurements were taken
from re-emergent light through the tissue. Emission spectrum
parameters: excitation 600 nm, emission 620–1000 nm; excitation
spectrum parameters: emission 875 nm, excitation 500–865 nm,
Fluorolog 3 Jobin-Yvon, Hariba, Inc.


Mouse ventricular action potential experiments


Mouse hearts were isolated and perfused in a Langendorff
apparatus, with Ringer’s solution containing (in mM): NaCl 136,
KCl 5.4, MgCl2 1, NaH2PO4 0.33, CaCl2 2.5, HEPES 10, glucose
10; pH 7.4. Hearts were placed in a chamber designed to reduce
contraction artefacts, with temperature controlled to 37 ± 1 ◦C
via a feedback control, as previously described.25 Hearts were
stained with a VSD by adding a bolus of 30 ll dye from a stock
solution of 1 mM dye dissolved in different solvents. The amount
of VSD delivered to each heart was thus kept constant to compare
the different dyes through the S/N ratio of their optical action
potentials (APs) when the dye was excited at 540 ± 25 nm and
emission with a long pass filter at 650 nm. All animal experiments
complied with the University of Pittsburgh’s Animal Care and
Usage Committee and the National Institute of Health.
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The synthesis and characterisation of a novel coumarin donor–perylene bisimide acceptor
light-harvesting system is reported, in which an energy-transfer efficiency of >99% is achieved.
Comparison of the excited-state properties of the donor–acceptor system with model compounds
revealed that although the photophysical properties of the perylene bisimide acceptor unit are affected
considerably by the nature of the substituent at the imide positions and the solvent employed,
through-bond interaction between the donor and acceptor units is negligible. Energy transfer in the
present system can be described as occurring via a through-space energy-transfer mechanism. Careful
consideration of the redox properties of the donor relative to the acceptor units allows for avoidance of
potentially deleterious excited-state electron-transfer processes.


Introduction


Energy-transfer phenomena, such as those central to photosys-
tems I and II,1 and, in particular, in dye-based photovoltaic
systems,2 are of increasing importance in the drive to apply
molecular systems as components in photonic devices and the
ever increasing pressure to develop CO2-neutral energy-generation
technologies. Nature has served as a source of inspiration in
understanding the basic requirements for building efficient energy-
transfer systems,1c,d in particular in mimicking aspects of the
complex architecture of the light-harvesting complexes PS I and PS
II. In developing synthetic systems in which to study energy trans-
fer but under low and high photon fluxes (so called multiphoton-
excitation conditions) it is essential that the components employed
are compatible energetically not only for efficient energy transfer
but also to avoid potentially deleterious photochemistry, e.g.
irreversible photoinduced electron transfer.3


Recently, we reported a tetra-coumarin–porphyrin-based den-
dritic system, which shows efficient intramolecular energy
transfer.4 However, the 7-methoxycoumarin-3-carboxylic acid
selected for the tetra-coumarin–porphyrin system showed a de-
creased quantum yield of fluorescence when coupled to an amine,
due to direct conjugation of the amide with the coumarin double
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bond. Furthermore, the porphyrin acceptor proved to be unstable
under the intense irradiation conditions required to saturate the
system.


Here, we report the design and photophysical characterisation
of a coumarin donor–perylene bisimide acceptor system, which
enables efficient light harvesting (Fig. 1). The perylene bisimide
core is an excellent alternative for the porphyrin acceptor due to
its high fluorescence quantum yield, redox properties, stability and
the ability of perylene bisimides to engage in both electron- and
energy-transfer processes.5,6 These properties make them attractive
for application in photonic devices and as substitutes for inorganic
phosphorescent systems. Indeed, the similarity of both electronic
and redox properties of perylene bisimides with the paradigm
complex [Ru(bpy)3]2+ is remarkable.7 The planarity of perylene
bisimides enables the formation of H- and J-aggregates.8 Such ag-
gregation behaviour is advantageous for supramolecular systems,9


in achieving gelation,10 and in liquid-crystalline behaviour.11


However, in studying unimolecular processes, such as energy and
electron transfer in dendritic systems, aggregation is less desirable.
In recent years, substitution in the bay area of the perylene bisimide
has proven to be effective in inhibiting aggregation and as a
consequence increasing solubility dramatically. Substitution in the
bay area can be employed to connect the perylene bisimide unit
to donor units also,12 thereby combining increased solubility with
increased functionality. In the present contribution substitution
at the bay area is employed, as mentioned above, to facilitate
solubility. Whilst other substituents, specifically energy-donor
components, are introduced at the bisimide positions to provide
the desired functionality.


The perylene bisimide core has been employed successfully in
single- and multi-step donor–acceptor arrays, and has been shown
to be a good acceptor with high stability as demonstrated by the
groups of Fréchet,13 Müllen,14 De Schryver14 and Würthner.15


The choice of donor unit is critical for the study of energy trans-
fer in antenna systems, specifically Förster or resonance energy
transfer. Importantly, the redox properties of the donor and the
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Fig. 1 Schematic representation of the convergent approach to the construction of the coumarin-perylene bisimide donor–acceptor system.


acceptor must not facilitate excited-state electron-transfer between
donor and acceptor.6c To match these requirements, a highly
fluorescent and stable, coumarin-based, donor was selected.1b


The 7-methoxycoumarin-3-acetic acid 1 employed in this study
was chosen to be compatible with the perylene bisimide core, in
terms of both electronic and redox properties. Furthermore, the
carboxylic acid functionality facilitates the use of amide chemistry.


A further important consideration lies in the properties of
the bridging unit between the donor and acceptor components
that enable reasonable control of the donor–acceptor separa-
tion and, to a lesser extent, orientation. Dendritic systems, i.e.
large regularly branched molecules,16 are of special interest as
candidates in energy-transfer systems, as demonstrated by the
groups of Balzani,17 Fréchet13 and Wasielewski.5 Dendrimers
offer a possibility of arranging donor and acceptor units and of
controlling communication between these chromophores, and it
is this covalent-tethering approach, which is taken in the present
study. In the present study, which focuses on through-space energy
transfer, the bridging unit should not allow through-bond energy-
transfer processes to occur. Therefore, piperazine and amides
were used as spacer groups to disrupt through-bond electronic
communication between the donor and acceptor units.


The polarity of the amide bonds provides an opportunity to
examine the effect of solvent polarity on the conformation of
the dendritic structure and also its effect on the energy-transfer
efficiency. In this paper we present the design and synthesis
of an efficient donor–acceptor system (Fig. 1), together with
a photophysical investigation of both the donor and acceptor
components and of the assembled donor–acceptor system.


Experimental


Uvasol-grade solvents (Merck) were employed for all spec-
troscopic measurements. All reagents employed in synthetic
procedures were of reagent grade or better, and used as re-
ceived unless stated otherwise. N-Boc-piperazine,18 5-(N-Boc-


amino)isophthalic acid,19 7,20b 8,20c and 920d,e were prepared accord-
ing to literature procedures. Details of the experimental procedure
for the synthesis of 10, 12a and 12b, and of the measurements
performed can be found in the ESI†.


3-Acetic acid-7-methoxycoumarin (1)


2-Hydroxy-4-methoxybenzaldehyde (25 g, 0.16 mol) and succinic
anhydride (50 g, 0.50 mol) were placed in a 250 ml three-necked
round-bottom flask fitted with a reflux condenser. The solid
mixture was heated on a metal plate to 90 ◦C and stirred for
30 min. The melt was then heated to 190 ◦C. Anhydrous succinic
acid, disodium salt (38 g, 0.23 mol) was added in small portions
over 4 h. The hot melt was poured into 10% HCl (aq) and left
overnight. The yellowish precipitate was filtered and washed with
water until neutral. The residue was dissolved in 5% NaHCO3


(aq) and filtered. The filtrate was added to cold 15% HCl (aq) and
left overnight. The precipitate was filtered and the residue washed
with H2O, dried, and recrystallised from H2O–ethanol yielding
brownish crystals (8.28 g, 35.8 mmol) in 21,8% yield. m.p. 177.5–
177.9 ◦C. 1H NMR (400 MHz, DMSO-d6) d = 12.47 (s, 1H), 7.90
(s, 1H), 7.60 (d, J = 8.6 Hz, 1H), 7.01 (d, J = 2.4 Hz, 1H), 6.95 (dd,
J = 8.6, 2.5 Hz, 1H), 3.85 (s, 3H), 3.45 (s, 2H). 13C NMR (50 MHz,
DMSO-d6) d = 171.41 (s), 161.89 (s), 160.86 (s), 154.58 (s), 141.74
(d), 128.95 (d), 119.23 (s), 112.41 (d), 112.38 (s), 100.42 (d), 55.81
(q), 35.60 (t). MS(EI) for C12H10O5 m/z 234 [M+], HRMS calcd
for C12H10O 234.053, found 234.053.


7-Methoxy-3-(2-oxo-2-(N-Boc-piperazine)-1-yl-ethyl)coumarin
(1a)


N,N ′-Carbonyldiimidazole (CDI) (1.4 g, 8.5 mmol) was added
to a suspension of 3-acetic acid-7-methoxycoumarin (2.0 g,
8.5 mmol) in dry CH2Cl2. The reaction mixture was stirred at room
temperature (RT) under N2 until CO2 evolution was complete,
and stirring was continued for another 30 min. N-Boc-piperazine
(1.57 g, 8.5 mmol) was added and the reaction mixture was stirred
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under N2 at RT overnight. The reaction mixture was extracted
twice with 1 M HCl (aq), twice with 5% NaHCO3 (aq), and
once with brine. The solution was dried over Na2SO4 and the
solvent evaporated. The crude mixture was purified using column
chromatography (2% MeOH in CH2Cl2, SiO2, Rf = 0.4) giving
a yellow solid (3.13 g, 7.76 mmol) in 91.8% yield. m.p. 164.0–
164.4 ◦C. 1H NMR (400 MHz, CDCl3) d = 7.65 (s, 1H), 7.32 (d,
J = 8.6 Hz, 1H), 6.80 (dd, J = 8.5, 2.4 Hz, 1H), 6.78 (d, J =
2.3 Hz, 1H), 3.83 (s, 3H), 3.58 (dd, J = 9.0, 5.0 Hz, 4H), 3.56 (s,
2H), 3.48-3.42 (m, 2H), 3.42-3.37 (m, 2H), 1.43 (s, 9H). 13C NMR
(100.6 MHz, CDCl3) d = 168.4 (s), 162.4 (s), 161.9 (s), 155.1 (s),
154.5 (s), 141.8 (d), 128.5 (d), 119.3 (s), 112.6 (s), 112.9 (d), 100.5
(d), 80.2 (s), 55.7 (q), 45.96 (t), 41.8 (t), 34.0 (t), 28.3 (q). MS(EI) for
C21H26N2O6 m/z 402 [M+], HRMS calcd for C21H26N2O6 402.179,
found 402.180.


General deprotection method for BOC-protected amines


The Boc-protected amine was stirred in a mixture of 1 : 1 CH2Cl2–
CF3COOH for 4 h. An equal amount of water was added and the
mixture was neutralised by addition of solid NaHCO3, after which
the aqueous layer was separated and the organic layer was washed
with saturated NaHCO3 solution. Subsequently the organic layer
was dried over Na2SO4 and the solvent evaporated. The resulting
product was used in subsequent steps without further purification.


(3,5-Bis{4-[2-(7-methoxy-2-oxo-2H-chromen-3-
yl)acetyl]piperazine-1-carbonyl}phenyl)carbamic acid tert-butyl
ester (4)


BOC-protected 7-methoxy-3-(2-oxo-2-(N-Boc-piperazine)-1-yl-
ethyl)coumarin (1a) was deprotected using the general method
described above, and (2.0 g, 6.6 mmol) of the deprotected com-
pound was suspended in THF with 5-(N-Boc-amino)isophthalic
acid (0.66 g, 2.4 mmol). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yI)-4-
methylmorpholinium chloride (DMTMM) (2.0 g, 7.2 mmol) was
added and the suspension was stirred overnight. The solvent was
evaporated and the crude mixture was purified using column
chromatography (4% MeOH in CH2Cl2, SiO2, Rf = 0.4), yielding
a light yellow solid (0.87 g, 1.02 mmol, 43%) m.p. 190.5–191.2 ◦C.
1H NMR (400 MHz, CDCl3) d = 7.66 (s, 2H), 7.53 (s, 2H), 7.34
(d, J = 8.6 Hz, 2H), 7.08 (s, 2H), 6.97 (s, 1H), 6.82 (dd, J = 8.6,
2.4 Hz, 2H), 6.79 (s, 2H), 3.84 (s, 6H), 3.81–3.36 (m, 20H), 1.49
(s, 9H). 13C NMR (50 MHz, CDCl3) d = 169.2 (s), 168.5 (s), 162.4
(s), 161.9 (s), 155.1 (s), 152.5 (s), 142.0 (d), 139.6 (s), 136.2 (s),
128.5 (d), 119.6 (d), 119.2 (s), 118.3 (d), 112.8 (s), 112.7 (d), 100.4
(d), 80.9 (s), 55.7 (q), 47.5 (t), 46.0 (t), 41.9 (t), 34.1 (t), 28.2 (q).
MALDI-TOF MS (Mw = 849.32) m/z = 872.51 [M + Na+].


N ,N ′-(3,5-Bis{4-[2-(7-methoxy-2-oxo-2H-chromen-3-
yl)acetyl]piperazine-1-carbonyl}phenyl)-1,6,7,12-tetrakis[4′-tert-
butylphenoxy]-3,4:9,10-perylenetetracarboxylic diimide (12c)


In a 100 ml round-bottom flask fitted with a reflux condenser 10
(100 mg, 0.10 mmol), 5 (225 mg, 0.30 mmol) (obtained after depro-
tection of 4 via the standard procedure) and dimethylacetamide
(20 ml) were heated and stirred at 120 ◦C under dinitrogen. After
5 days the reaction was judged complete (by TLC, 10% MeOH
in CH2Cl2, SiO2). The reaction mixture was poured into 50 ml
1 M HCl (aq) and left to stand overnight. The precipitate was


filtered off and the residue washed with 1 M HCl (aq) and water.
The residue was taken up into MeOH–CH2Cl2 1 : 1, dried over
Na2SO4, and the solvent evaporated. The crude compound was
purified by column chromatography (4% MeOH in CH2Cl2, SiO2)
yielding the purple product 12c (40 mg, 0.016 mmol, 16%). 1H
NMR (400 MHz, CDCl3) d = 8.26 (s, 4H), 7.65 (s, 4H), 7.63 (t,
J = 1.5 Hz, 2H), 7.43 (d, J = 1.3 Hz, 4H), 7.35 (d, J = 8.6 Hz,
4H), 7.23 (d, J = 8.9 Hz, 8H), 6.85–6.77 (m, 16H), 3.86 (s, 12H),
3.83-3.38 (m, 40H), 1.26 (s, 36H). 13C NMR (100.6 MHz, CDCl3)
d = 169.5 (s), 169.4 (s), 164.2 (s), 163.5 (s), 163.0 (s), 157.2 (s),
156.2 (s), 153.7 (s), 148.6 (s), 143.1 (d), 137.5 (s), 136.2 (s), 134.2
(s), 130.7 (d), 129.6 (d), 127.8 (d), 123.2 (s), 122.1 (s), 121.4 (d),
120.8 (s), 120.4 (s), 120.3 (d), 113.9 (d), 113.8 (d), 101.6 (d), 56.8
(q), 48.7 (d), 47.1 (d), 43.3 (d), 35.4 (d), 35.2 (d), 32.5 (q), 30.7 (s).
MALDI-TOF MS (Mw = 2447.91) m/z = 2470.46 [M + Na+].


(5-tert-Butoxycarbonylamino)isophthalic acid
bis(2,5-dioxopyrrolidin-1-yl) ester (13)


A suspension of 5-(N-Boc-amino)isophthalic acid (1.0 g,
3.5 mmol) and N-hydroxysuccinimide (886 mg, 7.7 mmol) in dry
THF under a dinitrogen atmosphere was stirred at 0 ◦C. N,N ′-
Dicyclohexylcarbodiimide (1.6 g, 7.7 mmol) was added, and the
solution was stirred overnight at RT. The suspension was filtered
and the filtrate collected. The solvent was evaporated and the
resulting solid was recrystallised from 2-propanol yielding a white
powder (853 mg, 1.77 mmol, 51%). m.p. 205.1–205.6. 1H NMR
(400 MHz, CDCl3) d = 8.50 (s, 1H), 8.44 (s, 1H), 6.99 (s, 2H), 2.90
(s, 8H), 1.52 (s, 9H). 13C NMR (50.3 MHz, CDCl3) d = 169.1 (s),
160.7 (s), 152.3 (s), 140.4 (s), 127.1 (s), 126.4 (d), 125.4 (d), 82.2
(s), 28.4 (q), 25.9 (t). MS(EI) for C23H33N3O4 m/z 475.1 [M+].


[3,5-Bis(piperidine-1-carbonyl)phenyl]carbamic acid tert-butyl
ester (14)


A suspension of 13 (2.0 g, 4.2 mmol), piperidine (1.1 g, 12,6 mmol)
and triethylamine (1.3 g, 21.6 mmol) in CH2Cl2 (100 ml) was
stirred overnight under a dinitrogen atmosphere. The suspension
was subsequently washed with a 1 M HCl (aq) (twice), a saturated
aqueous NaHCO3 solution (twice), water and finally with brine.
The organic layer was dried with Na2SO4, and the solvent
evaporated. The solid residue was dissolved in MeOH, after which
the product was precipitated by dropwise addition to 1 M HCl
(aq). The white precipitate is filtered, washed with water and dried
in a vacuum oven at 40 ◦C, yielding a white powder (1.18 g, mmol,
57%). 1H NMR (400 MHz, CDCl3) d = 9.66 (s, 1H), 7.51 (s, 2H),
6.87 (s, 1H), 3.56 (s, 4H), 3.25 (s, 4H), 1.48 (s, 9H), 1.38–1.65 (m,
12H). 13C NMR (50.3 MHz, CDCl3) d = 169.4 (s), 152.8 (s), 139.7
(s), 137.5 (s), 119.0 (d), 118.0 (d), 80.9 (s), 49.0 (t), 43.4 (t), 28.5 (q),
26.7 (t), 25.8 (t), 24.7 (t). MS(EI) for C23H33N3O4 m/z 415 [M+],
HRMS calcd for C12H10O 415.248, found 415.247.


Results and discussion


The construction of the donor–acceptor systems employs se-
quential amide-coupling steps in a convergent manner. The
coumarin donor units were connected to branching unit 3
via two consecutive amide-coupling reactions (Fig. 2). First,
the acetic acid-functionalised coumarin 1 was connected to a
mono-Boc piperazine, after which the protecting group was
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removed to give the amine-functionalised coumarin 2. The
functionalised coumarin 2 was then coupled to 5-(N-Boc-
amino)isophthalic acid using 4-(4,6-dimethoxy-1,3,5-triazin-2-
yI)-4-methylmorpholinium chloride (DMTMM) with an overall
yield of 20%, after which the protecting group was removed
yielding 5 (Fig. 2), which was used without further purification.


Fig. 2 Synthesis of the dicoumarin branch 5: (a) CDI, CH2Cl2,
N-Boc-piperazine; (b) CH2Cl2, CF3COOH, 4 h; (c) DMTMM, THF, 18 h;
(d) CH2Cl2, CF3COOH, 4 h.


The core unit was prepared using literature procedures.20 The
perylene bisanhydride 6 was transformed to the n-butyl bisimide
7 by condensation with n-butylamine (Fig. 3). The bisimide was
tetra-chlorinated using sulfuryl chloride in nitrobenzene to yield
8. Aromatic substitution using 4-tert-butylphenol provided the
tetraphenol-substituted perylene bisimide 9. The bisimide was
saponified with potassium hydroxide to give the tetra(4-tert-


butylphenoxy)-substituted bisanhydride 10 after acidic work-up
in 46% yield over 4 steps (Fig. 3).


Condensation of 10 with an excess of 5 provided, after purifica-
tion, the tetra coumarin perylene bisimide 12c in 16% yield. The
model compounds 12a and 12b were synthesised following similar
procedures (Fig. 4).


The compounds were purified by column chromatography and
characterised by 1H and 13C NMR spectroscopy and MALDI-
TOF mass spectroscopy (see experimental section for details).


Electronic properties


The absorption spectra of the perylene bisimide model compounds
and 12c in CH2Cl2 are shown in Fig. 5 and the data are summarised
in Table 1. Examination of the spectra of the substituted perylene
bisimides (Fig. 5) reveals a bathochromic shift with decreasing
electron donating strength of the substituent. The visible absorp-
tion spectrum (k > 400 nm) of 12b is almost identical to that of
12c. This indicates that the electronic influence of the substituent
is limited to the bridging unit itself and any influence of the
coumarin component observed is unlikely to be through bond in
character.


Emission spectra (kex = 450 nm) of the model compounds
(Fig. 6) and 12c show a trend analogous to that observed in the
absorption spectra; a slight bathochromic shift is observed with
decreasing electron-donating strength of the substituent (Table 1).
As a consequence of the similarity of the redox (vide infra),
absorption and emission properties of 12b and 12c, the former


Fig. 3 Synthesis of the core acceptor unit (a) n-butylamine, quinoline, 220 ◦C, 6 h; (b) SO2Cl2, I2, PhI, PnNO2, reflux, 80 ◦C, 20 h; (c) 4-tert-butylphenol,
K2CO3, NMP, 130 ◦C, 3 days; (d) KOH, H2O, t-BuOH, reflux, 24 h; (e) HCl (aq).


Fig. 4 Synthesis of 12a–c: (a) toluene, 120 ◦C, 5 d; (b) DMA, 120 ◦C, 5 d.
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Table 1 Absorption and emission spectra of 4, 9 and 12a–ca


Absorption Emission Lifetime


kmax/nm (103 e/cm−1 M−1) kmax/nm (Ufl) s/nsb


1a 322(18.3) 393d (0.46d) 1.38d


4 324(31.3) 394d (0.50d) 1.51d


9 266(40.6), 286(49.6), 451(16.7), 539(26.7), 577(43.1) 608e (0.66i) 6.66f


12a 265(43.0), 290(43.6), 452(16.9), 540(28.1), 580(45.7) 612e (0.59 i) 6.46f


12b 289(41.9), 455(15.7), 544(28.1), 584(44.6) 616e (0.57 i) 6.30f


12c 295(63.6), 322(61.5), 458(14.5), 546(25.7), 587(41.9) 394d, 618d (<0.03,d ,g 0.47 h , i) 5.94f


4 + 12cc 294, 321, 455, 544, 584 394d, 619d (n.d.) n.d.


a Recorded in CH2Cl2 at RT. b Emission lifetime, experimental uncertainty ∼2.5%. c 2 : 1 mixture. d kex = 322 nm. e kex = 450 nm. f kex = 420 nm. g Residual
coumarin emission. h Direct excitation of the perylene bisimide unit. i kex = 539 nm.


Fig. 5 Absorption spectra of 9 (—), 12a (---), 12b ( · · · ) and 12c (-·-) in
CH2Cl2 at RT. Inset = expansion of the 560 to 600 nm region.


Fig. 6 Emission spectra of 9 (—), 12a (---) and 12b ( · · · ) in CH2Cl2 at
RT (kex = 450 nm), showing the decrease in the relative quantum yield of
emission.


compound was chosen as a model for the core acceptor unit in
photophysical studies.


As for the acceptor unit, a suitable model for the donor part must
be identified in order to examine the energy-transfer processes
within 12c. Due to overlap of absorption in 12c of the coumarin
and perylene bisimide components confirmation of the suitability
of 4 as a model compound was obtained from comparison of
the spectrum of a 2 : 1 molar mixture of 4 and 12b with the


absorption spectrum of 12c (Fig. 7). The absorption spectrum
of the model mixture of 12b and 4 is almost identical to that
of 12c, with no significant shifts in either the red or the blue
region, indicating little or no communication between coumarin
and perylene bisimide is present. The location of the maximum
at k = 324 nm and the intensity of the coumarin 4 absorption
coincide with the absorption of the coumarin component of 12c.
Similarly the emission kmax of the model coumarin and the residual
emission in 12c compare well (vide infra).


Fig. 7 Absorption spectra of 12c (—), the 1 : 2 mixture of 12b and 4 (---),
and the spectrum of 4 ( · · · ), spectra were recorded in CH2Cl2 at RT, the
spectra of 12c and the mixture of 4 and 12b are normalised to the perylene
bisimide absorption maximum ∼590 nm.


The fluorescence lifetimes of the model perylene bisimide
compounds 9, 12a and 12b (kex = 420 nm), substituted with
butyl, phenyl and bridge model 11, respectively (Fig. 4), show
a modest but significant decrease in excited-state lifetimes and
are accompanied by a concomitant decrease in the fluorescence
quantum yield (Table 1). The trend observed is comparable to
the bathochromic shift observed in both absorption and emission
spectra. The decrease in emission lifetime is not unexpected and
can be rationalised on the basis of the energy-gap law,21 which
predicts a decrease in the nonradiative emission lifetime with a
decrease in ground–excited-state energy gap, however it should be
noted that the overall difference in the ground and emissive-excited
states in this series is 250–300 cm−1 in total.22
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Table 2 Redox potentials of 9 and 12a–c


Compound Oxidation/Va Reduction/Va DV/Vb


9 1.25 −0.77 −0.92 2.02
12a 1.28 −0.72 −0.88 2.00
12b 1.31 −0.66 −0.83 1.97
12c 1.33 −0.64 −0.81 1.97


a Differential pulse voltammetry. b DV is the separation between E1/2 of
the first oxidation and the first reduction (V vs. SCE, in CH2Cl2–0.1 M
TBAPF6).


Redox properties


The redox potentials of perylene bisimides (9, 12a–c, Table 2) were
measured by differential pulse and cyclic voltammetry in CH2Cl2–
0.1 M TBAPF6 between +1.6 V and −1.2 V vs. SCE. At anodic
potentials a reversible one-electron redox peak (E1/2 +1.25 V to
+1.33 V vs. SCE) is observed for all perylene bisimide-based
compounds (Fig. 8). Similarly at cathodic potentials two reversible
one-electron redox waves are observed, with the separation
between the first process (E1/2 −0.64 V to −0.77 V vs. SCE) and
the second process (E1/2 −0.81 V to −0.92 V vs. SCE) showing
only minimal dependence (∼5 mV) on the substituent employed
at the imide position. Comparison of 12c with the model perylene
bisimide systems confirms that both the first oxidation and the first
and second reduction processes are based on the perylene bisimide
core.6b,20b Within the potential window examined (+1.6 to −1.6 V
vs SCE) no redox activity was observed for the coumarin or amide
components.


Fig. 8 Cyclic voltammetry of 9 and 12a–c in CH2Cl2/0.1 M TBAPF6 vs
SCE. The current is offset for clarity.* indicates the open circuit potential.


The correlation between the HOMO–LUMO energy gap
determined electrochemically and spectroscopically is well
established,23 providing both the oxidation and reduction involve
the same chromophoric unit. The separation (DV ) between first
oxidation and first reduction decreases with decreasing electron-
donating ability of the substituent. This indicates a decrease in the
HOMO–LUMO energy gap. For 12b and 12c, the similarity in the
separation (DV ) indicates a comparable influence on the perylene
bisimide core by both imide substituents. Comparison of 9 and 12b
indicates that electron-withdrawing groups destabilise the LUMO


to a slightly greater extent than the HOMO, and thereby show a
decrease of the HOMO–LUMO gap overall.


Solvent-dependence of spectroscopic properties


Absorption and emission spectra of all compounds were obtained
in acetone, dichloromethane and chloroform. For the coumarin
model 4 both absorption and emission spectra were identical in
dichloromethane and chloroform (aggregation was observed in
acetone).


For the perylene bisimide-containing compounds, however, con-
siderable solvent-dependence in both the emission and absorption
spectra was observed (Fig. 9 and Table 4). The spectra show
a red-shift in both absorption and emission between acetone,
dichloromethane and chloroform. The origin of this solvent-
dependence can be assigned to the interaction of the imide
carbonyls of the perylene bisimide unit with the solvent, and
is similar to the effect observed upon substitution at the imide
nitrogen (vide supra). This solvent effect highlights the influence of
the imide carbonyls on the HOMO–LUMO levels of the perylene
bisimide core. The nature of the interaction, vis à vis HOMO vs.
LUMO stabilisation, can be estimated from the redox potentials
of the compounds in these solvents.


Fig. 9 Absorption and emission spectra of 12b in acetone (–), CH2Cl2


(---) and chloroform ( · · · ) at RT (kex = 450 nm, spectra normalised for
clarity).


The redox properties of the perylene bisimide compounds in
dichloromethane and chloroform are shown in Table 3. It is


Table 3 Redox potentialsaof 9 and 12a–b in dichloromethane and
chloroform


Dichloromethane Chloroform


E1/2 DV/V E1/2 DV/V


9 1.25, −0.77, −0.92 2.02 1.28, −0.87, −1.03 2.15
12a 1.28, −0.72, −0.88 2.00 1.32, −0.80, −0.99 2.12
12b 1.31, −0.66, −0.83 1.97 1.32, −0.72, −0.91 2.04
12c 1.33, −0.64, −0.81 1.97


a Determined by differential pulse voltammetry (V vs. SCE, in respective
solvent–0.1 M TBAPF6)
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Table 4 Solvent-dependence of the absorption and emission maxima of
the perylene bisimide emission (k ∼ 580 nm) of 9 and 12a–c


Absorptiona (kmax)/nm Emissiona ,b (kmax)/nm


Acetone CH2Cl2 CHCl3 Acetone CH2Cl2 CHCl3


9 568 577 585 603 608 620
12a 568 580 588 603 614 622
12b 571 584 590 603 616 623
12c 573 587 593 606 618 626


a Measurements taken at RT b kex = 450 nm.


apparent from the shift in first-reduction potential (vs. SCE) going
from dichloromethane to chloroform for each separate compound
(9, 12a–c) that the LUMO level is affected by the solvent to only a
slightly larger extent than the HOMO level. A key aspect of energy
transfer is the relative importance of through-bond and through-
space contributions to the overall interaction between the donor
and acceptor units. Typically the through-bond contribution is
estimated by comparison of the spectroscopic properties of the
separate donor and acceptor component with those of 12c. It
is clear that although minor differences in the absorption and
emission spectra between the 2 : 1 mixture (of 4 and 12b) and 12c
are observed, these differences are comparable to the effect of local
solvent environment.


The molecular geometry and the orbital-energy diagrams of 9,
12a and 12b were calculated using the hybrid Hartree–Fock density
functional method (B3LYP/6-31G(d)).24 The tert-butyl groups on
the phenol bay substituent were replaced by methyl groups, for
9 instead of a butyl group a methyl was used and for 12b the
piperidine groups were replaced by dimethylamine substituents,
this was done to increase symmetry and to reduce calculation cost,
all replacement substituents were selected to have minimal impact
on the electronic structure. Molecular orbital diagrams of 9, 12a
and 12b show a considerable contribution of the imide carbonyls
to both the HOMO and LUMO of the model compounds (ESI†).
It is clear that the imide substituents are not involved in the
frontier orbitals of the perylene compounds examined despite
holding a strong influence over the electronic character of the
carbonyl bonds. This suggests that the effect of both the solvent
and the imide substituents on the electronic properties is due to
the perturbation of electron density on the carbonyl groups.


Energy transfer


The absorption spectrum of the coumarin substituted branch
4 in CH2Cl2 at RT shows an absorption maximum at k =
324 nm (Fig. 7). At this wavelength the absorption of the perylene
bisimide model is low (Fig. 5), allowing for direct excitation of the
donor unit with minimal direct excitation of the perylene bisimide.
In order for energy transfer to occur via a Förster energy-transfer
mechanism, overlap of the donor-emission spectrum and acceptor-
absorption spectrum is required. The emission of 4 in CH2Cl2 at
RT shows a maximum at 394 nm and overlaps with the absorption
of the perylene bisimide acceptor unit (Fig. 10).


The emission spectra of a 2 : 1 mixture of 4 and 12b, and of
12c were measured in CH2Cl2 at RT (Fig. 11). Excitation at kex =
450 nm results in perylene bisimide emission of similar intensity
at kem = 616 nm for both systems (not shown). This confirms


Fig. 10 Absorption and fluorescence spectra of 12c (abs —) and 4
(abs ---, fl · · · , kex = 322 nm) normalised to 12c absorption maximum
at k = 587 nm in CH2Cl2 at RT.


that the spectroscopic properties of the perylene bisimide core are
unaffected by the covalent attachment of the coumarin. Similarly,
upon excitation at kex = 322 nm, corresponding to the kmax of the
coumarin absorption, both the mixture and 12c show emission at
kmax = 394 nm (coumarin emission) and 616 nm (perylene bisimide
emission). The intensity of the coumarin emission in both systems
is very different, however. The reduced intensity of the coumarin
emission, observed for 12c, indicates quenching of the coumarin
emission is taking place (the coumarin Ufl decreases from 0.5 to
<0.03, Table 1). By contrast, the intensity of the perylene bisimide
emission of 12c is increased compared to that in the model system.
Hence intramolecular energy transfer from the coumarin to the
perylene bisimide core is taking place in 12c.


Fig. 11 Emission spectra corrected for the absorption at kex = 322 nm of
the model mixture (2 : 1 mixture of 4 (3 × 10−5 M) and 12b (1.5 × 10−5 M),
kex = 322 nm, —), and 12c (0.5 × 10−5 M, kex = 322 nm, ---) in CH2Cl2 at
RT.


The absence of intermolecular energy transfer was confirmed
through excitation spectroscopy (Fig. 12). The excitation spectrum
of 12c matches the corresponding absorption spectrum closely
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Fig. 12 Excitation spectra of 12b (—), 12c (---), and a 2 : 1 mixture of,
respectively, 4 and 12b ( · · · ) in CH2Cl2 at RT, normalised at the perylene
bisimide absorption maximum at 586 nm.


and, importantly, shows the contribution of the coumarin ab-
sorption to the perylene bisimide emission in 12c. Comparison of
the excitation spectra of 12b and the 2 : 1 mixture of 4 and 12b
shows that the free coumarin does not contribute to emission of
the perylene bisimide model compound. Hence, it is unlikely that
intermolecular energy transfer occurs in solution for 12c.


Preliminary time-resolved emission spectroscopy confirms that
energy transfer from the coumarin donor units to the perylene
bisimide acceptor core is fast (<15 ps, Fig. 13). The presence
of four donor coumarin units and the non-zero absorption of
the perylene bisimide unit itself in the near UV region opens the
possibility that several components of the system can be pumped
optically to an electronically excited state within the lifetime of the
perylene bisimide acceptor excited state, resulting in potentially
complex excited-state behaviour. Under the low excitation inten-
sity conditions employed here, however, statistically only one unit
in the array is excited at any one time (i.e., either one of the four


Fig. 13 Time-resolved emission spectroscopy of 12c in CHCl3. irf-instru-
ment response function, kem 385 nm (coumarin unit), kem 620 nm (perylene
bisimide unit). Excitation wavelength kex = 325 nm.


coumarin donor units or the perylene acceptor core itself). Hence
the rapid decay of the coumarin emission and the concomitant
rise time of the perylene bisimide component observed by time-
resolved spectroscopy provides a strong indication that energy
transfer from the coumarin to the perylene bisimide is efficient.


Conclusions


In understanding and characterising energy-transfer processes it
is essential that the models used for comparison with the dendritic
system are suitable. The imide substituent is expected to have a
negligible effect on the properties of the perylene bisimide core;
however, it is clear from comparison of 9 with 12b that a significant
shift in the absorption spectrum results from a change in the
imide substituents. Differences between the absorption spectra
of 12c and model compounds 9, 12a and 12b become less for the
imide-substituted models, which are structurally most similar to
branch unit 4 used in 12c. This is quite evident when considering
the trends observed in the absorption spectra, but can also be
seen when comparing the redox properties. Hence 12b is the most
suitable model compound for the acceptor unit of the donor–
acceptor system 12c. The remaining differences (∼2 nm shift)
can be rationalised by considering the small differences in local
environment, most likely caused by the branches, and are much
smaller than differences observed with different solvents (i.e. upon
changing from dichloromethane to chloroform, a ∼10 nm shift is
observed).


These small differences suggest that through-bond orbital
interaction is minimal if indeed it is present and hence through-
bond energy transfer is unlikely. The model mixture of 4 and
12b also shows that the energy transfer is not due to trivial
(intermolecular) energy transfer, since irradiation at the kmax of
4 shows no increase of the perylene bisimide emission compared
to a solution of 12b irradiated at the same wavelength. Irradiation
of 12c at the kmax of 4 shows a clear increase in fluorescence
of the perylene bisimide, indicating transfer of energy from
the coumarin donor to the perylene bisimide acceptor. This is
confirmed by comparison of the excitation spectra of 12c and
model mixture of 4 and 12b, which show that the energy originates
from the coumarin donor and not only from the residual perylene
bisimide absorption at that excitation wavelength (Fig. 12, the
coumarin kmax).


In the present report we have described the synthesis and
characterisation of a tetra coumarin donor–perylene bisimide
acceptor array. The energy transfer from the donor units to the
acceptor was found to be very efficient (>99%) and to take place
via a through-space mechanism. In addition to the high efficiency
of energy transfer, which is comparable to several related systems
reported previously,13,14,15 the donor4–acceptor array shows high
stability, and its redox properties indicate that no undesired,
and possibly deleterious, photoinduced electron transfer between
the donor and acceptor takes place. Importantly, recognition of
the sensitivity of the acceptor to both solvent properties and
the nature of the imide substituents is critical for excluding a
through-bond contribution to the energy-transfer mechanism. An
investigation25 of the picosecond energy-transfer dynamics and
the behaviour of the donor–acceptor system under multiphoton
excitation conditions is currently in progress.
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4451; (b) P. Furuta, J. Brooks, M. E. Thompson and J. M. J. Fréchet,
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Analogues of farnesyl diphosphate (FPP, 1) containing phenyl substituents in place of methyl groups
have been prepared in syntheses that feature use of a Suzuki–Miyaura reaction as a key step. These
analogues were found not to act as substrates of the sesquiterpene cyclase aristolochene synthase from
Penicillium roqueforti (AS). However, they were potent competitive inhibitors of AS with K I-values
ranging from 0.8 to 1.2 lM. These results indicate that the diphosphate group contributes the largest
part to the binding of the substrate to AS and that the active sites of terpene synthases are sufficiently
flexible to accommodate even substrate analogues with large substituents suggesting a potential way for
the generation of non-natural terpenoids. Molecular mechanics simulations of the enzyme bound
inhibitors suggested that small changes in orientations of active site residues and subtle alterations of
the conformation of the backbones of the inhibitors are sufficient to accommodate the
phenyl-farnesyl-diphosphates.


Introduction


Terpenoids are the largest group of natural products with
immense diversity in their structure and function.1 There has
been significant interest in terpenoids as antifungal, antibacterial
and anticancer agents for the treatment of human disease with
multibillion-dollar sales worldwide. Despite their enormous struc-


School of Chemistry, Main Building, Cardiff University, Park Place, Cardiff,
CF10 3AT, UK. E-mail: allemannrk@cardiff.ac.uk; Fax: +44 29 2087 4030
† Electronic supplementary information (ESI) available: General experi-
mental procedures and protocols for diphosphorylation of target alcohols.
Enzyme preparation, purification and kinetic characterisation of inhibitors
as well as plots of [I ] versus apparent KM for FPP turnover by AS in the
presence of 19, 29, and 36. See DOI: 10.1039/b713301b


Fig. 1 Structure of FPP (1) and some examples of the complexity of natural products derived from it. The parent sesquiterpenes such as 2, 4, 6 and 8
may be further transformed by downstream metabolic processes into a diverse set of sesquiterpenoids such as PR toxin (3), artemisinin (5), parthenolide
(7), and gossypol (9).


tural variety, all terpenes are derived from simple linear precursors
such as geranyl diphosphate (GPP), farnesyl diphosphate (FPP),
and geranyl geranyl diphosphate (GGPP). Cyclisation of GPP to
monoterpenes, FPP to sesquiterpenes and GGPP to diterpenes is
accomplished by terpene synthases. These enzymes, many of which
share the mainly a-helical class I terpene fold, serve as high fidelity
templates that subtly channel conformation and stereochemistry
during the cyclisation reactions and are key to the generation of the
wide diversity in structure and stereochemistry found in terpenoids
(Fig. 1). They bind their respective substrates together with the
obligatory Mg2+-cofactor, catalyse the loss of the diphosphate
group and chaperone the reaction intermediates along complex
reaction pathways; often with exquisite specificity. Terpene syn-
thases catalyse highly regio- and stereospecific cyclisations, hydride
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and methyl transfers as well as deprotonation reactions while at
the same time excluding solvent from the active site to prevent
premature quenching by water of the extremely reactive cationic
reaction intermediates. The majority of the characterised terpene
synthases form only one or a few products; however, there are some
enzymes that form a variety of products from a single substrate.
The d-selinene and c-humulene synathases from Abies grandis (the
grand fir) produce 34 and 52 sesquiterpenes, respectively.2,3


Clearly the exact arrangement of the amino acid residues in
the active site of individual terpene cyclases within a common
protein fold is crucial for the outcome of the reaction. Site
directed replacement of amino acids in and around the active
site of several terpene synthases has indicated that the product
distribution can often be altered.4–13 While these experiments
indicated the high adaptability of these enzymes, the products
generated by the mutant enzymes were always known natural
terpenoids. However, the plasticity of terpene synthases suggests
that they have the potential for the generation of novel “unnatural”
terpenes from unnatural prenyl-diphosphate analogues. While
biosynthetic restrictions imply that all prenyl-diphosphates carry
methyl substituents only, a synthetic approach to analogues of the
substituents of terpene cyclases currently allows the introduction
of a wide variety of substituents.


To test whether the active sites of terpene synthases can
accommodate alternate substrates we report here syntheses of
the FPP analogues containing phenyl substituents in place of the
methyl groups on C3 and C11 (Scheme 1). While (2E,6E,10E)-3,
7-dimethyl-11-phenyldodeca-2,6,10-trien-1-yl diphosphate (19),
(2E,6E,10Z)-3,7-dimethyl-11-phenyldodeca-2,6,10-trien-1-yl di-
phosphate (29) and (2Z,6E)-7,11-dimethyl-3-phenyldodeca-2,
6,10-trien-1-yl diphosphate (36) were not converted to products
by AS from Penicillium roqueforti, all three FPP analogues acted
as potent competitive inhibitors indicating that they bound to
the active site of this sesquiterpene cyclase in a fashion similar to
the natural substrate, thereby highlighting the enormous plasticity
of these enzymes and their potential for the production of novel
terpenoid analogues that might have superior properties for many
applications including the treatment of human disease.


Scheme 1


Results


In order to explore the plasticity of terpene cyclases and to in-
vestigate their potential for the synthesis of non-natural terpenoid
analogues from modified prenyl diphosphates, we have synthesised
three FPP analogues in which the methyl groups on C3 and C11
were replaced by phenyl substituents. The general structure of
these analogues is shown in Scheme 1 along with the retrosynthetic


disconnection used here. Previous syntheses of analogues of
farnesol concentrated on modification of the C15 methyl group14–18


and to some extent the C1419 with little attention to the C12 and
C13 methyl groups of FPP. These syntheses have largely used the
elegant and robust chain extension methodology of Weiler and
Sum as a key step.20 For the syntheses of the compounds required
here, a synthesis allowing changes to all the methyl groups of FPP
was required and it seemed that a disconnection that exploits the
oligomeric nature of FPP would be both appropriate and efficient.
Hence two series of monomers were envisaged with one group
being composed of 1,3-dienes representing the C-terminal end of
the farnesyl group and the other set comprising various E-crotonyl
iodides. The key forward reaction to connect these two monomers
would involve transformation of the terminal alkenyl group with
a hindered borane such as 9-BBN followed by Suzuki–Miyaura
coupling with the appropriate iodide.21–25


Synthesis of E- and Z-11-phenyl farnesyl diphosphate analogues


Both of these compounds were prepared using novel Suzuki–
Miyaura coupling methodology. The synthesis of the E-11-phenyl
FPP analogue 19 is shown in Scheme 2. The C-terminal 1,3-diene,
compound 12b, was prepared from acetophenone 10 in four steps.
Horner–Emmons modification using triethyl phosphonoacetate
and sodium hydride followed by DIBAL-H reduction yielded
the E-cinnamyl alcohol 11, then oxidation using PCC and then
a Wittig reaction using methyltriphenylphosphonium bromide
gave the required E-phenyl diene 12b. This compound was then
hydroborated using crystalline 9-BBN and immediately coupled
to iodide 13 using PdCl2dppf as catalyst, triphenylarsine as co-
ligand and aqueous sodium hydroxide as base.24 The E-phenyl-
geranyl ester product 14 was isolated in 59% yield under these
conditions. Ester 14 was then homologated to a new 1,3-diene
derivative 16b in a very similar manner to the preparation of
12b and a second Suzuki coupling to iodide 13 under identical
conditions gave the farnesyl ester analogue 17 in 54% yield for the
coupling step. Ester 17 was then transformed into the diphosphate
19 by DIBAL-H reduction, bromination of the resulting alcohol
and diphosphorylation using the methodology of Poulter et al.26


Preparation of the Z-11-phenyl FPP analogue was achieved
in much the same fashion (Scheme 3). Preparation of the initial
Z-1,3-diene 23b was a little more complex because Horner–
Emmons or Wittig modification of acetophenone 10 will only
yield a small amount of the Z-ester 21. It was therefore made
by Suzuki–Miyaura coupling of phenylboronic acid to Z-crotonyl
iodide 20, which was an intermediate in the preparation of 13.27


Hence treatment of 20 with phenylboronic acid in the presence of
Pd(OAc)2, triphenylarsine and K3PO4 in toluene at 90 ◦C yielded
ester 21 in 44% yield after chromatography.28 This ester was then
transformed into the 1,3-diene 23b and then to the Z-11-phenyl
FPP analogue 29 using almost identical chemistry as used for the
preparation of 19. The two crucial Suzuki–Miyaura coupling steps
took place in approximately 40% yield in each case.


Synthesis of 3-phenyl farnesyl diphosphate 36


For the synthesis of 36 the chain extension methodology of Weiler
and Sum was found most effective (Scheme 4).20 Hence geraniol
30 was transformed into geranyl bromide and then treated with
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Scheme 2 Synthesis of the E-11-phenylfarnesyl diphosphate derivative 19. Reagents and conditions: (i) triethylphosphonoacetate, NaH, DME, 61%;
(ii) DIBAL-H, THF, −78 ◦C, 96%; (iii) PCC, CH2Cl2, 56%; (iv) CH3PPh3Br, n-BuLi, THF, 94%; (v) 9-BBN, THF then 13, PdCl2dppf, NaOH, AsPh3,
THF, 50 ◦C, 59%; (vi) TPAP, NMO, CH3CN, 89%; (vii) CH3PPh3Br, n-BuLi, THF, 81%; (viii) 9-BBN, THF then 13, PdCl2dppf, NaOH, AsPh3, THF,
50 ◦C, 54%; (ix) DIBAL-H, THF, −78 ◦C, 86%; (x) NEt3, MsCl, −45 ◦C then LiBr; (xi) (Bu4N)3HP2O7, CH3CN then cation exchange Bu4N+/NH4


+,
31%.


Scheme 3 Synthesis of Z-11-phenylfarnesyl diphosphate 29. Reagents and conditions: (i) PhB(OH)2, Pd(OAc)2, AsPh3, K3PO4, toluene, 90 ◦C, 44%;
(ii) DIBAL-H, THF, −78 ◦C, 99%; (iii) oxalyl chloride, DMSO, CH2Cl2 −78 ◦C then NEt3, 88%; (iv) CH3PPh3Br, n-BuLi, THF, 76%; (v) 9-BBN, THF
then 13, PdCl2dppf, NaOH, AsPh3, THF, 50 ◦C, 41%; (vi) DIBAL-H, THF. −78 ◦C, 91%; (vii) TPAP, NMO, CH3CN, 87%; (viii) CH3PPh3Br, n-BuLi,
THF, 86%; (ix) 9-BBN, THF then 13, PdCl2dppf, NaOH, AsPh3, THF, 50 ◦C, 40%; (x) DIBAL-H, THF, −78 ◦C, 77%; (xi) NEt3, MsCl, −45 ◦C then
LiBr; (xii) (Bu4N)3HP2O7, CH3CN then cation exchange Bu4N+/NH4


+, 36%.


the dienolate 31 derived from ethyl acetoacetate20 giving the b-
ketoester 32 in 92% yield. This was then treated with triflic
anhydride and KHMDS at −78 ◦C in THF to give the Z-enol
triflate compound 33 in 51% yield.16 This compound underwent a
Suzuki–Miyaura cross-coupling reaction with phenylboronic acid
to give 34 in 66% yield. Derivatisation of this compound to the
diphosphate analogue 36 was achieved in the usual manner.26


Studies of the kinetics of AS-catalysis in the presence of 19, 29
and 36


To test whether the active site of terpene synthases could accom-
modate the size increases resulting from the replacement of a
methyl with a phenyl group, the farnesyl diphosphate analogues
19, 29 and 36 were tested as substrates for and as inhibitors of
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Scheme 4 Synthesis of 3-phenylfarnesyl diphosphate 36. Reagents and conditions: (i) NEt3, MsCl, THF, −45 ◦C then LiBr, then 31, 92%; (ii) KHMDS,
(CF3SO2)2O, THF, −78 ◦C, 51%; (iii) PhB(OH)2, AsPh3, Pd(OAc)2, Ag2O, THF, D, 66%; (iv) DIBAL-H, THF, −78 ◦C, 85%; (v) NEt3, MsCl, −45 ◦C
then LiBr; (vi) (Bu4N)3HP2O7, CH3CN then cation exchange Bu4N+/NH4


+, 31%.


aristolochene synthase. AS is a Mg2+ dependent sesquiterpene
cyclase that catalyses the conversion of FPP to (+)-aristolochene
(2), which in the fungus is further transformed to produce a family
of toxins that includes PR toxin (3) (Fig. 1).29–31 The catalytic
mechanism for the formation of 2 in the active site of AS has been
studied extensively by classical substrate labelling studies as well
as by analysing the reaction products generated from substrate
analogues and by enzyme mutants.9–11,32,33 The reaction proceeds
through the intermediate eudesmane cation (38), the positive
charge of which is stabilised through interaction with the indole
ring of Trp 334 of AS. Hydride and methyl shifts followed by site-
specific deprotonation generate the bicyclic product (Scheme 5).


Scheme 5 Proposed catalytic mechanism of AS from P. roqueforti.


The phenyl-FPPs 19, 29 and 36 were incubated at a concentra-
tion of 200 lM with 100 nM aristolochene synthase at pH 7.5 in
the presence of the essential cofactor Mg2+ at 25 ◦C. The reaction
rate for the conversion of 5 lM FPP was proportional to the con-
centration of AS at this concentration of enzyme.5,11 Incubations
were overlayed with pentane in order to extract potential products
and to minimise product inhibition that is often observed with
these enzymes due to the hydrophobic nature of the terpenoid
products. The organic phase was concentrated carefully and the
reaction products analysed by GC-MS. While the production of
aristolochene from FPP was manifest by the strong GC signal
and by its mass spectrum after only 16 hours, even prolonged
incubation with 19, 29 and 36 of up to 7 days did not indicate
the formation of any products as judged by GC-MS analysis
suggesting that these compounds were not substrates of AS.


Each compound was examined as an inhibitor of AS using a
radiolabelled assay. Initially, IC50 values were determined with
FPP concentrations maintained at 1 lM (close to the KM of


FPP).5,29 The concentrations of the phenyl-FPP analogues were
varied between 1 mM and 1 nM. 19, 29 and 36 acted as inhibitors
of AS with IC50 values ranging from 1–5 lM. Therefore full K i


determinations were performed in order to examine the mode
of inhibition of these compounds. The Michaelis constant of
FPP was determined both in the presence and absence of each
inhibitor at various concentrations by use of a non-linear fit.‡
Double reciprocal plots for each set of fitted data indicated that the
compounds were all reversible competitive inhibitors of AS (Fig. 2)
and hence bound to the enzyme’s active site in a way similar to that
of the natural substrate. The K I-values were determined as 0.8 ±
0.2, 1.2 ± 0.2 and 1.2 ± 0.1 lM for 19, 29, and 36, respectively (see
ESI†). No time dependent inactivation of the enzyme was observed
when each inhibitor was preincubated with enzyme prior to the
assay indicating that the inhibition was reversible in all three cases.


Molecular mechanics simulations of inhibitor-bound AS


Each of the FPP-analogues 19, 29 and 36 are characterised by
the replacement of a methyl group by the much bulkier phenyl
substituent. Despite the high structural similarities observed in
sesquiterpene synthases, that suggest that these enzymes have
evolved to facilitate subtle conformational changes of their
common substrate through the positional reorganisation of only
a limited number of active site residues, the observation that
the phenyl-substituted farnesyl-diphosphates acted as potent
competitive inhibitors of AS was somewhat surprising.


Each inhibitor was therefore docked to the active site of AS
using the existing molecular model of 1 bound to AS34 as a
starting point. Energy minimisations of the docked structures were
performed using the MMFF94 forcefield.35 Amino acids within
6.5 Å of the inhibitor molecule were allowed to move while the co-
ordinates of all other residues were fixed. Each inhibitor appeared
to fit well into the active site of AS and only minor reorganisations
of active site residues were necessary to avoid steric clashes through
the introduction of the bulky phenyl substituents (Fig. 3). In


‡ Data were fitted using Systat Sigmaplot 10.0, 2007. Sigmaplot for
Windows Version 10.0, Build 10.0.0.54, 2006, Systat Software Inc. 1735,
Technology Drive, Ste 430, San Jose, CA 95110, USA. Molecular
Operating Environment (MOE 2004.03) Chemical Computing Group,
Inc., 1255 University St. Suite 1600, Montreal, Quebec, Canada. H3B
3 × 3.


3290 | Org. Biomol. Chem., 2007, 5, 3287–3298 This journal is © The Royal Society of Chemistry 2007







Fig. 2 Double reciprocal plots of initial rates versus the concentration of
substrate for AS catalysed turnover of FPP in the presence of 19, 29 and 36
are shown on panels a, b and c for increasing concentrations of inhibitor
(0 lM (�), 1 lM (�), 2 lM (�) and 3 lM (�)). Intersection of the lines
on the y-axis indicate that each compound is a competitive inhibitor of
AS. All assays were carried out at 37 ◦C and pH 7.5.


addition, some rearrangements of the inhibitors′ prenyl-chains
were observed relative to the conformation calculated for FPP. In
the E-11-phenyl FPP analogue (19) an alteration in the orientation
of the C7–C11 portion of the prenyl chain and a movement of
the diphosphate group towards the Tyr 92 residue of AS was
observed. This was accompanied by an approximate 90◦ rotation
of the phenyl ring of Phe 112 and minor rotations of the rings of
Phe 178 and Tyr 92. The indole ring of Trp 334 moved slightly
away from the bound substrate analogue. The phenyl ring of 19
and that of Phe 178 appear to be in reasonably close proximity in
this simulation.


The Z-11-phenyl FPP analogue (29) showed an entirely different
set of movements. In this instance Trp 334 did not move at all.
Most interestingly, there appears to be a possible p–p stacking
arrangement between the phenyl ring of 29 and Phe 112 aided
by a substantial movement of the side chain of Phe 112. In this
case the overall fold of the prenyl chain was very similar to that
observed for the substrate with a more modest movement of the
diphosphate group relative to that observed for 19. Again Phe 178
and Tyr 92 show small rotations upon binding of the analogue
relative to their positions adopted upon binding of FPP.


The simulation of the binding of 36 indicated that the binding
of this compound to FPP requires the least amount of active site


Fig. 3 Sketches from molecular mechanics simulations of the active sites
of AS complexed with (2E,6E,10E)-3,7-dimethyl-11-phenyldodeca-2,6,
10-trien-1-yl diphosphate (19) (a), (2E,6E,10Z)-3,7-dimethyl-11-phenyl-
dodeca-2,6,10-trien-1-yl diphosphate (29) (b) and (2Z,6E)-7,11-dimethyl-
3-phenyldodeca-2,6,10-trien-1-yl diphosphate (36) (c). The substrate and
the inhibitors as well as key amino acid residues are shown in gold for the
original structure and in blue for the energy minimised structures of the
inhibitor complexes of AS.


movement for the compounds in this study. Trp 334, Phe 178 and
Tyr 92 displayed only minor rearrangements; the phenyl ring of
Phe 178 was rotated by approximately 45◦ relative to its position in
the substrate complex. The overall fold of the prenyl chain in the
inhibitor complex was similar to that observed for the substrate
with the exception of the C4–C7 portion of the chain where the
apex of the phenyl group of 36 adopts an almost identical position
to that of C3 of FPP, thereby forcing the C4–C7 chain downwards
(Fig. 3) to accommodate the rest of the bulky phenyl residue in
the active site.
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Discussion


Three analogues of farnesyl diphosphate have been prepared
using novel methodology that involves a Suzuki–Miyaura
cross-coupling reaction as a key step in the synthesis. These
coupling reactions proceed in moderate to good yield. It should be
possible to use this technology to prepare combinatorial libraries
of FPP analogues in the future. Some members of such libraries
may act as substrates for AS and other terpene cyclases thereby
opening up the possibility of short economical routes to complex,
synthetic unnatural analogues of terpenoids.


While the replacement of the methyl groups on C11 and C3
of FPP with phenyl substituents did not produce substrates for
AS, compounds 19, 29 and 36 proved to be potent competitive
inhibitors of AS that acted in a reversible fashion. The most
potent of these inhibitors was the E-11-phenyl-FPP analogue
19 with a K I of 0.8 lM, which is comparable to the KM of
the natural substrate5,9 and to the inhibitory constant of 12,13-
difluoro-FPP.36 Given the relatively size neutral substitutions in
12,13-difluoro-FPP, the tight binding of the phenyl substituted
FPP analogues to AS clearly indicate the remarkable plasticity of
this enzyme’s active site. Furthermore, farnesyl thiodiphosphate,
an analogue of FPP where the oxygen attached directly to the
farnesyl chain was replaced by a sulfur, was a much more
weakly bound inhibitor of this enzyme (K I = 10 lM) (Beyer
and Allemann, unpublished). Replacing the oxygen with sulfur
in the diphosphate group clearly reduces the binding energy more
significantly than a change from a methyl to a phenyl group in
the prenyl chain. The majority of the binding energy seems to
stem from the interaction of the charged diphosphate group to the
Mg2+ binding site while the interaction of the aliphatic chain with
the hydrophobic pocket of the active site contributes a smaller
amount.


Analysis of the X-ray crystal structure of AS indicates that the
indole ring of Trp 334 is positioned close to C3 of FPP.7,34 The
GC-MS analysis of the sesquiterpenes produced by mutants of AS
in which this residue was replaced by non aromatic amino acids
indicated that the indole ring was involved in the stabilisation
of the positive charge build up on C3 during formation of the
eudesmane cation (38).7 The tight binding of 36, where the methyl
group on C3 was replaced with a phenyl substitutent was therefore
most interesting. No steric clash between the two aromatic groups
appeared to prevent tight binding of the inhibitor. The precise
geometry of binding of these compounds in the active site of
AS is currently being studied by X-ray crystallography of the
inhibitor complexes. However, our molecular modelling studies
of AS bound to the 19, 29 and 36 suggest possible binding modes
for these competitive inhibitors. AS appears to be sufficiently
flexible to accommodate the extra bulk of the phenyl groups
in the active site. The reorganisation of the active site residues,
which is accompanied by alteration of the conformation of the
prenyl chain, does however lead to loss of catalytic activity.
This may be a consequence of changes in the position of the
diphosphate group in each simulation thereby preventing the
initial diphosphate loss and hence cyclisation of FPP. In addition,
the active site conformation of the prenyl chain has been shown
to be critical for AS catalysis6,36 and the rearrangement of the
substrate analogue necessary to accommodate the phenyl ring,
may lead to an unreactive conformation.


The results described here show that the active site geometry of
terpene synthases is sufficiently flexible to accommodate substrate
analogues even when these carry large pendant groups. The
plasticity of the terpene cyclases appears not only to provide
the framework for the combinatorial production of many natural
terpenoids through subtle alterations in the composition of the
active site during evolution but may also allow modifications of
the active site residues by site directed or random mutagenesis
in vitro or in vivo for the production of functional enzymes that
convert FPP analogues to unnatural “terpenoids”.


Experimental


For general experimental procedures, final synthesis of diphos-
phates, enzyme preparation and purification and kinetic charac-
terisation of inhibitors see ESI.†


(E)-3-Phenylbut-2-en-1-ol (11)37


To a stirred solution of sodium hydride (4.40 g, 110 mmol)
in anhydrous DME (200 cm3) at room temperature under N2,
triethyl phosphonoacetate (21.8 cm3, 110 mmol) and a solution
of acetophenone (11.7 cm3, 100 mmol) in anhydrous DME were
sequentially added, dropwise. After 3 h, water (50 cm3) was added
and the organic layer was separated. The aqueous layer was
extracted with diethyl ether (3 × 50 cm3). The combined organic
phases were washed with brine (50 cm3), dried over MgSO4,
filtered and then concentrated under reduced pressure to give the
intermediate ester as a pale yellow oil (11.6 g, 61%); TLC Rf 0.39
(hexane–EtOAc = 9 : 1); HRMS (ES+, [M + H]+) found 191.1067,
C12H15O2 requires 191.1067; mmax(thin film)/cm−1 2980.1, 1713.0,
1628.4, 1576.4, 1494.0, 1446.0, 1365.9, 1343.8, 1272.6, 1171.3,
1044.1, 872.4, 766.9 and 694.9; dH (500 MHz, C2HCl3) 1.23 (3 H,
t, J 7.5, CH3CH2O), 2.50 (3 H, d, J 1.5, CH3CPh), 4.13 (2 H, q,
J 7.5, CH3CH2O), 6.05 (1 H, q, J 1.5, PhC=CH) and 7.27–7.40
(5 H, m, Ar–H); dC (125 MHz, C2HCl3) 14.4 (CH3CH2O), 18.0
(CH3C=CH), 59.8 (CH3CH2O), 117.2 (PhC=CH), 126.3, 128.4
and 129.0 (Ar–CH), 142.3 and 155.5 (quaternary C) and 166.9
(C=O); m/z (ES+) 191.1 (100%, [M + H]+).


The ester (9.08 g, 47.8 mmol) was dissolved in anhydrous
THF (50 cm3) and cooled to −78 ◦C (acetone–dry ice bath). To
this stirred solution, under N2, was added diisobutylaluminium
hydride (1.0 M solution in hexanes, 152 cm3, 152 mmol) dropwise
over 10 min. This solution was stirred for 2 h at −78 ◦C then
allowed to warm to 0 ◦C. Saturated potassium sodium tartrate
solution (50 cm3) and diethyl ether (50 cm3) were added. The
mixture was stirred at room temperature for another 30 min, and
the organic layer was separated. The aqueous layer was extracted
with diethyl ether (2 × 50 cm3). The combined ethereal extracts
were washed with brine (150 cm3), dried over MgSO4, filtered and
then concentrated under reduced pressure. Purification by flash
chromatography on silica gel with hexane and ethyl acetate (2 :
1) gave 11 as a light yellow oil (6.7 g, 96%); Rf 0.27 (hexane–
EtOAc = 2 : 1); HRMS: (EI+, M+) found 148.0890, C10H12O
requires 148.0888; mmax(thin film)/cm−1 3347.2, 2922.2, 2597.9,
1493.8, 1444.5, 1379.9, 1003.0, 758.1 and 696.1; dH (500 MHz,
C2HCl3) 2.11 (3 H, s, CH3CPh), 4.40 (2 H, d, J 6.5, CH2OH),
6.01 (1 H, t, J 6.5, PhC=CH) and 7.28–7.45 (5 H, m, Ar–H);
dC (125 MHz, C2HCl3) 16.1 (CH3CPh), 60.0 (CH2OH), 126.5
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(PhC=CH), 125.8, 127.3 and 128.3 (Ar–CH) and 137.8 and 142.9
(quaternary C); m/z (EI+) 148.1 (13%, M+) and 115.1 (100).


(E)-3-Phenylbut-2-enal (12a)


Pyridinium chlorochromate (12.3 g, 56.0 mmol) was suspended in
anhydrous CH2Cl2 (50 cm3) then a solution of 11 (6.7 g, 45 mmol)
in CH2Cl2 (50 cm3) was added in one portion to the stirred
suspension. After 4 h, dry diethyl ether (100 cm3) was added and
the supernatant liquid was decanted from the resulting black gum.
The insoluble residue was washed with diethyl ether (100 cm3) and
became a black granular solid. The organic phases were combined,
washed with brine (300 cm3), dried over MgSO4, filtered and then
concentrated under reduced pressure to give 12a as a yellow oil
(3.7 g, 56%); Rf 0.37 (hexane–EtOAc = 4 : 1); HRMS: (EI+, M+)
found: 146.0730, C10H10O requires 146.0732; mmax(thin film)/cm−1


1722.2, 1659.7, 1446.2, 1377.3, 1248.1, 1144.5, 865.5 and 758.6; dH


(500 MHz, C2HCl3) 1.94 (3 H, d, J 1.0, CH3CPh), 6.41 (1 H, dq,
J 7.5, J 1.0, PhC=CH), 7.10–7.18 (5 H, m, Ar–H) and 10.05 (1 H,
d, J 7.5, CHO); dC (125 MHz, C2HCl3) 15.5 (CH3CPh), 127.4
(PhC=CH), 126.2, 128.5 and 129.5 (Ar–CH), 140.8 and 155.8
(quaternary C) and 189.8 (CHO). m/z (EI+) 146.1 (46%, M+) and
145.1 (100).


(E)-Penta-2,4-dien-2-ylbenzene (12b)


A stirred suspension of methyltriphenylphosphonium bromide
(7.61 g, 21.3 mmol) in anhydrous THF (50 cm3) was cooled to
−78 ◦C then n-BuLi (2.5 M, 8.52 cm3, 21.3 mmol) was added
dropwise under argon. The reaction mixture was allowed to warm
to 0 ◦C giving a clear deep yellow solution. After stirring at
0 ◦C for 30 min, the aldehyde 12a (1.83 g, 12.6 mmol) was
added dropwise and the complete reaction mixture was stirred for
16 h whilst slowly warming to room temperature. Water (20 cm3)
and diethyl ether (20 cm3) were added and the organic layer was
separated. The aqueous layer was extracted with diethyl ether (2 ×
15 cm3). The combined ethereal extracts were washed with water
(2 × 20 cm3) and brine (20 cm3), dried over MgSO4, filtered and
then concentrated under reduced pressure. Purification by flash
chromatography on silica gel with hexane and ethyl acetate (9 :
1) as eluent gave 12b as a light yellow oil (1.70 g, 94%); Rf 0.57
(hexane–EtOAc = 19 : 1); HRMS: (EI+, M+) found 144.0938,
C11H12 requires 144.0939; mmax(thin film)/cm−1 3029.5, 2923.2,
1803.9, 1627.6, 1594.2, 1493.3, 1445.8, 1380.1, 1175.1, 1027.4,
985.3, 903.6, 759.8 and 694.8; dH (400 MHz, C2HCl3) 2.09 (3 H, s,
CH3CPh), 5.10 (1 H, d, J 10.0, CHCH=CHtransHcis), 5.22 (1 H, d, J
17.0, CHCH=CHtransHcis), 6.37 (1 H, d, J 11.0, CHCH=CH2), 6.68
(1 H, dt, J 17.0, J 10.5, CHCH=CH2) and 7.14–7.26 (5 H, m, Ar–
H); dC (100 MHz, C2HCl3) 16.1 (CH3CPh), 117.7 (CHCH=CH2),
127.8 (CHCH=CH2), 125.7, 127.2 and 128.3 (Ar–CH), 133.6
(CHCH=CH2) and 136.8 and 143.0 (quaternary C); m/z (EI+)
144.1 (35%, M+) and 129.1 (100, [M − CH3]+).


(2E,6E)-Ethyl 3-methyl-7-phenylocta-2,6-dienoate (14)


A mixture of 12b (1.45 g, 9.92 mmol) and 9-BBN (3.63 g,
14.9 mmol) dissolved in anhydrous THF (50 cm3) was stirred at
room temperature under N2 until all the starting material had
been consumed as judged by TLC (approx. 2 h). The iodide
1327 (2.38 g, 9.92 mmol), triphenylarsine (0.30 g, 0.99 mmol),


PdCl2dppf (0.37 g, 0.45 mmol) and aqueous NaOH (6.0 M.
9.92 cm3, 39.7 mmol) were added in quick succession, the complete
solution was then stirred at 50 ◦C for 15 h. After cooling to
room temperature, aqueous hydrogen peroxide solution (30%,
15 cm3) was carefully added and the solution was stirred for a
further 30 min. Water (30 cm3) and diethyl ether (30 cm3) were
added, and the organic layer was separated. The aqueous layer was
extracted with diethyl ether (2 × 25 cm3). The combined ethereal
extracts were washed with water (2 × 20 cm3) and brine (20 cm3),
dried over MgSO4, filtered and then concentrated under reduced
pressure. Purification by flash chromatography on silica gel with
hexane and ethyl acetate gave 14 as a light yellow oil (1.51 g,
59%); Rf 0.27 (hexane–EtOAc = 19 : 1); HRMS: (ES+, [M +
NH4]+) found 276.1959, C17H26NO2 requires 276.1958; mmax(thin
film)/cm−1 2978.8, 2930.2, 1714.9, 1647.6, 1493.8, 1444.3, 1381.4,
1327.6, 1272.3, 1222.8, 1146.1, 1098.9, 1049.6, 864.4, 757.9 and
696.4; dH (500 MHz, C2HCl3) 1.20 (3 H, t, J 7.0, CH3CH2O), 1.96
(3 H, d, J 1.0, CH3C=CHCO2Et), 2.13 (3 H, d, J 1.0, CH3CPh),
2.19–2.32 (4 H, m, CH2CH2), 4.07 (2 H, q, J 7.0, CH3CH2O),
5.64 (2 H, m, 2 × C=CH) and 7.13–7.30 (5 H, m, Ar–H); dC


(125 MHz, C2HCl3) 14.4 (CH3CH2O), 15.9 (CH3C=CHCO), 18.9
(CH3CPh), 26.8 and 40.6 (CH2CH2), 59.6 (CH3CH2O), 115.9
(C=CHCO), 126.66 (PhC=CH), 125.7, 126.73 and 128.2 (Ar–
CH), 135.8, 144.7, 159.3 (quaternary C) and 166.9 (C=O); m/z
(CI+) 276.2 (100%, [M + NH4]+).


(2E,6E)-3-Methyl-7-phenylocta-2,6-dien-1-ol (15)


To a stirred solution of 14 (1.46 g, 5.67 mmol) in anhydrous
THF (60 cm3) at −78 ◦C (acetone–dry ice bath) was added
diisobutylaluminium hydride (1.0 M solution in hexanes, 13.6 cm3,
13.6 mmol) dropwise. The resulting mixture was stirred at −78 ◦C
for 2 h and then allowed to warm to 0 ◦C at which time
the reaction was judged complete by TLC analysis. Saturated
potassium sodium tartrate solution (50 cm3) and diethyl ether
(50 cm3) were added. The mixture was stirred at room temperature
for another 30 min, and the organic layer was separated. The
aqueous layer was extracted with diethyl ether (2 × 30 cm3).
The combined ethereal extracts were washed with brine (30 cm3),
dried over MgSO4, filtered and then concentrated under reduced
pressure. Purification by flash chromatography on silica gel with
hexane and ethyl acetate (2 : 1) as eluent gave 15 as a light yellow oil
(1.2 g, 96%); Rf 0.27 (hexane–EtOAc = 2 : 1); HRMS: (ES+, [M +
NH4]+) found 234.1851, C15H24NO requires 234.1852; mmax(thin
film)/cm−1 3363.0, 2923.4, 1493.3, 1444.0, 999.4, 756.3 and 695.8;
dH (500 MHz, C2HCl3) 1.65 (3 H, s, CH3C=CHCH2OH), 1.96
(3 H, d, J 0.9, CH3CPh), 2.09–2.29 (4 H, m, CH2CH2), 4.09 (2 H,
d, J 10.0, CH2OH), 5.40 (1 H, tq, J 10.0, J 1.5, CHCH2OH),
5.68 (1H, tq, J 7.0, J 1.5, CHCH2CH2) and 7.13–7.31 (5 H,
m, Ar–H); dC (125 MHz, C2HCl3) 15.9 (CH3C=CHCH2OH),
16.4 (CH3CPh), 27.1 and 39.2 (CH2CH2), 59.4 (CH2OH), 123.7
(CHCH2OH), 127.7 (PhC=CH), 125.6, 126.6 and 128.2 (Ar–CH)
and 135.0, 139.4, 143.9 (quaternary C); m/z (CI+) 234.2 (100%,
[M + NH4]+).


(2E,6E)-3-Methyl-7-phenylocta-2,6-dienal (16a)


A mixture of 15 (0.98 g, 4.52 mmol), N-methylmorpholine-N-
oxide (074 g, 6.33 mmol) and freshly activated powdered 4 Å
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molecular sieves (0.35 g) in anhydrous acetonitrile (35 cm3)
was stirred for 10 min whereupon tetra-n-propylammonium
perruthenate (81 mg, 0.23 mmol) was added. The reaction became
warm and was then stirred at room temperature for 16 h. The
mixture was filtered through a short pad of Celite R© and the
solvent was concentrated under reduced pressure. Purification
by flash chromatography on silica gel with hexane and ethyl
acetate (4 : 1) as eluent gave 16a as a light yellow oil (0.86 g,
89%); Rf 0.33 (hexane–EtOAc = 4 : 1); HRMS: (EI+, M+) found
214.1350, C15H18O requires 214.1352; mmax(thin film)/cm−1 1672.0,
1493.5, 1443.9, 1193.1, 1124.0, 757.7 and 696.2; dH (500 MHz;
C6


2H6) 1.62 (3 H, d, J 1.1, CH3C=CHCHO), 1.92 (3 H, d, J 1.0,
CH3CPh), 1.86–2.10 (4 H, m, CH2CH2), 5.64 (1 H, tq, J 7.0, J 1.0,
C=CHCH2CH2), 5.95 (1 H, dq, J 7.5, J 1.0, CHCHO), 7.21–7.44
(5 H, m, Ar–H) and 9.98 (1 H, d, J 7.5, CHO); dC (125 MHz;
C6


2H6) 15.7 (CH3CPh), 16.7 (CH3C=CHCHO), 26.3 and 39.8
(CH2CH2), 126.3 (PhC=CH), 127.5 (CHCHO), 125.8, 127.0 and
128.4 (Ar–CH), 136.0, 143.8 and 160.9 (quaternary C) and 189.6
(CHO); m/z (CI+) 232.2 (100%, [M + NH4]+).


(2E,7E)-8-Phenyl-4-methyl-nona-1,3,7-triene (16b)


This compound was prepared from 16a in a manner identical
to that for the 12b; purification by flash chromatography using
hexane and ethyl acetate (9 : 1) as eluent gave 16b as a light
yellow oil (0.68 g, 81%); Rf 0.68 (hexane–EtOAc = 9 : 1); HRMS:
(EI+, M+) found 212.1559, C16H20 requires 212.1560; mmax(thin
film)/cm−1 2919.4, 1649.7, 1597.7, 1493.5, 1443.8, 1379.7, 987.8,
896.6, 756.3 and 695.3; dH (500 MHz, C2HCl3) 1.73 (3 H, s,
CH3C=CHCH=CH2), 1.92 (3 H, s, CH3CPh), 2.11–2.29 (4 H, m,
CH2CH2), 4.92 (1 H, d, J 10.0, CH=CHCHtransHcis), 5.02 (1 H, dd,
J 17.0, J 1.5, CH=CHtransHcis), 5.68 (1 H, t, J 7.0, C=CHCH2CH2),
5.82 (1 H, d, J 11.0, CHCH=CH2), 6.52 (1 H, dt, J 17.0, J
10.5, CH=CH2) and 7.12–7.30 (5 H, m, Ar–H); dC (125 MHz,
C2HCl3) 15.9 (CH3CPh), 16.8 (CH3C=CHCH2CH2), 27.3 and
39.6 (CH2CH2), 114.9 (CH=CH2), 125.8 (CHCH=CH2), 127.8
(PhC=CH), 125.7, 126.6 and 128.2 (Ar–CH), 133.4 (CH=CH2)
and 135.0, 139.1 and 143.9 (quaternary C); m/z (CI+) 213.1 (100%,
[M + H]+).


(2E,6E,10E)-Ethyl-3,7-dimethyl-11-phenyldodeca-
2,6,10-trienoate (17)


This compound was prepared from 16b in a manner identical to
that for the ester 14; purification by flash chromatography using
hexane and ethyl acetate (25 : 1) as eluent gave 17 as a light yellow
oil (0.56 g, 54%); Rf 0.32 (hexane–EtOAc = 25 : 1); HRMS (ES+,
[M + H]+) found 327.2320, C22H31O2 requires 327.2319; mmax(thin
film)/cm−1 2928.8, 1714.9, 1647.2, 1444.1, 1381.4, 1221.1, 1143.0,
757.1 and 695.9; dH (500 MHz, C2HCl3) 1.21 (3 H, t, J 6.5,
CH3CH2O), 1.50, 1.58 and 1.96 (3 × 3 H, s, 3 × CH3C=CH),
2.02–2.24 (8H, m, 2 × CH2CH2), 4.07 (2 H, q, J 6.5, CH3CH2O),
5.08 and 5.67 (2 H, m, 2 × C=CHCH2CH2), 5.60 (1 H, d, J 1.0,
CHCO2Et) and 7.13–7.30 (5 H, m, Ar–H); dC (125 MHz, C2HCl3)
14.4 (CH3CH2O), 15.8, 16.1 and 18.9 (3 × CH3C=CH), 26.0, 27.4,
39.4 and 41.0 (2 × CH2CH2), 59.5 (CH3CH2O), 115.6 (CHCO2Et),
123.3 and 128.1 (C=CH), 125.6, 127.0 and 128.2 (Ar–CH), 131.6,
135.8, 144.0 and 159.8 (quaternary C) and 166.9 (C=O); m/z (CI+)
344.3 (100%, [M + NH4]+), 327.3 (65, [M + H]+).


(2E,6E,10E)-3,7-Dimethyl-11-phenyldodeca-2,6,10-trien-1-ol (18)


This compound was prepared from 17 in a manner identical to
that for the alcohol 15; purification by flash chromatography
using hexane and ethyl acetate (2 : 1) as eluent gave 18 as a light
yellow oil (0.41 g, 86%); Rf 0.31 (hexane–EtOAc = 2 : 1); HRMS
(EI+, M+) found 284.2141, C20H28O requires 284.2140; mmax(thin
film)/cm−1 3321.5, 2921.0, 1666.9, 1597.7, 1493.7, 1444.1, 1381.1,
1000.4, 846.3, 756.6 and 696.1; dH (500 MHz, C2HCl3) 1.57 (3 H, s,
CH3C=CH), 1.60 (3 H, s, CH3C=CHCH2OH), 1.96 (3 H, d, J 1.0,
PhCCH3), 1.97–2.25 (8 H, m, 2 × CH2CH2), 4.04 (2 H, d, J 7.0,
CH2OH), 5.08 (1 H, dt, J 7.0, J 1.0, CH3C=CH), 5.33 (1 H, m,
C=CHCH2OH), 5.68 (1 H, dt, J 7.0, J 1.5, PhC=CH) and 7.12–
7.30 (5 H, m, Ar–H); dC (125 MHz, C2HCl3) 15.8, 16.1 and 16.3
(3 × CH3), 26.3, 27.4, 39.4 and 39.5 (2 × CH2CH2), 59.4 (CH2OH),
123.4 (CHCH2OH), 124.3 (CH3C=CH) and 128.2 (PhC=CH),
125.6, 126.5 and 128.2 (Ar–CH) and 134.6, 135.0, 139.7 and 144.0
(quaternary C); m/z (EI+) 284.2 (1%, M+), 131.1 (100), 266.2 (2,
[M − H2O]+).


(Z)-Ethyl 3-phenylbut-2-enoate (21)27,28


To a stirred solution of the iodide 20 (7.20 g, 30.0 mmol) in
anhydrous toluene (100 cm3) under N2 was added palladium(II)
acetate (0.34 g, 1.50 mmol), triphenylarsine (0.79 g, 3.00 mmol),
tripotassium orthophosphate (19.1 g, 90.0 mmol) and phenyl-
boronic acid (5.49 g, 45.0 mmol). The complete reaction mixture
was then stirred at 90 ◦C for 6 h. Water (50 cm3) and diethyl
ether (50 cm3) were added, and the organic layer was separated.
The aqueous layer was extracted with diethyl ether (2 × 30 cm3).
The combined ethereal extracts were washed with water (2 ×
30 cm3) and brine (30 cm3), dried over MgSO4, filtered and
then concentrated under reduced pressure. Purification by flash
chromatography on silica gel with hexane and ethyl acetate (9 : 1)
as eluent gave 21 as a light yellow oil (2.49 g, 44%); Rf 0.30 (hexane–
EtOAc = 9 : 1); HRMS (ES+, [M + H]+) found 191.1067, C12H15O2


requires 191.1067; mmax (thin film)/cm−1 2979.6, 1725.4, 1639.5,
1492.5, 1442.6, 1374.8, 1277.2, 1230.2, 1162.1, 1095.6, 1076.6,
1047.3, 867.6, 768.4 and 698.1 cm−1; dH (500 MHz, C2HCl3) 1.14
(3 H, t, J 7.5, CH3CH2O), 2.23 (3 H, d, J 1.5, CH3CPh), 4.05 (2 H,
q, J 7.5, CH3CH2O), 6.05 (1 H, q, J 1.5, PhC=CH) and 7.26–7.42
(5 H, m, Ar–H); dC (125 MHz, C2HCl3) 14.0 (CH3CH2O), 27.2
(CH3CPh), 59.8 (CH3CH2O), 117.8 (PhC=CH), 126.9, 127.8 and
127.9 (Ar–CH), 140.9 and 155.4 (quaternary C) and 165.9 (C=O);
m/z (CI+) 208.1 (100%, [M + NH4]+) and 191.0 (35%, [M + H]+).


(Z)-3-Phenylbut-2-ene-1-ol (22)


This compound was prepared from 21 in a manner identical to
that for the alcohol 15; purification by flash chromatography using
hexane and ethyl acetate (2 : 1) as eluent gave 22 as a colourless oil
(4.12 g, 99%); Rf 0.26 (hexane–EtOAc = 2 : 1); HRMS (CI+, [M +
NH4]+) found 166.1229, C10H16NO requires 166.1226; mmax (thin
film)/cm−1 3331.7, 3055.2, 2969.9, 1656.1, 1600.0, 1493.6, 1434.8,
1376.0, 1246.4, 1065.2, 1002.0, 764.1 and 700.8; dH (500 MHz,
C2HCl3) 1.46 (1 H, b, OH), 2.02 (3 H, d, J 1.0, CH3CPh), 3.99 (2 H,
dd, J 7.0, J 1.0, CH2OH), 5.64 (1 H, tq, J 7.0, J 1.5, PhC=CH) and
7.09–7.28 (5 H, m, Ar–H); dC (125 MHz, C2HCl3) 25.4 (CH3CPh),
60.3 (CH2OH), 126.1 (PhC=CH), 127.2, 127.8 and 128.2
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(Ar–CH), 140.3 and 140.8 (quaternary C); m/z (CI+) 166.1 (20%,
[M + NH4]+), 148.1 (50, M+) and 131.0 (100, [M − OH]+).


(Z)-3-Phenylbut-2-ene-1-al (23a)


To a stirred solution of oxalyl chloride (2.69 cm3, 31.3 mmol)
in anhydrous CH2Cl2 (80 cm3) at −78 ◦C under N2, was added
anhydrous dimethylsulfoxide (4.44 cm3, 62.6 mmol). The reaction
mixture was stirred for 5 min then a solution of 22 (3.85 g,
26.1 mmol) in CH2Cl2 was added over 5 min. Stirring was
continued at −78 ◦C for an additional 15 min. Triethylamine
(18.2 cm3, 130 mmol) was added and the reaction mixture was
stirred for 5 min and then allowed to warm to room temperature.
Water (50 cm3) was then added, and the organic layer was
separated. The aqueous layer was extracted with CH2Cl2 (2 ×
30 cm3). The combined organic extracts were washed with water
(2 × 30 cm3) and brine (30 cm3), dried over MgSO4, filtered and
then concentrated under reduced pressure. Purification by flash
chromatography on silica gel with hexane and ethyl acetate (2 :
1) as eluent gave 23a as a light yellow oil (3.36 g, 88%); Rf 0.48
(hexane–EtOAc = 2 : 1); HRMS (ES+, [M − H]+) found 145.0645,
C10H9O requires 145.0648; mmax (thin film)/cm−1 2357.8, 1668.3,
1614.1, 1433.3, 1388.2, 1136.6, 767.0 and 701.5; dH (500 MHz,
C2HCl3) 1.81 (3 H, s, CH3CPh), 6.09 (1 H, d, J 8.0, PhC=CH),
6.95–7.13 (5 H, m, Ar–H) and 9.71 (1 H, dd, J 8.0, J 3.5, CHO);
dC (125 MHz, C2HCl3) 25.6 (CH3CPh), 128.3, 128.4 and 128.7
(Ar–CH), 129.4 (PhC=CH), 138.5 and 160.1 (quaternary C) and
191.6 (CHO); m/z (CI+) 164.1 (95%, [M + NH4]+), 161.1 (100%)
and 146.1 (30%, M+).


(Z)-4-Phenyl-penta-1,3-diene (23b)


This compound was prepared from 23a in a manner identical
to that for the diene 12b; purification by flash chromatography
using hexane and ethyl acetate (9 : 1) as eluent gave 23b as a
light yellow oil (1.80 g, 76%); Rf 0.63 (hexane–EtOAc = 9 : 1);
HRMS (EI+, M+) found 144.0938, C11H12 requires 144.0939; mmax


(thin film)/cm−1 3080.3, 2960.4, 2856.8, 1805.6, 1636.2, 1601.6,
1492.1, 1433.6, 1414.1, 1375.3, 1024.7, 995.6, 898.4, 766.1 and
700.2; dH (400 MHz, C2HCl3) 2.04 (3 H, s, CH3CPh), 4.86
(1 H, d, J 10.0, CHCH=CHtransHcis), 5.08 (1 H, d, J 17.0,
CHCH=CHtransHcis), 6.06 (1 H, d, J 11.0, CHCH=CH2), 6.32
(1 H, dt, J 17.0, J 10.5, CHCH=CH2) and 7.14–7.28 (5 H, m, Ar–
H); dC (100 MHz, C2HCl3) 25.5 (CH3CPh), 116.1 (CHCH=CH2),
127.9 (CHCH=CH2), 127.1, 128.1 and 128.3 (Ar–CH), 134.6
(CHCH=CH2) and 139.5 and 141.5 (quaternary C); m/z (EI+)
144.1 (35%, M+), 129.1 (100, [M − CH3]+).


(2E,6Z)-Ethyl 3-methyl-7-phenylocta-2,6-dienoate (24)


This compound was prepared from 23b in a manner identical
to that for the ester 14; the crude product was purified by flash
chromatography using hexane and ethyl acetate (9 : 1) as eluent to
give 24 as a light yellow oil (1.33 g, 41%); Rf 0.35 (hexane–EtOAc =
9 : 1); HRMS (ES+, [M + H]+) found 259.1691, C17H23O2 requires
259.1693; mmax (thin film)/cm−1 2975.8, 2359.6, 1715.0, 1647.3,
1493.4, 1442.0, 1367.2, 1221.8, 1146.1, 1099.6, 1052.2, 865.4, 763.2
and 701.0; dH (500 MHz, C2HCl3) 1.18 (3 H, t, J 7.0, CH3CH2O),
1.95 (3 H, s, CH3C=CHCO2Et), 1.98 (3 H, d, J 1.0, CH3CPh),
2.07 (4 H, m, CH2CH2), 4.07 (2 H, q, J 7.0, CH3CH2O), 5.32 (1 H,


m, C=CHCH2CH2), 5.52 (1 H, d, J 0.5, C=CHCO2Et) and 7.07–
7.30 (5 H, m, Ar–H); dC (125 MHz, C2HCl3) 14.4 (CH3CH2O), 18.7
(CH3CPh), 25.7 (CH3C=CHCO2Et), 26.9 and 41.2 (CH2CH2),
59.5 (CH3CH2O), 115.7 (C=CHCO2Et), 125.8 (PhC=CH), 126.6,
127.9 and 128.2 (Ar–CH), 137.5, 141.8 and 159.4 (quaternary C)
and 166.9 (C=O); m/z (CI+) 276.2 (100%, [M + NH4]+), 259.2 (95,
[M + H]+).


(2E,6Z)-3-Methyl-7-phenylocta-2,6-dien-1-ol (25)


This compound was prepared from 24 in a manner identical to
that for the alcohol 15; purification by flash chromatography on
silica gel using hexane and ethyl acetate (2 : 1) as eluent gave 25
light yellow oil (0.816 g, 91%); Rf 0.31 (hexane–EtOAc = 2 : 1);
HRMS (ES+, [M + NH4]+) found 234.1850, C15H24NO requires
234.1852; mmax (thin film)/cm−1 3335.5, 2965.2, 2914.6, 1667.9,
1492.8, 1436.1, 1376.6, 999.9, 763.1 and 700.1; dH (500 MHz,
C2HCl3) 1.22 (1 H, b, OH), 1.50 (3 H, s, CH3C=CHCH2OH),
1.95 (3 H, d, J 1.0, CH3CPh), 1.97–2.04 (4 H, m, CH2CH2), 4.04
(2 H, d, J 7.0, CH2OH), 5.28 (1 H, dt, J 7.0, J 1.0, C=CHCH2OH),
5.36 (1 H, dt, J 7.0, J 1.5, C=CHCH2CH2) and 7.10–7.28 (5 H,
m, Ar–H); dC (125 MHz, C2HCl3) 16.2 (CH3C=CHCH2OH),
25.6 (CH3CPh), 27.3 and 39.8 (CH2CH2), 59.4 (CH2OH), 123.5
(C=CHCH2OH), 126.8 (PhC=CH), 126.5, 127.9 and 128.1 (Ar–
CH) and 136.6, 139.5 and 142.1 (quaternary C); m/z (CI+) 234.2
(100%, [M + NH4]+), 216.2 (80, M+), 199.1 (40, [M − OH]+).


(2E,6Z)-3-Methyl-7-phenylocta-2,6-dienal (26a)


This compound was prepared from 25 in a manner identical to
that for the compound 16a; purification by flash chromatography
using hexane and ethyl acetate (2 : 1) as eluent to gave 26a as a light
yellow oil (0.86 g, 87%); Rf 0.45 (hexane–EtOAc = 2 : 1); HRMS
(EI+, M+) found 214.1352, C15H18O requires 214.1358; mmax (thin
film)/cm−1 2912.7, 2851.7, 2360.2, 1672.8, 1630.3, 1492.6, 1439.9,
1379.2, 1193.2, 1124.0, 1025.8, 831.0, 764.1, 702.0 and 668.1; dH


(500 MHz, C2HCl3) 1.49 (3 H, d, J 1.0, CH3C=CHCHO), 1.85–
2.08 (4 H, m, CH2CH2), 2.03 (3 H, d, J 1.0, CH3CPh), 5.30
(1 H, td, J 7.0, J 1.0, C=CHCH2CH2), 5.85 (1 H, dd, J 8.0, J
1.0, C=CHCHO), 7.17–7.29 (5 H, m, Ar–H) and 9.91 (1 H, d, J
8.0, CHO); dC (125 MHz, C2HCl3) 16.4 (CH3C=CHCHO), 25.5
(CH3CPh), 26.7 and 40.4 (CH2CH2), 126.0 (PhC=CH), 127.6
(CH=CHO), 126.9, 127.9 and 128.3 (Ar–CH), 137.6, 141.8 and
160.8 (quaternary C) and 189.6 (CHO); m/z (EI+) 214.1 (2%, M+),
131.1 (100).


(3E,7Z)-4-Methyl-8-phenyl-nona-1,3,7-triene (26b)


This compound was prepared from 26a in a manner identical to
that for the diene 12b; purification by flash chromatography using
hexane and ethyl acetate (2 : 1) as eluent gave 26b as a light yellow
oil (0.48 g, 86%); Rf 0.62 (hexane–EtOAc = 9 : 1); HRMS (ES+,
[M + H]+) found 212.1569, C16H20 requires 212.1565; mmax(thin
film)/cm−1 2964.8, 2358.3, 1649.8, 1598.9, 1493.0, 1436.5, 1378.1,
985.7, 896.9, 761.8 and 700.0; dH (500 MHz, C2HCl3) 1.70 (3 H, s,
CH3C=CHCH=CH2), 2.07 (3 H, s, CH3CPh), 2.08–2.17 (4 H,
m, CH2CH2), 5.00 (1 H, dd, J 10.0, J 1.5, CH=CHcisHtrans), 5.10
(1 H, dd, J 17.0, J 2.0, CH=CHcisHtrans), 5.46 (1 H, td, J 7.0, J
1.5, C=CHCH2CH2), 5.83 (1 H, dd, J 11.0, J 0.5, CHCH=CH2),
6.59 (1 H, dt, J 17.0, J 10.5, CHCH=CH2) and 7.21–7.39 (5 H,
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m, Ar–H); dC (125 MHz, C2HCl3) 16.6 (CH3C=CHCH2), 25.6
(CH3CPh), 27.4 and 40.1 (CH2CH2), 114.7 (CHCH=CH2), 125.6
(CHCH=CH2), 126.9 (PhC=CH), 126.5, 128.0 and 128.2 (Ar–
CH), 133.4 (CH=CH2) and 136.6, 139.1 and 142.1 (quaternary
C); m/z (EI+) 212.2 (5%, M+), 131.1 (100) and 91.1 (40).


(2E,6E,10Z)-Ethyl-3,7-dimethyl-11-phenyldodeca-
2,6,10-trienoate (27)


This compound was prepared from 26b in a manner identical to
that for the ester 14; purification by flash chromatography using
hexane and ethyl acetate (19 : 1) gave 27 as a light yellow oil
(0.29 g, 40%); Rf 0.33 (hexane–EtOAc = 19 : 1); HRMS (ES+,
[M + H]+) found 327.2318, C22H31O2 requires 327.2319; mmax (thin
film)/cm−1 2926.3, 1715.4, 1647.5, 1442.7, 1366.5, 1221.5, 1144.3,
1053.9, 865.3, 762.0 and 700.5; dH (500 MHz, C2HCl3) 1.20 (3 H,
t, J 7.0, OCH2CH3), 1.43 (3 H, s, CH3C=CH), 1.95 (3 H, d, J 1.0,
CH3C=CH), 2.08 (3 H, d, J 1.0, CH3C=CHCO2Et), 1.91–2.11
(8 H, m, 2 × CH2CH2), 4.06 (2 H, q, J 7.0, OCH2CH3), 4.97 (1 H,
b, C=CHCH2CH2), 5.35 (1 H, dt, J 7.0, J 1.0, C=CHCH2CH2),
5.58 (1 H, s, C=CHCO2Et) and 7.09–7.30 (5 H, m, Ar–H); dC


(125 MHz, C2HCl3) 14.4 (OCH2CH3), 16.0 (CH3C=CH), 18.9
(CH3C=CHCO2Et), 25.6 (CH3C=CH), 26.0, 27.5, 39.9 and 41.0
(2 × CH2CH2), 59.5 (OCH2CH3), 115.6 (C=CHCO2Et), 123.1
and 127.2 (2 × C=CHCH2CH2), 126.4, 127.6 and 128.0 (Ar–CH),
135.7, 136.2, 142.1 and 159.9 (quaternary C) and 166.9 (C=O);
m/z (CI+) 344.3 (100%, [M + NH4]+) and 327.3 (50, [M + H]+).


(2E,6E,10Z)-3,7-Dimethyl-11-phenyldodeca-2,6,10-trien-1-ol (28)


This compound was prepared in a manner identical to that for
the alcohol 15; purification by flash chromatography using hexane
and ethyl acetate (2 : 1) as eluent gave 28 as a light yellow oil
(0.12 g, 77%); Rf 0.26 (hexane–EtOAc = 2 : 1); HRMS (ES+, [M +
NH4]+) found 302.2477, C20H32NO requires 302.2478; mmax (thin
film)/cm−1 3344.4, 2919.3, 1666.0, 1597.4, 1493.4, 1443.8, 1381.2,
998.9, 756.6 and 696.0; dH (500 MHz, C2HCl3) 1.23 (1 H, b, OH),
1.43 (3 H, s, CH3C=CH), 1.60 (3 H, s, CH3C=CH), 1.95 (3 H,
d, J 1.0, CH3C=CH), 1.91–2.06 (8 H, m, 2 × CH2CH2), 4.07
(2 H, d, J 7.0, CH2OH), 4.99 (1 H, td, J 7.0, J 1.0, C=CH),
5.33 (2 H, m, 2 × C=CH) and 7.10–7.30 (5 H, m, Ar–H); dC


(125 MHz, C2HCl3) 16.0, 16.3 and 25.6 (3 × CH3), 26.3, 27.6, 39.5
and 40.0 (2 × CH2CH2), 59.4 (CH2OH), 123.3, 124.0 and 127.3
(3 × C=CH), 126.4, 128.0 and 128.0 (Ar–CH) and 135.0, 136.1,
139.8 and 142.2 (quaternary C); m/z (CI+) 302.3 (100%, [M +
NH4]+), 284.3 (55, M+).


(E)-Ethyl 7,11-dimethyl-3-oxododeca-6,10-dienoate (32)20,38


To a stirred solution of geraniol (2.60 cm3 g, 15.0 mmol) and
triethylamine (4.20 cm3, 30.0 mmol) in anhydrous THF (100 cm3)
at −45 ◦C under N2 was added methanesulfonyl chloride (1.50 cm3,
19.5 mmol). The resulting milky mixture was stirred at −45 ◦C for
45 min then a solution of lithium bromide (5.20 g, 60.0 mmol) in
THF (10 cm3) was added via a cannula at −45 ◦C. The suspension
was allowed to warm to 0 ◦C and stirred for an additional 1 h before
cold water (30 cm3) and hexane (30 cm3) were added to quench
the reaction. The two layers were separated, and the aqueous layer
was extracted with hexane (2 × 20 cm3). The combined organic
layers were washed with saturated NaHCO3 solution (20 cm3) and


then brine (20 cm3), dried over Na2SO4 and filtered. Concentration
of the solvent gave the intermediate bromide as a light yellow oil,
which was used without further purification.


To a stirred suspension of NaH (60% dispersion in mineral
oil, 1.20 g, 49.5 mmol) in anhydrous THF (100 cm3) was added
ethyl acetoacetate (5.73 cm3, 45.0 mmol) dropwise at 0 ◦C. After
10 min, n-BuLi (2.2 M, 21.5 cm3, 47.3 mmol) was added slowly
over 3 min, during which time the colourless solution gradually
turned yellow. This was stirred for an additional 10 min at 0 ◦C,
as a solution of the bromide in THF (5 cm3) was added. The
clear solution turned to a cloudy yellow suspension. After stirring
for 30 min at 0 ◦C, hydrochloric acid (3 M, 10.0 cm3) was added
followed by water (30 cm3) and diethyl ether (30 cm3) then the
organic layer was separated. The aqueous layer was extracted with
diethyl ether (2 × 20 cm3). The combined ethereal extracts were
washed with water (2 × 20 cm3) and brine (20 cm3), dried over
MgSO4 then filtered and concentrated under reduced pressure.
Purification by flash chromatography on silica gel with hexane
and ethyl acetate (4 : 1) as eluent gave 32 as a pale yellow oil
(3.61 g, 92%); Rf 0.45 (hexane–EtOAc = 2 : 1); HRMS (ES+,
[M + H]+) found 267.1954, C16H27O3 requires 267.1954; mmax (thin
film)/cm−1 2968.0, 2918.6, 1746.5, 1717.2, 1648.9, 1445.8, 1409.9,
1367.4, 1313.3, 1235.8, 1177.2, 1035.9 and 839.8; dH (500 MHz,
C2HCl3) 1.30 (3 H, t, J 7.0, CH3CH2O), 1.61 (3 H, s, CH3C=CH),
1.63 (3 H, s, CH3C=CH), 1.69 (3 H, s, CH3C=CH), 1.98 (4 H, m,
(CH3)2C=CHCH2CH2), 2.30 (2 H, q, J 7.5, CH2CH2C=O), 2.59
(2 H, t, J 7.5, CH2CH2C=O), 3.45 (2 H, s, COCH2CO), 4.20 (2 H,
q, J 7.0, OCH2CH3) and 5.09 (2 H, dt, J 1.0, J 7.0, 2 × C=CH);
dC (125 MHz, C2HCl3) 14.1 (OCH2CH3), 16.0 (CH3C=CH),
17.7 (CH3C=CH), 22.2 (CH2CH2C=O), 25.7 (CH3C=CH),
26.6 and 39.4 ((CH3)2C=CHCH2CH2), 43.1 (CH2CH2CO), 49.4
(COCH2CO), 61.4 (OCH2CH3), 122.1 and 122.4 (2 × C=CH),
131.5 and 136.8 (quaternary C), 167.3 (ester C=O) and 202.7
(ketone C=O); m/z (CI+) 284.2 (100%, [M + NH4]+), 267.2 (86,
[M + H]+).


(1Z,5E)-1-(Ethoxycarbonyl)-6,10-dimethylundeca-1,5,9-trien-2-yl
trifluoromethanesulfonate (33)16


A stirred solution of 32 (546 mg, 2.05 mmol) in anhydrous
THF (15 cm3) under N2 was cooled to −78 ◦C then potassium
bis(trimethylsilyl)amide (0.5 M in THF, 4.93 cm3, 2.46 mmol) was
added. The resulting mixture was stirred at −78 ◦C for 30 min.
Trifluoromethanesulfonic anhydride (414 mm3, 2.46 mmol) was
added at −78 ◦C and the solution stirred for 16 h whilst slowly
warming to room temperature. Diethyl ether (20 cm3) was added
and the solution was washed with 10% citric acid solution (2 ×
15 cm3) and water (15 cm3). The separated organic layer was dried
over MgSO4 and filtered. Evaporation of the solvent gave a yellow
oil which was purified by flash chromatography on silica gel with
hexane and ethyl acetate (4 : 1) as eluent to give 33 as light yellow
oil (0.42 g, 51%); Rf 0.41 (hexane–EtOAc = 4 : 1); mmax (thin
film)/cm−1 2975.6, 2905.3, 2855.1, 2353.0, 1731.9, 1676.1, 1427.9,
1209.1, 1141.0, 1037.6, 923.1 and 840.1; dH (500 MHz, C2HCl3)
1.24 (3 H, t, J 7.0, OCH2CH3), 1.53 (3 H, s, CH3C=CH), 1.54
(3 H, s, CH3C=CH), 1.61 (3 H, s, CH3C=CH), 1.91 (4 H, m,
(CH3)2C=CHCH2CH2), 2.20 (2 H, t, J 7.5, CH2CH2C=O), 2.34
(2 H, t, J 7.5, CH2CH2C=O), 4.17 (2 H, q, J 7.0, OCH2CH3), 4.99
(2 H, t, J 7.0, 2 × C=CHCH2CH2) and 5.67 (1 H, s, O–C=CH);
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dC (125 MHz, C2HCl3) 14.1 (OCH2CH3), 16.1 (CH3C=CH),
17.7 (CH3C=CH), 24.4 (CH2CH2CO), 25.7 (CH3C=CH), 26.5
and 39.6 ((CH3)2C=CHCH2CH2), 34.6 (CH2CH2C=O), 61.3
(OCH2CH3), 112.0 (O–C=CH), 120.6 and 123.9 (2 × C=CH),
131.7 and 138.2 (2 × C=CH), 158.5 (CH=COSO2CF3) and
162.5 (C=O); dF (283 MHz, C2HCl3) −74.6 (s). m/z (CI+) 398.1
(2%, M+), 358.0 (80), 314.1 (18), 267.0 (21), 190 (23) and 114 (100).


(2Z,6E)-Ethyl-7,11-dimethyl-3-phenyldodeca-2,6,10-trienoate
(34)


To a stirred solution of 33 (0.36 g, 0.91 mmol) in anhydrous
THF (10 cm3) under N2, was added palladium(II) acetate (0.02 g,
0.09 mmol), triphenylarsine (0.11 g, 0.36 mmol), silver oxide
(0.42 g, 1.81 mmol) and phenylboronic acid (0.17 g, 1.36 mmol)
in quick succession. The complete mixture was then heated under
reflux for 15 h. Water (20 cm3) and diethyl ether (20 cm3) were
added, and the organic layer was separated. The aqueous layer
was extracted with diethyl ether (2 × 15 cm3). The combined
ethereal extracts were washed with water (2 × 10 cm3) and brine
(10 cm3), dried over MgSO4 filtered and concentrated under
reduced pressure. Purification by flash chromatography on silica
gel with hexane and ethyl acetate (9 : 1) as eluent gave 34 as
a light yellow oil (0.19 g, 66%); Rf 0.35 (hexane–EtOAc = 9 :
1); HRMS (ES+, [M + H]+) found 327.2324, C22H31O2 requires
327.2319; mmax (thin film)/cm−1 2975.7, 2926.3, 2361.9, 1727.2,
1638.2, 1442.5, 1377.2, 1276.4, 1223.8, 1159.0, 1042.6, 865.8 and
698.6; dH (500 MHz, C2HCl3) 0.99 (3 H, t, J 7.0, OCH2CH3),
1.45 (3 H, s, CH3C=CH), 1.53 (3 H, s, CH3C=CH), 1.60
(3 H, s, CH3C=CH), 1.88 (6 H, m, (CH3)2C=CHCH2CH2 and
CH2CH2CPh), 2.40 (2 H, dt, J 1.0, J 8.0, CH2CH2CPh), 4.90
(2 H, q, J 7.0, OCH2CH3), 5.01 (2 H, dt, J 1.0, J 7.0, 2 ×
C=CH), 5.81 (1 H, s, C=CHCO2Et) and 7.07 (5 H, m, Ar–
CH); dC (125 MHz, C2HCl3) 14.0 (OCH2CH3), 16.1 (CH3C=CH),
17.7 (CH3C=CH), 25.7 (CH3C=CH), 25.9, 26.7, 39.7 and 40.5
(2 × CH2CH2), 59.7 (OCH2CH3), 117.4 (C=CHCO2Et), 122.7
and 124.2 (2 × C=CHCH2CH2), 127.2, 127.5 and 127.8 (Ar–CH)
and 131.4, 136.3, 140.2, 159.3 and 166.1 (quaternary C); m/z (CI+)
344.4 (53%, [M + NH4]+) and 327.4 (100, [M + H]+).


(2Z,6E)-7,11-Dimethyl-3-phenyldodeca-2,6,10-trien-1-ol (35)


This compound was prepared from 34 in a manner identical to
that for the alcohol 15; purification by flash chromatography on
silica gel using hexane and ethyl acetate (2 : 1) as eluent gave 35 as
a light yellow oil (0.11 g, 85%); Rf 0.38 (hexane–EtOAc = 2 : 1);
HRMS (EI+, M+) found 284.2147, C20H28O requires 284.2140; mmax


(thin film)/cm−1 3355.5, 2965.4, 2922.2, 2855.4, 1650.6, 1491.7,
1442.2, 1379.7, 1080.3, 1005.6, 830.9 and 769.8; dH (500 MHz,
C2HCl3) 1.42 (1 H, b, CH2OH), 1.54 (3 H, s, CH3C=CH), 1.59
(3 H, s, CH3C=CH), 1.71 (3 H, s, CH3C=CH), 1.97 (6 H, m,
(CH3)2C=CHCH2CH2 and CH2CH2CPh), 2.44 (2 H, t, J 7.5,
CH2CH2CPh), 4.07 (2 H, d, J 7.0, CH2OH), 5.11 (2 H, m, 2 ×
C=CH), 5.72 (1 H, t, J 7.0, C=CHCH2OH) and 7.15 (5 H, m, Ar–
CH); dC (125 MHz, C2HCl3) 16.0 (CH3), 17.7 (CH3), 25.7 (CH3),
26.5, 26.7, 39.0 and 39.7 (2 × CH2CH2), 60.3 (CH2OH), 123.5
and 124.4 (2 × C=CH), 125.7 (C=CHCH2OH), 127.1, 128.1 and
128.2 (Ar–CH) and 131.3, 135.5, 140.0 and 144.6 (quaternary C);
m/z (EI+) 284.2 (10%, M+) and 266.2 (100, [M − H2O]+).


Molecular mechanics simulations


The X-ray crystal structure of AS from P. roqueforti containing
a docked FPP molecule (PDB 1FIP) was used as the starting
structure.34 For each docking experiment, the FPP substrate was
converted to the relevant substrate analogue 19, 29 and 36,
respectively, using the molecule builder module of the software
package MOE.§ Hydrogen atoms were added to both the protein
and FPP automatically using the software. The inhibitor and
all amino acid residues containing heavy atoms within 6.5 Å of
the inhibitor were selected as the key active site atoms and the
MMFF94 molecular mechanics forcefield was applied to these
atoms only.35 The energy of the system was minimised and the
resulting coordinates used to generate Fig. 3.
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