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Platelet-derived growth factor (PDGF) and its receptor PDGFR are required for tumor growth and
angiogenesis, so disruption of the PDGF–PDGFR interaction should lead to starvation of tumors and
reduction of tumor growth. Potent PDGF antagonists have been discovered through the synthesis of a
series of calix[4]arene-based compounds that are designed to bind to the three-loop region of
PDGF. The effect of lower-rim alkylation, linker and number of interacting head groups on the
calix[4]arene scaffold on PDGF affinity and cellular activity has been investigated.


Introduction


Platelet-derived growth factor (PDGF) is a mitogen that plays
a key role in cell proliferation, angiogenesis, wound healing,
chemotaxis, and inhibition of apoptosis.1–3 In malignant diseases
such as cancer, PDGF or its receptors are often found to be
overexpressed and required for tumor growth.4–7 PDGF has also
been shown to induce high levels of vascular endothelial growth
factor (VEGF), an angiogenesis inducer that is required for the
initiation of the formation of new blood vessels.8,9 To elicit its
biological activity, PDGF binds to PDGFR, a receptor tyrosine
kinase (RTK).10 As a result of binding, the receptor dimerizes and
undergoes autophosphorylation that triggers the recruitment of a
series of signaling proteins and the activation of the corresponding
signal transduction pathways.11


Based on the understanding of this biological process, dis-
ruption of the PDGF–PDGFR interaction should impede the
critical angiogenesis process thus leading to starvation of tumors
and reduction of tumor growth.12–16 To this end, there have been
several studies on antagonists against PDGFR or PDGF. Known
PDGFR antagonists include antibodies against PDGFR,17,18


peptides corresponding to the PDGF binding area19,20 and small
molecule inhibitors of receptor dimerization and tyrosine kinase
activity.12,13 Gleevec,21 the Abl tyrosine kinase inhibitor, which
also inhibits PDGFR tyrosine kinase, has been validated in
clinical trials and approved recently by the FDA as a new
cancer therapeutic. In contrast, only a few PDGF antagonists
are known, such as anti-PDGF antibodies,22 soluble extracellular
domains of PDGFR23 and PDGF-binding DNA aptamers,24 and
these have had only marginal success. We have been expanding
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our strategies of synthetic protein surface antagonists25–27 to
the design of PDGF antagonists. Synthetic PDGF antagonists
have the potential advantages of stability toward protease and
nuclease cleavage, smaller size and the convenience of systematic
modifications. Over the past several years we have developed a
calixarene-based system28,29 that represents the only family of non-
natural antagonists of PDGF.


The design of synthetic molecules that can bind to a protein
surface and disrupt physiologically important protein–protein
interactions remains a major challenge.30–34 In contrast to the
binding of substrates to well-defined enzyme active site cavities,
protein–protein interfaces are much less defined.35–37 They involve
large and lightly featured domains that in many cases cover an
area of 1200–2000 Å2. The X-ray crystal structure38 (Fig. 1)
of the homodimer of PDGF-B (PDGF-BB) shows that it is a
dimer of polypeptide chains that folds into two antiparallel pairs
of b-strands and contains five intra- and inter-chain disulfide
linkages. The three loop regions I–III are exposed to solvent,
loop I being highly disordered and thus missing in the solved
structure.


Fig. 1 X-Ray crystal structure of recombinant human PDGF-BB dimer
and sequence of PDGF-B monomeric chain. Adapted from ref. 38.
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Fig. 2 SAR studies involved systematic modifications of the calix[4]arene scaffold, shown as the shaded domains on the structure of GFB 204. The
structure of GFB111 is also shown.


We have previously reported a PDGF antagonist that has 4
peptidic loops attached to calix[4]arene, GFB111 (Fig. 2).28,29 This
molecule was shown to disrupt the PDGF–PDGFR interaction
and have anti-angiogenic and anti-proliferative activity against
human tumors. To overcome the drawbacks of GFB111, its
large size, difficulty of synthesis and aggregation in water, we
have recently discovered a second-generation PDGF antagonist
GFB204 (Fig. 2).39 Simple acyclic isophthalate groups function-
alized with an acidic and a hydrophobic group replaced the
peptide loops, thus significantly reducing the molecular weight
without diminishing activity. GFB204 was found to block PDGF
receptor phosphorylation and Erk1/2 activation with an IC50 of
0.19 lM. Further evaluation of its antitumor activity showed
that it inhibited tumor growth in xenografted nude mice (Fig. 3).
GFB204 was also shown to inhibit angiogenesis by a mechanism
involving PDGF as well as VEGF.


Fig. 3 Antitumor activity of GFB204 in the nude mouse tumor xenograft
model. �: control animals that received a vehicle. �: treated animals that
were injected with GFB204 (10 mg kg−1) daily.


Here, we report an investigation of the effect of a wide range
of structure variations of GFB204 on PDGF affinity and cellular
activity including different numbers of isophthalate groups, varia-
tion of the linkage between isophthalate and calix[4]arene scaffold
and substituents on the lower rim hydroxyls (Fig. 2). We have
derived a structure–activity analysis based on the direct binding of
PDGF to these antagonists as well as cell-based assays, providing
valuable insights into PDGF recognition and directing us to a
third-generation PDGF antagonist.


Results and discussion


Design and syntheses of PDGF antagonists


Our approach is based on the calix[4]arene scaffold that bears
different functionalities complementary to the three binding loops
of PDGF-BB. The three loops critically involved in PDGFR
binding are composed of hydrophobic (loop I), hydrophobic
and cationic (loop II) and cationic (loop III) residues. Epitope
mapping and mutagenesis studies40–45 have shown that of the
three loops, the residues in loop I are most important in the
binding to PDGFR. In our previous two generations of calixarene
derivatives, the combination of hydrophobic and acidic groups28


turned out to be essential to achieve optimal binding affinity. In
this study, we report the synthesis of a third-generation library in
order to evaluate more comprehensively the key structure–activity
relationships.


Calix[4]arenes with different numbers of isophthalate groups
were synthesized by reacting the acyl chloride form of the
tetraacid derivative of calix[4]arene (1) with monobenzyl mono-
t-butyl 5-aminoisophthalate (2) in the presence of methanol,
followed by preparative thin layer chromatography to obtain the
products with one to four isophthalate groups, with the remaining
carboxylates blocked as methyl esters (3b–6b). The necessity of
the aromatic isophthalate frame was assessed with compound 7b,
which contains in its place a dialkyl amide, and was prepared
by coupling benzyl ((t-butoxycarbonylmethyl)amino)acetate to
the tetraacid chloride of calix[4]arene, followed by either benzyl
ester deprotection (H2, Pd–C) or t-butyl ester removal (TFA)
(Fig. 4).


To investigate the effect on affinity of different linker groups
between the isophthalate and calix[4]arene components, com-
pounds 8b–12b were prepared. Compound 8b came from the
coupling of tetraacid chloride calix[4]arene to 1-benzyl 3-t-
butyl 5-(2-aminoacetylamino)isophthalate. The preparation of 9b
involved the treatment of tetraamino calix[4]arene with triphos-
gene to generate the tetra(carbamoyl chloride) that subsequently
reacted with aniline 2 to give the urea derivative 9b. The
tetra(diazo)calix[4]arene 10b was obtained by reacting the parent
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Fig. 4 (a)–(f): Synthetic routes for PDGF antagonists 3b–6b, 7b, 10b–12b and 15b. (g)–(i): Structures of PDGF antagonists 8b, 13b and 14b.


calix[4]arene with the diazonium salt derived from 2 by treatment
with sodium nitrite under acidic conditions. During this reaction,
the tris(diazo)calix[4]arene 12b was also obtained after recrystal-
lization. As a close analog of the amide linker, a sulfonamide group
was introduced into compound 11b by coupling the corresponding
tetrasulfonyl chloride calix[4]arene with aniline 2.


The role of alkylation at the lower rim was exemplified by
compounds 10b, 13b, 14b and 15b. Compounds 13b and 14b were
synthesized similarly to GFB204 except that the lower rim was
alkylated with either 2-methoxyethyl bromide or methyl iodide.
In the preparation of 15b, the lower rim hydroxyls were first
protected by benzyl groups that were later removed along with
the isophthalate benzyl ester by hydrogenation.


Binding affinity of PDGF-BB antagonists


There is a single tryptophan residue in each PDGF-B monomer
near binding loop I, which provides a fluorescent probe for
detecting antagonist binding to this region. The dissociation
constants were derived from the change of fluorescent intensity of
tryptophan upon binding by the antagonists. The titration curves
were fitted using Scientist software to a 1 : 1 binding equation, as
described in the Experimental section.


First, an array of antagonists with one to four isophthalate
groups was investigated to understand the optimal number of in-
teracting moieties needed for efficient binding. A gradual decrease
in binding affinity was observed when the number of isophthalate
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groups was reduced from four to one, as in compounds 6b–3b.
The tetra(isophthalate) calix[4]arene 6b has the highest affinity
(Kd = 9.3 nM) in this series, while the tris(isophthalate) 5b has a
slightly weakened affinity (Kd = 21.1 nM). The affinity decreased
further to Kd = 137 nM when, as in compound 3b, there is
only a single isophthalate arm remaining (Fig. 5). The affinity
of tetra-substituted diazocalix[4]arene 10b (Kd = 22.6 nM) toward
PDGF-BB is only marginally larger than that of tri-substituted 12b
(Kd = 23.8 nM). These observations suggest that the three-armed
calix[4]arenes may be comparably active in vivo since, despite their
slightly weakened affinity, they may have the advantages of a
significantly lower molecular weight compared to their four-armed
analogs.


Fig. 5 Fluorescence titrations of PDGF-BB with compounds 3b–6b and
1. From top to bottom: Kd/nM: 3b (137), 1 (68), 4b (39.4), 5b (21.1), 6b
(9.26).


Our binding target is the three loops of PDGF-BB that contain
both hydrophobic and cationic groups and are critical for its
binding to PDGFR. The most efficient binding is seen with
those synthetic molecules containing several isophthalate residues
bearing both hydrophobic and anionic groups. These binding
domains provide a number of potential points of interaction,
which should lead to stronger affinity. However, this effect would
likely be saturated at a certain point due to limited surface
contact and increased steric congestion. Based on our evaluation
of Kd and IC50 values of the above compounds, the three-armed
calix[4]arenes such as 5b and 12b appear to be comparably effective
PDGF-BB antagonists (Table 1 and Fig. 6).


Second, the effect of the lower rim alkyl groups on the binding
affinity was investigated. In our initial design, n-butyl groups at the
lower rim were introduced to constrain the calix[4]arene scaffold
into a cone conformation in which the phenyls are unable to invert
through the cavity of the ring.46 The butylated compound GFB204
exists in a well-defined cone conformation, as indicated by the pair
of doublets from the bridging methylene protons in the 1H NMR
spectrum. When the n-butyl group was replaced by a methoxyethyl
group in compound 13b, the cone conformation was retained while
the binding affinity Kd decreased slightly from 17.3 nM (GFB204)
to 46.9 nM (13b).


Extensive NMR and computational studies have shown that
a calix[4]arene with four free hydroxyl groups at the lower rim
is stabilized in its cone conformation by a circular array of four
hydrogen bonds.46 Although the cone is in equilibrium with the
inverted cone conformation (DG�= = 15 kcal mol−1) through a


Table 1 The dissociation constants of PDGF-BB with antagonists and
the corresponding IC50 values for the inhibition of PDGFR auto-
phosphorylation


Compound names Kd/nM IC50/lM


GFB204 17.3 0.19 ± 0.06
1 (GFB248) 68.0 10
3b (GFB224) 137 >10
4b (GFB223) 39.4 >10
5b (GFB239) 21.1 0.43 ± 0.35
6b (GFB210) 9.26 0.35 ± 0.31
7b (GFB221) — 2.32 ± 1.81
8b (GFB222) — 0.6 ± 0.45
9b (GFB227) — >10
10b (GFB229) 22.6 0.11 ± 0.04
11b (GFB234) 13.7 >10
12b (GFB247) 23.8 0.48 ± 0.1
13b (GFB237) 46.9 0.58 ± 0.13
14b (GFB210) 31.3 0.35 ± 0.31
15b (GFB238) 10.0 >10


Fig. 6 GFB204, 5b and 10b inhibit PDGF-BB stimulation of PDGFR
tyrosine phosphorylation, Erk1/Erk2 and Akt phosphorylation. NIH 3T3
cells were treated with increasing concentrations of GFB204, 5b or 10b
for 5 min prior to stimulation with PDGF-BB (10 ng mL−1) for 10 min.
The cells were then lysed and processed for SDS/PAGE Western blotting
with an antibody specific for phosphotyrosine for PDGFR tyrosine
phosphorylation, phospho-Erk1/2 or phospho-Akt. Actin was blotted
as a control.


partial cone intermediate, only the cone conformation is observed
by NMR at room temperature. We rationalized that tetra-hydroxy
calix[4]arene derivatives should also give satisfactory affinity to
PDGF-BB since the prevalent conformation is cone. Indeed, the
tetra-hydroxy calix[4]arene 15b binds to PDGF-BB with a high
affinity of Kd = 10 nM. Therefore, the alkylation of the lower rim
is not required for the calix[4]arene to pre-organize into a favorable
cone shape that is complementary to the protruding loop region of
PDGF-BB. Removal of four lower rim n-butyl groups significantly
reduced the molecular weight of the molecules, which is desired
to improve solubility and bioavailability. The other tetra-hydroxy
compound 10b also showed a high affinity (Kd = 22.6 nM) as did
the tetramethyl compound 14b (Kd = 31.3 nM), further suggesting
that a low barrier to conformational interconversion also gives an
advantage for potency.


Third, the role of the linkage between isophthalate and cal-
ixarene subunits was studied. The affinity was retained when the
initial amide linker was substituted by sulfonamide (11b) or diazo
(10b). Compared to the partial double bond characteristics of
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an amide, the sulfonamide linker should have more rotational
freedom as a single bond, while the diazo bond should be more
constrained. The comparable Kd values of the three compounds
(GFB204: 17.3 nM; 11b: 13.7 nM; 10b: 22.6 nM) suggested that
different degrees of rigidity in the linker can be tolerated without
significant loss of affinity toward PDGF-BB. This is advantageous,
as it provides a wide choice of linkers that could be further selected
for optimal in vivo properties.


The difference of the chemical shift (Dd/ppm) of the pair of
bridging methylene protons is a marker of the planarity of the
cone conformation in calix[4]arenes.46 The smaller the Dd value the
more planar is the cone, reaching zero ppm when it is completely
planar. A survey of the PDGF-BB antagonists reported in this
paper showed a wide range of Dd values (0.70–1.32 ppm). This
observation suggested that although the resting states of the
calix[4]arene scaffolds change significantly due to their varying
planarity, upon binding to PDGF-BB they may adjust to an
optimal conformation without any major energy barrier due to
the conformational flexibility of the calix[4]arene scaffold.


PDGF-BB antagonists block PDGF-BB induced PDGF receptor
tyrosine phosphorylation and Erk1/2 activation


The calix[4]arene-based antagonists were shown to block the
subsequent autophosphorylation of PDGFR and activation of
downstream kinases Erk1 and Erk2 in NIH 3T3 cells, as described
in the Experimental section. The IC50 values provided a direct
evaluation of the cellular activity of our PDGF-BB antagonists
(Table 1 and Fig. 6). Three of the compounds, GFB204, 10b
and 5b, showed potent IC50 values: 0.19 lM, 0.11 lM and
0.43 lM respectively. These three compounds are also among those
with the highest PDGF-BB affinity from the fluorescent binding
experiments, with Kd values of 17.3 nM, 22.6 nM and 21.1 nM,
respectively.


To our surprise, compound 15b had a very low activity (IC50


>10 lM), although its affinity for PDGF-BB was high (Kd =
10.0 nM). This may be due to non-specific interaction of the
calix[4]arene derivatives within the cellular assay. The cell-based
assay provided a useful tool to screen the preliminary specificity
and physiological stability of the initial leads. For example,
compound 11b showed excellent binding affinity (Kd = 13.7 nM)
but only gave poor cellular activity (IC50 >10 lM) (Table 1).


The isophthalate group appears to be necessary for high cellular
activity, since compound 7b, which lacks the isophalate aromatic
ring, showed much reduced activity. This is probably due to the
decreased hydrophobicity when the four aromatic isophthalate
groups were removed.


Conclusion


To understand the structure–activity relationship of calix[4]arene
derivatives towards PDGF-BB binding, a library of compounds
that address different aspects of the structural variation of the par-
ent GFB204 was prepared and their dissociation constants towards
PDGF and their ability to inhibit PDGF-stimulated PDGFR tyro-
sine phosphorylation were obtained through fluorescent titrations
and cell-based assays, respectively. Three isophthalate arms turned
out to be sufficient to obtain good binding affinity and also to give


competitive cellular activity. This observation has led us to design
and synthesize new antagonists based on three-folded symmetry.47


The linker between the isophthalate and calix[4]arene scaffolds
had an insignificant effect on the affinity, but notably influenced
the cellular efficacy. Compounds 10b, GFB204 and 8b (with
diazo, amide and glycine linkers, respectively) all have satisfactory
activity in cell culture. In contrast, compounds 11b and 9b with
sulfonamide and urea linkers gave very low activity. The alkylation
at the lower rim hydroxyls was found to be unnecessary because the
four OH groups form an array of hydrogen bonds to stabilize the
calix[4]arene scaffold into a cone conformation that is potentially
well pre-organized to interact with the loop regions of PDGF-
BB. To probe the structure of the complex, we have used the
ligand–protein docking program GOLD which searches for the
optimal docking of a flexible ligand to a rigid protein framework.
Using the GoldScore fitness function, docking of the diazo-
calixarene (10b) to PDGF-BB showed a cone-shaped calixarene
binding to a large surface area of the loop region of PDGF-BB
(Fig. 7).


Fig. 7 The docking between PDGF-BB and diazo-calixarene (10).
Docking was carried out using GOLD (GoldScore fitness function) and
the graph was generated using WebLab Viewer Pro.


These observations are now guiding us in new strategies for the
design of molecules with reduced molecular weight and elevated
in vivo activity.


Experimental


Materials and instruments


PDGF-BB was purchased from Cell Sciences. All solvents were
purchased from Mallinckrodt or Aldrich and all reagents were
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purchased from Aldrich unless otherwise stated and used without
further purification. All moisture-sensitive reactions were carried
out under nitrogen atmosphere. Purification by column chro-
matography was carried out using silica gel (230–400 mesh size).
Analytical thin layer chromatography (TLC) was conducted using
Baker 0.25 mm silica gel pre-coated glass plates with fluorescent
indicator active at UV245. Preparative TLC was conducted using
Analtech 1000 mm silica gel pre-coated plates with fluorescent
indicator active at UV245. 1H NMR and 13C NMR spectra were
acquired on either Bruker DPX 400 or DPX 500 series spectrom-
eters. Chemical shifts are expressed as parts per million using
solvent as internal standard. Preparative HPLC was performed
on a Waters 600E controller in conjunction with Waters 490E
multi-wavelength UV detector. Analytical HPLC was performed
on a Rainin HP controller with a Rainin UV detector, both
attached to a Dell Optiplex PC running Varian Star Workstation
software. Nominal mass spectrometry data was obtained by Dr
Walter McMurray at the W. M. Keck Foundation Biotechnology
Resource Laboratory of Yale University. High resolution mass
spectrometry data was obtained by the Washington University
Resource for Biomedical and Bio-organic Mass Spectrometry.
Fluorescence titration experiments were carried out on a Photon
Technology International spectrofluorometer equipped with a
LPS-220B lamp power supply, a MD-5020 motor driver and an
814 photomultiplier detection system.


Fluorescence tritration


Lyophilized PDGF-BB (10 lg) was reconstituted by addition
of deionized water (100 lL). This stock solution was diluted to
5 mM phosphate buffer pH 7.4 to reach a final concentration of
160 nM. To a quartz cuvette that contained 500 lL of 160 nM
PDGF-BB solution, one of the antagonists was added in 32 lM ×
1 lL aliquots and incubated at room temperature for 3 min before
measurement. The excitation wavelength was 275 nm and the
fluorescence of tryptophan at 340 nm was monitored after each
addition. A blank buffer was titrated with the same antagonist in
the same manner to get a background to be subtracted before
curve fitting. The titration curve was fitted to an equimolar
binding model using the Scientist program. The equations are
F = (F 0/(1.6 × 10−7))P + f 2KPL, P = 1.6 × 10−7/(1 + KL)
and conc. = (L + KPL). The initial values and constraints of
parameters are f 2 = 0, 0 < L < conc., 0 < P < 1.6 × 10−7 and
K = 1.0 × 106. F : fluorescence intensity at any titration point;
F 0: fluorescence intensity at the beginning; P: unbound PDGF;
f 2: unit fluorescence intensity of bound protein; K: association
constant; L: unbound antagonist.


Antitumor activity in the nude mouse tumor xenograft model


Nude mice (Charles River, Wilmington, MA) were maintained
in accordance with the Institutional Animal Care and Use Com-
mittee (IACUC) procedures and guidelines. A-549 cells (ATCC)
were harvested and resuspended in PBS. A-549 cells were injected
subcutaneously (s.c.) into the right and left flanks (10 × 106 cells
per flank) of 8 week old female nude mice. When tumors reached
about 200 mm3, animals were dosed intraperitoneally (i.p.) with
0.1 mL once daily. Control animals received a vehicle, whereas
treated animals were injected with GFB204. The tumor volumes


were determined by measuring the length (l) and the width (w)
and calculating the volume (V = lw2/2). The statistical significance
between control and treated animals was evaluated using Student’s
t-test.


Inhibition of growth factor-dependent receptor tyrosine
phosphorylation by GFBs


Starved NIH 3T3 cells were pretreated with GFBs for 5 min
before stimulation with PDGF-BB (10 ng mL−1) for 10 min. The
cells were then harvested and lysed, and proteins from the lysates
were separated by SDS-PAGE and transferred to nitrocellulose.
Membranes then were blotted with anti-phospho-tyrosine anti-
body (4G10, Upstate Biotechnology, Lake Placid, NY, USA) for
activated PDGFR.28 Phosphotyrosine PDGFRs were quantified
using a Bio-Rad Model GS-700 Imaging Densitometer (Bio-Rad
Laboratories Inc., Hercules, CA, USA).


Inhibition of growth factor-mediated stimulation of
phosphorylation of Erk1/2 and Akt by GFBs


Starved NIH 3T3 cells were pretreated with the indicated concen-
tration of GFBs for 5 min, before 10 min stimulation with PDGF-
BB (10 ng mL−1). Cell lysates were run on SDS-PAGE gels, and
then transferred to nitrocellulose and Western blotted with anti-
phosphorylated Erk1/Erk2 (Cell Signaling Technologies) and
anti-phosphorylated Akt as described previously by us.28


Synthesis


General procedure for removal of benzyl group. For example,
the fully protected compound 5a (5 mg, 0.0028 mmol) and
palladium on carbon (10%, 0.5 mg) in methanol–ethyl acetate
(2 mL, 1 : 1) was stirred under 1 atm H2 for 8 h. The catalyst
was filtered off and the filtrate was concentrated in vacuo to yield
the deprotected product 5b (3.5 mg, 83%) as a white solid. 5b:
1H NMR (400 MHz, CD3OD): d = 10.16 (s, 2H, NH), 9.77
(s, 1H, NH), 8.27–8.59 (m, 9H, Ar), 7.76 (s, 2H, Ar calix),
7.71 (s, 2H, Ar calix), 7.20 (s, 2H, Ar calix), 7.14 (s, 2H, Ar
calix), 4.59 (t, J = 13.2 Hz, 4H, Hax of ArCH2Ar), 4.19 (t,
J = 6.5 Hz, 4H, OCH2CH2CH2CH3), 3.93 (t, J = 6.5 Hz,
4H, OCH2CH2CH2CH3), 3.53 (s, 3H, COCH3), 3.43 (t, J =
13.2 Hz, 4H, Heq of ArCH2Ar), 1.97 (m, 8H, OCH2CH2CH2CH3),
1.63 (s, 18H, C(CH3)3), 1.56 (s, 9H, C(CH3)3), 1.44 (m, 8H,
OCH2CH2CH2CH3), 1.06 (m, 12H, OCH2CH2CH2CH3). HR
ESI-MS m/z: calcd [M + 2Na]2+ 770.8205, found 770.8196.


General procedure for removal of t-butyl group. For example,
the fully protected compound 8a (15 mg, 0.007 mmol), triethyl-
silane (5 lL, 0.035 mmol), and trifluoroacetic acid (150 lL,
2.1 mmol) in 3 mL of CH2Cl2 was stirred overnight. The
deprotected product 8b (11 mg, 80%) as a white solid was obtained
with satisfactory purity after evaporation of the solvent followed
by addition of diethyl ether and evaporation to dryness. 8b:
1H NMR (400 MHz, CD3OD): d = 8.32 (s, 8H, Ar), 8.25 (s,
4H, Ar), 7.38–7.24 (m, 28H, Ph and Ar calix), 5.28 (s, 8H,
CH2Ph), 4.50 (d, J = 13.3 Hz, 4H, Hax of ArCH2Ar), 3.98
(br s, 16H, COCH2 and OCH2CH2CH2CH3), 3.30 (d, J =
13.3 Hz, 4H, Heq of ArCH2Ar), 1.93 (m, 8H, OCH2CH2CH2CH3),
1.51 (m, 8H, OCH2CH2CH2CH3), 1.03 (t, J = 7.3 Hz, 12H,
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OCH2CH2CH2CH3). 13C NMR (125 MHz, CDCl3–CD3OD, 1 :
1): d = 168.3 (s, CO), 167.9 (s, CO), 167.1 (s, CO), 165.3 (s, CO),
159.3 (s, Ar), 138.4 (s, Ar), 135.3 (s, Ph), 134.6 (s, Ar), 131.3 (s,
Ar), 130.5 (s, Ar), 128.1 (d, Ph), 127.8 (d, Ph), 127.7 (d, Ph),
127.5 (d, Ar), 126.9 (s, Ar), 125.7 (d, Ar), 124.7 (d, Ar), 124.3
(d, Ar), 74.8 (t, OCH2CH2CH2CH3), 66.7 (t, OCH2Ph), 43.7 (t,
COCH2), 31.9 (t, OCH2CH2CH2CH3), 30.5 (t, ArCH2Ar), 18.9 (t,
OCH2CH2CH2CH3), 13.4 (q, OCH2CH2CH2CH3). HR ESI-MS
m/z: calcd [M − H]− 1643.6650, found 1643.7494.


Monobenzyl mono-t-butyl 5-aminoisophthalate (2). To a solu-
tion of monomethyl 5-nitroisophthalate in 40 mL of dry methylene
chloride (3 g, 13 mmol) was added oxalyl chloride (5.1 g, 40 mmol)
and 100 lL of DMF, and then the solution was stirred for 3 h.
The solution was evaporated in vacuo and added to t-BuOH (19 g,
260 mmol), DMAP (1.63 g, 13 mmol) and DIEA (17 g, 130 mmol)
then stirred overnight. The solution was evaporated, and dissolved
in 50 mL of methylene chloride and washed with 1 N NaOH (3 ×
50 mL) and 1 N HCl (3 × 50 mL). The organic extracts were
concentrated and dried in vacuo to afford monomethyl mono-t-
butyl 5-nitroisophthalate (2.5 g, 68%) as a brown solid. 1H NMR
(500 MHz, CDCl3): d = 8.97 (s, 1H), 8.93 (s, 1H), 8.89 (s, 1H),
4.00 (s, 3H), 1.65 (s, 9H). 13C NMR (125 MHz, CDCl3): d = 164.1,
162.4, 148.1, 135.4, 134.1, 131.9, 127.7, 127.4, 83.0, 52.7, 27.8.
FAB-MS m/z: calcd. [M + H]+ 282.1, found 282.4.


To the above product (2.4 g, 8.5 mmol) was added 1 N LiOH
(15 mL), followed immediately by THF (15 mL). After stirring
vigorously for 2 h, the solution was poured into methylene chloride
(60 mL), and 1 N HCl (60 mL) was added. The organic extracts
were combined and evaporated in vacuo to afford mono-t-butyl 5-
nitroisophthalate (2.2 g, 96%) as a light yellow powder. 1H NMR
(500 MHz, DMSO-d6): d = 8.78 (s, 1H), 8.72–8.70 (m, 2H), 1.60
(s, 9H). 13C NMR (125 MHz, DMSO-d6): d = 165.2, 163.0, 148.5,
135.0, 134.8, 133.5, 127.7, 127.0, 83.1, 28.0. FAB-MS m/z: calcd.
[M + H]+ 268.1 found 268.2.


The obtained powder (2.1 g, 7.8 mmol) was taken up in MeOH
(200 mL) and added to a suspension of 10% Pd/C (200 mg) in
H2O (5 mL), and stirred for 3 h under 1 atm of H2. The catalyst
was filtered off and the filtrate evaporated in vacuo to provide
mono-t-butyl 5-aminoisophthalate (1.74 g, 94%) as a white solid.
1H NMR (500 MHz, CD3OD): d = 7.88 (s, 1H), 7.53 (s, 1H), 7.48
(s, 1H), 1.61 (s, 9H). 13C NMR (125 MHz, DMSO-d6): d = 167.18,
149.10, 131.72, 118.13, 117.61, 117.37, 116.97, 80.52, 27.7.


This product (2 g, 8.4 mmol) was taken up in DMF (50 mL) and
cooled to 0 ◦C, with stirring. Then Cs2CO3 (2.7 g, 8.4 mmol) and
benzyl bromide (1.44 g, 8.4 mmol) were added, and the solution
stirred for 5 h at RT. After extraction with methylene chloride,
the organic layer was washed with H2O and the combined organic
extract was evaporated in vacuo. The residue was chromatographed
(hexanes–EtOAc, 3 : 1) to provide monobenzyl mono-t-butyl 5-
aminoisophthalate (2) (1.8 g, 66%) as a white powder. 2): 1H NMR
(500 MHz, CDCl3): d = 8.10 (s, 1H), 7.59 (s, 1H), 7.55 (s, 1H),
7.44–7.32 (m, 5H), 5.35 (s, 2H), 1.58 (s, 9H). 13C NMR (125 MHz,
CDCl3): d = 166.1, 165.1, 145.3, 136.1, 133.7, 131.6, 128.8, 128.5,
128.4, 121.9, 120.9, 120.4, 81.8, 67.1, 28.4. FAB-MS m/z: calcd.
[M + H]+ 328.1, found 328.3.


Tetrakis(butoxy)calix[4]arene tetrakis(monobenzyl isophthalate)
(GFB204). To a solution of tetrakis(butoxy)calix[4]arene
tetracarboxylic acid (1) (100 mg, 0.12 mmol) in dry methylene


chloride (5 mL) was added oxalyl chloride (0.65 mL, 7.2 mmol)
and 1 drop of dry DMF. After stirring overnight, the reaction
mixture was evaporated in vacuo to give the acyl chloride. A
solution of 2 (235 mg, 0.72 mmol) and dry pyridine (64 lL,
0.72 mmol) in dry methylene chloride (7 mL) were added and
stirred overnight. After evaporation in vacuo, the residue was
purified by column chromatography (hexanes–acetone, 4 : 1) to
afford the fully protected precursor of GFB204 (168 mg, 67%).
The t-butyl groups were removed as described previously to obtain
GFB204 as a white solid. GFB204: 1H NMR (400 MHz, acetone-
d6): d = 9.40 (s, 4H, NH), 8.49 (s, 4H, Ar), 8.47 (s, 4H, Ar), 8.26
(s, 4H, Ar), 7.56 (s, 8H, Ar calix), 7.47–7.28 (m, 20H, Ph), 5.32 (s,
8H, CH2Ph), 4.63 (d, J = 13.6 Hz, 4H, Hax of ArCH2Ar), 4.07
(t, J = 7.2 Hz, 8H, OCH2CH2CH2CH3), 3.45 (d, J = 13.6 Hz,
4H, Heq of ArCH2Ar), 1.98 (m, 8H, OCH2CH2CH2CH3),
1.55 (m, 8H, OCH2CH2CH2CH3), 1.04 (t, J = 9.0 Hz, 12H,
OCH2CH2CH2CH3). 13C NMR (400 MHz, acetone-d6): d =
166.73 (CO), 165.83 (CO), 165.73 (CO), 160.74 (4◦, Ar), 140.78
(4◦, Ar), 137.11 (4◦, Ar), 135.86 (4◦, Ar), 132.01 (4◦, Ar),
131.54 (4◦, Ar), 129.34 (3◦, Ar), 129.14 (3◦, Ar), 129.09 (3◦, Ar),
129.04 (4◦, Ar), 128.97 (3◦, Ar), 126.07 (3◦, Ar), 125.93 (3◦, Ar),
125.51 (3◦, Ar), 75.95 (PhCH2), 67.45 (OCH2CH2CH2CH3),
33.05 (OCH2CH2CH2CH3), 31.85 (ArCH2Ar), 20.05
(OCH2CH2CH2CH3), 14.39 (OCH2CH2CH2CH3). FAB-MS
m/z: calcd. [M − H]− 1835.7 found 1835.2.


To obtain tetrakis(butoxy)calix[4]arene tetra(mono-t-butyl
isophthalate) (6b) from the same precursor as that of GFB204,
the benzyl groups were removed according to the procedure
described previously, to provide compound 6b as a white solid.
6b: 1H NMR (400 MHz, acetone-d6): d = 9.38 (s, 4H, NH),
8.47 (s, 4H, Ar), 8.40 (s, 4H, Ar), 8.20 (s, 4H, Ar), 7.60 (s,
8H, calix Ar), 4.63 (d, J = 13.2 Hz, 4H, Hax of ArCH2Ar),
4.10 (br t, 8H, OCH2CH2CH2CH3), 3.47 (d, J = 13.2 Hz, 4H,
Heq of ArCH2Ar), 2.01 (m, 8H, OCH2CH2CH2CH3), 1.57 (m,
8H, OCH2CH2CH2CH3), 1.53 (s, 9H, C(CH3)3), 1.06 (t, J =
7.2 Hz, 12H, OCH2CH2CH2CH3). 13C NMR (400 MHz, acetone-
d6): d = 167.39 (CO), 165.87 (CO), 165.07 (CO), 160.61 (4◦,
Ar), 140.38 (4◦, Ar), 135.85 (4◦, Ar), 133.32 (4◦, Ar), 132.23
(4◦, Ar), 129.40 (4◦, Ar), 129.12 (3◦, Ar), 125.93 (3◦, Ar),
125.69 (3◦, Ar), 125.36 (3◦, Ar), 81.67 (4◦, C(CH3)3), 76.03 (2◦,
OCH2CH2CH2CH3), 33.10 (2◦, OCH2CH2CH2CH3), 31.83 (2◦,
ArCH2Ar), 28.27 (1◦, C(CH3)3), 20.07 (2◦, OCH2CH2CH2CH3),
14.41 (1◦, OCH2CH2CH2CH3). HR ESI-MS m/z: calcd [M +
2Na]2+ 873.3569, found 873.3577.


Tetrakis(butoxy)calix[4]arene mono(mono-t-butyl isophthalate)
tris(methoxy) (3b), tetrakis(butoxy)calix[4]arene bis(mono-t-butyl
isophthalate) bis(methoxy) (4b), tetrakis(butoxy)calix[4]arene
tris(mono-t-butyl isophthalate) mono(methoxy) (5b). To a stirred
suspension of tetrakis(butoxy)calix[4]arene tetracarboxylic acid
(1) (30 mg, 0.036 mmol) in dry CH2Cl2 (2 mL) was added oxalyl
chloride (190 lL, 2.18 mmol) and 1 drop of dry DMF. After
stirring overnight the solvent was evaporated, the resulting residue
was dried in vacuo and then dissolved in dry CH2Cl2 (1 mL). A
solution of 2 (35 mg, 0.108 mmol), methanol (5 lL, 0.108 mmol)
and triethylamine (40 lL, 0.288 mmol) in dry CH2Cl2 (1 mL)
was added dropwise and the reaction mixture was stirred for
12 h. The reaction mixture was diluted with CH2Cl2 (3 mL),
washed with 0.5 N HCl (5 mL) and H2O (2 × 3 mL), dried
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over Na2SO4 and concentrated in vacuo. The crude product was
separated by preparative TLC (CH2Cl2–methanol, 100 : 1) to
obtain the fully protected compounds 4a (10 mg, 19%), 6a and
a mixture of 3a and 5a as white solids. 4a is the mixture of
1,2- and 1,3-substituted isomers, and no attempt was made to
separate them. The mixture of 3a and 5a was further purified
by preparative TLC (hexanes–acetone, 4 : 1) to obtain 3a (8 mg,
19%) and 5a (10 mg, 17%). 3a: 1H NMR (400 MHz, CDCl3):
d = 8.52 (s, 1H, Ar), 8.41 (s, 1H, Ar), 8.38 (s, 1H, Ar), 7.87
(s, 1H, NH), 7.46–7.31 (m, 9H, Ph and Ar calix), 7.17 (s, 2H,
Ar calix), 7.09 (s, 2H, Ar calix), 5.37 (s, 2H, CH2Ph), 4.45 (d,
J = 13.5 Hz, 2H, Hax of ArCH2Ar), 4.44 (d, J = 13.6 Hz, 2H,
Hax of ArCH2Ar), 3.99 (t, J = 7.6 Hz, 4H, OCH2CH2CH2CH3),
3.89 (t, J = 7.3 Hz, 2H, OCH2CH2CH2CH3), 3.86 (t, J =
7.3 Hz, 2H, OCH2CH2CH2CH3), 3.82 (s, 6H, COCH3), 3.54
(s, 3H, COCH3), 3.27 (d, J = 13.5 Hz, 2H, Heq of ArCH2Ar),
3.26 (d, J = 13.6 Hz, 2H, Heq of ArCH2Ar), 1.90–1.81 (m, 8H,
OCH2CH2CH2CH3), 1.58 (s, 9H, C(CH3)3), 1.47–1.39 (m, 8H,
OCH2CH2CH2CH3), 1.01–0.96 (m, 12H, OCH2CH2CH2CH3).
4a: 1H NMR (400 MHz, CDCl3): d = 8.52 (s, 2H, Ar), 8.43
(s, 2H, Ar), 8.37 (s, 2H, Ar), 8.02 (s, 2H, NH), 7.42 (d, 4H,
J = 6.9 Hz, Ph), 7.35–7.22 (m, 14H, Ph and Ar calix), 5.34 (s,
4H, CH2Ph), 4.51–4.44 (m, 4H, Hax of ArCH2Ar), 3.98–3.92 (m,
8H, OCH2CH2CH2CH3), 3.60 (s, 6H, COCH3), 3.32–3.26 (m,
4H, Heq of ArCH2Ar), 1.91–1.83 (m, 8H, OCH2CH2CH2CH3),
1.56 (s, 18H, C(CH3)3), 1.47–1.41 (m, 8H, OCH2CH2CH2CH3),
0.99 (t, J = 7.3 Hz, 12H, OCH2CH2CH2CH3). 5a: 1H NMR
(400 MHz, CDCl3): d = 8.30–8.50 (m, 9H, Ar), 7.87 (s, 2H,
NH), 7.70 (s, 1H, NH), 7.28–7.48 (m, 21H, Ph and Ar calix),
7.17 (s, 1H, Ar calix), 7.09 (s, 1H, Ar calix), 5.33 (s, 4H, CH2Ph),
5.32 (s, 2H, CH2Ph), 4.52 (dd, J1 = 13.6 Hz, J2 = 4.8 Hz, 4H,
Hax of ArCH2Ar), 4.05 (t, J = 7.6, 4H, OCH2CH2CH2CH3),
3.91 (m, 4H, OCH2CH2CH2CH3), 3.52 (s, 3H, COCH3), 3.34
(dd, J1 = 13.6 Hz, J2 = 4.8 Hz, 4H, Heq of ArCH2Ar), 1.90
(m, 8H, OCH2CH2CH2CH3), 1.56 (s, 18H, C(CH3)3), 1.54 (s,
9H, C(CH3)3), 1.50 (m, 8H, OCH2CH2CH2CH3), 1.02 (m, 12H,
OCH2CH2CH2CH3). The deprotected 3b, 4b and 5b were obtained
after removal of the benzyl ester groups from 3a, 4a and 5a
respectively, as previously described. ESI-MS m/z: 3b: calcd [M +
Na]+ 1108.5034, found 1108.5051; 4b: calcd [M − H]− 1289.6,
found 1289.7; 5b: calcd [M + 2Na]2+ 770.8205, found 770.8196.


Tetrakis(butoxy)calix[4]arene tetrakis(N-benzylacetate N-
acetate) (7b). To a stirred suspension of 1 (26 mg, 0.03 mmol)
in dry CH2Cl2 (2 mL) was added oxalyl chloride (167 lL,
1.92 mmol) and 1 drop of dry DMF. After 5 h the solvent
was evaporated, the resulting residue dried in vacuo and
then dissolved in dry CH2Cl2 (2 mL). A solution of benzyl
((tert-butoxycarbonylmethyl)amino)acetate (53 mg, 0.19 mmol)
(obtained by coupling glycine t-butyl ester hydrochloride to
benzyl bromoacetate in the presence of NEt3 in dry THF) and
diisopropylethylamine (33 lL, 0.19 mmol) in dry CH2Cl2 (1 mL)
was added dropwise and the reaction mixture was stirred for 2 h.
The reaction was then quenched by the addition of H2O (2 mL)
and the organic layer was separated, washed with H2O (2 mL),
dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by preparative TLC (CH2Cl2–methanol, 97 : 3) to
obtain the fully protected 7a as a colorless oil (32 mg, 53%). 7a:
1H NMR (400 MHz, DMSO-d6, 90 ◦C): d = 7.35 (m, 20H, Ph),


6.82 (s, 8H, Ar), 5.15 (s, 8H, CH2Ph), 4.39 (d, J = 13.1 Hz, 4H,
Hax of ArCH2Ar), 3.98 (br s, 8H, OCH2CH2CH2CH3), 3.89 (br s,
16H, NCH2COOBz and NCH2COOt-Bu), 3.13 (d, J = 13.1 Hz,
4H, Heq of ArCH2Ar), 1.86 (m, 8H, OCH2CH2CH2CH3), 1.41
(m, 8H, OCH2CH2CH2CH3), 1.38 (s, 36H, OCCH3), 0.98 (t,
J = 7.3 Hz, 12H, OCH2CH2CH2CH3). 13C NMR (100 MHz,
DMSO-d6, 90 ◦C): d = 169.9 (s, CO), 168.0 (s, CO), 167.1 (s,
CO), 156.7 (s, Ar), 135.4 (d, Ar), 133.2 (s, Ph), 128.1 (s, Ar), 127.6
(d, Ph), 127.2 (2d, Ph), 126.7 (s, Ar), 80.6 (s, C(CH3)3), 80.4 (t,
OCH2CH2CH2CH3), 73.9 (t, OCH2Ph), 65.4 (2t, NCH2), 30.9
(t, OCH2CH2CH2CH3), 30.0 (t, ArCH2Ar), 27.1 (q, C(CH3)3),
18.1 (t, OCH2CH2CH2CH3), 12.9 (q, OCH2CH2CH2CH3). After
removal of the t-butyl ester groups as previously described,
compound 7b was obtained as a white solid. HR ESI-MS m/z:
7a: calcd [M + Na]+ 1891.9129, found 1891.9429; 7b: calcd [M −
H]− 1643.6650, found 1643.7494.


Tetrakis(butoxy)calix[4]arene tetrakis(monobenzyl mono-t-butyl-
isophthalate-glycine-linked) (8a). To a stirred suspension of 1
(24 mg, 0.029 mmol) in dry CH2Cl2 (2 mL) was added oxalyl
chloride (150 lL, 1.74 mmol) and 1 drop of dry DMF. After
5 h the solvent was evaporated, the resulting residue was dried
in vacuo and then dissolved in dry CH2Cl2 (2 mL). A solution of
1-benzyl 3-t-butyl 5-(2-aminoacetylamino)isophthalate (134 mg,
0.35 mmol) (obtained by coupling of 2 with N-Fmoc-glycine via
the acyl chloride, followed by removal of Fmoc by diethylamine)
in dry CH2Cl2 (1 mL) was added dropwise and the reaction
mixture was stirred for 7 h. The solvent was evaporated and
the residue was purified by crystallization from CH2Cl2–methanol
(1 : 1) to yield the fully protected product 8a as a white solid
(45 mg, 68%). 8a: 1H NMR (400 MHz, CDCl3–MeOD, 1 : 1):
d = 8.37 (s, 4H, Ar), 8.33 (s, 4H, Ar), 8.25 (s, 4H, Ar), 7.40–
7.19 (m, 28H, Ph and Ar calix), 5.30 (s, 8H, CH2Ph), 4.45 (d,
J = 13.4 Hz, 4H, Hax of ArCH2Ar), 4.28 (s, 8H, COCH2), 3.94
(br s, 8H, OCH2CH2CH2CH3), 3.26 (d, J = 13.4 Hz, 4H, Heq


of ArCH2Ar), 1.88 (m, 8H, OCH2CH2CH2CH3), 1.52 (s, 36H,
C(CH3)3), 1.46 (m, 8H, OCH2CH2CH2CH3), 0.99 (t, J = 7.3 Hz,
12H, OCH2CH2CH2CH3). 13C NMR (125 MHz, CDCl3–MeOD,
1 : 1): d = 168.2 (s, CO), 167.8 (s, CO), 165.4 (s, CO), 164.6
(s, CO), 159.4 (s, Ar calix), 138.4 (s, Ar), 135.3 (s, Ph), 134.7 (s,
Ar calix), 132.6 (s, Ar), 130.6 (s, Ar), 128.1 (d, Ph), 127.9 (d,
Ph), 127.7 (d, Ph), 127.5 (d, Ar calix), 126.9 (s, Ar calix), 125.4
(d, Ar), 124.4 (d, Ar), 124.0 (d, Ar), 81.7 (s, C(CH3)3), 74.8 (t,
OCH2CH2CH2CH3), 66.7 (t, OCH2Ph), 43.7 (t, COCH2), 31.9 (t,
OCH2CH2CH2CH3), 30.6 (t, ArCH2Ar), 27.5 (q, C(CH3)3), 18.9
(t, OCH2CH2CH2CH3), 13.5 (q, OCH2CH2CH2CH3). ESI-MS
m/z: 8a: calcd [M + H]+ 2290.02, found 2289.96. The t-butyl ester
groups were then removed to obtain the deprotected product 8b.


Tetrakis(butoxy)calix[4]arene tetrakis(mono-t-butylisophthalyl
ureido) (9b). To a solution of tetrakis(butoxy)calix[4]arene
tetraamino (50 mg, 0.069 mmol) in toluene (2 mL) was added
triphosgene (27 mg, 0.089 mmol), and the mixture was stirred
at 110 ◦C for 4 h. After cooling the reaction to 30 ◦C, a
solution of 2 (99 mg, 0.30 mmol) and diisopropylethyl amine
(52 lL, 0.30 mmol) in toluene (1.5 mL) was added. The mixture
was stirred overnight at room temperature and the solvent was
evaporated. The residue was dissolved in CH2Cl2 (5 mL), washed
with H2O (2 × 3 mL), dried over Na2SO4 and concentrated
in vacuo. The residue was purified by column chromatography
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(CH2Cl2–methanol, 50 : 1) to yield the fully protected product 9a
as a white solid (58 mg, 40%). The benzyl groups were removed
as described previously to obtain deprotected 9b as a white solid
(11 mg, 78%). 9b: 1H NMR (400 MHz, CDCl3–CD3OD, 1 : 1):
d = 8.02 (s, 4H, Ar), 7.99 (s, 4H, Ar), 7.82 (s, 4H, Ar), 6.66 (br s,
8H, Ar calix), 4.28 (d, J = 13.6 Hz, 4H, Hax of ArCH2Ar), 3.72
(br s, 8H, OCH2CH2CH2CH3), 3.99 (d, J = 13.6 Hz, 4H, Heq


of ArCH2Ar), 1.75 (m, 8H, OCH2CH2CH2CH3), 1.39 (s, 36H,
C(CH3)3), 1.28 (m, 8H, OCH2CH2CH2CH3), 0.83 (t, J = 7.6 Hz,
12H, OCH2CH2CH2CH3). 13C NMR (100 MHz, CDCl3–CD3OD,
1 : 1): d = 167.6 (s, CO), 164.9 (s, CO), 160.3 (s, Ar calix), 153.3 (s,
CO), 139.3 (s, Ar), 134.9 (s, Ar calix), 132.0 (s, Ar), 131.9 (s, Ar),
130.9 (s, Ar calix), 123.9 (d, Ar), 122.9 (s, Ar), 122.8 (d, Ar), 119.3
(d, Ar calix), 81.3 (s, C(CH3)3), 74.6 (t, OCH2CH2CH2CH3), 31.7
(t, OCH2CH2CH2CH3), 30.6 (t, ArCH2Ar), 27.3 (q, C(CH3)3),
18.9 (t, OCH2CH2CH2CH3), 13.4 (q, OCH2CH2CH2CH3). ESI-
MS m/z: 9a: calcd [M + H]+ 2121.97, found 2122.18; 9b: calcd
[M − H] 1759.77, found 1759.74.


Calix[4]arene tetrakis(monobenzyl isophthalyl diazo) (10b) and
calix[4]arene tris(monobenzyl isophthalyl diazo) (12b). To a so-
lution of 2 (263 mg, 0.80 mmol) in 1 N HCl (1.6 mL) and THF
(1.6 mL), NaNO2 (58 mg, 0.84 mmol) was added. The mixture
was cooled to 0 ◦C and stirred for 20 min. NaBF4 (171 mg,
1.56 mmol) was added and the solution was stirred for 10 min.
This solution was then added to a solution of calix[4]arene (76 mg,
0.18 mmol) in methanol–DMF (1.6 mL, 1 : 1). After stirring for
2 h the reaction was quenched by the addition of H2O (5 mL) and
extracted with CH2Cl2. The organic layer was washed with H2O
(3 mL), dried over Na2SO4 and concentrated in vacuo. The residue
was dissolved in CH2Cl2, and methanol was added to precipitate an
orange solid. This solid was crystallized from CH2Cl2 + MeOH
three times to obtain the fully protected product 10a (100 mg,
32%). The three filtrate fractions were combined and evaporated
to obtain 12a (65 mg, 25%). The t-butyl groups were removed
as described previously to obtain 10b and 12b. 10b: 1H NMR
(400 MHz, DMSO-d6): d = 8.48 (s, 12H, Ar), 7.90 (s, 8H, Ar
calix), 7.45 (d, J = 7.2 Hz, 8H, Ph), 7.35–7.27 (m, 12H, Ph), 5.37
(s, 8H, CH2Ph), 4.38 (br s, 4H, Hax of ArCH2Ar), 3.67 (br s, 4H,
Heq of ArCH2Ar). 13C NMR (125 MHz, CDCl3): d = 165.9 (s,
CO), 164.4 (s, CO), 160.0 (s, Ar calix), 152.5 (s, Ar), 144.4 (s, Ar
calix), 135.6 (s, Ph), 132.5 (s, Ar), 131.1 (d, Ar calix), 130.5 (s, Ar),
130.0 (d, Ar calix), 128.4 (d, Ph), 128.1 (2d, Ph), 126.5 (d, Ar),
126.0 (d, Ar), 124.3 (d, Ar), 66.7 (t, OCH2Ph), 31.6 (t, ArCH2Ar).
12a: 1H NMR (500 MHz, DMSO-d6): d = 10.30 (br, 3H, NH),
8.56–8.69 (m, 9H, Ar), 7.77–7.87 (m, 6H, Ar calix), 7.30–7.46 (m,
16H, Ph and Ar calix), 7.23 (s, 1H, Ar calix), 7.21 (s, 1H, Ar calix),
5.38–5.42 (m, 6H, CH2Ph), 4.38 (br t, 4H, Hax of ArCH2Ar), 3.88
(br d, 2H, Heq of ArCH2Ar), 3.75 (br d, 2H, Heq of ArCH2Ar),
1.61 (m, 27H, C(CH3)3). 12b: 1H NMR (500 MHz, DMSO-d6):
d = 8.55 (m, 9H, Ar), 7.87 (s, 2H, Ar calix), 7.84 (d, J = 1.6 Hz,
2H, Ar calix), 7.77 (d, J = 1.6 Hz, 2H, Ar calix), 7.29–7.46 (m,
16H, Ph and Ar calix), 7.09 (s, 1H, Ar calix), 7.07 (s, 1H, Ar calix),
5.34–5.39 (m, 6H, CH2Ph), 4.40 (br, 4H, Hax of ArCH2Ar), 3.80
(br, 2H, Heq of ArCH2Ar). ESI-MS m/z: 10b: calcd [M − H]−


1551.42, found 1551.48.


Tetrakis(methoxyethoxy)calix[4]arene tetrakis(monobenzyl iso-
phthalate sulfonamide-linked) (11b). To a solution of tetrakis-
(methoxyethoxy)calix[4]arene (synthesized in a manner similar to


1) (436.6 mg, 0.66 mmol) in dry CH2Cl2 (10 mL), chlorosulfonic
acid (1.85 mL, 28.0 mmol) was added at 0–10 ◦C. After stirring
at room temperature for 3.5 h, the reaction was poured onto ice,
extracted with CH2Cl2, washed with brine, dried over Na2SO4


and dried in vacuo to obtain tetrakis(methoxyethoxy)calix[4]arene
tetrakis(sulfonylchloride) (697 mg, 99.7%). To a solution of
tetrakis(methoxyethoxy)calix[4]arene tetrakis(sulfonylchloride)
(63 mg, 0.06 mmol) in dry CH2Cl2 (5 mL) was added 2
(122 mg, 0.37 mmol) in dry CH2Cl2 (1 mL) and dry pyridine
(32 lL 0.37 mmol). After stirring overnight, the reaction was
concentrated in vacuo and the residue was purified by column
chromatography (hexanes–acetone, 7 : 3 to 6 : 4) to obtain fully
protected 11a as a white solid (72.4 mg, 73%). After removal of
the t-butyl groups as described previously, 11b was obtained as a
white solid. 11b: 1H NMR (400 MHz, acetone-d6): d = 8.35 (t,
J = 1.6 Hz, 4H, Ar), 8.09 (dd, J = 2.4, 1.6 Hz, 4H, Ar), 8.04
(dd, J = 2.4, 1.6 Hz, 4H, Ar), 7.53–7.32 (m, 20H, Ph), 7.26 (s,
8H, Ar calix), 5.41 (s, 8H, CH2Ph), 4.50 (d, J = 13.6 Hz, 4H,
Hax of ArCH2Ar), 4.13 (t, J = 4.4 Hz, 8H, CH2CH2OCH3), 3.62
(t, J = 4.4 Hz, 8H, CH2CH2OCH3), 3.17 (d, J = 13.6 Hz, 4H,
Heq of ArCH2Ar), 3.10 (s, 12H, OCH3). 13C NMR (400 MHz,
acetone-d6): d = 166.3 (CO), 165.5 (CO), 160.9 (Ar calix), 139.8
(Ar), 137.1 (Ph), 136.3 (Ar calix), 134.5 (Ar or Ar calix), 132.8
(Ar or Ar calix), 132.5 (Ar or Ar calix), 129.4 (Ph), 129.2 (Ph),
129.1 (Ph), 128.2 (Ar calix), 126.7 (Ar), 126.0 (Ar), 125.6 (Ar),
74.4 (CH2Ph), 72.1 (CH2CH2OCH3), 67.7 (CH2CH2OCH3), 58.3
(OCH3), 31.4 (ArCH2Ar). ESI-MS m/z: 11a: calcd [M + Na]+


2235.69, found 2235.71; 11b: calcd [M − H]− 1987.45, found
1987.67.


Tetrakis(methoxyethoxy)calix[4]arene tetrakis(monobenzyl iso-
phthalate) (13b). To a solution of tetrakis(methoxyethoxy)alix-
[4]arene tetracarboxylic acid (synthesized in a manner similar to
1) (168 mg, 0.20 mmol) in dry CH2Cl2 was added oxalyl chloride
(1.06 mL, 12.1 mmol) and 1 drop of dry DMF. After stirring
overnight, the solvent was evaporated, and the residue was dried
in vacuo and then dissolved in dry CH2Cl2 (4 mL). A solution
of 2 (392 mg, 1.2 mmol) in dry CH2Cl2 (1 mL) was added,
followed by diisopropylethylamine (278 lL, 1.6 mmol) and the
reaction mixture was stirred for 12 h. It was poured into water,
extracted with CH2Cl2, washed with water, dried over MgSO4


and concentrated in vacuo. The residue was purified by column
chromatography (ethyl acetate–hexanes–CH2Cl2, 7 : 3 : 1) to
obtain the fully protected product 13a as a white solid (142 mg,
40%). After removal of the t-butyl groups as previously described,
compound 13b was obtained as a white solid. 13b: 1H NMR
(400 MHz, acetone-d6): d = 9.41 (s, 4H, NH), 8.49 (br, 8H, Ar),
8.26 (br, 4H, Ar), 7.57–7.27 (m, 28H, Ph and Ar calix), 5.31 (s, 8H,
CH2Ph), 4.74 (d, J = 13.6 Hz, 4H, Hax of ArCH2Ar), 4.26 (t, J =
4 Hz, 8H, CH2CH2OCH3), 3.87 (t, J = 4 Hz, 8H, CH2CH2OCH3),
3.42 (d, J = 13.6 Hz, 4H, Heq of ArCH2Ar), 3.40 (s, 12H, OCH3).
13C NMR (400 MHz, acetone-d6): d = 171.5 (CO), 171.0 (CO),
170.5 (CO), 161.8 (Ar calix), 141.7 (Ar), 138.2 (Ph), 137.0 (Ar,
calix), 133.2(Ar, Ph or Ar calix), 132.7 (Ar, Ph or Ar calix), 130.4
(CH of Ph), 130.3 (Ar, Ph or Ar calix), 130.1 (CH of Ph), 130.0
(CH of Ph), 127.2 (CH of Ar), 127.0 (CH of Ar), 126.6 (CH of
Ar), 75.6 (CH2Ph), 73.7 (CH2CH2OCH3), 68.5 (CH2CH2OCH3),
59.8 (OCH3), 32.7 (ArCH2Ar). ESI-MS m/z: 13b: calcd [M − H]−


1843.58, found 1843.63.
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Tetrakis(methoxy)calix[4]arene tetrakis(mono-t-butyl isophtha-
late) (14b). To a stirred suspension of tetrakis(methoxy)-
calix[4]arene tetracarboxylic acid (synthesized in a manner similar
to 1) (20 mg, 0.03 mmol) in dry CH2Cl2 (2 mL) was added oxalyl
chloride (160 lL, 1.83 mmol) and 1 drop of dry DMF. After 5 h the
solvent was evaporated, the resulting residue was dried in vacuo
and dissolved in dry CH2Cl2 (1 mL). A solution of 2 (118 mg,
0.36 mmol) in dry CH2Cl2 (1 mL) was added dropwise and the
reaction mixture was stirred for 12 h. The solvent was evaporated
and the residue was purified by column chromatography using
CH2Cl2–methanol (50 : 1) to yield the fully protected product 14a
as a white solid (47 mg, 82%). After removal of the benzyl groups
as described previously, 14b was obtained as a white solid. 14b:
1H NMR (400 MHz, CD3OD): d = 8.72 (s, 1H, Ar paco (partial
cone conformation)), 8.68 (s, 1H, Ar paco), 8.65 (s, 1H, Ar paco),
8.59 (s, 1H, Ar paco), 8.47 (s, 4H, Ar cone), 8.37 (s, 4H, Ar cone),
8.35–8.34 (3s, 4H, Ar paco), 8.28 (s, 2H, Ar paco), 8.22 (s, 4H, Ar
cone), 8.16 (s, 2H, Ar paco), 8.10 (s, 2H, Ar calix paco), 7.88 (s,
2H, Ar calix paco), 7.74 (s, 2H, Ar calix paco), 7.59 (s, 8H, Ar calix
cone), 4.53 (d, J = 13.2 Hz, 4H, ArCH2Ar cone), 4.22 (d, 2H, J =
13.5 Hz, ArCH2Ar paco), 3.98 (s, 12H, OCH3 cone), 3.95 (br s, 4H,
ArCH2Ar paco), 3.82 (s, 9H, OCH3 paco), 3.49 (d, J = 13.2 Hz,
4H, ArCH2Ar cone), 3.39 (d, 2H, J = 13.5 Hz, ArCH2Ar paco),
3.20 (s, 3H, OCH3 paco), 1.65 (s, 9H, C(CH3)3 paco), 1.61 (s, 9H,
C(CH3)3 paco), 1.52 (s, 18H, C(CH3)3 paco), 1.51 (s, 36H, C(CH3)3


cone). 1H NMR (400 MHz, DMSO-d6, 90 ◦C): d = 10.09 (s, 4H,
NH), 8.56 (s, 4H, Ar), 8.51 (s, 4H, Ar), 8.13 (s, 4H, Ar), 7.82 (br s,
8H, Ar calix), 3.95 (br s, 8H, ArCH2Ar), 3.51 (br s, 9H, OCH3),
1.55 (s, 36H, C(CH3)3). 13C NMR (100 MHz, DMSO-d6, 90 ◦C):
d = 165.0 (s, CO), 163.7 (s, CO), 163.0 (s, CO), 160.0 (s, Ar), 133.2
(s, Ar), 131.7 (s, Ar), 128.4 (s, Ar), 124.5 (d, Ar), 124.3 (d, Ar),
123.9 (d, Ar), 80.6 (s, C(CH3)3), 27.2 (q, C(CH3)3). ESI-MS m/z:
14a: calcd [M + H]+ 1893.74, found 1894.09; 14b: calcd [M − H]−


1531.54, found 1531.53.


Calix[4]arene tetrakis(mono-t-butyl isophthalate) (15b). To a
stirred suspension of tetrakis(benzyloxy)calix[4]arene tetracar-
boxylic acid (synthesized in a manner similar to 1) (25 mg,
0.026 mmol) in dry CH2Cl2 (2 mL) was added oxalyl chloride
(90 lL, 1.56 mmol) and 1 drop of dry DMF. After stirring
overnight the solvent was evaporated, the resulting residue was
dried in vacuo and then dissolved in dry CH2Cl2 (2 mL). A
solution of 2 (51 mg, 0.156 mmol) in dry CH2Cl2 (1 mL) was
added, followed by pyridine (15 lL, 0.156 mmol), and the reaction
mixture was stirred for 12 h. The reaction was poured into water,
then extracted with CH2Cl2, and washed with brine and dried over
Na2SO4. The solvent was evaporated and the residue was purified
by column chromatography (hexanes–acetone, 4 : 1) to yield 15a
as a white solid. (25 mg, 45%). After removal of the benzyl ester
groups as described previously, 15b was obtained as a white solid.
15b: 1H NMR (400 MHz, acetone-d6 and drops of CD3OD): d =
8.61 (s, 4H, Ar), 8.53 (s, 4H, Ar), 8.23 (s, 4H, Ar), 7.84 (s, 8H,
Ar calix), 4.50 (br, 4H, Hax of ArCH2Ar), 3.60 (br, 4H, Heq of
ArCH2Ar), 1.52 (s, 36H, C(CH3)3). 13C NMR (400 MHz, CDCl3):
d = 165.9 (s, acetone-d6 and drops of CD3OD): d = 168.9 (CO),
166.1 (CO), 158.7 (Ar), 140.7 (Ar), 133.8 (Ar), 132.8 (Ar), 131.3
(Ar), 129.7 (Ar), 126.9 (Ar), 126.6 (Ar), 126.3 (Ar), 82.7 (C(CH3)3),
33.3 (ArCH2Ar), 28.3 (C(CH3)3). HR ESI-MS m/z: 15b: calcd
[M + Na]+ 1499.4747, found 1499.4722.
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Because of the central role of Concanavalin A (Con A) in the study of protein–carbohydrate
interactions, a thorough understanding of the multivalent functions of Con A is imperative. Here, the
association of monomeric and dimeric derivatives of Con A with mannose-functionalized generation
two through six PAMAM dendrimers is reported. Hemagglutination assay results indicate relatively
low activity of the dendrimers for monomeric Con A, with small increases as the dendrimer generation
increases. Isothermal titration microcalorimetry experiments indicate monovalent binding by the
dendrimers with monomeric Con A and divalent binding by the dendrimers with dimeric Con
A. Continuous (and comparable) but narrowing increases in enthalpy and entropy and the slight
increase in association constants with monomeric Con A as the dendrimer generation increases suggest
favorable proximity effects on binding. Both the hemagglutination assay and the calorimetry
experiments suggest that statistical binding enhancements can be observed with monomeric Con
A. The results described here should allow for a more quantitative evaluation of the enhancements that
are often observed in protein–carbohydrate interactions for glycosylated frameworks binding to Con A.


Introduction


Many intracellular recognition events are mediated by protein–
carbohydrate interactions.1 Myraid biological communication
processes such as infection by viral, parasitic, and bacterial
pathogens rely on specific adhesion to cell surface carbohydrate
epitopes.2 Carbohydrate-based recognition facilitates cellular ad-
hesion and growth in normal processes and in the progression of
many cancers.3 Because of the varied roles of protein–carbohydrate
interactions, interest in the development of carbohydrate-based
therapeutics has been the subject of intense research.4


Despite the enormous potential for carbohydrate-based phar-
maceuticals, the construction of such compounds is hindered
by the weak affinity of saccharides for their protein receptors;
binding events typically proceed with millimolar to micromolar
dissociation constants.5 In order to increase affinity and confer se-
lectivity, multivalent protein–carbohydrate interactions are widely
used in nature.6 Lectins are typically aggregated into oligomeric
structures with higher order valencies that allow multivalent
binding. Because lectin–carbohydrate adhesion generally involves
multivalent interactions, a variety of glycopolymers that can span
multiple lectin binding sites have been developed to decipher the
mechanistic details of these binding processes. Glycoconjugates
have been created using many frameworks, ranging from linear
polymers7 to dendrimers.8
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Dendrimers have a regular branching pattern with (relatively)
predictable physical properties.9 By controlling the number and
physical characteristics of the tethered functional groups, the
solubility and avidity of the molecule can be attenuated.


Detailed investigations into the specificity of carbohydrate–
protein interactions require not only relative binding affinity
data, but also thermodynamic data to establish the energetics
and functional valencies of the two interacting systems. Recently,
isothermal titration microcalorimetry (ITC) has been used to study
the binding interactions between multivalent carbohydrates and
lectins.10 ITC measurements provide direct determination of the
number of binding sites, n, the enthalpy of binding, DH, and
the association constant, Ka. The association constant can then
be used to determine the free energy, DG, from which entropic
contributions, DS, to binding can be calculated. Therefore, a com-
plete thermodynamic profile for lectin–saccharide interactions
can be obtained, providing quantitative information regarding
the structural and functional valency of protein–carbohydrate
interactions and probing for the effects of multivalent inter-
actions.


Reports by Brewer et al. have suggested that multivalency effects
for the binding of multivalent carbohydrates to Concanavalin A
(Con A) and Dioclea grandiflora (DGL) arise from increasing
positive entropy (TDS) contributions relative to monovalent
analogues. The enthalpy of binding, DH, was shown to be directly
proportional to the number of binding epitopes.10d


Con A is a plant lectin isolated from the jackbean which exists
as a homotetramer at pH 7. Each monomer unit has one sugar
binding site. Con A has specificity for the a-pyranose forms of D-
mannose and D-glucose, and the four sugar binding sites are 65 Å
apart.11 Con A has been used extensively as a model system with
which to study protein–carbohydrate interactions. Because of the
essential role that Con A serves in the study of multivalency, a
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thorough understanding of the multivalent binding properties of
Con A is required.


Glycoside clustering has been previously defined as “affinity
enhancement achieved by multivalent ligands over monovalent
ones that is greater than would be expected from a simple effect
of concentration increase.”12 For the discussion in this paper,
we adopt this definition of glycoside clustering but apply it
more specifically than it is sometimes used in the carbohydrate
literature.1b Namely, we define multivalent binding (the ability
of one dendrimer to bind to multiple lectin binding sites) and
proximity/statistical effects (a ligand concentration effect) as two
related but distinct terms. These definitions are shown pictorially
in Fig. 1.


Fig. 1 Glycoside clustering/proximity effects versus multivalent binding.


Our motivation for these studies has foundations in the com-
parison of glucose- and mannose-functionalized linear polymers
with Con A. Relative affinities for carbohydrate-functionalized
polymers of varying lengths with tetrameric Con A were eval-
uated. Glycopolymers long enough to bind bivalently to Con
A had affinities three orders of magnitude higher than methyl
mannose. Polymers too short to bind to multiple binding sites on
tetrameric Con A exhibited smaller binding enhancements, which
were attributed to statistical effects.7b Similar observations with
dendrimers functionalized with varying amounts of monosac-
charide end-groups led us to hypothesize in previous work that
both statistical and multivalent effects could be observed for
dendrimer–Con A systems.8p,q Monomeric derivatives of Con A
allow the evaluation of proximity/statistical effects on binding
independent of multivalent binding, since no multivalent binding
interactions are possible with the monovalent protein.


In the research reported here, we investigated the binding of
a series of mannose-functionalized G(2) through G(6) PAMAM
dendrimers 1–5 (Fig. 2) with divalent and monovalent derivatives
of Con A. Results of hemagglutination assays and ITC measure-
ments are reported. The results described here should allow for a
more quantitative evaluation of the enhancements that are often
observed in protein–carbohydrate interactions for glycosylated
frameworks binding to Con A.


Fig. 2 Mannose-functionalized G(2) through G(6)-PAMAM
dendrimers.


Results


Photochemical preparation and characterization of monomeric
Con A


Chloroacetamide was used in the photochemical modification
of Con A following the procedure of Tanaka et al.13 Selective
alkylation of one to two tryptophan residues per subunit of Con A
causes the protein to dissociate into monovalent monomers.13 The
reaction was performed in the presence of a high concentration
of methyl mannose so that the modified protein would still bind
carbohydrates. The protein solution was then extensively dialyzed
against 0.1 M Tris buffer at pH 7.3 to remove excess methyl
mannose for subsequent affinity chromatography.


Fig. 3 (top) shows the elution chromatogram profile from a
Sephedex G-100 column (10 mm × 60 cm), where three major
peaks were eluted as a function of a linear gradient of D-glucose
(0–100 mM glucose in 0.01 M Tris buffer, 1 mM MnCl2, 1 mM
CaCl2, pH 7.3). Fractions (2 mL) were collected at a flow rate of
0.5 mL min−1. Following the literature precedent, the first peak
was assigned as the monomeric form of Con A.13 The second
and third peaks were individually isolated and characterized with
molecular weights of 60 000 and 105 000, which correspond to a
dimeric fragment of Con A and tetrameric Con A, respectively
(data not shown).


Fig. 3 Top: elution chromatogram profile of photoalkylated Con-
canavalin A on a Sephadex G-100 column. Bottom: Bio-Gel P-100 gel
filtration profile of the first peak eluted from the Sephadex column. Inset:
molecular weight calibration curve precalibrated with standard marker
proteins c-globulin, ovalbumin, and myoglobin with monomeric Con A
shown as an X along the calibration line.
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Fig. 3 (bottom) shows the elution chromatograph for the Bio-
Gel P-100 gel filtration (2.6 cm × 80 cm) of the first peak eluted
from the Sephadex column. Fractions (10 mL) were collected at a
flow rate of 5 mL min−1. The inset to Fig. 3 shows the molecular
weight calibration curve. The small shoulder on the peak in Fig. 3
(bottom) corresponds to a dimeric impurity, which is present as
less than 3% of the total isolated fraction.


SDS-PAGE and size exclusion chromatography indicate that
the monomeric subunit has a MW of 27 000 g mol−1, which agrees
well with previously reported values.13,14


Hemagglutination assays


Hemagglutination assays were performed similarly to previously
published procedures (ref. 15, see the Experimental section for ad-
ditional details). Because a small amount of dimeric material was
present in the samples of monomeric Con A, hemagglutination
assays on dimeric material were performed as a control. Table 1
shows the relative activity of mannose-functionalized dendrimers
1–5 for dimeric and monomeric Con A (concentration adjusted)
compared to methyl mannose.


Mannose-functionalized dendrimers 1 and 2 were bound to
monomeric and dimeric Con A with comparable valence corrected
affinities. Dendrimers 3–5 showed a four-fold higher affinity for
dimeric Con A than for monomeric Con A.


Isothermal titration microcalorimetry experiments


Isothermal titration microcalorimetry (ITC) experiments were
performed for compounds 1–5 with monomeric and dimeric Con
A. Details are provided in the Experimental section. Concentra-
tions of Con A ranged from 0.05–0.15 mM and glycodendrimer
concentrations ranged from 0.80–10.0 mM. Titrations were done
in 1 mM acetate buffer, pH 4.6 in the presence of 1 mM
MnCl2 and 1 mM CaCl2 and at NaCl concentrations from 0–
50 mM. Calorimetric data for the titration of monomeric Con A
with 5 and for the titration of dimeric Con A with 5 are shown in
Fig. 4 and 5, respectively.


Table 1 Hemagglutination assay results for dendrimers 1–5


Monomeric Con A Number of sugars Rel. activity per sugara


Me a-Man 1 1
1 16 3 ± 1.5
2 29 45 ± 0
3 55 45 ± 20
4 95 95 ± 50
5 172 195 ± 100


Dimeric Con A


Me a-Man 1 1
1 16 3 ± 1.5
2 29 45 ± 25
3 55 180 ± 0
4 95 370 ± 185
5 172 770 ± 385


a Each reported value represents at least three assays.


Fig. 4 Calorimetric data for the titration of monomeric Con A (0.051
mM), with 5 (1.1 mM). Top: raw data. Bottom: integrated curve showing
experimental points and best fit using a one-site model.


Fig. 5 Calorimetric data for the titration of dimeric Con A (0.10
mM) with 5 (3 mM). Top: raw data. Bottom: integrated curve showing
experimental points and best fit using a one-site model.
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Discussion


Con A has been used widely as a model protein for the study
of physiologically relevant protein–carbohydrate interactions.11


Because of its central role in multivalent research, a thorough
understanding of its multivalent functions is imperative. Control of
the oligomerization of monomeric subunits of Con A into dimers
and tetramers has been demonstrated to be pH dependent.11,16


Chemical modifications of Con A including succinylation, acety-
lation, partial hydrolysis, and covalent cross-linking have also been
reported.17 Con A derivatives have been used to study biological
processes such as the rate of migration of lymphocytes18 and
lymphocyte activation.19


Succinylated Con A was crystallized in tetrameric form, even
though the dimeric form was dominant in solution. This result
strongly suggests that tetrameric and dimeric forms of succinylated
Con A exist in equilibrium in solution.20 The monomeric Con
A that we are using could be in equilibrium with dimeric and
tetrameric forms. Tetrameric Con A is not detected by dynamic
light scattering or size exclusion chromatography. However, we are
unable to remove all traces of dimeric Con A from our monomeric
Con A samples (see the small shoulder peak in Fig. 3, bottom).
Either the dimeric Con A co-elutes with monomeric Con A during
the purification procedures, or an equilibrium between monomeric
Con A and dimeric Con A (greatly favoring the monomeric Con A
derivative) is established. Because our monomeric Con A samples
contain a small amount of dimeric Con A, we performed control
binding experiments using dimeric Con A. Results for monomeric
and dimeric Con A are compared.


Characterization results for monomeric Con A


The results of the SDS-PAGE for monomeric Con A (Fig. S1 in
the ESI†) were compared to SDS-PAGE results with tetrameric
Con A. Since tetrameric Con A dissociates into monomers in the
presence of SDS, similarities in band migration for the two proteins
should be observed in the gel. Four bands were observed for the
tetramer, corresponding to molecular weights of 27 000, 22 000,
15 000 and 10 100 g mol−1. The last three bands demonstrate
the heterogeneity of conventionally prepared Con A, which is
due to the presence of naturally occurring low molecular weight
fragments.21,22 Comparison of SDS-PAGE results for monomeric
and tetrameric Con A indicates that the isolated monomeric
material has a subunit composition nearly identical to that of
the native, tetrameric species and suggests that the monovalent
Con A is intact.


Hemagglutination assay results


Theoretically, a monovalent protein should be incapable of
simultaneously binding more than two epitopes on a dendrimer,
precluding extensive cross-linking and aggregation. That the
monovalent derivative was able to agglutinate cells has previously
been reported13,14,23 and was suggested to result from hydrophobic
interactions between the lectin and the cell membrane.24


Hemagglutination assays (Table 1) revealed that mannose-
functionalized G(2)-PAMAM 1 binds to monomeric Con A with
an assay activity comparable to that of methyl mannose (on a per
sugar basis), suggesting that 1 binds monovalently to monomeric
Con A. Comparable results were observed for 1 with dimeric


Con A. Mannose-functionalized G(3)-PAMAM 2 displays an
activity in the assay that is one order of magnitude higher than
that of methyl mannose (valence corrected), both for monomeric
and dimeric Con A. Mannose-functionalized G(3)-PAMAM 2
is too small to bind to multiple binding sites on dimeric or
tetrameric Con A, and we have attributed this one order of
magnitude increase in assay activity to a statistical/proximity
effect on binding.8q,r Even when dendrimers are too small to bind
to multiple binding sites on a multivalent protein, having multiple
ligands clustered around a binding site should increase the overall
interaction between the dendrimer and the protein. As one weakly
binding ligand dissociates from the protein, another is readily
available to take its place.


Dendrimers 3–5 display higher agglutination inhibition activity
for dimeric Con A than for monomeric Con A. These dendrimers
are all large enough to bind to two binding sites on tetrameric Con
A simultaneously, and we have previously observed comparable
differences between bivalent binding by 3–5 and monovalent
binding by 2 with tetrameric Con A.8q,r


With both monomeric and dimeric Con A, a two-fold difference
between valence corrected hemagglutination inhibition activity for
3 vs. 4 and 4 vs. 5 was observed. The sugars should be closer
together on mannose-functionalized G(6)-PAMAM 5 than on
lower generation dendrimers, and so proximity effects may be
enhanced for larger generation dendrimers even when multivalent
binding is precluded. The curvature of the dendrimers also
changes, and shape complementarity of the dendrimer and the
protein may cause small but observable changes in relative activ-
ities for the different generations of dendrimers. Certainly, that
mannose-functionalized G(4)-PAMAM 3 binds to monovalent
Con A with a relative activity comparable to that of mannose-
functionalized G(3)-PAMAM 2 is strong evidence supporting
a proximity enhancement on binding even in the absence of
multivalent binding for protein–carbohydrate interactions.


Thermodynamics of binding


Thermodynamic binding equilibria of multivalent ligands provide
insight into the physical mode of interaction between ligand and
receptor. Although hemagglutination assays provide information
regarding the relative activity of mannose-functionalized den-
drimers to Con A, they do not provide association constants or
energetics of binding. Isothermal titration calorimetry (ITC) can
provide valuable information about the number of binding sites
per monomer of protein, n, the enthalpy of binding, DH, and
the association constant, Ka, from which the free energy, DG,
and entropy of binding, DS, can be calculated. The binding of
small mannose-functionalized multivalent frameworks to Con A
has previously been reported,10d–f which led us to hypothesize that
ITC would be useful for binding studies with dendrimers 1–5 as
well.


Isothermal titration microcalorimetry studies of the dendrimers
binding to monomeric Con A yielded curves indicative of simple
reversible binding (Fig. 4). This is as expected, given that the
monovalent derivative of Con A has only one binding site and
therefore should be incapable of simultaneously binding more than
one epitope. In the dimeric system, the dendrimers seem to bind
bivalently, leading to cross-linking and minimal aggregation as
revealed by the noise in the baseline (Fig. 5).
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Table 2 ITC-Derived thermodynamic binding parameters for monomeric Concanavalin A with dendritic ligands 1–5a


Kab/M−1 × 103 DHc/kcal mol−1 DGd/kcal mol−1 TDSe/kcal mol−1 nf/sites per monomer


Methyl a-mannose 6.8 −7.1 −5.2 −1.9 1.02
1 18.6 −20.5 −5.8 −14.7 1.01
2 32.0 −47.0 −6.1 −40.9 0.98
3 37.6 −54.6 −6.2 −48.4 0.96
4 46.4 −61.0 −6.3 −54.7 0.93
5 53.5 −65.2 −6.4 −58.8 0.95


a All calorimetric values are expressed in terms of mannose equivalents. b Errors in Ka range from 1–9%. c Errors in DH are from 1–4%. d Errors in DG
are less than 1%. e Errors in TDS are from 1–8%. f Errors in n are less than 2%.


Table 3 ITC-Derived thermodynamic binding parameters for dimeric Concanavalin A with dendritic ligands 1–5a


Kab/M−1 × 103 DHc/kcal mol−1 DGd/kcal mol−1 TDSe/kcal mol−1 nf/sites per monomer


Methyl a-mannose 7.54 −7.9 −5.3 −2.6 0.98
1 27.0 −15.1 −6.0 −9.1 0.70
2 91.0 −54.2 −6.7 −47.5 0.61
3 96.0 −64.5 −6.8 −57.7 0.51
4 300 −79.5 −7.4 −72.0 0.47
5 240 −71.2 −7.3 −63.9 0.49


a All calorimetric values are expressed in terms of mannose equivalents. b Errors in Ka range from 1–6%. c Errors in DH are from 1–3%. d Errors in DG
are less than 1%. e Errors in TDS are from 1–5%. f Errors in n are less than 2%.


Tables 2 and 3 show the results of binding studies for 1–5 to
monomeric and dimeric Con A averaged over the total number
of mannose units on each dendrimer. For comparison, data for
the binding of methyl mannose, which represents the monovalent
binding epitope of the mannose-functionalized dendrimers, are
also shown. For each thermodynamically derived parameter, a
statistically superior fit using the one-site model was observed
for the monomer. This model was used for analysis of the
dimer, too, so that the relative thermodynamic contributions for
independent, non-cooperative binding sites could be analyzed.
This methodology is routinely used by Brewer and co-workers to
compare associations.10d–g


Five-fold and twelve-fold enhancements in binding affinity,
relative to methyl mannose, were observed for the binding of
mannose-functionalized G(4)-PAMAM 3 with monomeric and
dimeric Con A, respectively. This suggests an enhancement in
affinity beyond the number of available epitopes, which we ascribe
to a statistical/proximity effect. Interestingly, the n value, which
determines the number of binding sites, was observed to be differ-
ent in the monomeric and dimeric systems. We observed an n value
of 0.96 in the monomeric system, which is close to the theoretical
value of 1 seen for monovalent binding. In contrast, an n value
of 0.51 was observed in the dimeric system. Since the theoretical
value for divalent binding of a multivalent carbohydrate ligand
is n = 0.5 (one binding interaction per monomer of a divalent
protein10d), our results suggest that complete binding of the second
carbohydrate residue occurs.


Differences in the fundamental binding mechanism for
mannose-functionalized dendrimers with monomeric and dimeric
Con A were observed as a function of both the relative affinity
and the n values. Small increases in the association constant
and approximately equivalent n values were observed for the
binding of monomeric Con A to 1–5, suggesting that (as expected)
monovalent binding occurs between monomeric Con A and all of


the dendrimers, regardless of dendrimer size or the number of
epitopes.


For the dimeric system, larger association constants relative
to those for binding of dendrimers to monovalent Con A imply
a lower dissociation rate for the dendrimer–dimeric Con A
conjugates. Thirteen-fold and forty-fold increases in the binding
affinity of dimeric Con A for 3 and 4, respectively, were observed.
These values suggest effective bivalent binding of 3 and 4 to dimeric
Con A. The n values of 0.51 and 0.47 for 3 and 4, respectively also
suggest predominantly bivalent interactions. Dendrimer 5 also
appears to be involved in divalent interactions, with an n value of
0.49. Thus, under the experimental conditions, higher generation
dendrimers appear to bind bivalently to dimeric Con A, precluding
extensive aggregation and precipitation.


Interestingly, dendrimer 5 has a lower binding affinity for
dimeric Con A than 4 does. Dendrimer 4 may have better shape
complementarity for the protein, or the area available to the end
groups of 4 may be larger, allowing for more flexibility and for
optimization of the binding interaction. The approximate area
available to the end groups on 5 is smaller than on 4.8q Perhaps,
although the theoretical number of epitopes is greater in 5, 4 may
be more efficient at bivalent binding. Of course, the decreased Ka
of 5 affects the DG, DH, and TDS values as well.


Since Ka = kon/koff, the ratio of the forward and reverse
rate constants for binding, increasing kon, decreasing koff, or
both together would result in increased Ka values.10d Considering
the binding of 1–5 to Con A, kon would not be expected to
change significantly, while koff could be slowed if proximity effects
occurred. As one sugar would move out of the binding site,
another could take its place. Rather than complex dissociation,
the dendrimer would remain bound, and koff would be slowed.10d


The significant difference in Ka for methyl mannose versus all
mannose-functionalized dendrimers may occur because kon, koff,
or both are too different for dendrimers and monosaccharides for
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comparison. Nonspecific interactions may be responsible for the
elevated Ka in the dendrimer–protein studies.


Brewer and co-workers have noted incremental increases in the
enthalpy change, DH, for Con A and DGL binding by small
mannose clusters. Mannose dimers, trimers, and tetramers had DH
values two-, three-, and four-fold larger than mannose monomers,
respectively.10d The increases observed here in DH for monomeric
Con A binding to dendrimers are not so linearly related. This
is as expected, since n approaches 1 for all the studies with
monomeric Con A. Since n does not change in the monomeric Con
A binding studies, the relative trends in DH that were observed
by Brewer and co-workers should not be present here. In the
binding studies with dimeric Con A, n approaches 0.5 for all
larger generation dendrimers and is between 1 and 0.5 for smaller
generation dendrimers. Without the orderly progression in n, an
orderly increase in DH is not expected.


In general, as the generation of the mannose-functionalized
dendrimers increased, the relative magnitude of DH increased as
well. Correlating the DDH values for each generation, increases
of 26.5 and 39.1 kcal mol−1 from 1 to 2 were observed for
monomeric and dimeric Con A, respectively. This is in comparison
to DDH from 2 to 3, which shows more modest increases of
7.6 and 10.3 kcal mol−1 for monomeric and dimeric Con A,
respectively. This suggests that significant statistical/proximity
binding enhancements are occurring for dendrimers 3–5 (although
enthalpic contributions to solvent reorganization could also be
responsible for at least part of the observed enthalpy changes).


Entropy–enthalpy compensation plots of −DH versus −TDS
are shown in Fig. 6 for binding of 1–5 with monomeric and dimeric
Con A. The fit is linear in both cases (R = 1 for monomeric Con A
and R = 0.99 for dimeric Con A). These plots show that the trends
observed for DH also follow for TDS for our system; the slope is
1 since TDS varies by the same amount as DH for each value.


Fig. 6 Entropy–enthalpy compensation plots.


The continuous but narrowing increases in enthalpy and entropy
and the slight increase in Ka for 1–5 with monomeric Con A are
suggestive of favorable proximity effects on binding. In all cases,
n = 1, so proximity enhancements are the simplest explanation
for the observed trends. The same trends but with larger values of
Ka, DH, and TDS for dimeric Con A are likely a result of both
bivalent binding (by larger dendrimers) and proximity effects.


To ensure that the thermodynamic parameters were not a
function of aggregation of monomeric Con A into oligomeric
Con A, dynamic light scattering experiments were conducted.
Measurement of the hydrodynamic diameters indicated that
tetrameric Con A had a diameter of approximately 8 nm, while


the diameter of the monomer was close to 5 nm (Fig. S2 in the
ESI†). No aggregation was observed over two hours, which is the
length of a normal ITC experiment. Thus, the ITC results were
attributed to monomeric Con A rather than to Con A aggregates.


Conclusion


Because of the central role held by Con A in multivalent
research, a thorough understanding of its multivalent functions is
imperative. Here, hemagglutination assay and isothermal titration
microcalorimetry results are reported for mannose-functionalized
G(2)- through G(6)-PAMAM dendrimers 1–5 with monomeric
and dimeric Con A derivatives.


In the hemagglutination assay, generally low activity was
observed for dendrimers with monomeric Con A. Small increases
in activity as the generation of the dendrimer increased suggest
that only statistical increases in binding occur (as expected).
Four-fold higher relative (per sugar) activities were observed
for hemagglutination assays with larger generation dendrimers
binding to dimeric Con A than to monomeric Con A, since
bivalent associations could occur for dimeric Con A.


ITC studies also indicated that monovalent binding with
monomeric Con A and divalent binding with dimeric Con A for
larger generation dendrimers were occurring; 1 : 1 and 1 : 2 binding
ratios were determined from the n values for the monomer and
dimer, respectively. The observed 1 : 2 complex for the dimer
suggests that, under experimental conditions, the dimer binds
bivalently, precluding extensive aggregation and precipitation.


The binding enhancement for the binding of dendrimers 1–5
with monovalent Con A may be ascribed to a clustering/proximity
effect, and multivalent interactions were observed with dimeric
Con A for large dendrimers, as suggested by the forty-fold
increases in the association constant (per mannose) for 4 and 5.


Unlike previous reports with tetrameric Con A, enthalpy
changes were not incremental. This was as expected, however,
since enthalpy changes were previously linked to changes in n.
Changes in TDS for our system were comparable to changes in
DH, and enthalpy–entropy compensation plots had highly linear
fits.


Overall, the studies reported here highlight differences in
binding of glycopolymers with monomeric and dimeric Con A
proteins.


Experimental


General protocols


Mannose-functionalized dendrimers 1–5 were synthesized as pre-
viously described in ref. 8r. Concanavalin A was purchased from
CalBioChem and used without further purification. Sephedex G-
100 was purchased from Sigma, and Bio-Gel P-100 and protein
standards were purchased from Bio-Rad laboratories. All other
chemicals were of reagent grade.


Photochemical preparation of monomeric Con A


Monomeric Concanavalin A was prepared and purified accord-
ing to the procedure reported by Tanaka et al. with minor
modifications.13 A 150 mL solution comprising 10 mM Tris buffer,
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pH 7.3, with 1 mM MnCl2, 1 mM CaCl2, 10 mM methyl-a-D-
mannopyranoside, 100 mM chloroacetamide and 1 M NaCl was
deoxygenated under argon for 60 minutes. Lyophilized Con A
was dissolved to a final concentration of 1.5 mg mL−1. After
30 minutes of stirring, the protein solution was irradiated with
a cylindrical high pressure UV lamp (450 W) for 90 minutes.
The protein solution was extensively dialyzed against 0.1 M Tris
buffer, pH 7.3, in order to remove methyl mannose and was
concentrated by ultrafiltration to 10 mg mL−1 (Amicon, MW
cutoff 5000 g mol−1). The concentrated solution was applied to
a column of Sephadex G-100 (10 mm × 60 cm) preequilibrated
with 1 column volume of TBS. Adsorbed proteins were eluted
with a linear concentration gradient of D-glucose (0–100 mM).
The monovalent, chemically modified Con A eluted first. Two
other major peaks eluted, corresponding to molecular weights of
60 000 and 105 000 g mol−1 (dimeric and tetrameric Con A).13


The first peak was concentrated by ultrafiltration (Amicon) and
was purified by gel filtration through a column of Bio-Gel P-
100 (2.6 cm × 80 cm) eluted with TBS (to eliminate residual
dimeric and tetrameric forms). Approximately 4% of the eluted
protein from the first peak was dimeric protein; therefore the
purified fraction of monomeric Con A was concentrated and
chromatographed again with the same Bio-Gel column, giving a
single peak with a dimeric impurity makeup of less than 3%. SDS-
PAGE and size exclusion chromatography results indicate that the
monomeric subunit has a MW of 27 000 g mol−1, which agrees well
with previously reported values.13,15 Comparison of SDS-PAGE
results for monomeric and tetrameric Con A suggests that the
isolated monomeric material has a subunit composition analogous
to that of the native, tetrameric species (See Fig. S1 of the ESI
for SDS-PAGE results†). The purified monomeric Con A was
concentrated to 10 mg mL−1 and dialyzed against 1 mM acetate
buffer, pH 4.6 in the presence of 1 mM MnCl2 and 1 mM CaCl2 and
was used for subsequent analysis and calorimetric experiments.


Protein concentrations of monomeric Con A solutions were
measured spectrophotometrically at 280 nm using A1%,1 cm = 12.413


at pH 4.6 and are expressed in terms of the monomer (MW =
25 600 g mol−1).


Hemagglutination inhibition assays


Hemagglutination assays were performed similarly to previously
published procedures.15 The assay buffer consisted of 0.5% w/v
BSA in 10 mM phosphate buffer saline (PBS), pH 5.0. Monomeric
Con A was added to serial dilutions of a 30 mg mL−1 glycoden-
drimer stock solution, while dimeric Con A was added to serial
dilutions of a 20 mg mL−1 glycodendrimer solution. The solutions
were incubated for 3 hours at 25 ◦C. Rabbit erythrocytes (3% v/v
in assay buffer (0.5% w/v BSA in PBS)) were added and the lowest
amount of dendrimer to cause inhibition was determined.


Dynamic light scattering


DLS experiments were performed on a Brookhaven 90Plus Particle
Size analyzer with a photomultiplier detector angle at 90◦ using a
661 nm diode laser. The autocorrelation function was fit using a
non-negatively constrained least-squares analysis. Tetrameric and
monomeric samples were prepared in filtered (0.2 lM Pall syringe
filter) PBS, pH 7.3, and sodium acetate buffer, pH 4.6, respectively.


Isothermal titration calorimetry


ITC experiments were performed using a VP ITC instrument
from Microcal, Inc (Northampton, MA). Injections of 4 lL of
glycodendrimer solution were added from a computer controlled
250 lL syringe at an interval of 4 min into the sample solution
of lectin (cell volume = 1.435 mL) with stirring at 310 rpm.
Data from control experiments performed by making identical
injections of glycodendrimer into a cell containing buffer without
protein were subtracted from the raw data. Concentrations of Con
A ranged from 0.05–0.15 mM and glycodendrimer concentrations
ranged from 0.80–10.0 mM. Titrations were done in 1 mM acetate
buffer, pH 4.6 in the presence of 1 mM MnCl2 and 1 mM CaCl2


and at NaCl concentrations from 0–50 mM. The experimental
data were fitted to a theoretical titration curve using software
supplied by Microcal, with DH (enthalpy change in kcal mol−1),
Ka (association constant in M−1), and n (number of binding
sites per monomer) as adjustable parameters. Thermodynamic
parameters were calculated from the equation DG = DH − TDS =
−RT ln Ka, where DG, DH, and DS are the changes in free energy,
enthalpy, and entropy of binding, respectively, T is the absolute
temperature, and R = 1.98 cal mol−1 K−1.
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Dendrons: Concepts, Syntheses, Applications, Wiley-VCH, Weinheim,
2001.


10 (a) J. J. Lundquist, S. D. Debenham and E. J. Toone, J. Org. Chem.,
2000, 65, 8245–8250; (b) S. M. Dimick, S. C. Powell, S. A. McMahon,
D. N. Moothoo, J. H. Naismith and E. J. Toone, J. Am. Chem. Soc.,
1999, 121, 10286–10296; (c) J. B. Corbell, J. J. Lundquist and E. J.
Toone, Tetrahedron: Asymmetry, 2000, 11, 95–111; (d) T. K. Dam, R.
Roy, S. K. Das, S. Oscarson and C. F. Brewer, J. Biol. Chem., 2000,
275, 14223–14230; (e) T. K. Dam, R. Roy, D. Page and C. F. Brewer,
Biochemistry, 2002, 41, 1351–1358; (f) T. K. Dam, R. Roy, D. Page and
C. F. Brewer, Biochemistry, 2002, 41, 1359–1363; (g) T. K. Dam and
C. F. Brewer, Chem. Rev., 2002, 102, 387–429.


11 (a) H. Bittiger, H. P. Schnebli, Concanavalin A as a Tool, John Wiley
& Sons, 1976; (b) Z. Derewenda, J. Yariv, J. R. Helliwell, A. J. Kalb,
E. J. Dodson, M. Z. Papiz, T. Wan and J. Campbell, EMBO J., 1989, 8,
2189–2193; (c) H. Lis and N. Sharon, FASEB J., 1990, 4, 3198–3208;
(d) E. J. M. Van Damme, W. J. Peumans, A. Barre and P. Rouge, Crit.
Rev. Plant Sci., 1998, 17, 575–692.


12 M. S. Quesenberry, R. T. Lee and Y. C. Lee, Biochemistry, 1997, 36,
2724–2732.


13 I. Tanaka, Y. Abe, T. Hamada, O. Yonemitsu and S.-i. Ishii, J. Biochem.,
1981, 89, 1643–1646.


14 E. Battistel, G. Lazzarini, F. Manca and G. Rialdi, Eur. Biophys. J.,
1985, 13, 1–9.


15 T. Osawa and I. Matsumoto, Methods Enzymol., 1972, 28, 323–
327.


16 H. E. Auer and T. Schilz, Int. J. Pept. Protein Res., 1984, 24, 462–
471.


17 (a) G. R. Gunther, J. L. Wang, I. Yahara, B. A. Cunningham and G. M.
Edelman, Proc. Natl. Acad. Sci. U. S. A., 1973, 70, 1012–1016; (b) A. R.
Fraser, J. J. Hemperly, J. L. Wang and G. M. Edelman, Proc. Natl. Acad.
Sci. U. S. A., 1976, 73, 790–794; (c) J. L. Wang and G. M. Edelman,
J. Biol. Chem., 1978, 253, 3000–3007; (d) J. L. Wang and G. M. Edelman,
J. Biol. Chem., 1978, 253, 3008–3015; (e) F. G. Loontiens, R. M. Clegg
and T. M. Jovin, Biochemistry, 1977, 16, 159–166; (f) R. M. Clegg, F. G.
Loontiens and T. M. Jovin, Biochemistry, 1977, 16, 167–175; (g) M.
Beppu, T. Terao and T. Osawa, J. Biochem., 1979, 85, 1275–1287; (h) T.
Osawa and M. Beppu, Methods Enzymol., 1987, 150, 17–28; (i) A. R.
Fraser, J. L. Wang and G. M. Edelman, J. Biol. Chem., 1976, 251,
4622–4628.


18 A. A. Freitas, B. Rocha, J. W. Chiao and M. de Sousa, Cell. Immunol.,
1978, 35, 59–77.


19 M. Saito, F. Takaku, M. Hayashi, I. Tanaka, Y. Abe, Y. Nagai and S.-I.
Ishii, J. Biol. Chem., 1983, 258, 7499–7505.


20 D. N. Moothoo, S. A. McMahon, S. M. Dimick, E. J. Toone and J. H.
Naismith, Acta Crystallogr., Sect. D: Biol. Crystallogr., 1998, D54,
1023–1025.


21 B. A. Cunningham, J. L. Wang, M. N. Pflumm and G. M. Edelman,
Biochemistry, 1972, 11, 3233–3239.


22 T. J. Williams, J. A. Shafer, I. J. Goldstein and T. Adamson, J. Biol.
Chem., 1978, 253, 8533–8537.


23 M. Saito, F. Takaku, M. Hayashi, I. Tanaka, Y. Abe, Y. Nagai and S.-I.
Ishii, J. Biol. Chem., 1983, 258, 7499–7505.


24 G. M. Endelman and J. L. Wang, J. Biol. Chem., 1978, 253, 3016–
3022.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2458–2465 | 2465








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


Kinetics of the reaction between the antioxidant Trolox R© and the free radical
DPPH• in semi-aqueous solution†


Ouided Friaa and Daniel Brault*


Received 13th February 2006, Accepted 25th April 2006
First published as an Advance Article on the web 12th May 2006
DOI: 10.1039/b602147f


Reaction of the free-radical diphenylpicrylhydrazyl (DPPH•) with Trolox R© (TrOH) was investigated in
buffered hydroalcoholic media by using a stopped-flow system. DPPH• was reduced to the hydrazine
analogue DPPH-H with a measured stoichiometry of about 2. DPPH-H was characterized by an
acid–base equilibrium (pKa = 8.6). Time-resolved absorption spectra recorded with an excess of either
TrOH or DPPH• indicated that no significant amount of the TrO• radical was accumulated. The TrO•


radical formed in a first step further reacted quickly with DPPH•. For 1 : 1 ethanol–buffer mixtures at
pH 7.4, the bimolecular rate constants of the first and second steps were 1.1 × 104 M−1 s−1 and 2 ×
106 M−1 s−1, respectively. A significant increase of the measured rate constant was observed for
ethanol–buffer solutions as compared to ethanol. The rate was also increased at higher pH. A
deuterium isotopic effect of 2.9 was measured. These data are discussed with regards to mechanisms
involving either electron or proton exchange as rate determining steps in the reaction of DPPH• with
Trolox R©. The importance of solvent acidity control in investigation of antioxidant properties is outlined.


Introduction


Scavenging deleterious radical species and redox status regulation
are essential processes in normal cellular life.1,2 Pathological states,
and to some extent ageing, appear to be related to a deficiency in
regulation leading to oxidative damage, a phenomenon known
as oxidative stress.3 Cells have set up various lines of defense,
in particular to protect their membranes. Vitamin E inhibits
chain peroxidation of polyunsaturated lipids by scavenging free-
radicals.4 It is present as a-tocopherol (a-TOH) in cell membranes
where it is anchored by a lipophilic chain. This antioxidant,
belonging to the hydroxychroman class, finds its efficacy in the
reactivity of its phenolic group according to the overall reaction,


a-TOH + LOO• (or L•) → a-TO• + LOOH (or LH) (1)


and to the relative stability of the a-tocopherol radical formed.5


Indeed, a-TO• may recombine or disproportionate through reac-
tion with another a-TO• radical, or may react with another LOO•


radical. Thus, radical-chain peroxidation is stopped through the
formation of non-radical products. Alternatively, a-TOH may be
regenerated by reaction with another antioxidant, such as ascorbic
acid.6 Deleterious prooxidant conditions may develop when the a-
tocopherol radical is not inactivated.7 The importance of these re-
actions has prompted numerous studies to understand the reaction
mechanism of hydroxychromans and other antioxidants belonging
to the phenol and flavonoid classes. Antioxidants may react by a
direct hydrogen atom transfer involving the labile hydrogen of
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CETI) CNRS UMR 7033, Université Pierre et Marie Curie, Genopole
Campus 1, 5 rue Henri Desbruères, 91030, Evry cedex, Paris, France.
E-mail: dbrault@ccr.jussieu.fr; Fax: +33 1 69 87 43 60
† Electronic supplementary information (ESI) available: Absorption spec-
tra taken in pH 6.4 and 8.4 buffers and in pure ethanol. See DOI:
10.1039/b602147f


phenol-like groups. This mechanism has gained support from
the deuterium kinetic isotope effect8,9 and the retardation of the
reaction in solvents establishing a hydrogen bond with the H-atom
of the phenol group.10 This mechanism, referred to as HAT in
recent literature,11,12 is likely to be favored in apolar media such as
the lipidic core of membranes, which can be mimicked by alkanes.10


Alternatively, antioxidants may react through electron transfer
concerted with, or followed by, proton transfer.13,14 Besides, owing
to its lower redox potential, the deprotonated phenol form is much
more reactive towards various oxidants.15,16 Then, an alternative
mechanism assumes that ionization of the phenol group precedes
electron exchange12,17,18 and was named11,19 sequential proton loss
electron transfer (SPLET). This mechanism, favored in ionizing
solvents, was established by the addition of acid to the reaction
medium in order to suppress phenol ionization and by kinetic
analysis.12,19 It was also pointed out that adventitious acids or
bases present in the solvent, or acidification by the antioxidant
itself when it bears carboxylic chains, have important effects
on the antioxidant reaction rate.12,17 Theoretical calculations
of bond dissociation enthalpy and ionization potentials as a
measure of hydrogen versus electron transfer capability of various
antioxidants place a-tocopherol not only as the best hydrogen
donor, but also in a good position as an electron donor.20 In the
case of Trolox R©, the ionization of the carboxylic group in a water
medium might favor electron transfer. Clearly, the study of such
reactions requires proton activity control.


Various methods have been designed to measure antioxidant
power.21 Some involve production of transient radical species
under steady state22 or pulse conditions.13,23 Besides, stable organic
radicals leading to color changes upon reaction with antioxidants
have received much attention.24–26 The commercially available 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH•) is becoming widely
used.12,17,27 It is reduced by antioxidants to the hydrazine form
(DPPH-H). The colorimetric DPPH• method is particularly useful
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to determine stoichiometric data, i.e. the number of radicals
inactivated by one molecule of antioxidant. However, as protection
against oxidative stress relies on a dynamic competition between
the scavenging of radicals and their harmful reactions, kinetic data
are most precious.28


Trolox R©, a water-soluble a-tocopherol analogue with a car-
boxylic group replacing the lipophilic tail23 is frequently used as an
antioxidant standard. Obviously, sound knowledge of its reaction
mechanism is required in order to use it as a reference.


In a continuation of the above-mentioned studies aimed to
clarify the reaction mechanism of phenol-type antioxidants, we
report on a UV-visible study of the reaction of Trolox R© with
DPPH• in ethanol–buffer mixtures allowing pH control. Focus
is given on kinetic aspects. The influence of water content and
deuterium isotopic effects are examined.


Results


Solution properties of compounds under study


Absorption spectra of TrOH, DPPH• and DPPH-H in 1 : 1
mixtures of ethanol with water buffered at pH 7.4 are reported
in Fig. 1. Similar spectra were recorded for 1 : 1 mixtures buffered
with water at pH 6.4 and 8.4 except for DPPH-H, which displays
a pH dependent spectrum as reported below. The spectrum of
DPPH-H at pH 8.4 is also depicted in Fig. 1.


Fig. 1 Absorption spectra of Trolox R© (· · ·), DPPH• (—), DPPH-H (---)
in 1 : 1 ethanol–pH 7.4 buffer mixture and DPPH-H (— —) in the same
solution, except that the buffer was adjusted to 8.4.


Solutions of TrOH, DPPH• and DPPH-H were found to obey
Beer’s law at least up to 2 × 10−3, 1.4 × 10−4 and 1.1 × 10−4 M,
respectively. Beer’s law was also obeyed in all the other ethanol–
water mixtures. The absorption maximum of DPPH• was found
at 524 nm with a molar extinction coefficient, e, of 10700 ±
500 M−1 cm−1 in 1 : 1 ethanol–buffer mixtures at all pH values.
In pure ethanol the maximum was at 515 nm (e = 10600 ±
200 M−1 cm−1). Trolox R© presents a band at 290 nm (e = 3000 ±
100 M−1 cm−1) in all the 1 : 1 ethanol–buffer mixtures.


The spectral dependence of DPPH-H solutions in 1 : 1 ethanol–
water mixtures between pH 6.1 and 9.6 is illustrated in Fig. 2a.
At the lowest pH, DPPH-H presents a band at 323 nm. When
the pH is increased, a slight decrease and blue shift of this band
is observed and, more prominently, an intense band at 426 nm


Fig. 2 (a) Absorption spectra of DPPH-H (8.3 × 10−5 M, 1 : 1
ethanol–buffer solutions) at various pH: 6.1 (bottom), 6.4, 6.7, 6.9, 7.2,
7.5, 7.8, 8.2, 8.4, 8.7, 9.0, 9.3, 9.6 (top). (b) Absorbance at 426 nm versus
pH. The full line corresponds to the theoretical fit (see text) for a pK value
of 8.59.


appears. Nice isosbestic points are observed at 365 and 302 nm.
These changes suggest an acid–base equilibrium according to:


DPPH-H � DPPH− + H+ (2)


The absorbance at 426 nm (Abs) was fitted by using non-linear
curve method according to the equation:


Abs = [AbsAH + AbsA × 10(pH–pK)]/(1 + 10(pH–pK))


where AbsAH and AbsA are the absorbances of the pure acid
(DPPH-H) and basic (DPPH−) forms, respectively. The fit dis-
played in Fig. 2b allowed us to derive a pK of 8.59 ± 0.03, a value
in good agreement with literature data.29


Reaction of DPPH• with TrOH


Either TrOH or DPPH• were used in excess in order to analyze
kinetics under pseudo-first order conditions.30


TrOH in excess


A typical set of spectra recorded after mixing solutions of DPPH•


(7.7 × 10−5 M after mixing) and TrOH (7.75 × 10−4 M after
mixing) in 1 : 1 ethanol–buffer mixtures at pH 7.4 is displayed in
Fig. 3a. The reaction was completed within 2.4 s. It was found to
correspond to the consumption of all the DPPH• present to yield
the DPPH-H form, as ascertained by comparison with spectra of
the pure compounds.


Solutions made with buffers at pH 6.4 yielded about the same
sets of spectra (see the ESI). The spectral changes recorded
with buffer at pH 8.4 (see the ESI) show a larger absorbance
increase of around 420 nm. This was due to the contribution
of the deprotonated form of the hydrazine, DPPH−, according
to the above-mentioned acid–base equilibrium (eqn 2). This is
believed to be established quickly, as is usual for proton exchange
reactions.31


Difference spectra obtained by subtracting the first recorded
spectrum from subsequent spectra are shown in Fig. 3b. They
allow better inspection of isosbestic points that appear to be clearly
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Fig. 3 Time dependence of DPPH• absorption spectra upon reaction with TrOH in 1 : 1 ethanol–pH 7.4 buffer mixture. (a–b) DPPH•: 7 × 10−5 M,
TrOH: 7.75 × 10−4 M (excess). Times after mixing: 0.006, 0.018, 0.030, 0.042, 0.055, 0.067, 0.079, 0.103, 0.152, 0.201, 0.310, 0.407, 0.492, 0.809, 1.00,
1.50, 2.43 s. (c–d) DPPH•: 7.5 × 10−5 M (excess), TrOH: 7.8 × 10−6 M. Times after mixing, 0.049, 0.146, 0.243, 0.340, 0.438, 0.535, 0.730, 1.02, 1.51,
2.09, 3.06, 4.04, 5.01, 10.07 s. Difference spectra in panels (b) and (d) are derived from absolute spectra by subtracting the initial spectrum to subsequent
spectra. The arrows indicate direction of the absorption changes.


conserved. For 1 : 1 mixtures buffered at pH 7.4 these points are
observed at 345 and 439 nm. Similar findings were obtained for 1 :
1 mixtures buffered at pH 6.4 and 8.4 as well as for pure ethanol
(see the ESI).


The kinetics of the reaction were analyzed in more detail at
specific wavelengths. The decrease of DPPH• absorption at 524 nm
in a 1 : 1 mixture of ethanol and buffer (pH 7.4) is shown in
Fig. 4.


In this experiment, TrOH (9.06 × 10−4 M) was in large excess as
compared to DPPH• (5.33 × 10−5 M). The process appears to be
mainly monophasic and was tentatively fitted by an exponential.
The fit and residuals (curve fit minus experimental data) are
displayed in Fig. 4. Agreement was found to be fairly good,
although not perfect as shown by some fluttering observed on


the residuals. The fluttering was somewhat increased for lower
TrOH : DPPH• ratios. The observed rate constant derived from
monoexponential fit was found to linearly depend on the TrOH
concentration as shown in Fig. 5a. As depicted in Fig. 5b, these
slopes increase with pH. For instance, they were found to be
17200 ± 700, 18200 ± 800 and 31200 ± 3400 M−1 s−1 at pH 6.4,
7.4 and 8.4, respectively.


Similar kinetic traces were obtained in mixtures made with lower
water content. The slopes of the linear fit were significantly lower,
however. For 2 : 1 and 3 : 1 ethanol–water mixtures, slopes were
found to be 5700 ± 100 and 4200 ± 100 M−1 s−1 at pH 6.7, 8600 ±
1300 and 7000 ± 700 M−1 s−1 at pH 7.4, 10200 ± 800 and 7600 ±
300 M−1 s−1 at pH 8.4, respectively. In pure ethanol (data not
shown), the slope of the linear fit was much lower, 320 ± 5 M−1 s−1.
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Fig. 4 (a) Absorbance decay (k = 524 nm) following mixing of DPPH•


(5.33 × 10−5 M after mixing) and TrOH (9.06 × 10−4 M) in 1 :
1 ethanol–buffer solutions (pH 7.4). (b) Residuals (curve fit minus
experimental data) from monoexponential fit.


Fig. 5 (a) Linear dependence (solid lines) of the observed rate constants
on Trolox R© concentration at pH (�) 6.4, (�) 7.0, (+) 7.4, (�) 7.7, (×) 8.0,
(�) 8.4 and pD (�) 7.4, (�) 8.8. Dependence of simulated rate constants
(see text) on Trolox R© concentration at pH 6.4 (— —), 7.4 (- - -) and 8.4
(– – –). (b) Slopes of the linear plots shown in panel (a) versus pH.


Deuterium isotopic effect


Deuterated hydroalcoholic solutions were prepared by mixing
deuterated ethanol with an equal volume of deuterium oxide
buffered to pD 7.4 or 8.8. Fairly good fits to the monoexponentials
were obtained in both cases and the observed rate constants thus
derived were found to linearly depend on Trolox R© concentration,
as shown in Fig. 5a. The bimolecular rate constants were
significantly lower than those for non-deuterated medium.


DPPH• in excess


Spectra were recorded after mixing solutions of DPPH• (7.5 ×
10−5 after mixing) and TrOH (7.8 × 10−6 M after mixing) in
1 : 1 ethanol–buffer mixtures at various pH. In this case, the
TrOH concentration is the limiting factor and DPPH• is only
partly consumed. Spectral changes obtained with solutions made
with pH 7.4 buffer are displayed in Fig. 3c along with difference
spectra calculated as above (Fig. 3d). Quite well-defined isosbestic
points were observed at 346 and 453 nm. These difference spectra
are similar to those recorded with excess TrOH, except that the
isosbestic points were somewhat shifted. Solutions made with
buffers at pH 6.4 and 8.4 yielded about the same sets of spectra
(see the ESI).


The stoichiometry of the reaction, n, was calculated by using
the relation n = D(Abs)/(De × l × [TrOH]) where D(Abs) is the
absorbance change recorded at the end of the reaction for a given
wavelength, De is the difference between the molar extinction
coefficients of DPPH• and DPPH-H, l is the optical length of
the optical cell and [TrOH] the Trolox R© concentration. Changes
in the DPPH-H spectrum with pH were taken into account in
the calculation. The stoichiometry was found to be 2.50 ± 0.05,
2.10 ± 0.05 and 1.8 ± 0.07 at pH 6.4, 7.4 and 8.4, respectively.
These values correspond to the mean of four measurements
on solution containing DPPH• and TrOH in ratios between 10
and 20.


Discussion


The reaction of the colored DPPH• radical is a popular method to
evaluate the strength of antioxidants. We have investigated kinetic
aspects of this reaction with a water-soluble analogue of vitamin E,
Trolox R©, commonly used as a standard. In keeping with current
knowledge from the literature, the reaction is described by the
scheme shown in Fig. 6.


DPPH• being a free radical, the initial step of the reaction with
Trolox R© leads to the formation of the one-electron oxidized form
of the antioxidant, the phenoxyl-type radical TrO•. This first step
could be reversible, as suggested for phenols.32 The TrO• radical
can react with remaining DPPH• (line (b) of the scheme in Fig. 6) or
disappears through dimerization or disproportionation reactions
involving resonant forms33 [line (c)].


The TrO• radical possesses an absorption band around 435 nm
in water23 very close to the isosbestic points observed in Fig. 3
(see also the ESI for the other pH values). We can estimate that a
variation of 10% of the absorbance at these specific wavelengths
should be visible on the difference spectra. We will take the
spectra shown in Fig. 3a–b as an example. In this experiment,
the maximum concentration of TrO• that could be formed is
equal to the DPPH• concentration (the limiting reagent), i.e.
7.7 × 10−5 M. An isosbestic point is observed at 439 nm with
an absorbance of 0.22. At this wavelength, the molar extinction
coefficient of the Trolox R© radical is 7000 M−1 cm−1 according to
published data.23 Thus, it can be estimated that change in the
concentration of the TrO• radical in the course of the reaction
does not exceed about 3 × 10−6 M, i.e. 5% of the maximum value.


The system can be described by the following set of differential
equations:
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Fig. 6 Postulated reaction scheme of the reaction between DPPH• and Trolox R©. In the pH range investigated, Trolox R© is present as its carboxylate form
as shown in the scheme.


d[DPPH•]/dt = −k1f × [DPPH•] × [TrOH] + k1r × [DPPH-H]
× [TrO•] − k2f × [DPPH•] × [TrO•]


d[TrOH]/dt = −k1f × [DPPH•] × [TrOH] + k1r × [DPPH-H]
× [TrO•]


d[DPPH-H]/dt = k1f × [DPPH•] × [TrOH] − k1r × [DPPH-H]
× [TrO•] + k2f × [DPPH•] × [TrO•]


d[TrO•]/dt = k1f × [DPPH•] × [TrOH] − k1r × [DPPH-H]
× [TrO•] − k2f × [DPPH•] × [TrO•] - 2 × kd × [TrO•]2


It was not possible to obtain an analytical mathematical solution
for this system. A short program based on these differential
equations and on rate constant estimates was thus written for the
Mathcad software. For each initial Trolox R© and DPPH• concentra-
tions, the program yielded the TrO• and DPPH• concentrations as
a function of time for various sets of estimates for the 2 × kd, k1f and
k2f rate constants. The bimolecular rate constant, 2 × kd, has been
estimated to be 4 × 105 M−1 s−1 in pH 7.4 buffer.34 This value was
introduced as a constant in the program. The above-mentioned
limit for the change in the TrO• concentration was used as a
constraint to select valid rate constant sets. The curves simulating
the DPPH• concentration were fitted to monoexponentials. The
exponential factor obtained from the simulation was compared to
the experimental rate constant and the set of k1f and k2f constants
adjusted in order to obtain the best agreement over the whole
range of the Trolox R© concentration. Fluttering of the residuals
similar to those depicted in experimental curves (see Fig. 4b) was
accepted. The reversibility of the reaction was also checked. In
fact, reversibility requires the introduction of a k1r constant with a
high enough value. However, this led to decay curves significantly
departing from the exponential, suggesting that the back reaction
is unimportant in our experimental conditions. Therefore, this


constant was kept low enough and had no effect on the simulation.
The result of such simulation is illustrated in Fig. 5a for pH 7.4
solutions. A good agreement was found between simulated and
experimental data by using k1f = 1.1 × 104 M−1 s−1 and k2f =
2 × 106 M−1 s−1. The value of the dimerization constant, 2 ×
kd = 4 × 105 M−1 s−1, was also found to be a reasonable estimate.
Similar agreement was found at pH 6.4 and 8.4 with the values
k1f = 1.0 × 104 M−1 s−1, k2f = 2 × 106 M−1 s−1 and k1f = 1.9 ×
104 M−1 s−1, k2f = 2 × 106 M−1 s−1, respectively. It can be noted
that the rate constant k2f is quite large. The stoichiometry of the
reaction measured with DPPH• in excess was found to be close
to the value of 2 in agreement with the sequence of reactions
described in line (a) and (b) of the scheme in Fig. 6.


As depicted in Fig. 5b, the observed rate constant for the
reaction of DPPH• with excess Trolox R© increases with pH. The
Trolox R© carboxylic chain with a pK of 3.6 in water35 is not likely
to be directly involved. In fact, in all cases, Trolox R© is expected to
be present as its carboxylate form as depicted in Fig. 6. It could be
hypothesized that a form of the Trolox R© radical protonated on the
phenol (TrOH•+) is first produced through reaction with DPPH•.
The overall reaction would be accelerated upon deprotonation
of this form. The pKa for the TrOH•+/TrO• couple has been
estimated36 to be 2.3. This value appears too low as compared
to the pH range investigated to sustain this hypothesis, that was
also rejected by Litwinienko.37 Alternatively, this effect may arise
from deprotonation of the phenol group, the pK of which has
been estimated15,23 to range between 11.9 and 11.7. As shown by
pulse radiolysis studies, phenolate ions react with various oxidizing
radicals much more quickly than phenols.15 The same effect was
found when singlet oxygen was used as an oxidizing agent.16 Based
on the higher reactivity of the phenolate form, a sequential proton
loss electron transfer (SPLET) mechanism was recently proposed
by Litwinienko11,19,37 and Foti.12 Unfortunately, the poor stability
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of DPPH• above pH 9.0 did not allowed us to investigate the pH
effect over a large range.


Our value for the rate constant of the reaction between DPPH•


and Trolox R© in pure ethanol (320 M−1 s−1) is fairly similar to that
reported for methanol solutions38 (360 M−1 s−1). For comparison,
another tocopherol analog, pentamethylhydroxychroman, yielded
similar values in ethanol (410 M−1 s−1)37 and values ranging
between 350 M−1 s−1 and 1070 M−1 s−1 in methanol.14,37 An
important acceleration of the reaction is observed when ethanol–
water mixtures are used instead of pure ethanol, in favor of
an electron transfer process. Deuterium isotopic effect has been
investigated to shed some light on the mechanism. In fact,
deuterium substitution may have several consequences. First, in
a pure hydrogen abstraction process involving a linear transition
state, it is expected that the rate would be decreased by a factor
equal to the relative vibrational energy of the O–H and O–D bonds,
i.e. 9.8. This value was approached for the reaction of DPPH• with
phenols in pure benzene.39 In aqueous solutions, the ionization
of the phenol group must be taken into account as outlined
above. The acidity of the phenol group is likely to be reduced
in D2O. Typically, weak acids are weaker in D2O than in H2O by
about 0.4–0.5 pK units.40,41 In our experiments, the buffers were
adjusted to pD values of 7.4 and 8.8. Thus, the ionization states of
the phenol group, and eventually of reaction intermediates, would
be similar to those in non-deuterated mixtures at pH 7.0 and
8.4. The slopes of the curves reported in Fig. 5a were compared
accordingly. An isotopic effect of 2.9 ± 0.3 was measured for the
two pH/pD values. Even if lower than that reported for a pure
organic solvent,39 this isotopic effect is significant. The reason of
this effect cannot be found in a difference of the initial ionization
state of Trolox R©, as outlined above. It can be hypothesized that
the rate of deprotonation of the phenol group could be a limiting
factor. This interpretation is in line with the SPLET mechanism.
Alternatively, a former study on the reaction of radicals with
organic reductants by Neta13 suggested that electron and proton
transfer involving the solvent could be concerted in the transition
state. A kinetic isotopic effect of about 2 was found in this study.13


A mechanism involving concerted proton transfer to the incipient
DPPH anion in the transition state is possible and would be
consistent with the measured isotopic effect.


Noticeably, the increase of the slope in Fig. 5 is about twofold
for one pH unit change, whereas a tenfold increase would
be expected for a process entirely controlled by phenol group
deprotonation. At the lowest pH, the slope tends to a constant
value of 1.75 × 104 M−1 s−1. It could be assumed that the
SPLET mechanism11,12,17,19,37 would be favored in the highest pH
range while proton-transfer-mediated electron transfer13 would
dominate at the lowest pH.


In conclusion, our results, taken together with literature
data,12,17 highlight the importance of the control of solvent acidity.
Obviously, this is better achieved by using mixtures of an aqueous
buffer with a miscible organic solvent. These systems would allow
studies of a large panel of antioxidants with various water solubil-
ity properties and should help the characterization of natural and
synthetic antioxidants.42,43 Furthermore, they may provide a better
insight into the complex mechanism of antioxidant reactions.
Also, kinetics should be considered in order to understand how
antioxidants could inhibit the development of the radical reaction
responsible for oxidative stress. The present study is likely to help


in the development of research on other antioxidants in these
directions.


Materials and methods


Materials


The stable free-radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•),
95% pure and 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox R©, TrOH), 97% pure were purchased
from Sigma-Aldrich (Saint-Quentin Fallavier, France) and
1,1-diphenyl-2-picrylhydrazine, (DPPH-H), 98% pure from
Fluka Chemika (Buchs, Switzerland). Stock solutions of these
compounds were made in analytical grade ethanol from Merck
(VWR, Fontenay-sous-Bois, France) and stored at 4 ◦C for a
maximum of 2 d in the dark. DPPH• and DPPH-H dissolve slowly
in ethanol. Ethanol-d (99.5% deuteration) was purchased from
Sigma-Aldrich and deuterium oxide (99.9% D) from Eurisotop
(Saclay, France). Ultra-pure water was furnished by a Direct-Q3
apparatus from Millipore (Molsheim, France).


Hydroalcoholic mixtures were prepared by adding ethanol
to the desired amount (v/v) of water that was previously
buffered at the desired pH. Tris(hydroxymethyl)aminomethane
(TRIS) or bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane
(BIS-TRIS) at a concentration of 10 mM in the aqueous compo-
nent were used in the pH range 7.4–9.6 and 6.1–7.2, respectively.
TRIS and BIS-TRIS were purchased from Merck and Sigma-
Aldrich, respectively. For deuterium isotopic experiments, the
heavy water component was buffered by using 10 mM of TRIS or
BIS-TRIS for “pH” 8.4 and 7.0, respectively. These “pH” values
correspond to the reading of the glass electrode standardized in the
usual way. The pD values were calculated according to Salomaa
by adding 0.4 units to these “pH” values.40 In all cases, solutions
were normally equilibrated with air.


Instruments


The pH of the aqueous solutions was measured with a Radiome-
ter PHM240 apparatus (Radiometer Analytical, Villeurbanne,
France) equipped with a glass electrode and calibrated with
standards from Radiometer. UV-visible absorption spectra were
recorded with a UVIKON 923 spectrophotometer (Bio-Tek,
Kontron Instrument, Milano, Italy). An Applied Photophysics
(Leatherhead, UK) stopped-flow apparatus (model SX 18MV)
equipped with a 150 W xenon arc lamp was used for kinetic
measurements and to record time-resolved spectra. The mixing
time was 1.2 ms. Equal volumes of DPPH• and Trolox R© solutions,
made with the same ethanol–water proportion, were mixed.
Absorption changes at a single wavelength were recorded by using
a conventional photomultiplier over total times ranging from 2.4
to 40 s. Typically, kinetic traces were composed of 2000 points and
at least 4 signals were averaged. Time-resolved absorption spectra
were collected in the range 200–740 nm by using a photodiode
array with a resolution of 2.17 nm. At the maximum scan speed
(2.56 ms between spectra) the first spectrum can be recorded
3.76 ms after the start of mixing. The slits were reduced to
0.8 mm in order to avoid DPPH• photobleaching. Experiments
were carried out at 20 ◦C.
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Data were fitted either by using the software furnished by
Applied Photophysics or Kaleidagraph from Synergy Software
(Reading, PA, USA). The Levenberg–Marquard algorithm was
used for non-linear curve fitting. The Mathcad software (Math-
soft, Inc., Cambridge, MA) was used for numerical simulations.
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The host compound tetra(3-hydroxy-3,3-diphenyl-2-propynyl)ethene, TET, forms inclusion compounds
with acetone, dimethyl sulfoxide, dioxane and pyridine. All the structures were successfully solved in the
triclinic space group P1̄. We found variable host : guest ratios for the acetone (TET·ACE, H : G = 1 : 4),
dimethyl sulfoxide (TET·DMSO, H : G = 1 : 4) and pyridine compounds (TET·PYR, H : G = 1 : 5).
Solutions of the host compound and dioxane formed TET·2DIOX, H : G = 1 : 2 when left to crystallise
at room temperature, whereas TET·4DIOX, H : G = 1 : 4 was formed during crystal growth at low
temperature. We have correlated the structures with their thermal stabilities and kinetics of desolvation.


Introduction


The concept of multipedal hosts is well established, and MacNicol
has reviewed the synthetic strategy of designing hexa-hosts,
including the Piedfort idea as well as the more complex spider
hosts.1 These hosts are particularly useful when they contain
the diphenylhydroxymethyl moiety, which adds bulk and has the
hydroxyl group which acts as a hydrogen bond donor. Thus Weber
has synthesised a variety of such compounds where this moiety
forms part of roof-shaped hosts,2 is contained in hosts derived
from malic and mandelic acids,3,4 and in bulky compounds derived
from anthracene.5,6 Toda has employed the same moiety in the
synthesis of his wheel-and-axle compounds, which he discovered
in 1968, and whose enclathrating abilities have been summarised.7,8


We now present the structures, thermal analysis and kinetics
of desolvation of five clathrates of the host tetra(3-hydroxy-3,3-
diphenyl-2-propynyl)ethene, TET, with acetone (TET·ACE, H :
G = 1 : 4), dimethylsulfoxide (TET·DMSO, H : G = 1 : 4), 1,4-
dioxane (TET·2DIOX, H : G = 1 : 2 and TET·4DIOX, H : G = 1 :
4) and pyridine (TET·PYR, H : G = 1 : 5). The atomic numbering
scheme of the inclusion compounds is given in Scheme 1.


Experimental


Structure analysis


Crystallographic data, experimental and refinement parameters
for all structures are given in Table 1.


Suitable crystals of each of the inclusion compounds were
grown by slow evaporation of a solution of the host in the
relevant guest at room temperature. The one exception was
TET·4DIOX which was grown at low temperature (277 K).
Cell dimensions for each inclusion compound were established
from the intensity data measurements on a Nonius Kappa-CCD
diffractometer using graphite-monochromated MoKa radiation,


aDepartment of Chemistry, Faculty of Applied Sciences, Cape Peninsula
University of Technology, P.O. Box 652, Cape Town, 8000, South Africa.
E-mail: jacobsa@cput.ac.za; Fax: 27 21 460 3854; Tel: 27 21 460 3167
bDepartment of Chemistry, University of Cape Town, Rondebosch, 7701,
South Africa
cDepartment of Chemistry, Okayama University of Science, Okayama, Japan


Scheme 1


and an Oxford Cryostream cooling system (Oxford Cryostat)
was used to control the temperature. The strategy for the data
collections was evaluated using the COLLECT9 software and,
for all structures, data were collected using the standard φ- and
x-scan techniques, and were scaled and reduced with DENZO-
SMN10 software. The structures were solved by direct methods
using SHELX-8611 and refined by least-squares with SHELX-9712


refining on F 2. The program X-Seed13 was used as a graphical
interface for structure solution and refinement using SHELX, and
the program PovRay, included in the graphical interface X-Seed,
was used to produce the packing diagrams.


The mapping of the cavities in which the guest molecules reside
was carried out using the program MSRoll.14 The technique uses
a spherical probe which sweeps the volume of the vacant space
and estimates its size and topology. The results are sensitive to the
radius of the sphere, which has to be chosen with care, in order
to yield representative results. This process has been discussed in
detail in a recent paper by Barbour.15
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For each structure the non-hydrogen atoms were refined
anisotropically, and the aromatic hydrogens on the host and the
methyl hydrogens on the guest were placed in geometrically con-
strained positions with isotropic temperature factors. The hydroxyl
hydrogens on the host were located in difference electron density
maps and refined with simple O–H bond length constraints.16


Hydrogens were not placed on disordered atoms.
In the TET·4DIOX and TET·PYR structures there are some


disordered atoms in the guest molecules. In each case the site
occupancy factors of the two partial atoms were initially assigned
based on peak heights and the temperature factors of the partial
atoms forced to refine to the same value. This value was then fixed
and the site occupancy factors allowed to refine to give a total
site occupancy of one. The refined site occupancy factors were
then fixed and the isotropic temperature factors of the two partial
atoms were allowed to refine independently.


Thermal analysis and kinetics of desolvation


Thermogravimetry (TG) and differential scanning calorimetry
(DSC) were performed on a Perkin–Elmer Pyris 6 system. The
TG and DSC experiments were performed over the temperature
range 303 K to 523 K at a heating rate of 10 K min−1 with a purge
of dry nitrogen flowing at 30 ml min−1. The samples were crushed,
blotted dry and placed in open ceramic pans for TG and in crimped
but vented pans for DSC. Isothermal kinetics was determined by
performing TG experiments at a series of constant temperatures.


Results and discussion


The TET·ACE structure crystallises in the space group P1̄ with
Z = 2, with the host and four acetone guests all located in
general positions. The structure is stabilised by four (host)–O–
H · · · O(guest) hydrogen bonds (average O · · · O = 2.810(2) Å).
All five structures have a very similar hydrogen bonding pattern;
the hydrogen bonding of TET·ACE is illustrated in Fig. 1 and
the metrics of the hydrogen bonds for all the structures are given
in Table 2. The packing of the structure, displayed in Fig. 2, is
characterised by layers of host molecules lying in the (1̄02) plane
and resulting in the formation of three types of cavities in which
the acetone guests are located. One of these is a dumbell-shaped
cavity, containing four guest molecules, which has a length of
approximately 12.5 Å and maximum diameter of approximately


Fig. 1 Molecular structure of TET·ACE, showing hydrogen bonding
interactions.


Fig. 2 Packing of TET·ACE viewed down [010].


9.0 Å × 4.2 Å. The second type of cavity contains two guest
molecules and is approximately 10.4 Å in length with a maximum
diameter of 6.9 Å × 4.9 Å, and the third type contains one guest
and is approximately 6.9 Å × 5.5 Å × 4.6 Å in size.


Table 2 Hydrogen bonding details


Inclusion compound Donor (D) Acceptor (A) D · · · A/Å D–H/Å H · · · A/Å D–H · · · A/◦


TET·ACE O4 O1G 2.824(1) 0.955(9) 1.870(9) 176(2)
O19 O4G 2.830(2) 0.950(9) 1.90(1) 165(2)
O35 O7G 2.745(1) 0.960(9) 1.80(1) 170(2)
O50 O10G 2.841(2) 0.960(9) 1.92(1) 161(2)


TET·DMSO O4 O1G 2.710(2) 0.97(1) 1.74(1) 173(3)
O19 O3G 2.687(2) 0.97(1) 1.73(1) 168(3)


TET·2DIOX O4 O1G 2.752(1) 0.959(9) 1.81(1) 165(2)
O19 O3G 2.806(1) 0.948(9) 1.86(1) 172(2)


TET·4DIOX O4 O3G 2.795(2) 0.96(1) 1.84(1) 177(3)
O19 O1G 2.691(2) 0.98(1) 1.75(1) 161(2)


TET·PYR O4 N1G 2.731(2) 0.99(3) 1.74(3) 176(3)
O19 N6G 2.740(2) 0.97(3) 1.77(3) 172(3)
O35 N11G 2.729(2) 0.94(3) 1.80(3) 169(3)
O50 N16G 2.816(2) 0.94(2) 1.86(1) 176(2)
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Fig. 3 Packing of TET·DMSO viewed along [100] highlighting the
cavities containing the guest molecules (cavities calculated using probe
size of 1.5 Å).14


The TET·DMSO structure crystallises in the space group P1̄
with Z = 1, and with the host molecule located on a centre of
inversion and the guest molecules located in general positions.
This structure is also stabilised by intermolecular (host)–O–
H · · · O(guest) hydrogen bonds (average O · · · O = 2.699(2) Å).
In this structure the host molecules stack along [100], resulting
in elongated cavities, each of which contain four DMSO guest
molecules. These cavities (shown in Fig. 3) are approximately
18.4 Å in length and have a maximum diameter of approximately
8.2 Å × 8.2 Å in the centre, where two guest molecules are located.


The TET·2DIOX and TET·4DIOX structures both crystallise in
the space group P1̄ with Z = 1, and both structures are stabilised
by (host)–O–H. . .O(guest) hydrogen bonds (average O · · · O =
2.779(1) Å for TET·2DIOX and average O · · · O = 2.744(2) Å
for TET·4DIOX). In TET·2DIOX the host and guest molecules
are located on centres of inversion. In the packing of the structure,
displayed in Fig. 4, the host molecules stack along [100], resulting
in two rows of cavities in the unit cell along the same direction,
in which the guests are located. These two types of cavities have
dimensions of 7.5 Å × 7.3 Å × 6.9 Å and 7.6 Å × 7.6 Å × 4.3 Å,
with all cavities containing one guest molecule.


In TET·4DIOX the host molecule and two of the four guest
molecules are located on centres of inversion, and the remaining
two guest molecules located in general positions. The crystal
packing displays layers of host molecules in the (101) plane,
resulting in the formation of undulating channels along [1̄01],
which can be seen in Fig. 5, in which the 1,4-dioxane guests are


Fig. 4 Packing of TET·2DIOX viewed down [100].


Fig. 5 View down the channels of TET·4DIOX along [101] with guest
molecules omitted and host molecules represented with van der Waals
radii.


located. The diameter of these channels remains fairly constant at
approximately 6.1 Å × 4.8 Å.


The TET·PYR structure crystallises in the space group P1̄ with
Z = 1, and with both the host and guest molecules located in
general positions. In this structure four of the guest molecules are
hydrogen bonded to the host molecule via intermolecular (host)–
O–H · · · O(guest) hydrogen bonds (average O · · · O = 2.754(2) Å),
while the fifth guest molecule is not involved in hydrogen bonding.
This guest molecule is disordered over two positions, with both
partial molecules sharing a common nitrogen atom. One of the
hydrogen-bonded guest molecules also has two carbon atoms
disordered over two positions. In this structure the host molecules
pack in layers similar to those observed in TET·ACE, in this case
parallel to the (101) plane, resulting in narrow channels along [100]
which link a series of cavities, each containing five guest molecules.
These cavities (illustrated in Fig. 6) have an irregular shape and are
restricted by the channel diameter, which is approximately 3.6 Å ×
5.9 Å.


The pseudotorsion angles defining the position of each hydroxyl
group relative to the central ethene bond of the host molecule
are displayed in Scheme 1, and Table 3 compares these angles in
each of the inclusion compounds, as well as with those found in
the inclusion compounds of the same host with cyclohexanone17


(TET·CHO) and dimethyl acetamide18 (TET·DMA). It can be
seen that in TET·ACE and TET·PYR, on one side of the central
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Fig. 6 Packing of TET·PYR viewed along [001], highlighting the cavities
containing the guest molecules (cavities calculated using probe size of
1.5 Å).14


Table 3 Pseudotorsion anglesa describing host conformation


Inclusion compound s1/
◦ s2/


◦ s3/
◦ s4/


◦


TET·ACE 165.6 170.0 −47.5 −46.9
TET·DMSO −176.3 42.5 — —
TET·2DIOX 178.6 28.1 — —
TET·4DIOX −168.4 −64.8 — —
TET·PYR 176.9 165.0 −55.1 −40.2
TET·CHO16 −176.9(3) 45.1(3) 50.5(3) 179.7(3)
TET·DMA17 8.7(3) 20.3(3) — —


a e.g. O4–C4–C1–C32


double bond there is one hydroxyl group pointing upwards and
one downwards, while on the other side of the double bond
the two hydroxyl groups are relatively flat, with the O–H vector
pointing away from the central double bond in each case. This
conformation of the host is very similar to that observed in the
inclusion compound with cyclohexanone. The conformation of the
host molecules in TET·DMSO, TET·2DIOX and TET·4DIOX are
very similar. On one side of the double bond there is one hydroxyl
group pointing upwards and one which is relatively flat, while on
the other side there is one pointing downwards and one which is
relatively flat. The two which are relatively flat are not adjacent to
each other and point away from the central double bond, while
the other two have the O–H vector pointing inwards towards the
central double bond. The conformation of the host in TET·DMA
is different to those described above, with all O–H vectors directed
inwards towards the central double bond.


The results of the thermal analysis experiments are given in
Table 4. The TG results confirmed host : guest ratios of 1 : 4 for
TET·ACE, TET·DMSO and TET·4DIOX and a host : guest ratio
of 1 : 5 for TET·PYR. Overall, there is good agreement between the
calculated and experimental results. For the TET·ACE compound
the TG curve shows a single desolvation step corresponding to the
loss of guest. The corresponding DSC trace exhibits an endotherm
due to guest desorption (Ton = 333 K) followed by the endotherm
due to the melt of the host immediately followed by rapid host
decomposition. The TET·DMSO compound decomposes via a
multistep pathway. TG analysis of the individual steps indicated
an initial loss of one guest followed by the loss of two guests and
finally the release of the last guest molecule. The DSC curves show
the endotherms corresponding to the first two guest desorptions.
The TG curve for the TET·4DIOX compound shows two steps,
with each individual step corresponding to the loss of two
guests.


This result is confirmed by the DSC curve, which indicates two
endotherms due to guest desorption followed by host decompo-
sition. The TG trace for TET·PYR also shows two steps, the first
step corresponding to the loss of three guests and the second
step corresponding to release of the last two guest molecules. The
DSC curve is rather complex, with an initial endotherm at Ton =
370.0 K.


We have employed the parameter Ton − Tb as a measure of the
stability of a host–guest compound. In our case, for TET·DMSO
the two endotherms have values of Ton − Tb of −126.5 K and
−68.4 K respectively. These values are summarised in Table 4. On
this basis the TET·4DIOX clathrate is the more stable, but such
comparisons have limited value when the guests have such large
differences in their normal boiling points.


Kinetics of desolvation were determined for the TET·ACE
inclusion compound by performing a series of isothermal TG
experiments between 308 K and 328 K. The resultant mass–
time curves were deceleratory and fitted the first order rate law
(F1): [−ln (1 − a)] = kt where a is the extent of the reaction
and k is the rate constant.19 This equation fitted the first order
law over a wide range (a = 0.05 to 0.98) with high coefficients
of correlation, typically 0.9979. A plot of ln k vs. 1/T (Fig. 7)
gave a linear result. An activation energy of 121 kJ mol−1 for
the desolvation reaction was obtained from the negative slope
due to the relation −Ea/R = slope, where Ea is the activation
energy and R is the universal gas constant. This result compares
favourably with the activation energy obtained for the desolvation


Table 4 Thermal analysis data


Inclusion compound TET·ACE TET·DMSO TET·4DIOX TET·PYR


H : G ratio 1 : 4 1 : 4 1 : 4 1 : 5
TG (calc % mass loss) 21.4 26.8 29.2 31.7


(exp % mass loss) 20.3 26.9 29.1 31.6
DSC Ton/K 333.0 335.5 399.6 370.0


Ton/K — 393.6 444.7 —
Ton/K 477.5 — — —


Tb/Ka 329 462 374 388
Ton − Tb 4 −126.5


−68.4
25.6
70.7


−18.3


a Normal boiling point.
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Fig. 7 Arrhenius plot for the desolvation of TET·ACE.


Fig. 8 Plot of −log b vs. 1/T for TET·PYR indicating (A) step one and
(B) step two.


of the N,N-dimethylacetamide (DMA) clathrate,18 which has an
activation energy of 117 kJ mol−1. In both instances the guests are
held in cavities with similar hydrogen bond parameters. Similar
results were also obtained for the desorption of DMA from
its inclusion compound with the host (H) = 9,9′-(biphenyl-4,4′-
diyl)bis(fluoren-9-ol). This compound, H·4DMA, decomposes in
two steps, each involving loss of two DMA guests. The kinetics
yielded activation energies of 79.1 kJ mol−1 and 115.4 kJ mol−1 for
the first and second steps respectively.20


A non-isothermal kinetics method was used to study the des-
olvation of TET·PYR. Ideally, isothermal methods are preferred,


but in this case the two steps in the TG curve could not be separated
even at very low temperatures. Thus the method of Flynn and
Wall21 was employed to determine the activation energy. A series
of TG experiments over a temperature range of 303–403 K were
performed at heating rates of 1, 2, 5, 10 and 20 K min−1. The TG
curves were analysed at different stages of decomposition ranging
from 5% to 15% for the first step and 22.5% to 30% for the second
step. By convention the corresponding negative log of the heating
rate (b) vs. reciprocal temperature were plotted (Fig. 8). This
allowed us to calculate the activation energy ranges for the two
steps. The results for both steps were similar, with the activation
energy range for step one being 70–77 kJ mol−1 and for step two
being 74–76 kJ mol−1. The lower activation energy for TET·PYR
than for TET·ACE is consistent with the lower Ton − Tb value
obtained for TET·PYR and the observation that for TET·ACE the
guests are trapped in cavities, whereas for TET·PYR the guests lie
in narrow channels.
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Introduction


The Process Chemistry R&D departments of pharmaceutical
companies have the following roles: the supply of drug substances
for development as well as the discovery and scale-up of syntheses
suitable for commercial manufacture. The scale of manufacture
ranges from kilograms to tonnes. The targets of these syntheses are
pre-set by the candidates selected for development from Medicinal
Chemistry. These are generally small molecules and are rarely
derived from natural products (<5% of the survey).
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There have been recent reviews written by Process R&D
chemists describing the rationale for route selection1 and a
historical survey of reactions carried out in a single pilot plant.2


This perspective complements these reviews by providing a pan-
industry cross site analysis of the chemistry currently used in
drug development, informing researchers about the needs of
the pharmaceutical industry and indicating significant gaps in
synthetic methodologies.


Methodology and data set


In carrying out this survey, the syntheses of 128 drug candidate
molecules were analysed, these were divided between the three
companies and covered all therapeutic and geographic areas that
the companies have R&D interests in, Table 1.


The synthesis of each molecule was analysed and the reactions
placed in the following reaction categories; acylation, aromatic
heterocycle formation, C–C bond formation, deprotection, func-
tional group addition (FGA), functional group interconversion
(FGI), heteroatom alkylation & arylation, oxidation, protection,
reduction, resolution and miscellaneous, Table 2. Salt forma-
tion/breaking and recrystallisations have not been included in
the analysis. These categories reflect the chemical transformation
and not the technology/equipment requirement. Some transfor-
mations could be classified in more than one category. Each
transformation has only been entered once into the data set, but
may be discussed in more than one section.


This perspective is a snapshot of compounds in develop-
ment, which inevitably means that it is heavily biased towards
compounds in early development (ca. 50% phase I or earlier,


requirements of drug candidate <10 Kg). The early phase of
development tends to use syntheses that are modifications of
discovery routes, which includes many non-constructive steps
(protection/deprotection), less reliance on crystallisation for
purification and less interest in environmental and economic
concerns. This data set reflects the chemistry employed during
development and not the chemistry employed in full production.


Despite the wide spread in therapeutic and geographic areas
between and within the companies, there is a surprising degree of
similarity in the patterns emerging from the data. The data are
therefore presented as a combination from the three companies
as there is little to be gained from looking at each company
individually.


Overview of pharmaceutical synthesis


The drug substances discussed here are all small molecules
(<550 MW), >90% of which contain a nitrogen atom, >90%
contain an aromatic ring and 54% are chiral. This shows the
nature of the compounds coming from medicinal chemistry
programmes into the Process Chemistry R&D departments of
the three companies. The preparation of biopharmaceuticals falls
outside the scope of this review.


In considering drug substance syntheses there are several
constraints. First among these is the requirement for reproducible
high quality product; certain impurities need to be controlled to
very low levels (e.g. heavy metals <10 ppm, genotoxic agents). This
does not preclude the use of any methodology, provided suitable
attention is given to its position in the synthesis and control
measures are in place. Simple, clean synthetic manipulations as


Table 1 Headline data


AstraZeneca GlaxoSmithKline Pfizer Total


Number of syntheses 45 39 44 128
Total number of chemical transformations 371 310 358 1039
Average number of chemical transformations per synthesis 8.2 7.9 8.1 8.1
Number of chiral compounds 25 23 21 69
Number of chiral centres 46 52 37 135
Number of chiral centres generated 22 19 20 61
Number of substituted aromatic starting materials 64 79 63 206
New aromatic heterocycles formed 14 11 29 54


Table 2 Summary of reaction categories


Reaction category AstraZeneca GlaxoSmithKline Pfizer Total Percentage of total reactions


Heteroatom alkylation & arylationa 87 57 52 196 19%
Acylationa 41 37 50 128 12%
C–C bond forminga 31 41 44 116 11%
Aromatic heterocycle formationa 16 10 26 52 5%
Deprotectionb 54 56 49 159 15%
Protectionb 18 16 27 61 6%
Reductionb 27 24 43 94 9%
Oxidationb 17 7 16 40 4%
Functional group interconversionb 43 34 27 104 10%
Functional group additionb 13 8 12 33 3%
Resolutionb 14 8 8 30 3%
Miscellaneous 10 12 4 26 3%
Totals 371 310 358 1039


a Reactions used for molecular construction. b Modifying reactions.
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the final steps in the synthesis are highly desirable. Regulatory
constraints, both environmental and pharmaceutical, influence the
type of chemistry selected. Processes also have to be economic to
operate. Pharmaceutical companies tend to have multi-purpose
batch reactors, which leads to a preference for processes that can
be accommodated in this type of equipment.1


These constraints lead to a preference for modular convergent
syntheses, i.e. simple construction from complex fragments. For
example, it is common practice to purchase chiral synthons rather
than introduce chirality late in the synthesis.


For the supply of these complex fragments and in dealing with
some of the technology constraints, the pharmaceutical industry
works in close partnership with the fine chemicals industry.


Typical examples of process chemistry R&D syntheses


Scheme 1 shows the synthesis of SB-214857-A, a potential drug
candidate molecule, the development of which was halted during
phase III clinical trials, but by that stage the route of manufacture
of the drug substance had been established and was totally
different from the discovery route.3 The manufacturing route
shown contains 11 chemical transformations of which eight are
promoted by catalysts. There are no classical protections or
deprotections, the pyridine group acts as a masked piperidine.
There are three reductions and no oxidations. The chirality is
generated by an enzyme catalysed dynamic resolution and the
unwanted enantiomer is recycled. The overall yield is 25%.


Scheme 1 Reagents and conditions: i) MeNH2, NaBH4, MeOH, H2O.
ii) H2, Pd–C, MeOH 97%. iii) Dimethyl acetylene dicarboxylate,
MeOH. iv) NaOMe, MeOH. v) AcOH, MeOH, 68%. vi) NH4CO2H,
Pd–C, MeOH, 93%. vii) Novozym 435, t-BuOH, H2O, NH3, pH 7.0.
viii) Pyridine iodine monochloride complex, H2O, NaOH, pH 7.0, 38%.
ix) NaOMe, MeOH, (MeO)2CO, 38% (over two steps). x) PdCl2(PPh3)2,
CO, 4,4′-pyridylpiperidine, anisole, 86%. xi) H2, Pd–C, iPrOH, then
C5H5N·HCl, EtOH, CH2Cl2, H2O, 78%.


Scheme 2 depicts the 5 step synthesis of UK-396,082-03, a
relatively small and highly polar compound which is in early devel-


Scheme 2 Reagents and conditions: i) LHMDS, THF, −50 ◦C, 82%. ii)
Et3N, MsCl, CH2Cl2, 91%. iii) NaOH, H2O, THF, then AcOH, iPrOH,
75%. iv) Quinidine, MeOH, 150 psi H2, [(R,R)-iPr-5-FcRhCOD]BF4, then
EtOAc, 75%. v) NaOH, then HCl then Dowex column then acetone, 76%.


opment as an anti-thrombotic agent.4 This development synthesis
differs from the discovery synthesis in two key respects. Firstly
the route was modified and reordered to introduce crystalline
process intermediates to aid isolation and purification. Secondly
the original use of chiral HPLC to resolve the penultimate
intermediate was replaced by an asymmetric hydrogenation to
introduce the chiral centre, with crystallisation of the quinidine
salt purging residual levels of the unwanted enantiomer.


These two syntheses highlight some important features of mod-
ern process chemistry; use of catalysts to promote both asymmetric
and non-asymmetric reactions, minimal use of protecting groups
and the acceptability of isolated enzymes.


Headline data


Number of synthetic steps


The 128 syntheses contained 1039 chemical transformations, an
average of 8.1 steps (GSK 7.9, AZ 8.2, Pfizer 8.1). The distribution
of stages per compound is shown in Fig. 1.


Fig. 1 Number of chemical transformations per compound.
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Chirality


Of the 128 molecules analysed, 69 (54%) are molecules containing
at least one stereogenic centre, Fig. 2. Of the 69 chiral molecules
67 are being developed as single stereoisomers, with only two as
racemates.


Fig. 2 Number of stereogenic centres per molecule.


Aromatics


There are 206 substituted aromatic or heteroaromatic starting
materials used for the 128 compounds and 54 new heteroaromatics
are constructed.


Construction vs. modification


Chemical transformation can be broadly classified into two types,
constructive and modifying. The constructive categories are:
acylations, aromatic heterocycle formation, C–C bond formation,
heteroatom alkylation & arylation and some of the miscellaneous.
As can be seen from Table 2 the breakdown for reactions that
are involved in molecular construction is approximately 48%. The
modifying transformations are: deprotection, functional group ad-
dition (FGA), functional group interconversion (FGI), oxidation,
protection, reduction, resolution and some miscellaneous.


Chirality


The requirement to produce chiral compounds as single enan-
tiomers/diastereoisomers for pharmaceutical applications is well
understood and a recent publication has provided a snapshot of
asymmetric methods used on a process scale.5 A typical target
value for the enantiomeric purity is 99.5%.


The source of the 135 chiral centres in 69 chiral drug syntheses
was surveyed and is shown in Fig. 3. For 27 of the chiral molecules
all the chirality resided in the starting materials purchased. For
30 molecules all the chirality was generated during the syntheses
(43 stereogenic centres generated) and for a further 12 molecules


Fig. 3 Source of chiral centres


there was a mix of purchased and generated chirality (a further 18
stereogenic centres generated).


It is evident from the data that the predominant strategy is
to purchase chiral starting materials/intermediates from the fine
chemical industry.6 This is driven by the desire to introduce
chirality early in a synthesis, consistent with the assembly of
smaller complex fragments and determined by their availability.


The methodologies used to generate the 74 chiral centres
purchased are not covered in the survey and the breakdown may
well be different to the 61 chiral centres generated in the later
stages of the syntheses.


The predominant method of in house generation of chirality is
resolution, with two thirds of these being performed by classical
salt formation and the remainder being evenly distributed between
dynamic kinetic, chromatographic and enzymatic methods. The
availability of screening methods to develop classical resolutions,
the increased understanding of crystallisations and the ease of
scale-up continue to make this the preferred methodology for
many chiral molecules.7


When a chiral centre is generated later in the synthesis within
a more complex substrate it seems that few methods exist that
are sufficiently straightforward to be operated economically. The
preferred methods are relative diastereocontrol or preparation
of a racemate followed by resolution. This is exemplified by
the synthesis of voriconazole, Scheme 3.8 A diastereoselective
Reformatsky reaction was employed to establish the relative
stereochemistry followed by camphorsulfonic acid resolution to
obtain enantiomerically pure voriconazole.


Scheme 3 Reagents and conditions: i) Zn, I2, THF, 90%. ii) H2, Pd–C,
NaOAc, EtOH, 85%. iii) (1R)-10-Camphorsulfonic acid, MeOH then aq
NaOH, 40%.


Asymmetric synthesis only accounts for a smaller proportion,
approx. 20%, of the chiral centres generated, but it is noteworthy
that the methods applied are catalytic in nature. Even for a well
developed methodology, such as catalytic asymmetric hydrogena-
tion, application to a moderately complex substrate rarely yields
the target enantiomeric purity directly. The synthesis of UK-
396,082-03 shown in Scheme 2 is a good example of the use of
asymmetric hydrogenation.


Substituted aromatic starting materials


A wide variety of di-, tri- and tetrasubstituted benzenoid aromatics
are purchased as starting materials as outlined in Table 3.
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Table 3 Polysubstituted benzenoid starting materials


Substitution pattern Number of examples Frequency


1,2-Ph 16 11%
1,3-Ph 17 12%
1,4-Ph 38 27%
1,2,3-Ph 13 9%
1,2,4-Ph 46 32%
1,3,5-Ph 5 4%
1,2,3,4-Ph 4 3%
1,2,3,5-Ph 2 1%
1,2,4,5-Ph 1 1%
Total 142 100%


While the most common of these have been prepared using
standard electrophilic substitution reactions, a number have
synthetically challenging substitution patterns and are hence very
expensive. Fig. 4 shows examples of tri- and tetrasubstituted
aromatics These are seemingly simple starting materials that are
often very difficult to produce. New methods for the synthesis of
these difficult substitution patterns would be welcomed.


Fig. 4 Difficult to access substituted aromatic starting materials.


Heterocycle occurrence and formation


From the data set of 128 compounds, preformed aromatic
heterocyclic starting materials were purchased in 59 cases, while
54 aromatic heterocycles were synthesised. The formation of sat-
urated heterocycles is captured under the relevant bond-forming
step (e.g. acylation or alkylation). There is a strong preponderance
of N-containing heterocycles, as shown in Table 4. (Note that some
heterocycles contained an O or an S in addition to N, e.g. oxazole,
so that the frequency exceeds 100%.)


Within the purchased heterocyclic starting materials 43 were
electron-deficient 6-membered heterocycles, 1 was a fused 5/6


Table 4 Heterocycles purchased or synthesised, classified by heteroatom


Purchased heterocycles Number of examples Frequency


N-Containing 54 92%
O-Containing 4 7%
S-Containing 3 5%
Total 63


Synthesised heterocycles Number of examples Frequency


N-Containing 53 98%
O-Containing 10 19%
S-Containing 5 9%
Total 68


Table 5 Most commonly occurring aromatic heterocycles


Heterocycle Number purchased Number synthesised Total


Pyridine 23 3 26
Quinazoline 12 5 17
Pyrazole 3 5 8
Pyrimidine 4 3 7
1,2,4-Triazole 0 7 7
Thiazole 1 4 5


bis-heterocyclic system, and 15 were electron-rich 5-membered
heterocycles. The 6 most commonly occurring heterocyclic systems
in this survey are shown in Table 5.


Of the purchased pyridines 6 were mono-, 11 were di-, 5 were
tri- and 1 was tetrasubstituted, with 2,5-disubstitution the most
common pattern (9 examples). The maturity of the market for the
supply of substituted pyridines was such that in only 3 of these
cases was it necessary to introduce a further ring substituent to
attain the substitution pattern required in the target. Even though
pyridine chemistry is well understood, some substitution patterns
can still be difficult to prepare, e.g. the pyridine 1, a starting
material for omeprazole, Scheme 4.9


Scheme 4 Reagents and conditions: i) H2O2, Ac2O. ii) HNO3, H2SO4. iii)
NaOH, MeOH. iv) Ac2O, AcOH. v) NaOH, H2O. vi) SOCl2.


The synthesised heterocycles comprised 36 monocycles, 17
bicyclic compounds and 1 tricyclic compound. Of the 54 ring-
forming steps, 34 prepared electron-rich 5-membered rings, 17 for-
med electron-deficient 6-membered rings, and 3 made 7-membered
1,4-diazepines. Thus there was a pattern where about 70% of the
5-membered rings were synthesised, and a very similar proportion
of 6-membered rings were purchased. Mechanistically, most of
the ring-forming reactions were classified as either condensations
(24 examples) or cyclodehydrations (12 examples). In only 4 in-
stances were the heterocycles formed by a cycloaddition reaction.
Scheme 5, exemplifying the formation of a pyrimidine, shows the
general trend in the use of established condensation chemistry.10


Protections and deprotections


Protections and deprotections account for 6% (61 reactions)
and 15% (159 reactions), respectively, of the total chemical
transformations and therefore between them account for >20% of
all the transformations and almost 2 chemical transformations per
molecule. The reason that deprotections significantly outnumber
protections is that many of the starting materials purchased
contain the protecting groups in place.


On a positive note, 45 out of the 128 syntheses (35%) were
achieved without the use of protecting groups. The average number
of synthetic steps in the syntheses achieved without the use of
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Scheme 5 Reagents and conditions: i) CuCl2, H2SO4, MeOH, 85%.
ii) HNO3, 94%.


protecting groups was 5.9, which is considerably shorter than
the overall average of 8.1. The longest synthesis achieved without
protecting groups was 12 steps.


Protections fall predominately into three groups: protection of
the amino NH group (39%), protection of a carboxylic acid as an
ester (28%), and protection of a hydroxyl group (30%), Table 6. The
most common protecting group for the amino NH group is BOC,
followed by a combination of benzylamine/CBZ group, i.e. groups
that can be removed by hydrogenation/hydrogenolysis. In general
the carboxylic acid group is protected as a simple alkyl ester such as
a methyl ester or an ethyl ester. A wider variety of protecting groups
was used for the protection of hydroxyl groups. The most common
groups were benzyl ether, silicon-containing protecting groups and
acetate esters. Higher molecular weight protecting groups, such as
trityl, are disfavoured as they are costly and reduce throughput.1


The distribution of functional groups that are deprotected
closely mirrors those protected, Table 7. Hydrolysis of esters and
amides to carboxylic acids (29%), deprotection of the amino
NH group (47%), deprotection of the hydroxyl group (14%)
and deprotection of thiol SH (3%) are the most common. The
most common deprotections of the amino NH are BOC and the
benzylamine/CBZ group. The most common deprotections for the
hydroxyl group are benzyl ethers, deprotection of phenolic ethers
to give phenols and the removal of silicon-containing protecting
groups.


Table 6 Protections


Functional group Number of examples Frequency


Amino 24 39%
N–BOC 12
N–Bn/Cbz 5
Hydroxyl 18 30%
O–Bn 3
O–SiR3 3
O–Ac 2
Carboxylic acid 17 28%
Other 2 3%
Total 61


Table 7 Deprotections


Functional group Number Frequency


Amino 74 47%
N–Boc 32
N–Bn/Cbz 21
Carboxylic Acid 46 29%
Hydroxyl 23 14%
O–Bn 8
Ar–OR 7
O–SiR3 3
Thiol 3 2%
Other 13 8%
Total 159


The use of silicon protecting groups may seem small, but they
generally contribute to a lack of crystallinity in the intermediates
and, except for TMS, they can be expensive.


Although there exist many different protecting groups11 for the
protection and deprotection of multivarious functional groups
only a small number is routinely used in the preparation of active
pharmaceutical ingredients. The choice of protecting group for the
amino NH is dominated by two strategies, use of BOC which is
removed under acidic conditions and use of benzylamine/CBZ,
which are removed by hydrogenation/hydrogenolysis. The most
common protecting group strategy for the hydroxyl group is the use
of benzyl ethers, which are removed by hydrogenation. Carboxylic
acids are routinely protected as simple aliphatic esters.


Even a straightforward removal of a BOC group from a
molecule containing aromatics/nitrogens can result in unaccept-
able levels of impurities resulting from incorporation of the
t-Bu cation. By-products from the deprotection must also be
benign. For example, HBr deprotection of a ArOMe results in
the formation of MeBr, which requires tight control.


By and large protections and deprotections are designed out
of a synthesis, cf. the synthesis of SB-214857-A, Scheme 1, where
the development route contained no protecting groups whereas
the original discovery route contained 5 protection/deprotection
steps.3


Acylation


Acylation reactions, especially of nitrogen, are frequently used in
the preparation of drug candidate molecules; the categories of
acylation, and the occurences of each, are summarised in Table 8.
Acylations comprised 12% of the reactions in this survey, and the
dominance of N-acylations is to be expected from the frequency
with which amides occur in drug molecules. Of the 53 small


Table 8 Acylations


Acylation Number of examples Frequency


N-Acylation to amide 84 66%
N-Sulfonation to sulfonamide 12 9%
N-Acylation to urea 8 6%
Carbamate/carbonate formation 7 5%
Amidine formation 5 4%
O-Acylation to ester 5 4%
Other 7 5%
Total 128
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Table 9 N-Acylation methods


Method Number of examples Frequency


Acid chloride 37 44%
Coupling reagent 21 25%
Mixed anhydride 11 13%
Carbonyl diimidazole 9 11%
Other 6 7%
Total 84


molecule drugs whose sales in 2003 exceeded $1 Bn, 9 contained
an amide and a further 3 a sulfonamide moiety.12


Within the amide formation category, the breakdown of N-
acylation methods is tabulated in Table 9. Acid chlorides were
by far the most common acylating agent, in Table 9 all 37
examples involved in situ formation of the acid chloride, while
in a further 14 cases the acid chloride was isolated and counted
as a separate step (see FGI section). The use of mixed anhydrides
provides an inexpensive and readily scaled process for N-acylation
that is particularly valuable for cases prone to epimerisation.
The moderately priced reagent carbonyl diimidazole (CDI) is
gaining popularity, as reactions are readily scaled up and worked
up.13 Although amide formation with coupling reagents such as
carbodiimides are frequently used for early development, for later
development these reagents are usually developed out of processes
as they are sensitisers and are relatively costly.


Although economic amide formation processes are available
(notably the acid chloride and mixed carbonic anhydride meth-
ods), these are not particularly atom efficient or “green”. Sig-
nificantly, there was not a single example of a catalytic amide
formation in the survey—although enzymatic amide forming op-
tions are available, isolation costs frequently render these options
uneconomic. There is still a pressing need for the development of
catalytic, environmentally friendly acylation processes.


Many examples of ester or carbamate formation are covered
in the section on protection/deprotection; only those cases where
these functional groups survive in the final drug candidate are
included here.


Heteroatom alkylations & arylations


This is the largest single class of reactions in this survey, making
up 19% of the total. Typically about 90% of drug candidates are
N-containing, and an even higher proportion are O-containing.12


When disconnecting drug candidates, it is thus not surprising that
alkylation and arylation at nitrogen and oxygen emerge as major
reactions in the construction of the molecules. Table 10 shows the
breakdown of N-, O- and S-alkylations.


The synthesis of sibenadet hydrochloride, Scheme 6, shows a
molecule constructed by O-, N- and S-alkylations.14 A phase


Table 10 Categories of alkylation/arylation


Heteroatom Number Frequency


N-Substitution 112 57%
O-Substitution 54 28%
S-Substitution 16 8%
Other 14 7%
Total 196


transfer alkylation of an alcohol is used to construct the O–C bond,
a free radical addition to an olefin is used in the construction of the
S–C bond and a conjugate addition of an amine to a vinyl sulfone
is used in the formation of the N–C bond. It should be noted that
the latter two addition reactions are highly atom efficient. The free
radical thiol addition could be carried out neat on the laboratory
scale, but had to be diluted with toluene for scale up, as it was a
very exothermic reaction.


Scheme 6 Reagents and Conditions: i) allyl bromide, NaOH, Bu4NHSO4,
Tol, H2O, 97%. ii) HSCH2CH2OH, AIBN, Tol, 90%. iii) NEt3, MeOH then
HCl 75%.


N-Substitution is typically achieved by one of 3 strategies: (i)
direct reaction with alkyl-X or aryl-X, (ii) reductive alkylation
using an aldehyde or ketone, or (iii) acylation plus reduction of
the carbonyl. The acylation–reduction strategy avoids the need
to handle alkylating agents and would be more widely used if
safer (preferably catalytic) bulk amide reduction methods were
developed. This section deals only with the first 2 strategies,
as acylation and reduction are covered separately. Table 11
summarises the breakdown of N-substitution reactions in this
survey.


SN2 reactions are still widely used, though the stringent re-
quirements to ensure that only vanishingly small levels of residual
alkylating agents are present in drug candidates, discourages such
substitutions late in a synthesis. The synthesis of (S)-salmeterol,
Scheme 7, highlights the difficulties in controlling SN2 style N-
alkylation where overalkylation can be a problem.15 The reductive
N-alkylations (reductive aminations) in Table 11 are 1-pot con-
versions; additional cases where the imine has been pre-formed
are to be found in the reduction section. Nucleophilic aromatic
substitution has long been used in pharmaceutical syntheses for
electron deficient aromatics. However, the development of Pd-
mediated aryl C–N bond forming methodology, led by Buchwald
and Hartwig,16 is an example of where a technology advance has


Table 11 N-Substitution reactions


Number Frequency


N-Alkylation with Alk-X 40 36%
Reductive N-alkylation 22 20%
N-Arylation with Ar–X 19 17%
Amide N-alkylation 11 10%
Aniline N-alkylation 11 10%
Heteroaryl N-alkylation 9 8%
Total 125
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Scheme 7 Reagents and conditions: i) Br(CH2)6O(CH2)4Ph, DMF, 70%.


led to an increase in the use of a transformation in bulk syntheses,
see Scheme 8 for the preparation of ZM549865.17


Scheme 8 Reagents and conditions: i) Pd2(dba)3, rac-BINAP, Cs2CO3,
anisole, 73%.


Alkylations of phenols (30 instances) and alcohols (24 instances)
to give ethers were encountered with moderate frequency, while
alkylations at sulfur (16 in total) were less common. Two examples
of the Mitsunobu reaction for heteroatom substitution occurred
in the database, but this reaction is not often used on scale because
of the thermal hazards associated with azodicarboxylates.


Oxidation reactions


The use of oxidation reactions in the preparation of candidate
drug molecules is low, only 3.9% of all reactions covered in this
survey. A breakdown of the oxidation reactions used is given in
Table 12.


The most common oxidation reaction is oxidation of sulfide
to sulfoxide or sulfone. Scheme 9 shows both the racemic
stoichiometric oxidation and the more recent enantio-controlled
catalytic oxidation of a common intermediate 2 for omeprazole
and esomeprazole.18


Table 12 Oxidations


Number Frequency


Oxidation at sulfur 10 25%
Alcohol oxidation 7 17%
Oxidation at nitrogen 6 15%
Alkene oxidative cleavage 6 15%
Benzylic/allylic oxidation 6 15%
Alkene oxidation 2 5%
Other 3 8%
Total 40


Scheme 9 Reagents and conditions: i) mCPBA, CH2Cl2, 92%. ii) Ti(O-
iPr)4, (S,S)-diethyl tartrate, cumene hydroperoxide, N,N-diisopropyl-
ethylamine, Tol, H2O. iii) NaOH, acetonitrile, H2O, 62%.


Adjustment of the oxidation state from alcohol to carbonyl is
rarely performed even though it is a common feature of many
published target-orientated syntheses. The problems associated
with many oxidation methods probably mean that syntheses
requiring them are avoided if possible. The heavy metals used in
most oxidation reactions can cause problems in removal and must
only be present in trace amounts in the final product (<10 ppm).
Many oxidising agents are high energy species, giving rise to
thermal hazards and a lack of chemo-selectivity.


Reduction reactions


Reduction reactions are used much more frequently than oxidative
transformations totalling 9% of reactions (14% if reductive
aminations and removal of benzyl-type protecting groups are
included). The main reductive transformations are summarised
in Table 13.


Catalytic hydrogenation over precious metal catalysts is the
most frequently used technique (47%), followed by hydride (32%)
and borane reduction (10%). Reductive amination is a frequently
used technique to form carbon–nitrogen bonds and is usually
carried out with sodium cyanoborohydride or sodium triace-
toxyborohydride initially, but these reagents are often superseded
by catalytic hydrogenation over an appropriate catalyst on the
industrial scale.


It is striking that none of the reductions of carboxylic acid
derivatives employ catalytic hydrogenations. The global reduction
of the paroxetine intermediate 3, Scheme 10, using excess LiAlH4


exemplifies this type of approach.19 Hydride and borane reagents
are hazardous20 and lead to both complex work-up procedures
and high levels of waste.
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Table 13 Reduction reactions


Heterogeneous
Pd/Pt/Ni, H2


Homogeneous,
H2


Hydride; LiAlH4,
NaBH4, DIBALH Borane Other Total


Imine/nitrile to amine 7 — 5 1 1 14
NOx to NH2 16 — — — 5 21
Alkene to alkane 6 4 2 — — 12
Alkyne to alkane 1 — — — — 1
Amide to amine — — 3 3 — 6
Amide to aldehyde — — 2 — — 2
Ester to alcohol — — 8 2 — 10
Ketone to alcohol — — 4 3 — 7
Aryl/heteroaryl to fully saturated 6 — — — — 6
Other 5 — 5 1 4 15
Total 41 4 29 10 10 94


Scheme 10 Reagents and conditions: i) LiAlH4, THF, 90%.


Catalytic hydrogenation using H2 gas is the most atom efficient
process and developing such methods for all classes of reductions
would be of benefit.


C–C bond forming reactions


The main C–C bond forming reactions used are shown in
Table 14.


The transformations listed in the table are those that make up
>10% of the C–C bond forming reactions. This makes up ca. 50%
of the total, which shows that much of this category does not fit
into any significant trend.


The importance of palladium chemistry is clearly evident from
the table, although its use is probably more prevalent in early rather
than late development. The largest reaction type within the Pd
reactions is the Suzuki reaction. Its popularity is derived from the
easy accessibility of the two components, convenient reaction con-
ditions, broad functional group tolerance and easy removal of the
inorganic by-product, although Pd removal can be problematic.21


The boronate used in the Suzuki coupling is often formed using an


Table 14 C–C bond forming reactions


Number Frequency


Pd Catalysis 26 22%
Suzuki 13
Heck 7
Ester condensation 16 14%
Organometallic 14 12%
Aryl–Met 9
Directed lithiation 3
Grignard 2
Friedel–Crafts 12 10%
Other 48 41%
Total 116


organometallic derived from a halide, linking the increased use of
the Suzuki reaction to the improved understanding and operation
of organometallic chemistry. Organometallics used directly in
C–C bond forming make up an important group of reactions
themselves. The advances in the understanding and operation
of these reactions have made scale-up almost routine and can
be carried out with confidence. The synthesis of GR127935,
Scheme 11, shows the use of a palladium catalysed Suzuki reaction.
The development route moved its position from the final to the
penultimate step in the synthesis to control the levels of residual
palladium in the final product.1


Scheme 11 Reagents and conditions: i) Pd–C, Na2CO3, aq DME, 70%.


It is probably not surprising that ester condensation and
Friedel–Crafts reactions still make up a large proportion of the
C–C bond forming reactions used. They are well-established
reactions where the difficulties are well understood and the
possible side-reactions identified.


It is interesting to note that, despite the huge academic effort
invested in asymmetric C–C bond forming reactions, they hardly
appear in the list of reactions used in process development.


Functional group interconversions (FGIs)


The main FGIs (top five) are shown in Table 15.
The three largest categories in this class of reactions (acid to acid


chloride, hydroxyl to halide and amide to imidoyl chloride) are
directly related to main reactions used for molecular construction,
acylation and heteroatom alkylation/arylation. The acid chloride
figure is understated because where the acid chloride is used in situ
it has been classified with the acylations. These kinds of activations
for further reaction would be recognisable to a chemist from a
100 years ago. Many FGIs are really functional group activations,
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Table 15 Functional group interconversions


FGI Number Frequency


Alcohol to halidea 23 22%
Amide to imidoyl chloride 15 14%
Acid to acid chloride 14 13%
Dehydrations 10 10%
Carbonyl to C=NX 8 8%
Other 34 33%
Total 104


a Includes sulfonate esters.


i.e. are performed to enable construction. These transformations
would become redundant if methods for the direct conversion of
acids to amides, alcohols to amines etc. were devised.


Functional group additions (FGAs)


The main functional group additions are shown in the following
Table 16 and form only 3.2% of the total. There is a general
preference for purchasing starting materials that contain some
functionality rather than introducing it. This is due to the
problems of selectivity when introducing functional groups and
it is preferable to control the quality of the starting materials.
Impurities from overhalogenation are usually easier to remove in
small molecules by distillation rather than in larger molecules by
crystallisation.


Although some of the halogenation will be retained in the
final compound, the nitro group is rarely retained in the drug
candidates and sulfonations are usually followed by conversion to
sulfonamides.


Fluorine is common in many drug substances but there are
no examples of fluorination within this data set. The difficulty
of introducing it to any complex substrate means the process
development is heavily dependent on specialist fine chemical
manufacturers for the supply of starting materials, see Fig. 4.


Conclusions


Construction


It is clear from the data that modifying reactions still make up a
large part of the chemical transformations. To increase chemical
efficiency, improvements in chemoselectivity are still required.


In the design of syntheses there is still a heavy reliance on the
use of alkylating agents, especially for C–N formation. Stringent
quality requirements to reduce genotoxic impurities in the final
product mean that the use of alkylating agents is becoming
increasingly problematic. A method for alkylating an amine with,
for example, an alcohol would be of great potential benefit.


Table 16 Functional group additions


FGA Number Frequency


Halogenation 17 52%
Nitration 12 36%
Sulfonation 2 6%
Other 2 6%
Total 33


Palladium catalysed reactions have become prevalent in re-
cent years for the formation of C–C and C–N bonds. Their use in
scale-up to manufacture still requires a large experimental effort
to identify the appropriate catalyst, ligand, solvent and reaction
conditions. Having done this, reproducibility and robustness (e.g.
with regard to substrate quality, small variations in variables) can
remain a problem.


A common synthetic sequence is the conversion of an ester to
an acid, activation of the acid and conversion to the amide. These
are three synthetic steps to accomplish one transformation. There
are a large number of methods for the conversion of the acid to
the amide, but they require multiple stoichiometric components
to effect a simple dehydration.


Chirality


Resolutions remain an important and cost-effective approach to
chiral molecules, especially if carried out early in the synthesis.
Efficient construction followed by resolution is usually more
effective than designing a synthesis around asymmetric technol-
ogy. Asymmetric transformations are more often carried out on
small molecules by the fine chemicals industry than on drug-like
molecules late in the synthesis.


Redox


Reductions are far more common than oxidations. Catalytic
hydrogenation is highly atom efficient and is well developed for
several transformations. However, it is strikingly absent as a tech-
nique for reductions of amides and esters, where stoichiometric
hydride reagents are the norm despite the difficulties of using
these reagents. The development of a mild catalytic hydrogenation
to effect these transformations would find widespread industrial
application.


An important and interesting addition to reduction technology
would be the transformation of an ester to an ether.


In contrast to reductions, there are relatively few atom effi-
cient, chemoselective and environmentally acceptable oxidation
methods. As a consequence, oxidations are often designed out of
syntheses. The discovery of new chemoselective oxidations, par-
ticularly if catalytic, would greatly increase flexibility in synthetic
design.


FGI and FGA


The importance of FGA is understated by the survey because
the purchased starting materials tend to incorporate the required
functionality. A survey of the FGAs used in the fine chemicals
industry would probably be more instructive. For example, fluoro
substituted aromatics or trifluoromethyl groups are widespread
but are nearly always present in the starting materials.


Protections and deprotections


Protections occur infrequently in the data set because they are
usually incorporated in the starting materials. Deprotection usu-
ally occurs at a late stage, where minimising impurity formation is
of paramount importance and by-products from the deprotection
must be benign.
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Environmental impact


The use of solvents has not been discussed in this review, as
this a survey on transformations, but it should be remembered
that solvent use is generally the biggest contributor to waste in
pharmaceutical production.22 Recent alternative media such as
ionic liquids and supercritical fluids have had little impact to date23


compared to recycling, using single solvent systems and avoidance
of chlorinated solvents.24


Acylations are one of the most common transformations but
are generally atom inefficient processes. Development of catalytic,
low waste acylation methods would significantly improve the
environmental performance of many syntheses.
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The reaction between the heteroaromatic N-oxides 1a, 1b and 1c with dimethyl acetylenedicarboxylate
or methyl propiolate furnishes 1,3-benzodiazepines, the products of ring transformations of primarily
formed cycloadducts. The structures of 8a and 10a have been confirmed by X-ray crystallographic
analysis. The aldonitrone 1c also reacts with N-methylmaleimide and with phenyl vinyl sulfone to
furnish the first examples of primary cycloaddition products from quinazoline 3-oxides.


Introduction


Nitrone cycloaddition chemistry is a key tool for the synthesis of
natural products and biologically important synthetic compounds.
Developments in this area continue apace with annulation to
cyclic nitrones being particularly useful. The variety of nitrone and
dipolarophilic components, as well as the complex rearrangement
pathways available to primary cycloadducts, renders the reaction
attractive for the building of a wide range of heterocyclic systems
not readily obtained by other means.1 Whilst 1,3-dipolar cy-
cloadditions to a range of heteroaromatic N-oxides have received
varying amounts of attention, additions to quinazoline derivatives
have had scarce mention in the literature. A single paper dating
from 1972 describes the addition of acetylenedicarboxylate esters
to quinazoline 3-oxides 2;2 two further papers report the addition
of the same dipolarophiles to quinazoline 3-methylides.3,4 In all
cases the isolated products were the products of ring transfor-
mation reactions on the primary cycloadducts. Thus, addition to
the quinazoline 3-oxide 2, studied in benzene with (m)ethanol as
cosolvent, afforded, after purification on basic alumina, the phenyl
acrylates 3 (13–21%) and the benzodiazepines 4 (5–14%) together
with smaller amounts of other products.


Results and discussions


The quinazoline 3-oxide 1b failed to be trapped by alkene
dipolarophiles, dimethyl fumarate (18 h, toluene, 110 ◦C) or
(m)ethyl acrylate even following heating in the absence of a
solvent, and in each case the starting material was returned
unchanged. Neither could any cycloaddition products be found
following heating of a solution of 1b with N-methyl maleimide (2
equivalents) to reflux in any of THF, MeCN or toluene. Attempts
to coerce reactivity by heating 1b with N-phenyl maleimide (5
equivalents) in boiling xylene flagged the thermal instability of
1b. Thus, separation of the reaction mixture provided two new
products. On the basis of their NMR spectral data alone, these
compounds are tentatively assigned as the deoxygenated nitrone
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5 (13%) and the addition product 6 (13%). The latter may
arise from an ene reaction between N-phenylmaleimide and 4-
methylquinazoline 5. In particular, in the 1H NMR spectrum of
5 the C-4 methyl protons resonate at 2.98 ppm, (CDCl3). The
downfield shift in this resonance with respect to the corresponding
protons in 1b (2.40 ppm, C6D6)5a and the reported resonance of
the methyl protons of 4-methylquinazoline at 2.94 ppm (CDCl3)5b


is in keeping with the suggested structure. The diastereomeric
protons, Ha and Ha′ of 6 resonate as doublets of doublets (3.09
and 3.21 ppm). Literature support for these proposals lies with
the known deoxygenation of aromatic N-oxides in boiling xylene6


and with the reported reaction between 2-methylquinoxalines
and maleimides, furnishing, by way of their enamine tautomers,
products parallel to 6.7


The reaction between the 4-methyl-2-styrylquinazoline 3-oxide
1a and dimethyl acetylenedicarboxylate (2 equivalents) reached
completion after 16 h heating in refluxing anhydrous THF. 1H
NMR spectral analysis of the crude reaction mixture suggested
the formation of a single product in almost quantitative yield,
yet purification by flash column chromatography on silica gel
furnished a disappointingly small product yield (36%). Analogous
findings were made following the reaction of the allyl substituted
dipole 1b under the same conditions and a single product was
isolated in 34% yield from a crude reaction mixture which
appeared to contain no other materials. Independent stirring of
the crude products from either reaction in a slurry of silica gel in
the column eluting solvent (6 h, rt) suggested very little change
in composition, accordingly, we have no good explanation for the
poor isolated yield of these adducts.


The 1H NMR spectra of the isolated adducts were not inconsis-
tent with the structure of the proposed primary cycloaddition
products 7a/b, however, following crystallisation from diethyl
ether–hexane the product structure was unambiguously identi-
fied by X-ray crystallographic analysis as having the 5H-1,3-
benzodiazepine framework 8 (Fig. 1). Thermal lability of D4-
isoxazolines is well known8 and it has previously been demon-
strated that the products isolated from the reaction between dialkyl
acetylenedicarboxylates and related heteroaromatic N-oxides viz.
pyrimidine N-oxides,9 quinoline N-oxides,10 isoquinoline N-
oxides,11 and phthalazine N-oxides12 arise by ring transformation
of initially formed 1,3-dipolar cycloaddition products. Only in the
case of the quinoxaline 4-oxides 9 has the primary cycloadduct
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Fig. 1 X-Ray projection of 8a. Ellipsoids represent 40% probability levels.


been characterised.13 The mechanism speculated for the formation
of 8a/b is based on the assumption that the diazepine skeleton
arises from 7a/b by way of a cyclopropyl intermediate as shown
in Fig. 2. Interestingly, in the 1H NMR spectrum of both adducts
8a/b all resonance signals were sharply resolved with the exception
of the signal representing the imino methyl protons (2.56 and


2.47 ppm respectively) suggesting a degree of conformational
mobility for the 7-membered ring at rt.


The 5H-1,3-benzodiazepine bicyclic skeleton of 8 is rare in
the literature; Strauss’ access to this skeleton is demonstrated
in the formation of 4,2 Malamidou-Xenikaki et al. have shown
two further routes viz. reductive cyclisation of the isoxazoline
formed by nitrile oxide cycloaddition to 2,3,3-trimethyl-3H-indole
or intramolecular cyclisation between appropriately positioned
amidinium and carbonyl functionalities.14 The product of ring
expansion of 2-quinolinyl imidogen is characterised as the 2H-
tautomer of the same bicyclic skeleton.15 The determination of 8a
represents the first X-ray crystal structure of this bicyclic skeleton.


In an effort to improve the isolated yields of 8a/b purification
of the reaction products on alumina was considered; control
experiments to establish the stability of the 1,3-benzodiazepines on
alumina supports indicated decomposition to complex mixtures
following stirring in a slurry of either acidic or basic alumina
and clean conversion to one new product on neutral alumina.
The reactions between dimethyl acetylenedicarboxylate and the
quinazoline 3-oxides 1a/b were repeated and the products were
isolated following chromatography over neutral alumina.


The product arising from reaction of 1a formed cubic crys-
tals from ether–hexane and an X-ray crystal structure analysis


Fig. 2 Proposed mechanism for the rearrangement of the tricycles 7 to the benzodiazepines 8.
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determined it to be the 5-methoxycarbonyl-5H-1,3-benzodia-
zepine 5H-10a (30%) (Fig. 3). Its origin from 8a, outlined in Fig. 4,
is presumed to involve hydrolysis of the a-ketocarbomethoxy
group on the chromatographic support. Ready hydrolysis of
dialkyl a-oxosuccinates to methyl acetates has previously been
noted.16 Whilst the X-ray data of 5H-10a shows prototropy is
suppressed in the crystalline state rapid prototropic equilibrium is
evident in solution. In the 1H NMR spectrum of 10a (rt) the methyl
protons of the imine functionality appear at 2.39 (major) and
2.32 ppm (minor tautomer) whilst the resonance of the methoxy
protons is seen at 3.47 (major) and 3.74 ppm (minor tautomer). A
sharp signal at 4.65 ppm is suggestive of a CH rather than an NH
resonance and thus 5H-10a is believed to be the major component
in solution. This is in keeping with Stauss’ estimation that the
5H-isomer represents at least 90% of the tautomeric mixture of
the 2,4,5-trisubstituted benzodiazepine 4.2 Variable temperature
1H NMR spectra indicate an enhanced preference for the 5H-
tautomer as the probe temperature is decreased from 0 ◦C to
−25 ◦C to −50 ◦C.


Fig. 3 X-Ray projection of 10a. Ellipsoids represent 40% probability
levels.


Fig. 4 Proposed mechanism for the hydrolysis of 8 and the tautomeric
equilibria of the resulting benzodiazepines 10.


The relationship between 5H-10a and the possible minor
tautomers, 1H- and 3H-10a is shown in Fig. 4. It is difficult to
unambiguously assign the structure of the minor tautomer, there
are conflicting literature reports on the dominance of 1H- over
3H-tautomers for N-unsubstiuted benzodiazepines. One group
has suggested that 1H-isomers are unstable and isomerise rapidly
to the 3H-isomers;17,18 yet another group characterise related
compounds as 1H-isomers.19,20 Thermal 1,3-sigmatropic H-shifts
are disallowed processes, however, isomerisation between 1H-
and 3H-isomers could be possible through intermolecular proton
exchange between neighbouring hydrogen bonded benzodiazepine
molecules as is presented as an argument for the exchange of H
between N-1 and N-3 of monocyclic diazepines.21 On the basis
of these literature reports and the spectral data available for
10 it is impossible to conclude unambiguously whether the N-
unsubstituted tautomer is the 1H- or the 3H-isomer.


The product isolated from the reaction of 1b with dimethyl
acetylenedicarboxylate following chromatographic separation on
alumina displays analogous spectral characteristics and conse-
quently is formulated as 10b (32%).


Silica gel and alumina are not inert chromatography supports
for compounds with a variety of structural features, and in par-
ticular, imine–enamine isomerisation on these supports is known.
Isolation of hydrolysis products from attempted purification of
enamines on silica gel has also been observed.22 Our observation
that hydrolysis of 8a/b to 10a/b is facile on alumina but not on
silica gel is suggestive of a greater availability of surface hydroxyl
groups on the former.


Reaction between the dipoles 1a/b and methyl propiolate (4
equivalents) reached completion after 48 h stirring in boiling
anhydrous THF. Inspection of the 1H NMR spectral data of the
crude reaction mixtures in each case suggested conversion to one
new product with a high degree of selectivity. Significantly, for
each dipole chromatographic separation of the reaction mixture
on either silica gel or on neutral alumina afforded only one major
product, a species which was not present in the crude samples. The
1H NMR spectra of the isolated adducts were identical to those of
10a and 10b respectively. Isolated yields from chromatography on
Al2O3 were superior to those resulting from purification on SiO2


when much decomposed material was found.
It is speculated that 10a/b form from 1a/b and methyl propiolate


by way of the benzodiazepines 8c/d. The regiochemical preference
for the addition of methyl propiolate to nitrones is for the
formation of 4-substituted isoxazoline rings,23 thus 7c/d are
proposed as the primary cycloaddition products. Ring expansion
to the benzodiazepines 8c/d followed by attack on the methyl
formylacetate moiety and elimination of HCO2H furnishes 10a/b.
Loss of a formyl group from a formylacetate moiety has been
proposed previously.8


The observation that 10a/b result from chromatography over
either SiO2 or Al2O3 reflects a more facile attack on the formyl
group of 8c/d with respect to the a-oxoester group of 8a/b.


Whilst the isoxazolo[2,3-c]quinazoline tricycle has previously
been formed from a cyclocondensation reaction of 4-methyl-
thioquinazoline 3-oxides with active methylene compounds,24


aldonitrones from the quinazoline 3-oxide series have never before
been the subject of a dipolar cycloaddition study. The reduced
steric demand about the nitrone moiety encouraged us in persuit
of cycloadducts from trapping of the aldonitrone 1c with olefinic
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Fig. 5 Proposed mechanism for the rearrangement of the tricycles 15 to the tautomeric benzodiazepines 17.


dipolarophiles, viz. phenyl vinyl sulfone or N-methyl maleimide.
The reaction with maleimide was complete in 30 min (rt, THF).
Purification of the reaction products furnished the diastereomeric
cycloadducts 11 (17%) and 12 (54%), NOE difference spectroscopy
experiments confirmed the relative stereochemistry. Thus for 12
irradiation of H-a resulted in a 6% enhancement on the resonance
signal representing H-b establishing 12 as the product of an endo-
cycloaddition. A 1.5% enhancement between the corresponding
protons of adduct 11 confirms it to have resulted from an exo-
alignment of the reactants in the transition state leading to
cycloadduct formation.


The major isomer 12 was found to be unstable on standing in
solution at room temperature, the rearranged product is tentatively
assigned as the ring opened adduct 13, key NMR spectral data in
support of this structure are shown in the drawing.


The trapping of 1c with phenyl vinyl sulfone progressed more
slowly having reached 50% conversion of nitrone after 24 h heating
in boiling THF. The adduct 14 was isolated as a single regioisomer.


A comparison of the NOEDS data for 14 with that obtained for
the isomeric adducts 11 and 12 permits the interpretation that a 2%
enhancement on the signal representing H-b following irradiation
of H-a is in keeping with 14 being the product of an exo-addition.


Cycloaddition of aldonitrone 1c to dimethyl acetylenedicar-
boxylate was rapid and after 15 min (THF, rt) the reaction
had reached completion. Following chromatography on either
Al2O3 or SiO2 one product was isolated in 7 and 20% yield
respectively. 1H NMR spectroscopy suggests the product to be a
1,3-benzodiazepine, either 1H- or 3H-17. There are three defining
resonance signals in the spectrum of a fresh sample of this sample
(CDCl3). A singlet at 5.50 ppm represents the enamine proton,
4-H, a singlet at 3.79 ppm represents the methoxy protons and a
downfield resonance at ∼12.80 ppm is characteristic of a strongly
H-bonded NH proton. The mechanistic origin of 1H-/3H-17
likely parallels that of 10a/b with an initial cycloaddition, yielding
15a, preceding ring expansion to the benzodiazepine 16a. The
aldimine functionality apparently facilitates hydrolysis since 10a/b
is isolable from SiO2 whilst 16a undergoes hydrolysis resulting in
the generation of 1H-/3H-17 (Fig. 5).


After a few minutes in solution the presence of an additional
tautomer is evident with further signals appearing, at 4.35 and
3.76 ppm, in the 1H NMR spectrum of 17. A DEPT-135 13C
NMR spectrum of the equilibrating mixture indicates the presence
of one methylene group, at 42.0 ppm. The tautomeric structure is
therefore the C-4 unsubstituted structure, 4H-17. The formation of
the 4H-tautomer, for which no corresponding tautomer presents
from the keto series, is likely a consequence of the enhanced
stabilisation of 4H-17 due to the more highly substituted double
bond. Since thermal 1,7-sigmatropic hydrogen shifts are not
possible for cyclic systems it seems likely that 4H-17 must arise
from 1H-17. The ratio of tautomers in the equilibrium mixture
at rt is ∼3 : 1 in CDCl3 and ∼3 : 2 in d6-DMSO, in favour of
the 1H- over the 3H-tautomer. Variable temperature 1H NMR
spectra (CDCl3) indicate minimal influence of temperature on the
tautomeric ratio over the temperature range 25 ◦C to −50 ◦C.
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The aldonitrone 15a also reacted with methyl propiolate. Two
products were isolated. The compound with the lower Rf value,
isolated in 9% yield, was identified as 1H-/3H-17 and its solution
tautomer 4H-17. Higher running material, also a white solid and
also obtained in low yield (5%) was unambiguously identified as
the indole 18 following X-ray crystallographic analysis, Fig. 6. The
structure had two molecules per asymmetric unit. Rearrangement
of benzodiazepines to indoles has a literature precedent, with
reactions being described under conditions of thermal or acid
activation.25


Fig. 6 X-Ray projection of 18. Ellipsoids represent 40% probability levels.


Conclusions


The investigations into the 1,3-dipolar character of aldo- and
ketonitrones of the quinazoline 3-oxide series have yielded many
interesting results in terms of the nature, and the chemical and the
structural stability of the products isolated. With the ketonitrones
1a/b cycloaddition to olefinic dipolarophiles is not observed; that
this failure to react is due to a steric impediment, is supported
by the observation that the aldonitrone 1c can be trapped both
by phenyl vinyl sulfone and by N-methylmaleimide. In all cases
1,3-benzodiazepines were found as the isolated products from the
trapping of 1 with acetylenic dipolarophiles implying a facile rear-
rangement of the primarily formed cycloadducts. We have noted
that the crude reaction products were not always stable to purifica-
tion by column chromatography and that depending on the nature
of the C-4 and C-5 substituents on the diazepine ring hydrolysis
was observed during separation on either or both SiO2 or Al2O3.
Solution phase tautomerism is evident in the benzodiazepines 10
and 17 where the hetero-ring is not fully substituted. The X-ray
analysis of 10a indicates the presence of only the 5H-tautomer
in the solid state whilst the 1H/3H-tautomer is also present in
solution. The equilibration between the tautomers of 17 involves
the 1H/3H- with the 4H-isomer, the apparent shift in tautomeric
preference is in deference to the greater stability associated with
the more highly substituted double bonds in the latter.


Experimental


Melting points were determined on a Stuart Scientific (Bibby)
melting point apparatus and are uncorrected. Elemental analyses
were performed on a CE-440 analytical instrument. 1H and 13C
NMR spectra were recorded using a Bruker NMR spectrometer
operating at 300 MHz for 1H and 75 MHz for 13C nuclei. Data
were recorded at probe temperatures with, unless otherwise stated,
tetramethylsilane as the internal reference and deuterochloroform


as the solvent; J values are given in Hertz. Flash column
chromatography was carried out on silica gel 60 (0.040–0.063 nm)
purchased from Merck. Analytical TLC plates were purchased
from Merck, aluninium backed and coated with silica gel 60
F254 indicator. Samples were located by UV illumination using a
portable UVtec lamp (k, 254 nm) or by the use of iodine staining.
Infrared spectra were recorded on a Perkin Elmer 2000 FT-IR
instrument, samples were prepared as KBr discs. The quinazoline
3-oxides 1 were prepared as described elsewhere.5a


Reaction between 1a and N-phenylmaleimide in boiling
xylene—proposed formation of 5 and 6


A solution of 4-methyl-2-[(1E)-prop-1-enyl]quinazoline-3-oxide
1a (0.10 g, 0.49 mmol) and N-phenylmaleimide (0.42 g, 2.45 mmol)
was allowed to heat at reflux in xylene (13 cm3) for 24 h. The solvent
was removed under reduced pressure and the crude mixture was
purified by flash column chromatography (SiO2, hexane–ether 7 :
3) affording two products. The first product is tentatively identified
as the addition product 6. dH 1.88 (3H, dd, J = 6.9, 1.8, CH=CH–
CH3); 3.09 (1H, dd, J = 18.2, 5.9, CH of CH2–C=O); 3.21 (1H,
dd, J = 18.2, 9.3, CH of CH2–C=O); 3.66 (1H, m, CH); 3.93 (2H,
m, CH2); 6.65 (1H, m, CH=CH–CH3); 7.12 (1H, dq, J = 15.5,
6.9, CH=CH–CH3); 7.49 (6H, m, ArCH); 7.84 (1H, m, ArCH);
7.95 (1H, m, ArCH); 8.04 (1H, m, ArCH). The second product
is identified as the deoxygenated nitrone, 5. dH 2.98 (3H, s, CH3);
7.38 (4H, m, 3 × ArCH and 1 × CH=CH–Ph); 7.56 (1H, m,
ArCH); 7.65 (2H, m, ArCH); 7.84 (1H, m, ArCH); 7.98 (1H,
d, J = 8.2, ArCH); 8.06 (1H, m, ArCH); 8.16 (1H, d, J =
15.9, CH=CH–Ph). dC 20.9 (CH3); 121.8 (C4a); 124.1 (ArCH);
125.8; 126.6; 127.2; 127.7; 127.6 (ArCH and CH=CH–Ph); 132.6
(ArCH); 135.3 (ArC); 137.2 (CH=CH–Ph); 149.2 (C8a); 159.4
(C4); 166.9 (C2).


Methyl 5-[methoxy(oxo)acetyl]-4-methyl-2-[(E)-2-phenylvinyl]-
5H-1,3-benzadiazepine-5-carboxylate, 8a


From reaction between 1a and dimethyl acetylenedicarboxylate
followed by purification on SiO2. A solution of 4-methyl-2-[(E)-
2-phenylvinyl]quinazoline-3-oxide, 1a, (0.20 g, 0.76 mmol) and
dimethyl acetylenedicarboxylate (0.22 g, 1.52 mmol) was heated
at reflux in dry THF (10 cm3) overnight. The solvent was removed
under reduced pressure and the crude oil was purified by flash
column chromatography over silica gel (hexane–ether 6 : 5). The
title product was isolated as a yellow solid (0.10 g, 36%), mp 114–
117 ◦C (hexane–ether). (C23H20N2O5 requires: C, 68.31; H, 4.98; N,
6.92. Found: C, 68.26; H, 5.17; N, 6.61%.) dH 2.56 (3H, br s, CH3);
3.56 (3H, s, OCH3); 3.89 (3H, s, OCH3); 6.77 (1H, d, J = 16.0,
CH=CHPh); 7.44 (10H, m, 9 × ArH, CH=CHPh). dC 25.1 (CH3);
53.2 (OCH3); 53.5 (OCH3); 71.1 (C5); 122.1 (C5a); 126.5 (ArCH);
126.9 (CH=CHPh); 127.7, 127.8, 128.8, 129.3, 129.7, 135.6, (9 ×
ArCH); 138.8 (CH=CHPh); 144.2 (C9a); 159.4 (COCO2CH3);
163.1 (CO2CH3); 166.1 (C2, C4); 181.9 (COCO2CH3). IR: t =
1767.5, 1743.8, 1726.5 (CO).


X-Ray crystal determination of 8a†. The structure was solved
by direct methods, SHELXS-97,26 and refined by full matrix


† CCDC reference numbers 298840, 602119 and 602120. For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b602423h
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Table 1 Crystal data and structure refinement for 8a


Identification code fhm1
Empirical formula C23H20N2O5


Formula weight 404.41
Temperature 298(2) K
Wavelength 0.71069 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 7.5822(15) Å, a = 90.275(9)◦


b = 10.3689(13) Å, b = 101.461(11)◦


c = 13.0588(9) Å, c = 100.074(13)◦


Volume 989.9(2) Å3


Z 2
Density (calculated) 1.357 Mg m−3


Absorption coefficient 0.097 mm−1


F(000) 424
Crystal size 0.46 × 0.44 × 0.36 mm
Theta range for data collection 1.59 to 20.86◦.
Index ranges −7 ⇐ h ⇐ 7; −10 ⇐ k ⇐ 10; −12


⇐ l ⇐ 13
Reflections collected 3934
Independent reflections 1920 [R(int) = 0.0579]
Reflections observed (>2r) 1684
Data completeness 0.918
Absorption correction None
Refinement method Full-matrix least-squares on F 2


Data/restraints/parameters 1920/0/274
Goodness-of-fit on F 2 1.035
Final R indices [I > 2r(I)] R1 = 0.0473, wR2 = 0.1182
R indices (all data) R1 = 0.0534, wR2 = 0.1234
Largest diff. peak and hole 0.164 and −0.194 e Å−3


R indices; R1 = [R‖F o| − |F c‖]/R |F o| (based on F), wR2 = [[R w(|F o
2 −


F c
2|)2]/[R w(F o


2)2]]1/2 (based on F 2). w = 1/[(rF o)2 + (0.0571×P)2 +
0.22×P]. Goodness-of-fit = [R w(F o


2 − F c
2)2/(Nobs − Nparameters)]1/2.


least squares using SHELXL-97.27 SHELX operations were
automated using OSCAIL which was also used to obtain the
drawings.28 The XDS program was used for data reduction and
the data was corrected for Lorentz and polarization effects but
not for absorption.29 Hydrogen atoms were included in calculated
positions with thermal parameters 30% larger than the atom to
which they were attached. The non-hydrogen atoms were refined
anisotropically. All calculations were performed on a Pentium
PC. Details of the data collection, solutions, and refinements are
given in Table 1.


Methyl 4-methyl-2-[(E)-2-phenylvinyl]-5H-1,3-benzodiazepine-5-
carboxylate, 10a


(i) From the reaction between 1a and dimethyl acetylenedicar-
boxylate followed by purification on Al2O3. The reaction was
repeated as above on a scale of 1.5 and the crude oil was purified
by column chromatography over neutral alumina, (hexane–ether
6 : 5). The title compound was isolated as a yellow solid (0.12 g,
30%), mp 134–137 ◦C (hexane–ether). (C20H18N2O2 requires: C,
75.45; H, 5.69; N, 8.79. Found: C, 75.27; H, 5.79; N, 8.79%). dH


2.32 (0.6H, br s, CH3 taut); 2.39 (2.4H, s, CH3 taut); 3.47 (2.4H, s,
OCH3 taut); 3.74 (0.6H, br s, OCH3 taut); 4.65 (0.80H, s, CH
taut); 6.84 (1H, d, J = 16.0, CH=CHPh); 7.88 (10H, m, 9 ×
ArH, CH=CHPh). dC 26.9 (CH3); 52.6 (OCH3); 57.1 (C5); 124.8
(C5a); 127.0 (CH=CHPh); 127.3, 127.7, 127.8, 128.7, 128.8, 129.0,
129.3 (9 × ArCH); 136.0 (ArC); 138.5 (CH=CHPh); 144.4 (C4a);
159.4 (C=O); 165.7 (C2); 167.5 (C4). IR: t = 3055.9 (NH); 2954.7
(CH=CH); 1732.6 (CO2CH3).


(ii) From the reaction between 1a and methyl propiolate followed
by purification on either (a) SiO2 or (b) neutral Al2O3. A solution
of 1a (0.20 g, 0.76 mmol) and methyl propiolate (0.26 g, 3.04
moles) was heated at reflux in dry THF (15 cm3) overnight. The
solvent was removed under reduced pressure and the crude oil was
purified by column chromatography according to either (a) or (b)
below.


(a) Purification over silica gel. The product 10a, eluted from
hexane–ether (6 : 5) as the mobile phase, was obtained as a yellow
solid (0.06 g, 23%).


(b) Purification over neutral alumina. The product 10a, eluted
using hexane–ether (6 : 5), was obtained as a yellow solid (0.19 g,
60%).


X-Ray crystal determination of 10a†. Single crystals were
analyzed using a Nonius Kappa CCD diffractometer. Details of
the data collection, solutions, and refinements are given in Table 2.
The model was solved and subsequently refined using full-matrix
least squares in SHELXL-9730


Methyl 5-[methoxy(oxo)acetyl]-4-methyl-2-[(1E)-prop-1-enyl]-5H-
1,3-benzodiazepine-5-carboxylate, 8b


From the reaction between 1b and dimethyl acetylenedicarboxy-
late followed by purification on SiO2. A solution of 4-methyl-
2-[(1E)-prop-l-enyl]quinazoline-3-oxide, 1b, (0.16 g, 0.77 mmol),
and dimethyl acetylenedicarboxylate (0.22 g, 1.54 mmol) was
heated at reflux in dry THF (10 cm3) overnight. The solvent
was removed under reduced pressure and the crude oil was
purified by flash column chromatography (SiO2, hexane–ether,
1 : 1). The pure product was isolated as a yellow solid (0.09 g,


Table 2 Crystal data and structure refinement for 10a


Identification code h04pma2
Empirical formula C20H18N2O2


Formula weight 318.36
Temperature 150(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 7.4920(1) Å, a = 73.159 (1)◦


b = 9.0450(2) Å, b = 73.945(1)◦


c = 13.5630(4) Å, c = 70.568(1)◦


Volume 812.88(3) Å3


Z 2
Density (calculated) 1.301 Mg m−3


Absorption coefficient 0.085 mm−1


F(000) 336
Crystal size 0.50 × 0.50 × 0.50 mm
Theta range for data collection 3.62 to 27.57◦


Index ranges −9 ⇐ h ⇐ 9; −11 ⇐ k ⇐ 11;
−17 ⇐ l ⇐ 17


Reflections collected 14444
Independent reflections 3688 [R(int) = 0.0283]
Reflections observed (>2r) 3052
Data completeness 0.980
Absorption correction None
Refinement method Full-matrix least-squares on F 2


Data/restraints/parameters 3688/0/220
Goodness-of-fit on F 2 1.031
Final R indices [I > 2r(I)] R1 = 0.0381, wR2 = 0.0922
R indices (all data) R1 = 0.0488, wR2 = 0.0982
Largest diff. peak and hole 0.226 and −0.192 e Å−3
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34%), mp 100–103 ◦C (hexane–ether). (C18H18N2O5 requires: C,
63.15; H, 5.30; N, 8.19. Found: C, 63.14; H, 5.25; N, 8.39%.)
dH 1.91 (3H, d, J = 6.4, CH=CHCH3); 2.47 (3H, s, CH3);
3.71 (3H, s, OCH3); 3.88 (3H, s, OCH3); 6.11 (1H, d, J =
15.6, CH=CHCH3); 6.69 (1H, m, CH=CHCH3); 7.41 (4H, m,
ArH). dC 18.4 (CH=CHCH3); 25.0 (N=CCH3); 53.2 (OCH3);
53.5 (OCH3); 70.8 (C5); 122.0 (C5a); 126.4 (ArCH); 127.5
(ArCH); 128.7 (ArCH); 129.6 (ArCH); 130.5 (CH=CHCH3);
138.1 (CH=CHCH3); 144.1 (C9a); 159.4 (COCO2CH3); 161.2
(CO2CH3); 166.1 (C2, C4); 181.7 (COCO2CH3). IR: t = 1758.8,
1740.8, 1732.1 (C=O).


Methyl 4-methyl-2-[(1E)-prop-1-enyl]-5H-1,3-benzodiazepine-5-
carboxylate, 10b


(i) From the reaction between 1b and dimethyl acetylenedicar-
boxylate followed by purification on Al2O3. A solution of 1b
(0.20 g, 0.99 mmol), and dimethyl acetylenedicarboxylate (0.28 g,
1.99 mmol) was heated at reflux in dry THF (10 cm3) overnight.
The solvent was removed under reduced pressure and the crude
oil was purified by column chromatography over neutral alunina
(hexane–ether, 7 : 3). A single product was isolated as a yellow solid
(0.09 g, 32%), mp 73–77 ◦C (hexane–ether). (C15H16N2O2·2H2O
requires: C, 61.63; H, 6.80; N, 9.50. Found: C, 61.29: H, 6.33;
N, 9.00%.) dH 1.93 (3H, dd, J = 6.9, 1.5, CH3); 2.25 (0.5H, br s,
CH3 taut); 2.32 (2.5H, s, CH3 taut); 3.50 (2.5H, s, OCH3 taut);
3.85 (0.5H, br s, OCH3 taut); 4.59 (0.82H, s, CH taut); 6.17
(0.82H, m, CH=CHCH3 taut); 6.21 (0.18H, m, CH=CHCH3


taut); 6.77 (1H, dq, J = 15.5, 6.9, CH=CHCH3); 7.17 (1H, d,
J = 7.5, ArH); 7.29 (1H, m, ArH); 7.42 (2H, m, ArH). dC 18.4
(CH=CHCH3); 26.8 (CH3); 52.5 (OCH3); 57.5 (C5); 124.9 (C5a);
126.9 (ArCH); 127.6 (ArCH); 128.7 (ArCH); 129.2 (ArCH); 130.5
(CH=CHCH3); 137.7 (CH=CHCH3); 144.3 (C9a); 159.2 (C=O);
165.2 (C2); 167.7 (C4). IR: t = 3426.7 (NH); 1731.4 (C=O).


(ii) From the reaction between 1b and methyl propiolate followed
by purification on either (a) SiO2 or (b) neutral Al2O3. A solution
of 1b (0.20 g, 0.99 mmol) and methyl propiolate (0.33 g, 3.99 mmol)
was heated at reflux in dry THF (14 cm3) for 48 h. The solvent was
removed under reduced pressure and the crude oil was purified by
column chromatography according to either (a) or (b) below.


(a) Purification over silica gel. The product 10b, eluted from
hexane–ether (6 : 5) as the mobile phase, was obtained as a yellow
solid (0.02 g, 7%).


(b) Purification over neutral alumina. The product 10b, eluted
using hexane–ether (6 : 5) as the mobile phase, was obtained as a
yellow solid (0.16 g, 54%).


10-Methyl-6-[(E)-2-phenylethenyl]-11a,11b-
dihydropyrrolo[3′,4′:4,5]isoxazolo[2,3-c]quinazoline-
9,11(8aH ,10H)-diones 11 and 12 and 3-hydroxy-1-methyl-4-
{2-[(E)-2-phenylethenyl]-3,4-dihydro-4-quinazolinyl}-1H-pyrrole-
2,5-dione 13


A solution of 1b and N-methylmaleimide (0.22 g, 1.62 mmol)
in dry THF (25 cm3) was allowed to stir at rt for 30 min. The
solvent was removed under reduced pressure and the crude mixture
was purified by flash column chromatography (SiO2, hexane–ether,
1 : 1).


12 (0.49 g, 17%), a yellow solid, mp 133–134 ◦C (hexane–ether).
(C21H17N3O3 requires: C, 70.18; H, 4.77; N, 11.69. Found: C. 69.96;
H, 4.22; N, 11.54%.) dH (acetone) 2.86 (3H, s, N–CH3); 3.74 (1H,
dd, J = 7.8, 7.8, H-b); 4.77 (1H, d, J = 7.8, H-a); 4.90 (1H, d,
J = 8.1, H-c); 7.12 (3H, m, ArH and CH=CH–Ph); 7.28 (5H, m,
ArH); 7.61 (2H, m, ArH); 7.70 (1H, d, J = 16.0, CH=CH–Ph).
dC (acetone) 25.6 (N–CH3); 58.6 (C11a); 62.7 (C11b); 80.1 (C8a);
119.1 (CH=CH–Ph); 125.4 (ArC); 127.4 (ArCH); 127.7 (ArCH);
128.4 (ArCH); 128.9 (ArC); 129.1 (ArCH); 130.2 (ArCH); 130.8
(ArCH); 130.8 (ArCH); 137.0 (ArCN); 140.3 (CH=CH–Ph);
157.2 (N=CN); 171.9 (C=O); 174.8 (C=O). IR: t = 1712.7
(C=O); 1630.0 (C=C); 1556.8 (C=N). NOEDS results for 12:
irradiation of H-c caused a 6.3% enhancement on H-b; irradiation
of H-a caused enhancements on H-b (3.1%) and on ArH (2.8%),
irradiation of H-b caused the following enhancement, 7.3% on
H-c.


11 (0.16 g, 54%), yellow solid, mp 110–112 ◦C (hexane–ether).
dH (acetone) 2.47 (3H, s, N–CH3); 3.95 (1H, dd, J = 7.1, 7.5, H-
b); 4.95 (1H, d, J = 7.5, H-a); 5.06 (1H, d, J = 7.1, H-c); 6.93
(1H, d, J = 15.6, CH=CH–Ph); 7.05 (2H, m, ArH); 7.25 (5H, m,
ArH); 7.49 (2H, m, ArH); 7.57 (1H, d, J = 15.9, CH=CH–Ph).
dC (acetone) 25.3 (N–CH3); 54.9 (C11a); 62.9 (C11b); 79.7 (C8a);
119.2 (CH=CH–Ph); 123.3 (C1a); 126.9 (ArCH); 127.4 (ArCH);
128.9 (ArCH); 129.1 (2 × ArCH); 130.1 (2 × ArCH); 130.6
(ArCH); 130.7 (ArCH); 137.2 (ArC); 139.5 (CH=CH–Ph); 141.5
(C4a); 157.5 (C6); 173.3 (C=O). IR: t = 1712.7 (C=O); 1630.0
(C=C); 1556.8 (C=N). NOEDS results for 11: irradiation of H-c
caused a 6.2% enhancement on H-b; irradiation of H-a caused
enhancements on H-b (6.3%) and on ArH (4.6%), irradiation of
H-b caused the following enhancements, 6.9% on H-c and 6.8%
on H-a.


13 dH 3.11 (3H, s, N–CH3); 5.28 (1H, s, CH); 6.90 (1H, d,
J = 14.5, CH=CH–Ph); 7.34 (4H, m, ArH); 7.56 (5H, m, ArH
and CH=CH–Ph), 8.40 (1H, d, J = 8.3, ArH); 13.00 (1H, br s,
NH/OH). dC 24.3 (N–CH3); 68.2 (CH); 77.2 (CH=CH–Ph); 127.3,
127.9, 128.0, 129.0, 130.1, 134.1 (9 x ArCH and CH=CH–Ph);
118.1 (ArC); 121.1 (C1a); 127.7 (C4a); 128.8 (C6); 137.4 (C–
C(O)); 149.2 (C–OH); 173.1 (C=O); 175.7 (C=O). IR: t = 3424.7
(OH/NH); 1749.2 (C=O).


5-[(E)-2-phenylethenenyl]-1-(phenylsulfonyl)-1,10b-dihydro-2H-
isoxazolo[2,3-c]quinazoline, 14


A solution of 1a (0.2 g, 0.81 mmol), and phenyl vinyl sulfone
(0.22 g, 1.62 mmol) was heated at reflux in dry THF (30 cm3)
for 24 h. The THF was removed under reduced pressure and
the crude mixture was purified by flash column chromatography
(SiO2, hexane–ether, 7 : 3) to afford a yellow solid (0.08 g, 49%
based on %nitrone consumption), mp 125–127 ◦C (hexane–ether).
(C24H20N2SO3 requires: C, 69.21; H, 4.84; N, 6.70; S, 7.69. Found:
C, 68.87; H, 4.86; N, 6.65; S, 7.78%.) dH 3.73 (1H, dd, J = 9.9,
9.9, HC–CH2–O); 4.05 (1H, m, H-c); 4.42 (1H, dd, J = 9.9, 9.9
HC–CH2–O); 5.22 (1H, d, J = 6.7, Hd); 6.99 (1H, d, J = 16.0,
CH=CH–Ph); 7.11 (1H, m, ArH); 7.32 (5H, m, ArH); 7.57 (4H,
m, ArH); 7.69 (1H, m, ArH); 7.76 (1H, d, J = 16.0, CH=CH–
Ph); 7.93 (2H, m, ArH). dC 59.3 (Ph–CH–N); 69.9 (CH2); 74.0
(CH, m); 117.9 (CH=CH–Ph); 122.4 (ArC–CHd); 126.4 (ArCH);
126.4 (ArCH); 127.8 (2 × ArCH); 127.9 (ArCH); 128.7 (2 ×
ArCH); 128.8 (2 × ArCH); 129.5 (ArCH); 129.8 (ArCH); 129.8
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(2 × ArCH); 134.6 (ArCH); 135.5 (ArC); 138.0 (ArC–N); 139.3
(ArC=N); 139.6 (CH=CH–Ph). IR: t = 3062.5 (CH=CH); 1636.7
(C=C); 1559.0 (C=N); 1357.1 (SO2).NOEDS results for 14:
irradiation of H-b caused the following enhancements, 22.5% on
H-a, 6.4% on H-c and 2.9% on ArH; irradiation of H-c caused
enhancements on Hd (2.0%), H-b (3.8%) and on ArH (4.3%),
irradiation of H-a caused the following enhancements, 20.1% on
H-b, 1.1% on Hd, 0.6% on H-c and 5.2% on ArH; irradiation of
Hd caused enhancements on H-c (1.8%) and on ArH (7.2%).


Methyl 2-[(E)-2-phenylvinyl]-5H-1,3-benzodiazepine-5-
carboxylate 17


(i) From the reaction between 1c and dimethyl acetylenedicar-
boxylate following purification on (a) SiO2 or (b) Al2O3. (a) A
solution of 2-[(E)-2-phenylvinyl]quinazoline-3-oxide 1c (0.10 g,
0.40 mmol) and dimethyl acetylenedicarboxylate (0.12 g, 0.80
mmol) was allowed to stir at rt for 15 min in dry THF (10 cm3). The
THF was removed under reduced pressure and the crude product
was purified by flash column chromatography over SiO2 (hexane–
ether, 7 : 3) to afford a yellow solid (0.03 g, 20%), mp 104–106 ◦C
(hexane–ether). (C19H16N2O2 requires: C, 74.98; H, 5.29; N, 9.20.
Found: C, 74.37; H, 5.32; N, 8.95%.) dH 3.76 (0.75H, s, OCH3


taut); 3.79 (2.25H, s, OCH3 taut); 4.35 (0.5H, s, CH2 taut); 5.50
(0.75H, s, =CH–N taut); 6.86 (0.75H, d, J = 16.3, =CH); 7.36
and 7.62 (8.5H, 2 × m, ArH and =CH taut); 7.73 (0.75H, d, J =
7.5, ArCH taut); 7.85 (0.25H, m, ArH taut); 7.99 (0.5H, m, 2 ×
ArH taut); 8.15 (0.25H, d, J = 16.3, =CH); 12.80 (0.75H, br s,
NH taut). dC 42.0 (CH2 minor taut); 51.3 (OCH3 major taut); 52.9
(OCH3 minor taut); 78.5 (=CH–N major taut); 122.3 (CH alkene
major taut); 123.6, 126.5, 127.6, 128.1, 128.2, 128.4, 129.3, 129.4,
130.2, 135.5, 137.9, 139.1 (9 × ArCH, CH alkene major, 2 × CH
alkene minor); 125.5, 129.2, 134.3 (3 × ArCH taut); 119.6 (C5a
major); 135.4, 146.0, 149.5, 150.6, 151.3, 160.9 (ArC); 170.1, 171.2
(2 × CO2CH3). IR: t = 3080.9 (NH); 2940.7 (CH=CH); 1750.9
(CO2CH3).


(b) The reaction was repeated with a three fold scale-up and
the crude mixture was purified by column chromatography over
Al2O3 (hexane–ether, 8 : 2) to afford the same yellow solid (0.03 g,
7%).


(ii) From the reaction between 1c and methyl propiolate. A
solution of 1c (0.20 g, 0.81 mmol) and methyl propiolate (0.13 g,
1.62 mmol) was heated at reflux in dry THF (25 cm3) for 2 h.
The THF was removed under reduced pressure and the crude
reaction mixture was purified by flash column chromatography
(SiO2, hexane–DCM, 7 : 3). Two products were isolated. Firstly,
methyl 1-[(E)-3-phenyl-2-propenoyl]-1H-indole-3-carboxylate 18,
a white solid, (0.01 g, 5%), mp 108–110 ◦C. (C19H15N1O3 requires
C, 74.74; H 4.95; N, 4.59. Found C, 70.10; H, 4.71; N, 4.18%.)
dH 3.98 (3H, s, OCH3); 7.10 (2H, m, =CH and ArH); 7.45 (4H,
m, ArH); 7.69 (2H, m, ArH); 8.05 (1H, d, J = 15.4, =CH); 8.17
(1H, m, ArH); 8.37 (1H, s, CH); 8.54 (1H, m, ArH). dC 116.1
(1 × ArCH and =CH); 116.7, 121.7, 124.9, 125.9, 128.6, 129.2,
131.3 (7 × ArCH); 113.7 (ArC); 127.5 (C=CH); 130.6 (CH);
134.1 (ArC–N); 136.3 (ArC–C=CH); 148.3 (=CH); 164.3, 164.3
(2 × C=O). The second product isolated was 17, a yellow solid,
(0.02 g, 9%).


Table 3 Crystal data and structure refinement for 18


Identification code fhx
Empirical formula C38H30N2O6


Formula weight 610.64
Temperature 293(2) K
Wavelength 0.71069 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 7.4430(10) Å, a = 82.95(2)◦


b = 10.892(2) Å, b = 81.14(2)◦


c = 19.212(3) Å, c = 88.01(2)◦


Volume 1527.1(4) Å3


Z 2
Density (calculated) 1.328 Mg m−3


Absorption coefficient 0.090 mm−1


F(000) 640
Crystal size 0.35 × 0.30 × 0.20 mm
Theta range for data collection 2.06 to 25.98◦


Index ranges −2 ⇐ h ⇐ 9; −13 ⇐ k ⇐ 13;
−23 ⇐ l ⇐ 23


Reflections collected 7081
Independent reflections 5982 [R(int) = 0.0109]
Reflections observed (>2r) 3370
Data completeness 0.998
Absorption correction None
Refinement method Full-matrix least-squares on F 2


Data/restraints/parameters 5982/0/417
Goodness-of-fit on F 2 1.053
Final R indices [I > 2r(I)] R1 = 0.0410, wR2 = 0.1190
R indices (all data) R1 = 0.0947, wR2 = 0.1417
Largest diff. peak and hole 0.212 and −0.291 e Å−3


R indices; R1 = [R‖F o| − |F c‖]/R |F o| (based on F), wR2 = [[R w(|F o
2 −


F c
2|)2]/[R w(F o


2)2]]1/2 (based on F 2). w = 1/[(rF o)2 + (0.0781×P)2].
Goodness-of-fit = [R w(F o


2 − F c
2)2/(Nobs − Nparameters)]1/2.


X-Ray crystal determination of 18. The structure was solved
by direct methods, SHELXS-97,26 and refined by full matrix least
squares using SHELXL-97.27 SHELX operations were automated
using ORTEX which was also used to obtain the drawings.31


Data were corrected for Lorentz and polarization effects but
not for absorption. Hydrogen atoms were included in calculated
positions with thermal parameters 30% larger than the atom to
which they were attached. The non-hydrogen atoms were refined
anisotropically. All calculations were performed on a Pentium
PC. There were two molecules per asymmetric unit. The unit cell
and its contents were checked for any missed symmetry using the
program CHKSYM and no missed symmetry was found.28 The
two independent molecules differed only by a minor change in
conformation about the N(1)–C(9) bond and a 180◦ difference
in conformation about the C(2)–C(18) bond. Details of the data
collection, solutions, and refinements are given in Table 3.
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Direct ab initio mapping of induced current density in the p system of the expanded porphyrin
amethyrin shows a picture at variance with the conventional 4n p ascription of antiaromaticity. The
ipsocentric orbital model interprets the pattern of currents as a superposition of shell contributions: an
intense paratropic ring current concentrated on the inner 20-site cycle, counteracted by a weaker
diatropic circulation on a 24-site conjugation pathway and a combination of local 5-site diatropic
circulations on the six pyrrolic rings.


1. Introduction


Porphyrins and their synthetic analogues,1–3 the expanded, con-
tracted and isomeric porphyrins, present the theoretician with a
considerable challenge for the interpretation of their magnetic
properties. Recent theoretical work on these “decorated macro-
cycles” has suggested that the pyrrolic groups, which make up the
decorations, present only a small barrier to the global ring current
around the macrocycle in the presence of a perpendicular magnetic
field.4–6 In addition, it has been shown that the global ring currents,
at least in the systems presented so far, follow closely the 4- and
2-electron rules which, in the ipsocentric formulation of magnetic
properties, are the analogues of the (4n + 2) and (4n) Hückel rules
for aromaticity and antiaromaticity of annulenes. In the present
work, however, direct ab initio mapping of induced current density
in the p system of the expanded porphyrin amethyrin (1) shows a
picture at variance with this simple scheme.


Amethyrin was first reported in 1995 by Sessler and co-workers1


as one of two expanded porphyrins, with orangarin, whose cyclic
p conjugation pathways fit Hückel’s 4n rule for antiaromaticity in
annulenes (24 p electrons in amethyrin, 20 in orangarin, making
the conventional choice). 1H NMR spectra of both molecules show
large downfield shifts for the internal NH protons and upfield
shift for the bridge CH protons, and these shifts are consistent
with the presence of a global paratropic ring current. Some doubt
remained, however, as to the origin of the chemical shifts.1,2


In a recent comparative study of sapphyrin and orangarin,5


we showed that, within the ipsocentric orbital model of current
density,7–10 the global diatropic p ring current in sapphyrin and
the global paratropic ring current in orangarin are predominantly


aSchool of Biosciences, University of Exeter, Exeter, UK EX4 4QD
bDepartment of Chemistry, University of Sheffield, Sheffield, UK S3 7HF


properties of the frontier orbitals, with HOMO–LUMO transi-
tions making by far the largest contributions to the current density.
Thus, in common with other physical and chemical properties that
distinguish the whole molecule from its parts, the global response
of a molecule to an external magnetic field is largely a property
of its most mobile electrons: those with the most ready access to
excited states. Specifically, for annulenes,10 the 4n + 2 Hückel rule
for aromaticity based on p-electron count has its counterpart in
a 4-electron rule for diatropic (aromatic) circulation of induced
current that is attributed to virtual translational excitations from
the doubly degenerate HOMO level to the LUMO level. In the
same way, the 4n Hückel rule for antiaromaticity of a closed-
shell ground state corresponds to a 2-electron rule for paratropic
(antiaromatic) circulation attributed to a rotational HOMO–
LUMO excitation. These rules are exact only for delocalized
planar annulenes in Hückel theory but, as with the Hückel rules
themselves, are profitably applied to a much wider range of organic
molecules.5,9 Thus, amethyrin is, prima facie, expected to show
2-electron paramagnetism in the presence of a perpendicular
magnetic field.


In the present work, we apply the ipsocentric method to give a
direct visualisation of the induced p current density distribution
in amethyrin, and of its decomposition into orbital contributions.
The picture that emerges is richer than the simple 2-electron
circulation expected of a notional [24]-annulene. We show that
the total p current density can be partitioned into three discrete
contributions that reflect the grouping of the occupied levels in
the orbital energy spectrum, and their relation to the low-lying
virtual levels. Two of the three are ‘global’, one paratropic and
one diatropic, reflecting the overall symmetry of the system. The
other contribution is ‘local’ and diatropic, reflecting the local
symmetry of the six pyrrolic rings. Such a partitioning appears to
be a property of the decorated macrocycles that characterize the
general porphyrin family. The simple 2- and 4-electron counting
rules remain largely valid, but need to be modified to account for
the decoration of the macrocycle.


2. Computational details


The geometry of 1 was optimized by density functional theory
(DFT) with the B3LYP functional and a 6-31G** basis set, as
implemented in Gaussian98.11 This gave an almost planar ground
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state with symmetry C2 in a very shallow energy well. There is
one very small vibrational frequency, 2 cm−1, and the maximum
deviation from the median plane is less than 0.1 Å (0.05 Å for
heavy atoms). The energy in the adjacent planar C2h geometry is
less than 1 kJ mol−1 from that of the ground state, with a one small
imaginary frequency, 2i. It is the planar state that is used here for
the discussion of the magnetic properties of the system.


The current density maps presented in this paper were computed
by coupled Hartree–Fock theory using the diamagnetic-zero (DZ)
variant of the continuous transformation of origin of current
density (CTOCD) method7–10 as implemented in SYSMO.12 In
this method, the current density at each point in the molecule
is computed ipsocentrically, i.e., by choosing the point itself as
the origin of vector potential (gauge origin). Current densities
induced by unit magnetic field acting at right angles to the plane
of the nuclei, have been plotted in the plane at 1a0 above that
of the nuclei. The plotting plane is close to the maximum of p
current and electron density, and at this height the computed maps
are insensitive to increase in basis set size beyond that of the 6-
31G** set used here13 There is also relatively little contamination
from induced current density parallel to the external field,14,15 so
that the displayed current density, showing in-plane projections
of current, is a good representation of the total. Contours show
the modulus of current density with values 0.001 × 4n a.u. (a.u. =
e/mea0


4), for n = 0, 1, 2,· · ·, and the arrows show the magnitude
and direction of the projection of the current density vector in the
plotting plane. Diatropic circulation is anticlockwise, paratropic
clockwise, following the direction of circulation of the p electrons
in a magnetic field pointing out of the map towards the viewer.


3. Current density maps


The p current density map for amethyrin in Fig. 1 shows the
expected global paratropic (clockwise) circulation which, as in the
smaller orangarin, is concentrated on the innermost pathway and
dominates the global circulation. On the other hand, the map for
this larger macrocycle appears to show the presence of significant
local circulations within the pyrrole-like rings, suggesting a relative


Fig. 1 Total p current density map of amethyrin. Atom symbols are:
circle with dot for H, solid circle for C, bisected circle for N.


weakening of the dominance of the HOMO–LUMO transitions
found in smaller macrocycles and simpler ring systems. An
indication of current strength is given by the largest magnitude
of current density, jmax, in the plotting plane. By this measure,
with jmax = 0.098, the p current in paratropic amethyrin is just 20%
stronger than in diatropic benzene (jmax = 0.078), but is weaker than
in paratropic orangarin (jmax = 0.115), and substantially weaker
than in diatropic sapphyrin, (jmax = 0.158).


In Fig. 2 is shown part of the p orbital energy level diagram for
1, from which the principal virtual transitions responsible for the
induced current density can be identified and the corresponding
pattern of ring currents deduced. In C2h symmetry, selection rules
for p orbital transitions in the presence of the perpendicular mag-
netic field are au → bg for translational (electric dipole moment)
transitions, and au ↔ au and bg ↔ bg for rotational (magnetic dipole
moment) transitions. A strength of the ipsocentric formulation of
magnetic properties is that only occupied-to-unoccupied orbital
transitions need to be considered.


Fig. 2 Orbital energy level diagram for amethyrin showing occu-
pied-to-unoccupied p-orbital transitions allowed by translational (black
arrows) and rotational (white arrow) selection rules.


The complete p system has 36 electrons in a configuration
(au)18(bg)18. The 9au HOMO and 10au LUMO are partners of
a split pair of orbitals with nodal symmetry corresponding to
angular momentum quantum number k = 6. The Dk = 0 HOMO–
LUMO transition in an annulene is rotationally allowed and is
therefore expected to give rise to a paratropic global ring current.
The transitions from the near-degenerate (8bg, 9bg) pair, HOMO-
1 and HOMO-2 with k = 5, are translationally allowed and are
expected to contribute to a global diatropic circulation. Such a
diatropic subsystem is a standard feature that has been found to
accompany the intense 2-electron paratropicity associated with a
split HOMO–LUMO pair.5,16 A group of nine lower-lying orbitals
of both p symmetries between −0.36 and −0.42 Eh may give further
contributions to the total current density. Lowest lying, between
−0.53 and −0.61 Eh, is the “inner shell” of six orbitals belonging
to the ‘permutation representation’ 3au + 3bg of fully p bonding
ring orbitals. These orbitals are in-phase in each contributing
pyrrolic ring and, as in the monocycle itself, are not expected to
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give a significant contribution to the molecular p current density.
In general, the magnitude of the contribution decreases with
increasing energy gap.


The distribution in shells of the 18 doubly-occupied p orbitals,
together with the associated transitions to LUMO, is well sim-
ulated by the coarse-grained structure of the Hückel spectrum,
and very closely by the more finely grained spectrum provided
by the pseudo-p model,17,18 showing that the essential features of
the current density are properties of the topology of the system,
and that the details are determined by the occupied-to-unoccupied
orbital energy gaps and the corresponding transition moments.


The maps in Fig. 3 show the contributions to the current density
distributions of (a) the 9au HOMO, (b) the near-degenerate (8bg,
9bg) pair (HOMO-1, HOMO-2), (c) the sum of maps (a) and (b)
for the total global current, and (d) the shell of nine lower-lying
occupied orbitals, 4au to 8au and 4bg to 7bg. We observe, in Fig. 3(a),
the expected paratropic circulation of the two HOMO electrons,


which, as in orangarin, follows mainly the innermost pathway, but
with some bifurcation across the six pyrrolic rings. This contribu-
tion, with jmax = 0.105, is opposed by the global diatropic circula-
tion, Fig. 3(b), of the four electrons in the (8bg, 9bg) pair (jmax =
0.057) which follows the traditional 24-site conjugation pathway
that would normally be considered a criterion for paratropicity.
Note also that this contribution in amethyrin would dominate the
current density in the cationic macrocycle obtained on removal of
the two HOMO electrons, a process that would open a new channel
for transitions to a now empty 9au orbital, and produce a global
diatropic current as inferred for some heavy-atom complexes.3


The result of the cancellation of global paratropic and diatropic
circulations, shown in Fig. 3(c), is a weaker paratropic ring
current (jmax = 0.072) running round the inner pathway with little
bifurcation. In addition, we see also a substantial contribution,
Fig. 3(d), from the shell of 18 electrons in the lower-lying orbitals
clustered around energy −0.36 Eh in Fig. 2. Both translational


Fig. 3 Current density maps of amethyrin: (a) the global paratropic current of the 9au HOMO, (b) the global diatropic current of the (8bg, 9bg) pair
(HOMO-1, HOMO-2), (c) the sum of (a) and (b), (d) the local ring currents of the nine orbitals, 4au to 8au and 4bg to 7bg.
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and rotational transitions from this shell to virtual orbitals are
allowed, and these conspire to give local ring currents in the six
heterocyclic rings that decorate the main cycle. With jmax = 0.056,
these local currents are only 30% weaker that in pyrrole itself (for
which the same calculation gives jmax = 0.081). Finally, the lowest
inner shell of 12 electrons, not represented in Figs 2 and 3, gives
only nitrogen-based circulations (jmax = 0.016) in each pyrrolic
subunit, which are not ‘ring’ currents.


4. Conclusion


In accounting for the ring current pattern in 1, we have observed
three important shells, which act as subsystems with three distinct
kinds of magnetic behaviour-global paratropic, global diatropic
and local diatropic. All these features arise from the molecular
connectivity and are readily rationalized by inspection of orbital
symmetry and nodal topology. Whilst the orbital/shell model
reveals the limitations of the simplistic aromatic/antiaromatic
dichotomy of the [4n + 2]/[4n] annulene analogy, it also gives
a framework for predictions. Reversal of the main current by oxi-
dation/reduction of the macrocycle and tuning of the conjugation
pathway and strength of current by variation of the central ion18


are two of the consequences of the model for the more general
family of (expanded) porphyrins.
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Two series of tricyclic inhibitors of the serine protease thrombin, imides (±)-1–(±)-8 and lactams
(±)-9–(±)-13, were analysed to evaluate contributions of orthogonal multipolar interactions with the
backbone C=O moiety of Asn98 to the free enthalpy of protein–ligand complexation. The lactam
derivatives are much more potent and more selective inhibitors (K i values between 0.065 and 0.005 lM,
selectivity for thrombin over trypsin between 361- and 1609-fold) than the imide compounds (K i values
between 0.057 and 23.7 lM, selectivity for thrombin over trypsin between 3- and 67-fold). The increase
in potency and selectivity is explained by the favorable occupancy of the P-pocket of thrombin by the
additional isopropyl substituent in the lactam derivatives. The nature of the substituent on the benzyl
ring filling the D pocket strongly influences binding potency in the imide series, with K i values
increasing in the sequence: F < OCH2O < Cl < H < OMe < OH < Npyr � Br. This sequence can be
explained by both steric fit and the occurrence of orthogonal multipolar interactions with the backbone
C=O moiety of Asn98. In contrast, the substituent on the benzyl ring hardly affects the ligand potency
in the lactam series. This discrepancy was clarified by the comparison of X-ray structures solved for
co-crystals of thrombin with imide and lactam ligands. Whereas the benzyl substituents in the imide
inhibitors are sufficiently close (≤3.5 Å) to the C=O group of Asn98 to allow for attractive orthogonal
multipolar interactions, the distances in the lactam series are too large (≥4 Å) for attractive dipolar
contacts to be effective.


Introduction


Over recent years, we have pursued the systematic substitu-
tion of H- for F-atoms (“fluorine scan”) in nonpeptidic, tri-
cyclic inhibitors1 of thrombin in order to map the fluorophilic-
ity/fluorophobicity of an entire enzyme active site.2,3 During
H/F substitution of the benzyl ring, which fills the hydrophobic
distal (D) pocket (Fig. 1) of the serine protease from the blood
coagulation cascade,4 we had observed by X-ray analysis of a co-
crystal a short orthogonal contact between the C–F residue of (±)-
1 and the backbone C=O of Asn98 (d(F · · · C=O) = 3.5 Å, angle
a(F · · · C=O) = 96◦).2a,b Database mining subsequently revealed
the frequent occurrence of similar electrostatic contacts both in
small-molecule crystal structures (Cambridge Structural Database
(CSD)) and in co-crystal structures of protein–ligand complexes
(Protein Databank (PDB)). Therefore, we proposed that mul-
tipolar orthogonal C–F · · · C=O interactions are a significant
contributor to the gain in binding free enthalpy (DDG(±)-2 → (±)-1 =
−4.4 ± 0.7 kJ mol−1) measured upon changing from H-substituted
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(±)-2 (inhibitory constant K i = 0.31 lM) to F-substituted (±)-
1 (K i = 0.057 lM). Subsequently, we quantified the attractive
nature of orthogonal C–F · · · C=O interactions in model studies.5


Furthermore, we documented in a comprehensive review the
general occurrence of such orthogonal electrostatic interactions
between dipoles in structural chemistry and biology.6


Here, we report the synthesis and biological activity of a series of
new thrombin inhibitors, consisting of tricyclic imides (±)-5–(±)-8
and tricyclic lactams (±)-12 and (±)-13. Their inhibitory potencies
and physicochemical properties (pKa, log D) are compared to
those of the previously described imides (±)-1–(±)-4 and lactams
(±)-9–(±)-11.1,2a,b,16 By this comparison, we intended to explore
how binding affinity changes when different dipoles such as C–
F, C–Br, C–O and C=Npyridyl interact with the backbone C=O of
Asn98 in the D pocket. The results of this study are quite surpris-
ing: whereas large differences in binding affinity are observed in the
series of the tricyclic imide inhibitors, the substituted lactams are
nearly equipotent. The structures of co-crystals of thrombin with
the active (3aS,4R,8aS,8bR)-configured enantiomers of lactams
(±)-12 and (±)-13 were solved, and X-ray structural comparisons
finally provided an explanation for the unexpected differences in
binding behaviour between the two classes of ligands.


Results and discussion


Synthesis of the tricyclic thrombin inhibitors


The synthesis of the new inhibitors followed earlier published
protocols.2b,7 The 1,3-dipolar cycloadditions between maleimides
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Fig. 1 Left: Schematic representation of the binding mode of the tricyclic inhibitors in the active site of thrombin. The active site is defined by the
catalytic centre with the nucleophilic Ser195 and the oxanion hole, the selectivity (S1) pocket, the large hydrophobic distal (D) pocket and a small proximal
(P) pocket. Right: Inhibitors (±)-1–(±)-8 and (±)-9–(±)-13 investigated in this study. Only the (3aS,4R,8aS,8bR)-configured enantiomer is bound.1,2


14/158 (Scheme 1) and the azomethine ylide9 formed from L-
proline and 4-bromobenzaldehyde furnished in each case two of
the possible four diastereoisomers ((±)-16/(±)-18 starting from
14, and (±)-17/(±)-19 from 15) which were separated chro-
matographically. Subsequent conversion of the desired endo,trans-
configured diastereoisomers (see the caption to Scheme 1 for
definitions) into nitriles (±)-20/(±)-21 and Pinner reaction10


afforded the tricyclic imide inhibitors (±)-6 and (±)-7, respectively.
Ether cleavage of (±)-20 with BBr3


11 to (±)-22, followed by the
Pinner reaction, yielded ligand (±)-8. Ligand (±)-5 was obtained
by 1,3-dipolar cycloaddition between 4-bromobenzylmaleimide
2312 and the azomethine ylide formed from 4-formylbenzonitrile
and L-proline, followed by separation of the diastereoisomeric
cycloadducts (±)-24/(±)-25 and Pinner reaction (Scheme 1).


The synthesis of the tricyclic lactam inhibitors (±)-12 and
(±)-13, directing an additional Pri substituent into the P pocket
of thrombin, also followed previously established protocols.2b,7,16


Regio- and diastereoselective reduction of the ‘upper’ C=O group
in (±)-26 and (±)-16, using superhydride (Li[Et3BH]) in THF,
afforded the hydroxylactams (±)-27 and (±)-28, respectively. We
recently solved the X-ray crystal structure of the previously
reported2a,b fluorinated hydroxylactam (±)-29, obtained by re-
duction of the corresponding imide under similar conditions.
It shows that hydride attack occurred from the less hindered
exo-side of the bicyclic perhydropyrrolo[3,4-c]pyrrole scaffold,
leading to a cis orientation of the hydroxyl group with regard
to the bromophenyl substituent (Fig. 2). We therefore assign to
the newly created stereogenic centre in (±)-27 and (±)-28 the
same configuration as seen for (±)-29. Similar diastereofacial
selectivities in nucleophilic additions to N-benzylated tricyclic
imide scaffolds, e.g. addition of CF3SiMe3,13 have been observed
before.


Fig. 2 X-Ray crystal structure of the (C1S,C4S,C5R,C6R,C8S)-
configured hydroxylactam 29. Being a racemic mixture, an equal number
of molecules with opposite stereochemistry are present in the crystal.
Numbering is arbitrary. Atomic displacement parameters obtained at
173 K are drawn at the 30% probability level (for the crystal packing,
see ESI).


The hydroxylactams (±)-27 and (±)-28 were converted into the
corresponding sulfones (±)-30 and (±)-31, respectively, upon reac-
tion with p-toluenesulfinic acid in the presence of CaCl2. Introduc-
tion of the desired isopropyl group in compounds (±)-32 and (±)-
33 was achieved by displacement of the toluenesulfonyl group with
PriMgCl in the presence of ZnCl2.14 In both steps, the nucleophile
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Scheme 1 Synthesis of the tricyclic imide inhibitors. Reagents and conditions: (i) CH3CN, 80 ◦C, 14–16 h; (±)-16 (44%)/(±)-18 (53%), (±)-17 (35%)/(±)-19
(18%), (±)-24 (41%)/(±)-25 (38%); (ii) CuCN, DMF, 165 ◦C, 24 h, or [Pd2(dba)3] dppf, Zn(CN)2, DMF, 120 ◦C, 24 h; (±)-20 (78%), (±)-21 (32%);
(iii) MeOH, HCl(g), CH2Cl2, 4 ◦C, 28–35 h; (iv) NH3, MeOH, 65 ◦C, 3 h; (±)-5 (49%), (±)-6 (21%), (±)-7 (28%), (±)-8 (40% from (±)-20); (v) BBr3,
CH2Cl2, −50 ◦C → 25 ◦C, 8 h. DMF = dimethylformamide, dba = dibenzylideneacetone, dppf = diphenylphosphinoferrocene. Exo and endo refer to the
orientation of the 4-bromophenyl substituent at C(4) with respect to the bicyclic perhydropyrrolo[3,4-c]pyrrole scaffold, and cis and trans to the position
of this 4-bromophenyl ring with respect to the configuration of C(8a) at the fusion of the two pentagons in the perhydropyrrolizidine bicycle (for atom
numbering, see Fig. 1).


adds to the presumed acyliminium ion intermediate from the exo
face of the bicyclic perhydropyrrolo[3,4-c]pyrrole scaffold. The
targeted ligands (±)-12 and (±)-13 were finally obtained via nitriles
(±)-34 and (±)-35, again using the Pinner reaction (Scheme 2).


Biological results


All newly prepared compounds were subjected to biological
assays15 to determine the inhibition constants for thrombin
(K i/lM) and the selectivity for thrombin over the digestive serine
protease trypsin (K i[Try]/K i[Thr]). Furthermore, physicochemical
properties (log D and pKa) of the ligands were also determined
following protocols previously described in great detail.2c Whereas
the pKa2 values of the phenylamidinium substituent are in the
expected range (10.7 to 11.1), the pKa1 values for the tertiary
amine centres (4.4 to 4.6) in the tricyclic imides are remarkably
low. As previously discussed,2c these low values are due to (i)


the r-inductive effect of the phenylamidinium ring in the a-
position to the N-atom and (ii) the large r-inductive effects
of the two imide C=O moieties in the b-position. The latter
explanation is nicely corroborated by the new results: upon
changing from the imides (pKa1 4.4–4.6) to the lactams (pKa1


6.2–6.5), one of these r-accepting pathways is removed and the
acidity decreases substantially. The pKa3 values of the pyridine
and phenol substituents in (±)-7 and (±)-8 are in the expected
range. The log D values (log D is the logarithmic coefficient of the
distribution of a compound between octanol and water at pH 7.4)
of all compounds (−0.4 to −1.6) are quite negative due to the
phenylamidinium moiety.2c They expectedly increase slightly upon
changing from the imide to the lactam inhibitors (e.g. compare the
Cl-substituted imide (±)-4 (log D −1.0) and lactam (±)-12 (log D
−0.4)). However, this increase in lipophilicity cannot explain the
large differences in potency between imide- and lactam-based
ligands, discussed below.
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Scheme 2 Synthesis of the tricyclic lactam inhibitors (±)-12 and (±)-13. Reagents and conditions: (i) Li[Et3BH], CH2Cl2, −78 ◦C → 0 ◦C, 2 h; (ii)
4-toluenesulfinic acid, CaCl2, CH2Cl2, 25 ◦C, 5–7 d; (±)-30 (32% from (±)-26), (±)-31 (97% from (±)-16); (iii) PriMgCl, ZnCl2, CH2Cl2, 25 ◦C, 16–24 h;
(±)-32 (61%), (±)-33 (46%); (iv) CuCN, DMF, 165 ◦C, 36 h or [Pd2(dba)3], dppf, Zn(CN)2, DMF, 120 ◦C, 24 h; (±)-34 (43%) (±)-35 (62%); (v) MeOH,
HCl(g), CH2Cl2, 4 ◦C, 28–35 h; (vi) NH3, MeOH, 65 ◦C, 3 h; (±)-12 (55%), (±)-13 (25%).


The chromogenic binding assay confirmed that the lactam
derivatives are both more potent and more selective thrombin
inhibitors than the imide-based ligands. In the imide series,
inhibitory strength varies between K i = 0.057 and 23.7 lM,
whereas the lactam derivatives show K i values between 0.065
and 0.005 lM. The large extra binding free enthalpy of the
lactam inhibitors is gained by occupancy of the tight lipophilic
P pocket of thrombin by the Pri substituent. Note that natural
substrates of thrombin also prefer directing a valine side-chain
into this pocket.4 The selectivity for thrombin over trypsin is also
dramatically increased upon introduction of the Pri substituent:
while K i[Try]/K i[Thr] in the imide series amounts to a moderate
3–67-fold, the selectivity in the lactam series is excellent and varies
between 361–1609-fold. Again, this greatly enhanced selectivity
originates from the favorable occupancy of the P pocket of
thrombin by the Pri substituent, since this pocket is absent in
trypsin.1,7 The extremely high, 1609-fold selectivity of the 4-
chlorophenyl derivative (±)-12 is by far the largest measured for
all tricyclic inhibitors prepared so far.1,2,16


The inhibitory constants in the series of imide inhibitors (±)-
1–(±)-8 vary greatly. If the substituent on the benzyl ring in the
D pocket – the only variable in the series – is considered, K i/M
increases in the sequence F < OCH2O < Cl < H < OMe <


OH < Npyr � Br (Table 1). An overlay of the crystal structures
of the thrombin complexes with (±)-1 (F),2a (±)-3 (OCH2O)1a


and (+)-36 (OCH2O)17 (Fig. 3) shows that the inhibitors adopt
a nearly identical position in the active site of thrombin while
the surrounding protein stucture, in particular the residues lining


the D pocket,18 i.e. the loop segment Glu97A–Leu99, as well as
Tyr60A and Trp215, are geometrically highly conserved. While we
are well aware that a variety of factors such as lipophilicity and
solvation (as expressed by log D) and van der Waals interactions
(such as with Ca–H of Asn98) certainly influence the measured K i


values, we propose that multipolar interactions with the C=O
group of Asn98 together with steric effects make important
contributions to the observed differences in potency. In the halide
series, potency decreases in the sequence F ((±)-1) > Cl ((±)-4) �
Br ((±)-5). While the F- and Cl-substituted derivatives undergo
efficient, nearly orthogonal multipolar interactions with the C=O
group,2a,b,6 making them better inhibitors than unsubstituted (±)-
2, the Br substituent is clearly too bulky to fit. When the F-atom in
the co-crystal structure of (±)-1 (PDB-code: 1OYT) is replaced by
a Br-atom, the latter and the carbonyl C-atom of Asn98 are at a
repulsive van der Waals distance of 3.2 Å; relaxing the ligand
in the computer modeling19 induces a substantial shift of the
tricyclic inhibitor away from Asn98. The potency of the piperonyl-
substituted ligand (±)-3, similar to that of (±)-1, is more difficult to
compare, since its upper O-atom undergoes additional H-bonding
to the HO residue of Tyr60A.1a Nevertheless, the distance of the
second O-atom to the C-atom of Asn98 (d = 3.4 Å) suggests
also a favorable contribution from multipolar interactions. Such
interactions should also contribute to the binding affinity of the
MeO- ((±)-6) and HO- ((±)-8) substituted ligands,2d although this
favorable contribution is presumably compensated by unfavorable
steric interactions of the MeO residue (modeling) in the complex of
(±)-6 and unfavorable desolvation of the HO group in the complex
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Table 1 Inhibitory activities and physicochemical properties of the tricyclic thrombin inhibitors


K i/lMa K i[Try]/K i[Thr] pKa1
b pKa2


b pKa3
b log Dc


Imides:
(±)-1d ,e 0.057 67 4.47 11.14 — −1.16
(±)-2d , f 0.31 15 n.d.g n.d. — −0.99
(±)-3d , f 0.09 7.8 n.d. n.d. — n.d.
(±)-4d ,h 0.19 30 4.60 10.98 — −0.95
(±)-5d 23.7 >2.9 4.56 11.11 — −0.69
(±)-6d 0.621 4.1 4.58 11.00 — −1.6
(±)-7d 1.54 15.4 4.38 10.97 3.75 < −1
(±)-8d 0.89 9.7 4.62 10.72 9.32 −1.22
Lactams:
(±)-9d ,e 0.005 413 6.52 n.d. — −0.81
(±)-10d , i 0.065 385 n.d. n.d. — −0.99
(±)-11d , j 0.013 760 n.d. n.d. — n.d.
(±)-12d 0.008 1609 6.16 n.d. — −0.37
(±)-13d 0.015 361 6.25 10.87 — −0.92


a The uncertainty of the measured K i values is ±20%. b pKa1: tertiary amine in the tricyclic core; pKa2: phenylamidinium; pKa3: pyridine and phenol,
respectively; accuracy of the pKa measurements: ± 0.1 pKa units. c Accuracy of the log D measurements: ± 0.1 log D units. d Only the (3aS,4R,8aS,8bR)-
configured enantiomer is bound, as determined from the crystal structure analysis in refs. 1 and 2. e From ref. 2a. f From ref. 1a. g n.d. = not determined.
h From ref. 2b. i From ref. 16. j From ref. 1b.


of (±)-8. The N-atom of the pyridine ligand is too far away (>3.9
Å) from the C=O group (modeling) to undergo any significant,
strongly distance-dependent6 multipolar interaction.


While the variation in potency is large in the series of tricyclic
imide inhibitors, the four lactams (±)-9,2a,b (±)-11,1b (±)-12 and
(±)-13 bearing substituents on the benzyl ring are nearly equipo-
tent, with K i values varying between 0.005 and 0.015 lM. Since
only one X-ray crystal structure of a lactam inhibitor ((±)-11)
bound to thrombin existed prior to this work, the structures
of the co-crystals formed by the new Cl- and MeO-substituted
ligands were solved to 1.3 Å ((±)-12; PDB-code: 2CF8) and
1.79 Å ((±)-13; PDB-code: 2CF9) resolution. Fig. 4 depicts the
chloro derivative (±)-12 in the active site of thrombin, whereas the
complex of the methoxy compound (±)-13 is shown in Fig. 5. Both
crystal structures clearly demonstrate that the electronegative O-
and Cl-atoms attached to the 4-position of the benzyl residue in
the tricyclic lactams are at much greater distance from the C=O
group of Asn98 than in the protein-bound imide derivatives. In the
complex of (±)-12, the distance Cl · · · CC=O(Asn) amounts to 4.0 Å,
and the same O · · · C distance is measured in the complex of (±)-
13. At such large distances, multipolar interactions are no longer
effective, which explains why the measured binding potencies are
very similar. An overlay of crystal structures of imide and lactam
inhibitors (ESI) provides another nice illustration of the different
distances of the protein–ligand contacts seen in the D pocket.


Conclusions


Two series of tricyclic inhibitors of the serine protease thrombin,
imides (±)-1–(±)-8 and lactams (±)-9–(±)-13, were analysed
in order to evaluate the importance of orthogonal multipolar
interactions in the hydrophobic D pocket of the enzyme. Physic-
ochemical property analysis showed that the log D values become
less negative upon changing from the imide to the lactam series.
Furthermore, the pKa value of the tertiary amine centre in the
tricyclic scaffold increases by ca. 2 units when passing from the
imide to the lactam ligands, mainly due to the removal of the
r-acceptor pathway between the N-atom and one b-C=O unit,
thereby confirming earlier interpretations of the remarkably low
pKa values (≈ 4.5) of this centre in the imide inhibitors.2c Biological
assays demonstrated large differences between the potency of
the imide and lactam series of inhibitors. In accordance with
previous results, the lactam derivatives are much more potent and
more selective inhibitors (K i values between 0.065 and 0.005 lM,
selectivity for thrombin over trypsin between 361- and 1609-fold)
than the imide compounds (K i values between 0.057 and 23.7 lM,
selectivity for thrombin over trypsin between 3- and 67-fold).
These differences originate from the favorable occupancy of the
tight hydrophobic P pocket by the isopropyl residue of the lactam
inhibitors; this pocket is absent in trypsin. In the imide series,
binding potency is determined by the nature of the substituent on
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Fig. 3 Left: Overlay of the co-crystal structures of the imide-based inhibitors (±)-1 (PDB-Code: 1OYT),2a (±)-36 (PDB-Code: 1VZQ)17 and (±)-31a with
thrombin, as determined by X-ray crystallographic analysis, showing a nearly perfect superimposition of the protein residues and the inhibitors. Right:
Zoom into the D pocket. Noticeable is the exact overlap of the backbone C=O group of Asn98, involved in multipolar interactions with the inhibitors.
Color code: C-skeleton of (±)-1: green, (±)-36: blue, (±)-3: brown, C-skeleton of the protein: grey, O-atoms: red, N-atoms: blue, S-atoms: yellow.


Fig. 4 Left: Inhibitor (±)-12 in the active site of thrombin as revealed by X-ray crystal structure analysis. Only the (3aS,4R,8aS,8bR)-configured
enantiomer is bound. Right: Binding mode of the 4-chlorobenzyl moiety in the region of the D pocket of thrombin. Color code: C-skeleton of the
inhibitor: green, C-skeleton of the protein: grey, O-atoms: red, N-atoms: blue, S-atoms: yellow, Cl-atom: dark green. Distances in Å.


the benzyl ring filling the D pocket, with K i values increasing in
the sequence: F < OCH2O < Cl < H < OMe < OH < Npyr � Br.
This sequence can be explained by both steric fit and the occur-
rence of orthogonal multipolar interactions with the backbone
C=O moiety of Asn98. In contrast, the substituent on the
benzyl ring hardly affects the ligand potency in the lactam series.
This discrepancy was clarified by solving two additional crystal
structures of the Cl- and MeO-substituted lactams (±)-12 and
(±)-13 bound to thrombin. Whereas the benzyl substituents in the


imide inhibitors are sufficiently close (≤3.5 Å) to the C=O group
of Asn98 to allow for efficient orthogonal multipolar interactions,
the distances in the lactam series are too large (≥4 Å) for attractive
dipolar contacts to occur. This study clearly shows that a large
number of biological and structural data are required to map
in detail the molecular recognition properties of a pocket in
an enzyme active site, and to evaluate contributions of weak
interactions such as multipolar contacts to the measured binding
free enthalpies.
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Fig. 5 Left: Inhibitor (±)-13 in the active site of thrombin as determined by X-ray crystallographic analysis. Only the (3aS,4R,8aS,8bR)-configured
enantiomer is bound. Right: Binding mode of the 4-methoxybenzyl moiety in the D pocket of thrombin. Hydrophobic contacts between the methyl group
and the protein are also shown. Color code: C-skeleton of the inhibitor: green, C-skeleton of the protein: grey, O-atoms: red, N-atoms: blue, S-atom:
yellow. Distances in Å.


Experimental


General details


Solvents and reagents were reagent-grade, purchased from com-
mercial suppliers, and used without further purification unless
otherwise stated. 4-Toluenesulfinic acid was prepared according
to a literature procedure.20 The synthesis of (±)-1,2b (±)-2,7 (±)-
3,7 (±)-4,2b (±)-9,2b (±)-10,16 and (±)-117 followed published
procedures. THF was freshly distilled from sodium benzophenone
ketyl, and CH2Cl2 from CaH2. HCl gas was dried with conc.
H2SO4. If not mentioned otherwise, all products were dried
under high vacuum (10−2 Torr) before analytical characterisation.
Column chromatography (CC) was conducted on silica gel 60
(230–400 mesh, 0.040–0.063 mm) from Fluka. Analytical thin
layer chromatography (TLC) was conducted on silica gel 60-F245


(on glass, Merck). Plates were visualised by UV light at 245 nm
and staining with a solution of KMnO4 (1.5 g), K2CO3 (10 g), 5%
NaOH (2.5 cm3) in H2O (150 cm3); a solution of anisaldehyde
(6.8 cm3), conc. H2SO4 (9.2 cm3) and acetic acid (2.8 cm3) in
EtOH (250 cm3); or a solution of ninhydrin (0.3 g) in butanol
(100 cm3) and glacial acetic acid (3 cm3). Melting points (mp) were
determined using a Büchi-510 apparatus and are uncorrected. IR
spectra were recorded on a Perkin–Elmer Spectrum BX FTIR
System spectrometer (ATR-unit, Attenuated Total Reflection,
Golden Gate). NMR spectra were recorded at 25 ◦C on Varian
Gemini-300 and Bruker ARX-300 spectrometers. Chemical shifts
d are reported in ppm using the solvent peak as a reference. J
values are given in Hz. The exchangeable amidinium protons were
not observed in 1H NMR spectra recorded in CD3OD. High-
resolution MALDI mass spectra (HR-MS) were recorded at
IonSpec Ultima with 2,5-dihydroxybenzoic acid (DHB) as ma-
trix, EI at VG-TRIBRID; molecular ions (M+) reported for
phenylamidinium salts refer to the corresponding phenylamidine
derivatives. The nomenclature was generated with the computer
programs AUTONOM (Beilstein) and ACD-Name (ACD/Labs).
High-throughput log D screening and pKa determinations by
potentiometric titration were performed as previously described.2c


Enzymatic assay for the determination of K i


For the enzymatic assay, the release of p-nitroaniline by cleavage
of the chromogenic substrate H–D-Phe–Pip–Arg-p-nitroanilide (S-
2238)15a by means of thrombin was followed spectrophotomet-
rically at 405 nm. The enzyme used for the assay was human
thrombin prepared according to Fenton et al.15b The thrombin
preparation contained 90% a-thrombin as determined by active-
site titration and SDS-PAGE. For each measurement 30 lL of
inhibitor and 20 lL of water were mixed with 180 lL of thrombin
in buffer (2 nM fc; HEPES 100 mM, NaCl 140 mM, PEG 6000
0.1%, Tween 80 0.2%, pH 7.8) and incubated at 25 ◦C for 240 s.
50 lL of the substrate S-2238 (50 lM fc, Km 3.33 lM) and 20 lM
of water were added, and the release of p-nitroaniline was recorded
for 60 s at intervals of 10 s. Measurements were carried out at dif-
ferent inhibitor concentrations (in the range of 100–0.0001 lM in
1/10 dilution steps). The K i value was calculated [K i = IC50/{1 +
(S/Km)}] from the IC50 value, determined graphically from the
dose response curve of the inhibitor. An exhaustive protocol of
the binding assay used in this study is provided in ref. 15c.


General procedure A for the synthesis of N-alkylated maleimides


To a solution of maleic anhydride (182 mmol) in dry CH2Cl2


(300 cm3) under Ar, 4-substituted benzylamine (182 mmol) was
added over 30 min at 0 ◦C and the reaction stirred for 12 h at
25 ◦C. Under ice cooling, DMF (0.14 cm3) and, over 2 h, oxalyl
chloride (200 mmol) was added. The mixture was stirred for 24 h
and the solvent evaporated. The residue was dried under high
vacuum and dissolved in dry CH2Cl2 (200 cm3) under Ar. Et3N
(237 mmol) was added over 30 min, the mixture stirred at 25 ◦C
for 2 h, and washed with 1 N HCl solution (3 × 150 cm3). The org.
phase was dried (Na2SO4), the solvent evaporated in vacuo and the
residue purified by CC (SiO2; cyclohexane–AcOEt 2 : 1).


General procedure B for the 1,3-dipolar cycloaddition


A mixture of L-proline (24.2 mmol), 4-bromobenzaldehyde
(24.2 mmol) or 4-formylbenzonitrile (24.2 mmol) and
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N-substituted maleimide (24.2 mmol) in CH3CN (100 cm3) was
heated to 80 ◦C for 14–16 h. The solvent was evaporated in vacuo
and the residue purified by CC (SiO2; CH2Cl2–AcOEt 4 : 1 or 1 : 1).


General procedure C for the reduction of an imide and conversion
of the resulting hydroxylactam into a p-toluenesulfone


To a solution of imide (7.2 mmol) in CH2Cl2 (50 cm3) cooled
to −78 ◦C, a solution of Li[Et3BH] (19 mmol, 1 M in THF)
was added. After 2 h, the mixture was warmed to 0 ◦C, sat. aq.
NaHCO3 (30 cm3) was added, and the aqueous phase extracted
with CH2Cl2 (100 cm3). The organic layer was dried (Na2SO4)
and evaporated in vacuo. The crude product, CaCl2 (19.4 mmol)
and 4-toluenesulfinic acid (19.4 mmol) were dissolved in CH2Cl2


(50 cm3), and the mixture was stirred for 5–7 days. Sat. aq.
NaHCO3 (30 cm3) was added and the aqueous phase extracted
with CH2Cl2 (3 × 30 cm3). The organic layer was dried (Na2SO4),
evaporated in vacuo and the residue purified by CC (SiO2; CH2Cl2–
AcOEt 4 : 1) or recrystallized from AcOEt.


General procedure D for the introduction of the isopropyl residue


To a solution of ZnCl2 (2.8 mmol, 1 M in Et2O) in dry CH2Cl2


(30 cm3), a solution of PriMgCl (5.2 mmol, 2 M in Et2O) was
added and the mixture stirred under Ar for 30 min. A solution
of sulfone (2.6 mmol) in dry CH2Cl2 (50 cm3) was slowly added
under ice cooling and the mixture stirred for 16–24 h at 25 ◦C. After
addition of 1 M HCl (20 cm3), the mixture was neutralised with
aq. NaHCO3 (50 cm3) and extracted with CH2Cl2 (3 × 80 cm3).
The organic phase was dried (Na2SO4), the solvent evaporated in
vacuo and the residue purified by CC (SiO2; cyclohexane–AcOEt
2 : 1 or CH2Cl2–AcOEt 1 : 2).


General procedure E for the conversion of an aryl bromide into an
aryl nitrile


Method A. A well degassed suspension of CuCN (4.7 mmol)
in dry DMF (5 cm3) was heated to reflux under Ar for 30–60 min,
before a degassed solution of bromide (1.2 mmol) in dry DMF
(3 cm3) was added and the mixture stirred for 24–36 h. The solvent
was evaporated in vacuo, the residue dissolved in CH2Cl2 (10 cm3)
and conc. aq. NH4OH solution (5 cm3) was added. The mixture
was stirred at 25 ◦C for 1 h, the blue aqueous phase removed, the
organic phase washed with conc. aq. NH4OH solution (10 cm3)
and sat. aq. NaCl solution (10 cm3), dried (Na2SO4) and the solvent
removed in vacuo. The residue was purified by CC (SiO2; CH2Cl2–
AcOEt 1 : 1).


Method B. To a suspension of [Pd2(dba)3] (0.04 mmol) and
dppf (0.09 mmol) in degassed, dry DMF (3 cm3) under Ar, a
solution of bromide (0.7 mmol) in degassed, dry DMF (2 cm3)
and Zn(CN)2 (0.7 mmol) were added. The mixture was stirred for
24 h at 120 ◦C, the solvent evaporated in vacuo and the residue
purified by CC (SiO2; cyclohexane–AcOEt 1 : 1).


General procedure F for the preparation of amidinium salts (Pinner
reaction)


Dry HCl gas was bubbled at 0 ◦C for 10 min into a solution of
the nitrile (0.5 mmol) in dry CH2Cl2 (0.6 cm3) and dry MeOH
(1.2 cm3). The mixture was stored at 4 ◦C for 28–35 h, then the


solvent was removed in vacuo. The residue was precipitated with
Et2O, filtrated and dried under high vacuum, then dissolved in
a solution of NH3 (2 cm3, 7 M in MeOH) and stirred for 3 h at
65 ◦C. The solvent was evaporated in vacuo and the residue purified
by CC (SiO2; CH2Cl2–MeOH 9 : 1).


4-(3aSR,4RS,8aSR,8bRS)- and 4-(3aSR,4SR,8aRS,8bRS)-(4-
Bromophenyl)-2-(4-methoxybenzyl)hexahydropyrrolo[3,4-a]-
pyrrolizin-1,3-dione ((±)-16 and (±)-18)


General procedure B, starting from 14 (see ESI†) (5.00 g,
23.0 mmol), L-proline (2.79 g, 24.2 mmol) and 4-bromo-
benzaldehyde (4.47 g, 24.2 mmol) in CH3CN (100 cm3), gave endo-
adduct (±)-16 (4.58 g, 44%) and exo-adduct (±)-18 (5.55 g, 53%).


Data for (±)-16. Colorless solid; mp 137–139 ◦C; mmax/cm−1


(neat) 3273, 2951, 2874, 1694, 1612, 1585, 1515, 1486, 1467, 1428,
1393, 1340, 1302, 1249, 1210, 1166, 1115, 1102, 1085, 1070, 1030;
dH(300 MHz; CDCl3) 1.60–1.78 (2 H, m), 1.97–2.13 (2 H, m), 2.58–
2.65 (1 H, m), 2.77–2.85 (1 H, m), 3.24 (1 H, d, J 8.1), 3.44 (1 H, t,
J 8.4), 3.72–3.81 (1 H, m), 3.79 (3 H, s), 3.99 (1 H, d, J 8.7), 4.46
(2 H, s), 6.81, 7.06 (4 H, AA′BB′, J 8.6); 7.23, 7.34 (4 H, AA′BB′,
J 8.7); dC(75 MHz; CDCl3) 23.4, 29.6, 41.9, 49.1, 50.4, 50.8, 55.3,
67.8, 68.2, 113.7, 121.4, 127.9, 129.6, 130.3, 131.1, 137.0, 159.1,
174.9, 177.7; MALDI-HR-MS calcd for C23H24BrN2O3


+ ([M +
H]+): 455.0965; found 455.0965.


Data for (±)-18. Colorless solid; mp 102–103 ◦C; mmax/cm−1


(neat) 2934, 1772, 1702, 1611, 1586, 1512, 1483, 1424, 1393, 1336,
1305, 1292, 1239, 1167, 1110, 1099, 1037; dH(300 MHz; CDCl3)
1.49–1.60 (1 H, m), 1.63–1.72 (2 H, m), 1.89–1.95 (1 H, m), 2.36–
2.44 (1 H, m), 2.87–2.95 (1 H, m), 3.25 (1 H, dd, J 9.0 and 5.8),
3.49 (1 H, t, J 9.0), 3.77 (3 H, s), 3.82–3.87 (1 H, m), 4.03 (1 H, d,
J 5.6), 4.57 (2 H, s), 6.82, 7.34 (4 H, AA′BB′, J 8.7), 7.43, 7.45 (4
H, AA′BB′, J 8.7); dC(75 MHz; CDCl3) 24.4, 26.3, 42.0, 47.9, 52.0,
55.3, 55.5, 66.3, 69.0, 113.8, 121.1, 127.6, 128.5, 130.4, 131.5, 141.1,
159.2, 176.4, 177.5; MALDI-HR-MS calcd for C23H24BrN2O3


+


([M + H]+): 455.0965; found: 455.0964.


4-(3aSR,4RS,8aSR,8bRS)- and 4-(3aSR,4SR,8aRS,8bRS)-(4-
Bromophenyl)-2-pyridin-4-ylmethylhexahydropyrrolo[3,4-
a]pyrrolizin-1,3-dione ((±)-17 and (±)-19)


General procedure B, starting from 15 (see ESI†) (1.77 g,
9.4 mmol), L-proline (1.19 g, 10.3 mmol) and 4-bromo-
benzaldehyde (1.91 g, 10.3 mmol) in CH3CN (20 cm3), gave endo-
adduct (±)-17 (1.41 g, 35%) and exo-adduct (±)-19 (730 mg, 18%).


Data for (±)-17. Colorless solid; mp 69–72 ◦C; mmax/cm−1


(neat) 2956, 2877, 1773, 1701, 1601, 1564, 1485, 1417, 1395,
1337, 1317, 1285, 1233, 1197, 1167, 1104, 1087, 1069, 1048, 1009;
dH(300 MHz; CDCl3) 1.57–1.83 (2 H, m), 1.93–2.17 (2 H, m),
2.57–2.67 (1 H, m), 2.79–2.90 (1 H, m), 3.29 (1 H, d, J 8.1), 3.49
(1 H, dd, J 8.4 and 8.1), 3.70–3.77 (1 H, m), 4.02 (1 H, d, J 8.7), 4.49
(2 H, s), 7.07, 7.33 (4 H, AA′BB′, J 8.4), 7.13, 8.51 (4 H, AA′BB′,
J = 5.9); dC(75 MHz; CDCl3) 23.5, 29.7, 41.4, 49.1, 50.7, 50.8, 68.1,
68.2, 121.8, 123.3, 129.8, 131.5, 136.9, 144.2, 150.3, 175.1, 177.9;
MALDI-HR-MS calcd for C21H21BrN3O2


+ ([M + H]+): 426.0812;
found: 426.0803.


Data for (±)-19. Brown solid; mp 65–67 ◦C; mmax/cm−1 (neat)
2966, 2879, 1773, 1698, 1601, 1485, 1416, 1393, 1338, 1314, 1241,
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1165, 1069, 1009; dH(300 MHz; CDCl3) 1.42–1.55 (1 H, m), 1.67–
1.77 (2 H, m), 1.87–1.99 (1 H, m), 2.40–2.49 (1 H, m), 2.86–2.96
(1 H, m), 3.31 (1 H, dd, J 9.1 and 6.0), 3.57 (1 H, t, J 9.1), 3.81–
3.90 (1 H, m), 4.00 (1 H, d, J 6.1), 4.61 (2 H, s), 7.26, 8.56 (4
H, AA′BB′, J 5.8), 7.33, 7.45 (4 H, AA′BB′, J 8.5); dC(75 MHz;
CDCl3) 24.3, 26.3, 41.3, 47.7, 51.7, 55.3, 66.1, 68.9, 121.3, 123.4,
128.6, 131.6, 140.7, 143.6, 150.2, 176.2, 177.3; MALDI-HR-MS
calcd for C21H21BrN3O2


+ ([M + H]+): 426.0812; found: 426.0810.


4-[(3aSR,4RS,8aSR,8bRS)-2-(4-Methoxybenzyl)-1,3-
dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzonitrile ((±)-20)


General procedure E, method B, starting from (±)-16 (2.40 g,
5.25 mmol), [Pd2(dba)3] (300 mg, 0.32 mmol), dppf (350 mg,
0.63 mmol) and Zn(CN)2 (622 mg, 5.25 mmol) in DMF (5 cm3),
gave (±)-20 (1.66 g, 78%) as a colorless solid; mp 161–164 ◦C;
mmax/cm−1 (neat) 2958, 2833, 2224, 2051, 1979, 1767, 1703, 1683,
1652, 1608, 1584, 1514, 1463, 1432, 1393, 1341, 1318, 1299, 1250,
1202, 1169, 1111, 1086, 1036; dH(300 MHz; CDCl3) 1.57–1.87 (2
H, m), 1.95–2.20 (2 H, m), 2.54–2.64 (1 H, m), 2.80–2.91 (1 H,
m), 3.28 (1 H, d, J 8.0), 3.49 (1 H, t, J 8.5), 3.73–3.81 (1 H, m),
3.79 (3 H, s), 4.08 (1 H, d, J 8.8), 4.39, 4.51 (2 H, AB, J 14.0),
6.80, 7.29 (4 H, AA′BB′, J 8.4), 7.21, 7.48 (4 H, AA′BB′, J 8.4);
dC(75 MHz; CDCl3) 23.6, 29.8, 42.2, 49.3, 50.7; 51.1, 55.5, 68.2,
68.6, 111.6, 114.0, 119.2, 128.1, 129.0, 130.7, 132.1, 144.1, 159.5,
175.2, 177.9; MALDI-HR-MS calcd for C24H24N3O3


+ ([M + H]+):
402.1812; found: 402.1817.


4-[(3aSR,4RS,8aSR,8bRS)-1,3-Dioxo-2-pyridin-4-
ylmethyldecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzonitrile
((±)-21)


General procedure E, method A, starting from (±)-17 (426 mg,
1.0 mmol) and CuCN (358 mg, 4.0 mmol) in DMF (4 cm3), gave
(±)-21 (119 mg, 32%) as a colorless solid; mp (AcOEt) 200–202 ◦C;
mmax/cm−1 (neat) 3045, 2968, 2221, 1779, 1705, 1601, 1505, 1424,
1416, 1400, 1361, 1341, 1200, 1174; dH(300 MHz; CDCl3) 1.60–
1.88 (2 H, m), 1.96–2.21 (2 H, m), 2.54–2.65 (1 H, m), 2.81–2.94 (1
H, m), 3.36 (1 H, d, J 7.8), 3.56 (1 H, dd, J 8.4 and 8.1), 3.77 (1 H,
dd, J 9.9 and 6.9), 4.13 (1 H, d, J 8.4), 4.47, 4.53 (2 H, AB, J 14.7),
7.14, 8.53 (4 H, AA′BB′, J 5.7), 7.34, 7.51 (4 H, AA′BB′, J 8.4);
dC(75 MHz; CDCl3) 23.6, 29.8, 41.5, 49.0, 50.8, 51.0, 68.3, 68.5,
111.8, 119.0, 123.4, 128.9, 132.2, 143.6, 144.2, 150.3, 174.9, 177.7;
MALDI-HR-MS calcd for C22H21N4O2


+ ([M + H]+): 373.1665;
found: 373.1653.


4-[(3aSR,4RS,8aSR,8bRS)- and 4-[(3aSR,4SR,8aRS,8bRS)-2-
(4-Bromobenzyl)-1,3-dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-
yl]benzonitrile ((±)-24 and (±)-25)


General procedure B, starting from 23 (1.0 g, 3.8 mmol), L-proline
(459 mg, 4.0 mmol) and formylbenzonitrile (523 mg, 4.0 mmol)
in CH3CN (20 cm3), gave endo-adduct (±)-24 (701 mg, 41%) and
exo-adduct (±)-25 (650 mg, 38%).


Data for (±)-24. Brown solid; mp 160–162 ◦C; mmax/cm−1 (neat)
2959, 2886, 2842, 2223, 1771, 1702, 1607, 1489, 1429, 1393, 1333,
1299, 1166, 1087, 1071, 1014; dH(300 MHz; CDCl3) 1.59–1.85 (2
H, m), 1.96–2.18 (2 H, m), 2.54–2.63 (1 H, m), 2.81–2.91 (1 H,
m), 3.30 (1 H, d, J 7.8), 3.52 (1 H, dd, J 8.4 and 8.1), 3.75 (1 H,


dd, J 10.0 and 7.2), 4.10 (1 H, d, J 8.7), 4.41, 4.48 (2 H, AB, J
14.4), 7.14, 7.40 (4 H, AA′BB′, J 8.4), 7.29, 7.49 (4 H, AA′BB′, J
8.4); dC(75 MHz; CDCl3) 23.6, 29.8, 42.0, 49.2, 50.7, 51.0, 68.2,
68.6, 111.7, 119.1, 122.3, 129.0, 130.9, 131.9, 132.2, 134.8, 143.9,
175.1, 177.8; MALDI-HR-MS calcd for C23H21BrN3O2


+ ([M +
H]+): 450.0812; found: 450.0805.


Data for (±)-25. Brown solid; mp 116–119 ◦C; mmax/cm−1 (neat)
2955, 2876, 2806, 2224, 1771, 1703, 1608, 1489, 1431, 1393, 1332,
1295, 1162, 1107, 1071, 1014; dH(300 MHz; CDCl3) 1.81–1.95 (2
H, m), 1.98–2.23 (3 H, m), 2.69–2.78 (1 H, m), 2.87–2.95 (1 H,
m), 3.12–3.18 (1 H, m), 3.61–3.66 (2 H, m), 4.41, 4.54 (2 H, AB,
J 14.0), 7.10, 7.44 (4 H, AA′BB′, J 8.4), 7.19, 7.47 (4 H, AA′BB′,
J 8.4); dC(75 MHz; CDCl3) 22.7, 27.2, 41.8, 43.6, 45.8, 56.0, 66.3,
70.8, 111.5, 118.8, 122.0, 128.2, 130.7, 131.5, 131.9, 134.7, 142.4,
174.7, 175.3; MALDI-HR-MS calcd for C23H21BrN3O2


+ ([M +
H]+): 450.0812; found: 450.0805.


4-[(3aSR,4RS,8aSR,8bRS)-2-(4-Bromobenzyl)-1,3-
dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzamidine
hydrochloride ((±)-5)


General procedure F, starting from (±)-24 (86 mg, 0.19 mmol),
gave (±)-5 (46 mg, 49%) as a colorless solid; mp 198–201 ◦C;
mmax/cm−1 (neat) 3411, 3328, 3253, 3158, 3050, 2960, 2871, 1771,
1683, 1651, 1610, 1535, 1489, 1435, 1415, 1398, 1347, 1299, 1282,
1170, 1094, 1078, 1043, 1016; dH(300 MHz; CD3OD) 1.60–1.78 (2
H, m), 1.89–2.06 (2 H, m), 2.43–2.55 (1 H, m), 2.69–2.81 (1 H,
m), 3.45 (1 H, d, J 8.1), 3.54 (1 H, dd, J 8.1 and 7.8), 3.71 (1 H,
dd, J 8.1 and 8.4), 4.16 (1 H, d, J 8.7), 4.36, 4.44 (2 H, AB, J
15.0), 7.12, 7.55 (4 H, AA′BB′, J 8.4), 7.27, 7.73 (4 H, AA′BB′, J
8.4); dC(75 MHz; CD3OD) 23.5, 29.7, 41.9, 48.6, 50.6, 51.0, 53.5,
68.0, 121.9, 126.2, 127.8, 129.0, 129.9, 131.7, 134.1, 145.2, 165.4,
176.2, 177.4; MALDI-HR-MS calcd for C23H24BrN4O2


+ ([M +
H]+): 468.1155; found: 468.1147.


4-[(3aSR,4RS,8aSR,8bRS)-2-(4-Methoxybenzyl)-1,3-
dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzamidine
hydrochloride ((±)-6)


General procedure F, starting from (±)-20 (200 mg, 0.5 mmol),
gave (±)-6 (47 mg, 21%) as a colorless solid; mp 193–196 ◦C;
mmax/cm−1 (neat) 3421, 3264, 3065, 2966, 2873, 1771, 1694, 1613,
1538, 1516, 1484, 1462, 1438, 1404, 1348, 1300, 1256, 1210, 1175,
1095, 1029; dH(300 MHz; CDCl3) 1.57–1.73 (2 H, m), 1.82–1.95 (1
H, m), 2.00–2.12 (1 H, m), 2.29–2.41 (1 H, m), 2.58–2.70 (1 H, m),
3.25 (1 H, d, J 7.7), 3.54 (1 H, dd, J 8.0 and 7.7), 3.64 (1 H, dd, J
8.8 and 8.0), 3.71 (3 H, s), 4.09 (1 H, d, J 7.7), 4.30, 4.43 (2 H, AB,
J 14.0), 6.73, 6.99 (4 H, AA′BB′, J 8.4), 7.47, 7.79 (4 H, AA′BB′, J
8.1), 8.74 (2H, bs); 9.16 (2H, bs); dC(75 MHz; CDCl3) 23.6, 29.9,
42.2, 48.8, 50.6, 51.1, 55.6, 68.3, 114.2, 126.9, 127.5, 128.3, 129.4,
130.0, 145.6, 159.5, 166.1, 176.8, 177.8; MALDI-HR-MS calcd
for C24H27N4O3


+ ([M + H]+): 419.2078; found: 419.2071.


4-[(3aSR,4RS,8aSR,8bRS)-1,3-Dioxo-2-pyridin-4-
ylmethyldecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzamidine
hydrochloride ((±)-7)


General procedure F, starting from (±)-21 (87 mg, 0.23 mmol),
gave (±)-7 (27 mg, 28%) as a colorless solid; mp 204–207 ◦C;
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mmax/cm−1 (neat) 3322, 3204, 3059, 2972, 1772, 1695, 1675, 1608,
1561, 1538, 1484, 1419, 1399, 1338, 1317, 1174, 1082, 1048, 1017,
1008; dH(300 MHz; CD3OD) 1.76–1.93 (2 H, m), 2.05–2.19 (2 H,
m), 2.62–2.71 (1 H, m), 2.88–2.97 (1 H, m), 3.53 (1 H, d, J 7.8),
3.75 (1 H, dd, J 9.0 and 7.8), 3.83 (1 H, t, J 8.4), 4.36 (1 H, d,
J 8.4,), 4.54, 4.59 (2 H, AB, J 15.6), 7.29, 8.49 (4 H, AA′BB′, J
6.0), 7.54, 7.67 (4 H, AA′BB′, J 8.1); dC(75 MHz; CD3OD) 23.9,
30.2, 41.7, 49.9, 51.7, 51.8, 68.9, 69.3, 123.9, 128.0, 128.2, 129.8,
146.3, 147.0, 149.8, 167.7, 176.5, 179.3; MALDI-HR-MS calcd
for C22H24N5O2


+ ([M + H]+): 390.1925; found: 390.1920.


4-[(3aSR,4RS,8aSR,8bRS)-2-(4-Hydroxybenzyl)-1,3-
dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzamidine
hydrochloride ((±)-8)


A solution of methyl ether (±)-20 (220 mg, 0.55 mmol) in dry
CH2Cl2 (5 cm3) under Ar was cooled to −50 ◦C, then BBr3 (1.2 cm3,
1.2 mmol, 1 M in CH2Cl2) was added and the mixture stirred for
8 h at 25 ◦C. The reaction mixture was poured onto ice and stirred
for 30 min, before being extracted with CH2Cl2 (3 × 10 cm3). The
organic phase was dried (Na2SO4) and concentrated in vacuo. The
residue showed decomposition upon purification by CC, therefore
the crude product was used directly following general procedure
F, giving (±)-8 (31 mg, 40% over two steps) as a brown solid; mp
173–175 ◦C; mmax/cm−1 (neat) 3344, 3204, 3122, 2961, 2873, 1771,
1674, 1612, 1538, 1515, 1486, 1431, 1398, 1339, 1287, 1232, 1204,
1171, 1090, 1045, 1018; dH(300 MHz; CD3OD) 1.72–1.86 (2 H, m),
2.00–2.15 (2 H, m), 2.57–2.66 (1 H, m), 2.77–2.87 (1 H, m), 3.40
(1 H, d, J 7.8), 3.38–3.73 (2 H, m), 4.20 (1 H, d, J 9.0), 4.37, 4.45
(2 H, AB, J 14.4), 6.71, 7.08 (4 H, AA′BB′, J 8.7), 7.25, 7.70 (4 H,
AA′BB′, J 8.4); dC(75 MHz; CD3OD) 23.8, 30.0, 42.3, 49.9, 51.5,
69.1, 115.7, 116.6, 127.9, 128.1, 130.0, 130.57, 133.8, 146.5, 157.8,
167.9, 176.9, 179.7. In the 13C NMR spectrum of compound (±)-8,
two resonances are buried under the solvent peak. MALDI-HR-
MS calcd for C23H26N4O3


+ ([M + H]+): 405.1921; found: 405.1917.


4-(3aSR,4RS,8aSR,8bRS)-(4-Bromophenyl)-2-(4-chlorobenzyl)-
hexahydropyrrolo[3,4-a]-pyrrolizin-1,3-dione ((±)-26)


General procedure B, starting from 37 (see ESI†) (3.50 g,
15.8 mmol), L-proline (1.91 g, 16.6 mmol) and 4-bromo-
benzaldehyde (3.07 g, 16.6 mmol) in CH3CN (50 cm3), gave endo-
adduct (±)-26 (3.34 g, 46%) as a colorless solid; mp 161–163 ◦C;
mmax/cm−1 (neat) 2963, 2873, 1698, 1695, 1486, 1423, 1393, 1337,
1168, 1089, 1069, 1042, 1006; dH(300 MHz; CDCl3) 1.57–1.85
(2 H, m), 1.95–2.17 (2 H, m), 2.57–2.61 (1 H, m), 2.77–2.89 (1
H, m), 3.27 (1 H, d, J 7.8), 3.46 (1 H, dd, J 8.3 and 8.1), 3.75
(1 H, dd, J 10.0 and 7.2), 4.01 (1 H, d, J 8.7), 4.48 (2 H, s),
7.06, 7.35 (4 H, AA′BB′, J 8.4), 7.20–7.29 (4 H, m); dC(75 MHz;
CDCl3) 23.5, 29.7, 41.8, 49.1, 50.5, 50.8, 67.9, 68.2, 121.5, 128.6,
129.6, 130.3, 131.2, 133.7, 134.1, 136.9, 174.9, 177.6; MALDI-
HR-MS calcd for C22H21BrClN2O2


+ ([M + H]+): 459.0469;
found: 459.0464.


4-(1RS,3aSR,4RS,8aSR,8bRS)-(4-Bromophenyl)-2-(4-
chlorobenzyl)-1-(toluene-4-sulfonyl)octahydropyrrolo[3,4-
a]pyrrolizin-3-one ((±)-30)


General procedure C, starting from (±)-26 (3.30 g, 7.2 mmol),
Li[Et3BH] solution (13.7 cm3, 13.7 mmol), 4-toluenesulfinic acid


(3.04 g, 19.4 mmol) and CaCl2 (2.15 g, 19.4 mmol) in CH2Cl2


(100 cm3), gave (±)-30 (1.55 g, 32%) as a colorless solid; mp 183–
186 ◦C; mmax/cm−1 (neat) 2982, 2940, 2877, 1711, 1595, 1488, 1386,
1292, 1199, 1136, 1083, 1007; dH(300 MHz; CDCl3) 1.52–1.72 (2
H, m), 1.85–2.04 (2 H, m), 2.42–2.50 (1 H, m), 2.47 (3 H, s), 2.52–
2.58 (1 H, m), 2.81–2.88 (1 H, m), 2.95–2.98 (1 H, m), 3.02–3.08
(1 H, m), 3.90 (1 H, d, J 6.3), 4.14, 5.09 (2 H, AB, J 15.0), 4.26
(1 H, s), 7.15, 7.34 (4 H, AA′BB′, J 8.4), 7.18, 7.40 (4 H, AA′BB′,
J 8.4), 7.39, 7.71 (4 H, AA′BB′, J 8.4); dC(75 MHz; CDCl3) 22.0,
24.6, 32.0, 43.1, 44.7, 51.1, 51.9, 69.7, 71.6, 81.3, 121.3, 125.4,
129.2, 129.6, 129.9, 130.0, 130.7, 131.1, 132.2, 134.0, 137.2, 146.5,
172.8; MALDI-HR-MS calcd for C29H29BrClN2O3S+ ([M + H]+):
599.0765; found 599.0755.


4-(1RS,3aSR,4RS,8aSR,8bRS)-(4-Bromophenyl)-2-(4-
methoxybenzyl)-1-(toluene-4-sulfonyl)octahydropyrrolo[3,4-
a]pyrrolizin-3-one ((±)-31)


General procedure C, starting from (±)-16 (3.51 g, 7.70 mmol),
Li[Et3BH] solution (8.34 cm3, 8.34 mmol), 4-toluenesulfinic acid
(3.53 g, 20.8 mmol) and CaCl2 (2.31 g, 20.8 mmol) in CH2Cl2


(100 cm3), gave (±)-31 (4.45 g, 97%) as a colorless solid; mp 206–
207 ◦C; mmax/cm−1 (neat) 2940, 2874, 1713, 1612, 1584, 1512, 1486,
1443, 1386, 1365, 1328, 1302, 1289, 1251, 1198, 1173, 1135, 1082,
1032, 1007; dH(300 MHz; CDCl3): 1.51–1.70 (2 H, m), 1.82–2.01
(2 H, m), 2.37–2.56 (2 H, m), 2.47 (3 H, s), 2.80–2.89 (1 H, m),
2.94 (1 H, dd, J 7.7 and 3.6), 2.99–3.05 (1 H, m), 3.82 (3 H, s),
3.89 (1 H, d, J 6.3), 4.00, 5.07 (2 H, AB, J 14.6), 4.27 (1 H, s),
6.88, 7.14 (4 H, AA′BB′, J 8.5), 7.16, 7.40 (4 H, AA′BB′, J 8.5),
7.39, 7.71 (4 H, AA′BB′, J 8.5); dC(75 MHz; CDCl3) 22.1, 24.8,
32.1, 43.3, 44.9, 51.4, 52.2, 55.5, 70.0, 71.4, 81.1, 114.4, 121.3,
127.3, 129.6, 129.9, 130.1, 130.7, 131.1, 132.5, 137.5, 146.4, 159.5,
172.7; MALDI-HR-MS calcd for C30H32BrN2O4S+ ([M + H]+):
595.1254; found: 595.1261.


4-(1RS,3aSR,4RS,8aSR,8bRS)-(4-Bromophenyl)-2-(4-
chlorobenzyl)-1-isopropyloctahydropyrrolo[3,4-a]pyrrolizin-3-one
((±)-32)


General procedure D, starting from (±)-30 (1.55 g, 2.58 mmol),
ZnCl2 solution (2.84 cm3, 2.84 mmol) and PriMgCl solution
(2.58 cm3, 5.16 mmol) in CH2Cl2 (50 cm3), gave (±)-32 (768 mg,
61%) as a yellowish solid; mp 195–198 ◦C; mmax/cm−1 (neat) 2963,
2900, 2859, 2821, 2774, 1672, 1488, 1446, 1431, 1251, 1151, 1128,
1086, 1068, 1017, 1008; dH(300 MHz; CDCl3) 0.70 (3 H, d, J 6.8),
0.91 (3 H, d, J 6.8), 1.50–1.81 (2 H, m), 1.88–2.10 (3 H, m), 2.49
(1 H, dt, J 6.2 and 2.5), 2.56–2.67 (1 H, m), 2.85–2.98 (1 H, m),
3.18–3.27 (2 H, m), 3.30 (1 H, dd, J 8.4 and 8.1), 3.78, 4.82 (2 H,
AB, J 14.9), 4.08 (1 H, d, J 7.5), 7.10, 7.44 (4 H, AA′BB′, J 8.4),
7.29 (4 H, d, J 8.4); dC(75 MHz; CDCl3) 14.9, 18.6, 24.7, 28.2,
31.5, 41.6, 43.5, 52.5, 52.9, 67.6, 70.2, 73.5, 121.0, 128.9, 129.6,
130.0, 131.1, 133.3, 135.4, 138.9, 172.8; MALDI-HR-MS calcd
for C25H29BrClN2O+ ([M + H]+): 487.1146; found: 487.1139.


4-(1RS,3aSR,4RS,8aSR,8bRS)-(4-Bromophenyl)-1-isopropyl-2-
(4-methoxybenzyl)octahydropyrrolo[3,4-a]pyrrolizin-3-one
((±)-33)


General procedure D, starting from (±)-31 (4.45 g, 7.47 mmol),
ZnCl2 solution (11.2 cm3, 11.2 mmol) and PriMgCl solution
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(9.34 cm3, 18.7 mmol) in CH2Cl2 (50 cm3), gave (±)-33 (1.64 g,
46%) as a brown solid; mp 72–75 ◦C; mmax/cm−1 (neat) 2957, 1683,
1612, 1586, 1511, 1485, 1435, 1418, 1289, 1243, 1174, 1101, 1070,
1033, 1009; dH(300 MHz; CDCl3) 0.70 (3 H, d, J 6.9), 0.90 (3 H,
d, J 6.9), 1.53–1.62 (1 H, m), 1.66–1.77 (1 H, m), 1.87–2.11 (3 H,
m), 2.46 (1 H, dt, J 9.0 and 3.0), 2.56–2.65 (1 H, m), 2.88–2.96 (1
H, m), 3.16–3.26 (2 H, m), 3.30 (1 H, dd, J 8.4 and 7.8), 3.71, 4.82
(2 H, AB, J 14.8), 3.81 (3 H, s), 4.07 (1 H, d, J 7.8), 6.84, 7.28 (4
H, AA′BB′, J 8.4), 7.05, 7.43 (4 H, AA′BB′, J 8.4); dC(75 MHz;
CDCl3) 14.8, 18.6, 24.6, 27.9, 31.4, 41.7, 43.4, 52.5, 52.9, 55.3,
67.1, 70.2, 73.1, 113.8, 120.6, 128.5, 129.3, 129.8, 130.7, 138.7,
158.7, 172.2; MALDI-HR-MS calcd for C26H32BrN2O2


+ ([M +
H]+): 483.1642; found: 483.1636.


4-[(1RS,3aSR,4RS,8aSR,8bRS)-2-(4-Chlorobenzyl)-1-isopropyl-
3-oxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzonitrile
((±)-34)


General procedure E, method A, starting from (±)-32 (570 mg,
1.17 mmol) and CuCN (419 mg, 4.7 mmol) in DMF (8 cm3), gave
(±)-34 (217 mg, 43%) as a brown solid; mp 124–125 ◦C; mmax/cm−1


(neat) 2963, 2900, 2823, 2229, 1671, 1608, 1490, 1447, 1434, 1412,
1390, 1349, 1266, 1251, 1126, 1087, 1017; dH(300 MHz; CDCl3)
0.69 (3 H, d, J 6.7), 0.90 (3 H, d, J 6.7), 1.50–1.68 (1 H, m), 1.65–
1.81 (1 H, m), 1.87–2.09 (3 H, m), 2.50 (1 H, ddd, J 8.7, 2.8 and
2.5), 2.53–2.61 (1 H, m), 2.88–2.98 (1 H, m), 3.17–3.26 (2 H, m),
3.33 (1 H, dd, J 8.1 and 7.8), 3.79, 4.77 (2 H, AB, J 15.3), 4.15
(1 H, d, J 7.5), 7.11, 7.27 (4 H, AA′BB′, J 8.4,), 7.52, 7.58 (4 H,
AA′BB′, J 8.4); dC(75 MHz; CDCl3) 15.0, 18.6, 24.8, 28.3, 31.5,
41.4, 43.4, 52.5, 53.0, 67.6, 70.4, 73.5, 110.4, 119.3, 128.6, 128.8,
129.3, 131.5, 133.1, 135.1, 145.7, 172.2; MALDI-HR-MS calcd
for C26H29ClN3O+ ([M + H]+): 434.1994; found: 434.1987.


4-[(1RS,3aSR,4RS,8aSR,8bRS)-1-Isopropyl-2-(4-
methoxybenzyl)-3-oxodecahydropyrrolo[3,4-a]pyrrolizin-4-
yl]benzonitrile ((±)-35)


General procedure E, method B, starting from (±)-33 (351 mg,
0.73 mmol), [Pd2(dba)3] (41 mg, 0.04 mmol), dppf (49 mg,
0.09 mmol) and Zn(CN)2 (86 mg, 0.73 mmol) in DMF (5 cm3),
gave (±)-35 (205 mg, 62%) as a brown solid; mp 166–168 ◦C;
mmax/cm−1 (neat) 2960, 2873, 2224, 1684, 1610, 1584, 1512, 1437,
1414, 1390, 1367, 1339, 1300, 1245, 1175, 1101, 1036; dH(300 MHz;
CDCl3) 0.70 (3 H, d, J 6.9), 0.90 (3 H, d, J 6.9), 1.52–1.60 (1 H,
m), 1.66–1.77 (1 H, m), 1.90–2.14 (3 H, m), 2.47 (1 H, dt, J 9.0
and 2.7), 2.54–2.61 (1 H, m), 2.90–2.98 (1 H, m), 3.19–3.26 (2 H,
m), 3.34 (1 H, t, J 8.4), 3.72, 4.80 (2 H, AB, J 15.0), 3.81 (3 H, s),
4.14 (1 H, d, J 7.8), 6.84, 7.08 (4 H, AA′BB′, J 8.7), 7.52, 7.59 (4
H, AA′BB′, J 8.4); dC(75 MHz; CDCl3) 14.9, 18.6, 24.8, 28.0, 31.5,
41.5, 43.4, 52.6, 53.1, 55.3, 67.1, 70.5, 73.3, 110.4, 113.8, 119.3,
128.3, 128.8, 129.2, 131.5, 145.7, 158.7, 171.9; MALDI-HR-MS
calcd for C27H30N3O2


+ ([M − H]+): 428.2339; found: 428.2333.


4-[(1RS,3aSR,4RS,8aSR,8bRS)-2-(4-Chlorobenzyl)-1-isopropyl-
3-oxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl]benzamidine
hydrochloride ((±)-12)


General procedure F, starting from (±)-34 (68 mg, 0.16 mmol),
gave (±)-12 (42 mg, 55%) as a colorless solid; mp 200–203 ◦C;
mmax/cm−1 (neat) 3251, 3061, 2959, 2868, 1659, 1613, 1539, 1489,


1445, 1407, 1390, 1289, 1245, 1090, 1015; dH(300 MHz; CD3OD)
0.74 (3 H, d, J 6.8), 0.97 (3 H, d, J 6.8), 1.67–1.83 (2 H, m), 1.97–
2.10 (2 H, m), 2.11–2.22 (1 H, m), 2.57–2.73 (2 H, m), 2.90–3.02 (1
H, m), 3.26–3.37 (2 H, m), 3.48 (1 H, dd, J 8.1 and 7.8), 3.97, 4.69
(2 H, AB, J 15.3), 4.33 (1 H, d, J 7.5), 7.27, 7.36 (4 H, AA′BB′, J
8.4), 7.62, 7.72 (4 H, AA′BB′, J 8.4); dC(75 MHz; CD3OD) 14.8,
18.4, 25.1, 29.1, 31.7, 42.0, 44.0, 53.1, 54.3, 69.3, 71.1, 74.8, 127.4,
127.9, 129.3, 129.9, 130.3, 134.0, 136.1, 147.7, 164.3, 167.8, 174.3;
MALDI-HR-MS calcd for C26H32ClN4O+ ([M + H]+): 451.2259;
found: 451.2261.


4-[(1RS,3aSR,4RS,8aSR,8bRS)-1-Isopropyl-2-(4-
methoxybenzyl)-3-oxodecahydropyrrolo[3,4-a]pyrrolizin-4-
yl]benzamidine hydrochloride ((±)-13)


General procedure F, starting from (±)-35 (205 mg, 0.45 mmol),
gave (±)-13 (54 mg, 25%) as a colorless solid; mp 215–218 ◦C;
mmax/cm−1 (neat) 3355, 2958, 2833, 2224, 1767, 1703, 1699, 1694,
1666, 1611, 1584, 1513, 1452, 1432, 1393, 1341, 1300, 1253, 1202,
1172, 1111, 1086, 1035; dH(300 MHz; (CD3)2SO) 0.64 (3 H, d,
J 6.5), 0.87 (3 H, d, J 6.9), 1.53–1.97 (2 H, m), 1.83–1.97 (2
H, m), 2.03–2.13 (1 H, m), 2.38–2.60 (2 H, m), 2.74–2.86 (1 H,
m), 3.09–3.17 (2 H, m), 3.20–3.28 (1 H, m), 3.64, 4.55 (2 H,
AB, J 14.8), 4.17 (1 H, d, J 7.2), 6.90, 7.12 (4 H, AA′BB′, J
8.4), 7.55, 7.75 (4 H, AA′BB′, J 7.8), 8.99 (2 H, bs), 9.31 (2
H, bs); dC(75 MHz; CD3OD) 15.3, 18.7, 25.3, 28.5, 31.9, 41.4,
51.0, 52.2, 53.9, 55.5, 67.9, 70.6, 73.7, 114.4, 126.1, 128.2, 128.4,
128.6, 129.4, 146.9, 159.3, 166.0, 172.6; MALDI-HR-MS calcd
for C27H35N4O2


+ ([M + H]+): 447.2755; found: 447.2749.


X-Ray crystal structure of (±)-29


Crystal data at 173(2) K for C22H22BrFN2O2: Mr = 445.33,
triclinic, space group P1̄ (no. 2), Dc = 1.550 g cm−3, Z = 2, a =
9.4567(2) Å, b = 10.5163(2) Å, c = 10.6619(2) Å, a = 78.900(1)◦,
b = 89.899(1)◦, c = 66.981(1)◦, V = 954.45(3) Å3. Bruker–Nonius
Kappa-CCD diffractometer, MoKa radiation, k = 0.7107 Å, l =
2.184 mm−1. Crystal dimensions ca. 0.18 × 0.16 × 0.15 mm.
The numbers of measured and unique reflections were 7417
and 4368, respectively (Rint = 0.016). The structure was solved
by direct methods (SIR-97)21 and refined by full-matrix least-
squares analysis (SHELXL-97),22 using an isotropic extinction
correction. All non H-atoms were refined anisotropically, H-atoms
isotropically, whereby H-positions are based on stereochemical
considerations. Final R(F) = 0.029, wR(F 2) = 0.064 for 276
parameters and 3942 reflections with I > 2r(I) and 3.76 < h <


27.50◦ (corresponding R values based on all 4368 reflections are
0.034 and 0.067 respectively).


Crystallographic data (excluding structure factors) for the struc-
ture reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre: CCDC reference number 297366.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b602585d


X-Ray crystal structure of the complex of thrombin with (+)-13


Diffraction data were measured on a Bruker FR591 X-ray gener-
ator, with 0.2 mm focus, run at 50 kV/60 mA and equipped with
an Osmic focussing monochromator and an Oxford Cryostream
cooler run at 100 K. The Marresearch300 image plate detector
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was placed 120 mm from the crystal and scanned with 0.15 mm
pixel size. Exposure times were 600 s for 0.5◦ frames. Data from
456 frames were processed to 1.79 Å resolution using XDS.23 The
space group is C2 with unit cell dimensions a = 71.29 Å, b =
71.84 Å, c = 73.06 Å, b = 100.56◦. For 141 897 observations
of 31 281 reflections (with ice rings excluded 2.28–2.22 Å and
1.92–1.89 Å), the merging R factor on intensities was 4.1%
(25.3% in the outermost shell, 1.79–1.9 Å), with completeness
91.4% (86.6%) and I/r 22.9 (5.4). Data reduction used the
CCP4 package.24 Starting from 1OYT.pdb, model building with
MOLOC19 and refinement with Refmac525 to 1.79 Å resolution
gave for 29 702 (working) and 1582 (free) reflections, final overall
crystallographic R factors of 16.0% and 19.8%, with values in
the outer shell (1.83–1.79 Å) of 20.5% and 24.8%, respectively,
for 2827 non-hydrogen atoms, including one Na+ ion, one Ca2+


ion and 493 water molecules. The inhibitor density is very clear.
Coordinates have been deposited at the Protein Data Bank,
PDB code: 2CF9.


X-Ray crystal structure of the complex of thrombin with (+)-12


Diffraction data were measured at the Swiss Light Source (SLS)
on beamline PXII. The wavelength was 0.97001 Å, the detector
MarCCD225 at 120 mm, and exposure times were 1 s for 360
frames of 0.5◦. The images showed no ice rings and ∼10 overloads
per image. The data were processed to 1.3 Å resolution using
XDS, including the ‘zero dose’ radiation damage correction with
default values. The space group is C2 with unit cell dimensions
a = 71.07 Å, b = 71.51 Å, c = 72.40 Å, b = 100.25◦. For
307621 observations of 85919 reflections, the merging R factor
on intensities was 3.9% (30.2% in the outermost shell, 1.37–
1.3 Å), with completeness 98.2% (95.9%) and I/r 17.8 (4.2).
Data reduction was as above. Refinement with Refmac5 used
the TLS option and hydrogens were inserted at riding positions,
where unique. The final overall crystallographic R factors are
18.0% (working) and 19.9% (free), with values in the outer shell
(1.334–1.30 Å) of 26.3% and 29.6%, respectively, for 81 614 (4308)
reflections and 2789 non-hydrogen atoms, including one Na+ ion,
one Ca2+ ion and 397 water molecules. Seven residues were given
alternative conformations. The inhibitor density is very clear.
Coordinates have been deposited at the Protein Data Bank, PDB
code: 2CF8.
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Franck–Condon one-electron oxidation of the stable anions −CH2CN, CH3
−CHCN and −CH2CH2CN


(in the collision cell of a reverse-sector mass spectrometer) produce the radicals •CH2CN, CH3
•CHCN


and •CH2CH2CN, which neither rearrange nor decompose during the microsecond duration of the
neutralisation–reionisation experiment. Acetonitrile (CH3CN) and propionitrile (CH3CH2CN) are
known interstellar molecules and radical abstraction of these could produce energised •CH2CN and
CH3


•CHCN, which might react with NH2
• (a known interstellar radical) on interstellar dust or ice


surfaces to form NH2CH2CN and NH2CH(CH3)CN, precursors of the amino acids glycine and alanine.


Introduction


A knowledge of the mode of formation of amino acids is important
for the understanding of the origin of life in our Galaxy.1–3 Amino
acids have been found in meteorites4–8 and they have also been
found following electrical discharge in systems modelling the
atmosphere of primordial Earth,9,10 and following UV irradiation
of interstellar ice models.11,12 The search for the simplest amino
acid, glycine, in interstellar dust clouds, circumstellar envelopes,
interstellar ice and comets has been ongoing for more than two
decades with mixed initial success.13–21 Perhaps the identification
of interstellar glycine has been made difficult because it likely
that amino acids are destroyed by UV photolysis in interstellar
clouds.22,23 In spite of this, the detection of glycine (using rotational
spectroscopy) has recently been claimed in the hot molecular cores
Sagittarius B2, Orion KL and W5.24,25 This, together with the
detection of some 120 other molecules in stellar regions,22,26–28


suggests that interstellar molecules could have played an important
role of the prebiotic chemistry of Earth.


It has been suggested that amino acids in some meteorites29


and also in interstellar clouds30,31 may be formed by the Strecker
reaction [CH2O + NH3 + HCN → NH2CH2CN + H2O →
NH2CH2CO2H32 (CH2O, NH3 and HCN are all found in inter-
stellar regions)], or the Tiemann (cyanhydrin) modification of
the Strecker process.† Proposals of synthetic routes to glycine
in interstellar regions are numerous. Apart from the Strecker
reaction, other proposals are that glycine may be formed from
formic acid22,34–37 (particularly in interstellar ice) by reaction with
CH2NH,34 CH3NH2


+ 35 or NH2CH2OH22,37 (e.g. NH2CH2OH2
+ +


HCO2H → NH2CH2CO2H2
+ + H2O), and from the reaction


between acetic acid and +NH2OH.38 However, utilisation of amines
as building blocks for interstellar amino acids has recently been


Department of Chemistry, The University of Adelaide, South Australia, 5005.
E-mail: john.bowie@adelaide.edu.au
† The acid hydrolysis of NH2CH2CN to glycine involves protonation of the
nitrile group, however the amino group will be preferentially protonated:
the relative proton affinities of the NH2 and CN in aminoacetonitrile are
820 and 780 kJ mol−1 respectively in the gas phase.33


questioned.39 In addition, it has been shown that the reactions
between CH2NH+ and the interstellar molecules HCN or HNC
are energetically unfavourable.40 A recent suggestion is that
glycine may be formed in interstellar ice by the multistep process
CH2NH2 + CO2 + H → NH2CH2CO2H.41


Two proposals that are particularly interesting in the context
of this paper are (i), glycine may be formed by radical coupling
reactions (on dust particles or in interstellar ice),42 and (ii),
NH2CH2CN may be the precursor of interstellar glycine; but
formed from cyanogen43 (NCCN, a species not yet detected
in interstellar regions) rather than the Strecker process. The
proposal of NH2CH2CN as a glycine precursor is plausible on
several grounds: namely, (i) amino acids are much less stable to
UV irradiation in interstellar regions than nitriles22 (which are
abundant in interstellar regions26–28 even though NH2CH2CN has
not itself been detected), (ii) nitriles should be readily hydrolysed
to carboxylic acids in interstellar ice in exothermic reactions with
only small barriers (barrier calculated to be ca. 6 kJ mol−1 40).
Finally, the analogous NH2CH(R)CN species could, in principle,
produce other amino acids in interstellar regions (e.g. R = CH3


would give the alanine precursor).
If radical reactions produce amino acid precursors in interstellar


regions, then CH3
•CHCN could be a precursor of alanine. How


might this radical be formed in interstellar clouds or ice? Balucani
et al.44 have described the crossed beam reaction between the
cyano radical and ethylene to produce vinyl cyanide (all known
interstellar molecules), and have probed the reaction coordinate
of this reaction using the B3LYP level with the 6-311G(d,p) basis
set. A simplified version of these results is shown in Fig. 1, and our
data (Table 1) for the •CH2CH2CN to CH3


•CHCN rearrangement
are qualitatively similar to those shown in Fig. 1. The reaction
between the cyano radical and ethylene gives •CH2CH2CN with
232 kJ mol−1 of excess energy at the level of theory used for the cal-
culation of Balucani et al.44 The first formed radical may rearrange
to CH3


•CHCN or dissociate to CH2=CHCN as shown in Fig. 1.
Nitrile to isonitrile isomerisations are energetically unfavourable in
comparison with the two reactions described above.44 The authors
state that since •CH2CH2CN and CH3


•CHCN are formed with
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Table 1 Energies and geometries for doublet neutrals


Symmetry C1 C1 C1


Energy/Hartreea −170.91225 −170.89852 −170.84091
Relative energy/kJ mol−1 0 +36 +190
Dipole moment/Debyeb 4.15 4.02
Electron affinity/eVa 1.12 1.50
Bond length/Å or angle/◦b


NC1 1.177 1.161 1.169
C1C2 1.389 1.468 1.417
C2C3 1.497 1.499 1.490
C1C3 2.539 2.482 2.547
H1C2 1.087 1.104 1.086
H2C2 1.101 1.265
H2C3 1.099 1.354
H3C3 1.099 1.083 1.083
H4C3 1.093 1.085 1.083
NC1C2 179.8 179.7 178.3
C1C2C3 123.2 113.5 122.3
C1C2H1 117.3 107.8 117.5
C1C2H2 108.1 114.4
C2C3H2 110.6
C2C3H3 111.9 121.5 119.7
C2C3H4 110.6 119.0 118.5
NC1C2C3 0.0 28.0 −85.1
NC1C2H1 180.0 −95.4 112.5
NC1C2H2 151.4 −18.5
C1C2C3H3 0.0 −9.8 5.0
C1C2C3H4 −121.1 173.7 −163.4


a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31+G(d) level of theory including zero-point energy (B3LYP/6-31+G(d). b B3LYP/6-31+G(d) level of theory.


Fig. 1 Reaction coordinate profile of the reaction between the cyano
radical and ethylene at the B3LYP/6-311G(d,p) level of theory. Modified
from ref. 44. The relative energies obtained from our calculations
at the CCSD(T) aug-cc-pVDZ//B3LYP/6-31G+(d) level of theory
are CH3


•CHCN (0 kJ mol−1), transition state (+190 kJ mol−1) and
•CH2CH2CN (+36 kJ mol−1) [see Table 1].


excess energy in this reaction sequence, these two radicals will be
short lived and should not be precursors in interstellar chemical
reactions.


This paper considers the possibility that •CH2CN and
CH3


•CHCN may be precursors of interstellar glycine and alanine.
The formation of these radicals (together with •CH2CH2CN) by
charge stripping of the corresponding anions in the gas phase is
investigated.


Results and discussion


The major question addressed in this paper is whether the radicals
•CH2CN45 and CH3


•CHCN44 could be intermediates in the
formation of glycine and alanine in interstellar media. In principle,
the reactions between NH2


• and •CH2CN and CH3
•CHCN in


the gas phase will give NH2CH2CN and NH2CH(CH3)CN in
exothermic and barrierless reactions.‡ The problem is that all three
radicals will be formed with excess energy, and so each reaction
will require a third body (either interstellar dust or ice) to remove
the excess energy of formation of radicals and products, unless
these are deactivated radiatively. The possibility of •NH2 reacting
on dust surfaces has already been raised,46 and •NH2 has been


‡ It has also been suggested that, in principle, glycine could be made by
the reaction between NH2


• and acetic acid.42 Even if this is feasible, it is
likely that the amino acid would be largely destroyed in interstellar clouds
by ultraviolet irradiation.
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tentatively assigned as an interstellar molecule within Sagittarius
B247 and Orion KL.48


Balucani et al.44 have proposed that if CH3
•CHCN is formed


by the process shown in Fig. 1, its excess energy of formation
(286 kJ mol−1) means that this radical will be short lived and not
be a precursor in interstellar chemical reactions. This presupposes
that •CH2CH2CN is the precursor of CH3


•CHCN in the interstellar
media. However, CH3


•CHCN may be produced by an alternative
route to that shown in Fig. 1. Propionitrile is a known interstellar
molecule:28 perhaps propionitrile may undergo hydrogen atom
abstraction to yield CH3


•CHCN? For example, the reactions
CH3CH2CN + H• → H2 + CH3


•CHCN and CH3CH2CN +
HO• → H2O + CH3


•CHCN have calculated DH values of −60
and −120 kJ mol−1 respectively (individual values from the NIST
WebBook, also DH◦


f of CH3
•CHCN is 210 ± 10 kJ mol−1 49). Even


the reaction Cl• + CH3CN → HCl + •CH2CN is exothermic, but
the presence of a reactant like transition state results in a slow rate
of 2 × 10−15 cm3 molecule−1 s−1 for this process.50,51


The formation of radicals from the corresponding anions


Previously, we have used the neutralisation–reionisation procedure
(−NR+)52 to allow the production and study of transient species
of relevance in interstellar chemistry from anions of known
bond connectivity.53 In this case we first seek to make −CH2CN,
CH3


−CHCN and −CH2CH2CN by unequivocal routes and deter-
mine whether these anions are stable under the conditions used
to effect the one-electron Franck–Condon oxidations. The three
anions were made by either deprotonation reactions [eqn (1) and
(2)] or by the SN2 (Si) process54 in the ion source of the mass
spectrometer. The labelled species −CD2CN, CH3


−CDCN and
−CH2CD2CN were formed by analogous reactions.


HO− + CH3CN → −CH2CN + H2O (1)


HO− + CH3CH2CN → CH3
−CHCN + H2O (2)


F− + (CH3)3SiCH2CH2CN → −CH2CH2CN + (CH3)3SiF (3)


(a) The •CH2CN system. The spectra of −CH2CN and the
labelled species −CD2CN are considered first to illustrate the
applicability of the neutralisation–reionisation method for this
system. The collision-induced negative ion spectra of −CH2CN
and −CD2CN show the following peaks: [m/z (loss) abundance];
−CH2CN: 40 (parent) 100%, 39 (H•) 1, 38 (H2) 1 and 26
(CH2) 1. −CD2CN: 42 (parent) 100%; 40 (D•) 1; 38 (D2) 1 and
26 (CD2) 0.5%. These fragmentations are diagnostic of anions
with bond connectivities CH2CN and CD2CN. This means that
−CH2CN is an appropriate precursor for radical •CH2CN since the
anion is stable under the collision conditions used for the −NR+


experiment. The charge-reversal spectrum (−CR+, synchronous
two electron oxidation of the anion to the corresponding cation),55


and the neutralisation–reionisation spectrum (−NR+, sequential
one-electron oxidation to the neutral followed by one electron
oxidation to the cation)52 of −CD2CN are shown in Fig. 2.
The two spectra are very similar, with both showing partial D
rearrangement of the decomposing cation +CD2CN [e.g. losses of
C and CD (rearrangement) and CD2 (no rearrangement)]. The
observation that both spectra are very similar [but with partial
(and identical) extents of rearrangement] indicates that (i) •CH2CN


Fig. 2 The −CR+ (A) and −NR+ (B) spectra of −CD2CN. VG ZAB 2HF
mass spectrometer. For experimental details see the Experimental section.


and •CD2CN are stable for the duration (one microsecond) of the
−NR+ experiment, and (ii) it is the first formed cation which is
undergoing rearrangement.


(b) The CH3
•CHCN and •CH2CH2CN systems. These two


systems are considered together because Balucani et al. have
suggested that CH3


•CHCN may be formed from •CH2CH2CN
in the reaction between the cyano radical and ethylene.44 The
situation concerning the two precursor anions may be more
complex than that considered above for deprotonated acetonitrile.
It has been shown previously that some b-ethyl anions rearrange to
more stable isomers when energised (e.g. −CH2CH2CH=CH2 →
−CH2CH=CHCH3


56,57). Thus it is possible that −CH2CH2CN
may rearrange to CH3


−CHCN under the collisional conditions
required to effect the Franck–Condon one-electron oxidation of
−CH2CH2CN to •CH2CH2CN. However, it was shown earlier,58


that the decomposition of −CH2CH2CN to ethylene and the cyano
radical is more favourable thermodynamically than the rearrange-
ment of −CH2CH2CN to CH3


−CHCN. We consider, further, the
possibility of this rearrangement from both experimental and
theoretical viewpoints.


The singlet states of CH3
−CHCN and −CH2CH2CN are more


stable than the corresponding triplets by 173 and 127 kJ mol−1 (re-
spectively) at the CCSD(T) aug-cc-pVDZ//B3LYP/6-31+G(d)
level of theory. Thus we have considered only the reaction
coordinate on the singlet potential surface (see Table 2). Singlet
anion CH3


−CHCN is the more stable of the two isomeric anions
by 81 kJ mol−1 with the barrier for conversion of −CH2CH2CN
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Table 2 Energies and geometries for singlet anions


Symmetry C1 C1 C1


Energy/Hartreea −170.95351 −170.92274 −170.86399
Rel. energy/kJ mol−1 0 +81 +235
Dipole moment/Debyeb 4.32 4.11
Bond length/Å or bond angle/◦b


NC1 1.192 1.171 1.182
C1C2 1.387 1.500 1.411
C2C3 1.515 1.534 1.600
C1C3 2.516 2.592 2.645
H1C2 1.091 1.102 1.090
H2C2 1.102 1.237
H2C3 1.102 1.371
H3C3 1.116 1.105 1.093
H4C3 1.102 1.105 1.101
NC1C2 177.9 174.9 174.9
C1C2C3 120.1 117.3 122.8
C1C2H1 116.6 105.6 115.8
C1C2H2 105.6 129.2
C2C3H2 110.7
C2C3H3 116.0 109.6 109.1
C2C3H4 111.5 109.6 114.4
NC1C2C3 71.4 0.0 70.8
NC1C2H2 −124.2 0.2
C1C2C3H4 −48.1 59.0 103.1
NC1C2H1 −136.9 124.2 −140.3
C1C2C3H3 72.9 −59.0 −23.5
C1C2C3H2 −166.2


a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31+G(d) level of theory including zero-point energy (B3LYP/6-31+G(d). b B3LYP/6-31+G(d) level of theory.


Table 3 CID Spectra of CH3
−CHCN and −CH2CH2CN and labelled analogues m/z (loss) relative abundance (%)


CH3
−CHCN 54 (parent) 100%; 53 (H) 0.1; 52 (H2) 0.3; 39 (CH3


•) 0.2; 26 (C2H4) 0.2
CH3


−CDCN 55 (parent) 100%, 54 (H) 0.1; 52 (HD) 0.3; 39 (CH3
•) 0.2; 26 (C2H3D) 0.2


−CH2CH2CN 54 (parent) 100%; 53 (H) 2; 52 (H2) 0.3; 26 (C2H4) 0.2
−CH2CD2CN 56 (parent) 100%; 55 (H) 0.5; 54 (H2/D) 0.1; 53 (HD) 0.1; 52 (D2) 0.1; 26 (C2H2D2) 0.2


to CH3
−CHCN being 153 kJ mol−1. The only examples of


isomerisation of anions that we have observed previously occur
when the interconversion barrier is ≤ 55 kJ mol−1.53 The collision
induced (CID) spectra of these anions and their labelled analogues
are listed in Table 3. Peaks arising from dissociation are minor
in comparison with the abundances of the parent anions. The
loss of CH2 from −CH2CH2CN and CH3


• from CH3
−CHCN are


diagnostic of these structures. Thus theory and experiment suggest
that the two anions are stable when formed by the reactions
shown in eqn (2) and (3), in spite of earlier findings that other
substituted b-ethyl anions may be converted readily to more stable
isomers.56,57 This is also consistent with the earlier findings of
Kass58 that the rearrangement is less favourable than dissociation
of −CH2CH2CN. Thus, the two anions should be appropriate
precursors for the production of •CH2CH2CN and CH3


•CHCN.
The neutrals CH3


•CHCN and •CH2CH2CN should be formed
from CH3


−CHCN and −CH2CH2CN with Franck–Condon en-


ergies (the excess energy of the neutral with the anion geometry
compared with that of the neutral at the potential minimum) of
9 and 35 kJ mol−1 respectively at the level of theory used in this
study. These energies are not, by themselves, sufficient to effect
rearrangement or decomposition of the neutral radicals (see e.g.
Fig. 1).


The −CR+ and −NR+ mass spectra of CH3
−CHCN and


−CH2CH2CN are recorded in Figs. 3 and 4 respectively, while
the analogous spectra of the two labelled derivatives are listed in
Table 4. The key points to note are (i) the −CR+ and −NR+ spectra
of CH3


−CHCN are very similar, as are those of −CH2CH2CN, but
(ii) the spectra of the two isomers are different. The fragmentations
in the spectra are quite complex but are consistent with the
expected structures of the two radicals. For example there is
major peak in Fig. 3 due to loss of CH3


• accompanied by
a sequential loss of (CH3


• + H•) [consistent with a structure
of CH3


•CHCN] while Fig. 4 shows losses of CH2 together
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Fig. 3 The −CR+ (A) and −NR+ (B) spectra of CH3
−CHCN. VG


ZAB 2HF mass spectrometer. For experimental details see Experimental
section.


with (CH2 + H•) and (CH2 + H2) [consistent with structure
•CH2CH2CN]. The spectra of the labelled analogues (Table 4)
show that there is minor H–D rearrangement occurring within
CH3


+CDCN and +CH2CD2CN. Notwithstanding this, the spectra
listed in Table 4 are consistent with those reproduced in Figs. 3 and
4. The observation that there is partial rearrangement occurring
following formation of parent cations in both Figs. 3 and 4,§ and
that the −NR+ and −CR+ spectra in each of these figures are very
similar, means that neither radical rearranges or dissociates to a
measurable extent during the microsecond duration of the NR
experiment. These experimental findings are in accord with our
calculations (Table 1) and those of Balucani et al.44


§ A reviewer has suggested that some consideration of cation decomposi-
tions could be provided here. Cation reactions are not part of the major
thrust of this paper, but literature is available concerning C2H2N59,60 and
C3H4N59 cationic systems.


Fig. 4 The −CR+ (A) and −NR+ (B) spectra of −CH2CH2CN. VG
ZAB 2HF mass spectrometer. For experimental details see Experimental
section.


Conclusions


(i) The anions −CH2CN, CH3
−CHCN and −CH2CH2CN have been


made from precursors of known bond connectivity. The anions are
stable and do not rearrange when energised by collisions in the first
collision cell of the mass spectrometer.


(ii) Franck–Condon vertical one-electron oxidation converts
each of the three anions to the corresponding doublet radi-
cal: •CH2CN, CH3


•CHCN or •CH2CH2CN. These radicals are
stable; there is no evidence to indicate that they rearrange or
dissociate during the microsecond duration of the neutralisation–
reionisation experiment.


Experimental


A Mass spectrometric experiments


All experiments were performed with a VG ZAB 2HF two-
sector mass spectrometer of BE configuration (B stands for


Table 4 The −CR+ and −NR+ spectra of CH3
−CDCN and −CH2CD2CN m/z (relative abundance)


CH3
−CDCN


−CR+ 55 parent (100%), 54(42), 53(86), 52(74), 51(46), 50(8), 40(35), 39(11), 38(33), 37(6), 36(3), 29(11), 28(22), 27(34),
26(21), 25(8), 24(1), 15(0.5), 14(0.5), 12(0.3)
−NR+ 55 parent (100%), 54(45), 53(89), 52(73), 51(46), 50(10), 40(38), 39(13), 38(36), 37(5), 36(2), 29(14), 28(25), 27(36),
26(24), 25(9), 24(2), 15(0.3), 14 (0.2), 12(0.2)
−CH2CD2CN
−CR+ 56 parent (46%), 55(54), 54(100), 53(3), 52(1), 42(5), 41(8), 40(8), 38(2), 30(16), 29(26), 28(35), 26(14)
−NR+ 56 parent (51%), 55(47), 54(100), 53(4), 52(1), 42(7), 41(10), 38(2), 30(15), 29(25), 28(38), 26(12)
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magnetic and E for electric sector), which has been described
previously.61 In summary, the precursor anions −CH2CN and
Me−CHCN were made by the reaction between HO− (from
H2O62) and CH3CN and CH3CH2CN in the source of the mass
spectrometer. The corresponding D labelled compounds CD3CN
and CH3CD2CN were treated with DO− (from D2O) in the ion
source to yield −CD2CN and CH3


−CDCN respectively. The anions
−CH2CH2CN and −CH2CD2CN were formed in the ion source
by the reaction of F− (from SF6


54,63) with (CH3)3SiCH2CH2CN
and (CH3)3SiCH2CD2CN respectively. The neutral precursors in
these reactions were introduced via the direct probe in which a
capillary containing the sample was drawn out to a very fine
aperture, allowing for a slow release of vapour pressure to give
a measured pressure in the source housing of 5 × 10−6 Torr. The
direct probe and the ion source were heated to 50 ◦C, conditions
under which the nitriles are stable. The reagents in the ion source,
HO− (from H2O), DO− (from D2O) or F− (from SF6) were added
to give a pressure of 10−5 Torr in the source housing: estimated
total pressure in the ion source, 10−1 Torr. Anions were accelerated
to 7 keV translational energy and mass selected by means of the
magnet. For collisional induced (CID) dissociations, the ions were
collided in the first of two tandem collision cells (between B and E)
with helium at 80% transmission (T) of the incident beam; these
conditions approximate single-collision conditions.64


In neutralisation–reionisation experiments (−NR+)52 the anions
were neutralised by high-energy collisions with molecular oxygen
(80% T) in the first of two collision cells located in the field-free
region between B and E. Unreacted ions were deflected away from
the beam of neutral species by applying a voltage of 300 V on
a deflector electrode located between the two collision chambers.
Reionisation of the neutrals to cations occurred in the second cell
following collision with oxygen (80% T). The resulting spectra
were obtained by scanning E (with the polarity of the sector
voltage reversed to allow the passage of positive ions). Charge
reversal spectra (−CR+) of the anions to cations55 were obtained
by colliding the ion beam with oxygen (80% T) in the first collision
cell, and measuring the spectrum as described above for the −NR+


method. Under these conditions, the −CR+ process can be treated
as a vertical, two-electron oxidation occurring through a single
step at a time scale of a few femtoseconds, although some species
might undergo multiple collisions.


B Precursor molecules


Acetonitrile, D3-acetonitrile and propionitrile were commer-
cial products. CH3CD2CN was obtained by allowing propi-
onitrile to react with D2O in ion source of the instrument.62


3-Trimethylsilylpropionitrile was prepared by a reported
procedure.58 The labelled derivative (CH3)3SiCH2CD2CN was
made by the same procedure58 except that D3-acetonitrile is used
instead of acetonitrile [D2 = 99% (by NMR)].


C Theoretical methods


Geometry optimisations were carried out with the Becke 3LYP
method65 using the 6-31+D(d) basis set within the Gaussian
98 (revision A9) suite of programs.66 Stationary points were
characterised as either minima (no imaginary frequencies) or
transition states (one imaginary frequency) by calculation of the


frequencies using analytical gradient procedures. The minima
connected by a given transition state were confirmed by intrinsic
reaction coordinate (IRC) calculations. The calculated frequencies
were also used to determine zero-point vibrational energies which
were then scaled by 0.980467 and used as zero-point correction
for the electronic energies. More accurate energies for the B3LYP
geometries were determined using the CCSD(T) method68 together
with the Dunning aug-cc-pVDZ basis set.69
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A practical synthesis of spiro-naphthyridinone derivatives is described by the combination of the
Claisen rearrangement and ring-closing metathesis/ring-closing enyne metathesis process. The RCM or
RCEM proceeded smoothly in the presence of Grubbs’ first generation catalyst at room temperature
under a nitrogen atmosphere.


Of the six isomeric pyridopyridines, 1,8-naphthyridine derivatives
have received considerable attention in the last 15 years. This
class of compounds has attracted considerable attention primarily
due to the presence of a 1,8-naphthyridine skeleton in many
compounds which have been isolated from natural substances and
exhibit various biological activities. Substituted naphthyridines
are used for combating exo- and endo-parasites in agriculture
and in cattle breeding, as preservatives and ingredients of cutting
fluids, and also as ligands in analytical chemistry.1 Compounds in
these classes exhibit fungicidal activity against phytopathogenic
fungi and some of these patent drugs are used for the treat-
ment of memory loss, aging and Alzheimer’s disease and also
as antiallergic agents.2 In particular, naphthyridines and spiro-
naphthyridinones are useful for suppressing the immune response
and in the treatment of autoimmune and other immune disorders.3


Compound 1a had an ED50 of 0.13 mg topically in the arachidonic
acid mouse ear test, a measure of its utility in the treatment
of hyperproliferative skin diseases.4 Compound 1b was used to
treat arachidonic acid induced edema by 82% in comparison to a
non-treated control. An ointment was prepared for these diseases,
which contained compound 1 with benzyl alcohol, mineral oil and
white petroleum base.5


The synthetic procedure for the patent compound 1 is quite
complicated. They were synthesized from a complex starting ma-
terial, ethyl 2-[(3,4-dichlorophenyl)amino]-3-pyridinecarboxylate.
A mixture of ethyl 2-[(3,4-dichlorophenyl)amino]-3-pyridine-


Department of Chemistry, University of Kalyani, Kalyani, 741235, West
Bengal, India. E-mail: kcm_ku@yahoo.co.in
† Electronic supplementary information (ESI) available: Mass spectrum of
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carboxylate, c-valerolactone, and KOCMe3 was heated at 110 ◦C
for 5 h to afford substituted hydroxynaphthyridinone. Finally the
hydroxynaphthyridin-2(1H)-one was heated with Eaton’s reagent
to give the corresponding spiro-naphthyridinone 1.4


Our strategy is based on the tandem Claisen rearrangement and
RCM/RCEM protocol. Recently ring closing metathesis6 and ring
closing enyne metathesis7 has been proved to be highly effective
for the synthesis of different ring compounds from acyclic diene or
dienyne precursors. RCM is very high yielding, easier to perform
and tolerant of a wide variety of functional groups. In the RCM
process, the ring-closed products lack the number of carbon atoms
but the RCEM has its advantage in that it is an atom economical
reaction. This success hinges on the development of a well-defined
catalyst such as Grubbs’ catalyst A8 and its functional group
tolerance. Hence it appeared to us that the combination of a
Claisen rearrangement and RCM/RCEM could be a synthetic
strategy to prepare various spiro-naphthyridinone analogues.
Herein we wish to report our results. The retro-synthetic analysis
of the title compound 1 is summarized in Scheme 1.


Compounds 2, 3, 4 and 5 were prepared according to our
previously published procedure.9 The O,C-dialkylated products
5 in refluxing chlorobenzene for 3 h afforded the corresponding
C,C-dialkylated product 6 in 90% yield (Scheme 2). Also a simple
alkylation of compound 2 with allyl bromide (2 equivalents) in
refluxing dry acetone in the presence of anhydrous K2CO3 for
about 40 h afforded C,C-diallylated product (20–22%) (6) along
with the O,C-diallylated product (5) (Scheme 3).


Initially we have focused our attention on the synthesis of spiro-
annulated heterocyclic products via the ring closing metathesis
process. To test this premise, a dichloromethane solution of the
compound 6a and Grubbs’ catalysts A (10 mol %) was stirred at
room temperature under a nitrogen atmosphere for 7 h. Usual
workup of the reaction mixture afforded the corresponding spiro-
derivative 7a in 92% yield (Scheme 4). Similarly 7b was obtained
from 6b in 90% yield.
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Scheme 1


The spiroheterocycles 7a,b were characterized from their ele-
mental analyses and spectroscopic data. Compound 7a showed a
two-proton singlet at d5.64 indicating the presence of two olefinic
protons and two non-equivalent doublets at d3.08–3.12 (two
protons) and d3.16–3.20 (two protons) indicating the methylene
protons in the five-membered ring. Encouraged by the results of
the RCM of dienes 6a,b, we undertook a study of the synthesis of
substituted spiro-derivatives via the ring closing enyne metathesis.
Synthesis of the RCEM precursors is depicted in Scheme 5.
Straightforward alkylation of compound 4 with 2 equivalents of
propargyl bromide/1-aryloxy-4-chlorobut-2-yne 8a–d in reflux-
ing acetone for 7–8 h afforded the corresponding C,C-dienyne
derivatives 9a–d in 30–40% yield along with O,C-dialkylated
products. The desired dienynes 9a–d were easily separated by
column chromatography over silica gel using 9 : 1 petroleum ether–
ethyl acetate as eluant.


The analogous substituted spiro-naphthyridinone derivatives
10a–d were prepared by conventional RCEM procedure. When
a dichloromethane solution of 9a and the Grubbs’ catalyst A was
stirred at room temperature for 4 h under a nitrogen atmosphere,
the desired vinyl substituted 10a was obtained in 85% yield.


Scheme 2


Scheme 3 Reagents and reaction conditions: (i) Dry acetone, K2CO3, allyl bromide (2 equiv.), reflux, 40 h.
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Scheme 4


Scheme 5


Scheme 6


Similarly other spiroheterocycles 10b–d were obtained in 92–96%
yield from 9b–d (Scheme 6).


Thus we have demonstrated a synthetic strategy for the prepara-
tion of spiro-naphthyridinone derivatives via the RCM and RCEM
protocol. The biological activity of the compound 1 is well known
and recently, it has been used as a drug for hyperproliferative


skin diseases. Hence its analogous derivatives (substituted or
unsubstituted) may be potentially bioactive compounds. Our
RCM/RCEM protocol for the synthesis of target molecules is
facile and the yield of the products is excellent. Therefore, we
believe that our procedure is superior to the previously reported
one.
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Experimental


Melting points were determined in an open capillary and are
uncorrected. IR spectra were recorded on a Perkin-Elmer L 120-
000A spectrometer (mmax in cm−1) on KBr disks. UV absorption
spectra were recorded in EtOH on a Shimadzu UV-2401PC spec-
trophotometer (kmax in nm). 1H NMR (400 MHz) and 13C NMR
(125.7 MHz) spectra were recorded on AVANCE-400 and Bruker
DPX-500 spectrometers in CDCl3 (chemical shifts in d) with TMS
as internal standard. Elemental analyses and mass spectra were
recorded on a Leco 932 CHNS analyzer and on a JEOL JMS-
600 instrument respectively. 1H NMR and 13C NMR spectra were
recorded at the Indian Institute of Chemical Biology, Kolkata,
Bose Institute, Kolkata and Chembiotek Research International,
Kolkata. Silica gel [(60–120 mesh), Spectrochem, India] was used
for chromatographic separation. Silica gel G [E-Merck (India)]
was used for TLC. Petroleum ether refers to the fraction boiling
between 60–80 ◦C. The 1-aryloxy-4-chlorobut-2-ynes 8a–d were
prepared according to the published procedure.10


General procedure for the preparation of compounds 6a,b


Compounds 5a,b (300 mg) were refluxed in chlorobenzene (4 ml)
for 3 h. The reaction mixture was then cooled and directly sub-
jected to column chromatography over silica gel. Chlorobenzene
was eluted out with petroleum ether. When the column was eluted
with 10% ethyl acetate–petroleum ether, compounds 6a,b were
obtained in 90–93% yield.


Compound 6a. Yield: 90%; white crystalline solid; mp 108–
110 ◦C; IR (KBr) mmax: 2923, 1698, 1668, 1585 cm−1; UV (EtOH)
kmax: 333, 262, 224 nm; 1H NMR (400 MHz, CDCl3): dH 2.82–2.83
(d, J = 6.4 Hz, 4H, –CH2–), 5.01–5.03 (d, J = 9.6 Hz, 2H, =CH2),
5.09–5.14 (d, J = 17.2 Hz, 2H, =CH2), 5.59–5.70 (m, 2H, –CH=),
7.05–7.23 (m, 3H, ArH), 7.42–7.45 (t, J = 7.6 Hz, 1H, ArH), 7.49–
7.52 (t, J = 7.6 Hz, 2H, ArH), 8.25–8.27 (dd, J = 1.6 Hz, 7.6 Hz,
1H, ArH), 8.38–8.40 (dd, J = 1.6 Hz, 4.8 Hz, 1H, ArH), MS: m/z =
318 (M+); Anal. Calcd for C20H18N2O2: C, 75.47; H, 5.66; N, 8.80%.
Found: C, 75.68; H, 5.84; N, 8.66%.


Compound 6b. Yield: 93%; white crystalline solid; mp 108–
110 ◦C; IR (KBr) mmax: 2923, 1698, 1668, 1585 cm−1; UV (EtOH)
kmax: 333, 262, 224 nm; 1H NMR (400 MHz, CDCl3): dH 2.83–2.84
(d, J = 6.4 Hz, 4H, –CH2–), 5.01–5.03 (d, J = 9.6 Hz, 2H, =CH2),
5.11–5.15 (d, J = 17.2 Hz, 2H, =CH2), 5.59–5.71 (m, 2H, –CH=),
7.07–7.25 (m, 2H, ArH), 7.43–7.47 (t, J = 7.6 Hz, 1H, ArH), 7.49–
7.52 (t, J = 7.6 Hz, 2H, ArH), 8.26–8.28 (dd, J = 1.6 Hz, 7.6 Hz,
1H, ArH), 8.38–8.40 (dd, J = 1.6 Hz, 4.8 Hz, 1H, ArH), MS: m/z =
354, 352 (M+); Anal. Calcd for C20H17ClN2O2: C, 68.08; H, 4.82;
N, 7.94%. Found: C, 68.30; H, 4.96; N, 8.11%.


General procedure for the preparation of compounds 9a–d


A mixture of 3-allyl-4-hydroxy-1-phenyl-1,8-naphthyridin-2(1H)-
one (4) (2 mmol), 2 equivalents of propargyl bromide/1-aryloxy-
4-chlorobut-2-yne 8a–d and anhydrous K2CO3 (2 g) was refluxed
in dry acetone (60 ml) for 7–8 h. The reaction mixture was cooled
and filtered. Removal of solvent from the filtrate gave a gummy
mass. This was subjected to column chromatography over silica


gel. Elution of the column with petroleum ether–ethyl acetate (9 :
1) furnished compounds 9a–d.


Compound 9a. Yield: 30%; white crystalline solid; mp 135–
137 ◦C; IR (KBr) mmax: 3285, 3267, 2921, 1702, 1668, 1586,
1435, 1358 cm−1; UV (EtOH) kmax: 333, 263, 227 nm; 1H NMR
(400 MHz, CDCl3): dH 1.91–1.92 (t, J = 2.3 Hz, 1H), 2.76–2.78 (d,
J = 7.3 Hz, 2H, –CH2), 2.93 (d, J = 1.9 Hz, 2H, –CH2), 5.05–5.08
(d, J = 10.1 Hz, 1H, =CH2), 5.12–5.17 (d, J = 16.6 Hz, 1H, =CH2),
5.60–5.66 (m, 1H, –CH=), 7.09–7.13 (dd, J = 4.7 Hz, 7.5 Hz, 1H,
ArH), 7.21–7.25 (m, 2H, ArH), 7.45–7.48 (t, J = 7.2 Hz, 1H, ArH),
7.52–7.56 (t, J = 7.2 Hz, 2H, ArH), 8.31–8.33 (dd, J = 1.6 Hz,
7.6 Hz, 1H, ArH), 8.43–8.45 (dd, J = 1.6 Hz, 4.5 Hz, 1H, ArH);
MS: m/z = 316 (M+); Anal. Calcd for C20H16N2O2: C, 75.95; H,
5.06; N, 8.86%. Found: C, 75.76; H, 4.85; N, 9.09%.


Compound 9b. Yield: 32%; white crystalline solid; mp 94–
96 ◦C; IR (KBr) mmax: 2922, 1698, 1668, 1586 cm−1; UV (EtOH)
kmax: 335, 264, 225 nm; 1H NMR (400 MHz, CDCl3): dH 2.19 (s,
3H, –CH3), 2.73–2.75 (d, J = 7.3 Hz, 2H, –CH2), 2.95 (s, 2H,
–CH2), 4.37–4.41 (d, J = 15.6 Hz, 1H), 4.45–4.49 (d, J = 15.6 Hz,
1H), 5.03–5.05 (d, J = 10 Hz, 1H, =CH2), 5.10–5.14 (d, J = 17 Hz,
1H, =CH2), 5.55–5.63 (m, 1H, =CH–), 6.60–6.62 (d, J = 8.4 Hz,
2H, ArH), 6.86–6.88 (d, J = 8.2 Hz, 2H, ArH), 7.04–7.07 (m, 3H,
ArH), 7.42–7.48 (m, 3H, ArH), 8.23–8.25 (dd, J = 1.6 Hz, 7.6 Hz,
1H, ArH), 8.38–8.40 (dd, J = 1.6 Hz, 4.5 Hz, 1H, ArH); MS: m/z =
436 (M+); Anal. Calcd for C28H24N2O3: C, 77.06; H, 5.50; N, 6.42%.
Found: C, 77.26; H, 5.69; N, 6.20%.


Compound 9c. Yield: 38%; white crystalline solid; mp 90–
92 ◦C; IR (KBr) mmax: 2921, 1698, 1668, 1585 cm−1; UV (EtOH)
kmax: 335, 264, 223 nm; 1H NMR (400 MHz, CDCl3): dH 2.71–
2.73 (d, J = 7.3 Hz, 2H, –CH2), 2.96 (s, 2H, –CH2), 4.39–4.43 (d,
J = 15.8 Hz, 1H), 4.50–4.54 (d, J = 15.8 Hz, 1H), 5.03–5.05 (d,
J = 10.1 Hz, 1H, =CH2), 5.10–5.14 (d, J = 16.8 Hz, 1H, =CH2),
5.55–5.62 (m, 1H, =CH–), 6.63–6.65 (d, J = 8.8 Hz, 2H, ArH),
6.98–7.01 (d, J = 8.8 Hz, 2H, ArH), 7.05–7.09 (m, 3H, ArH),
7.44–7.52 (m, 3H, ArH), 8.29–8.32 (dd, J = 1.2 Hz, 7.4 Hz, 1H,
ArH), 8.44–8.45 (d, J = 2.9 Hz, 1H, ArH) MS: m/z = 458, 456
(M+); Anal. Calcd for C27H21ClN2O3: C, 70.97; H, 4.60; N, 6.13%.
Found: C, 70.73; H, 4.76; N, 6.34%.


Compound 9d. Yield: 40%; colorless solid; mp 101–103 ◦C; IR
(KBr) mmax: 2921, 1696, 1668, 1584 cm−1; UV (EtOH) kmax: 333, 264,
221 nm; 1H NMR (400 MHz, CDCl3): dH 2.71–2.73 (d, J = 7.3 Hz,
2H, –CH2), 2.94 (s, 2H, –CH2), 4.38–4.42 (d, J = 15.8 Hz, 1H),
4.52–4.56 (d, J = 15.8 Hz, 1H), 5.01–5.03 (d, J = 10.1 Hz, 1H,
=CH2), 5.10–5.14 (d, J = 16.8 Hz, 1H, =CH2), 5.55–5.63 (m, 1H,
–CH=), 6.66–6.68 (d, J = 8.8 Hz, 2H, ArH), 6.98–7.01 (d, J =
8.8 Hz, 2H, ArH), 7.05–7.11 (m, 3H, ArH), 7.44–7.57 (m, 2H,
ArH), 8.24–8.26 (dd, J = 1.2 Hz, 7.4 Hz, 1H, ArH), 8.41–8.43
(d, J = 2.9 Hz, 1H, ArH); MS: m/z = 494, 492, 490 (M+); Anal.
Calcd for C27H20Cl2N2O3: C, 65.98; H, 4.07; N, 5.70%. Found: C,
66.18; H, 4.28; N, 5.93%.


Typical procedure for ring closing metathesis reaction for the
preparation of compounds 7 and 10


To a solution of substrate 6a (50 mg, 0.158 mmol) in dry degassed
CH2Cl2 (8 ml) under N2 was added catalyst A (10 mol%, 13 mg)
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and the reaction was stirred at room temperature for 4 h. After the
removal of the solvent, the residue was purified by flash column
chromatography on silica gel (petroleum ether–ethyl acetate, 4 :
1) to give 7a in 92% yield. The diene 6b and dienynes 9a–d were
treated in a similar manner to give the corresponding cyclized
products 7b and 10a–d in excellent yield.


Compound 7a. Yield: 92%; white solid; mp 230–232 ◦C; IR
(KBr) mmax: 2925, 1708, 1671, 1584 cm−1; UV (EtOH) kmax: 326,
261, 219 nm; 1H NMR (400 MHz, CDCl3): dH 3.08–3.12 (d, J =
15.5 Hz, 2H, –CH2), 3.16–3.20 (d, J = 15.5 Hz, 2H, –CH2), 5.64
(s, 2H, –CH=CH–), 7.09–7.12 (m, 1H, ArH), 7.21–7.24 (m, 2H,
ArH), 7.43–7.47 (t, J = 7.3 Hz, 1H, ArH), 7.51–7.55 (t, J = 7.3 Hz,
2H, ArH), 8.28–8.31 (dd, J = 1.3 Hz, 7.6 Hz, 1H, ArH), 8.43–8.44
(dd, J = 1.3 Hz, 4.3 Hz, 1H, ArH); MS: m/z = 290 (M+); Anal.
Calcd for C18H14N2O2: C, 74.48; H, 4.82; N, 9.65%. Found: C,
74.67; H, 5.05; N, 9.82%.


Compound 7b. Yield: 90%; white solid; mp 221–223 ◦C; IR
(KBr) mmax: 2923, 1706, 1674, 1583 cm−1; UV (EtOH) kmax: 325,
261, 217 nm; 1H NMR (400 MHz, CDCl3): dH 3.08–3.12 (d, J =
15.4 Hz, 2H, –CH2), 3.15–3.19 (d, J = 15.5 Hz, 2H, –CH2), 5.65
(s, 2H, –CH=CH–), 7.12–7.15 (m, 2H, ArH), 7.23 (s, 1H, ArH),
7.42–7.48 (m, 2H, ArH), 8.29–8.31 (dd, J = 1.5 Hz, 7.6 Hz, 1H,
ArH), 8.43–8.44 (dd, J = 1.5 Hz, 4.5 Hz, 1H, ArH); MS: m/z =
326, 324 (M+); Anal. Calcd for C18H13ClN2O2: C, 66.56; H, 4.00;
N, 8.62%. Found: C, 66.75; H, 4.21; N, 8.87%.


Compund 10a. Yield: 85%; white crystalline solid; mp 182–
184 ◦C; IR (KBr) mmax: 2918, 1709, 1675, 1583 cm−1; UV (EtOH)
kmax: 316, 263, 223 nm; 1H NMR (400 MHz, CDCl3): dH 3.14–3.28
(m, 4H, –CH2), 5.04–5.12 (m, 2H, =CH2), 5.60 (s, 1H, =CH),
6.48–6.55 (dd, J = 10.7 Hz, 17.4 Hz, 1H, =CH–), 7.10–7.13 (dd,
J = 4.8 Hz, 7.4 Hz, 1H, ArH), 7.21–7.24 (m, 2H, ArH), 7.44–7.47
(t, J = 7.3 Hz, 1H, ArH), 7.51–7.55 (t, J = 7.3 Hz, 2H, ArH),
8.28–8.31 (dd, J = 1.4 Hz, 7.6 Hz, 1H, ArH), 8.43–8.45 (dd, J =
1.4 Hz, 4.4 Hz, 1H, ArH); 13C NMR (CDCl3, 125.7 MHz): 40.6,
42.7, 62.9, 115.4, 115.7, 119.5, 126.3, 128.9, 129.2, 129.9, 132.5,
137.2, 137.4, 139.8, 154.6, 155.5, 174.0, 194.5, MS: m/z = 316
(M+); Anal. Calcd for C20H16N2O2: C, 75.95; H, 5.06; N, 8.86%.
Found: C, 76.16; H, 5.26; N, 8.62%.


Compound 10b. Yield: 92%; colorless solid; mp 152–154 ◦C;
IR (KBr) mmax: 2921, 1714, 1678, 1582 cm−1; UV (EtOH) kmax: 356,
265, 224 nm; 1H NMR (400 MHz, CDCl3): dH 2.27 (s, 3H, –CH3),
3.20–3.39 (m, 4H, –CH2), 4.68 (s, 2H, –OCH2), 5.13 (s, 1H, =CH),
5.34 (s, 1H, =CH), 5.72 (s, 1H, =CH), 6.80–6.83 (d, J = 8.4 Hz,
2H, ArH), 7.05–7.07 (d, J = 8.2 Hz, 2H, ArH), 7.11–7.14 (dd,
J = 4.8 Hz, 7.4 Hz, 1H, ArH), 7.22–7.25 (m, 2H, ArH), 7.44–7.48
(t, J = 7.2 Hz, 1H, ArH), 7.52–7.55 (t, J = 7.2 Hz, 2H, ArH), 8.29–
8.31 (dd, J = 1.4 Hz, 7.5 Hz, 1H, ArH), 8.44–8.45 (dd, J = 1.4 Hz,
4.4 Hz, 1H, ArH);13C NMR (CDCl3, 125.7 MHz): 20.8, 42.4, 43.3,
62.3, 69.4, 115.1, 115.2, 115.5, 119.6, 123.3, 129.0, 129.2, 130.0,
130.2, 130.6, 137.2, 137.4, 137.8, 138.6, 154.6, 155.5, 156.9, 173.9,
194.4; MS: m/z = 436 (M+); Anal. Calcd for C28H24N2O3: C, 77.06;
H, 5.50; N, 6.42%. Found: C, 77.31; H, 5.71; N, 6.28%.


Compound 10c. Yield: 96%; white solid; mp 146–148 ◦C; IR
(KBr) mmax: 2917, 1715, 1680, 1582 cm−1; UV (EtOH) kmax: 320, 261,


225 nm; 1H NMR (400 MHz, CDCl3): dH 3.21–3.39 (m, 4H, –CH2),
4.68 (s, 2H, –OCH2), 5.15 (s, 1H, =CH2), 5.32 (s, 1H, =CH2), 5.70
(s, 1H, =CH–), 6.83–6.85 (d, J = 8.8 Hz, 2H, ArH), 7.11–7.14 (dd,
J = 4.8 Hz, 7.5 Hz, 1H, ArH), 7.20–7.25 (m, 4H, ArH), 7.44–7.47
(t, J = 7.3 Hz, 1H, ArH), 7.52–7.56 (t, J = 7.3 Hz, 2H, ArH),
8.29–8.32 (dd, J = 1.5 Hz, 7.6 Hz, 1H, ArH), 8.44–8.45 (dd, J =
1.5 Hz, 4.5 Hz, 1H, ArH); MS: m/z = 458, 456 (M+); Anal. Calcd
for C27H21ClN2O3: C, 70.97; H, 4.60; N, 6.13%. Found: C, 71.15;
H, 4.81; N, 5.89%.


Compound 10d. Yield: 93%; white crystalline solid; mp 162–
164 ◦C; IR (KBr) mmax: 2921, 1713, 1683, 1585 cm−1; UV (EtOH)
kmax: 322, 261, 221 nm; 1H NMR (400 MHz, CDCl3): dH 3.21–3.38
(m, 4H, –CH2), 4.68 (s, 2H, –OCH2), 5.14 (s, 1H, =CH2), 5.30 (s,
1H, =CH2), 5.70 (s, 1H, =CH–), 6.82–6.84 (d, J = 8.8 Hz, 2H,
ArH), 7.10–7.13 (dd, J = 4.8 Hz, 7.5 Hz, 1H, ArH), 7.22–7.27 (m,
4H, ArH), 7.40–7.46 (t, J = 7.3 Hz, 1H, ArH), 7.51–7.55 (t, J =
7.3 Hz, 2H, ArH), 8.29–8.31 (dd, J = 1.5 Hz, 7.6 Hz, 1H, ArH),
8.44–8.46 (dd, J = 1.5 Hz, 4.5 Hz, 1H, ArH); MS: m/z = 494,
492, 490 (M+); Anal. Calcd for C27H20Cl2N2O3: C, 65.98; H, 4.07;
N, 5.70%. Found: C, 65.75; H, 4.25; N, 5.91%.
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To probe the effect of lipid fluorination on the formation of lipid domains in phospholipid bilayers,
several new fluorinated and non-fluorinated synthetic lipids were synthesised, and the extent of phase
separation of these lipids from phospholipid bilayers of different compositions was determined. At
membrane concentrations as low as 1% mol/mol, both fluorinated and non-fluorinated lipids were
observed to phase separate from a gel-phase (solid ordered) phospholipid matrix, but bilayers in a
liquid disordered state caused no phase separation; if the gel-phase samples were heated above the
transition temperature, then phase separation was lost. We found incorporation of perfluoroalkyl
groups into the lipid enhanced phase separation, to such an extent that phase separation was observed
from cholesterol containing bilayers in the liquid ordered phase.


Introduction


The inherent lateral asymmetry of biological membranes is evident
in the complexity of cellular structures observed in Nature.
However for over 30 years the behaviour of biological membranes
was modelled with the Singer–Nicolson fluid mosaic membrane
model, which predicted lateral and rotational freedom and random
distribution of molecular components in the membrane.1 It is now
apparent that the cell membrane is not a homogenous mixture
of proteins and phospholipids but is organised into a variety of
domains or “lipid rafts” where different lipids constituting the
membrane have phase-separated.2 The idea that there could be
isolatable structures containing lipids and proteins was supported
by the observation that membrane microdomains, enriched in
cholesterol and glycosphingolipids, seemed to survive detergent
extraction.3 Though initially controversial, as it was not clear if
these were artefacts of the isolation technique, it is now apparent
that these lipid rafts have distinct functional roles. These functions
are relatively poorly understood, but are implicated in a range of
biological processes such as signal transduction, endocytosis and
cholesterol trafficking.4,5


Biomimetic systems that model the formation of lipid rafts have
often been based upon mixtures of naturally occurring lipids that
phase separate to form large lipid domains around 0.2–4.0 lm in
diameter or larger.6 Generally, the more structurally diverse the
components of the lipid mixture, the more likely that mixture is to
phase separate. Phosphocholines with significantly different acyl
chain lengths, such as dilauroyl-L-a-phosphatidylcholine (DLPC)
and dipalmitoyl-L-a-phosphatidylcholine (DPPC), are known to
phase separate, as are mixtures of saturated phospholipids and
sphingolipids.7 Phospholipid phase separation can also be strongly
influenced by cholesterol, a key component of most eukaryotic cell
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membranes; common eukaryotic biomembranes can contain up
to 40% mol/mol cholesterol.8


The phase state and fluidity of the membrane can play a crucial
role in determining the extent of lateral phase separation of the
components. Three different phase states are commonly invoked
to describe the properties of phospholipid bilayers in terms of the
mobility of and interactions between membrane components.9


The most structured phase is the gel-phase or solid ordered phase
(so), where there are strong interactions between neighbouring
phospholipids and little mobility in the membrane. When a solid
ordered bilayer composed of pure phospholipid is heated, the
bilayer undergoes a sharp phase transition at a characteristic
temperature, the Tm, after which the bilayer “melts” and enters
the liquid disordered phase (ld). This phase is characterised
by high mobility and little interaction between neighbouring
components of the membrane. The addition of cholesterol, so
crucial to biological membranes, to phospholipid bilayers creates
a new fluid phase, the liquid ordered phase lo, where despite high
mobility there is a considerable degree of order and interaction
between components within the membrane. This liquid ordered
phase can co-exist with a surrounding liquid disordered phase, but
at cholesterol concentrations of 50% mol/mol and above the entire
membrane enters the liquid ordered phase.8,10 Such liquid/liquid
phase separation is of particular biological interest, as lipid rafts
are believed to be liquid ordered cholesteric islands floating within
a liquid disordered matrix.4,11 As in Nature, these phase-separated
domains can influence the action of enzymes significantly; for
example, it has been shown that the action of phospholipase A2


strongly depends on the phase state of the membrane.12


The phase separation of synthetic lipids from a phospho-
lipid matrix can be efficient even at low concentrations of
synthetic lipid, for example, 3-palmitoyl-2-(1-pyrenedecanoy1)-L-
a-phosphatidylcholine has been shown to phase separate from
DPPC at membrane concentrations as low as 1% mol/mol, at
temperatures below the Tm of DPPC.13 The strong interactions
between the DPPC lipids in the solid ordered phase may be the
driving force for the exclusion of the synthetic additive. Other
lipids, also with two alkyl chains embedded in the membrane,
have also been shown to extensively phase separate from gel-state
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phospholipid bilayers. Sasaki et al used this effect to develop
new ways of detecting metal ions; the degree of phase separation
of chelating lipids in distearoyl-L-a-phosphatidylcholine (DSPC)
vesicles decreased upon addition of metal ion.14 Interestingly,
utilising bilayers that are in a gel-like state at room temperature
can prevent the bilayers from quickly reorganising in response
to external stimuli, and indeed the response to an external
binding event has been shown to take longer than 2 days at
25 ◦C.15 Therefore phase separation from fluid bilayers that can
respond rapidly to such external stimuli is potentially useful.16


A potential solution could be to incorporate perfluoroalkyl
groups into the synthetic lipids. Differential scanning calorimetry
(DSC) studies have suggested fluorinated lipids extensively phase
separate in bilayers composed of fluid phase dimyristoyl-L-
a-phosphatidylcholine (DMPC), and visualization by electron
microscopy under freeze fracture conditions showed large phase
separated patches (150 nm in diameter), even at fluorinated lipid
concentrations as low as 5% mol/mol.17 However since direct
visualisation with freeze fracture EM occurred at temperatures
well below the phase transition temperature of DMPC, the degree
of phase separation at room temperature is unclear.


As part of our studies into multivalent binding events at phos-
pholipid bilayer membranes, we became interested in discovering
structural features that would promote phase separation between
biological and synthetic lipids in phospholipid membranes, par-
ticularly membranes in a fluid state.18 Herein we describe the
synthesis of and studies on a series of synthetic lipids that enabled
us to determine some structural elements that promote extensive
phase separation in phospholipid bilayers.


Results and discussion


Design


Fluorescence is a versatile technique to monitor the physical
properties of biomembranes, and pyrene lipids in particular
have been used to determine the phase separation of membrane
components. This is mainly due to their distinctive photophysical
properties, particularly their ability to form excimers, a process
dependent upon the frequency of collisions between pyrene
moieties. Excimers form when pyrene groups in the excited state
collide with others in the ground state; the resultant excimer
fluoresces at longer wavelengths than the monomer. The ratio
of excimer to monomer emission intensities (the E/M ratio) is
a measure of the fluidity or local concentration; the larger the
ratio, either the more fluid the membrane or the higher the local
concentration of the pyrene lipid.19 Another important advantage
of pyrene lipids is that the pyrene moiety is hydrophobic and
does not strongly modify the hydrophobic character of the acyl
chain that is embedded in the membrane. Measuring the E/M
ratio has been used to study a variety of phenomena, including
phase transitions, membrane fusion, lipid conformations and
lateral structure within membranes. This latter effect is especially
important; since the E/M ratio is directly proportional to the
probe’s local concentration, it makes it possible to interpret
changes in this value and quantify the extent of temperature-
induced phase separation or protein-induced domain formation
in membranes.20 For example, pyrene-labelled lipid probes have
been used to demonstrate the co-existence of gel-like and fluid


phases in vesicles composed of DPPC and 1-palmitoyl-2-oleoyl-
L-a-phosphatidylcholine (POPC), with the pyrene-labelled lipid
concentrated within the fluid phase.21


The observation of phase separation for lipids incorporating
perfluoroalkyl groups and lipids with two alkyl chains as mem-
brane anchors combined with the utility of pyrene as a probe
for phase separation in phospholipid bilayers, led us to design
pyrene containing lipids 3a to 9b (Scheme 1). These seven lipids
were designed to examine the following questions: how does
the structure of the membrane anchor and phase state of the
surrounding phospholipid matrix combine to determine the degree
of phase separation, and will the presence of perfluoroalkyl chains
in membrane-bound lipids increase phase separation?


Synthesis


The bifunctional fluorinated alcohol 1a was used as a con-
venient building block to construct the single chain perfluo-
rolipids (Scheme 1). Using a Williamson ether synthesis, this
diol was desymmetrised by reacting an excess of the diol with 1-
(bromomethyl)pyrene, itself synthesized from reaction of pyren-1-
ylmethanol with phosphorus tribromide.22 Purification by column
chromatography afforded the product, a pyrene perfluoroalcohol,
which was then capped with a pyridyl headgroup. Reaction of the
pyrene perfluoroalcohol with isonicotinyl chloride hydrochloride
in the presence of triethylamine and DMAP as a catalyst proceeded
smoothly to give the ester 3a as a white solid in a yield of 79%.
The non-fluorinated analogue 3b, was synthesised in a similar
manner starting from decane-1,10-diol, although purification of
the desymmetrised decanediol proved to be more difficult. The
pyridyl headgroups of both 3a and 3b were then further derivatised
by reaction of the pyridyl group with methyl iodide, which gave
the cationic pyridinium lipids 4a and 4b as yellow solids in yields
of 66 and 52%, respectively.


The strategy adopted for the synthesis of the lipids with two
membrane anchors, 9a and 9b, and the single chain precursor
lipid 8, was based around desymmetrisation of the commercially
available di-amine O,O-bis(2-aminoethyl)ethyleneglycol 5. Reac-
tion with 0.67 equivalents of di-tert-butyl carbonate provided a
mixture of protected products from which the desired monopro-
tected compound, N-Boc-3,6-dioxaoctane-1,8-diamine 6, could
be isolated by column chromatography. Reductive coupling of
this amine to pyrene-1-carbaldehyde using NaBH4 in methanol
gave tert-butyl carbamate protected lipid 7. The secondary amine
in lipid 7 allowed the easy addition of a second membrane anchor,
through acylation or alkylation with a variety of acid chlorides or
alkylating agents. To carry out comparative investigations on the
influence of perfluorination on lipid aggregation, both octanoyl
chloride and perfluorooctanoyl chloride were used to acylate
the secondary nitrogen, giving tert-butyl carbamate protected
dual chain lipids. Quantitative deprotection of the non-acylated,
octanoylated and perfluorooctanoylated lipids by trifluoroacetic
acid gave the corresponding ammonium salts; lipids 8, 9a and
9b were obtained as sticky oils with overall yields of 63, 62
and 62%, respectively. Lipids 8, 9a and 9b are also convenient
starting compounds for the synthesis of biomimetic membrane
receptors via attachment of functional headgroups to the primary
amine.


2400 | Org. Biomol. Chem., 2006, 4, 2399–2407 This journal is © The Royal Society of Chemistry 2006







Scheme 1 Synthesis of compounds 1a to 9b.


Phase separation at 25 ◦C


The phase separation of these seven lipids, 3a, 3b, 4a, 4b, 8, 9a and
9b was studied in unilamellar phospholipid vesicles of eight differ-
ent compositions. These eight compositions were selected because
they include the three main phase states and give bilayers with
distinct physical properties. DMPC and DSPC are both saturated
phospholipids, with gel to fluid phase transition temperatures (Tm)
of 23 and 54 ◦C, respectively.23 POPC has unsaturation in the C2
acyl chain, so POPC bilayers have a low Tm of −4 ◦C. Egg yolk
phosphatidylcholine (EYPC) is a naturally occurring mixture of
phospholipids, as found in biological membranes, and contains
lipids with a mixture of saturated and unsaturated acyl chains of
differing lengths, resulting in a broad Tm between −8 and −15 ◦C.24


Thus at room temperature, 25 ◦C, DMPC, POPC and EYPC
bilayers are above their transition temperatures and exist in a fluid
phase, the liquid disordered phase, whilst DSPC bilayers are below
their Tm value and are thus in the gel- or solid ordered phase. The
remaining four compositions have cholesterol mixed with DMPC,
DSPC, POPC and EYPC. The addition of cholesterol increases
membrane rigidity for fluid phase membranes, yet decreases
membrane stiffness and increases lipid lateral mobility in gel phase
membranes, changes that typify entry into the liquid ordered phase
(lo).25 The effect of cholesterol has been well studied and generic
phase diagrams have been constructed for mixtures of cholesterol
with many phospholipids including DMPC and DSPC.26 The


liquid ordered phase is in equilibrium with the liquid disordered
phase up to about 30% mol/mol cholesterol, but only the liquid
ordered phase persists at higher cholesterol levels. The addition of
cholesterol also results in the thermal phase transition, Tm, of the
bilayer disappearing.8,10 Thus to obtain the liquid ordered phase,
lo, cholesterol was included at 50% mol/mol in DMPC, DSPC,
POPC and EYPC bilayers.


Unilamellar vesicles (0.8 lm diameter, 20 mM lipid in 20 mM
MOPS buffer, pH 7.4) were made up incorporating lipids 3a
to 9b in the membrane at a membrane concentration of 1%
mol/mol.27 At this relatively low concentration the synthetic
lipids were fully incorporated into the membranes, and this low
concentration is also a challenging test of the degree to which
the synthetic lipids will phase separate.28 At higher concentrations
phase separation is easier to observe, but the E/M ratio is less
sensitive to changes in the structure or charge of the synthetic lipids
and therefore less useful for sensing applications. The unilamellar
phospholipid vesicles were formed using standard techniques; sus-
pensions of multilamellar vesicles (MLVs) were extruded through
polycarbonate membranes with 800 nm pores. The synthetic lipids
were mixed at 1% mol/mol with the phospholipids prior to the
hydration of the phospholipid thin films. After a 1000-fold dilution
(20 lM lipid), the fluorescence spectra of the vesicle suspensions
were recorded and the pyrene excimer emission (at 480 nm) to
monomer emission (at 378 nm) ratio (E/M) was calculated for
each.
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Table 1 Excimer/monomer ratios determined at pH 7.4 and 25 ◦C for
lipids 3a, 3b, 4a, 4b, 9a and 9b at 1% mol/mol in phospholipid vesicles of
different compositions


Lipid excimer/monomer ratioa


Bilayer composition 3a 3b 4a 4b 9a 9b


DSPC 1.0 0.3 0.9 — 0.4 0.4
DSPC–cholesterol 0.5 — 0.7 — — —
DMPC–cholesterol 0.5 — 0.4 — — —
POPC–cholesterol 0.5 — 0.3 — — —


a A dash indicates that no excimer was detected.


The fluorescence spectra of the fluorinated/non-fluorinated
pair of lipids 3a and 3b in DMPC, POPC and EYPC vesicles,
showed that neither lipid formed measurable amounts of excimer
in these fluid phospholipid bilayers at 25 ◦C. A low level of
excimer was detected for lipid 3b in DSPC (E/M = 0.25), but
the fluorinated lipid 3a formed considerable amounts of excimer
in DSPC (E/M = 1.0) even at 1% mol/mol, confirming literature
suggestions that fluorination does promote the phase separation
of synthetic lipids (Table 1).17 The pyridyl groups of lipids 3a
and 3b have a pKa of only ∼3.5 in solution,29 so at pH 7.4
this group should be unprotonated in the membrane (ca. 0.01%
protonated). However, at more acidic pH values, a change in the
charge state of the lipid via protonation may result in changes in
the distribution of this lipid in the membrane, and suggest some
possible sensing applications. Indeed, other methods of changing
headgroup charge, such as metal ion coordination, are known
to strongly affect the phase separation of pyrene lipids and been
used to create sensors for the detection of heavy metal ions.14


Thus the E/M ratios were determined for 3a and 3b in DSPC
vesicles at pH 6.0 (MES buffer). The fluorinated analogue 3a
showed no significant change in excimer or monomer fluoresence
at pH 6.0; the E/M ratio remains at 1. However despite the
relatively small decrease in pH, excimer fluorescence disappeared
for 3b in DSPC at pH 6.0. At pH 6.0 the number of protonated
lipids would be still be very low (a protonation level of ca. 0.5%
for 3b), so it seems more likely the change in the amount of phase
separation is due to changes in the physical characteristics of the
membrane at the more acidic pH. As an alternative to changing
the pH, the incorporation of a permanent charge in the lipids, as
found in the N-methylated lipids 4a and 4b, would be expected to
decrease the amount of excimer through charge–charge repulsion.
As anticipated, when incorporated into DSPC vesicles 4b did not
exhibit any excimer in the fluorescence spectrum. However, in
keeping with the greater tendency of the fluorinated analogues
to phase separate, fluorinated N-methylated lipid 4a still showed
considerable amounts of excimer in DSPC bilayers, although the
E/M ratio had decreased to 0.9.30 No excimer was observed for
either 4a or 4b in liquid disordered EYPC, DMPC or POPC
bilayers.


When the non-fluorinated lipids 3b and 4b were included into
vesicles comprised of DMPC, DSPC, POPC and EYPC mixed
50% mol/mol with cholesterol, no excimer was observed, even in
vesicles composed of DSPC and cholesterol. However fluorinated
analogues 3a and 4a showed significant excimer emission in
DSPC–cholesterol vesicles, but with reduced E/M ratios of 0.5 and
0.7, respectively (Table 1). Furthermore, strong excimer emission


was now observed for both 3a and 4a in POPC–cholesterol and
DMPC–cholesterol vesicles (E/M ratios between 0.3 and 0.5).
Curiously, no excimer was observed for either 3a or 4a in EYPC–
cholesterol bilayers.


The observation of excimer for the fluorinated lipids 3a and
4a in phospholipid–cholesterol bilayers suggests that it is not
membrane fluidity that prevents domain formation, but instead
the degree of membrane order may be the determining factor.
The phospholipid bilayers that promoted phase separation of
the fluorinated lipids 3a or 4a were those in an ordered liquid
crystalline state, such as solid ordered so (DSPC) or liquid ordered
lo (DSPC, DMPC or POPC mixed with cholesterol). Unlike their
fluorinated analogues, the non-fluorinated lipids 3b and 4b were
generally miscible with ordered bilayers, with only 3b weakly
phase separating from solid ordered DSPC. Bilayers in the liquid
disordered state ld (EYPC, POPC and DMPC) were good solvents
for the synthetic lipids and no phase separation was observed in
these bilayers for any of our synthetic lipids. The observation
that fluorinated lipids are immiscible with an ordered matrix
is consistent with the physical properties of perfluoroalkanes.
Perfluoroalkanes exhibit exceptionally weak interactions both
with themselves and with other compounds, as evidenced by their
low surface tensions, low enthalpies of solubilisation in alkanes
and immisciblity with most organic solvents.31 Phospholipids in
an ordered bilayer have maximised their interactions with each
other and with other lipids embedded within the bilayer.8,9,10 This
process would maximise unfavourable interactions between the
perfluoroalkyl chain in lipids 3a or 4a and the alkyl chains of the
phospholipids, interactions minimized by the phase separation of
these two fluorinated lipids.


Synthetic lipids with more than one membrane anchor have
been shown to phase separate in DSPC bilayers.14,15 If this dual
membrane anchor effect is additive to the fluorination effect we
have already found, we may be able to develop lipids where the
ability to phase separate is maximised. As expected, lipid 8, with
a single membrane anchor, gave no excimer when incorporated at
1% mol/mol into vesicles comprised of any of the phospholipid
mixtures tested. However 9b, with two membrane anchors,
displayed significant excimer emission in DSPC vesicles at 1%
mol/mol (E/M ratio of 0.4), but no excimer was observed in any of
the other phospholipid compositions. Interesting, perfluorination
of the sidechain, as in the analogue 9a did not give any significant
increase in the excimer emission from DSPC vesicles, exhibiting
an identical E/M ratio of 0.4. Furthermore, unlike 3a and 4a,
no excimer was observed for 9a in any of the other phospholipid
compositions, even those including cholesterol. It appears that
fluorination in this case does not give any change in the extent
of phase separation in DSPC bilayers and does not cause phase
separation from liquid ordered bilayers, suggesting that phase
separation of 9a and 9b is driven by crystallisation of the DSPC
matrix.


Effect of temperature on phase separation.


Several of our synthetic lipids phase separate in gel-phase bilayers,
but at room temperature DSPC vesicles may be unable to respond
rapidly to external changes in the environment, particularly
binding and adsorption events at the membrane, a field in which
we are particularly interested.32 Given that membrane fluidity
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should increase with temperature, we investigated the dependence
of excimer emission intensity on temperature for lipids 3a, 4a,
9a and 9b in DSPC vesicles. By heating to 60 ◦C, we should
also be able to confirm that phase separation of these lipids is
dependent upon the phospholipid matrix being in an ordered
phase. Furthermore, since adding cholesterol to bilayers removes
this phase transition, studying the change in excimer intensity
observed for 3a and 4a in DMPC–cholesterol bilayers also offers
an excellent control experiment.


It has been found for pyrene probes in DPPC membranes below
the Tm of 41 ◦C that E/M gradually increased with temperature
until the Tm, at which point there was a sharp drop in E/M. The
increase in E/M resumed as the temperature increased beyond the
Tm due to the increased frequency of collisions between excited
state pyrene moieties in the now fluid matrix.21,33 This sharp
decrease in E/M at the Tm was ascribed to dispersion of pyrene-
rich domains as the bilayer becomes more fluid. The increase in
E/M below the Tm was attributed to either domain formation or
orientational effects caused by the highly ordered structure of the
gel phase.33,34


At 25 ◦C, 3a, 4a, 9a and 9b are phase separated in gel-phase
DSPC, but not in fluid phase DMPC (Tm = 23 ◦C).23,35 Thus we
used DMPC as a control, as it revealed the increase in pyrene
excimer fluorescence caused by increasing collisional frequency
with temperature, which can be compared with studies in DSPC
where phase separation is expected to be the dominant contributor
to excimer emission. None of the lipids showed significant excimer
emission at 1% mol/mol in DMPC at room temperature, and the
change in the emission intensity at 480 nm as the temperature was
raised from 25 to 60 ◦C was <5% for lipids 3a, 4a and 9b, whilst 9a
showed a linear 28% increase. This suggests that at a membrane
concentration of 1% mol/mol the increase in the rate of collision
between pyrene moieties is only a small contributor to the overall
change in pyrene fluorescence.


In contrast to previous literature studies, the intensity of pyrene
excimer emission for lipids 3a, 4a, 9a and 9b in DSPC strongly
decreased as the temperature was raised from 25 to 60 ◦C (Figs. 1
and 2). For lipids 3a, 9a and 9b this decrease appeared exponential
in form, with a rapid decrease in excimer emission just prior to the
transition temperature at 54 ◦C.36,37 Beyond 54 ◦C there was no
excimer emission and only background light scatter was observed.
However 4a behaved differently as the temperature increased;
the decrease in the amount of excimer initially showed a weaker
dependence on temperature, yet as the temperature approached
the phase transition temperature of DSPC there was an abrupt
decrease in the amount of excimer, showing that as with lipids
3a, 9a and 9b, lipid 4a is very much more soluble in fluid phase
DSPC. In all cases, after the transition temperature the observed
response was similar to that in DMPC and there was no excimer.


The dependence of excimer formation on the phase state of the
bilayer is further exemplified by the behaviour of lipids 3a and 4a
in vesicles composed of a 1 : 1 mixture of DMPC and cholesterol
(Fig. 1). Lipids 3a and 4a phase separate in DMPC–cholesterol
vesicles at room temperature, both displaying E/M ratios of
around 0.4. For both of these perfluorinated lipids, as the
temperature was increased to 60 ◦C there was only a gradual
decrease in the intensity of the excimer fluorescence, consistent
with the observation that phospholipid bilayers with 50% mol/mol
cholesterol do not undergo any phase transitions below 60 ◦C.9


Fig. 1 Relative change in excimer emission at 480 nm with temperature
for lipids 3a and 4a in vesicles: (a) 3a in DSPC (�) and 3a in
1 : 1 DMPC–cholesterol (�); (b) 4a in DSPC (�) and 4a in 1 : 1
DMPC–cholesterol (�).


Fig. 2 Relative change in excimer emission at 480 nm with temperature
for lipids 9a and 9b in DSPC vesicles: (a) 9a in DSPC (�); (b) 9b in DSPC
(�).
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Therefore, between 25 and 60 ◦C lipids 3a and 4a both remain
phase separated in DMPC–cholesterol vesicles. The small decrease
in the amount of excimer suggests the lipids are more soluble in
the liquid ordered matrix at higher temperatures, consistent with
increasing disorder at higher temperatures. This insensitivity to
temperature may enable us to develop vesicle-based biosensors
that can operate at a range of temperatures, which may be
particularly important when the emission of a signal is dependent
upon the rate of reorganisation of sensor lipids in the membrane.


Conclusions


We have synthesised several pyrene containing fluorinated and
non-fluorinated lipids and discovered a structural motif that pro-
motes phase separation from membranes in a fluid phase. Lipids
with a single pyrene–perfluoroalkyl membrane anchor phase
separated from liquid ordered phospholipid bilayers containing
cholesterol, even at membrane concentrations of 1% mol/mol.
Lipids with this pyrene–perfluoroalkyl motif also formed domains
at 1% mol/mol in gel-phase DSPC bilayers. Lipids with two
membrane anchors were found to phase separate from gel-phase
DSPC bilayers only, and in this case fluorination of one of
the membrane anchors made little difference to the extent of
phase separation. In all cases phase separation from DSPC was
dependent upon the bilayer being in the solid ordered phase;
heating past the transition temperature caused the lipids to
completely disperse. Indeed, none of our synthetic lipids phase
separated from bilayers in the liquid disordered phase.


Now that we have found a structural motif that enables phase
separation of synthetic lipids from fluid phospholipid bilayers, we
aim to develop vesicle-based fluorescent sensors that will rapidly
respond to external binding events. Such systems will be applied
to the development of new types of sensors for biomolecules and
should also allow investigation of the effect of phase separation
on multivalent interactions with membrane-bound receptors.


Experimental


NMR spectra were recorded on Bruker AC 300 or AMX 400
spectrometers, and fluorescence spectra on a Hitachi F-4500 Flu-
orescence Spectrophotometer with a Julabo F25-HE water bath.
Vesicle suspensions were diluted 1 in 1000 prior to measurement of
the fluorescence spectra. ES+ and EI+ mass spectra were obtained
on Micromass Prospec and Micromass Platform spectrometers.


Column chromatography was carried out on 60 mesh silica
gel. Water was distilled HPLC grade. MES, MOPS, Egg yolk
phosphatidylcholine EYPC (Type XVI from fresh egg yolk),
DSPC and DMPC were used as purchased from Sigma, POPC
was used as purchased from Avanti Polar Lipids. N-Boc-3,6-
dioxaoctane-1,8-diamine (6) and 1-(bromomethyl)pyrene were
prepared according to literature procedures.22,38


2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(pyren-1-
ylmethoxy)decan-1-ol (2a)


To sodium hydride (10 mg, 0.417 mmol, 0.8 eq.) dis-
solved in dry DMF (3 mL) at a temperature of 10 ◦C
was added 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-
1,10-diol (705 mg, 1.526 mmol, 3 eq.), dissolved in dry DMF


(1.5 mL), and mixture was stirred for 10 min. The mixture was
chilled to 0 ◦C and 1-(bromomethyl)pyrene (50 mg, 0.508 mmol,
1 eq.), dissolved in DMF (1.5 mL) was added. The resultant
solution was warmed to room temperature and left to react for
24 h. The DMF was then removed by evaporation in vacuo. The
crude organic product was purified by addition of ethyl acetate
(18 mL) and water (3 mL) followed by separation of organic
layer. The aqueous layer was then washed a further three times
with ethyl acetate (9 mL). The organic layers were combined and
dried over magnesium sulfate and the ethyl acetate removed by
evaporation in vacuo. Flash chromatography (SiO2, eluent ethyl
acetate–cyclohexane 2 : 7) of the crude product gave the pure
product as a white solid (50 mg, 18%). Rf 0.35 (ethyl acetate–
cyclohexane 1 : 2); vmax(Nujol)/cm−1 3355 (OH), 1600 (ArH), 1596
(ArH), 1382 (CF), 1297 (CF), 1207 (COC), 1147 (CF), 840 (ArH),
707 (ArH); dH (400 MHz, acetone-d6, 25 ◦C) 4.18 (2 H, t, 3J (F,H) =
14.0 Hz, CF2CH2OAr), 4.37 (2 H, tt, 3J (H,H) = 7.0 Hz, 3J (F,H) =
14.0 Hz, CF2CH2OH), 5.23 (1 H, t, 3J (H,H) = 7.0 Hz, OH), 5.52
(2 H, s, CH2Ar), 8.1–8.5 (9 H, m, Ar); dC (75 MHz, acetone-
d6, 25 ◦C): 61.2 (3J (F,C) = 22 Hz, CF2CH2OH), 68.3 (3J
(F,C) = 22 Hz, CF2CH2OAr), 74.2 (ArCH2O), 102–115 (8 × CF2),
125.4 (CH), 126.6 (CH), 126.7 (CH), 127.5 (CH), 128.3 (CH),
129.5 (CH), 129.7 (CH), 129.9 (CH), 131.5 (C), 132.3 (C), 133.1
(C), 133.5 (C), 133.9 (C). m/z (EI) 676 (16%, M+) 215 (100%,
PyreneCH2


+). m/z (EI-HRMS) 476.0887 (M+. C27H16O2F16
+ re-


quires 476.0889).


2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(pyren-1-
ylmethoxy)decyl isonicotinate (3a)


To a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-
(pyren-1-ylmethoxy)decan-1-ol (50 mg, 0.07 mmol, 1 eq.) in
dry dichloromethane (1 mL) was added isonicotinyl chloride
hydrochloride (26.3 mg, 0.15 mmol, 2.14 eq.), triethylamine
(20.1 lL) and DMAP (3 mg). The mixture was left stirring
overnight. Evaporation of the dichloromethane in vacuo gave a
white residue which was purified by flash column chromatography
(SiO2, ethyl acetate–cyclohexane 1 : 1) to give the pure product
as a white solid (44 mg, 79%) Rf 0.3 (ethyl acetate–cyclohexane
1 : 2); vmax(Nujol)/cm−1: 1739 (C=O), 1603 (CHAr), 1561 (CHAr),
1374 (CF), 1215 (CO); dH (300 MHz, CDCl3, 25 ◦C) 4.04 (2 H,
t, 3J (F,H) = 14.0 Hz, CF2CH2OAr), 4.86 (2 H, t, 3J (F,H) =
14.0 Hz, CF2CH2OC(O)), 5.43 (2 H, s, CH2Ar), 7.88 (2 H, d,
3J (H,H) = 7.5 Hz, pyridyl CH), 8–8.39 (9 H, m, Ar), 8.85 (2
H, 3J (H,H) = 7.5 Hz, pyridyl CH); dC (75 MHz, CDCl3, 25 ◦C):
61.3 (CF2CH2Opy), 66.5 (CF2CH2OAr), 73.9 (ArCH2O), 109–117
(m, 8 × CF2), 124.0 (pyridyl CH), 124.1 (C), 125.6 (CH), 125.7
(CH), 126.6 (C), 127.2 (2 × CH), 128.4 (CH), 129.0 (CH), 129.3
(CH), 130.2 (C), 131.2 (C), 132.0 (C), 132.3 (C), 133.0 (C), 136.6
(CH), 143.8 (C), 152.2 (pyridyl CH), 165.0 (C); m/z (ES-HRMS)
782.1187 (M + H+. C33H19F16NO3


+ requires 782.1188).


2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(pyren-1-
ylmethoxy)decyl-N-methylisonicotinium iodide (4a)


To a concentrated solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-
hexadecafluoro-10-(pyren-1-ylmethoxy)decyl isonicotinate
(63 mg, 0.09 mmol, 1 eq.) dissolved in acetone (2 mL) was
added methyl iodide (130 lL, 0.9 mmol, 10 eq.) and the mixture
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left to stir. After 3 d, the solid that formed was filtered and
washed with acetone to give the pure product as an off-white
solid (43 mg, 66%), Rf 0.61; vmax(solid KBr disk)/cm−1 3449,
3038, 2924, 2854, 1763 (C=O), 1639, 1460, 1383, 1281, 1204; dH


(300 MHz, acetone-d6, 25 ◦C) 4.36 (2 H t, 3J (F,H) = 22 Hz,
CF2CH2OAr), 4.81 (3 H, s, NCH3), 5.24 (2 H t, 3J (F,H) = 22 Hz,
CF2CH2OC(O)), 5.52 (2 H, s, CH2Ar), 8.08–8.75 (11 H, m, Ar +
pyridyl CH), 9.51 (2 H, d, 3J (H,H) = 7.5 Hz, pyridyl CH);
dC (100 MHz, acetone-d6, 25 ◦C) 50.3 (CH3), 62.7 (3J (F,C) =
26 Hz, CF2CH2OH), 67.9 (3J (F,C) = 26 Hz, CF2CH2OAr), 73.7
(ArCH2O), 109–117 (m, 8 × CF2), 123.9 (C), 124.7 (CH), 125.7
(C), 125.9 (CH), 126.8 (CH), 127.5 (2 × CH), 128.7 (CH), 128.8
(CH), 129.0 (CH), 129.1 (CH), 130.7 (C), 131.5 (C), 132.1 (C)
132.6 (C), 133.0 (C), 149.0 (C), 152.4 (pyridyl CH), 162.2 (C);
m/z (ES-HRMS) 796.1344 (M + H+. C34H21F16NO3


+ requires
796.1339).


10-(Pyrene-1-ylmethoxy)decan-1-ol (2b)


1,10-Decandiol (264 mg, 1.515 mmol, 3 eq.) dissolved in dry DMF
(1.5 mL) was added to sodium hydride (14 mg, 0.711 mmol, 1.4
eq.) dissolved in dry DMF (3 mL) at a temperature of 10 ◦C, and
the resultant mixture stirred for 10 min. The mixture was chilled to
0 ◦C and 1-(bromomethyl)pyrene (50 mg, 0.505 mmol), dissolved
in DMF (1.5 mL), was added. The resultant solution was warmed
to room temperature and left to react for 24 h. The DMF was
removed by evaporation in vacuo to give an off-white residue. The
crude organic product was purified by addition of ethyl acetate
(18 mL) and water (3 mL) followed by separation of organic layer.
The aqueous layer was then washed further with ethyl acetate (3 ×
9 mL). The organic layers were combined, dried over magnesium
sulfate, filtered and the ethyl acetate removed from the filtrate by
evaporation in vacuo. The pure product was obtained as a white
solid after purification by flash column chromatography (SiO2,
eluent ethyl acetate–cyclohexane 2 : 5), (30 mg, 15%). Rf 0.39
(ethyl acetate–cyclohexane 1 : 1); vmax(Nujol)/cm−1 3223 (OH),
1720 (C=O), 1596 (CHAr), 1374 (CO), 1300 (C–O); dH (300 MHz,
CDCl3, 25 ◦C) 1.24 (12 H, br m, alkyl CH2), 1.44 (2 H, br m, alkyl
CH2), 1.52 (2 H, t, 3J (H,H) = 6.5 Hz, alkyl CH2), 2.06 (2 H, s,
OH + 1/2H2O), 3.63 (4 H, t, 3J (H,H) = 6.5 Hz, 2 × CH2O), 5.23
(2 H, s, CH2Ar), 8–8.23 (9 H, m, Ar); dC (75 MHz, CDCl3, 25 ◦C)
26.1 (CH2), 26.6 (CH2), 29.8 (CH2), 29.9 (CH2), 30.2 (CH2), 33.2
(CH2), 63.4 (CH2OH), 71.0 (OCH2), 71.9 (ArCH2O), 123.9 (CH),
124.9 (CH), 125.1 (CH), 125.3 (CH), 126.3 (CH), 127.3 (CH),
127.7 (CH), 128.0 (CH), 129.7 (C), 131.2 (C), 131.6 (C), 132.2
(C); m/z (ES-HRMS) 411.2292 (M + H+. C27H32O2Na+ requires
411.2295).


10-(Pyren-1-ylmethoxy)decyl isonicotinate (3b)


To a solution of 10-(pyrene-1-ylmethoxy)decan-1-ol (30 mg,
0.077 mmol, 1 eq.) in dry dichloromethane (1 mL) was added
isonicotinyl chloride hydrochloride (15.8 mg, 0.088 mmol, 1.14
eq.), triethylamine (20.1 lL) and DMAP (3 mg). The reaction
mixture was left stirring overnight at room temperature. Evapora-
tion of the dichloromethane in vacuo gave an off-white solid, which
was purified by flash column chromatography (SiO2, eluent ethyl
acetate–cyclohexane 2 : 5). This gave the pure product as a white
solid (12 mg, 31%). Rf 0.59 (eluent ethyl acetate–cyclohexane 2 :


5); vmax(Nujol)/cm−1 1732 (C=O), 1596 (CHAr), 1553 (CHAr), 1376
(CO), 1273 (CO); dH (300 MHz, CDCl3, 25 ◦C) 1.26 (12 H, m,
alkyl CH2); 1.44 (2 H, br m, alkyl CH2), 1.70 (2 H, t, 3J (H,H) =
7.5 Hz, alkyl CH2), 3.60 (2 H, t, 3J (H,H) = 7.4 Hz, CH2O), 4.33
(2 H, t, 3J (H,H) = 7.5 Hz, CH2OC(O)), 5.23 (2 H, s, CH2Ar),
7.84 (2 H, d, 3J (H,H) = 7.6 Hz, pyridyl CH); 8.02–8.38 (9 H, m,
Ar), 8.78 (2 H, d, 3J (H,H) = 7.6 Hz, pyridyl CH); dC (75 MHz,
CDCl3, 25 ◦C): 26.3 (CH2), 26.6 (CH2), 28.9 (CH2), 29.6 (CH2),
29.8 (CH2), 29.9 (CH2), 30.2 (CH2), 66.5 (CH2), 70.9 (CH2), 71.9
(CH2), 123.5 (CH), 123.9 (CH), 124.9 (CH), 125.1 (CH), 125.3
(CH), 125.5 (CH), 126.3 (CH), 127.3 (CH), 127.7 (CH), 127.8
(CH), 128.0 (CH), 129.7 (C), 130.1 (CH), 131.2 (C), 131.6 (C),
131.6 (C), 132.2 (C), 150.3 (CH), 165.3 (C); m/z (ES-HRMS)
494.2695 (M + H+. C33H36NO3


+ requires 494.2690).


10-(Pyren-1-ylmethoxy)decyl-N-methylisonicotinium iodide (4b)


Methyl iodide (130 lL, 1.2 mmol, 50 eq.) was added to a con-
centrated solution of 10-(pyren-1-ylmethoxy)decyl isonicotinate
(12 mg, 0.024 mmol, 1 eq.) in acetone (250 lL) and the mixture
left to stir for 3 d. The solvent was then evaporated in vacuo to give
the product as a white solid that required no further purification
(6.4 mg, 52%). vmax(KBr disk)/cm−1 3440, 2924, 1726 (C=O), 1633
(CHAr), 1384 (CO), 1127 (CO); dH (300 MHz, CDCl3, 25 ◦C) 1.1–
1.9 (16 H, m, CH2 alkyl), 3.58 (2 H, t, 3J (H,H) = 7.5 Hz, CH2O),
4.30–4.80 (5 H; t, CH2OC(O) + s, NCH3), 5.20 (2 H, s, OCH2Ar),
7.92–8.48 (9 H, m, Ar), 9.0–9.43 (4 H, m, pyridyl CH); dC (75 MHz,
CDCl3, 25 ◦C) 24.7 (CH2), 25.1 (CH2), 27.2 (CH2), 27.9 (CH2),
28.1 (CH2), 28.2 (CH2), 28.7 (CH2), 49.0 (CH3), 66.8 (CH2), 69.8
(CH2), 70.5 (CH2), 71.9 (CH2), 122.6 (CH), 123.5 (CH), 124.2
(CH), 124.3 (CH), 125.0 (CH), 126.0 (CH), 126.2 (CH), 126.4
(CH), 126.6 (CH), 128.2 (C), 129.7 (C), 130.1 (C), 130.9 (C), 143.3
(C), 145.6 (pyridyl CH), 160.0 (C=O); m/z (ES-HRMS) 508.2852
(M + H+. C34H38NO3


+ requires 508.2846).


N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-1,8-diamine39 (7)


To a solution of 1-pyrenemethanol (400 mg, 1.7 mmol, 1 eq.) and
N-Boc-3,6-dioxaoctane-1,8-diamine (550 mg, 2.2 mmol, 1.3 eq.)
in dichloroethane (10 mL) containing 4 Å molecular sieves (2.4 g)
was added activated manganese oxide (1.5 g, 17.2 mmol, 10 eq.).
The reaction mixture was stirred at room temperature for at least
4 h and reaction progress monitored by TLC. Sodium borohydride
(100 mg, 2.6 mmol, 1.5 eq.) was added, followed by methanol
(2 mL) at 0 ◦C. The reaction mixture was stirred for 30 min at
room temperature and filtered on a short Celite R© pad. The solvents
were evaporated in vacuo and the resulting residue was purified by
flash chromatography on silica gel, using ethanol–ethyl acetate–
triethylamine 40 : 59.5 : 0.5 as the eluent, to give the product as
a colorless oil (710 mg, 89%). vmax(neat)/cm−1 3500–3100, 3000–
2800, 1709, 1515, 1455, 1365 1250, 1172; dH (300 MHz, CDCl3,
25 ◦C) 1.42 (s, 9 H), 2.01 (br s, 1 H), 2.99 (t, 3J (H,H) = 5.2 Hz, 2
H), 3.27 (m, 2 H), 3.48 (t, 3J (H,H) = 5.0 Hz, 2H), 3.58 (s, 4 H),
3.67 (t, 3J (H,H) = 5.2 Hz, 2 H), 4.53 (s, 2 H), 5.10 (br s, 1 H),
7.97–8.0 (m, 4 H), 8.11–8.19 (m, 4 H), 8.38 (d, 3J (H,H) = 9.2 Hz,
1 H); dC (75 MHz, CDCl3, 25 ◦C) 28.8 (CH3), 40.7 (CH2), 49.5
(CH2), 52.0 (CH2), 70.6 (CH2), 71.0 (CH2), 79.5 (C), 123.1 (CH),
125.3 (CH), 125.7 (CH), 125.9 (CH), 126.0 (CH), 126.5 (CH),
127.8 (CH), 127.8 (C), 128.0 (CH), 128.2 (CH), 128.6 (CH), 129.5
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(C), 131.1 (C), 131.2 (C), 131.7 (C), 156.4 (C); m/z (ES-HRMS)
463.2585 (M + H+. C28H35N2O4


+ requires 463.2597).


N-(Pyren-1-ylmethylamino)-3,6-dioxaoctane-1,8-diamine (8)


To a solution of N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-
1,8-diamine (60 mg, 0.130 mmol, 1 eq.) in dichloromethane (1 mL)
at room temperature was added trifluoroacetic acid (300 lL,
4 mmol, 31 eq.). The reaction was stirred for 3 h then the solvent
evaporated in vacuo at room temperature to provide the crude
product as an oil. (78 mg, 99%). vmax(neat)/cm−1 3446, 3049, 1780,
1683, 1457, 1354, 1204, 850, 798, 724, 707; dH (300 MHz, CDCl3,
25 ◦C) 3.07 (br m, 2 H), 3.26 (br m, 2 H), 3.53 (t, 3J (H,H) =
5.2 Hz, 2 H), 3.55 (s, 4 H), 3.65 (t, 3J (H,H) = 4.9 Hz, 2 H), 4.99
(br t, 3J (H,H =2 Hz, 2 H), 7.39 (br s, 2 H), 8.07 (m, 3H), 8.16 (d,
3J (H,H) = 9.1 Hz, 1 H), 8.19 (d, 3J (H,H) = 8.0 Hz, 1 H), 8.22 (s,
2 H), 8.26 (d, 3J (H,H) = 7.6 Hz, 2 H); m/z (ES-HRMS) 363.2061
(M + H+. C23H27N2O2


+ requires 363.2072).


N ′-2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctanoyl-N-Boc-
N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-1,8-diamide


To a solution of N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-
1,8-diamine (80 mg, 0.173 mmol, 1 eq.) in dichloroethane (1 mL)
at room temperature was added dry pyridine (42 lL, 0.519 mmol,
3 eq.), DMAP (2 mg, 0.017 mmol, 0.1 eq.) and perfluorooctanoyl
chloride (75 mg, 0.173 mmol, 1 eq.). The reaction was stirred for 3 h
and the solvent evaporated in vacuo. The residue was purified by
flash chromatography on silica gel using ethyl acetate–cyclohexane
2 : 5 as the eluent to provide the product as a colorless oil (144 mg,
97%). In the NMR spectra a 1 : 0.7 mixture of rotamers about the
perfluorooctanamide bond was observed. vmax(neat)/cm−1 3382,
2977, 1720 (C=O), 1683 (C=O), 1507, 1366, 1018; dH (300 MHz,
CDCl3, 25 ◦C) 1.37 (s, 9 H), 3.33 (br s, 2.1 H), 3.50–3.75 (m, 10.4
H), 4.92 (br s, 0.8 H), 5.29 (s, 0.8 H), 5.63 (s, 2 H), 7.80 (d, J =
7.9 Hz, 0.4 H), 7.95 (d, J = 7.8 Hz, 0.6 H), 8.00–8.24 (m, 8 H); dC


(75 MHz, CDCl3, 25 ◦C) 28.7 (CH3), 40.8 (CH2), 45.9 (CH2), 47.7
(CH2), 49.1 (CH2), 50.2 (CH2), 50.3 (CH2), 50.3 (CH2), 53.8 (CH2),
69.0 (CH2), 70.6 (CH2), 70.7 (CH2), 70.8 (CH2), 71.0 (CH2), 71.1
(CH2), 79.6 (C), 121.8 (CH), 123.0 (CH), 124.4 (CH), 125.1 (CH),
125.4 (CH), 125.8 (CH), 125.9 (CH), 126.1 (CH), 126.5 (CH),
126.6 (CH), 127.6 (CH), 127.7 (CH), 128.0 (CH), 128.1 (CH),
128.2 (CH), 128.7 (CH), 128.8 (CH), 129.9 (C), 131.1 (C), 131.6
(C), 131.8 (C), 156.3 (C), 158.7 (C), 159.0 (C); m/z (ES-HRMS)
881.2028 (M + Na+. C36H33F15N2O5Na+ requires 881.2048).


N ′-2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctanoyl-8-(pyren-
1-ylmethylamino)-3,6-dioxaoctanamide (9a)


To a solution of N ′-2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadeca-
fluorooctanoyl N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-
1,8-diamide (130 mg, 0.15 mmol, 1 eq.) in dichloromethane
(2 mL) at room temperature was added trifluoroacetic acid
(375 lL, 5 mmol, 33 eq.). The reaction was stirred for 3 h and the
solvent evaporated in vacuo at room temperature to provide the
crude product as a viscous oil (133 mg, 99%). In the NMR spectra
a 1 : 0.7 mixture of rotamers about the perfluorooctanamide bond
was observed. vmax(neat)/cm−1 3600–2400, 1779, 1682, 1515, 1456,
1203; dH (300 MHz, CDCl3, 25 ◦C) 3.25 (br s, 1.88 H), 3.50–3.75
(m, 9.94 H), 5.47 (s, 0.80 H), 5.52 (s, 1.1 H), 7.29 (br s, 2.6 H), 7.76


(d, 3J (H,H) = 7.9 Hz, 0.58 H), 7.85 (d, 3J (H,H) = 7.8 Hz, 0.42
H), 8.00–8.25 (m, 8H); dC (75 MHz, CDCl3, 25 ◦C) 40.1 (CH2),
40.4 (CH2), 45.5 (CH2), 45.5 (CH2),47.0 (CH2), 48.7 (CH2), 49.1
(CH2), 66.0 (CH2), 66.2 (CH2), 67.6 (CH2), 68.2 (CH2), 70.0
(CH2), 70.2 (CH2), 70.2 (CH2), 70.4 (CH2), 120.8 (CH), 122.0
(CH), 123.8 (CH), 124.7 (CH), 125.1 (CH), 125.7 (CH), 126.0
(CH), 126.3 (CH), 126.4 (CH), 127.2 (CH), 127.2 (CH), 128.0
(CH), 128.4 (CH), 128.8 (CH), 129.3 (C), 130.9 (C), 131.7 (C),
131.9 (C), 132.1 (C), 160–165 (br, C); m/z (ES-HRMS) 759.1669
(M + H+. C31H26F15N2O3


+ requires 759.1704].


N ′-Octanoyl-N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-1,8-
diamide


To a solution of N-Boc-N ′-(pyren-1-ylmethyl)-3,6-dioxaoctane-
1,8-diamine (200 mg, 0.432 mmol, 1 eq.) in dichloroethane (2 mL)
at 0 ◦C was added di-iso-propylethylamine (151 lL, 0.865 mmol,
2 eq.), DMAP (5.3 mg, 0.043 mmol, 0.1 eq.) and octanoyl
chloride (96 lL, 0.562 mmol, 1.3 eq.). The reaction mixture
was warmed to room temperature and left stirring for 3 h. The
solvent was evaporated in vacuo and the residue purified by flash
chromatography on silica gel using ethyl acetate–cyclohexane 2 : 1
as the eluent. This provided the product as a colorless oil (242 mg,
96%). In the NMR spectra a 1 : 0.83 mixture of rotamers about
the octanamide bond was observed. vmax(neat)/cm−1 3342, 3042,
2928, 1716 (C=O), 1646, 1506, 1456, 1417, 1365, 1250, 1173; dH


(300 MHz, CDCl3, 25 ◦C) 0.81 (br t, 3J (H,H) = 6.6 Hz, 1.38 H),
0.89 (br t, 3J (H,H) = 6.0 Hz, 1.66 H), 1.39 (s, ∼9 H), 1.18–1.40 (br
m, ∼10 H), 1.56–1.80 (br m, 2.12 H), 2.39 (t, 3J (H,H) = 7.4 Hz,
0.90 H), 2.50 (t, 3J (H,H) = 7.5 Hz, 1.11 H), 3.28 (br m, 1.99 H),
3.37–3.55 (m, 8.56 H), 3.74 (s, 1.84 H), 4.98 (br m, 0.94 H), 5.28
(s, 0.71 H), 5.43 (s, 0.85 H), 5.45 (s, 1.04 H), 7.77 (d, 3J (H,H) =
7.9 Hz, 0.46 H), 7.90 (d, 3J (H,H) = 7.8 Hz, 0.57 H), 7.97–8.23 (m,
7.68 H), 8.31 (d, J = 9.3, 0.59 H); dC (75 MHz, CDCl3, 25 ◦C) 14.4
(CH), 14.5 (CH2), 22.9 (CH2), 23.1 (CH2), 25.3 (CH2), 25.7 (CH2),
26.02 (CH2), 28.8 (CH), 29.3 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7
(CH2), 29.9 (CH2), 32.0 (CH2), 32.2 (CH2), 33.6 (CH2), 33.8 (CH2),
34.4 (CH2), 40.7 (CH2), 46.3 (CH2), 46.7 (CH2), 46.8 (CH2), 50.9
(CH2), 69.7 (CH2), 70.2 (CH2), 70.6 (CH2), 70.7 (CH2), 71.0 (CH2),
79.6 (C), 121.9 (CH), 123.4 (CH), 123.7 (CH), 125.0 (CH), 125.1
(C), 125.4 (CH), 125.6 (CH), 125.7 (CH), 125.9 (CH), 126.4 (CH),
126.5 (CH), 127.7 (CH), 127.8 (CH), 128.0 (CH), 128.3 (CH),
128.5 (CH); 131.4 (C), 131.6 (C), 156.4 (C), 174.1 (C), 174.8 (C);
m/z (ES-HRMS) 611.3453 (M + Na+. C36H48N2O5Na+ requires
611.3461).


N ′-Octanoyl 8-(pyren-1-ylmethylamino)-3,6-dioxaoctanamide (9b)


To a solution of N ′-octanoyl-N-Boc-N ′-(pyren-1-ylmethyl)-
3,6-dioxaoctane-1,8-diamide (60 mg, 0.1 mmol, 1 eq.) in
dichloromethane (1 mL) at room temperature was added triflu-
oroacetic acid (250 lL, 3.3 mmol, 33 eq.). The reaction was stirred
for 3 h and the solvent evaporated in vacuo at room temperature
to provide the pure product as a viscous oil (64 mg, 99%). In the
NMR spectra a 1 : 0.7 mixture of rotamers about the octanamide
bond was observed. vmax(neat)/cm−1 3600–2600, 1779, 1622, 1456,
1207. dH (300 MHz, CDCl3, 25 ◦C) 0.79 (t, 3J (H,H) = 6.9 Hz,
1.97 H); 0.85 (t, 3J (H,H) = 7.1 Hz, 1.2 H), 1.10–1.35 (m, 8.4
H), 1.64 (br m, 2.38 H), 2.46 (t, 3J (H,H) = 7.3 Hz, 1.4 H), 2.63
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(t, 3J (H,H) = 7.8, 0.7 H), 3.36 (m, 2.1 H), 3.55–3.85 (m, 10.1
H), 5.38 (s, 1.8 H), 5.45 (s, 0.8 H), 7.50 (br s, 2.6 H), 7.74 (d, 3J
(H,H) = 7.9, 0.6 H), 7.84 (d, 3J (H,H) = 7.8 Hz, 0.4 H), 8.00–8.27
(m, 8.34 H); dC (75 MHz, CDCl3, 25 ◦C) 14.2 (CH3), 14.3 (CH2),
22.8 (CH2), 22.9 (CH2), 26.1 (CH2), 26.4 (CH2), 29.0 (CH2), 29.2
(CH2), 29.5 (CH2), 29.7 (CH2), 31.8 (CH2), 31.9 (CH2), 33.7 (CH2),
33.7 (CH2), 40.6 (CH2), 40.8 (CH2), 46.8 (CH2), 47.1 (CH2), 47.2
(CH2), 50.7 (CH2), 66.3 (CH2), 66.5 (CH2), 68.0 (CH2), 68.5 (CH2),
70.3 (CH2), 70.5 (CH2), 70.6 (CH2), 70.9 (CH2), 121.2 (CH), 122.6
(CH), 123.0 (CH), 124.9 (CH), 125.4 (CH), 126.0 (CH), 126.1
(CH), 126.4 (CH), 126.7 (CH), 126.8 (CH), 127.7 (CH), 128.3
(CH), 128.9 (CH), 129.1 (CH) 129.1 (C), 130.9 (C), 131.6 (C),
131.7 (C), 131.8 (C), 160–165 (br, C); m/z (ES-HRMS) 489.3134
(M + H+. C31H41N2O3


+ requires 489.3117).


Phospholipid vesicle synthesis


The required amount of lipids 3a–9b to give a 1% mol/mol
membrane concentration were added to the appropriate
phosphatidylcholine–cholesterol mixture and the mixture dis-
solved in spectroscopic grade ethanol-free chloroform, followed
by removal of the solvent to give a thin film of phospholipid on the
interior of a round-bottomed flask. MOPS buffer, pH 7.4 (20 mM)
was added to give a final total lipid concentration of 20 mM, then
phospholipid suspensions prepared by vortex mixing the thin film
of phospholipid with the buffer. Unilamellar vesicles doped with
lipids 3a–9b (1% mol/mol) were synthesised by extrusion of this
phospholipid suspension through polycarbonate membranes with
800 nm pores at temperatures above the respective phase transition
temperatures (25 ◦C for EYPC, POPC, DMPC and phospholipid–
cholesterol mixtures, 60 ◦C for DSPC).
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A new synthesis of phosphatidic acid and phosphatidyl-
choline is reported, relying on the preparation of 3-
tetrahydropyranyl-sn-glycerol as the key intermediate for
sequential introduction of the primary and secondary acyl
functions to produce chiral diglycerides that are phosphory-
lated to obtain the target phospholipid compounds.


Development of new synthetic methods for the preparation of
biologically active phospholipid compounds is one of the most
important problems of membrane-chemistry and biochemistry
today.1 Specifically, while phospholipids have long been known
as constituents of membrane bilayers,2 they were recently recog-
nized as essential molecules for regulation of cell functions by
hormones, neurotransmitters, growth factors and inflammatory
cytokines.3 Membrane glycerophospholipids are precursors of
lipid metabolites with second messenger functions, serving as
substrates for phospholipases, lipid kinases and phosphatases
that generate signaling lipid molecules.3,4 Elucidation of the
mechanistic details involved in the enzymological, cell-biological,
and membrane-biophysical roles of phospholipids remains to
be accomplished, and it depends on the availability of efficient
synthetic methods for the preparation of structurally variable
phospholipid compounds.3–5 The synthetic compounds are re-
quired for the establishment of structure–activity relationships
with respect to phospholipid–phospholipid and phospholipid–
protein interactions,6 as well as for mechanistic studies of phos-
pholipid metabolizing enzymes.7


Despite their apparent structural simplicity the synthesis of
mixed-chain 1,2-diacyl-3-phosphoglycerols has been a challenging
task that involves: 1) regioselective incorporation of three different
substituents at the three glycerol positions that normally requires
the use of multiple protecting groups, and 2) development
of conditions that allow deprotection of the hydroxyl groups
and subsequent acylation/phosphorylation while preventing acyl
migration in the course of introducing the desired substituents.8 We
now report an efficient general route to phosphatidylcholine2 and
phosphatidic acid,9 that should be applicable to the preparation
of a wide range of structurally related glycerophospholipid
derivatives as well. The key features of the sequence rely on
tetrahydropyranylation of the incipient sn-3-glycerol position that
allows regioselective monoacylation at the sn-1-primary hydroxyl
group, followed by introduction of the secondary ester substituent.
Subsequent acid-catalyzed deprotection of the sn-3-glycerol func-
tion is achieved using dilute hydrochloric acid in a mixture
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of chloroform–methanol solution under experimental conditions
where acyl migration is prevented.10 Finally, elaboration of the
phospholipid headgroup is accomplished using phosphorylation
methods suitable for the preparation of phosphomonoester and
phosphodiester functions, respectively. The usefulness of the
method is illustrated by the preparation of a double-labeled mixed-
chain phosphatidylcholine, carrying chain-terminal fluorescent
reporter groups applicable for spectroscopic (FRET) studies of
lipolytic enzymes.11


Significantly, the sequence became possible because we discov-
ered, that isopropylidene protection of glycerol can be selectively
cleaved using bismuth(III) triflate12 as catalyst in aqueous tetrahy-
drofuran, while under the same reaction conditions the other
acid-labile tetrahydropyranyl protecting group remains essentially
unaffected. Thus, we were able to prepare the key intermediate of
the sequence 3, from commercially available 1,2-O-isopropylidene-
3-sn-glycerol 1 rapidly, in two steps (Scheme 1).


Reaction of D-a,b-O-isopropylidene glycerol 1 with twofold
excess of dihydropyran in CH2Cl2 in the presence of pyridinium
p-toluenesulfonate as catalyst at room temperature for 2 h yielded
compound 2, which was isolated by extraction from a mixture of
benzene–water as a colorless oil (92%). The product 2 was treated
with 0.3 equiv. bismuth(III) triflate tetrahydrate in THF–H2O (4 : 1)
at room temperature for 1 h to give the tetrahydropyranyl glycerol
3. It was purified by silica gel chromatography with CHCl3–EtOAc
(1 : 1), freeze-dried from benzene and obtained as a colorless oil
(in 76% yield).


This intermediate 3 was used for the synthesis of both
symmetric- and mixed-chain phospholipids including phospha-
tidic acid and phosphatidylcholine. Thus, selective acylation of
compound 3 at the primary sn-1-glycerol position was achieved
using a threefold excess of diol 3 in reaction with 10-(7′-mercapto-
4′-methylcoumarin)decanoic acid8d–DCC in the presence of a
catalytic amount of DMAP in chloroform at room temperature for
20 h. The resulting fluorescent sn-1-ester 4 was chromatographed
on a silica gel column with CHCl3–EtOAc (4 : 1) as eluant,
then freeze-dried from benzene to give a white solid (79%). The
regioisomeric purity of compound 4 could readily be ascertained
by high-field 1H NMR spectroscopy. Specifically, the 1H NMR
spectrum of the product 4 shows baseline resonance in the
d 5.00–5.09 range indicating that there is no sn-2-ester group
in the molecule,13 such that acylation occurred at the sn-1-
position with complete regioselectivity. In the next step the
incipient sn-2-substituent of the mixed-chain phospholipid was
introduced by treatment of compound 4 with 1.2 equiv. 12-(2′-
naphthylacetyl)aminododecanoic acid–DCC in chloroform in the
presence of catalytic amount of DMAP at room temperature
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Scheme 1 Reagents and conditions: (a) DHP, PPTS, CH2Cl2; (b) 0.3 equiv. Bi(OTf)3, THF–H2O (4 : 1), rt, 1 h; (c) 10-(4′-methyl-7′-mercapto-
coumarin)dodecanoic acid–DCC–DMAP, CHCl3; (d) 2.2 equiv. palmitic acid–DCC–DMAP, CHCl3; (e) 12-(2′-naphthylacetyl)aminododecanoic
acid–DCC–DMAP, CHCl3; (f) 0.15 M HCl, CHCl3–MeOH, 2 h; (g) (i) ethylene chlorophospate, Et3N, benzene, (ii) (CH3)3N, MeCN, 65 ◦C; (h) (i)
iPr2P(OCH2CH2CN)2, tetrazole, CHCl3–MeCN (3 : 1), (ii) 30% aq. H2O2–CH2Cl2, (iii) 0.2 M DBU, toluene, 110 ◦C, 16 h.


for 72 h. The diacyl compound 5 was purified by silica gel
chromatography using CHCl3–EtOAc (4 : 1), freeze-dried from
benzene and isolated as a white powder in 85% yield. Deprotection
of the sn-3-hydroxyl group was achieved in 0.15 M HCl in
chloroform-methanol (1 : 1, 83% yield).10


For elaboration of the phosphodiester headgroup, com-
pound 6 was allowed to react with 2-chloro-2-oxo-1,3,2-
dioxaphospholane–triethylamine in anhydrous benzene, followed
by treatment of the phosphorylated intermediate with trimethy-
lamine in acetonitrile at 65 ◦C (in a pressure bottle) for 48 h.
The product was purified by silica gel chromatography (CHCl3–
MeOH–H2O 65 : 25 : 4) and freeze-dried from benzene to give the
target phospholipid 7 as a yellow solid (54%).14–16


Preparation of symmetric-chain phospholipids from sn-3-
tetrahydropyranyl glycerol 3 is illustrated by synthesis of 1,2-
dipalmitoylphosphatidic acid 10. Thus, compound 3 was treated
with 2.2 equiv. palmitic acid–DCC and 20 mol% DMAP in
chloroform at room temperature for 12 h. The dipalmitoyl product
8 was chromatographed on silica gel with CHCl3 as eluant, and
isolated as an analytically pure white solid in 79% yield. Acid-
catalyzed deprotection of the sn-3-alcohol function in 0.15 M HCl
in chloroform–methanol (1 : 1) as above, gave the product 9 in
93% yield.


Compound 9 was phosphorylated by treatment with bis(b-
cyanoethyl)-N,N-diisopropylphosphoramidite in the presence of
tetrazole in CHCl3–MeCN (3 : 1), at room temperature for 48 h
(51%), followed by oxidation of the phosphite intermediate in a


biphasic mixture of 30% aq. H2O2–CH2Cl2 in 85% yield. Finally,
base catalyzed elimination of the cyanoethyl protecting groups
with 2.5 equiv. DBU in refluxing toluene overnight gave the
phosphomonoester 10 in 70% yield.17


In conclusion, the synthesis here reported provides a facile
and efficient method for the preparation of a wide range of
diacylglycerols and phospholipids, including phosphatidic acid,
symmetric- and mixed-chain phosphatidylcholines. The strength
of the method is in its flexibility with respect to the substituent
groups that can be introduced, and in its applicability to the
development of new phospholipid analogues with desired target
structures for biochemical and membrane-biophysical studies.
Work along these lines is under way in our laboratory.
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675.5550.
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A linear type of several low molecular weight CXCR4
antagonists were developed based on T140 analogs, which
were previously found to be strong CXCR4 antagonists that
block X4-HIV-1 entry and have inhibitory activities against
cancer metastasis/progression and rheumatoid arthritis.


Introduction


A system of a chemokine receptor, CXCR4, and its endoge-
nous ligand, stromal cell-derived factor-1 (SDF-1/CXCL12), has
multiple important functions in normal physiology involving the
migration of progenitors during embryologic development of
the cardiovascular, hemopoietic and central nervous systems.1


The CXCL12/CXCR4 system has been also recognized to be
involved in several pathologic conditions, such as HIV infection,2


cancer metastasis/progression3 and rheumatoid arthritis (RA).4


First, CXCR4 was identified as a co-receptor that is used in the
entry of T cell line-tropic (X4-) HIV-1 into T cells.2 Second, it
is found that the CXCL12/CXCR4 system is involved in the
metastasis of several types of cancers, including breast cancer,
pancreatic cancer, melanoma, prostate cancer, kidney cancer,
neuroblastoma, non-Hodgkin’s lymphoma, lung cancer, ovarian
cancer, multiple myeloma, chronic lymphocytic leukemia, acute
lymphoblastic leukemia and malignant brain tumor,3 and that
this system might determine the metastatic destination of tumor
cells. For instance, Müller et al. reported that CXCR4 is highly
expressed in human breast cancer cells, while CXCL12 is highly
expressed in lymph nodes, bone marrow, lung and liver, which
represent the primary metastatic destinations of breast cancer,
and that breast cancer metastasis can be significantly inhibited
by neutralization using anti-CXCR4 antibodies in mice.3a Third,
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Nanki et al. reported that the memory T cells highly express
CXCR4 and the concentration of CXCL12 is extremely high in the
synovium of RA patients, and that CXCL12 stimulates migration
of the memory T cells and inhibits T cell apoptosis followed by T
cell accumulation in the RA synovium.4a Taken together, CXCR4
is thought to represent an important therapeutic target.5 Thus,
several antagonists directed against CXCR4 have been developed.
We previously found a 14-mer peptide, T140, which specifically
antagonizes CXCR4,6 and that Arg2, L-3-(2-naphthyl)alanine
(Nal)3, Tyr5 and Arg14 constitute the biologically critical residues of
T140 (Fig. 1).7 Recently, its potent analogs, 4F-benzoyl-TN14003
and 4F-benzoyl-TE14011, possessing increased stability in serum
and liver homogenate, were developed by introduction of a p-
fluorobenzoyl group, which was defined as a new pharmacophore,
into the N-terminus.8 4F-benzoyl-TN14003 and 4F-benzoyl-
TE14011 showed strong anti-HIV activity in vitro, anti-metastatic
activity against breast cancer3b and melanoma3g and anti-RA
activity in experimental model mice.4b Furthermore, T140-related
analogs exhibited significant inhibition against CXCL12-induced
migration/activation/invasion of small-cell lung cancer cells,3h


acute lymphoblastic leukemia cells3e and pancreatic cancer cells3c,f


in vitro. Molecular-size reduction of T140 based on the above four
critical residues (Arg × 2, Nal and Tyr) led to discovery of a low
molecular weight CXCR4 antagonist with a cyclic pentapeptide
template, FC131.9 In this paper, identification of the enhanced
pharmacophore involving an electron-deficient aromatic ring
at the N-terminus of 4F-benzoyl-TN14003 and 4F-benzoyl-
TE14011, such as a p-fluorobenzoyl or p-trifluoromethylbenzoyl
moiety, prompted us to develop novel linear-type low molecular
weight CXCR4 antagonists. By combining substructure units of


Fig. 1 Development of bio-stable CXCR4 antagonists, 4F-benzoyl-
TN14003 and 4F-benzoyl-TE14011, and a downsized antagonist, FC131.
Nal = L-3-(2-naphthyl)alanine, Cit = L-citrulline.
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the above four critical residues (Arg × 2, Nal and Tyr) that were
used in the development of FC131, in addition to the above


Fig. 2 Development of tri- and tetrapeptide mimetics with
CXCR4-antagonistic activity.


electron-deficient aromatic ring, several compounds were designed
and synthesized.


Biological results and discussion


Biological activities of the present synthetic compounds were
evaluated by two assays: the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay based on the inhibition
of X4-HIV-1 (HIV-1IIIB)-induced cytopathogenicity in MT-4 cells
by test compounds (anti-HIV activity)10 and a blocking assay
based on displacement of CXCL12 binding to CXCR4 by
test compounds (binding affinity for CXCR4).11 Initially, three
tripeptide mimetics containing amide bonds and/or reduced
amide bonds, 1–3 were designed based on the sequence of Arg1–
Arg2–Nal3 in the N-terminal region of T140 (Fig. 1 and 2)
and synthesized using solution-phase techniques involving amide
bond-forming condensation and reductive amination reactions.
In this study, (S)-(−)-1-(1-naphthyl)ethylamide, which was used
in another CXCR4 antagonist KRH-1636,12 was introduced with
the view to enhancement of biostability. Compounds 2 and 3
showed significant anti-HIV activity, while compound 1 did not
exhibit activity until the 100 lM concentration, suggesting that
a reduced amide bond possessing the conformational flexibility
might be more suitable for the interaction of CXCR4 (Table 1).


Fig. 3 Design of tripeptide library containing three pharmacophores of the N-terminal region of 4F-benzoyl-TN14003 and 4F-benzoyl-TE14011
(aromatic ring, Arg2 and Nal3) and the development of new leads.
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Table 1 Cytotoxicity, anti-HIV activity and inhibitory activity against
CXCL12 binding to CXCR4 of the synthetic compounds


Compound CC50/lMa EC50/lMb IC50/lMc


1 >100 >100 0.32–1
2 >100 52 0.32–1
3 >100 46 0.32–1
4 >100 22 0.090
5 >100 26 0.30
6 >100 11 0.32–1
7 >100 1.7 >1
8 >100 45 0.30
11 >100 7.7 >1
14 >100 6.0 >1
30 >100 61 >1
39 66 7.4 >1
FC131 >100 0.073 0.0032
T140 >10 0.026 0.0045
AZT >100 0.014


a CC50 values are based on the reduction of the viability of mock-infected
MT-4 cells. Since the cytotoxicity of T140 was previously evaluated as
CC50 > 40 lM, further estimation at high concentrations was omitted
in this study. b EC50 values are based on the inhibition of HIV-induced
cytopathogenicity in MT-4 cells. c IC50 values are based on the inhibition
of [125I]-CXCL12 binding to CXCR4 transfectants of CHO cells. All data
are the mean values for at least three independent experiments.


Thus, we synthesized two tetrapeptide mimetics, 4 and 5, where
a Tyr residue was added in the N-terminus of compounds 2 and
3, respectively, based on the sequence of the FC131 sequence.
Compounds 4 and 5 showed approximately twice stronger anti-
HIV activity than compounds 2 and 3, indicating that an N-
terminal addition of a Tyr residue is effective for an increase in anti-
HIV activity. Furthermore, compounds 4 and 5 exhibited stronger
binding affinity for CXCR4, compared to compounds 1–3. Next,
we synthesized p-fluorobenzoylated tripeptide mimetics, 6 and 7,
based on the N-terminal sequence of 4F-benzoyl-TN14003 and
4F-benzoyl-TE14011. As a result, p-fluorobenzoylation caused an
increase in anti-HIV activity. Compound 7 showed strong anti-
HIV activity, suggesting that introduction of a reduced amide
bond between two Arg residues is more suitable than that between
Arg and naphthalenylethylamine. However, binding affinity of
compound 7 for CXCR4 could not be exhibited until the 1 lM
concentration, and compound 6 is weaker than compounds 4 and 5
in terms of binding affinity for CXCR4, although anti-HIV activity
of compounds 6 and 7 is stronger than that of compounds 4 and
5. This discrepancy might be caused by the difference between
the interactive site of HIV and the binding site of CXCL12 on
CXCR4.13


Since hit compounds with significant anti-HIV activity were
found among several compounds that were synthesized using
solution-phase techniques, we attempted to prepare more com-
pounds by solid-phase synthesis: A tripeptide library containing
three pharmacophores of the N-terminal region of 4F-benzoyl-
TN14003 and 4F-benzoyl-TE14011 (aromatic ring, Arg2 and
Nal3) and the C-terminal carboxy amide was designed (Fig. 3).
Since Arg1 is not an indispensable residue for high activity,
it was replaced by several spacers involving conformationally
constrained units, such as 4-piperidinecarboxylic acid and 4-
(aminomethyl)benzoic acid. Use of this library involving 20
synthetic compounds, which was constructed by solid-phase
peptide synthesis (Fig. 3, library 1), led to the discovery of


lead compounds for anti-HIV agents, 11 and 14, although these
compounds did not show significant binding affinity for CXCR4
until the 1 lM concentration. Compound 8, which contains
Arg1 based on the original 4F-benzoyl-TN14003 and 4F-benzoyl-
TE14011 sequence, also exhibited moderate anti-HIV activity and
significant CXCR4-binding affinity. These results suggest that
Arg1 can be replaced by conformationally restricted units in terms
of anti-HIV activity. The other compounds that were contained
in library 1 did not show significant anti-HIV activity until the
100 lM concentration.


Next, in due consideration of an increase in biostability, focused
library of compounds with the C-terminal substituted amide was
constructed based on the structures of compounds 8, 11 and 14 by
solid-phase techniques using Kenner’s sulfonamide safety-catch
linker14 (Fig. 3, library 2): C-terminal Nal-amide of compounds
8, 11 and 14 was replaced by several amides possessing various
naphthalene units. The synthetic scheme for compound 39 is
shown as a representative in Scheme 1. Compounds 30 and
39 showed moderate and strong anti-HIV activity, respectively,
although each compound did not show significant CXCR4-
binding affinity until the 1 lM concentration. Anti-HIV potency
of compounds is not always in proportion to binding affinity
for CXCR4, especially in case of these small compounds, since
there is a significant difference between the interactive site of
HIV and the binding site of CXCL12 on CXCR4. There is
a great interest in this result: compound 39, possessing (R)-
(+)-1-(1-naphthyl)ethylamide in the C-terminus, is stronger than
compound 38, possessing (S)-(−)-1-(1-naphthyl)ethylamide in the


Scheme 1 Reagents: (i) Fmoc-Arg(Pbf)–OH, DIPEA, PyBOP, CHCl3;
(ii) 20% (v/v) piperidine–DMF; (iii) Fmoc-(4-aminomethyl)benzoic acid,
DIPCDI, HOBt, DMF; (iv) 20% (v/v) piperidine–DMF; (v) 4-trifluoro-
methylbenzoic acid, DIPCDI, HOBt, DMF; (vi) TMSCHN2, hex-
ane, THF; (vii) (R)-(+)-1-(1-naphthyl)ethylamine, DMF, reflux; (viii)
thioanisole, TFA; Pbf = 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-
sulfonyl, DIPEA = N,N-diisopropylethylamine, PyBOP = benzotriazole-
1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate, DIPCDI =
N,N-diisopropylcarbodiimide, HOBt = N-hydroxybenzotriazole.
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C-terminus, which is a common structure unit with KRH-1636.
Compound 39 is thought to be a useful lead possessing chemically
modified N- and C-terminal ends. The other 10 compounds that
were contained in library 2 did not show significant anti-HIV
activity until the 100 lM concentration.


In summary, several compounds that were synthesized based
on pharmacophores of T140 analogs showed significant anti-
HIV activity and binding affinity for CXCR4. According to these
results, two types of libraries based on the N-terminal region of 4F-
benzoyl-TN14003 and 4F-benzoyl-TE14011 were constructed to
find effective lead compounds. Linear-type low molecular weight
compounds obtained in this study are thought to be useful leads
for chemotherapy of AIDS, cancer and RA.
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A 5′-C-allylthymidine derivative was prepared from thymidine by the application of a stereoselective
allylation procedure and its 5′(S)-configuration was confirmed. From this nucleoside derivative,
appropriately protected building blocks were prepared and coupled using standard phosphoramidite
chemistry to afford a dinucleotide with two 5′-C-allylgroups. This molecule was used as a substrate for
a ring-closing metathesis (RCM) reaction and after deprotection, a 1 : 1 mixture of E- and Z-isomers of
a cyclic dinucleotide with an unsaturated 5′-C-to-5′-C connection was obtained. Alternatively, a
hydrogenation of the double bond and deprotection afforded a saturated cyclic dinucleotide. An
advanced NMR-examination confirmed the constitution of this molecule and indicated a restriction in
its overall conformational freedom. After variation of the protecting group strategy, a phosphoramidite
building block of the saturated cyclic dinucleotide with the 5′-O-position protected as a pixyl ether and
the phosphate protected as a methyl phosphotriester was obtained. This building block was used in the
preparation of two 14-mer oligonucleotides with a central artificial bend due to the cyclic dinucleotide
moiety. These were found to destabilise duplexes, slightly destabilise bulged duplexes but, to some
extent, stabilise a three-way junction in high Mg2+-concentrations.


Introduction


The construction of chemically modified nucleic acid fragments
with altered conformational behaviour is a powerful tool in
chemical biology and in the development of nucleic acid based
therapeutics and diagnostics.1,2 For instance, oligonucleotides
containing nucleoside monomers with restricted carbohydrate
moieties can form duplexes with significantly increased stability2–4


and are currently under intensive investigation as antisense
therapeutics.5,6 On the other hand, conformationally restricted
models of other secondary structural elements7 have gained much
less attention,8,9 though a few restricted dinucleotides have been
synthesised and investigated,10–15 e.g. as a model of the anticodon
loop in a bacterial tRNA.12


Recently, we have applied the ring-closing metathesis (RCM)
methodology16–18 using the ruthenium-based precatalysts devel-
oped by Grubbs and co-workers,19§ in the construction of


Nucleic Acid Center‡, Department of Chemistry, University of Southern
Denmark, 5230 Odense M, Denmark. E-mail: pon@chem.sdu.dk
† On leave from Kurukshetra University, Kurukshetra-136 119, India.
‡ Nucleic Acid Center is funded by the Danish National Research
Foundation for studies on nucleic acid chemical biology.
§ RCM and metathesis reactions in general have been recently reviewed.16–18


Grubbs’ 2nd generation catalyst (Mes = 2,4,6-trimethylphenyl, Cy =
cyclohexyl):19


conformationally restricted dinucleotide20–27 and trinucleotide
structures.22 We formulated a general strategy (see Fig. 1) by which
terminal double bonds are incorporated by various methods and
on various positions in dinucleotides that are subsequently used
as substrates for RCM-reactions. These are envisioned to mimic,
modulate and even stabilise other secondary nucleic acid structures
than duplexes like bulges or three-way junctions (Fig. 1).


Fig. 1 General RCM-based strategy towards cyclic dinucleotides and
secondary nucleic acid structures like bulges and three-way junctions. B =
a nucleobase, R = varying protecting groups.


A number of cyclic dinucleotides have been obtained by this
general strategy.20–29 As the first example, four stereoisomeric
dinucleotides with unsaturated 7-membered rings in the internu-
cleoside linkage were obtained from RCM-reactions on substrates
with an allyl phosphotriester linkage and an adjacent 5′-C-vinyl
group.20,21 Also cyclic dinucleotides in which the ring is based on
the combination of an allyl phosphotriester and a 5-allyluracil
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moiety have been efficiently obtained giving 14-membered ring
systems.22,23,25 A trinucleotide with two allyl phosphotriester
linkages has been used as an efficient RCM-substrate and a
cyclic trinucleotide with a 13-membered ring was obtained albeit
as a mixture of 8 stereoisomers.22 Recently, a series of 2′-C to
phosphate connections revealing cyclic dinucleotides with 7–10-
membered rings have been obtained in medium to high yields.27 In
the mentioned examples, phosphotriester internucleoside linkages
were obtained revealing two problems; (1) the chirality of the
phosphorus leads to stereoisomeric products and (2) the allylic
phosphotriester moiety demonstrates a high basic lability.23 The
latter problem, however, has been significantly reduced by satu-
ration of the allylic moiety using a tandem RCM-hydrogenation
protocol30 in which Grubbs’ catalyst is active in both reactions.23,26


Hence, one example has been more comprehensively studied,
that is a cyclic dinucleotide with a 2′-C-(CH2)4O–P connection.26


The major RP isomer was found to be chemically stable and
incorporated at a central position in two 14-mer oligonucleotide
sequences. A large destabilisation of duplex structures was,
expectedly, observed, but a stabilisation of a three way-junction
with a complementary RNA-hairpin was also revealed.26


In order to obtain more chemically stable and convenient
molecules, cyclic dinucleotides with an intact, charged and achiral
phosphodiester internucleoside linkage have been approached.
Two adjacent 5-allyluracil moieties have been combined in a cyclic
dinucleotide with a very large 20-membered ring, however in this
case in a relatively low yield.25 In a more promising approach,
we investigated dinucleotide substrates on which terminal double
bonds are placed on the 4′-C or 5′-C positions. In the preliminary
study,24 a 5′-C-allyl group was found to be significantly more
reactive than an 4′-C-vinyl group, and a fully protected cyclic
dinucleotide with an unsaturated four-carbon 5′-C-to-5′-C con-
nection was obtained. In the present paper, the development of an
appropriate protecting strategy, and the successful preparation
and NMR-analysis of a saturated cyclic dinucleotide and its
incorporation into oligonucleotides is presented.


Results and discussion


Chemical synthesis


Construction of 5′-C-allylthymidine building blocks. The in-
troduction of a 5′-C-allyl group via the 3′-silylated thymidine
aldehyde derivatives 1 and 2 (Scheme 1) has been demonstrated
before in the literature. Thus, a Grignard reaction with 1 using
allylMgCl and CuCN has afforded both 5′-epimers 3 and 4 as a 1 :
1 mixture in 63% yield.31,32 On the other hand, a stereoselective pro-
cedure starting with 2 applying allyltrimethylsilane and BF3:OEt2


afforded exclusively the 5′(S)-configurated 5′-O-TMS-protected
analogue of 5 in an impressive 95% yield after silylation.33 We
decided to repeat and evolve these procedures and to confirm the
configuration of the products.


Firstly, we found that the oxidation step for obtaining 1 or 2 was
most reliably and efficiently performed by the use of Dess–Martin
periodinane34,35 in both cases compared to alternative IBX,36


Swern or Moffatt oxidations.37,38 Subsequently, we attempted to
improve the Grignard reaction by the use of allylMgBr and CeCl3


39


but we obtained a similar 1 : 1 epimeric mixture of 3 and 4 in only
45% yield. On the other hand, the stereoselective method using


Scheme 1 Reagents and conditions: a, allylMgBr, CeCl3, THF, 47%;
b, allyltrimethylsilane, BF3:OEt2, CH2Cl2, 73% 5; c, (i) TBAF,
THF, (ii) TIPDSCl2, Pyr, 52%; d, (i) TBAF, THF, (ii) TBDM-
SCl, imidazole, DMF, 61% 3 and 2% 7; e, (i) BzCl, Pyr, 71%,
(ii) TBAF, THF, 63%; f, (i) DMT-triflate, 2,6-lutidine, CH2Cl2, (ii)
TBAF, THF, 58%; g, NC(CH2)2OP(N(iPr)2)2, 4,5-dicyanoimidazole,
CH3CN, 80%; T = thymin-1-yl, TBDMS = tert-butyldimethylsilyl,
TBDPS = tert-butyldiphenylsilyl, TIPDS = tetraisopropyldisilyl, DMT =
4,4′-dimethoxytrityl, CE = 2-cyanoethyl.


allyltrimethylsilane33 was repeated to give only a single isomer 5
in 71% overall yield. We also attempted this reaction with the
TBDMS-protected derivate 1 but in this case, a 9 : 1 epimeric
mixture of 3 and 4 was obtained in 78% yield.


In the original paper,33 5 was reported to be the 5′(S)-isomer.
This was determined by the conversion of 5 to another product
which has been alternatively obtained from a different precursor
determined by X-ray crystallography.33 In order to confirm this
important determination in a simple way, we converted the 9 :
1 mixture of 3 and 4 to the conformationally restricted 3′,5′-
disiloxane protected derivative 6 which was subsequently exam-
ined by NMR spectroscopy in an NOE-difference experiment.
Large mutual contacts between H-5′ and H-4′ as well as the
lack of contacts between H-5′ and H-3′/H-6 confirmed the 5′(S)-
configuration of 3. This way of determining 5′-configuration has
been used before with other 5′-alkylated thymidine derivatives
where both isomers have been examined.21,31,38,40 Wang and Mid-
dleton determined the configurations of 3 and 4 by the conversion
to the two 3′,5′-O-di(t-butyl)silyl derivatives and subsequent NOE-
difference spectroscopy.32 However, direct comparison of our
NMR-data of 3 and 4 with the reported data32 was not reliable due
to intense spectral overlap. Finally, the 5′(S)-configuration of 5 was
confirmed, indirectly, by converting 5 to 3. Hence, a desilylation
and a subsequent treatment with TBDMSCl and imidazole gave
the isomer 3 as the only major product in 61% yield. This also
proved an extraordinary difference in reactivity between the two
secondary 3′- and 5′-alcohols as the 5′-silylated isomer 7 was
obtained as the minor product in only 2% yield.


In the further preparation of dinucleotides, we applied the 5′(S)-
configurated compound 5 and considered different protecting
group strategies. In our preliminary study, we prepared the
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benzoyl ester for the 5′-position and obtained 8 after desilylation
(Scheme 1).24 However, the benzoyl group is not orthogonal
to the cyanoethyl group that is planned as a protecting group for
the phosphodiester moiety. We decided, therefore, to investigate
the DMT-group, which might be envisioned as a permanent
protecting group useful in the eventual incorporation of the
dinucleotide into oligonucleotide sequences. Tritylation of
the secondary 5′-OH group of 5 was hereafter accomplished.
However, the use of DMT-chloride and pyridine as a standard
condition turned out to be insufficient, and the DMT-protection
was performed by the use of DMT-triflate prepared according
to a procedure by Leumann and co-workers.41 Subsequent
desilylation gave the 3′-O-deprotected derivative 9 in a reasonable
overall yield. In order to prepare a dinucleotide by standard
phosphoramidite chemistry, 5′-phosphoramidite derivative 10
was prepared from 5 in a good yield.


Construction of cyclic dinucleotides. A dinucleotide 11 was ob-
tained by the coupling of the alcohol 9 with the phosphoramidite
10 using standard coupling conditions, i.e. 1H-tetrazole as the
activator (Scheme 2). Oxidation of the intermediate phosphite to
a phosphotriester was performed by tert-butyl hydrogenperoxide
instead of the standard iodine solution in order to avoid reactions
with the double bonds. This afforded the dinucleotide 11 in a 3 :
1 mixture of phosphorous epimers. This surprising ratio might
be rationalised from the fact that 10 is a sterically hindered
phosphoramidite of a secondary alcohol. The dinucleotide 11
with two terminal double bonds was hereafter examined as a
substrate for RCM reactions. The DMT-group was found to be
completely stable when using the standard metathesis conditions,
i.e. 5–10 mol% of Grubbs’ 2nd generation catalyst§ in refluxing
dichloromethane. Only when heating the reaction mixture in other
solvents and/or under microwave conditions, was some detrityla-
tion observed. This result is in contrary to former results in our
group, where RCM reactions with DMT-protected substrates have
been impossible due to detritylation and subsequent quenching of
the catalyst.22 Hence, the cyclic dinucleotide 12 was obtained as a
mixture of four stereoisomers (ratio: ∼8 : 6 : 4 : 1) in a high yield
after a successful ring-closing reaction.


In order to obtain a saturated cyclic dinucleotide, a tandem
RCM-hydrogenation procedure30 was attempted. We have recently
obtained very successful results with other dinucleotide substrates
by the application of Grubbs’ 2nd generation catalyst§ as a
combined metathesis–hydrogenation catalyst, where the latter
hydrogenation was carried out under a 1000 psi pressure.23,25


However, when this was attempted with the present dinucleotide
substrate 11, only the detritylated, ring-closed but still unsaturated
product 13 was obtained. Standard hydrogenation of the cyclic
dinucleotide 12 was unsuccessful after attempting Pd/C or
Pd(OH)2/C at atmospheric or high pressure, thus, detritylation
was the dominating result. However, performing the detritylation
after the RCM reaction under standard acidic conditions to give
13 and, subsequently, performing a standard hydrogenation under
a high pressure afforded the dinucleotide 14 in a reasonable yield.
No starting material was left as indicated by MALDI-MS. An
attempt of performing both the RCM and the hydrogenation
after detritylation was also attempted. Hence, the deprotected
dinucleotide 15 was obtained after a standard acidic detritylation
of 11 and used as a substrate for RCM. However, this was less


Scheme 2 Reagents and conditions: a, (i) 1H-tetrazole, CH3CN, (ii)
t-BuOOH, toluene, 63%; b, Grubbs’ 2nd gen. catalyst§, CH2Cl2, 74%;
c, CF3COOH, Et3SiH, CH2Cl2, 86% 13, 80% 15; d, H2 (1000 psi),
Pd(OH)2/C, CH3OH, 63%; e, (i) TBAF, THF, (ii) 32% aq. NH3.


efficient, and a mixture of ring-closed products and unidentified
side-products was obtained.


Finally, a complete deprotection of 13, and 14, to give the cyclic
dinucleotide compounds 16 and 17, respectively, was performed
by desilylation followed by treatment with saturated ammonia
and HPLC-purification. 16 was isolated as a 1 : 1 mixture of E/Z
isomers as judged from 31P NMR. The equimolar ratio of E/Z
isomers in 16 compared with the ∼8 : 6 : 4 : 1 ratio of isomers in 12
reflects that whereas the major phosphorus epimer of 11 affords
a 6 : 8 mixture of E : Z products in the RCM-reaction, the other
epimer affords the opposite 4 : 1 mixture of E : Z products. The
saturated cyclic dinucleotide 17 was obtained as a single isomer
and subsequently examined by NMR spectroscopy and dynamic
simulations (see below).
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Preparing the cyclic dinucleotide for incorporation into oligonu-
cleotides. A clear experience from the RCM-hydrogenation
protocol is that the DMT-group cannot be used as a permanent
protecting group. Furthermore, attempts to reprotect the saturated
cyclic dinucleotide 14 failed even using the more active DMT-
triflate41 as a tritylation agent. An alternative to the DMT group
is the pixyl group, which can be used in standard automated
oligonucleotide synthesis. Pixylation is usually more efficient than
DMT-protection.40 However, preliminary attempts to convert 12
into a 3′-O-phosphoramidite building block demonstrated other
difficulties in removing the TBDPS-group without affecting the
cyanoethyl-group. Therefore, a complete revision of the protect-
ing group strategy was obviously necessary in order to obtain
an efficient incorporation of 17 into oligonucleotides. Methyl
phosphotriesters have been used before for phosphate protection
in oligonucleotide synthesis being much more stable than the
corresponding cyanoethyl protected phosphotriesters,42 though
they demand a different deprotection procedure.42,43


Two new building blocks for constructing the dinucleotide were
prepared from the key intermediate 5 (Scheme 3). Pixylation40 was
indeed remarkably more efficient than DMT-protection affording
18 in quantitative yield after desilylation. A methyl protected
phosphoramidite 19 was also efficiently obtained. The coupling
of 18 and 19 afforded the dinucleotide 20 in a good yield. This


Scheme 3 Reagents and conditions: a, (i) pixyl-Cl, pyridine, (ii) TBAF,
THF, 99% (2 steps); b, CH3OP(Cl)N(iPr)2, EtN(iPr)2, CH2Cl2, 75%; c,
(i) 1H-tetrazole, CH3CN, (ii) t-BuOOH, toluene, 75%; d, (i) Grubbs’ 2nd


gen. catalyst§ (CH2Cl)2, (ii) H2 (1000 psi), PtO2, CH3OH, (iii) pixyl-Cl,
2,6-lutidine, CH2Cl2, (iv) TBAF, AcOH, THF, 27% (4 steps); e, EtN(iPr)2,
NC(CH2)2OP(Cl)N(iPr)2, CH2Cl2, 37%. Pixyl = 9-phenylxanthen-9-yl.


dinucleotide was a good substrate for the RCM-reaction. However,
this proved most efficient in 1,2-dichloroethane as the solvent and
a partial depixylation was observed under the reaction conditions.
Thus, both pixylated and depixylated fractions were collected in
a combined 69% yield. These fractions were recombined for the
following hydrogenation, which proceeded very efficiently using
Adams’ catalyst under pressure leading to a saturated but, this
time, completely depixylated intermediate. Therefore, a repixy-
lation of the reaction mixture was introduced. This was again
very efficient and, hence, the pixylation has been efficient where
a DMT-protection has failed. After a straightforward desilylation
using TBAF and acetic acid showing no problems with either the
pixyl or the methyl phosphotriesters, the appropriately protected
cyclic dinucleotide 21 was obtained in 27% yield over the four steps
from 20. The use of Et3N–3HF or TBAF without acid both failed
to give a pure removal of the TBDPS-group. Phosphitylation of 21
gave the phosphoramidite 22 as the building block for introducing
the cyclic dinucleotide moiety into oligonucleotide sequences.


NMR analysis and modelling


In order to further investigate the structural and dynamic prop-
erties of the cyclic dinucleotide 17, a 1000 ps molecular dynamics
simulation was performed. During the simulation, time averaged
coupling constant and distance restraints were employed. The
restraints were obtained from 1D 1H NMR and NOESY spectra.
Due to severe overlap of especially the linker protons, no restraints
were used in this part of the molecule. In order to analyze and
compare the results, a similar simulation was performed for the
analogous unmodified dinucleotide.


The molecular dynamics simulations showed that compared to
the unmodified dinucleotide, the cyclic dinucleotide is considerably
more restricted in its motions. With respect to whether the
dinucleotide is more prone to adopt a bent configuration, however,
the simulations yielded inconclusive results. A clear result from the
simulation is, that the “upper” O–C5′–C4′–C3′ torsional angle of
17 remains in a trans conformation throughout the simulation,
whereas the corresponding angle of the unmodified dinucleotide
remains in the gauche+ conformation that is also usually found
in duplexes. The very large 3JH4′ H5′ coupling constant of 10.1 Hz
observed for 17 confirms the preferred trans conformation. The
simulation of 17 as well as the observed 3JH1′ H2′ constants
indicated for both nucleoside parts in the dinucleotide the same
preference for S-type conformations as normally seen for 2′-
deoxynucleosides. Fig. 2 shows an energy minimized snapshot
taken during the simulation of the cyclic dinucleotide.


Synthesis and evaluation of oligonucleotides


Two 14-mer oligonucleotide sequences each with the cyclic
dinucleotide 22 incorporated once in the middle were con-
structed. These contain either solely standard 2′-deoxynucleotides
(24) or a mixture of standard 2′-deoxynucleotides and LNA-
monomers (26), i.e. a DNA and an LNA sequence, respectively
(Table 1). Thus, LNA is defined as an oligonucleotide sequence
containing one or several of the LNA-monomers, which are
nucleosides with a bicyclic carbohydrate moiety, locked in the
N-type conformation.6,44 Hereby, the LNA-monomers secure an
overall A-type or A-type- like duplex conformation as well as a
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Fig. 2 An energy minimized snapshot of the dinucleotide 17 taken during
the simulation.


Table 1 Prepared oligodeoxynucleotide sequences and their MS-data


ODN sequencesa MW (found/calc.)b


23 5′-GCTCACTTCTCCCA —
24 5′-GCTCAC[T=T]CTCCCA 4186.8/4188.5 [MH]+


25 5′-GCLTCLACLTTCLTCLCCLA —
26 5′-GCLTCLACL[T=T]CLTCLCCLA 4438.9/4440.6 [MH]+


a [T=T] refers to the incorporation of 22. CL refers to the LNA 5-
methylcytidine monomer. b HiResESI-MS positive mode.


significantly increased duplex stability.6,44 Unmodified DNA and
LNA sequences, 23 and 25, used for comparison, are the same as
those used in our former studies.26,45


The incorporation of 22 into oligonucleotides was performed by
automated solid-phase synthesis using a standard protocol includ-
ing a prolonged coupling time for 22 of 20 minutes, a subsequent
double capping procedure and a slightly prolonged coupling time
for the proceeding standard phosphoramidite. A coupling yield
of >95% was detected for 22. The pixyl group was removed by a
standard acidic treatment after the coupling of 22. In the depro-


tection protocol following the completed synthesis, a treatment
with disodium 2-carbamoyl-2-cyanoethylene-1,1-dithiolate43 was
introduced in order to remove the methyl protecting group of the
phosphate.42,43 After completed deprotection, the constitution and
purity of 24 and 26 were confirmed by MALDI-MS (see Table 1)
and ion-exchange HPLC.


The hybridisation properties of the oligonucleotides with
complementary DNA and RNA sequences were evaluated by
thermal stability experiments (Table 2 and 3). First, the duplexes
formed between 23–26 and their fully matching DNA and RNA
compliments were studied (Table 2). As expected, large drops in
duplex stability were observed. Comparing 23 and 24, the cyclic
dinucleotide induced a drop in Tm of 16 ◦C in a DNA–DNA
duplex, and, comparing 25 and 26, 20 ◦C in an LNA-modified du-
plex. The latter must be A-type like and is, as expected, significantly
more stable due to the LNA-monomers.6,44 Also the DNA–RNA
duplex was significantly destabilised by the cyclic dinucleotide with
a drop in Tm of 14 ◦C. These results are comparable to the results
obtained with our firstly studied cyclic dinucleotide (with a 2′-C-
(CH2)4O–P connection)26 and demonstrate the expected distortion
of a standard nucleic acid duplex structure by the introduction of
a bending cyclic dinucleotide moiety.


Next, the hybridisation properties of oligonucleotides 23–26
with bulged DNA and RNA complements were studied (Table 2,
see also Fig. 1). Thus, an additional guanosine residue was
incorporated in between the two adenosines opposite the cyclic
dinucleotide residue. The subsequent Tm measurements revealed
a smaller but still significant drop in stability of 5.2 to 11.4 ◦C
when comparing the modified sequences, 24 and 26, with their
unmodified counterparts, 23 and 25. These results are again com-
parable to the results obtained in our former study,26 however, the
destabilisation is slightly more pronounced with the present cyclic
structure. Nevertheless, the observation that the introduction of
a bulge in a duplex reduces the stability with 8–12 ◦C whereas
the same bulge in distorted duplexes containing 17 reduces the
stability by only 0.5–3 ◦C, is still valid.


Table 2 Hybridisation data for the prepared oligonucleotides with DNA/RNA-complementsa


Fully matched complementsb Complements with G-bulgesc


DNA RNA DNA RNA


23 54.4 60.4 43.1 49.8
24 38.1 (−16.3) 46.5 (−13.9) 36.6 (−6.5) 44.6 (−5.2)
25 79.7 >90 69.4 84.9
26 58.6 (−20.1) 80.5 (<−9.5) 58.0 (−11.4) 77.4 (−7.5)


Complements with an intrastrand stem-loopd ,e


DNA RNA


0 mM 5 mM 10 mM 0 mM 5 mM 10 mM


23 26.5 30.2 31.5 38.4 42.7 44.0
24 25.7 (−0.8) 30.0 (−0.2) 32.0 (+0.5) 38.2 (−0.2) 42.6 (−0.1) 44.5 (+0.5)
25 54.5 57.1 58.8 74.1 78.0 >80
26 51.9 (−2.6) 55.6 (−1.5) 57.5 (−1.3) 73.5 (−0.6) 77.4 (−0.6) >80


a Melting temperatures (Tm values/◦C) obtained from the maxima of the first derivatives of the melting curves (A260 vs. temperature) recorded in a
medium salt buffer (Na2HPO4 (15 mM), NaCl (100 mM), EDTA (0.1 mM), pH 7.0) using 1.0 lM concentrations of each strand. All Tm values are given
as averages of double determinations. DTm values are given in brackets. b DNA 3′-CGAGTGAAGAGGGT, RNA 3′-CGAGUGAAGAGGGU. c DNA
3′-CGAGTGA-G-AGAGGGT, RNA 3′-CGAGUGA-G-AGAGGGU. d DNA 3′-CGAGTGA-CGCGTTTTCGCG-AGAGGGT, RNA 3′-CGAGUGA-
CGCGUUUUCGCG-AGAGGGU, bold sequences are stem-loops. e Increasing concentration of Mg2+ by addition of MgCl2.
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Table 3 Hybridisation data for the oligonucleotides 23 and 24 with bulged intrastrand stem-loop DNA-complementsa ,b


Intrastrand stem-loop with
1 × C bulge from 5′-end.c


Intrastrand stem-loop with
1 × C bulge from 3′-end.d


Intrastrand stem-loop with
2 × C bulge from 5′-end.e


Intrastrand stem-loop with
2 × C bulge from 3′-end.f


0 mM 5 mM 10 mM 0 mM 5 mM 10 mM 0 mM 5 mM 10 mM 0 mM 5 mM 10 mM


23 17.0 20.7 25.0 26.0 30.3 32.1 n.d.g —h —h 26.3 31.2 33.1
24 n.d.g n.d.g n.d.g 23.9


(−2.1)
27.6


(−2.6)
29.4


(−2.7)
n.d.g —h —h 22.9


(−3.4)
27.3


(−3.9)
28.7


(−4.4)


a See Table 2, note a. b Increasing concentration of Mg2+ by addition of MgCl2. c 3′-CGAGTGA-CGCGTTTTCGCG-C-AGAGGGT. d 3′-CGAGTGA-C-
CGCGTTTTCGCG-AGAGGGT. e 3′-CGAGTGA-CGCGTTTTCGCG-CC-AGAGGGT. f 3′-CGAGTGA-CC-CGCGTTTTCGCG-AGAGGGT, bold
sequences are stem-loops. g n.d. = no well-defined transition. h — = not determined.


The stability of a three-way junction (TWJ) was also studied.
This is composed of a standard stable stem-loop sequence with
two single stranded regions being complementary to the oligonu-
cleotides 23–26 with the cyclic dinucleotide in the branching
point (see Fig. 1). First, we studied a TWJ in which no bulges
are included, i.e. all nucleobases are intended to participate in
Watson–Crick base-pairing or, alternatively, to leave two unpaired
nucleobases on opposite positions. This TWJ was in general not
very stable with a Tm of 26.5 ◦C in a complete DNA-context
and 38.4 ◦C as a DNA–RNA hybrid, though significantly more
stable with six LNA-monomers (Table 2). A 5 mM concentration
of Mg2+ was in general found to increase the thermal stability
by 3–5 ◦C, and a smaller further stabilisation with a 10 mM
Mg2+ concentration of approx. 2 ◦C was observed. The TWJ
was in general found to be unaffected or slightly destabilised by
the cyclic dinucleotide concerning the overall thermal stability.
Thus, small drops in Tm of 0.6–2.6 ◦C were seen when comparing
25 with 26, i.e. an LNA-sequence context. On the other hand,
even smaller differences were observed when comparing 23 and
24 tending to a small increase in stability of 0.5 ◦C with 24 when
increasing the Mg2+ concentration. For the unmodified sequences,
some variations in the Tm’s compared to our former measurements
of the same TWJ26 were seen. This is due to relatively broad
transitions reflecting a not very well-defined structure of the
TWJ.


In order to study a more stable or at least more well-
defined structure, we incorporated an additional bulge into the
TWJ. Hence, one or two additional cytosines were inserted into
the target DNA-sequence on either side of the stem-loop (see
Table 3). Thus, the optimal constitution of natural TWJ’s seems
to be involving two costacking bases in a bulge at one of the three
strands.46,47 In our first investigation, only DNA-compliments were
prepared. As evident from the Tm’s, the unmodified TWJ’s with
one or two cytosines in a bulge from the 3′-end of the target
stem-loop display the same stability as the first TWJ (Tm ≈
26 ◦C). Indeed, more sharp transitions and thereby more well-
defined structures were observed. The cyclic dinucleotide, on the
other hand, destabilises this in both cases with the drop in Tm


of 2.1–4.4 ◦C (comparing 23 and 24) increasing with the Mg2+-
concentration. The TWJ’s with the cytosine(s) in a bulge from the
5′-end of the target stem-loop are significantly less stable, and with
the cyclic dinucleotide incorporated, no well-defined transitions
could be observed. Due to the general destabilisation induced by
the cyclic dinucleotide, no further studies with RNA-compliments
nor with the LNA-sequences 25 and 26 were undertaken.


The present results cannot, unfortunately, demonstrate any
significant positive influence by the introduction of the cyclic
moiety of 17 into secondary nucleic acid structures. However,
the tolerance of the cyclic structure within one of the TWJ’s
studied (DTm = +0.5 ◦C, Table 2) indicates that a TWJ being
more significantly stabilised by 17 might be found. A reason for
the present results could be that the right sequence context has
not been found. Thus, no intriguing difference was observed with
the bulged TWJ’s (Table 3) either. Also the sequence constitution
can be discussed. Only seven base pairs were used in each duplex
flanking the TWJ. A more well-defined structure might have been
obtained by longer flanking duplex sequences. On the other hand,
this was attempted by using the inherent stabilisation obtained by
using an LNA-sequence. The relative differences between modified
and unmodified TWJ’s are undoubtedly similar despite the higher
level of thermal stability.


It is well known that TWJ’s are very flexible and inhomogen
in their structure.46 Therefore, the idea of inducing some con-
formational restriction by a cyclic dinucleotide and thereby a
better defined structure was intriguing. Nevertheless, the applied
conformational restriction is not very strong. The 11-membered
ring introduced here is large and relatively flexible. Nevertheless,
the philosophy was to modulate/decrease the conformational
freedom to some extent leaving an oligonucleotide preferring a
bent to a linear organisation. Leaving the double bond unsaturated
as in 16 could be a preferable alternative concerning the degree
of conformational restriction. On the other hand, two isomers
would have to be handled which seems to be a difficult task. A
simple alteration of 17 could be to invert one or both of the 5′-
configurations. If the 5′(R)-configuration (as in compound 4) has
been used, completely different results might have been obtained.
The O–C5′–C4′–C3′ torsional angle is strongly dependent on the
5′-configuration and, as confirmed by the NMR-examination,
more distorted compared to a standard B-type duplex with a
5′(S)-configuration than with a 5′(R)-configuration. There is no
doubt from the results of incorporating 17 into standard duplexes
(Table 2) that the duplexes are indeed significantly distorted.
Another important aspect of incorporating the cyclic dinucleotide
structure 17 into nucleic acid structures is its hydrophobic nature.
Thus, the butylene chain might exclude structural water and
thereby actually oppose any gain of conformational restriction.
Furthermore, the cyclic structure might force phosphates into
proximity giving a high charge density. This might explain why
the positive influence on stability of adding Mg2+ ions is relatively
higher for the modified compared to the unmodified TWJ’s.
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Two other modifications have been introduced in the same
sequence context; (1) another cyclic dinucleotide (with the 2′-
C-(CH2)4O-P connection in a 9-membered ring)26 and (2) a
nucleoside with an additional base (2′-deoxy-2′-C-(2-(thymin-1-
yl)ethyl)uridine)45 incorporated at the same position as 17 (via 22)
in sequence 24 and 26. The former demonstrated results which
are more or less comparable to the data presented herein for 17.
The destabilisation of duplexes and bulged duplexes was slightly
more pronounced in the case of 17, and the stabilisation of the
TWJ with no C-bulges that was actually seen in our former
study26 was less pronounced with 17. In the other approach, in
which the stabilisation of TWJ’s was attempted by an additional
nucleobase instead of a large ring and with sequences thereby being
one nucleoside shorter in the branching point, more promising
results have been obtained.45 Here, small stabilisations of the
TWJ’s were in general seen in the DNA–DNA and DNA–
RNA contexts compared to either two thymidines (as in 23) or
one in the branching point.45 Furthermore, much more relative
stabilisation of the TWJ in an LNA–DNA context was gained by
the addition of Mg2+ indicating a more dynamic structural context.
Thus, the introduction of an additional binding potential in the
oligonucleotide (an additional nucleobase45 or an intercalating
moiety48) seems to be a more powerful approach for targeting
a stem-loop and to stabilise a TWJ than the introduction of a
large cyclic moiety bending the oligonucleotide. The only way of
improving the latter approach seems to be a target oriented design
of the bend needed for the specific TWJ.


Conclusion


In summary, our RCM-based strategy for introducing large
internucleotide connections in dinucleotides has proved efficient
in the construction of a cyclic dinucleotide with a 5′-C-(CH2)4-
5′-C connection forming an 11-membered ring. Thus both
the deprotected cyclic dinucleotide 17 and its corresponding
phosphoramidite building block 22 were isolated in reasonable
overall yields. In the right sequence context, oligonucleotides
containing 17 might stabilise secondary nucleic acid structures. In
general, the present RCM-based strategy can with the appropriate
effort in modelling and design be a general tool towards the
development of oligonucleotide structures that are preorganised
for recognising RNA secondary structures. New nucleic acid based
molecular structures based on this concept can reveal a new impact
for modulating RNA function for future therapeutic uses and
nanobiotechnology.


Experimental


All reagents were used as supplied. When necessary, all reactions
were performed under an atmosphere of nitrogen. Column
chromatography was carried out on glass columns using Silica gel
60 (0.040–0.063 mm). NMR spectra were obtained on a Varian
Gemini 2000 spectrometer. 1H NMR spectra were recorded at
300 MHz, 13C NMR spectra were recorded at 75,5 MHz and 31P
NMR spectra were recorded at 121.5 MHz. Values for d are in ppm
relative to tetramethylsilane as an internal standard or 85% H3PO4


as an external standard. Assignments of NMR-signals when given
are based on 2D spectra and follow standard carbohydrate and
nucleoside style; i.e. the carbon atom next to a nucleobase is


assigned C-1′. However, compound names for bicyclic compounds
are given according to the von Baeyer nomenclature. Fast-atom
bombardment mass spectra (FAB-MS) were recorded in positive
ion mode on a Kratos MS50TC spectrometer and MALDI mass
spectra as well as accurate mass determinations were performed
on an Ionspec Ultima Fourier Transform mass spectrometer. Mi-
croanalyses were performed at The Microanalytical Laboratory,
Department of Chemistry, University of Copenhagen.


Preparation of 5′(S)-C-allyl-3′-O-(tert-
butyldimethylsilyl)thymidine (3) and 5′(R)-C-allyl-3′-O-(tert-
butyldimethylsilyl)thymidine (4)


The aldehyde 1 (466 mg, 1.31 mmol) was coevaporated with
anhydrous CH2Cl2 and dissolved in the same solvent (10 cm3).
The solution was stirred at 0 ◦C. Allyltrimethylsilane (1.05 cm3,
6.58 mmol) and BF3:OEt2 (0.820 cm3, 6.67 mmol) were added,
whereby the reaction mixture went from weak yellow to orange-
red. The reaction mixture was stirred for 1 h at 0 ◦C and then
diluted with CH2Cl2 (60 cm3). The solution was washed with a
saturated aqueous solution of NaHCO3 (2 × 25 cm3) and brine
(25 cm3). The organic phase was dried (MgSO4) and the solvent
was removed under reduced pressure. The residue was purified
by silica gel column chromatography using EtOAc and petroleum
ether (1 : 1 v/v) as the eluent to give the product (407 mg, 78%)
as a white foam and a 9 : 1 mixture of the 5′-epimers 3 and 4,
respectively; Rf 0.46 (EtOAc and petroleum ether, 3 : 1 v/v); dH


(300 MHz; CDCl3; Me4Si) (major isomer 3) 8.73 (1H, br s, NH),
7.52 (1H, d, J 1.0 Hz, H-6), 6.18 (1H, t, J 6.8 Hz, H-1′), 5.84
(1H, m, H-7′), 5.23–5.15 (2H, m, H-8′), 4.50 (1H, m, H-3′), 3.82
(1H, m, H-5′), 3.76 (1H, m, H-4′), 2.43–2.28 (3H, m, H-2′, H-6′),
2.17 (1H, ddd, J 13.3, 6.2, 3.4 Hz, H-2′), 1.92 (3H, d, J 1.0 Hz,
CH3), 0.90 (9H, s, C(CH3)3), 0.08 (6H, s, Si(CH3)2). dC (75 MHz;
CDCl3; Me4Si) (major isomer 3) 163.7 (C-4), 150.3 (C-2), 137.2
(C-7′), 134.1 (C-6), 118.8 (C-8′), 110.9 (C-5), 88.8, 86.8 (C-1′, C-4′),
73.0, 70.1 (C-3′, C-5′), 40.3, 39.0 (C-6′, C-2′), 25.7 (C(CH3)3), 17.9
(C(CH3)3), 12.6 (CH3), −4.6, −4.8 (Si(CH3)2); MS(FAB) m/z 397
(M + H+).


Preparation of 5′(S)-C-allyl-3′-O-(tert-
butyldiphenylsilyl)thymidine (5)


The aldehyde 2 (6.25 g, 13.1 mmol) was dissolved in anhydrous
CH2Cl2 (150 cm3) and stirred at 0 ◦C. Allyltrimethylsilane
(10.4 cm3, 65.4 mmol) and BF3:OEt2 (8.3 cm3, 65.4 mmol) were
added, whereby the reaction mixture went from weak yellow to
orange-red. The reaction mixture was stirred for 5 h at 0 ◦C and
then quenched by the dropwise addition of a saturated aqueous
solution of NaHCO3 (60 cm3). The layers were separated and the
organic phase was dried (MgSO4). The solvent was removed under
reduced pressure, and the residue was purified by silica gel column
chromatography using EtOAc and petroleum ether (1 : 2 v/v) as
the eluent to give the product (5.00 g, 73%) as a white foam; Rf


0.55 (EtOAc and petroleum ether, 3 : 1 v/v); mp 83–84 ◦C. dH


(300 MHz; CDCl3; Me4Si) 8.75 (1H, br s, NH), 7.69–7.36 (11H,
m, H-6, Ph), 6.30 (1H, dd, J 6.1, 8.1 Hz, H-1′), 5.63 (1H, m, H-7′),
5.11–5.02 (2H, m, H-8′), 4.48 (1H, m, H-3′), 3.83 (1H, br s, H-4′),
3.11 (1H, m, H-5′), 2.30–2.11 (4H, m, H-2′, H-6′), 1.86 (3H, d, J
1.1 Hz, CH3), 1.09 (9H, s, C(CH3)3). dC (75 MHz; CDCl3; Me4Si)
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163.7 (C-4), 150.3 (C-2), 137.1 (C-7′), 135.8, 135.7 (Ph), 134.1 (C-
6), 133.4, 133.1, 130.1, 130.0, 127.9 (Ph), 118.5 (C-8′), 110.8 (C-5),
88.9 (C-4′), 86.8 (C-1′), 74.6 (C-3′), 70.0 (C-5′), 39.9, 38.9 (C-6′,
C-2′), 26.9 (C(CH3)3), 19.0 (C(CH3)3), 12.5 (CH3). MS(MALDI)
m/z 543 (M + Na+), HRMS 543.2288 (calcd for C29H36N2O5SiNa
543.2286).


Preparation of 5′(S)-C-allyl-3′,5′-O-(1,1,3,3-tetraisopropyl-1,3-
disiloxandiyl)thymidine (6)


Compounds 3 and 4 (9 : 1 mixture) (66.0 mg; 0.167 mmol) were
dissolved in anhydrous THF (3.0 cm3) and a 1 M solution of
TBAF in THF (0.360 cm3) was added. The mixture was stirred for
2.5 h at room temperature and then concentrated under reduced
pressure. The residue was dissolved in EtOAc (20 cm3) and washed
with a saturated aqueous solution of NaHCO3 (2 × 10 cm3) and
brine (10 cm3). The combined aqueous phases were extracted
with more EtOAc (3 × 10 cm3). The combined organic phases
were dried (MgSO4) and the solvent was removed under reduced
pressure. The residue was coevaporated with anhydrous pyridine
and redissolved in the same solvent (1.0 cm3). The solution was
stirred at 0 ◦C and 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
(0.111 cm3, 0.347 mmol) was added. The solution was stirred
at room temperature for 18 h and concentrated under reduced
pressure. The residue was dissolved in CH2Cl2 (30 cm3) and washed
with water (15 cm3), a saturated aqueous solution of NaHCO3


(2 × 15 cm3) and brine (15 cm3). The organic phase was dried
(MgSO4) and the solvent was removed under reduced pressure.
The residue was purified by silica gel column chromatography
using MeOH and CH2Cl2 (1 : 50 v/v) as the eluent to give the
product (91 mg, ∼52% calculated from an estimated content of
hydrolysed disiloxane reagent) as an oil; Rf 0.56 (MeOH and
CH2Cl2, 1:9 v/v); dH (300 MHz; CDCl3; Me4Si) 8.91 (1H, br s,
NH), 7.49 (1H, d, J 1.1 Hz, H-6), 6.06 (1H, dd, J 7.4, 1.6 Hz, H-
1′), 5.84 (1H, m, H-7′), 5.23–5.04 (2H, m, H-8′), 4.42 (1H, m, H-3′),
4.04 (1H, m, H-5′), 3.67 (1H, dd, J 8.4, 2.8 Hz, H-4′), 2.39–2.62
(3H, m, H-2′, H-6′), 2.21 (1H, ddd, J 13.3, 7.4, 1.6 Hz, H-2′), 1.92
(3H, d, J 1.1 Hz, CH3), 1.17–0.90 (28H, m, SiCH, CH(CH3)2).
dC (75 MHz; CDCl3; Me4Si) 163.9 (C-4), 150.1 (C-2), 135.2 (C-
7′), 133.7 (C-6), 118.1 (C-8′), 110.3 (C-5), 85.1, 83.6 (C-1′, C-4′),
68.4, 67.3 (C-3′, C-5′), 39.8, 38.1 (C-6′, C-2′), 17.6, 17.5, 17.3,
17.2, 17.1, 17.0, 16.9, 16.9 (CH(CH3)2), 13.5, 13.1, 12.8, 12.6, 12.5
(CH(CH3)2, CH3); MS(FAB) m/z 525 (M + H+).


Preparation of 5′(S)-C-allyl-3′-O-(tert-
butyldimethylsilyl)thymidine (3) and
5′(S)-C-allyl-5′-O-(tert-butyldimethylsilyl)thymidine (7)


Compound 5 (402 mg, 0.77 mmol) was dissolved in anhydrous
THF (12 cm3) and added a 1 M solution of TBAF in THF
(1.25 cm3). The mixture was stirred for 80 min at room temperature
and then concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using MeOH and
CH2Cl2 (1 : 20 v/v) as eluent to give 5′(S)-C-allylthymidine
(172 mg, 92%) as a white solid; Rf 0.64 (MeOH and CH2Cl2,
1 : 9 v/v); dH (300 MHz; CDCl3; Me4Si) 7.56 (1H, br s, H-6), 6.24
(1H, dd, J 7.3, 6.5 Hz, H-1′), 5.85 (1H, m, H-7′), 5.23–5.16 (2H, m,
H-8′), 4.58 (1H, m, H-3′), 3.91 (1H, dd, J 3.0, 2.3 Hz, H-4′), 3.85
(1H, m, H-5′), 2.44–2.34 (3H, m, H-2′, H-6′), 2.29 (1H, ddd, J 13.7,


6.5, 3.4 Hz, H-2′), 1.92 (3H, s, CH3); MS(MALDI) m/z 305 (M +
Na+). This diol (202 mg, 0.715 mmol) was dissolved in anhydrous
DMF (5 cm3), imidazole (227 mg, 3.33 mmol) and TBDMSCl
(344 mg, 2.28 mmol) were added. The mixture was stirred at room
temperature for 4 h, then EtOAc (20 cm3) was added and washed
with brine (2 × 20 cm3). The organic phase was dried (Na2SO4)
and the solvent was removed under reduced pressure. The residue
was purified by silica gel column chromatography using MeOH
and CH2Cl2 (1 : 50 v/v) as the eluent to give the products as white
solids. 7 (4.9 mg, 1.7%); Rf 0.82 (MeOH and CH2Cl2, 1 : 14 v/v);
dH (300 MHz; DMSO-d6; Me4Si) 11.34 (1H, br s, NH), 7.57 (1H,
br s, H-6), 6.18 (1H, m, H-1′), 5.81 (1H, m, H-7′), 5.25 (1H, m,
3′-OH), 5.16–5.05 (2H, m, H-8′), 4.18 (1H, m, H-3′), 3.89 (1H, m,
H-5′), 3.78 (1H, m, H-4′), 2.50 (1H, m, H-6′), 2.40 (1H, m, H-6′),
2.25 (1H, m, H-2′), 2.05 (1H, m, H-2′), 1.77 (3H, d, J 1.1 Hz, CH3),
0.87 (9H, m, C(CH3)3), 0.12 (3H, s, SiCH3), 0.09 (3H, s, SiCH3).
3 (188 mg, 66%); Rf 0.55 (MeOH and CH2Cl2, 1 : 14 v/v); dH


(300 MHz; DMSO-d6; Me4Si) 11.30 (1H, br s, NH), 7.87 (1H, s,
H-6), 6.17 (1H, dd, J 8.0, 6.5 Hz, H-1′), 5.84 (1H, m, H-7′), 5.21
(1H, d, J 5.2 Hz, 5′-OH), 5.11–5.05 (2H, m, H-8′), 4.44 (1H, m,
H-3′), 3.69 (1H, br s, H-4′), 3.65 (1H, m, H-5′), 2.29–2.19 (2H, m,
H-6′), 2.15 (1H, m, H-2′), 2.05 (1H, ddd, J 13.7, 6.5, 2.9 Hz, H-2′),
1.77 (3H, s, CH3), 0.87 (9H, m, C(CH3)3), 0.08 (6H, s, SiCH3);
dC (75 MHz; CDCl3; Me4Si) 163.6 (C-4), 150.3 (C-2), 137.2 (C-
7′), 134.1 (C-6), 118.8 (C-8′), 110.9 (C-5), 88.9, 86.9 (C-1′, C-4′),
73.0, 70.1 (C-3′, C-5′), 40.3, 39.1 (C-6′, C-2′), 25.7 (C(CH3)3), 18.0
(C(CH3)3), 12.6 (CH3), −4.6, −4.8 (Si(CH3)2); MS(MALDI) m/z
419 (M + Na+).


Preparation of 5′(S)-C-allyl-5′-O-benzoylthymidine (8)


Compound 5 (200 mg, 0.384 mmol) was dissolved in anhydrous
pyridine (4 cm3) and added benzoylchloride (0.09 cm3, 0.77 mmol).
The reaction mixture was stirred at room temperature for 8 h and
then quenched by the addition of water (0.5 cm3). The mixture was
diluted with EtOAc (20 cm3) and washed with a saturated aqueous
solution of NaHCO3 (2 × 10 cm3) and water (10 cm3), dried
(MgSO4) and concentrated under reduced pressure. The residue
was purified by column chromatography using MeOH and CH2Cl2


(1 : 19 v/v) as the eluent to give 5′(S)-C-allyl-5′-O-benzoyl-3′-O-
(tert-butyldiphenylsilyl)thymidine (175 mg, 71%) as a white solid;
found C 69.30, H 6.41, N 4.57, C36H40N2O6Si requires C 69.20,
H 6.45, N 4.48; mp 75–76 ◦C; dH (300 MHz; CDCl3; Me4Si) 1.09
(9H, s, C(CH3)3), 1.73 (1H, m, H-2′), 1.84 (3H, d, J 1.1, CH3),
2.43–2.21 (3H, m, H-6′, H-2′), 4.07 (1H, m, H-4′), 4.33 (1H, m,
H-3′), 4.79 (1H, m, H-5′), 5.09–5.00 (2H, m, H-8′), 5.68 (1H, m,
H-7′), 5.98 (1H, dd, J 5.6, 8.4, H-1′), 7.34–7.48 (9H, m, H-6,
Ph), 7.69–7.53 (5H, m, Ph), 7.90–7.85 (2H, m, Ph), 8.83 (1H, br s,
NH); dC (75 MHz; CDCl3; Me4Si) 12.4 (CH3), 19.0 (C(CH3)3), 26.9
(C(CH3)3), 35.8 (C-6′), 40.7 (C-2′), 72.6 (C-5′), 73.8 (C-3′), 84.7 (C-
1′), 87.2 (C-4′), 111.1 (C-5), 118.8 (C-8′), 127.9, 128.0, 128.5, 129.3,
130.1 (Ph), 132.4, 132.8, 133.3 (Ph, C-7′), 135.0, 135.0, 135.6, 135.7
(C-6, Ph), 150.2 (C-4), 163.7 (C-2), 165.6 (PhCO); MS(MALDI)
m/z 647 (M + Na+), HRMS 647.2559 (calcd for C36H40N2O6SiNa
647.2548). This compound (295 mg, 0.460 mmol) was dissolved in
anhydrous THF (15 cm3) and TBAF (1.0 M in THF, 0.46 cm3) was
added. The reaction mixture was stirred at room temperature for
45 min and then a suspension of DOWEX in pyridine, water and
MeOH (3 : 1 : 1 v/v/v, 10 cm3) was added. The mixture was stirred
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for 8 h and then filtered. The filter was rinsed with pyridine, water
and MeOH (3 : 1 : 1 v/v/v, 2 cm3), and the combined filtrates were
concentrated under reduced pressure. The residue was purified by
column chromatography using EtOAc and petroleum ether (1 : 1
v/v) as the eluent to give the product (117 mg, 63%) as a white
solid; found C 62.19, H 5.81, N 7.32, C20H22N2O6 requires C 62.17,
H 5.74, N 7.25; mp 167–168 ◦C; dh (300 MHz; DMSO-d6; Me4Si)
1.75 (3H, s, CH3), 2.21–2.04 (2H, m, H-2′), 2.65–2.46 (2H, m,
H-6′), 3.95 (1H, m, H-4′), 4.30 (1H, m, H-3′), 5.03–5.19 (2H, m,
H-8′), 5.35 (1H, m, H-5′), 5.47 (1H, d, J 4.7, OH), 5.83 (1H, m,
H-7′), 6.20 (1H, t, J 6.7, H-1′), 7.43 (1H, s, H-6), 7.60–7.50 (2H,
m, Ph), 7.69 (1H, m, Ph), 7.92–8.06 (2H, m, Ph), 11.34 (1H, br s,
NH); dc (75 MHz; DMSO-d6; Me4Si) 12.1 (CH3), 35.5 (C-6′), 39.3
(C-2′), 70.4 (C-3′), 72.8 (C-5′), 83.7 (C-1′), 86.3 (C-4′), 109.7 (C-5),
118.3 (C-8′), 128.8, 129.1, 129.6 (Ph), 133.5, 133.5 (C-7′, Ph), 135.4
(C-6), 150.3 (C-4), 163.6 (C-2), 165.4 (PhCO); MS(MALDI) m/z
409 (M + Na+).


Preparation of 5′(S)-C-allyl-5′-O-(4,4′-dimethoxytrityl)thymidine
(9)


Compound 5 (293 mg, 0.562 mmol) was dissolved in a mixture of
anhydrous 2,6-lutidine and anhydrous CH2Cl2 (1 : 1 v/v, 4 cm3).
DMT-triflate (532 mg, 1.18 mmol) was added and the reaction
mixture was stirred at room temperature. Additional amounts of
DMT-triflate were added after 18 h and 24 h (174 mg, 0.39 mmol
and 261 mg, 0.58 mmol, respectively). After 48 h the solution was
washed with a saturated aqueous solution of NaHCO3 (23 cm3).
The aqueous layer was extracted with CH2Cl2 (15 cm3), the
combined organic extracts were dried (MgSO4) and the solvent was
removed under reduced pressure. The residue was coevaporated
with toluene and redissolved in anhydrous THF (22.5 cm3) and
TBAF (1.0 M in THF, 1 cm3) was added. The reaction mixture
was stirred at room temperature for 3 h. An additional amount of
TBAF (1.0 M in THF, 1 cm3) was added and the reaction mixture
was stirred for another 2 h. Dowex 50 W × 2 in pyridine, MeOH
and water (3 : 1 : 1 v/v, 8 cm3) was added and the solution was
stirred at room temperature overnight. The resin was filtered off
and the filtercake was washed with pyridine, MeOH and water (3 :
1 : 1 v/v, 8 cm3). The filtrate was diluted with CH2Cl2 (15 cm3). The
combined organic phases were washed with water (7.5 cm3), dried
(MgSO4) and the solvent was removed under reduced pressure.
The residue was purified by silica gel column chromatography
using EtOAc and petroleum ether (3 : 4 v/v) and then MeOH and
CH2Cl2 (1 : 49 v/v) as eluents to give the product (190 mg, 58%)
as a beige foam; Rf 0.30 (MeOH and CH2Cl2, 1 : 19 v/v); mp
118–120 ◦C. dH (300 MHz; CDCl3; Me4Si) 8.79 (1H, br s, NH),
7.86 (1H, d, J 1.1 Hz, H-6), 7.46–7.24 (9H, m, Ph), 6.85–6.81 (4H,
m, Ph), 6.32 (1H, t, J 7.2 Hz, H-1′), 5.41 (1H, m, H-7′), 4.97–4.86
(2H, m, H-8′), 4.38 (1H, m, H-3′), 3.82 (1H, m, H-4′), 3.79 (6H, s,
OCH3), 3.41 (1H, m, H-5′), 2.45–2.19 (4H, m, H-2′, H-6′), 2.01
(1H, d, J 4.2 Hz, OH), 1.83 (3H, s, CH3). dC (75 MHz; CDCl3;
Me4Si) 163.7 (C-4), 158.7 (Ph), 150.2 (C-2), 145.8, 136.4, 136.1,
135.6, 133.9, 130.3, 130.2, 128.1, 127.8, 127.1 (C-6, C-7′, Ph), 117.8
(C-8′), 113.1 (Ph), 111.2 (C-5′), 87.3 (C(Ar)3), 86.7 (C-4′), 84.1 (C-
1′), 73.6 (C-5′), 71.6 (C-3′), 55.2 (OCH3), 41.0 (C-2′), 36.3 (C-6′),
12.4 (CH3). MS(MALDI) m/z 607 (M + Na+), HRMS 607.2425
(calcd for C34H36N2O7Na 607.2415).


Preparation of 3′-O-(tert-butyldiphenylsilyl)-5′-
(cyanoethoxy(diisopropylamino)phosphinyl)-5′(S)-C-
allylthymidine (10)


Compound 5 (1.95 g, 3.74 mmol) was coevaporated with
anhydrous CH3CN (3 × 40 cm3) and redissolved in an-
hydrous CH2Cl2 (50 cm3). To the mixture was added a
1.0 M solution of 4,5-dicyanoimidazole in CH3CN (2.5 cm3,
2.5 mmol) and 2-cyanoethyl N,N,N ′,N ′-tetraisopropyl phospho-
rdiamidite (1.3 cm3, 3.97 mmol). The reaction mixture was
stirred at room temperature for 4 h. An additional amount
of 2-cyanoethyl N,N,N ′,N ′-tetraisopropyl phosphordiamidite
(0.5 cm3, 1.52 mmol) was added and the reaction mixture
was stirred for another 18 h. The solution was diluted with
CH2Cl2 (200 cm3), washed with a saturated aqueous solution of
NaHCO3 (2 × 50 cm3) and brine (50 cm3). The combined organic
phases were dried (MgSO4) and the solvent was removed under
reduced pressure. The residue was purified by silica gel column
chromatography using EtOAc and petroleum ether (1 : 1 v/v) as
eluent to give the product (2.2 g, 80%) as a white foam; Rf 0.59
(EtOAc and petroleum ether, 3 : 1 v/v). dH (300 MHz; CDCl3;
Me4Si) 8.57 (m, NH), 7.69–7.56 (m, H-6′, Ph), 7.49–7.35 (m, Ph),
6.53–6.48 (m, H-1′), 5.63–5.51 (m, H-7′), 5.10–5.03 (m, H-8′), 4.46
(d, J 5.1 Hz, H-3′), 4.36 (d, J 5.1 Hz, H-3′), 4.01–3.97 (m, H-
4′), 3.80–3.58 (m, CH2OP), 3.53–3.23 (m, H-5′, HC(CH3)2), 2.58–
2.52 (m, CH2CN), 2.39–2.24 (m, H-2′, H-6′), 2.13–2.08 (m, H-6′),
1.98–1.82 (m, H-2′), 1.88 (s, CH3), 1.87 (s, CH3), 1.14–0.90 (m,
C(CH3)3, HC(CH3)3). dp (CDCl3) 151.14, 151.05. MS(MALDI)
m/z 743 (M + Na+), HRMS 743.3334 (calcd for C38H53N4O6PSiNa
743.3364).


Preparation of [5′-O-(5′(S)-C-allyl-3′-O-(tert-
butyldiphenylsilyl)thymidinyl]-[3′-O-(5′(S)-C-allyl-5′-O-(4,4′-
dimethoxytrityl)thymidinyl] cyanoethylphosphate (11)


The alcohol 9 (548 mg, 0.937 mmol) and the phosphoramidite 10
(1.288 g, 1.787 mmol) were mixed, coevaporated with a mixture of
anhydrous CH3CN and anhydrous CH2Cl2 (2 : 1 v/v, 3 × 30 cm3)
and redissolved in the same mixture (45 cm3). The solution was
added a 0.45 M solution of 1H-tetrazole in CH3CN (9.0 cm3,
4.05 mmol) and stirred at room temperature for 3 h. The reaction
mixture was cooled to 0 ◦C, added a 3.0 M solution of t-BuOOH
in toluene (1.5 cm3, 3.0 mmol) and stirred at room temperature
for 12 h. The solution was diluted with CH2Cl2 (100 cm3), washed
with a saturated solution of NaHCO3 (2 × 50 cm3) and brine
(50 cm3). The combined organic phases were dried (MgSO4) and
the solvent was removed under reduced pressure. The residue was
purified by silica gel column chromatography using MeOH and
CH2Cl2 (1 : 99–1 : 14 v/v) to give the product (716 mg, 63%) as
a white foam; Rf 0.27 (MeOH and CH2Cl2, 1 : 14 v/v); found C
64.38, H 6.08, N 5.62, C66H74O14N5PSi·H2O requires C 64.00, H
6.18, N 5.65. dH (300 MHz; CDCl3; Me4Si) 9.05 (br s, NH), 8.86
(br s, NH), 8.72 (br s, NH), 7.91 (s, H-6), 7.80 (s, H-6), 7.65–7.61
(m, Ph), 7.49–7.21 (m, H-6, Ph), 6.86–6.80 (m, Ph), 6.52 (dd, J 5.0,
9.0 Hz, H-1′), 6.47 (dd, J 5.1, 9.0 Hz, H-1′), 6.32 (dd, J 5.2, 9.0 Hz,
H-1′), 6.20 (t, J 7.2 Hz, H-1′), 5.58–5.19 (m, H-7′), 5.11–4.82 (m,
H-8′), 4.79–4.74 (m, T1-H-3′), 4.32–4.28 (m, T2–H-3′), 4.05–3.73
(m, H-4′, T2–H-5′, OCH2, OCH3), 3.33–3.29 (m, T1-H-5′), 2.42–
1.98 (m, H-2′, H-6′, CH2CN), 1.89–1.76 (m, H-2′, CH3), 1.14–1.00
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(m, C(CH3)3). dp (CDCl3) −1.43, −1.71 (1 : 3). MS(MALDI) m/z
1242 (M + Na+), HRMS 1242.4612 (calcd for C66H74N5O14PSiNa
1242.4631).


Preparation of (E,Z)-(3R/S)-(1S,5S,10S,11R,13R)-3-(2-
cyanoethoxy)-10-(4,4′-dimethoxytrityl)oxy-3-oxo-5-(3(S)-(tert-
butyldiphenylsilyl)oxy-5(R)-(thymin-1-yl)tetrahydrofuran-2(R)-
yl)-13-(thymin-1-yl)-3-phospha-2,4,12-
trioxabicyclo[9.3.0]tetradec-7-ene (12)


Compound 11 (338 mg, 0.277 mmol) was coevaporated with
anhydrous CH2Cl2 (3 × 25 cm3) and redissolved in the same
solvent (15 cm3). To the solution was added a solution of Grubbs’
2nd generation catalyst§ (16 mg, 0.019 mmol) in CH2Cl2 (5 cm3)
and the reaction mixture was stirred at 40 ◦C for 4 h. Then the
temperature was lowered to 30 ◦C and the reaction mixture was
stirred for 16 h. The solvent was removed under reduced pressure,
and the residue was purified by silica gel column chromatography
using MeOH and CH2Cl2 (1 : 49–1 : 9 v/v) to give the product
(246 mg, 74%) as a white foam; Rf 0.41 (MeOH and CH2Cl2,
1 : 14 v/v). dH (300 MHz; CDCl3; Me4Si) 8.57–8.28 (m, NH),
7.68–7.65 (m, Ph), 7.54–7.08 (m, H-6, Ph), 6.87–6.72 (m, H-
1′, Ph), 6.60–6.48 (m, H-1′), 6.02–5.95 (m, H-1′), 5.78–5.71 (m,
CH2CH=CHCH2), 5.30–5.04 (m, CH2CH=CHCH2), 4.93–3.61
(m, H-3′, H-4′, H-5′, CH2OP, CH3O), 2.64–1.49 (m, H-2′, CH3,
CH2CN, CH2CH=CHCH2), 1.09–1.08 (m, C(CH3)3). dp (CDCl3)
0.37, −1.03, −6.51, −8.06 (4 : 1 : 8 : 6). MS(MALDI) m/z 912 (M +
Na+ − DMT), HRMS 912.3003 (calcd for C43H52N5O12PSiNa
912.3012).


Preparation of (E,Z)-(3R/S)-(1S,5S,10S,11R,13R)-3-(2-
cyanoethoxy)-10-hydroxy-3-oxo-5-(3(S)-(tert-
butyldiphenylsilyl)oxy-5(R)-(thymin-1-yl)tetrahydrofuran-2(R)-
yl)-13-(thymin-1-yl)-3-phospha-2,4,12-
trioxabicyclo[9.3.0]tetradec-7-ene (13)


Compound 12 (196 mg, 0.164 mmol) was dissolved in CH2Cl2


(10 cm3). To the solution was added Et3SiH (60 lL, 0.364 mmol)
and a 1% solution of TFA in CH2Cl2 (1.0 cm3, 0.129 mmol),
whereby the reaction mixture went from weak yellow to orange-
red. The reaction mixture was stirred at room temperature for
45 min. The solution was diluted with CH2Cl2 (100 cm3) and
washed with a saturated solution of NaHCO3 (2 × 40 cm3).
The organic phase was dried (MgSO4) and the solvent was
removed under reduced pressure. The residue was purified by
silica gel column chromatography using MeOH and CH2Cl2 (1 :
19 v/v) to give the product (126 mg, 86%) as a white foam;
Rf 0.34, 0.39 (MeOH and CH2Cl2, 1 : 19 v/v); dH (300 MHz;
CDCl3; Me4Si) 8.94–8.78 (m, NH), 8.63 (m, NH), 7.71–7.64
(m, Ph), 7.50–7.43 (m, Ph), 7.38–6.97 (m, H-6, Ph), 6.58–6.41
(m, H-1′), 6.11–5.89 (m, H-1′), 5.68–5.60 (m, CH2CH=CHCH2),
5.44–5.26 (m, CH2CH=CHCH2), 5.09–4.30 (m, H-3′, H-4′, H-
5′), 4.16–3.87 (m, H-4′, H-5′, CH2OP), 3.78–3.57 (m, T1–H-5′),
3.07 (br s, OH), 2.88 (br s, OH), 2.81–2.26 (m, H-2′, CH2CN,
CH2CH=CHCH2), 2.20–1.78 (m, H-2′, CH3, CH2CH=CHCH2),
1.10–1.07 (m, C(CH3)3). dp (CDCl3) 0.44, −0.76, −6.00, −7.46 (4 :
1 : 8 : 6). MS(MALDI) m/z 912 (M + Na+), HRMS 912.2998
(calcd for C43H52N5O12PSiNa 912.3012).


Preparation of (3R/S)-(1S,5S,10S,11R,13R)-3-(2-cyanoethoxy)-
10-hydroxy-3-oxo-5-(3(S)-(tert-butyldiphenylsilyl)oxy-5(R)-
(thymin-1-yl)tetrahydrofuran-2(R)-yl)-13-(thymin-1-yl)-3-
phospha-2,4,12-trioxabicyclo[9.3.0]tetradecane (14)


Compound 13 (119 mg, 0.134 mmol) was dissolved in MeOH
(10 cm3) and Pd(OH)2/C (23.2 mg, 0.033 mmol) in MeOH (3 cm3)
was added. The reaction mixture was bubbled with H2 for 5 min.
and another 2 cm3 of MeOH was added. The reaction mixture was
placed in an autoclave at 1000 psi H2 at 55 ◦C for 16 h. The mixture
was filtered through celite and after washing the celite with MeOH
(50 cm3), the solvent was removed under reduced pressure. The
residue was purified by silica gel column chromatography using
MeOH and CH2Cl2 (1 : 14 v/v) to give the product (75 mg, 63%)
as a white foam; Rf 0.37, 0.41 (MeOH and CH2Cl2, 1 : 9 v/v);
dH (300 MHz; CDCl3; Me4Si) 9.37 (br s, NH), 9.32 (br s, NH),
9.14 (br s, NH), 8.98 (br s, NH), 7.69–7.63 (m, Ph), 7.50–7.40 (m,
H-6, Ph), 7.22 (br s, H-6), 7.07 (br s, H-6), 6.49 (dd, J 5.4, 8.5 Hz,
H-1′), 6.36 (t, J 6.9 Hz, H-1′), 6.09–6.02 (m, H-1′), 5.03 (T1-H-3′),
4.76 (T1-H-3′), 4.47 (T2-H-3′), 4.28–3.68 (m, T2–H-3′, H-4′, H-5′,
CH2O), 2.93 (br s, OH), 2.72–2.47 (m, H-2′, CH2OP), 2.35–2.28
(m, H-2′), 1.96–0.99 (m, H-2′, CH3, (CH2)4, C(CH3)3). dp (CDCl3)
−0.23, −4.79 (1 : 2.4). MS(MALDI) m/z 914 (M + Na+), HRMS
914.3130 (calcd for C43H54N5O12PSiNa 914.3168).


Preparation of [5′-O-(5′(S)-C-allyl-3′-O-(tert-
butyldiphenylsilyl)thymidinyl]-[3′-O-(5′(S)–C-allyl)thymidinyl]
cyanoethylphosphate (15)


Compound 11 (48 mg, 0.039 mmol) was dissolved in CH2Cl2


(4 cm3). To the solution was added Et3SiH (13 lL, 0.079 mmol)
and a 1% solution of TFA in CH2Cl2 (0.23 cm3, 0.030 mmol),
whereby the reaction mixture went from weak yellow to orange-
red. The reaction mixture was stirred at room temperature for
20 min. The solution was diluted with CH2Cl2 (30 cm3) and washed
with a saturated solution of NaHCO3 (2 × 10 cm3). The organic
phase was dried (MgSO4) and the solvent was removed under
reduced pressure. The residue was purified by silica gel column
chromatography using MeOH and CH2Cl2 (1 : 33 v/v) to give
the product (29 mg, 80%) as a white foam; Rf 0.44 (MeOH and
CH2Cl2, 1 : 9 v/v); dH (300 MHz; CDCl3; Me4Si) 9.00 (br s, NH),
8.90 (br s, NH), 8.83 (br s, NH), 8.78 (br s, NH), 7.67–7.62 (m,
Ph), 7.54–7.39 (m, H-6, Ph), 6.55–6.50 (m, H-1′), 6.19–6.13 (m, H-
1′), 5.82–5.51 (m, H-7′), 5.27–4.96 (m, T1-H-3′, H-8′), 4.35–4.27
(m, T2–H-3′), 4.20–3.93 (m, H-4′, T2–H-5′, CH2OP), 3.84–3.73
(m, T1–H-5′), 2.76–2.53 (m, H-2′, H-6′, CH2CN), 2.41–2.14 (m,
H-2′, H-6′), 1.91–1.81 (m, H-2′, CH3), 1.10–1.07 (m, C(CH3)3).
dp (CDCl3) −1.42. MS(MALDI) m/z 940 (M + Na+), HRMS
940.3369 (calcd for C45H56N5O12PSiNa 940.3325).


Preparation of (E,Z)-(1S,5S,10S,11R,13R)-3,10-dihydroxy-5-
(3(S)-hydroxy-5(R)-(thymin-1-yl)tetrahydrofuran-2(R)-yl)-3-oxo-
13-(thymin-1-yl)-3-phospha-2,4,12-trioxabicyclo[9.3.0]tetradec-
7-ene (16)


Compound 13 (11.8 mg, 0.013 mmol) was dissolved in anhydrous
THF (1 cm3) and TBAF (1.0 M in THF, 0.030 cm3) was added to
the solution. After stirring for 1 h, the solvent was removed under
reduced pressure. The residue was redissolved in 32% NH3(aq) and
the solution was stirred at 55 ◦C for 20 h. The solvent was removed
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under reduced pressure, and the residue was subjected to HPLC-
purification (C18 column, buffer A (CH3CN and 0.1 M NH4HCO3,
1 : 19 v/v) and buffer B (CH3CN and 0.1 M NH4HCO3, 3 : 1
v/v)); dH (300 MHz; D2O; Me4Si) 7.95 (s, H-6), 7.85 (s, H-6),
7.58 (br s, H-6), 6.44 (m, H-1′), 6.30 (m, H-1′), 5.73–5.69 (m,
CH2CH=CHCH2), 5.13–4.52 (m, H-3′, H-4′, H-5′), 4.12–3.52 (m,
H-3′, H-4′, H-5′), 2.64–2.23 (m, H-2′, CH2CH=CHCH2), 1.97–
1.92 (m, CH3). dp (D2O) −0.39, −1.23 (1 : 1).


Preparation of (1S,5S,10S,11R,13R)-3,10-dihydroxy-5-(3(S)-
hydroxy-5(R)-(thymin-1-yl)tetrahydrofuran-2(R)-yl)-3-oxo-13-
(thymin-1-yl)-3-phospha-2,4,12-trioxabicyclo[9.3.0]tetradecane
(17)


Compound 14 (25.4 mg, 0.029 mmol) was dissolved in anhydrous
THF (3 cm3) and TBAF (1.0 M in THF, 0.030 cm3) was added to
the solution. After stirring for 45 min the solvent was removed
under reduced pressure. The residue was redissolved in 32%
NH3(aq) and the solution was stirred at 55 ◦C for two days. The
solvent was removed under reduced pressure, and the residue was
subjected to HPLC-purification (C18 column, buffer A (CH3CN
and 0.1 M NH4HCO3, 1 : 19 v/v) and buffer B (CH3CN and 0.1 M
NH4HCO3, 3 : 1 v/v)); dH (500 MHz; D2O; Me4Si) 7.81 (s, H-6),
7.52 (s, H-6), 6.36 (t, J 6.5 Hz, H-1′), 6.26 (dd, J 7.5, 6.7 Hz,
H-1′), 4.76 (1H, m, T1-H-3′), 4.67 (1H, m, T2-H-3′), 4.43 (1H, m,
T2-H-5′), 4.04 (1H, dd, 10.1, 3.4 Hz, T1-H-4′), 3.99 (1H, m, T2-H-
4′), 3.82 (1H, m, T1–H-5′), 2.56–2.32 (4H, m, T1-H-2′, T2-H-2′),
2.09–1.93 (2H, m, (CH2)4), 1.96 (3H, s, CH3), 1.91 (3H, s, CH3),
1.87–1.62 (4H, m, (CH2)4), 1.46–1.38 (2H, m, (CH2)4). dp (D2O)
0.12.


Preparation of 5′(S)-C-allyl-5′-O-pixylthymidine (18)


Compound 5 (2.20 g, 4.23 mmol) was coevaporated with an-
hydrous pyridine (3 × 15 cm3) and redissolved in anhydrous
pyridine (20 cm3). 9-Chloro-9-phenyl-9H-xanthen (pixyl chloride)
was added, and the reaction mixture was stirred for 12 h. The
solvent was removed under reduced pressure, and the residue
was dissolved in CH2Cl2 (50 cm3) and washed with a saturated
aqueous solution of NaHCO3 (2 × 20 cm3). The aqueous phase
was extracted with CH2Cl2 (3 × 20 cm3) and the combined
organic phases were dried (Na2SO4) and concentrated under
reduced pressure. The residue was coevaporated with toluene and
redissolved in anhydrous THF (20 cm3) and TBAF (1.0 M in THF,
7.8 cm3) was added. The reaction mixture was stirred for 12 h at
room temperature. The reaction mixture was partitioned between
water (100 cm3) and EtOAc (100 cm3). The separated aqueous
phase was extracted with EtOAc (2 × 25 cm3). The combined
organic phases were washed with brine (50 cm3), dried (Na2SO4)
and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography using 0.1% Et3N in CH3OH
and CH2Cl2 (1 : 99 v/v) to give the product as a white foam (2.20 g,
99%); Rf 0.30 (MeOH and CH2Cl2, 1 : 19 v/v); dH (300 MHz;
CDCl3; Me4Si) 7.65 (1H, d, J 1.2 Hz, H-6), 7.48–7.20 (9H, m,
Ph), 7.09–6.99 (4H, m, Ph), 6.16 (1H, t, J 6.3 Hz, H-1′), 5.47–5.33
(m, 1H, H-7′), 4.85 (1H, dd, J 9.9, 1.5 Hz, H-8′), 4.71 (1H, dd,
J 17.1, 1.5 Hz, H-8′), 3.64–3.55 (2H, m, H-4′, H-3′), 3.40–3.25
(1H, m, H-5′), 2.22–1.93 (6H, m, H-2′, H-6′, CH3). dC (75 MHz;


CDCl3; Me4Si) 164.1 (C-4), 152.2, 151.9, 150.5 (C-2, arom), 147.0,
135.8, 134.0, 131.9, 130.9, 130.1, 130.0, 128.1, 127.9, 127.8, 127.4,
123.9, 123.6, 123.1 (C-6, C-7′, arom), 118.0, 116.9, 116.7, 110.9
(C-8′, arom, C-5), 86.5, 84.3, 77.4, 72.6, 71.0 (C-1′, C-3′, C-4′, C-
5′, C(Ar)3), 40.6 (C-2′), 36.8 (C-6′), 12.9 (CH3). MS(MALDI) m/z
561 (M + Na+).


Preparation of 5′(S)-C-allyl-3′-O-(tert-butyldiphenylsilyl)-5′-
(methoxy(diisopropylamino)phosphinyl)thymidine (19)


To a solution of 5 (2.75 g, 5.29 mmol) in anhydrous CH2Cl2


(20 cm3) at 0 ◦C was added diisopropylethylamine (1.81 cm3,
10.6 mmol) and (i-Pr)2NP(Cl)OCH3 (1.53 cm3, 7.93 mmol). The
reaction mixture was stirred at room temperature for 3 h and
quenched with methanol (5 cm3). The reaction mixture was diluted
with EtOAc (100 cm3), washed with a saturated aqueous solution
of NaHCO3 (3 × 30 cm3) and brine (3 × 30 cm3), dried (Na2SO4)
and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography using 0.1% Et3N in EtOAc
and petroleum ether (1 : 3 v/v) to give the product as a white foam
(2.70 g, 75%) Rf 0.30 (EtOAc and petroleum ether, 3 : 1 v/v); dH


(300 MHz; CDCl3; Me4Si) 8.80–8.76 (1H, br s, NH), 7.75–7.59
(5H, m, H-6, Ph), 7.46–7.32 (6H, m, Ph), 6.60–6.45 (1H, m, H-1′),
5.65–5.45 (1H, m, H-7′), 5.10–4.95 (2H, m, H-8′), 4.58 (1/2H, d, J
5.1 Hz, H-3′), 4.50 (1/2H, d, J 5.1 Hz, H-3′), 3.99–3.94 (1H, m, H-
4′), 3.48–3.20 (3H, m), 3.25 (3H, d, J 13.5 Hz, OCH3), 3.07 (3H, d,
J 13.5 Hz, OCH3), 2.40–2.20 (3H, m), 2.00–1.80 (4H, m), 1.14–0.90
(21H, m). dP (CDCl3) 152.10, 150.44. MS(MALDI) m/z 704 (M +
Na+), HRMS 704.3228 (calcd for C36H52N3O6PSiNa 704.3255).


Preparation of [5′-O-(5′(S)-C-allyl-3′-O-(tert-
butyldiphenylsilyl)thymidinyl]-[3′-O-(5′(S)-C-allyl-5′-O-
pixylthymidinyl] methylphosphate (20)


To a solution of 18 (1.00 g, 1.90 mmol) and 19 (1.30 g, 1.90 mmol)
in CH3CN and CH2Cl2 (2 : 1 v/v, 50 cm3) was added 1H-tetrazole
(0.45 M in CH3CN, 4.65 cm3, 2.09 mmol) and the reaction mixture
was stirred for 12 h at room temperature. The reaction mixture
was cooled to 0 ◦C and tert-butylhydroperoxide (5.5 M in decane,
0.52 cm3, 2.85 mmol) was added. The reaction mixture was stirred
at room temperature for 3 h. CH3OH (10 cm3) was added and the
solution was diluted with CH2Cl2 (50 cm3). The reaction mixture
was washed with a saturated aqueous solution of NaHCO3 (3 ×
25 cm3) and brine (25 cm3), dried (Na2SO4) and evaporated under
reduced pressure. The residue was purified by silica gel column
chromatography using 0.1% Et3N in EtOAc and petroleum ether
(3 : 1 v/v) to give the product as a white foam (1.61 g, 75%): Rf


0.15 (EtOAc and petroleum ether, 3 : 1 v/v); dH (300 MHz; CDCl3;
Me4Si) 9.40–9.10 (m, NH), 7.80–6.90 (m, H-6, Ph), 6.56–6.49 (m,
H-1′), 6.19–6.09 (m, H-1′), 6.02–5.97 (m, H-1′), 5.53–5.26 (m, H-
7′), 5.15–4.62 (m, T1-H-3′, H-8′), 4.37–4.32 (m, T2-H-3′), 3.98–
3.26 (m, H-4′, H-5′, OCH2), 3.44 (d, J = 11.4 Hz, OCH3), 3.43 (d,
J = 11.4 Hz, OCH3), 2.40–1.65 (m, H-2′, H-6′, CH3), 1.10–1.06 (m,
C(CH3)3). dP (CDCl3) −0.01, −0.88 (1 : 1.8). MS(MALDI) m/z
1157 (M + Na+), HRMS 1157.4119 (calcd for C62H67N4O13PSiNa
1157.4104).
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Preparation of (3R/S)-(1S,5S,10S,11R,13R)-3-methoxy-10-
pixyloxy-3-oxo-5-(3(S)-(tert-butyldiphenylsilyl)oxy-5(R)-(thymin-
1-yl)tetrahydrofuran-2(R)-yl)-13-(thymin-1-yl)-3-phospha-2,4,12-
trioxabicyclo[9.3.0]tetradecane (21)


To a solution compound 20 (1.16 g, 1.02 mmol) in anhydrous
1,2-dichloroethane was added Grubbs’ 2nd generation catalyst
(60.8 mg, 0.072 mmol) and the reaction mixture was stirred at
60 ◦C for 88 h. The solvent was evaporated under reduced pressure
and the residue was purified by silica gel column chromatography
using a gradient of EtOAc (0–100%) in 0.1% Et3N in petroleum
ether to give the two ring-closed intermediates (308 mg, 27%,
Rf 0.15 (EtOAc); dP (CDCl3) 2.10, 0.64, −4.95, −6.30 (5 : 1.3 :
1 : 4.2); MS(MALDI) m/z 1129 (M + Na+), HRMS 1129.3815
(calcd for C60H63N4O13PSiNa 1129.3791) and (353 mg, 42%,
Rf 0.05 (EtOAc); MS(MALDI) m/z 873 (M + Na+), HRMS
873.2893 (calcd for C41H51N4O12PSiNa 873.2903)) as well as
unreacted starting material (110 mg, 10%, one isomer only). The
two ring-closed intermediates were combined in a solution in
anhydrous methanol (1 cm3) and added Adams’ catalyst (PtO2)
(60 mg, 0.26 mmol). The solution was degassed several times with
argon and placed under a hydrogen atmosphere. The reaction
mixture was stirred for 12 h at room temperature and filtered
through celite. The solvent was removed under reduced pressure
to give a crude saturated and depixylated intermediate (621 mg,
MS(MALDI) m/z 875 (M + Na+), HRMS 875.3077 (calcd for
C41H53N4O12PSiNa 875.3059)). To a solution of this intermediate
(100 mg, 0.111 mmol) in anhydrous CH2Cl2 was added 2,6-lutidine
(68 lL, 0.59 mmol) and pixyl chloride (51.5 mg, 0.18 mmol). The
reaction mixture was stirred at room temperature for 2 h, and
the solvent was removed under reduced pressure. The residue was
coevaporated with toluene to give the crude pixylated intermediate
(150 mg). To a stirred solution of this intermediate (100 mg,
0.09 mmol) in THF at 0 ◦C was added a mixture of glacial acetic
acid (10.3 lL, 0.18 mmol) and TBAF (1.0 M in THF, 271 lL).
The reaction mixture was stirred at room temperature for 3 h.
The reaction mixture was concentrated under reduced pressure,
and the residue was purified by silica gel column chromatography
using 0.1% Et3N in MeOH and CH2Cl2 (1 : 24 v/v) to give the
product as a white foam (25 mg, 27% from 20): Rf 0.33 (MeOH and
CH2Cl2, 1 : 9 v/v); dP (CDCl3) 1.35, −3.63 (3 : 1); MS(MALDI)
m/z 893 (M + Na+), HRMS 893.2704 (calcd for C44H47N4O13PNa
893.2769).


Preparation of (3R/S)-(1S,5S,10S,11R,13R)-
3-methoxy-10-pixyloxy-3-oxo-5-(3(S)-(2-
cyanoethoxy)(diisopropylamino)phosphin)oxy-5(R)-
(thymin-1-yl)tetrahydrofuran-2(R)-yl)-13-(thymin-1-yl)-3-
phospha-2,4,12-trioxabicyclo[9.3.0]tetradecane (22)


To a stirred solution of compound 21 (80 mg, 0.092 mmol) in
anhydrous CH2Cl2 were added diisopropylethylamine (23.6 lL,
0.138 mmol) and i-Pr2NP(Cl)OCH2CH2CN (24.6 lL, 0.11 mmol)
at 0 ◦C. The mixture was stirred at room temperature for 6 h
and then partitioned between CH2Cl2 (2 × 10 cm3) and a
saturated aqueous solution of NaHCO3 (10 cm3). The combined
organic phases were dried (Na2SO4) and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography using EtOAc and petroleum ether (1 : 2 v/v) and


then EtOAc and MeOH (99 : 1 v/v) to give the product as a white
foam (36 mg, 37%): Rf 0.40 (MeOH and CH2Cl2, 1 : 9 v/v); dP


(CDCl3) 150.40, 150.04, 150.00, 1.20, 0.99, −4.08.


NMR spectroscopy of 17


1D 500 MHz 1H NMR spectra were recorded at 10, 23 and
25 ◦C with 20032 points and a spectral width of 5000 Hz. A
phase sensitive NOESY spectrum with a mixing time of 700 ms
was recorded at 23 ◦C with 2 K points in the t2-dimension using
spectral widths of 5000 Hz in both dimensions and 48 transients
for each of the 600 t1-experiments. Phase sensitive DQF-COSY
spectra were recorded at 23 and 25 ◦C with 4 K points sampled
in F2, 5000 Hz spectral widths in both dimensions and 512 t1-
experiments, each recorded with 48 transients. All spectra were
processed using NMRpipe.49 Cross peak intensities were measured
using the program Sparky.50


Restrained molecular dynamics simulations on 17


MD calculations were performed using the AMBER 7.0 program
package51 on an SGI/O2 workstation. Distance restraints were
derived from the NOESY spectra using the ISPA approach.
Atomic charges around the modified phosphorus were calculated
using the restrained electrostatic potential (RESP) procedure.52


The unmodified dinucleotide and the cyclic dinucleotide 17 were
following a short energy minimisation subjected to 1000 ps
molecular dynamics simulation at 300 K. In case of the cyclic
dinucleotide, the calculations were performed both with and
without time averaged NMR restraints.


Preparation of oligodeoxynuclotides


Oligonucleotide synthesis was carried out by using an ExpediteTM


8909 nucleic acid synthesis system from PerSeptive Biosystems Inc.
following the phosphoramidite approach. Synthesis of oligonu-
cleotides 24 and 26 was performed on a 0.2 lmol scale by using
2-cyanoethyl phosphoramidites of standard 2′-deoxynucleosides
as well as the LNA-meC monomer in combination with the
modified phosphoramidite 22. The synthesis followed the regular
protocol employing standard CPG supports. However, for the
LNA monomer, a prolonged coupling time of 4 min was used,
and for 22, a manual coupling in 20 min followed by 2 × 45 s
capping was used. Coupling yields for 22 were >95%. The 5′-O-
DMT-ON oligonucleotides were treated with a 1 M solution of
disodium 2-carbamoyl-2-cyanoethylene-1,1-dithiolate43 in DMF
for 30 min, rinsed with ethanol and then removed from the solid
support by treatment with concentrated aqueous ammonia at
room temperature for 72 h, which also removed the protecting
groups. Purification using reversed-phase HPLC was performed
on a Waters Prep LC 4000 system using a Xterra prep MS C18; 10 lm;
7.8 × 150 mm column; buffer A: 0.5 M triethylammonium acetate,
pH 7.4; buffer B: CH3CN and water (3 : 1 v/v); 0–2 min 100% A,
2–40 min from 100% A to 70% B, 30% A, 40–50 min from 70% B,
30% A to 100% B. All fractions containing 5′-O-DMT-protected
oligonucleotide (retention time 25–30 minutes) were collected,
concentrated and diluted with water (1 cm3). The oligonucleotides
were precipitated by treatment with 100 lL 80% CH3COOH for
30 min. followed by the addition of 100 lL UHQ water, 50 lL
3 M CH3COONa (aq) and 600 lL 99.9% ethanol. The mixture
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was left at −18 ◦C for 1 h followed by centrifugation for 20 min
at 4 ◦C. The supernatant was removed and the oligonucleotide
was washed with cold 96% ethanol, dried and dissolved in water.
MALDI MS m/z (M + H) found/calcd: 24 4186.8/4188.5; 26
4438.9/4440.6.


Melting experiments


UV melting experiments were carried out on a Perkin-Elmer
Lambda 35 UV/VIS spectrometer with a PTP-6 Peltier system
and data were processed with Templab version 2.00 and UV
WINLAB version 2.85.04. Samples were dissolved in a medium
salt buffer containing Na2HPO4 (15 mM), NaCl (100 mM) and
EDTA (0.1 mM), pH 7.0 with 1 lM concentrations of the
two complementary sequences. The extinction coefficients were
calculated assuming the extinction coefficients for the dinucleotide
17 to equal two thymidines. The increase in absorbance at 260 nm
as a function of time was recorded while the temperature was
increased linearly from 10 to 90 ◦C at a rate of 1.0 ◦C min−1. The
melting temperature was determined as the local maximum of the
first derivatives of the absorbance versus temperature curve. All
melting curves were found to be reversible. For melting experi-
ments with Mg2+-concentrations of 5 or 10 mM, MgCl2 (1.0 lL
and 2.0 lL, respectively, of a 5.0 M solution) was added to the
samples.
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The non-destructive readout of photochromic memory materials based on the dithienylethene unit both
by IR spectroscopy and Raman scattering is explored. A representative series of C5-substituted thienyl
hexahydro- and hexafluoro-cyclopentene based photochromes was investigated to explore the effect and
potential usefulness of substitution for the development of multicomponent memory materials. The
effect of the deposition method on the photochemistry of solid materials containing photochromic
dithienylcyclopentene switches was also explored. Photoconversion in the solid state to the closed form
was found to be low when starting from the open form, but, in contrast, ring opening to the open state
from the closed form was found to be complete. The effect was found to be due to inner filter rather
than conformational phenomena. Characteristic vibrational bands for the central dithienyl core are
assigned and a comparison made of the vibrational spectroscopic properties of the perhydro- and
perfluoro switches. The data enable the determination of the photoconversion achievable in the solid
state as well as some assessment of the influence of the deposition method on the photoconversion. The
potential of Raman spectroscopy as a method of achieving non-destructive optical readout is
demonstrated through the large differences in absolute Raman scattering intensity between the open
and closed states, when monitored at wavelengths which do not result in photochemical ring opening.


Introduction


Photo- and electro-chromic switches, and especially dithienyl-
ethene switches,1 continue to receive considerable attention in the
development of functional addressable molecular materials, which
respond to non-destructive external stimuli, e.g. electrochemical
potential changes and light, and are of particular interest in areas
such as electrochromic displays and memory devices.2 An essential
prerequisite to the successful application of organic materials in
memory devices is the achievement of non-destructive readout.1


Several approaches based on the use of IR spectroscopy, low
intensity optical methods (which minimise rather than avoid ring
opening) or the use of materials with low photochemical quantum
yields have been explored in an effort to achieve non-destructive
readout.3


In recent years, dithienylethene based photochromic switches
have been shown to be particularly attractive as candidates for
application in such devices.1 Dithienylethene based switches exist
in two photochemically active states, i.e. the open and closed
states (Fig. 1). Although, the open and closed states show
large differences in their UV–vis spectra (Fig. 1), the use of
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visible detection is often unsuitable for non-destructive readout
as visible irradiation results in ring opening. In contrast to optical
detection in the visible range, IR spectroscopy has proven useful
in achieving non-destructive readout,4 as demonstrated with a
recent example of a three bit eight state system.5 Despite this
recent progress in the application of vibrational spectroscopy
as a non-destructive readout method,6 a general examination
of the vibrational properties essential in systematically tuning
vibrational structure has not been undertaken so far.


Fig. 1 Dithienylcyclopentene switches described in the text: suffix o
denotes open form, c denotes closed form, H and F denote hexahydro-
cyclopentene and hexafluorocyclopentene based compounds respectively.
Th denotes thiophene, Ph denotes phenyl group with all substituents on
the para position.


Raman spectroscopy offers an alternative to FTIR spectroscopy
as a technique for non-destructive readout, due to its quite
different technical requirements and its use of visible to near-IR
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lasers and CCD detectors,7 but its application has so far received
relatively little attention.8,9 Since the use of visible excitation may
result in photoconversion during the measurement, only excitation
at wavelengths longer than the lowest energy absorption bands of
the closed form are useful in achieving non-destructive optical
readout.8b


Recently we reported the synthesis,10 photo- and electrochemical
properties11 of perfluorocyclopentene (1–4F) and the perhydrocy-
clopentene (1–12H) based switches (Fig. 1). In the present contri-
bution, we report an extensive investigation of the IR and Raman
vibrational structure of dithienylcyclopentene based switches. The
effect of substitution of the perhydrocyclopentene unit for a
perfluorocyclopentene unit and substitution at the C5 position
of the thienyl rings on both the IR and Raman spectra in the
open and closed states are reported. The relative merits of Raman
scattering and IR spectroscopy for non-destructive readout are
assessed.


Experimental


Materials


All solvents employed were of UVASOL grade or better and
used as received unless stated otherwise. All reagents employed
in synthetic procedures were of reagent grade or better and were
also used as received unless stated otherwise. Compounds 1–4F
and 1–12H were prepared by literature procedures.10b,11b,12 FTIR
spectra were recorded (as intimate mixtures in KBr) in reflectance
mode using a Nicolet Nexus FTIR spectrometer. Raman spectra
were recorded at an excitation wavelength, kexc, of 785 nm on quartz
slides or in quartz cuvettes on an Avalon R1-ST Ramanstation.
Spectral acquisition and processing was performed using GramsAI


software.


Computational methods


Density functional theory (DFT) calculations were carried out
with the GAUSSIAN 03 W (rev. B.04) program package.13 All
the calculations were performed on systems in the gas phase


using the Becke’s three-parameter hybrid functional14 with the
LYP correlation functional15 (B3LYP) and 6–31(g)d basis set. The
geometry optimization was followed by the frequency calculation
to prove that the energy minimum was found. The Raman
frequencies calculated on the optimized geometry were scaled by
0.9614.16


Results and discussion


The FTIR spectra of 1–12H and 1–4F were recorded in KBr
powder in the range 4000 to 500 cm−1 (see ESI†). The FTIR
spectra of 2–4F for both the open and closed forms are in close
agreement with spectra reported previously by Zerbi, Uchida
and co-workers.17 Comparison of the spectra of 1–4Ho with
those of 1–4Fo (Fig. 2 and ESI†) shows a remarkably small
influence of the cyclopentene unit on the vibrational structure
of the core dithienylethene vibrations and the vibrations of the
C5 substituents (1450–1650 cm−1). The C–H stretching region
(2700–3200 cm−1) is largely unaffected except for a decrease in
aliphatic C–H vibrations of the cyclopentene unit at 2842 cm−1. In
the low wavenumber region (650–800 cm−1) for the aromatic C5
substituted compounds (2–4Ho, and 2–4Fo) the aromatic o.o.p.
bending vibrations remain clear of interfering cyclopentene vibra-
tions. The most distinctive difference in the spectra between the
perhydro- and hexafluoro-cyclopentene compounds is observed in
the fingerprint region (800–1400 cm−1). The strong C–F vibrations
(see Fig. 2) obscure the vibrations of the central dithienylethene
core, rendering them unavailable for use in monitoring ring
opening/closing reactions (vide infra).


Upon irradiation of the open form (1–12Ho and 1–4Fo) in
CH3CN solution with UV light (k = 313 nm) photocyclisation to
the closed form (1–4Hc and 1–4Fc) occurs.10,11 The closed forms
were prepared by irradiation in solution prior to the deposition
onto the KBr powder (Fig. 3). For 2–4F, the spectra obtained
closely match those reported in earlier studies (see ESI†).17


Comparison of the IR spectra of 1–4F with 1–4H indicates
that the absorption at ∼1440 cm−1 is common and is associ-
ated with the central cis-bis(trans-butadiene) core of the closed
dithienylethene unit. For 1H/1F, the C=O vibrations of the


Fig. 2 Overlay of IR spectra of 2Ho (solid line) and 2Fo (dotted line), deposited from an acetonitrile solution onto KBr powder. The main vibrations
arising from the hexafluoro-cyclopentene ring are noted by black arrows.
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Fig. 3 Overlay of IR spectra of 4Hc (dotted lines) with: upper set—4Ho
(solid) and lower set—4Fc (solid) deposited from an acetonitrile solution
onto KBr powder.


aldehyde are red-shifted and become narrower upon ring closure.
As for the open forms, the C–F absorptions (1400–800 cm−1,
see Fig. 2) in the fingerprint region obscure the absorption of
the dithienylethene core, however, the C–F absorptions undergo
considerable changes upon ring closure. In particular the changes
in the 900 to 1100 cm−1 region are quite pronounced for 1–4F
compared with 1–4H.


Comparison of the spectra of the open and closed state of
the perhydrocyclopentene based switches (1-12H) reveals several
similarities and differences (Fig. 3, upper spectrum). In the C–
H stretching region (2700–3200 cm−1) ring closure results in
minor changes to the bands observed.18 However, in the 600–
1600 cm−1 region large changes are observed, in particular in
the aromatic o.o.p. bending bands (∼820 cm−1) and the ring
breathing vibrations at 1605 cm−1. The red-shift of the thienyl C=C
stretching vibration8 at 1515 to 1500 cm−1 reflects the formation of
the extended cis-bis(trans-butadiene) system (Fig. 1). The changes
observed for the vibrational modes assigned to the peripheral
aromatic rings (2–7H), in particular the red-shift of the ring
breathing vibration at ∼1600 cm−1, indicates a modest increase
in communication between the thiophene and phenyl ring systems
upon ring closure. The absorptions at 1437, 1375, 1311, 1291, and
918 cm−1 for 1–12Ho and at 1337, 1194, 1137, 1111 cm−1 for 1–
4Fo are characteristic of the C=C and C–C stretching vibrations
of the thienyl groups and those at 1439, 1363, 1309, 1175, and
1140 cm−1 for 1–12Hc and at 1626, 1440, 1373, 1341, 1225, 1187,
1120, 1077, 1032 cm−1 for 1–4Fc are characteristic of the C=C and
C–C stretching vibrations of the cis-bis-(trans-butadiene) systems.
However, despite these general similarities, it is clear that in the
fingerprint region there are significant differences between the
variously substituted switches.


Comparison of substituent effects on IR spectra


Although substitution of the perhydro-cyclopentene unit of the
dithienylethenes by a hexafluoro-cyclopentene unit results in quite
a dramatic difference to the IR spectrum in the 1000–1400 cm−1


fingerprint region due to the appearance of C–F vibrations, the
effect of such a substitution on the absorptions associated with


the dithienylethene core (in particular in the 1400 to 1650 cm−1


region) appears to be slight (Fig. 2 and 3). In contrast, substitution
in the C5 position of the thienyl rings leads to quite marked
changes in this latter region. For 1–12Ho 1437, 1375, 1311,
1291, and 918 cm−1 and for 1–12Hc 1439, 1363, 1309, 1175, and
1140 cm−1 are characteristic IR absorption bands, which show
minimal sensitivity to substitution. Previous reports17c suggested
that the spectra of 2–4F are similar in the 900–1250 cm−1 region
(e.g. o.o.p. bending vibrations of the substituted phenyl rings),
however, from Fig. 3, 4 and 5 it is evident that there are significant
differences, most notably in the region of 950–1000 cm−1. The
relative insensitivity of vibrational modes of substituent groups to
ring opening/closing (e.g. the C=O vibrations of 1F/H, 11H etc.)
may be useful in acting as internal reference points both in single
and multicomponent memory systems.


Fig. 4 Overlay of FTIR spectra of 2–6Ho recorded on KBr.


Fig. 5 IR spectra of 11Ho (green) on KBr irradiated at 313 nm to 11Hc
(red) followed by >520 nm irradiation (4 complete opening/closing cycles).
The C=O stretching vibration is convenient for internal referencing of
intensity changes.


Photochemical conversion in the solid state; effect of deposition
method


Although photoconversion in solution between the open and
closed forms is efficient (in terms of the photostationary state
{PSS}, which is achievable), photoconversion of solid samples is
not straightforward. The IR spectra of the open and closed forms
can be obtained by first irradiating a solution of the compound at
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the appropriate wavelength (vide supra), followed by deposition
onto KBr powder. The spectra of the open and closed forms
obtained in this manner enable an estimation of the PSS achieved
upon irradiation of the solid samples.19 Ring closure of the open
form of 11Ho results in poor conversion (<50%),20 however, the
reversibility of the conversion is good, with minimal degradation
over at least 4 ring opening/closing cycles (Fig. 5). When the
same process is performed starting with the closed form, high
conversion to the ring open form can be achieved upon visible
irradiation. (Fig. 6). However, subsequent ring closure occurred
with poor photoconversion.


Fig. 6 IR spectra of 6Hc (solid line) on KBr irradiated at >520 nm to
6Ho (dotted line). The C=O stretching vibration (1705 cm−1) allows for
internal referencing of intensity changes.


The origin of the difference in photoconversion being dependent
on whether the open or closed form is deposited may arise from the
presence of a photochemically inactive conformation of the open
form. The open form exists in solution as a dynamic equilibrium
between the parallel and anti-parallel states with the parallel state
being photochemically inactive.1 In solution, rapid equilibration
allows complete photoconversion to be achieved; however, in the
solid state where interconversion can be inhibited, only the anti-
parallel form may be available to undergo photoconversion. For
the closed form, ring opening in the solid state will invariably
lead to the anti-parallel conformation of the open form and hence
subsequent ring closure would be expected to occur with high
photoconversion. However, since complete photoconversion to the
ring open form (in the photochemically active conformation only)
can be achieved from the closed form, the poor photoconversion
observed for ring closure (regardless of whether the open or
closed form was deposited initially) may be due to inner filter
effects rather than conformational effects in the solid state. That
this is the case is confirmed by deposition of either the open or
closed forms as a thin layer. Under these conditions full ring
opening and closing is achieved, demonstrating that for instances
where full photoconversion is not observed, optical rather than
conformational effects are at work.


Raman spectroscopy


The solid state Raman spectra of the open forms of the
dithienylethene switches were recorded at an excitation wavelength
of 785 nm. In contrast to the situation with the IR spectra,


substitution of the central cyclopentene unit has little effect on
the Raman spectra of the switches, in particular in the 1000–
1400 cm−1 region (Fig. 7). The C–F vibrations of the hexafluoro-
cyclopentene unit (e.g. ∼1280, 1050, 750 cm−1) are weak compared
with the alkene and aromatic absorptions in the 1400–1650 cm−1


region. Similarly the C=C vibrational modes responsible for the
absorptions in this latter region are relatively insensitive to the
cyclopentene unit, with the notable exception of an increase in
the relative intensity of the ∼1620 cm−1 band.


Fig. 7 Solid state Raman spectra of 2Ho, 2Fo, 3Ho and 3Fo (kexc =
785 nm) as neat powders.


Comparison of 2Ho (R = Ph), 2Fo (R = Ph), 9Ho (R = Cl)
and 10Ho (R = Me) enables assignment of the major peaks in
the 1400–1700 cm−1 region (Fig. 8). The dithienylethene based
absorption at ∼1636 cm−1, which is weak in the IR spectrum, is
quite strong in the Raman spectra. Its intensity and energy are
relatively sensitive to both the substituent in the C5 position (D =
7 cm−1) and to substitution of the perhydrocyclopentene unit for
a perfluorocyclopentene unit. The sensitivity of the 1636 cm−1


band to the cyclopentene unit is in stark contrast to the 1599–43,


Fig. 8 Solid state Raman spectra of 2Fo, 2Ho, 10Ho and 9Ho (kexc =
785 nm) as neat powders.
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1443–37 and 1466–53 cm−1 bands, which are sensitive to C5
substitution but insensitive to the nature of the cyclopentene unit.


For the phenyl substituted compounds 2–7Ho and 2–4Fo, the
aromatic ring breathing bands are sensitive to substitution and
range from 1607 cm−1 for 4Fo to 1583 cm−1 for 7Ho. By contrast,
substitution of the phenyl rings leads to a dramatic difference in
the relative intensity of the features in the 1400–1650 cm−1 region
(Fig. 7 and 9). Although the effect of variation of substituents
in the C5 position can be quite pronounced, the differences are
largely confined to the relative band intensities (especially for
the C5 X-phenyl substituted compounds, Fig. 9) with the band
at ∼1590 cm−1 undergoing a red-shift on increasing the electron
withdrawing strength of the substituent.


Fig. 9 Solid state Raman spectra of 2–4Ho, 6Ho and 7Ho (kexc = 785 nm).


For all the dithienylethene switches examined no significant
absorption by the closed form is observed at 785 nm, making this
wavelength suitable for non-destructive analysis of the open and
closed forms (see Fig. 10, Fig. 11 and ESI†). The Raman spectra
recorded at 785 nm for 2Ho and 2Hc are presented in Fig. 10. As for
the IR spectra, ring closing of the open form results in a dramatic
change in the Raman spectra. In addition, a large increase
in intensity of bands associated with the dithienylethene core,
assigned to the extended conjugated cis-bis(trans-butadiene) unit,


Fig. 10 Overlay of Raman spectra (kexc 785 nm) of (lower) 2Ho {solid
sample} and (upper) 2Hc {deposited from an acetonitrile solution onto
KBr powder}.


Fig. 11 Calculated Raman spectra for 2Hc (upper) and 2Ho (lower, ×10).


is observed (see Fig. 12).21 The very high intensity of this band,
relative to the Raman intensity of vibrations associated with the
substituents in the C5 position (i.e. aromatic ring breathing at
∼1600 cm−1) and that of the open form, may be attributable to the
high polarisability of the extended system.22 Comparison of the
Raman spectra obtained in the solid state with those obtained in
dilute solution (see ESI Fig. 31†) confirms that other enhancement
mechanisms possibly related to the KBr support are not involved.


Fig. 12 Raman spectra of 4Ho (lower spectrum) to 4Hc (upper spec-
trum)—irradiation at 313 nm, spectra recorded at kexc = 785 nm, 6 × 20 s
accumulations.


The intense band at 1520 cm−1 is assigned, on the basis of DFT
calculations to the extended conjugated polyenic system (Fig. 13).
The dramatic increase in scattering intensity is remarkable but is
in excellent agreement with the calculated intensity changes.


Thus, Raman spectroscopy offers an alternative approach to
IR spectroscopy for the non-destructive readout of photochromic
materials. Indeed, in addition to the use of visible/near-infrared
laser excitation, the large differences in the Raman scattering cross
sections between the open and closed states and the sensitivity of
key vibrational modes to peripheral substitution make Raman
spectroscopy potentially a more versatile technique than IR
spectroscopy. The dramatic changes in the relative intensity of
different vibrational features on switching from open to closed
forms facilitates global analysis of spectra.
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Fig. 13 Vibrational changes associated with the 1520 cm−1 Raman active mode of 2Hc.


Conclusions


Raman spectroscopy, in particular at excitation wavelengths
beyond the lowest energy electronic absorption range, has con-
siderable potential for non-destructive readout studies of pho-
tochromic materials, on account of the large intensity differences
between the Raman spectra of the open and closed forms.
Furthermore, the relatively simple Raman spectra, combined with
the sensitivity of core vibrations to substitution, facilitates global
analysis procedures. These are distinct advantages in comparison
to IR spectroscopy as a non-destructive readout method. Overall
however, it is apparent that regardless of the detection method, in
the solid state the efficiency of ring opening and closing is critically
dependent on the thickness of the deposited layer.
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Molecular dynamics (MD) simulations have been performed for complexes of a dimeric capsule of a
tetraurea calixarene with a series of twelve aromatic guests. A distinct orientational preference and a
restriction of the internal mobility was found which depend on the size and electronic properties of the
guests. The results are in agreement with the CIS values obtained from 1H NMR spectroscopic
measurements and with complexation selectivities obtained by competition experiments.


Introduction


The reversible encapsulation of guests in self-assembled molecular
containers has attracted considerable interest. Potential applica-
tions as storage, transport and delivery systems for bioactive sub-
stances, vessels for chemical reactions or even for the stabilization
of reactive species may be envisioned.1 Hydrogen-bonded capsules,
which have been constructed from a variety of building blocks,
are promising candidates due to their easy availability and their
often considerable kinetic stability, even in polar environments.2,3


These capsules can enclose a wide variety of guests ranging
from the small, neutral methane (in the “tennis ball”4) to long-
chain alkylammonium cations (in a hexameric capsule formed by
resorcarenes5). In addition, even more than a single guest molecule
can occupy the interior of a capsule and if the size and shape of
the capsule limits the mobility of these guests, this can result in the
occurrence of different stereoisomers.6


Despite the increasing number of such encapsulation stud-
ies, our understanding of the behaviour of the included guest
molecules still remains limited. Only a few X-ray analyses
are known in which the guest position has been definitely
found.7 We have recently reported a detailed NMR, X-ray and
theoretical investigation of the structure and dynamics of a
self-assembled capsule formed by two tetraurea calix[4]arenes
1 (Fig. 1) with a tetraethylammonium cation as guest.8,9 The
inclusion of this, in comparison to the capsule volume (V = 190–
200 Å3), voluminous cation (V = 154 Å3) has several dramatic
consequences for the structure and dynamics of the capsule:
NMR studies showed that the hydrogen bonded belt changes
its direction rapidly on the NMR timescale while the rotation
of the guest around the pseudo-C2 axis† in the equatorial plane
of the capsule is restricted.‡ Molecular dynamics studies of the


aFachbereich Biochemie/Biotechnologie, Martin-Luther-Universität Halle-
Wittenberg, 06120, Halle, Germany. E-mail: iris.thondorf@biochemtech.
uni-halle.de; Fax: 49 345 5527011; Tel: 49 345 5524863
bFachbereich Chemie, Pharmazie und Geowissenschaften, Abt. Lehramt
Chemie, Johannes Gutenberg-Universität Mainz, 55099, Mainz, Germany.
E-mail: vboehmer@mail.uni-mainz.de; Fax: 49 6131 3925419; Tel: 49 6131
3922319
† With respect to the molecular skeleton, neglecting the directionality of
the hydrogen-bonded belt, this would be a C2 axis.
‡ The rotation around the S8 axis of the capsule is rapid under all
experimental conditions.


Fig. 1 General formula of a tetraurea calix[4]arene and stick representa-
tion of a dimeric capsule with benzene (spacefilling) as guest.


complex provided the explanation that the two hemispheres of
the capsule are pushed apart by the guest thus leading to an
appreciable weakening of the hydrogen bonding system which
is, however, compensated by favourable cation · · · p interactions.8


This prediction was subsequently corroborated by the X-ray
analysis of the 1b·NEt4


+·1b complex.9 The distorted shape of
the crystal structure in comparison to the regular structure of
similar dimers is reflected by the MD simulations over a short
time while longer simulation times provided the high symmetry
found by 1H NMR spectroscopy in solution. In order to evaluate
further the possibilities and limits of computational methods for
the description of the structure and dynamics of hydrogen bonded
capsular assemblies we have extended our studies to a series of
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aromatic guests. We were interested how the rather limited space
in the interior of the capsule influences the mobility of a particular
guest and whether the internal properties of the walls force the
guest into a certain orientation. Herein we describe the outcome
of the MD simulations and we compare the results with those
obtained from 1H NMR measurements.


Experimental


Computational methods


All molecular dynamics simulations were performed using the
AMBER 7 software package and the gaff parameter set.10 The ini-
tial geometry of all models was obtained from the crystal structure
of a tetraurea calixarene dimer by converting the ethoxycarbonyl
methyl groups into ethyl residues and by placing the guests
listed in Table 1 in the interior of the capsule.11,12 Charges were
derived following the standard RESP procedure from a 6–31G*
electrostatic potential calculated with the GAMESS program
and the assemblies were transferred into the LEaP format.13,14


Subsequently, a rectangular box of chloroform molecules (approx-
imately 14 Å solvent layer thickness on each side) was added. The
solvated structures were subjected to 5000 steps of minimization
followed by a 30 ps belly dynamics (300 K, 1 bar, 1 fs timestep)
for solvent relaxation and by a 100 ps equilibration period.
Subsequently, MD simulations were performed in a NTP (300 K,
1 bar) ensemble for 9–18 ns using a 1 fs time step. Constant
temperature and pressure conditions were achieved by the weak
coupling algorithm and isotropic position scaling. Temperature
and pressure coupling times of 0.5 and 1.0 ps, respectively,
and the experimental compressibility value of 100 × 10−6 bar−1


for chloroform were used. Bonds containing hydrogen atoms
were constrained to their equilibrium length using the SHAKE
algorithm. Snapshots were recorded every 2 ps. The isolated guest
molecules and the tetraurea calixarene 1a were subjected to a MD
simulation of 3 ns using the conditions as described above.


For analysis purposes, the following axes were defined (see also
Fig. 4): a pole–pole axis connecting the centroids of the methylene
carbon atoms of the two calixarenes (S8-axis), two pseudo-C2 axes
perpendicular to the S8 axis, an axis connecting the 1,4-carbon
atoms of the aromatic guest and the normal of the plane passing
through the aromatic carbon atoms of the guest. Angles between
the guest and capsule axes were determined and used to classify
snapshots according to guest orientation.


Molecular surfaces and volumes were calculated with the
MOLCAD module of the SYBYL program package.15


1H NMR measurements


1H NMR spectra were recorded in cyclohexane-d12 as solvent on
a Bruker DRX400 Avance instrument at 400 MHz frequency. The
chemical shifts were calibrated towards the residual signal of this
solvent. In a typical experiment, the tetraurea calix[4]arene 1b
(8–12 mg) is dissolved using the desired guest as solvent (100
lL) with an ultrasonic bath. The solution is evaporated under
reduced pressure and the complex thus obtained as a dry residue
is dissolved in cyclohexane-d12 and the 1H NMR spectrum is
measured immediately.3


Table 1 Complexation-induced shiftsa (CIS, 1H NMR) of the aromatic
guest in the 1b·G·1b complex and preferred orientations of the guest within
the capsule (1a·G·1a) derived from the MD trajectories


Guest ortho meta para R Orientationb


−3.34 peq


−3.86 −3.99 −2.15 peq


−4.04 peq


c d


−4.08 −4.03 −1.95 peq


−4.05 peq


−3.69 (1H)
−3.17 (2H)


−4.05 peq


−3.31 peq


−4.00 −3.84 −1.77 peq


−3.95 −3.78 −1.63 e


−3.45 −3.50 −2.67 f peq (90%)
pax (10%)


−3.03 −3.29 −3.17 −3.12 peq (10%)
pax (90%)


a CIS = dencapsulated − dfree (ppm). Spectra were recorded in cyclohexane-d12


solutions. b For the definition of the guest orientation see Fig. 2. c No
complex formation observed. d No preferred orientation. e See text. f Not
detected.


Competition experiments


All competition experiments were performed in mixtures of ben-
zene and a second guest. The relative binding constants (K rel) were
determined from the integral ratios of the signals (encapsulated
guest or calixarene) belonging to different complexes, taking into
account the guest ratio which was chosen allowing to observe the
two different species in a ratio smaller than 10.


In a typical experiment, the tetraurea calix[4]arene 1b (8–12 mg)
is dissolved at 22–25 ◦C in a mixture of benzene and fluorobenzene
(10 : 1 molar ratio, 100 lL) using an ultrasonic bath. After a
clear solution was formed, the mixture was evaporated using an
oil pump (0.02–0.1 mbar). Due to the small amount of solvent,
this evaporation takes place “immediately” and does not change
the equilibrium in a measurable way. The residue obtained was
dissolved in 0.7–0.8 mL of cyclohexane-d12 (ultrasonic bath) and
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the 1H NMR spectrum of the solution was recorded immediately.
Usually the kinetic stability of the original capsules is sufficient
to determine their ratio by the integration of suitable signals (e.g.
from the included guest). Only the exchange of aniline against
cyclohexane was too fast and the NMR spectrum contained
signals of three capsules. Consequently the sum of capsules filled
with aniline and cyclohexane was taken for the amount of capsules
originally filled with aniline.


Results and discussion


General considerations


Our present knowledge about the geometry of tetraurea cal-
ixarene capsules stems mainly from the four published crystal
structures.9,11,16,17 In the presence of a neutral guest the dimer is
held together by sixteen hydrogen bonds, eight of them being
characterized as “strong” on the basis of the N · · · O distances
(average distance = 2.85 Å) and eight as “weak” (average
distance = 3.18 Å).18 The cavity has a volume of about 190–
200 Å3 and the shape of the interior has been described as two
square pyramids rotated by 45◦ with respect to each other.11,19 The
extension along the pole · · · pole axis (defined by the centroids
of the methylene carbon atoms) is larger than the equatorial
diameter (the region of the hydrogen bonded belt). From the
Connolly surface calculated for the crystal structure of 1·C6H6·1,
which is shown in Fig. 2, upper limits of 10.2 and 7.6 Å can be
estimated for these two characteristic distances.11 The wall of the
cavity is composed of a polar, hydrophilic equatorial zone and two
lipophilic, p-electron rich hemispheres, delineated by the aromatic
rings. The comparison of the shape and size of the cavity with
the dimensions of various aromatic compounds (Fig. 2) suggests
a tight fit even if 53–68% of the cavity remains unoccupied due to
the discoidal shape of the guests (cf., Table 3).19–21


In principle, an aromatic guest inside the tetraurea capsule can
adopt three extreme orientations (Fig. 3). In the first case, the


Fig. 3 Idealized orientations of aromatic guests within the tetraurea
calixarene capsules. Dashed lines denote the border of the region of the
calixarene aromatic rings. The middle circle represents the equatorial plane
defined by the carbonyl carbon atoms of the urea functions.


plane of the aromatic ring coincides with the equatorial plane and
all substituents point to the seam of the hydrogen bonds. This
orientation we will refer to in the following as the equ position.
In the other two cases, the S8 axis of the capsule (the long axis
connecting the poles) bisects the plane of the aromatic ring. Since
the aromatic plane is perpendicular to the equatorial plane, there
is one (idealized) situation where two opposing substituents lie in
the equatorial plane (peq position) while in the second orientation
the ring is rotated by 30◦ and two substituents point to the poles
(pax position).§ In each of the three orientations the shielding of
the ring protons is different and provided that the guest motion
inside the capsule is restricted and/or the guest prefers a single
orientation it should be possible to correlate the complexation-
induced shifts obtained by 1H NMR spectroscopy with the guest
orientation found by MD. In order to identify those orientations
9–18 ns of molecular dynamics simulations have been performed
for each of the complexes listed in Table 1.


§Although the difference in the two positions (peq and pax) seems to be
small, as judged by the angle of 30◦, it was possible to distinguish clearly
between the two positions in the MD trajectories, see, e.g., Fig. 4a.


Fig. 2 Connolly surfaces of the cavity of the dimeric capsule and of various aromatic guests.
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Fig. 4 Time-dependent guest orientation of the benzene (a), toluene (b) and m-difluorobenzene (c) complexes. The definition of the angle a is depicted
in the sketch (d).


Benzene complex


As illustrated in Fig. 4a, in the MD simulations benzene as the
simplest aromatic guest molecule showed an preference for the
peq orientation. Since neither a pax nor an equ orientation was
observed in the trajectories a comparison of the energetical and
geometrical parameters for the three orientations was not possible.
In the peq form favorable edge-to-face aromatic interactions of
the tilted-T type with a mean ring center separation of 4.93 Å
are possible which may be the reason for the stabilization of this
orientation.22 The rotation of the benzene molecule around the
S8 axis of the capsule and about its 6-fold axis of symmetry
is fast on the MD timescale (cf., Fig. 4a). The latter motion
exchanges the individual positions of all hydrogen atoms resulting
in an equal average environment which is commensurate with
the single CIS value of −3.34 ppm measured by 1H NMR
spectroscopy.


Pyridine, pyrazine, fluorobenzene, chlorobenzene and
p-difluorobenzene complexes


A pronounced preference for the peq position was also ob-
served in the MD simulations of the complexes with pyridine,
pyrazine, fluorobenzene, chlorobenzene and p-difluorobenzene.23


Since the guests must edge through the narrow cavity to reach
the pax orientation a high barrier for the interconversion between
the peq and pax positions, which cannot be surmounted during
the relatively short simulation time, might be responsible for the


predominance of the peq orientation.¶ Therefore, the simulations
were also started from the corresponding pax oriented guests. In all
cases a reorientation to the peq orientation was observed and, as
expected, dependent on the guest size, the time until the intercon-
version occurred ranged from the equilibration period (pyrazine,
pyridine), over a few steps of sampling (fluorobenzene) to 2.6
and 6 ns of simulation time (chlorobenzene, p-difluorobenzene).
Finally, the peq orientation was retained by all guests over the
remaining simulation period (which was extended from 9 to
18 ns in the case of p-difluorobenzene and chlorobenzene). This
does not necessarily mean that the guests adopt exclusively the
peq position but it suggests that the peq position is energetically
preferred over the pax position. Obviously, the halogen substituents
as well as the lone electron pairs of the nitrogen-containing
heterocycles tend to avoid the contact with the p-electron rich
aromatic walls of the capsule and orient towards the equator with
less electron density. This assumption is supported by the energy
component analysis of the complexes with p-difluorobenzene and
chlorobenzene in peq and pax orientation (Table 2) showing that
the host–guest interaction is more favourable by about 8 kcal
mol−1 when the halogen substituents point to the equator. In the
chlorobenzene complex the energy gain in the peq position is in part
compensated by the deformation of the single calixarenes (DDE =
0.9 kcal mol−1 per calixarene) and less favourable interactions


¶By using the equation s = s0·exp (DG �=/RT) where s0 is the timestep of
the molecular dynamics simulation (1 fs = 10−15 s) the time till the first
occurrence of an interconversion can be estimated. For a barrier of DG�= =
10 kcal mol−1 s would be about 19 ns.
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Table 2 Average energy componentsa (kcal mol−1) for the complexes 1a·G·1a


G Eh1 Eh2 DE interact DEhg1 DEhg2 DEsteric DEcomplex


−102.1 −102.7 −116.6 −11.1 −11.1 −329.5 −62.1


−101.5 −101.5 −116.2 −12.2 −12.2 −336.1 −62.3


−101.6 −102.1 −116.4 −13.1 −13.1 −301.6 −63.3


−101.7 −100.8 −117.2 −11.2 −11.2 −593.2 −61.4


−101.8 −101.6 −116.4 −12.5 −12.5 −328.3 −62.7


peq −101.8 −101.5 −116.3 −13.7 −13.9 −334.6 −63.9
pax −101.9 −101.1 −116.2 −9.6 −9.7 −325.3 −59.3


−101.2 −101.8 −115.9 −9.3 −13.9 −328.7 −61.1


−101.2 −101.5 −115.3 −10.5 −10.6 −338.2 −59.8


peq −101.3 −101.5 −114.8 −13.2 −13.2 −329.9 −62.0
pax −102.2 −102.4 −115.4 −13.3 −9.1 −328.4 −61.7


peq −99.1 −100.9 −109.6 −13.8 −14.3 −322.9 −51.7
pax −102.3 −101.6 −113.9 −8.6 −13.9 −325.7 −53.1


peq −101.2 −101.6 −115.2 −14.0 −14.2 −361.5 −63.2
pax −102.5 −102.2 −115.6 −12.8 −12.2 −360.5 −62.7


peq −100.1 −102.0 −114.5 −12.2 −12.3 −326.5 −60.7
pax −102.1 −102.3 −114.7 −11.7 −11.8 −328.3 −61.6


a Eh1, Eh2: energies of the two tetraurea calixarenes in the capsule; DEinteract: interaction energy between the two tetraurea calixarenes in the capsule; DEhg1,
DEhg2: interaction energies between the guest and each of the two tetraurea calixarene units; DEsteric: steric energy of the capsule = Eh1 + Eh2 + Eguest +
DE interact + DEhg1 + DEhg2; DEcomplex: complexation energy per calixarene = 0.5 × DEsteric − 0.5 × Eguest,free − Ecalixarene,free.


between them (DDE = 0.6 kcal mol−1). Thus, the complexation
energies (see Table 2) are −9.3 and −1.6 kcal mol−1 in favour of
the peq orientation for the p-difluorobenzene and chlorobenzene
complexes, respectively.* Interestingly, a 19F-NMR study and a X-
ray diffraction analysis of the t-butylcalix[4]arene–fluorobenzene
complex showed that also in the “open” host–guest system the
fluorine substituent avoids contact with the aromatic rings.24


On the MD timescale, the included guests pyridine, pyrazine,
fluorobenzene, chlorobenzene and p-difluorobenzene in the peq


orientation tumble more or less fast, depending on the size of
the guest, around the S8 axis of the capsule. On average, all
protons of pyrazine and p-difluorobenzene as well as the ortho-
and meta-protons of pyridine, fluorobenzene and chlorobenzene


* According to the Boltzmann equation this energy difference would
correspond to 100% for the peq form of the p-difluorobenzene complex
and to a ratio of 95 : 5 for the peq and pax forms of the chlorobenzene
complex.


experience the strongly shielding environment of the p-electron
clouds of the calixarene hemispheres which correlates well with
their large CIS values of −3.84 to −4.08 ppm measured by 1H
NMR spectroscopy (Table 1). In contrast, the para-protons of
pyridine, fluorobenzene and chlorobenzene point exclusively to
the less shielding hydrogen-bonded belt which results in CIS values
which are about 1.7–2.2 ppm lower than for the ortho- and meta-
protons.


In principle, all guests discussed in this chapter can act as hydro-
gen bond acceptors for the urea protons of the hydrogen bonded
belt. This would lead to a weakening of the interactions between
the two hemispheres. However, taking 1a·C6H6·1a as the reference,
there is no significant loss in the interaction energies (DE interact


in Table 2) nor a reduction of the number of hydrogen bonds
(Table 3), with the exception of the chlorobenzene complex. In
this complex the number of hydrogen bonds is diminished by one
as compared to 1a·C6H6·1a and the difference in the interaction
energies DDE interact is 1.8 kcal mol−1. Indeed, in approximately 50%
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Table 3 Average geometric parameters of 1a·G·1a complexes


G Orientation rgyr
a/Å dpole–pole


b/Å V cavity
c/Å3 V guest


d/Å3 Packing (%) dmin
e/Å dmax


e/Å nH-bonds
f


X-Ray11 5.78 9.78 202 78 39 7.6c 10.2c 16.0
peq 5.94 9.34 206 78 38 6.2 6.9 15.1


peq 5.95 9.35 202 71 35 6.2 6.2 15.1


peq 5.96 9.33 204 65 32 5.5 6.2 15.4


5.96 9.26 201 61 30 6.1 6.2 15.4


peq 5.94 9.37 199 79 40 6.2 7.4 14.9


peq 5.95 9.40 205 81 40 6.2 7.9 14.8


peq 5.92 9.48 208 75 36 6.4 7.4 14.6


peq 5.89 9.60 214 81 38 6.4 7.4 14.0


peq 5.92 9.49 209 86 41 6.2 8.3 13.9
pax 5.87 9.60 211 41 14.1


peq 5.91 9.79 238 91 38 6.2 8.4 12.7
pax 5.81 9.84 238 38 13.3


peq 5.94 9.42 200 88 44 6.2 7.6 14.5
pax 5.91 9.48 203 43 14.5


peq 5.90 9.51 217 86 40 6.2 7.8 13.5
pax 5.86 9.71 217 40 13.9


a Radius of gyration of the carbonyl oxygen atoms in the plane of the equator. b Distance of the centroids of the methylene carbon atoms. c Cavity volume.
d Volume of the guest. e dmin and dmax denote the smallest and biggest diameter of the guest. f Number of hydrogen bonds between the urea residues.


of all snapshots the chlorine substituent is in close proximity to the
urea proton attached to the calixarene skeleton (N · · · Cl distance
less than 3.50 Å), but also a deformation of the capsule by this guest
(whose long axis exceeds the equatorial diameter, see Table 3) must
be considered as explanation for the deviation from the “normal”
behaviour of the other guests discussed so far.


Bromobenzene


The measured CIS values for the protons of bromobenzene in the
capsule 1b·C6H5Br·1b are somewhat smaller, but roughly compa-
rable, to those obtained for the pyrazine, pyridine, fluorobenzene,
chlorobenzene and p-difluorobenzene complexes which give rise to
the assumption that bromobenzene also adopts the peq orientation
within the capsule. Especially indicative in this case is the small CIS
value of −1.63 ppm for the para-proton. In the MD simulations
starting from either the peq or pax position no reorientation
of the guest was observed suggesting that the barrier for the


interconversion between both positions is too high to be passed
on the chosen MD timescale. The results indicate that the pax


orientation is energetically favoured by 2.8 kcal mol−1. As shown
in Table 2, this energy difference mainly results from the strong,
asymmetric deformation of the capsule (Eh1, Eh2, DE interact) in
the peq orientation due to the bulky bromine substituent while
the host–guest interactions are again more favourable in this
orientation. The contradiction between experiment and theory
might be explained by electronic factors. Bromine is a big and
polarizable substituent which may adapt its electron cloud to
the interior of the capsule while in a force field calculation it is
handled as an elastic sphere with a predefined van der Waals
radius.


Aniline


Inspection of the trajectories recorded for the complex with aniline
again revealed a predominance of the peq orientation and a fast
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rotation of the guest about the S8-axis of the capsule. In contrast
to the complexes discussed so far, a single peq → pax → peq


interconversion was observed, the time in the pax position being
roughly 1 ns. Extension of the simulation time from 9 to 18 ns
did not result in the occurrence of any other interconversion.
When the guest spends its time inside the capsule in both the
peq and pax orientations, the experimentally measured CIS value
should correspond to the Boltzmann-weighted average of the two
orientations. Judging from a single interconversion during 18 ns,
the simulation time to obtain a Boltzmann-weighted ensemble
would be prohibitively long on the human timescale. Therefore,
the discussion concerning the correlation of CIS values and
orientations of the guest in the MD simulations will be restricted
to qualitative aspects.


As already discussed above, in the peq orientation the ortho-
and meta-protons are considerably more shielded from the envi-
ronment than the para-proton (average distances to the center of
the nearest aromatic ring 2.84, 2.73 and 3.59 Å, respectively). In
the pax position the ortho-protons are shifted toward the equator
due to the presence of the amino substituent while the meta- and
para-protons are in the vicinity of the aromatic rings (average
distances of 3.16, 2.99 and 2.88 Å, respectively). Therefore, in the
case of aniline the CIS values should be smaller for the ortho-
and meta-protons but bigger for the para-proton than in the
complexes of 1 with pyrazine, fluorobenzene, p-difluorobenzene
and chlorobenzene. This qualitative consideration agrees well with
the experimental data shown in Table 1. The peq and pax forms differ
in their total energies by 1.0 kcal mol−1, which would correspond
to a calculated ratio of 85 : 15. Favourable host–guest interactions
are responsible for the preference of the peq orientation which are,
however, in part counterbalanced by less favourable energies for
the calixarenes and their interaction. In the peq orientation the
aniline protons are actively involved in the hydrogen bonded belt.
Careful analysis of the interactions revealed that, on average, in
each second snapshot of the MD simulations a hydrogen bond is
formed between an aniline proton and a carbonyl function of the
urea groups.


Toluene


Toluene is the only guest in the present study that preferred the
pax position which means that the methyl substituent is deeply
embedded in the aromatic basket of the calixarenes. As shown in
Fig. 4b the guest slowly (on the MD timescale) toggles between
the peq and pax orientations with a relative occupancy of about
10 : 90. In both forms the guest rotates fast around the S8 axis
of the capsule. When the positions of the toluene ring protons
are averaged over the whole MD run, Arcenter · · · H distances of
3.37, 2.88 and 2.95 Å for the ortho-, meta- and para-protons are
obtained indicating a moderate shielding by the aromatic walls
which is commensurate with the moderate CIS values of −3.03,
−3.29 and −3.17 ppm.


The analysis of the individual energy components of the
1a·C6H5CH3·1a complex (Table 2) reveals that the host–guest
interaction energies are in favour of the peq form although the
energy differences (DE = −1.0 kcal mol−1) are smaller than
for the p-difluorobenzene, chlorobenzene and aniline complexes,
most probably due to favourable Ar · · · CH3 contacts in the pax


position. This energy gain is, however, more than compensated
by the unfavourable steric energies of the calixarenes and their
interaction in the peq form (DE = 2.6 kcal mol−1) which explains the
predominance of the pax orientation in the simulations (DDEsteric =
1.8 kcal mol−1 corresponding to a ratio of 5 : 95 for peq : pax which
agrees well with the occupancy of about 10 : 90 observed in the
simulations).


Triazine, m-difluorobenzene and 1,3,5-trifluorobenzene complexes


Since we have observed that electron-rich substituents orient
toward the seam of hydrogen bonds, we were interested to
study the orientations of triazine, m-difluorobenzene and 1,3,5-
trifluorobenzene. In the equatorial position the CIS values for all
protons of these guests should be similar to those for the para-
protons of fluorobenzene, chlorobenzene and p-difluorobenzene
(Table 1) which are in the range of −1.63 to −1.95 ppm.


While no complex formation could be detected with triazine,
the CIS values measured for the protons of m-difluorobenzene
and 1,3,5-trifluorobenzene are in the range of −3.17 to −4.05 ppm
indicating that the protons most probably experience the shielding
of the aromatic walls. In the MD simulations, which were started
from the equ orientation, the two fluorine substituted guests
rearranged immediately to the peq position while no definite
orientation was observed for the triazine guest due to its very
fast rotation inside the capsule.


In the complexes with m-difluorobenzene and 1,3,5-
trifluorobenzene the guests rotate fast around the S8-axis but
slower around the axis passing through the center of their aromatic
rings. For m-difluorobenzene, the latter rotation resembled a
seesaw motion by 60◦ forth and back which exchanges the
positions of the fluorine substituents with respect to the walls of
the capsule (Fig. 4c). No complete rotation of 360◦ was observed.
In both (equivalent) peq positions the protons in 2- and 5-position
have close contacts to the aromatic walls (average Arcenter · · · H
distances of 2.73 and 2.76 Å) while the protons in 4-position
spend equal time in the polar and equatorial regions of the capsule
(average Arcenter · · · H distance 3.18 Å). This observation agrees well
with the CIS values of −3.69, −3.17 and −4.05 ppm measured for
the protons in 2-, 4- and 5-position, respectively.


Competition experiments


In order to evaluate the relative stabilities of the complex 1b·G·1b,
we have performed competition experiments with benzene as
standard. For this purpose, appropriate amounts of a second
guest were mixed with benzene, 1b was dissolved in this mixture
and the solvent was rapidly evaporated after equilibration. The
dry residue consisting of the two capsules was dissolved in
cyclohexane-d12 and their ratio was determined by 1H NMR.
Table 4 contains the relative stability constants K rel = KG/Kbenzene


determined from the ratio of the two complexes regarding the
respective ratio of the guests during complex formation. The
differences in the complexation energies DDEcomp calculated from
the MD trajectories agree reasonably with the free enthalpies
DDG calculated from the thermodynamic stability constants
K rel.
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Table 4 Relative thermodynamic stability constants K rel and free en-
thalpy differences (kcal mol−1) from competition experiments compared
to the differences in complexation energy (kcal mol−1) from MD
simulations


G K rel
a DDGb DDEcomp


0.05 1.8 2.3


0.14 1.2 0.8


0.53 0.4 9


0.57 0.4 0.9


1.0 0 0


2.0 −0.4 −0.4


2.8 −0.6 −1.1


7.0 −1.1 −0.6


7.9 −1.2 −1.2


150 −2.9 −1.8


a All competition experiments have been carried out in presence of a given
guest with benzene. Relative errors are ±50% for aniline (less accurate due
to the kinetic instability of the capsule) and ±10% for the other compounds.
b Calculated from the K rel values.


Conclusions


With the exception of triazine, which is tumbling fast in all direc-
tions, the MD studies revealed that all aromatic compounds adopt
a preferred orientation perpendicular to the equatorial plane of the
capsule. An electron rich substituent or a nitrogen lone electron
pair (in the case of azaheterocycles) lies in the equatorial plane
with the necessary exception of meta-substituted compounds. A
different orientation with the methyl group pointing to the pole
was found only for toluene. On the MD timescale, rotations of the
guests around the S8-axis of the capsule are fast, while rotations
about the pseudo-C2 axes are much slower. The CIS values
for the aromatic protons measured by 1H NMR spectroscopy
correlate well with the different shielding expected for the preferred
orientations of the guests in the MD simulations. Competition
experiments for guest inclusion also agree reasonably with the
calculated energy differences for the different host–guest inclusion
complexes. These competition experiments show a selectivity ratio
of about 3000 between the best (p-difluorobenzene) and the worst
guest (1,3,5-trifluorobenzene).
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Astilbin, a flavonoid isolated from different plants, shows diverse biological activities. This paper
reports the synthesis and immunosuppressive activity of seven analogues of astilbin, which may shed
light on the structure–activity relationship of the compounds. The following glycosyl flavonoids,
6-a-L-rhamnopyranosyloxyflavanone (20), 3-a-L-rhamnopyranosyloxyflavone (22),
3-a-L-rhamnopyranosyloxyflavanone (24), 3-a-L-rhamnopyranosyloxychromanone (26),
4-a-L-rhamnopyranosyloxychromanol (27), 7-hydroxy-3-a-L-rhamnopyranosyloxyflavanone (30) and
4′-hydroxy-3-a-L-rhamnopyranosyloxyflavanone (32) were prepared respectively by glycosylation of
6-hydroxyflavanone (1), 3-hydroxyflavone (2), 3-hydroxyflavanone (5), 3-hydroxychromanone (8),
4-chromanol (9), 7-benzyloxy-3-hydroxyflavanone (12), 4′-benzyloxy-3-hydroxyflavanone (15). Among
them, compounds 5, 8, 12 and 15 were synthesized from flavanone (3), 4-chromanone (6),
7-hydroxyflavanone (10) and 4′-hydroxyflavanone (13) respectively. Similar to astilbin (4), compounds
22, 24, 26, 30 and 32 significantly inhibited the single mixed lymphocytes reaction (sMLR) and
enhanced the apoptosis of spleen cells isolated from mice with sheep red blood cell-induced
delayed-type hypersensitivity respectively. However, compound 20 only showed a slight tendency to
inhibit sMLR at higher concentration. Both compounds 20 and 27 did not influence the cell apoptosis.
These data suggest that the following factors play essential roles in determining the biological activity
of the flavonoids: the position at which the sugar is linked to the flavone, the presence of carbonyl on
C-4 and phenol hydroxyl group in A or B ring. However, the presence of a B ring is unfavorable for the
biological activity and the double bond at C(2)–C(3) in C-ring shows little effect on the activity.


Introduction


There is now overwhelming evidence from diverse studies that
flavonoid glycosides, as well as their aglycones, exhibit significant
biological activities such as antitumor and antimicrobial activity,
radical-scavenging properties and immunoactivity coupled with
low toxicity.1–5 Therefore, their use as potential therapeutic com-
pounds against a variety of diseases is of great interest.6 More than
one thousand flavonol O-glycosides have so far been isolated. And
there are many variations in both the nature of the sugar moiety
and its position of attachment to the aglycone. About 80% of
flavonol O-glycosides have a sugar linkage at the 3-OH.


Astilbin, a flavanoid with a rhamnose, representing a typical
structure of a flavonol 3-O-glycoside, has been isolated from the
root of Astilbe Odontophylla Miquel,7 the bark of Hymenaea
martiana8 and from the rhizome of Smilax glabra Roxb.9 This
compound has recently been proven to exhibit some important
bioactivities including antioxidant and aldose reductase inhibitory
effects.10 Although the mechanism of action has yet to be deter-
mined at the molecular level, both astilbin and dihydroquercetin
have been applied to the assay of hepatotoxicity caused by
nonparenchymal cells, where astilbin was shown to prevent the
hepatocyte damage from nonparenchymal cells by inducing the
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dysfunction of liver-infiltrating cells contained, and the rhamnose
may be an essential requirement for the dysfunction.9 It has been
confirmed that the activity of astilbin is mainly targeted to the
activated T lymphocytes.11,12


Despite the biological importance of flavonol glycosides, the
synthesis of these compounds appears to be rare.13–24 Major
advances in the synthesis of flavonoid glycosides have been made
by the development of the Koenigs–Knorr method,25 in which
the key-step of most syntheses involves the condensation of a
flavonoid aglycon with a per-O-acetylglycosyl halide. However,
due to the presence of a high concentration of silver salts, the final
workup for this method is complicated.26 The Zemplen–Farkas
synthesis,27 which involves the use of a per-O-acetyl glycosyl
bromide in a homogeneous alkaline medium, is more convenient
from this point of view, but the yields generally remain low
probably owing to the partial hydrolysis of per-O-acetylglycosyl
bromide during the course of the reaction. With the development
of various glycosylation procedures and sophisticated protecting
group strategies, other methods are reported in the synthesis of
7-O-glucosides28 and astilbin.13,29


The aim of the present study is to develop an al-
ternative strategy for the efficient synthesis of glycosyl
flavonoids starting from readily available 6-hydroxyflavanone, 3-
hydroxyflavone, 3-hydroxyflavanone, chromanone, 4-chromanol,
7-hydroxyflavanone, 4′-hydroxyflavanone and rhamnose, and to
investigate the biological activity of the compounds synthesized
on T lymphocytes. This work may be important for the under-
standing of the structure–activity relationship of astilbin-related
species.
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Results and discussion


Chemistry


With the commercially available glycosyl acceptors 1, 2, 9 and
the synthesized glycosyl acceptors 5,30 8,31 12 and 15,32 the
strategy adopted for the synthesis of the glycosides involves
the following steps: first, the synthesis of the glycosyl donors
(Scheme 1), and then the glycosylation of 6-hydroxyflavanone,
3-hydroxyflavone, 3-hydroxyflavanone, 3-hydroxychromanone, 4-
chromanol, 7-benzyloxy-3-hydroxyflavanone or 4′-benzyloxy-3-
hydroxyflavanone, and finally the deprotection of the acetyl of
the sugars and the benzyl of the flavanone (Scheme 2).


Scheme 1 Conditions and reagents: a: (Ac)2O, pyridine, b: NH3 (gas),
THF and CH3OH (2 : 1), c: CCl3CN, DBU, CH2Cl2.


In the first step, the 2,3,4-tri-O-acetyl-a-L-rhamnopyranosyl
trichloroacetimidate (18)33 was directly attained by base-
catalyzed reaction of 2,3,4-tri-O-acetyl-rhamnopyranose (17)
with trichloroacetonitrile. The commonly used bases were
NaH, K2CO3


34 or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), with
NaH35 being used more often. In this work, DBU was chosen
as the catalyst because its boiling point is low and it can
be removed easily at the end of the reaction. It was found
that compound 18 was unstable in the course of purification
and easily decomposed in the moist atmosphere. For example,
when compound 18 was purified by column chromatography
using EtOAc–petroleum ether (bp, 60–90 ◦C) as the eluent, only
its decomposed product 1-hydroxyrhamnose (17) was obtained,
Therefore, the corresponding 1-hydroxy sugars were treated with
CCl3CN in the presence of cat. DBU in dry CH2Cl2 under
N2 protection, and the a imidate of target compound can be
synthesized in excellent yields (>98%). Further experiment showed
that compounds 18 synthesized by this method can be used directly
without purification.


The glycosylation of acceptors 1, 2, 5, 8 or 12 with rhamnosyl
imidates was carried out in dry CH2Cl2 with cat. TMSOTf to
afford the acetyl protected flavone derivatives 19, 21, 23, 25 and 28
(Scheme 2). This reaction required considerable optimization as
summarized in Table 1. The optimal activator is TMSOTf.36 High
yield synthesis of the desired glycoside in a short reaction time was
achieved when the reaction was conducted at −20 ◦C followed by
gradual warming up to room temperature (Table 1). Concerning
the synthesis of glycosides 19 with acceptor 1, a higher yield was
originally anticipated due to the lack of internal hydrogen bonding
between the C(3)-hydroxyl group and C(4) carbonyl in acceptors
2, 5 and 8,13 which would lower the reactivity. However, it turned
out not to be the case and both glycosyl acceptors 1 and 2 gave
poor results mainly due to the presence of phenolic hydroxyls
as well as the reaction temperature rather than the internal
hydrogen bond of the glycosyl acceptor. Phenolic hydroxyls are
weaker nucleophiles compared to aliphatic hydroxyls, therefore
they usually require activation. Thus, the glycosylation product


Scheme 2 Conditions and reagents: a: TMSOTf, CH2Cl2, −20–0 ◦C, b:
NH3 (gas), CH3OH, c: 10% Pd/C, cyclohexene, EtOH.


was designed to be obtained by using the “inverse procedure” of
the Schmidt reaction,37 where acceptors 1 and 2 should be activated
firstly by a catalytic amount of TMSOTf before the addition of
donor 18. It should be noted that the “inverse procedure” of
the Schmidt reaction was developed to improve the glycosylation
efficiency by activating the less reactive acceptors or by preventing
the decomposition of the highly reactive donors. However, this
work demonstrated that it is not an efficient method for the
glycosylation of phenolic hydroxyls.


The conversion of acetyl protected flavone derivatives 19, 21, 23
or 25 and 28 to final target molecules was initially attempted by
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Table 1 Temperature effect on glycosidation


Glycosidation product (yield, %)a


Entry Acceptor Donor −78 ◦C–rt −20 ◦C–rt


1 1 18 19 (33.8) 19 (62.3)
2 2 18 21 (24.3) 21 (50.7)
3 5 18 — 23 (76.1)
4 8 18 — 25 (84.5)


a Isolated yields.


removing the acetyl groups under basic conditions such as with
CH3ONa–CH3OH.38 However, the sugar moieties were cleaved
under these conditions. For example, in the case of compound
22, the isolated adduct was 3-hydroxyflavone. The cleavage of
sugar was effectively suppressed when NH3 (gas) was employed
in CH3OH at room temperature. This procedure provided target
compound 22 with 83.6% yield. The optimization of reaction time
is crucial and the best reaction time was found to be within 2 h.
Longer reaction time was found to cause partial cleavage of the
sugar moieties.


Seven novel glycosyl flavonoids as well as some precursors were
synthesized. The new compounds were fully characterized by 1H
NMR, 13C NMR, 2D H–H COSY, 2D C–H COSY, IR, and
EA. The selected 1H and 13C NMR data on the novel glycosyl
flavonoids are listed in Tables 2 and 3.


The configurations of the glycoside adducts were mainly de-
termined by 1H NMR, and discussed based on the mechanism
of glycosylation. According to the mechanism of the glycosy-
lation reaction which has been studied by Kochetkov and co-
workers,39 the normal glycosidic products were mainly derived
from the corresponding sugar 1,2-orthoester intermediates, which
are classical glycosyl donors used in the construction of 1, 2-trans-
glycosidic linkages in glycosylation with donors carrying C-(2)
acetyl protecting groups.40 Then the rhamnosides compounds 19,
21, 23, 25 and 28 should have the a configuration.


The 1H NMR spectra confirmed that the configuration at the
anomeric center in compounds 19, 21, 23, 25 and 28 was a with
the coupling constant of the anomeric proton signal being J = ca.
1.2 Hz. These data were in agreement with the mechanism of the
glycosylation reaction.40 T
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Table 3 Selected 13C NMR data on novel glycosyl flavonoids


20 22 24 26 27 30 32
DMSO-d6 MeOH-d4 MeOH-d4 MeOH-d4 DMSO-d6 DMSO-d6 Acetone-d6


C-2 — — 81.87, 81.46 73.54, 72.46 62.27, 62.18 82.81, 82.66 83.30,82.90
C-3 — — 83.12, 82.86 70.08, 69.17 29.11, 27.46 78.05, 76.35 78.46, 76.67
C-1′ 100.01 102.35 101.48, 101.33 101.00, 99.69 98.11, 97.72 101.70, 101.21 101.22, 101.06
C-2′ 70.98 71.84 70.87, 70.67 71.06, 70.84 71.90, 71.59 70.96, 70.88 70.93, 70.71
C-3′ 71.27 71.05 71.14, 70.92 71.16, 70.99 68.96 71.24, 71.00 71.54, 71.35
C-4′ 72.65 71.33 72.71, 72.16 72.74, 72.70 73.30, 73.25 72.49, 71.97 72.81, 72.43
C-5′ 70.41 70.95 69.62, 69.09 69.72, 69.47 71.90, 71.59 69.75, 69.45 69.51, 69.04
C-6′ 18.74 18.28 17.06, 16.91 17.07, 16.74 17.94, 17.77 18.60 17.59, 17.51


According to the 1H NMR spectral data (Table 2), the con-
figuration at C(2)–C(3) in compounds 24, 29, 30 and 32 can be
determined to be a trans-configuration with two diastereomers.
For compound 24, the H-(2) and H-(3) signals appeared in pairs
at d 5.33 (0.45 H, d, J = 11.30 Hz), d 5.24 (0.55 H, d, J = 11.90 Hz)
and d 4.69 (0.45 H, d, J = 11.30 Hz), d 4.73 (0.55 H, d, J = 11.90
Hz), respectively. For 29, the H-(2) and H-(3) signals appeared in
pairs at d 5.24 (0.34 H, d, J = 11.21 Hz), d 5.19 (0.67 H, d, J =
11.73 Hz) and d 4.68 (0. 67 H, d, J = 11.81 Hz), d 4.62 (0.34 H, d,
J = 11.24 Hz) respectively. The coupling constants of the signals
(J > 6 Hz) suggested that both of them adopt a trans-configuration
at C(2)–C(3).


All the diastereomers of astilbin have been isolated and their
chirality has been proposed,41–43 and it is noteworthy that each
isomer has diagnostic signals in the 1H-NMR spectra. When both
C-2 and C-3 have an (S) configuration, anisotropy of the benzene
ring (B-ring) causes upfield shifts of H-5′ and H-6′, and that of
carbonyl group at C-4 causes downfield shifts of H-1′ and H-2′. In
case of a (2R,3R) configuration, the contrary effects are expected
to produce the signals shown in Scheme 3.


Scheme 3


Comparing the 1H NMR signals of compounds 24, 29, 30, 32
with that of astilbin, the aglycone chirality of 24 was assigned as a
mixture of (2S,3S) and (2R,3R) with a ratio of 1.2 : 1, the aglycone
chirality of 29, 30 and 32 was assigned as a mixture of (2S,3S) and
(2R,3R) with a ratio of 2 : 1 respectively.


From the 1H NMR data of these compounds, we can conclude
that the configuration at the anomeric center was not affected nei-
ther during the conversion of acetyl protected flavone derivatives
19, 21, 23, 25 and 28 to the target molecules 20, 22, 24, 26 and 29
using NH3 (gas) in CH3OH at room temperature nor during the


process of separation by column chromatography. However, the
configuration on C(2)–C(3) was changed from cis- for 23 and 28
to trans- for 24 and 29 (Scheme 4); whether the transformation
derived from the reaction under basic conditions or from the
separation by column chromatography was unknown.


Scheme 4


Biological activities of the compounds


The biological activity of compounds 20, 22, 24, 26, 27, 30 and
32 was evaluated with their effects on single mixed lymphocytes
reaction and apoptosis of spleen cells, and compared with that
of astilbin. The former assay was to examine the proliferation
of the lymphocytes from BALB/c mice under the stimulation of
the mitomycin C-treated spleen cells from C57BL/6 mice. In the
latter experiment, the spleen cells were isolated from mice with
a footpad reaction induced by sheep red blood cells. These two
assays were aimed at evaluating the effects of these compounds
on the T lymphocyte function since the single mixed lymphocytes
reaction is usually used for evaluating lymphocyte proliferation
and the main effector cells involved in the footpad reaction are
mainly CD4+ T cells.


2486 | Org. Biomol. Chem., 2006, 4, 2483–2491 This journal is © The Royal Society of Chemistry 2006







As shown in Fig. 1, astilbin and compounds 22, 24, 26, 30 and
32 significantly inhibited the single mixed lymphocytes reaction
compared with the control. Compound 20 tended to inhibit the
single mixed lymphocytes reaction at higher concentrations, but
not significantly. Compound 27 did not have the tendency.


Fig. 1 Effect of compounds on single mixed lymphocytes reaction. The
lymphocytes (5 × 105) from BALB/c mice were incubated with the lympho-
cytes (5 × 105) from C57BL/6 mice, which had been treated with mitomy-
cin C (500 mg mL−1) for 1 h in the presence or absence of the various
concentrations of compounds at 37 ◦C in 5% CO2 for 72 h. The proli-
feration of lymphocytes was measured by the MTT method. The experi-
ment was repeated three times. *P < 0.05 vs. control (Student’s t test).


As shown in Fig. 2, astilbin and compounds 22, 24, 26,
30 and 32 significantly increased the apoptotic cells of spleen
cells activated by sheep red blood cell-induced delayed-type
hypersensitivity reaction in a dose-dependent manner (Fig. 2).
However, compounds 20 and 27 failed to cause the apoptosis.


Fig. 2 Effect of compounds on the apoptosis of spleen cells isolated
from mice with sheep red blood cell-induced delayed-type hypersensitivity.
BALB/c mice were sensitized by s.c. injecting 40 lL of 2.5 × 108 mL−1


sheep red blood cells in saline into the left footpad. Five days later, they
were challenged by s.c. injecting 40 lL of 2.5 × 109 mL−1 of the cells in
saline into the right footpad. Six hours later, spleen cells were isolated and
incubated with the compounds at 37 ◦C for 12 h. *P < 0.05, **P < 0.01
vs. control (Student’s t test).


These results suggest that the compounds having the aglycone of
astilbin show an inhibitory activity against T lymphocytes through
decreasing the proliferation and inducing the apoptosis of T cells.


Among them, compounds 22 and 24, which are 3-O-flavone gly-
coside and 3-O-flavanone glycoside respectively, showed a similar
activity. This finding suggests that the double bond at C(2)–C(3)
in C-ring is not important for their biological activities. However,
compounds 20 and 27, which are 6-O-flavanone glycoside and
4-O-chromanol glycoside respectively, did not show a significant
effect in both assays. Therefore, the linking position of sugar and
the carbonyl on C(4) are more important for the activities. In
addition, the phenolic hydroxyls on the flavanone may contribute
to the effect of the compounds since the activity of compounds 30
and 32 seems to be more remarkable than of compounds 22 and
24. Finally, lacking B ring on C(2) seems favorable to the activity
since compound 26 showed a significant biological effect in both
assays.


Conclusion


In conclusion, seven flavonoids of rhamnose were synthesized
and characterized. The biological data showed that compounds
22, 24, 26, 30 and 32 significantly suppressed single mixed
lymphocytes reaction and induced the apoptosis of spleen cells
isolated from mice with sheep red blood cell-induced delayed-type
hypersensitivity. The activity of these compounds is comparable
to that of astilbin. However, the activity of compounds 20 and
27 is much less pronounced, suggesting that the linking position
of the sugar to the flavone and the carbonyl on C(4) are very
important, while the double bond at C(2)–C(3) in the C ring
does not have a major impact on the biological activity. The
B ring of astilbin appears unnecessary for the activity. These
results will be important for the rational design of astilbin-type
immunosuppressive agents.


Experimental


Materials and methods


All experiments dealing with air- and moisture-sensitive com-
pounds were conducted under an atmosphere of dry nitrogen.
Dichloromethane was distilled from CaH2 and stored over 4 Å
molecular sieves. For thin-layer Chromatography (TLC) analysis,
Merck precoated plates (silica gel GF254) were used. Solvents
such as acetic anhydride, pyridine, petroleum ether, ethyl acetate,
tetrahydrofuran (THF) and methanol are all analytical grade and
used as received. The 6-hydroxyflavanone, 3-hydroxyflavone, fla-
vanone, trichloroacetonitrile, TMSOTf and DBU were purchased
from Aldrich.


Melting points were determined with a ‘Mel-Temp’ apparatus.
The IR spectra were recorded on a Hitachi 260–01 spectrometer in
KBr discs. The 1H NMR and 13C NMR spectra were recorded with
a Bruker DPX 300 spectrometer. The thin-layer chromatography
(TLC) was performed on silica gel GF254 by iodo gas or UV
detection. Column chromatography was conducted by elution of
a column (8 × 100 mm, 16 × 240 mm, 18 × 300 mm) and EtOAc–
petroleum ether (bp, 60–90 ◦C) as the eluent. Optical rotations
were measured at 20 ± 2 ◦C with a Perkin Elmer Model 343
digital polarimeter, using a 10 cm, 10 ml cell.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2483–2491 | 2487







Preparation of the compounds


Glycosylation


The acceptor 2 (1.12 g, 0.005 mol) and compound 18 (2.39 g,
0.0055 mol) were dried together under high vacuum for 2 h, then
dissolved in anhydrous CH2Cl2 (60 ml). TMSOTf (50 ll) was added
dropwise at −20 ◦C under N2 protection. The reaction mixture was
stirred for 3 h, during which time the temperature was gradually
raised to ambient temperature. Then the mixture was neutralized
with Et3N and concentrated under reduced pressure to give a
syrupy residue, which was purified by column chromatography
(3 : 2 petroleum–EtOAc) to give compound 21.


6-(2,3,4-Tri-O-acetyl-a-L-rhamnopyranosyl)-oxy-flavanone (19).
Yellow powder. Mp 67–69 ◦C; [a]20


D −7.6 (c 1.0, MeOH), 1H-NMR
(300 MHz, CDCl3): d 7.63 (t, 1 H, J = 2.5 Hz), 7.50–7.40 (m, 5 H),
7.27–7.23 (m, 1 H), 7.03 (d, 1 H, J = 9.0 Hz), 5.52–5.44 (m, 4 H),
5.17 (t, 1 H, J = 9.9 Hz), 4.02–3.97 (m, 1 H), 3.13–2.86 (m, 2 H),
2.21 (s, 3 H), 2.07 (s, 3 H), 2.04 (s, 3 H), 1.23 (d, 3 H, J = 6.2 Hz);
13C NMR (75 MHz, CDCl3): d 191.91, 170.46, 170.40, 170.34,
157.73, 150.65, 150.59, 139.06, 139.04, 129.24, 129.19, 126.52,
121.52, 119.91, 113.02, 112.99, 96.55, 96.53, 80.13, 80.12, 71.29,
69.97, 69.23, 67.69, 44.91, 44.89, 21.26, 21.16, 21.11,17.82. IR
(KBr); cm−1 2984.91, 2939.81, 1750.13, 1693.00, 1616.93, 1484.09,
1437.13, 1371.72, 1278.03, 1248.04, 1223.08, 1129.91, 1056.22,
984.37, 905.02, 828.42, 813.72, 762.52, 699.87. Elemental anal.
for C27H28O10: found (calculated) (%): C, 63.31 (63.28); H, 5.40
(5.47).


3-(2,3,4-Tri-O-acetyl-a-L-rhamnopyranosyl)-oxy-flavone (21).
White powder. Mp 66–68 ◦C; [a]20


D −12.1 (c 1.0, MeOH), 1H
NMR (300 MHz, DMSO-d6): d 8.10 (d, 1H, J = 7.5 Hz), 7.92
(m, 2 H), 7.83 (t, 1 H, J = 7.8, 7.1 Hz), 7.71 (d, 1 H, J = 8.2, 7.8
Hz), 7.61 (m, 3 H), 7.51 (dd, 1 H, J = 7.5, 7.1 Hz), 5.54 (s, 1 H),
5.11 (dd, 1 H, J = 3.0, 10.2 Hz), 4.81 (t, 1 H, J = 10.0 Hz) 3.25
(m, 1 H), 2.11 (s, 3 H), 1.98 (s, 3 H), 1.96 (s, 3 H), 0.74 (d, 3 H,
J = 6.1 Hz); 13C NMR (75 MHz, DMSO-d6): d 174.22, 170.48,
170.37, 170.27, 157.78, 155.74, 137.21, 135.21, 131.96, 130.86,
129.66, 129.46, 126.20, 125.86, 124.19, 119.33, 98.59, 70.10,
69.35, 69.15, 68.59, 21.35, 21.31, 21.23, 17.57. IR (KBr); cm−1


3063.18, 2985.54, 2938.81, 1751.49, 1644.46, 1619.09, 1568.46,
1467.79, 1393.82, 1370.89, 1223.39, 1201.32, 1135.65, 1055.19,
982.20, 965.61, 905.07, 795.59 763.12, 698.81. Elemental anal. for
C27H26O10: found (calculated) (%): C, 63.59 (63.53); H, 5.10 (5.10).


3-(2,3,4-Tri-O-acetyl-a-L-rhamnopyranosyl)-oxy-flavanone (23).
White solid. Mp 68–70 ◦C; [a]20


D −3.5 (c 1.0, MeOH), 1H-NMR
(300 MHz, CDCl3): d 7.96–7.92 (m, 1 H), 7.61–7.54 (m, 3 H), 7.50–
7.34 (m, 3 H), 7.14–7.08 (m, 2 H), 5.53 (d, 0.34H, J = 2.0 Hz, H-2,),
5.42 (d, 0.66 H, J = 1.7 Hz, H-2,), 5.15–4.99 (m, 2 H, H-2′ and H-
3′), 4.96–4.89 (t, 0.66 H, H-4′), 4.90 (d, 0.34 H, J = 1.1 Hz, H-1′),
4.81–4.74 (t, 0.34 H, J = 9.9 Hz, H-4′), 4.20–4.17 (m, 1.66 H, H-3
and 0.66 H-1′), 3.73–3.68 (m, 0.66 H, H-5′), 2.13–2.07 (m, 0.34 H,
H-5′), 2.05–1.92 (9 H), 1.03 (d, 2 H, J = 6.2 Hz, H-6′), 0.78 (d, 1
H, J = 6.2 Hz, H-6′); 13C-NMR (75 MHz, CDCl3): d 189.12,
188.69, 170.27, 170.19, 170.16, 170.12, 170.08, 169.87, 161.71,
161.62, 137.14, 137.03, 136.22, 135.38, 129.28, 129.19, 129.09,
128.81, 128.16, 128.07, 127.20, 127.00, 122.53, 122.43, 119.56,
119.11, 118.69, 118.66, 98.54, 95.35, 81.87, 81.46, 77.80, 73.90,
71.13, 70.77, 69.55, 69.32, 69.20, 69.08, 67.61, 66.75, 21.09, 21.02,


20.99, 17.52, 17.23. IR (KBr); cm−1 2984.81, 1749.66, 1693.84,
1609.02, 1576.71, 1466.32, 1370.97, 1311.21, 1225.54, 1139.16,
1080.47, 1039.88, 982.78, 918.12, 883.86, 839.61, 763.54, 699.29.
Elemental anal. for C27H28O10: Found (calculated) (%): C, 63.22
(63.28); H, 5.51 (5.47).


3 - (2,3,4 - Tri -O-acetyl-a-L-rhamnopyranosyl)-oxy-chromanone
(25). White solid. Mp 48–50 ◦C; [a]20


D −7.9 (c 1.0, MeOH), 1H-
NMR (300 MHz, CDCl3): d 7.89 (d, 1 H, J = 7.88 Hz), 7.48 (t, 1 H,
J = 7.78 Hz), 7.05 (t, 1 H, J = 7.50 Hz), 6.98 (d, 1 H, J = 8.37 Hz),
5.33–5.29 (m, 2 H, H-2′ and H-3′), 5.06 (t, 1 H, J = 9.57 Hz, H-4′),
4.95 (bs, 1 H, H-1′), 4.49–4.38 (m, 3 H, H-2 and H-3), 4.27–4.21
(m, 1 H, H-5′), 2.14 (s, 3 H), 2.03 (s, 3 H), 1.97 (s, 3 H), 1.10 (d, 3
H, J = 6.24 Hz, H-6′); 13C-NMR (75 MHz, CDCl3): d 189.56,
170.46, 170.39, 170.21, 161.56, 136.70, 127.95, 122.28, 120.31,
118.20, 97.20, 74.13, 71.15, 70.08, 69.35, 69.10, 67.50, 21.16, 21.12,
21.01, 17.47. IR (KBr); cm−1 2986.35, 2938.81, 1749.42, 1702.85,
1607.74, 1579.83, 1479.26, 1466.95, 1371.50, 1325.63, 1288.13,
1222.53, 1146.72, 1095.90, 1048.31, 982.85, 937.69, 909.02, 835.76,
763.80. Elemental anal. for C29H30O12, found (calculated) (%), C,
57.72 (57.80); H, 5.72 (5.50).


7-Benzyloxy-3-(2,3,4-tri-O-acetyl-a-L-rhamnopyranosyl)-oxy-
flavanone (28). White solid. Mp, 56–57 ◦C; [a]20


D −8.3 (c 1.0,
MeOH), 1H NMR (300 MHz, CDCl3): d 7.92–7.87 (m, 1 H),
7.60–7.35 (m, 10 H), 6.78–6.73 (m, 1 H), 6.65 (m, 1 H), 5.51 (s,
0.66 H, J = 0.91 Hz, H-2), 5.40 (s, 0.34 H, J = 1.01 Hz, H-2),
5.17–4.91 (m, 5 H, CH2, 0.66 H-1′, H-2′, H-3′ and 0.34 H-4′), 4.78
(t, 0.66 H-4′, J = 4.97 Hz), 4.12 (m, 1 H, H-3), 4.07 (d, 0.34 H-1′,
J = 0.93 Hz), 3.80–3.75 (m, 0.34 H-5′), 2.15–1.94 (9.66 H, 3 Ac,
0.66 H-5′), 1.09 (d, 1 H, J = 6.22 Hz), 0.78 (d, 2 H, J = 6.22 Hz);
13C NMR (125 MHz, CDCl3): d 187.39, 187.21, 170.35, 170.28,
170.24, 170.18, 170.13, 169.88, 166.20, 166.10, 163.77, 163.71,
136.30, 136.19, 136.16, 135.45, 129.92, 129.85, 129.24, 129.20,
129.14, 129.08, 128.78, 128.75, 127.93, 127.90, 127.12, 126.99,
113.56, 113.09, 112.19, 102.29, 102.24, 98.58, 95.31, 82.23, 81.82,
77.50, 73.76, 71.18, 70.86, 70.83, 70.76, 69.53, 69.25, 69.24, 69.13,
67.52, 66.65, 21.13, 21.05, 17.53, 17.30; IR (KBr); cm−1 3096.20,
3062.34, 2984.50, 2850.12, 1750.27, 1684.15, 1609.52, 1575.81,
1498.60, 1445.92, 1371.15, 1244.31, 1224.20, 1173.76, 1137.26,
1038.89, 971.89, 901.62, 837.35, 785.42, 739.74, 698.81, 604.58;
Elemental anal. for C34H34O11, found (calculated) (%), C, 66.06
(66.02); H, 5.58 (5.50).


Removal of the acetyl groups of the sugars


Compound 21 was dissolved in a saturated solution of NH3 (gas)
in MeOH (20 ml). After 48 h at rt, the reaction mixture was
concentrated, and the residue was purified by chromatography (1 :
3 petroleum ether–EtOAc) to afford compound 22.


6-a-L-Rhamnopyranosyloxyflavanone (20). Yellow powder.
Mp 71–73 ◦C; [a]20


D −10.5 (c 1.0, MeOH), 1H NMR (300 MHz,
DMSO-d6): d 7.54 (d, 2 H, J = 7.7 Hz), 7.48–7.41 (m, 4 H), 7.31–
7.27 (m, 1 H), 7.06 (d, 1 H, J = 9.0 Hz), 5.64–5.58 (m, 1 H, H-2),
5.32 (d, 1 H, J = 1.2 Hz, H-1′), 5.05 (d, 1 H, OH), 4.88 (d, 1 H, OH),
4.75 (d, 1 H, OH), 3.85 (m, 1 H, H-2′), 3.66–3.63 (m, 1 H, H-3′),
3.52–3.46 (m, 1 H, H-5′), 3.34–3.17 (m, 1 H, H-4′), 2.84–2.79 (m, 2
H, H-3), 1.11 (d, 3 H, J = 6.1 Hz); 13C NMR (75 MHz, DMSO-d6):
d 192.30, 157.20, 157.18, 151.21, 151.17, 139.81, 129.39, 127.43,
127.12, 127.07, 121.63, 120.15, 112.83, 100.01, 79.74, 79.71, 72.65,
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71.27, 70.98, 70.41, 44.29, 18.74. IR (KBr); cm−1 3406.51, 2931.66,
1689.38, 1617.28, 1484.49, 1437.19, 1280.05, 1219.42, 1197.94,
1123.74, 1060.04, 1020.05, 982.68, 911.92, 808.63, 760.72, 698.22.
Elemental anal. for C21H22O7: found (calculated) (%): C, 65.12
(65.28); H, 5.72 (5.70).


3-a-L-Rhamnopyranosyloxyflavone (24). Yellow powder. Mp
96–98 ◦C; [a]20


D −14.6 (c 1.0, MeOH), 1H NMR (300 MHz, DMSO-
d6): d 8.12 (d, 1 H, J = 7.7 Hz), 7.91 (m, 2 H), 7.83 (t, 1H, J =
8.2, 7.2 Hz), 7.77 (d, 1 H, J = 8.2 Hz), 7.58 (m, 3H), 7.51 (t, 1 H,
J = 7.7, 7.2 Hz), 5.38 (d, 1 H, J = 1.1 Hz), 4.05 (brs, 1 H), 3.45
(dd, 1 H, J = 2.9, 9.2 Hz), 3.14 (t, 1 H, J = 9.4 Hz), 2.91 (m, 1
H), 0.75 (d, 3 H, J = 6.1 Hz); 13C NMR (75 MHz, DMSO-d6):
d 174.57, 157.55, 155.68, 138.02, 135.05, 131.74, 131.27, 129.69,
129.31, 126.07, 125.87, 124.27, 119.31, 102.35, 71.84, 71.33, 71.05,
70.95, 18.28. IR (KBr); cm−1 3422.65, 3064.11, 2920.93, 2930.99,
1637.47, 1616.67, 1561.11, 1467.37, 1396.97, 1203.44, 1134.14,
1059.28, 945.84, 914.98, 760.15, 695.90; MS: 385.0 (M + 1), 407.1
(M + Na), 790.9 (2M + Na). Elemental anal. For C21H20O7: found
(calculated) (%): C, 65.27 (65.63); H, 5.30 (5.21).


3-a-L-Rhamnopyranosyloxyflavanone (24). White solid. Mp
82–84 ◦C; [a]20


D −11.5 (c 1.0, MeOH), 1H-NMR (300 MHz, MeOH-
d4): d 7.86–7.83 (m, 1 H), 7.59–7.53 (m, 3 H), 7.48–7.40 (m, 3 H),
7.13–7.03 (m, 2 H), 5.33 (d, 0.45 H, J = 11.3 Hz, H-2), 5.24 (d,
0.55 H, J = 11.9 Hz, H-2), 5.14 (d, 0.55 H, J = 1.4 Hz, H-1′), 4.73
(d, 0.55 H, J = 11.9 Hz, H-3), 4.69 (d, 0.45 H, J = 11.3 Hz, H-3),
4.32–4.20 (m, 0.45 H, H-5′), 4.05 (dd, 0.55 H, J = 1.7, 3.2 Hz,
H-2′), 3.91 (d, 0.45 H, J = 1.3 Hz, H-1′), 3.68 (dd, 0.45 H, J = 3.3,
9.6 Hz, H-3′), 3.47 (dd, 0.45 H, J = 1.6, 3.2 Hz, H-2′), 3.36–3.28
(m, 1 H, 0.45 H-4′ and 0.55 H-3′), 3.19 (t, 0.55 H, J = 9.6 Hz,
H-4′), 2.00 (m, 0.55 H, H-5′), 1.18 (d, 1.35 H, J = 6.2 Hz, H-
6′), 0.82 (d, 1.65 H, J = 6.2 Hz, H-6′); 13C-NMR (300 MHz,
MeOH-d4): d 193.50, 191.66, 161.54, 161.32, 137.69, 136.92,
136.71, 136.55, 129.34, 129.24, 128.75, 128.73, 127.78, 127.68,
127.21, 127.06, 122.14, 120.42, 120.08, 117.99, 117.96, 101.48,
101.33, 83.37, 83.00, 79.25, 76.90, 72.71, 72.16, 71.14, 70.92, 70.87,
70.67, 69.62, 69.09, 17.06, 16.91. IR (KBr); cm−1 3420.98, 2931.80,
1689.90, 1607.95, 1467.08, 1382.48, 1311.80, 1231.90, 1136.59,
1100.63, 1061.22, 1028.71, 980.16, 838.96, 796.89, 761.66, 696.77.
Elemental anal. for C21H22O7: Found (calculated) (%): C, 65.37
(65.28); H, 5.85 (5.70).


3-a-L-Rhamnopyranosyloxychromanone (26). White solid. Mp
60–62 ◦C; [a]20


D −10.4 (c 1.0, MeOH-d4), 1H-NMR (300 MHz,
CDCl3): d 7.84 (dd, 1 H, J = 1.57, 7.88 Hz, H-5), 7.55 (t × d,
1 H, J = 1.69, 7.86 Hz, H-7), 7.06 (t, 1 H, J = 7.52 Hz, H-6),
7.01 (dd, 1 H, J = 8.41, 8.40 Hz, H-8), 5.11 (d, 0.66 H, J =
1.34 Hz, H-1′), 4.97 (d, 0.34 H, J = 1.17 Hz, H-1′), 4.61–4.37
(m, 3 H, H-2 and H-3), 3.94–3.92 (dd, J = 1.73, 3.29 Hz, 0.66
H, H-2′), 3.87 (dd, J = 1.69, 3.35 Hz, 0.34 H, H-2′), 3.75–3.62
(m, 2 H, H-3′ and H-5′), 3.43 (t, 0.66 H, J = 9.49 Hz, H-4′), 3.37
(t, 0.34 H, J = 9.58 Hz, H-4′), 1.32 (d, 2 H, J = 6.20 Hz), 1.16
(d, 1 H, J = 6.21 Hz); 13C-NMR (300 MHz, CDCl3); d 191.20,
190.47, 161.92, 161.75, 136.64, 136.45, 127.28, 127.20, 121.85,
121.72, 120.13, 119.91, 117.89, 117.84, 100.99, 99.69, 73.54, 72.74,
72.70, 72.46, 71.16, 71.06, 70.99, 70.84, 70.08, 69.72, 69.47, 69.17,
17.07, 16.74. IR (KBr); cm−1 2954.59, 2900.47, 1757.31, 1737.02,
1688.30, 1605.37, 1478.19, 1466.47, 1380.48, 1327.47, 1293.77,
1236.39, 1217.27, 1153.05, 1122.09, 1079.61, 1037.58, 954.70,


914.09, 779.16. Elemental anal. Found (calculated) (%), C, 55.80
(55.87); H, 5.40 (5.26).


4-a-L-Rhamnopyranosyoxychromanol (27). White solid. Mp
125–127 ◦C; [a]20


D −5.8 (c 1.0, MeOH), 1H-NMR (300 MHz,
CDCl3): d 7.21 (m, 2 H), 6.85 (m, 2 H), 5.01 (d, 1 H, J = 0.86 Hz,
H-1′), 4.98 (d, 0.66 H, J = 0.84 Hz, H-1′), 4.70 (m, 0.33 H, H-4),
4.64 (m, 0.66 H, H-4), 4.32–4.21 (m, 2 H, H-2), 3.84–3.81 (m, 1 H,
H-2′), 3.75–3.67 (m, 2 H, H-3′ and H-5′), 3.47 (t, 1 H, J = 9.36 Hz,
H-4′), 2.16–2.03 (m, 2 H, H-3), 1.39–1.22 (m, 3 H, H-6′); 13C-
NMR (300 MHz, CDCl3): d 155.33, 155.19, 131.37, 130.89, 130.55,
130.19, 121.76, 120.68, 120.31, 120.22, 117.53, 117.40, 98.11 (C-1′),
97.72 (C-1′), 73.30 (C-4′), 73.25 (C-4′), 72.20 (C-5′), 72.02 (C-5′),
71.90 (C-2′), 71.59 (C-2′), 68.96 (C-3′), 68.05 (C-4), 67.99 (C-4),
62.27 (C-2), 62.18 (C-2), 29.11 (C-3), 27.46 (C-3), 17.94 (C-6′),
17.77 (C-6′). IR (KBr); cm−1, 3385.61, 3083.14, 3041.59, 2975.32,
2926.50, 1610.54, 1584.97, 1489.45, 1455.09, 1381.98, 1360.76,
1270.02, 1254.03, 1224.59, 1120.28, 1097.20, 1060.89, 1081.98,
1015.46, 981.51, 912.31, 835.93, 806.56, 754.64. Elemental anal.
for C15H20O6, found (calculated) (%): C, 60.83 (60.81); H, 6.78
(6.76).


Removal of the benzyl on the flavanone44


Compound 28 (0.067 g, 0.1362 mmol) was dissolved in dry
EtOH (10 ml) and cyclohexene (3.4 ml), 0.67 g 10% Pd/C was
added and the suspension was stirred under 62 ◦C for 4 h (TLC
monitoring). The catalyst was removed by filtration and the filtrate
was processed by evaporation to dryness. The residue was purified
by chromatography (1 : 2 petroleum ether–EtOAc) to afford
compound 29.


7-Benzyloxy-3-a-L-rhamnopyranosyloxyflavanone (29). White
solid. Mp 74–76 ◦C; [a]20


D −10 (c 1.0, MeOH); 1H NMR (300 MHz,
CDCl3): d 7.83 (d, 1 H, J = 8.79 Hz, 0.34 H), 7.77 (d, 0.66 H, J =
8.82 Hz), 7.54–7.36 (m, 10 H), 6.70–6.67 (m 1 H), 6.53–6.50 (m, 1
H), 5.26 (s, 0.66 H-1′), 5.24 (d, 0.34 H, J = 11.21 Hz, H-2), 5.19
(d, 0.66 H, J = 11.73 Hz, H-2), 5.04 (s, 2 H), 4.66–4.59 (dd, 1
H, J = 11.24, 11.81 Hz, H-3), 4.24–4.18 (m, 0.34 H-5′ and 0.66
H-2′), 3.86–3.60 (m, 0.34 H-1′, 0.34 H-2′ and 0.34 H-3′), 3.41–
3.34 (m, 0.66 H-3′ and 0.34 H-4′), 3.25 (t, 0.66 H-4′, J = 9.51
Hz), 1.91–1.82 (m, 0.66 H-5′), 1.22 (d, 1 H, J = 6.08 Hz), 0.83
(d, 2 H, J = 6.00 Hz); 13C NMR (125 MHz, CDCl3): d 192.12,
190.44, 165.99, 165.87, 163.49, 163.34, 137.46, 136.55, 136.11,
136.08, 129.90, 129.73, 129.47, 129.22, 129.16, 129.11, 128.74,
127.97, 127.86, 127.74, 114.43, 114.03, 111.80, 111.68, 102.14,
102.10, 100.93, 100.40, 83.63, 83.24, 78.17, 76.38, 73.24, 72.59,
71.68, 70.81, 70.75, 69.47, 68.79, 17.89, 17.82. IR (KBr): cm−1


3423.61, 3064.93, 3033.98, 2972.47, 2931.63, 1686.45, 1609.39,
1574.29, 1498.08, 1443.76, 1364.45, 1253.97, 1227.92, 1168.14,
1102.35, 1061.08, 1026.76, 981.19, 836.26, 757.39, 739.42, 697.32;
Elemental anal. for C28H28O8, found (calculated) (%), C, 68.30
(68.29); H, 5.75 (5.69).


7-Hydroxy-3-a-L-rhamnopyranosyloxyflavanone (30). White
solid. Mp 105–107 ◦C; [a]20


D −9 (c 1.0, MeOH); 1H NMR
(300 MHz, DMSO-d6): d 7.61–7.40 (m, 6 H), 6.50 (d, 1 H, J =
8.34 Hz), 6.28 (d, 1 H, J = 8.13 Hz), 5.42 (d, 0.34 H, J = 9.41
Hz), 5.28 (d, 0.66 H, J = 11 27 Hz), 4.95 (s, 0.66 H-1′), 4.68 (d,
0.66 H, J = 11.32 Hz), 4.64 (d, 0.34 H, J = 9.46 Hz), 3.90–2.94
(m, 0.34 H-1′, H-2′, H-3′, H-4′ and 0.34 H-5′), 2.02–1.85 (m, 0.66
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H, H-5′), 1.01 (d, 1 H, J = 5.46 Hz), 0.68 (d, 2 H, J = 5.43 Hz);
13C NMR (125 MHz, CDCl3): d 191.41, 189.44, 167.63, 167.23,
163.54, 163.22, 138.28, 137.58, 129.68, 129.61, 129.52, 129.46,
129.22, 129.10, 128.57, 128.45, 112.75, 112.67, 112.40, 112.19,
103.29, 103.25, 101.96, 101.70, 101.21, 82.81, 82.66, 78.05, 76.35,
72.49, 71.97, 71.24, 71.00, 70.96, 70.88, 69.75, 69.45, 18.60. IR
(KBr); cm−1 3405.80, 2976.13, 2932.18, 2856.87, 1676.63, 1610.19,
1498.95, 1466.61,1453.52, 1360.98, 1262.99, 1166.58, 1098.79,
1061.74, 1036.02, 980.30, 913.18, 841.79, 812.52, 751.82, 698.65;
Elemental anal. for C21H22O8, found (calculated) (%), C, 62.66
(62.69); H, 5.62 (5.47).


4′-Hydroxy-3-a-L-rhamnopyranosyloxyflavanone (32). White
solid. Mp 89–91 ◦C; [a]20


D −10 (c 1.0, MeOH); 1H NMR (300 MHz,
acetone-d6): d 7.85–7.80 (m, 1 H), 7.63–7.56 (m, 1 H), 7.45–
7.38 (m, 1 H), 7.16–7.02 (m, 2 H), 6.93–6.86 (m, 2 H), 5.31 (d,
0.34 H, J = 11.22 Hz), 5.23 (d, 0.66 H, J = 11.72 Hz), 5.14
(d, 0.66 H-1′, J = 0.85 Hz), 4.77 (d, 0.66 H, J = 11.72 Hz),
4.72 (d, 0.34 H, J = 11.22 Hz), 4.22–4.16 (m, 0.34 5′-H), 4.03–
4.00 (m, 0.34 H-1′, 0.66 H-2′), 3.70–3.56 (m, 0.34 H-3′), 3.53–
3.12 (m, 0.34 H-2′, 0.66 H-3′ and H-4′), 2.28–2.21 (m, 0.66 H-
5′), 1.13 (d, 1 H, J = 6.20 Hz), 0.88 (d, 2 H, J = 6.16 Hz);
13C NMR (125 MHz, CDCl3): d 193.51, 191.60, 161.61, 161.43,
158.55, 136.74, 136.55, 129.32, 128.51, 127.75, 127.36, 127.18,
122.13, 122.06, 120.33, 119.47, 118.15, 118.13, 115.66, 101.22,
101.06, 83.30, 82.90, 78.46, 76.67, 72.81, 72.43, 71.54, 71.35, 70.93,
70.71, 69.51, 69.04, 17.59, 17.51. IR (KBr); cm−1 3406.63, 2925.55,
2854.36, 1694.34, 1607.90, 1579.01, 1519.23, 1465.25, 1370.05,
1323.59, 1278.52, 1232.14, 1172.83, 1146.97, 1104.31, 1060.79,
1033.02, 979.28, 912.45, 873.71, 832.64, 813.70, 762.45, 692.17;
Elemental anal. for C21H22O8, found (calculated) (%), C, 62.71
(62.69); H, 5.55 (5.47).


Biological assays


Animals


Female BALB/c and C57BL/6 mice (SPF, 18–22 g) were obtained
from the Experimental Animal Center of Shanghai (Shanghai,
China). They were maintained with free access to pellet food and
water in plastic cages at 21 ± 2 ◦C and kept on a 12 h light–dark
cycle. Animal welfare and experimental procedures were carried
out strictly in accordance with the guide for the care and use
of laboratory animals (National Research Council of USA, 1996)
and the related ethical regulations of our university. All efforts were
made to minimize animal’s suffering and to reduce the number of
animals used.


Spleen cell preparation45


Spleen was aseptically taken from mice, crushed gently and
separated into single cells by squeezing in 5 mL D-Hank’s
solution (GIBCO BRL). The cells obtained were passed though
the gauze of eight-layers and centrifuged at 200g for 5 min at
4 ◦C. The pellet was added into 10 mL sterile 0.17 M Tris
(hydroxymethyl aminomethane) −0.75% NH4Cl (pH 7.5) followed
by centrifugation to remove erythrocytes. After washing twice with
RPMI 1640 medium (GIBCO BRL), they were re-suspended in
the medium and used for culture. The cells were found to be about
98% viable, as estimated by trypan blue exclusion.


Single mixed lymphocytes reaction46


The lymphocytes (5 × 105) from BALB/c mice were incubated
with the lymphocytes (5 × 105) from C57BL/6 mice, which had
been treated with mitomycin C (500 mg mL−1) for 1 h in the
presence or absence of the various concentrations of compounds
at 37 ◦C in 5% CO2 for 72 h. The proliferation of lymphocytes was
measured by MTT method. The OD540 values were determined
by an ELISA reader. Stimulation index was calculated as following
formula: stimulation index = (ODsample − ODC57BL/6)/ODBALB/c. The
experiment was repeated three times.


Apoptosis measurement


Sheep red blood cell-induced delayed-type hypersensitivity was
induced in BALB/c mice. Mice were sensitized by injecting 40 lL
of 2.5 × 108 mL−1 sheep red blood cells in saline into the left
footpad. Five days later, they were challenged by painting 40 lL
of 2.5 × 109 mL−1 of the cells in saline into the right footpad.
Six hours later, spleen cells were isolated and incubated with the
compounds at 37 ◦C for 12 h, then were used for apoptosis assay.


Spleen cell apoptosis was measured by flow cytometry as
previously described.47 Briefly, spleen cells were suspended in
0.1 mol L−1 citrate buffer (pH 7.2) containing 0.1% Triton X-100
and incubated at 37 ◦C for 30 min. The tubes were then vortexed
and centrifuged and the resultant pellets were washed and stained
with 10 lg mL−1 propidium iodide in the citrate buffer at room
temperature. The percentage of apoptotic nuclei was analyzed by
FACScan cytofluorimeter (Becton Dickinson).
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Pyrrole is a unique aromatic molecule as it can readily undergo substitution at all five positions but
obtaining the desired regioisomer can prove difficult to control. We now report our results on the
regioselective arylation of pyrrole, utilizing selective halogenation and the Suzuki–Miyaura reaction to
prepare C4-, C5- and C3-aryl derivatives. We have applied this methodology to the synthesis of
lamellarin O dimethyl ether, an intermediate in the synthesis of lukinol A.


Introduction


The aryl pyrrole moiety is a common structural motif in natural
product chemistry with structural diversity ranging from large
polycyclic compounds such as the lamellarins1 (1 = lamellarin G),
to much simpler derivatives such as pyrrolnitrin (2),2 which has
made these molecules popular synthetic targets.3


Palladium mediated cross coupling chemistry has proved in-
valuable for the synthesis of compounds of this type and a
review covering this chemistry is currently in print.4 One problem
that is associated with the arylation of pyrroles is the selective
formation of monoaryl derivatives. The use of the Suzuki–Miyaura
reaction in particular has played a key role in the formation of
the compounds in question. However, the scope of the chemistry
is limited to the regioselective introduction of a halide onto the
pyrrole core. Particularly when an electron withdrawing group is
installed at C2 of the pyrrole, such as an ester or formyl group,
selective halogenation at C3 or C5 is not possible.5 Ghosez et al.
overcame this problem for the synthesis of 2-formyl-3-iodopyrrole
(3) by the construction of the pyrrole ring with the iodide in
place.6 However, this method suffered from low yields and requires
numerous steps. It would be advantageous to be able to introduce
a halogen regioselectively on the pyrrole core.


This paper overcomes this problem by the use of a removable
blocking group to selectively direct halogenation at the desired
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position and can be removed after the coupling reaction. Introduc-
tion of a chlorine atom at the most reactive position of the pyrrole
would then allow substitution at the next most reactive position
with bromine or iodine that react preferentially in palladium
mediated cross-coupling reactions. After the appropriate cross-
coupling reaction the chloride can then be removed under
reductive conditions.


Results and discussion


While the C4 bromopyrrole derivative (4) has been reported to
undergo Suzuki–Miyaura coupling to give 5, it is not without its
problems and results in a large percentage of dehydrohalogenation
(6) (Scheme 1). Handy et al. reported that pyrrole 4 is not
a good coupling partner, however, conversion to the N-Boc
derivative 7 does facilitate the desired coupling with concomitant
deprotection.7 From our previous experience with the Suzuki–
Miyaura reaction on pyrrole derivatives we observed subtle
differences with the electronic effects.8 As the pyrrole is electron
rich it is prone to dehydrohalogenation.9 Therefore, the role of
the Boc group is not to protect nitrogen but to reduce the
electron density of the pyrrole. We found that this problem can
be overcome by the use of the corresponding iodide and the
accelerated ligandless conditions of Novak et al.10


Scheme 1 Reaction conditions (ref. 7): i) Pd(PPh3)4, phenyl boronic acid,
Na2CO3(aq), DMF, 110 ◦C; ii) (Boc)2O.


The regioselective halogenation of C4 can be controlled by the
use of a strongly electron withdrawing group at C2. Bélanger has
reported that the trichloroacetyl derivative 8 undergoes exclusive
halogenation at C4 (Scheme 2) while the methyl ester derivative
gives an inseparable 1 : 1 mixture of the C4 and C5 halogenated
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Scheme 2 Reaction conditions: i) I2, AgTFA, CHCl3 81%; ii) CH3OH,
K2CO3 88%; iii) aryl boronic acid, Pd(OAc)2, K2CO3(aq), acetone, reflux
(11 83%), (12 52%).


derivatives.5 The trichloroketone can then be converted to the
methyl ester by the haloform reaction with alkaline methanol
giving the coupling precursor 10 in good yield. The reaction of
the iodopyrrole under Suzuki–Miyaura conditions with phenyl
boronic acid and tetrakistriphenylphosphine palladium as the
catalyst was still problematic as Handy et al. had reported for
the corresponding bromide.7 However, the use of phosphine-free
conditions as reported by Novak et al.10 gave the C4-arylated
pyrrole 11 in 83% yield without resorting to activation of the
pyrrole by acylation of the nitrogen. The coupling of electron rich
phenyl boronic esters such as 4-methoxyphenyl pinacol borane
was also achieved under these so called “ligandless” conditions.
With an effective arylation procedure at hand we then sought to
selectively arylate C5 and C3 of the pyrrole.


The trichloromethyl ketone 8 was reacted with one equivalent
of sulfuryl chloride to give exclusively the C4 chloro derivative5


followed by conversion to the methyl ester which was then
reacted with iodine/silver trifluoroacetate to introduce iodine
regioselectively at C5 (Scheme 3). This iodide was then subjected to
the Suzuki–Miyaura reaction with phenyl boronic acid to give the
4-chloro-5-phenylpyrrole derivative 14 in 75% yield. The chlorine


Scheme 3 Reaction conditions: i) SO2Cl2, CHCl3, 83%; ii) CH3OH,
K2CO3 88%; iii) I2, AgTFA, CHCl3, 86%; iv) phenyl boronic acid,
Pd(OAc)2, K2CO3(aq), acetone, reflux 75%; v) 10% Pd/C, CH3OH, H2 (40
psi), 82%.


was removed by catalytic hydrogenation with palladium on carbon
to give methyl 5-phenylpyrrole-2-carboxylate (15) in 82% yield.
The position of the phenyl group at C5 is supported by the coupling
constant of 3.9 Hz in the 1H NMR spectrum between the protons
at C3 and C4 and by comparison with spectral data reported in
the literature.11


The 3-phenyl derivative was then targeted by first reacting the
methyl ester 16 with two equivalents of sulfuryl chloride to give
the C4,C5 dichloride in 91% yield (Scheme 4). As both C4 and
C5 were substituted the trichloroketone was not required. The
iodination of this compound then gave the tetrasubstituted pyrrole
derivative 17 ready for Suzuki–Miyaura coupling. The reaction
with phenyl boronic acid, again using palladium acetate in acetone,
gave the desired product 18 in 94% yield. Characterisation of 18
was difficult due to the lack of distinguishing features in the 1H
NMR, however, hydrogenation with palladium on carbon reduced
the two remaining halogens and introduced the two hydrogens
at C4 and C5 which appeared as apparent triplets at 6.96 and
7.35 ppm in the 1H NMR spectrum and is consistent with spectral
data reported for the corresponding ethyl ester.12


Scheme 4 Reaction conditions: i) SO2Cl2 (2 eq.), CHCl3, 91%; ii) I2,
AgTFA, CHCl3 77%; iii) phenyl boronic acid, Pd(OAc)2, K2CO3(aq),
acetone, reflux 94%; iv) 10% Pd/C, CH3OH, H2 (40 psi), 87%.


This method now allows the preparation of any of the monoary-
lated C2-carboxylic ester derivatives, therefore we extended the
investigation to bisarylated pyrroles. As C4 and C5-diaryl pyrroles
can be readily prepared from the corresponding diiodide or dibro-
mide we targeted the more challenging C3,C4 diaryl derivatives.
Compounds of this type are related to a number of naturally
occurring pyrroles such as lamellarin Q (20) and lukinol A
(21).13 To highlight the synthetic method we targeted the bis 4-
methoxyphenyl derivative 25 which has previously been converted
to lukinol A in three steps.14
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To achieve this synthesis, the 4-iodo derivative 10 from above
was reacted with sulfuryl chloride to introduce a chloride at C5
followed by further iodination at C3 to give the Suzuki–Miyaura
coupling precursor (Scheme 5). The bisarylation proceeded in
lower yield than previous mono arylations to give the desired
product in 45% yield. As with the fully substituted pyrrole 18,
characterisation of the product was difficult due to the lack of
diagnostic resonances in the 1H NMR spectrum. However, 24 was
a crystalline product and an X-ray crystal structure was obtained
to confirm the introduction of the two aryl groups and also the
confirmation of the chlorine atom at C5 (Fig. 1). The reduction
of the remaining halogen proceeded smoothly to give the pyrrole
25 which is the dimethyl ether of lamellarin Q. The spectral data


Scheme 5 Reaction conditions: i) SO2Cl2, CHCl3, 84%; ii) I2, AgTFA,
CHCl3 89%; iii) 4-methoxyphenyl boronic acid pinacol ester, Pd(OAc)2,
K2CO3(aq), acetone, reflux 45%; iv) 10% Pd/C, CH3OH, H2 (40 psi), 52%;
v) Ref. 14.


Fig. 1 An ORTEP diagram of compound 24 (with 20% probability
ellipsoids) derived from X-ray crystallographic data. The asymmetric unit
contains three molecules, which differ slightly with respect to the confor-
mations of the aryl substituents. Only one molecule is shown for clarity.


was consistent with that reported in the literature and as 25 has
previously been transformed to lukinol A in three steps14 this
completes a formal synthesis of this natural product.


Conclusions


In conclusion, we have shown that ligandless catalysis is effective
for the Suzuki–Miyaura reaction of electron rich pyrrole deriva-
tives without activation by acylation on nitrogen and that chlorine
can act as a removable blocking group to allow regioselective
iodination and subsequent arylation to yield the C3, C4 or C5
aryl pyrrole derivatives. This methodology was then exploited to
complete a formal synthesis of the natural product lukinol A in
a few short steps. We are currently investigating the generality of
this method for the regioselective synthesis of pyrroles of greater
structural diversity.


Experimental
1H and 13C NMR spectra were recorded at 300 MHz and 75 MHz
respectively on a Varian Mercury 2000 spectrometer. Spectra
were run in CDCl3 unless otherwise stated. Chemical shifts are
measured in ppm and referenced internally to residual CHCl3


for 1H NMR (d 7.26) and the central peak of CDCl3 for 13C
NMR (d 77.04). Infrared spectra were recorded on a Perkin Elmer
FT-IR Paragon 1000 spectrometer as thin films on NaCl plates
unless otherwise stated. High resolution and low resolution mass
spectrometry were performed on a Kratos Concept ISQ mass
instrument. Analytical analyses were performed by The Central
Sciences Laboratory at the University of Tasmania. Melting points
were carried out on a Yanagomoto Seisakusho micro melting
point apparatus and are uncorrected. Flash chromatography was
performed according to the method of Still and co-workers using
silica gel 60 (32–63 lm).15 Palladium acetate was obtained from
precious metals online and used as received. Acetone was from
AJAX fine chemicals, AR grade and used as received. Boronic
acids and boronic esters were sourced from Boron Molecular and
used as received. Solutions for Suzuki reactions were subjected
to three freeze-thaw cycles to remove dissolved oxygen. All other
solvents and reagents were available from Aldrich, AJAX or BDH
chemicals and used as supplied or purified by standard laboratory
methods as required.16 Organic extracts were dried with anhydrous
magnesium sulfate unless otherwise stated.


Methyl 4-phenyl-1H-pyrrole-2-carboxylate (11)


Palladium acetate (0.020 g, 0.09 mmol) was added to a mixture of
iodopyrrole methyl ester 10 (1.27 g, 5.07 mmol) in acetone (10 mL)
and phenyl boronic acid (0.68 g, 5.6 mmol) in 2 M potassium
carbonate (5 mL) under a nitrogen atmosphere and was refluxed
for 3 h. A further portion of boronic acid (0.15 g, 1.27 mmol)
and palladium acetate (0.020 g, 0.09 mmol) was added to the
mixture and refluxed for a further 3 h. The reaction was cooled to
room temperature, water added (10 mL) and the solution extracted
with ethyl acetate (2 × 10 mL). The organic layer was dried and
evaporated to give the crude product, which was purified by flash
chromatography (elution with 25% ethyl acetate–hexanes). The
title product was recrystallised from dichloromethane–hexanes
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(1 : 4) to give colourless crystals in 83% yield: mp 176–180 ◦C;
(Found: M+•, 201.0789. C12H11NO2 requires M+•, 201.0789); mmax


(cm−1) 3416, 1677; dH 3.89 (3H, s), 7.22 (3H, m), 7.36 (2H, m), 7.52
(2H, m), 9.20 (1H, br s); dC 51.6,106.7, 119.5, 120.7, 122.6, 127.5,
129.3, 135.6, 136.4, 159.9, m/z 201 (50%, M+), 169 (100), 141 (50),
140 (40), 115 (30), 114 (30).


Methyl 4-(4-methoxyphenyl)-1H-pyrrole-2-carboxylate (12)


The title compound was obtained in 52% yield as a semi-solid by
the above procedure except phenyl boronic acid was substituted
with 4-methoxyphenylboronic acid pinacol ester. (Found: M+•,
231.0898. C12H11NO2 requires M+•, 231.0895); mmax (cm−1) 3836,
1680; dH 3.82 (3H, s), 3.88 (3H, s), 6.90 (2H, m), 6.35 (1H, dd, J
3.0, 1.9 Hz), 7.15 (1H, dd, J 3.0, 1.5 Hz), 7.43, (2H, m), 9.15 (1H,
br s); dC 51.5, 55.3, 112.3, 114.2, 118.8, 126.4, 128.5, 129.4, 135.6,
159.2, 160.9; m/z 231 (50%, M+), 199 (100), 184 (50), 156 (25), 128
(20), 101 (15).


Methyl 4-chloro-5-iodo-1H-pyrrole-2-carboxylate (13)


Iodine (0.88 g, 6.9 mmol) was added into a mixture of methyl
4-chloropyrrole-2-carboxylate5 (1.0 g, 6.3 mmol) and silver tri-
fluoroacetate (1.4 g, 6.3 mmol) in chloroform (10 mL) at 0 ◦C
(ice-bath) under a nitrogen atmosphere. The reaction mixture was
removed from the ice-bath and stirred at room temperature for
7 h with the exclusion of light. The reaction was quenched with
aqueous sodium sulfite and brine solution before extraction with
ethyl acetate (3 × 20 mL). The combined organic extracts were
dried, filtered through a thin layer of silica gel and evaporated to
give the title compound (1.6 g, 86%) as a white solid that was used in
the next step without further purification. (Found: M+•, 284.9053.
C6H5


35ClINO2 requires M+•, 284.9583); mmax (cm−1) 3250, 1692; dH


3.91 (3H, s), 6.80 (1H, d, J 2.7 Hz), 10.19 (1H, br s); dC 52.1, 109.4,
114.4, 121.8, 122.4, 159.3; m/z 287 (30%, M+, C6H5NO2


37ClI) 285
(80%, M+, C6H5


35ClINO2) 255 (40), 253 (90), 181 (35), 169 (30),
131 (40), 119 (35), 69 (100).


Methyl 4-chloro-5-phenyl-1H-pyrrole-2-carboxylate (14)


Palladium acetate (0.020 g, 0.09 mmol) was added to a mixture of
chloro iodo pyrrole 13 (0.081 g, 0.28 mmol) in acetone (10 mL)
and phenyl boronic acid (0.038 g, 0.31 mmol) in 2 M aqueous
potassium carbonate (5 mL) under a nitrogen atmosphere and
was refluxed for 3 h. A further portion of boronic acid (0.090 g,
0.073 mmol) and palladium acetate (0.020 g, 0.09 mmol) was
added to the mixture and refluxed for a further 3 h. The reaction
was cooled to room temperature, water added (10 mL) and the
solution extracted with ethyl acetate (2 × 10 mL). The organic
layer was dried and evaporated to give the crude product which
was purified by flash chromatography (20% ethyl acetate–hexanes)
to give the title compound as an oil in 75% yield: dH 3.84 (3H, s),
6.91 (1H, d, J 3 Hz), 7.40 (3H, m), 7.72 (2H, m), 9.82 (1H, br s); dC


51.5, 110.7, 114.5, 121.9, 123.7, 127.7, 128.3, 128.4, 133.6, 159.4.


Methyl 5-phenyl-1H-pyrrole-2-carboxylate (15)


A solution of methyl 4-chloro-5-phenyl-1H-pyrrole-2-carboxylate
14 (0.040 g, 0.17 mmol) in methanol (5 mL) containing 10%


w/w palladium on carbon (30 mg) was hydrogenated under an
atmosphere of hydrogen at 40 psi in a Parr shaker for 6 h.
The reaction mixture was filtered through a plug of Celite, the
solvent removed and the product purified by flash chromatography
(20% ethyl acetate–hexanes). The title compound was obtained
as a semi-solid in 82% yield: (Found: M+•, 201.0789. C12H11NO2


requires M+•, 201.0789); mmax (cm−1) 3319, 1686; dH 3.88 (3H, s),
6.54 (1H, dd, J 3.9, 2.7 Hz), 6.96 (1H, dd, J 3.9, 2.4 Hz), 7.31 (1H,
m), 7.41 (2H, m), 7.60 (2H, m), 9.52 (1H, br s); dC 51.8, 108.3,
115.3, 117.1, 128.0, 129.2, 131.5, 134.5, 161.9; m/z 201 (90%, M+),
169 (100), 141 (70), 140 (45), 115 (45), 114 (30).


Methyl 4,5-dichloro-1H-pyrrole-2-carboxylate


Sulfuryl chloride (1.08 g, 7.9 mmol) was added into a solution of
methyl pyrrole-2-carboxylate 16 (0.50 g. 4.0 mmol) in chloroform
(10 mL) and the reaction mixture stirred for 4 h with the exclusion
of light. The reaction was quenched by the addition of 2 M sodium
bicarbonate and the solution extracted with dichloromethane
(2 × 10 mL). The organic extracts were combined, dried, and
concentrated under reduced pressure to give the crude product
which was passed through a plug of silica gel eluting with
dichloromethane. The product was obtained as an off-white solid
in 91% yield which was used in the next step without further
purification: dH 3.87 (3H, s), 6.81 (1H, d, J 3.0 Hz), 9.51 (1H, br
s); dC 95.4, 109.4, 116.4, 124.4, 131.6, 171.8.


Methyl 4,5-dichloro-3-iodo-1H-pyrrole-2-carboxylate (17)


Iodine (1.1 g, 4.3 mmol) was added to a mixture of methyl
4,5-dichloropyrrole-2-carboxylate (0.76 g, 3.9 mmol) and silver
trifluoroacetate (0.86 g, 4.3 mmol) in chloroform (10 mL) at 0 ◦C
(ice-bath) under a nitrogen atmosphere. The reaction was stirred
at room temperature for 7 h with the exclusion of light before the
addition of aqueous sodium sulfite and brine. The reaction mixture
was extracted with ethyl acetate (3 × 20 mL), and the combined
organic extracts dried and filtered through a thin layer of silica gel.
The solution was concentrated under reduced pressure to give the
title product as a yellow solid (0.97 g, 77% yield): mp = 188–195 ◦C;
(Found: M+•, 318.8661. C6H4


35Cl2INO2 requires M+•, 318.8663);
mmax (cm−1) 3199, 1689; dH 3.92 (3H, s), 9.72 (1H, br s); dC 52.3, 72.9,
76.6, 122.0, 123.4, 159.3; m/z 321 (45%, M+, C6H4


35Cl37ClINO2)
319 (60%, M+, C6H4


35Cl2INO2), 289 (60), 287 (100), 277 (20), 275
(20), 235 (15), 233 (20).


Methyl 4,5-dichloro-3-phenyl-1H-pyrrole-2-carboxylate (18)


Palladium acetate (0.020 mg, 0.09 mmol) was added to a mixture of
chloro iodo pyrrole 17 (0.062 mg, 0.82 mmol) in acetone (10 mL)
and phenyl boronic acid (110 mg, 0.90 mmol) in 2 M aqueous
potassium carbonate (5 mL) under a nitrogen atmosphere and
refluxed for 3 h. A further portion of boronic acid (0.100 mg,
0.82 mmol) and palladium acetate (0.020 g, 0.09 mmol) was
added to the mixture and reflux continued for a further 3 h. The
reaction was cooled to room temperature, water added (10 mL)
and the mixture extracted with ethyl acetate (2 × 10 mL). The
organic layer was dried and evaporated to give the crude product
which was purified by flash chromatography (10% ethyl acetate–
hexanes). The title compound was obtained as colourless crystals
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by recrystallisation from chloroform–hexane (94% yield): mp 129–
131 ◦C; mmax(cm−1) 3235, 1677; dH 3.73 (3H, s), 7.41 (5H, m), 10.20
(1H, br s); dc 50.9, 106.2, 116.8, 124.4, 126.9, 128.7, 129.4, 131.5,
136.4, 159.7; m/z 272 (5%, M+, C12H9


37Cl2NO2), 271 (50%, M+,
C12H9


35Cl37ClNO2), 269 (75%, M+, C12H9
35Cl2NO2), 239 (75), 237


(100), 176 (30), 174 (75).


Methyl 3-phenyl-1H-pyrrole-2-carboxylate (19)


A solution of dichloro pyrrole 18 (0.083 g, 0.307 mmol) in
methanol (5 mL) containing 10% w/w palladium on carbon
(0.030 g) was hydrogenated under an atmosphere of hydrogen
at 40 psi in a Parr shaker for 6 h. The reaction mixture was
then filtered through a plug of Celite, the solvent removed and
the product purified by flash chromatography (30% ethyl acetate–
hexanes). The title compound was obtained in 87% yield as a yellow
oil: (Found: M+•, 201.0792. C12H11NO2 requires M+•, 201.0789);
mmax(cm−1) 3321, 1685; dH 3.78 (3H, s), 6.36 (1H, at, J 3.0), 6.96
(1H, at, J 3.0), 7.35 (3H, m), 7.56 (2H, m), 9.25 (1H, br s); dC 51.6,
112.8, 118.0, 122.2, 127.2, 127.9, 129.6, 132.5, 135.3, 161.9.; m/z
201 (80%, M+), 169 (100), 141 (35), 140 (50), 115 (40), 114 (25).


Methyl 5-chloro-4-iodo-1H-pyrrole-2-carboxylate (22)


Sulfuryl chloride (0.59 g, 4.4 mmol) was added to a solution
of methyl 4-iodo-1H-pyrrole-2-carboxylate (1.00 g. 4.3 mmol) in
chloroform (15 mL) and the mixture stirred for 5 h with the exclu-
sion of light. The reaction was quenched by the addition of 2 M
sodium bicarbonate solution and extracted with dichloromethane
(2 × 10 mL). The combined organic extracts were dried, and
concentrated under reduced pressure to give the product as a
white solid in 84% yield which was used in the next step without
further purification: mp = 154–156 ◦C; (Found: M+•, 284.9055.
C6H5


35ClINO2 requires M+•, 284.9583); mmax (cm−1) 3222, 1700; dH


3.86 (3H, s), 6.94 (1H, d, J 2.7 Hz), 9.50 (1H, s); m/z 287 (45%, M+,
C6H5


37ClINO2) 285 (70%, M+, C6H5
35ClINO2) 255 (30), 253 (100),


266 (10), 161 (15), 127 (20), 98 (30).


Methyl 5-chloro-3,4-diiodo-1H-pyrrole-2-carboxylate (23)


Iodine (322 mg, 1.27 mmol) was added to a mixture of pyrrole
22 (302 mg, 1.06 mmol) and silver trifluoroacetate (257 mg,
1.16 mmol) in chloroform (15 mL) at 0 ◦C (ice-bath) under a
nitrogen atmosphere. The reaction mixture was then stirred at
room temperature for 16 h with the exclusion of light before
the addition of aqueous sodium sulfite and brine solution. The
reaction mixture was extracted with ethyl acetate (3 × 20 mL),
and the combined organic extracts dried and filtered through
a thin layer of silica gel. The solution was concentrated under
reduced pressure to give the title product as a yellow solid in 89%
yield: mp = 200–204 ◦C; (Found: M+•, 410.8022. C6H4


35ClI2NO2


requires M+•, 410.8020); mmax (cm−1) 3204, 1678; dH 3.91 (3H, s),
9.63 (1H, s), m/z 413 (30%, M+, C6H4NO2


37ClI2) 411 (85%, M+,
C6H4


35ClI2NO2) 381 (35), 379 (100), 345 (15), 319 (15), 287 (30),
253 (20), 224 (25), 163 (10), 127 (10).


Methyl 5-chloro-3,4-bis(4-methoxyphenyl)-1H-pyrrole-2-
carboxylate (24)


Palladium acetate (20 mg, 0.09 mmol) was added to a mixture of
chloro iodo pyrrole 23 (254 mg, 0.62 mmol) in acetone (10 mL) and
4-methoxyphenylboronic acid pinacol ester (318 mg, 1.36 mmol)
in 2 M aqueous potassium carbonate (5 mL) under a nitrogen
atmosphere and refluxed for 3 h. A further portion of boronic ester
(135 mg, 0.62 mmol) and palladium acetate (20 mg, 0.09 mmol)
was added to the mixture and refluxed for further 3 h. The
reaction was cooled to room temperature, water added (10 mL)
and the mixture extracted with ethyl acetate (2 × 10 mL). The
organic layer was dried and evaporated to give the crude product
which was purified by flash chromatography (20% ethyl acetate–
hexanes). The title compound was obtained as yellow crystals
from dichloromethane–hexane (1 : 4) in 45% yield. (Found: M+•,
371.0924. C20H18ClNO4 requires M+•, 371.814); mp 168–171 ◦C;
dH 3.74 (3H, s), 3.77 (3H, s), 3.79 (3H, s), 6.78 (4H, m), 7.04 (2H,
m), 7.11 (2H, m), 9.71 (1H, s); m/z 373 (10%, M+, C20H18


37ClNO4)
371 (30%, M+, C20H18


35ClNO4), 341 (30), 339 (100), 324 (10), 276
(50), 261 (15), 233 (10), 190 (15).


Methyl 3,4-bis(4-methoxyphenyl)-1H-pyrrole-2-carboxylate (25)


A solution of methyl 5-chloro-3,4-bis(4-methoxyphenyl)-1H-
pyrrole-2-carboxylate 24 (0.010 g, 0.027 mmol) in methanol
(5 mL) containing 10% w/w palladium on carbon (0.030 g) was
hydrogenated under an atmosphere of hydrogen at 40 psi in a Parr
shaker for 5 h. The reaction mixture was then filtered through a
plug of Celite, the solvent removed and the product purified by
passing through a plug of silica gel with methanol to give the
product as a yellow oil in 52% yield: dH 3.73 (3H, s), 3.76 (3H, s),
3.82 (3H, s), 6.75 (2H, m), 6.84 (2H, m), 7.03 (3H, m), 7.19 (2H,
m), 9.23 (1H, s); dC 51.6, 55.4, 55.5, 113.4, 113.9, 120.3, 129.7,
132.1, 141.2, 216.9.


X-Ray crystallography


Crystal data for 24: C20H18ClNO4 M = 371.80, triclinic, a =
10.7431(8) Å, b = 13.5397(10) Å, c = 19.3750(15) Å, a =
101.138(2)◦, b = 99.04(1)◦, c = 96.572(2)◦, V = 2713.5(4) Å3,
T = 130(2) K, space group P–1, Z = 6, Dcalc = 1.365 mg m−3,
l(Cu-Ka) = 0.236 mm−1, 14434 reflections measured (2hmax =
50◦), 9442 unique (Rint = 0.0623), 3608 having I > 2r(I). Full
matrix least squares on F 2, R1 = 0.0510, wR2 = 0.0793 (all data),
max. and min. difference peak and hole 0.215 and −0.266 resp.
CCDC reference number 604156. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b604692d
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The pyrrolylacrylates 9 and 10 were synthesised and subjected to flash vacuum pyrolysis (FVP) at
650–700 ◦C to generate the radicals 11 and 18, respectively. The phenoxyl 11 underwent hydrogen
capture to give a mixture of the phenol 12 and the pyrrolobenzoxazine 13 in low yields, which were also
obtained by a Wittig reaction of the 2-formylpyrrole 14. The thiophenoxyl 18 gave a single major
product in 41% yield which was identified as the pyrrolo[1,2-a]quinoline 17 by a sequence of NMR
experiments. A mechanism for the formation of 17 by a rearrangement–sulfur extrusion sequence is
proposed.


Introduction


In previous work, we have shown that phenoxyl1 and
thiophenoxyl2 radicals can interact with adjacent acrylate groups
under flash vacuum pyrolysis (FVP) conditions to give benzofuran
(X = O) and benzothiophene (X = S) ring systems respectively in
good yield (Scheme 1). The loss of the entire ester function as
a thermal radical leaving group is apparently highly favourable
in these reactions and so we have explored the scope and
limitations of this process by incorporating acrylate groups and
radical generators into other molecular architectures. In this
paper we report examples in which the radical site (phenoxyl or
thiophenoxyl) and the acrylate unit are situated within an N-
arylpyrrole framework which we hoped would lead to the creation
of new seven-membered rings. In the event, these pyrolyses did not
give the products expected by analogy with Scheme 1 but instead
the behaviour of the phenoxyl and thiophenoxyl proved to be very
different (cf. ref. 3 and 4) and an efficient sulfur extrusion—rather
than ester extrusion—has been identified.


Scheme 1


Results and discussion


Our chosen substrates 9 and 10 were synthesised from the 1-
arylpyrroles 1 and 2 by successive O- or S-alkylation, Vilsmeier
formylation and Wittig olefination. The O-benzyl product 3 was


aDepartment of Chemistry, University of Wales Swansea, Swansea, UK SA2
3PP
bSchool of Chemistry, The University of Edinburgh, West Mains Road,
Edinburgh, UK EH9 3JJ


chosen rather than the corresponding O-allyl derivative in an
attempt to minimise the hydrogen atom flux during the FVP
experiment.1 In both cases the Vilsmeier reaction gave two
products (5 and 7, and 6 and 8 respectively) due to competitive
substitution at the 2- and 3-positions of the pyrrole ring. These
products were easily separated by chromatography and the re-
quired 2-formylated products 5 and 6 were isolated in >70% yield.
The position of the formyl group was determined by comparison
of the 1H NMR spectra of the products with those of the known
spectra of 2- and 3-formyl-1-phenylpyrrole.5 The chemical shifts
of the 2-formyl protons at dH ca. 9.4–9.5 and those of the 3-formyl
protons at dH ca. 9.7–9.8 ppm are particularly characteristic.
Although the Wittig reactions were slow and required extended
reaction times, 9 and 10 were obtained in 45% and 60% yields
respectively after chromatography, exclusively as the E-isomers.


The electron impact (EI) mass spectrum of the benzyloxy
compound 9 is dominated by cleavage of the benzyl group (m/z 91,
100%) but there is also evidence of ionisation at the ester function
giving small peaks at M − 31 and M − 59. The corresponding
spectrum of the allylthio compound 10 shows initial loss of the
allyl group (M − 41, 81%) followed by loss of a fragment of m/z
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32 to give an ion at m/z 226 (100%). This may be rationalised by
loss of the sulfur atom or by cleavage of methanol; the latter is
more likely since the subsequent loss of CO (m/z 198, 69%) is then
readily explained (Scheme 2).


Scheme 2


Flash vacuum pyrolysis of the O-benzyl compound 9 at
650 ◦C (0.005 Torr) was disappointing; apart from the inevitable
formation of bibenzyl, only two significant products were obtained
in low yield (<10%) and these proved to be the phenol 12 and the
cyclic ether 13 (Scheme 3). Compound 12 could not be obtained
in pure form, but was identified by comparison with an authentic
sample (see below). The ether 13 was identified by its spectra;
in particular the 1H NMR spectrum showed three signals due to
aliphatic protons (in addition to the seven due to the pyrrole and
the benzene rings) which were shown to be a CH (dC 70.26), a CH3


(dC 51.88) and a CH2 (dC 38.72) by a 13C NMR DEPT experiment.
The 1H and 13C NMR chemical shifts of the CH group suggest
that it is adjacent to an oxygen atom, as required for structure 13.


Scheme 3 Reagents and conditions: (i) FVP (650 ◦C, 0.005 Torr); (ii)
DMF–POCl3; (iii) Ph3P=CHCO2Me.


The phenol 12 is probably formed by hydrogen atom capture by
the phenoxyl radical 11; such reactions are common in the gas-
phase chemistry of phenoxyl radicals.4 The source of the ether 13
is more ambiguous. It could be obtained by intramolecular con-
jugate addition of the radical centre of 11 onto the acrylate unit,
followed by hydrogen atom capture. Alternatively, the phenol 12
may be the sole primary product of the pyrolysis, but may exist in
equilibrium with the ether 13 by a heterolytic conjugate addition
mechanism. A control experiment (Scheme 3) showed that the
same mixture of 12 and 13 was formed when the aldehyde 14
was subjected to a Wittig reaction (see Experimental section),
which suggests that 12 and 13 can indeed exist in equilibrium
in solution, though they are stable to chromatography and can
be separated. It therefore appears that intermolecular hydrogen
capture4 by the phenoxyl is the most likely product-forming route
open to the radical derived from 9 and that processes related to the
efficient cyclisation observed in Scheme 1 cannot take place with
this system. In this context, the use of an O-benzyl (rather than an
O-allyl) derivative as the radical precursor may have contributed
to the low yields, since a benzyl radical leaving group is known to
minimise the hydrogen atom flux under FVP conditions.1


In contrast, pyrolysis of the S-allyl derivative 10 at 650 ◦C (0.001
Torr) gave a single major product in 41% yield after dry-flash
chromatography on silica. It was clear from its 1H and 13C NMR
spectra that the 1,2-disubstituted pyrrole (AMX spin system) and
1,2-disubstituted aromatic (AKQX spin system) systems together
with the ester function were still present but only one of the
two alkene protons of the precursor 10 appeared in the product.
Remarkably, its mass spectrum (m/z 225, M+) suggested that the
sulfur atom had been lost in the pyrolysis process as well as the
allyl group and a hydrogen atom. This represents a very unusual
example of a pyrolysis in which the atom bearing the original
radical species is not present in the ultimate product. In addition,
NOE experiments showed that the methyl group of the ester
function was close in space to the pyrrole ring and not adjacent
to the aromatic system. The two structures, 16 and 17, which fulfil
these requirements, are both unknown compounds and could not
be distinguished from their routine NMR data or by comparison
with the NMR spectra of model compounds. For example, the
set of NOE data could be equally interpreted in terms of either
structure (Fig. 1).


The carbon connectivity is however different in these two
isomers and so a 2D-INADEQUATE spectrum was obtained
at natural abundance (40 mg) at 150 MHz, and optimized to
give responses from single and double bonded pairs of carbon
atoms. Interpretation was aided by prior identification of the
methine carbon resonances, and thus the quaternary carbon
resonances, from an HMQC 13C–1H correlation spectrum, and
by the symmetrical disposition of coupled pairs of carbon-13
doublets about the diagonal of the 2-D INADEQUATE spectrum.
The connectivity sequence obtained (Fig. 2) is consistent only with
structure 17.


Clear connectivities were observed for all carbons from the six-
membered ring through to carbon C although that from E to the
carbonyl carbon P was only identifiable from a very weak signal
for E at the expected position. The connectivity from C to B was
not observable; since the B and C carbon resonances are almost
superimposed the anti-phase signals of the central lines of the AB
system would effectively cancel. Structure 16 is clearly excluded
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Fig. 1 NOE data (% enhancements) for the pyrolysis product of 10,
interpreted as structures 16 and 17.


Fig. 2 Carbon connectivity of 17 as revealed by an INADEQUATE
experiment.


since it requires an uninterrupted sequence of four quaternary
carbon atoms. The full assignment of the NMR spectra of 17 is
given in the Experimental section.


The formation of 17 from 10 requires an unusual and unexpected
(yet efficient) rearrangement sequence, and a possible mechanism
is shown in Scheme 4. The favoured 6-exo-trig cyclisation of
the thiophenoxyl 18 to give 19 is followed by attack at the
pyrrole system and a neophyl-type rearrangement to transform
the connectivity of the precursor 10 into that of the product.
Neophyl-type rearrangements are well known in aromatic systems
(e.g. under FVP conditions6) yet apparently none of this type have
been observed before in the sparse radical chemistry of the pyrrole
ring system.7 We believe that 20 is then transformed directly into
21 as a single step. By analogy with Scheme 1, our previous
work suggests that the alternative formation of radicals with a
b-carbomethoxy group such as 22 would be expected to suffer
loss of the ester function leading to other products. For a similar
reason, we favour the loss of the sulfur atom as the HS radical via
23 and 24 (Scheme 4), rather than as elemental sulfur,8 because
this latter process might be expected to generate the radical 25
which should again lead to loss of the ester function.


The results of this study show that the intramolecular radical
reactions of pyrrol-2-ylacrylate species such as 11 and 18 under
FVP conditions are quite different from those of corresponding
benzenoid systems. The behaviour of the phenoxyl and thio-
phenoxyl species is quite different and one unusual case of
rearrangement and sulfur extrusion has been identified to give
17. We conclude that cyclisation of radicals onto the 2-position of


Scheme 4 Reagents and conditions: (i) FVP (650 ◦C, 0.001 Torr).


an acrylate chain (as in Scheme 1) is sensitive to the structure of
the precursor and that deviations from the optimum examples
of benzofuran or benzothiophene formation is likely to result in
reduced efficiency of the cyclisation process.


Experimental
1H and 13C NMR spectra were recorded at 250 (or 200) and
63 (or 50) MHz respectively for solutions in [2H]chloroform
unless otherwise stated. Coupling constants are quoted in Hz.
13C NMR signals refer to CH resonances unless otherwise stated;
in most cases assignments were confirmed by appropriate DEPT
experiments. Mass spectra were obtained under electron impact
conditions.


N-Arylpyrroles 1 and 2


A mixture of the appropriate 2-substituted aminophenol
(33 mmol), 2,5-dimethoxytetrahydrofuran (3.96 g, 30 mmol) and
glacial acetic acid (15 cm3) in dioxane (30 cm3) was heated under
reflux for 4 h. The volatiles were then removed on a rotary
evaporator and the residue was partitioned between ether (60 cm3)
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and aqueous sodium hydroxide (3%, 90 cm3). The aqueous phase
was separated, acidified (pH 4) and extracted with chloroform
(3 × 50 cm3). The combined extracts were washed with sodium
hydrogen carbonate (1 M, 50 cm3), dried (MgSO4) and the solvent
was removed on a rotary evaporator. The crude product was then
purified by bulb to bulb distillation.


2-Aminophenol (3.60 g, 33 mmol) gave N-(2-hydroxy-
phenyl)pyrrole 1 (2.95 g, 61%), bp 138–140 ◦C (0.03 Torr) (lit.,9 mp
45–47 ◦C) (found: M+ 159.0687. C10H9NO requires M 159.0684);
dH 7.35–7.26 (2H, m), 7.11–6.98 (2H, m), 6.94 (2H, t, 3J 2.1)
and 6.44 (2H, t, 3J 2.1); dC 150.16 (quat), 128.70, 128.22 (quat),
126.58, 121.86 (2CH), 120.79, 116.81 and 110.12 (2CH); m/z
159 (M+, 100%), 158 (11), 131 (27), 130 (41), 103 (10) and
51 (21).


2-Aminothiophenol (6.25 g, 50 mmol) gave N-(2-mercap-
tophenyl)pyrrole 2 (6.28 g, 72%), bp 110–115 ◦C (0.05 Torr)
[lit.,10 bp 119–121 ◦C (1.0 Torr)]; dH 7.41–7.20 (4H, m), 6.85 (2H,
t, 3J 2.1), 6.39 (2H, t, 3J 2.2) and 3.41 (1H, s) spectrum consistent
with literature data.10


N-[2-(Benzyloxy)phenyl]pyrrole 3, and
N-[2-(allylthio)phenyl]pyrrole 4—general method


A suspension of potassium carbonate (1.1 equiv.) in DMF (10 cm3


per gram) was stirred for 10 min. The appropriate phenol or
thiophenol (1.0 equiv.) and the appropriate alkyl bromide (1.1
equiv.) were added and the mixture was stirred until TLC showed
the disappearance of the N-arylpyrrole. Water (2 cm3 per cm3


DMF) was added and the mixture was extracted with ether [3 ×
(volume of water/3)]. The combined organic extracts were washed
with water [3 × (volume of ether × 2/3)] and dried (MgSO4). The
solvent was removed on a rotary evaporator to yield the crude
product which was purified by bulb to bulb distillation.


N-(2-Hydroxyphenyl)pyrrole 1 (0.80 g, 50 mmol) with benzyl
bromide (1.03 g, 55 mmol) gave N-[2-(benzyloxy)phenyl]pyrrole
3 (1.05 g, 85%), bp 160–165 ◦C (0.005 Torr) (found C, 82.0;
H, 6.2; N, 5.65. C17H15NO requires C, 81.9; H 6.05; N, 5.6%);
dH 7.42–7.05 (9H, m), 7.15 (2H, dd, 3J 2.1), 6.42 (2H, dd, 3J
2.1) and 5.13 (2H, s); dC 151.62 (quat), 136.54 (quat), 130.95
(quat), 128.38 (2CH), 127.69, 127.18, 126.85 (2CH), 125.69, 121.97
(2CH), 121.46, 114.71, 108.70 (2CH) and 70.81 (CH2); m/z 249
(M+, 15%), 172 (20), 158 (42), 91 (100), 77 (23), 65 (28), 63 (12),
51 (22) and 39 (26).


N-(2-Mercaptophenyl)pyrrole 2 (2.00 g, 11 mmol) gave N-[2-
(allylmercapto)phenyl]pyrrole 4 (2.46 g, 100%), bp 118–120 ◦C
(0.03 Torr) (found C, 72.3; H, 6.2; N, 6.35. C13H13NS requires C,
72.5; H, 6.1; N, 6.5%); dH 7.47–7.26 (4H, m), 6.91 (2H, t, 3J 2.2),
6.36 (2H, t, 3J 2.2), 5.86 (1H, m), 5.17–5.03 (2H, m) and 3.35–
3.30 (2H, m); dC 133.00, 132.78 (quat), 130.06, 127.50, 126.91,
126.53, 121.98 (2CH), 117.87 (CH2), 108.96 (2CH), 108.80 (quat)
and 35.86 (CH2); m/z 215 (M+, 8%), 175 (16), 174 (100), 173 (20),
45 (9), 41 (8) and 39 (18).


Formylation of N-arylpyrroles—general method


A solution of the appropriate N-arylpyrrole (3 mmol) in DMF
(5 cm3) was added to a solution of phosphoryl chloride (0.60 g,
3.9 mmol) in DMF (10 cm3). After stirring for 1 h a further portion
of phosphoryl chloride (0.60 g, 3.9 mmol) was added and stirring


continued for 1 h. The mixture was then poured onto crushed
ice, hydrolysed with sodium hydroxide solution (2 M, 25 cm3)
and then acidified to pH 6–7 with hydrochloric acid (2 M). The
mixture was then extracted with ether (3 × 25 cm3), the organic
extracts were washed with water (3 × 50 cm3) and dried (MgSO4).
TLC showed that formylation had occurred at both the 2- and
3-positions of the pyrrole ring, so the products were pre-adsorbed
onto silica and separated by dry-flash chromatography (10% ethyl
acetate–hexane: 5% gradient).


N-[2-(Benzyloxy)phenyl]pyrrole 3 (0.75 g, 3 mmol) gave 2-
formyl-N-[2-(benzyloxy)phenyl]pyrrole 5 (0.64 g, 77%), bp 114–
118 ◦C (3 Torr) (found: M+ 277.1103. C18H15NO2 requires M
277.1103); dH 9.49 (1H, s), 7.43–6.99 (11H, m), 6.42 (1H, dd, 3J 4.1
and 2.6) and 5.05 (2H, s); dC 178.97, 153.44 (quat), 136.17 (quat),
133.02 (quat), 130.98, 129.61, 128.27 (2CH), 127.99, 127.61,
126.55 (2CH), 120.87, 120.55 (quat), 113.61, 110.32 and 70.32
(CH2) (one CH overlapping); m/z 277 (M+, 15%), 248 (23), 158
(16) and 91 (100) and 3-formyl-N-[2-(benzyloxy)phenyl]pyrrole
7 (0.12 g, 15%), bp 145–150 ◦C (2 Torr), (found: M+ 277.1103.
C18H15NO2 requires M 277.1103); dH 9.81 (1H, s), 7.61 (1H, t, 3J
1.7), 7.41–7.25 (7H, m), 7.14–6.98 (3H, m), 6.76 (1H, dd, 3J 3.1
and 1.6) and 5.12 (2H, s); dC 185.32, 151.48 (quat), 135.84 (quat),
130.74, 129.13 (quat), 128.74, 128.42 (2CH), 127.87, 126.92 (quat),
126.68 (2CH), 125.52, 124.85, 121.40, 114.26, 107.60 and 70.68
(CH2); m/z 277 (M+, 75%), 186 (26), 158 (32), 92 (20), 91 (100)
and 65 (30).


N-[2-(Allylthio)phenyl]pyrrole 4 (0.75 g, 3 mmol) gave 2-formyl-
N-[2-(allylthio)phenyl]pyrrole 6 (0.57 g, 77%), bp 124–128 ◦C (2
Torr) (found: M+ 243.0713. C14H13NOS requires M 243.0718); dH


9.42 (1H, s), 7.42–7.39 (2H, m), 7.28–7.24 (2H, m), 7.13 (1H, dd, 3J
4.0 and 1.6), 6.95 (1H, m), 6.43 (1H, dd, 3J 4.0 and 2.6), 5.73 (1H,
m), 5.16–5.02 (2H, m) and 3.40–3.35 (2H, m); dC 178.70, 137.99
(quat), 135.02 (quat), 132.84 (quat), 132.64, 130.84, 129.26, 129.10,
128.05, 126.29, 120.64, 118.20 (CH2), 110.63 and 35.65 (CH2);
m/z 243 (M+, 43%), 214 (71), 174 (97), 173 (59), and 170 (100)
and 3-formyl-N-[2-(allylthio)phenyl]pyrrole 8 (0.18 g, 23%), bp
136–140 ◦C (3 Torr) (found: M+ 243.0726. C14H13NOS requires M
243.0718); dH 9.79 (1H, s), 7.46–7.23 (5H, m), 6.84 (1H, m), 6.73
(1H, dd, 3J 2.7 and 1.5), 5.68 (1H, m), 5.10–4.98 (2H, m) and 3.32
(2H, d, 3J 6.8); dC 185.29, 139.00 (quat), 132.74 (quat), 132.46,
130.46, 130.27, 128.82, 127.16 (quat), 126.85, 126.69, 124.94,
118.30 (CH2), 108.00 and 36.03 (CH2); m/z 243 (M+, 19%), 202
(84), 175 (19), 174 (100) and 173 (51).


Wittig reactions—general method


The appropriate 2-formyl-N-arylpyrrole (2 mmol) was dissolved in
dry methylene chloride (50 cm3). Methyl (triphenylphosphoranyli-
dene)acetate (0.736 g, 2.2 mmol) was added and the mixture was
then heated under reflux until TLC showed that all the aldehyde
had been consumed. The mixture was pre-adsorbed onto silica and
purified by dry-flash chromatography (10% ethyl acetate–hexane:
10% gradient).


2-Formyl-N-[2-(benzyloxy)phenyl]pyrrole 5 (0.554 g, 2 mmol)
(48 h) gave methyl 3-{N-[2-(benzyloxy)phenyl]pyrrol-2-yl}pro-
penoate 9 (0.300 g, 45%), bp 150–155 ◦C (0.05 Torr) (found: M+


333.1374. C21H19NO3 requires M 333.1364); dH 7.42–7.20 (8H, m),
7.10–7.06 (2H, m), 6.92 (1H, m), 6.84 (1H, m), 6.38 (1H, m), 6.03
(1H, m, 3J 15.8), 5.05 (2H, s) and 3.70 (3H, s); dC 167.97 (quat),
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153.71 (quat), 136.25 (quat), 133.74, 130.22 (quat), 129.71, 128.93,
128.29 (2CH), 128.05 (quat), 127.61, 127.30, 126.58 (2CH), 121.13,
114.10, 112.03, 111.73, 110.05, 70.31 (CH2) and 51.14 (CH3); m/z
333 (M+, 35%), 274 (12), 170 (34), 168 (23), 154 (23) and 91 (100).


2-Formyl-N-[2-(allylthio)phenyl]pyrrole 6 (0.486 g, 2 mmol)
(8 h) gave methyl 3-{N-[2-(allylthio)phenyl]pyrrol-2-yl}prope-
noate 10 (0.342 g, 60%), bp 145–150 ◦C (0.05 Torr) (found: M+


299.0984. C17H17NO2S requires M 299.0980); dH 7.41 (2H, m),
7.27–7.14 (3H, m), 6.85–6.80 (2H, m), 6.36 (1H, dd, 3J 3.3),
5.93 (1H, d, 3J 15.9), 5.81–5.64 (1H, m), 5.18–5.03 (2H, m),
3.67 (3H, s) and 3.40 (2H, d, 3J 6.6); dC 167.85 (quat), 137.36
(quat), 135.97 (quat), 133.08, 132.62, 129.88 (quat), 129.23, 128.88,
128.75, 127.04, 126.21, 118.24 (CH2), 112.48, 112.13, 110.33,
51.20 (CH3) and 35.40 (CH2); m/z 299 (M+, 41%), 258 (81),
226 (100), 199 (44), 198 (69), 197 (31), 186 (53), 167 (23) and
41 (22).


Flash vacuum pyrolysis experiments


The substrate was volatilised under vacuum through an electrically
heated empty silica tube (35 × 2.5 cm) and the products were
collected in a liquid nitrogen cooled U-tube, situated at the
exit point of the furnace. Conditions for the pyrolyses were
established in small-scale experiments in which the product(s) were
dissolved in a deuterated solvent and analysed immediately by 1H
NMR spectroscopy. The precursor, pyrolysis conditions [quantity
of precursor, furnace temperature (T f), inlet temperature (T i),
pressure range (P) and pyrolysis time (t)] and, where appropriate,
approximate yields are given.


FVP of methyl 3-{N-[2-(benzyloxy)phenyl]pyrrol-2-yl}propenoate
9


Methyl 3-{N-[2-(benzyloxy)phenyl]pyrrol-2-yl}propenoate 9
(0.204 g, 6 mmol) (T f 650 ◦C, T i 140–160 ◦C, P 0.005 Torr,
t 20 min), gave a number of products, only three of which
could be separated by dry-flash chromatography. The first
to elute was bibenzyl. The second was methyl (4H-5-oxa-9b-
aza-cyclopenta[a]naphthalen-4-yl)acetate 13 (0.006 g, 4%), bp
120–125 ◦C (0.05 Torr) (found: M+ 243.0879. C14H13NO3


requires M 243.0895); dH 7.33 (1H, m), 7.14 (1H, dd, 3J 2.9
and 4J 1.3), 7.05–7.00 (3H, m), 6.31 (1H, apparent t, 3J 3.2),
6.01 (1H, dt, 3J 3.5 and 4J 1.3), 5.61 (1H, apparent t, 3J 6.3),
3.76 (3H, s) and 2.99 (2H, m); dC 170.26 (quat), 144.88 (quat),
126.25 (quat), 126.09 (quat), 124.98, 122.31, 118.16, 114.90,
114.57, 110.48, 104.18, 70.26, 51.88 (CH3) and 38.72 (CH2);
m/z 243 (M+ 30%), 171 (13) and 170 (100). The third product
could not be isolated in a pure form but was identified as methyl
3-[1-(2-hydroxyphenyl)pyrrol-2-yl]propenoate 12 by comparison
with authentic data (see below); dH 7.06–6.99 (2H, m), 6.87 (1H,
m), 6.80 (1H, m), 6.35 (1H, t), 5.99 (1H, d, 3J 15.8) and 3.68 (3H,
s) two aryl protons, one alkenyl proton and OH not assigned; m/z
243 (M+).


2-Formyl-N-(2-hydroxyphenyl)pyrrole 14


Application of the general formylation procedure described above
to N-(2-hydroxyphenyl)pyrrole 1 gave, after dry flash chromatog-
raphy (15% ethyl acetate–hexane: 5% gradient), 2-formyl-1-(2-
hydroxyphenyl)pyrrole 14 (0.092 g, 25%), bp 134–139 ◦C (0.2


Torr) (found: M+ 187.0644. C11H9NO2 requires M 187.0633); dH


9.42 (1H, s), 7.39–6.94 (4H, m) and 6.46–6.25 (3H, m) (OH not
apparent); dC 178.40, 150.39 (quat), 131.16, 129.29, 127.26, 120.13,
116.98, 113.92 and 110.78 (two quaternaries not apparent); m/z
187 (M+, 100%), 170 (28), 159 (93), 158 (50), 131 (23) and 130 (55),
and 3-formyl-N-(2-hydroxyphenyl)pyrrole 15 (0.058 g, 16%), bp
150–155 ◦C (0.5 Torr), (found: M+ 187.0625. C11H9NO3 requires M
187.0633); dH 9.69 (1H, s), 7.72 (1H, t, 4J 1.8), 7.30–6.91 (5H, m)
and 6.76 (1H, dd, 3J 3.0 and 4J 1.8) (OH not apparent); dC 186.45,
149.91 (quat), 131.11, 129.03, 128.88 (quat), 128.06 (quat), 125.42,
124.78, 120.51, 117.41 and 108.68; m/z 187 (M+, 92%), 170 (40),
159 (100), 158 (60), 130 (32) and 94 (27).


Methyl 3-{N-(2-hydroxyphenyl)pyrrol-2-yl}propenoate 12 and
methyl (4H-5-oxa-9b-aza-cyclopenta[a]naphthalen-4-yl)acetate 13


2-Formyl-1-(2-hydroxyphenyl)pyrrole 14 (0.070 g, 0.37 mmol)
was dissolved in dry THF (50 cm3). Methyl (triphenylphos-
phoranylidene)acetate (0.38 g, 1.12 mmol) was added and the
mixture was then heated under reflux until TLC showed that
all the aldehyde had been consumed (36 h). The mixture was
pre-adsorbed onto silica (1 g) and purified by dry-flash chro-
matography (20% ethyl acetate–hexane: 5% gradient). This gave
two products: methyl (4H-5-oxa-9b-aza-cyclopenta[a]naphthalen-
4-yl)acetate 13 (0.031 g, 34%), bp 130–135 ◦C (0.1 Torr) (found: M+


243.0883. C14H13NO3 requires M 243.0895); dH 7.33 (1H, m), 7.15
(1H, dd, 3J 2.9 and 1.4), 7.09–7.00 (3H, m), 6.32 (1H, t, 3J 3.4),
6.02 (1H, dt, 3J 3.5 and 4J 1.3), 5.62 (1H, ddd, 3J 7.0 and 6.0,
4J 0.7), 3.77 (3H, s) and 3.00 (2H, m); dC 170.24 (quat), 144.85
(quat), 126.24 (quat), 126.07 (quat), 124.95, 122.28, 118.12, 114.91,
114.58, 110.51, 104.15, 70.25, 51.83 (CH3) and 38.72 (CH2); m/z
243 (M+, 30%), 171 (15) and 170 (100), and methyl 3-[N-(2-
hydroxyphenyl)pyrrol-2-yl]propenoate 12 (0.024 g, 27%), bp 145–
150 ◦C (0.1 Torr) (found: M+ 243.0887. C14H13NO3 requires M
243.0895); dH 7.33–7.12 (3H, m), 7.01–6.97 (2H, m), 6.87 (1H, m),
6.80 (1H, d, 3J 3.8), 6.38 (1H, t, 3J 3.0), 6.16 (1H, br), 5.97 (1H,
d, 3J 15.7) and 3.66 (3H, s); m/z 234 (M+, 10%), 241 (13), 227
(21), 226 (78), 213 (86), 198 (100), 197 (75) and 183 (56). These
data are consistent with those reported above for the pyrolysis
of 9.


FVP of methyl 3-{N-[2-(allylthio)phenyl]pyrrol-2-yl}propenoate
10


Methyl 3-{N-[2-(allylthio)phenyl]pyrrol-2-yl}propenoate 10
(0.250 g, 8 mmol) (T f 650 ◦C, T i 140–160 ◦C, P 0.001 Torr, t 20
min), gave one major product which was purified by dry-flash
chromatography (1% ethyl acetate–hexane: 10% gradient) and
identified as methyl pyrrolo[1,2-a]quinoline-4-carboxylate 17 (see
discussion) (0.084 g, 41%) bp 125–130 ◦C (0.2 Torr) (found: M+


225.0784. C14H11NO2 requires M 225.0790); dH (600 MHz,
[2H6]acetone, see Fig. 2 for atom labels) 8.11 (1H, dd, 3J 2.9 and
4J 1.5, proton B), 8.08 (1H, br. d, 3J 8.5, proton D), 7.87 (1H, s,
proton H), 7.83 (1H, ddt, 3J 7.8, 4J 1.4, nJ 0.7 and 0.7, proton
K), 7.63 (1H, ddd, 3J 8.5 and 7.2, 4J 1.4, proton L), 7.36 (1H,
ddd, 3J 7.8 and 7.2, 4J 1.1, proton G), 7.21 (1H, dd, 3J 3.9 and 4J
1.5, proton A), 6.83 (1H, dd, 3J 3.9 and 2.9, proton C) and 3.95
(3H, s); dC (150 MHz, [2H6]acetone, see Fig. 2 for atom labels)
165.5 (quat P), 134.8 (quat M), 131.1 (L), 130.8 (K), 127.9 (quat
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J), 125.2 (H), 124.5 (G), 122.3 (quat F), 121.0 (quat E), 115.0
(D), 113.7 (C), 113.6 (B), 105.6 (A) and 52.3 (CH3); m/z 225 (M+


100%), 194 (7), 168 (7), 167 (63), 166 (49), 140 (13) and 139 (12).


NMR spectroscopic analysis of 17


The NMR spectra were measured on [2H6]acetone solutions using
a Varian INOVA 600 MHz spectrometer operating at 599.9 MHz
for protons and 150.9 MHz for 13C nuclei.


The 2-D proton detected one-bond 1H–13C correlation
(HMQC) spectra were obtained using the sequence:11 Dl–90◦(1H)–
D2–180◦(1H); 180◦ (13C)–D2–90◦(1H)–D3–90◦(1H)–D2–90◦(13C)–
t1/2–180◦(1H)–t1/2–90◦(13C)–D2–AQ. The delays used were Dl =
1.5 s, D2 = 3.7 ms (1/2 1JCH) and D3 = 1 s (to minimise
signals from protons bonded to 12C nuclei). The experiment was
preceded by 64 dummy scans to establish thermal equilibrium. A
4-step phase cycle (hypercomplex acquisition) was used with 13C
broad band decoupling during acquisition of the proton signals.
Other parameters were SW(1H) = 5000 Hz; 2 K data points;
400 increments; SW(13C) = 20000 Hz, AQ = 0.205 s. The data
were processed using shifted sine-bell squared functions in both
dimensions with zero filling of the F1 data from 400 W to 1024 W
before transformation.


The 2-D INADEQUATE spectrum was obtained on a 40 mg
sample of 17 over a period of 64 h using the pulse sequence:12


Dl–90◦–D2–180◦–D2–90◦-t1–90◦–AQ, with a 16 step phase cycle
(absolute value mode) and where Dl = 1.3 s (relaxation delay),
D2 = 5.55 ms (1/4 1JCC), AQ = 0.3 s (acquisition time) and t1 is the
incremented delay. WALTZ-16 broad band proton decoupling was
employed during AQ. Other parameters were SW2 = 23000 Hz;
13 K data points; SWl = 40000 Hz; 128 FIDs each with 144
transients. The data were processed using optimized decreasing


exponential window functions in both dimensions with zero filling
of the F1 data from 128 W to 512 W.
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Stereoselective reductions of ketones to secondary alcohols are of the utmost importance in organic
synthesis. Very high selectivities are observed with traditional reducing agents, mainly based on boron
or transition metals, complexed with chiral ligands. Bioreductions mediated by intact cells from cut
plants, vegetables and fruits are attractive alternatives and could facilitate transition towards a more
biobased economy. This emerging area highlights the recent results obtained in the aqueous
bioreduction of prochiral ketones using carrot roots. The applications of this methodology to
asymmetric protonation, dynamic kinetic resolution and the synthesis of biologically relevant targets
are presented.


Asymmetric reduction of prochiral ketones is an essential transfor-
mation in organic synthesis, owing to the prevalence of secondary
alcohols in naturally and biologically active compounds. Enantios-
elective borane or metal-mediated reduction processes are among
the most efficient strategies to prepare chiral secondary alcohols.
An excellent p-facial selectivity can usually be obtained by the
fine tuning of the steric and electronic properties of the reducing
complex. Moreover, the predictable stereochemical outcome has
contributed to the success of these methods within the organic
synthetic community.
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France) and obtained his Doctorat en chimie organique in 1995 from the Université de
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In the context of developing green and sustainable chemical
processes as part of the transition towards a more biobased1


economy, biotechnologies are attractive alternatives. The role
of biotechnologies for the synthesis of bulky and fine organic
chemical substances is increasing considerably. A 2001 OECD
report estimates that 15 million tons of chemical specialities had
been produced via biocatalytic processes since 1998.2 A recent
market study predicts that in 2010, 60% of the fine chemical
products will be prepared by a biotechnology method (16% in
2001).3 Biochemical reductions performed in aqueous media have
traditionally involved isolated alcohol dehydrogenase (ADH) cou-
pled with a reduced nicotinamide cofactor (NADH or NADPH).4


The main advantages of these biocatalytic methods are the mild
reaction conditions used associated with a high stereoselectivity,
a broad substrate specificity and an easy recovery of the product
and disposal of the biological material. A limitation to these biore-
ductions is the necessity to recycle the oxidized cofactor during
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the reaction.5 Two modes of recycling were designed, involving
a single-enzyme or a coupled-enzyme system. Conceptually, the
single-enzyme system performs the redox transformation of the
couple oxidized cofactor/cosubstrate during the reaction, and is
therefore more convenient. The price of nicotinamide cofactors
associated with the necessity of their recycling has impeded their
development on a larger scale in the organic synthetic community.
Another limitation concerns the steric requirement of the carbonyl
derivative. Sterically demanding substrates are badly, if not at all,
recognized by traditional ADH.4a


Bioreductions mediated by growing or immobilized plant cell
cultures have been known for several decades.6 Recently, the
use of functionally intact cells (“whole plant cells”) obtained
directly from cut portions of plants has emerged. Highly chemo-
and stereoselective reductions were observed for endogenous
substrates as well as synthetic organic compounds in general. The
use of whole plant cells has many advantages. First of all, a large
array of taxonomically different plants is available at very low
cost from local markets. The whole cells also ensure the recycling
of the oxidized cofactors. Separation of the product from the
reaction mixture is very easily done by filtration/centrifugation
and the remaining biodegradable material could be disposed or
reused (vide infra). Moreover, the stereochemical outcome of the
bioreduction can be predicted based on a model proposed by
Prelog in 1964 for the reduction of prochiral ketones by the
micro-organism Curvularia falcata (Fig. 1).7 The hydride delivery
occurs to the re face of the carbonyl function from the reduced
nicotinamide cofactor when the large group L and the small
group S substitute the carbonyl as shown in Fig. 1.8 Anti-Prelog
selectivity was sometimes observed depending on the steric and
electronic nature of the substrate.9


Different plants have been studied for their alcohol dehy-
drogenase activity, for example celeriac (Apium graveolens L.),9


horseradish (Amroracia lapatifolia Gilib.),9 arracacha roots (A.
xanthorriza),10 carrot (Daucus carota L.). The latter showed the
broadest substrate scope and the highest enantioselectivity. This
highlight is intended to introduce the reader to the high synthetic
potential of Daucus carota L. (DC) mediated reduction of prochi-
ral ketones through the presentation of recent literature results.
The advantages and limitations of DC mediated bioreductions
will be discussed in light of results obtained using other reduction
strategies.


Daucus carota mediated reductions of representative aro-
matic, heteroaromatic and aliphatic ketones are presented in


Table 1.† For comparison, results obtained with Baker’s yeast
(Saccharomyces cerevisiae)11 and borane or metal-mediated reduc-
tions (Fig. 2) are included when available.


Fig. 2 Chemical reducing agents.


† Typical reduction of ketones with D. carota roots:12 Carrots were
obtained from a local market. The external layer was removed and the
rest was cut into small thin pieces (1 cm long slice). Ketones (100 mg) were
added to a suspension of freshly cut carrot root (10 g) in 70 mL of water
and the reaction mixtures were incubated in an orbital shaker at room
temperature. The suspension was then filtered off and the carrot root was
washed three times with water. Filtrates were extracted with ethyl acetate,
organic layers were dried on sodium sulfate, filtered and evaporated. The
crude products were purified by flash chromatography.


Fig. 1 Prelog model for bioreduction of prochiral ketones.7
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Table 1 Reduction of representative prochiral ketones by Daucus carota, Baker’s yeast and chemical reducing agentsa


Entry Substrate Product Conditions B/Sb Abs. Conf. Yield (%) Ee (%) Ref.


1 Daucus carota 11 S 73–100 92–100 12,13
Baker’s yeast 3 S 90 100 21
Method A — S 72 98 22


2 Daucus carota 55 S 95c >99 14
Helminthosporium — S 9 76 23
Method B — R 98 99 24


3 Daucus carota 11 S 100c >99 15
Baker’s yeast 155 S 67c 76 25
— — — — — —


4 Daucus carota 4.4 S 60 94 16
Baker’s yeast — — — — —
Method C — R 97 90 26


5 Daucus carota 11 S 58 95 12
Baker’s yeast 100 S 85 29 17
Method D — S 85 81 27


6 Daucus carota 11 S 50 90 12
Baker’s yeast 27 S n.d. 55 28
Method E — R 100c 97 29


7 Daucus carota 11 R 72 78 12
Baker’s yeast 9 R 35 62 30
Method E — S 100c 70 29


8 Daucus carota 11 S 38 87 12
Baker’s yeast 190 S 30 67 31
G. candidum 17 S 73 94 19
Method F — R 75 79 32


9 Daucus carota 100 S 80 99 20
Baker’s yeast S 15 32 33
Method G — R >95c 92.4 34


a Chemical reducing agents as shown in Fig. 2, methods A–G. b Biocatalyst to substrate ratio (dry weight). c Conversion.


Acetophenone is the most frequently encountered aromatic
ketone in bio- or metal mediated reduction studies. Daucus carota
roots performed very well. The corresponding (S) alcohol is
obtained in 73–100% yield with 92–100% enantiomeric excess
(Table 1, entry 1).12,13 Excellent enantioselectivity was also ob-
tained using fennel (Foeniculum vulgare) and marrow (Cucurbita
pepo) albeit with low yields (37 and 10% respectively).13 No
reduction was observed with aubergine (Solanum melongena),
cucumber (Cucumis sativus), white and red onion (Allium cepa),
garlic (Allium sativum) and radish (Raphanus sativus).13


Para-substituted acetophenones in general are reduced by
Daucus carota with high enantioselectivity, independently of the
electronic nature of the para-substituent (halo, nitro, methoxy,
hydroxy; ee = 91–96%) albeit at different rates (vide infra).12 Meta
and para-substituted aromatic thioethers are compatible with
Daucus carota mediated reduction as can be seen from Table 1,
entry 2.14 The corresponding benzyl alcohol is produced as a


single enantiomer. Aliphatic nitro moieties are also well tolerated
even though side products arising from Nef reactions have been
reported (Table 1, entry 3).15 Heteroaromatic ketones are good
substrates (Table 1, entry 4), 94% ee is obtained for the reduction
of 1-(1,3-thiazol-2-yl)ethanone to the corresponding (S) alcohol.16


2-Tetralone is known to be reduced with low enantioselectivity by
Baker’s yeast (Table 1, entry 5, 29% ee).17 In contrast, DC mediated
bioreduction led to the (S) alcohol in 58% yield and 95% ee.12


D. Carota reduction of b-ketoesters compares favourably with
the reduction mediated by Baker’s yeast (Table 1, entries 6 and
7) both in terms of yield and enantioselection.12 An anti-Prelog
selectivity is observed for entry 7, possessing a trifluoromethyl
substituant. In comparison, the corresponding trichloromethyl
group led to a Prelog-like selectivity (51%, 88% ee, not shown).12


A challenging substrate for asymmetric reduction is 2-butanone
(Table 1, entry 8).18 The slight difference in steric requirement
of the alkyl groups flanking the carbonyl function renders the
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selection of one enantiotopic face difficult. However, Daucus
carota is able to discriminate between these two faces and (S)
butan-2-ol is obtained with an impressive 87% ee.12 The only
other efficient biocatalytic method employs non commercially
available G. candidum IFO 4597 with NAD+ as a coenzyme and
2-propanol as an additive.19 a-Ketoesters are also reduced with an
impressive level of enantioselectivity (Table 1, entry 9), although
at the expense of longer reaction times and higher B/S ratios.20 As
a general trend, Daucus carota mediated bioreductions necessitate
lower B/S ratios and are more enantioselective than Baker’s yeast
reductions.


Chemical reducing agents (Fig. 2) perform very well in terms
of enantioselectivity. However a lower enantiomeric excess is
generally obtained compared to the bioreduction process (Table 1,
entries 1 to 9).35 The main advantages of the asymmetric chemical
reducing agents are shorter reaction times and possible access
to the two enantiomers of the chiral ligand, thus allowing
straightforward synthesis of both enantiomers of the desired
product.


Scheme 1 Diastereoselective reduction of (±)-1.36


Racemic a-substituted ketones have been evaluated in Daucus
carota mediated bioreductions. No specific match/mismatch effect
from the adjacent stereocenter have been observed, as can be seen
from the reduction of 2-methylcyclohexanone (±)-1 (Scheme 1).36


At 100% conversion, an equal amount of enantiopure cyclohex-
anols 2 and 3 were recovered in 75% yield. Reduction occurs only
from the re-face of the prochiral ketone, independently of the
configuration of the a-methyl-substituted stereocenter.


The a-substituted ketone 1 can also be obtained by hydrolysis
of the corresponding enol acetate 4, followed by asymmetric
protonation of enol 5 (Scheme 2).13 Among a large array of
plants, results obtained with Daucus carota roots were the most
promising. After two hours, ketone 1 was obtained in 89% yield
with 45% ee (in favor of the (S)-enantiomer). As in Scheme 1,
a diastereospecific reduction of the resultant enantioenriched
cyclohexanone occurred, exclusively from the re-face. After 24 h at
room temperature, cyclohexanol 3 was obtained in 75% yield with
100% ee thanks to this domino sequence. Stereoselective synthesis
of the (S)-configured ketone 1 was also possible, using Oxalis
tuberosa tuber (72 h, 44%, 99% ee). Reduction of the resulting
prochiral carbonyl group occurred in a highly diastereoselective
fashion from the si-face, leading to cis-alcohol 2 in 56% yield and
100% ee.


When the adjacent substituent is an hydroxy group, an
equilibrium is established between the hydroxyketone and the
corresponding enolic form 7, thus constantly epimerizing the a-
stereocenter of the substrate (Scheme 3, eqn a).36a Submitted to
bioreduction with Daucus carota, the (S)-enantiomer is converted
faster than the (R)-enantiomer, leading to a 2 : 1 ratio of


Scheme 2 Asymmetric protonation by D. carota coupled with diastereoselective reduction.13


Scheme 3 Dynamic kinetic resolution of (±)-2-hydroxycyclohexanone 6 and b-ketoesters 10 and 13.12,36
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Scheme 4 Synthesis of (R)-(−) denopamine using a D. carota mediated reduction of azidoketone 16.38


C2-symmetric : meso cyclohexan-1,2-diols 9 and 8. A more efficient
dynamic kinetic resolution36b system was studied by Yadav et al.
with cyclic b-ketoesters 10 and 13 (Scheme 3, eqn b).12 Reduction
of the (R)-enantiomer is considerably faster than reduction of the
(S) one, leading to the b-hydroxyester 12 and 15 in 60–63% yield
and 97–98% ee. Hydride delivery occurs from the re-face of the
carbonyl group, following Prelog’s rule.8


These easy-to-perform asymmetric DC bioreductions are ac-
companied by several limitations, concerning both the conver-
sion and the stereoselectivity. Long reaction times and large
biocatalyst to substrate (B/S) ratios are sometimes required
since the organic substrate might modify or disrupt the cellular
system, thus impeding a synthetically useful conversion. A drop
in conversion is usually observed when the recovered biomaterial
is subjected to a second reduction reaction.12 Recent efforts to
overcome this limitation have been reported by Chênevert in
2005 using Daucus carota highly branched roots, obtained by
natural genetic transformation.16 The corresponding intact cells
showed a higher biochemical stability allowing six consecutive
reuses in the reduction of acetophenone without erosion of the
enantioselectivity (>98%). Moreover, the B/S ratio could be
lowered to 4.4, a very low figure compared to Baker’s yeast
mediated reductions. Substrate specificity is also more pronounced
with Daucus carota than with Baker’s yeast. Para-substitution
of acetophenone with an electron donating group can slow
down dramatically the reduction rate, highlighting the sensitiv-
ity of bioreduction kinetics to electronic effects.15,37 Moreover,
ortho-substituted acetophenones are badly recognized and poor
conversions are generally obtained.14,37 On the stereoselectivity
standpoint, two main limitations have appeared. The Prelog-
like selectivity usually observed in these bioreductions could
be problematic if the other absolute configuration is required.
Moreover, several oxidoreductases of Daucus carota might come
into play, with their own intrinsic selectivities, thus complicating
the prediction of the stereochemical outcome of the reduction
reaction.8


To date, few applications of Daucus carota mediated reduc-
tions to the synthesis of biologically active compounds have
been disclosed. Yadav38 reported a short synthesis of (R)-(−)
denopamine,39 a selective b1-adrenergic agonist which stimulates
alveolar fluid clearance, using a Daucus carota reduction of a-


azidoketone 16 as a key step (Scheme 4). The corresponding
benzylic alcohol 17 is obtained as a unique enantiomer in good
yield. Hydrogenation reaction followed by acylation with acyl
chloride 19 led to amide 20 in 88% yield. Two subsequent steps
afforded (R)-(−) denopamine in enantiopure form.


Conclusions


Intact cells from cut portions of plants can mediate useful
asymmetric transformations. For example, Daucus carota L.
bioreduction of prochiral ketones offers new possibilities to the
synthetic organic chemist in terms of simplicity and efficiency.
This emerging methodology could also simplify environmental
issues raised by the traditional use of borane or metal-mediated
asymmetric reduction reactions. Future work in this area should
be devoted to the current limitations concerning conversion
and stereoselectivity. A better understanding of the underlying
biochemical mechanism would also be of interest.
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The lithium enolate of (2S,3S,5S,6S)-dimethoxy-2,3-di-
methyl-1,4-dioxane-5,6-dithiocarboxylate 8 undergoes stere-
oselective mono- and/or dialkylations to afford two new stere-
ogenic centers. The alkylation products obtained possessed a
cis stereochemistry, which was confirmed by the synthesis of
natural 4′-O-methylpiscidic acid dimethyl ester 2.


(+)-Piscidic acid 1 is one of the constituents of the hypnotic and
narcotic extracts of Piscidia erythrina L. (Jamaica dogwood) and
is equally a component of the antitussic extracts isolated from
Dioscorea nipponica, a medicinal plant used for treating chronic
bronchitis.1,2 Piscidic acid 1 and O-methylpiscidic acid have been
shown to be linked to phosphorous uptake in pigeon peas, Cajanus
cajan (L.) Millsp., an important crop in India.1,2 Furthermore, a
commercial remedy for the reduction of menopausal symptoms
is based upon an extract of dried Cimicifuga racemosa rhizome,
which, among other compounds, contains the closely related
piscidic and fukiic acid 3 esters.3 4′-O-Methylpiscidic acid dimethyl
ester 2 has been isolated from Narcissus poeticus L.1,2 and the
glucoside loroglossin 4 is a characteristic constituent of orchids.4


Structurally related eucomic acid 5 has been isolated from the
bulbs of Eucomis punctata L’Hérit.2
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bDepartamento de Quı́mica e Bioquı́mica, Faculdade de Ciências, Univer-
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procedures and spectroscopic data for all new compounds. See DOI:
10.1039/b606362b


Most of these structures can be seen basically as alkylated
tartaric acid derivatives and although several syntheses of these
compounds have been reported,1,2,4 the work of Seebach5 is notable
for its concise approach. They reported the alkylation of isopropy-
lidene protected tartaric acid esters 6 and isolated a mixture of the
monoalkylated products. The major diastereoisomer, 7, obtained
by this approach, did not have the stereochemistry of natural
piscidic acid and was therefore not a precursor for its synthesis
or that of stereochemically related natural analogues.


Tartaric acid is an abundant versatile chiral small building block
for the asymmetric synthesis of natural products.6 The dioxane
8, readily available from tartaric acid,7 has a rigid structure and
undergoes stereoselective aldol reactions possibly via a dienolate.8


We predicted that the lithium enolate of (2R,3R,5R,6R)-
dimethoxy-2,3-dimethyl-1,4-dioxane-5,6-dithiocarboxylate 8
would undergo stereoselective mono- or dialkylations to afford
new stereogenic centers. If the dienolate was involved then this
acetal would provide a chiral memory. It was also expected that
this would provide us with the correct stereochemistry for the
synthesis of the natural product 4′-O-methylpiscidic acid dimethyl
ester 2,1,2 intermediate for the synthesis of (+)-piscidic acid 1.1,2


Other natural products of the same family, such as fukiic acid 3
and its esters,1–3 loroglossin 44 and eucomic acid 52 could also
be available using the same methodology. The synthesis of the
well characterised ester 2 would provide a way of confirming the
stereochemical outcome of the alkylation reactions.


Alkylation of the lithium dienolate of 8 afforded mono and
dialkylated products (Table 1). The degree of alkylation was
dependent upon the nature and reactivity of the halide used
and thus the proportion of monoalkylated and/or dialkylated
compounds obtained. The effect of the size of the halide, the
amount of reagent, the presence of HMPA, and the reaction
temperature and time were also studied and Table 1 represents
a selection of alkylation reactions which gave significant results.
HMPA was essential for the successful outcome of the reaction
and although DMPU could also be used, the yield of alkylated
product was lower and the product was more difficult to purify.


Alkylation with MeI afforded the dialkylated product 9 ex-
clusively (Table 1). Our assignment of the cis stereochemistry
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Table 1


Eq. LDA Halide
Eq.
halide Product/yield (%)


2.2 MeI 5 9 (99)
2.2 5 10 (62)


1.5 1.5 11 (82)


2.2 1.5 12 (65)


2.2 5 13 (7), 14 (50)


2.2 3 15 (62)


2.2 BnBr 3 16 (60)


a) HMPA, THF, −78 ◦C to 0 ◦C, 2 h.


was based upon the non-equivalence of the methyl groups in
the NMR spectrum, indicating that the molecule no longer had
C2-symmetry. To further prove that we had the cis dimethylated
product, cleavage of the acetal afforded a meso diol with a rotation
of zero. This dialkylation is further proof of the formation of a
dienolate and of its higher reactivity since Seebach could only
alkylate with more reactive alkyl halides.5


Interestingly, no traces of monomethylated products were
found, even when the reaction was not complete. The same
reaction conditions were reproducible on a larger scale.


Alkylation using 1-bromo-2-butyne afforded a 62% yield of the
monoalkylated compound 10 (Table 1). No dialkylated product
was detected even when 5 eq. of the halide were used. With the
more bulky halides, such as benzyl bromide and 4-methoxybenzyl
bromide, no dialkylated products were ever formed. With propar-
gyl bromide 7% of the cis dialkylated product was obtained,
however when trying this reaction with a small excess of the
halide (1.5 eq.), a considerable amount of starting material
was recovered. Interestingly, alkylation with allyl iodide afforded
the C2 symmetric trans diallylated product 15 as seen by the
equivalence of protons in the NMR spectrum.


The obtention of the cis product with methyl iodide and the trans
product with allyl iodide, could be explained by the bulkyness of


the alkyl iodide (Fig. 1). The steric hindrance exerted by an alkyl
group in the second alkylation of the monoenolate is much larger
for the allyl group than the methyl group, as seen in the structures
depicted in Fig. 1. The first allyl group can block the attack from
the same side and thus the second allyl group enters trans to the
first. When the installed group is a methyl, the steric hindrance of
the thioester group prevails, the second methyl group entering cis
to the first one.


Fig. 1


Steric hindrance also played an important role in the second
alkylation of monobenzylated derivative 16 (Scheme 1). It was
possible to introduce a methyl group in good yield (82%) to furnish
a non-symmetrically dialkylated product 17. We only can assume
that it is the trans product since the installed benzyl group is bulky.
However, it was not possible to introduce a second benzyl group
to the monobenzylated compound indicating that the size of the
electrophilic species is also a limiting factor.


Scheme 1 a) LDA, HMPA, Mel, THF, −78 ◦C/0 ◦C, 82%.


The absolute stereochemistry of the monoalkylated products
needed confirmation and to resolve this problem we attempted a
synthesis of the natural compound 2.


Monoalkylated product 11, [a]D
20 −14.3 (0.44, CHCl3), (Table 1)


was further transformed, to the enantiomer of natural product
ent-2, [a]D


20 −43.9 (0.86, CHCl3) (isolated natural product, [a]D
24


+44 ± 2, c = 0.60, CHCl3;2 synthesised product, [a]D
25 +46 ± 2, c =


1.01, EtOH2), as indicated by the opposite optical rotation for the
natural compound. Using ent-8 from D-tartaric acid, natural 1 and
2 were obtained (Scheme 2).


Thus, alkylation of dithioester ent-8 afforded ent-11, [a]D
20


+15.0 (1.2, CHCl3), as expected. Hydrolysis of the bis-acetal
with TFA and water afforded diol 18 in excellent yield (98%).
Transesterification with MeONa in MeOH was also accomplished
in high yield (95%) and the compound obtained was indeed the
natural product 2, [a]D


20 +42.8 (1.02, CHCl3) (isolated natural
product,2 [a]D


24 +44 ± 2, (c = 0.60, CHCl3); synthesised product,
[a]D


25 +46 ± 2, (c = 1.01, EtOH). Transesterification of the bis-
acetal ent-11 was very slow (>24 h), but the transesterification
of hydroxyester 18 was much faster (15 min). In this way, we
concluded that the stereochemistry of the monoalkylated products
was syn, whereas Seebach5 obtained the anti-product 19.
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Scheme 2 a) LDA, 4-methoxybenzyl bromide, HMPA, THF,
−78 ◦C/0 ◦C, 82%. b) TFA, CH2Cl2, H2O, D, 98%. c) MeONa, MeOH,
rt, 95%.


In order to introduce the isobutyl group present in loroglossin
4, alkylation of the dioxane ent-8 was carried out using 3-bromo-
2-methylpropene (Scheme 3) to afford ent-12, [a]D


20 +41.2 (2.37,
CHCl3), in good yield (65%).


Hydrolysis of the acetal gave diol 20 quantitatively, and
transesterification afforded the dimethyl ester 21. The double
bond was saturated using H2/Pd/C 10%, under 50 atm, and
the nucleus of loroglossin 22 ([a]D


20 +41.8 (0.29, CHCl3), lit.
[a]D +43 (CHCl3)4) was thus obtained in 88% yield (Scheme 3).
Further transformation to the p-(b-D-glucopyranosyloxy)phenyl
esters would afford loroglossin 4.


All attempts to introduce a protected 3,4-dihydroxybenzyl
group, in order to prepare fukiic acid 3 by a simple alkylation
were surprisingly unsuccessful, due to the instability of 3,4-
dibenzyloxybenzyl bromide and 3,4-dimethoxybenzyl bromide,
under the reaction conditions. The synthesis of eucomic acid 5
from 2 has already been described.2


In summary, we report the stereoselective mono- and dialkyl-
ation of the tartrate derivative 8, the efficiency of which was shown
to be principally dependent upon the nature of the halide em-
ployed. This reaction was used as the key step for a short synthesis


Scheme 3 a) LDA, 3-bromo-2-methylpropene, HMPA, THF,
−78 ◦C/0 ◦C, 65%. b) TFA, CH2Cl2, H2O, D, 99%. c) MeONa,
MeOH, rt, 90%. d) Pd/C 10%, AcOEt, 50 atm, 88%.


of 4′-O-methylpiscidic acid dimethyl ester 2, and in the formal
syntheses of piscidic acid 1, loroglossin 4 and eucomic acid 5.
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