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This paper describes the preparation and use of conjugates of porphyrins and bile acids as ligands to
bind to tumor expressed saccharides. Bile acid–porphyrin conjugates were tested for recognition of
saccharides that are typically present on malignant tumor cells. Fluorescence microscopy, in vitro PDT
cell killing, and PDT of subcutaneous 4T1 mouse tumors is reported. High selectivity for saccharide
cancer markers and cancer cells was observed. This in vivo and in vitro study demonstrated high
potential use for these compounds in targeted photodynamic therapy.


Introduction


Recently, a slight decline in the incidence of cancer has been
achieved worldwide, but still long-term mortality rates remain
high. For successful therapy, early diagnosis of cancer plays
the key role.1 For decades, the microscopy of biopsy samples
has represented the principal diagnostic method. However, this
method suffers from subjectivity and limited ability to detect the
early events of cancer.2 To fulfil the demand for earliest possible
diagnostics, new modern tools have to be found and applied. It
is well known that when a tumor is detected, certain changes at
the molecular level have already occurred. The main goal of the
new diagnostic approaches is to recognize these changes as early
as possible. This recognition can be based on a specific interaction
of diagnostic agents with suitable molecular partners; cancer
biomarkers. Biomarkers (e.g., proteins, polysaccharides, or nucleic
acids) are important molecular signatures of cell phenotype,
and they can be used for specific detection and recognition
of particular cell types. Since oncogenic transformations are
accompanied by morphological changes of the cells and the
related expression of genes and proteins, the cell signature changes
during cancer development as well. By reading these changes
accurately, we can improve the early detection and diagnosis of
a specific form of cancer. Optimal recognition for diagnostic or
therapeutic agents preferably uses biomarkers (targets), which are
overexpressed on all tumor cells but not present on the normal
cells, and are required for cell survival or critical functions.
The recognition component of a diagnostic agent can also be
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used for the effective enhancement of drug delivery systems.
At present, many biomarkers of cancers have been identified.1,3


High levels of glycosylation of glycoproteins and glycolipids
are one of many molecular changes that accompany malignant
transformations.4 This phenomenon includes overexpression of
the cell surface polysaccharides (heparan sulfate,5 polysialic acid,6


hyaluronic acid7), oligosaccharides, and modification of the sur-
face receptors (e.g., sialylation of glycolipids).4,8 These changes
are characteristic for cancer cells and can protect them from
immune surveillance and chemotherapeutic agents, and enhance
their metastatic capacity.9 Many studies have shown a correlation
between higher glycosylation degrees and poor prognosis of
cancer. For instance, a general increase in sialylation10 can lead
to the decline of clinical state, metastasis and poor prognosis.
On the other hand, desialylation11 of tumor cells decreases tumor
malignancy and inhibits tumor growth. Suppression of glucan
synthesis targets the decrease of tumor growth.4 For detection
of saccharides various probes have been successfully utilized.12


Changes in glycosylation of specific glycoproteins associated with
tumor appearance can be monitored using a specific recognition of
cancer cells by a monoclonal antibody. Changes in the localization
and relative abundance of carbohydrate species on cell surfaces
can be monitored with the aid of specific carbohydrate binding
proteins, such as lectins.13 Lectin histochemistry has been utilized
to identify modulation of the expression of sialic acid on human
cervical carcinomas.12


Chemical probes for specific saccharide recognition are under
continuous development. They are based on a wide variety of
chemical structures; in particular boronic acids14,15 have been
extensively studied.


Chemoprobes designed for recognition of cancer saccharide
receptors have been described. Yang et al. prepared fluorescent
diboronic acid probes for specific determination of cancer cells
with overexpressed sialyl Lewis X carbohydrate.16,17 Lectins and
lectin-based probes18,19 use a hydrophobic cavity for saccharide
recognition.


In our experience,20–26 an effective probe designed for saccharide
sensing in aqueous solutions should have a hydrophobic binding
domain, which in our design has been created by the array of
conjugated aromatic groups. This domain plays an important
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part in the interaction, especially if the recognition of oligo-
or polysaccharides is required, as these compounds can have
hydrophobic parts.12 Our strategy in the construction of the
saccharide probes is based on a hydrophobic cavity, represented by
a porphyrin core, decorated with the saccharide binding groups,
steroidal macrocyclic substituents.


We reported earlier several saccharide binding ligands. The
general design is based on multiple binding modes generated by
introduction of recognition groups on porphyrin scaffold, which
serves as chromophoric sensing unit.


Our designed ligands are based on a wide variety of chemi-
cal structures, e.g. binaphthols,20–22 phosphonates,23,24 steroids,25


boronic acids14,15 and porphyrin-cryptand systems.26 Thus anionic
porphyrin phosphonates (bis and tetrakis) were reported for
mono- and oligosaccharide binding in water;23,24 also a corre-
sponding porphyrin sulfonated for polysaccharide binding was
reported by our group.27 Another set of interesting ligands was
created with 1,1′-binaphthyl peripheral substitution of a porphyrin
macrocycle, and mono- and oligosaccharide binding in aque-
ous environment was reported with selectivity for oligosaccha-
rides.20–22


Novel steroid meso-substituted porphyrin derivative was pre-
pared; synthetic strategy was based on the application of novel
steroid aldehyde precursors for the synthesis of porphyrin skeleton.
The ligand combines advantages of steroids, which are responsible
for saccharide binding, and of the porphyrin moiety acting as a
signaling component of the probe, due to changes in UV-visible
electronic spectra. Selectivity for complexation of saccharides was
reported.25


We have reported bisporphyrin ligands with multiple binding
sites for oligosaccharides.26 Two macrocyclic porphyrin sandwich
systems have been prepared and examined as saccharide recep-
tors. The cyclic porphyrin-cryptand conjugates bind saccharides
efficiently in highly competitive media with a preference for
trisaccharides, probably due to a complementary topology of
hydrophobic and hydrophilic solvating regimes with respect to
the sugar guests.26


Inspired by natural ligands for selective saccharide complex-
ation, we have designed and prepared simple water-soluble lan-
thanum and europium complexes, which proved to be effective for
detection of neutral sugars as well as glycolipids and phospho-
lipids. At physiologically relevant pH the fluorescent lanthanum
complex binds neutral sugars with apparent binding constants
comparable to those of arylboronic acids.28 Detection of sialic
acid was achieved.29


We have described the interactions of two water-soluble
metallotexaphyrins, containing coordinated lutetium(III) and
gadolinium(III) cations, with uronic acids (D-galacturonic and
D-glucuronic acids), and neutral (amylose, galactan) and an-
ionic (pectate, alginate) polysaccharides studied using UV-VIS
titrations.30


Recently, we have reported porphyrin–bile acid conjugates,
where, for water solubility reasons, quaternary ammonium linkers
have been embedded into their structures.31 We reported a binding
study for simple mono- and disaccharides.31


Here we describe the binding study of porphyrin–bile acid con-
jugates 1–4 (Fig. 1) with biologically important saccharides with
possible application for cell surface recognition. This represents
a novel alternative to classical approach based on a well-known


Fig. 1 Synthetic ligands 1–5


Fig. 2 Titration curve of 1 with heparan sulfate. Plots denote measured
data points. The solid line is a calculated curve. Concentration of porhyrin
1 is 1.6 lM.


principle using specific monoclonal antibodies (MABs) for cancer
cell recognition.


Results and discussion


Specificity of reported porphyrin probes for biologically relevant
oligosaccharides was tested in an environment, in which our
probes do not aggregate. The binding results are reported for mixed
solvent: 30% MeOH–water (Table 1, Fig. 2).


We have also tested the behaviour of our porphyrins under
physiological conditions, namely in the presence of glucose. The
binding study clearly showed that we could selectively detect
cancer markers in the presence of monosaccharides, namely
glucose (Fig. 3 and 4), while we have not seen any interaction
with proteins, namely HSA.


The outcome of binding studies showed that the probes have
a high potential to recognize various oligosaccharides under
physiological conditions. Here, we demonstrate that they can
be used for selective fluorescence detection of transformed cells
expressing highly glycosylated markers.


Table 1 Log Ks-values and stoichiometry (porphyrin : saccharides) of
complexes of 1–5 with saccharides (errors < 20)


Saccharide
Stoichiometry
of complex 1 2 3 4 5


Glucose 1 : 1 5.7 5.7 5.7 5.8 2
Sialic acid 1 : 1 5.7 5.8 5.8 5.8 4.3
Hyaluronic acid 1 : 1 5.4 7.0 6.6 5.1 5.7


1 : 2 11 12 11 11 12
1 : 1 7.0 7.7 8.3 9 7.0


Heparan sulfate 1 : 2 13.1 14.4 7.4 16 13
2 : 3 26 29 30 33 —
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Fig. 3 UV-VIS spectra of porphyrin–bile acid conjugate 1 in the
presence of 1 mM glucose, pH = 7.4. Saccharide cancer markers were
supplemented 24 h after dissolving of 1. Concentration of porphyrin is
1.6 lM. Concentration of markers is 0.1 mM.


Fig. 4 UV-VIS spectra of porphyrin–bile acid conjugate 2 in the
presence of 1 mM glucose, pH = 7.4. Saccharide cancer markers were
supplemented 24 h after dissolving of 2. Concentration of porphyrin is
1.6 lM. Concentration of markers is 0.1 mM.


We used compound 5 as a control molecule for recognition
of difference in binding and therapeutic properties of a simple
cationic porphyrin and of tested cholic acid porphyrin conjugates.
Binding affinities and selectivities of 1–4 have been studied with
three saccharides (heparan sulfate, hyaluronic acid, and sialic
acid), which are expressed on tumor cells. Because the tested
markers are negatively charged and our ligands are cationic com-
pounds, control binding experiments (ruling out simple coulombic
interaction) using parental cationic porphyrin without cholic acid
substituents (compound 5) were included. For control porphyrin
5 we have not observed oligosaccharide binding selectivity.


All saccharides, especially heparan sulfate, showed high binding
affinities for 1–4 as can be seen from Table 1 (where log Ks is
the binding constant) in contrast to control compound 5. The
particularly high binding affinity of heparan can be explained by
the high negative charge of the heparan sulfate unit.


After the in vitro binding studies of saccharides with probes 1–
5 were determined, the selectivity of the probes for transformed
cells was tested. Initial experiments were undertaken to assess their
ability to recognize the surface of tumor cells. Various cell lines
when incubated with 0.5–1.0 lM bile acid–porphyrin conjugates
(1–4) showed distinct intracellular fluorescence (Fig. 5A), while no
fluorescence was detected with control compound 5 (Fig. 5C). The


potential of bile acid-porphyrin probes to selectively recognize and
accumulate in cells with transformed phenotype is demonstrated
using ligand 2 as an example. The transformed cells (PRRSBL,
CEF/RSV, and SW480) display a bright cytoplasmic fluorescence,
whereas their untransformed counterparts (murine and chicken
embryo fibroblasts, 3T3 and CEF respectively, and normal colon
epithelial cells, FHC), treated under identical conditions show
minimal fluorescence (Fig 5B). At studied concentration range
compounds 1 and 2 were not toxic to the cells incubated in
darkness, but after irradiation the transformed cells exhibited high
level of cell death (Fig 6).


The type of cell death was concentration and light dose
dependent. At low doses (0.5 lM, 4.3 J/cm2) cells died mainly
via apoptosis, while at higher doses necrosis also took place. In
contrast, untransformed cells treated under identical conditions
remained viable.


Importantly, the intracellular uptake of these porphyrin deriva-
tives is an active process requiring energy since it can be inhibited
by temperature switch to 0 ◦C. Prevalent lysosomal localization
of porphyrins suggests that the uptake is most likely mediated
by endocytosis pathway(s). The involvement of receptor-mediated
endocytosis is currently under investigation.


Next, the photodynamic therapy (PDT) efficacy was tested in
vivo using BALB/c mice with mammary carcinoma. Various time
intervals between porphyrin conjugate application (intravenous
injection) and light irradiation (100 J/cm2) were tested (Fig. 7,
and Table 2). The highest efficiency of PDT was found at a 2 h
interval. Control porphyrin 5 was very toxic to mice therefore these
results are not shown.


Conclusions


Analysis of DNA fragmentation and other apoptotic markers
revealed, that mechanism of PDT using porphyrin-cholic acid
conjugates 1–4 is a combination of apoptosis and necrosis.


In conclusion, this paper combines results from oligosaccharide
binding studies, cancer cell line selective recognition and in vivo
PDT examination. This work clearly proves that cholic acid-
porphyrin conjugates are preferentially taken up by transformed
cells and can be used for selective ablation of tumors by PDT. High
efficiencies of cholic acid-porphyrin conjugates in in vivo and in
vitro targeted PDT were observed.


Experimental section


Synthesis of 1–5


Compounds 1–5 were prepared as we described previously.31,32


Determination of binding constants of 1–5 with saccharides


The association of 1–5 with saccharides was studied using UV-
Vis spectroscopy according to the method reported previously.31


Binding constants (Ks) were calculated from absorbance changes
of the porphyrin using Soret band maximum (DA) by nonlinear
regression using the program Letagroup spefo 2005. Because
polymer chains have various lengths, the Ks values of 1–5
with polysaccharides were calculated using a polysaccharide
concentration defined by the concentration of each repeated
disaccharide unit.
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Fig. 5 Cellular localization pattern. (A) Fluorescence images of cancer cells (A431NS, HeLaS3, 4T1) treated with 1, 2, 3, and 4. (B) Comparison of
transformed (tumor) cells (PRRSBL, CEF-RSV, SW480) stained by 2 and their untransformed counterparts (3T3, CEF, FHC). (C) Fluorescence and
phase contrast images of cells treated with 5.


Fig. 6 Phototoxicity of porphyrin conjugates 1, 2 and 5.


Cell lines


Cell lines, 4T1 (mouse mammary carcinoma), HeLaS3 (human
cervical carcinoma), A431NS (human epidermoid carcinoma),
and FHC (normal colon epithelial cells), used in this study were


Fig. 7 Effect of porphyrin 1- and 2-mediated PDT on the growth of
subcutaneous mouse mammary carcinoma 4T1 at 2 h time interval between
the drug administration (5 mg/kg) and irradiation (100 J/cm2).


obtained from American Type Culture Collection (Manassas,
VA) and were propagated in the recommended media (Sigma),
with 10% fetal calf sera (PAA Laboratories, Linz, Austria) and
other suggested additives at 37 ◦C in a humidified 5% CO2


atmosphere. PRRSBL (murine sarcoma cell line induced33 by
RSV), SW480 (human colorectal adenocarcinoma), and NIH3T3
(murine embryo fibroblast) were obtained from Dr E. Sloncová


Table 2 PDT reduction of tumour volumes by cholic acid–porphyrin
conjugates at various time intervals between porphyrin application and
irradiation


Time of dwell 1 2


2 h 0.51 0.98
8 h 0.85 0.38


24 h 0.63 0.43
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(IMG, Czech Rep.). CEFs (chick embryo fibroblasts) were pre-
pared from 11-day-old embryos and maintained in culture in
Dulbecco’s Modified Eagle’s Medium supplemented with 5% FCS
and 2% chick serum (Sigma). To make CEF-RSV cells, cultures
of fibroblasts were transformed by the Prague C (Pr–C) strain of
Rous sarcoma virus (RSV) carrying v-src oncogene and used for
experiments 10 days after infection.


Microscopic studies


Cells grown on coverslips in 35-mm Petri dishes were incubated
with 0.5–1 lM bile acid-porphyrin conjugates 1–4 in the complete
culture medium at 37 ◦C overnight. To remove the loosely bound
sensitizer, the cells were rinsed with PBS, re-fed with fresh medium
without phenol red, and incubated for 1 h at 37 ◦C. Bile acid-
porphyrin stock solutions were freshly prepared in DMSO for each
experiment and the final DMSO concentration in culture did not
exceed 0.1%. Fluorescence was monitored live under a fluorescence
microscope (Leitz DM IRB, Leica) equipped with digital camera
DFC 480 (Leica) using a 100× oil immersion objective and Leica
filter cube N2.1 (excitation filter BP 515–560 nm and long pass
filter LP 590 nm for emission).


In vitro photosensitization and cell death determination


Cells 3T3 and PRRSBL (4 × 105) seeded in 35 mm dishes were
grown overnight at 37◦C, 5%CO2. Bile acid-porphyrin derivatives 1
and 2, and control 5 were added to the cells at a final concentration
of 0–1 lM, and then the cells were incubated for 16 h before
irradiation. Cells were rinsed with PBS, re-fed with fresh medium
without phenol red for 1 h and then illuminated by a 75 W
halogen lamp with a band pass filter (Andover, Salem, NH, USA)
with resulting wavelength 500–510 nm. The fluence rate at the
level of cell monolayer was 0.7 mW cm−2 and total light dose
was 4.3 J cm−2. Following irradiation, the viability of post-PDT
cultures was determined next day by the Trypan blue exclusion
method. Control ‘dark’ experiments (without illumination) were
performed in parallel.


In vivo experiments


BALB/c mice were subcutaneously transplanted with 4T1 mam-
mary carcinoma cells as described before.34 When the tumor
mass reached a volume of 200–300 mm3 (about 7–10 days after
transplantation) mice were injected with porphyrin conjugates
(5 mg kg−1, intravenous injection) in a volume of 0.1 mL per
20 g mice, and 2, 8 or 24 hours later the tumor area (2 cm2) was
irradiated by 500–700 nm xenon lamp ONL 051 (maximum at
635 nm, Preciosa Crytur, Turnov, Czech Republic) with a total
impact energy of 100 J cm−2 and fluence rate of 200 mW cm−2.
Control group represented mice without drug application. Each
experimental group consisted of five mice. All aspects of the animal
experiment and husbandry were carried out in compliance with
national and European regulations and were approved by the
institutional committee.
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Volka, Tetrahedron, 2005, 61, 5499–5506.


33 V. Sovova, H. Fidlerova, D. Trnka and E. Sloncova, Folia Biol. (Praha),
1994, 40, 291–299.


34 J. Kralova, A. Synytsya, P. Pouckova, M. Koc, M. Dvorak and V. Kral,
Photochem. Photobiol., 2006, 82, 432–438.


1552 | Org. Biomol. Chem., 2008, 6, 1548–1552 This journal is © The Royal Society of Chemistry 2008








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


Synthesis and evaluation of novel pyridine based PLG tripeptidomimetics†


Stina Saitton,‡a,b Andria L. Del Tredici,c Maria Saxin,a,b Tobias Stenström,b Jan Kihlberg‡b and
Kristina Luthman*a


Received 21st November 2007, Accepted 11th February 2008
First published as an Advance Article on the web 17th March 2008
DOI: 10.1039/b718058f


Analogues of the pyridine based PLG (Pro-Leu-Gly-NH2) peptidomimetic 1 were synthesized and
evaluated as dopamine modulating agents. Modifications in the position corresponding to the leucine
side chain in PLG afforded derivatives 2, 3 and 4, substituted with H, Me and Bn instead of the isobutyl
group, respectively. Changes in the proline residue produced derivative 5, substituted with a
symmetrical piperidine ring instead of the pyrrolidine ring and 6, in which the pyrrolidine ring is
connected to the pyridine ring via a hydroxymethyl group instead of a keto function. The
peptidomimetics were tested for their ability to enhance the maximal effect of N-propylapomorphine
(NPA) at dopamine D2 receptors in the functional cell-based R-SAT assay. Compounds 2, 3, and 4,
produced a statistically significant increase in the maximal NPA response at 10 nM (117 ± 6%, 118 ±
6%, and 116 ± 3%, respectively), which is similar to the effect of PLG in this assay, whereas 5 was able
to potentiate the response to a similar extent at 1 nM concentration (115 ± 5%). All derivatives
produced a bell-shaped dose–response curve and none of the compounds were active at the D2 receptor
alone, which indicates that the mechanism behind the activity of both the pyridine based mimetics 1–6
and PLG is the same. Interestingly, L-Pro-D-Leu-Gly-NH2 was found to be more potent than PLG and
produced a 119 ± 1% increase in the NPA response at 1 nM.


Introduction


PLG (Pro-Leu-Gly-NH2) is an endogenous peptide found in the
central nervous system.1 It is known to exert its pharmacological
effect(s) through the modulation of dopamine D2 receptors.2,3


Previous studies have shown that PLG enhances the effect of
dopamine agonists at D2 receptors in a biphasic dose-dependent
manner to give a bell-shaped dose–response curve.4 A number
of active PLG mimetics, ranging from peptide analogues5–12 to
constrained peptidomimetics,5,13–23 have been presented in the
literature. Recently, we reported the development of a 2,3,4-
substituted pyridine scaffold for tripeptidomimetics and its use in
the synthesis of 1, a potent PLG mimetic as found in the functional
R-SAT assay (Fig. 1).24


In this study, peptidomimetics 2–6 were designed in order to
further investigate the structural requirements for the dopamine
modulating effects of compounds based on the pyridine scaffold
(Fig. 2). Studies using peptide analogues and peptidomimetics
of PLG have shown that variations in the side chain of the
leucine residue can have a profound effect on the mimicking
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ability.8,18,21 Therefore, the synthesis and evaluation of compounds
2, 3 and 4, in which the isobutyl side chain of leucine was replaced
with a hydrogen, a methyl or a benzyl group, respectively, was
undertaken. Modifications in the proline residue of PLG have
also been shown to have a significant influence on the activity
of PLG analogues.7 Two analogues of 1 with modified proline
residues were investigated, the achiral piperidine derivative 5 and
the alcohol 6.


Fig. 1 PLG and the pyridine based peptidomimetic 1.


Fig. 2 Synthesized and evaluated analogues of 1.
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Results and discussion


Synthesis


Tripeptidomimetics 2, 3, 4 and 5 were synthesized according to
a previously published strategy for 1.24 The synthesis is based
on a functionalized pyridine scaffold with the side-chain of the
second amino acid of the tripeptide attached to the 3-position of
the pyridine ring, and with fluorine and iodine as handles in the
neighboring 2- and 4-positions, respectively (Fig. 3). The N- and
C-terminal residues are attached to the functionalized scaffold via
a Grignard reaction utilizing the iodine handle, and a nucleophilic
substitution reaction of fluorine, respectively.


Fig. 3 Building blocks for assembly of the pyridine based peptidomimet-
ics 2, 3 and 4.


The synthesis of the PLG mimetics with modifications in the
Leu-residue, compounds 2, 3 and 4, is described in Scheme 1.
The functionalized scaffolds 7a–c were synthesized from 2-fluoro-
pyridine in 71–89% yield as previously described.25 Attachment
of Boc-protected proline aldehyde via a Grignard reaction using
iPrMgCl to accomplish an iodine–magnesium exchange in the 4-
position of the pyridine ring proceeded in 80–86% yield. To allow
careful control of each reaction step using NMR-spectroscopy
the diastereomeric alcohols of 8c (dr 1 : 9, calculated on isolated
yields) were separated, and the reaction sequence continued with
the major isomer. As no problems were identified in the synthesis
of ketone 4 it was considered most efficient to avoid separation
of the diastereomeric alcohols in the synthesis of the H- and Me-


Scheme 1 Synthesis of mimetics 2, 3 and 4 modified at the residue corre-
sponding to leucine. Reagents and conditions: (i) iPrMgCl, Boc-Pro-CHO,
THF, rt; (ii) BnBr, NaH, cat. Bu4NI, THF, rt; (iii) glycolamide, KH,
DMSO, 55 ◦C; (iv) H2, cat. Pd/C, THF or EtOAc, rt; (v) Dess–Martin
periodinane, CH2Cl2, rt; (vi) TFA, CH2Cl2, rt.


derivatives 2 and 3. Thus, in the synthesis of 8a and 8b, the isomeric
mixtures were not separated and the subsequent four reaction steps
were performed on the diastereomeric mixtures.


Protection of the secondary alcohols as benzyl ethers was
accomplished by reaction with sodium hydride and benzyl bro-
mide to provide 9a–c in 77–87% yield. Introduction of the C-
terminal glycolamide moiety was performed using KH as the
base in DMSO at 55 ◦C, in a nucleophilic aromatic substitution
reaction. The reaction proceeded in good to moderate yield for the
methyl- and benzyl-derivatives to afford 10b and 10c (80 and 53%,
respectively). A different reactivity was observed for 9a which lacks
a substituent ortho to the site of substitution. Here the reaction
with glycolamide was found to be complete after only two hours, as
compared to days for the other derivatives, and two products, the
wanted 10a and the byproduct 13 were isolated in almost equal
amounts, 43% and 48%, respectively. Attempts to improve the
selectivity by performing the reaction at a lower temperature (room
temperature) were not successful. The formation of a byproduct
resulting from the nucleophilic attack of the amide instead of
the alcohol functionality has previously been reported for the
corresponding 3-methallyl derivative when the reaction was run
at a higher temperature (80 ◦C).24 However, the selectivity barrier
for 9a seems to be considerably lower than for the 3-substituted
derivatives.


The secondary alcohols 10a–c were deprotected by catalytic
hydrogenation with Pd/C to afford 11a–c in 74–98% yield. Oxi-
dation of the secondary alcohols using Dess–Martin periodinane
in CH2Cl2 provided 12a–c in 61–86% yield. Also in this step, the
unsubstituted derivative 12a was found to differ from the others.
When allowing the reaction to run overnight, 12a was isolated
in a poor 21% yield from a mixture with the 2-pyridone 14. The
formation of this byproduct could however be avoided simply by
shortening the reaction time to one hour, whereby the yield of
12a was improved to 61%. In the final step, Boc-deprotection of
the pyrrolidine nitrogen was accomplished by treatment with 25%
trifluoroacetic acid in CH2Cl2 for 5–7 minutes, which allowed 2, 3
and 4 to be isolated in 53–83% yield after purification by reversed-
phase preparative HPLC. During the characterization of the TFA
salt of 2 by NMR spectroscopy in MeOH-d4, it was found to
exist in equilibrium between the keto and enol tautomers. The
formation of the enol could actually be followed during the 1H
NMR spectral analysis, where the peaks corresponding to the
enol form increased in intensity over time at the expense of the
keto isomer, until an approximately 1 : 1 ratio was obtained.
By analysis of the free amine in CDCl3, no keto isomer could
be detected, instead an equilibrium between the E- and Z-enol
isomers was observed. This finding was also supported by the lack
of optical activity of 2. The reason for this unusual behavior of
the unsubstituted derivative has not been studied in more detail,
but a possible explanation could be that the lack of a substituent
at the 3-position of the pyridine ring permits coplanarity between
the keto–enol functionality and the aromatic ring which favors
formation of an enol. The 3-substituted derivatives 3 and 4 did
not show the same tautomerization in a polar solvent. The optical
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activity of the methyl derivative 3 was followed over time in MeOH,
and it was found to be stable over 3 days at [a]D = −37.


Aldehyde 16, required for the synthesis of peptidomimetic 5,
was obtained from N-Boc-isonipecotic acid by reduction to the
alcohol 15 (81% yield) followed by oxidation with Dess–Martin
periodinane (82% yield) (Scheme 2). The aldehyde was used
directly in the subsequent Grignard reaction. The synthesis of
5 was accomplished via a route similar to that described for 2–4
above (Scheme 3).


Scheme 2 Synthesis of N-Boc-isonipecotic aldehyde 16. Reagents and
conditions: (i) isobutylchloroformate, N-methylmorpholine, NaBH4, THF,
−20 ◦C; (ii) Dess–Martin periodinane, CH2Cl2, rt.


Scheme 3 Synthesis of mimetic 5 with a modified residue corresponding
to proline. Reagents and conditions: (i) iPrMgCl, 16, THF, rt; (ii) BnBr,
NaH, cat. Bu4NI, THF, rt; (iii) glycolamide, KH, DMSO, 55 ◦C; (iv) H2,
cat. Pd/C, rt; (v) Dess–Martin periodinane, CH2Cl2, rt; (vi) TFA, CH2Cl2,
rt.


Peptidomimetic 6 was synthesized in 56% yield from the
corresponding Boc-protected alcohol24 by treatment with TFA–
CH2Cl2 as described above.


Pharmacology


The PLG mimetics synthesized were evaluated in the R-SAT
assay, a pharmacologically predictive cell-based functional assay
based on the ligand-dependent transformation of NIH/3T3 cells
as previously described.24,26 The compounds were tested for their
ability to enhance the maximum response of the dopamine agonist
N-propylapomorphine (NPA) at the human D2 receptor (Fig. 4).
All derivatives showed a bell-shaped dose–response curve. A
statistically significant enhancement of the NPA response was
produced by compounds 2 (117 ± 6%), 3 (118 ± 5%) and 4
(116 ± 3%), all at 10 nM. These activities were comparable to
the enhancement produced by PLG in the R-SAT assay (115 ±


6% at 10 nM).24 Compound 5 was found to produce its highest
effect at 1 nM (115 ± 5%), whereas the response by compound 6
was not statistically significant due to its large variability (114 ±
7%; p >0.05). In addition to the synthesized compounds, the
peptide L-Pro-D-Leu-Gly-NH2 (23) was evaluated as a dopamine
potentiator and found to produce a significant enhancement in the
NPA response at both 0.1 nM (116 ± 3%) and 1 nM (119 ± 1%)
(Fig. 4).


Fig. 4 Potentiation of the NPA response at the D2 receptor by mimetics
2, 3, 4, 5, 6 and 23. Data represent the percentage of the maximum NPA
response for NPA alone, achieved in the presence of the respective mimetic.
Shown is the average and standard error of between three and ten separate
experiments, each carried out 12 times. Paired t-tests indicate significant
differences from the values for NPA alone (* = p <0.05; ** = p <0.01). #


n = 1.


Compounds 1–6 were also tested for agonist activity at the
D2 receptor. The dopamine agonist NPA was used as a positive
control. None of the peptidomimetics were active at the D2
receptor at concentrations between 0.01 and 10 lM. The results
for mimetics 1, 5 and 6 are shown in Fig. 5.


Fig. 5 Agonist activity of 1, 5 and 6 and the reference compound NPA
at the D2 receptor.


All of the evaluated pyridine based PLG mimetics produced
bell-shaped dose–response curves, and none were active as agonists
at the dopamine D2 receptor. These findings suggest that the
mechanism behind the activity of peptidomimetics 1–6 and PLG
is the same. However, the functional assay that has been used in
this study gives no information regarding the binding site(s), so it
is not known whether peptidomimetics 1–6 bind to the same site
at the D2 receptor as PLG, or not.


Earlier studies with peptide analogues of PLG modified at the
leucine residue have shown that a hydrophobic residue in this
position is a prerequisite for activity.8 Substitution of the isobutyl
group of PLG with benzyl or n-butyl afforded derivatives with
activities comparable to that of PLG in enhancing the binding
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of the dopamine agonist ADTN to dopamine receptors, whereas
substitution with smaller alkyl moieties, propyl or ethyl, yielded
inactive analogues. This trend cannot be found in our series of
pyridine based PLG mimetics. The differences among 1, 2, 3, and
4 are too small to enable a ranking based on their activities, and
they are therefore considered to be of equal potency. It can be
speculated that the pyridine scaffold itself might be able to interact
with a hydrophobic pocket in the receptor, thereby reducing the
importance of such an interaction by the side chain moiety.
However, attention should also be given to the racemization of
2 via keto–enol tautomerism and the possibility that the two
enantiomers differ in activity.7


Earlier studies have shown that the proline residue of PLG
can be quite sensitive to structural modifications. For example, a
peptide analogue with a thiazolidine-4-carbonyl group instead of a
proline residue was found to be inactive, whereas the pyroglutamyl
derivative of PLG showed an activity comparable to that of
the parent peptide.7 In our series, the activity of the piperidine
derivative 5 is considered most interesting since it shows that
significant changes in the proline moiety can be accepted in the
pyridine based PLG mimetics. It is also the only pyridine based
PLG mimetic that is active at 1 nM, where the increase in the
NPA response was similar to that produced by PLG at 10 nM. In
analogue 5, the symmetrical piperidine ring makes the compound
achiral, which simplifies synthetic and stability considerations.
Also, the nitrogen atom in the 4-substituted piperidine ring
of 5 is positioned quite differently from the nitrogen atom in
the 2-substituted pyrrolidine ring of 1. The acceptance of this
replacement by the PLG binding site adds interesting information
to the discussion about the bioactive conformation of PLG, which
has been postulated in several studies to be a type II b-turn.13–17


In the previous study of mimetic 1, we concluded that 1 could
not adopt a type II b-turn conformation, and speculated about
the possibility of an extended conformation as a second bioactive
conformation of PLG.24 This hypothesis has been suggested by
others,5 and is supported by the activity of 5, which is predicted
to adopt extended conformations to an even greater extent than
1, due to the 180◦ constraint imposed by the para-relationship
of the peptide backbone through the piperidine ring. Alcohol
6 produced an enhancement of the NPA response that was not
statistically significant and no conclusions about the outcome of
the bioisosteric replacement of the keto-functionality of 1 with an
alcohol in 6 can therefore be drawn.


In the design of the pyridine scaffold, it was noticed that the
direction of the side chain moiety that is attached to the 3-position
of the pyridine ring, was close to the direction of a D-amino acid in
the corresponding position of the parent peptide. The established
ability of mimetic 1 to mimic the action of PLG therefore suggested
that the PLG diastereomer L-Pro-D-Leu-Gly-NH2 (23) could be
active as a dopamine modulator. Although several tripeptide
derivatives have been evaluated as PLG mimetics, most with an L-
configuration in the second amino acid moiety,8 to our knowledge
no 2D-isomer of an 2L-dopamine modulating active tripeptide has
been reported. The hypothesis of the pyridine scaffold as an L-D-L


tripeptidomimetic, was therefore challenged by the inclusion of
L-Pro-D-Leu-Gly-NH2 (23) in our test series. Most interestingly,
23 was found to be more potent than PLG, and produced a
similar response at 1 nM as PLG did at a 10 nM concentration
(Fig. 4).


Conclusion


Five novel PLG mimetics based on a 2,3,4-trisubstituted pyridine
scaffold have been synthesized and four of them, plus the peptide
L-Pro-D-Leu-Gly-NH2, were found to have dopamine modulatory
activity in the R-SAT assay comparable to (2, 3, and 4), or
higher (5 and 23), than PLG. None of the mimetics showed any
agonistic activity at the D2 receptor, and all produced bell-shaped
dose–response curves similar to that of PLG. These findings
suggest a similar mechanism behind the activity of both PLG and
the pyridine based peptidomimetics 1–6 and provide additional
information towards the elucidation of the bioactive conformation
of PLG.


Experimental section


Chemistry. General data


All chemical reagents were commercially available. THF was
distilled from potassium/sodium. TLC analysis was performed
on silica gel F254 (Merck) and detection was carried out by
examination under UV light and staining with phosphomolybdic
acid. After work-up, all organic phases were dried with MgSO4.
Flash column chromatography was performed on silica gel with
solvent of HPLC grade or analytical grade. Analytical reversed-
phase HPLC was performed on a Beckman System Gold HPLC
equipped with a Kromasil C-8 column (250 × 4.6 mm) using
acetonitrile (0.1% TFA) in H2O (0.1% TFA), 0–100% linear
gradient over 60 minutes. A flow-rate of 1.5 mL min−1 was used
and detection was at 254 nm. Preparative reversed-phase HPLC
was performed on a Kromasil C-8 column (250 × 20 mm) using
the same eluent, a flow rate of 11 mL min−1 and detection
at 254 nm. Chiral HPLC chromatography was performed on
a Pirkle Covalent (S,S)-Whelk-O 1 10/100 Krom Fec column
using CH2Cl2–iPrOH–heptane (48 : 4 : 48) as the eluent, a flow
rate of 1.0 mL min−1 and detection at 254 nm. Melting points
were determined on a Büchi melting point apparatus and are
uncorrected. Specific rotations were measured on a Perkin-Elmer
model 343 polarimeter. 1H and 13C NMR spectra were recorded on
a Bruker DRX-400 spectrometer at 400 and 100 MHz, respectively,
and calibrated using the residual peak of solvent as an internal
reference (CDCl3 [CHCl3 dH 7.26, CDCl3 dC 77.0] or CD3OD
[CD2HOD dH 3.34, CD3OD dC 49.0]) or DMSO-d6 [dH 2.50, dC


39.52]. Infrared spectra were recorded using an ATI Mattson
Infinity Series FTIR spectrometer. High-resolution mass spectral
analysis was performed at Instrumentstationen, Lund University,
Sweden. Compounds 7a,27 7b,27 7c,25 8b25 and 1725 were synthesized
as reported earlier. The tripeptide 23 was commercially available
(Bachem). Data on compounds 3, 5, 6, 9b, 10b, 11b, 12b, 15, 16,
18, 19, 20, 21, and 22 and selected NMR-spectra are presented in
the ESI†.


General procedure for the Grignard coupling reactions to produce
8a, 8c and 18. The pyridine derivative (1.0 eq.) was dissolved in
freshly distilled THF and isopropyl magnesium chloride (1.0 eq.)
was added as a 2.0 M solution in THF. The reaction was allowed
to stir for 1–2 h at room temperature under a nitrogen atmosphere,
before the aldehyde (1.0 eq.) was added as a solution in THF. The
reaction was stirred overnight before it was quenched by the
addition of H2O and extracted with diethyl ether. The combined
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organic phases were washed with brine, dried and concentrated to
yield a crude oil, which was purified as specified below.


(1R,1S)-[(2S)-1-tert-Butoxycarbonylpyrrolidin-2-yl]-1-(2-fluoro-
pyridin-4-yl)-methanol (8a). The general procedure applied to
pyridine derivative 7a (0.50 g, 2.24 mmol) and Boc-Pro-CHO in
THF (5 mL, total volume) yielded a crude oil, which was purified
by flash chromatography using CH2Cl2–MeOH–heptane (5 : 1:
10) as the eluent to afford 8a (0.53 g, 80%) as a colorless oil:
1H NMR (CDCl3) (mixture of isomers) d 8.17–8.12 (m, 1H),
7.17–7.11 (m, 1H), 6.97–6.91 (m, 1H), 6.12 (br s, 0.8H), 5.44
(br s, 0.2H), 5.24–4.51 (m, 1H), 4.30–3.79 (m, 1H), 3.69–3.18 (m,
2H), 2.06–1.57 (m, 4H), 1.60–1.35 (m, 9H); 13C NMR (CDCl3)
(mixture of isomers) d 163.79 (d, J = 239 Hz), 157.75 (br), 157.40
(d, J = 7 Hz), 147.20 (d, J = 14 Hz), 119.98, 107.89 (d, J =
39 Hz), 80.98, 76.37 (br), 63.21, 62.88, 47.59, 28.85, 28.48, 28.27,
27.84, 23.70; IR (neat) 3391 (br), 2974, 2938, 2887, 1690, 1668,
1613, 1409 cm−1; HRMS (FAB) calcd for C15H22FN2O3 [M + H]+


297.1614, found 297.1612.


(1R,1S)-(3-Benzyl-2-fluoro-pyridin-4-yl)-1-[(2S)-1-tert-butoxy-
carbonylpyrrolidin-2-yl]-methanol (8c major and 8c minor). The
general procedure applied to pyridine derivative 7c (0.94 g,
3.0 mmol) and Boc-Pro-CHO in THF (15 mL, total volume)
yielded a crude oil, which was purified by flash chromatography us-
ing heptane–EtOAc (6 : 1) as the eluent to afford the diastereomers
8c major (0.57 g, 74%) and 8c minor (62 mg, 8%) as pale yellow oils:
8c major: 1H NMR (CDCl3) d 8.11 (d, 1H, J = 5.0 Hz), 7.33–7.11
(m, 6H), 6.23 (br s, 1H), 4.84 (dd, 1H, J = 9.0, 2.6 Hz), 4.23–
4.03 (m, 3H), 3.46–3.33 (m, 1H), 3.27–3.18 (m, 1H), 1.90–1.44 (m,
4H), 1.52 (s, 9H); 13C NMR (CDCl3); d 162.60 (d, J = 239 Hz),
159.67, 154.90 (br), 145.68 (d, J = 16 Hz), 138.64, 128.64, 128.24,
126.49, 120.51, 120.32 (d, J = 30 Hz), 81.29, 76.41, 73.94, 63.42,
47.62, 30.64, 28.69, 23.76; IR (neat) 3317, 2976, 2932, 2882, 1658,
1606, 1404, 1163; HRMS (FAB) calcd for C22H28FN2O3 [M + H]+


387.2084, found 387.2084; [a]D +22 (c 1.0, CHCl3). 8c minor: IR
(neat) 3356, 2976, 2881, 2360, 1679, 1607, 1401, 1256, 1164, 1114;
[a]D −48 (c 1.0, CHCl3); HRMS (FAB) calcd for C22H28FN2O3


[M + H]+ 387.2084, found 387.2083.


General procedure for the benzyl protections to produce 9a, 9b,
9c and 19. The alcohol (1.0 eq.) was dissolved in THF and
stirred while NaH (1.5 eq.) was added carefully, followed by benzyl
bromide (1.5 eq.) and tetrabutylammonium iodide (0.05 eq.). The
reaction was stirred at room temperature overnight before it was
quenched by the addition of NH4Cl (aq., sat.) and extracted with
diethyl ether. The combined organic phases were washed with
brine, dried and concentrated to yield a crude oil, which was
purified as specified below.


4-[(1R,1S)-Benzyloxy-1-((2S)-1-tert-butoxycarbonyl-pyrrolidin-
2-yl)-methyl]-2-fluoro-pyridine (9a). The general procedure
applied to alcohol 8a (0.37 g, 1.24 mmol) in THF (5 mL) yielded
a crude oil, which was purified by flash chromatography using
EtOAc–heptane (1 : 10) as the eluent to afford 9a (0.37 g, 77%,
diastereomeric mixture) as a colorless oil: 1H NMR (CDCl3)
(mixture of isomers) d 8.22–8.13 (m, 1H), 7.38–7.20 (m, 5H),
7.16–7.04 (m, 1H), 7.02–6.88 (m, 1H), 5.20–5.07 (m, 0.5H),
4.87–4.75 (m, 0.5H), 4.68–4.75 (m, 2.7H), 3.99–3.82 (m, 0.3H),
3.62–3.17 (m, 1.3H), 2.96–2.77 (m, 0.7H), 2.12–1.85 (m, 2H),
1.85–1.31 (m, 10H), 1.07–0.87 (m, 1H); 13C NMR (CDCl3)


(mixture of isomers) d 164.20 (d, J = 239 Hz), 163.99 (d, J =
239 Hz), 155.99, 154.94, 154.65, 154.37, 153.99, 147.81, 147.63,
147.47, 147.16, 137.78, 137.46, 128.43, 127.96, 127.75, 127.46,
120.25 (d, J = 3 Hz), 119.38 (d, J = 3 Hz), 108.08 (d, J =
37 Hz), 107.15 (d, J = 38 Hz), 79.99, 79.76, 79.45, 79.35, 78.54,
72.55, 72.33, 72.05, 71.59, 62.38, 60.49, 60.26, 47.42, 47.19, 46.96,
46.81, 28.46, 26.29, 25.58, 25.32, 24.55, 24.42, 23.59, 22.91; IR
3065, 3031, 2974, 2880, 1692, 1611, 1567, 1453, 1369, 1273,
1172, 1085 cm−1; HRMS (FAB) calcd for C22H28FN2O3 [M + H]+


387.2084, found 387.2087.


3-Benzyl-4-[benzyloxy-1-((2S)-1-tert-butoxycarbonyl-pyrrolidin-
2-yl)-methyl]-2-fluoro-pyridine (9c). The general procedure
applied to alcohol 8c major (0.75 g, 1.9 mmol) in THF (5 mL)
yielded a crude oil, which was purified by flash chromatography
using EtOAc–heptane (1 : 4) as the eluent to afford 9c (0.62 g,
87%) as a brownish viscous oil: 1H NMR (CDCl3) (rotamers) d
8.18–8.04 (m, 1H), 7.44 (s, 1H), 7.39–7.02 (m, 10H), 5.11 (br s,
0.5H), 4.78 (br s, 0.5H), 4.48–3.89 (m, 5H), 3.59–2.92 (m, 2H),
2.11–1.75 (m, 2H), 1.76–1.04 (m, 11H); 13C NMR (CDCl3) d
162.51 (d, J = 240 Hz), 155.32, 152.94, 145.48, 145.29, 145.05,
144.89, 138.80, 138.35, 137.73, 137.41, 128.62, 128.30, 127.52,
126.45, 122.08, 120.61, 79.73, 78.15, 71.41, 60.72, 46.89, 30.14,
28.47, 28.15, 25.94, 24.01, 23.33; IR (neat) 2957, 2923, 2855, 1690,
1389, 1258, 1091, 1014 cm−1; [a]D −20 (c 1.0, CHCl3); HRMS
(FAB) calcd for C29H33FN2O3 [M + H]+ 477.2553, found 477.2554.


General procedure for the nucleophilic substitution reactions to
produce 10a, 10b, 10c and 20. Glycolamide (5.0 eq.) was dissolved
in DMSO (pre-dried with 4 Å molecular sieves, 1


2
of the total


volume) and KH (5.0 eq.) was added carefully. After a few minutes,
the evolution of gas stopped and the pyridine derivative (1.0 eq.)
was added as a solution in DMSO ( 1


2
of the total volume). The


reaction was stirred at the temperature, and for the time, specified
below before it was quenched by the addition of NH4Cl (aq., sat.)
and extracted with CH2Cl2. The combined organic phases were
washed with brine, dried and concentrated to yield a crude oil,
which was purified as specified below.


2-{4-[(1R,1S)-Benzyloxy-1-((2S)-1-tert-butoxycarbonyl-pyrro-
lidin-2-yl)-methyl]-pyridin-2-yloxy}-acetamide (10a). The gen-
eral procedure was applied to pyridine derivative 9a (0.33 g,
0.85 mmol) in DMSO (2.5 mL total volume). The reaction was
stirred at 55 ◦C for 2 hours. The work-up procedure yielded a crude
oil, which was purified by flash chromatography using EtOAc–
heptane (1: 1, then 2 : 1) as the eluent to afford the diastereomers
10a (0.16 g, 43%) and the byproduct 13 (0.18 g, 48%) as colorless
oils: 10a: 1H NMR (CDCl3) (mixture of isomers and rotamers) d
8.15–8.07 (m, 1H), 7.39–7.23 (m, 5H), 7.06–6.97 (m, 0.2H), 6.94–
6.77 (m, 1.8H), 6.42 (br s, 1H), 5.96 (br s, 1H), 5.13–4.95 (m, 0.5H),
4.83 (s, 2H), 4.79–4.70 (m, 0.5H), 4.68–3.82 (m, 3H), 3.59–2.78 (m,
2H), 2.11–1.66 (m, 3H), 1.58–1.32 (m, 9H), 1.11–0.90 (m, 1H);
13C NMR (CDCl3) (mixture of isomers and rotamers) d 171.70,
162.32, 162.14, 154.73, 154.46, 154.31, 153.90, 153.14, 152.95,
152.14, 151.83, 146.90, 146.75, 146.56, 146.30, 138.04, 137.91,
137.55, 128.31, 128.22, 127.66, 127.45, 127.30, 127.13, 117.07,
116.13, 109.12, 108.20, 79.96, 79.70, 79.42, 79.17, 78.65, 72.11,
71.91, 71.62, 71.21, 64.39, 62.29, 62.17, 60.37, 60.15, 47.27, 46.97,
46.81, 46.59, 28.35, 26.14, 25.43, 25.27, 24.40, 24.29, 23.52, 23.43,
22.79; IR 3332, 3061, 2976, 2881, 1682, 1613, 1560, 1417, 1306,
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1164, 1119, 1061 cm−1; HRMS (FAB) calcd for C24H32N3O5 [M +
H]+ 442.2342, found 442.2345. 13: 1H NMR (CDCl3) (mixture of
isomers and rotamers) d 9.51–9.39 (m, 1H), 8.41–8.27 (m, 1H),
8.26–8.16 (m, 1H), 7.39–7.25 (m, 5H), 7.19–6.99 (m, 1H), 6.41–
5.75 (br s, 1H), 5.10–3.84 (m, 6H), 3.57–2.83 (m, 2H), 2.12–1.81 (m,
2H), 1.79–1.29 (m, 10H), 1.14–0.96 (m, 1H); 13C NMR (CDCl3)
(mixture of isomers and rotamers) d 170.89, 170.65, 154.91, 154.54,
154.13, 153.06, 152.36, 151.84, 150.95, 150.88, 150.79, 147.38,
147.04, 146.88, 146.72, 137.92, 137.64, 128.43, 128.33, 128.22,
127.77, 127.59, 127.47, 119.00, 117.90, 113.14, 112.15, 112.06,
80.34, 79.99, 79.82, 79.63, 79.31, 79.15, 72.26, 72.05, 71.81, 71.39,
62.46, 62.28, 62.11, 60.61, 47.37, 46.95, 46.69, 28.45, 28.37, 26.35,
25.62, 25.35, 24.75, 24.29, 23.65, 22.93; IR 3370, 3063, 2976, 2881,
1682, 1566, 1519, 1403, 1169, 1080 cm−1; HRMS (FAB) calcd for
C24H32N3O5 [M + H]+ 442.2342, found 442.2342.


2-{3-Benzyl-4-[benzyloxy-1-((2S)-1-tert-butoxycarbonyl-pyrro-
lidin-2-yl)-methyl]-pyridin-2-yloxy}-acetamide (10c). The gen-
eral procedure was applied to pyridine derivative 9c (0.42 g,
0.88 mmol) in DMSO (12 mL total volume). The reaction was
stirred at room temperature for one week and at 55 ◦C for one day.
An additional 5 eq. of pre-reacted glycolamide and KH were
added and the reaction was stirred for 5 days at 55 ◦C. The
work-up procedure described above yielded a crude oil, which
was purified by flash chromatography using EtOAc–heptane (1 :
1) as the eluent to afford recovered starting material (0.10 g, 24%),
and 10c (0.25 g, 53%) as a white foam: [a]D −10 (c 1.0, CHCl3);
1H NMR (CDCl3) (rotamers); d 8.14–8.04 (m, 1H), 7.36–7.11 (m,
9H), 7.06–6.98 (m, 2H), 5.55–5.25 (m, 2H), 5.21–4.80 (m, 2H),
4.63–4.15 (m, 4H), 4.15–3.93 (m, 2H), 3.50–2.95 (m, 2H), 2.14–
1.78 (m, 2H), 1.73–1.04 (m, 11H); 13C NMR (CDCl3) (rotamers)
d 171.49, 160.13, 155.22,154.63, 149.86, 144.66, 144.37, 140.16,
139.65, 137.83, 137.57, 128.71, 128.32, 127.55, 126.30, 121.61,
121.09, 117.00, 79.52, 77.64, 71.51, 71.33, 64.16, 60.86, 46.87,
46.53, 30.89, 28.41, 28.15, 27.39, 25.92, 23.95, 23.12; IR (neat)
3020, 1215 cm−1; HRMS (FAB) calcd for C31H38N3O5 [M + H]+


532.2811, found 532.2814.


General procedure for the catalytic hydrogenation reactions to
produce 11a, 11b, 11c and 21. The benzyl ether (1.0 eq.) was
dissolved in the solvent specified below and Pd/C (10 wt%) was
added. The reaction was stirred under H2 at room temperature for
the time specified below, before the catalyst was filtered off using
a plug of Celite R© and the filtrate was concentrated to afford an
oil, which was either pure or was purified as specified below.


2-{4-[1-((2S)-1-tert-Butoxycarbonyl-pyrrolidin-2-yl)-(1R,1S)-
hydroxy-methyl]-pyridin-2-yloxy}-acetamide (11a). The general
procedure was applied to benzyl ether 10a (0.15 g, 0.34 mmol)
and Pd/C (75 mg) in THF (4 mL). The reaction was stirred over
two days, with additional Pd/C (75 mg) being added twice. A
precipitate was formed that could not be removed by filtration
through Celite R© but had to be separated from the product
either by flash chromatography, or by dissolving the crude brown
mixture in EtOAc and performing the filtration procedure again.
Work-up yielded a brown liquid, which was purified by flash
chromatography EtOAc–heptane (2 : 1 then 4 : 1 then 6 : 1) to
afford 11a (105 mg, 88%) as a colorless oil: 1H NMR (CDCl3)
(mixture of isomers) d 8.08–8.01 (m, 1H), 6.94–6.78 (m, 2H), 6.51
(br s, 1H), 6.35 (br s, 1H), 6.06 (br s, 0.5H), 5.26 (br s, 0.2H), 5.11


(br s, 0.1H), 4.99–4.89 (m, 0.3H), 4.83–4.71 (m, 2H), 4.65–4.45
(m, 0.6H), 4.23–3.85 (m, 1H), 3.59–2.91 (m, 2H), 2.08–1.13 (m,
13H); 13C NMR (CDCl3) (mixture of isomers) d 171.80, 171.76,
162.21, 157.97, 154.83, 146.74, 146.42, 116.96, 116.49, 109.13,
108.60, 80.98, 77.20, 74.35, 64.44, 63.35, 62.89, 47.84, 47.62, 28.34,
28.12, 26.62, 23.78; IR 3350 (br), 2976, 2882, 1674, 1613, 1408,
1167, 1061 cm−1; HRMS (FAB) calcd for C17H26N3O5 [M + H]+


352.1872, found 352.1870.


2-{3-Benzyl-4-[1-((2S)-1-tert-butoxycarbonyl-pyrrolidin-2-yl)-
hydroxy-methyl]-pyridin-2-yloxy}-acetamide (11c). The general
procedure was applied to 10c (0.11 g, 0.21 mmol) and Pd/C
(51 mg) in THF (5 mL). The reaction was stirred for two hours.
Work-up, including purification by flash chromatography
(CH2Cl2–MeOH–heptane 4 : 1 : 10), afforded 11c (56 mg, 74%) as
a white foam: [a]D +6.0 (c 0.2, CHCl3); 1H NMR (CDCl3) d 8.08 (d,
1H, J = 5.0 Hz), 7.30–7.07 (m, 6H), 6.18 (br s, 1H), 5.46–5.31 (m,
2H), 4.93 (d, 1H, J = 16 Hz), 4.87 (d, 1H, J = 8.7 Hz), 4.65 (d, 1H,
J = 16 Hz), 4.28–4.04 (m, 3H), 3.49–3.25 (m, 2H), 1.74–1.17 (m,
13H); 13C NMR (CDCl3) d 171.45, 160.23, 158.35, 152.08, 144.97,
139.76, 128.70, 127.95, 126.38, 120.39, 117.14, 81.16, 74.71, 64.21,
63.40, 47.62, 31.40, 30.27, 28.52, 28.36, 23.85; HRMS (FAB) calcd
for C24H32N3O5 [M + H]+ 442.2342, found 442.2350.


General procedure for the oxidation reactions to produce 12a, 12b,
12c and 22. The alcohol (1.0 eq.) was dissolved in CH2Cl2 and
Dess–Martin periodinane (15 wt% in CH2Cl2, 0.5 M, 2.0 eq.) was
added. The reaction was stirred at room temperature for the time
specified below, before it was quenched by the addition of Na2S2O5


(12 eq.) in NaHCO3 (aq., sat.) and extracted with CH2Cl2. The
combined organic phases were washed with NaHCO3 (aq., sat.)
and brine, dried and concentrated to yield a crude oil, which was
purified as specified below.


2-{4-[((2S)-1-tert-Butoxycarbonyl-pyrrolidine-2-yl)-carbonyl]-
pyridin-2-yloxy}-acetamide (12a). The general procedure was
applied to alcohol 11a (55 mg, 0.16 mmol) for 1 hour. Purification
by flash chromatography (EtOAc–heptane 4 : 1) afforded 12a
(33 mg, 61%) as a colorless oil: [a]D −17.1 (c 0.7, CH2Cl2); 1H
NMR (CDCl3) (rotamers) d 8.34 (d, 0.5H, J = 5.2 Hz), 8.30 (d,
0.5H, J = 5.2 Hz), 7.41–7.36 (m, 1H), 7.33 (s, 0.5H), 7.27 (s, 0.5H),
6.34 (br s, 1H), 5.88–5.65 (m, 1H), 5.17 (dd, 0.5H, J = 9.2, 3.9 Hz),
5.09–5.03 (m, 0.5H), 4.90–4.86 (m, 2H), 3.71–3.43 (m, 2H), 2.40–
2.21 (m, 1H), 2.01–1.82 (m, 3H), 1.45 (s, 4.5H), 1.28 (s, 4.5H); 13C
NMR (CDCl3) (two rotamers of equal intensity) d 198.18, 197.94,
170.93, 170.76, 162.90, 162.80, 154.42, 153.48, 148.42, 148.21,
145.09, 144.88, 115.78, 115.54, 109.67, 109.32, 80.21, 80.09, 64.94,
64.86, 61.84, 61.38, 46.78, 46.58, 30.54, 29.44, 28.41, 28.21, 24.31,
23.51; IR 3337, 3057, 2977, 2882, 1681, 1557, 1410, 1163 cm−1;
HRMS (FAB) calcd for C17H24N3O5 [M + H]+ 350.1716, found
350.1723. Byproduct 14: 1H NMR (CDCl3) (rotamers) d 7.45 (d,
0.55H, J = 6.7 Hz), 7.40 (d, 0.45H, J = 6.7 Hz), 7.07 (s, 0.45H),
7.04 (s, 0.55H), 6.75–6.67 (m, 1H), 5.12–5.06 (m, 0.45H), 5.03–4.97
(m, 0.55H), 3.70–3.40 (m, 3H), 2.38–2.23 (m, 1H), 1.99–1.53 (m,
3H), 1.45 (s, 4H), 1.31 (s, 5H); HRMS (FAB) calcd for C15H21N2O4


[M + H]+ 293.1501, found 293.1504.


2-{3-Benzyl-4-[((2S)-1-tert-butoxycarbonyl-pyrrolidine-2-yl)-
carbonyl]-pyridin-2-yloxy}-acetamide (12c). The general proce-
dure was applied to alcohol 11c (46 mg, 0.10 mmol) for three hours.
Purification by flash chromatography (EtOAc–heptane 1 : 1)
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afforded 12c (39 mg, 86%) as white crystals: [a]D +32 (c 1.0,
CHCl3); 1H NMR (CDCl3) (rotamers) d 8.22–8.12 (m, 1H), 7.35–
7.09 (m, 6H), 5.39–5.23 (m, 2H), 4.98–4.85 (m, 2H), 4.77–4.68 (m,
1H), 4.16–3.99 (m, 2H), 3.65–3.51 (m, 1H), 3.51–3.36 (m, 1H),
2.15–1.99 (m, 1H), 1.95–1.58 (m, 3H), 1.45 (s, 5H), 1.41 (s, 4H);
13C NMR (CDCl3) (two rotamers, major and minor) d 203.17,
201.50, 171.10, 170.94, 160.84, 160.62, 154.48, 153.59, 148.04,
147.33, 145.33, 145.16, 139.79, 139.38, 128.69, 128.57, 128.33,
128.22, 126.59, 126.39, 120.82, 120.50, 115.81, 115.52, 80.36,
80.01, 64.37, 64.24, 64.01, 63.90, 46.81, 46.92, 32.30, 32.27, 29.12,
28.57, 28.38, 24.17, 22.64; HRMS (FAB) calcd for C24H29N3O5


[M + H]+ 440.2185, found 440.2186.


General procedure for the Boc-deprotection reactions to produce
2, 3, 4, 5 and 6. The carbamate (1.0 eq.) was dissolved in CH2Cl2


( 3
4


of the total volume) and trifluoroacetic acid ( 1
4


of the total
volume) was added. The reaction was stirred for 5 to 8 minutes and
then immediately concentrated under reduced pressure without
heating to yield a crude solid, which was purified by reversed-
phase HPLC to afford the products.


2-[4-((2S)-(Pyrrolidine-2-yl)-carbonyl)-pyridin-2-yloxy]-aceta-
mide TFA-salt (2). The general procedure was applied to carba-
mate 12a (15 mg, 0.043 mmol) in CH2Cl2–TFA (4 mL total volume)
for 5 minutes. Freeze-drying allowed isolation of the TFA-salt of 2
(8.2 mg, 53%) as a white solid: [a]D 0 (MeOH); 1H NMR (CD3OD)
(keto : enol 1 : 1) d 8.38 (d, 1H, J = 5.3 Hz), 8.20 (d, 1H, J = 5.3 Hz),
7.51 (d, 1H, J = 5.3 Hz), 7.46 (s, 1H), 7.10 (d, 1H, J = 5.3 Hz), 7.04
(s, 1H), 5.35 (dd, 1H, J = 9.4 and 6.7 Hz), 4.87 (s, 2H), 4.82 (s, 2H),
3.80–3.69 (m, 1H), 3.48–3.40 (m, 2H), 3.34–3.21 (m, 1H), 2.71–
2.59 (m, 1H), 2.21–1.78 (m, 6H), 1.71–1.61 (m, 1H); 13C NMR
(CD3OD) (keto and enol) d 194.65, 164.99, 164.69, 152.36, 149.63,
148.68, 143.69, 117.14, 116.50, 111.67, 110.84, 99.29, 68.79, 65.41,
65.13, 64.79, 47.50, 47.16, 30.30, 26.42, 25.06, 25.02; HRMS (FAB)
calcd for C12H16N3O3 [M + H]+ 250.1192, found 250.1189.


2- [3 -Benzyl -4 - ((2S) - (pyrrolidine -2 -yl) - carbonyl) -pyridin -2-
yloxy]-acetamide TFA-salt (4). The general procedure was ap-
plied to carbamate 12c (10 mg, 0.023 mmol) in CH2Cl2–TFA (2 mL
total volume) for 5 minutes. Freeze-drying allowed isolation of the
TFA-salt of 4 (9 mg, 83%) as a white solid: [a]D +12 (c 0.47,
MeOH); 1H NMR (CD3OD) d 8.30 (d, 1H, J = 5.3 Hz), 7.37
(d, 1H, J = 5.3 Hz), 7.32–7.24 (m, 2H), 7.22–7.17 (m, 3H), 5.28
(dd, 1H, J = 9.4, 7.2 Hz), 4.93–4.88 (in residual solvent peak,
2H), 4.34 (s, 2H), 3.40–3.33 (m, 1H), 3.31–3.22 (m, 1H), 2.27–
2.16 (m, 1H), 2.01–1.89 (m, 1H), 1.75–1.63 (m, 1H), 1.47–1.37 (m,
1H); 13C NMR (CD3OD) d 197.83, 173.74, 163.06, 146.95, 144.24,
141.10, 129.92, 129.53, 127.44, 124.62, 117.24, 66.21, 65.39, 47.34,
31.78, 28.70, 24.69; HRMS (FAB) calcd for C19H22N3O3 [M + H]+


340.1661, found 340.1664.


Pharmacology. Functional assays


The R-SAT (Receptor Selection and Amplification TechnologyTM)
assay was performed essentially as previously described.24,26


Briefly, NIH/3T3 cells at 70–80% confluency were transfected,
using Polyfect (Qiagen, Los Angeles, CA) as described in the
manufacturer’s protocols, with DNA encoding the human D2
receptor, Gqi5, and b-galactosidase, at 10 lg, 20 lg, and 50 lg
per roller bottle, respectively. Cells were harvested 1 day after


transfection and frozen at −135 ◦C. The cells were frozen by a
standard method of slow freezing in a cryovial in a Styrofoam
container placed at −70 ◦C. After overnight freezing at −70 ◦C,
the cells were moved to a −135 ◦C cryogenic freezer for long-
term storage. These freezers use a proprietary mix of refrigerants
without liquid nitrogen. For each experiment testing potentiation
of the NPA-induced response, cells were thawed, resuspended in
media containing saturating amounts of N-propylapomorphine
(1 lM), (NPA, pEC50 7.6 ± 0.4, n = 7) and added directly
to the compounds at a density of 20 000 cells per well in half-
area 96-well plates. No difference was observed between cells
transfected immediately prior to NPA activation24 and cells frozen
prior to use. After 5 days of incubation, the b-galactosidase
activity was measured by the addition of o-nitrophenyl b-D-
galactopyranoside (in phosphate-buffered saline with 5% Nonidet
P-40 detergent). The resulting colorimetric reaction was measured
in a spectrophotometric plate reader (Titertek, Huntsville, AL)
at 420 nM. For each experiment, compounds were plated in 12
wells for each concentration of compound tested. Each experiment
was performed 3–10 times. Student’s t-test was used to evaluate
the statistical significance of the difference between the averaged
values for treatment with both NPA and compound, and NPA
alone. To test the agonist response at the D2 receptor, the
compounds were plated in triplicate for each concentration of
compound tested.
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Light-driven rotary molecular motors based on overcrowded alkenes can be substituted with
electron-donating and electron-withdrawing substituents (R = OMe, Cl and CN) in direct conjugation
with the central double bond (the axis of rotation) without having a significant influence on the
rate-limiting, thermal isomerisation step of their rotary cycle. This indicates that in this system, it is
predominantly steric factors that determine the barrier to the thermal helix inversion. In contrast, the
quantum yield and photoequilibria in the photochemical step were found to be quite sensitive to the
combination of substituent and solvent employed.


Introduction


In recent years, extensive research on biological motors has shown
how nature elegantly controls motion at the molecular scale in a
variety of cellular processes, including ion and proton pumping,
cellular translocation, and ATP synthesis.1 The development of
robust synthetic systems that are capable of mimicking the rotary
action of biological motors is a major contemporary challenge
because it could allow chemists to control motion at the molecular
level.2 Successful designs for synthetic rotary molecular motors
have been reported, including those powered by light,3–6 and
chemical energy.7–9


One of the most promising designs of a rotary molecular
motor is based on chiral overcrowded alkenes, exemplified by
structure 1 (Fig. 1).4a The repetitive unidirectional rotation of the
upper-half relative to the lower-half in these ‘second generation’
light-driven molecular motors is achieved by two energetically
uphill photochemical alkene isomerisations, each followed by a
rate-limiting, thermodynamically downhill thermal isomerisation
(vide infra, Fig. 2). The unidirectionality is governed by the
configuration at the stereogenic center.


Fig. 1 Examples of 2nd-generation light-driven molecular motors.


One of the major challenges to harnessing work from these
systems is making the rotation fast enough to compete with
Brownian motion.2a,c The necessity of the task is illustrated by


Stratingh Institute for Chemistry, University of Groningen, Groningen, The
Netherlands. E-mail: b.l.feringa@rug.nl; Fax: 31 50 363 4278; Tel: 31 05
363 4296


Fig. 2 Rotary cycle of molecular motor with a lower-half derived from
fluorenone.


a comparison of the first version of the ‘second-generation’
molecular motor 1 (X = Y = S), with the bacterial flagellar motor
of Vibrio alginolyticus. At rt, 1 required 400 h to complete a single
rotation, whereas the flagellar motor is capable of speeds up to
1000 rotations per second.10


Recently, a number of changes to the original design have been
made to develop motors with a much faster rotary cycle.11–15 In
one approach, it was found that exchanging the bridging moieties
X and Y in 1 (Fig. 1) to smaller groups (S→O or CR2), led to a
300-fold drop in the barrier to thermal helix inversion.4a In these
studies, however, several molecules did not fit the trend expected if
the acceleration was derived exclusively from a reduction of steric
hindrance in the fjord region. This raises the question: what is the
origin of the rate acceleration—is it strictly steric/conformational,
or do electronic factors also contribute?


The subsequent discovery that 2 (Fig. 1) had a barrier to
thermal helix inversion which was much lower than 1 implicated
the contribution of a “push–pull” resonance effect.16–19 In this
rationale, the elongation of the central alkene mediated by a greater
contribution from the resonance structure 3, led to a reduction in
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the steric interactions that prevent thermal helix inversion (similar
to a vinylogous amide).


Here we show that in the ‘second generation’ design of molecular
motor (1, X = Y = ‘−’), containing a fluorenyl ‘lower-half’, the
presence of electron-donating or withdrawing substituents in the
upper-half positioned in direct conjugation with the central olefin
exerts no significant influence on the rate-determining thermal
helix inversion. In this system, the fluorenyl lower-half was chosen
because of the possibility that it could act as an electron acceptor
by virtue of the aromatic character of the fluorenyl anion, as well
as the relative ease of preparation of these functionalised alkenes.


Results and discussion


Molecular design


The systems investigated in this study are based on the second-
generation motor (±)-4-H (Fig. 2).20 In the more stable isomer
(stable 4a-H), the methyl substituent adopts an axial orientation
to prevent steric hindrance. In the photochemical steps 1 and 3, a
light-mediated isomerisation of the central double bond forces the
methyl substituent to adopt an equatorial orientation, hence form-
ing the less-stable isomer 4b-H. In the thermal steps 2 and 4 that
follow, the molecule isomerises back to the thermodynamically
preferred orientation in which the methyl group re-adopts an axial
conformation. During this step, the naphthalene upper part passes
along the lower part of the molecule leading to simultaneous helix
inversion to give 4c-H. If the molecule is irradiated continuously,
these steps continue in succession, resulting in the continuous
unidirectional rotation of the upper-half relative to the lower-half.


To evaluate what influence this proposed resonance contribu-
tion would have on the motors′ behaviour, a series of molecular
motors was needed, in which each molecule was functionalised
with electron-donating or electron-withdrawing substituents. Par-
ent structure 4-R (where R = H, Fig. 3) seemed to be a suitable
candidate because the substituent ‘R’ at the 4-position of the
naphthalene ring is placed in direct conjugation with the central
alkene. Importantly, it should exert no direct effect on the steric
crowding in the fjord region or on the conformational chemistry
of the overcrowded olefin.


Fig. 3 Possible elongation of the central olefin due to stabilisation of the
zwitterionic resonance form.


It was envisioned that if the lower-half is derived from the
relatively acidic fluorenyl group (pKa ∼22.8), it could stabilise the
resonance form possessing a negative charge at the olefinic atom
(as in 5-R, Fig. 3). The fluorenyl anion moiety should be stabilised
by its aromatic character. In this way, the presence of electron-
donating groups as R should also enhance the contribution of
the zwitterionic resonance structure 5-R, whereas the presence


of electron-withdrawing groups as R should minimise it. If the
presence of donating vs. withdrawing groups has a significant
effect on the nature of the double bond in the unstable form,
it should result in elongation of the central alkene, which could
in turn reduce steric crowding in the fjord region and lower the
thermal barrier to helix inversion.


Synthesis


Second-generation rotary molecular motors derived from over-
crowded alkenes are typically prepared by a Staudinger diazo–
thioketone coupling, which allows a gradual introduction of the
steric hindrance in the olefin. It was initially envisioned that the
appropriately functionalised motors could be prepared from the
thioketone of the lower-half and the upper-half possessing a diazo
function (R1 = S, R2 = N2, Fig. 4).


Fig. 4 Retrosynthetic analysis of substituted molecular motors.


We anticipated that the required series of substituted benzoin-
danones could be made from the corresponding substituted naph-
thalene and methacrylic acid in PPA in a one pot tandem Friedel–
Crafts acylation–Nazarov cyclisation sequence.21 While this one-
pot preparation works acceptably on only ortho/para directing
substituents, we believed that electron-withdrawing groups could
be introduced after the core structure of the ketone was complete.


The synthesis of ketones decorated with a methoxy
(EDG) and a chloride were pursued initially (Scheme 1).
1-Methoxynaphthalene 6-OMe and 1-chloronaphthalene 6-Cl
were treated with methacrylic acid in PPA at 110 ◦C to give the
desired ketones 7-OMe and 7-Cl, respectively. While the yields
are modest, this one-pot procedure provides access to the desired
ketones in one step from commercial material, unlike any other
route which we could envision. Unfortunately, treatment of 1-
bromonaphthalene with similar conditions at the same or at higher
temperatures led to complex mixtures and very low yields (>2%)
of product.


Scheme 1 Synthesis of substituted benzoindanones and unexpected
nucleophilic aromatic substitution by hydrazine.


Treatment of ketone 7-OMe with hydrazine hydrate in refluxing
ethanol lead to the formation of a mixture of hydrazine 8a and the
desired hydrazone 8-OMe (Scheme 1). Presumably, 8a is formed


1606 | Org. Biomol. Chem., 2008, 6, 1605–1612 This journal is © The Royal Society of Chemistry 2008







via a SNAr pathway. Treatment of 7-Cl under identical conditions
also lead to a complex mixture of 8a, 8-Cl, and the hydrazone
of 8a. Reducing the temperature did not improve the selectivity
significantly. This surprising reactivity may be facilitated by
the fact that the rate-limiting addition of the nucleophile (here
hydrazine) to the 1-position of the naphthalene ring disrupts the
aromaticity less than would be the case on a similarly substituted
phenyl. This, in combination with the leaving group methoxide or
chloride being positioned para to the electron-withdrawing ketone
function, likely activates these compounds toward SNAr reactions.


To circumvent this undesired reactivity, we explored the
possibility of coupling the thioketone of the upper-half with
diazofluorenone (Fig. 4, R1 = N2, R2 = S).22 Methoxy-substituted
ketone 7-OMe was treated with P2S5 in benzene at reflux for 2 h to
give the desired thioketone 9-OMe in good yield. The stability of
this thioketone is remarkable given that it possesses a proton ‘a’
to the thioketone function, and can tautomerise to the thioenol.
9-OMe can be purified by SiO2 gel chromatography and stored for
at least 3 months at rt without detectable degradation. The stability
of this thioketone is also highlighted by its low reactivity: treatment
of 9-OMe with diazofluorenone23 in benzene at rt gave no reaction.
However, heating 9-OMe with diazofluorenone to reflux for 2 h
surprisingly gave alkene 4-OMe directly in 71% yield, with no
detectable episulfide 10-OMe.24 Spontaneous desulfurisation of
thioepoxides to the corresponding olefins has been observed by
Harpp and Warren25 during their synthesis of fluorenyl olefins,
though it is somewhat surprising that it occurs in the formation of
overcrowded alkenes as well. Bifluorenylidene was also formed as
a byproduct in this reaction, and proved difficult to separate from
the desired product 4-OMe.


The preparation of 4-Cl by the analogous route was more
challenging because thioketone 9-Cl is considerably less stable
than 9-OMe. Treatment of ketone 7-Cl with P2S5 in benzene for
2 h gave thioketone 9-Cl as a mixture contaminated with the
corresponding thioenol (approx. 2 : 1) as well as small amounts of
unidentified impurities. These conditions maximised conversion
while minimising side reactions including the tautomerisation to
the thioenol. Tautomerisation occurred to some extent under
all conditions tested, including during purification on silica gel,
and upon standing at rt over the course of hours. The optimal
procedure we found was the immediate filtration of the crude
product containing 9-Cl over a plug of silica, followed by treatment
of the crude product with diazofluorenone to give a mixture


of the episulfide 10-Cl and alkene 4-Cl (the ratio depended on
the reaction time, likely because of spontaneous desulfurisation
occurring to some extent). This mixture was treated directly
with Ph3P in refluxing toluene for 12 h to effect the reductive
desulfurisation of the episulfide to give 4-Cl in 30% yield from
7-Cl.


With unsubstituted motor 4-H, 4-OMe (with an EDG), and
4-Cl (with a weak EWG) in hand, we anticipated that it would be
instructive to examine the effect of a strongly electron-withdrawing
group also. For this purpose, we chose the cyano group since it
is very electron-withdrawing, while it is not expected to exert a
dramatic effect on the photoisomerisation step (for this reason,
electron-withdrawing substituents which could independently
influence excited state processes such as nitro or keto groups were
avoided).26–28


In an initial attempt to prepare alkene 4-CN via a synthetic route
analogous to that just described for 4-Cl, 7-Cl was transformed
to 7-CN in 78% yield using the palladium catalyzed cyanation
conditions described by Confalone and Jin29 (Scheme 2). Unfortu-
nately, attempts to prepare the nitrile substituted compound 4-CN
via thioketone 7-CN were unsuccessful since the ketone 7-CN was
found to be relatively unreactive to P2S5 and Lawesson’s reagent.
Longer reaction times or higher temperatures (>140 ◦C) resulted
in slow degradation of the ketone. Fortunately, we found that by
increasing the reaction temperature of the palladium catalyzed
cyanation procedure from 120 ◦C to 150 ◦C we were able to
transform aryl-chloride 4-Cl into the nitrile functionalised motor
4-CN in 90% yield.


UV–vis spectra


Comparison of the UV–vis spectra of 4-OMe, 4-Cl, and 4-CN
with that of the parent motor 4-H shows that the introduction of
both electron-donating and electron-withdrawing groups leads to
a modest red-shift of the longer wavelength absorption attributed
to the central olefin (Fig. 5).30,31


Analysis of the rotary cycle


Step 1: Photochemical isomerisation


The photochemical isomerisation was studied initially by UV–vis
spectroscopy at −20 ◦C. Based on the known half-life of 4-H at
rt (4.3 min), it was anticipated that the thermal isomerisation of


Scheme 2 Synthesis of substituted molecular motor molecules 4-OMe, 4-Cl, and 4-CN.
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Fig. 5 UV–vis spectra of 4-H (�), 4-Cl (�), 4-OMe (�), and 4-CN (�)
in hexane at 20 ◦C.


the unstable isomers of the new alkenes would be negligible at
this temperature. In analogy with the behaviour observed for 4-H,
irradiation (k = 365 nm) of racemic32 4-OMe, 4-Cl and 4-CN in
hexane at −20 ◦C to their photostationary states (PSS) resulted
in a red shift of the major absorption band of each compound
(Fig. 6). This change is consistent with the formation of the
unstable isomers of 4-OMe, 4-Cl and 4-CN. During the irradiation
of each compound, clear isosbestic points were visible, indicating
that the photoisomerisation was a clean, unimolecular process.


When the photoirradiation was repeated using CH2Cl2 as
the solvent, 4-Cl and 4-CN gave the expected red-shift of the
long wavelength absorption band. However, photoirradiation of
4-OMe under identical conditions gave only a small photo-
conversion, even after extended irradiation times. This solvent
and substrate dependent behaviour is reminiscent of similar
observations made in the literature concerning the photoiso-
merisation of related chromophores bearing donor and acceptor
substituents across the central double bond including stilbenes and
azobenzenes substituted with a nitro group.26b,33–39 In a detailed
study, Görner and Gruen observed a dramatic reduction in the
PSS photoconversion of trans-4-nitro-4′-dimethylaminostilbene to
the cis isomer when polar solvents were used instead of apolar
ones.33 King and coworkers34 also observed a similar trend in pho-
toisomerisation quantum yields for donor–acceptor imines, stil-
benes and azobenzenes. Additionally, Diederich and coworkers36


observed a dramatic reduction in the quantum yields of
trans→cis isomerisation of donor–acceptor 1,2-diethynylethenes
upon changing the solvent from hydrocarbon solvents to more
polar solvents such as CHCl3, as well as DMF and MeCN. In
contrast to 4-OMe, the nitro group is a common feature of systems
that exhibit a strongly solvent-dependent photoequilibrium. In the
case of the nitro-stilbene derivatives, the intermediacy of a charge-
separated state in the photoisomerisation was implicated in this
solvent dependence. Thus, the origin of the solvent dependence of
the photoequilibrium 4-OMe is unclear at present.


Low temperature 1H NMR analysis of the stable/unstable isomers


Irradiation of the four motors32 at 365 nm in toluene-d8 at −40 ◦C
allowed the characterisation of the unstable isomers as well as
the determination of the PSS by 1H NMR spectroscopy. The 1H
NMR spectra of the PSS mixtures indicate that in all cases the
absorptions of the methyl substituent at the stereogenic center of


Fig. 6 UV–vis spectra of stable 4-R (solid) and PSS365 nm containing stable
and unstable 4-R (dashed) at −20 ◦C: (a) 4-OMe in hexane, (b) 4-OMe
in CH2Cl2, (c) 4-Cl in hexane, (d) 4-Cl in CH2Cl2, (e) 4-CN in hexane,
(f) 4-CN in CH2Cl2.


the unstable isomers are shifted downfield relative to the stable
isomers (Fig. 7), as has been observed for 4-H.20


This shift is consistent with the methyl group having changed
from a pseudo-axial to a pseudo-equatorial conformation. Ad-
ditionally, the absorption from the proton at the stereogenic
center moved upfield, consistent with it changing from a pseudo-
equatorial to a pseudo-axial conformation. By comparison of
the relative integrals for these absorptions, we found that the
photoequilibria of each of the alkenes are similar in toluene-d8,
with a slightly less favourable value observed for 4-OMe (Table 1).


Irradiation of 4-Cl, and 4-CN in CD2Cl2 under identical con-
ditions as described above gave similar photochemical behaviour
and PSSs. However, we were unable to observe the formation of
unstable 4-OMe by 1H NMR spectroscopy even after prolonged
irradiation times, as might be expected from the results of the
analysis described above employing UV–vis spectroscopy.
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Table 1 Photoequilibria determined by 1H NMR after irradiation at k = 365 nm in toluene-d8 and CD2Cl2 at −40 ◦C


Alkene PSS365 nm unst : st (tol-d8) PSS365 nm unst : st (CD2Cl2) Absorptions of (CH3)ax → (CH3)eq (ppm) in tol-d8


4-OMe 57 : 43 < 2%a 1.23→1.48
4-Cl 70 : 30 85 : 15 1.05→1.36
4-CN 82 : 18 79 : 21 0.98→1.31
4-H 75 : 25 nd 1.11→1.40


a No unstable isomer was observed.


Fig. 7 Expansion of the 1H NMR spectra (CD2Cl2) of 4-Cl containing
the absorptions from the methyl group at the stereogenic center, before
irradiation (bottom) and at its PSS365 nm (top).


Step 2: Thermal isomerisation


The thermal reversibility of all four alkenes, in both hexane and
CH2Cl2, was confirmed by the regeneration of the original UV–
vis spectra upon warming to rt for 20 min. These observations
are consistent with the expected thermal helix inversion (step 2) of
the unstable to the stable form, completing a 180◦ rotation of the
upper-half relative to the lower-half.


To allow a quantitative comparison of each system, the thermal
isomerisation steps of each of the motors were monitored by
following the change in absorption at 445 nm with respect to
time at four different temperatures (−10, 0, 10 and 20 ◦C). Using


the different rate constants, the Gibbs free energy D‡G◦ for the
process was calculated by using the Eyring equation (data shown
in Table 2 together with the t1/2 at rt).


Comparison of the half-lives of the unstable isomers shows no
significant differences, which suggests that the electron-donating
or withdrawing nature of the substituent does not significantly in-
fluence the barrier to thermal isomerisation (Table 2). Comparison
of the values of D‡G◦ is consistent with this analysis.


Low temperature 1H NMR analysis of step 2: The isomerisation of
the unstable isomers to stable isomers


When the PSS samples in both toluene-d8 or CD2Cl2 were allowed
to warm to rt for 30 min, and were reanalysed by 1H NMR
spectroscopy, we found that the spectra showed a quantitative
isomerisation of the unstable isomers back to the stable ones.


Conclusions


Here we demonstrate that molecular motors can be substituted
with electron-withdrawing and donating substituents (R = Cl,
CN, and OMe) in direct conjugation with the central double
bond without significant influence on the rate-limiting, thermal
isomerisation step of their rotary cycle. This indicates that in these
systems, it is in fact predominantly steric factors that determine
the barrier to the rate limiting thermal isomerisation step.


We also show that the photochemical step is quite sensitive to
the combination of substituent and solvent. The striking effect of
the solvent on quantum yield and photoequilibria for the methoxy


Table 2 Kinetic parameters for thermal helix inversion (step 2) of 4-H, 4-OMe, 4-Cl and 4-CN


Alkene D‡G◦(kJ/mol)(hexane) t1/2 at 20 ◦C in hexane (min) t1/2 at 20 ◦C in CH2Cl2 (min)


4-OMe R=OMe 86.6 5.2 4.7
4-Cl R=Cl 86.3 4.8 4.6
4-CN R=CN 86.4 4.9 4.3
4-H R=H 86.1 4.3 nd
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substituted motor 4-OMe alone suggests that apolar hydrocarbon
solvents may be essential to the operation of some motors
decorated with donor substituents. This knowledge will guide
future efforts in the design of functionalised light-driven molecular
motors, as well as the selection of appropriate conditions for their
successful operation.


Experimental section


General remarks


Chemicals were purchased from Acros, Aldrich, Fluka or Merck.
Solvents for extraction and chromatography were technical grade.
All solvents used in reactions were freshly distilled from appropri-
ate drying agents before use. All other reagents were recrystallised
or distilled as necessary. Saturated solutions of NaHCO3 and
Na2CO3 were aqueous. Analytical TLC was performed with Merck
SiO2 gel 60 F254 plates and visualisation was accomplished by UV
light. Flash chromatography was carried out using Merck SiO2


gel 60 (230–400 mesh) according to the procedure of W. Clark
Still et al.40 NMR spectra were obtained using a Varian Mercury
Plus and a Varian Unity Plus Varian-500, operating at 399.93
and 499.86 MHz, respectively, for the 1H nucleus or at 100.57
and 125.70 MHz, respectively, for the 13C nucleus. Chemical shifts
are reported in d units (ppm) relative to the residual deuterated
solvent signals of CHCl3 (1H NMR: d 7.26 ppm; 13C NMR: d
77.0 ppm). MS (EI) spectra were obtained with a Jeol JMS-
600 spectrometer. UV–vis measurements were performed on a
Hewlet-Packard HP 8543 FT spectrophotometer in conjunction
with an JASCO PFD-350S/350L Peltier type FDCD attachment
with a temperature control using Uvasol grade solvents (Merck).
Irradiation experiments were performed with Spectroline model
ENB-280C/FE lamp. Photostationary states (PSS) were ensured
by monitoring changes in the sample composition in time by
taking UV–vis spectra at −40 ◦C at distinct intervals until no
further changes were observed. This was typically 20 min (for UV
experiments) or 5 h (for 1H NMR). Thermal helix inversions were
monitored by UV–vis spectroscopy using the apparatus described
above. A cutoff filter (350 nm) was used to minimise irradiation
by the analysis lamp, as well as 20 s interval times for data point
collection.


5-Methoxy-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-
1-one (7-OMe)


1-Methoxynaphthalene (1.58 g, 10.0 mmol) was added to mechan-
ically stirred PPA (∼80 mL) at 80 ◦C. After 5 min when mixing
had occurred, methacrylic acid (0.86 g, 1.00 mmol) was added. The
mixture was heated to 110 ◦C for 4 h. This mixture was cooled to
70 ◦C, and quenched by the addition of ice (50 g). This mixture was
stirred for 3 h, and then extracted with EtOAc (4 × 50 mL), brine
(20 mL), dried (Na2SO4) and concentrated in vacuo. This residue
was purified by flash chromatography (SiO2, heptane–EtOAc =
4 : 1) to give a light yellow solid. Recrystallisation from EtOH
gave 7-OMe as a white solid (0.972 g, 4.32 mmol, 43%): mp 134.0–
135.0 ◦C; 1H NMR (400 MHz, CDCl3) d 1.30 (d, J = 6.9 Hz,
3H, CH3), 2.75–2.85 (m, 2H, CHaHb, CH), 3.42 (dd, J = 18.3,
8.0 Hz, 1H, CHaHb), 4.00 (s, 3H, OCH3), 6.69 (s, 1H, ArH), 7.46
(t, J = 7.7 Hz, 1H, ArH), 7.61 (t, J = 7.7 Hz, 1H, ArH), 8.19 (d,


J = 8.4 Hz, 1H, ArH), 9.07 (d, J = 7.8 Hz, 1H, ArH); 13C NMR
(100 MHz, CDCl3) d 14.4, 33.3, 39.7, 53.4, 99.0, 119.9, 120.9,
121.3, 122.6, 123.4, 126.7, 128.1, 156.7, 159.1, 205.9; HRMS (EI)
calcd for C15H14O2; 226.0994, found 226.1012.


5-Chloro-2,3-dihydro-2-methylcyclopenta[a]naphthalen-1-one
(7-Cl)


1-Chloronaphthalene 6-Cl (90% pure, 16.8 mL, 0.123 mol)
was added to mechanically stirred polyphosphoric acid (200 g,
2.08 mol) at 80 ◦C. After 15 min, methacrylic acid (8.5 mL,
0.10 mol) was added slowly to the vigorously stirred emulsion. The
mixture was stirred at 110 ◦C for 12 h. After cooling the reaction
mixture to 70 ◦C, ice was added. The reaction flask was placed in
an ice bath and water (75 mL) was added to the mixture and it was
stirred for 2 h. The mixture was poured into a beaker and diluted
with 500 mL of water. After stirring for another 4 h, the reaction
mixture was extracted with ether (6 × 500 mL). The organic layers
were washed with water (2 × 500 mL), saturated NaHCO3 (1 ×
1000 mL), brine (1 × 1000 mL), dried (Na2SO4) and concentrated
in vacuo. Purification by column chromatography (SiO2, heptane–
toluene = 1 : 1, Rf = 0.14) and recrystallisation from methanol
yielded a light brown solid (3.66 g, 15.9 mmol, 16%, 90% pure as
judged by 1H NMR. The impurity likely stems from the impurity in
the commercial starting material 1-chloronaphthalene and could
not be separated at this stage): mp 71.0–73.0 ◦C; 1H NMR (CDCl3,
400 MHz) d 1.33 (d, J = 7.4 Hz, 3H, CH3), 2.70 (dd, J = 21.6,
4.0 Hz, 1H, CH2), 2.74 (m, 1H, CH), 3.34 (dd, J = 17.2, 7.6 Hz,
1H, CH2), 7.48 (s, 1H, ArH), 7.61 (m, 2H, ArH), 8.20 (d, J =
8.4 Hz, 1H, ArH), 9.11 (d, J = 7.6 Hz, 1H, ArH); 13C NMR
(CDCl3, 50 MHz) d 16.5, 34.9, 42.3, 124.1, 124.2, 124.6, 127.3,
129.0, 129.4, 129.7, 130.1, 139.7, 155.9, 208.8; HRMS (EI+) calcd
for C14H11ClO 230.0498 found 230.0507.


2,3-Dihydro-2-methyl-1-oxo-1H-cyclopenta[a]naphthalene-5-
carbonitrile (7-CN)


5-Chloro-2,3-dihydro-2-methylcyclopenta[a]naphthalen-1-one
(7-Cl) (0.36 g, 1.6 mmol, corrected for the impurity in 7-Cl),
Pd2(dba)3 (2 mol%, 31 mg, 0.034 mmol), dppf (4 mol%, 38 mg,
0.069 mmol), Zn powder (12 mol%, 13 mg, 0.20 mmol) and
Zn(CN)2 (176 mg, 1.50 mmol) were placed in a flask and flushed
with nitrogen. N,N-Dimethylacetamide (6 mL) was added and
the mixture was heated at 120 ◦C for 12 h. The reaction mixture
was cooled to room temperature, diluted with EtOAc (50 mL),
washed with saturated Na2CO3 (4 × 30 mL), brine (1 × 30 mL),
dried (Na2SO4) and concentrated in vacuo. Purification by column
chromatography (SiO2, pentane–EtOAc = 8 : 1→4 : 1, Rf = 0.52)
and recrystallisation from methanol yielded 7-CN as a light brown
solid (276 mg, 1.25 mmol, 78%): mp 126.0–127.0 ◦C; 1H NMR
(CDCl3, 400 MHz) d 1.36 (d, J = 7.4 Hz, 3H, CH3), 2.83 (m,
2H, CH and CHaHb), 3.49 (dd, J = 18.2, 8.2 Hz, 1H, CHaHb),
7.71 (m, 2H, ArH), 7.89 (s, 1H, ArH), 8.20 (d, J = 7.2 Hz, 1H,
ArH), 9.14 (d, J = 8.8 Hz, 1H, ArH); 13C NMR (CDCl3, 50 MHz)
d 15.9, 34.5, 42.3, 115.9, 116.6, 123.9, 124.8, 128.3, 128.4, 129.8,
130.1, 130.9, 133.0, 153.4, 208.6; HRMS (EI+) calcd for C15H11NO
221.0841 found 221.0832.
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2,3-Dihydro-5-methoxy-2-methylcyclopenta[a]naphthalene-
1-thione (9-OMe)


P2S5 (0.44 g, 1.0 mmol) was added to a stirred solution of
5-methoxy-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
one (7-OMe) (0.23 g, 1.0 mmol) in benzene (30 mL). The mixture
was then heated to reflux for 2 h, cooled to room temperature
and the benzene was removed in vacuo. Purification by column
chromatography (SiO2, EtOAc–pentane = 1 : 16, Rf = 0.35)
yielded a red solid (152 mg, 0.628 mmol, 63%): mp 64.0 ◦C (dec);
1H NMR (CDCl3, 400 MHz) d 1.47 (d, J = 7.2 Hz, 3H, CH3),
2.88 (dd, J = 18.0, 2.4 Hz, 1H, CH2), 3.10–3.20 (m, 1H, CH),
3.47 (dd, J = 18.4, 6.8 Hz, 1H, CH2), 4.10 (s, 3H, OCH3), 6.82 (s,
1H, ArH), 7.54 (m, 1H, ArH), 7.72 (m, 1H, ArH), 8.29 (d, J =
8.4 Hz, 1H, ArH), 10.17 (d, J = 8.4 Hz, 1H, ArH); 13C NMR
(CDCl3, 50 MHz) d 22.9, 40.3, 54.8, 56.1, 101.1, 122.6, 124.2,
125.3, 126.2, 130.5, 131.3, 133.6, 162.0, 162.1, 245.0 ppm; HRMS
(EI+) calcd for C15H14OS 242.0765 found 242.0776.


9-(2,3-Dihydro-5-methoxy-2-methylcyclopenta[a]naphthalen-1-
ylidene)-9H-fluorenone (4-OMe)


9-Diazo-9H-fluorene (0.10 g, 0.52 mmol) was added to a stirred
solution of 9-OMe (0.10 g, 0.41 mmol) in benzene (30 mL). The
reaction mixture was heated to reflux for 4 h, cooled to room
temperature and the benzene was removed in vacuo. Purification
by column chromatography (SiO2, pentane–EtOAc = 16 : 1, Rf =
0.53), yielded a brown solid (0.11 g, 0.29 mmol, 71%): mp 191.0–
193.0 ◦C; 1H NMR (CDCl3, 400 MHz) d 1.39 (d, J = 6.4 Hz, 3H,
CH3), 2.71 (d, J = 15.2 Hz, 1H, CH2), 3.55 (dd, J = 15.0, 5.8 Hz,
1H, CH2), 4.10 (s, 3H, OCH3), 4.31 (m, 1H, CH), 6.72 (d, J =
7.6 Hz, 1H, ArH), 6.80 (ABM, 1H, ArH), 6.94 (s, 1H, ArH), 7.18
(dt, J = 7.3, 1.1 Hz, 1H, ArH), 7.32 (m, 1H, ArH), 7.37 (m, 2H,
ArH), 7.44 (m, 1H, ArH), 7.70 (d, J = 8.8 Hz, 1H, ArH), 7.76 (d,
J = 7.6 Hz, 1H, ArH), 7.85 (m, 1H, ArH), 7.97 (m, 1H, ArH),
8.34 (d, J = 8.4 Hz, 1H, ArH); 13C NMR (CDCl3, 100 MHz)
d 19.6, 42.5, 45.1, 55.8, 102.5, 118.8, 119.6, 122.7, 123.7, 124.6,
124.7, 125.7, 125.8, 126.3, 126.3, 126.7, 127.1, 127.3, 128.1, 128.6,
130.5, 137.2, 139.1, 139.7, 139.9, 149.2, 151.7, 158.0; HRMS (EI+)
calcd for C28H22O 374.1671 found 374.1680.


9-(5-Chloro-2,3-dihydro-2-methylcyclopenta[a]naphthalen-1-
ylidene)-9H-fluorenone (4-Cl)


P2S5 (0.44 g, 1.0 mmol) was added to a stirred solution of 7-
Cl (0.23 g, 1.0 mmol) in benzene (30 mL). The mixture was
then heated to reflux for 2 h, the blue reaction mixture was
cooled to room temperature and the benzene was removed
in vacuo. The residue was dissolved in dichloromethane and filtered
over SiO2 (10 × 2 cm, pentane–EtOAc = 9 : 1), this yielded a
green-blue crude solid product (0.2 g). P2S5 (0.90 g, 2.0 mmol)
was added to a stirred solution of 7-Cl (0.50 g, 2.2 mmol)
in benzene (50 mL). After refluxing for 4 h the blue reaction
mixture was cooled to room temperature. The reaction mixture
was filtered through a SiO2 plug, and eluted with benzene until
the blue-green colour had completely eluted (10 mL) to give
crude thioketone 9-Cl. 9-Cl was typically used without further
purification. (Purification of 9-Cl by chromatography for analysis
was possible, but with a significant loss of product due to degrada-
tion on the column: (SiO2, 9 : 1, hexane–EtOAc).) 5-Chloro-2,3-


dihydro-2-methylcyclopenta[a]naphthalene-1-thione (9-Cl): 1H
NMR (CDCl3, 400 MHz) d 1.47 (d, J = 7.2 Hz, 3H, CH3),
2.86 (dd, J = 18.0, 2.4 Hz, 1H, CH2), 3.12 (m, 1H, CH), 3.45
(dd, J = 18.2, 6.6 Hz, 1H, CH2), 7.62 (s, 1H, ArH), 7.63 (m,
1H, ArH), 7.75 (m, 1H, ArH), 8.33 (d, J = 8.0 Hz, 1H, ArH),
10.12 (d, J = 7.6 Hz, 1H, ArH). 9-Diazo-9H-fluorene23 (0.42 g,
2.2 mmol) was added to the filtrate and the mixture was heated at
reflux for 4 h. After concentration in vacuo, purification by careful
column chromatography (SiO2, pentane–EtOAc = 50 : 1, Rf =
0.35) yielded a yellow solid (0.33 g), that appeared to be a mixture
of alkene 4-Cl and episulfide 10-Cl. This mixture was dissolved in
toluene (50 ml), treated with Ph3P (2.0 g, 7.6 mmol) and heated
to reflux for 12 h. After concentration in vacuo, purification by
column chromatography (SiO2, pentane–EtOAc = 50 : 1) yielded
a yellow solid (0.25 g, 0.66 mmol, 30% from the ketone): mp 189.0–
191.0 ◦C; 1H NMR (CDCl3, 400 MHz) d 1.38 (d, J = 6.4 Hz, 3H,
CH3), 2.73 (d, J = 15.2 Hz, 1H, CH2), 3.55 (dd, J = 15.2, 5.6 Hz,
1H, CH2), 4.33 (apparent quin, J = 6.4 Hz, 1H, CH), 6.66 (d,
J = 7.6 Hz, 1H, ArH), 6.78 (ABM, 1H, ArH), 7.21 (dt, J = 7.5,
1.1 Hz, 1H, ArH), 7.37 (m, 3H, ArH), 7.56 (m, 1H, ArH), 7.69
(s, 1H, ArH), 7.74 (d, J = 7.6 Hz, 1H, ArH), 7.83 (m, 2H, ArH),
7.95, 7.96–8.01 (m, 1H, ArH), 8.38 (d, J = 8.0 Hz, 1H, ArH); 13C
NMR (CDCl3, 100 MHz) d 19.2, 41.8, 45.4, 119.0, 119.7, 124.1,
124.6, 125.1, 125.7, 126.0, 126.4, 127.0, 127.1, 127.2, 127.3, 127.9,
129.6, 130.6, 130.9, 134.1, 135.8, 136.9, 139.6, 139.7, 140.1, 147.1,
149.8; HRMS (EI+) calcd for C27H19Cl 378.1175 found 378.1189.


1-(9H-Fluoren-9-ylidene)-2,3-dihydro-2-methyl-1H-
cyclopenta[a]naphthalene-5-carbonitrile (4-CN)


Pd2(dba)3 (4.8 mg, 0.0052 mmol, 2 mol%), dppf (6.7 mg,
0.012 mmol, 4 mol%), Zn powder (3.4 mg, 0.052 mmol, 19 mol%)
and Zn(CN)2 (66 mg, 0.56 mmol) were placed in a flask and flushed
with nitrogen. A solution of 4-Cl (105 mg, 0.278 mmol) in N,N-
dimethylacetamide (6 mL) was added and the mixture was heated
at 150 ◦C for 12 h. The reaction mixture was cooled to rt, diluted
with EtOAc (50 mL), washed with saturated Na2CO3 (4 × 30 mL),
brine (1 × 30 mL), dried (Na2SO4) and concentrated in vacuo.
Purification by column chromatography (SiO2, pentane–EtOAc =
16 : 1, Rf = 0.45) yielded a bright yellow solid (93 mg, 0.25 mmol,
90%): mp >221 ◦C (dec); 1H NMR (CDCl3, 400 MHz) d 1.36
(d, J = 7.2 Hz, 3H, CH3), 2.78 (d, J = 15.2 Hz, 1H, CH2), 3.57
(dd, J = 15.0, 5.2 Hz, 1H, CH2), 4.35 (m, 1H, CH), 6.56 (d,
J = 8.0 Hz, 1H, ArH), 6.76 (ABM, 1H, ArH), 7.20 (dt, J = 7.6,
0.8 Hz, 1H, ArH), 7.39 (m, 3H, ArH), 7.65 (m, 1H, ArH), 7.72
(d, J = 7.6 Hz, 1H, ArH), 7.81 (m, 1H, ArH), 7.88 (d, J = 8.8 Hz,
1H, ArH), 7.93 (m, 1H, ArH), 7.98 (s, 1H, ArH), 8.34 (d, J =
8.4 Hz, 1H, ArH); 13C NMR (CDCl3, 100 MHz) d 18.6, 41.4,
45.5, 111.2, 118.2, 119.2, 119.7, 124.4, 125.8, 125.9, 126.2, 127.3,
127.9, 127.9, 127.9, 127.9, 128.2, 129.3, 130.1, 131.9, 133.7, 136.6,
139.3, 140.1, 140.5, 142.1, 145.3, 148.2; HRMS (EI+) calcd for
C28H19N 369.1518 found 369.1507.
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Here, the stepwise assembly of an electroactive bionanostructure on a molecular printboard is
described. The system consists of a cyclodextrin receptor monolayer (molecular printboard) on glass, a
divalent linker, streptavidin (SAv), and biotinylated cytochrome c (cyt c). The divalent linker consists of
a biotin moiety for binding to SAv and two adamantyl moieties for supramolecular host–guest
interaction at the cyclodextrin molecular printboard. The binding of biotinylated cyt c onto a SAv layer
bound to preadsorbed linker appeared to be highly specific. The coverages of cyt c as assessed by
UV–vis spectroscopy and scanning electrochemical microscopy (SECM) appeared to be identical
indicating that all cyt c units remained active. Moreover, the coverage values corresponded well with an
estimate based on steric requirements, and the binding stoichiometry was therefore found to be by two
biotin moieties of cyt c per one SAv molecule.


Introduction


The attachment of electro-active proteins at surfaces has resulted
in the characterization of several enzymes, and the development of
sensing devices based on these proteins.1–4 Cytochrome c (cyt c) is a
small (12.2 kDa) redox protein with one heme centre, that has been
studied extensively.5–7 The redox potentials of the different class
(I) cyt c vary between +200 and +350 mV (vs. SHE).7–9 Heme,
which is the iron complex of protoporphyrin IX, is a rigid and
planar molecule, having four pyrrole groups which are linked by
methylene bridges to form a tetrapyrrole ring. The heme group in
cyt c is covalently bound to the polypeptide chain. An important
function of cyt c is the electron transfer between cytochrome c
reductase and cytochrome c oxidase. The adsorption of cyt c to
SAMs has been studied before.10–12 Fragoso et al. for instance have
described the surface immobilization of cyt c to b-cyclodextrin
(bCD) SAMs on Ag via adamantyl moieties incorporated in the
protein. They showed that cyt c, when bound in a supramolecular
fashion to a surface, is more stable than cyt c physisorbed to a
surface.13


bCD is a well known host for various small hydrophobic organic
molecules in aqueous environments.14 bCD has been modified by
us in order to obtain ordered and densely packed self-assembled
monolayers (SAMs) on gold.15 It is also possible to prepare
monolayers of bCD on glass, in that case using a multistep
covalent approach.16 All guest-binding sites in bCD monolayers
are equivalent and independent.17 The use of multivalent host–
guest interactions allows the formation of kinetically stable
assemblies, and thus local complex formation e.g. by patterning, so
that these surfaces can be viewed as “molecular printboards”.15,18,19
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Recently, we have introduced the use of bCD molecular
printboards as a general platform for protein immobilization by
small multivalent, orthogonal linker molecules.20,21 Streptavidin
(SAv) was immobilized in a stepwise fashion to the molecular
printboard, allowing heterofunctionalization of the upper biotin-
binding pockets.20 Furthermore, nonspecific interactions could
be suppressed completely through the use of a monovalent
competitor.21 The molecular printboard concept thus provides
a powerful tool to control the specificity, orientation, binding
strength, and coverage of protein attachment through the design
of small linker molecules.


Here we will show the controlled attachment of the functional
protein cyt c. We will show that the interaction between cyt c
and supramolecularly surface-immobilized SAv is specific. The
preservation of electrochemical function of the immobilized cyt
c after adsorption will be shown by UV–vis absorption and by
scanning electrochemical microscopy (SECM), both of which
allows the determination of the surface coverage, and thus allows
evaluation of the involved binding stoichiometries and steric
requirements.


Results and discussion


The building blocks used in this study are depicted in Fig. 1. The
synthesis of the divalent linker (3) has been described before, as
well as the attachment of SAv to the molecular printboard and the
heterofunctionalization of the surface-immobilized SAv.20,21


The attachment of biotinylated cyt c (bt-cyt c) to bCD SAMs
is envisaged as depicted in Scheme 1. The biotinylation of cyt
c was performed according to literature procedures with biotin-
LC-NHS, which has a spacer arm of 2.24 nm, and will react to
free amino positions at the surface of the protein.22 The reaction
mixture contained a 15-fold excess of biotin linker relative to
protein, thus probably leading to cyt c modified with multiple
biotin moieties.
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Fig. 1 Building blocks used in this study: bCD (1), adsorbate for preparing bCD SAMs (2), divalent linker (3), SAv (4), and bt-cyt c (5).


Scheme 1 Stepwise adsorption of 3 and SAv to a bCD SAM, followed by
the heterofunctionalization with bt-cyt c.


To test the specificity of bt-cyt c binding to the SAv layer, surface
plasmon resonance (SPR) experiments were performed, in which
SAv was immobilized to a bCD SAM on gold via 3 (ex-situ), and
then, in separate experiments, cyt c and bt-cyt c were flowed over
the surface (Fig. 2). From both sensograms depicted in Fig. 2,
SAv adsorption can be clearly observed. The subsequent flow of
cyt c, however, did not result in an increase in signal intensity,
therefore it can be concluded that cyt c was not adsorbed onto the
SAv layer (Fig. 2a). In the second experiment, an increase in signal
intensity was observed upon adsorption of bt-cyt c (Fig. 2b). This
intensity change was reduced somewhat after rinsing with PBS
containing 1 mM bCD, which is attributed to the removal of non-
specifically adsorbed bt-cyt c. This leads to the conclusion that
bt-cyt c attaches to the SAv layer employing the strong, specific
SAv–biotin interaction.


In order to verify the stoichiometry of the binding scheme shown
in Scheme 1, the coverage of bt-cyt c was determined by UV–vis
and electrochemistry. Cyt c displays a Soret band in UV–vis with
a peak maximum at k = 408 nm which shifts to lower wavelengths
upon denaturation.23 The biotinylated cyt c used here has an e of
2.8 cm2 mg−1 at 408 nm, as determined by UV–vis spectroscopy


Fig. 2 SPR sensograms of the adsorption of SAv to a 3-covered bCD
SAM, followed by either non-biotinylated cyt c (a) or bt-cyt c (b). Symbols
indicate switching flows to: (�) SAv (in PBS containing 1 mM bCD),
(�) cyt c or bt-cyt c (in PBS containing 1 mM bCD) for case a and b,
respectively, (↓) PBS containing 1 mM bCD.


in solution (data not shown). In order to determine the surface
coverage of bt-cyt c, bCD monolayers on glass were covered on
both sides with divalent linker by immersion in a 1 × 10−4 M
solution of 3, followed by adsorption of SAv, and finally bt-cyt
c was attached. UV–vis spectra (Fig. 3) on stacks of four or five
samples were recorded. Fig. 3 clearly shows the presence of the
Soret band. The signal-to-noise ratio of the data is, however, too
low to conclude on the exact position of the peak maximum and
thus on the state of the protein. The absorbance (A) at 408 nm
was used for the assessment of the cyt c coverage using the e value
determined in solution. Thus, a surface coverage of approximately
2 × 10−11 mol cm−2 was determined, which is in agreement with
the electrochemistry data presented below.
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Fig. 3 UV–vis spectra of 8 (−) or 10 (−) bCD SAMs on glass substrates
covered with bt-cyt c on SAv on 3, addressed by measuring transmission
through 4 or 5 doubly coated glass substrates simultaneously, respectively.


SECM studies on bt-cyt c attached to SAv were performed
in order to determine the surface coverage of cyt c in an
electrochemical manner. Therefore, glass substrates with bt-cyt
c were prepared as described above, now using oxidized cyt c. The
sample was mounted in an SECM setup, which used a Ag/AgCl
reference electrode and a disk-shaped carbon ultramicroelectrode
(UME) of 7 lm (Scheme 2). The redox reactions that occur
at the UME and at the surface are listed in Scheme 2b. The
SECM experiments on bCD SAMs are a modification of the route
developed before for ferrocene-terminated dendrimers, which had
to be optimized because a monolayer of cyt c offers much less
redox equivalents.24


Scheme 2 (a) Schematics of the SECM experiment. [Ru(NH3)6]3+ is
reduced at the tip and diffuses to the molecular printboard where it reduces
(oxidized) bt-cyt c. Thereafter, [Ru(NH3)6]3+ diffuses back to the UME,
which results in a negative feedback current. (b) Redox reactions taking
place at the UME and at the surface.


The UME was positioned at a distance d of 10 lm from
the surface and a potential pulse of ET −0.35 V was applied
to the UME in order to reduce the mediator [Ru(NH3)6]3+.
Chronoamperograms of the UME current were recorded during
the pulse. This sequence was repeated multiple times at the same
location and at different distances from the surface while the
horizontal position was not changed (Fig. 4).


First, a 10 s pulse was applied to the UME positioned 10 lm
above the surface (Fig. 4, curve 1). The pulse was repeated
at the same location (Fig. 4, curve 2). For reference purposes,
another pulse experiment was performed far away from the surface
(Fig. 4, curve 3).25,26 Almost all cyt c is reduced within the first


Fig. 4 SECM amperograms in which pulse times are in each case 10 s;
(curve 1) first pulse 10 lm from the surface, (curve 2) second pulse 10 lm
from the surface, (curve 3) third pulse 300 lm from the surface.


pulse of about 10 s by a bimolecular electron transfer reaction
between [Ru(NH3)6]2+ and oxidized cyt c (Fig. 4, curve 1). During
this reaction [Ru(NH3)6]3+ is regenerated. After diffusion to the
UME, it enhances the UME current compared to the same pulse
experiment above an inert sample at which no reaction of the
mediator is possible. However, the bimolecular reaction can only
be sustained as long as oxidized cyt c is available at the surface.
Therefore a second pulse at the same location produces much lower
currents (Fig. 4, curve 2). This chronoamperogram is identical to
one obtained at the same distance above a bare glass sample. It can
be considered a background signal. For times < 0.1 s it results from
double layer charging currents and for longer times it is controlled
by the hindered diffusion of [Ru(NH3)6]3+ from the solution bulk
through the gap between UME and sample to the active UME
area. Curve 1 and curve 2 merge at around 10 s indicating the time
when the oxidized cyt c is exhausted during the first pulse. The
current resulting from hindered diffusion (Fig. 4, curve 2) depends
on the distance between the UME and its insulating sheaths to the
sample. If the working distance is enlarged (Fig. 4, curve 3), the
diffusion is less effectively hindered and the currents are larger
than in Fig. 4, curve 2. However, for t < 4 s, the currents during
the first pulse at 10 lm distance (Fig. 4, curve 1) are larger than
the currents at large distances (Fig. 4, curve 3). This is a clear
proof that the enhancement of the UME currents in curve 1 is a
result of the chemical mediator recycling at the substrate surface.
The electrical charge Q used to convert the cyt c at the surface
was obtained by integrating the current difference between the
first and the second pulse at d = 10 lm distance (curve 1 minus
curve 2). The radius rS of the sample region that is affected by
the oxidation can be approximated by considering the average
diffusion length of the [Ru(NH3)6]2+ generated at the UME (Fig. 5).
With the known diffusion coefficient of D = 7.4 × 10−6 cm2 s−1,27


the average diffusion length within the pulse time s is (2Ds)
1
2 and


the modified radius at the sample is:


rS = (2Ds − d2)1/2 (1)


Fig. 5 Estimation of the radius of the modified sample region by the
diffusion of the UME-generated [Ru(NH3)6]2+.
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Table 1 Calculation of the surface concentration of cyt c from five
independent SECM pulse experiments; for all experiments: rT = 3.5 lm,
d = 10 lm, D = 7.4 × 10−6 cm2 s−1


s/s Q/10−9 Asa rS/lmb C/10 −11 mol cm−2c


5 0.402 85.44 1.82
10 0.707 121.2 1.59
10 1.23 121.2 2.76
10 1.05 121.2 2.36
20 2.04 171.7 2.28


a Integrated difference of chronoamperometric currents of the first and the
second pulses. b Calculated according to eqn (1). c Calculated according to
eqn (2).


From rS the modified area can be estimated as A = prS
2. From Q,


rS, the number, n (= 1), of transferred electrons per cyt c molecule,
and the Faraday constant F , the surface coverage C is obtained:


C = Q/(n F p rS
2) (2)


The estimation according to eqn (1) and (2) led to a value
of C = (2.2 ± 0.5) × 10−11 mol cm−2 (Table 1). This value
compares well with the surface concentration determined by UV–
vis (see above). This confirms that all or most of the cyt c units
are electrochemically functional and accessible when immobilized
according to this supramolecular assembly scheme.


From the steric requirements of all building blocks of the
bionanostructure, the following picture regarding coverage and
stoichiometry can be drawn. The coverage of the bCD SAMs
on glass is not exactly known, but is expected to be comparable
to the coverage on gold (8 × 10−11 mol cm−2),28 because the
multivalent binding behavior is identical.16 SAv (2.5 nm × 3 nm ×
5 nm) interacts via two binding pockets with two divalent linker
molecules, each occupying two bCD cavities on the surface (thus
reaching a coverage of 4 × 10−11 mol cm−2), and thus a SAv
coverage of 2 × 10−11 mol cm−2 is expected. Thus the projected
area of cyt c, a globular protein with dimensions of less than
2 nm,29 is smaller than the area per biotin-binding site of SAv.30


However, the biotin-binding pockets on SAv are positioned 2 nm
from each other.31 Thus, one SAv can accommodate one or two cyt
c molecules, and therefore a coverage of cyt c is expected between
2 × 10−11 and 4 × 10−11 mol cm−2. The values found by UV and
SECM correspond quite well to this range. Most likely, since the
measured values are at the lower limit of this range, the majority
of the cyt c molecules interacts with two biotin moieties to the SAv
layer, in agreement with the biotinylation method leading to the
introduction of multiple biotin moieties. The overall stoichiometry
picture is sketched in the final structure of Scheme 1.


Comparable systems in which cyt c was bound to a SAv layer
showed an excess of cyt c at the surface after immobilization.32


The SAv layer formed on top of a biotinylated surface consisted
of 2.6 × 10−12 mol cm−2 SAv molecules, and 8.8 × 10−12 mol cm−2


cyt c. On a molecularly flat surface, the theoretical coverage of
cyt c corresponds to 2.2 × 10−11 mol cm−2.33 The non-specifically
bound cyt c was attributed to bad packing of the SAv layer (which
was only 60% of a fully packed layer) which allowed cyt c to be
nonspecifically immobilized at the biotin SAM.32 In our case, we
have excellent control over the packing of the SAv layer, probably
owing to the dynamic supramolecular interactions applied in our
system, and a notable absence of nonspecific adsorption.


Conclusions


In conclusion, we have shown that the supramolecular binding
strategy employed here allows control over binding stoichiometry
and specificity, with complete retention of (electrochemical) func-
tion. The heterofunctionalization of SAv, allowed by the stepwise
buildup via the multivalent linker, led to the highly specific binding
of bt-cyt c. The coverage of cyt c is in full agreement with the
expected binding stoichiometry of the resulting bionanostructure,
which shows that it can be in principle controlled through the
design and use of linker molecules with other valencies.20 The
printboard concept described here may eventually be applied
in the development of biosensors and chip-based assays, as the
stepwise buildup offers control and flexibility over stoichiometry
and specificity, and thus over coverage and function.


Experimental


General


All materials and reagents were used as received, unless stated
otherwise. The synthesis of 3 has been reported previously.20


Per-6-amino-b-cyclodextrin was synthesized as described before.34


Cytochrome c was bought at Sigma and biotinylated with Sulfo-
NHSLC-biotin (Pierce) according to literature procedures.22


Monolayer preparation


Gold substrates for SPR (BK7 glass/2–4 nm Ti/50 nm Au)
were obtained from SSens B.V., Hengelo, the Netherlands. bCD
monolayers on gold (SPR) and glass (UV–vis and SECM) were
prepared as described by our group earlier.16,35


SPR


SPR measurements were performed on a Resonant Probes GmbH
SPR instrument as described before.21 Before SPR experiments, 3
was adsorbed at bCD SAMs on gold from a 1 × 10−4 M solution.
In the SPR experiments phosphate buffered saline (PBS) was used
at pH 7.5. Protein concentrations used throughout the experiments
were 1 × 10−7 M. When switching to different solutions throughout
the experiment, the flow pump was stopped, and started again after
the solution change.


UV–vis spectroscopy


bCD monolayers on glass substrates were subsequent immersed
in a 1 mM solution of 3, a 1 × 10−7 M SAv solution, and finally in
a 10−7 M solution of bt-cyt c. In between these steps a rinse step
with PBS buffer was applied. The substrates were carefully rinsed
with PBS buffer, and dried in a stream of N2. Four or five glass
substrates, that means 8 or 10 cyt c-modified SAMs, were placed
in a Varian Cary 300 Bio instrument which was set in the double
beam mode, using 5 non-covered glass substrates as a reference.
The substrates were placed perpendicular to the beam, and the
glass substrates covered the whole area of the beam.


SECM


A home-built SECM was used consisting of a stepper motor po-
sitioning system (Märzhäuser, Wetzlar, Germany) and a CHI701
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potentiostat (CH Instruments, Austin, TX, USA). Experiments
were carried out in a three-electrode configuration and were
operated via home-built software. The carbon fiber UME (working
electrode) had a radius rT = 3.5 lm and the RG = rglass/rT =
30 (rglass is the radius of the insulating glass shielding). A Pt
wire served as auxiliary electrode, and was used together with
a Ag/AgCl reference electrode, to which all potentials are referred
to. Measurements were performed with bCD monolayers on glass
in 0.1 mM of [Ru(NH3)6]Cl3 and 0.1 mM of ferrocenemethanol
in 0.1 M Na2SO4. Initially the UME was positioned far from the
surface, and then approached the surface with the help of the
SECM setup by monitoring the steady-state current of Fc-MeOH
oxidation at ET = 0.2 V at the UME until the current stayed
constant when the insulating sheath of the UME mechanically
touched the surface. The UME was retracted 10 lm from this
point for the pulse experiments. Subsequently the potential was
switched to ET = −0.35 V in order to reduce [Ru(NH3)6]3+.
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Receptors 1 and 2, incorporating two heterocyclic recognition units as well as oxime- or
hydroxymethyl-based hydrogen-bonding sites, were prepared, and their binding properties toward
neutral sugars were determined. The design of these receptors was inspired by the binding motifs
observed in the crystal structure of protein–carbohydrate complexes. The receptors 1 and 2 are able to
recognize both mono- and disaccharides, with a strong preference for the disaccharides. Both
hydrogen-bonding and interactions of the sugar CH’s with the phenyl rings of the receptor contribute
to the stabilisation of the receptor–sugar complexes. Molecular modeling calculations, synthesis and
binding studies are described.


Introduction


The interactions observed in the crystal structures of protein–
carbohydrate complexes1 (for examples, see Fig. 1) inspire the
development of different artificial receptor structures for the
recognition of carbohydrates.2–5 Our previous studies showed
that acyclic receptors containing two to four recognition units
interconnected by a phenyl, biphenyl or diphenylmethane spacer
perform effective recognition of carbohydrates through multiple
interactions.5 Depending on the nature and number of recogni-
tion units and connecting bridges used as the building blocks (see
Fig. 2), a variety of structures with different binding properties
could be obtained.


Fig. 1 Examples of hydrogen bonds in the complexes of (a) Galan-
thus nivalis lectin with mannose1f ,1a and (b) concanavalin A with
Mana6(Mana3)Man.1e,1g


In this study, we focused on interactions of receptors 1
and 2 (see Fig. 3 and 4) with neutral sugar molecules. The
design of the receptor 1, containing suitably positioned amine
and hydroxymethyl units, as well as 2-aminopyridine groups6


(as heterocyclic analogues of the asparagine/glutamine primary
amide side chains7), was inspired by the binding motifs shown
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Hagenring 30, 38106, Braunschweig, Germany. E-mail: m.mazik@tu-bs.de;
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the 1H NMR and fluorescence titration experiments (Tables S1–S11). See
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in Fig. 1. As in natural complexes, the participation of different
types of hydrogen-bonding groups in the recognition process was
expected to be favorable for reaching high binding affinity and
selectivity of the receptor. It should also be noted that the natural
recognition unit consisting of main chain amide of Ser or Thr
and side chain hydroxyl of the same amino acid (see Fig. 1b) has
been successfully mimicked with an aromatic analogue, which was
used for the construction of receptors showing selectivity for N-
acetylneuraminic acid over glucuronic acid in competitive media
like DMSO or water–DMSO.5e


Recently, we have shown that three-armed oxime-based re-
ceptors are able to bind neutral sugar molecules in chloroform
and water-containing chloroform solutions with high affinity.5c


The using of the oxime groups as hydrogen bonding sites for
carbohydrates was inspired by the interactions involving pairs
of OH · · · N hydrogen bonds, which were observed between
oxime functionalities in the crystal structures of different oxime
molecules.8 Molecular modeling calculations indicated that com-
bining oxime- and aminopyridine-based recognition units, as in
the case of the compound 2, should cause further improvement of
the binding affinity of the new receptor.


As in previously described artificial systems,5 the participation
of the phenyl rings of the receptors 1 and 2 in the interactions
with sugar CH’s was expected to provide additional stabilization
of the receptor–sugar complexes. The character of carbohydrate–
aromatic interactions is still a subject of controversy;9,10 thus, the
studies with suitable model systems provide important insights on
the origin of the carbohydrate–aromatic interactions.


To compare the binding properties of receptors 1 and 2 with
the properties of previously published receptors (for example,
receptors 7 and 8, see Fig. 5), the dodecyl b-D-maltoside (3),
dodecyl a-D-maltoside (4), octyl b-D-glucopyranoside (5) and
octyl a-D-glucopyranoside (6) were selected as substrates. The
interactions of the receptors and carbohydrates were investigated
by 1H NMR and fluorescence spectroscopy in organic media.11–13


The 1H NMR binding titration data were analyzed using the
Hostest 5.6 program.14 The fluorescence binding titration data
were analyzed using the Hyperquad 2006 program.15 Stoichiome-
try of the receptor–sugar complexes was determined by mole ratio
plots and by the curve-fitting analysis of the titration data.


1558 | Org. Biomol. Chem., 2008, 6, 1558–1568 This journal is © The Royal Society of Chemistry 2008







Fig. 2 Examples of spacer and recognition units used by our group for the construction of acyclic carbohydrate receptors.5


Fig. 3 Structures of receptors and sugars investigated in this study.


Results and discussion


Synthesis of the receptors


The base for the synthesis of compounds 1 and 2 was the
compound 11, which was prepared via a reaction of 1,3,5-
tris(bromomethyl)-2,4,6-triethyl-benzene16 (9) with 2 equivalents
of 2-amino-4,6-dimethylpyridine (10).5a The reaction of 1-bromo-
methyl-3,5-bis[(4,6-dimethylpyridin-2-yl)aminomethyl]-2,4,6-tri-
ethylbenzene (11) with 3-aminobenzylalcohol (12) or 3-amino-


Fig. 4 Energy-minimized structure of the receptor 1 (a) and 2 (b).
MacroModel V.8.5, OPLS-AA force field, MCMM, 25 000 steps. Color
code: C, blue; N, green; O, red.


benzophenone oxime (14) provided the compounds 1 and 2,
respectively (see Scheme 1).


Binding studies with disaccharides 3 and 4


b- and a-maltoside, 3 and 4, are poorly soluble in CDCl3, but
could be solubilized in this solvent in the presence of the receptor
1 or 2, indicating favourable interactions between the binding
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Scheme 1 Reaction conditions: (a) 2 equiv. of 10, CH3CN–THF, K2CO3, 48 h (30%); (b) CH3CN–THF, K2CO3, 72 h (73%); (c) CH3CN–THF, K2CO3,
72 h (61%); (d) NH2OH × HCl, NaOH, CH3CH2OH–H2O.


Fig. 5 Structures of the previously studied symmetrical receptors 7 and
8.5c,5k


partners (similar solubility behaviour of the disaccharides 3 and 4
was observed in the presence of the previously described three-
armed oxime-based receptors5c). Thus, the receptor in CDCl3


was titrated with a solution of maltoside dissolved in the same
receptor solution. The complexation between 1 or 2 and both
disaccharides was evidenced by several changes in the NMR
spectra (for examples, see Fig. 6 and 7).


During the titrations of 1 with 3 or 4 the signal due to the
amine NHA of 1 moved downfield by about 0.60 and 0.90 ppm,
respectively; the addition of 0.5 equiv of sugar 3 or 4 led to
practically complete complexation of 1. The NHD signal shifted
downfield with strong broadening (by about 0.4 and 0.8 ppm,
respectively); this signal was overlapping during the titration with
3 or 4, and could not be used for the determination of the binding
constants. Furthermore, the 1H NMR spectra showed changes
in the chemical shifts of the CH3, CH2 and CH resonances of
1 (up- and downfield shifts in the range of 0.03–0.10 ppm; see
Fig. 6 and Table 1). The shifts of the NHA, CH2, CH3 and
aromatic CH protons of 1 were monitored as a function of sugar
concentration; typical titration plots are shown in Fig. 8. The
mole ratio plots indicated the formation of complexes with 2 : 1
receptor–sugar binding stoichiometry. The best fit of the titration
data for 1•3 and 1•4 was obtained with the 2 : 1 receptor–
sugar binding model;14,17 however, the binding constants were
too large to be accurately determined by 1H NMR titrations18


(see Table 1).


Table 1 Association constantsa–d for receptors 1 and 2 and carbohydrates 3–6


Host–guest complex K11/M−1 K21
e or K12


f/M−1 b21 = K11K21 or b12 = K11K12/M−2 Ddobs
g/ppm


1•3 >100 000b ,e NHA: 0.60; CH2
B: −0.09; NHD: 0.80;


CHE: 0.09; CHH: −0.08; CH3
J: −0.03


1•4 >100 000b ,e NHA: 0.90; CH2
B: −0.07; NHD: 0.40;


CHE: 0.09; CHH: −0.07; CH3
J: −0.03


1•5 1830b 180b , f 3.29 × 105 NHA: 1.31; CH2
B: −0.15; CHE: 0.14;


CHF: 0.11; CH3
J: −0.06


2•3 371 200c 7950c ,e 2.95 × 109 NOH: −1.70; CHE: 0.16; CHH: −0.10;
CHF: 0.08; CH3


J: −0.05
2•4 187 930c 7010c ,e 1.31 × 109 NOH: −1.44; CHE: 0.20; CHH: −0.08;


CHF: 0.10; CH3
J: −0.06


2•5 2050b 720b , f 1.48 × 106 NOH: −2.36; NHA: 0.89; CH2
B: −0.10;


CH2
C: −0.16; CHE: 0.26; CHF: 0.15


2•6 790c 270c , f 2.13 × 105


a Average Ka values from multiple titrations. b Determined on the base of 1H NMR spectroscopic titrations in CDCl3. c Determined on the base of
fluorescence titrations in CHCl3. d Errors in Ka are less than 10%. e K21 corresponds to a 2 : 1 receptor–sugar association constant. f K12 corresponds
to a 1 : 2 receptor–sugar association constant. g Largest change in chemical shift observed during the 1H NMR titrations for the receptor signals (the
concentration of receptor was kept constant and that of sugar varied); down- and upfield (−) shifts.
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Fig. 6 (a–c) Partial 1H NMR spectra (400 MHz, CDCl3) of 1 after
addition of (from bottom to top) 0.00–3.13 equiv of b-maltoside 3 ([1] =
1.02 mM). Shown are chemical shifts of the pyridine CHL resonances of
1 (for labeling, see formula 1). (b, c) Partial 1H NMR spectra of 1 after
addition of (from bottom to top) 0.00–1.95 equiv of a-maltoside 4 ([1] =
1.01 mM). Shown are chemical shifts of the phenyl CH and CH2 resonances
of 1 (protons E, H, F, and B; for labeling, see formula 1).


The 1H NMR spectra obtained during the titrations of 2
with the disaccharide 3 or 4 showed large shifting of the OH
and NHA resonances; however, the strong broadening of these
resonances prevented their use in the estimation of the binding


Fig. 7 (a, b) Partial 1H NMR spectra (400 MHz, CDCl3) of 2 after
addition of (from bottom to top) 0.00–3.06 equiv of b-maltoside 3 ([2] =
1.02 mM). Shown are chemical shifts of the CHE,H,F and CH3 resonances
of 2 (for labeling, see formula 2). (c) Partial 1H NMR spectra of 2 after
addition of (from bottom to top) 0.00–3.09 equiv of a-maltoside 4 ([2] =
1.03 mM). Shown are chemical shifts of the CHE,H,F resonances of 2.


constants. The signal due to the NHD of 2 was unobservable
after the addition of only 0.1 equiv of the disaccharide 3 or 4.
The signal due to the oxime OH of 2 moved upfield with strong
broadening by 1.70 and 1.45 ppm after the addition of 3 and 4,
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Fig. 8 (a and b) Plot of the observed chemical shifts of the NHA and CH3
J


resonances of 1 as a function of added b-maltoside 3 (a) or a-maltoside 4
(b). (c) Plot of the observed chemical shifts of the phenyl CH resonances
of 2 as a function of added b-maltoside 3. The [receptor] : [sugar] ratio is
marked.


respectively. This signal was almost unobservable after the
addition of about 0.1 equiv of the corresponding disaccharide,
and became distinct near the saturation, that occurred after the
addition of about 0.8 equiv of the disaccharide 3 or 4. In the case
of the receptor 2, the molecular modeling calculations indicated
the formation of an intramolecular hydrogen bond between the
oxime OH and the pyridine nitrogen of 2, as shown in Fig. 4a. The
existence of the intramolecular hydrogen bond was confirmed
by NMR spectroscopy. The resonance for the oxime OH proton
of 2 in CDCl3 solution was independent of its concentration
and occurred at ∼11.5 ppm (the resonance for the oxime OH
protons of the previously described three-armed oxime-based
receptors5c occurred at 7.5 ppm; 1 mM CDCl3 solution).19 The
observed complexation-induced shifts of the OH and NH signals
indicated important contribution of the OH and NH groups of 2
to the complex formation through formation of intermolecular
hydrogen bonds with the disaccharide 3 or 4.


The complexation between receptor 2 and the both disaccha-
rides was further evidenced by up- and downfield chemical shifts
of the CH2, CH3, pyridine CH and phenyl CH protons (in the
range of 0.03–0.20 ppm; see Table 1 and Fig. 7). The fit of the
NMR shift changes of these resonances agreed with a “mixed”
1 : 1 and 2 : 1 receptor–sugar binding model. The results of the
1H NMR titrations indicated the formation of very strong 1 : 1
complexes (K11 > 100 000 M−1) and weaker complexes with 2 :
1 receptor–sugar stoichiometry (the binding constants were too
large to be accurately determined by 1H NMR titrations).


The formation of strong complexes between the receptor 2
and the disaccharide 3 or 4 was confirmed by fluorescence
spectroscopy20 (the binding properties of the receptor 1 could
not be analysed on the base of fluorescence spectroscopy). The
fluorescence titration experiments were carried out by adding
increasing amounts of the sugar 3 or 4 (both disaccharides
are soluble in CHCl3 in the concentration range required for
fluorescence titrations) to a CHCl3 solution of the receptor 2 (for
example, see Fig. 9a). The best fit of the titration data (at 406
nm) was obtained with a “mixed” 1 : 1 and 2 : 1 receptor–sugar
binding model; this binding model was further supported by the
mole ratio plots. The binding constants for 2•3 were found to be
371 200 (K11) and 7950 (K21) M−1 (b21 = 2.95 × 109 M−2), whereas
those for 2•4 amounted to 187 930 (K11) and 7010 (K21) M−1 (b21 =
1.31 × 109 M−2).17c Thus, the receptor 2 exhibits about 2-fold higher
binding affinity toward the b-maltoside 3.


According to molecular modeling calculations (see Fig. 10) the
receptor–maltoside complexes are stabilized by hydrogen bonds
between the OH groups as well as the ring-O of the sugar and the
NHA, NHD, pyridine-N, CH2OH (in the case of 1) and oxime-
OH/oxime-N (in the case of 2) of the receptor 1 or 2 (the
participation of the NH and OH groups of the receptors in the
formation of the intermolecular hydrogen bonds with the sugar
was confirmed by 1H NMR spectroscopy; see above). The sugar
OH groups are involved in cooperative and bidentate hydrogen
bonds, similar to interactions in protein–carbohydrate complexes.
Furthermore, CH · · · O/N hydrogen bonds and interactions of
sugar CHs with the phenyl groups of the receptor molecule
provide an additional stabilisation of the receptor–sugar complex.
Examples of noncovalent interactions indicated by molecular
modeling calculations for the complexes formed between receptor
1 or 2 and the disaccharide 3 are given in Table 2.
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Table 2 Examples of noncovalent interactions indicated by molecular modeling calculationsa for the complexes formed between receptor 1 or 2 and
sugar 3


Receptor–substrate complex Noncovalent interactionsb ,c


1•3 (I) pyridine-N · · · HO-3 (g1); (I) NHA · · · OH-2 (g1); (I) CH2OH · · · OH-6 (g1);
2 : 1 receptor–sugar complexb (II) pyridine-N · · · HO-6 (g1); (II) NHA · · · O-ring (g1); (II) NHA · · · OH-3 (g1);


(II) NHD · · · OH-2 (g1); (II) pyridine-N · · · HO-6 (g2); (I) NHD · · · OH-2 (g2)
(I) phenyl (central ring) · · · HC-1 (g1); (I) phenyl (central ring) · · · HC-3 (g1)
(I) phenyl (central ring) · · · HC-5 (g1); (II) phenyl (central ring) · · · HC-2 (g1)
(II) phenyl (central ring) · · · H2C-6 (g1);
(I) phenyl (hydroxymethyl-substituted) · · · HC-3 (g2)
(II) CH2OH · · · NHA (I); (II) pyridine-CH3 · · · N-pyridine (I)


2•3 NHA · · · O-ring (g1); NHA · · · OR; NHD · · · OH-3 (g1); pyridine-N · · · HO-2 (g1)
1 : 1 receptor–sugar complex pyridine-N · · · HO-6 (g1); CH3


I · · · OH-2 (g2); phenyl-CH · · · OH-3 (g1)
phenyl (oxime-substituted) · · · HO-6 (g2); phenyl (oxime-substituted) · · · HC-1 (g2);
phenyl (central ring) · · · HC-2 (g1); phenyl (central ring) · · · HC-4 (g1)


2•3 (I) NHA · · · O-ring (g1); (I) NHA · · · OH-2 (g1); (I) NHD · · · OH-3 (g1);
2 : 1 receptor–sugar complexb (I) pyridine-N · · · HO-2 (g1); (I) pyridine-N · · · HO-6 (g1); (I) phenyl-CH · · · OH-3 (g1)


(II) NHA · · · OH-2 (g2); (II) NHA · · · OH-3 (g2); (II) NOH · · · OH-6 (g2);
(II) pyridine-N · · · HO-4 (g2);
(I) phenyl (central ring) · · · HC-2 (g1); (I) phenyl (central ring) · · · HC-4 (g1)
(II) phenyl (oxime-substituted) · · · HC-1 (g1); (II) phenyl (oxime-substituted) · · · HC-3 (g1); (II) oxime-N · · · HC-5 (g1)


a MacroModel V.8.5, OPLS-AA force field, MCMM, 50 000 steps. b I and II: two receptors in the 2 : 1 receptor–sugar complex. c g1 and g2: the glucose units
of 3 (for labeling see Fig. 3).


Fig. 9 Fluorescence titration of receptor 2 with b-maltoside 3 (a) and
b-glucopyranoside 5 (b) in CHCl3; [2] = 0.17 mM; Equiv of 3 = 0.00, 0.07,
0.15, 0.23, 0.31, 0.46, 0.62, 0.77, 0.93, 1.08, 1.24, 1.40, 1.55, 1.71, 1.86,
2.02, 2.17, 2.33, 2.48, and 2.64; Equiv of 5 = 0.00, 0.29, 0.58, 0.88, 1.17,
1.76, 2.35, 2.93, 3.52, 4.11, 4.70, 5.29, 5.87, 6.46, 7.05, 7.64, 8.23, 8.81,
9.40, and 9.99. Excitation wavelength 336 nm.


Binding studies with monosaccharides 5 and 6


The 1H NMR titration experiments with b-glucopyranoside 5 were
carried out by adding increasing amounts of the sugar to a CDCl3


solution of the receptor 1 or 2. Similar to the binding studies
with disaccharide 3 or 4, the complexation between 1 or 2 and
glucopyranoside 5 was evidenced by several changes in the NMR
spectra (for examples, see Fig. 11). However, whereas after the
addition of about 0.5 equiv (in the case of receptor 1) or 1 equiv
(in the case of receptor 2) of the disaccharide 3 or 4 almost no more
change was observed in the chemical shift of the receptor signals,
with the monosaccharide 5, chemical shift changes continued to
higher [sugar] : [receptor] ratios. During the titrations of 1 or 2
with 5 the signal due to the amine NHA of 1 moved downfield by
about 1.3 ppm (after the addition of 8 equiv of sugar), whereas
the NHA of 2 shifted downfield by 0.9 ppm. The signal due to the
oxime OH of 2 shifted significantly upfield by about 2.3 ppm with
broadening. Furthermore, the 1H NMR spectra showed changes in
the chemical shifts of the CH3, CH2, and phenyl CH’s protons (up-
or downfield shifts in the range of 0.04–0.26 ppm; see Table 1),
as illustrated in Fig. 11. The curve fitting of the titration data
suggested the existence of 1 : 1 and 1 : 2 receptor–monosaccharide
complexes in the chloroform solution (typical titration curves are
shown in Fig. 12), with a stronger association constant for the 1 :
1 binding and a weaker association constant for the 1 : 2 receptor–
sugar complex. The binding constants for 1•5 were found to be
1830 (K11) and 180 (K12) M−1 (b12 = 3.29 × 105 M−2), whereas those
for 2•5 amounted to 2050 (K11) and 720 (K12) M−1 (b12 = 1.48 ×
106 M−2).17c


Interactions between receptor 2 and b-glucopyranoside 5 could
also be detected by fluorescence; however, the spectral changes
observed during the fluorescence titrations with glucopyranoside
5 were less substantial than those observed during the titrations
with disaccharides 3 and 4 (for example, see Fig. 9b). The analysis
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Fig. 10 (a) Energy-minimized structure of the 2 : 1 receptor–sugar
complex formed between receptor 1 and b-maltoside 3. (b and c) Ener-
gy-minimized structure of the 2 : 1 and 1 : 1 receptor–sugar complex formed
between receptor 2 and b-maltoside 3. MacroModel V.8.5, OPLS-AA force
field, MCMM, 50 000 steps. Color code: receptor C, blue; receptor N,
green; receptor O, red; the sugar molecule is highlighted in orange.


of the titration data confirmed the “mixed” 1 : 1 and 1 : 2 receptor–
glucopyranoside binding model; the binding constants determined
on the base of fluorescence titrations in CHCl3 were comparable


Table 3 Association constantsa ,b for receptors 7 and 8 and carbohydrates
3–5


Host–guest
complex K11/M−1 K21


e or K12
f/M−1


b21 = K11K21 or
b12 = K11K12/M−2


7•3 100 500c ,g


98 900d ,g


7•4 65 300c ,g


62 000d ,g


7•5 170c ,g 1730c , f 2.94 × 105


8•3 130 700d 42 300d ,e 5.52 × 109


8•4 79 100d 16 350d ,e 1.29 × 109


8•5 48 630c ,h 1320c , f 6.42 × 107


54 920d 1470d , f 8.07 × 107


a Average Ka values from multiple titrations. b Errors in Ka are less than
10%. c Determined on the base of 1H NMR spectroscopic titrations in
CDCl3. d Determined on the base of fluorescence titrations in CHCl3.
e K21 corresponds to a 2 : 1 receptor–sugar association constant. f K12


corresponds to a 1 : 2 receptor–sugar association constant. g Results from
ref. 5c. h Results from ref. 5k.


with those determined on the base of the NMR spectroscopic
titrations in CDCl3.


Fluorescence titrations of the receptor 2 with a-glucopyranoside
6 (fluorescence intensity increased with increasing monosaccha-
ride concentration) indicated also the formation of complexes with
1 : 1 and 1 : 2 receptor–monosaccharide binding stoichiometry. The
binding constants for 2•6 were found to be 790 (K11) and 270 (K12)
M−1 (b12 = 2.13 × 105 M−2). Thus, the complexes formed between
the receptor 1 or 2 and the monosaccharides 5 and 6 are much less
stable than those formed with the disaccharides 3 and 4.


Both the 1H NMR and the fluorescence spectroscopic titrations
clearly show the di- vs. monosaccharide preference of the receptors
1 and 2. It should be noted that oligosaccharides have received
far less attention in the artificial receptor chemistry than the
monosaccharides,21–24 and the selective recognition of oligosac-
charides by receptors using noncovalent interactions is still rare.21


The comparison of the binding properties of the
aminopyridine/oxime-based receptor 2 and the symmetrical
oxime-based receptor 7 (see Table 1 and 3) shows that combining
oxime- and aminopyridine-based recognition units significantly
affect the binding properties. Both receptors, 2 and 7, show strong
di- vs. monosaccharide preference; however, receptor 2 exhibits
higher affinity toward the tested disaccharides. In the case of
receptor 7, both glucose units of the disaccharide 3 or 4 have the
possibility to interact with four phenyl rings of the receptor 7;
these interactions seem to be responsible for the 1 : 1 binding
stoichiometry, similar to the complex between maltose binding
protein (MBP) and maltose.1h Quiocho et al. pointed out that
“the maltose is wedged between four aromatic side chains and the
resulting stacking of these aromatic residues on the faces of the
glucosyl units provides a majority of the van der Waals contacts
in the complex.”1h


The symmetrical pyridine-based receptor 8 has been established
as highly effective receptor for both b-glucopyranoside 5 and
maltosides 3/4(see Table 3 and Fig. 13). The preference for the
disaccharides is still observable, but is not so strong as in the case
of 1, 2 or 7 (for comparison, see Table 1 and 3).
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Fig. 11 (a–d) Partial 1H NMR spectra (400 MHz, CDCl3) of 1 after addition of (from bottom to top) 0.00–8.02 equiv of 5 ([1] = 1.02 mM); for labeling,
see formula 1. (e, f) Partial 1H NMR spectra of 2 after addition of (from bottom to top) 0.00–8.03 equiv of 5 ([2] = 1.02 mM); for labeling, see formula 2.


Conclusion


Acyclic receptors 1 and 2 containing neutral hydrogen bonding
sites, such as amine, pyridine, hydroxymethyl or oxime groups,
were prepared, and their binding properties towards neutral sugar
molecules studied. The two compounds have been established
as highly effective receptors for b- and a-maltoside, 3 and 4;
the complexes formed with these disaccharides are much more


stable than those formed with the monosaccharides 5 and 6
(see Table 1).


The formation of receptor–sugar complexes has been charac-
terized by 1H NMR spectroscopy and confirmed by a second,
independent technique, namely fluorescence spectroscopy (in the
case of the receptor 2). Receptor 1 has the tendency to form
strong 2 : 1 receptor–sugar complexes with b- and a-maltoside
(see Table 1). Both hydrogen-bonding and interactions of the
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Fig. 12 Plot of the observed (+) and calculated (—) chemical shifts of the
NHA (a), CH2


B (b), and CHH (c) resonances of 1 (1.02 mM) as a function
of added b-glucopyranoside 5. The [receptor] : [sugar] ratio is marked.


sugar CH’s with the phenyl rings of the receptor contribute to
the stabilisation of the receptor–sugar complexes (see Fig. 10a
and Table 2). According to molecular modeling calculations,
the disaccharide 3 is encapsulated in the cavity between the
two receptor molecules in a similar way as in the protein–
sugar complexes. Both glucose units of the disaccharide have the
possibility to interact with four phenyl rings of the two receptor
molecules (two central phenyl rings and two hydroxymethyl-
subsituted phenyl rings; see Fig. 10a), similar to the complex
between maltose binding protein and maltose.


The analysis of the titration data obtained on the base of
1H NMR and fluorescence titrations of the receptor 2 with the
disaccharide 3 or 4 indicated the existence of 1 : 1 and 2 : 1
receptor–maltoside complexes in the chloroform solutions, with a
very high binding constant for the 1 : 1 complexes (see Table 1).
Examples of the energy-minimized structure of the 1 : 1 and 2 : 1
receptor–maltoside complexes are illustrated in Fig. 10c and 10b,
respectively. According to the molecular modeling calculations,
the hydrogen bonding interactions are complemented by the CH-
p interactions between the sugar CH’s and the phenyl rings of the
receptor 2. The phenyl rings provides additional apolar contacts to
a saccharide, similar to sugar-binding proteins, which commonly
place aromatic surfaces against patches of sugar CH groups. The
comparison of the binding properties of the receptor 2 and the
previously described three-armed oxime-based receptors5c shows
that combining oxime- and aminopyridine-based recognition units
significantly affect the binding properties. As in natural complexes,
the participation of different types of hydrogen-bonding groups
in the recognition process is favorable for reaching high binding
selectivity of the receptor.


Fig. 13 Fluorescence titration of receptor 8 with b-maltoside 3 (a) and
b-glucopyranoside 5 (b) in CHCl3; [8] = 0.23 mM; Equiv of 3 = 0.00, 0.07,
0.16, 0.25, 0.33, 0.42, 0.50, 0.59, 0.67, 0.75, 0.84, 1.01, 1.18, 1.34, 1.51,
1.68, 2.02, 2.36, 2.69, and 2.86; Equiv of 5 = 0.00, 0.29, 0.58, 0.88, 1.17,
1.76, 2.05, 2.35, 2.64, 2.93, 3.52, 4.11, 4.70, 5.28, 5.87, 7.05, 8.22, 9.40, and
9.89. Excitation wavelength 326 nm.


The binding studies between both receptors and the monosac-
charide 5 or 6 indicated the formation of complexes with 1 : 1
and 1 : 2 receptor–monosaccharide binding stoichiometry (with a
higher binding constant for the 1 : 1 complex; see Table 1). The
results of the NMR and fluorescence titrations clearly showed
that the receptors 1 and 2 are able to recognize both mono- and
disaccharides, with a strong preference for the disaccharides.


Synthetic receptors using noncovalent interactions for sugar
binding provide valuable model systems to study the basic
molecular features of carbohydrate recognition. In this context,
the acyclic receptors represent particularly interesting objects for
systematic studies toward recognition motifs for carbohydrates.


Experimental


Analytical TLC was carried out on silica gel 60 F254 plates.
Melting points are uncorrected. Dodecyl b-D-maltoside (3),
dodecyl a-D-maltoside (4), octyl b-D-glucopyranoside (5), 3-
aminobenzylalcohol (12), and 3-aminobenzophenone (13) are
commercially available.


1-[(3-Hydroxymethyl-phenyl)aminomethyl]-3,5-bis-[(4,6-
dimethylpyridin-2-yl)amino-methyl]-2,4,6-triethylbenzene (1)


A mixture of 1-bromomethyl-3,5-bis[(4,6-dimethylpyridin-2-
yl)aminomethyl]-2,4,6-triethylbenzene (11) (0.50 g, 0.96 mmol),
3-aminobenzyl alcohol (12) (0.153 g, 1.24 mmol) and K2CO3
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(1 g, 7 mmol) in THF–CH3CN (160 mL, 1 : 1 v/v) was stirred
at room temperature for 72 h (the solution was monitored by
TLC). After filtration and evaporation of solvents, the crude
product was purified by column chromatography (aluminium
oxide; chloroform–diethyl ether, 1 : 6 v/v). Yield 73%. M.p. 74–
75 ◦C. 1H-NMR (400 MHz, CDCl3): d = 1.24 (m, 9 H), 2.24 (s,
6 H), 2.34 (s, 6 H), 2.75 (m, 6 H), 3.51 (br. s, 1 H), 4.14 (br. s,
2 H), 4.21 (d, J = 4.20 Hz, 2 H), 4.37 (d, J = 4.20 Hz, 4 H), 4.65
(s, 2 H), 6.09 (s, 2 H), 6.35 (s, 2 H), 6.60 (m, 1 H), 6.71 (m, 2 H),
7.19 (t, J = 7.80 Hz, 1 H). 13C-NMR: d = 16.85, 16.90, 21.11,
22.84, 22.91, 24.15, 40.68, 42.22, 65.53, 103.34, 110.63, 111.98,
113.98, 115.89, 129.51, 133.07, 133.20, 142.31, 143.60, 143.68,
148.46, 148.88, 156.74, 158.22. HR-MS (EI) calcd for C36H47N5O:
565.3780; found: 565.3781. Rf = 0.54 (methanol–chloroform 1 : 7,
v/v).


1-[(3-Acetyl-phenyl)aminomethyl]-3,5-bis-[(4,6-dimethylpyridin-2-
yl)aminomethyl]-2,4,6-triethylbenzene oxime (2)


A mixture of 1-bromomethyl-3,5-bis[(4,6-dimethylpyridin-2-
yl)aminomethyl]-2,4,6-triethylbenzene (11) (0.42 g, 0.80 mmol), 3-
aminobenzophenone oxime (14) (0.157 g, 1.05 mmol) and K2CO3


(1 g, 7 mmol) in CH3CN–THF (80 mL, 1 : 1, v/v) was stirred
at room temperature for 72 h (the solution was monitored by
TLC). After filtration and evaporation of solvents, the crude
product was purified by column chromatography (aluminium
oxide; chloroform–diethyl ether, 4 : 6 v/v). Yield 61%. M.p. 71–
72 ◦C. 1H-NMR (400 MHz, CDCl3): d = 1.18 (t, J = 7.6 Hz,
6 H), 1.24 (t, J = 7.6 Hz, 3 H), 2.24 (s, 3 H), 2.25 (s, 6 H), 2.36
(s, 6 H), 2.73 (q, J = 7.6 Hz, 2 H), 2.90 (q, J = 7.6 Hz, 4 H), 3.87
(br. s, 1H), 4.32 (d, J = 4.1 Hz, 4 H), 4.39 (s, 2 H), 4.52 (br. s,
2H), 6.11 (s, 2 H), 6.34 (s, 2 H), 6.60 (m, 1 H), 6.79 (m, 1 H),
6.87 (m, 1H), 7.13 (t, J = 7.8 Hz, 1 H), 11.48 (s, 1 H). 13C-NMR:
d = 12.60, 16.56, 16.74, 21.25, 23.01, 23.68, 40.80, 42.90, 103.13,
110.17, 113.88, 115.09, 116.21, 128.90, 132.73, 133.43, 138.20,
143.21, 143.66, 148.24, 149.37, 155.61, 156.37, 158.00. HR-MS
calcd for C37H49N6O (ESI): 593.3974; found: 593.3974. Rf = 0.32
(chloroform–diethyl ether, 4 : 6).
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5-(Octa-1,7-diynyl)-2′-deoxyuridine was converted into the furano-dU derivative 7 by copper-catalyzed
cyclization; the pyrolodC-derivative 3 was formed upon ammonolysis. The bicyclic nucleosides 3 and 7
as well as the corresponding non-cyclic precursors 4 and 6 all containing terminal C≡C bonds were
conjugated with the non-fluorescent 3-azido-7-hydroxycoumarin 5 employing the copper(I)-catalyzed
Huisgen–Sharpless–Meldal cycloaddition “click reaction”. Strongly fluorescent 1H-1,2,3-triazole
conjugates (30–33) are formed incorporating two fluorescent reporters—the pyrdC nucleoside and the
coumarin moiety. Oligonucleotides incorporating 6-alkynyl and 6-alkyl
7H-pyrrolo[2,3-d]pyrimidin-2(3H)-one nucleosides (3 and 2f) have been prepared by solid-phase
synthesis using the phosphoramidite building blocks 10 and 13; the pyrrolo-dC oligonucleotides are
formed during ammonia treatment. The duplex stability of oligonucleotides containing 3 and related
derivatives was studied. Oligonucleotides with terminal triple bonded nucleosides such as 3 are more
stabilizing than those lacking a side chain with terminal unsaturation; open-chain derivatives (4) are
even more efficient. The click reaction was also performed on oligonucleotides containing the
pyrdC-derivative 3 and the fluorescence properties of nucleosides, oligonucleotides and their coumarin
conjugates were studied.


Introduction


Fluorescent reporter groups are widely used to explore the
structure, dynamics and interactions of nucleic acids. As canonical
bases of nucleic acids are non-emissive, numerous fluorescent
nucleobase analogues have been synthesized and incorporated
into DNA.1a Among the modified purine derivatives, 2-amino
purines,1b 2-amino- and 2-hydroxy pyrrolo[2,3-d]pyrimidines2–4


as well as 1,N6-etheno compounds5,6 are all fluorescent. Var-
ious cytosine nucleosides, such as etheno-dC7,8 and pyrrolo-C
(pyrC) or pyrrolo-dC (pyrdC) develop significant fluorescence.
PyrC (2a, 2b) or pyrdC (2c, 2d) (Scheme 1) are related to
the pyrrolo[2,3-d]pyrimidine nucleoside 1,4 which is strongly
fluorescent. PyrC/dC are prepared from the furano-U or furano-
dU,9–11 which are accessible from the 5-alkynyl compounds by
cyclization with copper iodide. The bicyclic furano pyrimidine
nucleoside analogues posses significant biological activity against
Varicella Zoster virus.12,13 Treatment of the furo[2,3-d]pyrimidine
nucleosides (e.g. 7) with ammonia generates the pyrrolo[2,3-
d]pyrimidine nucleosides (e.g. 3), a reaction which takes place dur-
ing oligonucleotide deprotection. An alternative synthetic route
makes use of the low nucleophilicity of the pyrrol nitrogen allowing
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the regioselective nucleobase anion glycosylation6 at nitrogen N1,
as was exemplified on compound 2a. PyrC or pyrdC has been
incorporated into oligoribo- and oligodeoxyribonucleotides using
the standard protocol of solid-phase synthesis.10 Fluorescent 6-
unsubstituted 7H-pyrrolo[2,3-d]pyrimidin-2(3H)-one derivatives
and related bicyclic analogues were reported to develop stable
base pairs with dG.14,15 A tridentate base pair is formed between
compound 2c and dG which can mimic the dC–dG base pair.9


Nucleoside 2d has been used to study nucleic acid duplex and
triplex formation or to probe DNA/RNA interactions with
proteins.16–21


This manuscript reports on pyrdC-derivatives bearing side
chains at the 6-position with a terminal triple bond. This
functionality allows further derivatisation of the whole molecule
by the copper(I)-catalyzed Huisgen–Sharpless–Meldal 1,3-dipolar
cycloaddition reaction, the so-called “click” reaction.22–24 This
protocol is orthogonal to other reactions and can be performed
efficiently in aqueous media with high functional group tolerance.
Earlier investigations by our laboratory have demonstrated that a
set of all four canonical bases, pyrimidines and purines—the latter
in the form of their 7-deaza derivatives—can be functionalized by
this route.25–27 The terminal C≡C bonds of the pyrdC-derivative
3 and its open-chain analogue 4 were conjugated with the non-
fluorescent azido–coumarin 5 generating strongly fluorescent
1,4-disubstitued 1H-1,2,3-triazole conjugates (Scheme 2). These
molecules contain two fluorescent moieties: the pyrrolo-dC base
and the coumarin dye. The “click” reaction was also performed
on the oligonucleotide level. After hybridization the duplex DNA
contains one fluorescent reporter (pyrdC) being part of the
base pair stack while the other fluorescent residue (coumarin)
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Scheme 1 Structures of nucleosides.


Scheme 2 Copper(I)-catalyzed alkyne–azide cycloaddition.


is protruding into the major groove of the DNA duplex. The
duplex stability of modified base pairs was compared with those
incorporating dC–dG.


Results and discussion


1. Synthesis and properties of monomers


The syntheses of 5-alkynylated 2′-deoxyuridine 6 and the 5′-
O-(4,4′-dimethoxytrityl) derivatives 8 and 11 have already been
reported from our laboratory using the Sonogashira cross-
coupling reaction followed by dimethoxytritylation.25,26 Earlier, a
one-pot preparation of bicyclic furano nucleoside 7 was described;
however, as the yield was below 20%28 the 5-(octa-1,7-diynyl)-
2′-deoxyuridine intermediate 6 was isolated first, which was
then cyclized in the presence of CuI to give the 6-hexynyl-
3H-furo[2,3-d]pyrimidin-2-one nucleoside 7 in 87% yield, which
undergoes conversion in aqueous ammonia to form the 6-hexynyl-
7H-pyrrolo[2,3-d]pyrimidin-2(3H)-one nucleoside 3 in 90% yield
(Scheme 3). An alternative synthetic route was reported by our
laboratory for the synthesis of the pyrC-derivative 2a using
the regioselective glycosylation of the 7-deazapurine-2-one at
nitrogen-1.6 Compound 2e was prepared using the same cycliza-
tion reaction as reported above and their fluorescence properties
were investigated.6


To study the effect of 6-alkynyl and 6-alkyl substitution of
pyrdC on the DNA duplex stability, oligonucleotides containing
3 and 2f were synthesized. For that purpose the phosphoramidite
building blocks 10 and 13 were prepared and employed in solid-
phase oligonucleotide synthesis. Two routes were performed for
the preparation of the dimethoxytrityl derivative 9. The first
method starts with the dimethoxytritylation of the 6-hexynyl 3H-
furo[2,3-d]pyrimidin-2-one nucleoside 7, while the second begins


Scheme 3 Reagents and conditions: (i) Et3N/MeOH, CuI, reflux 70 ◦C;
(ii) 25% aq. NH3, overnight, r.t.


with the cyclization of the 5-octa-1,7-diynylated dimethoxytrityl
derivative 8 to form 9 (85% yield). In a similar way the 5-
oct-1-ynylated dimethoxytrityl derivative 11 was cyclized into
12 in 87% yield. The above compounds were further trans-
formed into the phosphoramidite building blocks 10 and 13
by phosphitylation reaction using chloro-(2-cyanoethoxy)-N,N-
diisopropylaminophosphine (Scheme 4). For comparison the
phosphoramidite building block of 2d was prepared according
to the reported procedure.20


The target compounds and all intermediates were characterized
by 1H, 13C NMR and 31P-NMR spectroscopy as well as by
elemental analyses. The cyclized 7 shows a signal (6.44 ppm)
consistent with the chemical shift of a vinyl proton and no signals
beyond 10 ppm, revealing the absence of an imino proton. The
presence of an NH signal at 11 ppm indicates the formation of
pyrrolo-dC derivative 3. The 13C NMR signals were assigned on
the basis of related compounds (2a, 2d, 2e), which were assigned
earlier6,11 by their gated-decoupled spectra, and are displayed in
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Scheme 4 Reagents and conditions: (i) DMTr-Cl, pyridine, 6 h, r.t.; (ii) Et3N/MeOH, CuI, reflux 70 ◦C; (iii) iPr2NP(Cl)OCH2CH2CN, iPr2EtN, CH2Cl2,
45 min, r.t.


Table 1. A significant chemical shift difference is observed for the
C2 and C4 signals (purine numbering is used) in the 13C NMR
spectra of pyrrolo-dC 3 and its furano precursor 7. Moreover, C4,
which is connected to the pyrdC, appears at 159 ppm, while C4
of the furano compound 7 is in the range of 171–172 ppm. The
assignments of the C1′ and C4′ sugar signals uses differences in
the coupling constants taken from the gated-decoupled spectra.6


The side chain of 3 shifts C8 upfield (14) ppm when compared to
the methyl compound.6


2. Synthesis and characterization of oligonucleotides


Oligonucleotide synthesis was carried out on solid phase with
an ABI 392–08 synthesizer at a 1 lmol scale employing the


Table 1 13C-NMR chemical shifts of modified nucleosides and their derivatives measured in d6-DMSO at 298 K


C2a C4a C5a C6a C7a C8a


C2b C7ab C4ab C4b C5b C6b C≡Cc/triazoled C1′ C2′ C3′ C4′ C5′


2a6 154.1 158.7 107.4 137.3 100.5 127.4 — — 91.1 74.9 68.4 84.1 59.8
2d6 153.7 159.2 108.9 134.0 96.8 137.6 — — 86.5 41.2 69.8 87.6 60.9
2e6 153.7 159.1 108.6 134.5 96.5 141.1 83.7 71.6 86.6 41.3 69.6 87.6 61.9
3 153.8 159.2 108.7 134.5 96.4 142.0 84.3 71.3 86.6 41.3 69.9 87.7 61.0
7 157.9 171.2 106.3 136.8 99.9 153.7 84.2 71.3 87.3 41.2 69.6 88.0 60.7
9 158.0 171.2 106.2 136.4 99.3 153.7 84.2 71.3 86.0 41.2 69.0 87.3 62.5
12 159.0 172.0 107.0 137.2 99.9 154.5 — — 86.7 42.0 69.8 88.0 63.3
30 158.3 171.3 106.6 137.0 100.0 154.7 147.0 123.0 87.6 41.3 69.8 88.2 60.9
31 153.9 159.2 108.8 134.5 96.5 142.2 146.9 122.8 86.7 41.3 69.9 87.7 61.1
32 149.4 — — 161.7 98.9 142.7 146.8 122.8 84.6 e 70.1 87.5 60.9
33 153.5 — — 164.3 90.4 143.5 146.8 122.8 85.2 e 70.1 87.4 61.0


a Purine numbering. b Systematic numbering. c Triple bond carbons for compounds 2e, 3, 7, 9. d Triazole carbons for compounds 30–33. e Superimposed
by the signal of DMSO-d6.
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Fig. 1 HPLC profile a) of the reaction products obtained after enzymatic hydrolysis of the oligomer 5′-d(AGT AT3 GAC CTA) with snake venom
phosphodiesterase and alkaline phosphatase in 0.1 M Tris-HCl buffer (pH 8.5) at 37 ◦C, b) of an artificial mixture of nucleosides 3, 6 and 7. Column:
LiChrosphere 100 RP-18 (5 lm). The following solvent systems were used: MeCN (A) and 0.1 M (Et3NH)OAc (pH 7.0)/MeCN 95:5 (B); gradient for a:
25 min 100% B, 50 min 0–50% A in B; gradient for b: 50 min 5–60% A in B.


synthesized phosphoramidites 10, 13 as well as standard building
blocks. The coupling yields were always higher than 95%. The
synthesis of oligonucleotides was performed by employing the
DMT-on mode. After cleavage from the solid support, the
oligomers were deprotected in 25% aqueous ammonia solution
for 14–16 h at 60 ◦C. The purification of 5′-dimethoxytrityl
oligomers was carried out on reverse-phase HPLC (see Exper-
imental section). The base composition of the oligonucleotides
was determined by tandem enzymatic hydrolysis (for details see
Experimental section). The HPLC profile of the reaction products
obtained after enzymatic digestion clearly demonstrates that the
newly incorporated nucleoside 3 migrate much slower than the
canonical DNA constituents (Fig. 1a). The molecular masses of
the oligonucleotides were determined by MALDI-TOF Biflex-
III mass spectrometry (Bruker Saxonia, Leipzig, Germany) and
Applied Biosystems Voyager DE PRO with 3-hydroxypicolinic
acid (3-HPA) as a matrix. The detected masses were identical with
the calculated values (see ESI, Table 5†). During deprotection
of oligonucleotides the incorporated furano pyrimidines were
converted into pyrrolo pyrimidines (Scheme 5). In order to confirm
this, the structure of the modified nucleoside was not altered
during oligonucleotide synthesis. The mobility of the nucleosides
on reverse-phase HPLC refers to the hydrophobic character of
the side chains of the nucleosides with compound 7 as the slowest
migrating compound when compared with the nucleosides 6 and
3 (Fig. 1b).


Scheme 5 Conversion of the furano moiety of compound (7) into the
pyrrole ring system (3) after treatment with aqueous NH3.


3. The duplex stability of oligonucleotides incorporating base
pairs formed by the bycylic compounds 3, 2f, 2d and the open-chain
analogue 5-(octa-1,7-diynyl)-2′-deoxycytidine (4)


The duplex stability of non-self complementary duplexes contain-
ing various 6-substituted pyrrolo-dC nucleosides was investigated
(Table 2). For that the duplex 5′-d[TAG GTC AAT ACT] (14) and
3′-d[ATC CAG TTA TGA] (15) was used as a reference and the
modified nucleosides shown in Scheme 6 were incorporated in the
place of dC.


A single replacement of pyrrolo-dC nucleosides shows a positive
influence on the DNA duplex stability with a tendency of higher
stabilization for the open-chain compounds (Scheme 6). The
nucleoside conjugate 31 containing the 1,2,3-triazole moiety as
well as the coumarin dye residue was only slightly destabilized,
showing that the bulky side chain does not interfere with base-
pairing significantly. To study the effect of multiple incorporations
of the pyrrolo-dC nucleosides and corresponding open-chain com-
pounds, a series of oligonucleotides was prepared by incorporating
the modified bases at different positions (Table 2). From this a
significant difference in the Tm values was observed. It is apparent
that the replacement of the canonical 2′-deoxycytidine within
DNA duplex by the side chain derivatives leads to the following
conclusions. (i) The open-chain compound 4 forms a more stable
base pair with dG than the bicyclic pyrrolo-dC derivative 3. (ii)
The DNA duplexes containing a terminal triple bond in the side
chain (nucleoside 3) are more stable than that of 2f without
terminal triple bond. The higher stability of the pyrdC-derivative
3 compared to its saturated analogue 2f results from the better
solvation of the side chain in aqueous solution. It is likely that
the triple bond acts as proton acceptor while the terminal proton
is a potential H-donor. Thus, water molecules can interact with
the side chain terminus by hydrogen bonding which is supported
by the fact that the saturated compound 2f does not show such
favorable properties. A similar phenomenon was already observed
for the corresponding 2′-deoxyuridine derivatives.25


Next, the mismatch formation was studied by incorporating
compound 3 against the four canonical nucleosides. For that a
similar set of experiments were performed by using a standard
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Table 2 Tm values of oligonucleotide duplexes containing the pyrrolo-
dC nucleosides 3, 2f, 2d and the open-chain 2′-deoxycytidine derivative 4
located opposite dGa


Duplex Tm/◦C DTm


5′-d(TAG GTC AAT ACT) (14) 50 —
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GT3 AAT ACT) (16) 52 +2
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GTC AAT ACT) (14) 47 −3
3′-d(AT3 3AG TTA TGA) (22)
5′-d(TAG GT3 AAT ACT) (16) 49 −1
3′-d(AT3 3AG TTA TGA) (22)
5′-d(TAG GT31 AAT ACT) (21) 48 −2
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GT4 AAT ACT) (19) 53 +3
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GTC AAT ACT) (14) 55 +5
3′-d(AT4 4AG TTA TGA) (23)
5′-d(TAG GT4 AAT ACT) (19) 57 +7
3′-d(AT4 4AG TTA TGA) (23)
5′-d(TAG GT2f AAT ACT) (17) 51 +1
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GTC AAT ACT) (14) 44 −6
3′-d(AT2f 2fAG TTA TGA) (24)
5′-d(TAG GT2f AAT ACT) (17) 45 −5
3′-d(AT2f 2fAG TTA TGA) (24)
5′-d(TAG GT2d AAT ACT) (18) 51 +1
3′-d(ATC CAG TTA TGA) (15)
5′-d(TAG GTX AAT ACT) (20) 53 +3
3′-d(ATC CAG TTA TGA) (15)


a Measured at 260 nm in 1 M NaCl, 100 mM MgCl2 and 60 mM Na-
cacodylate (pH 7.0) with 5 lM single-strand concentration. X = 5-
Propynyl-2′-deoxycytidine.


oligonucleotide containing pyrrolo-dC nucleoside 3 3′-d(ATC
CAG 3TA TGA) 26. The complementary strands are modified
in such a way that the modified base located opposite to dA,
dC, dT or dG. All mismatches led to a decrease of the duplex
stability compared to the 3–dG base pair. From Table 3, it is


Table 3 Tm values and thermodynamic data of oligonucleotide duplexes
containing the nucleoside 3 located opposite canonical nucleosidesa


Duplex Tm/◦C DTm DG◦
310/kcal mol−1


5′-d(TAG GTC AAT ACT) (14) 34 — −7.3
3′-d(ATC CAG CTA TGA) (25)
5′-d(TAG GTC AAT ACT) (14) 37 +3.0 −7.7
3′-d(ATC CAG 3TA TGA) (26)
5′-d(TAG GTC TAT ACT) (27) 36 — −7.6
3′-d(ATC CAG CTA TGA) (25)
5′-d(TAG GTC TAT ACT) (27) 39 +3.0 −8.0
3′-d(ATC CAG 3TA TGA) (26)
5′-d(TAG GTC GAT ACT) (28) 56 — −13.0
3′-d(ATC CAG CTA TGA) (25)
5′-d(TAG GTC GAT ACT) (28) 54 −2.0 −12.1
3′-d(ATC CAG 3TA TGA) (26)
5′-d(TAG GTC CAT ACT) (29) 32 — −6.9
3′-d(ATC CAG CTA TGA) (25)
5′-d(TAG GTC CAT ACT) (29) 35 +3.0 −7.3
3′-d(ATC CAG 3TA TGA) (26)


a Measured at 260 nm in 1 M Nacl, 100 mM MgCl2 and 60 mM Na-
cacodylate (pH 7.0) with 5 lM single-strand concentration.


concluded that pyrdC (3) shows a higher base discrimination
than dC. Nevertheless, duplexes incorporating pyrdC (3) generally
showed higher Tm-values against canonical nucleosides than those
containing dC. This might be caused by the increased stacking
interactions due to the larger surface area of the pyrdC base
compared to dC as well as the stabilizing effect of the side chain.


4. Photophysical properties of pyrdC-derivatives and their
coumarin conjugates formed by the copper(I)-catalyzed
azide–alkyne cycloaddition (“click reaction”); one dye vs two dyes
fluorescence


The bicyclic furano nucleoside 7 and its corresponding pyrdC
analogue 3 exhibit a strong purple luminescence on TLC plates
under the UV lamp. Fluorescence spectra of compound 7 shows


Scheme 6
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Fig. 2 The emission and excitation spectra of nucleosides 7 and 3 measured at room temperature in bi-distilled water.


an excitation maximum at 327 nm with an emission at 410 nm,
where as for the nucleoside 3 longer excitation and emission
wavelengths were observed (excitation, 340 nm; emission, 466 nm).
A representative emission curves for 7 and 3 are shown in Fig. 2.
Also, the Stokes shift is increased from 7 (Dk = 83 nm) to 3
(Dk = 126 nm). The fluorescence quantum yield (U) of 3 in
bi-distilled water was determined to be 0.05, which is almost
similar to that observed for 7 (0.06). The introduction of a side
chain at the 6-position of 3 does not influence the quantum yield
significantly when compared to the unsubstituted 2a, but shifts the
excitation as well as the emission maxima to longer wavelength
(Table 4).29


Although pyrrolo-dC (3) and its alkynyl derivatives show
significant fluorescence, their extinction coefficients and quantum
yields are low when compared to fluorescent dyes like coumarins.
Therefore, we intended to conjugate a fluorescent dye to the pyrdC
derivative bearing an alkynyl side chain. This would allow to detect
possible quenching effects of stacked (pyrdC 3) and non-stacked
(coumarin) fluorescence reporters within ss-oligonucleotides or
duplex DNA. The modified version of Huisgen 1,3-dipolar
cycloaddition22 so called “click” chemistry is used for the dye
conjugation. Recently, the Sharpless23 and the Meldal groups24


demonstrated this chemistry for the functionalization of alkyny-
lated compounds with different azides. The reaction proceeds via
copper(I)-catalyzed 1,3-dipolar cycloaddition of a terminal alkyne
to an organic azide resulting in the exclusive formation of 1,4-
disubstituted-1,2,3-triazole. The advantage of this reaction is its
insensitivity to oxygen, water and tolerance to a variety of func-
tional groups, which has emerged as the most versatile reaction
and found many applications in nucleic acids,31–33 carbohydrates,34


drug discovery, polymers and surface chemistry.35–37


Moreover, the click reaction is used in biological systems38,39a as
the azide and alkyne components are unreactive towards biological


Table 4 Photophysical data of the base modified nucleosidesa


Compound Excitation/nm Emission/nm Quantum yield (U)


2a 336 450 0.06
3 340 466 0.05
7 327 410 0.06


a Measured in H2O; quantum yields were determined using quinine sulfate
in 0.1 N H2SO4 as standard with U = 0.53.30


molecules and the extremely stable 1,2,3-triazole product can have
only small interactions with biological structures. The stacking of
1,2,3-triazoles in the major groove of DNA led to slightly enhanced
duplex stability.39b The 1,2,3-triazole coumarin formed from the
terminal alkynes and 3-azido coumarins is found to be highly
fluorescent.40 Among many fluorophores, coumarin derivatives
have been extensively studied because of their photophysical
properties. Coumarins were used as potential fluorescent probes
to investigate the structural dynamics of DNA,41 for the specific
labeling of nucleic acids42 and mainly as nucleobase-specific
quenchers.43 The derivatives of 7-hydroxycoumarin are generally
good fluorophores that are used as dyes for the blue spectra region.
The presence of electron-donating groups at the 7-position of 3-
azido coumarins show a strong enhancement in the fluorescence.40


Moreover, it is well documented that the fluorescence proper-
ties of coumarin derivatives are pH dependent. Different ab-
sorption and emission bands can be observed at various pH
values.


The nucleosides 7 and 3 containing terminal C≡C bonds were
selectively conjugated with the azide residue of the coumarin dye
5 in the presence of copper sulfate and sodium ascorbate to form
the strongly fluorescent 1,4-disubstituted 1,2,3-triazole products
30 and 31 in 82 and 85% yields. In a similar way the open-
chain nucleoside–coumarin conjugates 32 (81%) and 33 (61%)
were prepared by the copper(I)-catalyzed cycloaddition reaction
between 5-(octa-1,7-diynyl)-2′-deoxyuridine (6)25 or 5-(octa-1,7-
diynyl)-2′-deoxycytidine (4)27 with 5 (Scheme 7).


The “click” products were identified by comparing their 1H
NMR spectra with those of the starting compounds. The terminal
side chain proton of the triple bond of 3 (2.75 ppm) and 7
(2.67 ppm) disappeared and newly formed triazole vinyl proton
signals of 30 and 31 are now present in the range of 8–9 ppm. More-
over, the 13C spectra shows the absence of terminal C≡C carbon
atom signals; the newly associated triazole carbons were found at
dC4 = 147 ppm, dC5 = 123 ppm (Table 1). The large difference in
triazole carbons for compounds 30–33 (D dC4–dC5 = 24–25 ppm)
indicates the chemoselective formation of the 1,4-disubstituted
triazole, which is in agreement with previous reports.44,45 Moreover,
the resonance of the triazole ring carbons is clearly evidenced
by 1H,13C distortionless enhancement by polarization transfer
(DEPT) 135 NMR spectroscopy, not displaying a signal for
quaternary carbon (dC4) and inverted signals of triazole carbon
(dC5) at around 123 ppm.
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Scheme 7 Reagents and conditions: (i) CuSO4, Na-ascorbate, THF–H2O–t-BuOH (3:1:1), r.t.


The mobility of the pyrrolo-dC 31 and the open-chain click
nucleoside 33 in reverse-phase HPLC was determined by injecting
an artificial mixture of the starting materials and products onto the
column; the starting 3-azido-7-hydroxycoumarin (5) moves much
slower when compared to 3, 31 (Fig. 3a) and 4, 33 (Fig. 3b)


Fig. 3 HPLC profile a) of the artificial mixture of compounds 3, 5 and
31, b) of the artificial mixture of compounds 4, 5 and 33 on a RP-18 (200 ×
10 mm) column. The following solvent systems were used: MeCN (A) and
0.1 M (Et3NH)OAc (pH 7.0)/MeCN 95:5 (B). Gradient 0–50 min 0–50%
A in B.


At first, the UV-Vis absorption spectra of terminal alkynyl
nucleosides (3, 4, 6, 7) and their dye conjugates (30–33) were
measured (Fig. 4). It is apparent that in the case of open-chain
nucleoside–coumarin derivatives 32 and 33 (Fig. 4c,d) a clear
differentiation in the absorption bands of the octadiynyl base and
coumarin dye can be made. For the furano conjugate (30, Fig. 4a),
there is only a slight difference in the absorption maxima of furano
base when compared to the dye, where as in the case of pyrrolo-dC
dye conjugate (31, Fig. 4b) the UV absorptions of the pyrdC base
and the coumarin dye overlap. So for all the nucleoside–coumarin


conjugates the coumarin excitation wavelength around 347 nm
is used in the fluorescence experiments which were performed in
water.


Next, the fluorescence properties of nucleoside–coumarin 1,2,3-
triazolyl conjugates 30 and 31 were studied and compared to
the starting nucleosides. The fluorescence emission maxima for
all coumarin dye conjugates are almost identical. Differences
are observed in the excitation spectra which resulted from the
different UV absorptions of the open-chain and bicyclic analogs.
The pyrdC–coumarin conjugate 31 has an excitation maximum
at 350 nm with an emission at 476 (Stokes shift of 126 nm)
(Fig. 5), while the furano–coumarin conjugate 30 has an excitation
maximum at 338 nm with a strong emission at 474 nm with a
Stokes shift of 136 nm. The Stokes shifts of pyrrolo-dC nucleosides
3 and 31 are almost identical. However, in the case of furano
nucleosides 7 and its conjugate 30 there is a large shift in the
emission wavelength (from 410 nm to 474 nm) and also a large
Stokes shift difference is observed. The fluorescence quantum
yields of 30 and 31 in bi-distilled water were determined to be
0.15 and 0.18, which are significantly higher than that of the
starting nucleosides 7 (0.06) and 3 (0.05) (Table 4). The solvent
pH strongly influences the fluorescence of the dye conjugates.
At neutral or lower pH values the possible generation of highly
fluorescent phenolate anions was minimized.


Next, the corresponding open-chain derivatives of the mono
cyclic nucleoside–dye conjugates 32 and 33 were investigated
(Fig. 5). From the fluorescence spectra of nucleoside–coumarin
conjugates, an excitation maxima observed at around 398 nm cor-
responds to that of coumarin dye. The two excitation wavelengths
(345 and 392 nm) of coumarins is due to the presence of neutral
as well as phenolate anionic species in the solution,46 while at the
alkaline pH value predominantly the phenolate anionic structure
is observed with the excitation at 392 nm. The fluorescence
quantum yield of 2′-deoxyuridine–dye conjugate 32 (0.32) is higher
than that of 2′-deoxycytidine conjugate 33 (0.22). Moreover, the
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Fig. 4 UV-Vis spectra of a) furano compound 7 and its dye conjugate 30, b) pyrdC 3 and its dye conjugate 31, c) 5-octadiynyl-2′-deoxyuridine (6) and
its dye conjugate 32, d) 5-octadiynyl-2′-deoxycytidine (4) and its dye conjugate 33 measured in methanol.


Fig. 5 The emission and excitation spectra of the bicyclic furano nucleoside–coumarin conjugate 30, the pyrrolo-dC–coumarin conjugate 31, the
open-chain 2′-deoxyuridine–coumarin conjugate 32 and the 2′-deoxycytidine–coumarin conjugate 33 measured in water (pH 7.0, upper row) and 0.1 M
Tris-HCl buffer (pH 8.5, lower row).


open-chain coumarin dye conjugates have higher quantum yields
than the corresponding cyclic compounds 30 (0.15) and 31 (0.18).
The quantum yield of fluorescence for all the nucleosides was
determined relative to quinine sulfate in 1.0 N H2SO4.


Most of the fluorophores have molar extinction coefficients
at their wavelength of maximum absorption ranging between
5000 and 200 000 cm−1 M−1.47 Fluorescence intensity per dye
molecule is proportional to the product of extinction coefficient
(e) and quantum yield (U). For comparison, the molar extinction
coefficients of the nucleoside conjugates 30–33 were measured in
methanol. The following values are found: 30 (342 nm 23 000),


31 (346 nm 17 000), 32 (346 nm 21 300), 33 (345 nm 11 000).
From these data it is apparent that the extinction coefficient of the
pyrrolo-dC coumarin conjugate 31 is higher when compared to
that of the open-chain derivative 33, however a higher quantum
yield was observed for the latter.


5. Influence of one dye and two dye pyrrolo-dC derivatives on the
fluorescence properties of ss- and ds-DNA


In the following the fluorescence properties of pyrrolo-dC nu-
cleoside 3 and its coumarin conjugate 31 were studied at the
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Scheme 8 Reagents and conditions: (i) CuSO4–TBTA (1:1), TCEP, H2O–t-BuOH–DMSO–THF, 16 h, r.t.


Fig. 6 UV-Vis spectra of oligonucleotide coumarin conjugates. a) 5′-d(TAG GT31 AAT ACT), b) 5′-d(AGT ATT GA33 CTA) measured in bi-distilled
water.


oligonucleotide level. We already demonstrated the application of
Huisgen–Sharpless–Meldal “click” cycloaddition for the alkynyl
modified oligonucleotides on the solid-support as well as in the
solution.25,27 Here, we applied this methodology to the 12-mer
oligonucleotide 5′-d(TAG GT3 AAT ACT)-3′ (16) in which the
central dC was replaced by 3 and performed the “click” reaction
in solution. 4 OD (A260 units) of the purified oligonucleotide 16 and
non-fluorescent 3-azido-7-hydroxycoumarin (5) dissolved in a t-
BuOH–H2O–DMSO–THF mixture were treated in the presence of
1:1 complex of CuSO4–TBTA (tris(benzyltriazoylmethyl)amine)
and TCEP (a water-soluble reducing agent). This resulted in
the formation of the strongly fluorescent ss-oligonucleotide 21
(Scheme 8). After completion of the reaction within 16 h, the
reaction mixture was centrifuged and the supernatant solution was
taken, concentrated and further purified by reverse-phase HPLC
(trityl-off modus; see Experimental section). The oligonucleotide
dye conjugate 21 was characterized by MALDI-TOF (see ESI,
Table 5†). Compared to oligonucleotide 16 the formation of the
conjugate 21 was accompanied by a strong fluorescence increase.
Moreover, the UV-Vis spectrum of 21 (Fig. 6a) shows a clear differ-
entiation between the absorption of the nucleobases (260 nm) and
the coumarin dye (around 350 nm), a similar differentiation was


made on the oligonucleotide containing dC–coumarin nucleoside
3327 (Fig. 6b). Therefore, the UV-Vis measurement is a useful tool
to control the performance of the “click” reaction.


Next, the fluorescence of the pyrrolo-dC nucleoside 3 as well
as its coumarin conjugate 31 was studied on DNA duplexes. All
fluorescence measurements of oligonucleotides were performed
at a constant pH value (8.5) to ensure anion formation of the
dye. As illustrated in Fig. 7a, the single-stranded oligonucleotide
containing 3 displayed a strong fluorescence quenching at 462 nm
upon duplex formation. Relative to the single strand 16, the
fluorescence of duplex 15·16 decreases by approximately 50%. We
reasoned that the modified base 3 experiences less fluorescence
quenching in the solvent-exposed unstructured single strand,
while the base-stacked hydrophobic environment of duplex caused
fluorescence quenching (Fig. 7). A similar result was observed for
pyrC (2b) and pyrdC (2d) nucleosides when they are incorporated
into DNA and RNA duplexes.29


In contrast to this, the pyrrolo-dC coumarin conjugate 31 still
retains the fluorescence with a slight increase in the emission
intensity after forming a duplex (Fig. 7b, Scheme 9). It is evident
from previous reports that the higher energy blue fluorescence
of 7-hydroxycoumarin derivatives at neutral and alkaline pH is
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Fig. 7 Fluorescence emission a) of single-stranded 16 (2.5 lM) and duplex DNA 15·16 (2.5 lM + 2.5 lM), b) of click functionalized single-stranded
DNA 21 (1.5 lM) and duplex DNA 15·21 (1.5 lM + 1.5 lM) measured in 0.1 M Tris-HCl buffer (pH 8.5).


Scheme 9 a) DNA duplex containing a pyrrolo-dC nucleoside 3, b) DNA duplex containing a pyrrolo-dC–coumarin conjugate 31.


due to the formation of the phenolate anion. The pKa value
of 7-hydroxycoumarin was found to be in the range of 8,46


while the presence of electron-donating groups at the 3-position
influences this value. In order to confirm this, the pKa value
of 7-hydroxycoumarin of nucleoside 31 was determined UV-
spectrophotometrically48 from pH 1.5 to 11.0 at 220–350 nm and
found to be in the range of 6.5. From the previous reports the
pKa of pyrC 2b appears to be <4, slightly lower than cytosine’s
pKa of 4.2.29 From these results we can conclude that apart from
the restricted freedom of the major groove coumarin dye in DNA
duplex, other factors such as generation of negatively charged phe-
nolate anion of coumarin hydroxyl group also play an important
role in the fluorescence increase. It is assumed that the coumarin
tether protrudes stretched-out from the major groove of the double
helix and does not fold back owing to the charge repulsion between
the negatively charged dye and the phosphodiester backbone. Such
interactions are more predominant in duplex DNA rather than the
single strand (Fig. 7b).


To determine the fluorescence characteristics of pyrdC (3) and
its coumarin conjugate 31 in single-stranded DNA, the enzymatic


hydrolysis of oligonucleotides 16 and 21 was performed using
snake venom phosphodiesterase followed by alkaline phosphate
and their fluorescence emission was recorded at different time
intervals (Fig. 8). In the case of oligonucleotide containing pyrdC
(3) a strong enhancement in the fluorescence emission at 466 nm
was observed after complete enzymatic digestion, when excited
at 347 nm, whereas the oligonucleotide with pyrdC–coumarin
conjugate experiences a strong fluorescence quenching at an
emission wavelength of 478 nm, when excited at 395 nm.


Based on the above results, it is apparent that the pyrrolo-dC
base of 31 strongly quenches the fluorescence of the coumarin
dye attached to it, unlike its open-chain derivative 33. A
similar quenching was observed for the related 7-deazapurine
nucleosides.27 The quenching is small when the pyrdC moiety
of the conjugate is part of the oligonucleotide stack, while the
generation of the free monomeric coumarin dye conjugate 31
formed after enzymatic hydrolysis leads to the quenching of the dye
fluorescence. Apparently, in this situation, the dye and modified
base (the 7-deazapurine moiety) can come in close proximity either
by back-folding or by dimer formation. The excited coumarin
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Fig. 8 Enzymatic digestion a) of 1.5 lM single-stranded oligonucleotide 16 b) of 1.5 lM single-stranded oligonucleotide 21 with snake venom
phosphodiesterase followed by alkaline phosphatase in 0.1 M Tris-HCl buffer (pH 8.5) at 37 ◦C.


Fig. 9 The emission and excitation spectra of the pyrrolo-dC nucleoside 3 and the pyrrolo-dC coumarin conjugate 31 measured in 0.1 M Tris-HCl buffer
(pH 8.5).


serves as an electron acceptor and the nucleobase as a ground-
state donor.43


Conclusions and outlook


When the pyrdC (3) derivative bearing an alkynyl side chain is
incorporated into DNA, it forms as stable base pair with dG
as the non-functionalized pyrdC and shows a good mismatch
discrimination against the canonical nucleosides (dG > dT >


dA > dC). The presence of the terminal acetylene group in 3
enhances the stability of DNA duplexes opposite to canonical
nucleosides, when compared with 2′-deoxycytidine. The open-
chain dC derivative 4 is found to be more duplex-stabilizing
than that of pyrdC. The terminal alkynyl group of compound 3
allows the functionalization with almost any azido reporter when
applying the Huisgen–Sharpless–Meldal “click” chemistry. Here,
the non-fluorescent coumarin azide 5 was studied to generate the
highly fluorescent coumarin conjugate 31, the reaction studied
on the nucleoside and the oligonucleotide level thereby generating
two fluorescent dye reporters. In ss-oligonucleotides one (pyrdC) is
part of the base stack while the other (coumarin) is free, protruding
into the solvent. Enzymatic phosphodiester hydrolysis of an
oligonucleotide containing pyrdC (3) or the conjugate 31 resulted
in a strong fluorescence increase of the pyrdC fluorescence while
the coumarin dye became quenched during monomer formation.
This can be explained by electron transfer from the pyrrolo[2,3-
d]pyrimidine system to the coumarin dye, a phenomenon which


is not observed when the nucleobase unit of 31 is part of an
oligonucleotide. However, the local environment of the ionisable
dye might have an influence on the dye deprotonation when it is
near to the DNA backbone or liberated into the solution after
enzymatic digestion. Among the two fluorescent dye moieties
the coumarin shows much stronger fluorescence than the pyrdC
moiety (Fig. 9). The two-dye reporter system has the potential to
be used in cellular uptake studies employing copper-mediated or
copper-free click chemistry.49


Experimental


General


All chemicals were purchased from Acros, Aldrich, Sigma, or
Fluka (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany).
Solvents were of laboratory grade. Thin layer chromatography
(TLC): aluminium sheets, silica gel 60 F254, 0.2 mm layer (VWR
International, Darmstadt, Germany). Column flash chromatogra-
phy (FC): silica gel 60 (VWR International, Darmstadt, Germany)
at 0.4 bar; Sample collection with an UltroRac II fractions collec-
tor (LKB Instruments, Sweden). UV spectra: U-3200 spectrometer
(Hitachi, Tokyo, Japan); kmax (e) in nm. NMR Spectra: Avance-
250 or Avance-300 spectrometers (Bruker, Karlsruhe, Germany),
at 250.13 or 300.15 MHz for 1H and 13C; d in ppm relative to
Me4Si as internal standard, or external 85% H3PO4 for 31P. The
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J values are in Hz. Elemental analyses were performed by
Mikroanalytisches Laboratorium Beller (Göttingen, Germany).
Electron spray ionization (ESI) MS for the nucleosides: Bruker-
Daltonics-MicroTOF spectrometer with loop injection (Bremen,
Germany).


Fluorescence measurements. All measurements were done in
bi-distilled water at 20 ◦C. Absorption spectra were measured
with a Cary 100 Bio UV-visible spectrophotometer. In order to
avoid inner filter effects the sample was not allowed to exceed
0.1 at the excitation wavelength using standard quartz cuvettes
with a path length of 1 cm. Fluorescence spectra were recorded
in the wavelength range between 320 and 600 nm using the
Fluorescence Spectrophotometer F-2500 (Hitachi, Tokyo, Japan).
For all calculations the water background was subtracted from the
sample. The fluorescence quantum yields were determined using
quinine sulfate in 0.1 N H2SO4 (fluorescence quantum yield 0.53)30


as a standard with the following relation:


U f.sample = U f.standard × (F sample/F standard) × (A standard/Asample),


where U f.sample is the unknown fluorescence quantum yield of the
fluorophore, F is the integrated fluorescence intensity; A is the
absorbance in 1 cm cuvettes and does not exceed 0.1 at and above
the excitation wavelength.


Synthesis, purification and characterization of oligonucleotides


The oligonucleotide synthesis was performed on a DNA syn-
thesizer, model ABI 392–08 (Applied Biosystems, Weiterstadt,
Germany) at 1 lmol scale using the phosphoramidites following
the synthesis protocol for 3′-cyanoethyl phosphoramidites (user’s
manual for the 392 DNA sythesizer, Applied Biosystems, Weiter-
stadt, Germany). The coupling efficiency was always higher than
95%. After cleavage from the solid support the oligonucleotides
were deprotected with 25% aqueous NH3 for 14–16 h at 60 ◦C. The
purification of the 5′-O-(dimethoxytrityl)oligomers was carried
out on reverse-phase HPLC (Merck-Hitachi-HPLC: 250 × 4 mm
RP-18 column with the following gradient system [A: 0.1 M
(Et3NH)OAc (pH 7.0)/MeCN 95:5 and B: MeCN]; gradient:
3 min 20% B in A, 12 min 20–50% B in A and 25 min 20%
B in A with a flow rate of 1 ml min−1. The purified ‘trityl-on’
oligonucleotides were treated with 2.5% dichloroacetic acid in
CH2Cl2 for 5 min at 0 ◦C to remove the 4,4′-dimethoxytrityl
residues. The detritylated oligomers were purified again by reverse-
phase HPLC (gradient: 0–20 min 0–20% B in A, flow rate
1 ml min−1). The purification of click functionalized oligonu-
cleotide 21 was performed in the trityl-off modus by reverse-phase
HPLC (gradient: 0–25 mins 0–30% B in A, flow rate 0.8 ml min−1).
The oligomers were desalted on a short column (RP-18, silica gel)
and lyophilized on a Speed-Vac evaporator to yield colorless solids
which were frozen at −24 ◦C.


Melting curves were measured with a Cary-1/3 UV/VIS spec-
trophotometer (Varian, Australia) equipped with a Cary thermo-
electrical controller. The temperature was measured continuously
in the reference cell with a Pt-100 resistor, and the thermodynamic
data of duplex formation were calculated by the Meltwin 3.0
program. Cary 100 Bio UV-Vis spectrophotometer was used for
the UV-melting curves of oligonucleotides (Table 2) with a heating
rate of 1 ◦C.


The enzymatic hydrolysis of the oligonucleotides was performed
with snake-venom phosphodiesterase (EC 3.1.15.1, Crotallus
adamanteus) and alkaline phosphatase (EC 3.1.3.1, Escherichia
coli from Roche Diagnostics GmbH, Germany) in 0.1 M Tris-
HCl buffer (pH 8.5), which was carried out on reverse-phase
HPLC (RP-18, at 260 nm) by gradient: 0.1 M (Et3NH)OAc
(pH 7.0)/MeCN (95:5) with a flow rate of 0.7 ml min−1 showing the
peaks of the modified and unmodified nucleosides. Quantification
of the constituents was made on the basis of the peak areas, which
were divided by the extinction coefficients of the nucleosides [(e260):
dT 8800, dC 7300, dA 15 400, dG 11 700, 3 4100 (MeOH)].
The molecular masses of the oligonucleotides were determined
by MALDI-TOF Biflex-III mass spectrometry (Bruker Saxonia,
Leipzig, Germany) and Applied Biosystems Voyager DE PRO
with 3-hydroxypicolinic acid (3-HPA) as a matrix. The detected
masses were identical to the calculated values (ESI, Table 5†).


3-(2-Deoxy-b-D-erythro-pentofuranosyl)-3,7-dihydro-6-hexynyl-
2H-pyrrolo[2,3-d]pyrimidin-2-one (3). A solution of compound
7 (180 mg, 0.54 mmol)28 in 25% aqueous ammonium hydroxide
(30 ml) was stirred at r.t. overnight. The solvent was evaporated
and the residue was applied to flash chromatography (FC) (silica
gel, column 8 × 2 cm, CH2Cl2–MeOH, 9:1). The main zone
afforded 3 (162 mg, 90%) as a yellowish solid. (Found: C, 61.80;
H, 6.27; N, 12.58%. C17H21N3O4 requires C, 61.62; H, 6.39; N,
12.68%); TLC (silica gel, CH2Cl2–MeOH, 9:1): Rf 0.34; kmax


(MeOH)/nm 229 (e/dm3 mol−1 cm−1 27 500), 262 (4 200), 344
(4 100); dH (250.13 MHz; [d6]DMSO; Me4Si) 1.43–1.71 (4 H, m,
2 × CH2), 2.01 (1 H, m, 2′-Ha), 2.15–2.31 (3 H, m, 2′-Hb, CH2),
2.54 (2 H, m, CH2), 2.75 (1 H, s, C≡CH), 3.63 (2 H, m, 5′-H), 3.86
(1 H, m, 4′-H), 4.23 (1 H, m, 3′-H), 5.10 (1 H, t, J 4.71, 5′-OH),
5.25 (1 H, d, J 3.46, 3′-OH), 5.91 (1 H, s, 5-H), 6.25 (1 H, t, J
6.15, 1′-H), 8.50 (1 H, s, 4-H), 11.1 (1 H, s, NH).


3-[2-Deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-6-(hexynyl)-furo[2,3-d]pyrimidin-3H-2-one (9).
Method A: Compound 7 (470 mg, 1.41 mmol) was dried
by repeated co-evaporation with anhydrous pyridine (2 ×
10 ml) before dissolving in anhydrous pyridine (10 ml). 4,4′-
Dimethoxytriphenylmethyl chloride (610 mg, 1.80 mmol) was
added in three portions to the remaining solution at r.t. under
stirring for 6 h. The reaction was quenched by the addition
of MeOH (2 ml) and the mixture was evaporated to dryness.
The reaction mixture was dissolved in CH2Cl2 (2 × 50 ml) and
extracted with 5% aqueous sodium bicarbonate (100 ml) followed
by water (80 ml), dried over Na2SO4 and then evaporated.
Purification by FC (silica gel, column 15 × 3 cm) eluting with
CH2Cl2–MeOH, 95:5 to give a colorless foam of 9 (0.73 g 81%).
Method B: To a solution of Compound 8 (200 mg, 0.31 mmol)
in 15 ml (MeOH–Et3N, 7:3) was added CuI (12 mg, 0.063 mmol)
and refluxed for 5 h. The solvent was evaporated in vacuo and the
crude product was purified by FC (silica gel, column 8 × 2 cm,
CH2Cl2–acetone 7:3) afforded 170 mg (85%) of 9. (Found: C,
72.03; H, 6.20, N, 4.30%. C38H38N2O7 requires C, 71.91; H, 6.03;
N, 4.41%); TLC (silica gel, CH2Cl2–MeOH, 9:1): Rf 0.74; kmax


(MeOH)/nm 233 (e/dm3 mol−1 cm−1 32 000), 275 (3 600), 333
(6 900); dH (250.13 MHz; [d6]DMSO; Me4Si) 1.45–150 (2 H, m,
CH2), 1.62–1.65 (2 H, m, CH2), 2.08–2.22 (3 H, m, 2′-Ha, CH2),
2.39–2.63 (3 H, m, 2′-Hb, CH2), 2.76 (1 H, s, C≡CH), 3.25–3.29
(2 H, m, 5′-H), 3.73 (6 H, s, 2 × OCH3), 4.01 (1 H, m, 4′-H)), 4.38
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(1 H, m, 3′-H), 5.42 (1 H, d, J 4.60, 3′-OH), 5.65 (1 H, s, 5-H), 6.14
(1 H, t, J 5.31, 1′-H), 6.87–7.38 (m, H–arom), 8.53 (1 H, s, 4-H).


3-[2-Deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-6-(hexyl)-furo[2,3-d]pyrimidin-3H-2-one (12).
As described above with compound 11 (400 mg, 0.62 mmol),
MeOH–Et3N, 7:3 (30 ml) and CuI (24 mg, 0.126 mmol).
Purification by FC (silica gel, column 15 × 3 cm, CH2Cl2–acetone
7:3) gave a colorless foam of 12 (348 mg, 87%). (Found: C,
71.35; H, 6.61; N, 4.36%. C38H42N2O7 requires C 71.45; H, 6.63;
N, 4.39%); TLC (silica gel, CH2Cl2–MeOH, 9:1): Rf 0.67; kmax


(MeOH)/nm 233 (e/dm3 mol−1 cm−1 27 000), 275 (3 000), 334
(5 400); dH (250.13 MHz; [d6]DMSO; Me4Si) 0.86 (3 H, CH3),
1.15–1.54 (8 H, m, CH2), 2.11 (2 H, m, 2′-H), 2.44 (2 H, m, CH2),
3.11 (2 H, m, 5′-H), 3.73 (6 H, s, 2 × OCH3), 4.0 (1 H, m, 4′-H),
4.39 (1 H, m, 3′-H), 5.42 (1 H, d, J 3.56, 3′-OH), 5.63 (1 H, s,
5-H), 6.14 (1 H, t, J 5.31, 1′-H), 6.87–7.36 (m, H–arom), 8.55
(1H, s, 4-H).


3-[2-Deoxy-5-O-(4,4′ -dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-6-(hexynyl)-furo[2,3-d]pyrimidin-3H -2-one-3′-(2-
cyanoethyl-N ,N-diisopropylphosphoramidite (10). A stirred solu-
tion of 9 (170 mg, 0.27 mmol) in anhydrous CH2Cl2 (5 ml) was pre-
flushed with argon and treated with (i-Pr)2EtN (93 ll, 0.54 mmol)
followed by (2-cyanoethyl)diisopropylphosphoramidochloridite
(118 ll, 0.54 mmol). After stirring for 45 min at r.t. the solution
was diluted with CH2Cl2 (30 ml) and extracted with 5% aqueous
NaHCO3 solution (20 ml). The organic layer was dried (Na2SO4),
filtered and evaporated. FC (silica gel, column 10 × 3 cm, CH2Cl2–
acetone, 9:1) gave colorless foam of 10 (140 mg, 63%). TLC (silica
gel, CH2Cl2–acetone, 95:5): Rf 0.60. 31P NMR (CDCl3): 150.12,
149.74.


3-[2-Deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-6-(hexyl)-furo[2,3-d]pyrimidin-3H-2-one 3′-(2-
cyanoethyl-N ,N-diisopropylphosphor-amidite (13). As described
for 10, with 12 (200 mg, 0.31 mmol), (i-Pr)2EtN (100 ll, 0.58
mmol) and 2-cyanoethyl-diisopropylphosphoramidochloridite
(94 ll, 0.43 mmol). FC (silica gel, column 10 × 3 cm, CH2Cl2–
acetone 95:5) afforded 13 as a colorless foam (160 mg, 61%).
TLC (silica gel, CH2Cl2–acetone 9:1): Rf 0.70. 31P NMR (CDCl3):
150.88, 150.07.


Preparation of the conjugate 30 from nucleoside 7 and 3-azido-7-
hydroxycoumarin (5)


To a solution of compound 7 (120 mg, 0.36 mmol) and 3-azido-7-
hydroxycoumarin (5; 86.5 mg, 0.43 mmol) in THF–H2O–t-BuOH,
3:1:1, (4 ml), was added sodium ascorbate (312 ll, 0.31 mmol) of a
freshly prepared 1 M solution in water, followed by the addition of
copper(II) sulfate pentahydrate 7.5% in water (260 ll, 0.078 mmol).
The emulsion was stirred for 24 h at r.t. evaporated, and applied to
FC (silica gel, column 10 × 3 cm, CH2Cl2–MeOH, 88:12). From
the main zone compound 30 (158 mg, 82%) was isolated as a
yellowish solid. TLC (silica gel, CH2Cl2–MeOH, 9:1): Rf 0.41. kmax


(MeOH)/nm 342 (e/dm3 mol−1 cm−1 22 000); dH (250.13 MHz;
[d6]DMSO; Me4Si) 1.70 (4 H, m, 2 × CH2), 2.06 (1 H, m, 2′-Ha),
2.39 (1 H, m, 2′-Hb), 2.74 (4 H, m, 2 × CH2), 3.63 (2 H, m, 5′-
H), 3.89 (1 H, m, 4′-H), 4.22 (1 H, m, 3′-H), 5.12 (1 H, 5′-OH),
5.28 (1 H, 3′-OH), 6.16 (1 H, t, J 6.12, 1′-H), 6.45 (1 H, s, 5-H),
6.84 (1 H-arom, d, J 2.05), 6.87–6.92 (1 H-arom, dd, J 8.50), 7.74


(1 H-arom, d, J 8.60), 8.31 (1 H-arom, s, C=CH), 8.55 (1 H-arom,
s), 8.67 (1 H, s, 4-H), 10.8 (1 H, s, OH). (Found: ESI-HR-MS:
558.16 ([M + Na])+, C26H25N5O8; requires 535.17).


Preparation of the conjugate 31 from nucleoside 3 and 3-azido-7-
hydroxycoumarin (5)


As described for 30 a solution of 3 (80 mg, 0.24 mmol), 3-azido-7-
hydroxycoumarin (5; 57 mg, 0.28 mmol) in THF–H2O–t-BuOH,
3:1:1 (4 ml) was stirred at r.t. for 30 h with 1 M aqueous sodium
ascorbate (210 ll, 0.21 mmol) and copper(II) sulfate pentahydrate
(173 ll, 0.052 mmol of a 7.5% stock solution in water). The solvent
was evaporated and applied to FC (silica gel, column 10 × 3 cm,
CH2Cl2–MeOH 85:15) to afford compound 31 (110 mg, 85%) as a
yellowish solid. TLC (silica gel, CH2Cl2–MeOH, 88:12): Rf 0.52.
kmax (MeOH)/nm 220 (e/dm3 mol−1 cm−1 25 000), 346 (13 000);
dH (300.15 MHz; [d6]DMSO; Me4Si) 1.70 (4 H, m, 2 × CH2), 2.03
(1 H, m, 2′-Ha), 2.30 (1 H, m, 2′-Hb), 2.58–2.74 (4 H, m, 2 ×
CH2), 3.62 (2 H, m, 5′-H), 3.87 (1 H, m, 4′-H), 4.22 (1 H, m, 3′-
H), 5.10 (1 H, 5′-OH), 5.25 (1 H, 3′-OH), 6.0 (1 H, s, 5-H), 6.24
(1 H, t, J 6.2, 1′-H), 6.84 (1 H-arom, d), 6.88–6.92 (1 H-arom, dd, J
8.41), 7.74 (1 H-arom, d, J 8.70), 8.31 (1 H-arom, s, C=CH), 8.49
(1 H, s, 4-H), 8.55 (1 H-arom, s), 10.9 (1 H, s, OH), 11.1 (1 H, s,
NH). (Found: ESI-HR-MS: 557.18 ([M + Na])+, C26H26N6O7;
requires 534.19).


Preparation of the conjugate 32 from nucleoside 6 and 3-azido-7-
hydroxycoumarin (5)


As described for 30 with 6 (100 mg, 0.30 mmol), 3-azido-7-
hydroxycoumarin (5; 74 mg, 0.36 mmol) in THF–H2O–t-BuOH,
3:1:1 (4 ml) was stirred at r.t for 10 h with 1 M aqueous sodium
ascorbate (300 ll, 0.30 mmol), copper(II) sulfate pentahydrate
(260 ll, 0.078 mmol of a 7.5% stock solution in water). The solvent
was evaporated and applied to FC (silica gel, column 10 × 3 cm,
CH2Cl2–MeOH 90:10) to afford compound 32 (130 mg, 81%) as
a yellowish solid. TLC (silica gel, CH2Cl2–MeOH, 9:1): Rf 0.30.
kmax (MeOH)/nm 297 (e/dm3 mol−1 cm−1 13 000), 346 (17 000); dH


(300.15 MHz; [d6]DMSO; Me4Si) 1.60–1.80 (4 H, m, 2 × CH2),
2.11 (2 H, m, 2′-H), 2.42 (2 H, m, CH2), 2.77 (2 H, m, CH2), 3.48
(2 H, m, 5′-H), 3.78 (1 H, m, 4′-H), 4.22 (1 H, m, 3′-H), 5.10 (1
H, 5′-OH), 5.23 (1 H, 3′-OH), 6.10 (1 H, t, J 6.45, 1′-H), 6.84 (1
H-arom, d), 6.88–6.92 (1 H-arom, dd, J 8.58), 7.74 (1 H-arom,
d, J 8.70), 8. 12 (1 H, s, 4-H), 8.31 (1 H-arom, s, C=CH), 8.55
(1 H-arom, s), 10.9 (1 H, s, OH), 11.5 (1 H, s, NH). (Found:
ESI-HR-MS: 558.16 ([M + Na])+, C26H25N5O8; requires 535.17).


Preparation of the conjugate 33 from nucleoside 4 and 3-azido-7-
hydroxycoumarin (5)


Compound 33 was synthesised from 4 (60 mg, 0.18 mmol)
according to the above method. Compound 33 (59 mg, 61%)
was isolated from the main zone as a yellowish solid. TLC
(silica gel, CH2Cl2–MeOH, 9:1): Rf 0.15. kmax (MeOH)/nm 345
(e/dm3 mol−1 cm−1 9 500); dH (300.15 MHz; [d6]DMSO; Me4Si)
1.61–1.77 (4 H, m, 2 × CH2), 1.98–2.10 (2 H, m, 2′-H), 2.46 (2 H,
m, CH2), 2.75 (2 H, m, CH2), 3.56 (2 H, m, 5′-H), 3.78 (1 H, m, 4′-
H), 4.20 (1 H, m, 3′-H), 5.06 (1 H, 5′-OH), 5.20 (1 H, 3′-OH), 6.10
(1 H, t, J 6.18, 1′-H), 6.84 (1 H-arom, d), 6.74 (1 H, s, NHa), 6.85
(1 H-arom, d), 6.89–6.92 (1 H-arom, dd, J 8.46), 7.71 (1 H, s, NHb),
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7.74 (1 H-arom, d), 8.08 (1 H, C(6)), 8.31 (1 H-arom, s, C=CH),
8.55 (1 H-arom, s), 10.9 (1 H, s, OH). (Found: ESI-HR-MS: 557.18
([M + Na])+, C26H26N6O7; requires 534.19).


Copper(I)-catalyzed [3 + 2] cycloaddition of the oligonucleotide
16 with coumarin azide 5. To the single-stranded oligonucleotide
16 (4 A260 units, 31 nmol), a 1:1 complex of CuSO4–TBTA
ligand (35 ll of a 20 mM stock solution in t-BuOH–H2O 1:9),
tris(carboxyethyl)phosphine (TCEP; 35 ll of a 20 mM stock
solution in H2O), 3-azido-7-hydroxycoumarin (5; 50 ll of a 20 mM
stock solution in THF) and 35 ll DMSO was added and the
reaction mixture stirred at r.t. for 16 h. The reaction mixture was
concentrated in a speed vac and dissolved in 1 ml bi-distilled water
and centrifuged for 20 min at 12 000 rpm. The supernatant solution
was collected and further purified by reverse-phase HPLC in the
trityl-off modus (for details see above) to give 21. MALDI-TOF:
(ESI, Table 5†).
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We characterized pH effect on hole transport through DNA duplexes possessing a partial
triplex-forming region. Direct electrochemical measurement of the current response of
photosensitizer-tethered DNA immobilized on a gold electrode revealed that the partial triplex
formation under acidic conditions suppressed photocurrent due to hole transport, while dissociation of
the triplex into the duplex as occurred upon increasing pH values recovered the photocurrent efficiency.
Reversible conversion between duplex and triplex induced upon cyclic alternation of pH values resulted
in a rise and fall of photocurrent responses, indicating that pH change may feature in the switching
function of hole transport in DNA. These electrochemical behaviors could be correlated to the results
obtained in long-range photo-oxidative DNA cleavage experiments, in which DNA cleavage at the hole
trapping site beyond the triplex region was significantly suppressed under triplex-forming acidic
conditions.


Introduction


Hole transport in DNA is a remarkable characteristic of double
helical DNA.1 Since the phenomenon was first reported, a large
number of studies have illustrated that the efficiency of the
DNA-mediated hole transport reaction is strongly dependent
on the DNA base sequence, conformational dynamics and local
flexibility.1a,d These reaction characteristics may provide a funda-
mental basis for possible applications of hole transport to gene
analysis of mutation and molecular wires in electronic nano-
devices.2,3


A pH change is among the potential external triggers for
regulation of various functions of biosystems such as biosensors,
supramolecules and drugs.4 The DNA triplex may be a pH-
responsive nano-material, in which an oligopyrimidine as the third
strand associates with the corresponding DNA duplex via Hoog-
steen hydrogen bonding under acidic conditions, but dissociates
to form the original duplex under basic conditions.5 Recently,
we have displayed the effect of partial triplex formation on hole
transport in DNA duplexes by electrochemical measurements.6


Anthraquinone (AQ)-photosensitized hole transport through
DNA was substantially arrested by triplex formation in contrast
to the efficient hole transport in DNA duplexes.7 In this context,
change in pH value may be a sensitive tool for the regulation
of hole transport in the DNA duplex by pH-dependent triplex
formation and dissociation.


In this study, we measured the photocurrent response of a
DNA system, in which the DNA duplex–triplex equilibrium in
the presence of an oligopyrimidine short strand was regulated
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with varying pH values, in order to characterize the pH effect
on hole transport through a DNA duplex. The photocurrent
response of an anthraquinone (AQ) photosensitizer-tethered
DNA duplex possessing a partial triplex region revealed that the
hole transport was effectively suppressed by triplex formation
under acidic conditions (pH 5.5), while being recovered under
basic conditions (pH 7.7) favoring dissociation of the triplex to
a duplex. Furthermore, cyclic alternation of pH values between
5.5 and 7.7, which induced reversible triplex–duplex conversions,
resulted in fall–rise photocurrent responses. These results indicate
that the pH change can regulate photoinduced hole transport. In
a long-range photo-oxidative DNA cleavage experiment, we also
confirmed pH-dependent suppression of hole transport by partial
triplex formation.


Results and discussion


Oligodeoxynucleotides (ODNs) listed in Fig. 1 were prepared for
evaluation of several properties. The melting behavior of Triplex
I (ODN 1/ODN 2/ODN 3) was measured by UV spectroscopy
in a buffer solution (10 mM sodium cacodylate, 2 mM MgCl2)
at a given pH value to confirm the triplex formation. The melting
curve of Triplex I at pH 5.5 showed two transitions at temperatures
of Tm = 29.5 and 67.1 ◦C, as is a typical behavior of the system
involving triplex formation of the duplex with a short strand of
oligonucleotide (see Fig. S1a†). Thus, the transition at lower Tm


is assigned to the dissociation of ODN 3 from Triplex I, and
the higher Tm corresponds to melting of the resulting duplex into
single strands. On the other hand, the lower transition disappeared
in the melting curve of Triplex I at pH 7.7, indicating that ODN
3 spontaneously dissociated from the triplex under weakly basic
conditions. These melting characteristics of Triplex I suggest that
the triplex formation could be regulated by alternating pH values
between 5.5 and 7.7.


We also measured photocurrent responses due to AQ-
photosensitized hole transport in Triplex I immobilized on a
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Fig. 1 Sequences and structures of oligodeoxynucleotides (ODNs) used
in this study. The bases arranged in the triplex region are shown in italics.


gold electrode.8 The DNA-immobilized gold electrodes (2 mm2 in
area) were prepared by immersing in a thiolated ODN 1 solution,
followed by exposure to 1 mM mercaptohexanol to minimize
nonspecific adsorption of DNA.9 The AQ-incorporated ODN 2
and the third strand ODN 3 were then hybridized with the ODN
1 immobilized on the electrode to give electrodes modified with
Triplex I ((1.49 ± 0.18) × 1013 DNA cm−2).10 The photocurrent
measurements were carried out using 365 ± 5 nm light at a power
density of 13.0 ± 0.3 mW cm−2 with an applied potential of 500


mV versus SCE. A stable cathodic current appeared immediately
upon photoirradiation. As shown in Fig. 2a, photocurrent density
(current per electrode area) of Triplex I at pH 5.5, where a typical
triplex was formed, was 180.0 ± 8.9 nA cm−2. Upon increasing pH
value from 5.5 to 7.7, the photocurrent density was enhanced to a
substantial extent up to a 1.6-fold increase (280.8 ± 21.9 nA cm−2).
When Triplex I was re-exposed to solution at pH 5.5 from pH 7.7,
the photocurrent density decreased to the original level. This
reversible alternation of photocurrent density was synchronized
with the cyclic pH change in solution between 5.5 and 7.7. In view
of the melting characteristics of Triplex I, these results indicate that
hole transport through the DNA duplex was effectively altered
in the presence of a partial triplex region formed under acidic
conditions, but was recovered as a result of dissociation of the
short strand ODN 3 from the triplex into the original duplex
under basic conditions.11 To confirm the effect of partial triplex
formation on the hole transport, the control experiments with a
duplex (Duplex I, ODN 1/ODN 2)-modified gold electrode were
further performed to measure the photocurrents at a given pH. As
shown in Fig. 2b, while all photocurrent densities of Duplex I were
similar to those of Triplex I observed at pH 7.7, the changes in
photocurrent response upon cyclic pH alternation were small.12


These results strongly suggest that partial triplex formation, as
can be regulated by pH value, is responsible for the pH-dependent
change in photocurrent density. It is also clear from Fig. 2b that
the efficiency of hole transport in the present duplex immobilized
on the gold electrode is not affected at pH 5.5, while cytosine is
known to have a pKa around 5.5. Even if some bases like cytosine
might be protonated at pH 5.5, there seems to be less pH effect on
the hole transport process in this particular case. In this relation,
we confirmed that the ion strength of solution to be measured does
not affect the photocurrent response (Fig. 2c).13


To obtain further insight into the effect of pH-dependent
triplex formation on hole transport in DNA, we determined a
correlation between photosensitized hole transport and subse-
quent piperidine-induced cleavage of Triplex II (ODN 4/ODN
5/ODN 6) consisting of AQ-tethered 24 mer ODN 5, 32P-labeled
complementary ODN 4, and the third strand ODN 6 (Fig. 1).14


Fig. 2 (a, b) Reversible regulation of the photocurrent response by alternating duplex–triplex conversion at a pH cycle, as evaluated at an applied
potential of 500 mV vs. SCE. Duplex I (ODN 1/ODN 2) immobilized on the gold electrode was photoirradiated (365 ± 5 nm light at 13.0 ± 0.3 mW cm−2)
at 15 ◦C in 10 mM sodium cacodylate buffer containing 2 mM MgCl2 upon cyclic alternation of pH condition between 5.5 and 7.7 in the presence (a)
and absence (b) of the third strand (ODN 3), respectively. The pH change was achieved by addition of an appropriate amount of 5 M NaOH or 5 M HCl
aqueous solutions. (c) Effect of ion strength on the photocurrent density of Triplex I immobilized on a gold electrode. To the sodium cacodylate buffer
solution (pH 5.5), 5 M NaCl aqueous solution was added each time instead of the addition of 5 M NaOH or HCl solutions. The photocurrent responses
of Triplex I were measured in a similar manner. Each error bar represents SE calculated from five experimental results that were collected using freshly
prepared different gold electrodes.
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Fig. 3 (a) Autoradiogram of a denaturing gel electrophoresis for 32P-5′-end labeled ODN 4 after photooxidation of Triplex II (ODN 4/ODN 5/ODN
6). Each sample in 10 mM sodium cacodylate containing 2 mM MgCl2 was photoirradiated (kex = 365 nm) at 0 ◦C, followed by hot piperidine treatment.
Lanes 1–4, photoirradiation of Triplex II for 30 min at pH 5.5, 6.2, 6.8 and 7.7, respectively. The lane labeled G + A is a Maxam–Gilbert sequencing lane.
The designed triplex-forming site is indicated by a bracket. (b) The normalized intensity of photooxidative cleavage in Fig. 3a as a function of pH value:
(�) G18G19, (�) G11AG13 and (�) G7G8 in ODN 4.


ODN 4 in Triplex II contained two 5′-GG-3′ sites of G18G19 and
G7G8 across the triplex-forming region along with G11AG13 in the
interior of the triplex-forming region, as internal indicators for
the photoinduced hole transport.15 Fig. 3a is a representative gel
picture indicating the result of photoirradiation at pH 5.5, 6.2, 6.8
and 7.7, and Fig. 3b graphically shows quantitative comparisons of
the normalized amounts of oxidative cleavage at G18G19, G11AG13


and G7G8 as a function of pH value.16 Under neutral and basic
conditions at pH > 6.8, where ODN 6 favors dissociation from
Triplex II to form the corresponding duplex (Duplex II, ODN
4/ODN 5),17 the DNA cleavage occurred in larger amounts at
G18G19 and G7G8, while in smaller amounts at G11AG13. This
DNA cleavage profile implicates that the photoinjected hole
could be distributed over the base sequences inserted between
the indicator sites of G18G19 and G7G8. In contrast, under acidic
conditions at pH < 6.8, the DNA cleavage at G18G19 as located
adjacent to the AQ-photosensitizer occurred to a greater extent
relative to those at G11AG13 and G7G8, which located in the
interior of and beyond the triplex-forming region, respectively.
These results strongly suggest that the photoinjected hole was
mainly trapped at G18G19 under acidic conditions, where ODN
6 associates with the triplex-forming region of Duplex II into
Triplex II and thereby suppresses the long-range hole transport
over the triplex-forming region. The long-range photo-oxidative
cleavage experiments are consistent with the results obtained
from the separate photocurrent measurements. Thus, a conclusion
may be drawn that the duplex–triplex conversion induced by
pH alternation can regulate hole transport through the DNA
duplex.18


Conclusions


In summary, we characterized the pH effect on hole transport
through an AQ-linked DNA duplex possessing a partial triplex-
forming region. The photocurrent responses due to hole transport
through the DNA duplex immobilized on a gold electrode were
clearly decreased under acidic conditions, where formation of a
partial triplex structure occurred to effectively suppress the hole
transport. Under basic conditions, on the other hand, the triplex
dissociated into the corresponding duplex and a short strand to
enhance the hole transport and thereby the photocurrent response.
Additionally, we confirmed that the photocurrent characteristics
can be correlated to the long-range photo-oxidative DNA cleavage
results, which showed that the DNA cleavage at the hole trapping
sites beyond the triplex-forming region was efficiently suppressed
by partial triplex formation under acidic conditions. This property
of DNA triplexes would provide a useful functionality of on/off
regulation of the hole transport upon cyclic alternation of
pH values. Such a regulation method will facilitate a possible
application of DNA duplexes to potential nano-scale devices.


Experimental


Material


Modified oligodeoxynucleotides (ODN 1, ODN 2 and ODN 5)
were synthesized by a previously reported method.6,8,14 In the
measurement of photocurrent with amperometry, the reagents for
DNA synthesis were purchased from Glen Research. ODNs, T4
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polynucleotide kinase, and c-[32P]-ATP (10 mCi ml−1) were used as
received from Invitrogen, NIPPON GENE (10 units per lL), and
Amersham Bioscience, respectively. All aqueous solutions were
prepared using purified water (YAMATO, WR600A).


Instrumentation


UV absortion spectra were recorded on a Jasco V-530. Pho-
toirradiation at 365 nm for DNA cleavage experiments was
carried out using an ULTRA-VIOLET PRODUCTS NTFL-40
transilluminator, and a 100 W UV lamp (ASAHI SPECTRA,
LAX101) with monochromatic excitation light through a 365 ±
5 nm band pass filter (ASAHI SPECTRA, φ 25 mm) was used
for the measurement of photocurrent responses. A GIBCO BRL
Model S2 sequencing gel electrophoresis apparatus was used for
PAGE. The gels were analyzed by densitometry with an ATTO
Lane Analyzer (version 3). The photocurrent was measured in
a three-electrode arrangement (ALS, model 660B). Mass spec-
trometry of oligodeoxynucleotides (ODNs) was performed with a
MALDI-TOF MS (Perseptive Voager Elite, acceleration voltage
21 kV, negative mode) with 2′,3′,4′-trihydroxyacetophenone as a
matrix, using T8 ([M − H]− 2370.61), T17 ([M − H]− 5108.37) and
T27 ([M − H]− 8150.33) as the internal standards. Reversed-phase
HPLC was performed with a Shimadzu 10A or HITACHI D-7000
HPLC system. Sample solutions were injected on a reversed phase
column (Inertial ODS-3, GL Science Inc, φ 4.6 mm × 150 mm).


DNA characterization


Each ODN synthesized in this study was characterized
by MALDI-TOF MS: 5′-TACGGAAGGAAGAGGGAGTC-
(CH2)6-S-S-(CH2)6-T)-3′, m/z 6911.92 (calcd for [M − H]−


6911.71); 5′-GACTCCCTCTTCCTTCCGAQUA-3′ m/z 6286.60
(calcd for [M − H]− 6286.16); 5′-AQ′-TTTAGCCACTTCTCT-
ACCTGATAG-3′, m/z 7665.51 (calcd for [M − H]− 7666.05).


Tm Measurement


2.5 lM solutions of the appropriate ODNs in a reaction buffer
(10 mM sodium cacodylate buffer at pH 5.5, 6.8 or 7.7 and 2 mM
MgCl2) were prepared to determine the melting temperatures
(Tm) of duplex and triplex. Duplex formation was achieved by
heating the sample at 90 ◦C for 5 min and slowly cooling to
room temperature. Furthermore, a partial triplex formation was
achieved by cooling at 4 ◦C for 12 h after addition of a third
strand to the duplex sample. Melting curves were obtained by
monitoring variation of the UV absorbance at 260 nm with
elevating temperatures from 2 ◦C to 90 ◦C at a rate of 1 ◦C per min.


Immobilization of thiolated ODN 1 on a gold electrode


A gold electrode, 2 mm2 in area, was used for this study. Prior
to ODN immobilization, the electrode was soaked in boiling 2 M
potassium hydroxide for 3 hours and washed with deionized water.
Following this treatment, the electrode was further soaked in
concentrated nitric acid for 1 hour and washed with deionized
water. For chemisorption of ODN 1, a 1 lL solution of 5 lM
thiolated ODN 1 was placed on a gold electrode turned upside-
down and the opening of the electrode vessel was then stuffed with
a rubber stopper to avoid evaporation of the solvent. After leaving


the assembly for 2 hours at room temperature, a 1 lL solution
of 1 mM 6-mercaptohexanol in deionized water was placed on a
gold electrode for masking of the gold surface and the opening of
the electrode vessel was stuffed with a rubber stopper, again. After
leaving the assembly for 1 hour at room temperature, the electrode
was carefully washed with a small amount of deionized water.
For the duplex formation with thiolated ODN 1 immobilized on
a gold electrode, 1 lL of 10 lM AQ-linked ODN 2 in aqueous
solution was placed on a gold electrode turned upside-down and
the opening of the electrode vessel was then stuffed with a rubber
stopper. The assembly (Duplex I) was left for 2 hours at 4 ◦C prior
to photoelectrochemical measurement. For the triplex formation
with the third strand (ODN 3), 1 lL of 20 lM ODN 3 in 10 mM
sodium cacodylate buffer (pH 5.5) containing 2 mM MgCl2 was
placed on a duplex-modified gold electrode turned upside-down
and the opening of the electrode vessel was then stuffed with a
rubber stopper. The assembly (Triplex I) was left for 12 hours at
4 ◦C prior to photoelectrochemical measurement.


Photoelectrochemical measurement


Photocurrents were measured for solutions in 10 mM sodium
cacodylate buffer (pH 5.5) containing 2 mM MgCl2 in a one-
compartment Pyrex cell at an applied potential of 500 mV vs. SCE
under illumination by a 100 W UV lamp with monochromatic
excitation light through a 365 ± 5 nm band pass filter. The
cell for photocurrent measurement consisted of a three-electrode
arrangement (ALS, model 660B) of a modified Au working
electrode (electrode area, 2 mm2), a platinum counter electrode
and an SCE reference electrode. The measurements of triplex
samples were performed in 10 mM sodium cacodylate buffer
containing 2 mM MgCl2 and 2 lM ODN 3 at 15 ◦C. The duplex–
triplex conversion was accomplished by cyclic alteration of pH
value between 5.5 and 7.7, which was achieved by addition of an
appropriate amount of 5 M NaOH or 5M HCl to buffer solution.
The solution was kept at 15 ◦C for 15 min before each photocurrent
measurement.


Preparation of 5′-32P-end-labeled ODN 4


ODN 4 (400 pmol strand concentration) were labeled by phospho-
rylation with 4 lL of [c-32P] ATP and 4 lL of T4 polynucleotide
kinase using standard procedures.19 The 5′-end-labeled ODN 4
were recovered by ethanol precipitation, further purified by 15%
nondenaturing gel electrophoresis, and then isolated by the crush
and soak method.


General procedures for photoinduced cleavage of 32P-5′-end-labeled
Triplex II


Triplex samples were prepared by hybridizing a mixture of cold
and radiolabeled ODN 4 (1 lM) with 1 lM of ODN 5 and 1 lM of
ODN 6 in sodium cacodylate buffer containing 2 mM MgCl2 at a
given pH value. The 32P-5′-end-labeled Triplex II were irradiated at
365 nm at 0 ◦C under given pH conditions. After photoirradiation,
all reaction mixtures were precipitated with addition of 10 lL of
herring sperm DNA (1 mg mL−1), 10 lL of 3 M sodium acetate
and 800 lL of ethanol. The precipitated DNA was washed with
100 lL of 80% cold ethanol and dried in vacuo. The resulting DNA
was resolved in 50 lL of 10% piperidine (v/v), heated at 90 ◦C for
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20 min and then concentrated. The radioactivity of the samples
was assayed using an Aloka 1000 liquid scintillation counter
and the dried DNA pellets were resuspended in 80% formamide
loading buffer (a solution of 80% formamide (v/v), 1 mM EDTA,
0.1% xylene cyanol and 0.1% bromophenol blue). All reactions,
along with the Maxam–Gilbert G + A sequencing reactions, were
heat-denatured at 90 ◦C for 3 min and quickly chilled on ice.
The samples (1–2 lL, 2–5 × 103 cpm) were loaded onto 15%
of polyacrylamide/7 M urea sequencing gels, electrophoresed at
1900 V for 60 min, transferred to a cassette and then stored at
−80 ◦C with Fuji X-ray film (RX-U). The gels were analyzed by
autoradiography with the ATTO densitograph software library
(version 3.0). The intensity of the spots resulting from piperidine
treatment was determined by volume integration.


Acknowledgements


We acknowledge Dr Akimitsu Okamoto (RIKEN) for providing
guidance in the experimental techniques of photocurrent measure-
ments.


References and notes
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1H NMR titration experiments have been used to establish that minimal proline-based models show
enhanced binding selectivity towards phenol in CDCl3, relative to other similarly protected amino acid
residues. Cooperative binding effects appear to play a role, with sarcosine models affording binding
constants to phenol intermediate to those obtained from proline models and other amino acid models.
The mechanism for binding, based on DFT calculations and the application of Hunter’s molecular
recognition toolbox model, cannot be solely attributed to hydrogen bond strength, and appears to be
mediated through C–H-p bonds and the rotational freedom of the amide substrate.


Introduction


Phenolic compounds are extremely important components of
plants, and are consumed in the diet through a number of sources,
including in high levels in both tea and wine. These molecules
have received much publicity due to their antioxidant nature,
and the perceived health benefits that arise from this activity.1


However, free in solution, phenolics may interact adversely with
biomolecules because they are able to participate directly in
oxidative processes, as well as possessing one or more nucleophilic
sites in the reduced form and reactive electrophilic sites once
oxidised.2


In nature, animals are able to compensate for the destructive
properties of phenolics through the selective binding of these
tannic components to proteins.2,3 The phenolics are then able
to impart their antioxidant ability, whilst being protected from
reaction with the general cellular environment.4–8 This is achieved
in humans and other animals, when they are exposed to a tannin-
rich diet, through the excretion of two classes of salivary proteins,9


histidine-rich proteins (HRPs), which are present constitutively,
and proline-rich proteins (PRPs) that are present in increased levels
(up to 70% of the parotid salivary protein).3,10–12


The binding of proteins, particularly PRPs, to polyphenolics
has been extensively studied,13–39 since protein–tannin complexes
are key to the sensation of astringency.40–46 Specificity for binding
to the proline features of PRPs, which constitute approximately
35% of the protein content, was postulated by Hagerman and
Butler from the results of competitive assays.21 In this work, all
polypeptides that showed good affinity for proanthocyanidin also
contained high amounts of proline. It was noted that polyproline
and polysarcosine showed similar affinities for proanthocyanidin.
Small peptides were unable to compete satisfactorily in this assay,
highlighting the requirement for several additive or synergistic
interactions. Subsequent detailed 1H NMR studies have since
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confirmed that the main interaction of the phenolic rings of
tannins is primarily with the proline of PRPs.35–39


The study of minimal models provides a framework by which
to better understand residue-specific interactions and their con-
tribution to supramolecular assemblies. This can help, with the
aid of the studies already carried out on full protein–tannin
models, to establish firstly what are the underlying residue-specific
driving forces for interaction on an easily understood single-
molecule scale, and secondly where the gaps in understanding
are on going from intermolecular to supramolecular species.
In this context, this work examines a selection of N-acetylated
amino acid esters 1a–e and 2, as well as N-acetyl pyrrolidine
3, and their interaction with phenol 4 by 1H NMR titration
methods. The thermodynamics of the interaction of N-acetyl
proline methyl ester 2 and phenol 4 are examined in further detail.
These results have been complemented by calculations of the
structures of relevant amino derivatives 1–3, with determination
of their electrostatic potentials to elucidate key contributions
to the binding mechanism, discussed in the context of Hunter’s
molecular recognition toolbox model.47 This combination allows
separate contributors to the binding to start to be understood.


Experimental methods


Synthesis of compounds


The L-amino acid derivatives 1a–e and 2 were prepared from
the corresponding L-amino acids as previously described in
the literature,48–50 as was the N-acetyl pyrrolidine 3.51 Extended
experimental data is provided in the ESI.† Phenol 4 was purchased
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from Sigma-Aldrich, and used as received. The structures and
purity of all compounds were verified by NMR prior to use.


1H NMR titrations


1H NMR titrations were performed on a 500 MHz Bruker
Avance spectrometer with a 5 mm broad band observation (BBO)
gradient probe with calibration from the position of residual non-
deuterated solvent, cross referenced to trimethylsilane (TMS).
Each measurement was taken on at least three freshly prepared
samples for each concentration point. Solutions (10 ml) of the
compounds 1–4 were prepared at known concentrations in CDCl3.
For the direct titration, aliquots of 1.0 mol dm−3 of phenol 4 were
added to 45 ll each of 0.1 mol dm−3 of the amides 1–3, with
addition of extra CDCl3 to make up the total volume to 500 ll.
A 1H NMR spectrum was recorded after each aliquot addition
and the chemical shifts of the proton signals of the amides 1–
3 were monitored with each addition. The association constants
(Ka) and predicted change in chemical shift to produce saturation
of association (Ddpred) were derived by plotting non-linear titration
curves using the computer graphing program, Mac-Curve-FitTM.
The association constant, Ka, is obtained by application of eqn
(a)–(c), which allow the observed chemical shift values of any
given proton signal, dobs, to be fitted as a function of the initial
concentration of phenol 4. The association constant for each
experiment was evaluated as the weighted average on the observed
change in chemical shift for all signals monitored.


(a)


[H] = [H]i − [HG] (b)


(c)


Where du is the chemical shift of the unbound host and db is
the shift of the bound complex and [H]i and [G]i are the initial
concentrations of host and guest, respectively.


The stoichiometry of the association between the proline
derivative 2 and phenol 4 was ascertained by the continuous
variation method, otherwise known as Job plot analysis.52 1H
NMR spectra were obtained using a range of different ratios
of 2 and 4 and every proton signal of the proline derivative 2
was analysed for each rotamer. At the concentrations chosen to
perform the Job plot analysis (0.1 mol dm−3 to 1.0 mol dm−3), the
proton signals of the proline derivative 2 were generally easier to
resolve than when performing the 1H NMR titration experiments,
especially for the trans-rotamer.


Standard spectra were analysed at 20 ◦C, with probe tempera-
ture maintained by electronic heating and liquid nitrogen cooling.
In a similar fashion, all temperature dependent plots were cooled
or heated as required to the specific temperature with equilibration
of samples prior to measurement.


Table 1 Association constants of selected amides 1–3 with phenol 4 in
CDCl3 based on 1H NMR titration results


Compound Ka 1 (mol−1 dm3)


N-Ac-Gly-OMe 1a 2.4 ± 0.6
trans-N-Ac-Sar-OMe 1b 6.0 ± 2.7
cis-N-Ac-Sar-OMe 1b 6.9 ± 1.1
N-Ac-Ala-OMe 1c 2.4 ± 0.8
N-Ac-Phe-OMe 1d 2.2 ± 1.1
N-Ac-O-Bzl-Tyr-OMe 1e 2.7 ± 0.7
trans-N-Ac-Pro-OMe 2 18.5 ± 2.9
cis-N-Ac-Pro-OMe 2 28.0 ± 8.1
N-Ac-Pyr 3 14.0 ± 8.5


Electrostatic surface calculations


Density functional theory (DFT) calculations were performed
using the Spartan ‘02 programme.53,54 The minimum energies of
both rotamer conformations of 2 were obtained by an initial
conformer distribution calculation, at the B3LYP/6-31(d) level
of theory. The generated conformations were then optimised to
obtain equilibrium geometry structures. The equilibrium geome-
try structures of 1–4 were also calculated at B3LYP/6-31(d). All
structures were confirmed as minima by the absence of negative
frequencies. Electrostatic potential surfaces of molecules 1–4 were
generated also using Spartan ‘0253,54 at the B3LYP/6-31G(d) level.


Results and discussion
1H NMR titrations


NMR titrations provide one method to identify binding interac-
tions between species. For 1H NMR, the change in chemical shift
of protons of a molecule of interest can be monitored in response to
increasing quantities of a complexing agent, and usually indicate
a change in the chemical environment of species one initiated
by species two. From these changes in chemical shift, binding
constants, Ka, can be calculated. The Ka values obtained for the
amide derivatives 1–3 with phenol 4 are presented in Table 1.


The Ka values for the glycyl, alanyl, phenylalanyl and tyrosyl
derivatives 1a and 1c–e, respectively, indicate negligible binding
within experimental error. A slightly more significant binding is
observed for the sarcosine derivative 1b, with a predicted Ka of
around 6 mol−1 dm3. For the proline and pyrrolidine derivatives 2
and 3, the measured Ka increases to around 14 mol−1 dm3 in the
case of 3, 18 mol−1 dm3 for the trans-rotamer of 2 and 28 mol−1 dm3


for the cis-rotamer. Whilst these are small values compared with
typically reported binding constants, the trend and relative values
are reproducible for these systems.


Two rotamer conformations of the tertiary amides 1b and 2,
termed trans- and cis-rotamers (see e.g. Scheme 1), are observed
directly on the NMR time scale. This phenomenon is seen with
many tertiary amides.55–59 The trans-rotamer is more prevalent
than the cis-rotamer and the rotamer conformations of both
sarcosine 1b and proline 2 were estimated to be at approximately
a 4 : 1 ratio in a CDCl3 solution from analysis of the 1H NMR
integrals.


The two rotamer conformers of both sarcosine 1b and proline
2 were analysed separately by 1H NMR titration. The changes in
chemical shift of the a-protons of proline 2 (proton 1, Scheme 1),
with addition of phenol 4, are illustrated in Fig. 1. The a-proton
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Scheme 1 The two rotamer conformations of N-Ac-Pro-OMe 2. The
amide bond rotation equilibrium is observed directly on the NMR time
scale and both conformers are observed on a 1H NMR spectrum.


Fig. 1 A stack plot showing the a-proton signals of N-Ac-Pro-OMe 2
as a gradually increasing concentration of phenol 4 is added, shown in
mol dm−3 (M) to the left. The solutions were made up in CDCl3 solution,
and the concentration of 2 is 0.009 mol dm−3. When no phenol is present
the signals correspond to (from left to right): dH 4.49, doublet of doublets
(trans) a-CH; 4.38 ppm, doublet of doublets (cis) a-CH. Both a-proton
signals appear to change in chemical shift with addition of phenol.


signal was monitored due to the relatively large change in chemical
shift compared to the other signals, and also the ease of resolving
both rotamer conformation signals.


The association of the trans-rotamer of 2 to phenol 4 resulted in
one saturation point, but association to the cis-rotamer produced
two saturation points (Fig. 2). This suggests that a secondary
association occurs, unique to the cis-rotamer, with a quantifiable
Ka value. However, the Ka values obtained for the secondary
association are appreciably smaller than the initial association
with values around 7 ± 1 calculated.


With association of the proline derivative 2 to phenol 4, the
largest changes in chemical shift observed for the signals of the
trans-rotamer protons are those corresponding to the a-proton
and one specific NCH2 proton. Although it is not possible to
assign the facial locality of the protons, the larger change in
chemical shift of a specific NCH2 proton does suggest specific
facial association. The direction in chemical shift is also significant;
the down-field shift observed for the a-proton signal is presumably
due to deshielding by either an electron-withdrawing group, for
example the phenolic oxygen, or due to the ring current of the
aromatic ring. The up-field shift observed by the NCH2 proton


Fig. 2 (a) trans- and (b) cis-N-Ac-Pro-OMe 2 a-1H NMR titration
curves with addition of phenol 4. The curves indicate that the trans-rotamer
associates at a 1 : 1 ratio that results in a down-field change in chemical
shift of the a-proton, but the cis-rotamer appears to produce a secondary
association with 4, and an up-field shift is observed after the initial
down-field change in chemical shift.


signal is most probably due to shielding caused by the ring
current of the phenolic aromatic ring. The observed chemical
shift changes of the cis-rotamer proton signals are significantly
different. The initial association results in the chemical shift of the
protons moving down-field, apart from one of the ring protons,
although this observation is confounded by overlapping proton
signals. The secondary association causes the chemical shift of
most of the protons to move up-field, with the most significant
differences being observed for the ring protons. Although the
low concentration of the cis-rotamer makes the observations less
reliable, the results suggest that a very different mode of association
occurs than is seen for the trans-rotamer of 2.


The difference in association mechanism of the two rotamers is
further highlighted when continuous variation (Job plot) analysis
is carried out. This method allows the stoichiometry of binding
to be determined through variation in the concentration of
each analyte whilst maintaining a constant concentration of the
combined analytes. The resulting Job plots are presented in Fig. 3.


Fig. 3 indicates that for both rotamers of the proline derivative
2, the largest changes in shift are associated with the a-proton
in each case. For the trans-rotamer the maxima for the a-proton,
OCH3 protons and NAc protons are around 0.45 indicating that
the stoichiometry is likely to be 1 : 1, although this maximum
value could suggest that a second stoichiometry is possible.
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Fig. 3 Job plots monitoring the a-proton (�), the OCH3 protons
(�), the N-AcCH3 protons (♦), and the NCH2 protons (D and ×) of
trans-N-Ac-Pro-OMe (a), and cis-N-Ac-Pro-OMe (b) at different ratios of
phenol 4.


However, when monitoring the NCH2 proton signals, a maximum
of around 0.40 was obtained. This can be attributed due to errors
in measurement arising from signals corresponding to the cis-
rotamer overlapping with the trans-rotamer proton signals. The
maxima for the cis-rotamer is about 0.3 and indicates that a
different stoichiometry is prevalent, probably 2 : 1. However,
with such small changes in chemical shift for the cis-rotamer
association, the results become difficult to interpret.60


The association of both rotamers 2 with phenol 4 was examined
at different temperatures to extract thermodynamic information.
When the temperature of the system is decreased, the initial
association (Ka1) to both of the rotamers is strengthened (Table 2).
A secondary association (Ka2) to the trans-rotamer was also seen,


Fig. 4 (a) trans- and (b) cis-N-Ac-Pro-OMe 2 Ka1 values for the
association to phenol 4 vs. temperature. R2 = 0.96 (trans) and 0.92 (cis).


in a similar manner as observed with the cis-rotamer at room
temperature. As the temperature is increased, this secondary
association to the trans-rotamer disappears. Fig. 4 illustrates how
the Ka1 values correlate with temperature. A linear relationship fits
both sets of data relatively well, with R2 values of 0.96 and 0.92 for
the trans- and cis-rotamers respectively. The lower correlation of
the cis-rotamer association can be accounted for by larger errors
associated with the measurements than for the trans-rotamer. Both
correlations indicate that lower temperatures enhance the initial
association, as would be expected for a binding process and where
competitive interactions may occur.


The value of the change in enthalpy when association occurs
(DH) was calculated as −10.3 ± 3.9 kJ mol−1 for the trans-rotamer
using the van’t Hoff equation,61 from the gradient of a plot of lnKa


vs. 1/T. This value is consistent with a moderate hydrogen-bonding
interaction.62 d6-DMSO typically competes for hydrogen-bonding
sites47 and addition (0.1 M) to the system commensurately reduced
the Ka1 to a very low level, namely from 18.5 ± 2.9 to 0.43 ± 0.06
for the trans-rotamer and from 28.0 ± 8.1 to 0.93 ± 0.30 for the cis-
rotamer. This suggests that hydrogen bonding may be important
in maintaining the complex.


The DG values of the association of the trans-rotamer of N-Ac-
Pro-OMe 2 with phenol 4 were calculated from the experimental
Ka values at each temperature and the value of DH derived
above (Table 2). These values are all consistent, all being around
7 kJ mol−1, reflective of a process that is favoured at the
temperatures examined.
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Table 2 a-1H NMR titration results for trans- and cis-N-Ac-Pro-OMe 2—phenol 4 association at different temperatures with corresponding
thermodynamic data


Temperature/K Ka1/mol−1 dm3 Ka2/mol−1 dm3 DG/kJ mol−1 DH/kJ mol−1 DS/J K−1


trans-Rotamer 253 31.3 ± 4.9 5.3 ± 1.7 −7.2 ± 0.7
273 21.4 ± 3.6 6.8 ± 3.4 −7.0 ± 0.8
293 18.5 ± 2.9 — −7.1 ± 0.8 −10.3 ± 3.9 −10.8 ± 5.9
313 11.5 ± 4.0 — −6.4 ± 1.9


cis-Rotamer 253 39.2 ± 10.9 3.4 ± 1.4
273 31.9 ± 9.1 2.2 ± 4.5
293 28.0 ± 8.1 7.0 ± 1.4
313 11.1 ± 8.5 —


Electrostatic surface calculations


The calculated electrostatic surface properties of the molecules
allow the analysis of the most likely modes of association. Hunter
has recently postulated a simplified model for molecules whereby
interactions between two species in solution can be predicted
primarily by their electrostatic charges.47 Using this model, the
calculated electrostatic surface charges of the amide 2 and phenol
4 predict that the most likely interaction would be a hydrogen
bonding interaction between the Emax of phenol, namely the
phenolic hydrogen, and the Emin of the amide, viz the amide
carbonyl oxygen (Fig. 5). This observation is consistent with
previous literature on the binding of phenols with amides.63–66


Hydrogen-bond donor and acceptor constants (a and
b,67Table 3) were calculated for the molecules 1–4 and the solvents
chloroform and water from the corresponding Emax and Emin values.
The free energy of hydrogen-bonding interaction (DDGH-bond) can
be crudely predicted from these numbers.47 This gives a rough
estimation of the Ka if the hydrogen bonding interaction were
the overwhelming driving force for binding. Since the carbonyl of
the ester could also act as an alternative hydrogen-bonding site,
the Eester value is also presented, along with the corresponding
hydrogen bond acceptor constant, denoted e here. The values of
Eester are all significantly smaller than Emin, confirming that the
amide is the preferred binding site for the amino acid derivatives
investigated in this study. Calculating DDG and the corresponding
Ka for water (Table 4), indicates that hydrogen bonding is negligible
in aqueous solution, consistent with the assertion that hydrogen
bonding is not the main driving association between tannins and
proteins in solution.22 The same calculation for association in CCl4


affords Ka values highly consistent with the magnitude expected
for phenol–amide complexation, based on reported values in
the literature.65,66 This correlates with the evidence supporting
hydrogen bonding as the major interaction in this solvent.


The predicted Ka values for the derivatives 1a–e, 2 and 3
in CHCl3 are all significantly smaller than the measured Ka


values. Furthermore, the predicted binding order contrasts with
the trends seen for the measured Ka values for these species. To
rationalise the observed binding, an interaction of the phenol ring
with the hydrogen atoms of either the NCH3 of the sarcosine
1b or the NCH2 of the pyrrolidine derivatives 2 and 3 can be
proposed. Related CH–p interactions have been recognised in
peptides in the form of phenylalanine–proline interactions,68 and
may contribute enough of either an additive or synergistic effect to
improve the binding to a measurable level, relative to a derivative
with only a secondary amide. This would be consistent with


Fig. 5 Molecular electrostatic surfaces of: (a) trans-N-Ac-Pro-OMe 2,
and (b) phenol 4, plotted on a van der Waals′ surface calculated using
B3LYP/6-31G(d). Positive regions are shown in blue, negative regions
are shown in red, and neutral regions are shown in green. The locations
of the maximum electrostatic potential, Emax, the minimum electrostatic
potential, Emin, and the electrostatic potential of the aromatic ring (Ear) are
labelled.


already well-established work that points to the influence of a
strong ‘hydrophobic effect’ in the binding of larger tannins to
polypeptides,22 and particularly to a specific interaction with the
CH groups of the proline.37–39


A small increase in the DDG of binding, to account for CH–
p and related interactions, is able to account for the observed
binding constants satisfactorily. The higher binding observed for
the pyrrolidine derivatives 2 and 3, relative to the sarcosine 1b can
be rationalised through an increased number of possible CH–p
interactions.
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Table 3 Electrostatic surface charges for compounds 1–4 obtained at the B3LYP/6-31G(d) level with Spartan and derived a, b and e constants,47 with
calculated DDG for the hydrogen bond interaction and predicted and experimental Kas


Molecule Emin/kJ mol−1 Emax/kJ mol−1 Eester/kJ mol−1
DDGH-bond


h/
kJ mol−1


Predicted
Ka/mol−1 dm3


N-Ac-Gly-OMe 1a −211.9a 171.6 b −146.4 3.3 4.1 2.8 −5.7 0.74
trans-N-Ac-Sar-OMe 1b −209.5 a 123.6 c −146.4 2.4 2.0 2.8 −5.6 0.68
cis-N-Ac-Sar-OMe 1b −211.5 a 124.2 c −143.2 2.4 4.1 2.8 −5.7 0.72
N-Ac-Ala-OMe 1c −203.3 a 174.6 b −133.9 3.4 3.9 2.6 −5.4 0.56
N-Ac-Phe-OMe 1d −211.0 a 184.0 b −125.5 3.5 4.1 2.4 −5.6 0.71
N-Ac-O-Bzl-Tyr-OMe 1e −210.2 a 178.9 b −131.2 3.4 4.0 2.5 −5.6 0.70
trans-N-Ac-Pro-OMe 2 −209.0 a 100.1 d −158.9 1.9 4.0 3.1 −5.6 0.67
cis-N-Ac-Pro-OMe 2 −217.6 a 107.8 e −152.3 2.1 4.2 2.9 −5.9 0.88
N-Ac-Pyr 3 −219.2 a 86.6 d — 1.7 4.2 −5.9 0.92
Phenol 4 −133.4 f 258.0 g — 5.0 2.6 — −3.0 0.06
Chloroform −43.6 167.7 — 3.2 0.8 —
Water −189.1 216.0 — 4.2 3.6 —
Carbon tetrachloride −22.6 96.5 — 1.9 0.4 —


a Located over the amide carbonyl oxygen. b Located over the amide NH hydrogen. c Located on the CH2 hydrogens. d Located over the ring hydrogens.
e Located over the OMe protons. f Located over the OH oxygen. g Located over the OH hydrogen. h Calculated with chloroform as solvent at 298 K.


Table 4 Predicted DDG and association constants (Ka) of selected
molecules with phenol 4 in H2O and CCl4, based on the B3LYP/6-31G(d)
derived a and b values (Table 3)


Molecule
DDG
(H2O)


Ka


(H2O)
DDG
(CCl4)


Ka


(CCl4)


N-Ac-Gly-OMe 1a −0.4 0.01 −11.4 145.59
trans-N-Ac-Sar-OMe 1b −0.3 0.01 −11.2 127.02
cis-N-Ac-Sar-OMe 1b −0.4 0.01 −11.3 142.01
N-Ac-Ala-OMe 1c −0.2 0.00 −10.8 90.04
N-Ac-Phe-OMe 1d −0.3 0.01 −11.3 138.18
N-Ac-O-Bzl-Tyr-OMe 1e −0.3 0.01 −11.3 132.08
trans-N-Ac-Pro-OMe 2 −0.3 0.01 −11.2 123.50
cis-N-Ac-Pro-OMe 2 −0.5 0.01 −11.7 199.53
N-Ac-Pyr 3 −0.5 0.01 −11.8 218.15
Phenol 4 0.9 0.00 −6.6 1.82


The strength of these combined interactions is clearly mediated
by the orientation of the amide, as can be ascertained from the
differences seen between the cis and trans rotamers of the N-
acetylproline methyl ester 2. This is consistent with an underlying,
directing hydrogen-bonding interaction. An additional contribu-
tion of around 3.6 kJ mol−1 from CH–p interactions for each
rotamer is then sufficient to account for the observed Kas and
is entirely consistent with the expected energetic contribution
from this class of interaction. This estimation also adequately
accounts for the effect of hydrogen-bond disruption seen in d6-
DMSO, as, even if these interactions are fully retained, the
energetic contribution is insufficient to maintain a measurable
binding.


The same magnitude of binding might be expected for the N-
acetylpyrrolidine 3, and, in concert with the predicted hydrogen
bonding, a Ka slightly larger than that for the cis-N-acetylproline
methyl ester 2 might be anticipated. The discrepancy in the
experimental observation could be attributed to error within the
experimental measurements, but might also be attributed either
to differences in the degree of rotational freedom, or the electron
withdrawing nature of the carboxylic side chain. Clearly, more
detailed studies would be required to delineate these effects.


Conclusions
1H NMR titrations of minimal peptide-based models with phenol
4 have established that, in CHCl3 solution, there is a selective
binding of proline-based peptides, relative to other similarly
protected amino acid residues. This binding appears to be medi-
ated by interactions with the tertiary amide structure primarily,
with pyrrolidine-based structures 2 and 3 having the largest
interactions, followed by the less-substituted sarcosine derivative
1b and negligible binding for the secondary amide derivatives 1a
and 1c–e.


Binding to the trans-rotamer of N-acetylproline methyl ester 2
appears to be in a roughly 1 : 1 ratio at 298 K, whereas titration of
the cis-rotamer with phenol shows a secondary, smaller binding
with different overall stoichiometry of around 2 : 1. This secondary
association is also observed with the trans-rotamer 2 in cooled
solutions. Thermodynamic analysis indicates that the association
for both rotamers is an enthalpically favoured process. Interactions
with d6-DMSO indicate that hydrogen bonding is likely to be
important in the association mechanism.


Electrostatic calculations, based on Hunter’s molecular recogni-
tion toolbox methods, were used to help identify the contribution
of hydrogen bonding. These calculations confirm that the pre-
ferred electrostatic interaction is that between the amide carbonyl
and the phenolic hydroxyl, in line with previous studies on H-
bonding carried out in CCl4.63–66 The predicted Kas for CHCl3


as solvent illustrate that this hydrogen bond alone is insufficient
to account for the binding observed in the experimental system.
However, an additional, small contribution from proposed CH–p
interactions is sufficient to explain the experimental observations.
This is consistent with the work on full protein–tannin systems
that indicate in polar solvents that hydrogen bonding cannot
be the major driving force and that ‘hydrophobic’ interactions
direct binding,22,37–39 illustrating that these are reasonable models
for the larger systems and the utility of combining experimental
observations with theoretical calculations.


Whilst it is recognised that H-bonding is crucial to the overall
association, it cannot work as the only factor in mediating the
association. CH–p interactions offer a clear residue-level driving
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force for the preferential binding of phenolics to proline residues
in PRPs, but in our systems are also unlikely to be strong enough
to act alone. Thus the two interactions must work together, and
in doing so afford the selectivity observed in larger systems. An
additive combination of interactions is sufficient to account for the
binding in the reported systems. Further work is ongoing within
our group to more clearly delineate the particular contributions
of each interaction.


Acknowledgements


The authors would like to thank Dr J. B. Harper for extended
useful discussions and assistance with Mac-Curve-Fit.


References


1 K.-T. Chung, T. Y. Wong, C.-I. Wei, Y.-W. Huang and Y. Lin, Crit. Rev.
Food Sci. Nutr., 1998, 38, 421–464.


2 H. M. Appel, J. Chem. Ecol., 1993, 19, 1521–1551.
3 H. Mehansho, L. G. Butler and D. M. Carlson, Annu. Rev. Nutr., 1987,


423–440.
4 Y. Chen and A. E. Hagerman, J. Agric. Food Chem., 2004, 52, 6061–


6067.
5 M. J. T. J. Arts, G. R. M. M. Haeman, L. C. Wilms, S. A. J. N. Beetstra,


C. G. M. Heijnem, H.-P. Voss and A. Bast, J. Agric. Food Chem., 2002,
50, 1184–1187.


6 K. M. Riedl and A. E. Hagerman, J. Agric. Food Chem., 2001, 49,
4917–4923.


7 S. Rohn, H. M. Rawel and J. Kroll, J. Agric. Food Chem., 2004, 52,
4725–4829.


8 W. Wang and M. T. Goodman, Nutr. Res., 1999, 19, 191–202.
9 A. Bennick, Crit. Rev. Oral Biol. Med., 2002, 13, 184–196.


10 H. Mehansho, D. K. Ann, L. G. Butler, J. C. Rogler and D. M. Carlson,
J. Biol. Chem., 1987, 262, 12344–12350.


11 H. Mehansho, T. N. Asquith, L. G. Butler, J. C. Rogler and D. M.
Carlson, J. Agric. Food Chem., 1992, 40, 93–97.


12 H. Mehansho, S. Clements, B. T. Sheares, S. Smith and D. M. Carlson,
J. Biol. Chem., 1985, 260, 4418–4423.


13 E. Haslam, Biochem. J., 1974, 139, 285–288.
14 J. P. McManus, K. G. Davis, T. H. Lilley and E. Haslam, J. Chem. Soc.,


Chem. Commun., 1981, 309–311.
15 J. P. McManus, K. G. Davis, J. E. Beart, S. H. Gaffney, T. H. Lilley and


E. Haslam, J. Chem. Soc., Perkin Trans. 2, 1985, 1429–1438.
16 C. M. Spencer, Y. Cai, R. Martin, S. H. Gaffney, P. N. Goulding, D.


Magnolato, T. H. Lilley and E. Haslam, Phytochemistry, 1988, 27,
2397–2409.


17 J. E. Beart, T. H. Lilley and E. Haslam, Phytochemistry, 1985, 24, 33–38.
18 K. S. Feldman, A. Sambandam, S. T. Lemon, R. B. Nicewonger, G. S.


Long, D. F. Battaglia, S. M. Ensel and M. A. Laci, Phytochemistry,
1999, 51, 867–872.


19 R. A. Frazier, A. Papadopoulou, I. Mueller-Harvey, D. Kisoon and
R. J. Green, J. Agric. Food Chem., 2003, 51, 5189–5195.


20 A. E. Hagerman and L. G. Butler, J. Agric. Food Chem., 1980, 28,
944–947.


21 A. E. Hagerman and L. G. Butler, J. Biol. Chem., 1981, 256, 4494–4497.
22 H. I. Oh, J. E. Hoff, G. S. Armstrong and L. A. Haff, J. Agric. Food


Chem., 1980, 28, 394–398.
23 T. N. Asquith and L. G. Butler, Phytochemistry, 1986, 25, 1591–1593.
24 M. Zhu, J. D. Phillipson, P. M. Greengrass, N. E. Bowery and Y. Cai,


Phytochemistry, 1997, 44, 441–447.
25 A. E. Hagerman, M. E. Rice and N. T. Ritchard, J. Agric. Food Chem.,


1998, 46, 2590–2595.
26 K. J. Siebert, N. V. Troukhanova and P. Y. Lynn, J. Agric. Food Chem.,


1996, 44, 80–85.
27 V. A. P. deFreitas and N. Mateus, J. Sci. Food Agric., 2002, 82, 113–119.
28 V. A. P. deFreitas and N. Mateus, J. Agric. Food Chem., 2001, 49,


940–945.
29 J. R. Bacon and M. J. C. Rhodes, J. Agric. Food Chem., 1998, 46,


5083–5088.
30 S. Verge, T. Richard, S. Moreau, S. Richelme-David, J. Vercauteren,


J.-C. Prome and J.-P. Monti, Tetrahedron Lett., 2002, 43, 2363–2366.


31 Y. Chen and A. E. Hagerman, J. Agric. Food Chem., 2004, 52, 4008–
4011.


32 A. J. Charlton, N. J. Baxter, M. L. Khan, A. J. G. Moir, E. Haslam,
A. P. Davies and M. P. Williamson, J. Agric. Food Chem., 2002, 50,
1593–1601.


33 K. Wroblewski, R. Muhandiram, A. Chakrabartty and A. Bennick,
Eur. J. Biochem., 2001, 268, 4384–4397.


34 N. Naurato, P. Wong, Y. Lu, K. Wroblewski and A. Bennick, J. Agric.
Food Chem., 1999, 47, 2229–2234.


35 A. J. Charlton, N. J. Baxter, T. H. Lilley, E. Haslam, C. J. McDonald
and M. P. Williamson, FEBS Lett., 1996, 382, 289–292.


36 C. Simon, K. Barathieu, M. Laguerre, J. M. Schmitter, E. Fouquet, I.
Pianet and E. J. Dufourc, Biochemistry, 2003, 42, 10385–10395.


37 A. J. Charlton, E. Haslam and M. P. Williamson, J. Am. Chem. Soc.,
2002, 124, 9899–9905.


38 N. J. Murray, M. P. Williamson, T. H. Lilley and E. Haslam,
Eur. J. Biochem., 1994, 219, 923–925.


39 N. J. Baxter, T. H. Lilley, E. Haslam and M. P. Williamson, Biochem-
istry, 1997, 36, 5566–5577.


40 J. L. Goldstein and T. Swain, Phytochemistry, 1963, 2, 371–383.
41 E. C. Bate-Smith, Phytochemistry, 1973, 12, 907–912.
42 L. J. Porter and J. Woodruffe, Phytochemistry, 1984, 23, 1255–1256.
43 T. Ozawa, T. H. Lilley and E. Haslam, Phytochemistry, 1987, 26, 2937–


2942.
44 G. Luck, H. Liao, N. J. Murray, H. R. Grimmer, E. E. Warminski,


M. P. Williamson, T. H. Lilley and E. Haslam, Phytochemistry, 1994,
37, 357–371.


45 E. Jobstl, J. O’Connell, J. P. A. Fairclough and M. P. Williamson,
Biomacromolecules, 2004, 5, 942–949.


46 I. Lesschaeve and A. C. Noble, Am. J. Clin. Nutr., 2005, 81, 330S–335S.
47 C. A. Hunter, Angew. Chem., 2004, 43, 5310–5324.
48 R. G. Webb, M. W. Haskell and C. H. Stammer, J. Org. Chem., 1969,


34, 576–580.
49 A. G. Griesbeck, S. Bondock and J. Lex, J. Org. Chem., 2003, 68,


9899–9906.
50 M. Prein, P. J. Munley and A. Padwa, Tetrahedron, 1997, 53, 7777–7794.
51 S. Tsuboi, Y. Nooda and A. Takeda, J. Org. Chem., 1984, 49, 1204–


1208.
52 J. W. Steed and J. L. Atwood, in Supramolecular Chemistry, John Wiley


and Sons Ltd., Chichester, England, 2000, pp. 16–19.
53 C. A. Irvine, Spartan ‘02, Wavefunction, Inc., 2002.
54 J. Kong, C. A. White, A. I. Krylov, C. D. Sherrill, R. D. Adamson,


T. R. Furlani, M. S. Lee, A. M. Lee, S. R. Gwaltney, T. R. Adams,
C. Ochsenfeld, A. T. B. Gilbert, G. S. Kedziora, V. A. Rassolov, D. R.
Maurice, N. Nair, Y. Shao, N. A. Besley, P. E. Maslen, J. P. Dombroski,
H. Daschel, W. Zhang, P. P. Korambath, J. Baker, E. F. C. Byrd, T. V.
Voorhis, M. Oumi, S. Hirata, C.-P. Hsu, N. Ishikawa, J. Florian, A.
Warshel, B. G. Johnson, P. M. W. Gill, M. Head-Gordon and J. A.
Pople, J. Comput. Chem., 2000, 21, 1532–1548.


55 D. A. Block, D. Yu, D. A. Armstrong and A. Rauk, Can. J. Chem.,
1998, 76, 1042–1049.


56 F. X. Schmid, Adv. Protein Chem., 2002, 59, 243–282.
57 K. R. Williams, B. Adhyaru, I. German and E. Alvarez, J. Chem. Educ.,


2002, 79, 372–373.
58 W. J. Wedemeyer, E. Welker and H. A. Scheraga, Biochemistry, 2002,


41, 14637–14644.
59 C. Dugave and L. Demange, Chem. Rev., 2003, 103, 2375–2532.
60 J. M. Sanderson and E. J. Whelan, Phys. Chem. Chem. Phys., 2004, 6,


1012–1017.
61 P. W. Atkins, The Elements of Physical Chemistry, Oxford University


Press, Oxford, 1996.
62 J. W. Steed and J. L. Atwood, Supramolecular Chemistry, John Wiley


& Sons, Ltd, Chitchester, 2000.
63 J.-Y. Le Questel, C. Laurence, A. Lachkar, M. Helbert and M.


Berthelot, J. Chem. Soc., Perkin Trans. 2, 1992, 2091–2094.
64 M. D. Joesten and R. S. Drago, J. Am. Chem. Soc., 1962, 84, 2696–


2699.
65 T. Gramstad and W. J. Fuglevik, Acta Chem. Scand., 1962, 16, 1369–


1377.
66 E. Kwiatkowski, K. Kozubek and Z. Pepliñski, Z. Naturforsch., B:
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[2.2]Paracyclophane is a fascinating molecule that offers great potential in a wide range of chemical
disciplines. Currently, the synthesis of the majority of enantiomerically pure [2.2]paracyclophane
derivatives is based on the resolution of a small number of starting materials or individual resolution
procedures are developed for each new compound. The development of more general routes to these
valuable compounds via the resolution of a common intermediate is discussed. Ultimately, it would be
preferable to synthesise these valuable compounds without recourse to resolution and ideas for this
rewarding goal are postulated.


Introduction


At first glance, the structure of [2.2]paracyclophane (1a R = H;
Fig. 1) looks surprisingly simple; two eclipsing aryl rings, or decks,
held rigidly in place at the para positions by ethylene bridges.
This useful representation proffers a superficial explanation of
the chemistry of these infuriating yet beautiful molecules, but it
obscures the unique structure and properties of [2.2]paracyclo-
phane. The proximity of the decks prohibits rotation of the rings
without cleavage of one of the bridge C–C bonds, an event that
normally does not occur below ≈180 ◦C. The separation of the
two aromatic rings is less than the sum of the van der Waals radii
for carbon (3.40 Å) and ranges from 2.78 Å for the bridgehead
carbons (C3–C14) to a maximum of 3.09 Å between C4–C13.1 The
rigid structure results in the bridgehead r bond (C1–C2 and C9–
C10) being held almost perpendicular to the aryl rings allowing a
strong rbridge–p interaction as observed by the lengthening of the
C–C bond (1.63 vs. 1.54 Å in ethane). There is a strong repulsion
between the two decks resulting in distortion of the aryl rings
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Fig. 1 [2.2]Paracyclophane and derivatives.


to give a shallow ‘boat’-like conformation. It also engenders a
strong p interaction between the rings that leads to a unique
extended p-system. Both its distinct electronic structure and the
distortion of the rings increases the basicity/nucleophilicity of
[2.2]paracyclophane; it undergoes electrophilic substitution more
rapidly than simple aryl systems and has an enhanced ability to
form p-complexes; for example, the first order rate constant for the
reaction of [2.2]paracyclophane with Cr(CO)6 is ca. 25% greater
than for p-xylene.2


Like its structure, the chemistry of [2.2]paracyclophane is often
understood by the simple representation 1a; superficially, its
reactivity is that of a ‘traditional’ aromatic compound, albeit
that the substituents on one deck have a profound influence on
the reactivity of the other deck. But this simplification does not
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always hold up to close scrutiny; due to its distorted structure,
steric effects and the unique p-interactions, [2.2]paracyclophane
derivatives are often resistant to conventional transformations.3 It
is a combination of all these facets that makes the chemistry of
[2.2]paracyclophane such an interesting challenge.


Since its isolation in the middle of the last century,4 [2.2]para-
cyclophane has been the focus of numerous studies. Traditionally,
[2.2]paracyclophane derivatives have been studied because of their
unusual geometry, their steric, transannular and ring strain effects
and, as a result, they have had a venerable history as probes for
the investigation of theories on bonding, ring strain and p electron
interactions.1,5 Modern applications have seen [2.2]paracyclo-
phane used in biomedical research with various derivatives being
employed as bioisoteres for a variety of heterocyclic systems.6 It
is quite remarkable that the relatively bulky [2.2]paracyclophane
moiety can be employed as a pharmacophoric element. Even more
surprising is the fact that the planar chirality can be exploited in the
investigation of stereo-recognition processes at various receptors.


Recent research has seen its properties exploited in two main
areas; its electronic properties have been utilised in the design of
charge transfer complexes7 and a variety of molecular electronic
materials such as linear and non-linear optoelectronics and
conductive polymers.8 Chiral [2.2]paracyclophane derivatives have
found considerable use in stereoselective synthesis and it is this
latter application that accounts for the resurgence of interest in
[2.2]paracyclophane. The use of [2.2]paracyclophane derivatives
as chiral auxiliaries, reagents and ligands has been summarised
in two excellent reviews by Gibson9 and Rozenberg;10 this article
will concentrate on the synthesis of resolved [2.2]paracyclophane
derivatives with only a brief précis of their utility.


The majority of [2.2]paracyclophane ligands or reagents are
based on one of four different substitution patterns (2–5; Fig. 2);
there are examples of derivatives that have been functionalised on
the ethylene bridge (6) but these are rare.


Fig. 2 [2.2]Paracyclophane substitution patterns and ligands.


Prior to the advent of PhanePhos, 4,12-bis(diphenyl-
phosphino)[2.2]paracyclophane 7, a pseudo-ortho disubstituted
derivative, as chiral ligand in 1997,11–13 reports on the use of
[2.2]paracyclophane in stereoselective synthesis were scarce. Un-
doubtedly, it is the great success of PhanePhos in enantioselective
hydrogenations that has fuelled research into the utility of
[2.2]paracyclophane as a scaffold for the preparation of chiral
ligands.


Unlike other common planar chiral scaffolds, such as metal-
locenes or metal–arene complexes that require two (or more)
substituents on one ring to become chiral, [2.2]paracyclophane
only requires one substituent to break the symmetry of the
molecule. A number of monosubstituted [2.2]paracyclophane (2)
derivatives have been screened in enantioselective catalysis but the
majority show moderate to low enantioselectivities, presumably
due to excessive conformational freedom.14


Probably the most studied substitution pattern is the ortho
disubstituted [2.2]paracyclophanes (3) due to the ease of their
preparation from monosubstituted derivatives. Amongst the most
successful ortho-disubstituted [2.2]paracyclophane ligands are the
4-hydroxy[2.2]paracyclophane aldimine 8a and ketimines 8b,c
ligands of Bräse (Fig. 2).15,16 These ligands are amongst the
most successful known for the 1,2-addition of alkyl-, alkenyl-
and alkynylzinc reagents to aromatic and aliphatic aldehydes and
imines. They can be considered benchmarks not only for the
success of [2.2]paracyclophane-based ligands but in the addition
of functionalised zinc reagents in general.


The synthesis of pseudo-geminal or 4,13-disubstituted [2.2]para-
cyclophane derivatives (5) from monosubstituted starting mate-
rials is also relatively simple; the transannular effect facilitates
regioselective bromination. As a result, a large number of such
ligands have been reported with varying degrees of success in
enantioselective catalysis.17,18


Functionalisation of the bridging ethylene units is extremely
rare (6) and to our knowledge only Hou et al. have investigated
the activity of such compounds as ligands.19 Significantly, sulfide 9
was found to form a more reactive and more selective catalyst than
the ortho-disubstituted analogue in palladium-catalysed allylic
alkylation reactions (94% vs. 50–63% ee). It is believed that the
bridge-substituted ligand 9 possesses a greater degree of flexibility
than the ortho substituted derivative and is therefore able to adopt
a more favourable conformation on complexation. It should be
noted that 9 was an unexpected side-product in the synthesis of
the ortho substituted derivative!


Synthesis of enantiomerically pure
[2.2]paracyclophane derivatives


Arguably the major impediment to the wider acceptance of
[2.2]paracyclophane-based ligands is the lack of attractive strate-
gies for the preparation of enantiopure derivatives; the area is
still dominated by tedious and frequently expensive resolution
protocols. The majority of [2.2]paracyclophane derivatives are
prepared from a small pool of compounds. Currently, there are
no efficient general routes to a range of [2.2]paracyclophane
compounds from a common enantiomerically pure precursor.
Below is a summary of the common routes to the resolved
compounds.
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There are two routes to enantiomerically pure PhanePhos
7; the first reported synthesis of PhanePhos proceeded via
the racemic phosphine oxide and resolved this intermediate as
diastereoisomeric tartrate salts.13 PhanePhos is also prepared from
enantiomerically pure 4,12-dibromo[2.2]paracyclophane, which
is obtained by either chiral chromatography or via the kinetic
resolution of the dibromide by Hartwig–Buchwald amination.12


Ironically, the optimum catalyst for the latter procedure appears
to be PhanePhos itself. The vast majority of pseudo-ortho substi-
tuted [2.2]paracyclophane derivatives (4) are prepared from this
dibromide.


The majority of mono- (2) and ortho di-substituted [2.2]para-
cyclophanes (3) are prepared from a handful of enantiomeri-
cally pure monosubstituted intermediates. The optimum routes
to these key compounds appear to be: carboxylic acid 1b
(R = CO2H; Fig. 1) via recrystallisation of diastereoisomeric
(p-nitrophenyl)ethylammonium salts;20 each enantiomer of the
aldehyde 1c (R = CHO) via multiple recrystallisations of different
Schiff bases21 or enzymatic methods;22 phenol 1d (R = OH)
via esterification with (S)-(−)-camphanoyl chloride and multiple
recrystallisations23 or enzymatic resolution of the acetate;24 amine
1e (R = NH2) via multiple recrystallisations of the diastereoiso-
meric salts formed from (S)-(+)-10-camphorsulfonic acid.25 Enan-
tiomerically pure 4-phosphino[2.2]paracyclophanes 1f can be pre-
pared from enantiomerically pure 4-hydroxy[2.2]paracyclophane
1d but this methodology is long and cumbersome. A more efficient
synthesis involves the resolution of racemic phosphine via the
formation of the diastereoisomeric palladium complexes with the
appropriate chiral palladacycle.14 4-Bromo[2.2]paracyclophane
is now available in enantiomerically pure form via an elegant
kinetic resolution based upon the Hartwig–Buchwald amination
protocol.16


A common method for the formation of enantiomerically
pure [2.2]paracyclophane derivatives is to incorporate a second
stereogenic element into the molecule and then resolve the
resulting diastereoisomers. The hydroxy imine ligands of Bräse


and co-workers,15,16 8, can be prepared in such a manner. Similarly,
oxazoline-based [2.2]paracyclophane derivatives, such as 9 are
invariably synthesised from the racemic carboxylic acid and only
resolved after the formation of diastereoisomeric oxazolines.18,19


Hopefully, it is clear that the majority of enantiomerically pure
derivatives are either prepared from a small pool of resolved
starting materials, or that each new compound requires its own
resolution protocol. Furthermore, we and others have found that
a number of the known resolution strategies are inefficient and can
be quite scale-dependent. As a result we have become interested in
the development of a general strategy for the formation of a range
of enantiomerically pure [2.2]paracyclophane derivatives from a
common precursor.


Sulfoxide-based methodology


A strategy that permits the synthesis of any of the common
[2.2]paracyclophane substitution patterns in enantiomerically
pure form from a common precursor with no trace of the
resolving/directing group would be highly attractive. Whilst we
have yet to achieve this challenging goal, this article shows that we
have started to develop the necessary tools to realise this target.


Successful implementation of this strategy requires a multi-
purpose directing group that can be readily introduced and
will facilitate resolution of the planar chirality (10; Scheme 1).
The group must possess a number of features; it should permit
regioselective elaboration of the [2.2]paracyclophane framework
and should either undergo direct substitution or direct elimination
so that it can be removed without trace. Such a group combining
these characteristics would facilitate the formation of a variety of
substitution patterns. Direct displacement would furnish mono-
substituted derivatives 11 whilst, directed ortho-metallation would
permit the formation of 12, which could readily be converted to
ortho-disubstituted [2.2]paracyclophane derivatives 13. Directing
metallation to the bridge would allow the formation of 14 and
15. Whilst the ability to direct functionalisation to the second


Scheme 1 General strategy for the synthesis of enantiomerically pure [2.2]paracyclophane derivatives.
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ring would allow access to 16 and pseudo-geminal compounds
such as 17. Altering the order of elaboration would permit other
substitution patterns, such as pseudo-ortho 4, to be prepared.


Of all the possible chiral directing groups, the sulfoxide moiety
was deemed the most likely to fulfil all of these criteria. The
potential of the sulfinyl moiety has already been demonstrated
in Kagan and co-workers’ seminal work on the synthesis of chiral
ferrocene derivatives.26 Additionally, Reich and Yelm have used
the sulfinyl group to resolve [2.2]paracyclophane during studies
on chiral selenides.27 Inspired by these two reports, we decided to
ascertain if the sulfoxide moiety would permit the realisation of
our goal.


The diastereoisomeric sulfoxides 19a or 19b are readily pre-
pared from [2.2]paracyclophane and either the Andersen reagent,
(1S,2R,5S)-(−)-menthyl (R)-p-toluenesulfinate 2027–29 or the thio-
sulfinate 21 (Scheme 2).30,31 The stereospecific sulfinylation pro-
ceeds with inversion of the sulfur stereocentre and furnishes
(Sp,RS)-19 and (Rp,RS)-19 in a 1 : 1 ratio; these compounds only
differ by the planar chirality and hence the orientation of the
sulfinyl oxygen. This disparity can be employed to selectively
functionalise either the aryl ring (C5) or the bridge (C2). The
diastereoisomers are readily separable by column chromatography,
even on a 10 gram scale, thereby allowing effective resolution.
Initially, the tolylsulfinyl moiety was investigated due to its success
in the ferrocene system and the commercial availability of both
enantiomers of the Andersen reagent.


Scheme 2 Synthesis of 4-sulfinyl[2.2]paracyclophane derivatives.
Reagents: i. Fe–Br2 (98%); ii. (a) n-BuLi (1.05 eq.), (b) 20 (61%) or 21
(72%).


Key to the success of this methodology is the ability to directly
replace the sulfoxide moiety; other auxiliaries have been employed
to resolve the planar chirality of [2.2]paracyclophane, but all have


been retained in the final product or have required several steps
to remove. Fortunately, sulfoxide–lithium32 exchange permits the
formation of the putative 4-lithio[2.2]paracyclophane 22, which
can react with a range of electrophiles to give enantiomerically
pure monosubstituted [2.2]paracyclophane derivatives in good to
moderate yields (Scheme 3; Table 1).


Scheme 3 Synthesis of enantiomerically pure monosubstituted [2.2]para-
cyclophanes. Reagents: i. (a) t-BuLi (4 eq.), (b) electrophile (8 eq.).


The most striking feature of the results in Table 1 is not that
the ‘sulfoxide methodology’ compares favourably with the know
resolution strategies for the most common building blocks (Entries
1, 4, 5 and 8) but that all these compounds can be prepared in
enantiomerically pure form from the same precursor; there is no
need to develop a new resolution protocol for each one. Whilst
this methodology is still a resolution, it is still significant for two
reasons: its versatility and the lack of the sulfoxide moiety in the
final product—the sulfoxide is a ‘traceless’ resolving agent.


To improve the efficiency of the methodology a stereoconvergent
strategy, in which both diastereoisomeric sulfoxides are converted
to the same enantiomer of 4-monosubstituted [2.2]paracyclophane
was investigated. One diastereoisomer would be subjected to
sulfoxide–lithium exchange (10 → 11; Scheme 1) whilst the other
diastereoisomer would employ the ‘transannular effect’ to direct
functionalisation to the pseudo-geminal (C13) position before
undergoing reductive desulfinylation (10 → 16 → 11; Scheme 1).
Whilst it is conceivable to achieve the same goal by sulfoxide-
directed ortho lithiation (10 → 12 → 11), non-regioselective
deprotonation was an issue.29


Many electron withdrawing substituents are known to direct
electrophilic aromatic substitution to the thermodynamically less
stable pseudo-geminal position on the second ring.1 Whilst this
effect is often ascribed to the electronic ‘transannular effect’ there
is a strong conformational effect; the substituent must be able
to adopt the necessary geometry to abstract the proton from
the pseudo-geminal position. Thus groups such as acetyl, amide


Table 1 Synthesis of enantiomerically pure monosubstituted [2.2]paracyclophanes


Entry Electrophile Product R Yield Yielda(this methodology) Yielda(previous resolutions)


1 DMF 1c CHO 81 25 2022


2 MeI 1g Me 64 — —
3 TMSCl 1h TMS 44 — —
4 CO2(s) 1b CO2H 77 24 2420


5 B(OMe)3 1d OH 53b 16 1123


6 Ph2P(O)Cl 1i P(O)Ph2 52 — —
7 Ph2PCl 1i P(O)Ph2 90c — —
8 TsN3 1e NH2 32d 10d 2425


a Overall yield from racemic (±)-4-bromo[2.2]paracyclophane to one enantiomer of product. b Boron adduct was not isolated but oxidised in situ with
NMO. c Phosphine is believed to oxidise on purification. d The low yield is due to a problematic reduction of 4-azido[2.2]paracyclophane, which occurs
in only 40%.
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and oxazolines are able to direct to this position whilst powerful
electron withdrawing groups such as the cyano group are not.
Reich and Yelm had previously shown that the sulfone group
could direct bromination but there had been no reports of the
sulfinyl group being used.27 Standard iron-catalysed bromination
of (Rp,SS)-19a furnishes 23 in 54% (Scheme 4). Attempts to force
the reaction to completion result in reduction of the sulfoxide to
the sulfide with concomitant activation of the [2.2]paracyclophane
system and multiple brominations.


Scheme 4 Bromination of the lower ring. Reagents: i. Fe–Br2 (54%).


Selective halogen–metal exchange of 23 proved problematic
with considerable amounts of [2.2]paracyclophane being isolated,
suggesting that the sulfoxide moiety also undergoes a facile
exchange process. As a result, conversion of the sulfoxide to either
the sulfide 24 or the sulfone 25 prior to halogen–metal exchange
was investigated. The halogen–metal exchange of 24 is highly
capricious for no discernible reason; the exchange occurs without
issue but the fate of the anion is unpredictable. Yields of the desired
products range from 0 (only the unsubstituted sulfide observed)
to 88% (26; R = P(O)Ph2; Scheme 5) but are not reproducible.
The sulfone 25 shows more promise; halogen–metal exchange
followed by reaction with iodomethane leads to the consistent
formation of 28 (R = Me). Unfortunately, we have yet to attempt
the reductive desulfonylation of 28 but these results provide the
foundations for a stereoconvergent route to enantiomerically pure
4-monosubstituted [2.2]paracyclophane derivatives.


Scheme 5 Functionalisation of the lower ring. Reagents: i. (a) n-BuLi,
t-BuLi or iPr(n-Bu)2MgLi, (b) electrophile.


Whilst it is impossible to use the tolyl sulfoxide to direct ortho-
metallation to the C5 position due to the stability of the tolyl
ortho-anion and the associated problems with regioselectivity,
selective deprotonation of the bridge CH2 is possible. Garcı́a
Ruano has shown that tolyl sulfoxides can stabilise a benzyllithium
carbanion in preference to ortho-lithiation.33 Concern about
the decreased acidity of the protons of the bridge due to the
constrained shape of [2.2]paracyclophane appear to be unfounded;
accidental deprotonation of the bridging ethylene unit has been
reported independently by Hou,19 Pelter34 and Bolm,35 as has the


deliberate ‘lateral’ functionalisation of this position by Hopf and
Snieckus.36 Unfortunately, whilst the tolylsulfinyl moiety is capable
of directing ‘lateral’ lithiation to the bridging unit the tolyl group is
not an innocent bystander. Under optimised conditions a mixture
of unreacted starting material and various polycyclic compounds
(29–31) resulting from reaction of the anion with the toluene ring
were observed (Fig. 3).


Fig. 3 Cyclisation on to toluene moiety.


4-Tolylsulfinyl[2.2]paracyclophane shows the potential of the
sulfoxide methodology to deliver a range of enantiomerically
pure [2.2]paracyclophane derivatives via simple chemistry from a
diastereoisomeric pair of intermediates. Unfortunately, our initial
foray into this chemistry was limited, not by the strategy, but by the
reactivity of the toluene substituent, a problem not encountered in
the analogous ferrocenyl systems.26 Replacing the reactive toluene
moiety with the more robust tert-butyl group has allowed many of
these limitations to be overcome but at a price.30


As the tert-butyl group has no acidic protons there are no
issues of regioselectivity in the ortho-lithiation reaction and the C5
position can be readily functionalised with a range of electrophiles
(Scheme 6). Aldehydes undergo highly diastereoselective addition
to give just one stereoisomer. It is clear that both the tert-
butylsulfinyl moiety and the [2.2]paracyclophane skeleton can
act as considerable steric buttresses, not only allowing this
highly stereoselective addition to occur but retarding the rate of
many of the reactions. Furthermore, elaboration of disubstituted
derivatives has proven taxing. This is highlighted by our inability
to methylate 5-amino-4-tert-butylsulfinyl[2.2]paracyclophane 32
(E = NH2) under a variety of conditions including treatment with
iodomethane, reductive amination or the use of Meerwein’s salt
(Me3OBF4).


Scheme 6 ortho Functionalisation of 4-sulfinyl[2.2]paracyclophane.
Reagents: i. (a) n-BuLi (2 eq.), (b) electrophile (4 eq.).


The other sulfoxide diasteroisomer (Sp,RS)-19b permits lateral
functionalisation of the bridge position. Currently, this reac-
tion has not been fully optimised but we have shown that
iodomethane and simple aromatic aldehydes undergo addition
to give compounds such as 33 (Scheme 7). The addition occurs
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Scheme 7 ‘Lateral’ functionalisation of 4-sulfinyl[2.2]paracyclophane.
Reagents: i. (a) n-BuLi (2 eq.), (b) PhCHO (3 eq.) (30%).


with complete stereoselectivity at the bridge position but little or
no stereoselectivity at the alcohol.


The tert-butylsulfinyl moiety overcomes a number of the
problems encountered in the tolyl methodology but it is not
without its own shortcomings; the tert-butyl derivative is resistant
to sulfoxide–metal exchange, its bulk prevents attack of an
organometallic reagent. Regioselective bromination of the pseudo-
geminal position has also proved impossible with decomposition
of the sulfoxide occurring under a range of conditions. Removal of
the tert-butyl moiety can be achieved presenting a novel route to
enantiomerically pure [2.2]paracyclophane-4-thiol, a potentially
useful intermediate for the preparation of chiral auxiliaries or
reagents.37 Reduction of the sulfoxide 19b to the sulfide 34 is
achieved with trichlorosilane (Scheme 8). A two-step procedure
then cleaves the tert-butyl group via acetylation38 and hydrolysis
to give 35 in moderate yield.


Scheme 8 Synthesis of [2.2]paracyclophanyl-4-thiol. Reagents: i. HSiCl3


(15 eq.), Et3N (10 eq.) (45%); ii. AcCl (7 eq.), BBr3 (1.1 eq.) (68%); iii.
K2CO3, MeOH (97%).


It is clear that the sulfoxide-based methodology has the po-
tential to offer a versatile route to a range of enantiomerically
pure [2.2]paracyclophane derivatives. This potential has been
ably demonstrated by our ability to prepare enantiomerically
pure mono-, ortho di-, pseudo-gem di- and bridge di-substituted
[2.2]paracyclophane derivatives. Unfortunately, both sulfoxide
derivatives so far tested have certain limitations; the reactivity
of the toluenesulfinyl compound prevents directed metallations
whilst the inability of the tert-butylsulfinyl derivative to undergo
sulfoxide–metal exchange frustrates the development of a ‘trace-
less’ resolving agent. By investigating other sulfoxide substituents
we hope to be able to overcome these shortcomings and develop a
truly general route to enantiomerically pure [2.2]paracyclophane
compounds.


Non-resolution routes to enantiomerically pure
[2.2]paracyclophane derivatives


The sulfoxide-based methodology is still based on resolution
and, as such, is not ideal. It would be more attractive if the
initial functionalisation of [2.2]paracyclophane furnished only
one enantiomer or a single diastereoisomer thus eliminating the
inherent redundancy involved in resolution. To our knowledge
such a strategy has not been successfully implemented. It is
conceivable that this could be achieved via an enantioselective
variant of the Friedel–Crafts alkylation or an analogous transfor-
mation. Enantioselective Friedel–Crafts alkylations are known,
but all examples form the new stereocentre on the incoming alkyl
fragment and not on the aryl donor.39 As such, this offers an
intriguing challenge. Even if the reaction only controlled the alkyl
stereocentre and furnished separable diastereoisomers, this would
still offer a rapid route to valuable intermediates (Scheme 9).


Scheme 9 Resolution via enantioselective Friedel–Crafts reaction.


It is becoming clear that the synthesis of highly functionalised
[2.2]paracyclophane-like compounds is a productive avenue of
research. Recently, Fürstner has prepared hexasubstituted N-
heterocyclic carbene cyclophane ligands and shown that the
electronics of the lower ring have a profound effect on the
donor ability of the carbene of the upper ring.40 This could have
important consequences for the ‘fine-tuning’ of such catalysts in
a host of reactions. The current synthesis of such compounds
is quite convoluted and still requires a resolution step. A more
ambitious approach to highly functionalised [2.2]paracyclophanes
would be via a de novo synthesis in which the functionalised
cyclophane system is formed enantioselectively. It is conceivable
that by ‘templating’ the ring formation or contraction step that
single enantiomers could be prepared (Scheme 10); recently, there
has been progress in the use of hydrogen bond complexes to
engender enantioselective radical processes via templating.41


Scheme 10 Potential ‘templated’ cyclisation.


Whilst such a strategy might appear implausible, the first
steps have already been undertaken. MacGillivray has shown
that [2.2]paracyclophanes 37 can be prepared by the [2 + 2]
photodimerisation of the templated alkenes 36 (Scheme 11).42 The
reaction occurs in the solid state and occurs with 100% conversion
and can be used to produce gram quantities of 37. Whilst the
current methodology does not produce chiral [2.2]paracyclophane
derivatives it is an excellent foundation for further study.
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Scheme 11 ‘Templated’ synthesis of [2.2]paracyclophane.


To the best of our knowledge, all current routes to enantiomer-
ically pure [2.2]paracyclophanes are based on the resolution of
either an intermediate or the final product. Whilst it will be a
challenge, it should be possible to apply current asymmetric tech-
nology to the development of a non-resolution based synthesis.


Outlook


Over 50 years after their discovery, [2.2]paracyclophane and its
derivatives have still to realise their full potential. Arguably,
the impediment to furthering this field is the lack of attractive
methods for the preparation of enantiomerically pure derivatives.
Hopefully, this article has highlighted a number of approaches
that could ameliorate this shortcoming. We have laid the foun-
dations for a strategy that will permit the synthesis of a wide
range of [2.2]paracyclophane derivatives from common sulfoxide
precursors. Whilst it is clear that present methodology has
limitations, it is hopefully only a matter of time before the optimum
sulfoxide is found that enables us to bring this project to fruition.
The article also conveys the belief that more efficient processes
for the synthesis of enantiomerically pure [2.2]paracyclophane
derivatives exist. Whilst these reactions will be more challenging,
they will be more rewarding and could open a new chapter in
[2.2]paracyclophane chemistry.
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Seven new bis(dehydrobenzo[18]annuleno)benzenes (bis[18]DBAs) 1–7 functionalized with
electron-donating dibutylamino groups and/or accepting nitro groups at various positions along the
peripheries of the chromophores have been prepared. The effects of varying the donor/acceptor charge
transfer pathways, chromophore lengths and molecular symmetries upon the optical band gaps are
studied using UV–visible spectroscopy, and structure–property correlations are identified. It is found
that bis[18]DBAs possessing donor–p–donor and acceptor–p–acceptor pathways exhibit the smallest
band gaps, especially when an acceptor–p–acceptor pathway is situated along the longest chromophore
length in the molecule. The all-donor species 1 is also found to exhibit efficient fluorescence with
dramatic solvatochromism. The results may have value to the rational design of future NLO/TPA
device components.


Introduction


The last decade has seen a dramatic expansion in the study of a
special class of carbon-rich conjugated macrocycles, dehydroben-
zoannulenes (DBAs),1 due in part to their demonstrated unique
optical, electronic and materials properties.2 The increasing syn-
thetic accessibility of desired molecular topologies and their site-
specific functionalization allows these planar phenyl–acetylene
macrocycles to display a host of intriguing characteristics, includ-
ing enhanced p-orbital overlap, intermolecular p-stacking, and
highly tunable dipoles and symmetries.3 They thus possess poten-
tial in a wide array of applications such as fluorimetric sensing,
organic electronics, organopolymers, and nonlinear optical (NLO)
device components.4 Large DBA assemblies have been shown
to approximate the expected properties of theoretical all-carbon
networks graphyne and graphdiyne,5 and to serve as precursors
for ordered nanomaterials.6


We have previously reported that DBA macrocycles and
closely related phenyl–acetylene model systems functionalized
with electron-donating and/or electron-accepting groups in a
site-specific manner (e.g. Fig. 1) induce varying degrees of
intramolecular charge transfer (ICT).2a–d,7 We have also shown
that the maximal low-energy two-photon absorption (TPA) cross-
section, a key parameter in third-order NLO materials, of a
particular DBA structure is often closely correlated to its ICT
optical band gap in the steady-state one-photon absorption
spectrum.8 Thus, we have sought to elucidate structure–property
relationships in donor/acceptor-functionalized DBAs for the
design of customized NLO materials that also possess high molar
extinction coefficients. We have demonstrated that while chro-
mophore length affects optical band gap for these systems (which
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Fig. 1 Previously studied mono[18]DBAs with various conjugated path-
ways a–d and target bis[18]DBAs with conjugated pathways a–e.


for our purposes is here taken simply as the energy corresponding
to the longest wavelength kmax in the absorption spectra), the
number of chromophores (defined here as a linear conjugated
pathway) affects the extinction coefficient.2a,5 To that end, we
now present a series of two-dimensional conjugated quadrupolar
bis(dehydrobenzo[18]annuleno)benzenes (1–7, Fig. 2) functional-
ized with donor and acceptor groups at their peripheries. It is
hoped that probing the photophysical effects of small variations
in functional group orientation and conjugated charge transfer
pathway topology will lead to an improved understanding of
structure–property relationships, with ultimate application toward
the rational design of the next generation of organic electronics.


BisDBAs 1–7 represent an expansion of our previous work on
donor/acceptor-functionalized mono[18]DBAs.2a,b The fusion of
two chromophore units into one molecule is expected to lead to
similar optical band gaps in the absorption spectrum, but with
higher molar extinction coefficients. Of the six target molecules, 2
and 6 are the only two belonging to an acentric point group and
posses a net dipole. Furthermore, 1 is an all-donor analogue, and is
believed to primarily exhibit non-ICT p–p* excitations (although a
certain degree of weak charge transport from the donor nitrogens
into the alkyne network is likely).2c These molecules thus represent
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Fig. 2 Bis(dehydrobenzo[18]annuleno)benzenes 1–7, the synthetic targets of this study.


good targets for comparison to quadrupolar bis[18]DBAs 3–5
and 7.


Results and discussion


Synthesis


Synthesis of 1–7 is accomplished using a highly modular approach
based on successive Pd-catalyzed Sonogashira cross-coupling
reactions. Known donor/acceptor segments 8–112a,b (Fig. 3) can
be appended to 1,2,4,5-tetraiodobenzene (e.g. Scheme 1) or an
appropriate isomer of dibromodiiodobenzene (e.g. Scheme 2)
using our selective in situ desilylation/cross-coupling protocol.
Undesired homocoupling of the alkyne segments can be mini-
mized to varying degrees of success by slowly injecting a solution
of the triyne into the reaction mixture over a period of 8–
12 h. Further desilylation followed by an oxidative intramolecular


Fig. 3 Differentially silylated donor/acceptor alkyne segments 8–11.


Scheme 1 Representative synthesis of 1.


homocoupling under Pd-catalyzed oxidative conditions furnishes
the corresponding bis[18]DBA in a wide range of yields (Table 1).
The variation in isolated yield is likely due to a significant
degree of intermolecular oligomerization. Certain topologies (2
and 3) have proven unstable, and rapidly decompose in solution.
Consequently, only small amounts of these isomers could be
prepared. This behaviour was also observed in several bis[14]-
and bis[15]DBAs possessing similar donor/acceptor topologies
(to such an extent that the 14-membered analogue of 3 could not be
isolated at all), and is attributed to an uncontrolled topochemical
1,3-diacetylene polymerization promoted by strong intermolec-
ular self-association and p-stacking (vide infra). The extreme


1570 | Org. Biomol. Chem., 2008, 6, 1569–1576 This journal is © The Royal Society of Chemistry 2008







Table 1 Yields for alkyne segment couplings and cyclization to afford
DBAs 1–7


Entry Arene


1st coupled
segment (product,
yield)


2nd coupled
segment
(product, yield)


DBA
(yield)


1
2
3


8 (12, 94%)
10 (15, 70%)
11 (16, 92%)


—
—
—


1 (82%)
4 (60%)
5 (49%)


4
5


9 (17, 86%)
11 (19, 78%)


8 (18, 18%)
10 (20, 21%)


2 (10%)
6 (19%)


6
7


9 (21, 71%)
11 (13, 87%)


8 (22, 24%)
10 (14, 63%)


3 (9%)
7 (66%)


Scheme 2 Representative synthesis of 7.


insolubility of 2 and 3 also precludes extensive chromatographic
purification; trituration of the crude product with THF was
found to be the only viable alternative. With these limitations in
mind, 4–7 were assembled specifically to increase the number of
donor/acceptor pathways and to avoid the strong polarization
that leads to this degradative polymerization. The additional
dibutylamino groups also greatly increase solubility. Due to an-
ticipated synthetic and solubility issues, an all-acceptor analogue
was not pursued. DBAs 4–7 are both soluble and stable in CD2Cl2


and CDCl3, and do not undergo decomposition even when left in
solution for several days.


Electronic absorption spectra


The UV–visible absorption spectra of 1–7 are given in Fig. 4.
All compounds display longest-wavelength absorption maxima
between 450 and 520 nm (Table 2). Except for tetra-donor 1, all
contain strong donor/acceptor functionalization.


Fig. 4 Electronic absorption spectra of DBAs 1–3 (top) and 4–7 (bottom)
in CH2Cl2 at ca. 10–25 lM concentrations.


Frontier molecular orbital (FMO) plots of these types of
systems consistently predict strong localization of the HOMO on
the donor-functionalized alkyne chromophore segments and the
LUMO on the acceptor segments, implying intramolecular charge
transfer as the lowest energy transition.2c,d,7a The low intensity,
broadened peaks in this region for 2–7, often accompanied
by bathochromic shifts relative to 1, are indicative of ICT
behaviour and are consistent with our previous DBA studies.


Table 2 Lowest energy absorptions in 1–7


DBA
Longest wavelength
kmax/nm (e/M−1 cm−1)


Approximate
kcutoff/nma


1 481 (94 000) 557
2 471 (66 200) 604
3 517b (12 500) 614
4 451c (117 100) 578
5 490 (12 700) 575
6 456b (34 600) 568
7 480 (22 900) 564


a Cutoffs defined as the wavelength after the lowest energy kmax where there
is less than a 200 M−1 cm−1 variation over a 5 nm range. b Approximate kmax,
as band is only a shoulder. c There is likely a low-intensity ICT transition
manifested at ca. 500 nm, but the overlap with the next highest band makes
it difficult to determine its kmax.
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In all compounds, conversion from the acyclic precursors to the
corresponding bisDBA results in a bathochromic shift in the
absorption spectra (example spectra, Fig. 5). This is likely due to
an enhanced conjugation effect from the enforced planarization.
It is notable that for DBAs 1 and 4, with donor groups situated
along the longest linear chromophore path, cyclization causes an
increase in molar extinction coefficient in the longest wavelength
band in addition to a bathochromic shift, whereas in the other
systems a corresponding decrease is seen. This is presumably due
to enhanced ICT and delocalization in the planarized macrocycles.


Fig. 5 Electronic absorption spectra of acyclic precursors 12 and 14 and
their respective DBAs 1 and 7.


Comparing two-donor/two-acceptor DBAs 2 and 3 to
tetradonor 1, we see a significant broadening of the corresponding
bands, with absorption cutoffs extending past 600 nm. In the case
of 3, the lowest discernible band exists as a shoulder beginning
near 517 nm, indicating a narrowed optical band gap relative to
1. Interestingly, the ICT band in 2 is slightly blue-shifted from
1. This was initially a surprising result, since 2 contains two long,
linear conjugated pathways from the donor groups to the acceptor
groups; one might intuitively expect such a topology to exhibit a
significantly narrowed band gap. This result is consistent, however,
with previous observations by Meier et al.9 who also noted
hypsochromic shifts in the absorption spectra of certain extended
chromophores upon strong donor/acceptor functionalization.
In those cases, the nearly complete lack of calculated Franck–
Condon overlap actually resulted in predominantly non-HOMO–
LUMO transitions as the dominant absorptions. Furthermore,
Moonen and Diederich have observed a lack of correlation
between optical band gap and conjugated pathway efficiency
for certain donor/acceptor cyanoethynylethene systems,10 finding
instead that quadrupolar compounds with bent donor/acceptor
pathways (analogous to pathway c–d in Fig. 1) often dis-
play smaller band gaps than corresponding dipolar analogues
with linear pathways (path e in Fig. 1). Our own systematic
structure–property studies involving isomeric permutations of
particular acyclic donor/acceptor motifs have confirmed this
phenomenon.2c,7 Note that 3 is quadrupolar rather than dipolar,
and exhibits the smallest band gap of the DBAs presented here.
This property could potentially have consequences for the future
design of organic NLO materials, particularly those that rely on
good two-photon absorption (TPA) parameters. We have shown
that systems with either symmetric multi-chromophore units or
strong donor/acceptor-functionalization can display particularly


high TPA cross-sections.2f ,8 The DBAs presented here, which
possess both qualities, are expected to follow suit.


The absorption spectra of the four-donor/four-acceptor DBAs
4–7 provide further insight into structural effects on band gap.
Each of these compounds contains four donor groups and four
acceptor groups; only their orientation with respect to the DBA
skeleton varies. Here only 6 possesses a net dipole, while all the
others are quadrupolar, thus allowing us to investigate only the
effects of conjugated pathway topology on the band gap. It is
interesting to note that 4–7 display absorption cutoffs at very
similar wavelengths. The most striking feature, however, is the
high molar extinction coefficient in 4, whose spectrum somewhat
resembles tetradonor 1. This is not surprising, since the four donor
groups lie along the longest conjugated chromophores as in 1, with
the acceptor groups along the bridging diacetylenes. A close look
at the spectrum of 4 reveals a possible lower energy ICT transition
around 500 nm, similar to those of 5–7, but the next highest
band overlaps too greatly for even speculative deconvolution. 5–7
display more characteristic low-intensity ICT bands red-shifted
from 4, with 5 possessing the smallest band gap. DBA 5 most
resembles a ‘tetraacceptor’ system, with acceptor groups along
the longest conjugated pathway, and donors along the diacetylene
bridges. DBAs 6 and 7 lie in between these two extremes. In these
cases, the dipolar DBA 6, which contains only linear donor–p–
acceptor pathways, is only slightly red-shifted from 4, while 7
(with only two linear ICT pathways) and 5 (with no linear ICT
pathways) are more red-shifted. Thus, we are led to the conclusion
that for these systems, a supposedly ‘efficient’ linear donor–p–
acceptor conjugated chromophore does not lead to the lowest
energy charge transfer transition.


Comparing all the spectra of 1–7, we can note that placing
like groups along a longest chromophore (donor–p–donor or
acceptor–p–acceptor) results in the smallest band gaps, with
acceptor–p–acceptor arrangements being particularly effective.
This makes sense when considering the likely FMO localizations
(which were not computed for these systems here, but for which
there is extensive precedent from our earlier studies2c–e,7a): rather
than exhibiting the behaviour of a donor atom transferring
electron density to an acceptor atom, the spectra imply a
transition from an electron-rich chromophore to an electron-
poor chromophore, wherein two directly conjugated donor groups
contribute to generate the former, and two acceptor groups
contribute to the latter. The band gap is thus more dependent
on the length of the linear chromophores, and hence is smaller
for the quadrupolar systems than for the dipolar ones. This
‘synergistic cooperation’ was also observed for our previously-
reported mono[18]DBAs:2a the smallest band gaps occurred when
a donor was conjugated to a donor and an acceptor to an acceptor.
Linear donor/acceptor pathways exhibited larger band gaps. In
those cases, however, the necessary asymmetry of most of the
DBAs could lead to potential skewing from dissimilar net dipole
effects which are not present in most of the bis[18]DBAs presented
here. Finally, our most bathochromic systems here, 3 and 5, display
charge transfer bands with molar extinction coefficients roughly
double those of analogous mono[18]DBAs, but in the same 490–
530 nm region. In donor-functionalized systems, the bisDBAs
display both higher extinction coefficients from fusion of a second
annulenic unit and longer wavelength absorptions from extension
of the chromophore lengths.
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Electronic emission spectra


Many of the DBAs and donor/acceptor systems we have presented
in the past exhibit efficient fluorescence.2c,d,5,7 Small structural
variations of the conjugated pathways (e.g. chromophore topology,
polarization, planarity, donor or acceptor strength, protonation
or metal ion complexation ability) can fine-tune both emission
wavelength and quantum yield. In nitro-functionalized systems,
however, the high internal conversion rate caused by mixing of
vibronic states as well as solvent interaction effectively quenches
fluorescence.2c,7b The only highly emissive DBA presented here
is therefore tetradonor 1 (U f = 0.34 in CH2Cl2). The long,
electron-rich conjugated pathways and the lack of a net dipole
likely result in an excited state that is highly polarized relative
to the ground state. The photophysical manifestation of this
is a dramatic degree of fluorescence solvatochromism (Fig. 6),
with emission maxima ranging from 486 nm in hexane to
587 nm in acetone. The absorption spectra, by contrast (Ta-
ble 3), display only slight solvent dependence, implying that
the effect is enhanced by relaxation to increasingly low-lying
vibrational levels of the S1 state after initial excitation (note
the gradual loss of vibronic fine structure in Fig. 6 as solvent
polarity increases). In contrast, DBA 4, which also has its donor
groups along the longest chromophores but also acceptors along
the diacetylene bridges, is only slightly fluorescent (quantum
yield < 0.05), with much less solvent dependence (Fig. 7). DBAs
2, 3, and 5–7 do not fluoresce at all. No concentration dependence
was noted in either absorption or emission spectra for any
compound.


Fig. 6 Normalized electronic emission spectra of 1 in hexanes (Hex),
toluene (PhMe), chloroform (CHCl3), dichloromethane (DCM), acetoni-
trile (MeCN), and acetone (Me2CO) at ca. 10–25 lM concentrations.
Excitation at 365 nm. Inset: photographs of solutions of 1 in corresponding
solvents (left to right) under illumination by high-intensity 365 nm lamp.


Table 3 Lowest energy absorption and emission wavelengths of 1 in
various solvents


Solvent Absorption kmax/nm Emission kmax/nm


Hexanes 466 486
Toluene 471 502
Chloroform 478 522
Dichloromethane 481 551
Acetonitrile 482 575
Acetone 479 587


Fig. 7 Normalized electronic emission spectra of DBA 4 in hexanes (Hex)
and dichloromethane (DCM). Excitation at 381 and 386 nm, respectively.


Self-association


Our previously reported bis[14]- and bis[15]DBAs (e.g. 23 and 24,
Fig. 8),2c also functionalized with dibutylamino and nitro groups,
displayed a significant degree of intermolecular self-association in
solution, presumably due to p-stacking enhanced by attraction
between donor and acceptor groups between molecules. The
aggregation manifested upfield shifts of the 1H-NMR signals of the
aromatic protons with increasing concentration. It was confirmed
that the monomer–dimer equilibrium is the dominant process
in these systems, and hence dimerization constants could be
calculated from the concentration-dependent chemical shifts. This
effect was not observed in DBAs 1 or 4–7, or in equimolar mixtures
of 4 and 5 (which could theoretically form dimer aggregates when
respective donor and acceptor groups from each molecule are
p-stacked). It is believed that the ortho relationship between the
alkylamino and nitro groups on each arene ring can prevent strong
polarization (dipolar or quadrupolar) and effectively ‘cancel out’
any long-range intermolecular attraction. Also, aggregation may
be prevented in these cases by the fact that ortho substitution will
result in one or both of the substituents not being co-planar with
the arene ring. This can create ‘thickness’ in the molecule that
inhibits stacking interactions. Tetradonor 1 possesses no acceptor
groups to enhance p-stacking via intermolecular attraction.


Fig. 8 Examples of previously reported bis[14]- and bis[15]DBAs that
display self-association in solution.


DBA 2 underwent rapid degradation in CDCl3 solution, so
concentration-dependent experiments could not be conducted.
DBA 3, however, remained stable long enough for several
concentration-dependence data points to be collected (Fig. 9).
The protons residing on the donor and acceptor arene rings
experienced the greatest degree of upfield shifts, and the central
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Fig. 9 Concentration-dependent chemical shifts of the aromatic protons
of bis[18]DBA 3 in CDCl3 at 20 ◦C.


arene ring protons experienced the least, indicating the greatest
degree of change in the shielding environment where the donors
of one molecule interact with the acceptors of another, and vice
versa. The gradual upfield shifts were fitted to curves using the
HypNMR program11 from which a dimerization constant of 515 ±
31 M−1 was extracted. This value is only slightly larger than for
the smaller analogous DBA 23 (326 ± 51 M−1), and may be due
to more efficient stacking due to increased p-orbital overlap in
the strain-free bis[18]DBA, as well as due to the increased total
number of p–p interactions.


Conclusions


Bis[18]DBAs 1–7 represent an interesting systematic investigation
into the effects of conjugation pathway topology, chromophore
length, and symmetry on the optical band gaps of carbon-
rich intramolecular charge transfer systems. We have demon-
strated that quadrupolar chromophores with linear donor–p–
donor and acceptor–p–acceptor pathways can exhibit narrowed
band gaps versus donor–p–acceptor analogues, and comparison
to our earlier mono[18]DBAs shows that, while extending the
length of a donor-functionalized system results in absorption
red shifts, increasing the number of chromophore units in the
system causes an increase in molar extinction coefficient. Our
studies also support observations in other systems that strong
donor/acceptor functionalization of an extended chromophore
can actually lead to increased band gaps due to lack of Franck–
Condon overlap of segment-isolated FMOs.9,10 It has been
shown in the past that highly conjugated organic molecules
often exhibit high TPA cross-sections, especially when possessing
either high symmetry or donor/acceptor functionalization.2e,f ,8


The systems presented here satisfy both conditions, so it is
expected that they will display particularly favorable results, and
we hope to report the outcome of these experiments in the near
future.


Experimental


General methods


1H- and 13C-NMR spectra were recorded in CDCl3 using a
Varian Inova 300 (1H: 299.94 MHz, 13C: 75.43 MHz) or 500
(1H: 500.10 MHz, 13C: 125.75 MHz) spectrometer. Chemical
shifts (d) are expressed in ppm relative to the residual chloroform
(1H: 7.26 ppm, 13C: 77.0 ppm) reference. Coupling constants are
expressed in Hertz. Melting points were recorded on a Melt-Temp
II melting point apparatus in open-end capillary tubes or on a
TA Instruments 2920 DSC and are uncorrected. IR spectra were
recorded using a Nicolet Magna FTIR 550 spectrometer. UV–vis
spectra were recorded on an HP 8453 UV–vis spectrophotometer.
Fluorescence data were recorded on a Hitachi F-4500 fluorescence
spectrophotometer. Mass spectra were recorded on an Agilent
1100 SL Series LC/MSD spectrometer. THF and Et2O were
distilled from Na–benzophenone under N2. All other chemicals
were of reagent quality and used as obtained from manufacturers.
Column flash chromatography was performed using N2 or air
pressure on Sorbent Technologies silica gel (230–450 mesh). Pre-
coated silica gel plates (Sorbent Technologies, 200 × 200 × 0.50
mm) were used for analytical thin layer chromatography. Eluting
solvents were reagent quality and used as obtained from the
manufacturers. Reactions were carried out in an inert atmosphere
(dry Ar) when necessary. All deprotected terminal alkynes were
used directly without further purification. Syntheses of segments
8–11 have been described previously.2a,b


General alkyne coupling procedure A. Alkyne segment 8, 10,
or 11 (5.0 equiv.) and 1,2,4,5-tetraiodobenzene (1 equiv.) were
dissolved in iPr2NH–THF (1 : 1, 0.003 M) and the solution was
purged for 30 min with bubbling Ar. PdCl2(PPh3)2 (0.03 equiv.
per transformation), CuI (0.06 equiv. per transformation) and
aqueous KOH (5 equiv. per transformation) were added and the
solution was purged for another 20 min. The reaction mixture
was stirred at 55 ◦C for 24–48 h under an Ar atmosphere until
complete by TLC. The mixture was then concentrated, rediluted
with hexanes, and filtered through a pad of silica gel. The solvent
was removed in vacuo and the crude material was used without
further purification.


General alkyne coupling procedure B. Acceptor segment 9 or 11
(2.5 equiv.) and the appropriate isomer of dibromodiiodobenzene
(1 equiv.) were dissolved in iPr2NH–THF (1 : 1, 0.003 M)
and the solution was purged for 30 min with bubbling Ar.
PdCl2(PPh3)2 (0.03 equiv. per transformation), CuI (0.06 equiv. per
transformation) and aqueous K2CO3 (5 equiv. per transformation)
were added and the solution was purged for another 20 min. The
reaction mixture was stirred at room temperature for 24–48 h
under an Ar atmosphere until complete by TLC. The mixture was
then concentrated, rediluted with hexanes, and filtered through a
pad of silica gel. The solvent was removed in vacuo and the crude
material was used without further purification.


General alkyne coupling procedure C. Acceptor-functionalized
tetrayne 13, 17, 19 or 21, and aqueous KOH (5 equiv. per transfor-
mation) were dissolved in iPr2NH–THF (3 : 2, 0.004 M) and the
solution was purged for 30 min with bubbling Ar. Pd(PhCN)2Cl2


(0.03 equiv. per transformation), PtBu3·HBF4 (0.07 equiv. per
transformation) and CuI (0.06 equiv. per transformation) were
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added and the solution was purged for another 20 min under
bubbling Ar. Donor segment 8 or 10 (2.5 equiv.) was dissolved
in THF (0.04 M), the solution was purged for 30 min under
bubbling Ar, and then injected via syringe pump into the stirred
polyyne solution over 8 h at 55 ◦C under an Ar atmosphere. The
reaction was stirred until complete by TLC. The mixture was then
concentrated, rediluted with hexanes–CH2Cl2 (4 : 1), and filtered
through a pad of silica gel. The solvent was removed in vacuo, and
the crude material was purified by column chromatography.


General Pd-catalyzed cyclization procedure D. Annulene pre-
cycle was dissolved in THF, Et2O and MeOH (2 : 1 : 0.01, 0.005
M) and Bu4NF (TBAF, 1.0 M soln in THF, 10 equiv.) was added.
The solution was stirred at room temperature until complete by
TLC (typically <1 h). The reaction mixture was then concentrated,
dissolved in Et2O, and washed with H2O (3 × 50 mL). The organic
phase was collected, dried over MgSO4, and filtered through a
pad of silica gel eluting with hexanes. The solvent was removed in
vacuo and the deprotected precycle was dissolved in THF (0.005
M). PdCl2(dppe) (0.1 equiv. per transformation), CuI (0.2 equiv.
per transformation), and I2 (0.25 equiv. per transformation) were
dissolved in iPr2NH–THF (3 : 2, ∼0.5 L per mmol precycle). To
this mixture, the deprotected precycle solution was injected via
syringe pump over 40 h at 65 ◦C. The reaction mixture was stirred
until complete by TLC, then concentrated, rediluted in hexanes–
CH2Cl2 (3 : 1) and filtered through a pad of silica gel. The solvent
was removed in vacuo and the product was triturated with hexanes.


DBA precursor 12. Segment 8 (306 mg, 0.605 mmol) was cross-
coupled to 1,2,4,5-tetraiodobenzene (78 mg, 0.134 mmol) at 55 ◦C
using general alkyne coupling procedure A (12 h). The crude
material was chromatographed on silica gel (4 : 1 hexanes–CH2Cl2)
to give 12 (227 mg, 94%) as a dark red oil. kmax (CH2Cl2)/nm 400
(log e/dm3 mol−1 cm−1, 4.73), 466 (4.81). Em. kmax/nm 551. U f


0.18.12 mmax (NaCl)/cm−1 2959, 2935, 2856, 2191, 2155, 1589, 1530,
1479, 1365, 1223, 1113. dH (300 MHz; CDCl3; Me4Si) 7.51 (2 H,
s), 7.35 (4 H, d, J 9.0), 6.66 (4 H, d, J 2.7), 6.49 (4 H, dd, J 9.0,
2.7), 3.27 (16 H, t, J 7.5), 1.54 (16 H, quin, J 7.5), 1.34 (16 H,
sext, J 7.2), 1.18 (84 H, s), 0.96 (24 H, t, J 7.2). dC (75 MHz;
CDCl3; Me4Si) 148.30, 137.66, 134.58, 128.57, 125.49, 114.89,
111.72, 110.40, 105.84, 94.59, 85.37, 81.84, 78.87, 75.99, 50.78,
29.50, 20.48, 18.97, 14.16, 11.60. m/z (APCI) 1719 (M+ − TIPS +
THF, 66%), 1720 (M+(13C) − TIPS + THF, 100).


Bis[18]DBA 1. Precursor 12 (136 mg, 0.075 mmol) was sub-
jected to general Pd-catalyzed cyclization procedure D (40 h). The
crude material was purified by filtration through a pad of silica gel
followed by concentration in vacuo and trituration with hexanes
to afford 1 (72 mg, 82%) as a brick red powder. Once purified, the
product exhibited very poor solubility, thus precluding acquisition
of 13C-NMR data. Mp: 200–220 ◦C (dec). kmax (CH2Cl2)/nm 445
(log e/dm3 mol−1 cm−1, 4.96), 481 (4.98). Em. kmax/nm 551. U f


0.34.12 mmax (KBr)/cm−1 2956, 2929, 2871, 2136, 1591, 1590, 1482,
1368, 1218, 1110. dH (300 MHz; CDCl3; Me4Si) 7.78 (2 H, s), 7.49
(4 H, d, J 8.7), 6.84 (4 H, s), 6.66 (4 H, d, J 11.4), 3.30 (16 H, t, J
6.9), 1.59 (16 H, m), 1.40 (16 H, sext, J 7.8), 0.99 (24 H, t, J 7.2).
dH (300 MHz; THF-d8; Me4Si) 7.84 (2 H, s), 7.50 (4 H, d, J 9.0),
6.92 (4 H, s), 6.80 (4 H, d, J 9.0), 3.39 (16 H, t, J 7.8), 1.63 (16 H,
m), 1.40 (16 H, sext, J 7.5), 0.99 (24 H, t, J 7.5).


Acceptor-functionalized arene 13. Segment 11 (198 mg, 0.359
mmol) was cross-coupled to 1,4-dibromo-2,5-diiodobenzene


(72 mg, 0.148 mmol) at rt for 16 h using general alkyne coupling
procedure B. The crude material was chromatographed on silica
gel (4 : 1 hexanes–CH2Cl2) to give 13 (153 mg, 87%) as a red
oil. mmax (KBr)/cm−1 2958, 2937, 2860, 2150, 1652, 1591, 1540,
1506, 1472, 1457, 1338, 1277. dH (300 MHz; CDCl3; Me4Si) 7.82
(2 H, s), 7.72 (2 H, s), 7.20 (2 H, s), 3.12 (8 H, t, J 6.9 Hz),
1.53 (8 H, quin, J 7.5), 1.29 (8 H, sext, J 7.5), 1.15 (42 H, s),
0.88 (12 H, t, J 7.2). dC (75 MHz; CDCl3; Me4Si) 144.25, 140.92,
137.61, 130.59, 128.52, 126.35, 125.21, 124.54, 116.94, 102.96,
96.13, 81.84, 81.51, 80.07, 78.98, 51.96, 29.71, 20.29, 18.98, 14.06,
11.54. m/z (APCI) 1187 (M+(279Br), 42%), 1189 (MH+(79Br81Br),
100), 1190 (MH+(13C281Br), 65).


DBA precursor 14. Segment 10 (106 mg, 0.192 mmol) was
cross-coupled to acceptor-functionalized arene 13 (106 mg, 0.089
mmol) at 55 ◦C using general alkyne coupling procedure C (10
h). The crude material was chromatographed on silica gel (4 :
1 hexanes–CH2Cl2) to give 14 (111 mg, 63%) as a dark red oil.
kmax (CH2Cl2)/nm 294 (log e/dm3 mol−1 cm−1, 4.97), 322 (4.98),
353 (4.94), 445 (4.59). mmax (NaCl)/cm−1 2953, 2932, 2891, 2856,
2218, 2147, 1595, 1536, 1505, 1487, 1466, 1428, 1337, 1274. dH


(300 MHz; CDCl3; Me4Si) 7.90 (2 H, s), 7.82 (2 H, s), 7.60 (2 H,
s), 7.22 (2 H, s), 7.10 (2 H, s), 3.13 (16 H, m), 1.52 (16 H, m),
1.29 (16 H, m), 1.16 (42 H, s), 1.14 (42 H, s), 0.88 (24 H, m). dC


(75 MHz; CDCl3; Me4Si) 145.32, 144.30, 140.91, 139.50, 138.01,
131.68, 131.62, 130.59, 128.79, 125.81, 125.55, 125.33, 124.11,
117.03, 113.25, 103.56, 102.98, 100.25, 99.87, 96.09, 82.71, 82.44,
81.63, 80.76, 80.29, 79.60, 78.86, 51.96, 51.76, 29.71, 20.26, 18.94,
14.02, 11.53.


Bis[18]DBA 7. Precursor 14 (65 mg, 0.033 mmol) was sub-
jected to general Pd-catalyzed cyclization procedure D (40 h).
The crude material was purified by filtration through a pad of
silica gel followed by concentration in vacuo and trituration with
hexanes to afford 7 (29 mg, 66%) as a dark orange powder. Mp:
160–180 ◦C (dec). kmax (CH2Cl2)/nm 403 (log e/dm3 mol−1 cm−1,
4.89), 479 (4.36). mmax (NaCl)/cm−1 2955, 2924, 2868, 2213, 1651,
1592, 1535, 1479, 1431, 1370. dH (300 MHz; CD2Cl2; Me4Si) 8.01
(2 H, s), 8.00 (2 H, s), 7.88 (2 H, s), 7.36 (2 H, s), 7.32 (2 H,
s), 3.20 (16 H, m), 1.55 (16 H, m), 1.29 (16 H, m), 0.91 (24 H,
m). dC (75 MHz; CDCl3; Me4Si) 145.09, 139.86, 139.75, 139.50,
137.46, 136.69, 131.72, 129.77, 129.41, 125.77, 125.25, 124.25,
124.06, 113.15, 113.03, 82.14, 81.92, 81.35, 81.27, 80.94, 80.78,
80.71, 80.19, 79.83, 79.41, 77.46, 77.41, 51.70, 29.71, 20.33, 14.05.
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The highly diastereoselective anti-aminohydroxylation of a,b-unsaturated esters, via conjugate addition
of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide and subsequent in situ enolate oxidation with
(+)-(camphorsulfonyl)oxaziridine, has been used as the key step in the asymmetric synthesis of
N,O-diacetyl xestoaminol C (41% yield over 8 steps), N,O,O-triacetyl sphinganine (30% yield over 8
steps) and N,O,O-triacetyl sphingosine (30% yield over 7 steps).


Introduction


The vicinal amino alcohol motif is a recurring structural com-
ponent in a diverse range of biologically active natural products
and synthetic molecules.1 Numerous biologically active long-chain
vicinal amino alcohols such as xestoaminols A 1 and C 2,2


and obscuraminol A 33 have been isolated from marine sources,
whilst the sphingoid bases sphinganine 4, phytosphingosine 5 and
sphingosine 6 are ubiquitous components of biomolecules that
occur in eukaryotic cells (Fig. 1).4 The varied biological activity
of these compounds has ensured that a variety of methods for
the synthesis of vicinal amino alcohols have been developed,1


with the sphingoid bases in particular receiving considerable
attention.5 The majority of these routes use starting materials
derived from the chiral pool,6 although asymmetric routes, for
instance based upon Sharpless asymmetric dihydroxylation or
epoxidation, or asymmetric aldol reaction, have also received some
attention.7


Fig. 1 Structures of xestoaminols A 1 and C 2, obscuraminol A 3,
sphinganine 4, phytosphingosine 5 and sphingosine 6.
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Previous investigations from within this laboratory have demon-
strated that the tandem conjugate addition of a homochiral, sec-
ondary lithium amide (derived from a-methylbenzylamine)8 and
in situ enolate oxidation with (camphorsulfonyl)oxaziridine (CSO)
represents an efficient entry to anti-a-hydroxy-b-amino esters.9


This methodology has been utilised as the key synthetic strategy for
a number of natural product syntheses,10 and we delineate herein
the application of this useful transformation to the asymmetric
synthesis of the N,O-diacetyl derivative of xestoaminol C 2, and
the N,O,O-triacetyl derivatives of sphinganine 4 and sphingosine
6. Part of this work has been communicated previously.11


Results and discussion


Asymmetric synthesis of N ,O-diacetyl xestoaminol C


Our initial synthetic target for the development of a general
strategy towards the synthesis of saturated, long chain, vicinal
amino alcohols was xestoaminol C 2. This simple vicinal amino
alcohol was first reported as being isolated from the Fijian sponge
Xestospongia sp. in 1990 and shown to display reverse transcriptase
inhibition.2 It was subsequently isolated from the tunicate Pseu-
dodistoma obscurum3 and one enantiospecific synthesis, employing
L-alanine as the source of chirality, has been reported to date.12


Based on retrosynthetic analysis of xestoaminol C 2, it was
proposed that the alkyl chain could be introduced via olefination
of the functionalised aldehyde 8. Aldehyde 8 would be available
from ester 9 which, in turn, results from anti-aminohydroxylation
of an a,b-unsaturated ester. A synthetic strategy reliant on N- and
O-benzyl protection was therefore initially pursued in order to
facilitate global, hydrogenolytic deprotection of 7 to the natural
product (Fig. 2).


Aminohydroxylation of tert-butyl crotonate upon sequential
treatment with lithium (S)-N-benzyl-N-(a-methylbenzyl)amide
and (+)-CSO9 gave the known anti-a-hydroxy-b-amino ester 10
in >98% de,13 with chromatographic purification giving 109 in
77% yield and >98% de. Benzylation of 10 was accomplished upon
treatment with BnBr, 15-crown-5 and NaH, giving 11 in 88% yield.
Transformation of ester 11 to the corresponding aldehyde 13 was
achieved via reduction with LiAlH4 to give alcohol 12 in 91% yield,
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Fig. 2 Retrosynthetic analysis of xestoaminol C 2.


>98% de and >98% ee,14 with subsequent Swern oxidation of 12
giving aldehyde 13 in 88% yield and >98% de (Scheme 1).15


Scheme 1 Reagents and conditions: (i) lithium (S)-N-benzyl-N-
(a-methylbenzyl)amide, THF, −78 ◦C, 2 h, then (+)-CSO, −78 ◦C to rt,
12 h; (ii) NaH, 15-crown-5, BnBr, THF, 0 ◦C to rt, 12 h; (iii) LiAlH4, THF,
0 ◦C to rt, 6 h; (iv) DMSO, (ClCO)2, Et3N, DCM, −78 ◦C to rt, 1 h.


Attention was then turned to the installation of the
alkyl chain via Wittig olefination of aldehyde 13. However,
treatment of aldehyde 13 with the ylide derived from (1-
decyl)triphenylphosphonium bromide in THF16 returned only
starting material, even when a large excess of reagent (5 eq) was
employed. Hypothesising that the low reactivity of the ylide might
be due to its lipophilic nature disfavouring reaction in a polar
solvent, the reaction was attempted in a mixture of THF–hexane
(1 : 1) giving 83% conversion to (Z)-alkene 14 (J4,5 = 10.9 Hz) as
the sole diastereoisomer, which was isolated in 56% yield. Reaction
optimisation led to a superior experimental protocol whereby de-
protonation of (1-decyl)triphenylphosphonium bromide in THF
prior to the addition of hexane, and the subsequent addition of
aldehyde 13 in THF, gave complete conversion and furnished (Z)-


14 in 95% yield. With construction of the skeletal framework com-
plete, global deprotection of (Z)-14 to give xestoaminol C 2 was
investigated. Hydrogenolysis of (Z)-14 in MeOH–H2O–AcOH
(40 : 4 : 1)8,17 returned N-a-methylbenzyl protected 15 contamin-
ated with unknown impurities. Attempted cleavage of the N-a-
methylbenzyl protecting group from 15 under a range of more
forcing hydrogenolysis conditions gave, in each case, a low mass
return of a complex mixture of unidentifiable products (Scheme 2).


Scheme 2 Reagents and conditions: (i) C10H21PPh3
+Br−, BuLi, THF–hex-


ane (1 : 1), −78 ◦C to rt, 12 h; (ii) H2 (1 atm), Pd(OH)2/C,
MeOH–H2O–AcOH (40 : 4 : 1), rt, 6 h.


Following the recalcitrance of the N-a-methylbenzyl group to
hydrogenolysis, and in order for this methodology to be compatible
for the preparation of unsaturated vicinal amino alcohols, it
was proposed that removal of the N-benzyl-N-a-methylbenzyl
protecting groups at an earlier juncture in the synthesis would
be advantageous, and an alternative protecting group strategy
was envisaged. An N-Boc-N,O-acetal protecting group strategy, to
enable global hydrolysis, was therefore pursued. N-Debenzylation
of anti-a-hydroxy-b-amino ester 10 and concomitant N-Boc pro-
tection gave 1610f in 98% yield and >98% de, with subsequent N,O-
acetal protection being achieved upon treatment of 16 with 2,2-
dimethoxypropane and BF3·Et2O in acetone,18 giving oxazolidine
17 in 88% isolated yield and >98% de. Reduction of 17 with LiAlH4


at 0 ◦C gave alcohol 18 in quantitative yield. Oxidation of 18 using
a Swern protocol gave a sample of aldehyde 19 contaminated
with unidentified side-products; treatment with IBX in DMSO,19


however, afforded 19 in quantitative yield.20 Wittig olefination of
aldehyde 19 gave olefin (Z)-20 as a single diastereoisomer (J4,5 =
7.6 Hz) which was isolated in 85% yield and >98% de (Scheme 3).


With N-Boc-N,O-acetal protected (Z)-20 in hand, deprotection
to enable completion of the synthesis of xestoaminol C 2 was
investigated. Thus, catalytic hydrogenation with Pd/C furnished
21 in 90% yield and >98% de, with subsequent removal of the N-
Boc and N,O-acetal protecting groups within 21 being achieved
under acidic conditions,21 giving a crude reaction mixture from
which xestoaminol C 2 was isolated as its N,O-diacetyl derivative
22 in 80% yield and >98% de, in order that comparison with
literature data could be made. The spectroscopic properties of
22 were entirely consistent with those previously reported {[a]22


D


−22.7 (c 0.6 in MeOH); lit.3 [a]24
D −21.8 (c 0.4 in MeOH); lit.12 [a]24


D


−22.1 (c 0.2 in MeOH)}. The applicability of this strategy for the
preparation of unsaturated derivatives was next demonstrated by
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Scheme 3 Reagents and conditions: (i) H2 (5 atm), Pd(OH)2/C, Boc2O,
EtOAc, rt, 12 h; (ii) 2,2-dimethoxypropane, BF3·Et2O, acetone, rt, 12 h;
(iii) LiAlH4, THF, 0 ◦C, 6 h; (iv) IBX, DMSO, rt, 12 h; (v) C10H21PPh3


+Br−,
BuLi, THF–hexane (1 : 1), −78 ◦C to rt, 12 h.


global hydrolysis of (Z)-20, followed by acetylation, giving 23 in
80% yield and >98% de (Scheme 4).


Scheme 4 Reagents and conditions: (i) H2 (1 atm), Pd/C, EtOAc, rt, 6 h;
(ii) HCl (3 M, aq), MeOH, 50 ◦C, 3 h; (iii) Ac2O, DMAP, pyridine, rt, 12 h.


Asymmetric synthesis of N ,O,O-triacetyl sphinganine and
N ,O,O-triacetyl sphingosine


With an efficient asymmetric synthesis of N,O-diacetyl
xestoaminol C 22 complete, the successful N-Boc-N,O-acetal
protecting group strategy was applied to the synthesis of
sphinganine 4 and sphingosine 6. Retrosynthetic analysis re-
vealed that aminohydroxylation of a suitably c-O-protected-
a,b-unsaturated ester would give access to aldehyde 24 from
which both sphingoid bases could be derived (Fig. 3). Previ-
ous investigations from this laboratory have demonstrated that
tandem conjugate addition and enolate functionalisation of c-
tert-butyldimethylsilyloxy-a,b-unsaturated ester 26 with lithium


(S)-N-benzyl-N-(a-methylbenzyl)amide and (+)-CSO proceeds
efficiently to generate the corresponding a-hydroxy-b-amino-c-
tert-butyldimethylsilyloxy ester.22 As the proposed strategy toward
the synthesis of sphinganine 4 and sphingosine 6 required several
deprotection and functional group interconversion steps, a range
of c-O-silyl protecting groups were screened for their suitability in
the synthetic sequence.


Fig. 3 Retrosynthetic analysis of sphinganine 4 and sphingosine 6.


Thus, c-silyloxy-a,b-unsaturated esters 26–30 were prepared
from cis-but-2-ene-1,4-diol,22 in >98% de in each case. Sub-
sequent conjugate addition of lithium (S)-N-benzyl-N-(a-
methylbenzyl)amide to 26–30 and enolate oxidation with (+)-CSO
proceeded in >98% de in each case13 to generate the corresponding
(2S,3S,aS)-a-hydroxy-b-amino-c-silyloxy esters 31–35 which were
isolated in good yield (75–91%), and in >98% de in each case. The
relative and absolute configurations within 31–35 were assigned by
analogy to the well-established stereochemical outcome resulting
from the conjugate addition and enolate oxidation reaction.9,10,22


Subsequent hydrogenolysis of 31–35 and in situ carbamate pro-
tection gave 36–40 in 68–94% yield and in >98% de in each case
(Scheme 5).


Scheme 5 Reagents and conditions: (i) [Si]Cl, imidazole, DMAP, DCM,
rt, 12 h; (ii) O3, DCM, −78 ◦C, 30 min, then DMS, rt, 12 h;
(iii) (EtO)2P(O)CH2CO2R, iPr2NEt, LiCl, MeCN, 48 h; (iv) lithium
(S)-N-benzyl-N-(a-methylbenzyl)amide, THF, −78 ◦C, 2 h, then (+)-CSO,
−78 ◦C to rt, 12 h; (v) H2 (5 atm), Pd(OH)2/C, Boc2O, EtOAc, rt, 12 h. [a


Yield over 3 steps from cis-but-2-ene-1,4-diol. All compounds 26–40 were
isolated as single diastereoisomers (>98% de).]


With 36–40 in hand N,O-acetal formation was investigated
utilising the conditions applied successfully to 16 in the synthesis
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of xestoaminol C 2 (vide supra, Scheme 3). However, treatment of
c-O-TBDPS tert-butyl ester 40 with 2,2-dimethoxypropane and
BF3·Et2O in acetone returned a complex mixture of products
whilst under the same conditions c-O-TBDMS and c-O-TIPS
tert-butyl esters 37 and 39 gave, in both cases, a mixture of two
products, identified as the corresponding oxazolidine esters 42 and
45 and the oxazolidine acids 43 and 46; the latter presumably
arising from Lewis acid catalysed ester hydrolysis. The ratio
of these two products was found to depend markedly upon
reaction concentration although the formation of the undesired
acid products was minimised by performing the reactions at high
dilution with a minimal amount of Lewis acid catalyst, enabling
the isolation of 42 and 45 in 52 and 75% yield respectively.
Application of this protocol to c-O-TBDMS and c-O-TIPS methyl
esters 36 and 38 meanwhile gave incomplete conversion (∼50% in
both cases) to the corresponding oxazolidines 41 and 44, although
no trace of ester hydrolysis was observed. Further experimentation
with c-O-TIPS methyl ester 38 demonstrated that the reaction
could be driven to approximately 80% conversion upon heating
giving oxazolidine ester 44 in 75% isolated yield and returned
starting material 38 (20%), which could be recycled (Scheme 6).


Scheme 6 Reagents and conditions: (i) 2,2-dimethoxypropane, BF3·Et2O,
acetone, rt, 12 h; (ii) 2,2-dimethoxypropane, BF3·Et2O, acetone, 50 ◦C,
12 h.


Attention next turned to the conversion of oxazolidine esters
42, 44 and 45 to the corresponding aldehydes via a two step
protocol. However, treatment of both O-TBDMS and O-TIPS
oxazolidine tert-butyl esters 42 and 45 with LiAlH4 at 0 ◦C resulted
in reduction of the ester and concomitant desilylation, giving diol
47 as the sole product in both cases. In an attempt to reduce
the tert-butyl ester without promoting desilylation the reactions
were performed at −78 ◦C but returned only starting material in
both cases. The use of DIBAL-H to effect ester reduction was
next probed and although treatment of O-TBDMS oxazolidine
ester 42 with DIBAL-H at 0 ◦C gave a mixture of diol 47 and O-
TBDMS alcohol 48 contaminated with unidentifiable by-products,
reduction of O-TIPS oxazolidine esters 44 and 45 gave O-TIPS
alcohol 49 as the sole product in both cases, with no trace of
desilylation being observed. Re-oxidation of 49 with IBX19 gave
aldehyde 50 in quantitative yield (Scheme 7).


With an efficient preparation of aldehyde 50 in hand, investi-
gations focused upon olefination to install the long alkyl chain
present in the targets sphinganine 4 and sphingosine 6. Under
the optimum conditions utilised in the synthesis of xestoaminol
C 2, Wittig olefination of aldehyde 50 with the ylide derived
from (1-tetradecyl)triphenylphosphonium bromide gave (Z)-51
(J4,5 = 7.2 Hz) as the sole reaction product in 90% isolated
yield after chromatography. In order to facilitate the preparation


Scheme 7 Reagents and conditions: (i) LiAlH4, THF, 0 ◦C, 6 h; (ii)
DIBAL-H, DCM, 0 ◦C, 6 h; (iii) IBX, DMSO, rt, 12 h.


of sphingosine 6 an alternative strategy for the stereoselective
preparation of the corresponding (E)-alkene isomer 52 was next
probed. The Schlosser modification of the Wittig reaction is
frequently employed to generate the (E)-alkene product from the
reaction of a non-stabilised ylide23 although recent studies by Kim
et al. have shown that high (E) selectivity is observed simply by
addition of excess of methanol to the reaction medium at low
temperature.24 Following this protocol, olefination of aldehyde 50
followed by quenching with methanol gave an (E) : (Z) ratio of
94 : 6, with chromatography giving (E)-52 in 73% yield and 88%
de [(E) : (Z) 94 : 6] (Scheme 8).


Scheme 8 Reagents and conditions: (i) C14H29PPh3
+Br−, BuLi, THF–hex-


ane (1 : 1), −78 ◦C to rt, 12 h; (ii) C14H29PPh3
+Br−, BuLi, THF–hexane


(1 : 2), −78 ◦C, 2 h, then MeOH, −78 ◦C to rt, 12 h. [a Crude; b purified].


The synthesis of sphinganine 4 was completed through hy-
drogenation of (Z)-51 to give 53 in 86% yield and >98% de,
with subsequent global hydrolytic deprotection and acetylation
of the crude mixture giving N,O,O-triacetyl sphinganine 54 in
75% isolated yield and >98% de with spectroscopic properties
in excellent agreement with those of the literature {[a]22


D +18.4
(c 0.3 in CHCl3); lit.25 [a]22


D +19.2 (c 1.0 in CHCl3); lit.26 [a]24
D


+17.2 (c 0.2 in CHCl3)}. In addition, sequential hydrolysis of (Z)-
51 and acetylation gave N,O,O-triacetyl (Z)-sphingosine 55 in
87% isolated yield and >98% de, with spectroscopic properties in
agreement with those of the literature {[a]22


D +6.6 (c 0.9 in CHCl3);
lit.27 [a]24


D +4.3 (c 0.9 in CHCl3)} (Scheme 9).
Meanwhile, hydrolysis of the protecting groups within (E)-


52 and acetylation, followed by purification by chromatography
and recrystallisation, gave N,O,O-triacetyl sphingosine 56 in 80%
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Scheme 9 Reagents and conditions: (i) H2 (1 atm), Pd/C, EtOAc, rt, 6 h;
(ii) HCl (3 M, aq), MeOH, 50 ◦C, 3 h; (iii) Ac2O, DMAP, pyridine, rt, 12 h.


isolated yield and >98% de, with spectroscopic properties in
excellent agreement with those in the literature {[a]20


D −12.0 (c
1.0 in CHCl3); lit.28 [a]24


D −11.4 (c 1.2 in CHCl3)} (Scheme 10).


Scheme 10 Reagents and conditions: (i) HCl (3 M, aq), MeOH, 50 ◦C,
3 h; (ii) Ac2O, DMAP, pyridine, rt, 12 h.


Conclusion


In conclusion, the highly diastereoselective anti-aminohydro-
xylation of readily available a,b-unsaturated esters, via the conju-
gate addition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide
and in situ enolate oxidation with (+)-CSO, has been used as the
key step for the asymmetric synthesis of a range of long chain
vicinal amino alcohols, including the N,O-diacetyl derivative of
xestoaminol C and the N,O,O-triacetyl derivatives of sphinganine
and sphingosine, in good overall yield. The further application
of this methodology to the asymmetric synthesis of N,O,O,O-
tetra-acetyl D-lyxo-phytosphingosine, the anhydrophytosphingo-
sine jaspine B and its C(2)-epimer, and the Prosopis alkaloid
deoxoprosophylline is reported in the following manuscript.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.29 Water was purified by an Elix R© UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO4. Thin
layer chromatography was performed on aluminium plates coated
with 60 F254 silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq KMnO4, or 10% ethanolic phosphomolybdic acid.


Flash column chromatography was performed on Kieselgel 60
silica.


Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g/100 mL. IR spectra were recorded on Bruker
Tensor 27 FT-IR spectrometer as either a thin film on NaCl plates
(film) or a KBr disc (KBr), as stated. Selected characteristic peaks
are reported in cm−1. NMR spectra were recorded on Bruker
Avance spectrometers in the deuterated solvent stated. Spectra
were recorded at rt unless otherwise stated. The field was locked
by external referencing to the relevant deuteron resonance. Low-
resolution mass spectra were recorded on either a VG MassLab
20–250 or a Micromass Platform 1 spectrometer. Accurate mass
measurements were run on either a Bruker MicroTOF, and were
internally calibrated with polyalanine, or a Micromass GCT
instrument fitted with a Scientific Glass Instruments BPX5 column
(15 m × 0.25 mm) using amyl acetate as a lock mass.


(2S,3R)-2-Acetamido-3-acetoxy-tetradecane [N ,O-diacetyl
xestoaminol C] 22


3 M aq HCl (1 mL) was added to a solution of 21 (50 mg,
0.14 mmol) in MeOH (10 mL) and heated at 50 ◦C for 3 h.
The reaction mixture was concentrated in vacuo. The residue was
dissolved in pyridine (10 mL) and Ac2O (0.06 mL, 0.68 mmol)
and DMAP (2 mg) were added sequentially. The reaction mixture
was stirred for 12 h before being quenched with H2O (2 mL). The
reaction mixture was diluted with H2O (10 mL) and Et2O (10 mL)
and the layers were separated. The aqueous layer was extracted
with Et2O (2 × 10 mL). The combined organic layers were washed
sequentially with sat aq CuSO4 (2 × 10 mL), H2O (10 mL) and
brine (10 mL), dried and concentrated in vacuo. Purification via
flash column chromatography (eluent 30–40 ◦C petrol–EtOAc, 1 :
1) gave 22 as white solid (34 mg, 80%, >98% de); Rf 0.18 (30–40 ◦C
petrol–EtOAc, 1 : 1); mp 51–53 ◦C (30–40 ◦C petrol–EtOAc);
[a]22


D −22.7 (c 0.6 in MeOH); {lit.3 [a]24
D −21.8 (c 0.4 in MeOH),


lit.12 [a]24
D −22.1 (c 0.2 in MeOH)}; mmax (KBr) 3354, 2980, 2935,


1791, 1755, 1714, 1519; dH (400 MHz, CDCl3) 0.87 (3H, t, J 6.8,
C(14)H3), 1.08 (3H, d, J 6.8, C(1)H3), 1.20–1.37 (18H, m, C(5)H2-
C(13)H2), 1.43–1.62 (2H, m, C(4)H2), 1.94 (3H, s, COMe), 2.08
(3H, s, COMe), 4.10–4.19 (1H, m, C(2)H), 4.80–4.86 (1H, ddd, J
8.5, 5.1, 3.4, C(3)H), 5.90 (1H, br d, J 8.2, NH); dC (125 MHz,
CHCl3) 14.1, 14.8, 21.1, 22.7, 23.5, 25.6, 29.31, 29.34, 29.4, 29.5,
29.6, 31.3, 31.9, 47.5, 77.0, 169.3, 171.6; m/z (ESI+) 336 ([M +
Na]+, 100%); HRMS (ESI+) C18H35NNaO3


+ ([M + Na]+) requires
336.2509; found 336.2502.


Methyl (E)-4-tri-iso-propylsilyloxy-but-2-enoate 28


TIPSCl (4.86 mL, 22.7 mmol) was added in one portion to a stirred
solution of but-2-ene-1,4-diol (0.93 mL, 11.4 mmol), imidazole
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(2.33 g, 34.1 mmol) and DMAP (30 mg) in DCM (30 mL) at rt.
After stirring for 12 h, the reaction mixture was concentrated in
vacuo. The residue was dissolved in Et2O (30 mL) and washed
with 1 M aq HCl (30 mL), dried and concentrated in vacuo to give
1,4-bis-(tri-iso-propylsilyloxy)but-2-ene as a colourless oil (4.41 g,
97%) that was used without purification; dH (400 MHz, CDCl3)
1.02–1.12 (42H, m, 2 × Si(CHMe2)3), 4.29–4.33 (4H, m, C(1)H2,
C(4)H2), 5.30–5.33 (2H, m, C(2)H, C(3)H).


O3 was bubbled through a stirred solution of 1,4-bis-(tri-iso-
propylsilyloxy)but-2-ene (4.41 g, 11.0 mmol) in DCM (30 mL)
at −78 ◦C until the solution turned blue. O2 was then bubbled
through the solution until it turned colourless. DMS (30 mL)
was added dropwise via syringe and the reaction mixture stirred
for 12 h. The reaction mixture was concentrated in vacuo. The
residue was redissolved in Et2O (30 mL) and washed with
H2O (30 mL), dried and concentrated in vacuo to give (tri-iso-
propylsilyloxy)acetaldehyde as a colourless oil (4.38 g, 92%) that
was used without purification; dH (400 MHz, CDCl3) 1.02–1.10
(21H, m, Si(CHMe2)3), 4.25 (2H, d, J 1.0, CH2), 9.73 (1H, t, J 1.0,
CHO).


Methyl diethylphosphonoacetate (4.97 g, 23.6 mmol), LiCl
(5.54 g, 132 mmol) and iPr2NEt (3.76 mL, 21.6 mmol) were
added to a stirred solution of (tri-iso-propylsilyloxy)acetaldehyde
(4.25 g, 19.7 mmol) in MeCN (50 mL). The reaction mixture
was stirred for 48 h and then quenched by addition of H2O
(5 mL). The organic layer was separated and the aqueous layer
was extracted with EtOAc (40 mL). The combined organic extracts
were dried and concentrated in vacuo. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 30 : 1) gave 28 as
a colourless oil (2.79 g, 52%, >98% de); Rf 0.14 (30–40 ◦C petrol–
Et2O, 30 : 1); mmax (film) 1728 (C=O), 1663 (C=C); dH (400 MHz,
CDCl3) 1.04–1.09 (21H, m, Si(CHMe2)3), 3.75 (3H, s, OMe), 4.38
(2H, dd, J 3.1, 2.4, C(4)H2), 6.18 (1H, dt, J 15.4, 2.4, C(2)H),
7.02 (1H, dt, J 15.4, 3.1, C(3)H); dC (100 MHz, CDCl3) 11.9
(Si(CHMe2)3), 17.9 (Si(CHMe2)3), 51.5 (OMe), 62.4 (C(4)), 119.0
(C(2)), 147.8 (C(3)), 167.2 (C(1)); m/z (ESI+) 273 ([M + H]+,
100%); HRMS (ESI+) C14H29O3Si+ ([M + H]+) requires 273.1886;
found 273.1880.


Methyl (2S,3S,aS)-2-hydroxy-3-[N-benzyl-N-(a-methyl-
benzyl)amino]-4-tri-iso-propylsilyloxy-butanoate 33


BuLi (2.5 M in hexanes, 8.14 mL, 11.4 mmol) was added
dropwise via syringe to a stirred solution of (S)-N-benzyl-N-
(a-methylbenzyl)amine (2.48 g, 11.8 mmol) in THF (50 mL) at
−78 ◦C. After stirring for 30 min a solution of 28 (2.0 g, 7.35 mmol)
in THF (20 mL) at −78 ◦C was added dropwise via cannula.
After stirring for a further 2 h at −78 ◦C the reaction mixture
was quenched with (+)-CSO (3.37 g, 14.7 mmol) and allowed
to warm to rt over 12 h. Sat aq NH4Cl (5 mL) was added and
the mixture was stirred for 5 min before being concentrated in
vacuo. The residue was partitioned between DCM (50 mL) and
10% aq citric acid (10 mL). The organic layer was separated and
the aqueous layer was extracted with DCM (2 × 50 mL). The


combined organic extracts were washed sequentially with sat aq
NaHCO3 (50 mL) and brine (50 mL), dried and concentrated in
vacuo. The residue was dissolved in Et2O (50 mL), the insoluble
CSO residues were filtered off, and the filter cake was washed
with Et2O (2 × 20 mL). The filtrate was concentrated in vacuo
and the process was repeated. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 20 : 1) gave 33
as a colourless oil (2.75 g, 75%, >98% de); Rf 0.18 (30–40 ◦C
petrol–Et2O, 20 : 1); C29H45NO4Si requires C, 69.7; H, 9.1; N,
2.8%; found C, 69.6; H, 9.1; N, 2.8%; [a]22


D +37.0 (c 2.3 in CHCl3);
mmax (film) 3515 (O–H), 1737 (C=O); dH (400 MHz, CDCl3) 1.02–
1.06 (21H, m, Si(CHMe2)3), 1.36 (3H, d, J 6.8, C(a)Me), 3.03
(1H, d, J 6.2, OH), 3.55–3.61 (1H, m, C(3)H), 3.67 (3H, s, OMe),
3.82 (1H, d, J 15.0, NCHA), 3.79–3.85 (1H, m, C(4)HA), 3.93–4.02
(2H, m, C(4)HB, C(a)H), 4.05–4.10 (1H, m, C(2)H), 4.14 (1H, d, J
15.0, NCHB), 7.20–7.46 (10H, m, Ph); dC (100 MHz, CDCl3) 11.9
(Si(CHMe2)3), 17.9 (Si(CHMe2)3), 18.1 (C(a)Me), 51.4 (NCH2),
52.1 (OMe), 58.0 (C(a)), 60.1 (C(3)), 62.2 (C(4)), 71.0 (C(2)),
126.6, 127.0 (p-Ph), 127.9, 128.1, 128.2, 128.3 (o-Ph, m-Ph), 141.7,
143.1 (i-Ph), 174.7 (C(1)); m/z (ESI+) 522 ([M + Na]+, 28%), 500
(100); HRMS (ESI+) C29H46NO4Si+ ([M + H]+) requires 500.3196;
found 500.3194.


Methyl (2S,3S)-2-hydroxy-3-[N-(tert-butoxycarbonyl)amino]-4-
tri-iso-propylsilyloxy-butanoate 38


Pearlman’s catalyst (1.25 g, 25% w/w) was added to a vigorously
stirred solution of 33 (5.0 g, 10.0 mmol) and Boc2O (2.4 g,
11.0 mmol) in EtOAc (50 mL) and the mixture was placed
under H2 (5 atm). Stirring continued for 12 h, after which
time the reaction mixture was filtered through Celite (eluent
EtOAc) and concentrated in vacuo. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 10 : 1; then 30–
40 ◦C petrol–Et2O, 1 : 1) gave 38 as a colourless oil (3.81 g, 94%,
>98% de); Rf 0.08 (30–40 ◦C petrol–Et2O, 10 : 1); C19H39NO6Si
requires C, 56.3; H, 9.7; N, 3.45%; found C, 56.2; H, 9.7; N,
3.5%; [a]21


D +17.3 (c 0.4 in CHCl3); mmax (film) 3453 (O–H), 1732
(C=O), 1720 (C=O); dH (400 MHz, CDCl3) 1.01–1.09 (21H, m,
Si(CHMe2)3), 1.45 (9H, s, CMe3), 3.54 (1H, br s, OH), 3.74–3.91
(2H, m, C(4)H2), 3.78 (3H, s, OMe), 3.95–4.05 (1H, m, C(3)H),
4.26–4.34 (1H, m, C(2)H), 5.19 (1H, d J 8.5, NH); dC (100 MHz,
CDCl3) 11.8 (Si(CHMe2)3), 17.8 (Si(CHMe2)3), 28.3 (CMe3), 52.5
(OMe), 53.5 (C(3)), 62.9 (C(4)), 72.1 (C(2)), 79.7 (CMe3), 155.4
(NCO), 173.1 (C(1)); m/z (ESI+) 428 ([M + Na]+, 44%), 406 (100);
HRMS (ESI+) C19H40NO6Si+ ([M + H]+) requires 406.2625; found
406.2615.


(4S,5S)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsilyloxymethyl-5-methoxycarbonyl-oxazolidine 44


BF3·Et2O (1 M in Et2O) was added dropwise to a stirred solution
of 38 (1.10 g, 2.72 mmol) and 2,2-dimethoxypropane (10 mL) in
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acetone (20 mL) until a permanent colour change from colourless
to dark orange was observed. After stirring at 50 ◦C for 12 h
the reaction mixture was allowed to cool to rt and Et3N was
added dropwise until pH 7 was achieved. The reaction mixture
was then concentrated in vacuo. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 10 : 1; then 30–
40 ◦C petrol–Et2O, 2 : 1) gave 44 as a colourless oil (first to elute,
907 mg, 75%, >98% de) and unreacted 38 as a colourless oil
(second to elute, 218 mg, 20%, >98% de).


Data for 44: Rf 0.53 (30–40 ◦C petrol–Et2O, 2 : 1); [a]22
D +15.2 (c


1.8 in CHCl3); mmax (film) 1739 (C=O), 1699 (C=O); dH (400 MHz,
CDCl3) 1.01–1.10 (21H, m, Si(CHMe2)3), 1.47 (9H, s, CMe3),
1.50–1.57 (3H, m, C(2)MeA), 1.63–1.69 (3H, m, C(2)MeB), 3.70–
3.98 (2H, m, C(4)CH2), 3.77 (3H, s, OMe), 4.12–4.29 (1H, m,
C(4)H), 4.62–4.69 (1H, m, C(5)H); dH (500 MHz, DMSO-d6,
363 K) 1.02–1.10 (21H, m, Si(CHMe2)3), 1.45 (9H, s, CMe3),
1.50 (3H, s, C(2)MeA), 1.56 (3H, s, C(2)MeB), 3.70 (3H, s, OMe),
3.73 (1H, dd, J 10.1, 3.0, C(4)CHA), 3.84 (1H, dd, J 10.1,
6.7, C(4)CHB), 4.12 (1H, dt, J 6.3, 3.0, C(4)H), 4.76 (1H, d,
C(5)H); dC (125 MHz, DMSO-d6, 363 K) 12.4 (Si(CHMe2)3), 18.6
(Si(CHMe2)3), 25.1 (C(2)MeA), 27.6 (C(2)MeB), 28.9 (CMe3), 52.2
(OMe), 60.7 (C(4)CH2), 61.3 (C(4)), 74.0 (C(5)), 80.6 (CMe3), 94.1
(C(2)), 151.8 (NCO), 168.5 (CO2Me); m/z (ESI+) 468 ([M + Na]+,
54%), 446 (100); HRMS (ESI+) C22H44NO6Si+ ([M + H]+) requires
446.2938; found 446.2934.


(4S,5S)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsilyloxymethyl-5-hydroxymethyl-oxazolidine 49


DIBAL-H (1 M in DCM, 5.38 mL, 5.38 mmol) was added
dropwise via syringe to a stirred solution of 44 (1.2 g, 2.69 mmol) in
DCM (20 mL) at 0 ◦C. After stirring for 6 h, the reaction mixture
was quenched with sat aq NH4Cl (0.5 mL), filtered through Celite
(eluent DCM) and concentrated in vacuo to give 49 as a colourless
oil (1.1 g, 98%, >98% de) that was used without purification.
Purification of an aliquot via flash column chromatography (eluent
30–40 ◦C petrol–Et2O, 2 : 1) gave an analytical sample; Rf 0.09
(30–40 ◦C petrol–Et2O, 2 : 1); [a]22


D +9.8 (c 0.8 in CHCl3); mmax


(film) 3495 (O–H), 1700 (C=O); dH (400 MHz, CDCl3) 1.04–1.44
(21H, m, Si(CHMe2)3), 1.44–1.57 (15H, m, C(2)Me2, CMe3), 3.09–
3.33 (1H, br m, OH), 3.67–3.82 (2H, m, C(5)CH2), 3.84–3.92
(2H, m, C(4)CH2), 3.98–4.16 (1H, m, C(4)H), 4.25–4.33 (1H, m,
C(5)H); dH (500 MHz, DMSO-d6, 363 K) 1.05–1.12 (21H, m,
Si(CHMe2)3), 1.45 (9H, s, CMe3), 1.48 (3H, s, C(2)MeA), 1.50
(3H, s, C(2)MeB), 3.72–3.91 (4H, m, C(4)CH2, C(5)CH2), 4.12–
4.22 (1H, m, C(4)H), 4.35 (1H, app t, J 5.8, C(5)H); dC (125 MHz,
DMSO-d6, 363 K) 12.5 (Si(CHMe2)3), 18.7 (Si(CHMe2)3), 29.0
(CMe3), 32.2 (C(2)Me2), 60.2 (C(4)), 60.7 (C(4)CH2, C(5)CH2),
79.8 (C(5)), 80.8 (CMe3), 93.1 (C(2)), 152.0 (NCO); m/z (ESI+)
440 ([M + Na]+, 14%), 418 (100); HRMS (ESI+) C21H44NO5Si+


([M + H]+) requires 418.2989; found 418.2997.


(4S,5S)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsilyloxymethyl-5-carbonylmethyl-oxazolidine 50


IBX (2.21 g, 7.89 mmol) was added to a solution of 49 (1.10 g,
2.63 mmol) in DMSO (20 mL) at rt and stirred for 12 h. The
reaction mixture was diluted with Et2O (20 mL), washed with
H2O (5 × 20 mL), dried and concentrated in vacuo to give
50 as a colourless oil (1.09 g, quant, >98% de) that was used
without purification; dH (400 MHz, CDCl3) 1.00–1.10 (21H, m,
Si(CHMe2)3), 1.43–1.57 (12H, m, C(2)MeA, CMe3), 1.63–1.69 (3H,
m, C(2)MeB), 3.67–3.97 (2H, m, C(4)CH2), 4.20–4.36 (1H, m,
C(4)H), 4.44–4.54 (1H, m, C(5)H), 9.72–9.82 (1H, m, CHO).


(4S,5R,1′Z)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsiloxymethyl-5-pentadec-1′-en-1′-yl-oxazolidine (Z)-51


BuLi (2.5 M in hexanes, 2.1 mL, 5.29 mmol) was
added dropwise via syringe to a stirred solution of (1-
tetradecyl)triphenylphosphonium bromide (3.25 g, 6.01 mmol)
in THF (60 mL) at −78 ◦C. After 30 min hexane (75 mL) was
added, followed by the dropwise addition of a solution of 50
(500 mg, 1.20 mmol) in THF (15 mL) via cannula. The reaction
mixture was allowed to warm to rt over 12 h and quenched
with sat aq NH4Cl (10 mL). Brine (100 mL) was added, the
organic layer was separated, and the aqueous layer was extracted
with Et2O (3 × 50 mL). The combined organic extracts were
dried and concentrated in vacuo. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 200 : 1; increased
to 30–40 ◦C petrol–Et2O, 10 : 1) gave (Z)-51 as a colourless oil
(645 mg, 90%, >98% de); Rf 0.16 (30–40 ◦C petrol–Et2O, 10 : 1);
[a]22


D −7.8 (c 1.7 in CHCl3); mmax (film) 2926 (C–H), 1702 (C=O);
dH (400 MHz, CDCl3) 0.89–0.91 (3H, m, C(15′)H3), 1.02–1.09
(21H, m, Si(CHMe2)3), 1.20–1.65 (37H, m, C(2)Me2, C(4′)H2-
C(14′)H2, CMe3), 1.99–2.20 (2H, m, C(3′)H2), 3.64 (1H, dd, J
10.2, 2.0, C(4)CHA), 3.71–3.93 (1H, m, C(4)H), 4.00 (1H, dd, J
10.2, 4.6, C(4)CHB), 4.88–4.95 (1H, m, C(5)H), 5.62–5.77 (2H, m,
C(1′)H, C(2′)H); dH (500 MHz, PhMe-d8, 363 K) 0.92 (3H, t, J
6.9, C(15′)H3), 1.08–1.20 (21H, m, Si(CHMe2)3), 1.27–1.46 (22H,
m, C(4′)H2-C(14′)H2), 1.47 (9H, s, CMe3), 1.62 (3H, s, C(2)MeA),
1.70 (3H, s, C(2)MeB), 2.04–2.20 (2H, m, C(3′)H2), 3.86 (1H, dd, J
9.8, 2.5, C(4)CHA), 4.01 (1H, br s, C(4)H), 4.12 (1H, dd, J 9.8, 6.4,
C(4)CHB), 4.96–4.99 (1H, m, C(5)H), 5.62–5.67 (1H, m, C(2′)H),
5.91–5.96 (1H, m, C(1′)H); dC (125 MHz, PhMe-d8, 363 K) 12.2
(Si(CHMe2)3), 13.6 (C(15′)), 17.9 (Si(CHMe2)3), 22.5, 27.8, 28.2,
29.15, 29.23, 29.5, 29.55, 29.59, 29.61, 29.64, 29.7, 31.9 (C(2)Me2,
C(3′)-C(14′), CMe3), 61.3 (C(4)) 61.8 (C(4)CH2), 72.3 (C(5)), 79.0
(CMe3), 92.0 (C(2)), 125.7 (C(2′)), 133.9 (C(1′)), 151.5 (NCO);
m/z (CI+) 596.5 ([M + H]+, 100%); HRMS (CI+) C35H70NO4Si+


([M + H]+) requires 596.5074; found 596.5054.
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(4S,5R,1′E)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsiloxymethyl-5-pentadec-1′-en-1′-yl-oxazolidine (E)-52


BuLi (2.5 M in hexanes, 2.1 mL, 5.29 mmol) was
added dropwise via syringe to a stirred solution of (1-
tetradecyl)triphenylphosphonium bromide (3.25 g, 6.01 mmol) in
THF (60 mL) at −78 ◦C. After 30 min hexane (75 mL) was added,
followed by the dropwise addition of a solution of 50 (500 mg,
1.20 mmol) in THF (15 mL) via cannula. The reaction mixture was
stirred at −78 ◦C for 2 h before the addition of MeOH (50 mL).
The reaction mixture was allowed to warm to rt over a further 12 h
and quenched with sat aq NH4Cl (10 mL). Brine (100 mL) was
added, the organic layer was separated, and the aqueous layer was
extracted with Et2O (3 × 50 mL). The combined organic extracts
were dried and concentrated in vacuo. Purification via flash column
chromatography (eluent 30–40 ◦C petrol–Et2O, 10 : 1) gave (E)-52
as a colourless oil (523 mg, 73%, (E) : (Z) 94 : 6); Rf 0.16 (30–40 ◦C
petrol–Et2O, 10 : 1); [a]20


D +3.5 (c 2.2 in CHCl3); mmax (film) 2926
(C–H), 1703 (C=O); dH (400 MHz, CDCl3) 0.95–0.99 (3H, m,
C(15′)H3), 1.10–1.23 (21H, m, Si(CHMe2)3), 1.31–1.72 (37H, m,
C(2)Me2, C(4′)H2-C(14′)H2, CMe3), 2.10–2.19 (2H, m, C(3′)H2),
3.70–3.78 (1H, m, C(4)CHA), 3.84–4.12 (2H, m, C(4)H, C(4)CHB),
4.59–4.64 (1H, m, C(5)H), 5.80–5.96 (2H, m, C(1′)H, C(2′)H); dH


(500 MHz, PhMe-d8, 363 K) 0.92 (3H, t, J 6.9, C(15′)H3), 1.11–
1.18 (21H, m, Si(CHMe2)3), 1.26–1.50 (31H, m, C(4′)H2-C(14′)H2,
CMe3), 1.58 (3H, s, C(2)MeA), 1.68 (3H, s, C(2)MeB), 2.10–2.14
(2H, m, C(3′)H2), 3.80–3.86 (1H, m, C(4)CHA), 3.93 (1H, br s,
C(4)H), 4.04 (1H, dd, J 9.8, 7.6, C(4)CHB), 4.50–4.52 (1H, m,
C(5)H), 5.77–5.85 (1H, m, C(2′)H), 5.87–5.93 (1H, m, C(1′)H);
dC (125 MHz, PhMe-d8, 363 K) 12.2 (Si(CHMe2)3), 13.6 (C(15′)),
17.9 (Si(CHMe2)3), 22.5, 24.1, 27.3, 28.1, 29.2, 29.27, 29.30, 29.53,
29.57, 29.61, 29.7, 31.9 (C(2)Me2, C(3′)-C(14′), CMe3), 61.3 (C(4)),
62.0 (C(4)CH2), 77.2 (C(5)), 79.0 (CMe3), 92.4 (C(2)), 125.7
(C(2′)), 134.1 (C(1′)), 151.5 (NCO); m/z (CI+) 596.5 ([M + H]+,
100%); HRMS (CI+) C35H70NO4Si+ ([M + H]+) requires 596.5074;
found 596.5084.


(4S,5R)-2,2-Dimethyl-N(3)-tert-butoxycarbonyl-4-tri-iso-
propylsiloxymethyl-5-pentadecan-1′-yl-oxazolidine 53


Pd/C (5 mg, 10% w/w) was added to a stirred solution of (Z)-
51 (50 mg, 0.08 mmol) in EtOAc (5 mL) at rt. The reaction
mixture was stirred under H2 (1 atm) for 6 h. The reaction mixture
was filtered through Celite (eluent EtOAc) and concentrated in
vacuo. Purification via flash column chromatography (eluent 30–
40 ◦C petrol–Et2O, 2 : 1) gave 53 as a colourless oil (43 mg,
86%, >98% de); Rf 0.8 (30–40 ◦C petrol–Et2O, 2 : 1); [a]17


D


+10.0 (c 2.2 in CHCl3); mmax (film) 2925 (C–H), 1702 (C=O); dH


(400 MHz, CDCl3) 0.85–0.91 (3H, m, C(15′)H3), 1.02–1.12 (21H,


m, Si(CHMe2)3), 1.20–1.37 (26H, m, C(2′)H2-C(14′)H2), 1.45–1.54
(15H, m, C(2)Me2, CMe3), 1.55–1.85 (2H, m, C(1′)H2), 3.59–3.89
(3H, m, C(4)H, C(4)H2), 4.00–4.06 (1H, m, C(5)H); dH (500 MHz,
PhMe-d8, 363 K) 0.88–1.68 (65H, m, C(2)Me2, C(2′)-C(13′)H2,
C(14′)H3, CMe3, Si(CHMe2)3), 1.80–1.92 (2H, m, C(1′)H2), 3.78–
4.05 (4H, m, C(4)HCH2, C(5)H); dC (125 MHz, PhMe-d8, 363 K)
12.2, 13.5, 17.8, 22.5, 23.9, 26.8, 27.4, 28.0, 28.1, 29.2, 29.3, 29.6,
29.7, 31.8, 61.2, 76.7, 78.9, 92.0, 151.5; m/z (ESI+) 598.5 ([M
+ H]+, 100%); HRMS (ESI+) C35H72NO4Si+ ([M + H]+) requires
598.5231; found 598.5252.


(2S,3R)-1,3-Diacetoxy-2-acetamido-octadecane [N ,O-diacetyl
sphinganine] 54


3 M aq HCl (1 mL) was added to a solution of 53 (30 mg,
0.05 mmol) in MeOH (10 mL) and heated at 50 ◦C for 3 h.
The reaction mixture was concentrated in vacuo. The residue was
dissolved in pyridine (10 mL) and Ac2O (0.1 mL, excess) and
DMAP (2 mg) were added sequentially. The reaction mixture was
stirred for 12 h before being quenched with H2O (2 mL). The
reaction mixture was diluted with H2O (10 mL) and Et2O (10 mL)
and the layers were separated. The aqueous layer was extracted
with Et2O (2 × 10 mL). The combined organic layers were washed
sequentially with sat aq CuSO4 (2 × 10 mL), H2O (10 mL) and
brine (10 mL), dried and concentrated in vacuo. Recrystallisation
from CHCl3–pentane (1 : 1) gave 54 as a white solid (11 mg, 75%,
>98% de); mp 83–85 ◦C (CHCl3–pentane); [a]22


D +18.4 (c 0.25 in
CHCl3); {lit.25 [a]22


D +19.2 (c 1.0 in CHCl3); lit.26 [a]24
D +17.2 (c


0.2 in CHCl3)}; mmax (KBr) 3306, 2912, 2853, 1732, 1649, 1545,
1232; dH (400 MHz, CDCl3) 0.87 (3H, t, J 6.7, C(18)H3), 1.21–
1.38 (22H, m, C(7)H2-C(17)H2), 1.52–1.70 (2H, m, C(6)H2), 2.01
(3H, s, COMe), 2.07 (3H, s, COMe), 2.08 (3H, s, COMe), 4.07 (1H,
dd, J 11.6, 3.9, C(1)HA), 4.26 (1H, dd, J 11.6, 6.1, C(1)HB), 4.34–
4.45 (1H, m, C(2)H), 4.88–4.95 (1H, m, C(3)H), 5.85 (1H, d, J 8.9
NH); dC (100 MHz, CDCl3) 14.1, 20.8, 21.0, 22.7, 23.3, 25.3, 29.3,
29.4, 29.5, 29.60, 29.63, 29.7, 31.5, 31.9, 50.5, 62.6, 73.9, 169.8,
170.9, 171.0; m/z (ESI+) 450 ([M + Na]+, 100%); HRMS (ESI+)
C24H45NNaO5


+ ([M + Na]+) requires 450.3190; found 450.3180.


(2S,3R,4Z)-1,3-Diacetoxy-2-acetamido-octadec-4-ene
[N ,O,O-triacetyl-(Z)-sphingosine] 55


3 M aq HCl (1 mL) was added to a solution of (Z)-51 (30 mg,
0.05 mmol) in MeOH (10 mL) and heated at 50 ◦C for 3 h.
The reaction mixture was concentrated in vacuo. The residue was
dissolved in pyridine (10 mL) and Ac2O (0.1 mL, excess) and
DMAP (2 mg) were added sequentially. The reaction mixture was
stirred for 12 h before being quenched with H2O (2 mL). The
reaction mixture was diluted with H2O (10 mL) and Et2O (10 mL)
and the layers were separated. The aqueous layer was extracted
with Et2O (2 × 10 mL). The combined organic layers were washed
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sequentially with sat aq CuSO4 (2 × 10 mL), H2O (10 mL) and
brine (10 mL), dried and concentrated in vacuo. Recrystallisation
from CHCl3–pentane (1 : 1) gave 55 as a white solid (13 mg, 87%,
>98% de); mp 83–85 ◦C (CHCl3–pentane); [a]22


D +6.6 (c 0.9 in
CHCl3); {lit.27 [a]24


D +4.3 (c 0.9 in CHCl3)}; mmax (KBr) 3336, 2926,
2851, 1734, 1655, 1539, 1236; dH (400 MHz, CDCl3) 0.88 (3H, t, J
6.8, C(18)H3), 1.14–1.43 (22H, m, C(7)H2-C(17)H2), 1.99 (3H, s,
COMe), 2.05 (3H, s, COMe), 2.08 (3H, s, COMe), 2.00–2.27 (2H,
m, C(6)H2), 4.04 (1H, dd, J 11.6, 3.9, C(1)HA), 4.34 (1H, dd, J
11.6, 6.5, C(1)HB), 4.39–4.47 (1H, m, C(2)H), 5.28–5.36 (1H, m,
C(3)H), 5.60–5.73 (2H, m, C(4)H, C(5)H); dC (125 MHz, CDCl3)
14.1, 20.8, 21.1, 22.7, 23.4, 28.0, 29.3, 29.35, 29.42, 29.5, 29.6,
29.64, 29.66, 29.67, 31.9, 51.1, 62.6, 69.6, 77.2, 123.8, 137.0, 169.8,
170.0, 171.0; m/z (ESI+) 448 ([M + Na]+, 100%); HRMS (ESI+)
C24H43NNaO5


+ ([M + Na]+) requires 448.3033; found 448.3030.


(2S,3R,4E)-1,3-Diacetoxy-2-acetamido-octadec-4-ene
[N ,O,O-triacetyl sphingosine] 56


3 M aq HCl (1 mL) was added to a solution of (E)-52 (50 mg,
0.05 mmol, (E) : (Z) 94 : 6) in MeOH (10 mL) and heated at
50 ◦C for 3 h. The reaction mixture was concentrated in vacuo.
The residue was dissolved in pyridine (10 mL) and Ac2O (0.1 mL,
excess) and DMAP (2 mg) were added sequentially. The reaction
mixture was stirred for 12 h before being quenched with H2O
(2 mL). The reaction mixture was diluted with H2O (10 mL) and
Et2O (10 mL) and the layers were separated. The aqueous layer
was extracted with Et2O (2 × 10 mL). The combined organic
layers were washed sequentially with sat aq CuSO4 (2 × 10 mL),
H2O (10 mL) and brine (10 mL), dried and concentrated in vacuo.
Recrystallisation from CHCl3–pentane (1 : 1) gave 56 as a white
solid (29 mg, 80%, >98% de); mp 99–101 ◦C (CHCl3–pentane);
[a]20


D −12.0 (c 1.0 in CHCl3); {lit.28 [a]24
D −13.0 (c 1.6 in CHCl3)};


mmax (KBr) 3287, 2919, 2850, 1734, 1656, 1552, 1232; dH (400 MHz,
CDCl3) 0.88 (3H, t, J 6.8, C(18)H3), 1.19–1.40 (22H, m, C(7)-
C(17)H2), 1.95–2.09 (2H, m, C(6)H2) overlapping 1.99 (3H, s,
COMe) and 2.07 (6H, s, 2 × COMe), 4.04 (1H, dd, J 11.6, 4.1,
C(1)HA), 4.30 (1H, dd, J 11.6, 6.1, C(1)HB), 4.39–4.48 (1H, m,
C(2)H), 5.26–5.28 (1H, m, C(3)H), 5.39 (1H, dd, J 15.4, 7.5,
C(4)H), 5.68 (1H, d, J 9.2, NH), 5.79 (1H, dd, J 15.4, 6.8,
C(5)H); dC (100 MHz, CDCl3) 14.1, 20.8, 21.1, 22.7, 23.4, 28.9,
29.2, 29.3, 29.4, 29.6, 29.7, 31.9, 32.3, 50.6, 60.4, 62.6, 73.8, 124.1,
137.5, 169.7, 170.0, 171.0; m/z (ESI+) 448 ([M + Na]+, 100%);
HRMS (ESI+) C24H43NNaO5


+ ([M + Na]+) requires 448.3033;
found 448.3023.
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A kinetic study is reported for the reactions of 4-nitrophenyl phenyl carbonate (5) and thionocarbonate
(6) with a series of alicyclic secondary amines in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The
plots of kobsd vs. amine concentration are linear for the reactions of 5. On the contrary, the plots for the
corresponding reactions of 6 curve upward as a function of increasing amine concentration, indicating
that the reactions proceed through two intermediates (i.e., a zwitterionic tetrahedral intermediate T±


and its deprotonated form T−). The Brønsted-type plot for the reactions of 5 with secondary amines
exhibits a downward curvature, i.e., the slope decreases from 0.98 to 0.26 as the pKa of the conjugate
acid of amines increases, implying that the reactions proceed through T± with a change in the
rate-determining step (RDS). The kN values are larger for the reactions of 5 with secondary amines than
for those with primary amines of similar basicity. Dissection of kN values for the reactions of 5 into the
microscopic rate constants (i.e., k1 and k2/k−1 ratio) has revealed that k1 is larger for the reactions with
secondary amines than for those with isobasic primary amines, while the k2/k−1 ratio is nearly identical.
On the other hand, for reactions of 6, secondary amines exhibit larger k1 values but smaller k2/k−1


ratios than primary amines. The current study has shown that the reactivity and reaction mechanism
are strongly influenced by the nature of amines (primary vs. secondary amines) and electrophilic centers
(C=O vs. C=S).


Introduction


Aminolysis of carboxylic esters has generally been understood to
proceed through a zwitterionic tetrahedral intermediate T± with a
change in the rate-determining step (RDS) on the basis of curved
Brønsted-type plots reported for reactions of esters with a good
leaving group.1–5 The RDS has been suggested to change from
breakdown of T± to its formation as the attacking amine becomes
more basic than the leaving group by 4 to 5 pKa units.1–5


Aminolysis of thiono esters has been investigated much less
intensively.6–10 The first kinetic study was performed by Campbell
and Lapinskas for the reactions of O-4-nitrophenyl thionoben-
zoate (2) with a series of primary amines.6 They found that 2 is up
to 200 fold more reactive than its oxygen analogue 4-nitrophenyl
benzoate (1).6 We have shown that reactions of 2 with a series
of alicyclic secondary amines proceed through two intermediates
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(i.e., T± and its deprotonated form T−), while the corresponding
reactions with primary amines proceed through T±, indicating
that the nature of amines (primary vs. secondary) determines the
reaction mechanism of the aminolysis of 2.7


The effect of changing the electrophilic center from P=O
to P=S on reactivity and reaction mechanism has also been
investigated.11–15 Hengge et al. have shown that 4-nitrophenyl
diethyl phosphate (3) is ca. 10 fold more reactive than its sulfur
analogue 4-nitrophenyl diethyl phosphorothioate (4) in alkaline
hydrolysis conditions.11 Besides, it has been concluded that the
mono ester of 3 proceeds through ANDN mechanism while that of
4 proceeds through DN + AN mechanism.11j We have shown that 3
is up to 2000 fold more reactive than 4 toward alkali metal ethoxide
in anhydrous ethanol.12a Furthermore, alkali metal ions catalyze
the reactions of 3 in the order K+ < Na+ < Li+, while they inhibit
the reactions of 4 in the order K+ < Na+ < Li+.12b,c We have recently
reported that aminolyses of aryl diphenylphosphinates and their
sulfur analogues aryl diphenylphosphinothioates proceed through
a concerted mechanism.15 Besides, the reactions of the P=S
compounds have been concluded to proceed through a tighter
transition-state structure than those of the P=O compounds on
the basis of bnuc, blg, and activation parameters.15a


Scattered information on the aminolysis of carbonates and
thionocarbonates is available.8,9 However, the effect of changing
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the electrophilic center from C=O to C=S has not systematically
been investigated. Thus, we have performed a systematic study for
reactions of 4-nitrophenyl phenyl carbonate (5) and thionocarbon-
ate (6) with a series of primary amines. The reactions have been
proposed to proceed through T± with a change in the RDS on the
basis of curved Brønsted-type plots.10 Furthermore, we have found
that the reactions of 6 exhibit a lower pKa


o (i.e., defined as the pKa


at the center of Brønsted curvature) than those of 5.10 The former
reactions resulted in a smaller k1 but a larger k2/k–1 ratio than the
latter reactions, which has been suggested to be responsible for the
lower pKa


o shown by the reactions of 6.10


We have extended our study to the reactions of 5 and 6 with
a series of alicyclic secondary amines to get further information.
The microscopic rate constants (i.e., k1, k2/k–1 and k3/k–1 ratios)
associated with the reactions of 5 and 6 have been determined to
investigate the effect of modification of the electrophilic center
from C=O to C=S (i.e., 5 → 6) on reactivity and reaction
mechanism at the microscopic rate constant level. We also report
the effect of amine nature (e.g., primary vs. secondary) on reactivity
and reaction mechanism by comparing the data in this study
with those reported for the corresponding reactions with primary
amines.10


Results and discussion


Reactions of 5 and 6 with alicyclic secondary amines proceeded
with quantitative liberation of 4-nitrophenoxide ion and/or its
conjugate acid. The kinetic study was performed under pseudo-
first-order conditions, e.g., the amine concentration in excess
over the substrate concentration. All reactions obeyed first-order
kinetics. Pseudo-first-order rate constants (kobsd) were calculated
from the equation ln(A∞ − At) = −kobsdt + C. The kobsd values
obtained are summarized in Tables S1–S14 in the electronic
supplementary information (ESI). It is estimated from replicate
runs that the uncertainty in the rate constant is less than 3%.


The plots of kobsd vs. amine concentration are linear and pass
through the origin for the reactions of 5 (see Figs. S1–S7 in the
ESI), indicating that general base catalysis by a second amine
molecule is absent and the contribution of OH− and/or water to
kobsd is negligible. However, as shown in Fig. 1, the plot of kobsd


vs. [amine] for the reaction of 6 with piperazinium ion exhibits an
upward curvature. A similar upward curvature has been obtained
for the reactions of 6 with the other secondary amines studied (see
Figs. S2–S7 in the ESI). Such an upward curvature indicates that
a second amine molecule behaves as a general base catalyst, and


Fig. 1 Plots of kobsd vs. [amine] and kobsd/[amine] vs. [amine] (inset) for the
reaction of 4-nitrophenyl phenyl thionocarbonate (6) with piperazinium
ion in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C.


the reactions proceed through two tetrahedral intermediates (i.e.,
T± and T−).7–9,16,17 Clearly, the current results show that the effect
of modification of the electrophilic center (i.e., 5 → 6) on reaction
mechanism is significant.


Mechanism of aminolysis of 4-nitrophenyl phenyl carbonate (5)


Since general base catalysis by a second amine molecule is absent
and the contribution of OH− and/or water to kobsd is negligible for
the reactions of 5, the rate equation can be expressed as eqn (1),
where [5] and [RR′NH] represent the concentration of substrate 5
and the amine used, respectively. The apparent second-order rate
constants (kN) were determined from the slope of the linear plots
of kobsd vs. [RR′NH], and are summarized in Table 1.


rate = kobsd[5], where kobsd = kN[RR′NH] (1)


As shown in Table 1, the kN value increases as the basicity of
the amines increases. The effect of amine basicity on reactivity is
illustrated in Fig. 2. The Brønsted-type plot for the reactions of
5 with secondary amines is curved when the pKa and kN values
were statistically corrected using p and q (i.e., p = 2 except p =
4 for piperazinium ion and q = 1 except q = 2 for piperazine).18


A similar curved Brønsted-type plot is shown for the reactions of


Table 1 Summary of rate constants for reactions of 4-nitrophenyl phenyl carbonate (5) with alicyclic secondary amines in 80 mol% H2O–20 mol%
DMSO at 25.0 ± 0.1 ◦Ca


Amine pKa kN/M−1 s−1 k1/M−1 s−1 k2/k−1


1 Piperazinium ion 5.95 0.0622 22.4 0.00278
2 1-Formylpiperazine 7.98 1.68 36.0 0.0489
3 Morpholine 8.65 11.3 87.3 0.149
4 1-(2-Hydroxyethyl)-piperazine 9.38 27.6 83.0 0.498
5 Piperazine 9.85 108 271 0.661
6 3-Methylpiperidine 10.80 248 295 5.25
7 Piperidine 11.02 292 331 7.56


a The pKa data in 80 mol% H2O–20 mol% DMSO were taken from ref. 5.
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Fig. 2 Brønsted-type plots for reactions of 4-nitrophenyl phenyl carbon-
ate (5) with primary amines (�) and alicyclic secondary amines (�) in
80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of the
numbers for the secondary amines is given in Table 1. For the primary
amines: 8 = trifluoroethylamine, 9 = glycine ethyl ester, 10 = glycylglycine,
11 = benzylamine, 12 = ethanolamine, 13 = ethylamine, 14 = propylamine.
The data for reactions with primary amines were taken from ref. 10.


5 with primary amines, although primary amines are less reactive
than secondary amines of similar basicity. Such a curved Brønsted-
type plot has often been reported for reactions which proceed
through a stepwise mechanism with a change in the RDS, i.e., from
breakdown of T± to its formation as the amine basicity increases
as shown in Scheme 1.


Scheme 1


The nonlinear Brønsted-type plot shown in Fig. 2 has been
analyzed using a semiempirical equation [eqn (2)], in which b1


and b2 represent the slope of the Brønsted-type plot at the high
and the low pKa region, respectively.19 The curvature center of
the curved Brønsted-type plot has been defined as pKa


o, the pKa


where the RDS changes.19 The kN
o refers to the kN value at pKa


o.
The parameters determined from the fitting of eqn (2) to the
experimental points are b1 = 0.26, b2 = 0.98, and pKa


o = 10.1
for the reactions of 5 with secondary amines, which are nearly
identical to those reported for the corresponding reactions with
primary amines (i.e., b1 = 0.27, b2 = 0.99, and pKa


o = 10.0).
Thus, one can suggest that secondary amines are more reactive
than isobasic primary amines, but the nature of amines does not
influence the mechanism of the reactions of 5.


log(kN/kN
o) = b2(pKa − pKa


o) − log[(1 + a/2)], where log
a = (b2 − b1)(pKa − pKa


o) (2)


Effect of amine nature on reactivity


The fact that secondary amines are more reactive than isobasic
primary amines in this study is consistent with the reports that
primary amines are less reactive than secondary or tertiary amines
of similar basicity, e.g., in deprotonation of carbon acids such as
nitroethane,20a 4-nitrophenyl and 2,4-dinitrophenylacetonitriles,21


in nucleophilic displacement on chloramines,22 in aminolysis of
various esters,20b,23 and in reactions with benzhydrylium ions.24


Since solvation energy increases in the order R3NH+ < R2NH2
+ <


RNH3
+, solvent effect has been suggested to be responsible for the


low reactivity shown by primary amines.20,21


More systematic analysis has been performed in terms of the
k1/k–1 ratio.25 Castro et al. found that quinuclidines are more
reactive than isobasic alicyclic secondary amines in the reactions of
methyl 2,4-dinitrophenyl carbonate and phenyl 2,4-dinitrophenyl
carbonate in water.25a Similarly, pyridines were shown to be
more reactive than alicyclic secondary amines of similar basicity
toward 4-methylphenyl 4-nitrophenyl thionocarbonate in 44%
ethanol–water.25b In all cases the k1/k−1 ratios for quinuclidines
and pyridines have been calculated to be larger than those for
the isobasic alicyclic secondary amines.25 Since the k2 value was
suggested to be independent of the nature of amines, Castro et al.
have concluded that the larger k1/k−1 ratio for the reactions with
tertiary amines is responsible for their higher reactivity.25


A large k1/k−1 ratio is possible either by increasing k1 or by
decreasing k−1. Thus, we have dissected the kN values into the
microscopic rate constants (e.g., k1 and k2/k−1 ratio) to investigate
which term (i.e., k1 vs. k−1) is more responsible for the higher
reactivity shown by the secondary amines in this study. The
second-order rate constant kN can be represented as eqn (3) by
applying a steady-state condition for the addition intermediate T±.
The k2/k−1 ratios have been calculated using the method reported
by Castro and Ureta (see also eqn S1–S6 in the ESI).19 The k1


values have been determined from eqn (4) using the kN values in
Table 1 and the k2/k−1 ratios determined above. The k1 values and
k2/k−1 ratios calculated in this way are summarized in Table 1.


kN = k1k2/(k−1 + k2) (3)


k1 = kN(k−1/k2 + 1) (4)


As shown in Table 1, the k2/k−1 ratio increases as the amine
basicity increases. The effect of amine basicity on the k2/k−1 ratio is
illustrated in Fig. 3. The plots are linear with the same slope for the
reactions with secondary and primary amines. Besides, the k2/k−1


ratios for the reactions of 5 with secondary amines are almost
the same as those for the reactions with isobasic primary amines.
Thus, one can suggest that the k2/k−1 ratio is not responsible
for the reactivity difference between the primary and secondary
amines.


The effect of amine basicity on k1 values is illustrated in Fig. 4.
The Brønsted-type plot for the reactions with secondary amines
is linear with b1 = 0.26. The corresponding plot for the reactions
with primary amines is also linear with the same slope. However,
secondary amines exhibit larger k1 values than primary amines.
Thus, one can suggest that the larger k1 for the reactions of 5
with secondary amines is mainly responsible for the fact that
secondary amines are more reactive than primary amines of similar
basicity.
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Fig. 3 Plots of log k2/k–1 vs. pKa for reactions of 4-nitrophenyl phenyl
carbonate (5) with primary amines (�) and alicyclic secondary amines (�)
in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of the
numbers is the same as in Fig. 2. The data for the reactions with primary
amines were taken from ref. 10.


Fig. 4 Brønsted-type plots for reactions of 4-nitrophenyl phenyl carbon-
ate (5) with primary amines (�) and alicyclic secondary amines (�) in
80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of numbers
is the same as in Fig. 2. The data for the reactions with primary amines
were taken from ref. 10.


Mechanism of aminolysis of 4-nitrophenyl phenyl
thionocarbonate (6)


The fact that the plot of kobsd vs. [amine] exhibits an upward
curvature for the reactions of 6 with secondary amines suggests
that the reactions proceed through two intermediates (T± and
T−) as shown in Scheme 2. Accordingly, under the assumption
of a steady-state condition for the zwitterionic intermediate T±,
rate equations can be expressed as eqn (5) and (6), in which [T±],
[6] and [RR′NH] represent the concentration of the zwitterionic
intermediate T±, substrate 6, and the amine used, respectively.


Scheme 2


Further assumption k−1 >> k2 + k3[RR′NH] simplifies eqn (6) to
eqn (7).


rate = k2[T] + k3[T][RR′NH] = (k1k2[RR′NH]
+ k1k3[RR′NH]2)[6]/(k−1 + k2 + k3[RR′NH]) (5)


kobsd = (k1k2[RR′NH] + k1k3[RR′NH]2)/(k−1


+ k2 + k3[RR′NH]) (6)


kobsd/[RR′NH] = k1k2/k−1 + k1k3[RR′NH]/k−1 (7)


In fact, as shown in the inset of Fig. 1, the plot of kobsd/[RR′NH]
vs. [RR′NH] is linear for the reaction of 6 with piperazinium ion,
indicating that the above assumption (i.e., k–1 >> k2 + k3[RR′NH])
is valid for the reaction with this weakly basic amine. Therefore,
the k1k2/k−1 and k1k3/k−1 values have been determined from the
intercept and the slope of the linear plot, respectively. However,
the corresponding plots for reactions with more basic secondary
amines are linear only in a low amine concentration region but
curved as the amine concentration increases (see Fig. S8 in the
ESI for the reaction of 6 with 1-formylpiperazine). Therefore, the
assumption k−1 >> k2 + k3[RR′NH] is invalid for the reactions
with the basic amines. This argument is consistent with the idea
that the k−1 value decreases with increasing the amine basicity and
the term k3[RR′NH] increases with increasing [RR′NH], while the
k3 value was suggested to be insensitive to the amine basicity since
the proton transfer is from the aminium ion moiety of T± to the
corresponding free amine.7,8


One can reduce eqn (6) to eqn (8) under the assumption k2 <<


k3[RR′NH] at the high amine concentration region. In fact, the
plot of [RR′NH]/kobsd vs. 1/[RR′NH] is linear at a high amine
concentration region but exhibits negative deviations at a low
concentration region as expected (see Fig. S9 in the ESI for the
reaction of 6 with 1-formylpiperazine). A similar result has been
obtained for the reactions of 6 with all the other basic amines
studied, indicating that the assumption k2 << k3[RR′NH] is valid
only at a high amine concentration region. Therefore, the 1/k1


value has been estimated from the intercept of the linear part of
the plot. More reliable values of k1, k2/k−1 and k3/k−1 ratios have
been determined through the nonlinear least-squares fitting of eqn
(6) to the experimental data using the estimated k1 values as input
values. The k3/k2 ratio has also been calculated from the k2/k−1


and k3/k−1 ratios. The k1, k2/k−1, k3/k−1 and k3/k2 ratios obtained
in this way are summarized in Table 2.


[RR′NH]/kobsd = 1/k1 + k−1/k1k3[RR′NH] (8)


As shown in Table 2, k2/k−1 < 1 regardless of amine basicity,
indicating that formation of T± occurs before the RDS. Besides,
the k3/k2 ratio of ca. 102 implies that the deprotonation process
(the k3 step in Scheme 2) becomes dominant when the amine
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Table 2 Summary of microscopic rate constants for reactions of 4-nitrophenyl phenyl thionocarbonate (6) with alicyclic secondary amines in 80 mol%
H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C


Amine pKa k1/M−1 s−1 k2/k−1 k3/k−1/M−1 k3/k2/M−1


1 Piperazinium ion 5.95 1.84 0.0307 2.81 91.5
2 1-Formylpiperazine 7.98 7.38 0.140 14.8 106
3 Morpholine 8.65 13.4 0.247 60.5 245
4 1-(2-Hydroxyethyl)-piperazine 9.38 16.9 0.411 40.1 97.6
5 Piperazine 9.85 39.1 0.554 145 262
6 3-Methylpiperidine 10.80 41.4 0.861 136 158
7 Piperidine 11.02 35.2 0.867 104 120


concentration is high enough (e.g., [RR′NH] >> 0.01 M). Thus,
the microscopic rate constants in Table 2 are consistent with the
proposed mechanism.


The values of k3 and k2 have been suggested to be independent of
the basicity of amines.7,8 However, the reactions with morpholine
and piperazine exhibit larger k3/k−1 and k3/k2 ratios than the
other amines. One might attribute this result to their structures,
i.e., piperazine has two basic nitrogen atoms, while morpholine
has one nitrogen and one oxygen atom. Thus, piperazine exhibits
larger k3/k−1 and k3/k2 ratios. The larger k3/k−1 and k3/k2 ratios
shown by morpholine might indicate that the oxygen atom in the
morpholine participates in the k3 process although it is not as basic
as the nitrogen atom.


Effect of amine nature on k1


As shown in Fig. 5, the plot of log k1 vs. pKa is linear with b1 = 0.27
for the reactions of 6 with secondary amines. The corresponding
plot for the reactions with primary amines is also linear with b1 =
0.16. These b1 values are consistent with the b1 values reported
for reactions which proceed through rate-determining formation
of an intermediate (i.e., b1 = 0.2 ± 0.1).1–6


Fig. 5 Brønsted-type plots for reactions of 4-nitrophenyl phenyl thiono-
carbonate (6) with primary amines (�) and alicyclic secondary amines (�)
in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of the
numbers is the same as in Fig. 2. The data for the reactions with primary
amines were taken from ref. 10.


Interestingly, the magnitude of k1 values is larger for the
reactions of 6 with secondary amines than for those with primary
ones. A similar result is shown in Fig. 4 for the reactions of 5. One
should have observed an opposite result if steric hindrance was an
important factor to determine the reactivity of amines.


Steric hindrance would not be significant for reactions in which
the bond formation between the nucleophile and the substrate is
not greatly advanced in the transition state (TS). Since the b1 values
in this study are very small (i.e., b1 = 0.16–0.27), one can suggest
that the bond formation is advanced only a little in the TS. Thus,
steric hindrance appears to be insignificant for the aminolysis of 5
and 6. This argument is consistent with the reports that primary
amines are more reactive than secondary or tertiary amines of
similar basicity in the nucleophilic substitution reaction of phenyl
acetate in which bnuc = 1.05,20b while the reverse is true in the
reactions of phosphate and sulfate esters in which bnuc = 0.2023a


and 0.13,23b respectively.


Effect of k2/k–1 ratio on reaction mechanism


It has generally been understood that aminolysis of esters proceeds
through one or two intermediates (i.e., T± and its deprotonated
form T−) depending on reaction conditions. Satterthwait and
Jencks have found that aminolysis of esters possessing a poor
leaving group proceeds through two intermediates, T± and T−.16a


Castro et al. have reported that reactions of various thiono esters
with weakly basic secondary amines proceed through T± and T−,
while the reaction with strongly basic piperidine proceeds through
T± only. Thus, the basicity of amines has been suggested to be also
an important factor to determine reaction mechanism.8 However,
the current study has shown that the reactions of 6 with secondary
amines proceed through T± and T− regardless of amine basicity,
while the corresponding reactions with primary amines proceed
through T± only. Accordingly, the nature of amines appears to be
another factor that governs the deprotonation process (i.e., the k3


step in Scheme 2).
A common feature for aminolyses of carbonyl and thiocarbonyl


esters which proceed through T± and T− is that the k2/k−1 ratio is
small. Introduction of a poor leaving group as in Satterthwait and
Jencks’ system decreases k2 but would not influence k−1. On the
other hand, a weakly basic amine as in Castro’s system increases
k−1 but would not affect k2. Both systems would cause a decrease
in the k2/k−1 ratio. The current study has also demonstrated that
the reactions of 6 with secondary amines proceed through T± and
T− and result in a smaller k2/k−1 ratio than those with isobasic
primary amines (see Fig. 6). Thus, it is proposed that a small k2/k−1
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Fig. 6 Plots of log k2/k–1 vs. pKa for reactions of 4-nitrophenyl phenyl
thionocarbonate (6) with primary amines (�) and alicyclic secondary
amines (�) in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The
identity of the numbers is the same as in Fig. 2. The data for the reactions
with primary amines were taken from ref. 10.


ratio is a credible cause of the deprotonation process observed for
reactions of thiocarbonyl esters with secondary amines.


Conclusions


Our systematic study has shown that the reactivity and reaction
mechanisms are strongly influenced by the nature of amines
(primary vs. secondary amines) and electrophilic centres (C=O
vs. C=S). (1) For reactions of 5, the deprotonation process (i.e.,
the k3 step) is absent regardless of the amine nature. Secondary
amines are more reactive and exhibit lager k1 values than isobasic
primary amines, while the k2/k−1 ratio is nearly identical for
reactions with both primary and secondary amines. (2) Reactions
of 6 with secondary amines proceed through T± and T−, while the
corresponding reactions with primary amines proceed through
T± only. Secondary amines exhibit smaller k2/k−1 ratios than
primary amines of similar basicity, which is a credible cause for
the deprotonation process observed for reactions of thiocarbonyl
esters with secondary amines.


Experimental


Materials


4-Nitrophenyl phenyl carbonate (5) and thionocarbonate (6) were
prepared as reported previously.10 Amines and other chemicals
were of the highest quality available and were recrystallized or
distilled before use whenever necessary. The reaction medium was
H2O containing 20 mol% DMSO to eliminate solubility problems.
Doubly glass distilled water was further boiled and cooled under
nitrogen just before use.


Kinetics


The kinetic studies were performed using a UV-vis spectropho-
tometer equipped with a constant-temperature circulating bath for


slow reactions (t1/2 > 10 s) or a stopped-flow spectrophotometer
for fast reactions (t1/2 ≤ 10 s). The reactions were followed by
monitoring the appearance of 4-nitrophenoxide ion (and/or 4-
nitrophenol for the reaction with piperazinium ion). Typically,
the reaction was initiated by adding 5 lL of a 0.02 M substrate
stock solution in CH3CN by a 10 lL syringe to a 10 mm UV
cell containing 2.50 mL of the reaction medium and the amine:
[substrate] = ca. 4 × 10−5 M, [amine] = ca. (4–82) × 10−3 M. The
amine stock solution of ca. 0.2 M was prepared in a 25.0 mL
volumetric flask under nitrogen by adding 2 equiv. of amine to
1 equiv. of standardized HCl solution to obtain a self-buffered
solution. All the transfers of solutions were carried out by means
of gastight syringes. Concentrations of amines and pseudo-first-
order rate constants (kobsd) for the individual kinetic experiment
are given in Tables S1–14 in the ESI.


Product analysis


4-Nitrophenoxide ion (and/or its conjugate acid) was liberated
quantitatively and identified as one of the products by comparison
of the UV-vis spectra after completion of the reactions with those
of the authentic sample under the same reaction conditions.
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An efficient and highly flexible synthesis for chiral c- and d-lactones with high enantiomeric purity is
described (>99% ee and 57–87% overall yield). The protocol involves alkylation of chiral 1,2-oxiranes
with terminally unsaturated Grignard reagents. Subsequent oxidative degradation (OsO4–Oxone) of the
terminal double bond from chiral alk-1-en-5-ols and alk-1-en-6-ols affords 4- or 5-hydroxy acids and c-
and d-lactones after acidic workup. The flexibility and efficiency of the protocol is illustrated by the
synthesis of several alkanolides and alkenolides, hydroxy fatty acids and dihydroisocoumarins.


Introduction


c- and d-Lactones or natural products with c- and d-lactone
substructures are widespread and many of them display pro-
nounced biological activities as attractants for pollination1 and
seed germination stimulants.2 c- and d-Lactones also act as
pheromones,3 antiseptics,4 allergens,5 or even as cardiotonic
compounds.6 Lactones are important flavor and aroma con-
stituents and are extensively used as food additives and in
perfumery. For example, 4-butylbutanolide occurs in the flavour
of apricot, raspberry, hazelnut, strawberry, tea, and exhibits a
sweet, creamy dairy flavour with fatty and oily coconut nuances
that is recognised down to 7 ppb. A similar low threshold
displays 4-octylbutanolide, a characteristic flavour component
of apricot, beer, peach, pineapple, rum, and strawberry.7–9 Also
microorganisms are an important source for c- and d-lactones.10,11


In almost all cases, the biological activity of the compounds
is intrinsically linked to their configuration, which underlines the
necessity for efficient and flexible routes to chiral lactones. Since
the lactone moiety represents a bifunctional structural element in
which both functions can be selectively elaborated, lactones also
represent valuable building blocks for synthesis.


Enantiomerically pure alkanolides are readily available by a
multitude of biotransformations using lipases,12–16 Baeyer–Villiger
oxidases,17,18 amidases,19 nitrilases20 or yeasts.21 Typical asym-
metric syntheses22 utilise the enantioselective hydrogenation23


or reduction24 of c-ketoacids, the ring-opening of chiral ter-
minal epoxides with 1-morpholino-2-trimethylsilyl acetylene,25


silver(I)triflate catalysed intramolecular additions of hydroxyl or
carboxyl groups to double bonds,26 or asymmetric Bayer–Villiger
oxidations using planar-chiral bisflavin catalysts.27


Highly functionalized alkanolides can be obtained by a Re-
formatsky type of reaction of a-hydroxy ketones with indium
enolates.28 For a recent review see ref. 29.
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Here we report a fast and flexible strategy for the highly enan-
tioselective synthesis (≥99% ee) of c- and d-lactones, that can also
provide hydroxy fatty acids and substituted dihydroisocoumarins.


Results and discussion


The synthetic approach is illustrated in Scheme 1. Key steps of the
protocol are the (i) regioselective alkylation of terminal oxiranes
with terminally unsaturated Grignard reagents, and the (ii)
chemoselective oxidative cleavage of the resulting terminally unsat-
urated secondary alcohols to hydroxy acids, which can be cyclized
to c- and d-lactones by brief treatment with acid during work-up.
The chemoselective oxidation of the terminal double bond without
simultaneous oxidation of the secondary alcohol30 is the most im-
portant improvement of the sequence and avoids protective group
manipulations. Unlike previous protocols using ozonization31,32 or
osmoylation33 followed by oxidative cleavage of intermediates, the
current method proceeds as a single step operation.


Scheme 1 Protocol for the synthesis of chiral alkanolides.


Due to the ease, efficiency and compatibility of the hydrolytic ki-
netic resolution (HKR) of terminal epoxides with other functional
groups following the Jacobson protocol, a broad range of the chiral
oxiranes is accessible with high ee (>99%).34,35 Their subsequent
alkylation with terminally unsaturated Grignard reagents in the
presence of Cu(I)36 proceeds exclusively at C(1) and provides the
corresponding terminally unsaturated secondary alcohols in high
yields and with complete retention of the ee of the starting oxirane
(>99%).
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To generate the different ring sizes of c- and d-lactones,
the terminal oxiranes are alkylated with either 1-propenyl- or
1-butenyl Grignard reagents in the presence of (7–10 mol%)
cuprous iodide. Alternatively, the alk-1-en-5-ols can be obtained
by addition of alkyl-Grignard reagents to 1,2-epoxy-5-hexene 2
(Scheme 2).


Scheme 2 Alkylation of chiral terminal oxiranes with alkenyl-Grignard
reagents.


The recently reported oxidative cleavage of terminal double
bonds with catalytic amounts of OsO4, promoted by Oxone as
a co-oxidant, allowed a straightforward and direct conversion
of the alk-1-en-4-ols or alk-1-en-5-ols into 3- or 4-hydroxy acids
without concomitant oxidation of the secondary hydroxy group.30


Yields were generally high (81–97%) and the resulting hydroxy
acids could be readily cyclized to the corresponding lactones by
acidic work-up37 (Scheme 3).


Scheme 3 Oxidative cleavage of the terminal double bond.


Unlike previous methods for the oxidative cleavage of olefins,
the procedure of Travis et al. proceeds directly to carboxylic acids,
without the intermediacy of 1,2-diols. The whole sequence does
not affect the chiral centre of the secondary alcohol, and (R)-
tridec-1-en-5-ol yielded (R)-c-dodecalactone 14 with complete
retention of configuration. Accordingly, the configuration at C(2)
of the starting oxirane is preserved in the lactone target as shown
by chiral gas chromatography of the intermediates and products.
Since the system OsO4–Oxone tolerates additional functional


groups within the molecule such as alcohols, ethers, aromatic rings,
esters and, most importantly, alkynes, this opens a direct route to
unsaturated lactones and hydroxy acids. For example, (4S,6Z)-
dodecenolide (Scheme 4), previously isolated as major compound
from the fungus Fusarium poae38 and the fungus Sporidiobolus
salmonicolor39 was obtained in 74% overall yield from (S)-1,2-
epoxy-5-hexene 2 via alkynylation with heptynyl lithium and
oxidative cleavage of the terminal double bond followed by
hydrogenation.


Scheme 4 Synthesis of (4S,6Z)-6-dodecen-4-olide.


The alkynylation of the oxirane was achieved according to
Yamaguchi and Hirao40 in the presence of BF3·Et2O at −78 ◦C
and provided the secondary alcohol in 87% isolated yield and
>99% ee.


A second example for an olefinic lactone is outlined in
Scheme 5 illustrating the synthesis of (4R,9Z)-octadec-9-en-4-
olide 21 (micromolide). Micromolide has been identified as the
female sex pheromone of the currant stem girdler Janus integer41


and has been extracted from the stem bark of the Rutaceae
Micromelum hirsutum.42 The compound exhibits potent in vitro
activity against Mycobacterium tuberculosis (H37Rv). Alkylation
of (S)-1,2-epoxy-5-hexene 2 with tridec-4-ynyl magnesium bro-
mide in the presence of Cu(I) afforded the alkynol 10 in 84% yield.


Scheme 5 Synthesis of micromolide.


Subsequent oxidation and hydrogenation afforded micromolide
in 64% overall yield in only four steps. A previously reported
synthesis required 11 steps and resulted in an overall yield of
14%.43


Since the system OsO4–Oxone also tolerates aromatic systems,
the methodology can be also applied to the synthesis of aromatic
lactones. Chiral 3,4-dihydroisocoumarins, previously identified
as ant trail pheromones,44 were recently synthesized by lateral
lithiation of (S)-4-isopropyl-2-(o-tolyl)oxazoline and alkylation
with aromatic or aliphatic aldehydes in two operations and 40–
90% overall yield.45


Following our protocol, the (3S)-3-hexyl-isochroman-1-one
(Scheme 6), can be prepared from commercial starting materials in
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Scheme 6 Synthesis of 3,4-dihydroisocoumarins.


two steps and 87% overall yield and 99% ee as shown in Scheme 6
without the need for a kinetically controlled lactonization for
enhancement of the ee as described in ref. 45.


By modification of the work-up procedure of the oxidative
degradation, chiral hydroxy fatty acids also become available
since the ring-closure of lactones (>C6) is no longer spontaneous.
For example, (S)-12-hydroxyoctadecanoic acid was obtained in
only two steps (Scheme 7) from (S)-1,2-epoxyoctane and dec-9-
enyl magnesium bromide. With acetylenic epoxides or Grignard
reagents, the sequence can also be applied to generate unsaturated
hydroxy acids.


Scheme 7 Synthesis of chiral hydroxy fatty acids.


The major advantage of the protocol is the easy and efficient
access to a wide range of chiral terminal epoxides and Grignard
reagents, which allow an efficient and flexible synthesis of the
target molecule. In combination with the remarkable tolerance
of the OsO4–Oxone system towards functional groups, in partic-
ular secondary alcohols, alkynes and aromatic systems, a direct
conversion of the olefinic alcohol into c- and d-lactones could be
achieved (Table 1). The terminal double bond can be additionally
exploited as a valuable masked carboxyl group, allowing further


Table 1 Representative examples


Entry Compound ee (%)
Overall
yield (%)


1 (4S)-Octan-4-olide >99 70
2 (4S)-Dodecan-4-olide >99 75
3 (5S)-Tridecan-5-olide >99b 71
4 (4S,6Z)-Dodec-6-en-4-olide >99 74
5 (4R,9Z)-9-Octadecen-4-olide >99b 64
6 (S)-3-Hexyl-isochroman-1-one >99 87
7 (12S)-12-Hydroxy-octadecanoic acid >99 57


a Enantiomeric excess (ee) was determined by chiral gas chromatography
(for details see ESI†). b ee was determined for alcohol precursors.


manipulations of the molecule prior to the conversion into the
lactone or hydroxy acid.


Conclusions


In conclusion, we present a general and efficient enantioselective
synthesis for alkanolides, alkenolides and hydroxy fatty acids
(>99% ee) that utilizes only simple and readily available reagents.
The procedure provides the target compounds in only three steps,
high overall yields and very high enantiomeric excess (≥99%,
depending on the ee of the starting oxirane).


Acknowledgements


Financial support of this work by the Deutsche Forschungsge-
meinschaft, SFB 436 “Metal Mediated Reactions Modeled After
Nature” is gratefully acknowledged.


References


1 R. Kaiser, Chem. Biodiversity, 2004, 1, 13–27.
2 J. C. G. Galindo, A. P. de Luque, J. Jorrin and F. A. Macias, J. Agric.


Food Chem., 2002, 50, 1911–1917.
3 W. Francke and S. Schulz, Comprehensive Natural Products Chemistry,


ed. D. H. R. Barton and K. Nakanishi, Elsevier, Amsterdam, 1999.
4 M. Miyazawa, H. Shimabayashi, S. Hayashi, S. Hashimoto, S. Naka-


mura, H. Kosaka and H. Kameoka, J. Agric. Food Chem., 2000, 48,
5406–5410.


5 M. T. Scotti, M. B. Fernandes, M. J. P. Ferreira and V. P. Emerenciano,
Bioorg. Med. Chem., 2007, 15, 2927–2934.


6 M. L. Entman, J. W. Cook and R. Bressler, Circ. Res., 1969, 24, 793–
798.


7 D. Lehmann, B. Maas and A. Mosandl, Z. Lebensm.-Unters.-Forsch.
A, 1995, 201, 55–61.


8 K. H. Engel, R. A. Flath, R. G. Buttery, T. R. Mon, D. W. Ramming
and R. Teranishi, J. Agric. Food Chem., 1988, 36, 549–553.


9 J. A. Maga, CRC Crit. Rev. Food Sci. Nutr., 1976, 1–56.
10 W. H. Pirkle and P. E. Adams, J. Org. Chem., 1979, 44, 2169–2175.
11 E. Fukusaki and S. Satoda, J. Mol. Catal. B: Enzym., 1997, 2, 257–269.
12 A. L. Gutman, K. Zuobi and T. Bravdo, J. Org. Chem., 1990, 55, 3546–


3552.
13 E. Santaniello, P. Ferraboschi, P. Grisenti and A. Manzocchi, Chem.


Rev., 1992, 92, 1071–1140.
14 E. Santaniello, P. Ferraboschi and P. Grisenti, Enzyme Microb. Technol.,


1993, 15, 367–382.
15 D. G. Hayes, J. Am. Oil Chem. Soc., 1996, 73, 543–549.
16 M. M. Enzelberger, U. T. Bornscheuer, I. Gatfield and R. D. Schmid,


J. Biotechnol., 1997, 56, 129–133.
17 M. D. Mihovilovic, Curr. Org. Chem., 2006, 10, 1265–1287.
18 S. M. Roberts and P. W. H. Wan, J. Mol. Catal. B: Enzym., 1998, 4,


111–136.
19 S. K. Taylor, C. R. Arnold, A. T. Gerds, N. D. Ide, K. M. Law, D. L.


Kling, M. G. Pridgeon, L. J. Simons, J. R. Vyvyan and J. S. Yamaoka,
Tetrahedron: Asymmetry, 2004, 15, 3819–3821.


20 J. A. Pollock, K. M. Clark, B. J. Martynowicz, M. G. Pridgeon, M. J.
Rycenga, K. E. Stolle and S. K. Taylor, Tetrahedron: Asymmetry, 2007,
18, 1888–1892.


21 C. Forzato, R. Gandolfi, F. Molinari, P. Nitti, G. Pitacco and E.
Valentin, Tetrahedron: Asymmetry, 2001, 12, 1039–1046.


22 H. C. Brown, S. V. Kulkarni and U. S. Racherla, J. Org. Chem., 1994,
59, 365–369.


23 T. Benincori, S. Rizzo, T. Pilati, A. Ponti, M. Sada, E. Pagliarini,
S. Ratti, C. Giuseppe, L. de Ferra and F. Sannicolo, Tetrahedron:
Asymmetry, 2004, 15, 2289–2297.


24 D. F. Taber, P. B. Deker and M. D. Gaul, J. Am. Chem. Soc., 1987, 109,
7488–7494.


25 M. Movassaghi and E. N. Jacobsen, J. Am. Chem. Soc., 2002, 124,
2456–2457.


26 C. G. Yang, N. W. Reich, Z. J. Shi and C. He, Org. Lett., 2005, 7,
4553–4556.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1601–1604 | 1603







27 S. I. Murahashi, S. Ono and Y. Imada, Angew. Chem., Int. Ed., 2002,
41, 2366–2368.


28 S. A. Babu, M. Yasuda, Y. Okabe, I. Shibata and A. Baba, Org. Lett.,
2006, 8, 3029–3032.


29 Z. Paryzek and W. Skiera, Org. Prep. Proced. Int., 2007, 39, 203–296.
30 B. R. Travis, R. S. Narayan and B. Borhan, J. Am. Chem. Soc., 2002,


124, 3824–3825.
31 B. Dhotare and A. Chattopadhyay, Tetrahedron Lett., 2005, 46, 3103–


3105.
32 J. P. N. Papillon and R. J. K. Taylor, Org. Lett., 2002, 4, 119–122.
33 K. C. Nicolaou, P. M. Pihko, F. Bernal, M. O. Frederick, W. Qian, N.


Uesaka, N. Diedrichs, J. Hinrichs, T. V. Koftis, E. Loizidou, G. Petrovic,
M. Rodriquez, D. Sarlah and N. Zou, J. Am. Chem. Soc., 2006, 128,
2244–2257.


34 S. E. Schaus, B. D. Brandes, J. F. Larrow, M. Tokunaga, K. B. Hansen,
A. E. Gould, M. E. Furrow and E. N. Jacobsen, J. Am. Chem. Soc.,
2002, 124, 1307–1315.


35 L. P. C. Nielsen, C. P. Stevenson, D. G. Blackmond and E. N. Jacobsen,
J. Am. Chem. Soc., 2004, 126, 1360–1362.


36 C. Huynh, F. Derguini-Boumechal and G. Linstrumelle, Tetrahedron
Lett., 1979, 20, 1503–1506.


37 J. M. Schomaker, B. R. Travis and B. Borhan, Org. Lett., 2003, 5,
3089–3092.


38 A. Latrasse, E. Guichard, C. Piffaut, N. Fournier and L. Dufosse,
Chirality, 1993, 5, 379–384.


39 L. Dufosse, G. Feron, A. Latrasse, E. Guichard and H. E. Spinnler,
Chirality, 1997, 9, 667–671.


40 M. Yamaguchi and I. Hirao, Tetrahedron Lett., 1983, 24, 391–394.
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Experimental data on the stereoselectivity of base-catalyzed 1,2-elimination reactions that produce
conjugated carbonyl compounds are scarce in spite of the importance of these reactions in organic and
biochemistry. As part of a comprehensive study in this area, we have synthesized
stereospecifically-deuterated b-tosyloxybutanoate esters and thioesters and studied the stereoselectivity
of their elimination reactions under non-ion pairing conditions. With the availability of both the
(2R*,3R*) and (2R*,3S*) diastereomers the innate stereoselectivity could be determined
unambiguously. 1H and 2H NMR data show that these substrates produce 5–6% syn elimination, the
usual amount for acyclic substrates undergoing E2 reactions. Contrary to earlier suggestions, activation
by a carbonyl group has virtually no influence upon the stereoselectivity. Elimination of the (2R*,3R*)
diastereomer of the b-tosyloxyester and thioester produces 21–25% of the (Z)-alkene, much more than
observed with a poorer b-nucleofuge. A relatively large amount of (Z)-alkene product seems to be a
good marker for an E2 pathway, in which the transition state is E1cB-like, rather than an E1cBirrev


mechanism. Syn KIE values were higher than those for anti elimination for the esters as well as the
thioesters. Experimental challenges to the synthesis of stereospecifically-deuterated b-tosyloxyesters are
discussed.


Introduction


There has been substantial interest in the stereochemistry of base-
catalyzed E2 and E1cB-like 1,2-elimination reactions over the
past 40 years. It is generally recognized that anti elimination
will dominate over syn elimination under normal conditions,
where ion pairing or the complex conformational factors of cyclic
compounds do not play a major role.1–2 In anti eliminations
orbital overlap is maximized and torsional strain is minimized.
However, it has been suggested that E1cB-transition states, such
as those expected for relatively acidic thioesters, may favor syn
stereochemistry.1,3–4 If the E2 transition state becomes more E1cB-
like, in the More O’Ferrall–Jencks notation, the normal confor-
mational, electronic and orbital symmetry factors favoring anti
elimination could become less important, allowing syn elimination
to compete more effectively; however, the experimental base on
which this proposal depends is quite small.


The activating influence of a carbonyl group on the stereo-
chemistry of 1,2-elimination reactions is an important piece of the
puzzle. Before our research began, very little was known about
how the pKa of a carbonyl substrate affects the stereochemistry
of a base-catalyzed 1,2-elimination reaction to form a conjugated
alkene. Our research has focused on simple, acyclic b-substituted
butanoate esters and thioesters, using conditions where the effects
of aggregation phenomena do not dominate.5 This system was
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E-mail: jmohrig@carleton.edu
† Electronic supplementary information (ESI) available: Experimental
data on silyl enol ethers 13–14 and their deuterogenation to give 15 and
16. See DOI: 10.1039/b801592a


chosen because it provides an appropriate model for the substrate
of enoyl-CoA hydratase (EC 4.2.1.17), which catalyzes the syn
elimination–addition of water in the S-b-hydroxybutyryl CoA/S-
crotonyl CoA reaction.6


In addition to the acidity of the proton, the nature of the leaving
group may also play an important role in the stereochemistry
of 1,2-elimination reactions.1–2,4 This paper reports the reaction
stereoselectivity where the p-toluenesulfonyloxy or tosyloxy group
is the nucleofuge. Tosylate is an excellent leaving group and is a
common reference nucleofuge for stereochemical studies of 1,2-
elimination reactions.2,4,7 The two substrates that form our data
set are stereospecifically-labelled tert-butyl (2R*,3R*)-3-tosyloxy-
2,3-2H2-butanoate (1) and its (2R*,3S*) diastereomer (2) and S-
tert-butyl (2R*,3R*)-3-tosyloxy-2,3-2H2-butanethioate (3) and its
(2R*,3S*) diastereomer (4). In every case these substrates were
converted cleanly into tert-butyl (E)-2-butenoate (5) and S-tert-
butyl (E)-2-butenethioate (6), respectively, plus a small percentage
of the (Z)-isomers.


Results and discussion


The synthesis of stereospecifically-labelled 1 and 2 presented
a challenge. We had expected to model the synthesis on that
of tert-butyl (2R*,3R*)-3-acetoxy-2,3-2H2-butanoate (7) and its
(2R*,3S*) diastereomer (8),5 which involved the rigorous syn
deuterogenation of the (E)- and (Z)-isomers of tert-butyl 3-
acetoxy-2-butenoate by Wilkinson’s catalyst,8 Fig. 1.


Using this kind of methodology for the synthesis of 1 and 2
depended on the successful synthesis of the (E)- and (Z)-enol
tosylates and their stereoselective deuterogenation. Reaction of the
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Fig. 1 Preparation of acetoxy esters 7 and 8.


enolate of tert-butyl acetoacetate with p-toluenesulfonyl fluoride
led to a 3 : 1 mixture of tert-butyl (E)- and (Z)-3-tosyloxy-2-
butenoate (9a and 9b), which could readily be separated by flash
chromatography on SiO2. However, exhaustive efforts to find
conditions under which 9a could be deuterogenated to 2 were
unsuccessful. In fact, deuterogenation of 9a led solely to cleavage
of the tert-butyl ester, producing (E)-3-tosyloxy-2-butenoic acid
(10), Fig. 2.


Fig. 2 Synthesis and attempted deuterogenation of 9a.


Hydrogenation of 9a with 5% Rh/C under more vigorous
conditions in 1 : 1 v/v EtOD–C6H6 produced tert-butyl ethyl
ether, p-toluenesulfonic acid (TsOH), butanoic acid, and ethyl
butanoate. This experiment suggests that 10 results from acid-
catalyzed cleavage of the tert-butyl ester through an SN1 pathway,
presumably because a small amount of TsOH is produced under
the hydrogenation conditions. No addition of H2 to the C=C
was observed in the presence of 5% Pt/C, 5% Rh/Al2O3, or 5%
Pd/BaSO4. 9a is remarkably resistant to simple hydrogenation.


Another possible approach for the synthesis of stereo-
specifically-labelled 1 and 2, which was ultimately unsuccess-
ful, was the deuterogenation of tert-butyl (E)- and (Z)-3-
trimethylsilyloxy-2-butenoate, followed by cleavage of the silyl
ether and subsequent tosylation of the b-hydroxy esters. Deutero-
genation of the silyl enol ether with Wilkinson’s catalyst under
the usual conditions was successful and stereospecific. Since the
trimethylsilyl enol ether was unstable on SiO2, even in the presence
of Et3N, chromatography was attempted using Florisil R©. However,
separation of the (E)- and (Z)-isomers was poor and recovered
yields were small. Chromatography of the tert-butyldimethylsilyl
enol ether on Florisil R© was successful in producing pure tert-butyl
(E)-3-(tert-butyldimethylsilyloxy)-2-butenoate, but only vanish-
ingly small amounts of pure (Z)-isomer could be isolated. Since
the success of our elimination studies required the availability of


both 1 and 2 to obtain the necessary kinetic isotope effects (KIEs),
we abandoned the silyl enol ether synthetic methodology.


We ultimately resorted to the synthesis of 1 and 2 by hydrolysis of
the acetoxy esters 7 and 8 followed by tosylation of the resulting b-
hydroxy esters, even though a fair amount of the stereospecifically-
deuterated acetoxy ester was lost to competing base-catalyzed
elimination reactions, Fig. 3. Use of a more polar solvent mixture
produced a lower elimination/hydrolysis ratio, making the loss due
to elimination (∼30%) acceptable.5 Isotopic exchange at C-2 of the
b-hydroxy esters was minimized (<2%) by carefully monitoring the
hydrolysis reactions. Substrates 1 and 2 contained 5–9% of the C-2
diprotonated esters.


The thioesters 3 and 4 were synthesized by deblocking the
tert-butyl esters 1 and 2 with TFA and esterification with 2-
methyl-2-propanethiol,9 Fig. 3. As long as excess TFA was not
present, no H/D exchange or rearrangement was observed in the
transesterification reaction.


In our elimination reactions of ester 1 with KOH in 3 : 1 v/v
EtOH–H2O a deuteron is removed by anti elimination in the
formation of the deuterated (E)-alkene 5, whereas a proton is
removed from ester 2. Reactions of 1 produced 79% of 5 plus 21%
of its deuterated isomer, tert-butyl (Z)-2-butenoate. With ester 2
only 2.2% of the deuterated (Z)-alkene was produced. Elimination
of TsOH from nondeuterated tert-butyl 3-tosyloxybutanoate 11
produced 6–7% tert-butyl (Z)-2-butenoate.


(E)-Alkenes 5 and 6 from the base-catalyzed elimination of
TsOH from substrates 1–4 were purified by preparative GC before
multiple 2H NMR integrations were used to determine the amount
of anti and syn elimination from the isotopically-labeled diastere-
omers, as shown in Table 1. The (2R*,3R*) diastereomers produce
much more syn elimination than the (2R*,3S*) diastereomers due
to the adverse primary KIE for anti elimination of the (2R*,3R*)
compounds.


The elimination of TsOH from thioesters 3 and 4 with KOH
in 3 : 1 EtOH–H2O produced mainly deuterated S-tert-butyl
(E)-2-butenethioate (6) plus a smaller amount of deuterated S-
tert-butyl (Z)-2-butenethioate.5 Thioester 3 produced 25% of the
(Z)-isomer whereas 4 produced 1–2%. Elimination of TsOH from
nondeuterated 12 gave 7% S-tert-butyl (Z)-2-butenethioate. Our
kinetic studies show that thioester 12 reacts 18 times faster than
ester 11 at 30.0 ◦C with KOH in 3 : 1 EtOH–H2O, reflecting the
greater activating influence of the thioester group.10


In order to ensure the validity of the results shown in Table 1,
we have carried out three sets of control experiments on 1 and
11. Virtually no isomerization of tert-butyl (Z)-2-butenoate11 to
its (E)-isomer 5 was observed under the reaction conditions.
GC analysis showed that only 0.33% ± 0.01% of the (Z)-isomer
rearranged to 5 under elimination conditions; such a small amount
of isomerization would have no effect on our results or conclusions.
When the reaction was carried out with only 50% of the KOH


Fig. 3 Synthesis of tosyloxyesters 1 and 2 and thioesters 3 and 4.
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Table 1 Stereoselectivity data and KIEs for esters 1 and 2 and thioesters 3 and 4


%synR*R* %synR*S* kR*S*/kR*R* (kH/kD)syn
a (kH/kD)anti


b


1,2: Y = OC(CH3)3 13.6 ± 0.2 1.0 ± 0.2 2.31 ± 0.07 5.9 2.6
3,4: Y = SC(CH3)3 12.3 ± 0.2 1.0 ± 0.2 1.98 ± 0.06 6.2 2.2


a (kH/kD)syn = %synR*R*/%synR*S* × kR*R*/kR*S*. b (kH/kD)anti = %antiR*S*/%antiR*R* × kR*S*/kR*R*.


necessary for complete elimination of 1, the deuterium content
of 5 was virtually identical to that observed at complete reaction;
in addition, the recovered 1 showed no loss of stereochemical
integrity. Finally, carrying out the elimination reaction using
nondeuterated 11 with KOD and EtOD–D2O showed <1% H/D
exchange in the recovered 5.


The kH/kD KIEs in Table 1 are consistent with the KIE values
for other thioester and ester substrates,1,5,12 and for KIE values in
the elimination reactions of b-tosyloxyethyl phenyl sulfone.13 In
all cases the KIEs for syn elimination were higher than those for
anti elimination.


Using the data in Table 1, the innate stereoselectivities of the
1,2-elimination reactions, those which would be expected in the
absence of deuterium labels, can be calculated in a straightforward
manner. The results are shown in Table 2. Although (kH/kD)syn is
subject to a substantial error, this error is not propagated to the
innate stereoselectivities shown in Table 2. Any error in (kH/kD)syn


is offset by the compensating error in the percentage of syn
elimination from the (2R*,3S*) diastereomer by which it must be
multiplied to obtain the innate stereoselectivity. As an additional
check, the calculated stereoselectivity percentages shown in Table 2
were the same when calculated from both the (2R*,3R*) and
(2R*,3S*) diastereomers. Secondary deuterium KIEs are unlikely
to be greater than 1.03 and would have a negligible effect on the
results.12


The stereochemical results from our b-tosyloxy substrates
show the usual amount of syn elimination for acyclic substrates
undergoing E2 reactions; 4–6% is common under non-ion pairing
conditions.2 Table 2 shows that the carbonyl group has virtually no
influence upon the stereoselectivity of these elimination reactions;
this was also the case that we found with b-trimethylacetoxy
esters and thioesters.5 Our experimental results indicate that base-
catalyzed 1,2-elimination reactions that produce conjugated esters
and thioesters follow the same stereochemical pattern as those
found with unactivated substrates. This pattern suggests that


Table 2 Innate stereoselectivity of base-catalyzed p-toluenesulfonic acid
elimination


Y %syn elimination


OC(CH3)3 5.6 ± 1.2
SC(CH3)3 5.9 ± 1.2


contrary to earlier suggestions electronic factors do not induce
a preference for syn elimination in esters or thioesters with good
or modest leaving groups. We will report our results on systems
with a poor leaving group, which clearly react by the E1cBirrev


mechanism, in the near future.14


Thibblin has pointed out that there can be a hyperconjugative
interaction between the b-leaving group and the proton being
abstracted. This suggests that proton transfer and cleavage of
the leaving group are to some extent coupled both in the E2 and
E1cB pathways. Accordingly, a periplanar positioning between the
base and the tosyloxy group is associated with some double-bond
character of the Ca–Cb bond.15 Calculations have corroborated
this idea.16


A classic problem in diagnosing reaction mechanisms has
been using kinetic studies to distinguish between the E1cBirrev


mechanism and the E2 mechanism in which the transition state
is E1cB-like.1 Perhaps the surest sign that 11 and 12 undergo
elimination by the E2 mechanism is the relative percentages of
their (E)- and (Z)-alkene products. Base-catalyzed elimination
of TsOH from simple secondary alkyl tosylates under non-ion
pairing conditions normally produces 15–35% (Z)-alkene by the
E2 pathway, with the range reflecting steric effects as well as
product stability.17,18


Steric effects have been implicated because other excellent
leaving groups in E2 reactions, in particular iodide and bromide,
produce only 67% as much of the (Z)-alkene as found with
tosylate substrates.17 This differential is less pronounced in aprotic
solvents (80%) than in protic solvents (56%), due to H-bonding
of the tosyloxy group, which effectively increases its size. The
data include the 2-pentyl, 2-hexyl, 3-hexyl, 2-decyl, and 5-decyl
systems, all studied under non-ion pairing conditions. On average,
the secondary alkyl iodides and bromides produce 17–18% ± 3%
(Z)-alkene, whereas in protic solvents the tosylates produce 31% ±
5% (Z)-alkene. Nevertheless, all of these secondary acyclic iodides,
bromides, and tosylates produce fairly large amounts of (Z)-alkene
products, making this phenomenon a hallmark of the E2 pathway.


Whereas simple acyclic (E)-alkenes are only about 4.2 kJ mol−1


lower in energy than the (Z)-isomers, calculations have indi-
cated that the (E)-isomers of tert-butyl 2-butenoate and S-tert-
butyl 2-butenethioate are 8.8 kJ mol−1 more stable than their
(Z)-isomers.5 Nonetheless, 7% of the (Z)-isomers are formed
in the KOH-catalyzed eliminations of TsOH from 11 and 12
in EtOH–H2O. This is a 4–5-fold increase in the percentage
of (Z)-alkene compared to the elimination reactions of b-
trimethylacetoxybutanoate esters and thioesters, which likely
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proceed through E1cBirrev pathways.5 Furthermore, the alkene
products from the stereospecifically-deuterated substrates 1 and
3 contained 21% and 25% of the deuterated (Z)-alkene, where
an anti elimination leading to the (E)-alkene involves removal of a
deuteron. By contrast, the analogous stereospecifically-deuterated
b-trimethylacetoxybutanoate esters and thioesters produced 1.3–
1.5% of the deuterated (Z)-alkene. In addition, we have observed
very small amounts of (Z)-alkene products in the elimination of b-
(m-trifluoromethylphenoxy)butanoate esters and thioesters, which
are definitely at the E1cB interface.14


A relatively large amount of (Z)-alkene from elimination
reactions producing conjugated carbonyl compounds seems to
be a good marker for an E2 pathway, in which the transition
state is E1cB-like, rather than an E1cBirrev mechanism. It is not
unlikely that it may also be an additional mechanistic marker
for E2 pathways in elimination reactions of substrates with b-
activating groups such as cyano, nitro or sulfonyl, which produce
1,2-disubstituted alkenes, especially when the energy difference
between (E)- and (Z)-alkene products is reasonably large.


Experimental


General methods


1H NMR spectra were run on a 200 MHz Bruker/IBM or
300 MHz Nicollet FT NMR spectrometer. The solvent for 76 MHz
2H NMR spectroscopy was C6H6 with a small amount of C6D6


as an internal reference (dD 7.15). Multiple 1H and 2H NMR
integrations were used to determine the isotopic purities of
deuterated substrates, and elimination and competition results
were corrected for the presence of C-2 diprotonated substrates
and diastereomeric impurities. Capillary GC was run with a 5%
phenylmethyl silicone (SPB-5) column. Preparatory GC was done
on a modified Varian Aerograph Model 90 with an 8 ft × 3/8
in 5% Carbowax 20 M or 15% methylsilicone column. Flash
chromatography was carried out using silica gel (Aldrich, 7–230
mesh, 60 Å). For elimination reactions of deuterated substrates, all
glassware was soaked in NaHCO3 solution, rinsed with distilled
water and oven-dried. Melting points were calibrated against a
benzoic acid standard.


tert-Butyl (E)- and (Z)-3-tosyloxy-2-butenoate 9a and 9b


tert-Butyl acetoacetate (36 g, 0.22 mol) was added dropwise
to a stirred slurry of KH (0.23 mol) in THF (250 mL, N2).
After 1 h a solution of tosyl fluoride (38 g, 0.22 mol) in N,N ′-
dimethylpropyleneurea (DMPU, 60 mL) was added over a 20 min
period and the reaction was stirred for 84 h. Aqueous workup, with
acidification to pH 7, and Et2O extractions gave a 3 : 1 mixture
of 9a and 9b. Flash chromatography (15 : 1 SiO2 : crude product,
Et2O–hexane) gave 9a (20.6 g, 30%), mp 35.5–37 ◦C (from hexane),
9b (6.9 g, 10%), mp 64.5–65.5 ◦C (from hexane), and tert-butyl
(E)- and (Z)-3-fluoro-2-butenoate (5%). 9a: found: C, 57.5; H,
6.6. Calc. for C15H20O5S: C, 57.7; H, 6.45%; dH (300 MHz; CDCl3;
Me4Si) 1.45 (9 H, s, Me), 2.3 (3 H, d, Me), 2.46 (3 H, s, Me), 5.64
(1 H, q, =CH), 7.4 (2 H, d), 7.8 (2 H, d). 9b: found: C, 57.7; H,
6.4; S, 10.55. Calc. for C15H20O5S: C, 57.7; H, 6.45; S, 10.3%; dH


(300 MHz; CDCl3; Me4Si) 1.41 (9 H, s, Me), 2.0 (3 H, d, Me), 2.43
(3 H, s, Me), 5.42 (1 H, q, =CH), 7.33 (2 H, d), 7.87 (2 H, d).


Attempted reduction of 9a with 2H2


Reaction of 9a (3.0 g, 9.5 mmol) for 4 days at 40 ◦C with 2H2 (150
psi) and Rh(PPh3)3Cl (0.30 g, 0.32 mmol) in C6H6 or 5% Rh/C
in cyclohexane led to (E)-3-tosyloxy-2-butenoic acid 10 (0.81 g,
34%), mp 123.5–124.5 ◦C (from EtOH–H2O). 10: found: C, 51.1;
H, 5.0; S, 12.8. Calc. for C11H12O5S: C, 51.5; H, 4.7; S, 12.5%; dH


(300 MHz; CDCl3; Me4Si) 2.31 (3 H, d), 2.47 (3 H, s), 5.70 (1
H, q), 7.37 (2 H, d), 7.82 (2 H, d). Reaction of 9a with H2 and
5% Rh/C in 1 : 1 v/v EtOD–C6H6 produced p-toluenesulfonic
acid, ethyl butanoate, butanoic acid, and tert-butyl ethyl
ether.


tert-Butyl 3-tosyloxybutanoate 11


Reaction of tert-butyl 3-hydroxybutanoate with p-tosyl chloride
in the presence of DMAP in CH2Cl2 produced 11: found: C,
57.3; H, 6.75; S, 10.3. Calc. for C15H22O5S: C, 57.3; H, 7.05; S,
10.2%; dH (300 MHz; CDCl3; Me4Si) 1.32 (3 H, d), 1.40 (9 H, s),
2.42 (3 H, s), 2.46 (2 H, d), 4.97 (1 H, m), 7.33 (2 H, d), 7.79
(2 H, d).


S-tert-Butyl 3-tosyloxybutanethioate 12


Reaction of 11 with TFA, TFAA and (CH3)3CSH gave 12, mp
42–43.5 ◦C (from hexane). 12: found: C, 54.7; H, 6.7. Calc. for
C15H22O4S2: C, 54.5; H, 6.7%; dH (60 MHz; CDCl3; Me4Si) 1.3
(3 H, d), 1.4 (9 H, s), 2.4 (3 H, s), 2.7 (2 H, d), 4.9 (1 H, m),
7.3 (2 H, d), 7.8 (2 H, d); m/z (ESIMS) 353.0858 (M+; calc. for
C15H22O4S2Na: 353.0852).


tert-Butyl (2R*,3R*)- and (2R*,3S*)-3-hydroxy-
2,3-2H2-butanoate


Hydrolyses of tert-butyl (2R*,3R*)- and (2R*,3S*)-3-acetoxy-2,3-
2H2-butanoate5 were carried out in stirred solutions of 1 : 1
v/v EtOH–H2O at 22 ◦C for 45–60 min, using 2.0 mL solvent
per 1.0 g substrate and 10% molar excess KOH. Reactions
were quenched with 1–2 drops of acetic acid and after standard
workup the crude product mixtures were used in the syntheses of
1 and 2.


tert-Butyl (2R*,3R*)- and (2R*,3S*)-3-tosyloxy-
2,3-2H2-butanoate 1 and 2


A solution of tosyl chloride (17.6 g, 90.5 mmol) in pyridine (68 mL)
was added dropwise to tert-butyl (2R*,3R*)- and (2R*,3S*)-3-
hydroxy-2,3-2H2-butanoate (3.0 g, 18.5 mmol) over 30 min while
stirring, and the reaction was continued for 14 h. After filtration,
a few mL of ice were added and the mixture was stirred for 10 min.
Addition of hexane, washing with H2O, HCl and NaHCO3, and
purification by flash chromatography (60 : 1 SiO2 : compd, 10–20%
Et2O–hexane) produced 1 (4.7 g, 77%) and 2 (3.7 g, 63%). 1: dD


(76 MHz; C6H6; C6D6) 2.07 (s, 2CD), 5.06 (s, 3CD); dH (200 MHz;
CDCl3; Me4Si) 1.31 (3 H, s), 1.44 (9 H, s), 2.44 (3 H, s), 2.63 (1 H,
br s), 7.31 (2 H, d), 7.81 (2 H, d). 2: dD (76 MHz; C6H6; C6D6) 2.45
(s, 2CD), 5.06 (s, 3CD); dH (200 MHz; CDCl3; Me4Si) 1.31 (3 H,
s), 1.44 (9 H, s), 2.44 (3 H, s), 2.40 (1 H, br s), 7.31 (2 H, d), 7.81
(2 H, d).
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S-tert-Butyl (2R*,3R*)- and (2R*,3S*)-3-tosyloxy-2,3-2H2-
butanethioate 3 and 4


To 3.0 g (9.5 mmol) of esters 1 and 2 at 0 ◦C (N2, stirring) were
added 3.0 molar equiv. TFA, and the mixture was allowed to return
to rt. After 13 h 1.2 molar equiv. of TFAA were added at 0 ◦C. After
1 hr 1.2 molar equiv. of 2-methyl-2-propanethiol were added and
the reaction was continued for 22 h, followed by an aqueous
workup (Et2O, H2O, NaHCO3, evaporation). Recrystallization
from hexane produced 3 (2.05 g, 65%), mp 46–47 ◦C and 4 (2.4 g,
76%), mp 46–48 ◦C. 3: dD (76 MHz; C6H6; C6D6) 2.19 (s, 2CD),
5.00 (s, 3CD); dH (200 MHz; CDCl3; Me4Si) 1.29 (3 H, s), 1.40
(9 H, s), 2.44 (3 H, s), 2.85 (1 H, br s), 7.31 (2 H, d), 7.81 (2 H,
d). 4: dD (76 MHz; C6H6; C6D6) 2.61 (s, 2CD), 5.00 (s, 3CD); dH


(200 MHz; CDCl3; Me4Si) 1.29 (3 H, s), 1.40 (9 H, s), 2.44 (3 H,
s), 2.59 (1 H, br s), 7.31 (2 H, d), 7.81 (2 H, d).


General method for elimination reactions of deuterated substrates


Stereospecifically deuterated tosyloxyester and thioester sub-
strates (250–800 mg) were stirred in 3 : 1 v/v EtOH–H2O in a
22–25 ◦C water bath with 10% molar excess KOH. Concentrations
were 1.6 M for 1 and 2 and 1.13 M for 3 and 4. Reaction times for
esters 1 and 2 were 7–8 min and for thioesters 3 and 4 were 30 s.
Reactions were quenched with 2–4 drops of acetic acid and then
neutralized with NaHCO3. Flash chromatography (SiO2/hexane–
Et2O), careful evaporation at rt or short path distillation, analysis
by capillary GC, and separation by preparatory GC led to the
recovery of deuterated 5 from ester substrates and 6 from thioester
substrates. The (Z)-alkene product from 3 was also recovered in
one experiment and was ∼99% deuterated at C-2. Alkenes 5 and 6
were analyzed by multiple 2H NMR integrations (C6H6) of samples
from two or more separate experiments. 5: dD (76 MHz; C6H6;
C6D6) 5.73 (s, 2CD), 6.82 (s, 3CD); dH (200 MHz; C6D6; C6H6)
1.34 (3 H, s), 1.41 (9 H, s), 5.75 (s); dH (200 MHz; CDCl3; Me4Si)
1.45 (9 H, s), 1.85 (3 H, s), 5.75 (s). 6: dD (76 MHz; C6H6; C6D6)
5.91 (s, 2CD), 6.69 (s, 3CD); dH (200 MHz; CDCl3; Me4Si) 1.46 (9
H, s), 1.81 (3 H, s), 5.95 (s).


kH/kD kinetic isotope effects


KIEs were determined from the percentages of syn and anti
elimination from substrates 1–4 and the relative rates of the
diastereomeric pairs by a series of competition reactions using
approximately a 1 : 1 ratio of the (2R*,3R*) and (2R*,3S*)
diastereomers and 50–60% of the KOH necessary for complete
elimination. The relative rates were corrected for the percentages
of (Z)-alkenes from the two diastereomers in the calculation of
kR*S*/kR*R*. For each pair of substrates 2–3 competition reactions
were run. After SiO2/hexane–ether flash chromatography and
careful rotary evaporation at <30 ◦C, the extent of the reactions
of 3 and 4 was ascertained by 200 MHz 1H NMR integrations
of the tosyloxy CH3 peak, as well as the allyl CH3 peaks of 6
and its (Z)-isomer, using carefully determined sensitivity factors
(CDCl3, 2.0 s delay). The extent of the reactions of 1 and 2 and
the diastereomeric composition in reactions of 1/2 and 3/4 were
determined directly by multiple 76 MHz 2H integrations (C6H6)
of the C3 alkene and C3 substrate signals and of the C2 signals of
the (2R*,3R*) and (2R*,3S*) substrates, respectively.


Values for (kH/kD)syn are subject to much greater relative error
than (kH/kD)anti, because the values of the syn KIE depend
directly upon the very small percentage of syn elimination from
the (2R*,3S*) diastereomers. A worst-case analysis showed that
whereas (kH/kD)anti could have as much as ±5% relative error, the
relative error for (kH/kD)syn could be as high as ±25%.


Conclusion


In conclusion, we have shown that contrary to earlier suggestions,
activation by a carbonyl group has virtually no influence upon
the stereoselectivity of base-catalyzed, 1,2-elimination reactions
of b-tosyloxybutanoate esters and thioesters, even though these
reactions take place at the E2–E1cB interface. Under conditions
in which aggregation phenomena and the complex conformational
effects of cyclic compounds play no role, electronic effects by
themselves do not seem to be a major determining factor leading
to syn elimination.
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The use of a mesofluidic flow reactor is described for performing Curtius rearrangement reactions of
carboxylic acids in the presence of diphenylphosphoryl azide and trapping of the intermediate
isocyanates with various nucleophiles.


Introduction


The Curtius rearrangement is synthetically a very powerful
transformation for converting carboxylic acid moieties into their
chemically diametric amino functionalities.1 As a direct chemical
interconversion this process has tremendous value, but it also
has an important strategic impact because of the prevalence
of the amide linkage in many pharmaceutical compounds. The
transposition of the coupling partners in an amide bond is a
classical medicinal chemistry tactic to facilitate exploration of
SAR and also when faced with issues of metabolic stability or poor
physiological properties. The Curtius rearrangement simplifies
the synthesis route by avoiding the requirement of generating
paired coupling materials, enabling the direct derivatization of
the complimentary carboxylic acids. Despite the many advantages
offered by this reaction, its use especially at scale has been avoided
because of significant safety concerns regarding the generation
and use of potentially explosive and highly toxic azide promoters
and the associated acyl azide intermediates.


Flow based chemical processing offers tremendous benefits in
terms of containment and improved safety profiles due to the
small quantities of active ingredients being manipulated at any
single point.2 We have previously exploited these advantages to
gain access to a variety of pharmaceutically important hetero-
cyclic building blocks such as oxazoles,3 triazoles,4 pyrazoles,5


guanidines,6 imidazoles and thiazoles7 as well as using flow tech-
niques in the construction of more architecturally complex natural
products via multi-step sequences.8 Many of the transformations
required the handling of potentially hazardous, highly sensitive or
reactive intermediates under controlled and highly reproducible
conditions. Consequently, the improved safety features derived
from working in a flow mode coupled with the ability to
continuously process material enabling a time-dependent scale-up
is ideally suited to many of the previously ‘forbidden’ chemistries
such as the Curtius rearrangement. For this reason we have
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developed a fully automated flow process for performing Curtius
rearrangements with in situ trapping of the resultant isocyanate
rearrangement product as the corresponding carbamate or urea
derivate. Furthermore, the use of polymer-supported scavengers as
in-line purification aids has facilitated the isolation of the desired
products without the need for laborious purification.9


Results and discussion


To conduct the Curtius rearrangements in a convenient fashion
we used the commercially available flow synthesis platform from
VapourTec (R2+ and R4 combination, Fig. 1).10


Fig. 1 VapourTec R2 + and R4 combination flow reactor.
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Scheme 1 General scheme for the Curtius rearrangement of carboxylic acids under continuous flow conditions.


This system as shown integrates a pumping and reagent selection
module (R2+; top stage) with a four-channel air-circulated
heating component (R4; lower stage). In its current configuration,
the unit consists of a low pressure input selection valve for
routing either solvents or bulk stock solutions directly to the
two incorporated HPLC pumps. Two additional Rheodyne 6-
port-2-position switching valves are located on the top right of
the R2+ module and can each facilitate reagent or substrate
introduction to the flow lines through the control of individual
reagent loops. The independently governed flow streams are each
driven by a compact self-regulating Knauer K120 HPLC-pump
(operating under a constant 100 psi back-pressure imposed by a
static in-line regulator). Mixing of the streams occurs in a simple
T-piece and the combined flow path is directed into a convection
flow coil (CFC; made from various materials, poly(fluoroacetate)
(PFA) in this system), allowing precisely regulated heating profiles
up to 150 ◦C. A second exchangeable 100 psi back-pressure
regulator was coupled in-line subsequent to the CFC reactor to
allow superheating of the reaction mixture prior to it entering a
glass column11 packed with immobilised scavengers. The direct
collection of the purified product was then easily accomplished by
simply collecting the eluting reaction stream and evaporation of
the solvent. The collection process can be readily automated using
an attached UV-triggered liquid-handler unit.8b,10 Furthermore,
the entire flow process including all the reaction variables such
as flow rate (residence time), pressure and temperature are all
easily modified ‘on-the-fly’. These parameters can be adjusted
via the user interface or through software sequencing enabling
rapid reaction exploration, profiling and final optimisation. All
critical parameters are supervised by scrutiny algorithms enabling
constant safety monitoring by firmware or a linked PC. More
complex sequences of events such as array synthesis can be
achieved through multiple sequential injections of substrates.
Furthermore, the creation and timing of additional auxiliary
operations such as generating solvent washing cycles between
reactions is also readily automated, giving a seamless synthetic
routine.


Our initial investigations showed that diphenylphosphoryl azide
(DPPA) in combination with 2 equiv. of triethylamine gave the
best results for the direct conversion of carboxylic acids. At
elevated temperatures the Curtius rearrangement product could
be formed and trapped with an in situ nucleophile, avoiding the
need for isolation of the reactive intermediates. The increased
solubility of many of the initially formed salts dictated the need
for a polar solvent; acetonitrile was found to be optimum but
other solvents such as chloroform, DMF and toluene were also


found to be suitable for certain substrates. Furthermore, the
use of DPPA as the azide source allowed the convenient use of
Amberlyst 21 (A-21), an immobilised trimethylamine equivalent,
as a scavenger for the diphenylphosphonic acid formed in the
activation step as well as any unreacted carboxylic acid. Using the
solid-supported scavenger, A-21, in combination with Amberlyst
15 (sulfonic acid resin; A-15) as a mixed bed scavenger also made
it possible to remove the triethylamine base from the reaction
in a complementary manner. These two scavengers could be
placed either as a 1:1 mixture in a single pre-packed column, or
alternatively, in two separate sequential columns (Scheme 1).


In a general procedure a mixture of triethylamine (2 equiv.),
the appropriate nucleophile (1–3 equiv.) and the carboxylic acid
(1.1 equiv.) were loaded into channel 1 and DPPA (1 equiv.) into
channel 2 (both samples being prepared as solutions in acetonitrile
at 50–66.7 mM concentrations). The two reactant streams were
united using a simple T-mixing piece and the combined fluidic
output directed into a CFC reactor (10 mL volume). A total flow
rate of 0.2–0.5 mL min−1, equating to a reactor residence time
of 20–50 min at a temperature of 120 ◦C, was used to ensure
complete conversion. The resulting flow stream was then purified
by passage through a glass column packed with a mixture of A-21
and A-15 (1:1; 3.5 equiv. each) at ambient temperature. Removal
of the solvent using a Biotage V10 solvent evaporator12 enabled
direct isolation of a wide range of products in both high yield
(>75%) and excellent purity (>90% as determined by LC-MS and
1H-NMR; Fig. 2).


IR sampling studies demonstrated the rapid generation of the
acyl azide13 intermediate even at ambient temperature. However,
in order to effect the subsequent rearrangement step, elevated tem-
peratures were required. Under superheating conditions at 120 ◦C
a variety of benzoic acid derivatives were readily transformed to
their corresponding isocyanate products within a 20 min residence
time. Upon formation, these isocyanates were immediately trapped
by a variety of nucleophiles including alcohols, amines, oximes,
hydrazines and acyl hydrazides.


As indicated, a range of different nucleophiles were successfully
carried through the initial Curtius rearrangement before reacting
with the isocyanate, thereby giving direct access to a small
collection of readily deprotected amine motifs. Consequently,
we were pleased to observe the formation of Cbz- and Alloc-
protected anilines using the described flow procedure (Fig. 2 and
4). However, the synthesis of the Boc-protected aniline 7 (Fig. 2) by
the same approach was found to be more difficult, a fact we ascribe
to the decreased nucleophilicity of tert-butanol. To overcome
this issue, we made use of the previously described R2+ and
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Fig. 2 Curtius rearrangement products.


Fig. 3 Mixed urea products.


R4 system and a PTFE-tubing reactor located within the cavity
of an Emrys-Optimiser microwave (Scheme 2).14 This microwave
device comprised of a simple multi-layered coil of perfluorinated
polymer tubing wound around a central Teflon core then housed
in the field of the microwave cavity.5,15 Connections to additional
components including the R2+ and R4 unit were easily achieved
through standard HPLC fittings. Microwave heating of this flow
coil at 120 ◦C gave the desired Boc-protected amine 7 within a
2 min residence time in excellent conversion. An in-line column
of A-21 was subsequently used to remove the phosphonic acid
residues and excess acid starting material. In this experiment, the


Fig. 4 Curtius rearrangement products derived from heterocyclic car-
boxylic acids.


Scheme 2 Microwave and R2+ and R4 reactor set-up.


residual triethylamine was then removed along with the solvent
under reduced pressure to furnish the product in 89% yield.
The generation of the Fmoc-protected system 10 also required
a modification to the general procedure due to degradation of


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1577–1586 | 1579







the Fmoc adduct in the presence of the triethylamine and A-21
bases. This problem was easily overcome by the direct substitution
of 2,6-lutidine for triethylamine and PS-2,6-di-tert-butylpyridine
for A-21;16 all other parameters were maintained as previously
described.


Interestingly, in the case of tert-butanol and other hindered
nucleophiles small quantities of the dimerized urea adduct were
observed (3–8%). Presumably, this occurs due to competitive
attack of the isocyanate by residual water followed by decarboxy-
lation and reaction with a second isocyanate. Indeed, attempts to
prepare the free amine products through the use of water as the
nucleophilic component led almost exclusively to the isolation of
the corresponding urea adducts. However, it was found that the
introduction of a short plug of anhydrous magnesium or sodium
sulfate in-line prior to the CFC reactor was sufficient to remove
traces of water in our standard reactions and eliminate these minor
urea side-products.


This observation inspired us to evaluate the potential for
the generation of mixed semicarbazide adducts using hydrazine-
derived nucleophiles. Such materials, although synthetically ex-
tremely useful, are notoriously difficult to handle because of their
limited solubilities in solvents such as MeCN.17 Our approach was
to therefore prepare these products making use of their insolu-
bility to aid in their isolation. In these examples, the hydrazido
nucleophile was placed in a collection flask at the output of the
reactor. The standard procedure was then followed to generate the
isocyanate rearranged product, which was subjected to the same
in-line purification using a mixture of A-21 and A-15. The reaction
stream was constantly fed into the collection flask containing
the awaiting nucleophile, which underwent rapid reaction to
furnish the semicarbazide. This product on forming immediately
precipitated, permitting facile isolation and purification by direct
filtration and drying of the solid product (Fig. 3).


To extend the originally described protocol further and enable
the use of additional heterocyclic carboxylic acid building blocks,
it was necessary to adapt the purification procedure. Certain
products (Fig. 4) could be selectively sequestered from the reaction
mixture directly onto the A-15 resin (5 equiv.) as they exited
the CFC reactor via a ‘catch and release’ protocol.18 A rapid
washing sequence ensured that only the ionically bound product
remained within the column. A relay selection valve then enabled
a secondary stream containing a solution of excess ammonia
in methanol to be eluted through the A-15 trapping column,
liberating the desired product. In certain cases a small plug of silica
gel was also used to remove a dark-coloured unknown impurity
from the reaction mixture, leading to significantly improved
purities (10–15% increase). Evaporation of the solvent along
with carried-through triethylamine then enabled isolation of the
product, again in high yields and excellent purities (Fig. 4).


Although in most cases we only carried out this chemistry on
a 1–5 mmol scale, we were able to very simply configure the
equipment to enable more continuous production of the desired
product, synthesising gram quantities of functionalised material.
We had previously demonstrated a small-scale preparation of ethyl
2-(pyridin-2-yl)quinolin-4-ylcarbamate 25 (Fig. 4; 85%) starting
from the corresponding carboxylic acid; however, we required
larger amounts for use in a ligand encapsulation study. This also
posed an interesting challenge, as in the scaled synthesis of the
carboxylic acid precursor we experienced significant difficulties in


its isolation. Alternatively, the corresponding sodium salt could
be readily attained and so was evaluated as a substitute starting
material for the Curtius rearrangement process. A small solvent
screen indicated that the salt was only suitably soluble in DMF
and short-chain alcohols. Neat ethanol was therefore chosen as
the solvent for channel one (52.5 mM solution of the salt). This
was possible as we had already determined empirically that the
Curtius rearrangement occurred faster than ethanol addition to
the intermediate acyl azide species. However, ethanol is known to
react slowly with DPPA, hence the DPPA reagent delivered from
the second channel was dissolved in MeCN (68 mM, 1.3 equiv.).
Since the starting material possesses two pyridine-like moieties
and was already the sodium salt, no triethylamine was required to
promote the reaction. The two channels were combined using a
standard T-mixing piece leading to four connected CFC reactors
(40 mL total reactor volume) heated at 120 ◦C with a total flow
rate of 2 mL min−1, equating to a 20 min residence time. The
isolation of the product was achieved using A-15 (45 g, 3 equiv.)
placed within a Kontes Chromaflex chromatography column.19


Following a washing sequence (1:1 MeCN–ethanol at 2 mL min−1


for 1 h) the desired product was released by flushing with 20%
triethylamine in methanol (400 mL at 5 mL min−1). In total, seven
5 g batches were prepared and run sequentially, affording over 25 g
of product with an average yield of 75%.


Conclusions


In conclusion, we have demonstrated the clean and safe handling
of hazardous compounds such as azides and acyl azides in the
Curtius rearrangement using a commercially available flow reactor
system from VapourTec. Using DPPA, we were able to generate a
small collection of carbamates, ureas, semicarbazides and related
compounds in high yields (75–95%) and excellent purities (>90%).
Purification was achieved by in-line scavenging of excess starting
materials and spent reagents using a combination of the readily
available low-cost scavenger resins A-15 and A-21. Furthermore,
we have successfully applied this methodology to the synthesis of
carbamate products on larger scales up to 25 g.


Experimental


Unless otherwise stated, reaction solutions were prepared in
MeCN in 20 mL glass vials. 1H-NMR spectra were recorded on
a Bruker Avance DPX-400, DRX-500 or DPX-600 spectrometer
with residual CHCl3, DMSO, MeCN or DCM as the internal
reference (CHCl3 dH = 7.26 ppm; DMSO dH = 2.50 ppm, MeCN
dH = 1.94 ppm; DCM dH = 5.32 ppm). 13C-NMR spectra were
also recorded in either CDCl3, DMSO, MeCN or DCM on the
same spectrometers with the central peak of the residual solvent
as the internal reference (dC = 77.0 ppm; DMSO dC = 39.5 ppm;
MeCN dC = 118.3; DCM dC = 53.8 ppm). COSY, DEPT 135,
HMQC, HMBC and NOESY spectroscopic techniques were used
to aid the assignment of signals in the 13C-NMR spectra. Infrared
spectra were recorded neat on a Perkin-Elmer Spectrum One
FT-IR spectrometer. Letters in the parentheses refer to relative
absorbency of the peak: w, weak, <40% of the main peak; m,
medium, 41–74% of the main peak; s, strong, >74% of the
main peak. LC-MS analysis was performed on an Agilent HP
1100 chromatograph (Luna Max RP column) attached to an
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Table 1 LC-MS conditions


Time/min MeCN (%) Flow rate/mL min−1


0.00 5 1
3.00 95 1
5.00 95 1
5.50 5 1
8.00 5 1


HPLC/MSD mass spectrometer. Elution was carried out using
a reversed-phase gradient of MeCN–water with both solvents
containing 0.1% formic acid. The gradient is described in Table 1.
For HRMS a LCT Premier Micromass spectrometer was used.


General procedures


One-pot procedure. A solution of 2-bromo-5-methoxybenzoic
acid (230 mg; 1 mmol), triethylamine (280 lL; 2 mmol), DPPA
(215 lL; 1 mmol) and ethanol (100 lL; 2.8 mmol) was prepared
in MeCN (15 mL). The reaction mixture was pumped using the
described R2+ and R4 flow system at a flow rate of 0.5 mL min−1


through a 10 mL PFA CFC heated at 120 ◦C. After exiting the
CFC this flow stream was passed through a single Omnifit glass
column (10 mm i.d. by 150 mm length) filled with A-15 (3 g) and
A-21 (3 g) as scavengers at ambient temperature. Evaporation
of the solvent furnished the desired product ethyl-2-bromo-5-
methoxyphenylcarbamate as a white crystalline solid (229 mg,
0.84 mmol, 84%).


Two-pot procedure. A solution of 2-(4-isobutylphenyl)pro-
panoic acid (227 mg; 1.1 mmol), triethylamine (280 lL; 2 mmol)
and allyl alcohol (150 lL; 3.0 mmol) was prepared in MeCN
(10 mL). The solution (channel 1) was mixed via the R2+ and R4
flow system with a second stream (channel 2) containing DPPA
(215 lL; 1 mmol) in MeCN (10 mL) using a T-mixing piece before
the combined streams (individual flow rates 0.25 mL min−1 each)
were directed into a 10 mL CFC heated at 120 ◦C. The solution
was then passed through a single Omnifit glass column (10 mm
i.d. by 150 mm length) filled with A-15 (3 g) and A-21 (3 g) as
scavengers at ambient temperature. The desired product (allyl-1-
(4-isobutylphenyl)ethylcarbamate) was obtained as a colourless
oil (219 mg, 0.84 mmol, 84%) after evaporation of the solvent.


Catch and release procedure. A solution of 3-chloroisoni-
cotinic acid (173 mg; 1.1 mmol), triethylamine (280 lL; 6 mmol)
and isopropanol (200 lL; 4.2 mmol) was prepared in MeCN
(15 mL) (channel 1). A second solution containing DPPA (215 lL;
1 mmol) in MeCN (15 mL) (channel 2) was combined with
the first (individual flow rates 0.25 mL min−1 each) using the
R2+ and R4 flow system. The united flow stream was directed
into a 10 mL CFC heated at 120 ◦C. After exiting the CFC
reactor the reaction mixture passed firstly through an Omnifit
glass column (10 mm i.d. by 150 mm length) filled with A-
21 scavenger (3 g) to remove excess starting material as well
as the diphenylphosphonic acid by-product. The solution then
entered a second similar Omnifit glass column filled with A-15
(3 g) in order to catch the pyridyl-derived product at ambient
temperature. This second Omnifit glass column was then washed
with MeCN (10 mL) to remove any unbound material then eluted
with a solution of ammonia in methanol (1.5 mL, 2 M solution)
dissolved in MeCN (8.5 mL) to release the sequestered pyridyl-


based carbamate. Following evaporation of solvents the desired
product isopropyl-3-chloropyridin-4-ylcarbamate was obtained as
white solid (184 mg, 0.86 mmol; 86%).


(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl-3-methoxyphenyl
carbamate (1). Flow rate: 0.2 mL min−1, yield: 75%, purity: 97%,
Rt = 5.38 min, M + H m/z = 306.4. 1H-NMR (500 MHz, CDCl3):
d/ppm 7.14–7.20 (2H, m), 6.83 (1H, d, J = 8.0 Hz), 6.60 (1H, d,
J = 8.0 Hz), 6.54 (1H, s), 4.64 (1H, td, J = 18.9 Hz, 4.4 Hz),
3.79 (3H, s), 2.08–2.16 (1H, m), 1.96 (1H, m), 1.62–1.72 (2H,
m), 1.45–1.55 (1H, m), 1.36 (1H, tt, J = 11.6, 3.0 Hz), 0.95–
1.13 (2H, m), 0.82–0.92 (7H, m), 0.80 (3H, d, J = 7.0 Hz), 13C-
NMR (125 MHz, CDCl3): d/ppm 160.3 (C), 153.2 (C), 139.4 (C),
129.7 (CH), 110.5 (CH), 109.1 (CH), 103.9 (CH), 75.1 (CH),
55.2 (CH3), 47.3 (CH), 41.3 (CH2), 34.2 (CH2), 31.4 (CH),
26.2 (CH), 23.5 (CH2), 22.0 (CH3), 20.8 (CH3), 16.4 (CH3). IR:
m 3320.3 (w), 2953.5 (m), 2926.2 (m), 2868.9 (m), 1695.1 (s),
1599.3 (s), 1539.7 (s), 1496.4 (s), 1455.6 (s), 1428.4 (s), 1283.9 (s),
1264.3 (s), 1222.7 (s), 1179.0 (m), 1161.0 (m), 1041.0 (s), 852.3 (m),
767.2 (s), 688.1 (m) cm−1. HRMS calculated for C18H28NO3


306.2069, found 306.2078.


Propan-2-one-O-2-bromophenyl carbamoyl oxime (2). Flow
rate: 0.4 mL min−1, yield: 88%, purity: 98%, Rt = 4.42 min, M +
Na m/z = 293.2. 1H-NMR (400 MHz, CDCl3): d/ppm 8.95 (1H,
s), 8.26 (1H, d, J = 8.0 Hz), 7.54 (1H, d, J = 8.0 Hz), 7.34 (1H,
t, J = 8.0 Hz), 6.96 (1H, t, J = 8.0 Hz), 2.11 (3H, s), 2.08 (3H,
s), 13C-NMR (100 MHz, CDCl3): d/ppm 162.1 (C), 152.5 (C),
135.8 (C), 132.7 (CH), 128.8 (CH), 125.2 (CH), 120.7 (CH),
113.9 (C), 22.4 (CH3), 17.4 (CH3). IR: m 3291.6 (m), 3078.2 (w),
2994.3 (w), 1736.6 (s), 1590.1 (s), 1575.4 (m), 1520.7 (s), 1427.2 (s),
1373.6 (s), 1305.2 (m), 1279.1 (m), 1234.1 (m), 1047.0 (m),
1025.9 (s), 1005.8 (s), 898.6 (s), 837.7 (m), 766.2 (s), 745.1 (s),
655.7 (s) cm−1. HRMS calculated for C10H11N2O2NaBr 292.9902,
found: 292.9903.


(E)-Allyl-3,4-dimethoxystyryl carbamate (3). Flow rate:
0.2 mL min−1, yield: 85%, purity: 94%, Rt = 4.29 min, M + H
m/z = 263.3. 1H-NMR (400 MHz, CDCl3): d/ppm 7.10 (1H, m),
6.75–6.83 (3H, m), 6.70 (1H, s), 5.87–6.00 (2H, m), 5.34 (1H, d,
J = 16.8 Hz), 5.25 (1H, d, J = 10.0 Hz), 4.65 (2H, d, J = 4.4 Hz),
3.87 (3H, s), 3.85 (3H, s), 13C-NMR (100 MHz, CDCl3): d/ppm
153.4 (C), 149.2 (C), 148.0 (C), 129.2 (C), 122.5 (CH), 121.4 (CH),
118.3 (CH2+CH), 111.5 (CH), 110.9 (CH), 107.9 (CH), 66.2 (CH2),
55.9 (CH3), 55.8 (CH3). IR: m 3316.8 (w), 2935.5 (w), 2835.3 (w),
1706.7 (s), 1661.2 (s), 1585.4 (m), 1508.4 (s), 1464.1 (m), 1259.6 (s),
1224.3 (s), 1139.8 (m), 1054.3 (m), 1027.1 (m), 945.8 (m), 856.7 (m),
802.1 (m), 764.8 (m) cm−1. HRMS calculated for C14H18NO4


264.1236, found 264.1235.


Ethyl-2-biphenyl carbamate (4)20. Flow rate: 0.4 mL min−1,
yield: 77%, purity: 93%, Rt = 4.65 min, M + H m/z = 242.3. 1H-
NMR (400 MHz, CDCl3): d/ppm 8.16 (1H, d, J = 8.0 Hz), 7.33–
7.53 (6H, m), 7.22 (1H, d, J = 8.0 Hz), 7.13 (1H, t, J = 8.0 Hz),
6.63 (1H, s), 4.18 (2H, q, J = 7.6 Hz), 1.26 (3H, t, J = 7.6 Hz), 13C-
NMR (100 MHz, CDCl3): d/ppm 154.0 (C), 138.6 (C), 135.4 (C),
130.5 (CH), 130.2 (C), 129.7 (2CH), 129.5 (2CH), 128.9 (CH),
128.3 (CH), 123.7 (CH), 120.1 (CH), 61.6 (CH2), 14.9 (CH3).
IR: m 3424.7 (w), 3059.3 (w), 2981.7 (w), 1731.6 (s), 1585.2 (m),
1516.1 (s), 1493.8 (s), 1447.3 (s), 1302.9 (m), 1203.6 (s), 1063.1 (s),
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1046.7 (s), 952.0 (m), 745.1 (s), 701.9 (s). HRMS calculated for
C15H15NO2Na 264.1000, found 264.1000.


Allyl-1-(4-isobutylphenyl)ethyl carbamate (5). Flow rate:
0.5 mL min−1, yield: 84%, purity: 93%, Rt = 4.99 min, M + H
m/z = 262.4. 1H-NMR (400 MHz, d6-DMSO): d/ppm 7.67 (1H,
d, J = 7.6 Hz), 7.19 (2H, d, J = 8.4 Hz), 7.07 (2H, d, J = 8.4 Hz),
5.80–5.95 (1H, m), 5.25 (1H, d, J = 17.2 Hz), 5.14 (1H, d, J =
10.8 Hz), 4.62 (1H, quin., J = 3.6 Hz), 4.37–4.50 (2H, m), 2.39
(2H, d, J = 6.8 Hz), 1.80 (1H, sept., J = 6.8 Hz), 1.34 (3H, m),
0.84 (6H, d, J = 8.0 Hz), 13C-NMR (100 MHz, CDCl3): d/ppm
155.4 (C), 141.0 (C), 132.9 (CH), 129.8 (CH), 129.3 (2CH), 125.7
(2CH), 120.1 (CH), 117.6 (C), 65.5 (CH2), 50.3 (CH), 45.0 (CH2),
30.2 (CH3), 22.3 (2CH3). IR: m 3310.1 (m), 2954.2 (m), 2927.5 (m),
2868.8 (m), 1699.8 (s), 1513.7 (s), 1452.5 (m), 1243.3 (s), 1058.0 (s),
929.4 (m), 846.6 (m), 800.2 (m), 777.7 (m) cm−1. HRMS calculated
for C16H24NO2 262.1807, found: 262.1799.


Ethyl-3,4-dimethoxybenzyl carbamate (6)21. Flow rate:
0.4 mL min−1, yield: 91%, purity: 98%, Rt = 3.88 min, M + H
m/z = 239.3. 1H-NMR (400 MHz, d3-MeCN): d/ppm 6.79–6.88
(3H, m), 5.92 (1H, s), 4.19 (2H, d, J = 6.0 Hz), 4.06 (2H,
q, J = 6.8 Hz), 3.78 (3H, s), 3.77 (3H, s), 1.20 (3H, t, J =
6.8 Hz), 13C-NMR (100 MHz, d3-MeCN): d/ppm 156.4 (C),
148.9 (C), 148.1 (C), 132.1 (C), 119.1 (CH), 111.4 (CH),
110.9 (CH), 60.0 (CH2), 55.1 (CH3), 55.0 (CH3), 43.7 (CH2),
13.8 (CH3). IR: m 3346.4 (m), 2970.9 (w), 2934.8 (w), 2839.8 (w),
1686.1 (s), 1593.0 (m), 1534.0 (m), 1516.6 (s), 1481.0 (m),
1469.1 (m), 1448.6 (m), 1431.8 (m), 1418.9 (m), 1370.9 (m),
1337.0 (m), 1292.6 (m), 1231.1 (s), 1189.7 (m), 1132.4 (s),
1043.7 (m), 1021.2 (s), 925.8 (m), 806.7 (s), 767.3 (m), 737.1 (m),
717.9 (m) cm−1. HRMS calculated for C12H18NO4 240.1236,
found: 240.1232.


tert-Butyl-4-butoxyphenyl carbamate (7). Flow rate: 0.3 mL
min−1, yield: 89%, purity: 96%, Rt = 5.1 min, M m/z = 210.3
(carbamic acid). 1H-NMR (400 MHz, CD2Cl2): d/ppm 7.25 (2H,
d, J = 8.8 Hz), 6.83 (2H, d, J = 8.8 Hz), 6.44 (1H, s), 3.93 (2H,
t, J = 6.8 Hz), 1.76 (2H, quin., J = 6.8 Hz), 1.45–1.55 (11H,
m), 0.98 (3H, t, 6.8 Hz), 13C-NMR (125 MHz, CD2Cl2): d/ppm
155.5 (C), 153.3 (C), 131.7 (C), 120.6 (2CH), 114.9 (2CH), 80.2 (C),
68.2 (CH2), 31.6 (CH2), 28.3 (3CH3), 19.5 (CH2), 13.9 (CH3).
IR: m 3361.6 (m), 2934.7 (m), 2871.1 (w), 1698.6 (s), 1598.0 (w),
1527.0 (s), 1413.7 (m), 1316.2 (w), 1250.4 (s), 1172.7 (s), 1056.2 (m),
1011.5 (m), 829.7 (m), 739.6 (w) cm −1. HRMS calculated for
C15H23NO3Na 288.1576, found 288.1589.


Allyl-4-nitrophenyl carbamate (8). Flow rate: 0.5 mL min−1,
yield: 89%, purity: 91%, Rt = 4.38 min, M − H m/z = 221.2.
1H-NMR (400 MHz, d3-MeCN): d/ppm 8.28 (1H, s), 8.15 (2H,
d, J = 9.2 Hz), 7.63 (2H, d, J = 9.2 Hz), 5.97 (1H, ddt, J = 17.3,
10.2, 5.8 Hz), 5.39 (1H, ddt, J = 17.2, 1.6, 1.6 Hz), 5.30 (1H,
ddt, J = 10.8, 1.6, 1.6 Hz), 4.66 (2H, d, J = 5.6 Hz), 13C-NMR
(100 MHz, d3-MeCN): d/ppm 152.7 (C), 144.9 (C), 132.4 (CH),
130.3 (C), 124.6 (2CH), 117.4 (2CH), 117.0 (CH2), 65.4 (CH2).
IR: m 3376.9 (s), 3113.1 (w), 3090.0 (w), 2949.9 (w), 1732.9 (s),
1685.9 (m), 1613.3 (m), 1596.7 (m), 1546.6 (s), 1508.2 (s),
1493.7 (s), 1412.1 (m), 1321.6 (s), 1305.3 (s), 1245.2 (m), 1206.2 (s),
1110.8 (s), 1056.9 (s), 1001.5 (m), 937.5 (s), 852.2 (s), 765.0 (s),
748.2 (s), 711.4 (m), 691.4 (m), 673.7 (m) cm−1. HRMS calculated
for C10H9N2O4 221.0567, found: 221.0562.


Ethyl-2-bromo-5-methoxyphenyl carbamate (9)22. Flow rate:
0.5 mL min−1, yield: 84%, purity: 99%, Rt = 4.54 min, M + H
m/z = 273.3. 1H-NMR (400 MHz, CDCl3): d/ppm 7.82 (1H,
s), 7.31 (1H, d, J = 8.8 Hz), 7.09 (1H, s), 6.47 (1H, d, J =
8.8 Hz), 4.21 (2H, q, J = 7.2 Hz), 3.76 (3H, s), 1.31 (3H, t, J =
7.2 Hz), 13C-NMR (100 MHz, CDCl3): d/ppm 160.1 (C), 153.3 (C),
137.0 (C), 132.7 (CH), 111.1 (CH), 105.7 (CH), 103.1 (C), 61.9
(CH2), 55.8 (CH3), 14.8 (CH3). IR: m 3389.0 (m), 3108.3 (w),
2984.7 (w), 2915.7 (w), 2839.6 (w), 1732.5 (s), 1584.6 (s),
1523.6 (s), 1455.1 (m), 1426.7 (m), 1307.6 (m), 1284.7 (m),
1238.9 (s), 1204.9 (s), 1177.7 (s), 1112.7 (m), 1070.1 (m), 1042.3 (s),
1015.9 (m), 866.7 (s), 788.5 (s), 760.1 (s) cm−1. HRMS calculated
for C10H13NO3Br 274.0079, found: 274.0066. X-Ray Data: File
reference CCDC 675720, Formula: C10H12Br1N1O3; Unit cell
parameters: a 4.45490(10), b 11.1152(2), c 21.9618(4), a 90.00,
b 90.00, c 90.00; space group P212121.


(9H-Fluoren-9-yl)methyl 2-bromo-5-(methoxyphenyl)carbamate
(10). Flow rate: 0.3 mL min−1, yield: 87%, purity: 97%, Rt =
5.68 min, M + Na m/z 446.2. 1H-NMR (600 MHz, d2-DCM):
d/ppm 7.83 (2H, d, J = 7.8 Hz), 7.68 (2H, d, J = 7.8 Hz),
7.42–7.46 (3H, m), 7.37 (2H, t, J = 7.8 Hz), 7.30 (1H, d, J =
9.0 Hz), 7.22 (1H, s), 6.57 (1H, dd, J = 9.0, 3.0 Hz), 4.51 (2H,
d, J = 7.8 Hz), 4.35 (1H, t, J = 7.8 Hz), 3.81 (3H, s), 13C-
NMR (150 MHz, d2-DCM): d/ppm 159.8 (C), 152.9 (C), 143.7
(2C), 141.3 (2C), 136.5 (C), 132.4 (CH), 130.0 (C), 127.8 (2CH),
127.1 (2CH), 125.0 (2CH), 120.2 (CH), 120.0 (2CH), 110.6 (CH),
67.4 (CH2), 55.5 (CH3), 47.0 (CH). IR: m 3404.2 (w), 2952.2 (w),
2169.0 (m), 1736.6 (s), 1587.4 (s), 1520.9 (s), 1488.2 (m), 1452.1 (s),
1429.4 (m), 1304.1 (m), 1284.0 (m), 1244.6 (m), 1206.0 (s),
1182.2 (s), 1076.3 (m), 1045.3 (s), 1018.1 (m), 962.8 (s), 852.5 (m),
786.6 (m), 757.9 (s), 739.9 (s), 688.6 (m) cm−1. HRMS calculated
for C22H19NO3Br 424.0548, found: 424.0549.


1-Allyl-3(1-(3-fluorophenyl)cyclopentyl)urea (11). Flow rate:
0.4 mL min−1, yield: 89%, Rt = 5.87 min, purity: 97%, M + H
m/z = 263.4. 1H-NMR (600 MHz, CDCl3): d/ppm 7.22 (1H, m),
7.13 (1H, d, J = 8.0 Hz), 7.07 (1H, d, J = 8.0 Hz), 6.85 (1H, t,
J = 8.0 Hz), 5.83 (1H, br. s), 5.64–5-73 (1H, ddt, J = 17.2, 10.0,
5.2 Hz), 5.15 (1H, br. s), 4.99 (1H, ddt, J = 17.2, 1.6, 1.6 Hz),
4.96 (1H, m), 3.59 (2H, t, J = 5.4 Hz), 2.05–2.12 (2H, m), 1.87–
1.97 (2H, m), 1.70–1.80 (4H, m), 13C-NMR (150 MHz, CDCl3):
d/ppm 162.9 (C, JC-F = 243 Hz), 157.9 (C), 149.4 (C), 135.5 (CH),
129.5 (CH), 121.1 (CH), 114.7 (CH2), 113.2 (CH, J = 22 Hz), 112.8
(CH, J = 22 Hz), 65.4 (C), 42.3 (CH2), 40.3 (2CH2), 23.4 (2CH2).
IR: m 3317.4 (m), 2957.1 (w), 1682.4 (w), 1630.3 (s), 1614.4 (s),
1588.0 (s), 1558.8 (s), 1489.2 (s), 1438.0 (s), 1257.1 (s), 989.4 (m),
912.9 (m), 868.9 (m), 775.1 (s), 689.9 (s) cm−1. HRMS calculated
for C15H20N2OF 263.1560, found 263.1573.


Methylpent-4-en-2-yl carbamate (12)23. Flow rate: 0.2 mL
min−1, yield: 73%, purity: 96%, Rt = 4.42 min. 1H-NMR
(400 MHz, CDCl3): d/ppm 5.70–5.80 (1H, m), 5.04–5.09 (2H,
m), 4.63 (1H, s), 3.77 (1H, m), 3.63 (3H, s), 2.17–2.22 (2H,
m), 1.12–1.15 (3H, m), 13C-NMR (100 MHz, CDCl3): d/ppm
156.3 (C), 134.2 (CH), 117.9 (CH2), 51.8 (CH), 46.4 (CH3), 41.1
(CH2), 20.5 (CH3). IR: m 3319.0 (m), 3076.0 (w), 2971.8 (m),
1698.5 (s), 1598.1 (w), 1533.6 (s), 1454.5 (m), 1336.4 (m), 1257.7 (s),
1226.2 (m), 1192.1 (m), 1104.3 (m), 1070.1 (m), 963.1 (m),
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916.5 (m), 779.2 (m) cm−1. HRMS calculated for C7H13NO2Na
166.0839, found: 166.0838.


Ethyl-5-methyl-2-(trifluoromethyl)furan-3-yl carbamate (13).
Flow rate: 0.4 mL min−1, yield: 86%, purity: 98%, Rt = 4.46 min, M
m/z = 166.2 (amine). 1H-NMR (400 MHz, d3-MeCN): d/ppm
7.26 (1H, s), 6.63 (1H, s), 4.16 (2H, q, J = 7.2 Hz), 2.28 (3H, s),
1.26 (3H, t, J = 7.2 Hz), 13C-NMR (125 MHz, CDCl3): d/ppm
154.3 (C), 153.0 (C), 127.7 (C), 120.4 (CF3, q, J = 264.0 Hz),
120.0 (C, q, J = 5.0 Hz), 103.2 (CH), 61.8 (CH2), 14.3 (CH3),
13.6 (CH3). IR: m 3288.7 (m), 2997.5 (w), 1696.9 (s), 1654.4 (s),
1579.1 (m), 1519.2 (m), 1479.1 (m), 1458.9 (m), 1431.0 (m),
1310.0 (s), 1255.9 (s), 1176.1 (s), 1149.9 (s), 1101.1 (s), 1009.9 (s),
958.8 (s), 906.9 (w), 800.9 (s), 774.9 (s), 729.4 (s), 688.1 (m) cm−1.
HRMS calculated for C9H10NO3NaF3 260.0508, found 260.0505.


4-(2-Bromophenyl)-1-(4-chlorbenzoyl)semicarbazide (14).
Flow rate: 0.4 mL min−1, yield: 82%, purity: 98%, Rt =
4.28 min, M + H m/z = 370.2. 1H-NMR (400 MHz, d6-DMSO):
d/ppm 10.52 (1H, s), 9.07 (1H, s), 8.23 (1H, s), 8.00 (1H, d,
J = 7.6 Hz), 7.93 (2H, d, J = 8.0 Hz), 7.50–7.60 (3H, m),
7.30 (1H, t, J = 7.6 Hz), 6.95 (1H, t, J = 7.6 Hz), 13C-NMR
(100 MHz, d6-DMSO): d/ppm 165.8 (C), 155.5 (C), 137.3 (C),
137.1 (C), 132.8 (CH), 131.5 (C), 129.8 (2CH), 129.0 (2CH),
128.5 (CH), 124.6 (CH), 122.4 (CH), 113.6 (C). IR: m 3262.3 (m),
3213.0 (m), 3022.4 (m), 1666.1 (s), 1649.0 (s), 1584.4 (s),
1566.8 (s), 1544.6 (s), 1524.4 (s), 1438.2 (s), 1335.7 (s), 1290.7 (m),
1248.1 (m), 1231.1 (m), 1178.3 (m), 1091.9 (s), 1043.6 (m),
1025.8 (m), 1009.8 (m), 911.9 (s), 842.2 (s), 742.0 (s), 734.7 (s),
667.6 (s) cm−1. HRMS calculated for C14H12N3O2ClBr 367.9801,
found: 367.9797.


4-(3-Nitro-4-fluorophenyl)-1-(3-methoxybenzoyl)semicarbazide
(15). Flow rate: 0.4 mL min−1, yield: 93%, purity: 98%, Rt =
2.73 min, M + H m/z 315.1;1H-NMR (400 MHz, d6-DMSO):
d/ppm 10.29 (1 H, br. s, NH), 9.34 (1 H, br. s, NH), 8.50 (1 H, br. s,
NH), 8.40 (1 H, dd, J = 6.8, 2.7 Hz), 7.84 (1 H, m), 7.51–7.47 (3
H, m), 7.45 (1 H, t, J = 7.9 Hz), 7.14 (1 H, m), 3.81 (3 H, s, OMe);
13C-NMR (100 MHz; d6-DMSO) d/ppm 166.6 (C), 159.55 (C),
148.7 (C), 137.15 (C), 137.1 (C), 136.7 (C), 134.3 (C), 129.9 (CH),
120.2 (CH), 119.0 (CH), 118.8 (CH), 118.1 (CH), 115.2 (CH),
113.1 (CH), 55.7 (CH3). IR: m 3272.2 (m), 3215.1 (m), 3032.3 (m),
1684.2 (s), 1670.1 (s), 1555.5 (s), 1519.7 (s), 1503.4 (s), 1454.9 (s),
1436.8 (s), 1288.0 (m), 1260.1 (m), 1240.7 (m), 1188.2 (m),
1101.4 (s), 1077.4 (m), 951.4 (s), 863.1 (s), 782.3 (s), 772.9 (s) cm−1.
HRMS calculated for C15H13FN4O5 348.0870, found 348.0877.


4-(2-Bromophenyl)-1-(6-methyl-4-(trifluoromethyl)picolinoyl)-
semicarbazide (16). Flow rate: 0.5 mL min−1, yield: 91%, purity:
99%, Rt = 4.47 min, M + H m/z = 391.2. 1H-NMR (400 MHz,
d6-DMSO): d/ppm 8.89 (1H, s), 8.84 (1H, s), 8.26 (1H, s), 7.97
(1H, d, J = 7.6 Hz), 7.57 (1H, d, J = 7.6 Hz), 7.31 (1H,
t, J = 7.6 Hz), 6.96 (1H, t, J = 7.6 Hz), 6.91 (1H, s), 6.70
(1H, s), 2.40 (s, 3H), 13C-NMR (125 MHz, d6-DMSO): d/ppm
160.6 (C), 158.9 (C), 155.7 (C), 138.6 (C, q, J = 32 Hz), 136.9 (C),
132.5 (CH), 128.2 (CH), 124.5 (CH), 123.3 (C, q, J = 272 Hz),
122.4 (CH), 114.0 (C), 109.1 (CH), 98.8 (CH), 23.9 (CH3). IR:
m 3315.1 (w), 3226.6 (w), 3038.3 (w), 2983.6 (w), 1653.7 (s),
1586.3 (s), 1553.6 (s), 1513.2 (m), 1455.5 (s), 1438.4 (s), 1404.9 (s),
1386.9 (m), 1363.0 (m), 1281.3 (s), 1242.5 (m), 1169.5 (s),
1127.7 (s), 1119.8 (s), 1101.5 (m), 1026.3 (m), 861.1 (m), 842.6 (m),


743.4 (s) cm−1. HRMS calculated for C14H13BrF3N4O 389.0225,
found: 389.0229.


4-(4-Methoxyphenyl)-1-hexyl semicarbazide (17). Flow rate:
0.4 mL min−1, yield: 88%, purity: 97%, Rt = 3.70 min, M +
H m/z 308.2; 1H-NMR (600 MHz, d6-DMSO) d/ppm 9.53 (1
H, br. s, NH), 8.46 (1 H, br. s, NH), 7.87 (1 H, br. s, NH),
7.32 (2 H, d, J = 8.3 Hz), 6.82 (2 H, d, J = 8.3 Hz), 3.68
(3 H, s, OMe), 2.11 (2 H, t, J = 7.4 Hz), 1.52 (2 H, m), 1.13
(8 H, m), 0.84 (3 H, t, J = 7.2 Hz),13C-NMR (150 MHz; d6-
DMSO) d/ppm 172.58 (C), 156.0 (C), 154.8 (C), 133.1 (C),
120.6 (CH), 114.2 (CH), 55.5 (CH3), 33.57(CH2), 31.54(CH2),
28.95(CH2), 28.83(CH2), 25.3 (CH2), 22.4 (CH2), 14.3 (CH3).
IR: m 3344.4 (m), 3221.0 (m), 3040.5 (m), 1654.7 (s), 1584.8 (s),
1561.5 (s), 1510.7 (s), 1458.1 (s), 1395.2 (s), 1307.9 (m), 1108.3 (m),
1073.6 (s), 1065.6 (m), 1039.5 (m), 900.1 (s), 873.6 (s), 697.6
(s) cm−1. HRMS calculated for C15H23N3O3 293.1739, found
293.1741.


Ethyl-{4[(1,1-dioxido-4-thiomorpholinyl)methyl]phenyl}carba-
mate (18). Flow rate: 0.3 mL min−1, yield: 95%, purity: 94%, Rt =
3.21 min, M + Na m/z = 335.3. 1H-NMR (400 MHz, CDCl3):
d/ppm 7.34 (2H, d, J = 8.0 Hz), 7.18 (2H, d, J = 8.0 Hz), 7.12
(1H, s), 4.18 (2H, q, J = 7.2 Hz), 3.55 (2H, s), 3.00 (4H, t, J =
4.8 Hz), 2.91 (4H, t, J = 4.8 Hz), 1.26 (3H, t, J = 7.2 Hz), 13C-
NMR (100 MHz, CDCl3): d/ppm 154.0 (C), 138.0 (C), 132.5 (C),
129.9 (2CH), 119.2 (2CH), 61.7 (CH2), 61.4 (CH2), 51.9 (2CH2),
50.9 (2CH2), 14.9 (CH3). IR: m 3342.3 (m), 2984.3 (w), 2821.8 (w),
1719.1 (s), 1599.1 (s), 1538.8 (s), 1316.4 (m), 1287.9 (s), 1266.9 (s),
1223.3 (s), 1115.1 (s), 1070.2 (s), 947.8 (m), 835.5 (m), 768.8 (m),
672.4 (m) cm−1. HRMS calculated for C14H21N2O4S 313.1222,
found 313.1223.


Isopropyl-3-chloropyridin-4-yl carbamate (19). Flow rate:
0.4 mL min−1, yield: 86%, purity: 97%, Rt = 3.0 min, M + H
m/z = 215.2. 1H-NMR (400 MHz, CDCl3): d/ppm 8.45 (1H,
s), 8.35 (1H, d, J = 6.4 Hz), 8.14 (1H, d, J = 6.4 Hz), 7.27
(1H, s), 5.05 (1H, sept., J = 6.0 Hz), 1.31 (6H, d, J = 8.0 Hz),
13C-NMR (125 MHz, CDCl3): d/ppm 152.0 (C), 148.9 (2CH),
141.9 (C), 118.8 (C), 112.7 (CH), 70.1 (CH), 21.9 (2CH3). IR:
m 3176.9 (w), 3128.8 (w), 3015.3 (w), 2925.7 (w), 1736.2 (w),
1695.5 (s), 1576.7 (s), 1507.7 (s), 1398.2 (s), 1306.0 (s), 1272.8 (m),
1250.2 (s), 1214.4 (m), 1183.3 (m), 1136.7 (m), 1103.0 (s),
1087.5 (m), 1041.1 (s), 827.9 (m), 715.5 (s), 669.8 (m) cm−1. HRMS
calculated for C9H12N2O2Cl 215.0587, found: 215.0582. X-Ray
Data: File reference: CCDC 675721; Formula: C9H11Cl1N2O2;
Unit cell parameters: a 5.8684(2), b 13.1218(5), c 12.8548(5), a
90.00, b 97.008(2), c 90.00; space group P21/c.


1,1-Diethyl-3-(1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthy-
ridin-3-yl)urea (20). Flow rate: 0.3 mL min−1, yield: 75%, purity:
99%, Rt = 4.16 min, M + Na m/z = 325.36. 1H-NMR (400 MHz,
CDCl3): d/ppm 9.01 (1H, s), 8.53 (1H, d, J = 8.0 Hz), 7.70
(1H, s), 7.10 (1H, d, J = 8.0 Hz), 4.47 (2H, q, J = 7.2 Hz),
3.39 (4H, q, J = 7.2 Hz), 2.61 (3H, s), 1.41 (3H, t, J = 7.2 Hz),
1.23 (6H, t, J = 7.2 Hz), 13C-NMR (100 MHz, CDCl3): d/ppm
170.7 (C), 162.4 (C), 155.0 (C), 146.6 (C), 135.9 (CH), 129.1 (CH),
125.2 (C), 119.5 (CH), 116.0 (C), 46.4 (CH2), 42.1 (2CH2), 25.7
(CH3), 15.5 (CH3), 14.2 (2CH3). IR: m 3362.5 (w), 3097.9 (w),
2982.6 (w), 2931.4 (w), 1651.7 (m), 1625.8 (m), 1581.3 (s),
1531.5 (m), 1488.3 (s), 1434.7 (s), 1360.1 (m), 1296.4 (m),
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1243.0 (s), 1161.9 (m), 1127.4 (m), 1083.1 (m), 1053.5 (m),
928.0 (m), 893.1 (m), 781.6 (s), 753.4 (m), 682.1 (m) cm−1. HRMS
calculated for C16H23N4O2 303.1821, found: 303.1821.


Ethylpyrazolo[1,5-a]pyrimidin-3-yl carbamate (21). Flow rate:
0.4 mL min−1, yield: 78%, purity: 94%, Rt = 2.60 min, M +
H m/z = 207.2. 1H-NMR (500 MHz, CDCl3): d/ppm 8.54
(1H, dd, J = 7.1, 1.7 Hz), 8.51 (1H, br s), 8.33 (1H, br
d, J = 2.5 Hz), 7.02 (1H, br s), 6.74 (1H, dd, J = 7.1,
4.0 Hz), 4.26 (2H, q, J = 7.0 Hz), 1.31 (3H, t, J = 7.0 Hz),
13C-NMR (125 MHz, CDCl3): d/ppm 154.3 (C), 147.3 (CH),
138.4 (C), 136.9 (CH), 134.8 (CH), 110.8 (C), 107.7 (CH), 61.6
(CH2), 14.5 (CH3). IR: m 3238.9 (m), 3212.8 (m), 3066.6 (w),
2980.9 (w), 1710.4 (s), 1635.1 (m), 1592.4 (m), 1535.4 (s), 1484.8 (s),
1405.6 (m), 1380.0 (m), 1342.1 (m), 1309.3 (m), 1250.1 (s),
1210.3 (s), 1164.5 (s), 1110.1 (m), 1096.9 (m), 1048.5 (s), 983.4 (m),
880.0 (m), 772.5 (s), 741.7 (s), 671.0 (m) cm−1. HRMS calculated
for C9H11N4O2 207.0882, found 207.0889.


Benzyl-5-methylpyrazin-2-yl carbamate (22). Flow rate:
0.4 mL min−1, yield: 87%, purity: 94%, Rt = 4.16 min, M + H
m/z = 244.3. 1H-NMR (500 MHz, d6-DMSO): d/ppm 10.46
(1H, s), 8.96 (1H, s), 8.22 (1H, s), 7.32–7.45 (5H, m), 5.19 (2H, s),
2.42 (3H, s), 13C-NMR (125 MHz, d6-DMSO): d/ppm 153.4 (C),
147.4 (C), 146.6 (C), 141.5 (CH), 136.4 (C), 134.2 (CH), 128.6
(2CH), 128.2 (CH), 128.1 (2CH), 66.3 (CH2), 20.3 (CH3). IR:
m 2979.0 (w), 1719.3 (s), 1567.3 (m), 1510.3 (m), 1438.6 (m),
1453.5 (m), 1353.8 (m), 1227.4 (s), 1054.7 (s), 1030.9 (m),
968.4 (m), 926.3 (m), 894.1 (m), 873.3 (m), 846.2 (m), 797.5 (w),
758.6 (m), 744.5 (s), 706.0 (s) cm−1. HRMS calculated for
C13H14N3O2 244.1086, found 244.1081.


Allyl-1-methyl-1,2,3,4-tetrahydroquinolin-6-yl carbamate (23).
Flow rate: 0.3 mL min−1, yield 91%, purity: 96%, Rt =
3.51 min, M + H m/z = 247.34. 1H-NMR (400 MHz, CDCl3):
d/ppm 6.95–7.05 (2H, m), 6.54 (1H, d, J = 8.8 Hz), 6.43 (1H, s),
5.90–6.00 (1H, m), 5.35 (1H, d, J = 17.2 Hz), 5.24 (1H, d, J =
10.2 Hz), 4.64 (2H, d, J = 5.2 Hz), 3.17 (2H, t, J = 6.0 Hz),
2.85 (3H, s), 2.74 (2H, t, J = 6.0 Hz), 1.97 (2H, quin., J =
6.0 Hz), 13C-NMR (125 MHz, CDCl3): d/ppm 153.8 (C), 143.8 (C),
132.8 (CH), 126.9 (C), 123.6 (C), 121.0 (CH), 118.9 (CH), 117.9
(CH2), 111.4 (CH), 65.6 (CH2), 51.3 (CH2), 39.4 (CH3), 27.8 (CH2),
22.4 (CH2). IR: m 3310.4 (m), 2933.8 (m), 2815.4 (m), 1699.1 (s),
1593.1 (m), 1514.4 (s), 1463.9 (m), 1431.9 (m), 1304.8 (m),
1226.1 (s), 1208.1 (s), 1095.6 (m), 1065.5 (m), 1048.1 (m), 997.1 (m),
930.4 (m), 805.9 (m), 767.0 (m) cm−1. HRMS calculated for
C14H19N2O2 247.1442, found 247.1441.


(E)-3,7-Dimethylocta-2,6-dienylpyrazin-2-yl carbamate (24).
Flow rate: 0.4 mL min−1, yield: 81%, purity: 98%, Rt =
4.80 min, M + H m/z = 276.35. 1H-NMR (500 MHz, CD2Cl2):
d/ppm 9.35 (1H, s), 9.21 (1H, s), 8.25–8.29 (2H, m), 5.45 (1H,
t, J = 6.0 Hz), 5.12 (1H, t, J = 6.0 Hz), 4.75 (2H, d, J =
7.5 Hz), 2.07–2.15 (4H, m), 1.77 (3H, s), 1.67 (3H, s), 1.61 (3H,
s), 13C-NMR (125 MHz, CD2Cl2): d/ppm 153.3 (C), 149.1 (C),
143.6 (C), 141.8 (CH), 139.3 (CH), 136.1 (CH), 132.1 (C),
123.9 (CH), 118.3 (CH), 62.8 (CH2), 39.8 (CH2), 26.6 (CH2), 25.6
(CH3), 17.6 (CH3), 16.5 (CH3). IR: m 3172.0 (w), 2968.0 (m),
2913.0 (m), 2852.8 (m), 1718.0 (s), 1563.4 (s), 1419.1 (s),
1374.7 (m), 1305.2 (m), 1238.4 (s), 1184.8 (m), 1079.5 (s),
1040.7 (s), 1007.2 (m), 932.6 (m), 884.3 (m), 859.8 (m), 828.8 (m),


810.1 (m), 767.7 (m), 734.3 (m), 671.5 (m) cm−1. HRMS calculated
for C15H22N3O2 276.1712, found: 276.1716. File reference: CCDC
675583; Formula: C15H21N3O2; Unit cell parameters: a 6.1269(1), b
38.152(1), c 6.9750(3), a 90.00, b 114.441(3), c 90.00; space group
P21/n.


Ethyl-2-(pyridin-2-yl)quinolin-4-yl carbamate (25). Flow rate:
0.4 mL min−1, yield: 85%, purity: 98%, Rt = 3.65 min, M + H
m/z = 294.3. 1H-NMR (400 MHz, CDCl3): d/ppm 9.19 (1H, s),
8.75 (1H, d, J = 4.0 Hz), 8.57 (1H, d, J = 7.6 Hz), 8.18 (1H, d,
J = 7.6 Hz), 7.80–7.90 (2H, m), 7.71 (1H, t, J = 7.6 Hz), 7.53 (1H,
t, J = 7.6 Hz), 7.45 (1H, s), 7.30–7.35 (1H, m), 4.34 (2H, q, J =
6.8 Hz), 1.37 (3H, t, J = 6.8 Hz), 13C-NMR (100 MHz, CDCl3):
d/ppm 157.2 (C), 156.4 (C), 153.1 (C), 149.3 (CH), 148.6 (C),
141.6 (C), 136.7 (CH), 130.9 (CH), 129.4 (CH), 126.4 (CH),
123.9 (CH), 121.7 (CH), 119.7 (C), 119.1 (CH), 107.3 (CH), 62.0
(CH2), 14.5 (CH3). IR: m 3309.1 (w), 3060.8 (w), 2981.3 (w),
1716.9 (m), 1619.7 (m), 1598.7 (m), 1555.7 (s), 1529.4 (s),
1495.5 (m), 1474.3 (m), 1450.0 (m), 1378.2 (m), 1271.7 (s),
1209.6 (s), 1037.8 (m), 1023.1 (m), 884.1 (m), 797.1 (m), 761.6 (m),
745.8 (m), 681.5 (m) cm−1. HRMS calculated for C17H16N3O2


294.1243, found 294.1237.


Benzyl-{4[(1,1-dioxido-4-thiomorpholinyl)methyl]phenyl}carba-
mate (26). Flow rate: 0.4 mL min−1, yield: 92%, purity: 92%,
Rt = 4.69 min, M + H m/z = 375.4. 1H-NMR (400 MHz,
d6-DMSO): d/ppm 9.82 (1H, br. s, NH), 7.48–7.26 (7H, m), 7.18
(2H, d, J = 8.0 Hz), 5.13 (2H, s), 3.58 (2H, s), 3.09 (4H, br. s), 2.79
(4H, br. s); 13C-NMR (100 MHz, d6-DMSO): d/ppm 153.7 (C),
138.6 (C), 137.0 (C), 129.7 (CH), 128.8 (2 × CH), 128.5 (2 × CH),
118.4 (CH), 114.2 (CH), 55.1 (CH2), 59.5 (CH2), 50.6 (CH2),
50.3 (CH2); IR: m 3338.0 (m), 2823.4 (w), 1714.0 (s), 1614.9 (m),
1600.5 (m), 1540.0 (s), 1464.1 (m), 1415.0 (m), 1315.1 (s),
1290.9 (s), 1264.4 (s), 1224.8 (s), 1182.6 (s), 1123.7 (s), 1096.8 (s),
1048.1 (s), 1029.0 (s), 946.1 (m), 839.6 (m), 766.9 (s), 740.8 (s),
697.8 (s), 663.0 (s) cm−1; HRMS calculated for C19H22N2O4S
375.1379, found 375.1397.


Allyl-6-oxo-1,6-dihydropyridazin-3-yl carbamate (27). Flow
rate: 0.4 mL min−1, yield: 76%, purity: 95%, Rt = 1.58 min, M +
H m/z = 196.2. 1H-NMR (400 MHz, d6-DMSO): d/ppm 12.58
(1H, s), 10.15 (1H, s), 7.76 (1H, d, J = 10.0 Hz), 6.89 (1H,
d, J = 10.0 Hz), 5.94 (1H, ddt, J = 17.2, 10.8, 5.2 Hz), 5.32
(1H, ddt, J = 17.2, 1.6, 1.6 Hz), 5.10 (1H, ddt, J = 10.8, 1.6,
1.6 Hz), 4.58 (2H, dt, J = 5.6 Hz, 1.6 Hz), 13C-NMR (100 MHz,
d6-DMSO): d/ppm 160.0 (C), 153.9 (C), 141.6 (C), 133.3 (CH),
131.5 (CH), 129.4 (CH), 118.2 (CH2), 65.6 (CH2). IR: m 3077.2 (w),
2952.4 (w), 1720.5 (m), 1657.1 (s), 1592.5 (s), 1518.5 (s), 1456.6 (m),
1391.5 (m), 1313.6 (m), 1216.1 (s), 1130.3 (m), 1062.2 (m),
1003.7 (m), 932.6 (m), 844.5 (m), 824.2 (m), 765.1 (m) cm−1. HRMS
calculated for C8H10N3O3 196.0722, found 196.0724.


Benzyl-4-chloropyridin-3-yl carbamate (28). Flow rate:
0.4 mL min−1, yield: 95%, purity: 98%, Rt = 4.09 min, M + H
m/z = 263.25. 1H-NMR (400 MHz, CDCl3): d/ppm 9.39 (1H,
s), 8.23 (1H, d, J = 5.2 Hz), 7.35–7.45 (5H, m), 7.29 (1H, d,
J = 5.2 Hz), 7.11 (1H, s), 5.25 (2H, s), 13C-NMR (100 MHz,
CDCl3): d/ppm 153.1 (C), 145.0 (CH), 142.7 (CH), 135.8 (C),
132.5 (C), 131.9 (C), 129.1 (2CH), 129.0 (CH), 128.9 (2CH),
124.1 (CH), 68.3 (CH2). IR: m 3180.5 (w), 3137.2 (w), 3031.1 (w),
2895.3 (w), 1708.3 (s), 1578.7 (m), 1537.4 (m), 1456.3 (m),
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1456.3 (m), 1416.1 (m), 1397.6 (m), 1311.4 (s), 1242.0 (s),
1219.0 (s), 1088.9 (w), 1065.8 (m), 1039.8 (s), 914.2 (m), 862.3 (m),
815.0 (m), 751.3 (s), 738.5 (s), 694.4 (s), 663.7 (s) cm−1. HRMS
calculated for C13H12ClN2O3 263.0587, found: 263.0585.


Ethyl-5-phenylpyridin-3-yl carbamate (29). Flow rate:
0.4 mL min−1, yield: 79%, Rt = 3.86 min, purity: 92%, M +
H m/z = 243.3. 1H-NMR (400 MHz, d6-DMSO): d/ppm 9.99
(1H, s), 8.63 (1H, s), 8.50 (1H, s), 8.15 (1H, s), 7.63 (2H, d,
J = 7.2 Hz), 7.50 (2H, t, J = 7.2 Hz), 7.41 (1H, t, J = 7.2 Hz),
4.15 (2H, q, J = 7.2 Hz), 1.24 (3H, t, J = 7.2 Hz), 13C-NMR
(100 MHz, d6-DMSO): d/ppm 154.1 (C), 141.8 (CH), 139.3 (CH),
137.4 (C), 136.5 (C), 135.9 (C), 129.5 (2CH), 128.6 (CH), 127.2
(2CH), 123.2 (CH), 61.0 (CH2), 14.8 (CH3). IR: m 3434.8 (w),
3057.7 (w), 2978.2 (w), 2925.8 (w), 1726.4 (s), 1608.4 (m),
1593.1 (m), 1554.9 (m), 1460.8 (m), 1435.2 (m), 1417.8 (m),
1365.8 (m), 1324.0 (m), 1255.5 (s), 1219.8 (s), 1157.1 (m),
1087.9 (m), 1077.2 (m), 1052.4 (s), 1024.8 (s), 999.6 (s), 913.6 (m),
870.2 (m), 823.0 (m), 757.7 (s), 697.6 (s) cm−1. HRMS calculated
for C14H15N2O2 243.1134, found 243.1140. X-Ray data: File
reference: CCDC 675582; Formula: C14H14N2O2; Unit cell
parameters: a 7.2306(5), b 6.1299(5), c 27.069(2), a 90.00, b
90.00(3), c 90.00; space group Pna21.
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The preparation and use of an azide-containing monolithic reactor is described for use in a flow
chemistry device and in particular for conducting Curtius rearrangement reactions via acid chloride
inputs.


Introduction


In the preceding article we described a simple flow reactor for
performing Curtius rearrangements starting from carboxylic acids
with concomitant trapping of the intermediate isocyanate with
various nucleophiles.1 In this paper we wish to further exemplify
this Curtius chemistry by using alternative monolithic reactor
devices as immobilised azide sources for the conversion of acid
chlorides.


Both traditional solution-phase and solid-phase synthetic ap-
proaches have associated problems and limitations. For example,
the requirement for extensive iterative work-up and purification
procedures make solution-phase synthesis an unattractive method
for multi-step parallel operations. Likewise, generating libraries of
compounds in high purity at reasonable scales (high milligram
to gram scale) can be problematic when conventional solid-
phase combinatorial chemistry is employed. Alternatively, an
increasingly popular approach to circumvent many of these
issues is the application of solid-supported reagents, catalysts and
scavengers to expedite solution-phase synthesis and purification.2


This approach combines the most advantageous aspects of both
solution- and solid-phase synthesis, allowing the construction of
advanced chemical architecture through the use of multi-step
sequences.3


The application of solid-supported reagents to high-throughput
chemistry can be further improved by transferring the batch
environment into a continuous flow process.4,5 In this way flow
synthesis offers many advantages compared to normal batch
mode.6 For example, it is usually safer because at any given time
only small amounts of reagent are present in the reactor. This
small volume also circumvents many of the engineering issues
such as heat and mass transfer. In addition, the reaction can be
easily scaled by allowing the reaction to run for a longer period
of time or at a higher flow rate, thereby giving access to more
material with only minor alterations to the reactor. The simple
modular design of the reactors also enables easy expansion of
the system by the addition of supplementary units facilitating
scale-out operations. Unfortunately, the incorporation of solid-
supported reagents into flow processes can cause some problems
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due to their nature and format. By far the most common support
systems for organic synthesis have been the gel-type polystyrene-
based resins7 or co-polymers thereof prepared as small beads
(defined by low crosslinking). The physical compressibility of
these materials tends to obstruct the flow stream leading to large
pressure drops, especially when used with thermodynamically
compatible ‘good’ solvents—solvents that effectively solvate and
swell the resins. Conversely, in the presence of a ‘poor’ solvent the
beads shrink, causing the active sites to become less accessible to
the reactants and enabling the reaction mixture to by-pass and
channel around the exterior of the beads, decreasing the chance of
successful reactions (Fig. 1).8


Fig. 1 Effect of solvents on the swelling characteristics of polystyrene
beads (2% DVB crosslinked). Top (left to right): the expansion of
polystyrene beads in DCM. Bottom (left to right): the contraction of
pre-swollen polystyrene beads in Et2O.


Macroporous beads (highly crosslinked) are an alternative to
gel-type or microporous beads. These beads are permanently
porous in nature regardless of solvent being used, making them
preferential for use in flow systems. Nevertheless, the active sites
within the cavities of these beads are only accessible to the passing
solution through the relatively slow process of diffusion which
becomes more of a concern as the molecular dimensions of the
reactants increase.9 An additional problem can also be that of by-
passing, since even an ideally packed column containing mono-
dispersed beads has approximately one quarter its total volume as
void space.10 Therefore, when a solution is forced through a packed
bed column, it will tend to circumnavigate the beads instead of
passing through them, thereby severely affecting the chemical
efficiency of the system and often requiring larger columns.


To overcome some of these drawbacks, monoliths have been
proposed and developed for use in solid-supported continuous
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flow synthesis.10,11 Monoliths are a single continuous piece of
porous material which can be made from either an organic or
inorganic material.10–12 Although inorganic monoliths have been
widely used in catalysis, it is the alternative organic polymer
structures that have found wider synthetic application.13 Their
readily tailored morphologies make them ideal constructs for use
in synthesis due to easier control of pore dimensions, tuneable
microchannel construction and their greater scope for chemical
functionalisation. The most versatile systems are the rigid macro-
porous polymeric monoliths, as developed by Frechet and Svec in
the early 1990’s,10,11f which can be manufactured in any shape and
size, making them ideal for use in micro- and meso-flow systems.11a


The Curtius rearrangement of acyl azides is a common reaction
for the preparation of isocyanates and their secondary products
and is widely used in the synthesis of pharmacologically active
compounds.14 To increase the safety profile of the active reagent,
azide anions have therefore been immobilised onto ion-exchange
resins as a safer alternative for use in organic synthesis.15 These
polymer-supported azide systems have then been demonstrated
to reduce handling risks associated with shock, impact and
exposure hazards. We have chosen to prepare azide-functionalised
monolithic reaction columns to facilitate Curtius rearrangement
reactions within a flow reactor.


Results and discussion


Preparation of macroporous monolithic reactor columns
(quaternary ammonium ion exchange systems—azide form)


The physical characteristics of the macroporous monoliths are
highly dependant upon the relative composition of the monomers,
the nature and amount of any porogen used and the specific
conditions employed to promote polymerisation. Significant ex-
perimentation was performed to identify a robust monolith-
forming blend that could be reproducibly prepared and possessing
both high porosity, to reduce back-pressure in the flow system,
and a high stability, to withstand derivatization and repeated
use.11a Our initial target was therefore to prepare Merrifield-type
monoliths (functionalised with benzyl chloride) which could be
easily modified to create multiple immobilised delivery systems by
well documented transformations.


All polymerisation experiments were performed within 15 mm
i.d. × 100 mm Omnifit glass columns16 which were sealed at
both ends and thermally incubated within a VapourTec R4 multi-
channel convective heating device17 (Fig. 2). AIBN was determined
as the best polymerisation initiator permitting a stable monolithic
matrix to form under elevated temperature (80 ◦C) over a period of
20 h. In practice, a homogeneous mixture of vinylbenzyl chloride
(VBC; 30% v/v), divinyl benzene (DVB crosslinker; 20% v/v), 1-
dodecanol (50% v/v) as the porogen and AIBN (1% wt relative to
VBC + DVB) were loaded into the glass column. The system was
then sealed using a set of fritted end pieces (lower end plugged)
and maintained under positive pressure (20 psi, top connector)
while the curing process was conducted. After 20 h the column
was cooled to ambient temperature using the R4 system and
extensively washed with dry THF (R2+ unit set to a flow rate of
1.0 mL min−1 for 2 h). The washing procedure removed the porogen
and residual non-polymeric material, resulting in a rigid white
monolith that completely filled the glass column (Fig. 2b). All


Fig. 2 a) R4 reactor column components, disassembled sections (left)
and assembled unit (right); b) monolith-containing column; c) R2+ and
R4 reactor unit with monolith column inserted for reaction.


monoliths prepared exhibited excellent batch-to-batch consistency
and gave almost identical analytical data.


Mercury Intrusion Analysis (MIA) of this Merrifield-type
monolith established the median pore size to be 3147 nm and the
surface area to be 4.93 m2 g−1 as determined by nitrogen absorption
and BET measurements (Fig. 3). The internal volume of the
monolithic column was calculated as 12.55 mL (1.77 cm2 × 7.1 cm)
consisting of a total void space of 6.4 mL based on a porosity of
51% (MIA, also being consistant with the use of 50% porogen).
The structural integrity of the monolith is maintained across a
range of solvents by the high crosslinking of the structure, 44%
based on the theoretical incorporation of DVB. In pressure tests a
maximum value of only 2.2 bar was recorded for flow rates of up
to 5 mL min−1 using MeCN as the solvent. Indeed, the monoliths
possessed a near-linear correlation between pressure and flow
rate. Even at higher flow rates (10 mL min−1) the hydrodynamic
compressibility of the system was excellent, registering only 4.6
bar, implying very little channel collapse or closure. Elemental
analysis (C, H and Cl) indicated a functionalisation of 3.5 mmol g−1


compared to a theoretical value of 3.95 mmol g−1 (complete VBC
incorporation). In practice this high loading value would not be
possible to fully exploit in the further chemical functionalization
due to the highly cross-linked matrix created. Only certain sites
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Fig. 3 SEM images of the macroporous Merrifield-type monolith.


would be accessible to solution-phase species, and typically an
expected post-polymerisation loading of 40–60% of the theoretical
loading is attainable.


Next, the Merrifield-type monolith was converted to its quater-
nary ammonium form by reaction with triethylamine. A solution
of the amine in toluene (1 : 4 v/v; 2.5 equiv.) was pumped through
the column at 0.2 mL min−1 at 60 ◦C over a period of 48 h (output
solution was recycled). The column was then flushed consecutively
with toluene, DCM, MeOH and water, each at 1.0 mL min−1 for
30 min (system temperature 60 ◦C). Finally, an aqueous solution
of sodium azide was prepared (0.1 M; 40 mL) and passed through
the monolith structure at 0.25 mL min−1 at ambient temperature
to generate the azide-exchanged column. A sequential washing
sequence involving water (1 mL min−1, 1 h), water–MeCN (1 : 1)
and MeCN, each pumped at 1.0 mL min−1 for 1 h ensured only
immobilised azide remained. This affords a monolithic structure
with an azide loading of 2.0 mmol g−1 according to C, H and
N analysis. Employing the R2+ and R4 system, a small batch
of azide-functionalised monoliths were readily prepared (four
simultaneous reactions can be conducted on the R4 unit using
the R2+ system for solvent washing and reagent dispensing).


Having established a convenient and reliable procedure for the
generation of the azide-functionalised monoliths, we turned our
attention to preparing larger units to conduct scaled synthesis.


For synthetic expedience we aimed to make a series of monoliths
with effective azide loadings of 3, 7 and 15 mmol per cartridge.
The dimensions for these column bodies were 6.6, 10 and 15 mm
i.d. by 100 mm, respectively. Our fabrication process proved
robust, allowing all desired sizes of the monoliths to be prepared.
Indeed, the variously sized monoliths showed excellent agreement
in both their physical and chemical parameters. However, our
observations are that much larger monoliths would certainly
require an alternative approach, as the internal structures show
a marked degradation as the dimensions of the system are scaled.
Obvious signs of cavitation and collapse of the internal polymeric
network can be detected in these larger monoliths. This can be
easily monitored and characterised by the increased pressure
drop across the construct and noticeable channelling of coloured
solutions through the matrix. Furthermore, clear shrinking of
the polymer core occurs during the curing process, significantly
reducing the cohesion of the polymer core to the glass wall
of the column and thereby rendering the system useless for
flow applications. Ways of artificially stabilising the monolith
morphology by introducing additional buttressing and structural
supports are under investigation.


Curtius rearrangement of acyl chlorides using the azide
ion-exchanged monolith in the R2+ and R4 flow reactor


The newly prepared monoliths were then used to convert acyl
chlorides to their corresponding isocyanates via their acyl azide
intermediates. The rearranged isocyanates were also further
reacted with various nucleophiles to obtain secondary carbamate
and urea products.1


In a typical experiment (Scheme 1; Path A), 1 mmol of the
starting material was introduced to the main flow stream via a
1 mL injection loop as a 1 M solution in MeCN. The material
was delivered to the monolithic reactor (15 mmol column) using
MeCN as the system solvent at a flow rate of 0.5 mL min−1. Since
the pore volume of the monolithic reactor is approximately 6.5 mL,
the residence time for the reactor was assumed to be 13 min.
The conversion of the acyl chlorides to the corresponding azides
happens at ambient temperature and is therefore easily achieved by
simply directing the starting material through the azide-exchange


Scheme 1 Flow reactor for Curtius rearrangements.
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monolith. Initially, we collected and characterised the output from
the monolith to enable identification of the acyl azide product,
which could be isolated in quantitative yield by simply removing
the solvent (see Experimental section; 3-bromobenzoyl azide 1).
This approach was then modified to create a small collection of
compounds by thermally rearranging the acyl azide intermediates
to their corresponding isocyanates and reacting these with various
nucleophiles (Fig. 4).


Fig. 4 Products from Curtius rearrangements and trapping of the
corresponding isocyanates.


For these extended reaction sequences, the acyl azide solution
(prepared as above) was directed to a secondary column packed
with a dehydrating agent (MgSO4 or Na2SO4; 1 g) (Scheme 1;
Path B). This acted to remove any possible traces of water from
the reaction stream and was found to be essential for the success of
the reaction. Following the Curtius rearrangement, the presence
of even small quantities of water rapidly led to the formation of
the carbamic acid, and then through spontaneous decarboxylation
to the corresponding amines and eventual urea by-products. The
presence of a small drying column entirely eliminated this problem.


Next, the solution feed from the drying column was passed
through a 10 mL convection flow coil (CFC) which was heated
at 120 ◦C promoting the rearrangement to the isocyanate.17 A
back-pressure regulator (100 psi) was added in-line after the
reactor to enable the superheating of the MeCN reaction mixture.
The output stream from the coil reactor containing the newly
formed isocyanate was collected directly into a 25 mL microwave
vial that already contained the appropriate nucleophile (1–4
equiv.) for the subsequent addition reaction. The solution was
collected for a period of 1.5 h (with the initial 35 min aliquot
being discarded), and then the vial was sealed and heated under
microwave irradiation18 at 100 ◦C for 10 min to ensure that
the reaction between the isocyanate and nucleophile had gone
to completion. The final product was then obtained by simply
removing the solvent or in certain cases by first passing the solution
through a small bond elute silica gel cartridge19 prior to solvent


removal. This gave the product in good yield and excellent purity
(>95% as determined by LC-MS and 1H-NMR; Fig. 4).


In these reactions a single monolith could be used to produce
between 1 and 10 mmol of the product with a steady-state output of
up to 30 mmol of acyl azide per hour. Therefore a series of columns
can be sequentially employed and by alternating between different
monoliths a small set of compounds produced. Alternatively, it
is possible to scale reactions by integrating multiple monoliths
through split reactant lines, rapidly increasing the throughput of
material. We have also demonstrated the feasibility of using larger
monoliths (20 mmol) as reactors for the conversion of a sequence
of different acyl chlorides separated by solvent plugs without
observing cross-contamination. In addition, parallelisation is
possible using the two dedicated HPLC pumps of the R2+ unit
to feed two independent channels and their associated monoliths
and CFC reactors. In practice, further auxiliary Knauer K120
HPLC pumps can also be readily configured with the system to
deliver extra reagent feeds, giving additional synthetic scope and
flexibility. It was also shown that the depleted monoliths could be
easily regenerated by eluting with a new solution of sodium azide as
previously described for their original preparation. Such columns
retained their original loading and reactivity as demonstrated by
their subsequent reactions.


Conclusion


In conclusion, a new monolithic azide exchange reactor has been
developed and tested. This monolithic cartridge has been shown
to be ideally suited for flow chemistry purposes, and when used in
combination with other flow reactor components is a powerful tool
for performing Curtius rearrangements and other azide-related
chemistries. Taking into account the high achievable loading of
the azide cartridge (up to 10 mmol reactive loading), the multiple
usage of each unit to create libraries, as well as its parallel operation
for scaling up reactions, both without compromising upon safety,
certainly indicates a significant synthetic potential.


Experimental


Unless otherwise stated, reaction solutions were prepared in
MeCN (distilled over calcium hydride) in 5 ml glass volumetric
flasks. 1H-NMR spectra were recorded on a Bruker Avance DPX-
400 or DRX-500 spectrometer with residual chloroform as the
internal reference (CHCl3 dH = 7.26 ppm). 13C-NMR spectra
were also recorded in CDCl3 on the same spectrometer with
the central peak of the residual solvent as the internal reference
(dC = 77.0 ppm). COSY, DEPT 135 and HMQC spectroscopic
techniques were used to aid the assignment of signals in the 13C-
NMR spectra. Infrared spectra were recorded on a Perkin-Elmer
Spectrum One FT-IR spectrometer neat. Letters in the parentheses
refer to relative absorbency of the peak: w, weak, <40% of the main
peak; m, medium, 41–74% of the main peak; s, strong, >74% of
the main peak. LC/MS analysis was performed on an Agilent
HP 1100 chromatograph (Luna Max RP column) attached to an
HPLC/MSD mass spectrometer. Elution was carried out using
a reversed-phase gradient of MeCN–water with both solvents
containing 0.1% formic acid. The gradient is described in Table 1.
For HRMS a LCT Premier Micromass spectrometer was used.
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Table 1 LC-MS conditions


Time/min MeCN (%) Flow rate/mL min−1


0.00 5 1
3.00 95 1
5.00 95 1
5.50 5 1
8.00 5 1


Preparation of the Merrifield-type monolith


A stock solution of divinylbenzene (technical grade containing
a mixture of isomers; 5.2 mL; 36.5 mmol; 80% technical grade),
4-vinylbenzene chloride (7.8 mL; 55.3 mmol; 90% purity grade),
1-dodecanol (13.0 mL; 63.5 mmol) and AIBN (130 mg; 0.8 mmol)
was prepared. A 15 mm × 100 mm Omnifit column was filled from
this stock solution and both end of the column were sealed by plugs
(VapourTec) and the system maintained under positive pressure
(20 psi, top connector) while the curing process was conducted.20


The VapourTec R4 convective heating unit was used to heat the
column at 80 ◦C for 20 h. A white polymeric monolith resulted.
This monolith was washed with THF at 1 mL min−1 for 2 h at
60 ◦C using the R2+ and R4 combination unit. The back-pressure
for the washing step was only 0.1 bar. Elemental analysis C, H and
Cl of the monolithic column (C; 78.73% H; 6.77% Cl; 12.53%)
gave results equating to a loading of 3.5 mmol g−1.


Preparation of quaternary ammonium chloride ion-exchange
monolith


A stock solution of triethylamine (25 ml) in toluene (75 mL)
was prepared. This solution was pumped through the Merrifield
monolith prepared in the previous step at a flow rate of 0.2 ml min−1


for 48 h, the column being maintained at 60 ◦C. The column was
then washed with dichloromethane at 1 mL min−1 for 30 min.
The system back-pressure steadily increased to 12 bar during the
washing step. The wash solvent was then changed to methanol and
the column eluted at 1 mL min−1 for 30 min. The system back-
pressure returned to 0.1 bar. Finally the column was washed with
water at 1.0 mL min−1 for an additional 30 min. This monolith
was then ready for further ion-exchange functionalisation.


Preparation of azide exchange monolith


A stock solution of sodium azide (2.5 g) was dissolved in water
(40 mL). The solution was passed through the monolith column
prepared in the previous step at 0.25 mL min−1. The column was
then washed sequentially with water (1 mL min−1, 1 h), water–
MeCN (1 : 1) and MeCN, each pumped at 1.0 mL min−1 for 1 h
each. Elemental analysis: C 77.21%, H 6.53%, N 10.75%, equating
to a loading of 2.0 mmol g−1 of immobilized azide.


A typical Curtius reaction


A solution of 3-tert-butyl-1-methyl-1H-pyrazole-5-carbonyl chlo-
ride (201 mg, 1.0 mmol) in acetonitrile (1.0 mL) was injected into
the 1 mL sample loop of the R2+ unit. The valve was set to
load and the material pumped through the azide monolith using
acetonitrile as the system solvent at a flow rate 0.5 mL min−1. The
output of the monolith reactor was directed through a column
packed with anhydrous sodium sulfate (1.0 g) then into a 10 mL


CFC which was heated at 120 ◦C (R4 unit). A back-pressure
regulator (100 psi) was added in-line after the reactor to enable the
superheating of the MeCN reaction mixture. The output stream
from the coil reactor containing the newly formed isocyanate was
collected directly into a 25 mL microwave vial containing ethanol
(0.5 mL). The solution was collected for a period of 1.5 h (with
the initial 35 min aliquot being discarded) then the vial sealed and
heated under microwave irradiation at 100 ◦C for 10 min. The
solvent was then removed to obtain ethyl 3-tert-butyl-1-methyl-
1H-pyrazole-5-ylcarbamate 5 (180 mg; 90%) as a pale yellow oil.


3-Bromobenzoyl azide (1). Flow rate 0.5 mL min−1, 1 mmol,
Yield: quantitative, Rt = 4.66 min, (no corresponding mass found);
1H-NMR (400 MHz, CDCl3): d/ppm 8.16 (1H, t, J = 8.0 Hz), 7.95
(1H, dt, J = 7.5, 1.5 Hz), 7.73 (1H, dq, J = 8.0, 1.5 Hz), 7.34 (1H,
t, J = 8.0 Hz); 13C-NMR (100 MHz, CDCl3): d/ppm 123.19 (C),
128.35 (CH), 130.60 (CH), 132.77 (CH), 132.92 (C), 137.57
(CH), 171.64 (C); IR: m 2137.2 (s), 1771.9 (s), 1691.0 (s), 1592.2,
1568.4 (m), 1472.2, 1421.7 (m), 1374.9, 1278.8 (m), 1228.9 (s),
1166.1 (s), 1067.6 (m), 1036.1 (m), 994.9 (s), 868.8, 802.0, 725.0 (s),
670.0 cm−1; HRMS calculated for C7H5BrN3O 224.9536, found
224.9532.


Ethyl 3-bromophenylcarbamate (2). Flow rate 0.5 mL min−1,
2 mmol, Yield: 84%, Rt = 4.48 min, M + H m/z = 244.1; 1H-NMR
(400 MHz, CDCl3): d/ppm 7.65 (1H, m), 7.15–7.35 (3H, m), 6.72
(1H, br. s), 4.24 (2H, q, J = 8.5 Hz), 1.31 (3H, t, J = 8.5 Hz);
13C-NMR (100 MHz, CDCl3): d/ppm 14.89 (CH3), 61.92 (CH2),
117.52 (CH), 121.98 (CH), 123.13 (C), 126.72 (CH), 130.68 (CH),
139.74 (C), 153.76 (C); IR: m 3310.4 (m), 2980.3, 2936.2, 2137.8,
1702.1 (s), 1590.9 (s), 1529.1 (s), 1479.9 (s), 1422.4 (s), 1389.2 (m),
1304.1 (m), 1275.6 (s), 1222.9 (s), 1168.6 (m), 1095.5 (m),
1074.1 (s), 1062.7 (s), 995.2 (m), 915.8, 852.1 (m), 772.4 (s),
730.5, 681.4 (m) cm−1; calculated for C9H11BrNO2 243.9973, found
243.9968.


Ethyl 4-fluorophenylcarbamate (3)21. Flow rate 0.5 mL min−1,
2 mmol, Yield: 77%, Rt = 4.16 min, m/z = 138.00 (acylium
ion); 1H-NMR (400 MHz, CDCl3): d/ppm 7.27–7.24 (2H, m),
6.94–6.89 (2H, m), 6.59 (1H, s), 4.14 (2H, q, J = 8.0 Hz), 1.22
(3H, t, J = 8.0 Hz); 13C-NMR (100 MHz, CDCl3): d/ppm 14.90
(CH3), 61.68 (CH2), 116.06 (2 × CH, d, J = 22.5 Hz), 120.87 (2 ×
CH), 134.33 (C), 154.22 (C), 159.36 (C, d, J = 240.7 Hz); IR: m
3311.6 (m), 2990.8, 2924.5 (m), 2155.4, 1696.5 (s), 1610.1 (m),
1531.4 (s), 1509.1 (s), 1411.3 (m), 1387.8, 1365.3, 1303.2 (m),
1208.3 (s), 1156.5 (m), 1098.3 (m), 1064.4 (s), 1012.5 (m), 930.2,
830.1 (s), 782.0 (m), 767.8 (s), 744.3 (s) cm−1; calculated for
C9H11FNO2 184.0774, found 184.0780.


N-Cyclopropyl-1H-imidazole-1-carboxamide (4). Flow rate
0.5 mL min−1, 1 mmol, Yield: 73%, Rt = 1.02 (no corresponding
mass found); 1H-NMR (400 MHz, CDCl3): d/ppm 8.35 (1H, s),
8.16 (1H, s), 7.48 (1H, s), 6.91 (1H, s), 2-74-2.72 (1H, m), 0.74–
0.73 (2H, m), 0.60–0.59 (2H, m); 13C-NMR (100 MHz, CDCl3):
d/ppm 6.89 (2 × CH2), 23.90 (CH), 108.29 (C), 130.21 (C),
136.18 (C), 150.07 (C); IR: m 3122.7 (m), 3013.9 (m), 2839.2,
1707.3 (s), 1536 (s), 1518.8 (s), 1377.4 (m), 1354.9 (m), 1321.5 (s),
1291.0 (s), 1225.1 (m),1195.5, 110.1, 1064.0 (s), 1020.0, 949.9,
912.4, 846.1 (m), 749.5 (m), 654.7 (m) cm−1; calculated for
C7H10N3O 152.0820, found 152.0818.
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Ethyl 3-tert-butyl-1-methyl-1H-pyrazole-5-ylcarbamate (5).
Flow rate 0.5 mL min−1, 1 mmol, Yield: 90%, Rt = 3.96 min, M +
H m/z = 226.3; 1H-NMR (400 MHz, CDCl3): d/ppm 6.33 (1H,
s), 6.04 (1H, s), 4.3 (2H, q, J = 8.0 Hz), 3.70 (3H, s), 1.33
(3H, t, J = 8.0 Hz), 1.29 (9H, s); 13C-NMR (100 MHz, CDCl3):
d/ppm 14.42 (CH3), 31.98 (CH3), 32.18 (C), 34.93 (CH3), 62.03
(CH2), 96.12 (C), 135.17(C), 153.98(C), 160.97 (C); IR: m 3275.9,
2959.2 (s), 2867.2, 1709.2 (s), 1570.7 (s), 1461.3 (m), 1361.9 (m),
1230.7 (s), 1095.9, 1061.6 (s), 990.4, 779.6 (m) cm−1; calculated for
C11H20N3O2 226.1556, found 226.1553.


Allyl 3-bromophenylcarbamate (6)14. Flow rate 0.5 mL min−1,
1 mmol, Yield: 74%, Rt = 4.63 min, M + H m/z = 215.14
(carbamic acid); 1H-NMR (400 MHz, CDCl3): d/ppm 7.67 (1H,
s), 7.31–7.29 (1H, m), 7.21–7.14 (2H, m), 6.87 (1H, s), 5.99 (1H,
ddt, J = 17.2, 10.4, 5.5 Hz), 5.37 (1H, app. dq, J = 17.2, 1.5,
1.5 Hz), 5.29 (1H, app. dq, J = 10.4, 1.5, 1.5 Hz), 4.68 (1H, app.
dt, J = 5.5, 1.5, 1.5 Hz); 13C-NMR (100 MHz, CDCl3): d/ppm
66.51 (CH2), 118.92 (CH2), 122.08 (CH), 122.87 (CH), 123.14 (C),
126.86 (CH), 130.70 (CH), 132.60 (CH), 139.57 (C), 153.44 (C);
IR: m 3309.9 (m), 3083.3, 2946.5, 1706.6 (s), 1649.0, 1590.8 (s),
1530.4 (s), 1481.2 (s), 1421.0 (s), 1305.1 (m), 1275.3 (s), 1223.4 (s),
1167.8, 1095.7 w), 1073.6 (m), 1057.8 (m), 995.2 (m), 934.1,
867.9, 774.9 (m), 681.7 (m) cm−1; calculated for C10H10BrNO2Na
277.9800, found 277.9787.


Allyl 4-fluorophenylcarbamate (7). Flow rate 0.5 mL min−1,
1 mmol, Yield: 78%, Rt = 4.36 min, M + Na m/z = 219.1; 1H-
NMR (400 MHz, CDCl3): d/ppm 7.39–7.34 (2H, m), 7.04–6.98
(2H, m), 5.97 (1H, ddt, J = 17.2, 10.4, 5.5 Hz), 5.37 (1H, ap. dq,
J = 17.2, 1.5, 1.5 Hz), 5.27 (1H, ap. dq, J = 10.4, 1.5, 1.5 Hz),
4.68 (1H, ap. dt, J = 5.5, 1.5, 1.5 Hz), 13C-NMR (100 MHz,
CDCl3): d/ppm 66.33 (CH2), 115.99 (2 × CH, d, J = 22.5), 118.73
(CH2), 120.87 (2 × CH) 132.73 (CH), 134.16 (C), 153.87 (C),
159.40 (C, d, J = 241.2); IR: m 3315.0 (m), 2094.1, 1707.8 (s),
1614.2 (m), 1540.0 (s), 1512.3 (s), 1410.8(s), 1308.2 (m), 1221.0 (s),
1158.2, 1102.6, 1061.2 (s), 995.9, 935.1, 834.4 (s), 791.0, 769.1 cm−1;
calculated for C10H11FNO2 196.0774, found 196.0775.


3-(3-Bromophenyl)-1,1-diethylurea (8). Flow rate 0.5 mL
min−1, 1 mmol, Yield: 86%, Rt = 4.34 min, M + H m/z = 273.2;
1H-NMR (400 MHz, CDCl3): d/ppm 7.63 (1H, m), 7.26 (1H, m),
7.04–7.10 (2H, m), 6.57 (1H, br. s), 3.33 (4H, q, J = 7.5 Hz),
1.17 (6H, t, J = 7.5 Hz); 13C-NMR (100 MHz, CDCl3): d/ppm
13.85 (CH3), 42.32 (CH2), 118.44 (CH), 122.30 (C), 122.80 (CH),
125.54 (CH), 129.91 (CH), 140.83 (C), 154.39 (C); IR: m 3321.3(m),
2976.4 (m), 2931.1 (m), 2871.9, 2028.5, 1636.8 (s), 1595.3 (m),
1585.0 (s), 1519.4 (s), 1477.0 (s), 1452.4 (m), 1422.2 (s), 1401.6 (m),
1378.8 (m), 1364.9, 1301.4 (s), 1279.0 (s), 1241.6 (s), 1222.2 (m),
1162.6 (s), 1099.2, 1071.7 (m), 1085.0 (m), 1051.9, 993.9 (m),
977.0 (m), 936.3, 897.7 (m), 876.2 (m), 830.9, 790.2, 773.4 (s),
753.4 (m), 733.0 (m), 686.0 (m), 670.3 (m) cm−1; calculated for
C11H16BrN2O 271.0446, found 271.0439.


Benzyl 3-bromophenylcarbamate (9)14. Flow rate 0.5 mL
min−1, 1 mmol, Isolated yield following filtration through silica:
64%, Rt = 4.97 min, M + H m/z = 307.6; 1H-NMR (400 MHz,
CDCl3): d/ppm 7.67 (1H, s), 7.43–7.37 (5H, m), 7.30 (1H,
s), 7.22–7.15 (2H, m), 6.75 (1H, s), 5.22 (2H, s); 13C-NMR
(100 MHz, CDCl3): d/ppm 67.69 (CH2), 117.57 (CH), 122.03
(CH), 123.16 (C), 126.92 (CH), 128.73 (2 × CH) 128.88 (2 × CH),


129.05 (CH), 130.70 (CH), 136.19 (C), 139.49 (C), 153.44 (C); IR:
m 3396.9, 3307.6 (m), 1705.7 (s), 1594.4 (s), 1531.3 (s), 1481.4 (m),
1454.9, 1422.4 (m), 1305, 1275.7 (s), 1222.2 (s), 1095.4, 1073.6 (m),
1054.3 (m), 995.5, 870.5, 776.6 (m), 742.3, 697.5 (m), 681.8 cm−1;
calculated for C14H13BrNO2 306.0130, found 306.0132.


N -(3-(2-Chloro-6-fluorophenyl)-5-methylisoxazole-4-yl)mor-
pholine-4-carboxamide (10). Flow rate 0.5 mL min−1, 1 mmol,
Yield: 76%, Rt = 3.82 min, M + H m/z = 340.2; 1H-NMR
(400 MHz, CDCl3): d/ppm 7.38 (1H, m), 7.30 (1H, d, J =
8.0 Hz), 7.10 (1H, dt, J = 8.5, 1.0 Hz), 5.86 (1H, br. s), 3.59
(4H, t, J = 4.5 Hz), 3.29 (4H, t, J = 4.5 Hz), 2.40 (3H, s);
13C-NMR (100 MHz, CDCl3): d/ppm 11.45 (CH3), 44.36 (2 ×
CH2), 66.27 (2 × CH2), 114.66 (CH, d, J = 22.5 Hz), 115.03 (C),
116.69 (C, d, J = 18.4 Hz), 125.64 (CH, d, J = 3.6 Hz),
131.74 (CH, d, J = 9.4 Hz), 134.74 (C, d, J = 3.9 Hz), 153.92
(C, d, J = 0.8 Hz), 155.07 (C), 160.79 (C, d, J = 251.7 Hz),
165.27 (C); IR: m 3286.8 (m), 2967.0, 2922.3, 2899.0, 2857.1,
2244.2, 1637.0 (s), 1572.3 (s), 1504.8 (s), 1456.3 (s), 1438.0 (s),
1390.0 (m), 1335.8, 1296.6 (m), 1251.8 (s), 1184.0 (m), 1149.3,
1115.2 (s), 1070.4 (m), 1019.5, 999.3 (m), 898.1 (s), 779.7 (s),
730.0 (s), 676.8 cm−1; calculated for C15H16ClFN3O3 340.0864,
found 340.0880. X-ray data: File reference: CCDC 675581;
Formula: C15H15Cl1F1N3O3·0.5(CH2Cl2); Unit cell parameters: a
25.8310(4), b 8.8237(2), c 19.7540(4), a 90.00, b 128.919(1), c
90.00; space group C2/c.


Methyl 3-(2-chloro-6-fluorophenyl)-5-methylisoxazole-4-ylcar-
bamate (11). Flow rate 0.5 mL min−1, 1 mmol, Yield: 74%, Rt =
4.12 min, M + H m/z = 285.2; 1H-NMR (400 MHz, CDCl3):
d/ppm 7.38 (1H, m), 7.29 (1H, d, J = 8.0 Hz), 7.10 (1H, d,
J = 8.5 Hz), 5.95 (1H, br. s), 3.62 (3H, br. s), 2.44 (3H, s);
13C-NMR (100 MHz, CDCl3): d/ppm 11.37 (CH3), 53.21 (CH3),
114.96 (CH, d, J = 21.6 Hz), 116.60 (C, d, J = 18.4 Hz), 126.08
(CH, d, J = 3.6 Hz), 132.28 (CH, d, J = 9.4 Hz), 135.44 (C,
d, J = 4.0 Hz), 153.89 (C, d, J = 0.8 Hz), 155.56 (C), 161.21
(C, d, J = 251.6 Hz), 165.64 (C); IR: m 3274.0 (m), 2956.4,
2250.6, 1718.2 (s), 1646.9 (m), 1612.3 (m), 1573.5 (s), 1530.2 (m),
1502.0 (m), 1457.7 (s), 1409.6 (m), 1373.8, 1343.3, 1251.8 (s),
1186.0, 1072.3 (s), 98.3, 902.0 (s), 786.9 (s), 734.8 (s) cm−1;
calculated for C12H11FN2O3 285.0442, found 285.0450.
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Elin Abraham, E. Anne Brock, José I. Candela-Lena, Stephen G. Davies,* Matthew Georgiou, Rebecca L.
Nicholson, James H. Perkins, Paul M. Roberts, Angela J. Russell, Elena M. Sánchez-Fernández, Philip M.
Scott, Andrew D. Smith and James E. Thomson


Received 30th January 2008, Accepted 20th February 2008
First published as an Advance Article on the web 19th March 2008
DOI: 10.1039/b801671b


The highly diastereoselective anti-aminohydroxylation of (E)-c-tri-iso-propylsilyloxy-a,b-unsaturated
esters, via conjugate addition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide and subsequent in situ
enolate oxidation with (+)-(camphorsulfonyl)oxaziridine, has been used as the key step in the
asymmetric synthesis of N,O,O,O-tetra-acetyl D-lyxo-phytosphingosine (20% yield over 7 steps), the
anhydrophytosphingosine jaspine B (10% yield over 9 steps), 2-epi-jaspine B (14% yield over 9 steps),
and the Prosopis alkaloid deoxoprosophylline (26% yield over 7 steps).


Introduction


The phytosphingosines are a sub-class of the sphingoid bases that
consist of a 1,3,4-trihydroxy-2-amino unit at the head of a long
hydrocarbon chain. By far the most abundant phytosphingosine
is D-ribo-phytosphingosine 1, with 18 carbon atoms in the
hydrocarbon chain, although smaller amounts of other chain
lengths have been detected (Fig. 1). Sphingolipids are essential
components of eukaryotic cells1 and phytosphingolipids exhibit
important physiological properties.2,3 As such, there has been
much interest in their synthesis, and this was the subject of a
review in 2002.4 The majority of routes to this molecular class are
enantiospecific, utilising starting materials from the chiral pool;5


in comparison asymmetric routes are relatively rare.6


Fig. 1 Diastereoisomers of C18 phytosphingosine 1–4.


Recent studies on the marine sponge Pachastrissa sp.
by Higa and co-workers7 led to the isolation of a cyclic
anhydrophytosphingosine, which they named pachastrissamine
6. Shortly after, in an independent study, Debitus and co-workers
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reported the isolation of two anhydrophytosphingosines from
the marine sponge Jaspis sp.,8 which they named jaspine A 5
and B 6; pachastrissamine and jaspine B being identical (Fig. 2).
To date, eleven enantiospecific syntheses of jaspine B 6 have
been reported,9–15 utilizing L-serine,9 D-xylose,10 (R)-glycidol,11


D-ribo-phytosphingosine,12 D-glucose,13 D-galactose,14 and
D-tartaric acid15 as the sources of chirality. Three asymmetric
syntheses of jaspine B 6 have also been disclosed:16,17 in addition
to the procedure communicated by us (employing lithium amide
conjugate addition),16 two other strategies have been reported
which both employ the Sharpless asymmetric dihydroxylation
reaction.17 Two syntheses of ‘truncated’ analogues (bearing C5


and C8 side-chains), based upon manipulation of L-xylose,18 and
Sharpless asymmetric epoxidation,19 have also appeared.


Fig. 2 Jaspine A 5 and jaspine B (pachastrissamine) 6.


Previous investigations from this laboratory have demon-
strated that the conjugate addition of homochiral, secondary
lithium amides (derived from a-methylbenzylamine)20 to a,b-
unsaturated esters and in situ enolate oxidation with (camphor-
sulfonyl)oxaziridine (CSO) represents an efficient entry to anti-
a-hydroxy-b-amino esters.21 This methodology has been used as
the key step in a number of natural product syntheses22 and
was applied by us as described in the preceding manuscript to
the asymmetric synthesis of the sphingoid bases sphinganine
and sphingosine.23 In this manuscript we report the further
application of this versatile methodology to encompass the
asymmetric syntheses of the N,O,O,O-tetra-acetyl derivative of
D-lyxo-phytosphingosine 2, jaspine B (pachastrissamine) 6 and


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1665–1673 | 1665







2-epi-jaspine B 7, as well as its extension to the asymmetric
synthesis of the Prosopis alkaloid deoxoprosophylline. Part of this
work has been communicated previously.16


Results and discussion


Retrosynthetic analysis of jaspine B 6 and 2-epi-jaspine B 7
proceeded via initial disconnection of either endocyclic O–C bond
of the THF skeleton to give a protected phytosphingosine 8 (with
either the D-lyxo- or D-ribo-configuration). It was anticipated that
phytosphingosine derivative 8 could result from diastereoselective
addition of an organometallic reagent to aldehyde 9. In turn,
aldehyde 9 could be derived from anti-a-hydroxy-b-amino ester
10 (Fig. 3).


Fig. 3 Retrosynthetic analysis of jaspine B 6 and 2-epi-jaspine B 7.


It was therefore envisaged that the development of an efficient
asymmetric route to either D-lyxo- or D-ribo-phytosphingosine 1
or 2, coupled with subsequent ring closure, would facilitate an
entry to jaspine B 6 and 2-epi-jaspine B 7.


Asymmetric synthesis of N ,O,O,O-tetra-acetyl
D-lyxo-phytosphingosine


Aldehyde 16 was reported by us in the preceding manuscript as an
intermediate in the synthesis of sphinganine and sphingosine,23


and therefore its utility in the proposed synthesis of D-lyxo-
or D-ribo-phytosphingosine was examined. Conjugate addition
of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide to c-tri-iso-
propylsilyloxy-a,b-unsaturated ester 11 and enolate oxidation with
(+)-CSO21 gave a-hydroxy-b-amino ester 12 which, after protecting
group manipulation, furnished oxazolidine ester 14. Reduction
of 14 with DIBAL-H, followed by re-oxidation with IBX, gave
aldehyde 16 which was used immediately (Scheme 1).16,23


Aldehyde 16 was treated with a solution of tetradecylmagne-
sium bromide in THF (prepared from 1-bromotetradecane and
magnesium turnings in the presence of iodine). It was found that
an excess of Grignard reagent (5 eq, based on 1-bromotetradecane)
was required to drive the addition reaction to completion, giving
a chromatographically separable 90 : 1024 mixture of alcohols
(4S,5S,1′S)-17 and (4S,5S,1′R)-18, isolated in 51 and 4% yield
respectively, and in >98% de in both cases. The configurations
of the newly formed C(1′)-stereocentres within alcohols 17 and 18
could not be assigned a priori; they were established via conversion
to the corresponding N,O,O,O-tetra-acetyl phytosphingosines
19 and 20. Global hydrolysis of the protecting groups within
the major diastereoisomeric alcohol (4S,5S,1′S)-17 was achieved


Scheme 1 Reagents and conditions: (i) lithium (S)-N-benzyl-N-(a-
methylbenzyl)amide, THF, −78 ◦C, 2 h, then (+)-CSO, −78 ◦C to
rt, 12 h; (ii) H2 (5 atm), Pd(OH)2/C, Boc2O, EtOAc, rt, 12 h; (iii)
2,2-dimethoxypropane, BF3·Et2O, acetone, reflux, 12 h; (iv) DIBAL-H,
DCM, 0 ◦C, 6 h; (v) IBX, DMSO, rt, 12 h.


upon treatment with HCl in MeOH–H2O, with subsequent
acetylation giving N,O,O,O-tetra-acetyl D-lyxo-phytosphingosine
19 with spectroscopic properties in excellent agreement with
those previously reported {[a]21


D −3.1 (c 0.7 in CHCl3); lit.25


[a]22
D −3.1 (c 1.1 in CHCl3)}. Analogous treatment of the minor


diastereoisomeric alcohol (4S,5S,1′R)-18 gave N,O,O,O-tetra-
acetyl D-ribo-phytosphingosine 20 {[a]22


D +18.2 (c 1.0 in CHCl3);
lit.25 [a]22


D +21.9 (c 1.1 in CHCl3)}. The preferential addition of
tetradecylmagnesium bromide to the Si face of aldehyde 16, giving
alcohol (4S,5S,1′S)-17 as the major diastereoisomeric product, is
therefore consistent with the 1,2-addition reaction proceeding via
a chelated Cram model26 (Scheme 2).


Scheme 2 Reagents and conditions: (i) C14H29MgBr, THF, 0 ◦C to rt, 6 h;
(ii) HCl (3 M, aq), MeOH, 50 ◦C, 3 h, then Ac2O, DMAP, pyridine, rt,
12 h.


Asymmetric synthesis of jaspine B and 2-epi-jaspine B


With samples of epimeric alcohols 17 and 18 in hand their
conversion to jaspine B 6 and 2-epi-jaspine B 7 was investigated.
It was anticipated that activation of the C(1′)-hydroxyl within the
major diastereoisomeric alcohol (4S,5S,1′S)-17 as a leaving group,
followed by sequential desilylation and SN2-type ring closure
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would give the tetrahydrofuran skeleton. Subsequent deprotection
would then furnish 7.27 Thus, mesylation of alcohol (4S,5S,1′S)-
17 gave mesylate 21 in 75% yield. Subsequent desilylation of 21
with TBAF was followed by in situ cyclisation of the resultant
primary oxyanion species 22, giving tetrahydrofuran 23. Tetrahy-
drofuran 23 proved inseparable by chromatography from the
silicon-containing by-products formed in the desilylation reaction
and therefore acidic hydrolysis was undertaken, giving 24 in
quantitative yield and >98% de from 21. Subsequent basification
and recrystallisation gave 7 in 70% yield (14% overall yield in 10
steps from c-tri-iso-propylsilyloxy-a,b-unsaturated ester 11) and
>98% de, with spectroscopic data in excellent agreement with that
of the literature {[a]24


D +16.4 (c 0.85 in MeOH); lit.12a [a]22
D +15.0 (c


1.0 in MeOH)} (Scheme 3).


Scheme 3 Reagents and conditions: (i) MsCl, DMAP, Et3N, DCM, 0 ◦C,
3 h; (ii) TBAF, THF, rt, 30 min; (iii) HCl (3 M, aq), MeOH, 50 ◦C, 3 h;
(iv) KOH (2 M, aq), then recrystallisation.


Following the successful synthesis of 7 from the major
diastereoisomeric alcohol (4S,5S,1′S)-17 resulting from addition
of tetradecylmagnesium bromide to aldehyde 16, it was pre-
dicted that a similar sequence of reactions applied to the minor
diastereoisomeric alcohol (4S,5S,1′R)-18 would give jaspine B 6.
In accordance with this hypothesis, mesylation of (4S,5S,1′R)-18
gave mesylate 25, with subsequent desilylation upon treatment
with TBAF accompanied by cyclisation to 27. Hydrolysis of 27,
basification and recrystallisation gave jaspine B 6 as a white solid,
in 58% overall yield from alcohol 18 (Scheme 4).


The overall yield of jaspine B 6 from c-tri-iso-propylsilyloxy-a,b-
unsaturated ester 11, however, was unacceptably low (1.1%) due
to the use of alcohol (4S,5S,1′R)-18 (the minor diastereoisomer
resulting from Grignard addition to aldehyde 16, isolated yield
4%) in the synthesis. An alternative approach to the natural
product from the major diastereoisomeric alcohol (4S,5S,1′S)-
17 was therefore envisaged. It was proposed that desilylation
of (4S,5S,1′S)-17 would give the corresponding diol 29, which
could be selectively activated at the primary hydroxyl group,
with subsequent ring closure giving tetrahydrofuran 27. Thus,


Scheme 4 Reagents and conditions: (i) MsCl, DMAP, pyridine, 0 ◦C to
rt, 12 h; (ii) TBAF, THF, rt, 30 min; (iii) HCl (3 M, aq), MeOH, 50 ◦C,
3 h; (iv) KOH (2 M, aq), then recrystallisation.


desilylation of (4S,5S,1′S)-17 with TBAF gave diol 29 in 95%
isolated yield. Attempted selective mesylation of the primary
hydroxyl group of diol 29 under a variety of conditions was
unsuccessful due to competing mesylation of the secondary
hydroxyl group, forming a mixture of mono- and dimesylated
species. Competitive mesylation of the secondary hydroxyl group
could not be prevented even at −78 ◦C and employing a
sub-stoichiometric amount of mesyl chloride (0.5 eq). It was
therefore proposed that treatment of diol 29 with a more bulky
activating agent would increase the selectivity for activation of the
primary over the secondary hydroxyl. Unfortunately, treatment of
diol 29 with triphenylphosphine and N-iodosuccinimide gave a
complex mixture of products, whilst attempted tosylation at room
temperature returned only starting material, even after extended
reaction times (5 days) and in the presence of a stoichiometric
amount of DMAP. At reflux in pyridine, however, a mixture
of tetrahydrofurans 27 and 23, resulting from tosylation of the
primary and secondary hydroxyl groups, respectively, and in situ
cyclisation, was observed. The effect of reaction temperature
on the formation of these two diastereoisomers was therefore
investigated, and revealed that no tosylated or cyclised products
appeared until above 60 ◦C; however, at this temperature both
27 and 23 were observed. Optimum conditions for the selective
formation of tetrahydrofuran 27 from diol 29 were heating at
80 ◦C with 3 equivalents of tosyl chloride and catalytic DMAP for
8 hours, which gave quantitative conversion to an 82 : 18 mixture
of 27 : 23, with subsequent chromatographic separation giving 27
in 52% yield and >98% de, and 23 in 15% yield and >98% de.
Subsequent global deprotection of 27 and recrystallisation gave
jaspine B 6 in an improved 10% overall yield in 9 steps from c-tri-
iso-propylsilyloxy-a,b-unsaturated ester 11 (Scheme 5).


The samples of jaspine B 6 prepared independently from
both alcohols (4S,5S,1′S)-17 and (4S,5S,1′R)-18 (Scheme 4 and
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Scheme 5 Reagents and conditions: (i) TBAF, THF, rt, 30 min; (ii) TsCl,
DMAP, pyridine, reflux, 8 h; (iii) HCl (3M, aq), MeOH, 50 ◦C, 3 h, then
KOH (2M, aq), then recrystallisation.


Scheme 5) were identical by 1H NMR and displayed physical and
spectroscopic properties in excellent agreement with those origi-
nally reported for the natural product by Higa et al. {[a]23


D +17.5 (c
0.3 in EtOH); lit.7 [a]25


D +18.0 (c 0.1 in EtOH)}. In order to further
confirm the relative stereochemistry of our samples of jaspine B 6
and 2-epi-jaspine B 7, both were derivatised to the corresponding
N,O-diacetates 30 and 31 upon treatment with Ac2O and DMAP
in pyridine (Scheme 6). The spectroscopic properties of 30 and
31 were in excellent agreement with those of the literature {30
[a]23


D −26.4 (c 0.5 in CHCl3); lit.12a [a]25
D −22.6 (c 1.0 in CHCl3); 31


[a]21
D −14.6 (c 0.5 in CHCl3); lit.12a [a]22


D −15.4 (c 1.0 in CHCl3)}.


Scheme 6 Reagents and conditions: (i) Ac2O, DMAP, pyridine, rt, 12 h.


1H NMR NOE analyses conducted on these samples were in
accordance with the original data reported by Higa7 and Debitus.8


For N,O-diacetyl jaspine B 30, a series of enhancements between
C(2)H, C(3)H, C(4)H, and C(5)HA, suggested that they all occupy
the same face of the tetrahydrofuran ring (Fig. 4) whilst in N,O-
diacetyl-2-epi-jaspine B 31 a series of strong enhancements
between C(3)H, C(4)H and C(1′)H2 suggest that these protons
occupy the same face of the tetrahydrofuran core. Other NOE en-
hancements to C(5)H2 served to confirm this assignment (Fig. 5).


Subsequent recrystallisation of N,O-diacetyl jaspine B 30 from
CHCl3–heptane gave colourless prisms which proved suitable for
single crystal X-ray structural analysis.28 This unambiguously
confirmed the all cis relationship of the substituents around
the ring. An extended data collection using Cu-Ka radiation
allowed determination of a Flack parameter29 for the structure
of −0.04(15), which satisfies the criterion for a reliable assignment


Fig. 4 Selected 1H NMR NOE enhancements for N,O-diacetyl jaspine B
30.


Fig. 5 Selected 1H NMR NOE enhancements for N,O-diacetyl-2-
epi-jaspine B 31.


of absolute configuration of a material known to be homochiral,29


and allowed the reported absolute (2S,3S,4S)-configuration of the
natural product (originally determined by Higa et al.7 using the
Mosher method)30 to be confirmed unambiguously.


Asymmetric synthesis of deoxoprosophylline


In order to further demonstrate the versatility of this lithium amide
methodology for the synthesis of natural products containing an
amino diol motif, application to the synthesis of the Prosopis
alkaloid deoxoprosophylline 32 was examined. The Prosopis alka-
loids, isolated from Prosopis africana Taub.,31 possess a polar head
group and a hydrophobic tail and are therefore often considered
as cyclic analogues of the sphingoid bases.32 These polysubstituted
piperidine alkaloids33 exhibit a range of useful pharmacological
properties, such as anesthetic, analgesic and antibiotic activity.34


There has thus been considerable synthetic interest in this sub-
group of piperidine alkaloids and several syntheses producing
the natural products in both racemic and homochiral forms have
appeared in the literature.35,36


Retrosynthetic analysis of deoxoprosophylline 32 revealed that
disconnection of the N(1)–C(6) bond gave ketone 33. Functional
group manipulation and further disconnection across the double
bond of 34 gave aldehyde 9, an intermediate in the retrosynthesis
of jaspine B 6 (vide supra, Fig. 3). In the forward direction,
it was anticipated that hydrogenation of the alkene within 34
and hydrogenolysis of the N-benzyl-N-a-methylbenzyl protecting
groups could be achieved in one pot to liberate the corresponding
primary amine, which was expected to undergo spontaneous
cyclisation to the corresponding imine,37 with subsequent in situ
imine reduction giving deoxoprosophylline 32 (Fig. 6).


The synthesis of deoxoprosophylline 32 therefore began with N-
benzyl-N-a-methylbenzyl protected a-hydroxy-b-amino ester 36,23
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Fig. 6 Retrosynthetic analysis of deoxoprosophylline 32.


prepared via the conjugate addition of lithium (S)-N-benzyl-N-
(a-methylbenzyl)amide to c-tri-iso-propylsilyloxy-a,b-unsaturated
ester 35 and in situ enolate oxidation with (+)-CSO.21 Attempted
protection of the hydroxyl group within 36 with either TBDMSCl
or TIPSCl was unsuccessful and returned starting material in
both cases. O-Benzyl protection was therefore investigated, and
benzylation of 36 was achieved upon treatment with NaH,
15-crown-5 and BnBr, giving 37 in 83% yield and >98% de.
Subsequent reduction of 37 with DIBAL-H gave alcohol 38 in 83%
yield and >98% de, with re-oxidation with IBX giving aldehyde
39 in quantitative yield and >98% de.38 Wadsworth–Emmons
olefination of aldehyde 39 was effected utilizing the lithium anion
of dimethyl 2-oxotetradecylphosphonate 40, giving (E)-41 (J4,5 =
16.2 Hz) as a single diastereoisomer, isolated in 61% yield and
>98% de after chromatography (Scheme 7).


Scheme 7 Reagents and conditions: (i) lithium (S)-N-benzyl-N-(a-methyl-
benzyl)amide, THF, −78 ◦C, 2 h, then (+)-CSO, −78 ◦C to rt, 12 h;
(ii) NaH, THF, 0 ◦C to rt, 1 h, then 15-crown-5, BnBr, 12 h, rt; (iii)
DIBAL-H, DCM, 0 ◦C, 18 h; (iv) IBX, DMSO, rt, 18 h; (v) BuLi,
(MeO)2P(O)CH2COC12H25 40, THF, −78 ◦C, 30 min, then 39, THF,
−78 ◦C to rt, 12.5 h.


With 41 in hand, tandem hydrogenation and hydrogenolysis,
and concomitant cyclisation, was next probed. Treatment of 41
with Pd/C under 5 atmospheres pressure of hydrogen for 24 h
gave incomplete debenzylation, although returned 42 as a single
diastereoisomer in quantitative yield. Over 48 h, however, and


employing acetic acid as co-solvent, complete conversion to
a single diastereoisomer of piperidine 43 was observed, with
subsequent desilylation and recrystallisation furnishing deoxo-
prosophylline 32 in >98% de and 26% overall yield in 7 steps from
35, with spectroscopic properties in excellent agreement with those
of the literature {[a]22


D +13.5 (c 0.3 in CHCl3); lit. for enantiomer35a


[a]D −14.0 (c 0.2 in CHCl3); lit.35k [a]20
D +13.0 (c 0.2 in CHCl3)}


(Scheme 8).


Scheme 8 Reagents and conditions: (i) Pd/C, H2 (5 atm), EtOAc, 24 h; (ii)
Pd/C, H2 (5 atm), EtOAc–AcOH (1 : 1), 48 h; (iii) TBAF, THF, rt, 12 h.


Conclusion


In conclusion, the highly diastereoselective anti-amino-
hydroxylation of readily available a,b-unsaturated esters, via con-
jugate addition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide
and in situ enolate oxidation with (+)-CSO, has been used as
the key step for asymmetric synthesis of N,O,O,O-tetra-acetyl
D-lyxo-phytosphingosine, the anhydrophytosphingosine jaspine B
(pachastrissamine) and 2-epi-jaspine B, and the Prosopis alkaloid
deoxoprosophylline. This synthetic strategy should be widely
applicable to the generation of homologues of these natural
product families with different side chain lengths and substituents.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.39 Water was purified by an Elix R© UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO4. Thin
layer chromatography was performed on aluminium plates coated
with 60 F254 silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq KMnO4, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica.


Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g 100 mL−1. IR spectra were recorded on Bruker
Tensor 27 FT-IR spectrometer as either a thin film on NaCl plates
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(film) or a KBr disc (KBr), as stated. Selected characteristic peaks
are reported in cm−1. NMR spectra were recorded on Bruker
Avance spectrometers in the deuterated solvent stated. Spectra
were recorded at rt unless otherwise stated. The field was locked
by external referencing to the relevant deuteron resonance. Low-
resolution mass spectra were recorded on either a VG MassLab
20–250 or a Micromass Platform 1 spectrometer. The ion [M +
59]+ refers to [M + MeCN + NH4]+. Accurate mass measurements
were run on either a Bruker Micro TOF internally calibrated
with polyalanine, or a Micromass GCT instrument fitted with
a Scientific Glass Instruments BPX5 column (15 m × 0.25 mm)
using amyl acetate as a lock mass.


(2S,3S,4S)-1,3,4-Triacetoxy-2-acetamido-octadecane [N,O,O,O-
tetra-acetyl D-lyxo-phytosphingosine] 19


A solution of 17 (100 mg, 0.16 mmol) in 3 M aq HCl (1 mL)
and MeOH (5 mL) was heated at 50 ◦C for 3 h. Removal of
the solvent in vacuo gave a white solid which was redissolved in
pyridine (5 mL). Ac2O (80 mg, 0.85 mmol) and DMAP (5 mg, cat.)
were added and the solution was stirred at rt for 12 h. The reaction
mixture was then diluted with Et2O (10 mL) and extracted with
H2O (10 mL). The aqueous layer was separated and extracted
with Et2O (10 mL). The combined organic layers were washed
sequentially with sat aq CuSO4 (10 mL), H2O (10 mL) and brine
(10 mL), then dried and concentrated in vacuo to give 19 as a pale
yellow oil (58 mg, 74%, >98% de); [a]21


D −3.1 (c 0.7 in CHCl3);
{lit.25 [a]22


D −3.1 (c 1.1 in CHCl3); mmax (film) 2918 (C–H), 1736
(C=O), 1683 (C=O); dH (500 MHz, CDCl3) 0.93 (3H, t J 6.6,
C(18)H3), 1.21–1.34 (24H, m, C(6)–C(17)H2), 1.48–1.60 (2H, m,
C(5)H2), 2.03 (3H, s, COMe), 2.12 (3H, s, COMe), 2.14 (3H, s,
COMe), 2.18 (3H, s, COMe), 4.00 (1H, dd J 11.7, 2.7, C(1)HA),
4.29 (1H, dd J 11.7, 4.2, C(1)HB), 4.57–4.61 (1H, m, C(2)H), 5.14–
5.15 (2H, m, C(3)H, C(4)H), 5.80–5.82 (1H, br d J 9.7, NH); dC


(125 MHz, CDCl3) 14.5 (C(18)), 20.8 (COMe), 20.9 (COMe), 21.3
(COMe), 22.7 (C(17)), 23.3 (COMe), 25.2, 25.9, 28.0, 29.4, 29.5,
29.6, 29.7, 30.9, 31.8, 32.4, 32.6 (C(5)–C(16)), 47.3 (C(2)), 63.1
(C(1)), 71.7 (C(3)), 73.0 (C(4)), 169.8 (COMe), 170.4 (COMe),
170.8 (COMe), 171.2 (COMe); m/z (ESI+) 508 ([M + Na]+, 100%),
486 (40); HRMS (ESI+) C26H48NO7


+ ([M + H]+) requires 486.3431;
found 486.3439.


(2S,3S,4R)-1,3,4-Triacetoxy-2-acetamido-octadecane [N ,O,O,O-
tetra-acetyl D-ribo-phytosphingosine] 20


A solution of 18 (77 mg, 0.12 mmol) in 3 M aq HCl (1 mL)
and MeOH (5 mL) was heated at 50 ◦C for 3 h. Removal of
the solvent in vacuo gave a white solid which was redissolved in
pyridine (5 mL). Ac2O (80 mg, 0.85 mmol) and DMAP (5 mg, cat.)
were added and the solution was stirred at rt for 12 h. The reaction
mixture was then diluted with Et2O (10 mL) and extracted with


H2O (10 mL). The aqueous layer was separated and extracted with
Et2O (10 mL). The combined organic layers were washed sequen-
tially with sat aq CuSO4 (10 mL), H2O (10 mL) and brine (10 mL),
then dried and concentrated in vacuo to give 20 as gum (45 mg,
80%, >98% de); [a]22


D +18.2 (c 1.0 in CHCl3); {lit.25 [a]22
D +21.9 (c 1.1


in CHCl3)}; mmax (KBr) 2915 (C–H), 1734 (C=O), 1683 (C=O); dH


(400 MHz, CDCl3) 0.88 (3H, t J 7.0, C(18)H3), 1.24–1.31 (24H, m,
C(6)–C(17)H2), 1.60–1.67 (2H, m, C(5)H2), 2.03 (3H, s, COMe),
2.05 (6H, s, 2 × COMe), 2.08 (3H, s, COMe), 4.00 (1H, dd J 11.6,
2.9, C(1)HA), 4.29 (1H, dd J 11.6, 4.7, C(1)HB), 4.44–4.50 (1H,
m, C(2)H), 4.93 (1H, dt J 9.7, 3.1, C(4)H), 5.1 (1H, dd J 8.3,
3.1, C(3)H), 6.01 (1H, br d J 9.4, NH); dC (100 MHz, CDCl3)
14.1 (C(18)), 20.8 (COMe), 20.9 (COMe), 21.0 (COMe), 22.7
(C(17)), 23.3 (COMe), 25.5, 28.1, 29.3, 29.4, 29.5, 29.6, 29.6, 29.6,
29.7, 29.8, 29.9, 31.9 (C(5)–C(16)), 47.6 (C(2)), 62.8 (C(1)), 71.9
(C(3)), 73.0 (C(4)), 169.7 (COMe), 170.1 (COMe), 170.8 (COMe),
171.2 (COMe); m/z (ESI+) 508 ([M + Na]+, 100%), 486 (25);
HRMS (ESI+) C26H48NO7


+ ([M + H]+) requires 486.3431; found
486.3436.


(2R,3S,4S)-2-Tetradecyl-4-amino-tetrahydrofuran-3-ol
hydrochloride 24


TBAF (1 M in THF, 1.4 mL, 1.4 mmol) was added to a stirred
solution of 21 (236 mg, 0.34 mmol) in THF (10 mL) at rt and
stirring was continued for 12 h. H2O (10 mL) was then added, the
organic layer was separated and the aqueous layer was extracted
with Et2O (10 mL). The combined organic layers were washed
sequentially with H2O (20 mL) and brine (20 mL) before being
dried and concentrated in vacuo. The residue was dissolved in
MeOH (10 mL), 3 M aq HCl (1 mL) was added and the solution
was heated at 50 ◦C for 3 h. The reaction mixture was then allowed
to cool to rt and the solvents were removed in vacuo to give 24 as a
white solid (115 mg, quant, >98% de); mp 93–95 ◦C; [a]21


D +15.5 (c
0.9 in MeOH); mmax (KBr) 2917 (C–H), 3302 (O–H), 3060 (N–H);
dH (500 MHz, MeOH-d4) 0.93 (3H, t J 6.4, C(14′)H3), 1.26–1.46
(20H, m, (C(4′)H2-C(13′)H2), 1.46–1.68 (6H, m, C(1′)H2-C(3′)H2),
3.70–3.77 (3H, m, C(2)H, C(4)H, C(5)HA), 4.04–4.06 (1H, m,
C(3)H), 4.16–4.19 (1H, m, C(5)HB); dC (125 MHz, MeOH-d4)
13.1 (C(14′)), 22.7, 25.5, 29.1, 29.16, 29.17, 29.28, 29.33, 29.39,
29.42, 29.45, 31.5, 31.7, 32.7 (C(1′)–C(13′)), 52.3 (C(2)), 68.0
(C(5)), 73.0 (C(4)), 83.8 (C(3)); m/z (CI+) 300 ([M − Cl]+, 100%);
HRMS (CI+) C18H38NO2


+ ([M − Cl]+) requires 300.2903; found
300.2902.


(2R,3S,4S)-2-Tetradecyl-4-amino-tetrahydrofuran-3-ol 7


2 M aq KOH (5 mL) and DCM (5 mL) were added to 24 (31 mg,
0.09 mmol) and the mixture was stirred for 1 min. The organic layer
was separated and the aqueous layer was extracted with DCM (3 ×
5 mL). The combined organic extracts were dried and concentrated
in vacuo. Recrystallisation of the residue from CHCl3–heptane
(1 : 1) gave 7 as a white solid (20 mg, 70%, >98% de); mp
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106–108 ◦C (CHCl3–heptane); [a]24
D +16.4 (c 0.85 in MeOH);


{lit.12a [a]22
D +15.0 (c 1.0 in MeOH)}; mmax 2918 (C–H); dH


(400 MHz, CDCl3) 0.88 (3H, t J 6.7, C(14′)H3), 1.26–1.35 (24H, m,
C(2′)–C(13′)H2), 1.37–1.49 (1H, m, C(1′)HA), 1.50–1.64 (1H, m,
C(1′)HB), 2.08 (1H, br s, OH), 3.37–3.47 (1H, m, C(5)HA), 3.46–
3.49 (1H, m, C(4)H), 3.60–3.64 (2H, m, C(2)H, C(3)H), 4.11–4.15
(1H, m, C(5)HB); dC (100 MHz, CDCl3) 14.1 (C(14′)), 22.7, 25.9,
29.4, 29.6, 29.61, 29.67, 31.9, 33.8 (C(1′)–C(13′)), 52.6 (C(4)), 73.2
(C(5)), 74.8 (C(2)), 85.3 (C(3)); m/z (ESI+) 300 ([M + H]+, 100%);
HRMS (ESI+) C18H38NO2


+ ([M + H]+) requires 300.2903; found
300.2902.


(2S,3S,4S)-2-Tetradecyl-4-amino-tetrahydrofuran-3-ol
hydrochloride 28


TBAF (1 M in THF, 1.9 mL, 1.9 mmol) was added to a stirred
solution of 25 (325 mg, 0.47 mmol) in THF (10 mL) at rt and
stirring was continued for 12 h. H2O (10 mL) was then added, the
organic layer was separated and the aqueous layer was extracted
with Et2O (10 mL). The combined organic layers were washed
sequentially with H2O (20 mL) and brine (20 mL) before being
dried and concentrated in vacuo. The residue was dissolved in
MeOH (10 mL), 3 M aq HCl (1 mL) was added and the solution
was heated at 50 ◦C for 3 h. The reaction mixture was then allowed
to cool to rt and the solvents were removed in vacuo to give 28 as
a white solid (157 mg, quant, >98% de); mp 148–150 ◦C; [a]23


D


+2.6 (c 0.38 in MeOH); mmax (film) 3396 (O–H), 2923 (C–H); dH


(400 MHz, MeOH-d4) 0.91 (3H, t, J 6.6, C(14′)H3), 1.20–1.60
(24H, m, C(2′)–C(13′)H2), 1.62–1.80 (2H, m, C(1′)H2), 3.73 (1H,
ddd, J 10.0, 7.6, 3.6, C(2)H), 3.83 (1H, app q, J 4.0, C(5)HA), 3.88–
3.96 (2H, m, C(4)H, C(5)HB), 4.28 (1H, dd, J 5.2, 3.6, C(2)H);
dC (100 MHz, MeOH-d4) 13.5, 22.8, 26.2, 28.7, 29.5, 29.7, 29.8,
29.9, 32.1, 53.4, 68.0, 69.9, 83.4; m/z (ESI+) 300 ([M − Cl]+,
100%).


(2S,3S,4S)-2-Tetradecyl-4-amino-tetrahydrofuran-3-ol [jaspine B
(pachastrissamine)] 6


2 M aq KOH (5 mL) and DCM (5 mL) were added to 28 (157 mg,
0.47 mmol) and the mixture stirred for 1 min. The organic layer
was separated and the aqueous layer was extracted with DCM (3 ×
5 mL). The combined organic extracts were dried and concentrated
in vacuo. Recrystallisation of the residue from Et2O–heptane (1 :
1) gave 6 as a white solid (110 mg, 79%, >98% de); mp 90–92 ◦C
(Et2O–heptane); [a]23


D +17.5 (c 0.3 in EtOH); {lit.7 [a]25
D +18.0 (c 0.1


in EtOH)}; mmax (KBr) 3340 (N–H), 3074 (O–H), 2921 (C–H), 2849
(C–H); dH (400 MHz, CDCl3) 0.87 (3H, t, J 6.7, C(14′)H3), 1.18–
1.50 (24H, m, C(2′)H2-C(13′)H2), 1.55–1.70 (2H, m, C(1′)H2), 3.50
(1H, dd, J 8.4, 7.2, C(5)HA), 3.61–3.69 (1H, m, C(4)H), 3.74 (1H,
td, J 7.2, 4.0, C(2)H), 3.87 (1H, t, J 4.0, C(3)H), 3.91 (1H, t, J
7.7, C(5)HB); dC (100 MHz, CDCl3) 14.1, 22.7, 26.3, 29.3, 29.4,
29.5, 29.6, 29.7, 29.8, 31.9, 54.4, 71.8, 72.4, 83.1; m/z (ESI+) 300


([M + H]+, 100%); HRMS (ESI+) C18H38NO2
+ ([M + H]+) requires


300.2897; found 300.2900.


(2S,3S,4S)-2-Tetradecyl-3-acetoxy-4-acetamido-tetrahydrofuran
[N ,O-diacetyl-jaspine B] 30


Ac2O (1 mL) and DMAP (2 mg) were added sequentially to a
stirred solution of 6 (67 mg, 0.22 mmol) in pyridine (5 mL) at rt.
After 12 h the reaction mixture was quenched with H2O (2 mL).
The reaction mixture was then diluted with H2O (10 mL) and
extracted with Et2O (3 × 10 mL). The combined organic extracts
were washed sequentially with sat aq CuSO4 solution (2 × 20 mL),
H2O (20 mL) and brine (20 mL), then dried and concentrated in
vacuo to give 30 as a white solid (80 mg, 95%, >98% de); mp
100–102 ◦C (Et2O–heptane); [a]23


D −26.4 (c 0.5 in CHCl3); {lit.12a


[a]25
D −22.6 (c 1.0 in CHCl3)}; mmax (KBr) 3295 (N–H), 2921 (C–


H), 1733 (C=O), 1653 (C=O); dH (400 MHz, CDCl3) 0.88 (3H, t,
J 6.0, C(14′)H3), 1.20–1.32 (24H, m, C(2′)–C(13′)H2), 1.35–1.57
(2H, m, C(1′)H2), 2.00 (3H, s, COMe), 2.19 (3H, s, COMe), 3.60
(1H, t, J 8.1, C(5)HA), 3.91 (1H, ddd, J 7.6, 5.2, 3.6, C(2)H), 4.10
(1H, t, J 8.1, C(5)HB), 4.82 (1H, ddd, J 13.2, 7.6, 5.6, C(4)H),
5.38 (1H, dd, J 5.6, 3.6, C(3)H), 5.60 (1H, br d, J 7.9, NH); dC


(100 MHz, CDCl3) 14.1 (C(14′)), 20.8 (COMe), 22.7 (C(13′)), 23.2
(COMe), 26.0, 28.4, 28.5, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9
(C(1′)–C(12′)), 51.3 (C(4)), 69.8 (C(5)), 73.5 (C(3)), 81.2 (C(2)),
169.9 (COMe), 170.0 (COMe); m/z (ESI+) 442 ([M + 59]+, 100%);
HRMS (ESI+) C22H41NNaO4


+ ([M + Na]+) requires 406.2933;
found 406.2929.


(2R,3S,4S)-2-Tetradecyl-3-acetoxy-4-acetamido-tetrahydrofuran
31


Ac2O (1 mL) and DMAP (5 mg) were added sequentially to a
stirred solution of 7 (25 mg, 0.08 mmol) in pyridine (5 mL) at rt.
After 12 h the reaction mixture was quenched with H2O (2 mL).
The reaction mixture was then diluted with H2O (10 mL) and
extracted with Et2O (3 × 10 mL). The combined organic extracts
were washed sequentially with sat aq CuSO4 solution (2 × 20 mL),
H2O (20 mL) and brine (20 mL), then dried and concentrated in
vacuo to give 31 as a white solid (23 mg, 81%, >98% de); mp
65–67 ◦C; [a]21


D −14.6 (c 0.5 in CHCl3); {lit.12a [a]22
D −15.4 (c 1.0 in


CHCl3)}; mmax (KBr) 2915 (C–H), 1730 (C=O), 1685 (C=O); dH


(500 MHz, CDCl3) 0.93 (3H, t, J 7.1, C(14′)H3), 1.26–1.35 (24H,
m, C(2′)H2–C(13′)H2), 1.34–1.68 (2H, m, C(1′)H2), 2.06 (3H, s,
COMe), 2.18 (3H, s, COMe), 3.55–3.58 (1H, m, C(5)HA), 3.90–
3.93 (1H, m, C(2)H), 4.21–4.24 (1H, m, C(5)HB), 4.67–4.73 (1H,
m, C(4)H), 4.95–4.97 (1H, m, C(3)H), 5.69 (1H, d J 8.2, NH);
dC (125 MHz, CDCl3) 14.2 (C(14′)), 21.1 (COMe), 22.8 (C(13′)),
23.2 (COMe), 25.6, 29.4, 29.51, 29.55, 29.60, 29.65, 29.67, 29.70,
29.72, 29.80, 32.0, 33.6 (C(1′)C(12′)), 49.9 (C(4)), 69.9 (C(5)), 77.1
(C(3)), 84.2 (C(2)); m/z (ESI+) 442 ([M + 59]+, 100%); HRMS
(ESI+) C22H42NO4


+ ([M + H]+) requires 384.2114; found 384.3112.
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(2R,3S,6S)-2-Hydroxymethyl-6-dodecylpiperidin-3-ol
[deoxoprosophylline] 32


TBAF (1 M in THF, 0.16 mL, 0.16 mmol) was added to a stirred
solution of 43 (50 mg, 0.11 mmol) in THF (5 mL) at rt and the
resultant solution was stirred for 12 h. The mixture was then
diluted with Et2O (10 mL) and H2O (10 mL). The organic layer
was separated and the aqueous layer was extracted with Et2O (3 ×
10 mL). The combined organic extracts were successively washed
with H2O (10 mL) and brine (10 mL) before being dried and
concentrated in vacuo. Recrystallization from acetone gave 32 as
a white solid (25 mg, 76%, >98% de); mp 84–85 ◦C; {lit.35a mp
90–91 ◦C; lit.35k mp 83 ◦C}; [a]22


D +13.5 (c 0.3 in CHCl3); {lit.35a for
enantiomer [a]D −14.0 (c 0.2 in CHCl3); lit.35k [a]20


D −13.0 (c 0.2
in CHCl3)}; mmax (KBr) 3267 (O–H); dH (400 MHz, CDCl3) 0.89
(3H, t, J 6.9, C(12′)H3), 1.20–1.32 (24H, m, C(1′)H2–C(11′)H2,
C(4)HA, C(5)HA), 1.66–1.79 (1H, m, C(5)HB), 1.96–2.2 (1H, m,
C(4)HB), 2.40–2.70 (2H, m, C(2)H, C(6)H), 3.39–3.53 (1H, ddd, J
10.9, 9.1, 4.7, C(3)H), 3.71 (1H, dd, J 10.8, 5.2, C(2)CHAHBOH),
3.85 (1H, dd, J 10.8, 4.8, C(2)CHAHBOH); dC (100 MHz, CDCl3)
14.1, 22.6, 26.2, 29.3, 29.6, 29.8, 31.2, 31.9, 34.0, 36.6, 55.9, 63.2,
65.0, 70.1.


References


1 B. Cinque, L. Di Marzio, C. Centi, C. Di Rocco, C. Riccardi and M. G.
Cifone, Pharmacol. Res., 2003, 47, 421.


2 T. Ariga, D. W. Jarvis and R. K. Yu, J. Lipid Res., 1998, 1, 1.
3 For a review see: J. Kobayashi and M. Ishibashi, Heterocycles, 1996,


42, 943 and references contained therein.
4 A. R. Howell and A. Ndakala, Curr. Org. Chem., 2002, 6, 365.
5 S.-Y. Luo, S. R. Thopate, C.-Y. Hsu and S.-C. Hung, Tetrahedron Lett.,


2002, 43, 4889; A. J. Ndakala, M. Hashemzadeh, R. C. So and A. R.
Howell, Org. Lett., 2002, 4, 1719; S. H. Kang, Y. S. Hwang and H. S.
Lee, Bull. Korean Chem. Soc., 2002, 23, 1195; R. J. B. H. N. van den
Berg, C. G. N. Korevaar, G. A. van der Marel, H. S. Overkleeft and J. H.
van Boom, Tetrahedron Lett., 2002, 43, 8409; H. K. Lee, E.-K. Kim
and C. S. Pak, Tetrahedron Lett., 2002, 43, 9641; H.-Y. Chiu, D.-L. M.
Tzou, L. N. Patkar and C.-C. Lin, J. Org. Chem., 2003, 68, 5788; C.-C.
Lin, G.-T. Fan and J.-M. Fang, Tetrahedron Lett., 2003, 44, 5281; S.
Raghavan, A. Rajender and J. S. Yadav, Tetrahedron: Asymmetry, 2003,
14, 2093; S. Raghavan and A. Rajender, J. Org. Chem., 2003, 68, 7094;
H.-Y. Chiu, D.-L. M. Tzou, L. N. Patkar and C.-C. Lin, J. Org. Chem.,
2004, 69, 2228; X. Lu, H.-S. Byun and R. Bittman, J. Org. Chem., 2004,
69, 5433; X. Lu and R. Bittman, Tetrahedron Lett., 2005, 46, 3165; M.
Lombardo, M. G. Capdevila, F. Pasi and C. Trombini, Org. Lett., 2006,
8, 3303; H. J. Yoon, Y.-W. Kim, B. K. Lee, W. K. Lee, Y. Kim and H.-J.
Ha, Chem. Commun., 2007, 79; J. Jeon, M. Shin, J. W. Yoo, J. S. Oh,
J. G. Bae, S. H. Jung and Y. G. Kim, Tetrahedron Lett., 2007, 48, 1105;
C.-W. Chang, Y.-N. Chen, A. K. Adak, K.-H. Lin, D.-L. M. Tzou and
C.-C. Lin, Tetrahedron, 2007, 63, 4310; A. S. Kale, P. S. Sakle, V. K.
Gumaste, A. Rakeeb and A. S. Deshmukh, Synthesis, 2007, 2631.


6 R. A. Fernandes and P. Kumar, Synthesis, 2003, 129; S. V. Naidu and P.
Kumar, Tetrahedron Lett., 2003, 44, 1035; O. V. Singh, D. J. Kampf and
H. Han, Tetrahedron Lett., 2004, 45, 7239; D. Y. Jung, S. Kang, S. B.
Chang and Y. H. Kim, Synlett, 2005, 2183; D. Enders, J. Paleček and
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Azetidine-2,3-diones (a-oxo-b-lactams) and bromonitromethane undergo coupling in aqueous media in
the presence of catalytic amounts of sodium azide. The stereoselectivity of the process was generally
good, proceeding with reasonable anti : syn ratios under substrate control. On this basis, a simple and
fast protocol for the synthesis of the potentially bioactive 3-substituted 3-hydroxy-b-lactam moiety has
been developed. Besides, 2-azetidinone-tethered 1-halo-1-nitroalkan-2-ols are quite useful building
blocks; for example, reactions of the above nitrobromohydrins provided spiranic and fused
bicyclic-b-lactams.


Introduction


b-Lactams are among the most important pharmacophores for
treatment of diseases caused by bacterial infections.1 In addition,
there are many important nonantibiotic uses of 2-azetidinones in
fields ranging from enzyme inhibition2 to gene activation.3 These
biological activities, combined with the use of these products as
starting materials to prepare a- and b-amino acids, alkaloids,
heterocycles, taxoids, and other types of compounds of biological
and medicinal interest,4 provide the motivation to explore new
methodologies for the synthesis of substances based on the b-
lactam core. In particular, the 3-substituted 3-hydroxy-b-lactam
moiety represents an efficient carboxylate mimic,5 shows promis-
ing activity in acyl CoA-cholesterol acyltransferase inhibition
assays,6 and it is present in several pharmacologically active
monobactams such as sulfazecin and related products,7 and in
enzyme inhibitors such as tabtoxin and its analogues.8 Besides,
these compounds, with the correct absolute configurations, serve
as precursors to the corresponding a-hydroxy-b-amino acids
(isoserines), which are key components of a large number of
therapeutically important compounds.9


Nucleophilic carbonyl addition reactions can be ranked among
the premier transformations in organic synthesis for stereoselective
carbon–carbon bond formation. In particular, stereoselective
addition of nitroalkanes to carbonyls (Henry reaction) plays
an important role in organic synthesis.10 In contrast, the anal-
ogous reaction involving halonitroalkanes has remained unex-
plored despite its ability to provide useful intermediates, the
corresponding 1-halo-1-nitroalkan-2-ols;11 only Concellón et al.
have recently reported the addition of bromonitromethane to
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aldehydes promoted by NaI in anhydrous medium.12 Continuing
with our work on the synthesis of nitrogenated compounds
of biological interest,13 herein, we wish to report the efficient
NaN3-catalyzed coupling reaction between a-keto-lactams and
bromonitromethane in aqueous media, which resulted in the
corresponding 3-[bromonitromethyl]-3-hydroxy-b-lactams.


Results and discussion


Starting substrates, azetidine-2,3-diones 1a–d, were prepared
using our previously described procedure from the appropriate
imine, via Staudinger reaction with acetoxyacetyl chloride in
the presence of Et3N, followed by sequential transesterification
and Swern oxidation.14 First we studied the effect of different
catalysts (15 mol%) on the reaction of azetidine-2,3-dione 1a
with bromonitromethane (1 equiv.) in anhydrous THF as solvent.
Despite Concellón’s statement that the NaI-catalyzed reaction did
not work with highly hindered aldehydes such as pivalaldehyde
or ketones,12 ketone 1a was found to be a good coupling partner
in the halonitroaldol-type reaction (Table 1). LiI, NaI, KI, and
NaN3 promoted the coupling with similar efficiency and selectivity.
However, the LiI- and KI-catalyzed processes proceeded more
slowly, whereas the NaI-induced reaction yielded appreciable
amounts of Henry adduct 3a. Consequently, we deemed NaN3 to
be the optimal catalyst for the synthesis of 3-[bromonitromethyl]-
3-hydroxy-b-lactams 2. The effect of altering the reaction solvent
was then explored (ethanol, acetonitrile, and DMF). Reactions
carried out in ethanol, acetonitrile, or N,N-dimethylformamide
yielded lower amounts of 2, together with considerable amounts
of Henry adducts 3.


The appealing properties of reactions in aqueous media include
their synthetic advantages (many reactive functional groups,
such as hydroxy and carboxylic functions, do not require the
protection–deprotection protocol in such reactions, and many
water-soluble compounds do not need to be converted into their
derivatives and can be reacted directly) and their potential as
environmentally benign chemical processes (the use of anhydrous
flammable solvents can be avoided and the burden of solvent
disposal may be reduced), as well as unique reactivity and
selectivity that are not often attained under dry conditions
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Table 1 Reaction of azetidine-2,3-dione 1a with bromonitromethane
under modified anhydrous conditions


Entry
Catalyst
(15 mol%) t/h


2a,
yield (%)a


2a,
anti : synb


3a,
yield (%)a


1 NaI 2 56 80 : 20 6
2 LiI 48 54 70 : 30 0
3 KI 6 55 80 : 20 0
4 NaN3 3 63 85 : 15 0


a Yield of pure, isolated product with correct analytical and spectral data.
PMP = 4-MeOC6H4. b The ratio was determined by integration of well-
resolved signals in the 1H NMR spectra (300 MHz) of the crude reaction
mixtures before purification.


(the performance of organic reactions in aqueous conditions might
lead to different results as compared with those obtained in purely
organic solvents, regardless of whether the reactants are soluble
or not in water), making them profitable in many cases.15


Considering our experience in this field with the application of
“on-water chemistry” to the coupling of stabilized organometallic
species with carbonylic compounds,16 we envisaged that the
addition of bromonitromethane to carbonyls could be accom-
plished in the presence of water. To verify this hypothesis,
the bromonitroaldol-type reaction of azetidine-2,3-diones 1a–d
was performed in aqueous environment (Table 2). In all cases
the NaN3-catalyzed reactions proceeded well in aqueous media,
leading to reasonable yields of products 2a–d as a mixture of anti :
syn adducts, without the formation of any by-products, such as
Henry adducts. No significant difference was observed between
using THF–H2O (1 : 5) and THF–brine (1 : 5) mixtures, the yield
being slightly better for the former. When the catalyst loading
was lowered to 10% the yield did not change considerably, but
the reaction time was increased by 15h. A further decrease in the
amount of catalyst used led to a decrease in the yield, but did not
affect the degree of stereoselectivity.


Functionalized 1-halo-1-nitroalkan-2-ols are quite useful build-
ing blocks in organic synthesis because the haloalkanol moiety can
easily be transformed into other functionalities. The usefulness of
the 3-[bromonitromethyl]-3-hydroxy-b-lactams 2 becomes much
higher by assuming that the 1-bromo-1-nitro-methanol moiety
is a placeholder for further conversions. As shown in Scheme 1,
water elimination proceeded by treating compound 2a with p-
nitrobenzoyl chloride in the presence of triethylamine, affording
the a-bromonitroethylene 4.17 Owing to the efficacy and functional
group tolerance of transition metal catalyzed cross-coupling
reactions in forming C–C bonds, we envisioned that such cou-
pling of bromoalkenyl adduct 4 with arylboronic acids (Suzuki–
Miyaura reaction) would provide polysubstituted 3-alkylidene-b-
lactams.17


Scheme 1 Preparation of b-lactams 4–7 from 2-azetidinone-tethered
bromonitroalcohols 2. Reagents and conditions: (i) PNPCOCl, Et3N,
CH2Cl2, −78 ◦C, 45 min. (ii) 2.5 mol% Pd(PPh3)4, 4-MeC6H4B(OH)2,
NaHCO3, toluene–EtOH-–H2O (18 : 1 : 1), reflux, 4 h. (iii) 5 mol% BiCl3,
MeCN–H2O (1 : 1), rt, 3 d. (iv) K2CO3, MeOH, rt, 5 h. PNP = 4-NO2C6H4.


Table 2 Reaction of azetidine-2,3-diones 1 with bromonitromethane under modified aqueous conditions


Entry Ketone R1 R2 Solvent t/h 2, yield (%)a 2, anti : synb


1 1a PMPc Dioxd THF–brine (1 : 5) 2 2a, 68 2a, 85 : 15
2 1a PMP Dioxd THF–H2O (1 : 5) 2 2a, 77 2a, 85 : 15
3 1b Bn Dioxd THF–H2O (1 : 5) 5 2b, 70 2b, 80 : 20
4 1c Allyl Dioxd THF–H2O (1 : 5) 3 2c, 72 2c, 80 : 20
5 1d PMP p-Tolyl THF–H2O (1 : 3) 5 2d, 80 2d, 85 : 15


a Yield of pure, isolated product with correct analytical and spectral data. b The ratio was determined by integration of well-resolved signals in the 1H
NMR spectra (300 MHz) of the crude reaction mixtures before purification. c PMP = 4-MeOC6H4. d (S)-2,2-dimethyl-1,3-dioxolan-4-yl.
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Indeed, the Pd-catalyzed coupling between electron-deficient
bromonitroalkene 4 and p-tolylboronic acid afforded product 5
(Scheme 1).


The (E)-stereochemistry for compound 5 was established by
selective NOE experiments. Surprisingly, treatment of adduct 2a
with aqueous BiCl3 furnished bicyclic b-lactam 6 (Scheme 1),
which probably arises from an initial acetonide cleavage fol-
lowed by a retroaldol-type reaction with concomitant selective
cyclization to the five-membered ring.18 The structure and relative
stereochemistry of fused-2-azetidinone 6 was established by X-
ray crystallography (Fig. 1).19† Next, we studied the reactivity
of 2-azetidinone-tethered bromonitroalcohol 2a with potassium
carbonate. Oxacyclopropane formation was observed to give
the highly strained oxiranyl-b-lactam 7 (Scheme 1), possessing
a spirocyclic structure.20 The relative stereochemistry of the
spirocyclic b-lactam 7 was determined by X-ray crystallography,21


as is shown in Fig. 2.


Fig. 1 ORTEP plot of fused b-lactam 6 with thermal ellipsoids with 35%
probability.


Fig. 2 ORTEP plot of spirocyclic b-lactam 7 with thermal ellipsoids with
25% probability.


The pathway proposed in Scheme 2 looks valid for the
formation of products 2. It involves the nucleophilic addition of
bromonitronate 8, a species generated in situ from the exposure
of bromonitromethane to the mild azide base, to an a-ketolactam
1. The addition product, alkoxide 9, would suffer a protonation
which produces the adduct 2 with concomitant liberation of the
catalyst. Despite the fact that halonitroaldol-type reaction of
ketone acceptors 1 with bromonitromethane generates two new
stereocenters, it proceeds with reasonable anti : syn ratios under


Scheme 2 Mechanistic explanation for the formation of 3-[bromo-
nitromethyl]-3-hydroxy-b-lactams 2.


substrate chirality control to afford adducts 2.22,23 From azetidine-
2,3-diones 1, full stereocontrol at the carbinolic stereocenter was
achieved due to the presence of a bulky group at C4, which was
able to control the stereochemistry of the new C3-substituted C3-
hydroxy quaternary center. One face of the carbonyl group is
blocked preferentially, thus the nucleophile species is delivered to
the less hindered face, and as a consequence the diastereoselectivity
was complete in all cases (Scheme 3). The observed stereochem-
istry for the second stereocenter can be explained by invoking
steric interactions between the bulky group at C4 and the bromine
atom of the bromonitronate (Scheme 3).


Scheme 3 Models to explain the observed stereochemistry for the
halonitroaldol-type reaction of ketones 1.


Conclusions


We can conclude that new protocols for the synthesis of 3-
substituted 3-hydroxy-b-lactams from azetidine-2,3-diones and
bromonitromethane have been developed. This addition reaction
proceeds under mild conditions in aqueous media under the
presence of a cheap catalyst. Besides the observed reactivity, it
has been shown that the resulting 1-bromo-1-nitroalkan-2-ols are
not only important end points, but also key intermediates for
further manipulations, i.e. they are useful building blocks for the
preparation of diversely functionalized monocyclic, fused, and
spirocyclic 2-azetidinones.
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Experimental


Melting points were taken using a Gallenkamp apparatus and
are uncorrected. IR spectra were recorded on a Perkin-Elmer
781 spectrophotometer. 1H NMR and 13C NMR spectra were
recorded on a Bruker Avance-300, Varian VRX-300S or Bruker
AC-200. NMR spectra were recorded in CDCl3 solutions, except
otherwise stated. Chemical shifts are given in ppm relative to
TMS (1H, 0.0 ppm), or CDCl3 (13C, 76.9 ppm). Low and high
resolution mass spectra were taken on a HP5989A spectrom-
eter using the electronic impact (EI) or electrospray modes
(ES) unless otherwise stated. Optical rotations were measured
using a Perkin-Elmer 241 polarimeter. Specific rotation [a]D is
given in deg cm2 g−1 at 25 ◦C, and the concentration (c) is
expressed in g per 100 mL. All commercially available com-
pounds were used without further purification. THF was distilled
from Na–benzophenone. Dichloromethane and triethylamine
were distilled from CaH2. Flame-dried glassware and standard
Schlenk techniques were used for moisture sensitive reactions.
Flash chromatography was performed using Merck silica gel 60
(230–400 mesh).


General procedure for the halonitroaldol-type reaction of azetidine-
2,3-diones 1. Preparation of 3-[bromonitromethyl]-3-hydroxy-b-
lactams 2


Bromonitromethane (1.0 mmol) was added to a well stirred
solution of the corresponding azetidine-2,3-dione 1 (1.0 mmol)
and sodium azide (9.7 mg, 0.15 mmol) in THF–H2O (1 : 5,
12 mL) at room temperature. The mixture was stirred at the
same temperature until complete disappearance of the a-keto-b-
lactam (TLC). Saturated aqueous ammonium chloride (2.5 mL)
was added, before the product was extracted with ethyl acetate (3 ×
5 mL). The organic extract was washed with brine, dried (MgSO4)
and concentrated under reduced pressure. Chromatography of
the residue, eluting with hexanes–ethyl acetate mixtures, gave
analytically pure compounds 2.24


3-[Bromonitromethyl]-3-hydroxy-2-azetidinone 2a


From 185 mg (0.63 mmol) of azetidine-2,3-dione 1a, 209 mg
(77%) of compound anti-2a, containing ca. 15% of its syn-2a
epimer, were obtained as a colorless oil after purification by flash
chromatography (hexanes–ethyl acetate, 2 : 1); [a]D = +116.3 (c
0.8 in CH2Cl2); 1H NMR (300 MHz, CDCl3, 25 ◦C): d = 7.49 (m,
2H), 6.90 (d, J = 9.0 Hz, 2H), 6.34 (s, 0.15H), 6.21 (s, 0.85H),
4.98 (d, J = 4.6 Hz, 1H), 4.68 (m, 0.15H), 4.48 (m, 0.85H), 4.24
(dd, J = 9.0, 6.6 Hz, 0.15H), 4.20 (dd, J = 9.0, 6.6 Hz, 0.85H),
3.92 (dd, J = 9.0, 6.8 Hz, 1H), 3.80 (s, 3H), 1.41 and 1.36 (s, each
3H); 13C NMR (CDCl3): d = 162.5 (M + m), 157.6 (M + m), 129.0
(M + m), 120.8 (M), 120.0 (m), 114.5 (M + m), 114.4 (m), 110.4
(M + m), 85.5 (M + m), 76.1 (M + m), 74.9 (M + m), 66.1 (M),
65.5 (m), 61.8 (M + m), 55.4 (M + m), 26.4 (M), 26.1 (m), 25.4
(M), 25.2 (m) (M = major product; m = minor); IR (CHCl3): m =
3320, 1746, 1564 cm−1; MS (EI): m/z (%): 432 (100) [M + 2]+,
430 (98) [M]+.


Dehydration reaction of 2-azetidinone-tethered 1-bromo-1-
nitroalkan-2-ol 2a. Preparation of bromoalkenyl-b-lactam 4


4-Nitrobenzoyl chloride (87 mg, 0.47 mmol) and triethylamine
(40 mg, 0.39 mmol) were sequentially added dropwise to a
stirred solution of bromonitroalcohol 2a (168 mg, 0.39 mmol) in
dichloromethane (4 mL) at −78 ◦C, and the mixture was stirred for
45 min at this temperature. Saturated aqueous sodium hydrogen
carbonate (2 mL) was added, and the mixture was allowed to
warm to room temperature, before being partitioned between
dichloromethane and water. The organic extract was washed with
water (2 × 1 mL), dried (MgSO4), and concentrated under reduced
pressure. Chromatography of the residue eluting with hexanes–
ethyl acetate (2 : 1) gave 121 mg (75%) of compound 4.


3-[Bromonitromethylene]-2-azetidinone 4


Colorless solid; mp: 161–163 ◦C (hexanes–ethyl acetate); [a]D =
−5.8 (c 0.6 in CH2Cl2); 1H NMR (300 MHz, CDCl3, 25 ◦C): d =
7.35 and 6.90 (d, J = 9.0 Hz, each 2H), 5.36 (d, J = 2.7 Hz, 1H),
4.74 (td, J = 6.4, 2.7 Hz, 1H), 4.07 (dd, J = 8.9, 6.6 Hz, 1H), 3.92
(dd, J = 8.9, 6.1 Hz, 1H), 3.81 (s, 3H), 1.29 (s, 6H); 13C NMR
(CDCl3): d = 157.7, 156.1, 144.1, 133.8, 129.8, 120.2, 114.6, 110.3,
73.6, 66.0, 64.8, 55.5, 26.0, 25.1; IR (CHCl3): m = 1746, 1550 cm−1;
MS (EI): m/z (%): 414 (100) [M + 2]+, 412 (98) [M]+.


Suzuki–Miyaura cross-coupling reaction of a-bromonitromethylene
b-lactam 4 with boronic acids. Preparation of 3-[nitro(p-tolyl)-
methylene]-2-azetidinone 5


Compound 4 (45 mg, 0.11 mmol) was added under argon to a
stirred suspension of the p-tolylboronic acid (22.4 mg, 0.16 mmol),
sodium bicarbonate (28 mg, 0.33 mmol), in toluene–ethanol–
water (18 : 1 : 1) (2.24 mL), and the resulting mixture was
stirred for 15 min. Then, Pd(PPh3)4 (2.5 mol%) was added and
the reaction mixture was heated at reflux temperature for 4 h.
The reaction mixture was allowed to cool to ambient temperature,
before being partitioned between ethyl acetate and water. The
organic extract was washed with water (2 × 1 mL), dried (MgSO4),
and concentrated under reduced pressure. Chromatography of the
residue eluting with hexanes–ethyl acetate (3 : 1) gave 22 mg (48%)
of compound 5.


3-[Nitro(p-tolyl)methylene]-2-azetidinone 5


Pale orange oil; [a]D = −1.4 (c 0.5 in CH2Cl2); 1H NMR (300 MHz,
CDCl3, 25 ◦C): d = 7.61 and 6.91 (d, J = 8.2 Hz, each 2H), 7.28
and 6.65 (d, J = 9.0 Hz, each 2H), 4.79 (d, J = 3.7 Hz, 1H), 4.35
(m, 1H), 3.68 (dd, J = 8.7, 7.0 Hz, 1H), 3.58 (dd, J = 8.7, 6.5 Hz,
1H), 3.22 (s, 3H), 1.95 (s, 3H), 1.31 and 1.14 (s, each 3H); 13C
NMR (CDCl3): d = 157.7, 157.5, 147.9, 142.1, 136.8, 131.5, 130.2,
129.8, 125.6, 120.2, 115.0, 110.6, 75.3, 66.3, 61.2, 55.3, 26.5, 25.8,
21.6; IR (CHCl3): m = 1745, 1552 cm−1; MS (EI): m/z (%): 424
(49) [M]+, 135 (100); elemental analysis calcd (%) for C23H24N2O6


(424.4): C 65.08, H 5.70, N 6.60; found C 64.70, H 5.36, N 6.35.


Retroaldol/cyclization reaction of 3-[bromonitromethyl]-3-
hydroxy-b-lactam 2a. Preparation of fused bicyclic b-lactam 6


Bismuth(III) chloride (6 mg, 0.02 mmol) was added to a stirred
solution of bromonitroalcohol 2a (168 mg, 0.39 mmol) in
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acetonitrile–water (1 : 1) (6 mL). The reaction mixture was stirred
at room temperature for 3 days, before being poured into a
saturated aqueous solution of NaHCO3. The aqueous layer was
extracted with ethyl acetate (3 × 5 mL), and the combined organic
extracts were dried (MgSO4), and concentrated under reduced
pressure. Recrystallization (ethyl acetate–hexanes) of the residue
gave 69 mg (70%) of compound 6.


Fused bicyclic 2-azetidinone 6


Colorless solid; mp: 133–135 ◦C (hexanes–ethyl acetate); [a]D =
+17.5 (c 1.0 in CH3OH); 1H NMR (300 MHz, acetone-d6, 25 ◦C):
d = 7.46 (d, J = 9.2 Hz, 2H), 6.98 (m, 2H), 4.59 (d, J = 3.9 Hz, 1H),
4.45 (t, J = 3.4 Hz, 1H), 4.22 (m, 2H), 3.90 (dd, J = 11.2, 3.4 Hz,
1H), 3.79 (s, 3H); 13C NMR (acetone-d6): d = 163.9, 157.0, 131.0,
118.6, 114.9, 113.2, 74.2, 70.3, 64.5, 55.3; IR (CHCl3): m = 3325,
1744 cm−1; MS (EI): m/z (%): 251 (29) [M]+, 134 (100); elemental
analysis calcd (%) for C12H13NO5 (251.1): C 57.37, H 5.22, N 5.58;
found C 56.95, H 5.06, N 5.25.


Dehydrobromination reaction of 3-[bromonitromethyl]-3-hydroxy-
b-lactam 2a. Preparation of spirocyclic b-lactam 7


Potassium carbonate (65 mg, 0.47 mmol) was added to a stirred so-
lution of bromonitroalcohol 2a (168 mg, 0.39 mmol) in methanol
(5 mL). The reaction mixture was stirred at room temperature
for 5 h, before being poured into a saturated aqueous solution of
NH4Cl. The aqueous layer was extracted with ethyl acetate (3 ×
5 mL), and the combined organic extracts were dried (MgSO4),
and concentrated under reduced pressure. Chromatography of the
residue eluting with hexanes–ethyl acetate (3 : 1) gave 82 mg (60%)
of compound 7.


Spirocyclic 2-azetidinone 7


Colorless solid; mp: 71–73 ◦C (hexanes–ethyl acetate); [a]D = +42.4
(c 0.5 in CH2Cl2); 1H NMR (300 MHz, CDCl3, 25 ◦C): d = 7.49
and 6.90 (d, J = 9.3 Hz, each 2H), 5.77 (s, 1H), 4.56 (m, 1H),
4.40 (d, J = 5.4 Hz, 1H), 4.25 and 4.00 (dd, J = 9.3, 6.5 Hz, each
1H), 3.81 (s, 3H), 1.40 and 1.37 (s, each 3H); 13C NMR (CDCl3):
d = 158.9, 157.4, 130.1, 120.0, 114.3, 110.2, 78.4, 75.4, 69.3, 66.1,
60.9, 55.4, 26.2, 25.3; IR (CHCl3): m = 1745, 1557 cm−1; MS (EI):
m/z (%): 350 (64) [M]+, 101 (100); elemental analysis calcd (%) for
C16H18N2O7 (350.3): C 54.86, H 5.18, N 8.00; found C 54.47, H
5.05, N 7.85.
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A N-benzyl-4-amino-2,2-dimethylbutanoic acid-based system has been developed as a new oxidatively
activated safety catch linker for reaction monitoring and optimisation on solid support. The CAN
promoted oxidative debenzylation of the tertiary N-benzylamine moiety, followed by concomitant
cyclisation and release of alcohols and amines has been demonstrated both in solution phase model
studies and on the solid phase. The linker system has been applied to the solid phase synthesis of a
collection of phenol derivatives, and to the demonstration of the attachment and release of a chiral
auxiliary from a solid support.


Introduction


Solid phase organic synthesis is an important strategy that has
been widely applied to the parallel synthesis of large arrays of
structurally similar molecules for high throughput screening in
pharmacological assays.1 The advancement of simple, selective
and high yielding cleavage strategies is of paramount importance
for the success of this approach.2,3 Within this field, the safety
catch principle, first introduced by Kenner et al.,4 describes a linker
that is stable to a derivatisation sequence before being selectively
activated and subsequently releasing the desired product into
solution. Numerous safety catch linkers have been developed and
used to release a variety of functional groups into solution.3,5–7


This strategy has been applied to a range of systems,7 and even
to the development of in vivo drug delivery systems that require
enzyme activation.8 Although a wide range of simple linkers
and cleavage strategies for alcohols9 and amines10,11 have been
developed, relatively few safety catch linkers have been described
for the anchoring and release of alcohols.


We have previously shown that N-benzyl tertiary amines are
susceptible to chemoselective N-debenzylation with CAN,11 and
considered this reaction ideal for the development of a novel
oxidatively cleavable linker system for applications in solid phase
synthesis. At the onset of these investigations, a number of
features were incorporated into the linker design to enhance
its stability under a range of reaction conditions yet facilitate
cleavage and release from the resin. gem-Dimethyl substitution a-
to the carbonyl group was incorporated to simultaneously protect
against nucleophilic attack, render the carbonyl non-enolisable
and promote 5-exo-trig cyclisation after oxidative cleavage using
the Thorpe–Ingold effect,12 giving the solid phase bound c-lactam
and releasing the product into solution (Fig. 1).


In this manuscript we demonstrate model studies in solution
towards this goal, describe the realisation of this strategy on solid
phase, its application to the parallel synthesis of a number of phe-
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Fig. 1 Proposed oxidatively activated safety catch linker system.


nol derivatives, and preliminary investigations into its evaluation
as an analytical tool in solid phase asymmetric synthesis.


Results and discussion


Model solution phase studies


Initial studies focused upon the demonstration of this oxidatively
cleavable linker strategy on a model solution phase system.
Dihydrofuranone 1 was identified as a key intermediate in this
sequence, and was prepared in two steps following literature
protocols from commercially available iso-butyronitrile, reliably
giving 1 in multi-gram quantitities. Installation of the oxidatively
activated linker section was achieved by reductive amination of
dihydrofuranone 1 with N-benzyl-N-phenylethylamine, affording
acid 2 in good yield. Coupling of acid 2 with benzyl alcohol and
2-phenyl-propan-1-ol 7 using EDCI and HOBt gave the esters
3 and 4 in 72% and 71% yield respectively. The oxidative N-
debenzylation and cyclisation of 3 with CAN, followed by heating
at reflux gave quantitative conversion to lactam 6 after removal
of benzyl alcohol in vacuo. N-Debenzylation of ester 4 with CAN
followed by aqueous NaOH afforded amino ester 5. Subsequent
reflux in toluene to promote cyclisation and alcohol release gave
a 50 : 50 mixture of 6 and 7, with chromatographic purification
giving lactam 6 in 74% yield and alcohol 7 in 53% yield (Scheme 1).
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Scheme 1 Reagents and conditions: (i) LDA (1 eq.), THF, bromoacetalde-
hyde diethyl acetal (1 eq.), D, 16 h; (ii) HCl : AcOH : H2O (20 : 10 : 5),
D, 16 h; (iii) N-benzyl-N-phenylethylamine, MeOH, TMOF, 2 h rt then
NaBH4, 0 ◦C, 1 h, then rt, 16 h; (iv) Benzyl alcohol (3 eq.), EDCI, HOBt,
DIPEA, CH2Cl2, rt, 16 h; (v) 1-phenyl-propan-2-ol 7 (3 eq.), EDCI, HOBt,
DIPEA, CH2Cl2, rt, 16 h; (vi) CAN (5 eq.), THF : H2O (8 : 1), rt, 16 h,
then NaOH (2 M, aq.); (vii) toluene, D, 16 h.


To probe the efficiency of this linker system in solution phase
the coupling and subsequent cyclo-release of a range of amines
was investigated. Activation of acid 2 with EDCI and HOBt
and addition of benzylamine 18, (R)-a-methylbenzylamine (R)-19,
N-benzyl-N-methylamine 20 or N-benzylpiperazine 21 gave the
corresponding amides 8–11 in moderate to good yields. However,
treatment of acid 2 with N-benzyl-N-ethylamine under the same
conditions only returned starting acid 2. Treatment of acid 2 with
4-aminopiperidine was observed to give complete conversion to
the secondary amide 13, with none of the corresponding tertiary
amide observed, demonstrating the capability of the linker to
discriminate between primary and secondary amines.


Treatment of 8 with CAN resulted in chemoselective N-
debenzylation, giving amine 14 in 80% isolated yield, with
subsequent reflux in toluene and treatment of the crude product
mixture with HCl, followed by aqueous work-up, allowing the
isolation of benzylamine hydrochloride 18·HCl in 99% yield and
lactam 6 in 97% yield. The application of this protocol to amides
9 and 10 also proved efficient, giving the corresponding amine
hydrochlorides 19·HCl and 20·HCl in excellent yields, with no N-
debenzylation of the intermediate N-methyl-N-benzylamide 16,
consistent with previous observations.11 Treatment of 11 with
CAN allowed the selective mono N-debenzylation of the acyclic
tertiary amino group in the presence of the N-benzylpiperazine
group to give 17, again consistent with previous observations,11


with subsequent reflux in toluene and treatment with HCl
affording N-benzylpiperazine hydrochloride 21·HCl in 69% yield.
This process also proceeds without racemisation of (R)-19, as its
specific rotation {[a]22


D +2.6 (c 1.0, H2O)}, was identical to an
authentic sample, and consistent with the literature value {lit.13


[a]22
D +2.3 (c 2.9, H2O)} (Scheme 2).


As a final solution phase model, the introduction of a reaction
step capable of introducing diversity in a subsequent solid phase
library was investigated. To this end, esterification of acid 2 to
the corresponding 4-iodophenyl ester was investigated, as it was
envisaged that derivatisation could be achieved by Suzuki cou-
pling. Activation and esterification of acid 2 was achieved through
treatment with EDCI and HOBt with excess 4-iodophenol, giving
the desired 4-iodophenyl ester 22 in 82% yield. Suzuki coupling of
ester 22 with phenylboronic acid using 20 mol% of Pd2(dba)3 gave
the biaryl ester 23 (vmax 1748 cm−1) with complete conversion;
the identity of biaryl ester 23 was unambiguously confirmed
by treatment of acid 2 with excess 4-phenylphenol 24 under
standard coupling conditions, giving 23 in 71% isolated yield after
chromatography. To complete the model solution phase studies,
N-debenzylation of ester 23 was accomplished by treatment with
CAN (5 eq.) in THF : H2O (8 : 1) and subsequent treatment with
neutral alumina promoted spontaneous cyclisation in this case
affording a 50 : 50 mixture of the lactam 6 and 4-phenylphenol 24.
Chromatographic purification facilitated their separation, giving
lactam 6 (vmax 1682 cm−1) in 96% yield and 4-phenylphenol 24 in
92% yield (Scheme 3).


Solid phase synthesis: model studies


Having successfully demonstrated the concept of an oxidatively
activated cleavage system in a model solution phase system,
efforts were directed towards its adaptation to the solid phase.
An approach designed to allow the loading of the polymer to be
determined unambiguously was followed. Reductive amination of
dihydrofuranone 1 with N-benzyl-N-butenylamine gave acid 25 in
81% yield, with subsequent esterification giving the corresponding
4-phenylphenol ester 26 (vmax 1745 cm−1) in 92% yield. Grafting
of ester 26 to the polymer with bromopolystyrene resin using a
Suzuki–Miyaura cross coupling was next investigated. Treatment
of ester 26 with 9-BBN at 0 ◦C, followed by the addition
of prewashed bromopolystyrene resin (Argonaut Technologies,14


polymer loading: 3.22 mmol g−1) with 9% Pd(OAc)2 and DPPF
gave, after subsequent washing, the solid supported ester 27 (vmax


1748 cm−1). To determine the polymer loading, ester 27 was
saponified by treatment with LiOH in THF : H2O (8 : 1) under
reflux, giving both 4-phenylphenol 24 and polymer supported acid
28 (vmax 1713 cm−1) in quantitative yield, consistent with a polymer
loading of 1.73 mmol g−1 (Scheme 4). The designed enhanced
stability of the ester towards basic hydrolysis, conferred by the
gem-dimethyl substitution a- to the carbonyl, is illustrated by the
forcing conditions necessary for complete saponification.


The ability of 27 to undergo debenzylation and cyclo-release
from the solid support was next investigated. Treatment of 27
with 5 equivalents of CAN in THF : H2O (8 : 1), followed
by washing, gave a yellow resin that was dried in vacuo to a
constant mass. IR investigations of this polymer revealed the
presence of an ester bond (vmax 1746 cm−1), allowing its assignment
as 29. Investigations in the solution phase model system had
demonstrated that intermediates such as 29 undergo cyclisation
under mild conditions and a base promoted cyclisation to lactam
30 at rt was therefore investigated. Treatment of 29 with CH2Cl2 :
NEt3 (5 : 1) gave 4-phenylphenol 24 in 78% yield after work-up,
with IR investigations of the remaining resin indicating complete
conversion of 29 (vmax 1746 cm−1) to the polymer bound lactam 30


1626 | Org. Biomol. Chem., 2008, 6, 1625–1634 This journal is © The Royal Society of Chemistry 2008







Scheme 2 Reagents and conditions: (i) amine (3–4 eq.), EDCI, HOBt, DIPEA, CH2Cl2 or DMF, rt, 16 h; (ii) CAN (5 eq.), THF : H2O (8 : 1), rt 16 h,
then NaOH (2 M, aq.); (iii) D, toluene, 48 h then HCl.


Scheme 3 Reagents and conditions: (i) 4-iodophenol (5 eq.), EDCI (1.5 eq.), HOBt (2 eq.), DIPEA (3 eq.), CH2Cl2, rt, 16 h; (ii) phenylboronic acid
(2 eq.), Pd2(dba)3 (0.2 eq.), K2CO3 (2.5 eq.), DMF, rt, 24 h; (iii) 4-phenylphenol (4 eq.), EDCI (2.5 eq.), HOBt (2 eq.), DIPEA (4 eq.), CH2Cl2, rt, 16 h;
(iv) CAN (5 eq.), THF : H2O (8 : 1), rt, 16 h then Al2O3.


(vmax 1682 cm−1) (Scheme 5). Although base promoted cyclisation
and release from the polymer support incurs another reaction step
in this strategy, this could be beneficial for product purity as it
allows its controlled release into solution. Furthermore, this allows
the inorganic CAN residues to be washed from the polymer matrix


before product release, preventing any undesired side reactions
with the released product.


Having demonstrated the use of the linker system for the release
of 4-phenylphenol 24 from the solid phase, the utility of this
protocol for the attachment and release of benzylamine 18 was
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Scheme 4 Reagents and conditions: (i) N-benzyl-N-butenylamine,
MeOH, TMOF, NaBH4; (ii) HOC6H4Ph (3 eq.), EDCI (2 eq.), HOBT
(2 eq.), CH2Cl2, rt; (iii) phenylboronic acid (5 eq.), Pd(OAc)2 (9 mol%),
DPPF (0.11 eq.), K2CO3 (5 eq.), DMF, 70 ◦C, 48 h; (iv) LiOH (10 eq.),
THF : H2O (8 : 1), D.


Scheme 5 Reagents and conditions: (i) CAN (5 eq.), THF : H2O (8 : 1),
rt, 16 h; (ii) CH2Cl2 : NEt3 (5 : 1), rt, 30 min.


investigated. Solid supported carboxylic acid 28 was activated
with DIC–HOBt and treated with excess benzylamine 18 (6 eq.)
to afford the polymer supported N-benzylamide 31 that exhibited
similar IR properties (vmax 1634 cm−1, 1529 cm−1) to the solution
phase analog 8 (vmax 1643 cm−1, 1529 cm−1). Treatment of 31
with CAN followed by aqueous NaOH gave a polymer 32 (vmax


1635 cm−1, 1529 cm−1), which was heated in toluene to promote


cyclisation, resulting in complete conversion to lactam 30 (vmax


1682 cm−1). The released amine was subsequently converted to its
hydrochloride salt 18·HCl and isolated in 65% yield (Scheme 6).


Scheme 6 Reagents and conditions: (i) benzylamine 18 (6 eq.), DIC (3 eq.),
HOBt (3 eq.), DIPEA (6 eq.), CH2Cl2, rt, 16 h; (ii) CAN (5 eq.), THF :
H2O (8 : 1), rt, 16 h, then NaOH (2 M, aq.); (iii) D, toluene, 48 h.


Cross-coupling reactions and cyclo-release on solid phase: library
synthesis


Further studies focused upon the performance of cross coupling
reactions on the solid phase to prepare 4-phenylphenol 24.
Treatment of polymer bound carboxylic acid 28 with DIC–HOBt
and 4-iodophenol (10 eq.) gave quantitative conversion by mass
to the desired 4-iodophenyl ester resin 33 (vmax 1749 cm−1). Suzuki
coupling of 4-iodophenyl ester resin 33 with phenylboronic acid
at 70 ◦C and subsequent treatment of the product resin 27
with 5 equivalents of CAN afforded 4-phenylphenol 24 in 55%
isolated yield. Significantly, under these optimised conditions, no
4-iodophenol was detected upon cyclorelease indicating complete
conversion, with IR analysis of the residual resin indicating the
presence of the polymer-supported lactam 30 (vmax 1682 cm−1)
(Scheme 7).


Following these successful solid phase transformations, at-
tention turned to the preparation of a small pilot library of
phenols including biphenols 42 and 43 and terphenol 39 that
have been evaluated as ligands for the b-estrogen receptor in an
analogous library synthesis of 4-hydroxy biphenyls.15 A diverse
range of arylboronic acids incorporating electron donating and
withdrawing substituents were chosen for this Suzuki coupling
strategy, whose products were anticipated to be tolerant towards
oxidative debenzylation with CAN and subsequent cyclo-release
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Scheme 7 Reagents and conditions: (i) 4-iodophenol (10 eq.), DIC (3 eq.),
HOBt (4 eq.), DIPEA (8 eq.), CH2Cl2, rt, 16 h; (ii) phenylboronic acid
(5 eq.), Pd2(dba)3 (0.2 eq.), K2CO3 (5 eq.), DMF, 70 ◦C, 48 h; (iii) CAN
(5 eq.), THF : H2O (8 : 1), rt, 16 h, then CH2Cl2 : NEt3 (5 : 1), rt, 30 min.


from the safety catch linker. Under standard conditions, treatment
of resin 33 with a range of arylboronic acids under Pd catalysis
and treatment of the resulting resins 34–38 with CAN gave the
desired phenols 39–43 in 43–92% isolated yield and in generally
high HPLC purity (Scheme 8).


Towards an oxidatively cleavable solid supported chiral auxiliary
system


Having demonstrated the applicability of this safety catch protocol
to the solid phase synthesis of a small number of phenol deriva-
tives, subsequent studies were directed towards the incorporation
of a chiral auxiliary into the safety catch linker. Oxazolidin-2-one
based chiral auxiliaries have found widespread use in solution
phase asymmetric synthesis due to their efficiency in a broad
range of stereoselective manipulations16 and their accessibility
from readily available a-amino acids.17 Much effort has been
made to immobilise oxazolidine-2-one based chiral auxiliaries on
polymer supports,18 with Burgess having shown that a tyrosine
derived oxazolidinone requires a Wang linker as the optimal
support.19 This tyrosine derived oxazolidinone has since been
applied to a range of stereoselective transformations on solid phase
including aldol reactions, conjugate addition, Diels–Alder and
1,3-dipolar cycloadditions,20 although these reactions are difficult
to optimise due to problems in reaction monitoring.19 Calmès
et al. first demonstrated in 2001 that a suitable labile linker system


Scheme 8 Reagents and conditions: (i) aryl boronic acid (HO)2BR (5 eq.),
Pd2(dba)3 (0.2 eq.), K2CO3 (5 eq.), DMF, 70 ◦C, 48 h; (ii) CAN (5 eq.),
THF : H2O (8 : 1), rt, 16 h, then CH2Cl2 : NEt3 (5 : 1), rt, 30 min.


could be used to allow cleavage of a chiral auxiliary attached to
the solid phase at any point in the reaction sequence, allowing
simple and straightforward reaction monitoring, thus facilitating
optimisation.21 This concept has contemporaneously been applied
by us,22 and recently by Bull et al.23 to the development of a
labile linker for an oxazolidinone derived solid-supported chiral
auxiliary. The safety catch linker described herein was also
proposed to be a suitable system for application in the optimisation
of such solid phase asymmetric transformations.


Tyrosine derived SuperQuat 5,5-dimethyloxazolidinone 45 was
therefore prepared following our established literature procedure
in 73% yield.24 O-Silylation of 45 gave 46 in 90% yield after
recrystallisation, with subsequent deprotonation with n-BuLi and
acylation with propanoyl chloride affording O-TBDMS protected
47 in 97% yield (88% over two steps). Silyl deprotection of 47 with
TBAF in THF subsequently afforded the N-propanoyl SuperQuat
48 in 93% yield. SuperQuat 48 was next readily attached to the solid
supported carboxylic acid 28 using standard protocols, with IR
analysis of the resin 49 revealing three bands in the carbonyl region
{mmax 1778 cm−1 (endocyclic), 1749 cm−1 (ester) and 1701 cm−1


(exocyclic)}. The debenzylation and cyclorelease protocol was
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then examined, with treatment of 49 with CAN (5 eq.), followed
by washing with THF and water to remove inorganic residues.
The desired cyclisation was promoted by treatment with NEt3 in
CH2Cl2, affording N-propanoyl SuperQuat 48 in 84% yield, thus
demonstrating that the ester linkage may be selectively cleaved
in the presence of the N-acyloxazolidinone to release the chiral
auxiliary into solution (Scheme 9).


Scheme 9 Reagents and conditions: (i) SOCl2, MeOH, D then Boc2O,
NaHCO3, EtOH, rt; (ii) MeMgBr (5 eq.), THF, −78 ◦C to rt; (iii) tBuOK,
THF, D; (iv) TBDMSCl, imidazole, CH2Cl2, rt, 24 h; (v) n-BuLi, −78 ◦C,
THF, then CH3CH2COCl; (vi) TBAF, THF, 1 h; (vii) 28, EDCI, HOBt,
DIPEA, CH2Cl2, 20 h; (viii) CAN (5 eq.), THF : H2O (8 : 1), rt, 5 h; (ix)
CH2Cl2 : NEt3 (5 : 1), rt, 30 min.


In conclusion, we have developed a novel, oxidatively activated
safety catch linker system that has been applied to the solid phase
synthesis of a range of phenols. The attachment and release of a
chiral auxiliary from the solid phase using this linker system has
also been demonstrated. Current studies are underway to apply
this methodology to a range of asymmetric protocols on the solid
phase.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere


using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen or argon before use.
Solvents were dried according to the procedure outlined by
Grubbs and co-workers.25 Water was purified by an Elix R© UV-
10 system. All other solvents were used as supplied (analytical
or HPLC grade) without prior purification. Organic layers were
dried over MgSO4 or Na2SO4 as stated. Thin layer chromatography
was performed on aluminium plates coated with 60 F254 silica.
Plates were visualised using UV light (254 nm), iodine, 1% aq.
KMnO4, or 10% ethanolic phosphomolybdic acid. Flash column
chromatography was performed on Kieselgel 60 silica.


Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g per 100 mL. IR spectra were recorded on
either a Perkin-Elmer Paragon 1000 FT-IR spectrometer or a
Bruker Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm−1. Nuclear magnetic resonance (NMR)
spectra were recorded on Bruker DPX 400 (1H: 400 MHz and
13C: 100.6 MHz), AMX 500 (1H: 500 MHz and 13C: 125.3 MHz),
Bruker DPX 250 (1H: 250 MHz) or Varian 200 (1H: 200 MHz)
spectrometers in the deuterated solvent stated. All chemical shifts
(d) are quoted in ppm and coupling constants (J) in Hz. Coupling
constants are quoted twice, each being recorded as observed
in the spectrum without averaging. The field was locked by
external referencing to the relevant deuteron resonance. Residual
signals from the solvents were used as an internal reference. 13C
multiplicities were assigned using a DEPT sequence. Reverse-
phase HPLC was carried out on a Gilson instrument comprising
of Gilson 306 pumps, Gilson 811C dynamic mixer, Gilson 806
manomeric module with automated injection on a Gilson 215
liquid handler, configured with a Gilson 819 valve actuator.
Separations were performed on a Hypersil R© Elite C18 column
(5 lm particle size, 150 × 4.6 mm). All experiments were performed
under gradient elution with deionised H2O (containing 0.1% TFA)
and MeCN, starting from 95% H2O, 5% MeCN to 5% H2O,
95% MeCN over 8 minutes then isocratic for 4 minutes. The
flow rate was 1.0 mL min−1. Detection was at k 220, 254 and
290 nm with a Gilson 170 Diode Array Detector with equipment
control and data collection managed by Gilson Unipoint LC
software version 3.01. Low-resolution mass spectra were recorded
on either a VG MassLab 20–250 or a Micromass Platform 1
spectrometer. Accurate mass measurements were run on either a
Bruker MicroTOF and were internally calibrated with polyaniline
in positive and negative modes, or a Micromass GCT instrument
fitted with a Scientific Glass Instruments BPX5 column (15 m ×
0.25 mm) using amyl acetate as a lock mass.


General experimental procedures


Representative Procedure 1: carbodiimide coupling reactions in
solution. To a solution of the requisite carboxylic acid in CH2Cl2


or DMF was added DIPEA, nucleophile (amine or alcohol),
HOBt and coupling reagent (EDCI, TBTU or DIC). The reaction
mixture was stirred at room temperature for 16 hours. The
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resulting solution was partitioned with 10% aqueous HCl and
then 2 M aqueous NaOH. The organic layer was dried (Na2SO4),
concentrated in vacuo before purification as described.


Representative Procedure 2: CAN oxidation in solution. CAN
(5.0 eq.) was added to a stirred solution of the requisite tertiary
amine (1.0 eq.) in THF : H2O (8 : 1) or MeCN : H2O (5 :
1) and stirred for 16 hours at room temperature. The reaction
was quenched with either a 2 M aqueous solution of NaOH or
saturated aqueous bicarbonate solution (NaHCO3) and extracted
into ether or CH2Cl2. The organic extracts were dried (MgSO4),
filtered and concentrated in vacuo and the resulting crude product
purified as described.


Representative Procedure 3: carbodiimide coupling reactions on
polymer support. To a suspension of the requisite carboxylic acid
in CH2Cl2 was added DIPEA, nucleophile (amine or alcohol),
HOBt and coupling reagent (EDCI, TBTU or DIC). The reaction
mixture was stirred at room temperature for 16 hours. The resin
was transferred to a sintered funnel, washed repeatedly with DMF,
MeOH and CH2Cl2 then dried to a constant mass in vacuo.


Representative Procedure 4: Suzuki couplings on polymer support.
To a stirred suspension of the polymer supported 4-iodophenyl
ester (1.0 eq.) in DMF, boronic acid (4.0 eq.) and K2CO3 (5.0 eq.)
was added Pd2dba3 (0.20 eq.) in 2 or 3 portions over 36 hours
at 70 ◦C. The resin was transferred to a sintered funnel, washed
repeatedly with DMF, water, THF and CH2Cl2 and then dried to
a constant mass in vacuo.


Representative Procedure 5: CAN oxidation on polymer support.
CAN (5.0 eq.) was added to a stirred suspension of the requisite
resin (1.0 eq.) in THF : H2O (8 : 1). After stirring for 16 hours the
resin was transferred to a sintered funnel and washed repeatedly
with THF, water, THF and CH2Cl2. The resin was then treated
with CH2Cl2 : NEt3 (5 : 1) and the filtrate was concentrated in
vacuo. The resulting residue was filtered through a plug of silica
(EtOAc eluent) and the solvent removed in vacuo. The resin was
dried in vacuo to a constant mass.


2′′-Phenylprop-1′′-yl 2,2-dimethyl-4-[N-benzyl-N-(2′-phenyl-
ethyl)amino]butanoate (4). Following Representative Procedure
1, to a stirred solution of 2 (544 mg, 1.67 mmol, 1.0 eq.),
2-phenylpropan-1-ol 7 (0.701 mL, 5.02 mmol, 3.0 eq.), HOBt
(452 mg, 3.35 mmol, 2.0 eq.) and DIPEA (0.878 mL, 5.02 mmol,
3.0 eq.) in CH2Cl2 (20 mL) was added EDCI (481 mg, 2.51 mmol,
1.5 eq.). The resulting solution was stirred for 16 hours and
washed with 10% aqueous HCl (30 mL) and 2 M aqueous
NaOH solution (30 mL). The solution was dried (Na2SO4) and
concentrated in vacuo. Purification by column chromatography on
silica gel (EtOAc : petrol, 1 : 9) afforded the title compound 4 as a
colourless oil (525 mg, 71%); vmax/cm−1 (film) 1726; dH (400 MHz,
CDCl3) 1.12 (6H, s, CMe2), 1.31 (3H, d, J 7.0, C(3′′)H3), 1.71–1.75
(2H, m, C(3)H2), 2.44–2.48 (2H, m, C(4)H2), 2.64–2.79 (4H, m,
C(1′)H2 and C(2′)H2), 3.04–3.13 (1H, m, C(2′′)H), 3.62 (2H, s,
NCH2Ph), 4.06–4.22 (2H, m, C(1′′)H2), 7.16–7.47 (15H, m, Ph);
dC (100 MHz, CDCl3) 18.1, 25.3, 33.5, 37.2, 39.0, 41.3, 49.5, 55.4,
58.4, 69.2, 125.9, 126.6, 126.8, 127.3, 128.2, 128.3, 128.4, 128.8,
139.5, 140.6, 143.2, 177.5; m/z (ESI+) 444 (MH+, 100%); HRMS
C30H38NO2 (MH+) requires 444.2903; found 444.2905.


N-(2′-Phenylethyl)-3,3-dimethyl-pyrrolidin-2-one 6 and 2-
phenylpropan-1-ol (7). Following Representative Procedure 2,
CAN (494 mg, 0.903 mmol, 5.0 eq.) was added to a stirred solution
of 4 (80 mg, 0.181 mmol, 1.0 eq.) in THF : H2O (8 : 1) (6 mL).
After 3 hours the mixture was partitioned with 2 M aqueous
NaOH solution (5 mL) and ether (20 mL). The aqueous layer was
extracted with ether (20 mL). The combined organic layers were
dried (MgSO4) and concentrated in vacuo to afford 2′′-phenylprop-
1′′-yl 2,2-dimethyl-4-[N-(2′-phenylethyl)amino]butanoate 5. The
crude residue was refluxed in toluene for 16 hours. The solvent
was removed and separation by column chromatography on
silica gel (EtOAc : petrol, 1 : 9–4 : 6, stepwise elution) afforded
2-phenylpropan-1-ol 7 (13 mg, 53%) as a colourless oil; dH


(200 MHz, CDCl3) 1.30 (3H, d, J 6.9, CH3CHPh), 2.93–3.01 (1H,
m, CH3CHPh), 3.72 (2H, d, J 6.8, CH2OH), 7.20–7.40 (5H, m,
Ph); further elution afforded 6 as a colourless oil (29 mg, 74%);
vmax/cm−1 (film) 1685; dH (400 MHz, CDCl3) 1.08 (6H, s, CMe2),
1.77 (2H, t, J 6.8, C(4)H2), 2.85 (2H, t, J 7.4, C(2′)H2), 3.12 (2H,
t, J 6.8, C(5)H2), 3.54 (2H, t, J 7.4, C(1′)H2), 7.20–7.32 (5H, m,
Ph); dC (100 MHz, CDCl3) 24.5, 33.7, 34.2, 40.5, 43.9, 44.1, 126.4,
128.4, 128.7, 138.8, 179.4; m/z (ESI+) 218 (MH+, 100%); HRMS
C14H20NO (MH+) requires 218.1545; found 218.1548.


N -Benzyl-2,2-dimethyl-4-[N -benzyl-N -(2′-phenylethyl)amino]-
butanamide (8). Following Representative Procedure 1, to a
stirred solution of 2 (3.20 g, 9.83 mmol, 1.0 eq.), benzylamine 18
(3.22 mL, 29.5 mmol, 3.0 eq.), HOBt (2.66 g, 19.7 mmol, 2.0 eq.)
and DIPEA (6.88 mL, 39.3 mmol, 4.0 eq.) in CH2Cl2 (100 mL)
was added EDCI (2.45 g, 12.8 mmol, 1.3 eq.). The resulting
solution was stirred for 16 hours then washed with 10% aqueous
HCl (150 mL) and 2 M aqueous NaOH solution (150 mL), then
dried (Na2SO4) and concentrated in vacuo. Purification by column
chromatography on silica gel (MeOH : CHCl3, 2 : 98) afforded the
title compound 8 as a yellow viscous oil (4.08 g, 100%); vmax/cm−1


(film) 3351, 1643, 1529; dH (400 MHz, CDCl3) 1.20 (6H, s, CMe2),
1.76 (2H, t, J 7.4, C(3)H2), 2.55 (2H, t, J 7.4, C(4)H2), 2.65–2.76
(4H, m, C(1′)H2 and C(2′)H2), 3.63 (2H, s, NCH2Ph), 4.40 (2H, d,
J 5.4, NHCH2Ph), 6.65 (1H, t, J 5.4, NHCH2Ph), 7.12–7.47 (15H,
m, Ph); dC (100 MHz, CDCl3) 26.1, 33.1, 37.6, 41.5, 43.5, 49.6, 55.4,
58.4, 125.9, 126.9, 127.4, 127.8, 128.2, 128.3, 128.7, 128.7, 129.0,
138.8, 139.1, 140.4, 177.3; m/z (ESI+) 415 (MH+, 100%); HRMS
C35H35N2O (MH+) requires 415.2749; found 415.2754.


N -Benzyl-2,2-dimethyl-4-[N-(2′-phenylethyl)amino]butanamide
(14). Following Representative Procedure 2, CAN (6.15 g,
11.2 mmol, 5.0 eq.) was added to a stirred solution of 8 (929 mg,
2.24 mmol, 1.0 eq.) in THF : H2O (8 : 1) (90 mL). After
16 hours the mixture was partitioned between 2 M aqueous NaOH
solution (100 mL) and ether (200 mL). The aqueous layer was
extracted with ether (200 mL). The combined organic layers were
dried (MgSO4) and concentrated in vacuo. Purification by column
chromatography on silica gel (MeOH : CHCl3, 2 : 98–3 : 7, stepwise
elution) afforded the title compound 14 as a colourless oil (579 mg,
80%); vmax/cm−1 (film) 3339, 1641, 1532; dH (400 MHz, CDCl3)
1.20 (6H, s, CMe2), 1.72 (2H, t, J 7.4, C(3)H2), 2.21 (1H, br s,
NH), 2.62 (2H, t, J 7.4, C(4)H2), 2.69–2.82 (4H, m, C(1′)H2


and C(2′)H2), 4.40 (2H, d, J 5.6, NHCH2Ph), 6.97 (1H, t, J 5.6,
NHCH2Ph), 6.97–7.34 (10H, m, Ph); dC (100 MHz, CDCl3) 26.2,
36.0, 40.3, 41.5, 43.6, 45.6, 50.9, 126.2, 127.3, 127.7, 128.5, 128.6,
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128.7, 138.7, 139.6, 177.5; m/z (ESI+) 325 (MH+, 100%); HRMS
C21H29N2O (MH+) requires 325.2280; found 325.2278.


N-(2′-Phenylethyl)-3,3-dimethyl-pyrrolidin-2-one (6) and benzy-
lamine hydrochloride (18·HCl). 14 (210 mg, 0.648 mmol, 1.0 eq.)
was refluxed in toluene (20 mL) for 16 hours. The organic layer
was washed with 10% aqueous HCl (10 mL). The organic layer
was concentrated in vacuo. The resultant residue was partitioned
between CH2Cl2 (20 mL) and the retained aqueous layer. The
organic layer was washed with 10% aqueous HCl (10 mL, 2×),
dried (Na2SO4) and concentrated in vacuo to afford 6 (136 mg,
97%) with identical physical and spectroscopic properties to those
described above. The combined aqueous layers were co-evaporated
with MeOH in vacuo to a constant mass to afford benzylamine
hydrochloride 18·HCl as a white crystalline solid (92 mg, 99%);
mp 258–260 ◦C (lit.26 261–262 ◦C); dH (200 MHz, CD3OD) 4.16
(2H, s, NCH2Ph), 7.45–7.52 (5H, m, Ph).


4′′-Iodophenyl 2,2-dimethyl-4-[N -benzyl-N -(2′ -phenylethyl)-
amino]butanoate (22). Following Representative Procedure 1, to
a stirred solution of 2 (1.50 g, 4.61 mmol, 1.0 eq.), 4-iodophenol
(5.08 g, 23.1 mmol, 5.0 eq.), HOBt (1.25 g, 9.23 mmol, 2.0 eq.)
and DIPEA (2.42 mL, 13.8 mmol, 3.0 eq.) in CH2Cl2 (60 mL) was
added EDCI (1.33 g, 6.92 mmol, 1.5 eq.). The resulting solution
was stirred for 16 hours then washed with 10% aqueous HCl
(60 mL) and 2 M aqueous NaOH solution (60 mL). The organic
layer was dried (Na2SO4) and concentrated in vacuo. Purification
by column chromatography on silica gel (MeOH : CHCl3, 2 : 98)
afforded the title compound 22 as a colourless oil (1.99 g, 82%);
vmax/cm−1 (film) 1752; dH (400 MHz, CDCl3) 1.31 (6H, s, CMe2),
1.88–1.92 (2H, m, C(3)H2), 2.58–2.62 (2H, m, C(4)H2), 2.75–2.84
(4H, m, C(1′)H2 and C(2′)H2), 3.66 (2H, s, NCH2Ph), 6.65–6.68
(2H, m, Ar), 7.16–7.57 (10H, m, Ph), 7.70–7.72 (2H, m, Ar); dC


(100 MHz, CDCl3) 25.4, 33.5, 37.3, 41.6, 49.4, 55.6, 58.5, 89.5,
123.8, 125.9, 126.9, 128.3, 128.8, 128.8, 138.4, 139.4, 140.5, 150.8,
175.9; m/z (ESI+) 528 (MH+, 100%); HRMS C27H31NO2 (MH+)
requires 528.1400; found 528.1403.


4′′-Biphenyl 2,2-dimethyl-4-[N-benzyl-N-(2′-phenylethyl)amino]-
butanoate (23).


Method A. Following Representative Procedure 1, to a stirred
solution of 2 (326 mg, 1.00 mmol, 1.0 eq.), 4-phenylphenol 24
(683 mg, 4.00 mmol, 4.0 eq.), HOBt (271 mg, 2.00 mmol, 2.0 eq.)
and DIPEA (0.702 mL, 4.00 mmol, 4.0 eq.) in CH2Cl2 (25 mL)
was added EDCI (481 mg, 2.50 mmol, 2.5 eq.) portionwise
over 24 hours. The resulting solution was washed with 10%
aqueous HCl (25 mL) and 2 M aqueous NaOH solution (25 mL).
The solution was dried (Na2SO4) and concentrated in vacuo.
Purification by column chromatography on silica gel (EtOAc :
petrol, 1 : 9–2 : 8, stepwise elution) afforded the title compound
23 as a white waxy solid (341 mg, 71%); vmax/cm−1 (film) 1748;
dH (400 MHz, CDCl3) 1.37 (6H, s, CMe2), 1.95–1.99 (2H, m,
C(3)H2), 2.67–2.71 (2H, m, C(4)H2), 2.79–2.88 (4H, m, C(1′)H2


and C(2′)H2), 3.75 (2H, s, NCH2Ph), 7.03–7.05 (2H, m, Ar), 7.21–
7.62 (17 H, m, Ph); dC (100 MHz, CDCl3) 25.4, 33.3, 37.2, 41.5,
49.4, 55.5, 58.4, 121.7, 125.4, 125.9, 126.9, 127.1, 127.2, 128.0,
128.2, 128.2, 128.7, 128.8, 138.7, 139.3, 140.3, 140.4, 150.2, 176.2;
m/z (ESI+) 478 (MH+, 100%); HRMS C33H36NO2 requires (MH+)
478.2746; found 478.2740.


Method B. To a stirred solution of 22 (393 mg, 0.746 mmol,
1.0 eq.), K2CO3 (257 mg, 1.86 mmol, 2.5 eq.) and phenylboronic
acid (182 mg, 1.49 mmol, 2.0 eq.) in DMF (20 mL) was added
portionwise over 20 hours Pd2(dba)3 (136 mg, 0.149 mmol,
0.20 eq.). After 24 hours the solvent was removed in vacuo and
the resulting residue partitioned between water (40 mL) and
CH2Cl2 (80 mL). The aqueous layer was extracted with CH2Cl2


(80 mL). The combined organic extracts were dried (Na2SO4) and
concentrated in vacuo to afford a yellow oil (247 mg). Attempted
purification by column chromatography (EtOAc : petrol, 1 : 9–2 :
8) afforded a mixture, inseparable by column chromatography,
of dibenzylideneacetone and 23, with identical physical and
spectroscopic properties to those described above.


N-(2′-Phenylethyl)-3,3-dimethyl-pyrrolidin-2-one (6) and 4-
phenylphenol (24). CAN (419 mg, 0.765 mmol, 5.0 eq.) was
added to a solution of 23 (73 mg, 0.153 mmol, 1.0 eq.) in THF :
H2O (8 : 1) (4 mL) and the resulting mixture stirred for 16 h.
Filtration through a small plug of aluminium oxide (neutral) using
EtOAc as the eluting solvent afforded a ca. 50 : 50 mixture of
6 and 24. Separation by column chromatography on silica gel
(EtOAc : petrol, 2 : 98–8 : 2, stepwise elution) afforded lactam
4 as a colourless oil (32 mg, 96%) with identical physical and
spectroscopic properties to those described above. Further elution
afforded 4-phenylphenol 24 as a white crystalline solid (24 mg,
92%); mp 158–160 ◦C (lit.27 166–167 ◦C); dH (400 MHz, CDCl3)
4.89 (1H, br s, OH), 6.89–6.96 (2H, m, Ar), 7.27–7.58 (7H, m, Ar).


4′′ ′-Biphenyl 2,2-dimethyl-4-{N-benzyl-N-[4′-(4′′-polystyrenyl)-
butyl]amino}butanoate (27).


Method A. A solution of 9-BBN (42.5 mL, 21.3 mmol, 0.5 M
in THF, 2.2 eq.) was added dropwise to a stirred solution of 26
(8.28 g, 19.3 mmol, 2.0 eq.) in THF (25 mL) at 0 ◦C. Stirring
was continued for 1 hour at 0 ◦C and 4 hours at room tem-
perature. Bromopolystyrene resin (3.00 g, 9.66 mmol, Argonout
Technologies,14 3.22 mmol g−1, 106 lm, 1.0 eq.) was washed
repeatedly with DMF, THF and CH2Cl2 and dried in vacuo for
3 hours. The catalyst was prepared separately by the following
procedure: DPPF (589 mg, 1.06 mmol, 0.11 eq.) was dissolved in
DMF (20 mL), Pd(OAc)2 (195 mg, 0.869 mmol, 0.090 eq.) was
then added and the solution degassed before heating at 60 ◦C
for 30 min. The hydroboration mixture was concentrated under
reduced pressure to 5 ml and transferred to the flask containing
the prewashed bromopolystyrene resin via cannula followed by
K2CO3 (3.34 g, 24.2 mmol, 2.5 eq.). The catalyst was transferred to
the resin suspension via cannula and the resulting mixture heated
under nitrogen at 60 ◦C for 18 hours. The resin was transferred to
a sintered funnel in DMF and washed with DMF, water, 0.2 M
aqueous HCl, NEt3, DMF, MeOH, THF, CH2Cl2, ether, THF and
CH2Cl2. The resin was transferred to a round bottom flask, dried
in vacuo to a constant mass (6.50 g) to afford 27; vmax/cm−1 (KBr)
1748.


Method B. Following Representative Procedure 4, to a stirred
suspension of 33 (100 mg, 0.141 mmol, 1.0 eq.), K2CO3 (97 mg,
0.705 mmol, 5.0 eq.) and phenylboronic acid (69 mg, 0.56 mmol,
4.0 eq.) at 70 ◦C in DMF (3 mL) was added, Pd2(dba)3 (26 mg,
0.028 mmol, 0.20 eq.). The resin was repeatedly washed with DMF,
water, THF and CH2Cl2. The resin was dried in vacuo to a constant
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mass to afford 27 (94 mg) with identical spectroscopic properties
to those described above; loading 1.52 mmol g−1.


Loading determination of 2,2-dimethyl-4-{N-benzyl-N-[4′-(4′′-
polystyrenyl)butyl]amino}butanoic acid (28)


The resin 27 (6.50 g, 9.66 mmol, 1.0 eq.), as a suspension in THF :
H2O (8 : 1) (100 ml), was stirred at reflux with LiOH·H2O (4.05 g,
17.1 mmol, 10.0 eq.) for 4 hours. The resulting resin was washed
repeatedly with water and THF. The washings were collected and
the THF removed in vacuo. The water layer was acidified with
10% aqueous HCl and repeatedly extracted with CH2Cl2 (3×).
Evaporation of the solvent in vacuo afforded 4-phenylphenol 24
(1.65 g, 9.69 mmol) with identical physical and spectroscopic
properties to those described above. The resin was further washed
repeatedly with THF, DMF and 10% aqueous HCl, the pH was
then adjusted to neutral with aqueous 2 M NaOH solution and
again repeatedly washed with DMF, water and THF. The resin
was dried in vacuo to a constant mass to afford 28 as a dark
brown powder (5.60 g); vmax/cm−1 (KBr) 1713; determined loading
1.73 mmol g−1.


N-[4′-(4′′-Polystyrenyl)butyl]-3,3-dimethyl-pyrrolidin-2-one (30)
and 4-phenylphenol (24)


CAN (1.25 g, 2.28 mmol, 5.0 eq.) was added to a stirred suspension
of 27 (300 mg, ∼0.456 mmol, 1.0 eq.) in THF : H2O (8 : 1)
(3 mL). After 16 hours reaction time the resin was transferred to
a sintered funnel and washed repeatedly with CH2Cl2, THF and
water. The resin was dried in vacuo to a constant mass to afford
the debenzylated product 29 as a pale yellow powder (315 mg);
vmax/cm−1 (KBr) 1746. Subsequently the resin (271 mg, ∼0.392
mmol) was stirred in a mixture of CH2Cl2 : NEt3 (5 : 1) (5 mL)
for one hour and washed repeatedly with CH2Cl2 (20 mL, 3×).
The combined organic layers were repeatedly washed with 10%
aqueous HCl (50 mL, 3 ×). The organic layer was concentrated in
vacuo to afford the desired 4-phenylphenol 24 (52 mg, 78%) with
identical physical and spectroscopic properties to those described
above; HPLC (MeCN–H2O, 254 nm) >99%. The resin was dried
in vacuo to a constant mass to afford 30 as a pale brown powder
(209 mg); vmax/cm−1 (KBr) 1682.


N-Benzyl-2,2-dimethyl-4-{N-benzyl-N-[4′-(4′′-
polystyrenyl)butyl]amino}butanamide (31)


Following Representative Procedure 3, to a stirred suspension of
28 (500 mg, 0.865 mmol, 1.0 eq.), benzylamine 14 (0.566 mL,
5.19 mmol, 6.0 eq.), HOBt (351 mg, 2.56 mmol, 3.0 eq.) and
DIPEA (0.904 mL, 5.19 mmol, 6.0 eq.) in CH2Cl2 (10 mL) was
added DIC (0.406 ml, 2.56 mmol, 3.0 eq.). After 16 hours the
resin was transferred to a sintered funnel and washed repeatedly
with DMF, MeOH and CH2Cl2. The resin was dried in vacuo to
a constant mass to afford 31 as a pale brown powder (518 mg);
vmax/cm−1 (KBr) 3368, 1634, 1529; loading 1.68 mmol g−1.


N-Benzyl-2,2-dimethyl-4-{N-[4′-(4′′-
polystyrenyl)butyl]amino}butanamide (32)


CAN (1.63 g, 2.96 mmol, 5.0 eq.) was added to a stirred suspension
of 31 (355 mg, 0.593 mmol, 1.0 eq.) in THF : H2O (8 : 1) (13 mL).


After 16 hours the resin was transferred to a sintered funnel
and washed repeatedly with DMF, 2 M aqueous NaOH solution,
water, MeOH and CH2Cl2. The resin was dried to a constant mass
in vacuo to afford 32 as a pale brown powder (304 mg); vmax/cm−1


(KBr) 3371, 1635, 1529; loading 1.98 mmol g−1.


N-[4′-(4′′-Polystyrenyl)butyl]-3,3-dimethyl-pyrrolidin-2-one (30)
and benzylamine hydrochloride (18·HCl)


The resin 32 (300 mg, 0.585 mmol) was stirred as a suspension in
toluene (10 ml) and refluxed for 48 hours. The resin was transferred
to a sintered funnel and washed repeatedly with toluene. To the
combined organic washings was added 10% aqueous HCl. The
solvents were removed in vacuo and the residue co-evaporated
with MeOH to afford benzylamine hydrochloride 18·HCl as a
white crystalline solid (55 mg, 65%) with identical physical and
spectroscopic properties to those described above. The resin was
washed repeatedly with MeOH, THF and CH2Cl2. The resin was
dried in vacuo to a constant mass to afford 30 as a dark brown
powder (243 mg) with identical spectroscopic properties to those
described above.


(S)-[4′′ ′-(2′′′-oxo-3′′′-Propanoyl-5′′′,5′′′-dimethyl-oxazolidin-4′′′-yl)-
benzyl] 2,2-dimethyl-4-{N-benzyl-N-[4′-(4′′-
polystyrenyl)butyl]amino}butanoate (49)


To a stirred suspension of 28 (500 mg, 0.865 mmol, 1.0 eq.), (S)-
N-propanoyl SuperQuat 48 (959 mg, 3.46 mmol, 4.0 eq.), HOBt
(467 mg, 3.46 mmol, 4.0 eq.) and DIPEA (0.603 mL, 6.92 mmol,
4.0 eq.) in CH2Cl2 (10 mL) was added EDCI (1.82 mL, 2.60 mmol,
3.0 eq.). After 20 hours the resin was transferred to a sintered
funnel and washed repeatedly with CH2Cl2 and MeOH. The
washings were collected and the solvent removed in vacuo, the
resulting residue was partitioned between CH2Cl2 (50 ml) and 10%
aqueous HCl (50 mL). The organic layer was washed with 10%
aqueous HCl (50 mL). The organic layer was dried with Na2SO4


and the solvent removed in vacuo to afford recovered 48 (780 mg).
The resin was further washed repeatedly with DMF, THF and
CH2Cl2 and re-subjected to the same reaction protocol and work-
up. The resin was dried in vacuo to a constant mass to afford 49 as
a pale brown powder (659 mg). vmax/cm−1 (KBr) 1778, 1749, 1701;
loading 1.31 mmol g−1.


N-[4′-(4′′-Polystyrenyl)butyl]-3,3-dimethyl-pyrrolidin-2-one (30)
and (S)-3-propanoyl-4-(4′-hydroxybenzyl)-5,5-
dimethyloxazolidin-2-one (48)


CAN (538 mg, 0.983 mmol, 5.0 eq.) was added to a stirred
suspension of 49 (150 mg, 0.197 mmol, 1.0 eq.) in THF : H2O
(8 : 1) (2 mL). After stirring for 5 hours the resin was transferred
to a sintered funnel and washed repeatedly with THF, water, THF
and CH2Cl2. The resin was then treated with CH2Cl2 : NEt3 (5 : 1)
(12 mL) and the filtrate was concentrated in vacuo. The resulting
residue was partitioned between CH2Cl2 (10 ml) and 10% aqueous
HCl (5 mL). The organic layer was washed with 10% aqueous HCl
(5 mL), water (5 mL), dried (Na2SO4) and concentrated in vacuo to
afford 48 (46 mg, 84%); [a]22


D −45.0 (c 1.0, CHCl3); other physical
and spectroscopic data was identical to that reported above. The
resin was dried to a constant mass in vacuo (90 mg) to afford 30
with identical spectroscopic properties to those described above.
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The straightforward synthesis of both enantiomers of cis-
5′-hydroxythalidomide, a major metabolite of thalidomide,
has been accomplished by enzymatic kinetic resolution of a
racemic substrate catalyzed by Pseudomonas stutzeri lipase
TL. cis-5′-Hydroxythalidomide shows resistance to racem-
ization (and epimerization) at physiological pH. A tube
formation assay to assess the ability to inhibit angiogenesis
revealed that cis-5′-hydroxythalidomides are inactive.


Despite the notorious medical disaster caused by thalidomide (1),
huge numbers of papers have been published about this drug since
its formulation in 1956, because of its potential for treating a
number of intractable diseases, such as leprosy, human immunode-
ficiency virus replication in acquired immune deficiency syndrome,
and cancer.1 The pharmacological aspects of thalidomide and
its derivatives have been frequently investigated; however, studies
focusing on their enantioselective biological activities are limited2


due to the ease of racemization,3 as well as the lack of availability of
the enantiomers.4 Therefore, the answer to the question of whether
thalidomide is enantiospecifically teratogenic is still a matter of
concern.5 Incidentally, the teratogenic properties of thalidomide
appear to require prior biotransformation,6 and its anticancer
activities have been attributed to the formation of metabolites.7


Therefore, much attention has recently been focused on the
synthesis and biological activities of thalidomide metabolites
(Fig. 1).6–8


Fig. 1 Structures of (S)- and (R)-thalidomides (1) and their metabolites,
(3′S,5′R)- and (3′R,5′S)-5′-hydroxythalidomides (2).


cis-5′-Hydroxythalidomide (2), one of the major metabolites
of thalidomide, is found to show enhanced inhibition of TNF-
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a production.8l Although the first synthesis of racemic 2 was
reported 10 years ago,9a there has not been any method for the
asymmetric synthesis of 2.9b During the course of our recent
investigations, Hashimoto et al. reported the synthesis of (3′S,5′R)-
2 from L-hydroxyproline.8l The synthetic study of optically active
2 was also examined by Luzzio et al.9c Previously, we reported the
synthesis of fluorinated thalidomide10a and a three step synthesis of
thalidomide enantiomers.10b Here, we report an efficient enzymatic
asymmetric synthesis of both enantiomers of the thalidomide
metabolite 2. Racemization studies showed that 1 was found
to racemize; however, 2 shows resistance to racemization (and
epimerization) at physiological pH. Preliminary biological evalu-
ation of the enantiomers of 1 and 2 in an angiogenic assay11 is also
briefly described.


Several approaches to the asymmetric synthesis of 2 could be
considered. Enzymatic kinetic resolution12 of the racemic substrate
should be the most practical and direct route for the preparation
of enantiomeric 2, because both enantiomers of 2 are needed for
biological evaluation. In the first set of experiments, the efficiency
of different commercially available lipases in the catalysis of the
acylation of the hydroxy group in 2 was investigated using an excess
of vinyl acetate as the acyl donor in 1,4-dioxane at 37 ◦C (Table 1,
and Table S1 in the supplementary information†). After screening
of the enzymes, lipase TL from Pseudomonas stutzeri was found to
be effective for this enzymatic kinetic resolution. Optimization of
the reaction conditions under different acyl donors, solvents and
temperatures, identified lipase TL from Pseudomonas stutzeri, with
isopropenyl acetate in acetone at 37 ◦C as the best combination
for the enzymatic kinetic resolution of 2. Enantiomerically pure
(3′S,5′R)-2 (>99.9% ee, 45% yield) and (3′R,5′S)-3 (81% ee, 55%
yield) were obtained with an E value of 70. (3′R,5′S)-3 was
easily converted to enantiomerically pure (3′R,5′S)-2 (>99.9% ee)
under refluxing in MeOH in the presence of TsOH followed by
single recrystallization. Optically pure enantiomers of 2 showed
characteristic CD spectra reciprocal to one another: CD spectra
of the pair of enantiomers of 2 shown in Fig. 2 indicate quite good
agreement with those in the literature (Fig. 2).6g The absolute
configurations of (3′S,5′R)- and (3′R,5′S)-2 were also identified by
optical rotation.8l Although the asymmetric synthesis of (3′S,5′R)-
2 was recently reported,8l the lipase-mediated direct acylation of
the racemic substrate offers a simple and efficient route to access
both enantiomers of 2.


We next investigated the stabilities of 1 and 2 toward racem-
ization (epimerization) and hydrolysis (decay).3b,13 Optically pure
1 and 2 were incubated at 37 ◦C and varying pH values, and
monitored by HPLC using reported methods by Hashimoto et al.
for racemization,3b and by Lafont et al.13a and Schumacher et al.13b
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Table 1 Enzymatic kinetic resolution of racemic 2a


Run Enzyme Solvent Acylating agent Time/h (3′S,5′R)-2 ee (%)b (3′R,5′S)-3 ee (%)b Conv. 3 (%) Ec


1 Lipase AS 1,4-Dioxane Vinyl acetate 24 3 14 4 5
2 Lipase QLM 1,4-Dioxane Vinyl acetate 24 11 30 27 2
3 Lipase PS 1,4-Dioxane Vinyl acetate 24 <1 33 <3 <2
4 CALB 1,4-Dioxane Vinyl acetate 72 0 0 0 —
5 Lipase TL 1,4-Dioxane Vinyl acetate 24 54 70 44 10
6 Lipase TL 1,4-Dioxane Allyl acetate 12 7 19 27 2
7 Lipase TL 1,4-Dioxane t-Butyl acetate 12 29 79 27 11
8 Lipase TL 1,4-Dioxane i-Propenyl acetate 12 39 81 33 14
9 Lipase TL CH2Cl2 Vinyl acetate 12 22 67 25 6


10 Lipase TL iPr2O Vinyl acetate 12 22 54 29 4
11 Lipase TL Toluene Vinyl acetate 12 24 79 23 11
12 Lipase TL MeCN Vinyl acetate 12 78 73 52 15
13 Lipase TL Acetone Vinyl acetate 12 96 68 59 20
14 Lipase TL Acetone i-Propenyl acetate 12 50 88 36 26
15 Lipase TL Acetone i-Propenyl acetate 18 85 88 49 42
16 Lipase TL Acetone i-Propenyl acetate 67 >99.9 81 55 >70


a All reactions were performed on a 7.3 lmol scale with 4 mg of enzyme in 0.2 mL of solvent with 0.1 mL of acylating agent. b Enantiomeric excesses were
determined by HPLC using a CHIRALCEL OD-RH with ethanol as elute. c E value was calculated from E = ln[(1 − c)(1 − ees)]/ln[(1 − c)(1 + ees)],
where c = ees/(ees + eep).


Fig. 2 CD spectra of (3′S,5′R)-2 and (3′R,5′S)-2.


for hydrolysis. CHIRALCEL OD-RH with ethanol was used for
the separation. Three buffer systems, pH 6.09 (100 mM sodium
phosphate monobasic, 100 mM sodium phosphate dibasic),
pH 7.06 (100 mM sodium phosphate monobasic, 100 mM sodium
phosphate dibasic) and pH 8.82 (40 mM Tris base, 40 mM
hydrochloric acid) were employed. The results are shown in Fig. 3
and 4. In the racemization study, 1 was racemized using all buffer
solutions, the rate of racemization was rather quick in neutral
and alkaline buffer solutions, which was consistent with earlier
studies.4 On the other hand, under these conditions less than
12% racemization of 2 was observed (Fig. 3) and no detectable
epimerization from cis-2 to its trans-isomer occurred. The half-life
of the racemization of 1 was estimated by a plot of the experimental
data: t0.5 is where R/S = 0.5. While the racemization half-lives of
1 were found to be 45 h at 6.09 pH, 7.2 h at 7.06 pH, and 4.4 h
at 8.82 pH in buffer solution at 37 ◦C, those of 2 were 2.7 ×
1010 h at 6.09 pH, 4.3 × 107 h at 7.06, and 1.4 × 107 h at 8.82.


Fig. 3 Racemization study of (S)-1 and racemization–epimerization
study of (3′S,5′R)-2.


The configurational stability of cis-2 can be explained as shown
in Fig. 5. The 3′-5′-diequatorial conformation in the glutarimide
moiety of cis-2 was revealed by X-ray crystallography.6f ,14 1H NMR
data also supported the preferable diequatorial conformation of
cis-2 (3′H: dd, J = 5.2, 13.2 Hz; 5′H: dd, J = 5.2, 12.6 Hz).
These observations allowed us to propose a mechanism for the
epimerization–racemization process of 2 via the axial–equatorial
conformation. Even though the compound cis-2, as well as 1,
is configurationally labile at C-3′, its epimer (trans-isomer of 2)
has its hydroxy group in the more unfavourable axial position via
an inversion at C-3′ followed by conformational flipping. Thus the
apparent stability of 2 is mainly caused by the chemical equilibrium
(thermodynamic control), resulting in the low racemization rate.
This epimerization–racemization process is also supported by
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Fig. 4 Hydrolysis (decay) studies of (S)-1 and (3′S,5′R)-2.


Fig. 5 Postulated scheme for the epimerization–racemization process
of 2.


the reports by Blaschke et al.6f ,g Although the possibility of
direct epimerization at C-5′ via an enolate is not ruled out, the
deprotonation at C-5′ would not be easy due to the presence of
a free hydroxy group. The effects of the pH dependent hydrolysis
(decay) of 1 and 2 are shown in Fig. 4. The data for 1 and 2 were
essentially similar to each other in the range of pH 6–9 (Fig. 4).


Finally, preliminary enantioselective biological evaluation of 1
and 2 was investigated. Among the diverse biological activities
of thalidomide that have been suggested, we were interested in
anti-angiogenesis because it is hypothesized that the disruption of
blood vessel formation in the fetal limb bud might be responsible
for the teratogenicity of thalidomide.11 Despite the easiness of
the racemization of 1 (Fig. 3),3 the differences in biological ac-
tivities between thalidomide enantiomers have fragmentally been
reported.2 The tube formation assay,15 one of the trusted assay
systems, was examined using an angiogenesis assay kit according
to the manufacturer’s instructions. HUVECs co-cultured with
fibroblasts were cultivated in the presence or absence of various


concentrations of test drugs plus VEGF-A (10 ng ml−1). After
11 days, cells were fixed in 70% ethanol. The cells were incubated
with diluted primary antibody (mouse anti-human CD31, 1 : 4000)
for 1 h at 37 ◦C, and with the secondary antibody (goat anti-mouse
IgG alkaline phosphatase-conjugated antibody, 1 : 500) for 1 h at
37 ◦C, and visualization was achieved using 5-bromo-4-chloro-3-
indolyl phosphate–nitro blue tetrazolium (BCIP–NBT). Images
were obtained from five different fields (5.5 mm2 per field) for each
well, and the tube area was quantified using an angiogenesis image
analyzer. The results are shown in Fig. 6 and Figures S1–3 in the
supplementary information.† We found that racemic 1 and (S)-
1 blocked vascular sprout formation in high concentration (tube
area <60%), while (R)-1, racemic 2, (3′R,5′S)-2 and (3′S,5′R)-2
failed to inhibit tube formation in this assay (tube area >80%).16


These results are consistent with the traditional theory that the
(S)-isomer of thalidomide is responsible for the teratogenicity.2a


Fig. 6 Effects of thalidomide on tube area. Comparison of angiogenesis
induced by VEGF: mean ± S.E.M (VEGF: n = 9, VEGF + compounds:
n = 3).


In summary, we have achieved the asymmetric synthesis of
both enantiomers of the thalidomide metabolite 2 by enzymatic
kinetic resolution catalyzed by lipase TL from Pseudomonas
stutzeri. Incubation experiments revealed that the enantiomer-
ically pure 2 shows resistance to racemization at physiological
pH. A preliminary tube formation assay to assess the ability to
inhibit angiogenesis suggests that (S)-thalidomide is active and
its enantiomer (R)-1 and metabolites (3′R,5′S)-2 and (3′S,5′R)-2
failed to show anti-angiogenesis activity. Although this is a very
preliminary experiment and more detailed biological evaluation is
clearly required, the results are interesting because 1) metabolism is
suggested to play a major role in the teratogenicity of thalidomide,
and 2) the anti-angiogenic activity of thalidomide correlates
with the teratogenicity11 but not with the sedative or the mild
immunosuppressive properties of thalidomide. Therefore, the ter-
atogenicity of 2 could be dissociable. In addition, 2 possess TNF-a
production-inhibitory activity.8l These experiments suggest that
racemization-free enantomerically pure 2 would be effective for
the treatment of diseases dependent on TNF-a production.
Asymmetric synthesis and detailed biological studies of 2 and
other metabolites of thalidomide are under investigation.
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The concept of “frustrated Lewis pairs” is described and shown to result in molecular systems capable
of unique reactivity as well as applications in catalysis.


Introduction


In 1923 Lewis1 put forth a description of acids and bases
categorizing molecules as electron pair donors or acceptors that
is central to our understanding of much of main group and
transition metal chemistry. A primary axiom of this descriptor
of chemical reactivity is the notion that the combination of
Lewis acids and bases results in the formation of simple Lewis
acid–base adducts. A classic undergraduate demonstration of
this concept is the formation of the ammonia–borane adduct,
NH3·BH3, upon combination of the Lewis acid borane with the
Lewis base ammonia. The concept of donor–acceptor adduct
formation is the basis of transition metal coordination chemistry.
As examples, the extensive use of Lewis-acidic B- and Al-based
activators in olefin polymerization catalysis2–13 and in a large
number of organic transformations are noted.14–20 Similarly, Lewis
base donor ligands are inherent to homogeneous transition metal
catalysis. Indeed, many of the developments of new applications
of organometallic chemistry hinged on designed control of specific
steric and electronic properties as well as the stereochemistry
of ligands. The principles of Lewis acidity–basicity also extend
to surface science and solid state chemistry, accounting for the
adsorption of materials to either surfaces or within cavities as well
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as the assembly of complex arrays of electron donor and acceptors.
It is clear that the concept put forth by Lewis almost 90 years ago,
which offered a molecular-orbital-based rationale for acid/base
reactions that describes dative donor–acceptor adducts,1 is a
powerful tool for explaining and understanding much of modern
chemistry. This principle is indeed accepted and employed across
the discipline.


In this article, we describe findings that illustrate an interesting
corallary to Lewis’ principle. Herein we discuss our initial studies
of “frustrated Lewis pairs” (FLPs). In such systems, sterically
hindered Lewis donors and acceptors are combined.21 Their
steric demands preclude formation of simple Lewis acid–base
adducts, allowing for the subsequent actions of both Lewis acids
and bases on other molecules. This concept of FLPs has been
extended to demonstrate new reactivity, ultimately leading to new
approaches in catalysis. The advent of this new notion in reactivity
presents both opportunities and challenges for chemists across the
discipline.


Non-classical reactivity of Lewis acid–base pairs


Our initial formulation of the concept of FLPs evolved during
a study of simple reactions of trityl borate with Lewis donors
such as amine, pyridines and phosphines.22 In general these re-
actions followed conventional chemistry affording classical Lewis
acid–base adducts of the form [LCPh3][B(C6F5)4] (Scheme 1A).
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However, reactions of [CPh3][B(C6F5)4] with sterically encumbered
phosphines such as PR3, R = iPr, Cy, tBu, resulted in nucle-
ophilic attack at the para-position of an aryl ring of the trityl
cation, giving species of the form [(iPr3PC6H4)Ph2CH][B(C6F5)4]
or [(R3PC6H5)CPh2][B(C6F5)4] (R = Cy, tBu) (Scheme 1C).22


In related reactions of the phosphines with THF–B(C6F5)3, it
is generally observed that the stronger Lewis base simply re-
places THF forming the corresponding borane–phosphine adduct
(Scheme 1B). However, reactions of sterically demanding phos-
phines followed an alternate path, giving rise to nucleophilic ring
opening of THF giving butoxy-tethered R2HP(CH2)4OB(C6F5)3


phosphonium borates (Scheme 1D).23 These results were inter-
preted in terms of the inability of the Lewis acid and base to form
simple adducts as a result of the steric congestion. Nonetheless,
as the steric frustration leaves the Lewis acidity and basicity
unquenched, these centers are available for further reactivity.
These initial findings prompted us to explore the “frustrated Lewis
pairs” (FLPs) concept as an avenue to new reactivity.


Scheme 1 Reactivity of “classical” and “frustrated” Lewis pairs.


We began with an examination of the reactions of the Lewis acid
B(C6F5)3 with sterically hindered tertiary or secondary phosphines
R3P (R = iPr, Cy) or R2PH (R′ = tBu, C6H2Me3-2,4,6).24 Con-
sistent with FLP reactivity there was no evidence of simple Lewis
acid–base adduct formation. Instead, white, air- and moisture-
stable solids formulated as [R3P(C6F4)BF(C6F5)2] (Scheme 1E) or
[R′


2PH(C6F4)BF(C6F5)2] were isolated.25 The nature of these prod-
ucts is consistent with steric congestion precluding coordination
to B and thus facilitating nucleophilic attack by the phosphine
at the more accessible, electrophilic p-carbon of an arene ring.
Substitution occurs with concurrent fluoride transfer to B. In a
similar fashion, Erker and coworkers have described the thermal
rearrangement of the ylide adduct (Ph3PCHPh)B(C6F5)3 to the
para-substituted species [Ph3PCHPh(C6F4)BF(C6F5)2].26


Activation of small molecules by FLPs


The BF fluoride in the products [R3P(C6F4)BF(C6F5)2] or
[R′


2PH(C6F4)BF(C6F5)2] could be simply exchanged for hy-
dride by reaction with Me2SiClH. These products were partic-
ularly interesting to us, as these molecules contain both protic
and hydridic centres. Thermolysis of the species [(C6H2Me3-
2,4,6)2PH(C6F4)BH(C6F5)2] results in the liberation of H2 and
the generation of the species [(C6H2Me3-2,4,6)2P(C6F4)B(C6F5)2.25


It is noteworthy that this species is a unimolecular FLP in that
no intermolecular coordination of P to B is evident in solution
or the solid state. Perhaps more astounding however is the fact
that exposure of a solution of this phosphino–borane to H2 at
25 ◦C led to the re-formation of the zwitterionic salt [(C6H2Me3-
2,4,6)2PH(C6F4)BH(C6F5)2] (Scheme 2A). This finding represents
the first non-transition metal system that reversibly releases and
takes up hydrogen.


Scheme 2 Activation of H2 and olefins by FLPs.


H2 is also activated by simple combinations of phosphines and
boranes.27 The key, again, is that the Lewis acidity and basicity
is not quenched by donor–acceptor adduct formation. Thus, 1:1
mixtures of R3P (R = tBu, C6H2Me3) with B(C6F5)3 were prepared
and showed no evidence of adducts formation even on cooling to
−50 ◦C. However, exposure of this mixture to 1 atm H2 resulted
in the formation of [R3PH][HB(C6F5)3] (Scheme 2B).27 In contrast
to [(C6H2Me3)2PH(C6F4)BH(C6F5)2],25 heating of these salts did
not liberate H2 even with heating to above 100 ◦C. Similarly,
combination of tBu3P and BPh3 were seen to activate H2 to some
extent giving [tBu3PH][HBPh3] in only 33% yield. In contrast,
reactions of (C6H2Me3)3P and BPh3, (C6F5)3P and B(C6F5)3 or
tBu3P and BMes3 resulted in no reaction at 25 ◦C under an
atmosphere of H2. On the other hand, Ph3P and Me3P reacts
with B(C6F5)3 under H2 at 25 ◦C to give the classical Lewis acid–
base adducts R3P·B(C6F5)3 (R = Ph, Me). These observations
suggest that the activation of H2 requires not only a sterically
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frustrated Lewis pair but a favorable combination of Lewis acidity
and basicity as well.


The Erker group have recently extended such activation of
H2 to include alkyl-linked phosphino-boranes.28 The species
[(C6H2Me3)2PCH2CH2B(C6F5)2] was shown to exist in an equi-
librium between the four-membered intramolecular donor–
acceptor ring complex and the open unlinked form. Ex-
posure of this species to H2 resulted in formation of the
zwitterionic species [(C6H2Me3)2PHCH2CH2BH(C6F5)2]. This
species was also shown to react with benzaldehyde, affording
[(C6H2Me3)2PHCH2CH2B(OR)(C6F5)2], demonstrating the po-
tential of such systems to act as reducing agents (Scheme 2C).28


The reactivity of such FLPs with olefins has also been in-
vestigated. Indeed, purging of a solution of combination of
tBu3P and B(C6F5)3 with ethylene resulted in the formation of
the zwitterionic species [tBu3PCH2CH2B(C6F5)3] (Scheme 2D).29


Similarly, reactions with propylene and 1-hexene with tBu3P and
B(C6F5)3 afforded [tBu3P(CH(R)CH2B(C6F5)3] (R = CH3, C4H9),
respectively (Scheme 2D). Of particular note is the regiochemistry,
as these species yield a B-methylene unit with the substituted
carbon adjacent to P. An interesting twist on this reactivity is
derived from the inclusion of the olefinic unit in a substituent
on the phosphine. Thus, the phosphines CH2=CH(CH2)3PR2


(R = tBu, C6H2Me3) were reacted with B(C6F5)3 to generate the
cyclized phosphonium borate [R3PCH(C3H6)CH2B(C6F5)3] (R =
tBu, C6H2Me3) (Scheme 2E).29


The mechanistic details of these reactions of FLPs with small
molecules are the subject of on-going studies. Initially, Lewis acid
activation of the substrate molecule followed by attack of the Lewis
base seems a reasonable postulate. Such a notion is supported for
reactions of H2 by some computations for borane–H2 adducts.
However, it should be noted that matrix isolation work suggests
interaction of phosphine with H2. In the case of activation of
olefins, experimental precedent for such a proposition is based
on IR studies of van der Waals BF3–ethylene and BF3–propylene
complexes generated in an argon matrix at 93–125 K reported
by Herrebout and van der Veken.30 Computational studies have
also suggested weak p-donation complexes for ethylene–alane and
-borane adducts.31,32


Following our publication of the reversible activation of H2


by phosphino–boranes, Bertrand and coworkers33 described a
very interesting and related system. These researchers showed
that some carbene derivatives react both with H2 or NH3 to
effect the heterolytic cleavage of H–H or N–H bonds. Supported
by molecular orbital calculations, these reactions were described
in terms of the orthogonal lone pair and vacant p-orbital on
the carbene carbon. To our way of thinking, Bertrand’s work
illustrates that carbenes can be described as unique FLPs in that
the donor and acceptor site reside on the same atom (Scheme 3).


Scheme 3 Activation of H2 and NH3 by a carbene.


Tuning Lewis acidity


The generation of the para-substituted derivatives of B(C6F5)3


derived from the reactivity of FLPs offered a convenient and
readily accessible means for tuning the Lewis acidity of B centres.
Reaction of species of the form [R2PH(C6F4)BF(C6F5)2] with
a Grignard reagent afforded a facile route to the phosphino–
borane species R2P(C6F4)B(C6F5)2.24 On the other hand, reac-
tion of the fluoride zwitterions with Me2SiHCl and subsequent
reaction with [Ph3C][B(C6F5)4] afforded compounds of the form
[(R3P)(C6F4)B(C6F5)2] [B(C6F5)4] and [(R2PH)(C6F4)B(C6F5)2]
[B(C6F5)4].24 Thus, these synthetic routes provided a family of
borane derivatives with both electron-donating phosphine and
electron-withdrawing phosphonium groups in the para-position.
This affords variations in the Lewis acidity while maintaining
the steric features about the B centre. Employing the Gutmann–
Beckett and Childs methods for determining Lewis acid strength, it
was demonstrated that the cationic boranes are much more Lewis-
acidic than B(C6F5)3, while the acidity of the phosphine–boranes
is diminished, as expected (Scheme 4).24


Scheme 4 Preparation of phosphino–borane and phosphonium–borane
derivatives.


Metal-free catalytic hydrogenation


A more interesting and perhaps creative application of the
chemistry of FLPs is derived from the notion that a catalytic
cycle for metal-free hydrogenation could be derived from ac-
tivation the action of H2 upon (C6H2Me3)2P(C6F4)B(C6F5)2.34


If one could effect transfer of proton and hydride from
(C6H2Me3)2PH(C6F4)BH(C6F5) to a substrate, this would regener-
ate the phosphino–borane, allowing activation of H2 once again,
thus providing a catalytic cycle for reduction. To this end, the
phosphonium borates (R2PH)(C6F4)BH(C6F5)2 (R = C6H2 Me3,
tBu) were shown to effect the catalytic reduction of imines to the
corresponding amines cleanly and in high yield at temperatures
between 80 and 120 ◦C and H2 pressures of 1–5 atm.34 It should
be noted, however, that a common feature of the imines that are
reduced is the inclusion of sterically demanding substituents on
N. This requirement was shown to be necessary, as reduction
of a less hindered imine affords an amine that binds tightly to
the borane centre of the phosphino–borane, precluding further
H2 activation. The mechanism of reduction in these cases was
probed and shown to involve initial protonation of the imine by
the phosphonium centre followed by borohydride attack of the
iminium salt.34


In systems where such steric bulk is not present such as
PhCH=NCH2Ph, sequestering the N lone pair by coordination


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1535–1539 | 1537







to B(C6F5)3 allowed catalytic imine reduction to proceed. In addi-
tion, alkyl and aryl B(C6F5)3-bound nitriles are also successfully
reduced to the corresponding primary amine–borane adducts.34


In addition, catalytic reductive ring opening of an unactivated N-
aryl aziridine functionality is achieved under similar conditions.
Mechanistically, reduction of B(C6F5)3-bound imines or nitriles
is believed to proceed via initial hydride transfer affording an
amido–borate species, with subsequent protonation of N affording
the corresponding amine–borane adduct.34 Thermal dissociation
provides the free phosphino–borane, which then activates H2 and
re-enters the catalytic cycle (Scheme 5).


Scheme 5 Mechanism of hydrogenation of imines catalyzed by
phosphino–borane.


In very recent work, we have also shown that the sterically
hindered imine substrates themselves can act as the Lewis base
partner of an FLP.35 Thus, combination of such an imine, B(C6F5)3


and H2 results in reduction of conditions similar to those described
for the phosphino–borane catalysts.


The above studies are rare examples of transition metal-
free hydrogenation catalysis. Generally, previous examples have
achieved catalysis under rather forcing conditions. For example,
hydrogenation of benzophenone was achieved using 20 mol%
KOtBu and H2 at 200 ◦C and >100 bar H2.36 Alternatively,
trialkylboranes and H2 effect hydrogenation of olefins by succes-
sive hydroboration–hydrogenolysis reactions at >200 ◦C and 15
atm.37–40 Organocatalysts have been developed for hydrogenations
of enones and imines; however, such systems use a Hantzsch ester
as the stoichiometric source of hydrogen.41–45 Therefore, the finding
that FLP catalysts can effect hydrogenation under relatively mild
conditions is a major advance in this area. Clearly, this approach
replaces expensive precious metal catalysts, offering the potential
benefit of significantly lower cost and diminished environmental
impact from heavy metal pollutants.


Implications and future directions


These early results unveil the concept of FLPs and generate the
potential of a new strategy to reactivity and catalysis. Clearly, the
studies to date are limited but they do demonstrate that small
molecule activation can be effected by simple combination with
readily available Lewis acids and bases. From the perspective of
an organometallic/inorganic chemist, this aspect seems ripe for
exploitation. Activation of a range of small molecules, the devel-
opment of new metal-free catalytic processes and uncovering ways
to extend the range of application and control stereochemistry are
all aspects that are indeed being actively pursued in our labs.


Taking another perspective, it is interesting to speculate on the
breadth and generality of the notion of FLPs. For example, can
one extend this concept to a range of other Lewis-acidic and
Lewis-basic elements, including transition metals? Specifically,
can one employ early metal cations as the Lewis acid-component
of a FLP? In this regard it is interesting to note that in exam-
ining base-stabilized cations of the form [CpTi(NPR3)Me(PR3)]
[MeB(C6F5)3], it was observed that bulky phosphines such as
PR3 (R = C6H2Me3, tBu) did not coordinate to Ti. Do such
combinations generate a transition-metal-based FLP? Can the
reactivity of such systems be exploited for unique transition metal
chemistry or catalysis? These questions are also being probed.


In broader terms, important questions relate to the extension
of the concept of FLPs to organic chemistry. As but one example,
the early finding of metal-free catalytic hydrogenation prompts
questions regarding applications to organic chemistry and the
potential to develop FLP hydrogenation catalysis for a range
of organic substrates. An obvious extension of these findings
is the potential to develop metal-free catalysts for asymmetric
hydrogenations. On the other hand, the finding that olefins
are activated suggests that FLPs have the potential to effect
the activation of other bonds, presenting a new strategy for
methodology development.


While the investigations on the chemistry of FLPs are still
in their infancy, this concept has the potential to be broadly
applicable to a number of areas. Early reports certainly suggest
that this corollary to Lewis theory promises a new window of
opportunity for the study of reactivity and catalysis in molecular
chemistry. However, a broader view suggests that the organic
chemistry community has the potential to exploit this concept
in novel ways. The development of new FLPs and the utilization
of the resulting catalysts will undoubtedly emerge, giving rise to
unique approaches to a range of applications in catalysis and
synthetic methodologies of use to the organic chemist.
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Dithienylperhydrocyclopentene-bisurea-based low molecular
weight gelators are described that function as photore-
sponsive organogels that show a remarkable gel-to-liquid
transition upon irradiation. The two series of derivatives, with
and without alkyl spacers between the urea hydrogen bonding
groups and the photochromic unit, show different gelation
behavior. Upon UV irradiation of the gels, a gel liquified at
only 1.4% conversion of the photochromic unit. Transmission
electron microscopy (TEM) shows that the gel fibres consist
of thin ribbons. Semi-empirical (PM3) calculations indicate
that the hydrogen bonding between the open-ring isomer (o)
molecules is weak, and that formation of the closed-ring
isomer (c) destabilises the hydrogen bonding further. The
results indicate that a small amount of the closed-ring isomer
will disrupt the intermolecular hydrogen-bonding, leading to
disintegration of the gel fibre ribbons and hence reversible
liquification.


Photochromic behaviour, the reversible unimolecular transfor-
mation between two states having different absorption spectra,
holds considerable potential towards application in molecular
switching, as control elements in molecular devices and in the
development of smart materials.1 Diarylethenes are amongst
the most promising of photochromic compounds,2 not only as
memory materials but also as switching unit components in
molecular devices and supramolecular systems.3 Recently, we
have shown that a dithienylcyclopentene disubstituted with chiral
(R)-N-phenylethylamide groups forms gels through self-assembly
due to the formation of multiple intermolecular hydrogen bonds
between the amide functionalities. The supramolecular chirality
of the gel governed the dynamic molecular chirality through the
hydrogen bonding networks formed, and upon photochemical ring
closure of the dithienylethene allows for locking of the molecular
chirality of the gel molecules stereoselectively.4 Furthermore, it was
shown that switching between gels of different aggregate (fibre)
stability could be achieved with the gel-to-liquid transition being
achieved by photochemical ring opening of gelator molecules
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(Scheme 1a). Indeed, photochemical control of supramolecular
aggregation was used to achieve dynamic holographic pattern
formation.5


Scheme 1


We report here new dithienylethene-based bis-urea gelators that,
in sharp contrast to the light-switchable gelator systems described
earlier, show reversible gel-to-liquid phase transitions upon ring
closure of the photochromic unit (Scheme 2). Furthermore, it is
demonstrated that liquification takes place even with only 1.4%
conversion of the dithienylethene gelator molecules to the closed
state.


Urea moieties have proven to be versatile functional groups
in driving gelation of low molecular weight gelator systems. In
particular, compounds that contain two urea groups have been
demonstrated to be very potent and versatile gelating agents
for a wide range of organic solvents.6,7 Cyclohexane bis-urea
compounds are well known gelators not only of organic solvents
but for aqueous solutions also.8 The introduction of photochromic
responsiveness to urea-based gelators was reported previously in
the use of the azobenzene unit in conjunction with two urea groups
to produce thermoreversible gels.9


We report herein the synthesis and characterisation of a series
of dithienylcyclopentene-urea-based organogelators 1o–6o, and
explore the effect of the spacer between the urea group and
diarylethene moiety and the chain length of terminal alkyl
groups, together with the photo-responsiveness of the gela-
tors. Diarylethenes 1o–6o were prepared from 1,2-bis(5-chloro-
2-methylthien-3-yl)perfluorocyclopentene10 (see ESI†) and show
reversible photochromism in solution (Fig. 1 and Fig. 2).


Fig. 1 and Fig. 2 illustrate the changes in the absorption spectra
for compounds 1 and 4 in ethanol upon photo-irradiation. Upon
irradiation at kexc = 312 nm, the colourless solution turned red
and absorption bands assigned to 1c appeared at 523 nm (e: 1.3 ×
104 M−1 cm−1). Concomitantly the absorption of 1o at 283 nm (e:
2.8 × 104 M−1 cm−1) decreased in intensity. Upon irradiation at k >


500 nm, the red colour was bleached and 1o was regenerated, as
confirmed by UV/Vis absorption spectroscopy. Isosbestic points
were maintained at 206, 232, and 299 nm. The absorption maxima


1544 | Org. Biomol. Chem., 2008, 6, 1544–1547 This journal is © The Royal Society of Chemistry 2008







Scheme 2 Diarylethene derivatives having propylene spacers (1o–3o), and derivatives without spacers (4o–6o). The corresponding closed-ring isomers
1c–3c and 4c–6c are generated by UV irradiation. (o = open, c = closed).


Fig. 1 Absorption spectral changes of 1 in ethanol (0.33 mM), 1o: solid
line; photostationary state under 312 nm light: dashed line.


Fig. 2 Absorption spectral changes of 4 in ethanol (0.31 mM), 4o: solid
line; photostationary state under 312 nm light: dashed line.


of 4o and 4c in ethanol are 315 nm (e: 3.10 × 104 M−1 cm−1) and
530 nm (e: 1.4 × 103 M−1 cm−1), respectively, as shown in Fig. 2.


The gelation properties were studied by first dissolving the
compounds by heating in the appropriate solvent, followed by
cooling to room temperature. For some of the solid–solvent
combinations, the formation of a gel was observed. The results
are shown in Table 1, in which the solvents are arranged in
order of increasing polarity according to their ET(30)-values. From
Table 1, in the compounds which incorporate propylene spacers,
only compound 1o showed gelation behaviour, while 2o and 3o do
not gelate any of the solvents tested but form precipitates instead.


Table 1 Gelation properties of compounds 1o–6o in organic solventsa


Solvent 1o 2o 3o 4o 5o 6o


Hexane I P P I I I
Cyclohexane I I I I I I
P-Xylene — — — I I I
Benzene P S S I I P
Toluene P P P I I I
Tetralin D P P I P I
1,4-Dioxane D P P P P P
N-Butyl acetate I I I G (19.2) I P
Di-N-butyl ether I I I I I I
Cyclohexanone — — — S S S
Chloroform G (25.0) S S P I P
Dichloromethane G (25.0) P P G (25.0) P P
Diphenyl ether G (25.0) P P S P I
1,2-Dichloroethane P P P P P G (12.5)
O-Dichlorobenzene P P P G (12.5) P G (12.5)
Chlorobenzene P P I G (15.6) P P
THF G (25.0) P P S S D
DMF S S S S S S
DMSO P S S S S P
1-Octanol — — — S S P
2-Propanol — — — P P S
1-Propanol P S P S P S
Ethanol P P P P I I
Acetonitrile P P P I P I
Water I I I I I I


a G: gelation, P: precipitation, I: insoluble, S: soluble, D: decomposition.
The gelation concentrations (mg ml−1) are shown in parentheses.


For the gelators in which the urea moiety is attached directly
to the phenyl rings of the switching unit, only compound 5o did
not show gelation behaviour in any of the solvents tested, instead
forming precipitates. The minimum gelation concentrations for 4o
and 6o were almost half of that of 1o, indicating their superior
gelation abilities. The changes in gelation behaviour induced
by light were investigated in the THF gel of 1o and the o-
dichlorobenzene gels of 4o and 6o. The gel-to-sol transition
temperature was measured by the tilt tube method in an air oven
with a heating rate of 0.5 ◦C min−1.


The melting temperature of the THF gel (25 mg ml−1) of 1o was
40–42 ◦C, while that of the photostationary state (PSS) mixture
(1o:1c = 6 : 4) after UV irradiation showed a very modest increase
to 44–47 ◦C. The gel–sol temperature of o-dichlorobenzene gel
(12.5 mg ml−1) of 4o was 113–116 ◦C, while that for the mixture
(4o:4c = 98.6 : 1.4) formed after UV irradiation for 30 s was 96–
102 ◦C. The o-dichlorobenzene gel (12.5 mg ml−1) of derivative 6o,
which bears shorter terminal alkyl chains, undergoes the sol–gel
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transition at 116–119 ◦C, while that of the mixture (6o:6c = 98.2 :
1.8) formed after UV irradiation for 30 s was 108–115 ◦C. The
temperature differences obtained by DSC were not clear due to the
low content of closed-ring isomers (see ESI†). The most dramatic
sol–gel transition change was observed for 4. Upon UV irradiation
(312 nm, 30 s) of the o-dichlorobenzene gel of 4o, a photoinduced
gel–sol transition was observed in the temperature range between
105–110 ◦C, forming a transparent solution as a consequence of
photochemical ring closure of the gelator molecules. Visible light
irradiation to the sol at that temperature leads to re-formation of
the initial turbid gel. TEM image of the o-dichlorobenzene gel of
4o was obtained to further understand the origin of this dramatic
change. The gel fibres show a thin ribbon structure (Fig. 3).


Fig. 3 TEM images of the o-dichlorobenzene gel of 4o (12.5 mg ml−1)
(scale bar: 1.0 lm).


Additionally, semi-empirical (PM3) calculations11 were carried
out12 to suggest a possible array of the molecules. Fig. 4 shows
the results for the optimized structures of 4o–4o assembly (a, b),
4o–4c assembly (c, d), and 4c–4c assembly (e, f), respectively. It
is remarkable that the hydrogen bond length in the complexes
was found to be between 2.5 and 3 Å; while the reported value
for a hydrogen bond is about 2 Å.13 There may be a significant
contribution from the interaction of the alkyl chains; however,
intermolecular H-bonding through the urea moieties is expected
to be the dominant interaction. The calculated distance of the
C12 chains is the same for all three complexes. This suggests that
the differences in energy of the intermolecular interactions of the
complexes 4o–4o, 4o–4c and 4c–4c are due to the switch and urea


Fig. 4 Dimer assemblies of 4o–4o (a, b), 4o–4c (c, d), and 4c–4c (e, f)
obtained by PM3 calculations (left: lateral view; right: longitudinal view).


moieties only. From the longitudinal views shown in Fig. 4, a
significant change in the relative position of the switch moieties is
indeed visible going from 4o–4o to 4c–4c.14


From the calculations, the interaction energies of 4o–4o, 4o–
4c, and 4c–4c are 30.86, 28.20, and 31.62 kcal mol−1, respectively.
From these numbers, it can be seen that the energy of interaction
of 4o–4c is 2.66 kcal mol−1, which is lower than that for 4o–
4o. The results of the calculations suggest that the hydrogen
bonding between 4o molecules is weak, and that photo-induced
formation of 4c slightly destabilizes the intermolecular interaction.
The experimental results indicate, in agreement with calculations,
that the small amount of 4c formed decreases the intermolecular
interactions, leading to break-up of the ribbons and eventual
liquification of the gel.12


In summary, we have described photo-switchable organogela-
tors consisting of a diarylethene and urea units. The gel-to-liquid
transition occurs even at very low conversion from the open
colourless state to the closed coloured state. This is attributed
to the weakness of the molecular level interactions and the thin
ribbon-like gel structure of the gel fibres. Visible light irradiation
recovers the gel. Compared with earlier switchable gelators, which
show gel-to-liquid phase changes upon ring opening, the present
system allows gel-to-liquid transitions triggered by photochemical
ring closure. This system is an excellent demonstration of the
delicate balance in supramolecular behaviour that can be achieved
in photo-reversible supramolecular systems and the possibility of
addressing aggregation with light.
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