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Substances that mediate the import of proteins into cells, “carriers”, have many potential applications.
The most potentially useful carriers do not have to be covalently linked to their protein cargoes.
However, a common problem with all carrier molecules is that they tend to deposit the cargo proteins
into endosomes; diffuse distribution in the cytosol is the desired outcome. This paper describes the
import of four different labeled (Alexa Fluor R© 488) proteins (avidin, recombinant streptavidin, bovine
serum albumin, and b-galactosidase), with the well-known non-covalent carrier called pep-1 (also
known as ChariotTM ), with R8 (a molecule that is not widely appreciated to import protein cargoes via a
non-covalent mode of action), and with a new molecule called azo-R8. The data collected from
fluorescence microscopy and flow cytometry indicate that all three non-covalent carriers can facilitate
transport. At 37 ◦C, import into endocytic compartments dominates, but at 4 ◦C weak, diffuse
fluorescence is observed in the cytosol, indicative of a favorable mode of action.


Introduction


The import of proteins into cells is an important problem that is
frequently encountered in many aspects of biological chemistry.
One of the best-studied approaches is to covalently attach a
peptide carrier, either chemically or genetically, to the protein
of interest. Perhaps the most commonly used carriers of this
type are the short peptide segments derived from HIV-1 Tat
and Drosophila antennapedia homeodomain proteins.1,2 Use of
the HIV-1 Tat carrier, in particular, has motivated researchers
to look for simpler peptides for intracellular delivery. In living
cells, both R8 and R16 have been reported to facilitate significant
cellular uptake, while R4 gave relatively little internalization.3,4


A major drawback to the use of these peptide delivery agents,
however, is that cargo proteins imported into the cells tend to be
concentrated in vesicular structures.5,6 These vesicles are widely
assumed to correspond to endosomes, hence the cargo proteins
are not released in the cytoplasm. This has inspired many groups
to investigate the mechanism of import, and to look for ways of
liberating the cargo proteins from the endosomes. For instance,
Wender and co-workers have suggested that the oligo-guanidine
moieties can form an ideal hydrogen bonding network with the cell
surface phosphates, and this facilitates the import on a molecular
level.7–9 Meanwhile, an elegant series of experiments by Dowdy
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et al. indicates that the macromolecular mechanism of import
involves macropinocytosis,10 and the liberation of protein cargo–
Tat conjugates from endosomes could be achieved by adding the
N-terminal 20 amino acids of the influenza virus hemagglutinin
protein, HA-2,11 to the carrier sequence.6


Genetic or chemical methods for covalently attaching carrier
peptide sequences to cargo proteins are experimentally inconve-
nient, time consuming, and restrictive with respect to the scope
of the experiments that can be performed. Conversely, carrier
vehicles that can import proteins without being covalently attached
have the potential to circumvent all these disadvantages. “Non-
covalent carriers” include “pep-1” (also known as ChariotTM),12


the cationic pyridinium amphiphile and a helper lipid, SAINT-
PhD,13 BPQ24 BioPORTER R© QuikEaseTM (a protein delivery
kit of unspecified composition),14 and a few used systems like
the peptide K16SP15 and the somewhat cytotoxic polymer,16


polyethyleneimine (PEI) (Fig. 1).17 However, the issue of whether
or not the imported cargo proteins are trapped in endosomes blurs
the true utility of these systems. It is clear from some reports in the
literature that fluorescently labeled proteins imported using these
systems become concentrated in cytoplasmic vesicles; this was our
experience in previous studies.18,19 However, some papers claim
imported fluorescently labeled proteins appear to be free in the
cytoplasm, and there have been papers wherein import of proteins
using these systems is thought to give a predictable functional
response.20


There were no reports of simple Arg-oligomers being useful
for non-covalent import until recent work by Lee et al.21,22 They
described experiments in which high concentrations (600 mM) of
R9 mediated import of various fluorescent proteins (e.g. GFP) and
b-galactosidase into plant (onion root tip) and animal (MCF7)
cells. It was claimed that this produced diffuse fluorescence in the
cytosol and in the nucleus, however, only low resolution images
were shown, and in these cells the fluorescence appears as small
green aggregates. Furthermore, the b-galactosidase was imaged
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Fig. 1 Structures of the “non-covalent carriers” (A) pep-1 (also known
as ChariotTM), (B) polyethyleneimine (PEI) and (C) K16SP.


after fixing the cells, and this is known to give different results
relative to live cells.21,22


Data presented in this paper deal with the import of four
proteins labeled with Alexa Fluor R© 488 (F*):23 specifically, avidin,
bovine serum albumin (BSA), b-galactosidase (b-gal), and a
recombinant streptavidin. These cargoes were chosen to represent
proteins with different pI values and sizes (Table 1). The potential
carriers examined were pep-1, R8, and a novel system that was
synthesized “in house”, azo-R8, all of which were not covalently
attached to the protein. The key observations are that: (i) at 37 ◦C,
avidin was imported by all three carriers (pep-1, R8, and azo-R8)
but in each case the labeled protein primarily accumulated in
vesicles that co-localized with the endosomal marker FM 4–64;
however, (ii) at 4 ◦C weak, diffuse fluorescence was observed within
the cytoplasm with little evidence of punctate vesicle formation
for all four proteins. These observations indicate a temperature
dependence of carrier-mediated protein delivery that was similar
for three chemically different carriers.


Table 1 Proteins studied for the (Arg)8 mediated cellular uptake


Protein
Molecular
weight/kDa Size (a.a.) pI (unlabeled protein)


Avidin 66–68 512 10–10.5
BSA 66 583 4.7
Streptavidin, rec. 52 560 7.4–7.7
b-Galactosidase 540 1171 4.8


Results and discussion


Azo-R8: design and synthesis


At the onset of this project, we had hypothesized that mimics of
pep-1 could be made by fusing well-known “promiscuous binders”
(molecules that seem to bind many proteins in high throughput
screens for drug leads)24,25 to a cell-penetrating warhead. The idea
was that the promiscuous binder parts of several pep-1 analogs
might non-covalently attach to the protein, coating it with entities
that promote cell penetration. Thus, an azo-compound was chosen
for the promiscuous binder part, and R8 for the cell-penetrating
unit; these were synthetically joined to give azo-R8 (Fig. 2).
However, azo-R8 was found to behave in much the same way as
R8, but with some minor differences as indicated below.


Fig. 2 Structure of azo-R8.


Formation of carrier : cargo complexes


Pep-1 and azo-R8 are amphipathic peptides, while R8 is cationic.
Pep-1 is known to associate with protein cargoes through non-
covalent electrostatic or hydrophobic interactions and form stable
complexes.12,26–28 The formation of the carrier : cargo complex for
azo-R8 was easily monitored by fluorescence spectroscopy. The
azo compound can act as a quencher of the label on the protein,
proving that the two are in close contact. Fig. 3 shows that the
intense fluorescence of BSA-F* (2 mM in DMEM, Dulbecco’s
Modified Eagle’s Medium) was greatly quenched when azo-R8 was
added (1.0 : 10 mol ratio protein : carrier). In a control experiment,
a solution of fluorescein (0.1 mM) was mixed with 1 mM azo-R8


under almost identical conditions and no quenching was observed.


Delivery at 37 ◦C: uptake into punctate vesicular structures


Cellular uptake of avidin-F* into COS-7 at 37 ◦C was studied
in the first phase of this work. All three carriers, pep-1, R8,
and azo-R8, were used at 10 : 1 carrier : cargo mol : mol
ratios, and similar results were observed in all cases. Fig. 4 for
avidin uptake is illustrative. After 1 h of incubation, followed by
a 15 min incubation period with FM 4–64, the Alexa Fluor R©


488-labeled protein accumulated as green, punctate cytoplasmic
vesicles. These green vesicles were localized in endosomes as
suggested by co-loading with the endosomal marker FM 4–64
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Fig. 3 Azo-R8 forms a non-covalent complex with BSA-F*. The fluores-
cence of BSA-F* upon excitation at 488 nm is compared to that of a 1 : 10
molar ratio protein : carrier mixture.


(Fig. 4C).29 When the cells were co-incubated with avidin-F*
and FM 4–64 for 1 h at 37 ◦C, little to no co-localization was
observed with the endosomes, as the mitochondria were labeled
under those conditions and not the endosomes (see ESI†). The
perinuclear distribution of these vesicles suggests potential sorting
and transport to Golgi and lysosomes. This was confirmed by co-
loading the cells with the Golgi marker BODIPY R© TR ceramide
complexed to BSA (Fig. 4D).23 After extended incubation times
(up to 24 h) the vesicles persisted, and no significant dispersed
fluorescence was observed in the cytosol. These observations are
consistent with the imported protein being trapped in endosomes,
even after long periods of time.


Consideration of the images from import mediated by azo-R8


shows that this consistently directs more of the labeled protein
into the cellular membrane compared with R8 and pep-1. This
observation implies some protein–azo-R8 complex may be trapped
in the membrane in these experiments. It was also observed that
when confluent cell cultures were used, more membrane staining
was observed for all three carriers, but more so for azo-R8.


Delivery at 4 ◦C: diffuse cytosolic fluorescence


Punctate vesicle formation was largely suppressed when the
experiments described in the previous section were repeated at
4 ◦C. As an added precaution against surface binding,10 the cells
were treated with heparin (3 ¥ 5 min, 1 mg mL-1 of PBS) after the
PBS washes. Nevertheless, a weak, diffuse fluorescence signal was
observed (see ESI†). Further, fluorescence deconvolution imaging
of the cells showed the same diffuse fluorescence pattern. These
observations indicate that at 4 ◦C, the protein is indeed being
imported inside the cytoplasm by all the carriers.


Experiments were performed to increase the fluorescence signal
in the cytosol by increasing the concentration of the protein from
0.5 mM to 2 and 5 mM (carrier : protein = 10 : 1 mol : mol,
as before). At 2 mM, the fluorescence intensity in the cytosol
was increased but some additional binding to the cell membrane
was observed. At 5 mM, the intensity of membrane labeling was
considerably brighter, however, the cytoplasmic signal was re-
tained (Fig. 5).


Similar experiments on BSA-F*, b-gal-F*, and recombinant
streptavidin-F* also gave diffuse cytoplasmic fluorescence
(see ESI†). The uptake of b-gal-F* was significantly lower than


Fig. 4 Delivery of avidin-F* in COS-7 cells at 37 ◦C. (A) Non-covalent
protein delivery mediated by R8; (B) non-covalent protein delivery
mediated by azo-R8; (C) endosomal co-localization of avidin-F* and FM
4–64 (fluorescent general endosomal marker); (D) Golgi co-localization
of avidin-F* and BODIPY R© TR ceramide complexed to BSA (fluorescent
marker for Golgi); (E) cell autofluorescence; (F) non-mediated protein
delivery. Throughout, the carrier (5.0 mM), avidin-F* (0.5 mM) and
the COS-7 cells were incubated at 37 ◦C for 1 h; the cells were then
washed with PBS and analyzed by fluorescence microscopy. For endosomal
co-localization, the cells were incubated with FM 4–64 at 37 ◦C for 15 min,
then washed with PBS before imaging. For Golgi co-localization, the
cells were incubated for 30 min at 4 ◦C in DMEM containing 5 mM
BODIPY R© TR ceramide complexed to BSA, washed several times with
ice-cold medium and incubated in fresh medium for 30 min at 37 ◦C.
(a) Overlaid images of the avidin-F* (green) and the nuclei (blue, Hoechst
33342 marker). (b) Differential interference contrast (DIC) images.
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Fig. 5 Delivery of avidin-F* in COS-7 cells at 4 ◦C mediated by R8.
(A) 0.5 mM of avidin–F*. (B) 2 mM avidin–F*. (C) 5 mM avidin–F*.
(D) No carrier used. Throughout, COS-7 cells were incubated for 1 h at
4 ◦C with R8 and avidin-F* (10 : 1.0 mol : mol), then washed 4 ¥ with PBS
buffer. Images shown are after deconvolution; top images are fluorescence
images of avidin-F* and Hoechst 33342, bottom images are DIC.


that of the avidin and BSA dye-conjugates, even when a
higher ratio of carrier : protein (20 : 1) was used. This difference
was confirmed in the flow cytometry experiments described in the
next section.


Comparison of uptake levels for different carriers via
flow cytometry


Flow cytometry was used to analyze and compare the non-
covalent protein transduction (Fig. 6). Before the analyses, the
cells were washed with PBS, treated with trypsin, then washed with
heparin (3 ¥ 5 min, 0.5 mg mL-1 PBS) to minimize the possibilities
for surface binding. In each case, the uptake measured by flow
cytometry was greater when the carrier molecule was included
(0.5 mM protein; carrier : protein 10 : 1.0 for avidin-F* and
BSA-F*, and 20 : 1.0 for b-gal-F*). The import of avidin-F* was
significant, with pep-1 and R8 being more effective than azo-R8 at
4 ◦C (Fig. 6A). However, for BSA-F* the reverse was true: azo-
R8 was far more effective than the other two carriers. The largest
protein–dye conjugate, b-gal-F*, was the least well imported of


Fig. 6 (A) Flow cytometric analysis of the uptake of the Alexa Fluor R©


488 labeled proteins, avidin-F*, BSA-F* and b-gal-F* at 4 ◦C relative to
FITC quantum bead standards (shaded histograms). Each histogram for
avidin-F* and BSA-F* represents 20 000 to 24 000 cells and 20 000 beads.
For b-gal-F*, each histogram represents 10 000 cells and 20 000 beads. The
FITC quantum bead peaks represent 8534, 25 857, 79 264, and 21 4887
MESF units each. The scale for the x-axis is MESF units. (B) Summary
of the flow cytometric data for each protein with the carriers tested.
Results are presented as the median MESF units for each protein–carrier
combination.
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the three proteins that were tested, with pep-1 and azo-R8 being
the most effective carriers.


Evaluation of the cytotoxicity of the carriers


Cell viability during the non-covalent protein internalization me-
diated by R8 and azo-R8 was accessed using ethidium homodimer.
Thus COS-7 cells were treated with a l.0 : 10 mol ratio protein :
carrier (2 mM protein) for 1 h at 4 ◦C, washed with PBS and treated
with ethidium homodimer (2 mg mL-1). Fig. 7A illustrates that cells
treated with R8 and azo-R8 peptides for 1 h at 4 ◦C did not result
in any cytotoxicity. Incubation at 37 ◦C for another 16 h gave no
cytotoxicity (the fluorescence was now mostly concentrated into
vesicles, probably lysosomes, Fig. 7B). After a further incubation
period of 24 h at 37 ◦C however, all the cells were dead (Fig. 7C).


Fig. 7 Viability assay. Delivery of avidin-F* (2 mM) in COS-7 cells at
4 ◦C mediated by (a) R8 and (b) azo-R8. (A) COS-7 cells were incubated
for 1 h at 4 ◦C with R8 or azo-R8 and avidin-F* (10 : 1.0 mol : mol), then
washed 4 ¥ with PBS buffer and treated with ethidium homodimer for
30 min. (B) The same cells were incubated at 37 ◦C for 16 h. (C) The medium
was removed, fresh PBS was added and the same cells were incubated at
37 ◦C for another 24 h. Before imaging, 2 mL of ethidium homodimer were
added.


Conclusions


Import into cells at 37 ◦C could be regulated via energy-dependent
or independent pathways, but at 4 ◦C it is generally accepted
that only energy independent pathways are operative. The data
accumulated here indicate that at 37 ◦C import into endosomes
is prevalent and significant diffuse fluorescence in the cytosol is
not observed. However, the relative brightness of the vesicular
staining may obscure low level cytoplasmic fluorescence. Thus,
at least two different pathways appear to be operative for three
different carrier molecules, and the desired one, diffuse import


into the cytosol, prevails at 4 ◦C. This observation is parallel and
consistent with work reported by Futaki et al.5 They studied the
mechanism of translocation of R8-Texas Red at 37 and 4 ◦C,
without cargo proteins and observed vesicular staining at 37 ◦C
and diffuse fluorescence in the cytosol at 4 ◦C. The simplest
explanation for the reduced efficiency of import of b-gal-F*
relative to the other proteins is that it is approximately eight
times larger. Similarly, the simplest explanation for the observation
that three chemically different carriers facilitate import of three
different proteins at 4 ◦C via an energy independent pathway is
that they form pores in the cells membrane that allow leakage
into the cells, even at 4 ◦C. This would explain the fact that the
levels of diffuse fluorescence observed are weak, and that the
larger protein was the one least effectively imported. At 37 ◦C,
other mechanisms, perhaps involving macropinocytosis (an energy
dependant process), become dominant.


Experimental


Preparation of R8 and azo-R8


See the ESI† data for protocols and characterization information.


Material and methods


Pep-1 was obtained from Active Motif. Avidin–Alexa Fluor R©


488 conjugate, BSA–Alexa Fluor R© 488 conjugate, FM 4–64,
BODIPY R© TR ceramide complexed to BSA and Hoechst 33342
were purchased from Invitrogen. b-Galactosidase and the recom-
binant streptavidin were purchased from Calbiochem and Roche,
respectively and labeled with Alexa Fluor R© 488 5 SDP ester
(purchased from Invitrogen) according to the procedure provided
by Invitrogen.


Fluorescence quenching experiment


The fluorescence intensity of a solution of BSA-F* (1 mM in
DMEM) was compared to the fluorescence intensity of a solution
of azo-R8 : BSA-F* complex (1 mM BSA-F* : 10 mM azo-R8


in DMEM). Both solution were excited at 488 nm. As a control
experiment, the fluorescence quenching of a solution of fluorescein
(0.1 mM) with azo-R8 (1 mM) was also studied.


Cell culture


COS-7 cells were purchased from the American Type Culture
Collection (ATCC) and cultured on 75 cm2 culture flasks in
DMEM supplemented with 10% fetal bovine serum (FBS) in
a humidified incubator at 37 ◦C with 5% CO2. Cells grown to
subconfluence were plated 2–3 days prior to the experiments in
Lab-Tek two well chambered coverglass slides (Nunc).


Fluorescence microscopy


The subcellular protein localization was measured in living COS-
7 cells using a Zeiss Stallion dual detector imaging system
consisting of an Axiovert 200M inverted fluorescence microscope,
CoolSnap HQ digital cameras and Intelligent Imaging Innova-
tions (3I) software. Digital images of Alexa Fluor R© 488-tagged
proteins, FM 4–64 labeled membranes and endosomes, BODIPY R©


TR ceramide complexed to BSA labeled Golgi, and Hoechst
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33342-labeled nuclear DNA were captured with a C-APO 63X/
1.2 W CORR D = 0.28M27 objective with the following filter
sets: exciter BP470/20, dichroic FT 493, emission BP 505–530 for
Alexa Fluor R© 488; exciter BP560/40, dichroic FT 585, emission
BP 630/75 for FM 4–64 and BODIPY R© TR ceramide complexed
to BSA; and exciter G 365, dichroic FT 395, emission BP 445/50
for Hoechst 33342. Sequential optical sections (Z-stacks) from the
basal-to-apical surfaces of the cell were acquired. Digital image
acquisition was initiated approximately 1 mm below the basal
surface of the cells and optical slices were collected at 0.5 mm
steps through the apical surface of the cells with a high numerical
objective lens (C-APO 63X/1.2 W CORR D = 0.28M27).
These wide-field images were subjected to deconvolution using
3I software.


The protein : carrier complexes were pre-formed at room
temperature for 30 min by mixing (in a mol : mol ratio) the
protein and the carrier in DMEM supplemented with 10% fetal
bovine serum (FBS). A 1 : 10 mol : mol ratio of protein : carrier
was used for avidin-F*, BSA-F* and rec. streptavidin-F*, while
a 1 : 20 mol : mol ratio was used for b-gal-F*. To study the
cellular uptake of the proteins, the culture medium was removed,
the preformed protein : carrier complex was added, and the cells
were incubated for another hour at 4 or 37 ◦C. After the incubation
period, the cells were washed with phosphate-buffered saline (PBS,
pH 7.4) several times before imaging. For experiments at 4 ◦C,
cells were preincubated at 4 ◦C for 30 min before being incubated
with the protein solution for 1 h. The cells were also co-stained
with Hoescht (2 mg mL-1), a nuclear marker, and FM 4–64, an
endosome marker.


Endosomal co-localization


COS-7 cells were incubated with the protein : carrier complex for
1 h at 37 ◦C. After the cells were washed with PBS, FM 4–64 (5 mg
mL-1) was added and the cells were incubated for 15 min at 37 ◦C.
The cells were washed again with PBS before imaging.


Note: when the cells were co-incubated with the labeled protein
and FM 4–64 for 1 h at 37 ◦C, predominant labeling of the
mitochondria was observed.


Golgi co-localization


After the protein was loaded into the COS-7 cells, the cells were
washed. Then fresh DMEM medium was added, and the cells
were incubated with 5 mM of BODIPY R© TR ceramide complexed
to BSA for 30 min at 4 ◦C. The cells were then rinsed several times
with ice-cold medium and incubated in fresh medium for 30 min
at 37 ◦C. Finally, the cells were washed with PBS before imaging.


Viability assay


The viability of the cells was evaluated by searching for any changes
in cellular morphology using Nomarski differential interference
contrast (DIC) microscopy during and following analysis of the
cellular uptake of the proteins. Parallel cultures were also evaluated
using DIC microscopy along with fluorescence analysis of the cell-
impermeant viability indicator ethidium homodimer-1 (EthD-1)
(Invitrogen). This high-affinity nucleic acid stain is weakly flu-
orescent until bound to DNA. Unlike Hoechst 33342, EthD-1
can only penetrate cells in which the plasma membrane is


compromised. Viability assessment was conducted by incubating
cells at 4 ◦C for 1 h with a 1 : 10 mol ratio of protein : carrier,
followed by washing cells with PBS with Ca2+ before imaging of
proteins. Following image capture of the proteins, EthD-1 (1 mM
final concentration) was added and images were recorded at 5,
10, 20 and 30 min using the 630/75 BP filter and revealed no
EthD-1 fluorescence. Cultures were returned to the incubator at
37 ◦C for 17 h before the viability was again evaluated by EthD-1
staining. The morphology of cells monitored by DIC and Hoechst
33342 staining was normal and no EthD-1 uptake into cell nuclei
was detected. Therefore, no cytotoxic effects of protein : carrier
combinations were detected for up to 24 h of cell treatment.


Flow cytometry


The protein internalization was measured by flow cytometry on
living cells. COS-7 cells were cultured as subconfluent monolayers
on 25 cm2 cell culture plate with vent caps in DMEM supplemented
with 10% fetal bovine serum (FBS) in a humidified incubator at
37 ◦C with 5% CO2. Carrier–protein complexes were formed in 1
mL DMEM at a molar protein : carrier ratio of 1 : 10 for avidin
and BSA and 1 : 20 for b-galactosidase and incubated for 30 min
at room temperature. Cells grown to 60–70% confluency were then
overlaid with the preformed complexes and incubated for 1 h at
37 or 4 ◦C. For experiments at 4 ◦C, the cells were preincubated at
4 ◦C for 30 min before addition of the protein–carrier complex.


After 1 h incubation, the cells were washed with PBS, and treated
with trypsin (2 min) and heparin (0.5 mg mL-1 in PBS, 3 ¥ 5 min) to
remove extracellular bound protein. Samples were resuspended in
500 mL PBS and transferred to sterile tubes. Cells were analyzed on
a FACSCalibur (Becton Dickinson Immunocytometry Systems,
San Jose, CA) flow cytometer, equipped with a 15 mW air-cooled
argon laser, using CellQuest (Becton Dickinson) acquisition
software. Green fluorescence from Alexa Fluor R© 488 or fluorescein
was collected through a 530/30-nm bandpass filter. List mode data
were acquired on a minimum of 10 000 cells or beads defined by
forward and side light scattering light scatter properties. Data
analysis was performed in FlowJo (Treestar, Inc., Ashland, OR),
using forward and side light scatter to gate on cells or single
beads. The Calibrated Parameter platform of FlowJo was used to
determine the molecules of equivalent soluble fluorescein (MESF).
Data are expressed as the median MESF.
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The rational design of novel triarylmethyl (trityl)-based mass tags (MT) for mass-spectrometric (MS)
applications is described. We propose a “pKR+ rule” to correlate the stability of trityl carbocations with
their MS performance: trityls with higher pKR+ values ionise and desorb better. Trityl blocks were
synthesised that have high pKR+ values and are stable in conditions of MS analysis; these MTs can be
ionised by matrix as well as irradiation with a 337 nm nitrogen laser. 13C-Labelled tags were prepared
for MS quantitation applications. Moreover, the tags were equipped with a variety of functional groups
allowing conjugation with different functionalities within (bio)molecules to enhance the MS
characteristics of the latter. The MS behaviour of model polycationic trityl compounds with and
without the matrix was studied to reveal that poly-trityl clusters are always singly charged under the
(MA)LDI-TOF conditions. Several peptide-trityl conjugates were prepared and comparisons revealed a
beneficial effect of trityl tags on the conjugate detection in MS. Trityl compounds containing
para-methoxy- and dimethylamine groups, as well as a xanthene fragment, showed considerable
enhancement in MS detection of model peptides; thus they are promising tools for proteomic
applications. Dimethoxytrityl derivatives allow one to distinguish between Arg- and Lys-containing
peptides. Maleimido trityl derivatives are suitable for the efficient derivatisation of thiol-containing
peptides in pyridine.


Introduction


The life sciences are increasingly reliant on MS as a universal
tool of unmatched versatility.1 MS techniques are employed in
the “omics” sciences – genomics,2 glycomics,3 metabolomics4 and
other areas, and are particularly successful in top-down and
bottom-up proteomics approaches, which study complex mixtures
of proteins and peptides.1c–e,5 Despite the progress, many issues
remain to be improved, such as sample separation, sensitivity,
dynamic range, quantitation etc. Ultimately, enhancing the MS
ionisation and desorption ability of peptides would still be a highly
desired development.
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Trityl (triarylmethyl) derivatives easily ionise, desorb, and can
be efficiently detected by MS techniques due to stability of
corresponding carbocations.6 Importantly, ionisation is a result of
a laser irradiation and does not require the assistance of a matrix.
This has been put to a practical use by employing trityl mass-tags
(MT) in combinatorial chemistry6 and life sciences areas such as
genomics7 and proteomics8 in combination with (MA)LDI-TOF
detection.


Other MT strategies, most notably quaternary amine-9 and
triphenylphosphonium-based derivatives,9b,10 have been developed
and compared.11 The charge on these moieties is permanent (in
contrast with trityl derivatives, which acquire the charge upon
acidic treatment or irradiation with light). This substantially limits
the applications, since it is easier to control the non-quaternary
charge on a trityl through substituents on aromatic rings and
steric factors than to control/regulate the quaternary charge on
nitrogen or phosphorus atoms. In addition, the cleavable bond
between the heteroatom and the a-carbon (Scheme 1), prior to
generation of the cation is a useful tool, which is unavailable with
quaternary MTs.


Existing applications can be improved, and new applications
for life sciences area and beyond could emerge, provided the trityl
core structure is further optimised and equipped with suitable
functionalities. Mass spectra of a number of trityls detectable
with similar efficiency can be used for precise calibration of mass
spectrometers. Furthermore, combinations of trityls with different
masses yield spectra resembling bar-coding patterns. This, and the
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Scheme 1 Design of mass-tagging reagents: a) cleavable mass tag, b) covalently attached mass tag.


fact the trityls can be detected at very low concentrations, indicates
a potential use of these compounds as security and anti-counterfeit
labels. Yet more applications are possible if similarly ionisable
trityls with different masses are temporarily attached to some
target (bio)molecules or a solid phase through a central atom. One
trityl block can be converted into an equally efficiently detectable
set of compounds with different masses by taking advantage of,
for example, commercially available amines,6 and activated ester
coupling chemistry7b,8b (variations in GR1, case (a) on Scheme 1).


A mass-tagging tool should contain a reactive group (GR)
for attachment to a substrate such as a (bio)molecule; a linker
connecting this group to a trityl (with both the linker and the
position of attachment being important in the MT performance);
and a trityl, capable of producing a stable carbocation prior
or during the MS analysis. In this paper, we describe in detail
the rational design of trityl compounds and functional moieties
permanently attached to aryl groups (case (b) on Scheme 1).
The structure of the part attached through an X heteroatom and
bearing GR2, which is disconnected from the MT when the cation
is generated, has been reported elsewhere.7b,8b,c


The aim of our research was to elucidate the scope and
limitations of the use of easily cationised triarylmethyl derivatives
as covalently attached tags/enhancers for mass spectrometry of
biomolecules, by optimising different parts of a mass-tag structure
and investigating the properties of corresponding conjugates. In
our quest for more efficient mass-tags we tested a variety of
different structures as summarised below.


Results and discussion


pKR+ as a measure of trityl stability


Since the trityl part of the tag is vital for the MS analysis, we
will first define the physico-chemical parameter that correlates
the structural features of the triarylmethyl group with its MS
performance. We found that there is a correlation between the
stability of triphenylmethyl carbocations and their propensity for
efficient ionisation and desorbtion; trityls which generate more
stable cations can be detected at lower concentrations. pKR+ is
used to express the stability of (trityl) cations and to quantify the
required acidic conditions to generate those cations.12 The single
most important factor influencing the stability of triarylmethyl


carbocations is the number and position of electron donating
and/or cation-stabilising groups. For instance, additional methoxy
groups in the ortho or para position of the trityl’s phenyl rings
stabilise the corresponding cation more, and consequently it
is possible to prepare trityl cations stable even under neutral
conditions (with pKR+ in excess of 7.5).13


The stability of trityl cations has a direct impact on the MS
analysis of these systems. This is well illustrated on Fig. 1, which
shows the LDI-TOF MS spectrum of an equimolar mixture of 5
different trityl alcohols. Despite the fact that the analysed sample
contained the same number of molecules of each compound, there
is an evident correlation between the stability of the cations and
the sensitivity of the analysis; the more stable the trityl cation is,
the better its detection in MS.


Trityls with high pKR+ preferably stay in the ionic form (as
salts). As we wanted to retain the bond between an a-carbon and
X (Fig. 1) for some applications, we set out to design and test trityl
blocks with pKR+ values not exceeding 6.


Synthesis of trityl blocks


We used several approaches14 to build up a large number of func-
tionalised trityl blocks. Scheme 2 illustrates the approach where
the first step is the attachment of the linker to a benzophenone.
4-Hydroxybenzophenones 1–3 were alkylated with two tert-butyl
w-halogenalkanoates, Cl(CH2)3CO2But and Br(CH2)5CO2But, to
give ketones 4. tert-Butyl esters are stable enough to allow the
reaction of benzophenones 4 with arylmagnesiumhalogenides to
yield tritanols 5. The tert-butyl protecting group in compounds 5
was removed using treatment with CF3CO2H. The obtained acids 6
can be converted into three activated derivatives – oxysuccinimide
esters 7, oxysulfosuccinimide esters 8, and pentafluorophenyl
esters 9. All these esters can react with amines to yield amides
10.


An alternative approach is shown in Scheme 3. In this case the
trityl assembly starts with the lithiation of bromo derivatives 11
carrying an orthoester-protected carboxy function, followed by
reaction with various diarylketones. The orthoester protection of
carboxyl is compatible with organolithium reagents, in contrast
to But esters. Tritanols 12 can be easily purified by column
chromatography. Mild acid hydrolysis of the orthoester function
gives diol esters 13, and further alkaline hydrolysis leads to acids
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Fig. 1 LDI mass-spectrum of equimolar mixture of Ph3COH, 4-MeOC6H4CPh2OH, (4-MeOC6H4)2CPhOH, (4-MeOC6H4)3COH, and
(2,4-(MeO)2C6H3)2C(4-MeOC6H4)OH; no matrix.


14. The latter were converted to NSu esters 15 or water-soluble
sulfoNSu esters 16. The reaction of activated esters 15 and 16 with
amines gives amides 17.


We tested several linker systems (see Scheme 1), aiming at
developing an appendage that would give high coupling yields
in conjugation reactions, would be stable in MS and would not
decrease the pKR+ of the trityl core. Direct attachment of an
activated carboxyl group to one of the phenyls of a trityl,6,15


either in the para- or the meta-position, led to a decrease in pKR+


of a corresponding MT, which had a detrimental effect on the
MS detection efficiency. We therefore attached a butyric linking
moiety through an oxygen atom, thus retaining the number of
alkoxyl groups on the system. Several different compounds were
prepared as shown above (7a–c,h, 8, Scheme 2; 15g–h, Scheme 3).
For applications where cross-linking using the trityl reagent would
be required, or for expanding the range of trityl MTs with different
masses generated from amine libraries,6,7a we have also designed
trityl blocks bearing two carboxy functions. These were also based
on butyric linkers (7e–f, 9, Scheme 2).


This linker was found to be unstable in conditions of (MA)LDI-
TOF MS use, with carbon-oxygen bond fragmenting with release
of a quinoidal trityl cation, presumably due to a favourable
formation of a 5-membered ring8b (MS data not shown). To avoid
this, we extended the length of the linker by 2 carbons, employing
the hexanoic acid based synthon (7d,i, Scheme 2). This linker
turned out to be more stable in MS analysis, but still some of the
quinoidal cleavage product was detected (MS data not shown),
suggesting that a carbon-carbon bond based linker attachment
would be a better choice.


This was achieved by a different strategy (n = 0; Scheme 3)
whereby a synthon 11b was reacted with a variety of ketones,
generating trityl blocks with a very MS-stable two-carbon linker.


Xanthone and thioxanthone groups render trityl cations higher
stability compared to non-bridged systems, so we prepared
several trityl blocks incorporating these moieties. Stability of
trityl cations (and trityl ethers) based on a thioxanthone moiety
can be manipulated by converting a bridged sulfur atom into
a corresponding sulfoxide, which can then be reduced back to
sulfide.16


To get access to trityl blocks with three para-methoxy groups,
we had to attach a linker through a meta-position and introduce
a linker into a ketone. Scheme 4 shows the introduction of
alkyl linker into dimethoxybenzophenone and the synthesis of
several trialkoxytrityls, including one 13C-labelled compound. 3-
Iodo-4,4¢-dimethoxybenzophenone (18) was obtained from 3-
iodo-4-methoxybenzoic acid or, more conveniently, by direct
iodination of 4,4¢-dimethoxybenzophenone. Compound 18 can
be easily demethylated using BBr3 in DCM to give 3-iodo-4,4¢-
dihydroxybenzophenone 19. The latter was alkylated to yield
diethyl ether 20 and dibenzyl ether 21. Iodo derivatives 18, 20, and
21 underwent a Sonagashira-type coupling reaction with tert-butyl
5-hexynoate. The obtained alkynes 22 were hydrogenated over 10%
Pd/C to give alkyl derivatives 23. In the course of hydrogenolysis of
compounds 22, the alkoxy groups are cleaved and the product is the
dihydroxyketone 23c. This was alkylated with [13C]ethanol using
Mitsunobu conditions to afford 23d. Ketones 22a, 23a,b,d were
reacted with ArMgBr to yield corresponding tritanol derivatives
29 and 24. These were hydrolysed to acids 30 and 25 and
further converted into activated oxysuccinimide (31 and 26) or
sulfooxysuccinimide (27) esters.


Isotopic labelling is widely used in MS proteomics analysis to
distinguish between species with identical masses, for instance
for quantitative comparison between peaks corresponding to
the same peptide obtained from two different sources. Two
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Scheme 2 Introduction of alkoxy linker into benzophenones and preparation of triarylmethanol derivatives. Reagents and conditions: a) MeI, NaH,
DMF, rt; b) Cl(CH2)3CO2But, MeONa, HMPA, 100 ◦C; c) Br(CH2)5CO2But, K2CO3, acetone, rt; d) MeI, K2CO3, acetone, rt; e) ArMgBr, THF, rt; f)
CF3CO2H, DCM, rt; g) DSC, Et3N, DCM, rt; h) HONSu-SO3Na, DCC, DMF, rt; i) C6F5OH, DCC, EtOAc, rt; j) R3NH2, THF, rt.


popular techniques dubbed ICAT and iTRAQ are often employed
whereby proteomes or peptidomes are labelled with two thiol-
specific or amine-specific reagents identical but for their isotopic
composition.17 To make the trityl MT labelling platform compat-
ible with this isotope-based quantification method, we prepared a
series of compounds identical in structure but different in mass.
A deuterium-based approach is easier to implement as one simply
needs to reduce triple bonds with D2 to arrive at a set of compounds
different from the hydrogen reduced ones by 4 Da. Unfortunately,
deuterated compounds are eluted differently from hydrogenated
ones on HPLC, making it difficult to follow LC-MS proteomics
protocols. To obviate this problem, we used 13C labelling when
preparing ketone building blocks 23d for trityl assembly. Target
compound 27b, when used in combination with a non-labelled
version 26c, gives a pair of chemically and structurally identical
MTs with 4 Da mass difference. Importantly, this scheme allows
one to prepare MTs with only one R1 group containing the


heavier version of ethyl, giving rise to a series of 3 MTs with
2 Da difference. This is useful if more than 2 conjugates need
to be quantified by MS. Trityl chemistry permits for even more
isotopically labelled alkyl groups to be introduced should the
need arise. Importantly, unlike the ICAT reagents, the trityl MTs
are “active” in that they not only serve as mass appendages to
differentiate between analyte molecules, but also enhance the MS
performance of the conjugates (vide infra, Fig. 8, 9). Work is now
in progress to employ these trityl tags in quantitation of peptides
by MS.


To be able to combine a xanthyl or a thioxanthyl moiety with an
aryl block to which no side-arm could be (easily) attached, e.g. a
pyrenyl16 residue, we developed an approach allowing for a linker
to be connected to a (thio)xanthyl block. Synthesis of an alkyl
functionalised xanthone trityl is shown on Scheme 5.


3-Hydroxy-6-methoxy-9H-xanthen-9-one (33) was converted
into the phenol triflate in good yield. Our strategy to convert
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Scheme 3 Alkyl or alkoxy linker on Grignard reagent: preparation of triarylmethanol derivatives. Reagents and conditions: a) 1) BuLi, THF, -70 ◦C, 2)
Ar1COAr2, THF, -40 ◦C; b) CF3CO2H, H2O, THF; c) 1) NaOH, EtOH, H2O; 2) H+; d) DSC, Et3N, DCM, rt; e) HONSu-SO3Na, DCC, DMF, rt; f)
R2NH2, THF, rt.


the triflate 34 into 35 via a Sonagashira palladium cross-coupling
reaction with tert-butyl hex-5-ynoate proceeded as anticipated,
allowing a facile way of introducing the linker side arm. Grignard
addition of 4-methoxyphenyl magnesium bromide to compound
35 yielded tritanol 36, and further synthetic steps finally gave the
desired compounds 40. Hydrogenation of compound 38 was triple
bond specific and did not affect the trityl carbinol.


Maleimide is a convenient thiol-reactive function for the
labelling of cysteine-containing proteins and peptides. In the
preparation of maleimide derivatives of tritanols (Schemes 6 and
7) a hydroxyl group was used as a precursor for a maleimide.
Tetrahydropyranyl protection was used for the OH group. Bro-
moaryl precursor 41 was lithiated and then reacted with 4,4¢-
dimethoxybenzophenone. The acidic removal of the Thp group
gives trityl methyl ether 43. This reacted with maleimide under
Mitsunobu conditions. Toluene was found to be the solvent of


choice for this reaction. The careful removal of Me group gives
tritanol 45 (Scheme 6).


The maleimide derivative of trimethoxytritanol (Scheme 7) was
prepared using synthetic strategies shown on Schemes 4 and 6.


We have thus prepared a variety of trityl blocks with different
pKR+ values bearing an assortment of reactive groups (oxysuc-
cinimide, sulfo-oxysuccinimide, and pentafluorophenyl esters or
maleimido) for testing in conjugation reactions.


Charge state of trityl clusters


We anticipated that conjugation of mass-tags with polyfunctional
molecules such as peptides could result in multiple labelling of, say,
several amino groups. To investigate the effect of mass-tagging,
including multiple attachments of mass-tags (possibly resulting
in formation of multiply charged ions), on MS behaviour, we
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Scheme 4 Introduction of alkyl linker into benzophenone and further conversion into triarylmethanol derivatives. Reagents and conditions: a) BBr3,
DCM, rt; b) EtI, K2CO3, acetone, rt; c) BnCl, MeONa, HMPA, 100 ◦C; d) HC∫C(CH2)3CO2But, Pd(PPh3)4, CuI, Et3N, DMF, rt; e) H2, Pd/C, EtOAc,
rt; f) [13C]EtOH, DEAD, Ph3P, THF, rt; g) ArMgBr, THF, rt; h) CF3CO2H, DCM, rt; i) DSC, Et3N, DCM, rt; j) HONSu-SO3Na, DCC, DMF, rt; k)
R3NH2, THF, rt.


prepared several model compounds by combining several tags
together (Chart 1). The first conjugate, 10g, contained a trityl
and a positively charged quaternary ammonium moiety. The MS
analysis of this compound (Fig. 2) revealed only monocharged
species: at 507 Da (loss of Cl) and at 490 Da (loss of both Cl and
OH moieties). No molecular ion (542 Da), or its adducts, or any


double charged species were detected. Importantly, 525 Da peak
([MI - OH]+) was not detected either, neither with nor without
(data not shown) matrix. This indicates that the trityl residue,
upon losing the hydroxyl, exists apparently in a radical form.


Two trityl mass-tags were linked together by coupling NHS ester
15a with diaminoethane. The resulting compound 17c ionised well
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Scheme 5 Introduction of alkyl linker into xanthone and further con-
version into triarylmethanol derivatives. Reagents and conditions: a) Tf2O,
DIEA, DCM, rt; b) HC∫C(CH2)3CO2But, Pd(PPh3)4, CuI, Et3N, DMF,
rt; c) ArMgBr, THF, rt; d) CF3CO2H, DCM, rt; e) DSC, Et3N, DCM, rt;
f) H2, Pd/C, EtOAc, rt; g) R3NH2, THF, rt.


Scheme 6 Preparation of dimethoxytritanol based maleimide
reagent. Reagents and conditions: a) 1) BuLi, THF, -70 ◦C, 2)
MeOC6H4COC6H4OMe, THF, -40 ◦C; b) CF3CO2H (cat.), MeOH; c)
maleimide, DEAD, Ph3P, toluene; d) CF3CO2H, H2O.


Scheme 7 Preparation of trimethoxytritanol based maleimide reagent.
Reagents and conditions: a) HC∫C(CH2)3OH, Pd(PPh3)4, CuI, Et3N, DMF,
rt; b) H2, Pd/C, EtOAc, rt; c) DHP, H+, DCM; d) MeOC6H4MgBr, THF,
rt; e) CF3CO2H (cat.), MeOH; f) maleimide, DEAD, Ph3P, toluene; g)
CF3CO2H, H2O.


without matrix, producing strong peaks of roughly equal
intensity at 791 Da ([MI - OH]+) and 774 Da ([MI - 2OH]+)
and no doubly charged species (Fig. 3). Since both hydroxyls are
missing and the analyte desorbs as a monocharged ion, once again
the suggestion regarding the state of the second trityl residue is
that it is in a form of a radical.


A cluster of three tritanols linked together 17d was prepared
using trimesic acid as a core molecule. In all cases, only a singly
charged peak was detected (Fig. 4A), although these di- and tri-
tritanols were successively losing all the OH groups (1483 Da,
[MI - OH]+; 1467 Da, [MI - 2OH]+; 1450 Da, [MI - 3OH]+;
Fig. 4B).


In all of the above-described clusters, the trityl moieties are
attached to the core through linkers flexible enough so that some
conformations may allow for direct contact between trityl residues,
decreasing the chance for several positive charges to co-exist in one
molecule. To investigate this effect, as well as to further increase
the number of trityls in a cluster, we have synthesised two more
trityl blocks, one of which was flexible (10h) and another one not
(56), linking four trityls through stiff arms (Scheme 8).


Chart 1 Structures of model compounds.
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Fig. 2 MALDI-TOF analysis of compound 10g (matrix: 0.5 mm3 of 20 mg/cm3 DHB was mixed with 0.5 mm3 of 1 mg/cm3 sample). No doubly charged
species detected.


Fig. 3 LDI-TOF analysis of compound 17c. No doubly charged species or molecular ion were detected.


Fig. 4 MALDI-TOF analysis of compound 17d (matrix: 0.5 mm3 of 20 mg/cm3 DHB was mixed with 0.5 mm3 of 1 mg/cm3 sample) No doubly/triply
charged species or molecular ion were detected. The 1437 Da peak is [MI - 2OH - OMe]+.
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Scheme 8 Synthesis of a stiff cluster bearing four trityls. Reagents and conditions: a) SOCl2, MeOH, rt; b) Tf2O, Py, -20 ◦C; c) HC∫CSiPri
3, Pd(PPh3)4,


CuI, Et3N, DMF, rt; d) 4-MeOC6H4MgBr, THF, reflux 3 h; e) Bu4NF, THF, rt; f) 1,3,5,7-tetra(4-iodophenyl)adamantane, Pd(PPh3)4, CuI, Et3N,
DMF, rt.


Once again, for both structures only a singly charged ion was
detected, although the spectrum showed the consecutive loss of
one, two, three and all four hydroxyls (2117 Da, [MI - OH]+; 2100
Da, [MI - 2OH]+; 2083 Da, [MI - 3OH]+; 2065 Da, [MI - 4OH]+;
Fig. 5; and 2097 Da, [MI - OH]+; 2080 Da, [MI - 2OH]+; 2064
Da, [MI - 3OH]+; and 2047 Da, [MI - 4OH]+; Fig. 6).


This shows no difference in the charge state and the amount of
hydroxyls lost between flexible and stiff or non flexible variants.
Three different types of trityl moieties were used for these
experiments, (8, 15a, 55), all with different pKR+ values, thus ruling
out the possible effect of the nature of trityls or the direct contacts
of trityls within a molecule on its charge state.


Fig. 5 MALDI-TOF analysis of compound 10h (matrix: 0.5 mm3 of 20 mg/cm3 DHB was mixed with 0.5 mm3 of 1 mg/cm3 sample). No
doubly/triply/quadruply charged species or MI were detected.


Fig. 6 MALDI-TOF analysis of compound 56 (matrix: 0.5 mm3 of 20 mg/cm3 DHB was mixed with 0.5 mm3 of 1 mg/cm3 sample). No
doubly/triply/quadruply charged species or MI were detected. Peaks below 2050 Da correspond to species with cleaved methoxyl groups.
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It is known from the literature that polytrityl cations exist and
are stable.18 It is also known that, albeit to a lesser extent compared
to ESI-MS, multiply charged cations can be detected by MALDI-
TOF.19


On the other hand, it has been previously reported that peptides
derivatised with two quaternary ammonium tags form only singly
(and not doubly) charged ions in MALDI-TOF,9a a finding earlier
reported for model “double-quads”.20 As multiply charged species
are a nuisance that complicates the interpretation of the MS data,
we were relieved to find out that our tags should not cause this
problem, and moved on to test them with model peptides.


MS studies of peptide conjugates


We tested some of the trityl mass-tags for their ability to enhance
the ionisation and desorption properties of peptides in MALDI-
TOF. Typically, a bottom-up proteomics approach consists of
digesting a set of proteins with trypsin, that yields peptides C-
terminated with Lys or Arg, which are subsequently analysed by
MS. These two types are known to ionise differently in conditions
of MALDI-TOF: Arg-terminated peptides are detected on average
6 times better.21 But even within each of the two fractions the
intensities differ, so that only some of peptides produced from
a protein by an enzymatic digest are detectable by a MALDI-
TOF technique, despite the fact that the peptides are present in
equimolar amounts. In other words, there is a need to improve the
ionisation ability of all peptides, if not making the intensities more
uniform.


We have therefore investigated the MS enhancement by synthe-
sising two sets of model peptides using a solid-phase approach.
Glu-Fib peptide (EGVNDNEEGFFSAR), and its C-end Lys-


terminated analog (EGVNDNEEGFFSAK) were synthesised
using Fmoc chemistry.22 The Fmoc groups were removed, and
the Arg and Lys resin batches were then split into fractions and
treated with NHS-activated trityl tags (2–5 cm3 of 0.05 M solutions
in pyridine) for 15–20 minutes. The solid-bound conjugates were
then cleaved, deprotected and purified to about 90% purity by ion-
exchange HPLC using standard protocols, yielding 4–10 mg of
each conjugate as well as the nonlabelled control.22 The structures
prepared are shown in Table 1.


For each of two series (Arg and Lys), equimolar mixtures
were prepared and analysed by MALDI-TOF (0.2 mm3 of 2.5
pmol/mm3 of each peptide conjugate was mixed with 0.2 mm3


of 10 mg/cm3 of a-cyano-4-hydroxycinnamic acid and spotted
onto a MALDI target for analysis). For the Arg series (Fig. 7), all
derivatives had more intense peaks (17e, 1928 Da; 10i, 1971 Da;
40a, 1983 Da; 28i, 1998 Da) compared to the non-labelled 57 (1571
Da), with two derivatives (17e and 10i) substantially improving the
detection.


Results of the MALDI-TOF comparison of the Lys series are
shown on Fig. 8. The spectrum shows that two trityl derivatives,
10j (1942 Da) and 40b (1955 Da) is detected better than the control
58 (1542 Da).


A more detailed analysis of 17e (Glu-Fib labelled with the acid
14a) revealed an interesting deisotoping pattern (Fig. 9). While the
non-labelled 57 upon deisotoping produces a typical single peak
(data not shown), the 17e conjugate yields a “doublet”, with 1 Da
mass difference. We believe that the doublet proves the presence
of two different forms of 17e. As our experiments with model
compound 10g and tritanol clusters 17c, 17d, 10h and 56 suggest,
tritanols can lose the hydroxyl and still not carry a charge, staying
in a radical form instead. The charge for ionising the analyte


Fig. 7 Comparative MALDI-TOF analysis of an equimolar mixture of Glu-Fib 57 and its trityl-labelled derivatives 17e, 10i, 40a, and 28i.


Fig. 8 Comparative MALDI-TOF analysis of an equimolar mixture of C-Lys-Glu-Fib 58 and its trityl-labelled derivatives 17f, 10j, 40b, and 28j.


4602 | Org. Biomol. Chem., 2008, 6, 4593–4608 This journal is © The Royal Society of Chemistry 2008







T
ab


le
1


P
ep


ti
de


co
nj


ug
at


es
pr


ep
ar


ed
us


in
g


a
so


lid
ph


as
e


m
et


ho
d.


22
T


he
pK


R
+


va
lu


es
of


th
e


tr
it


yl
M


T
s


us
ed


w
er


e
-1


.5
(1


7)
,6


(4
0)


an
d


1.
3


(2
8)


;t
he


pK
R


+
va


lu
e


fo
r


10
is


no
td


efi
ne


d
du


e
to


a
m


or
e


co
m


pl
ex


na
tu


re
of


ca
ti


on
is


at
io


n
of


th
is


co
m


po
un


d


R


P
ep


ti
de


co
nj


ug
at


e


H
57


58


17
e


17
e


10
i


10
j


40
a


40
b


28
i


28
j


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4593–4608 | 4603







Fig. 9 MALDI-TOF analysis of 17e (top), and deisotoping of the same spectrum (bottom).


should thus come from elsewhere – and in this case it comes from
a protonated guanidyl residue of Arg; 17e would therefore have
a mass of (MI - OH + H+) Da. But this process could be in
equilibrium with the trityl residue gaining the charge. Because
double charging does not happen in these conditions (vide supra),
this conjugate would therefore not be protonated and thus have a
mass of (MI - OH) Da. These two species, with a mass difference
of 1 Da, are present simultaneously – as the two peaks with 1Da
difference indicate. This is not the case for Lys terminated peptides,
which have a lower basicity compared to Arg so that the charge
would reside exclusively on the trityl.


Interestingly, the presence of this “doublet” in the Arg series
was only observed for 17e. The fact that 10i, 40a and 28i are not
detected in the [MI - OH + H]+ form but only in the [MI - OH]+


form (deisotoping data not shown) suggests that due to the higher
pKR+ values of their trityl MTs compared to 17e all species would
have the charge residing on the trityl. Thus, the attachment of
trityl acid 14a to a peptide, although it did not always improve
its detection, allows one to distinguish easily arginine-containing
peptides.23


Finally, we have tested the efficiency of peptide labelling with
activated forms of our trityl MTs in homogenous conditions.
Labelling of GluFib peptide in aqueous acetonitrile with activated
ester 16a (See Experimental section) did not proceed to comple-
tion, as is obvious from Fig. 10. A solid-phase labelling method,
which produces conjugates not contaminated with the starting
peptides, will be reported elsewhere.


In some cases, double labelling was also detected (data not
shown), involving both Lys and N-terminal amines. Non-complete
conversion would require subsequent separation of non-labelled
peptides from the reaction mix.


To test the labelling efficiency of maleimido-activated trityl MTs,
we labelled a peptide, Laminin (CDPGYIGSR), with maleimido
trityl 52 in acetonitrile (Fig. 11A). The efficiency of this reaction
was comparable to that for 15a (cf. Fig. 10). A substantial
improvement was achieved when pyridine was used instead of
acetonitrile (Fig. 11B), indicating that pyridine might be a better
solvent in bioconjugation reactions involving trityl MTs (see
Experimental section). Once again, a solid-phase labelling would
provide a necessary clean-up for the conjugation reactions (see
Scheme 1; GR2 = solid phase); solid-phase trityl MT reagents will
be reported elsewhere.


Experimental


Instrumentation


500 MHz 1H and 125.7 MHz 13C NMR spectra were recorded
on a Bruker DRX-500 spectrometer and referenced to DMSO-
d6 (2.50 ppm and 39.5 ppm).24 1H NMR coupling constants
are reported in Hz and refer to apparent multiplicities. 1H–13C
gradient-selected HMQC and HMBC spectra were obtained by
using 2048 (t2) ¥ 256 (t1) complex point data sets, zero filled to
2048 (F 2) ¥ 1024 (F 1) points. The spectral widths were 13 ppm and
200 ppm for 1H and 13C dimensions, respectively. HMBC spectra
were measured with 50 ms delay for evolution of long-range
couplings. (MA)LDI-TOF mass spectra were obtained using
a Voyager Elite Biospectrometry Research Station (PerSeptive
Biosystems) in a positive ion mode. ESI-TOF HRMS spectra in
positive ion mode were obtained using Micromass LCT reflection
TOF mass spectrometer. Analytical thin-layer chromatography
was performed on the Kieselgel 60 F254 precoated aluminium plates


Fig. 10 Labelling of C-Lys-Glu-Fib 58 (1542 Da) with NHS-ester 15a. 1901 Da is a monolabelled conjugate without the hydroxyl.
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Fig. 11 Labelling of laminin (CDPGYIGSR) with maleimido-activated trityl 52 in acetonitrile (A) and in pyridine (B). Laminin, MW 967 Da; conjugate,
MW 1465 Da (MI - OH).


(Merck), spots were visualised under UV light (254 nm). Column
chromatography was performed on silica gel (Merck Kieselgel 60
0.040–0.063 mm).


Reagents and solvents


Reagents obtained from commercial suppliers were used as
received. Solvents were mainly HPLC grade and used without
further purification unless otherwise noted. DCM was always
used freshly distilled over CaH2. THF was distilled over powdered
LiAlH4 and stored over 4 Å molecular sieves under nitrogen. DMF
was freshly distilled under reduced pressure.


Syntheses of activated trityl derivatives


3-[5-(tert-Butyloxycarbonyl)pent-1-ynyl]-4,4¢-dimethoxybenzo-
phenone (22a). To a solution of 3-iodo-4,4¢-dimethoxybenzo-
phenone (4.50 g, 12.2 mmol) and tert-butyl 5-hexynoate (2.10 g,
12.5 mmol) in DMF (50 cm3) Pd(PPh3)4 (1.40 g, 1.22 mmol),
CuI (465 mg, 2.44 mmol), Et3N (2.55 cm3, 18.3 mmol) were
subsequently added. The mixture was stirred overnight under
argon, then diluted with water (200 cm3) and extracted with EtOAc
(200 cm3). The organic layer was washed with water (4 ¥ 200 cm3),
0.1 M (NH4)2EDTA (4 ¥ 200 cm3), dried over Na2SO4 and
evaporated. The residue was purified by column chromatography
in gradient of EtOAc in toluene (0 to 5%). Yield 3.43 g (69%),
viscous yellowish oil. Rf 0.36 (10% EtOAc in PhMe (v/v)). ESI-
TOF HRMS: m/z = 409.2027 [M + H]+, calc. for [C25H29O5]+


409.2010. 1H NMR (DMSO-d6): dH = 7.72–7.67 (m, 3H, H-
6,2¢,6¢); 7.64 (d, 1H, 4J = 2.1 Hz, H-2); 7.17 (d, 1H, J = 8.7 Hz,
H-5); 7.08 (d, 2H, J = 8.7 Hz, H-3¢,5¢); 3.91 (s, 3H, OCH3); 3.86
(s, 3H, OCH3); 2.47 (t, 2H, J = 7.0 Hz, ∫CCH2); 2.37 (t, 2H, J =


7.4 Hz, COCH2); 1.75 (m, 2H, CH2CH2CH2); 1.39 (s, 9H, CCH3).
13C NMR (DMSO-d6): dC = 192.64 (ArCOAr), 171.86 (OCO),
162.74 (C4¢), 162.60 (C4), 134.36 (C2), 131.86 (2C, C2¢,6¢), 131.48
(C6), 129.93 (C1), 129.74 (C1¢), 113.87 (2C, C3¢,5¢), 112.23 (C3),
110.98 (C5), 94.42 (ArC∫C), 79.65 (C(CH3)3), 76.65 (ArC∫), 56.12
(4-OCH3), 55.56 (4¢-OCH3), 33.67 (COCH2), 27.79 (3C, C(CH3)3),
23.77 (CH2CH2CH2), 18.30 (∫CCH2).


3 - [5 - (tert - Butyloxycarbonyl ) pentyl ] -4,4¢-dimethoxybenzophe-
none (23a). To a solution of 3-[5-(tert-butyloxycarbonyl)pent-1-
ynyl]-4,4¢-dimethoxybenzophenone (2.027 g, 4.96 mmol) in EOAc
(40 cm3) 10% Pd/C (100 mg) was added and the mixture was
hydrogenated at 150 Torr for 24 h, filtered, diluted with EtOAc
(150 cm3), washed with 5% NaHCO3 (100 cm3) and 0.1 M
(NH4)2EDTA (100 cm3), dried over Na2SO4, evaporated, and the
residue was purified by column chromatography (0→10% EtOAc
in toluene). Yield 1.493 g (73%), colourless oil. Rf 0.45 (10% EtOAc
in PhMe (v/v)). ESI-TOF HRMS: m/z = 413.2304 [M + H]+,
calc. for [C25H33O5]+ 413.2323. 1H NMR (DMSO-d6): dH = 7.69
(d, 2H, J = 8.7 Hz, H-2¢,6¢); 7.58 (dd, 1H, J = 8.4 Hz, 4J =
2.2 Hz, H-6); 7.53 (d, 1H, 4J = 2.2 Hz, H-2); 7.07 (m, 3H, H-
5,3¢,5¢); 3.88 (s, 3H, OCH3); 3.86 (s, 3H, OCH3); 2.59 (t, 2H,
J = 7.4 Hz, ArCH2); 2.16 (t, 2H, J = 7.3 Hz, COCH2); 1.57–
1.47 (m, 4H, COCH2CH2CH2CH2); 1.36 (s, 9H, CCH3); 1.28
(m, 2H, COCH2CH2CH2). 13C NMR (DMSO-d6): dC = 193.38
(ArCOAr), 172.28 (OCO), 162.51 (C4¢), 160.51 (C4), 131.81 (2C,
C2¢,6¢), 131.08 (C2), 130.23 (C3), 130.09 (C6), 129.93 (C1), 129.67
(C1¢), 113.77 (2C, C3¢,5¢), 110.17 (C5), 79.33 (C(CH3)3), 55.65 (4-
OCH3), 55.33 (4¢-OCH3), 34.73 (COCH2), 29.31 (ArCH2), 28.75
(ArCH2CH2), 28.17 (ArCH2CH2CH2), 27.79 (3C, C(CH3)3), 24.48
(COCH2CH2).
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3-[5-(tert-Butyloxycarbonyl)pentyl]-4,4¢,4¢¢-trimethoxytritanol
(24a). To a stirred solution 3-[5-(tert-butyloxycarbonyl)pentyl]-
4,4¢-dimethoxybenzophenone (412 mg; 1.0 mmol) in dry THF
(10 cm3) 1 M 4-methoxyphenylmagnesium bromide (1.2 cm3,
1.2 mmol) was added in one portion under argon, and the mixture
was kept at ambient temperature overnight (monitoring by TLC
in EtOAc–toluene 1:3). The reaction was diluted with water
(50 cm3) and saturated aq. NH4Cl (20 cm3), and then extracted
with EtOAc (2 ¥ 100 cm3). The organic phase was dried over
Na2SO4, evaporated, and chromatographed on aluminium oxide
in 0→10% EtOAc in toluene with 0.5% of Et3N to give the desired
compound as a colourless oil. Yield 274 mg (53%). Rf 0.43 (10%
EtOAc in PhMe (v/v)). ESI-TOF HRMS: m/z = 503.2811 [M–
OH]+, calc. for [C32H39O5]+ 503.2792. 1H NMR (DMSO-d6): dH =
7.06 (m, 4H, H-2¢,6¢,2¢¢,6¢¢); 6.97 (d, 1H, 4J = 1.9 Hz, H-2); 6.88–
6.79 (m, 6H, H-5,6, 3¢,5¢,3¢¢,5¢¢); 6.02 (s, 1H, OH); 3.74 (s, 3H,
OCH3); 3.72 (s, 6H, OCH3); 2.45 (t, 2H, J = 7.5 Hz, ArCH2); 2.12
(t, 2H, J = 7.3 Hz, COCH2); 1.44 (m, 4H, COCH2CH2CH2CH2);
1.37 (s, 9H, CCH3); 1.20 (m, 2H, COCH2CH2CH2). 13C NMR
(DMSO-d6): dC = 172.27 (CO), 157.76 (2C, C4¢,4¢¢), 155.61
(C4), 140.68 (2C, C1¢,1¢¢), 140.08 (C1), 129.25 (C3), 128.89 (4C,
C2¢,6¢,2¢¢,6¢¢), 128.64 (C2), 126.36 (C6), 112.68 (4C, C3¢,5¢,3¢¢,5¢¢),
109.35 (C5), 79.67 (Ar3COH), 79.34 (C(CH3)3), 55.31 (4-OCH3),
55.02 (2C, 4¢-OCH3, 4¢¢-OCH3), 34.74 (COCH2), 29.62 (ArCH2),
28.99 (ArCH2CH2), 28.14 (ArCH2CH2CH2), 27.79 (3C, C(CH3)3),
24.45 (COCH2CH2).


3-[5-(Succinimid-1-yloxycarbonyl)pentyl]-4,4¢,4¢¢-trimethoxytri-
tanol (26a). To a stirred solution of 3-[5-(tert-butyloxy-
carbonyl)pentyl]-4,4¢,4¢¢-trimethoxytritanol (274 mg; 0.53 mmol)
in dry DCM (2 cm3) trifluoroacetic acid (2 cm3) was added in
one portion and the mixture was stirred at ambient temperature
for 3 h, then evaporated, and co-evaporated with DCM (4 ¥
50 cm3) to give free acid. An analytical sample of the acid 25a
was purified by column chromatography on silica gel (20→30%
acetone in toluene). Rf 0.30 (30% Me2CO in PhMe (v/v)). 1H
NMR (DMSO-d6): dH = 11.92 (br.s, 1H, CO2H); 7.07 (d, 4H,
J = 8.7 Hz, H-2¢,6¢,2¢¢,6¢¢); 6.98 (d, 1H, 4J = 1.9 Hz, H-2);
6.88 (dd, 1H, J = 8.4 Hz, 4J = 1.9 Hz, H-6); 6.85–6.79 (m,
5H, H-5, 3¢,5¢,3¢¢,5¢¢); 6.02 (br.s, 1H, OH); 3.75 (s, 3H, OCH3);
3.72 (s, 6H, OCH3); 2.45 (t, 2H, J = 7.8 Hz, ArCH2); 2.15 (t,
2H, J = 7.3 Hz, COCH2); 1.45 (m, 4H, COCH2CH2CH2CH2);
1.22 (m, 2H, COCH2CH2CH2). 13C NMR (DMSO-d6): dC =
174.47 (CO2H), 157.76 (2C, C4¢,4¢¢), 155.63 (C4), 140.68 (2C,
C1¢,1¢¢), 140.10 (C1), 129.29 (C3), 128.89 (4C, C2¢,6¢,2¢¢,6¢¢),
128.68 (C2), 126.37 (C6), 112.70 (4C, C3¢,5¢,3¢¢,5¢¢), 109.38
(C5), 79.68 (Ar3COH), 55.32 (4-OCH3), 55.03 (2C, 4¢-OCH3,
4¢¢-OCH3), 33.69 (CH2CO2H), 29.66 (ArCH2), 29.11, 28.36,
24.37 (ArCH2CH2CH2CH2). The product was dissolved in
DCM (15 cm3), and triethylamine (0.60 cm3, 4.3 mmol) and
N,N-disuccinimidyl carbonate (556 mg, 2.17 mmol) were added
and the mixture was stirred overnight, then evaporated, dissolved
in EtOAc (50 cm3), washed with 5% NaHCO3 (50 cm3) and
water (50 cm3), dried over Na2SO4, evaporated, and the residue
was purified by column chromatography (15→30% EtOAc
in toluene). Yield 277 mg (93%), pink amorphous solid. Rf


0.64 (30% Me2CO in PhMe (v/v)). ESI-TOF HRMS: m/z =
544.2388 [M–OH]+, calc. for [C32H34NO7]+ 544.2330. 1H NMR
(DMSO-d6): dH = 7.71 (d, 1H, J = 8.9 Hz, H-5); 7.07 (d, 4H, J =


8.9 Hz, H-2¢,6¢,2¢¢,6¢¢); 6.99 (d, 1H, 4J = 2.1 Hz, H-2); 6.89–6.78
(m, 5H, H-6,3¢,5¢,3¢¢,5¢¢); 6.02 (s, 1H, OH); 3.89 (s, 3H), 3.86
(s, 6H) (OCH3); 2.80 (s, 4H, COCH2CH2CO); 2.61 (t, 2H, J =
7.3 Hz), 2.46 (t, 2H, J = 7.6 Hz) (ArCH2CH2CH2CH2CH2); 1.54
(m, 2H), 1.44 (m, 2H), 1.32 (m, 2H) (ArCH2CH2CH2). 13C NMR
(DMSO-d6): dC = 171.22 (CO2N), 170.37 (2C, COCH2CH2CO),
157.75 (2C, C4¢,4¢¢), 155.66 (C4), 140.64 (2C, C1¢,1¢¢), 140.12 (C1),
129.28 (C3), 128.87 (4C, C2¢,6¢,2¢¢,6¢¢), 128.66 (C2), 126.35 (C6),
112.68 (4C, C3¢,5¢,3¢¢,5¢¢), 109.36 (C5), 79.65 (Ar3COH), 55.30
(4-OCH3), 55.01 (2C, 4¢-OCH3, 4¢¢-OCH3), 33.67 (CH2CO2H),
29.64 (ArCH2), 29.10, 28.35, 24.39 (ArCH2CH2CH2CH2), 22.48
(2C, COCH2CH2CO).


3-(5-Hydroxypent-1-ynyl)-4,4¢-dimethoxybenzophenone (46).
was prepared similar to 22a from 3-iodo-4,4¢-dimethoxybenzo-
phenone (3.16 g, 8.58 mmol), 4-pentynol-1 (1.20 cm3, 12.9 mmol)
PdCl2 (152 mg, 0.86 mmol), PPh3 (450 mg, 1.72 mmol), CuI
(82 mg, 0.43 mmol), Et3N (2.4 cm3, 17.2 mmol) in DMF (30 cm3)
and purified by chromatography on silica gel in gradient of EtOAc
in toluene (0 to 50%). Yield 2.55 g (91%), viscous yellowish oil. Rf


0.47 (EtOAc). ESI-TOF HRMS: m/z = 325.1427 [M + H]+, calc.
for [C20H21O4]+ 325.1434. 1H NMR (DMSO-d6): dH = 7.72–7.66
(m, 3H, H-6,2¢,6¢); 7.63 (d, 1H, 4J = 2.1 Hz, H-2); 7.17 (d, 1H,
J = 8.9 Hz, H-5); 7.09 (d, 2H, J = 8.6 Hz, H-3¢,5¢); 4.50 (t, 1H,
J = 5.1 Hz, OH); 3.91 (s, 3H), 3.86 (s, 3H) (OCH3); 3.52 (m,
2H, CH2OH); 2.48 (t, 2H, J = 7.0 Hz, ∫CCH2); 1.68 (m, 2H,
CH2CH2CH2). 13C NMR (DMSO-d6): dC = 192.67 (ArCOAr),
162.72 (C4¢), 162.58 (C4), 134.34 (C2), 131.85 (2C, C2¢,6¢), 131.45
(C6), 129.91 (C1), 129.74 (C1¢), 113.86 (2C, C3¢,5¢), 112.21 (C3),
110.97 (C5), 94.38 (ArC∫C), 76.63 (ArC∫), 60.35 (CH2OH),
56.10 (4-OCH3), 55.56 (4¢-OCH3), 30.18 (CH2CH2CH2), 14.95
(∫CCH2).


3-(5-Hydroxypentyl)-4,4¢-dimethoxybenzophenone (47). A so-
lution of 3-(5-hydroxypent-1-ynyl)-4,4¢-dimethoxybenzophenone
(4.15 g, 12.8 mmol) in EtOAc (50 cm3) was hydrogenated as above
in the presence of 10% Pd/C (300 mg). The product was isolated
by chromatography on silica gel (0 to 50% gradient of EtOAc in
toluene); white solid (3.32 g, 79%). Rf 0.76 (EtOAc), mp 101–102◦


(EtOH). ESI-TOF HRMS: m/z = 329.1698 [M + H]+, calc. for
[C20H25O4]+ 329.1747. 1H NMR (DMSO-d6): dH = 7.70 (d, 2H, J =
8.8 Hz, H-2¢,6¢); 7.58 (dd, 1H, J = 8.7 Hz, 4J = 2.1 Hz, H-6); 7.53
(d, 1H, 4J = 2.1 Hz, H-2); 7.10–7.05 (m, 3H, H-5,3¢,5¢); 4.31 (t, 1H,
J = 5.0 Hz, OH); 3.88 (s, 3H), 3.86 (s, 3H) (OCH3); 3.38 (m, 2H,
CH2OH); 2.60 (t, 2H, J = 7.6 Hz, ArCH2); 1.54 (m, 2H), 1.44 (m,
2H), 1.32 (m, 2H), CH2CH2CH2CH2CH2). 13C NMR (DMSO-
d6): dC = 193.43 (ArCOAr), 162.52 (C4¢), 160.53 (C4), 131.84 (2C,
C2¢,6¢), 131.08 (C2), 130.26 (C3), 130.24 (C6), 129.93 (C1), 129.66
(C1¢), 113.76 (2C, C3¢,5¢), 110.17 (C5), 60.73 (CH2OH), 55.77 (4-
OCH3), 55.54 (4¢-OCH3), 32.41 (CH2CH2OH), 29.54 (ArCH2),
29.09 (ArCH2CH2), 25.44 (ArCH2CH2CH2).


3-[5-(Tetrahydropyran-2-yloxy)pentyl]-4,4¢-dimethoxybenzophe-
none (48). To a solution of 3-(5-hydroxypentyl)-4,4¢-dimethoxy-
benzophenone (542 mg, 1.65 mmol) in DCM (10 cm3) DHP
(0.17 cm3, 1.82 mmol) and TsOH·H2O (16 mg, 0.08 mmol) were
added and the mixture was stirred for 1.5 h at ambient temperature
(TLC control in 10% EtOAc in toluene). Solid NaHCO3 (0.5 g)
was added and after 5 min the mixture was filtered, evaporated,
and the residue was chromatographed on silica gel (3% EtOAc
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and 1% Et3N in toluene) to give the desired compound as a
colourless oil (441 mg, 65%). Rf 0.33 (10% EtOAc in PhMe (v/v) +
1% Et3N). ESI-TOF HRMS: m/z = 413.2341 [M + H]+, calc. for
[C25H33O5]+ 413.2323. 1H NMR (DMSO-d6): dH = 7.78 (d, 2H,
J = 8.5 Hz, H-2¢,6¢); 7.63 (m, 2H, 4J2,6 = 1.8 Hz, H-2,6); 6.95 (d,
2H, J = 8.5 Hz, ArH, H-3¢,5¢); 6.87 (d, 1H, J = 8.2 Hz, H-5);
4.56 (m, 1H, OCHO); 3.92–3.82 (m, 7H, CH3, OCHH); 3.73 (m,
1H), 3.48 (m, 3H), 3.38 (m, 3H) (OCHH); 2.64 (t, 2H, J = 7.6 Hz,
ArCH2); 1.88–1.38 (m, 12H, OCH2CH2CH2CH2). 13C NMR
(DMSO-d6): dC = 193.40 (ArCOAr), 162.51 (C4¢), 160.55 (C4),
131.84 (2C, C2¢,6¢), 131.09 (C2), 130.23 (C3), 130.22 (C6),
129.92 (C1), 129.65 (C1¢), 113.74 (2C, C3¢,5¢), 110.16 (C5), 97.98
(OCHO), 65.69 (CH2OThp), 61.18 (Thp), 55.75 (4-OCH3), 55.52
(4¢-OCH3), 32.40 (CH2CH2OH), 30.35 (Thp), 29.54 (ArCH2),
29.07 (ArCH2CH2), 25.42 (ArCH2CH2CH2), 25.10, 19.20 (Thp).


3-[5-(Tetrahydropyran-2-yloxy)pentyl]-4,4¢,4¢¢-trimethoxytri-
tanol (49). To a solution of 3-[5-(Tetrahydropyran-2-yloxy)-
pentyl]-4,4¢-dimethoxybenzophenone (363 mg, 0.88 mmol) in
THF (5 cm3) 1.6 M 4-methoxyphenylmagnesium bromide in THF
(0.75 cm3, 1.2 mmol) was added in one portion and the mixture
was kept overnight at ambient temperature. The mixture was
quenched by addition of water (1 cm3) and evaporated. The residue
was dissolved in EtOAc (30 cm3), washed with 5% NaHCO3


(2 ¥ 10 cm3), dried over Na2SO4 and evaporated. The desired
compound was isolated by column chromatography on silica gel
(5% EtOAc + 1% Et3N in toluene) as a colourless oil (304 mg,
66%). Rf 0.49 (20% EtOAc in PhMe (v/v) + 1% Et3N). ESI-TOF
HRMS: m/z = 503.2771 [M–OH]+, calc. for [C32H39O5]+ 503.2792.
1H NMR (DMSO-d6): dH = 7.07 (d, 4H, J = 8.7 Hz, H-2¢,6¢,2¢¢,6¢¢);
6.99 (d, 1H, 4J = 2.3 Hz, H-2); 6.87 (dd, 1H, J = 8.4 Hz, 4J =
2.3 Hz, H-6); 6.82 (m, 5H, H-5,3¢,5¢,3¢¢,5¢¢); 6.02 (s, 1H, OH);
4.50 (m, 1H, OCHO); 3.74 (s, 3H), 3.72 (s, 6H) (OCH3); 3.69 (m,
1H), 3.57 (m, 1H), 3.40 (m, 1H), 3.27 (m, 1H) (2 OCH2); 2.47
(t, 2H, J = 7.4 Hz, ArCH2), 1.73–1.63 (m, 1H), 1.61–1.53 (m,
1H), 1.51–1.37 (m, 8H), 1.27 (m, 2H) (2 OCH2CH2CH2CH2). 13C
NMR (DMSO-d6): dC = 157.76 (2C, C4¢,4¢¢), 155.63 (C4), 140.70
(2C, C1¢,1¢¢), 140.08 (C1), 129.29 (C3), 128.89 (4C, C2¢,6¢,2¢¢,6¢¢),
128.72 (C2), 126.37 (C6), 112.67 (4C, C3¢,5¢,3¢¢,5¢¢), 109.33 (C5),
97.94 (OCHO), 79.68 (Ar3COH), 66.59 (CH2OThp), 61.26 (Thp),
55.29 (4-OCH3), 55.01 (2C, 4¢-OCH3, 4¢¢-OCH3), 30.37 (Thp),
29.78 (ArCH2), 29.18, 29.08, 25.54 (ArCH2CH2CH2CH2), 25.11,
19.23 (Thp).


3-(5-Hydroxypentyl)-4,4¢,4¢¢-trimethoxytrityl methyl ether (50).
To a stirred solution of 3-[5-(tetrahydropyran-2-yloxy)pentyl]-
4,4¢,4¢¢-trimethoxytritanol (304 mg; 0.58 mmol) in MeOH (20 cm3)
TsOH·H2O (10 mg) was added, and the mixture was kept at
ambient temperature overnight (monitoring by TLC in EtOAc–
toluene 1:9). Solid K2CO3 (300 mg) was added and the mixture was
evaporated and chromatographed on silica gel in 20% EtOAc +
1% Et3N in toluene. Yield 254 mg (97%). Rf 0.23 (20% EtOAc
in PhMe (v/v) + 1% Et3N). ESI-TOF HRMS: m/z = 419.2201
[M-OMe]+, calc. for [C27H31O4]+ 419.2217. 1H NMR (DMSO-d6):
dH = 7.24 (d, 4H, J = 8.5 Hz, H-2¢,6¢,2¢¢,6¢¢); 7.10 (dd, 1H, J =
8.5 Hz, 4J = 2.1 Hz, H-6); 7.07 (d, 1H, 4J = 2.1 Hz, H-2); 6.88
(m, 5H, H-5,3¢,5¢,3¢¢,5¢¢); 4.30 (t, 1H, J = 5.0 Hz, OH); 3.76 (s,
3H), 3.74 (s, 3H) (ArOCH3); 3.36 (m, 2H, CH2OH), 2.92 (s, 3H,
Ar3COCH3); 2.49 (t, 2H, J = 7.4 Hz, ArCH2); 1.49–1.36 (m, 4H,
ArCH2CH2CH2CH2); 1.25 (m, 2H, ArCH2CH2CH2). 13C NMR


(DMSO-d6): dC = 157.90 (2C, C4¢,4¢¢), 155.76 (C4), 136.42 (2C,
C1¢,1¢¢), 135.58 (C1), 129.76 (C3), 129.42 (4C, C2¢,6¢,2¢¢,6¢¢), 128.93
(C2), 126.99 (C6), 113.08 (4C, C3¢,5¢,3¢¢,5¢¢), 109.83 (C5), 85.61
(Ar3COCH3), 60.78 (CH2OH), 55.31 (4-OCH3), 55.03 (2C, 4¢-
OCH3, 4¢¢-OCH3), 51.24 (Ar3COCH3), 32.43, 29.82, 29.30, 25.28
(ArCH2CH2CH2CH2).


3-[5-(1-Maleimido)pentyl]-4,4¢,4¢¢-trimethoxytritanol (52). To
a stirred solution of 3-(5-hydroxypentyl)-4,4¢,4¢¢-trimethoxytrityl
methyl ether (642 mg; 1.42 mmol) in toluene (10 cm3) maleimide
(152 mg, 1.57 mmol), PPh3 (410 mg, 1.57 mmol) were added
followed by DEAD (0.26 cm3, 1.64 mmol). The mixture was kept
at ambient temperature for 24 h (monitoring by TLC in 20%
EtOAc in PhMe (v/v) + 1% Et3N; Rf 0.52 (intermediate 51), and
evaporated. The crude compound 51 was dissolved in toluene
(10 cm3). Trifluoroacetic acid (0.22 cm3, 2.84 mmol) was added and
after 10 minutes the mixture was quenched by saturated aqueous
NaHCO3. Organic layer was separated and washed with aqueous
NaHCO3 (10 cm3), water (10 cm3) and brine (10 cm3), dried over
Na2SO4 and evaporated. The residue was chromatographed on
silica gel in 10→18% EtOAc in toluene + 1% Et3N. Yield 384 mg
(51%). Rf 0.42 (20% EtOAc in PhMe (v/v) + 1% Et3N). ESI-
TOF HRMS: m/z = 498.2290 [M–OH]+, calc. for [C31H32NO5]+


498.2275. 1H NMR (DMSO-d6): dH = 7.07 (d, 4H, J = 8.7 Hz,
H-2¢,6¢,2¢¢,6¢¢); 6.98 (s, 2H, COCH=CHCO); 6.96 (d, 1H, 4J2,6 =
2.1 Hz, H-2); 6.86 (dd, 1H, 4J2,6 = 2.1 Hz, J = 8.5 Hz, H-6);
6.85–6.79 (m, 5H, H-5,3¢,5¢,3¢¢,5¢¢); 6.01 (s, 1H, OH); 3.74 (s, 3H),
3.72 (s, 6H) (OCH3); 3.34 (t, 2H, J = 7.4 Hz, NCH2); 2.43 (t,
2H, J = 7.4 Hz, ArCH2); 1.45 (m, 4H, ArCH2CH2CH2CH2);
1.19 (m, 2H, ArCH2CH2CH2). 13C NMR (DMSO-d6): dC =
171.07 (2C, CO), 157.76 (2C, C4¢,4¢¢), 155.63 (C4), 140.69 (2C,
C1¢,1¢¢), 140.10 (C1), 134.45 (2C, COCH=CHCO), 129.20 (C3),
128.89 (4C, C2¢,6¢,2¢¢,6¢¢), 128.60 (C2), 126.40 (C6), 112.70 (4C,
C3¢,5¢,3¢¢,5¢¢), 109.35 (C5), 79.67 (COH), 55.31 (4-OCH3), 55.02
(2C, 4¢-OCH3, 4¢¢-OCH3), 37.06 (CH2N), 29.56 (ArCH2), 28.89,
27.77, 25.89 (ArCH2CH2CH2CH2).


Labelling procedures


NHS-ester Labelling. The labelling reaction was carried out
with freshly made 0.02 M stock solution of the water-soluble
labelling reagent 16a dissolved in 80% 200mM NaHCO3/20%
acetonitrile. 4 mm3 of this stock solution was added to 25 mm3


(200 pmol) of Glu-Fib-K peptide in 80% 200 mM NaHCO3/20%
acetonitrile and left for 1h at room temperature. 2 mm3 of the
reaction mixture was purified by micro-extraction and before
MALDI-TOF MS analysis. The sample was diluted with 0.1%
trifluoroacetic acid (TFA) (15 mm3) and applied to C18 Zip Tip
(prepared by washing with 99.9% MeCN/0.1% TFA (3 ¥ 10 mm3)
followed by 0.1% TFA (3 ¥ 10 mm3)). The sample was applied to
C18 Zip Tip and passed through 5–6 times. The Zip Tip was washed
with 0.1% TFA (5 ¥ 10 mm3), and peptides were eluted with 50%
MeCN/0.1% TFA (3 mm3). 0.2 mm3 of the eluted sample was
mixed with a-cyano-4-hydroxycinnamic acid in 50% MeCN/0.1%
TFA (10 mg/cm3; 0.2 mm3) and applied onto MALDI target plate.


Maleimido-activated trityl Labelling. The labelling reaction
was carried out with freshly made 0.02 M stock solution of the
maleimido labelling reagent 52 dissolved in acetonitrile. 4 mm3 of
this stock solution was added to 25 mm3 (200 pmol) of Laminin
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peptide in either acetonitrile or pyridine. This was left shaking for
30 mintutes at room temperature. 1 mm3 of the reaction mixture
was purified by micro-extraction and before MALDI-TOF MS
analysis. The sample was diluted with 0.1% trifluoroacetic acid
(TFA) (12 mm3) and purified on C18 Zip Tip and analysed as
above.


Conclusions


We have designed functionalised trityl MTs for MS applications.
This work has produced a large number of different trityl struc-
tures of which a few have been tested as possible mass tags. The MS
studies of peptide conjugates reported here are initial results for
four selected trityl derivatives. These MTs were used for labelling
of trypsin digests and yielded more detectable peptides (higher
MASCOT score) than corresponding non-labelled mixtures; trityl
MT labelling also improved some aspects of ESI-MS studies.
Although some of these MTs have shown an enhancement of signal
for the conjugated peptides, we have also seen some derivatives
that, surprisingly, suppress the signal (e.g. Fig. 8, 17f and 28j).
We are continuing to optimise the design of functionalised trityl
MTs for MS applications (mainly in the proteomic field), and
more development must be carried out to further investigate this
trend with a wider range of peptides. We are also in the process of
developing more efficient methods for labelling including a solid-
phase method.
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The reactivities of adrenaline toward hydrogen abstraction by the tert-butoxyl radical and the excited
triplet state of benzophenone have been examined in solution using laser flash photolysis techniques.
The rate constants obtained in acetonitrile-rich solvents are 13 and 1.5 ¥ 108 M-1 s-1 for benzophenone
triplet and the tert-butoxyl radical, respectively. Adrenaline is a better hydrogen donor than phenol, but
not as efficient as a-tocopherol.


Introduction


Adrenaline, together with noradrenaline and dopamine, belongs
to the general class of compounds known as catecholamines.
These molecules act both as neurotransmitters in the brain, and as
hormones in the blood system. They are produced in the organism
by the enzyme tyrosine hydroxylase, which transforms tyrosine
into dopa, a first intermediate in their synthesis (see Fig. 1).1


Fig. 1 Structure of various catecholamines.


Catecholamines may readily undergo oxidation ultimately lead-
ing to melanin pigments which are known for their protection
against solar radiation.2–6 The protective effect is due not only to a
screening effect of the solar radiation, but also the antioxidant
effect of melanin plays an important role as a scavenger of
radicals.3,7–9 In the case of dopamine it is also worth noting that
the immediate products following its oxidation are precursors of
the potent neurotoxin 6-hydroxydopamine, a compund involved
in oxidative stress neuronal degeneration.10


Catecholamines share a common oxidation pathway; Scheme 1
illustrates it with adrenaline.11–16 It is initiated by the oxidation of
the dihydroxybenzylamine (1) to the amine semiquinone radical
(2); the latter disproportionates to form aminoquinone (3) and
1. Upon cyclization aminoquinone forms leucoaminochrome (4).
Leucoaminochrome further oxidizes to form leucoaminochrome
semiquinone radical (5), which upon disproportionation gener-
ates aminochrome (6) and 4. Aminochrome then rearranges to
aminoleutine (7).
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Scheme 1 Oxidation of adrenaline. 1 adrenaline, 2 adrenaline
semiquinone radical, 3 adrenoquinone, 4 leucoadrenochrome, 5 leucoa-
drenochrome semiquinone radical, 6 adrenochrome, 7 adrenoleutine.


The oxidation of catecholamines may be initiated by free radical
attack on the dihydroxybenzene moiety resulting in H-abstraction
and formation of an aryloxyl or semiquinone radical.17,18 The
kinetics of formation of the different transients involved in the
oxidation of dopa semiquinone radical (dopa equivalent of 2) to
dopachrome (dopa equivalent of 6), as well as their spectroscopy,
have been described following pulse radiolysis studies in water.12,15


The reactivity of catecholamines has also been analyzed in the
presence of peroxyl radicals.18


Here we report absolute rate constants for the reaction of the
catecholamine adrenaline with t-butoxyl radicals and carbonyl
triplets, specifically, triplet benzophenone. Our goal is to learn
on the reactivity of adrenaline towards these highly reacticve
intermediates in order to explore the feasibility of radical mediated
degradation of catecholamines. The choice of t-butoxyl radicals
and triplet benzophenone as the oxidating agents of adrenaline
is not casual. Previous results existing in the literature, where the
former are quenched by well known radical scavengers such as
phenol,19,20 a-tocopherol,21,22 aminoleutins7 or melatonin,23 will
allow us to compare the free radical scavenging activity of these
phenols to that of adrenaline.


Experimental section


Materials


Adrenaline ((±) 4-[1-hydroxy-2-methylamino) ethyl]-1,2-benzene-
diol), benzhydrol, di-tert-butyl peroxide (treated in alumina col-
umn before use) and 1,4-cyclohexadiene (distilled before use) were
purchased from Sigma-Aldrich Canada (Oakville, ON, Canada).
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Halostachine ((±)1-hydroxy-1-phenyl-2-methylaminoethane) was
purchased from Lancaster (Windham, NH, USA). Benzophenone
from BDH Chemicals Ltd. (Poole, England) was recrystallized in
ethanol before use. Acetonitrile was HPLC-grade and purchased
from OmniSolv (Gibsstown, NJ, USA), it was used without further
purification. Acetic acid, glacial, was purchased from Anachemia
(Montreal, QC, Canada).


Nanosecond Laser Flash Photolysis


The laser flash photolysis (LFP) system has been previously
described.24,25 Samples were excited with a Molectron UV-24 nitro-
gen laser generating pulses at 337 nm of 6 ns and < 6 mJ output at
the source, or with the third harmonic of a Surelite Nd/YAG laser
generating pulses at 355 nm of 8 ns duration and 25 mJ output. The
signals from the monochromator/photomultiplier system were
initially captured by a Tektronix 2440 digitizer and transferred
to a PowerMacintosh computer that controlled the experiment
with a software developed in the LabVIEW 4.1 environment from
National Instruments (Austin, TX, USA).


All transient spectra, kinetics, and power dependence studies
were recorded employing a flow system with a 7 ¥ 7 mm, 2 ml
capacity, fused silica cuvettes from Luzchem Research (Ottawa,
Canada). Samples were purged in a storage tank for 30 minutes
with N2. A minimum of 8 shots were acquired at each wavelength
to record transient absorption spectra. For the power dependence
studies 40 to 60 shots were accumulated for each measurement, to
improve the signal to noise ratio due to the low intensity of the
signals. The quenching rate constant for hydrogen abstraction by t-
butoxyl radical was determined from the signal growth monitored
at 370 nm. Up to 30 shots were accumulated. In the case of studies
performed with benzophenone, the 355 nm laser was employed.
In this case no more than 4 shots were accumulated to obtain each
kinetic trace. Details of the techniques employed and related data
analysis are available in recent reviews.26,27


Fresh solutions were prepared every day before experiments.
The solvent employed in all cases was prepared by mixing 60
parts in volume of acetonitrile with 2.25 parts in volume of acetic
acid glacial, and bringing to 100 parts with di-t-butyl peroxide
(approximately 38 parts in volume). These values ensured an
absorbance of 0.3–0.5 for di-t-butyl peroxide in the laser cell at
the excitation wavelength. Sample stability was checked under
nitrogen atmosphere. There was no observed change after 3 hours,
as determined by steady state absorption spectroscopy.


Results


Reaction with t-butoxyl radicals


The irradiation of di-tert-butyl peroxide (di-t-butyl peroxide),
with a short wavelength nanosecond laser pulse produces t-
butoxyl radicals within the duration of the pulse. Upon their
formation these radicals undergo slow b-cleavage with elimination
of acetone and production of a methyl radical (Step 2 in Scheme 2).
Alternatively, in the presence of a hydrogen donor (H-donor) t-
butoxyl radicals will be reduced to t-butanol concomitant with the
oxidation of the H-donor (Step 3, 4 or 5 in Scheme 2).


Following irradiation of di-t-butyl peroxide with 337 nm laser
pulses in the presence of adrenaline we can readily monitor via


Scheme 2 Steps involved in t-butoxyl radical formation and
consumption.


LFP the appearance of a transient with an absorption band
shoulder at 380 nm (see Fig. 2). This transient also presents a
band in the visible region which extends in the near IR, i.e., from
500 nm and over 700 nm. We assign the observed spectrum to the
semiquinone radical resulting from H-abstraction from adrenaline
(Step 3 in Scheme 2). The spectrum obtained here matches spectra
obtained following pulse radiolysis studies of dopa in aqueous
solution containing NaN3 at pH 6,15 and of 3,5-di-tert-butyl-1,2-
benzoquinone under N2O atmosphere at pH 3.28


Fig. 2 Transient absorption spectra of 2.9 ¥ 10-3 M adrenaline under
N2 atmosphere, in 38:60:2 di-tert-butyl peroxide:acetonitrile:acetic acid.
Laser wavelength 337 nm. Time windows: (●) 0.56 ms; (�) 4.72 ms; and
(�) 17.00 ms after the laser pulse.


The rate constant for the reaction of t-butoxyl radicals with
adrenaline (kH) was estimated using Equation 1, where kexp is the
observed growth rate constant of the semiquinone radical, and k1


is the rate constant for t-butoxyl radical b-cleavage.


kexp = k1 + kH ¥ [AdrO - H] (1)


By plotting kexp values for increasing adrenaline (Adr-OH)
concentrations (Fig. 3), we obtained a kH value of 1.5 ¥ 108 M-1 s-1


from the slope of the plot and a k1 value of 2.6 ¥ 105 s-1 from
its intercept. Given that t-butoxyl radicals are rapidly quenched
by adrenaline the formation of methyl radicals via b -cleavage
and their subsequent reaction with adrenaline is negligible under
our experimental conditions. Thus our measured reactivity is
characteristic for the reaction of t-butoxyl radicals with adrenaline
(Step 3 in Scheme 2).


We have previously shown that in alkylamines the C-H bond
in position a to the amino group is reactive towards t-butoxyl
radicals.29 It is therefore important to establish which role, if any,
the amino group plays in the oxidation of the catecholamines.
In fact, the methodology we employ in our experiments provides
kinetic, not mechanistic information.27,30 Although we only ob-
serve the semiquinone radical spectra, we cannot rule out on this
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Fig. 3 Observed growth rate constant for the formation of the
adrenaline semiquinone radical measured at 370 nm, in the presence
of different concentrations of adrenaline in 38:60:2 di-tert-butyl per-
oxide:acetonitrile:acetic acid as solvent. Laser wavelength 337 nm, N2


bubbled. The inset shows the time dependence of the absorption at 370 nm
for an adrenaline concentration of 1.09 ¥ 10-3 M.


sole basis the possibility of hydrogen abstraction at the a-amino
position, which would in turn result in a transparent radical in
our system, and an overestimation of the reactivity at the phenol
moiety.


In order to establish if H-abstraction in position a to the amino
group is viable in our system, we performed kinetic measure-
ments with 1-hydroxy-1-phenyl-2-methylaminoethane (halosta-
chine, Step 4, Scheme 2) in the presence of a constant concentration
of benzhydrol, employed as a signal carrier (Step 5, Scheme 2).29,31


Even at concentrations as high as 42 mM on halostachine, the
observed growth rate (monitored at 330 nm) was the same as
that obtained with no halostachine, ca. 3.3 ¥ 105 M-1s-1. At the
same concentration of adrenaline, the observed rate would be ca.
6.3 ¥ 106. Thus we estimate an upper limit of 5% for hydrogen
abstraction at centers other than the phenylhydroxy moiety (Step
4 in Scheme 2).


Reaction with triplet benzophenone


Following excitation, benzophenone (Bp) undergoes efficient
intersystem crossing to the n,p* lowest excited triplet state.32 The
triplet state is very reactive towards hydrogen abstraction, rate
constants for benzophenone triplet quenching by phenols ranging
between 8 ¥ 107 to 5 ¥ 109 M-1s-1 have been measured in acetonitrile
and benzene.19 However, not only hydrogen abstraction, but also
electron transfer,33 energy transfer and other type of physical de-
activation may be operational in the case of triplet benzophenone,
as shown in Scheme 3.19,22


The quenching rate constant of triplet benzophenone is 1.3 ¥
109 M-1s-1. In order to establish to which extent the observed
quenching is due to hydrogen abstraction (Step 10), and how im-
portant are the other possible mechanisms proposed in Scheme 3
(Steps 7 to 9), we evaluated the ratio of absorbances from the
triplet state and from the ketyl radical at 500 nm in order to
establish how much of the triplet state is converted to ketyl radical
following H-abstraction. The triplet state absorption was obtained
immediately after the laser pulse, and the ketyl radical absorption
was measured after the decay of the triplet state is complete.22,34


Given that the absorption of adrenaline semiquinone radical has
a band extending from ca. 500 nm and to the red, (Fig. 2), we used
the ratio of absorbances measured at 500 nm. We then compared
the value obtained following 95% quenching by adrenaline, to that
obtained following 95% quenching by 1,4-cyclohexadiene, under


Scheme 3 Deactivation mechanism for triplet benzophenone in the
presence of adrenaline.


Scheme 4 Disproportionation of adrenaline semiquinone radical.


the same conditions. The latter is a good hydrogen donor, and
the allylic radical obtained following its oxidation is transparent
over the whole visible range.35 The decay traces obtained for both
quenchers are shown in Fig. 4.


Fig. 4 Transient absorption spectra obtained 0.9 ms after the laser pulse,
in the presence of (�) adrenaline 5.9 ¥ 10-4 M, and (�) 1,4-cyclohexadiene
2.05 ¥ 10-2 M. Also shown is the difference between both traces,
which were normalized at 500 nm (�). Inset: Time dependence for
the absorption at 500 nm following excitation of benzophenone in the
presence of (+) adrenaline 5.9 ¥ 10-4 M, and (�) 1,4-cyclohexadiene
2.05 ¥ 10-2 M. Experiments were performed under N2 atmosphere, in 98:2
acetonitrile:acetic acid V:V. The Laser wavelength employed was 355 nm.


Fig. 5 Transient absorption spectra obtained for 3.0 ¥ 10-3 M adrenaline
under N2 atmosphere in 38:60:2 di-t-butyl peroxide:acetonitrile:acetic acid
v:v:v. Spectra correspond to time windows recorded (�) 23 ms, (●) 113 ms,
(�) 449 ms and (�) 812 ms after a 337 nm laser pulse.
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Based on our results we conclude that over 95% of the reaction
with adrenaline is due to hydrogen abstraction by benzophenone
triplet state. Thus, we obtained values of 2.21 and of 2.33 for
the triplet absorption/ketyl radical absorption when employing
adrenaline and 1,4-cyclohexadiene as hydrogen donors, respec-
tively. These values are within a 5% error difference, that for
adrenaline being smaller than that for the alkene, where hydrogen
abstraction is the only operational mode of quenching.


A comparison of the ketyl radical spectra obtained with 1,4-
cyclohexadiene to that obtained with adrenaline evidences the
presence of the semiquinone radical of adrenaline, as can be
observed following the subtraction of both spectra in Fig. 4. From
the data in Fig. 4 we can determine the molar absorptivity for the
semiquinone radical at 370 nm (eSQ 370) employing the known
value for the ketyl radical at 550 nm i.e., 3,300 ± 700 M-1cm-1.36 A
value of 1400 ± 300 M-1cm-1 is obtained for eSQ 370. This value is
within experimental error, the same as that previously determined
for catechol in benzene at 383 nm, ca. 1500 ± 300 M-1 cm-1.20


Decay of the semiquinone radical


As part of our experiments we also monitored the fate of the
semiquinone radical over time. Fig. 5 shows the transient absorp-
tion spectra at long times following excitation. Note the drop and
increase in absorption at 370 nm and 400 nm, respectively. In
this case the experimental traces are best fitted by a second order
function. The transient spectra obtained at 0.812 ms after the laser
pulse matches that reported for aminoquinones formed following
the oxidation of their respective catecholamines (not shown).12,15


These aminoquinones are formed following disproportionation of
two semiquinone radicals,12,13,15,16,37 as exemplified in Scheme 1 for
adrenaline.


A disproportionation is supported in our case both by the ob-
served temporal evolution of the semiquinone radical absorbance,
fitted with a second order rate expression, and by the quadratic
power dependence for the absorbance measured at 400 nm, 1.7 ms
after the laser pulse (data not shown).27


The disproportionation rate constant kdisp, may be obtained
from Equation 2:


k
k


lobs
disp


SQ


=
¥e


(2)


where eSQ is the molar absorptivity for the semiquinone radical,
(l) is the optical path length of the cell, kobs is the observed dispro-
portionation rate constant, determined by changes in transient
absorbance, and kdisp is the rate constant of disproportionation,
which accounts for the actual changes in the concentration of the
semiquinone radical (rather than changes in absorbance).


From the eSQ determined at 370 nm, and from the observed
decay second order rate constant kobs monitored at 370 nm, we
calculate a kdisp value of 35 ± 0.8 ¥ 108 M-1s-1. The value reported
in the literature for dopa in buffer at pH 7.7 is 0.98 ¥ 108 M-1s-1.12


Discussion


The antioxidant effect of phenols has received considerable
attention, where a major emphasis has involved the free radical
scavenging reactivity of phenols.38–46 We have employed t-butoxyl
radicals and benzophenone in its excited triplet state to establish
the activity of adrenaline as a radical scavenger.


Table 1 Hydrogen abstraction rate constants from different radical
scavengers by benzophenone and t-butoxyl radical in units of 10-8 M-1 s-1


Benzophenone triplet t-butoxyl radical


Substrate Benzene CH3CN Benzene Polar sv.


phenol 1319 0.819 3.320 a0.2220


p-methoxyphenol 4519 3919 1620 a1.120


adrenaline — 13 — b1.5
aminoleutin 697 847 — b8.17


melatonin — 7623 — b0.3423


a-tocopherol 5122 6021 3822 b6.622


a In methanol and di-t-butyl peroxide; b in acetonitrile and di-t-butyl
peroxide. To perform our experiments it was necessary the addition of
acetic acid (2.2% V:V; ca. 0.4 M) in acetonitrile to increase adrenaline
solubility. The latter is insoluble in benzene, and therefore we could not
determine the kinetics of hydrogen abstraction in this solvent.


The rate constants for H-abstraction obtained here can further
be compared to those obtained under similar experimental
conditions for well known free radical scavengers such as a-
tocopherol,.21,22 aminoleutins7 or melatonin,23 These values are
listed in Table 1 together with the rate constants for H-abstraction
from phenol and p-methoxyphenol.


Reaction with t-butoxyl radicals


Under our experimental conditions reactions involved solely the
phenol moiety and we did not observe hydrogen abstraction on
the CH2 position a to the amino group. This can be rationalized
on the basis that the lone pair of electrons in the nitrogen atom
is protonated. The resonance stabilization of the a-amino radical
by this lone pair of electrons will not be operational under this
condition,29 neither is the stabilization of the transition state
leading to this radical.


Quantitative predictions have been formulated for kinetic
solvent effects (KSE) that permit the extrapolation of the data for
hydrogen atom abstraction by a radical (for example t-butoxyl)
from a phenol in a given solvent, based on the known value
in a different media.40,42 These predictions are based on three
assumptions; each substrate hydrogen bonds to only one solvent
molecule; the equilibrium rate constant for this bonding is
independent of the surrounding media; and finally, due to steric
reasons, the hydrogen atom of the donor cannot be directly
abstracted by the acceptor, rather the acceptor has first to replace
the solvent molecule in the complex formed by the hydrogen
donor-solvent molecule.40,42


The three assumptions account for the difference observed in the
reactivity of phenol and p-methoxyphenol with t-butoxyl radicals
in methanol vs. benzene. Qualitatively, we would expect a similar
increase in the radical scavenging activity of adrenaline in going
from acetonitrile (where hydrogen bonding is strong) to benzene.
The low solubility of adrenaline in benzene however did not permit
us to test this hypothesis.


Reaction with triplet benzophenone


The kH value in acetonitrile for benzophenone is roughly an
order of magnitude larger than that for t-butoxyl radical. This
difference has been previously described with other phenols.20,22


Thus we observe in Table 1 that an order of magnitude difference
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in reactivity in acetonitrile also applies to a-tocopherol, phenol
and p-methoxyphenol, as well as melatonin, an indole derivative of
similar structure to aminoleutines, although lacking the dihydroxy
functionality of the latter. This is explained by the stabilization,
due to polar effects, of the transition state leading to the
photoreduction of benzophenone, which in this case may involve
charge transfer and offsets the strong hydrogen bonding of the
radical scavengers with acetonitrile.20,22 These polar effects are less
important in the case of hydrogen abstraction by t-butoxyl radical
and other radicals.40


Our results show that the consequence of quenching of the
benzophenone triplet state is only hydrogen abstraction. Under
the conditions employed the nitrogen atom in the catecholamine
is protonated (vide supra), and therefore electron transfer from
this species to benzophenone does not occur. As in the case
of the reaction with t-butoxyl radicals, no reaction to form a-
aminoradicals takes place in our media. This is due to protonation
of the nitrogen atom at the amine functional group.


We have been able to determine the molar absorptivity of
adrenaline semiquinone radical at 370 nm following its reaction
with benzophenone triplets, and from this value we have calculated
the second order rate constant for disproportionation. Our value
for this disproportionation is ca. 35 fold larger than that in water.
At the present time we cannot determine if this difference is due
to solvent effects, or whereas the accummulated errors with which
the values have been obtained also play a role.


Free radical scavenging activity, a comparison


We consider it worth analyzing at this time subsequent in-
termediates formed in the oxidation of adrenaline and other
catecholamines. In this sense, both leucoadrenochrome and
aminoleutin pose very interesting structures in terms of radical
scavenging potential.


The rate constants for hydrogen abstraction from phenols
depend on the strength of the O–H bond, i.e., on the O–H
bond dissociation energy (BDE).46 Electron donating groups
substituted ortho or para to the reactive hydroxyl group stabilize
the aryloxyl radical formed, and also the transition state leading
to its formation.45 This stabilization accounts for the higher
reactivity of adrenaline and p-methoxyphenol in comparison
to that of phenol which lacks an electron donating group. In
the case of a-tocopherol, a 6 member heterocyclic ring reduces
the dihedral angle existing between the lone pair of the p-
oxygen atom in the heterocyclic ring and the hydroxyl group,
this results in its enhanced antioxidant activity.44 A similar rigid
structure with an electron donating N atom located in position
para to a hydroxyl group can be observed both in the case of
adrenoleutine (7) and leucoadrenochrome (4) (see Scheme 1), we
may therefore anticipate that these species will be more reactive
radical scavengers than their catecholamine precursors.39


The reactivity of aminoleutine as a hydrogen donor has been re-
ported with quenching experiments done with benzophenone and
fluorazophore-P.7 From the results obtained with benzophenone
we observe that aminoleutine is about as reactive as a-tocopherol
in acetonitrile, and ca. 6.5 times more reactive than adrenaline
(Table 1). However care should be taken in analyzing the reactivity
of these molecules with benzophenone, given that they are affected
by charge transfer effects.23


An analysis based on the reactivity of these molecules with
t-butoxyl radicals presents a much clearer picture; thus from the
values measured for dopaleutine we establish that its reactivity is as
high as that of a-tocopherol, and ca. 5 times higher than that of the
catecholamine (Table 1). The low reactivity of melatonin, an indole
analog of dopaleutine that lacks the hydroxyl groups, further
illustrates that the radical scavenging reactivity of dopaluetine
relies on its hydroxyl moiety.


Conclusions


We report the reactivity of the catecholamine adrenaline towards
t-butoxyl radicals and benzophenone triplets. Adrenaline is a
reasonably good hydrogen donor, however we predict that the
reactivity of the products of its oxidation will exhibit an enhanced
radical scavenging activity. This in view of the good overlap
existing between the lone pair of electrons in the nitrogen atom of
the newly formed heterocyclic ring, and the hydroxy group in the
benzene moiety. This overlap (and the heterocycle) is nonexistent
in adrenaline and the other catecholamines, previous to their
oxidation. In the presence of large free radical concentrations we
believe that the oxidation of adrenaline into melanin will proceed
towards complete polymerization following the steps shown in
Fig. 1, where each new hydroxybenzene species will have enhanced
antioxidant power compared to its immediate precursor. This
enhanced reactivity would ensure the complete elimination of
undesired intermediates in adrenaline oxidation, following radical
mediated lesions.
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Stoichiometric intermolecular Pauson–Khand reactions of 4-(phenylethynyl)-6-methyl-2-pyrones with
norbornene and dicobalt(0)octacarbonyl provide cyclopentenone products that undergo a facile
6p-electrocyclisation–oxidative aromatisation transformation in the presence of natural light and
oxygen, affording functionalised benzo[h]indeno[1,2-f ]isochromene type products. The results are
rationalised by theoretical studies, which confirm that the electrocyclisation process is favoured at C3 in
the 2-pyrone ring system. The identity and precise arrangement of the ‘trienyl’ substituents control
whether the electrocyclisation occurs in natural light.


Introduction


Photochemically induced 6p-electrocyclisations of diarylethenes
provide an important route into dihydrophenanthrenes
(Scheme 1).1 For certain types of aryl and heteroaryl moi-
eties, the transformation has been used extensively to provide
photochromic materials2 and natural product targets.3 The in-
termediate dihydrophenanthrenes usually undergo cyclorever-
sion, but in certain cases can be isolated.4 The presence of
an oxidant, e.g. O2 or I2, allows thermodynamically favoured
aromatic derivatives to be formed from the dihydrophenan-
threne intermediates via the formal loss of H2, e.g. trapped as
H2O. Whilst many of these photochemical processes require high
energy UV irradiation, there are examples in the literature where
natural light5 can trigger certain 6p-electrocyclisations in highly


Scheme 1 2-Pyrones and derivatives.
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conjugated triene systems. Those found at vital junctures in
biomimetic processes yield fascinating structures of significant
interest.6


During the course of synthetic and biochemical studies on
2-pyrones,7,8 specifically the 4-(phenylethynyl)-2-pyrone 1a,9 we
became aware of a regioselective 6p-electrocyclisation–oxidative
aromatisation reaction (2a→4a) taking place in natural light
(Fig. 1). In this paper, we report the experimental results from
this study. In addition, theoretical results are presented to support
the experimental findings and offer an explanation for the
regiochemical outcome observed during the electrocyclisation.10


Fig. 1 Alkynylated 2-pyrone 1a and cyclisation products.


Results and discussion


Our initial interest in this area derives from investigations on the
stoichiometric intermolecular Pauson–Khand (PK) reaction11 of
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the internal alkyne 1a,12 norbornene and CO {from Co2(CO)8}.
The reaction can, in principle, generate two regioisomeric prod-
ucts, 2a and 2a¢ (Scheme 2). Through consideration of the
apparent polarisation effects across the alkyne bond in 1a, and
making the assumption that 2-pyrone and phenyl are sterically
near equivalent, it was predicted13 that the major regioisomeric
product would possess the phenyl group at the a-position and the
electron-deficient 2-pyrone at the b-position in the newly formed
cyclopentenone ring. The reaction is very clean when conducted
in a microwave,14 producing both regioisomers in a 3.7:1 ratio
and 89% overall yield (separable by chromatography on silica-
gel). However, the structural assignments of the two isomeric
products could not be definitively proven by simple 1H and 13C
NMR spectroscopy. It is interesting to note that this specific
example represents the first intermolecular PK reaction of any
alkyne containing a 2-pyrone moiety.15


Scheme 2 Pauson–Khand reaction of 1a with norbornene and Co2(CO)8.


It emerged that the major regioisomeric product from the PK
reaction of 1a with norbornene and Co2(CO)8 was being slowly
converted to a new compound on standing in CDCl3. At this
stage, no special precaution was taken to protect the sample
from O2 or natural light. Using purified (dried and degassed)
CDCl3, or exposing the product to O2 in the dark, resulted in
no observable reaction. However, on exposure to both natural
light and O2 the reaction proceeded. This information, and
the combined spectroscopic and spectrometric evidence, pointed
to a photochemical 6p-electrocyclisation–oxidative aromatisation
process taking place. The structure of the product was expected
to be one of four regioisomers (Fig. 2); the 6p-electrocyclisation
can in principle take place at C3 or C5 in the 2-pyrone ring system
from either regioisomer 2a (to give either 4a or 4a¢) or 2a¢ (to
give either 4ab or 4ab¢). Pleasingly, 4a crystallised from a CDCl3


solution of the major isomer from the PK reaction, allowing its
structure to be determined by X-ray diffraction. This confirmed
that a regioselective 6p-electrocyclisation–oxidative aromatisation
reaction had occurred (Fig. 3). The structure determination also
confirmed the major regioisomer formed in the PK reaction
was 2a. The minor regioisomer 2a¢ does not undergo such
a facile 6p-electrocyclisation–oxidative aromatisation reaction,
being more stable in CDCl3 solution in the presence of natural light
and O2.


Fig. 2 Potential regioisomeric products (line in bold depicts the position
of the new bond).


Fig. 3 X-Ray crystal structure of compound 4a shown in ORTEP
(arbitrary numbering used). Thermal ellipsoids are at 50% probability.


Thermal versus photochemical activation: origin of the
regioselectivity in the 6p-electrocyclisation process


To validate that the reaction was activated by natural light and not
by a thermal process, and wishing to establish the underpinning
reason for C3 over C5 electrocyclisation, B3LYP density functional
theory calculations were carried out. Geometry optimisation on
2a gives two local minima, corresponding to conformers I and II
(Scheme 3). The two structures are related by a simple rotation
of the 6-methyl-2-pyrone group about the C4–C7 single bond
and have similar stabilities. Conformer I is less stable by only
1.2 kcal/mol than II. Interestingly, attempts at the optimisation
of structure III were not successful and resulted instead in the
identification of g-keto-ketene intermediate V. There are two
pathways (III→V or III→IV→V, as indicated in Scheme 3).
Structure V is 44.0 kcal/mol higher in energy than 2a, and
is therefore highly unstable and energetically inaccessible. The
result is consistent with the experimental observation that the
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Scheme 3 Mechanism to explain the selective formation of regioisomer 4a. Note: arbitrary atom numbering used.


C5 electrocyclisation does not occur; III is not a species that
corresponds to a stationary point on the potential energy surface.


For the C3 6p-electrocyclisation reaction, two intermediates,
3a and 3a¢, can be obtained through conrotatory and disrotatory
cyclisations, respectively. Due to the breaking of conjugation, the
two intermediates are higher in energy by 21.5 and 32.7 kcal/mol,
respectively, than reactant 2a (Fig. 4). Furthermore, structure 3a¢
is less stable than 3a as it is more strained.


On the basis of the highest occupied molecular orbital (HOMO)
of 2a (Fig. 5), the cyclisation is relevant to a 6p-electron system
and we expect that the disrotatory cyclisation is symmetry-allowed
while the conrotatory cyclisation is symmetry-forbidden.1 Indeed,
we were able to locate the transition state TSI-3a¢ connecting I
and 3a¢, which corresponds to the symmetry-allowed disrotatory
cyclisation, and failed to locate the transition state TSI-3a con-
necting I and 3a, which corresponds to the symmetry-forbidden
conrotatory cyclisation. The calculations show that the symmetry-
allowed disrotatory cyclisation has a barrier of 43.5 kcal/mol and
gives the relatively less stable intermediate 3a¢. Therefore, in view
of the inaccessibly high barrier and the very high instability of 3a¢,
it is clear that the symmetry-allowed disrotatory cyclisation giving
intermediate 3a¢ is not responsible for the experimentally observed
reaction that eventually leads to the formation of 4a. Because of
the symmetry-forbidden nature, and the fact that we failed to
locate the corresponding transition state, a thermal conrotatory
cyclisation giving intermediate 3a can be ruled out.


Under the experimental conditions, it may be postulated that
trace quantities of HCl (DCl) in the CDCl3 solvent could
have promoted the electrocyclisation through protonation of the
carbonyl of the 2-pyrone fragment of 2a (Scheme 4). However,
the calculations do not support such a possibility. The calculated
energies of 2a_H+, 3a¢_H+ and 3a_H+ show that 3a¢_H+ and
3a_H+ are higher in energy by 46.6 and 35.6 kcal/mol, respectively,
than 2a_H+. The protonation increases the energy gaps between
the intermediates and 2a. Experimentally, the reaction proceeds
in C6H6, as well as CHCl3, ruling out trace acid as a reaction
promoter.


In keeping with the Woodward–Hoffman rules,16 for a 6p-
electron system, a conrotatory cyclisation is brought about by
light.17 Given both the experimental observations and the theoret-
ical insight, it is proposed that the visible light in the laboratory
initiates the conrotatory cyclisation to give the relatively more
stable intermediate 3a, followed by hydrogen elimination in the
presence of O2 to give 4a (and H2O). Analogous ring-open systems
convert to the corresponding ring-closed forms upon UV-visible
irradiation.18


The first excited state of 2a was calculated using the time-
dependent density functional theory (TDDFT) method and can
be accessed by absorption of light at 396 nm. The solvent (CDCl3)
effect was found to reduce the energy gap between the ground
state and the first excited state, suggesting that 2a can be excited
by absorption of visible light. The small energy gap between the
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Fig. 4 B3LYP-optimised structures. The bond distances are given in
angstroms.


Fig. 5 The highest occupied molecular orbital (HOMO) of 2a from
conformer I.


ground state and the first excited state of 2a is related to the
extensive conjugation in 2a.


More generally, dihydrophenanthrene irreversibly converts to
phenanthrene in the presence of air, by hydrogen-elimination with


Scheme 4 Probing the potential role of trace acid.


oxygen vide supra.19,1 Therefore it is proposed that the oxidant
rapidly reacts with intermediate 3a to give 4a exclusively (in natural
light).


In order to accelerate the reaction, a solution of 2a in CDCl3 was
photolysed using a standard UV lamp with a filter at 400 nm, in a
reaction vessel open to air. After 6 h, the reaction was essentially
complete (~quantitative conv.; >90% purity). A small quantity
of an uncharacterised side-product was evident in the 1H NMR
spectra, which appears to be formed towards the latter stages of
the reaction (and on prolonged exposure to light). The identical
reaction in benzene gave a similar yield of 4a, proceeding in 3 h.
Iodine proved a superior oxidant in benzene, yielding a purer
product, although the reaction time increased to 6 h. For this
latter reaction, the evolution of 4a was monitored over time by
1H NMR spectroscopy (Scheme 5). The disappearance of the C3
and C5 protons of 2a is evident (~ d 5.2 and 6.2 ppm), as is the
emergence of a new signal (~ d 6.0) corresponding to the C5 proton
of the new product. The appearance of highly deshielded aromatic
protons at ~ d 9.7 and 10.2 ppm confirms the formation of 4a.


In an effort to detect intermediate 3a, preliminary in situ
photolysis experiments (325 nm He–Cd 27 mW continuous wave
laser coupled directly to a 400 MHz NMR spectrometer) were
carried out. Interestingly, at this higher energy, electrocyclisation–
oxidative aromatisation occurs slowly in dry and degassed
CDCl3.20 It should be noted that other uncharacterised products
are formed in these reactions which do not derive from secondary
reactions of 4a. The identical reaction run in the presence of O2


affords 4a at a faster rate than the reaction run in its absence (for
which uncharacterised side-products also result).


Substituent effects in the aryl ring system


We envisaged that substituents on the aryl ring system would
significantly affect the rate of the 6p-electrocyclisation–oxidative
aromatisation process. Two further PK reactions of alkynyl 2-
pyrones 1b and 1c were explored. Both 1b and 1c were prepared
by Sonogashira cross-coupling of 4-bromo-6-methyl-2-pyrone8y


with the requisite terminal acetylene under standard conditions
(Scheme 6). The PK reactions of both 1b and 1c with norbornene
and Co2(CO)8 were then conducted using the previously developed
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Scheme 5 6-p-electrocyclisation–oxidative aromatisation of 2a→4a.21 Note: arbitrary atom numbering used.


Scheme 6 Aryl-substituent effects in PK reactions.


microwave conditions. The presence of p-chloro or p-methoxy
groups on the aryl ring does not significantly affect the overall
regioselectivity. A comparison of the spectroscopic data for both
regioisomers resulting from the PK reactions of 1b and 1c confirm
that the major regioisomers are 2b and 2c, respectively.


To determine the relative rates of the electrocyclisation–
aromatisation reactions for 2a–c, CDCl3 solutions of each com-
pound were simultaneously exposed to sunlight for one hour
(identical conditions), after which time the relative ratios of the
starting compounds to products 4a–c were determined by 1H
NMR spectroscopy (Table 1 and Scheme 7).


Scheme 7 6p-Electrocyclisation–oxidative aromatisation of 2b and 2c.


From the data collected in Table 1, it is clear that 2c is
undergoing a considerably faster electrocyclisation–oxidative aro-
matisation reaction than 2a and 2b. The slowest reaction is
that involving 2b, allowing a reactivity order to be established:
p-OMe (2c) > H (2a) > p-Cl (2b). The increased reactivity
of 2c is attributed to the meta- or ortho-meta-effect (position
of the substituents relative to the new C–C bond).22 In this
example, the electron-releasing methoxy group would be expected
to stabilise the first excited state and accelerate the rate of the
6p-electrocyclisation process. The precise location of the sub-
stituents in 2a–c appears to greatly assist the 6p-electrocyclisation–
oxidative aromatisation process in natural light, as indicated by
the fact that 2a¢, 2b¢ and 2c¢ do not participate in such a facile
reaction.


Table 1 Comparison of the relative rates of electrocyclisation–
aromatisation for 2a–ca


% Ratiob


Reaction t = 0 t = 60 min Relative % increase


2a → 4a 96.9 : 3.1 93.1 : 6.9 3.8
2b → 4b 97.0 : 3.0 95.9 : 4.1 1.1
2c → 4c 95.4 : 4.6 80.0 : 20.0 15.4


a Concentration of reagents 2a–c (75 mM in CDCl3) exposed to sunlight
for 1 h. b Percentage ratios given as starting material:product as determined
by 1H NMR spectroscopy (400 MHz).
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It is also noted that compound 5, formed by a double-arylation
of 1a by the reaction conditions reported by Larock and Zhou,23


is stable in the presence of natural light and O2 (Scheme 8).
Irradiation (filter at 400 nm) of 5 in CDCl3 in an NMR tube
open to air at 25 ◦C resulted in a slow electrocyclisation–
oxidative aromatisation reaction to give a product which based
on 1H NMR spectroscopic evidence (500 MHz, see ESI† for
further discussion) is postulated to be 6 (58% relative conversion
after 20 h).


Scheme 8 Synthesis of vinyl-2-pyrone 5 and electrocyclisation–aromati-
sation to give 6.


Conclusions


The major PK regioisomeric products 2a–c readily undergo
a photochemically-induced 6p-electrocyclisation–oxidative aro-
matisation reaction to reveal functionalised benzo[h]indeno[1,2-
f ]isochromene type products 4a–c, respectively. The precise
arrangement of the substituents in 2a–c appears to facilitate
the photochemically-induced electrocyclisation process in natural
light.


Experimental


Computational studies by DFT


Density functional theory (DFT) calculations at the B3LYP level24


were performed to calculate the structures of the isomers and the
transition states. Frequency calculations were also performed to
confirm the characteristics of the calculated structures as minima
or transition states. Calculations of intrinsic reaction coordinates
(IRC)25 were also performed on transition states to confirm
that such structures are indeed connecting two minima. Time-
dependent density functional theory was used to calculate the
energy of the first excited state. The standard 6–31G basis set was


used.26 All calculations were carried out with the Gaussian 03
software package.27


General synthetic details


Solvents were dried where necessary using standard procedures
prior to use and stored under an argon atmosphere. DCE refers to
1,2-dichloroethane. Nitrogen gas was oxygen-free and was dried
immediately prior to use by passage through an 80 cm column
containing sodium hydroxide pellets and silica. Argon gas was used
directly via balloon transfer or on a Schlenk line. TLC analysis was
performed routinely using Merck 5554 aluminum backed silica
plates. Compounds were visualized using UV light (254 nm) and
a basic aqueous solution of potassium permanganate. 1H NMR
spectra were recorded at either 400 MHz using a JEOL ECX
400 spectrometer, with 13C NMR spectra recorded on the same
instrument at 100 MHz (1H decoupled); or at 500 MHz on a
Bruker AV 500 spectrometer, with 13C NMR spectra recorded
on the same instrument at 125 MHz (1H decoupled). Chemical
shifts are reported in parts per million (d) relative to CHCl3


at d 7.24 (1H) or 77.0 (13C). Coupling constants (J values) are
reported in hertz (Hz), and spin multiplicities are indicated by the
following symbols: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), br (broad). Photolysis was performed using a
Philips HPK 125 W medium pressure mercury lamp. 4-Bromo-
6-methyl-2-pyrone and 4-(phenylethynyl)-6-methyl-2-pyrone (1a)
were prepared as previously reported.8f,y


In situ photolysis


Compound 2a (5 mg, 0.015 mmol) was dissolved in dry and
degassed CDCl3 (0.5 mL) and added to a Youngs type NMR
tube (prepared in a dry-box; O2 <0.1 ppm). The sample was then
photolysed and 1H NMR spectra obtained approximately every
10 minutes. This was conducted using a modified NMR probe
equipped for in situ photolysis, for which a general method has
been described previously.28 A Kimmon IK3202R-D 325 nm He–
Cd 27 mW continuous wave (CW) laser was used as the light
source.


General method for the preparation of 1b and 1c using Sonogashira
cross-coupling


To a degassed Schlenk flask, 4-bromo-6-methyl-2-pyrone (1 eq.),
arylacetylene (1.1 eq.), PdCl2(PPh3)2 (1 mol%), CuI (3 mol%), dry
acetonitrile (1.5 mL/mmol) and dry triethylamine (1.5 eq.) were
added and the reaction heated at 60 ◦C for 16 h. The reaction
mixture was cooled, washed with H2O, extracted with CH2Cl2,
dried over MgSO4 and filtered. The solvent was removed in vacuo
and the crude material subjected to chromatography on silica-
gel using an EtOAc/hexane eluent (0/1 to 1/5, v/v) to give the
products (characterisation data given below).


4-(4-Chlorophenylethynyl)-6-methyl-2-pyrone (1b)


Synthesised following the general Sonogashira procedure, with
4-bromo-6-methyl-2-pyrone (504 mg, 2.7 mmol) and 1-ethynyl-4-
chlorobenzene (400 mg, 2.9 mmol), to afford the title compound as
a yellow solid (495 mg, 76%); M.p. = 134–136 ◦C; dH (400 MHz,
CDCl3) 2.25 (3H, dd, J = 0.7, 0.9 Hz), 6.03 (1H, dq, J = 0.9,
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1.4 Hz), 6.28 (1H, dq, J = 0.7, 1.4 Hz), 7.36 (2H, d, J =
8.7 Hz), 7.45 (2H, d, J = 8.7 Hz); dC (100.5 MHz, CDCl3)
19.9 (CH3), 86.2 (4◦), 97.2 (4◦), 105.2 (CH), 114.6 (CH), 119.7
(4◦), 129.0 (CH), 133.3 (CH), 136.2 (4◦), 138.5 (4◦), 162.07 (4◦),
162.10 (4◦); nmax (CH2Cl2, cm-1) 2211, 1744, 1726, 1636, 1540,
1441, 1316, 1094, 1015; LR(ESI-MS): m/z 245/247 (Cl35/Cl37


MH+, 9%), 267/269 (Cl35/Cl37 MNa+, 100); HR(ESI-MS): m/z
calcd for C14H9ClNaO2 [M + Na]+: 267.0183, found 267.0182
(0.6 ppm).


4-(4-Methoxyphenylethynyl)-6-methyl-2-pyrone (1c)


Synthesised following the general Sonogashira procedure, with
4-bromo-6-methyl-2-pyrone (325 mg, 1.7 mmol) and 1-ethynyl-4-
methoxybenzene (250 mg, 1.9 mmol), to afford the title compound
as a cream solid (376 mg, 91%); M.p. = 125–128 ◦C; dH (400 MHz,
CDCl3) 2.23–2.25 (3H, m), 3.84 (3H, s), 6.02–6.03 (1H, m), 6.24–
6.25 (1H, m), 6.89 (2H, d, J = 8.9 Hz), 7.46 (2H, d, J = 8.9 Hz);
dC (100.5 MHz, CDCl3) 19.8 (CH3), 55.4 (CH3), 84.7 (4◦), 99.4
(4◦), 105.5 (CH), 113.2 (4◦), 113.6 (CH), 114.3 (CH), 133.9 (CH),
139.3 (4◦), 160.9 (4◦), 161.7 (4◦), 162.4 (4◦); nmax (CH2Cl2, cm-1)
2204, 1725, 1637, 1605, 1539, 1509, 1444, 1317, 1295, 1212, 1174,
1139, 1110, 1030; LR(ESI-MS): m/z 241 (MH+, 100%); HR(ESI-
MS): m/z calcd for C15H13O3 [M + H]+: 241.0859, found 241.0863
(1.4 ppm).


General method for the Pauson–Khand reactions of 1a–c


(Based on 1a.) To a microwave tube containing 1a (105 mg,
0.5 mmol) was added Co2(CO)8 (171 mg, 0.5 mmol) and DCE
(2 mL). The mixture was stirred at room temperature for 1 h.
Norbornene (235 mg, 2.5 mmol) was added and the reaction
heated in the microwave (100 W) at 90 ◦C for between 60
and 80 min (loss of the intermediate alkynyl–Co2(CO)6 complex
was monitored by TLC analysis). On completion of the reac-
tion, the solvent was removed in vacuo and the crude material
subjected to column chromatography on silica-gel using an
EtOAc/hexane eluent (1/99 to 1/5, v/v) to give the two regioi-
someric products 2a (117 mg, 70%) and 2a¢ (33 mg, 19%) as white
solids.


(3aSR,4RS,7SR,7aRS)-6-Methyl-4-(1-oxo-2-phenyl-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-3-yl)-
2H-pyran-2-one (2a)


M.p. = 117–120 ◦C (decomposes); dH (500 MHz, CDCl3) 1.08
(1H, d, J = 10.8 Hz), 1.13 (1H, d, J = 10.8 Hz), 1.37–1.42
(2H, m), 1.63–1.74 (2H, m), 2.10 (3H, dd, J = 0.8, 0.8 Hz), 2.20
(1H, m), 2.49 (1H, d, J = 5.5 Hz), 2.60 (1H, m), 2.99 (1H, d,
J = 5.5 Hz), 5.60 (1H, br s), 6.22 (1H, br s), 7.20–7.22 (2H,
m), 7.34–7.36 (3H, m); dH (500 MHz, C6D6) 0.68–1.42 (6H, m),
1.61 (3H, br s), 1.84 (1H, br s), 2.09 (1H, br s), 2.34 (1H, br s),
2.56 (1H, br s), 5.18 (1H, br s), 6.17 (1H, br s), 7.01–7.52 (5H,
m); dC (125 MHz, CDCl3) 20.0 (CH3), 28.5 (CH2), 28.9 (CH2),
31.6 (CH2), 38.1 (CH), 39.6 (CH), 50.0 (CH), 53.9 (CH), 103.4
(CH), 111.4 (CH), 128.5 (CH), 128.9 (CH), 129.0 (CH), 130.3
(4◦), 146.1 (4◦), 151.3 (4◦), 162.1 (4◦), 162.5 (4◦), 163.4 (4◦), 207.6
(4◦); nmax (CH2Cl2, cm-1) 2961, 1722, 1700, 1637, 1541, 1445, 1308;
LR(ESI-MS): m/z 333 (MH+, 100%), 355 (MNa+, 13); HR(ESI-


MS): m/z calcd for C22H21O3 [M + H]+: 333.1485, found 333.1496
(3.3 ppm).


(3aSR,4RS,7SR,7aRS)-6-Methyl-4-(1-oxo-3-phenyl-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-2-yl)-
2H-pyran-2-one (2a¢)


M.p. = 149–152 ◦C; dH (500 MHz, CDCl3) 1.03 (1H, d, J =
10.7 Hz), 1.11 (1H, d, J = 10.7 Hz), 1.38–1.42 (2H, m), 1.64–1.68
(2H, m), 2.09 (1H, m), 2.16 (3H, dd, J = 0.7, 0.9 Hz), 2.50 (1H, d,
J = 5.5 Hz), 2.58 (1H, m), 3.20 (1H, d, J = 5.5 Hz), 5.75 (1H, dq,
J = 0.9, 1.4 Hz), 6.08 (1H, dq, J = 0.7, 1.4 Hz), 7.34–7.44 (m, 5H;
Ph); dC (100.5 MHz, CDCl3) 20.0 (CH3), 28.6 (CH2), 28.9 (CH2),
31.6 (CH2), 38.4 (CH), 39.6 (CH), 51.4 (CH), 54.3 (CH), 104.7
(CH), 112.5 (CH), 128.3 (CH), 128.9 (CH), 130.7 (CH), 133.9
(4◦), 138.3 (4◦), 148.4 (4◦), 161.8 (4◦), 162.9 (4◦), 174.2 (4◦), 206.4
(4◦); nmax (CH2Cl2, cm-1) 2964, 2877, 1720, 1698, 1639, 1607, 1548,
1445; LR(ESI-MS): m/z 291 (MH2 - CO2


+, 8%), 333 (MH+, 100),
355 (MNa+, 13); HR(ESI-MS): m/z calcd for C22H21O3 [M + H]+:
333.1485, found 333.1495 (3.0 ppm).


Other characterisation data (from reactions using 0.5 mmol of
either 1b or 1c):


(3aSR,4RS,7SR,7aRS)-4-[2-(4-Chlorophenyl)-1-oxo-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-3-yl]-6-methyl-
2H-pyran-2-one (2b)


Cream solid (122 mg, 67%); M.p. = 194–199 ◦C (decomposes); dH


(500 MHz, CDCl3) 1.09 (2H, s), 1.36–1.41 (2H, m), 1.61–1.76 (2H,
m), 2.15 (3H, s), 2.21 (1H, m), 2.48 (1H, d, J = 5.5 Hz), 2.59 (1H,
m), 2.98 (1H, d, J = 5.5 Hz), 5.62 (1H, s), 6.20 (1H, s), 7.18 (2H, d,
J = 8.5 Hz), 7.33 (2H, d, J = 8.5 Hz); dC (125 MHz, CDCl3) 20.1
(CH3), 28.5 (CH2), 28.8 (CH2), 31.6 (CH2), 38.0 (CH), 39.6 (CH),
50.2 (CH), 53.9 (CH), 103.1 (CH), 111.4 (CH), 128.5 (4◦), 128.8
(CH), 130.4 (CH), 135.1 (4◦), 144.6 (4◦), 151.1 (4◦), 162.3 (4◦),
162.6 (4◦), 164.0 (4◦), 207.3 (4◦); nmax (CH2Cl2, cm-1) 2964, 2876,
1725, 1702, 1638, 1543, 1490, 1311, 1298, 1230, 1198, 1091, 1016;
LR(ESI-MS): m/z 367 (MH+, 100%); HR(ESI-MS): m/z calcd
for C22H20ClO3 [M + H]+: 367.1095, found 367.1088 (1.9 ppm).


(3aSR,4RS,7SR,7aRS)-4-[3-(4-Chlorophenyl)-1-oxo-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-2-yl]-6-methyl-
2H-pyran-2-one (2b¢)


White solid (42 mg, 23%); M.p. = 144–147 ◦C (decomposes); dH


(500 MHz, CDCl3) 1.07 (1H, d, J = 10.7 Hz), 1.09 (1H, d, J =
10.7 Hz), 1.37–1.42 (2H, m), 1.63–1.71 (2H, m), 2.08 (1H, m),
2.18 (3H, s), 2.50 (1H, d, J = 5.5 Hz), 2.59 (1H, m), 3.16 (1H, d,
J = 5.5 Hz), 5.73 (1H, s), 6.07 (1H, s), 7.31 (2H, d, J = 8.5 Hz),
7.39 (2H, d, J = 8.5 Hz); dC (125 MHz, CDCl3) 20.1 (CH3), 28.6
(CH2), 28.9 (CH2), 31.7 (CH2), 38.5 (CH), 39.7 (CH), 51.3 (CH),
54.3 (CH), 104.4 (CH), 112.6 (CH), 129.3 (CH), 129.6 (CH), 132.2
(4◦), 137.0 (4◦), 138.7 (4◦), 148.0 (4◦), 162.2 (4◦), 162.6 (4◦), 172.2
(4◦), 206.0 (4◦); nmax (CH2Cl2, cm-1) 2964, 2877, 1721, 1698, 1639,
1610, 1592, 1547, 1491, 1402, 1332, 1095; LR(ESI-MS): m/z 367
(MH+, 100%); HR(ESI-MS): m/z calcd for C22H20ClO3 [M + H]+:
367.1095, found 367.1092 (0.8 ppm).
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(3aSR,4RS,7SR,7aRS)-4-[2-(4-Methoxyphenyl)-1-oxo-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-3-yl]-6-methyl-
2H-pyran-2-one (2c)


Yellow solid (110 mg, 65%); M.p. = 97–101 ◦C (decomposes);
dH (500 MHz, CDCl3) 1.06 (1H, d, J = 10.7 Hz), 1.10 (1H, d,
J = 10.7 Hz), 1.34–1.41 (2H, m), 1.61–1.74 (2H, m), 2.12 (3H,
s), 2.20 (1H, m), 2.46 (1H, d, J = 5.5 Hz), 2.59 (1H, m), 2.95
(1H, d, J = 5.5 Hz), 3.81 (3H, s), 5.65 (1H, s), 6.23 (1H, s),
6.87 (2H, d, J = 1.9, 8.8 Hz), 7.18 (2H, dd, J = 1.9, 8.8 Hz);
dC (125 MHz, CDCl3) 20.0 (CH3), 28.6 (CH2), 28.9 (CH2), 31.6
(CH2), 38.1 (CH), 39.6 (CH), 49.9 (CH), 53.9 (CH), 55.3 (CH3),
103.5 (CH), 111.3 (CH), 114.0 (CH), 122.4 (4◦), 130.5 (CH), 145.3
(4◦), 151.7 (4◦), 160.1 (4◦), 162.1 (4◦), 162.1 (4◦), 162.6 (4◦), 208.0
(4◦); nmax (CH2Cl2, cm-1) 2962, 2876, 2840, 1719, 1700, 1637, 1605,
1543, 1510, 1198, 1177, 1159, 1033; LR(ESI-MS): m/z 363 (MH+,
100%); HR(ESI-MS): m/z calcd for C23H23O4 [M + H]+: 363.1591,
found 363.1601 (2.7 ppm).


(3aSR,4RS,7SR,7aRS)-4-[3-(4-Methoxyphenyl)-1-oxo-
3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-2-yl]-6-methyl-
2H-pyran-2-one (2c¢)


Yellow solid (31 mg, 17%); M.p. = 172–174 ◦C (decomposes); dH


(500 MHz, CDCl3) 1.01 (1H, d, J = 10.7 Hz), 1.09 (1H, d, J =
10.7 Hz), 1.37–1.44 (2H, m), 1.65–1.68 (2H, m), 2.12 (1H, m),
2.17 (3H, s), 2.48 (1H, d, J = 5.5 Hz), 2.57 (1H, m), 3.18 (1H,
d, J = 5.5 Hz), 3.85 (3H, s), 5.76 (1H, br s), 6.13 (1H, br s),
6.91 (2H, dd, J = 1.9, 8.7 Hz), 7.37 (2H, dd, J = 1.9, 8.7 Hz); dC


(125 MHz, CDCl3) 20.0 (CH3), 28.7 (CH2), 29.0 (CH2), 31.7 (CH2),
38.9 (CH), 39.5 (CH), 50.9 (CH), 54.3 (CH), 55.4 (CH3), 104.8
(CH), 112.5 (CH), 114.3 (CH), 125.9 (4◦), 130.5 (CH), 136.7 (4◦),
149.1 (4◦), 161.8 (4◦), 161.9 (4◦), 162.9 (4◦), 173.1 (4◦), 206.1 (4◦);
nmax (CH2Cl2, cm-1) 2963, 2877, 1720, 1694, 1511, 1404, 1336, 1160,
1031; LR(ESI-MS): m/z 363 (MH+, 100%); HR(ESI-MS): m/z
calcd for C23H23O4 [M + H]+: 363.1591, found 363.1601 (2.7 ppm).


General procedure for electrocyclisation–oxidative aromatisation
(NMR studies)


In a clean, dry NMR tube, 2a (10 mg, 0.03 mmol) was dissolved
in CDCl3 (0.4 mL) under an atmosphere of air. Alternatively, the
sample was dissolved in C6D6 (0.4 mL) and I2 (1 eq.) was added.
The tube was then placed in front of a 400 nm filter and the mixture
photolysed, with 1H NMR spectra recorded at 10, 20, 60 180 and
360 minute intervals, until the complete disappearance of 2a was
observed.


The comparison of the relative rates of electrocyclisation–
aromatisation for 2a–c were conducted in a similar manner to that
detailed above except in sunlight for 1 h. Conversion to products
4a–c was determined by 1H NMR spectroscopy (samples protected
from light after 1 h, prior to NMR spectroscopic analysis).


(9aRS,10SR,13RS,13aSR)-2-Methyl-4,9,9a,10,11,12,13,13a-
octahydro-10,13-methanobenzo[h]indeno[1,2-f ]isochromene-4,9-
dione (4a)


M.p. = 225–229 ◦C; dH (500 MHz, CDCl3) 0.88 (1H, d, J =
10.8 Hz), 1.01 (1H, d, J = 10.8 Hz), 1.45–1.64 (2H, m), 1.68–1.85
(2H, m), 2.46 (3H, s), 2.54 (1H, m), 2.65–2.75 (2H, m), 3.27 (1H,


m), 6.64 (1H, s), 7.69–7.79 (2H, m), 9.30 (1H, d, J = 7.6 Hz),
9.70 (1H, d, J = 8.1 Hz); dH (500 MHz, C6D6) 0.57 (1H, d, J =
10.8 Hz), 0.65 (1H, d, J = 10.8 Hz), 1.06–1.16 (2H, m), 1.30–1.44
(2H, m), 1.75 (3H, s), 2.09 (1H, m), 2.32 (1H, d, J = 5.7 Hz), 2.58
(1H, d, J = 5.7 Hz), 2.62 (1H, m), 5.98 (1H, s), 7.43 (1H, m), 7.51
(1H, m), 9.71 (1H, d, J = 8.2 Hz), 10.15 (1H, d, J = 8.7 Hz);
dC (100.5 MHz, CDCl3) 20.0 (CH3), 28.4 (CH2), 29.4 (CH2), 32.0
(CH2), 39.8 (CH), 40.3 (CH), 46.2 (CH), 56.5 (CH), 100.5 (CH),
117.3 (4◦), 124.2 (CH), 126.5 (CH), 127.7 (4◦), 128.6 (CH), 129.3
(CH), 131.2 (4◦), 137.2 (4◦), 137.9 (4◦), 153.7 (4◦), 157.7 (4◦), 161.6
(4◦), 209.1 (4◦); nmax (CH2Cl2, cm-1) 2963, 2876, 1724, 1701, 1655,
1612, 1592, 1560, 1509, 1443, 1385, 1351, 1229; LR(CI-MS): m/z
331 (MH+, 100%); HR(CI-MS): m/z calcd for C22H19O3 [M + H]+:
331.13342, found 331.13254 (2.6 ppm).


(9aRS,10SR,13RS,13aSR)-6-Chloro-2-methyl-
4,9,9a,10,11,12,13,13a-octahydro-10,13-
methanobenzo[h]indeno[1,2-f ]isochromene-4,9-dione (4b)


M.p. = 186–187 ◦C (decomposes); dH (400 MHz, CDCl3) 0.84
(1H, d, J = 10.9 Hz), 1.03 (1H, d, J = 10.9 Hz), 1.49 (1H, m),
1.62 (1H, m), 1.74 (1H, m), 1.84 (1H, m), 2.47 (3H, d, J = 0.9 Hz),
2.55 (1H, m), 2.70–2.74 (2H, m), 3.28 (1H, d, J = 5.8 Hz), 6.65
(1H, m), 7.66 (1H, dd, J = 2.2, 9.0 Hz), 9.24 (1H, d, J = 9.0 Hz),
9.76 (1H, d, J = 2.2 Hz); dC (100.5 MHz, CDCl3) 22.6 (CH3), 28.4
(CH2), 29.4 (CH2), 32.1 (CH2), 39.8 (CH), 40.4 (CH), 46.2 (CH),
56.5 (CH), 100.5 (CH), 116.4 (4◦), 125.6 (CH), 125.8 (CH), 126.0
(4◦), 129.2 (CH), 132.1 (4◦), 136.0 (4◦), 137.8 (4◦), 138.1 (4◦), 153.7
(4◦), 158.5 (4◦), 161.3 (4◦), 208.8 (4◦); nmax (CH2Cl2, cm-1) 2963,
2929, 2877, 1723, 1701, 1653, 1608, 1503, 1363, 1346, 1156, 1197;
LR(ESI-MS): m/z 365 (MH+, 100%), 387 (MNa+, 10); HR(ESI-
MS): m/z calcd for C22H18O3 [M + H]+: 365.0939, found 365.0938
(0.3 ppm).


(9aRS,10SR,13RS,13aSR)-6-Methoxy-2-methyl-
4,9,9a,10,11,12,13,13a-octahydro-10,13-methanobenzo[h]indeno
[1,2-f ]isochromene-4,9-dione (4c)


M.p. = 173–177 ◦C (decomposes); dH (400 MHz, CDCl3) 0.85
(1H, d, J = 10.8 Hz), 1.00 (1H, d, J = 10.8 Hz), 1.48 (1H, m),
1.59 (1H, m), 1.72 (1H, m), 1.82 (1H, m), 2.46 (3H, d, J = 0.9 Hz),
2.54 (1H, m), 2.68 (1H, d, J = 5.7 Hz), 2.71 (1H, m), 3.26 (1H, d,
J = 5.7 Hz), 4.02 (3H, s), 6.63 (1H, q, J = 1.0 Hz), 7.35 (1H, dd,
J = 2.7, 9.2), 9.20 (1H, d, J = 9.2 Hz), 9.21 (1H, d, J = 2.7 Hz);
dC (100.5 MHz, CDCl3) 20.0 (CH3), 28.4 (CH2), 29.3 (CH2), 32.1
(CH2), 39.8 (CH), 40.3 (CH), 46.0 (CH), 55.5 (CH3), 56.6 (CH),
100.7 (CH), 106.3 (CH), 116.3 (4◦), 120.0 (CH), 122.8 (4◦), 125.5
(CH), 133.4 (4◦), 137.7 (4◦), 137.8 (4◦), 150.6 (4◦), 157.5 (4◦), 160.4
(4◦), 162.0 (4◦), 209.3 (4◦); nmax (CH2Cl2, cm-1) 2963, 2876, 1716,
1699, 1657, 1615, 1596, 1516, 1466, 1353, 1236, 1204, 1116, 1082,
1033, 1003; LR(ESI-MS): m/z 361 (MH+, 100%), 383 (MNa+, 15);
HR(ESI-MS): m/z calcd for C23H21O4 [M + H]+: 361.1434, found
361.1438 (1.0 ppm).


6-Methyl-4-(1,2,2-triphenylvinyl)-2-pyrone (5)


1a (106 mg, 0.5 mmol), iodobenzene (0.112 mL, 1 mmol), phenyl-
boronic acid (184 mg, 1.5 mmol), sodium hydrogen carbonate
(84 mg, 1 mmol), DMF (15 mL) and H2O (4 mL) were added
to a degassed Schlenk flask and stirred at 100 ◦C for 10 min.
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PdCl2(MeCN)2 (2 mg, 0.005 mmol) in DMF (1 mL) was then
injected into the mixture and the reaction was stirred for a further
24 h at 100 ◦C. The reaction mixture was cooled, quenched with
saturated NaCl solution (30 mL) and the aqueous layer was
extracted CH2Cl2 (3 ¥ 10 mL). The combined organic layers were
dried over anhydrous MgSO4, filtered and the solvent removed in
vacuo. Isolation of the product by chromatography on a silica-gel
column using pet. ether/EtOAc as eluent (95/5, v/v) gave the title
compound (142 mg, 78%) as a yellow solid; M.p. = 235–238 ◦C; dH


(400 MHz, CDCl3) 2.05 (3H, dd, J = 0.7, 0.9 Hz), 5.59 (1H, dq,
J = 0.9, 1.5 Hz), 5.83 (1H, dq, J = 0.7, 1.5 Hz), 6.93–6.96 (2H,
m), 7.01–7.04 (2H, m), 7.07–7.17 (8H, m), 7.23–7.27 (3H, m); dC


(400 MHz, CDCl3) 19.8 (CH3), 106.2 (CH), 113.9 (CH), 127.4
(CH), 127.7 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH), 130.5
(CH), 131.0 (CH), 131.1 (CH), 136.6 (4◦), 140.5 (4◦), 141.96 (4◦),
141.98 (4◦), 153.3 (4◦), 159.4 (4◦), 160.5 (4◦), 163.4 (4◦)—one CH
signal not observed; nmax (CH2Cl2, cm-1) 1709, 1634, 1548, 1493,
1445, 1383, 1314, 1097, 1076, 1029; LR(ESI-MS): m/z 365 (MH+,
100%); HR(ESI-MS): m/z calcd for C26H21O2 [M + H]+: 365.1536,
found 365.1541 (1.0 ppm).


Electrocyclisation–oxidative aromatisation of
6-methyl-4-(1,2,2-triphenylvinyl)-2-pyrone (5)


In a clean, dry NMR tube, 5 (15 mg, 0.04 mmol) was dissolved in
CDCl3 (0.4 mL) under an atmosphere of air. The tube was then
placed in front of a 400 nm filter and the mixture photolysed for
20 h. Selected 1H NMR spectroscopic data, including discussion,
is provided in the ESI.†
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Chelated enolates are versatile nucleophiles for Michael additions to a,b-unsaturated allylic esters. By
quenching the reaction with TMSCl and heating a subsequent Ireland–Claisen rearrangement can
occur. Direct cyclisation of the rearrangement product gives rise to highly substituted pyroglutamic
acid derivatives.


Introduction


Pyroglutamic acid can be looked upon as an internally protected
glutamic acid. It can be found as the N-terminal end group in
many natural products such as gonadotropin-1 and thyrotropin-
releasing2 hormones, depsipeptides like the didemnines3 as well as
many others.4 Pyroglutamic acid is also a valuable chiral building
block for natural product synthesis,5 such as for domoic6 and
kainic acid.7 In addition it serves as a starting material for the
synthesis of chiral auxiliaries, such as RAMP.8


Substituted pyroglutamates can easily be obtained by lactami-
sation of the corresponding glutamates, which themselves are
accessible via Michael addition of suitably protected glycine eno-
lates. Very popular in this respect are the enolates of O’Donnell’s
phenylimino glycine esters,9 which also allow the preparation of
an asymmetric version using chiral alcohols in the ester moieties10


or chiral phase transfer catalysts.11 Also frequently used are the
“chiral glycine enolates” described by Schöllkopf et al.12 and
Seebach and Suzuki.13 These enolates can also be applied in
Michael-induced ring closures (MIRC),14 if Michael acceptors
bearing a leaving group are used.15


Our group is also involved in amino acid synthesis, investigating
reactions of chelated ester enolates.16 These enolates were found
to be excellent nucleophiles in a wide range of reactions, including
Michael additions to nitroalkenes17 and a,b-unsaturated esters.18


In reactions of unsaturated esters containing a leaving group
in a suitable position, cyclic products could be obtained via a
subsequent ring closure (MIRC).19 Interestingly, the selectivities
in the Michael addition step are significantly better with the (Z)-
a,b-unsaturated esters, compared with the (E)-isomers.


Based on our long term research on Claisen rearrangements,20


especially for the synthesis of unsaturated amino acids and
peptides,21 we were interested to see if it was also possible
to combine the Michael addition with a subsequent Claisen
rearrangement, preferentially under Ireland conditions.22 A first
example of such a domino process was described by Kuwajima
and Aoki.23 They reported on Cu-catalysed additions of Grignard
reagents to a,b-unsaturated allylic esters in the presence of
TMSCl. Subsequent heating initiated a Claisen rearrangement of
the in situ formed silylketenacetal. The carboxylic acid obtained
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was formed as a 2 : 1 (syn : anti) diastereoisomeric mixture,
indicating a moderate E/Z-selectivity in the enolate formation
step. Yamazaki and Kitazume investigated the addition of lithium
enolates to fluorinated allylic acrylates.24 They obtained good
selectivities but moderate yields. Unfortunately, this reaction was
limited to unsubstituted allyl esters.


Results and discussion


To investigate such a domino sequence with chelated enolates, we
synthesised several (2Z)-configured unsaturated allylic esters 1, be-
cause of their better selectivities in the Michael addition step.18 Sur-
prisingly, this was not as easy as expected. Attempts to introduce
the cis double bond via Lindlar hydrogenation were unsuccessful,
because especially with terminal allylic esters the double bond was
also hydrogenated, and we were not able to separate the allylic
esters from the saturated ones. Coupling of (2Z)-hexenoic acid
with several allylic alcohols under Steglich conditions25 resulted
in the formation of an E/Z-mixture. Probably, the DMAP used
as a catalyst undergoes 1,4-addition–elimination on the a,b-
unsaturated ester, resulting in an isomerisation. Therefore, we
decided to deprotonate the alcohol with BuLi, and add the lithium
alcoholate obtained to the acyl halide at -40 ◦C (Scheme 1). Under
these mild conditions, the allylic esters 1 could be obtained in good
yield and without isomerisation (Table 1).


Scheme 1 Preparation of a,b-unsaturated allylic esters 1


To get an impression of the selectivity in the Michael addition
step we first investigated this part of our planned domino process


Table 1 Preparation of a,b-unsaturated allylic esters 1


Entry R¢ R¢¢ R¢¢¢ Yield (%) Ester


1 H H H 73 1a
2 H Me H 82 1b
3 Ph H H 89 1c
4 H H Ph 78 1d
5 iPr H H 88 1e
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Table 2 Michael additions to a,b-unsaturated allylic esters 1


Entry Ester R¢ R¢¢¢ Product Yield (%) anti : syn


1a 1a H H 2a 86 >99 : 1
2 1a H H 2a 91 98 : 2
3 1c Ph H 2c 90 98 : 2
4 1d H Ph 2d 73 97 : 3


a Reaction in the presence of ZnCl2.


(Scheme 2). Esters 1 were found to be much less reactive than
the esters investigated before, having a leaving group at the g-
position.19 The reactions with zinc-chelated glycine ester enolates
had to be warmed to room temperature for complete conversion
(Table 2, entry 1). But even under these conditions the selectivity
was excellent. Interestingly, the corresponding lithium enolate
reacted at -78 ◦C and gave comparable yield and selectivity,
independent of the allylic ester used (entries 2–4).


Scheme 2 Michael additions to a,b-unsaturated allylic esters 1.


With these results in hand we next focused on the combination of
Michael addition and Ireland–Claisen rearrangement. Attempts
to trap the zinc enolate with TMSCl and to initiate the rearrange-
ment by heating were unsuccessful (Table 3, entry 1). Only the
Michael adduct 2 could be obtained, albeit in high yield. Probably
the zinc enolate formed in situ is either too stable or a Reformatsky
type C-enolate, which can not undergo Claisen rearrangement.
Therefore, we repeated the reaction with the lithium enolate.
TMSCl was added at -78 ◦C after all the Michael acceptor was
consumed, and the mixture was warmed to room temperature
and refluxed for 12 h. A clean conversion was observed (only
7% Michael adduct 2) but interestingly it was not the acyclic
rearrangement product that was obtained but the pyroglutamic
acid derivative 3a (Scheme 3).


Obviously, under these reaction conditions the deprotonated
amide attacks the silylester formed in the rearrangement step, and
under the workup conditions (1 M KHSO4) the TFA-protecting
group is directly cleaved. Interestingly, 3a was formed as a nearly
1 : 1 diastereoisomeric mixture. With respect to the highly selective


Table 3 Domino Michael addition–Claisen rearrangement–lactamisa-
tions


Yield (%) d.r. d.r.


Entry Ester 2 3 (C-3 : C-4) (C-4 : C-6)


1a 1a 88 — — —
2 1a 7 89 43 : 57 —
3 1b 21 71 42 : 58 —
4 1c 26 52 44 : 56 —
5 1d 29 58 31 : 69 83 : 17
6 1e 10 81 48 : 52 —


a Reaction in the presence of ZnCl2.


Scheme 3 Domino Michael addition–Claisen rearrangement–lactam-
isations.


Michael addition, these two stereoisomers have to be formed in
the rearrangement step, probably via an E/Z-enolate mixture.
This would be in good agreement with the results described by
Kuwajima and Aoki.23


The determination of the relative configuration was relatively
easily possible with these products by NOESY NMR experiments.
The major cis-product showed interactions between 9-H and 2-H
as well as 6-H, whereas the minor trans-isomer showed interactions
between 9-H and the ring protons at C-2 and C-4 (Fig. 1).


Fig. 1 Determination of configuration of 3a.


To prove the generality of this reaction sequence we also inves-
tigated the rearrangements of the other substrates 1b–1e (Table 3,
entries 3–6). All substrates underwent Claisen rearrangement,
although not always completely. This was especially the case with
the phenyl-substituted derivatives 1c and 1d, where a significant
amount of Michael product was obtained. With the cinnamyl
substrate 1d 4 stereogenic centres were formed in one step. While
the configuration of C-2/C-3 is controlled by the Michael addition
step (which is highly selective) the stereogenic centres at C-4 and
C-6 are the result of the Claisen rearrangement. No induced
diastereoselectivity (C-3/C-4) was observed, and the moderately
simple diastereoselectivity (C-4/C-6), which provides information
about the enolate geometry, indicates that probably a low E/Z-
enolate selectivity is responsible for this observation.


Conclusion


In conclusion we can show that the combination of a Michael
addition of chelated enolates with the Ireland–Claisen rearrange-
ment is a straightforward protocol towards highly substituted
pyroglutaminic acid derivatives. Up to four stereogenic centres
can be generated in one step.


Further investigations, especially concerning the control of
stereoselectivity and the absolute configuration are in progress.


Experimental Section


Allyl (2Z)-hexenoate (1a)


(2Z)-Hexenoic acid (2.79 g, 24.47 mmol) was dissolved in acetoni-
trile (20 mL) before ethyldiisopropylamine (4.70 mL, 27.45 mmol)
was added at 0 ◦C. Allyl bromide (3.46 mL, 40 mmol) was
added and the mixture was allowed to warm to room temperature
overnight. The solvent was removed in vacuo and the residue was
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dissolved in ether. The solution was washed with 1 N KHSO4 and
the aqueous layer was extracted twice with CH2Cl2. The combined
organic layers were dried (Na2SO4) and after evaporation of the
solvent the crude product was purified by flash chromatography
(hexanes : EtOAc 95 : 5) giving rise to 1a (2.77 g, 18.00 mmol, 73%)
as a colourless oil. 1H NMR (500 MHz, CDCl3): d = 0.93 (t, J =
7.4 Hz, 3H), 1.46 (tq, J = 7.4, 7.4 Hz, 2H), 2.62 (ddt, J = 7.5, 7.4,
1.7 Hz, 2H), 4.60 (ddd, J = 5.7, 1.4, 1.4 Hz, 2H), 5.22 (ddt, J =
10.4, 1.4, 1.4 Hz, 1H), 5.31 (ddt, J = 17.2, 1.4, 1.4 Hz, 1H), 5.79
(dt, J = 11.5, 1.7 Hz, 1H), 5.93 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H),
6.23 (td, J = 11.5, 7.5 Hz, 1H). 13C NMR (125 MHz): d = 13.7
(q), 22.3 (t), 31.0 (t), 64.5 (t), 118.0 (d), 119.4 (d), 132.4 (t), 151.9
(d), 166.0 (s). HRMS (CI) calcd for C9H15O2 [M + H]+: 155.1072.
Found: 155.1080.


Preparation of the unsaturated allylic esters 1


(2Z)-Hexenoic acid chloride was freshly prepared by the addition
of oxalyl chloride (4 mmol) to hexenoic acid26 (2 mmol) at room
temperature. After stirring for 20 min, the excess of oxalyl chloride
was removed in vacuo (40 ◦C, 200 mbar). The crude acyl chloride
was used without further purification.


The corresponding allylic alcohol (1 mmol) was dissolved in
THF (5 mL) and cooled to -40 ◦C before n-BuLi (1.1 mmol) was
added. After stirring for 10 min the crude acyl halide (2 mmol) was
added and the mixture was allowed to warm to room temperature.
After 2 h 1 N KHSO4 was added and after the usual workup the
esters 5 were purified by flash chromatography (hexanes : EtOAc
~ 95 : 5).


2-Methylallyl (2Z)-hexenoate (1b)


According to the general procedure for the preparation of the
unsaturated allyl esters, 1b was obtained from (2Z)-hexenoic acid
(804 mg, 7.05 mmol) and methylallylalcohol (240 mg, 3.33 mmol)
in 82% yield (426 mg, 2.73 mmol) as a colourless oil. 1H NMR
(500 MHz): d = 0.93 (t, J = 7.4 Hz, 3H), 1.46 (tq, J = 7.4, 7.4 Hz,
2H), 1.75 (s, 3H), 2.62 (ddt, J = 7.5, 7.5, 1.7 Hz, 2H), 4.52 (s, 2H),
4.91 (s, 1H), 4.97 (s, 1H), 5.80 (dt, J = 11.5, 1.6 Hz, 1H), 6.22 (td,
J = 11.5, 7.5 Hz, 1H). 13C NMR (125 MHz): d = 13.7 (q), 19.5
(q), 22.3 (t), 31.0 (t), 67.2 (t), 112,8 (t), 119.5 (d), 140,2 (t), 150.9
(d), 166.0 (s). HRMS (CI) calcd for C10H17O2 [M + H]+: 169.1229.
Found: 169.1227.


1-Phenylallyl (2Z)-hexenoate (1c)


According to the general procedure for the preparation of the
unsaturated allyl esters, 1c was obtained from (2Z)-hexenoic
acid (854 mg, 7.49 mmol) and 1-phenylallylalcohol (502 mg,
3.75 mmol) in 89% yield (767 mg, 3.34 mmol) as a colourless
oil. 1H NMR (500 MHz): d = 0.91 (t, J = 7.4 Hz, 3H), 1.45 (m,
2H), 2.62 (ddt, J = 7.4, 3.2, 1.7 Hz, 2H), 5.23 (dt, J = 10.4, 1.3,
1.3 Hz, 1H), 5.29 (dt, J = 17.1, 1.3, 1.3 Hz, 1H), 5.84 (dt, J =
11.5, 1.7 Hz, 1H), 6.02 (ddt, J = 17.1, 10.4, 5.9 Hz, 1H), 6.24 (dt,
J = 11.5, 7.5 Hz, 1H), 6.29 (d, J = 5.9 Hz, 1H), 7.28 (m, 1H),
7.32–7.37 (m, 4H). 13C NMR (125 MHz): d = 13.7 (q), 22.3 (t),
31.0 (t), 75.7 (t), 116.8 (d), 119.6 (d), 127.1 (d), 128.5 (d), 128.0
(d), 136.5 (d), 139.1 (s), 151.2 (d), 165.3 (s). HRMS (CI) calcd for
C15H18O2 [M]+: 230.1307. Found: 230.1318.


Cinnamyl (2Z)-hexenoate (1d)


According to the general procedure for the preparation of the
unsaturated allyl esters, 1d was obtained from (2Z)-hexenoic acid
(811 mg, 7.11 mmol) and cinnamylalcohol (451 mg, 3.37 mmol)
in 78% yield (573 mg, 2.63 mmol) as a colourless oil. 1H NMR
(500 MHz): d = 0.93 (t, J = 7.4 Hz, 3H), 1.46 (tq, J = 7.4, 7.4 Hz,
2H), 2.63 (ddt, J = 7.5, 7.5, 1.7 Hz, 2H), 4.75 (dd, J = 6.4, 1.3 Hz,
2H), 5.80 (dt, J = 11.5, 1.5 Hz, 1H), 6.21–6.32 (m, 2H), 6.64 (d,
J = 15.9 Hz, 1H), 7.23 (m, 1H), 7.29, 7.37 (2 m, 4H). 13C NMR
(125 MHz): d = 13.7 (q), 22.3 (t), 31.0 (t), 64.4 (t), 119.5 (d), 123.5
(d), 126.6 (d), 128.6 (d), 128.0 (d), 133.9 (d), 136.3 (s), 151.0 (d),
166.1 (s). HRMS (CI) calcd for C15H18O2 [M]+: 230.1307. Found:
230.1301.


1-Isopropylallyl (2Z)-hexenoate (1e)


According to the general procedure for the preparation of the
unsaturated allyl esters, 1e was obtained from (2Z)-hexenoic
acid (798 mg, 7.00 mmol) and 1-isopropylallylalcohol (338 mg,
3.38 mmol) in 88% yield (547 mg, 2.97 mmol) as a colourless oil.
1H NMR (500 MHz): d = 0.90–0.94 (m, 9H), 1.45 (m, 2H), 1.88
(m, 1H), 2.61 (ddt, J = 7.5, 7.5, 1.7 Hz, 2H), 5.08 (m, 1H), 5.17–
5.23 (m, 2H), 5.73– 5.80 (m, 2H), 6.20 (dt, J = 11.5, 7.5 Hz, 1H).
13C NMR (125 MHz): d = 13.7 (q), 17.9 (q), 18.0 (q), 22.3 (t),
31.0 (t), 31.9 (d), 78.8 (d), 117.3 (t), 120.0 (d), 134.9 (d), 150.3 (d),
165.8 (s). HRMS (CI) calcd for C12H20O2 [M]+: 196.1463. Found:
196.1457.


Michael addition of chelated enolates to allylic esters 1


In a Schlenk flask hexamethyldisilazane (0.3 mL, 1.42 mmol) was
dissolved in THF (2 mL). The solution was cooled to -78 ◦C before
n-BuLi (1.6 M, 0.78 mL, 1.25 mmol) was added. The cooling bath
was removed and the solution was allowed to warm up for 15 min,
before it was cooled again to -78 ◦C. In a second Schlenk flask
ZnCl2 (80 mg, 0.57 mmol) was dried with a heat gun under high
vacuum, before it was dissolved in THF (3 mL). After addition
of TFA-Gly-OtBu (115 mg, 0.5 mmol) the solution was cooled to
-78 ◦C, before the freshly prepared LHMDS solution was added.
15 Min later the Michael acceptor (0.5 mmol) was added in THF
(2 mL). After complete consumption of the starting materials
(TLC control) the solution was diluted with ether before 1 N
KHSO4 was added. The layers were separated, the aqueous phase
was washed twice with CH2Cl2 and the combined organic layers
were dried (Na2SO4). After evaporation of the solvent in vacuo the
crude product was purified by flash chromatography.


5-Allyl 1-tert-butyl 3-propyl-2-(trifluoroacetylamino)-
pentanedioate (2a)


According to the general procedure for the Michael additions, 2a
was obtained from TFA-Gly-OtBu (475 mg, 2.09 mmol) and allyl
ester 1a (293 mg, 1.90 mmol) in 91% yield (660 mg, 1.73 mmol)
as a colourless oil. 1H NMR (500 MHz): d = 0.87 (t, J = 6.9 Hz,
3H), 1.27–1.40 (m, 4H), 1.44 (s, 9H), 2.33–2.48 (m, 3H), 4.51–4.60
(m, 3H), 5.28 (ddt, J = 10.4, 2.4, 1.2 Hz, 1H), 5.28 (ddt, J = 17.2,
1.5, 1.2 Hz, 1H), 5.86 (ddt, J = 17.2, 10.4, 5.9 Hz, 1H), 7.85 (d,
J = 8.0 Hz, 1H). 13C NMR (100 MHz): d = 13.8 (q), 19.9 (t), 27.8
(q), 32.8 (t), 35.0 (t), 36.6 (d), 55.3 (d), 65.7 (t), 83.2 (s), 115.8 (q,
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J = 287 Hz), 118.8 (t), 131.6 (d), 157.1 (q, J = 37 Hz), 169.2 (s),
172.8 (s). Anal. calcd for C17H26F3NO5 (381.39): C 53.54; H 6.87;
N 3.67. Found: C 53.65; H 6.62; N 3.88.


1-tert-Butyl 5-(2-methylallyl) 3-propyl-2-(trifluoroacetylamino)-
pentanedioate (2b)


According to the general procedure for the Michael additions,
2b was obtained from TFA-Gly-OtBu (110 mg, 0.48 mmol) and
allyl ester 1b (73 mg, 0.43 mmol) as the minor product (besides
pyroglutamate 3b) in 21% yield (36 mg, 0.09 mmol) as a colourles
oil. 1H MR (500 MHz): d = 0.89 (t, J = 7.0 Hz, 3H), 1.29–1.41
(m, 4H), 1.46 (s, 9H), 1.73 (s, 3H), 2.38–2.48 (m, 3H), 4.48 (d, J =
13.0 Hz, 1H), 4.52 (d, J = 13.0 Hz, 1H), 4.58 (dd, J = 8.3, 4.0 Hz,
1H), 4.93 (s, 1H), 4.96 (s, 1H), 7.86 (d, J = 8.3 Hz, 1H). 13C NMR
(125 MHz): d = 13.8 (q), 19.4 (q), 20.0 (t), 27.9 (q), 32.9 (t),
35.1 (t), 36.7 (d), 55.4 (d), 68.4 (t), 83.3 (s), 113.5 (t), 115.8 (q, J =
288 Hz), 139.4 (s), 157.1 (q, J = 37 Hz), 169.2 (s), 172.7 (s). HRMS
calcd for C18H29F3NO5 [M + H]+: 396.1999. Found: 396.2005.


5-(1-Phenylallyl) 1-tert-butyl 3-propyl-2-(trifluoroacetylamino)-
pentanedioate (2c)


According to the general procedure for the Michael additions, 2c
was obtained from TFA-Gly-OtBu (120 mg, 0.53 mmol) and allyl
ester 1c (107 mg, 0.46 mmol) in 90% yield (192 mg, 0.42 mmol)
as a 1 : 1 diastereoisomeric mixture. 1H NMR (500 MHz): d =
0.81, 0.86 (2t, J = 7.1, 7.0 Hz, 3H), 1.19–1.38 (m, 4H), 1.42, 1.44
(2s, 9H), 2.24–2.51 (m, 3H), 4.54–4.59 (m, 1H), 5.24–5.30 (m, 2H),
5.95–6.03 (m, 1H), 6.25–6.27 (m, 1H), 7.27–7.36 (m, 5H), 7.74–
7.78 (m, 1H). 13C NMR (125 MHz): d = 13.78, 13.83 (2q), 19.95,
19.99 (2t), 27.89, 27.90 (2q), 32.73, 32.87, 35.25, 35.35 (4t), 36.79,
36.80 (2d), 55.37, 55.43 (2d), 77.07 (d), 83.29 (s), 117.46, 117.53
(2t), 127.20 (d), 127.22 (d), 128.57 (d), 128.60 (d), 128.4 (d), 135.68,
135.73 (2d), 138.31, 138.35 (2 s), 169.23, 171.99 (2 s), signals for
TFA-group not observed. HRMS calcd for C23H30F3NO5 [M +
H]+: 457.2076. Found: 457.2066.


5-Cinnamyl 1-tert-butyl 3-propyl-2-(trifluoroacetylamino)-
pentanedioate (2d)


According to the general procedure for the Michael additions
(without ZnCl2), 2d was obtained from TFA-Gly-OtBu (111 mg,
0.49 mmol) and allyl ester 1d (105 mg, 0.46 mmol) in 73% yield
(153 mg, 0.36 mmol) as a colourless oil. 1H NMR (500 MHz): d =
0.90 (t, J = 6.9 Hz, 3H), 1.31–1.42 (m, 4H), 1.46 (s, 9H), 2.37–2.51
(m, 3H), 4.35 (dd, J = 8.4, 4.0 Hz, 1H), 4.74 (d, J = 6.6 Hz, 2H),
6.25 (dt, J = 15.9, 6.6 Hz, 1H), 6.65 (d, J = 15.9 Hz, 1H), 7.26
(m, 1H), 7.29–7.37 (m, 4H), 7.87 (d, J = 8.4 Hz, 1H). 13C NMR
(125 MHz): d = 13.9 (q), 20.0 (t), 27.9 (q), 32.9 (t), 35.2 (t), 36.7
(d), 55.4 (d), 65.8 (t), 83.3 (s), 115.6 (q, J = 288 Hz), 122.4 (d),
126.6 (d), 128.6 (d), 128.2 (d), 134.9 (d), 136.0 (s), 157.1 (q, J = 37
Hz), 169.2 (s), 172.8 (s). HRMS calcd for C23H30F3NO5 [M + H]+:
457.2076. Found: 457.2089.


Domino Michael addition–Ireland–Claisen
rearrangement–lactamisation


According to the general procedure for the Michael addi-
tions, TFA-Gly-OtBu (1 mmol) was reacted with allylic ester 1


(0.8 mmol). After complete consumption of 1 (~ 30 min) freshly
dist. TMSCl (4 mmol) was added at -78 ◦C. The cooling bath
was removed and the reaction mixture was allowed to warm to
rt. After refluxing for 12–14 h the reaction mixture was cooled to
rt before ether and 1 N KHSO4 were added. The aqueous layer
was washed twice with CH2Cl2, the combined organic layers were
dried (Na2SO4) and the solvent was evaporated in vacuo. The crude
product was purified by flash chromatography.


tert-Butyl 4-allyl-3-propyl-pyroglutamate (3a)


According to the general procedure for the domino reactions, 3a
was obtained from TFA-Gly-OtBu (128 mg, 0.50 mmol) and allyl
ester 1a (79 mg, 0.51 mmol) in 89% yield (122 mg, 0.46 mmol) as a
diastereoisomeric mixture. Ratio of (3,4-cis)-3a : (3,4-trans)-3a =
57 : 43. (3,4-cis)-3a: Rf: 0.27 (hexanes : EtOAc 9 : 1). 1H NMR
(500 MHz): d = 0.90 (t, J = 7.0 Hz, 3H), 1.3–1.22 (m, 4H), 1.43 (s,
9H), 2.16 (m, 1H), 2.44–2.49 (m, 2H), 2.59 (m, 1H), 3.74 (d, J =
3.4 Hz, 1H), 5.02 (dd, J = 10.2, 1.0 Hz, 1H), 5.07 (dd, J = 17.1,
1.0 Hz, 1H), 5.81 (m, 1H), 6.65 (bs, 1H). 13C NMR (125 MHz): d =
13.7 (q), 20.3 (t), 27.9 (q), 29.5 (t), 29.8 (t), 41.9 (d), 42.9 (d), 59.1
(d), 82.2 (s), 116.3 (t), 135.8 (d), 171.1 (s), 179.1 (s). (3,4-trans)-3a:
Rf: 0.17 (hexanes : EtOAc 9 : 1). 1H NMR (500 MHz): d = 0.90
(t, J = 7.3 Hz, 3H), 1.36 (dqd, J = 7.5, 7.5, 7.3 Hz, 2H), 1.43 (s,
9H), 1.52 (m, 2H), 2.15 (m, 1H), 2.21 (m, 1H), 2.29 (m, 1H), 2.41
(m, 1H), 3.67 (d, J = 4.7 Hz, 1H), 5.03 (m, 2H), 5.70 (m, 1H),
6.58 (bs, 1H). 13C NMR (125 MHz): d = 13.9 (q), 19.8 (t), 27.9
(q), 35.2 (t), 37.5 (t), 42.2 (d), 46.9 (d), 60.1 (d), 82.1 (s), 117.5 (t),
135.0 (d), 171.3 (s), 178.8 (s). Anal. calcd for C15H25NO3 (267.36):
C 67.38; H 9.42; N 5.24. Found: C 67.20; H 8.99; N 5.01. HRMS
calcd for C15H26NO3 [M + H]+: 268.1913. Found: 268.1895.


tert-Butyl 4-(2-methylallyl)-3-propyl-pyroglutamate (3b)


According to the general procedure for the domino reactions, 3b
was obtained from TFA-Gly-OtBu (110 mg, 0.48 mmol) and allyl
ester 1b (73 mg, 0.43 mmol) as the major product (besides Michael
adduct 2b) in 71% yield (82 mg, 0.31 mmol) as a colourless oil.
Ratio (3,4-cis)-3b : (3,4-trans)-3b = 58 : 42. (3,4-cis)-3b: Rf: 0.26
(hexanes : EtOAc 9 : 1). 1H NMR (500 MHz): d = 0.90 (t, J =
6.9 Hz, 3H), 1.18–1.31 (m, 3H), 1.42 (m, 1H), 1.44 (s, 9H), 1.73
(s, 3H), 2.05 (d, J = 16.4, 11.4 Hz, 1H), 2.46–2.53 (m, 2H), 2.75
(m, 1H), 3.74 (s, 1H), 4.68 (s, 1H), 4.78 (s, 1H), 6.31 (bs, 1H). 13C
NMR (125 MHz): d = 13.6 (q), 20.2 (t), 22.7 (q), 29.7 (d), 32.6
(d), 40.9 (d), 41.8 (d), 58.6 (d), 82.1 (s), 110.6 (t), 143.3 (d), 171.4
(s), 179.0 (s). (3,4-trans)-3b: Rf: 0.16 (hexanes : EtOAc 9 : 1). 1H
NMR (500 MHz): d = 0.90 (t, J = 6.9 Hz, 3H), 1.36 (m, 2H), 1.45
(s, 9H), 1.52 (m, 2H), 1.69 (s, 3H), 2.10–2.25 (m, 3H), 2.48 (dd,
J = 13.5, 3.3 Hz, 1H), 3.69 (d, J = 3.4 Hz, 1H), 4.68 (s, 1H), 4.78
(s, 1H), 6.25 (bs, 1H). 13C NMR (125 MHz): d = 13.9 (q), 29.7
(t), 21.8 (q), 37.8 (d), 39.8 (d), 42.4 (d), 45.4 (d), 60.0 (d), 82.1 (s),
113.2 (t), 142.8 (d), 171.7 (s), 179.3 (s). Anal. calcd for C16H27NO3


(281.40): C 68.29; H 9.67; N 4.98. Found: C 68.12; H 9.45; N 5.10.


tert-Butyl 4-(3-phenylallyl)-3-propyl-pyroglutamate (3c)


According to the general procedure for the domino reactions, 3c
was obtained from TFA-Gly-OtBu (126 mg, 0.55 mmol) and allyl
ester 1c (112 mg, 0.49 mmol) as the major product (besides Michael
adduct 2c) in 52% yield (88 mg, 0.26 mmol) as a colourless oil.
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Ratio (3,4-cis)-3c : (3,4-trans)-3c = 56 : 44. (3,4-cis)-3c: Rf: 0.26
(hexanes : EtOAc 9 : 1). 1H NMR (500 MHz): d = 0.93 (t, J =
7.1 Hz, 3H), 1.32–1.48 (m, 3H), 1.45 (s, 9H), 1.57 (m, 1H), 2.36
(m, 1H), 2.53 (m, 1H), 2.62–2.69 (m, 2H), 3.75 (d, J = 3.6 Hz,
1H), 6.22 (ddd, J = 15.7, 7.4, 6.1 Hz, 1H), 6.22 (bs, 1H), 6.46 (d,
J = 15.7 Hz, 1H), 7.19 (m, 1H), 7.26–7.33 (m, 4H). 13C NMR
(125 MHz): d = 13.8 (q), 20.4 (t), 28.0 (q), 29.5 (t), 30.0 (t), 42.0
(d), 43.4 (d), 59.1 (d), 82.3 (s), 126.1 (d), 128.5 (d), 127.2 (d), 127.5
(d), 131.8 (d), 137.3 (s), 171.1 (s), 178.6 (s), signals for TFA-group
not observed. (3,4-trans)-3c: Rf: 0.17 (hexanes : EtOAc 9 : 1). 1H
NMR (500 MHz): d = 0.93 (t, J = 7.3 Hz, 3H), 1.42 (s, 9H),
1.43–1.65 (m, 4H), 2.27–2.38 (m, 2H), 2.52 (m, 1H), 2.61 (m, 1H),
3.73 (d, J = 4.4 Hz, 1H), 6.14 (ddd, J = 15.7, 7.3 Hz, 7.3 Hz, 1H),
6.43 (d, J = 15.7 Hz, 1H), 6.58 (bs, 1H), 7.20 (m, 1H), 7.26–7.35
(m, 4H). 13C NMR (125 MHz): d = 13.9 (q), 19.8 (t), 27.8 (q),
34.4 (t), 37.5 (t), 42.2 (d), 47.1 (d), 60.1 (d), 82.0 (s), 126.0 (d),
128.3 (d), 126.6 (d), 127.1 (d), 132.7 (d), 137.1 (s), 171.3 (s), 178.5
(s). Anal. calcd for C21H29NO3 (343.46): C 73.44; H 8.51; N 4.08.
Found: C 72.93; H 8.63; N 4.11. HRMS calcd for C21H29NO3 [M]+:
343.2147. Found: 343.2157.


tert-Butyl 4-(1-phenylallyl)-3-propyl-pyroglutamate (3d)


According to the general procedure for the domino reactions, 3d
was obtained from TFA-Gly-OtBu (106 mg, 0.47 mmol) and allyl
ester 1d (97 mg, 0.42 mmol) as the major product (besides Michael
adduct 2d) in 58% yield (85 mg, 0.25 mmol) as a mixture of
diastereomers. Ratio (3,4-cis)-3d : (3,4-trans)-3d = 69 : 31. (3,4-
cis)-3d (major diastereomer): 1H NMR (500 MHz): d = 0.75 (t,
J = 7.3 Hz, 3H), 1.26–1.48 (m, 4H), 1.51 (s, 9H), 2.43 (m, 1H),
3.10 (dd, J = 8.0, 8.0 Hz, 1H), 3.65 (dd, J = 8.0, 7.9 Hz, 1H),
3.77 (d, J = 3.8 Hz, 1H), 4.96 (ddd, J = 17.1, 1.3, 1.3 Hz, 1H),
5.10 (ddd, J = 10.3, 1.3, 1.3 Hz, 1H), 6.38 (bs, 1H), 6.42 (ddd, J =
17.1, 10.3, 7.9 Hz, 1H), 7.24 (m, 1H), 7.27–7.36 (m, 4H). 13C NMR
(125 MHz): d = 13.7 (q), 20.2 (t), 27.9 (q), 29.2 (t), 43.0 (d), 46.2
(d), 46.9 (d), 58.5 (d), 82.1 (s), 115.7 (t), 126.5 (d), 128.0 (d), 128.5
(d), 140.4 (d), 142.2 (s), 171.0 (s), 177.7 (s), signals for TFA-group
not observed. (3,4-cis)-3d (minor diastereomer, selected signals):
1H NMR (500 MHz): d = 0.93 (t, J = 7.3 Hz, 3H), 1.48 (s, 9H),
2.60 (m, 1H), 3.04 (dd, J = 8.0, 6.3 Hz, 1H), 3.34 (d, J = 6.0 Hz,
1H), 3.73 (dd, J = 6.7, 6.7 Hz, 1H), 6.19 (bs, 1H), 6.27 (ddd,
J = 16.8, 10.4, 8.3 Hz, 1H). 13C NMR (125 MHz): d = 13.9 (q),
20.8 (t), 27.9 (q), 29.4 (t), 43.4 (d), 47.4 (d), 48.3 (d), 59.1 (d),
82.2 (s), 115.4 (t), 140.1 (d), 141.3 (s), 170.7 (s), 177.2 (s). (3,4-
trans)-3d (major diastereomer): 1H NMR (500 MHz): d = 0.75 (t,
J = 7.3 Hz, 3H), 1.16–1.18 (m, 4H), 1.42 (s, 9H), 2.17 (m, 1H),
2.46 (dd, J = 8.0, 4.1 Hz, 1H), 3.56 (dd, J = 8.2, 8.1 Hz, 1H),
3.61 (dd, J = 3.4 Hz, 1H), 5.01 (ddd, J = 17.0, 1.2, 1.2 Hz,
1H), 5.10 (ddd, J = 10.1, 0.9, 0.9 Hz, 1H), 6.25 (ddd, J = 17.0,
10.1, 8.2 Hz, 1H), 6.32 (bs, 1H), 7.17–7.28 (m, 5H). 13C NMR
(125 MHz): d = 13.6 (q), 19.4 (t), 27.9 (q), 38.0 (t), 41.6 (d),
51.7 (d), 52.2 (d), 59.8 (d), 82.0 (s), 116.1 (t), 126.6 (d), 128.3 (d),
128.5 (d), 138.9 (d), 141.5 (s), 171.3 (s), 177.4 (s), signals for TFA-
group not observed. (3,4-trans)-3d (minor diastereomer, selected
signals): 1H NMR (500 MHz): d = 0.77 (t, J = 7.3 Hz, 3H), 1.44
(s, 9H), 3.63 (d, J = 3.4 Hz, 1H), 3.83 (dd, J = 8.6 Hz, J11,3 =
4.4 Hz, 1H), 6.11 (ddd, J = 17.6, 9.7, 8.6 Hz, 1H). 13C NMR
(125 MHz): d = 13.7 (q), 27.9 (q), 38.6 (t), 39.2 (d), 49.9 (d),
53.5 (d), 60.1 (d), 82.1 (s), 117.9 (t), 136.4 (d), 141.4 (s), 171.0


(s), 177.2 (s). HRMS calcd for C21H29NO3 [M]+: 343.2147. Found:
343.2138.


tert-Butyl 4-(4-methyl-2-pentenyl)-3-propyl-pyroglutamate (3e)


According to the general procedure for the domino reactions, 3e
was obtained from TFA-Gly-OtBu (101 mg, 0.45 mmol) and allyl
ester 1e (82 mg, 0.42 mmol) as the major product (besides Michael
adduct 2e) in 81% yield (105 mg, 0.34 mmol) as a colourless oil.
Ratio (3,4-cis)-3e : (3,4-trans)-3e = 52 : 48. (3,4-cis)-3e: 1H NMR
(500 MHz): d = 0.90–0.95 (m, 9H), 1.29–1.43 (m, 3H), 1.45 (s,
9H), 1.54 (m, 1H), 2.11 (m, 1H), 2.23 (ddd, J = 13.2, 6.6, 6.6 Hz,
1H), 2.38–2.56 (m, 3H), 3.71 (dd, J = 3.7, 0.8 Hz, 1H), 5.34 (m,
1H), 5.45 (dd, J = 15.4, 6.6 Hz, 1H), 5.93 (bs, 1H). 13C NMR
(100 MHz): d = 13.8 (q), 20.4 (t), 22.48 (q), 22.51 (q), 28.0 (q),
28.5 (t), 29.8 (t), 31.1 (d), 42.0 (d), 43.3 (d), 59.1 (d), 82.2 (s),
123.8 (d), 139.9 (d), 171.2 (s), 178.7 (s), signals for TFA-group not
observed. (3,4-trans)-3e: 1H NMR (500 MHz): d = 0.89–0.95 (m,
9H), 1.36 (tdd, J = 7.5, 7.4, 7.4 Hz, 2H), 1.45 (s, 9H), 1.46–1.63 (m,
2H), 2.11 (m, 1H), 2.16–2.27 (m, 2H), 2.38 (m, 1H), 3.66 (dd, J =
5.1 Hz, 1H), 5.25 (m, 1H), 5.42 (dd, J = 15.3, 6.6 Hz, 1H), 5.99 (bs,
1H). 13C NMR (100 MHz): d = 14.0 (q), 19.9 (t), 22.5 (q), 22.6 (q),
28.0 (q), 31.0 (t), 33.9 (t), 37.5 (d), 42.0 (d), 47.2 (d), 60.0 (d), 82.1
(s), 123.2 (d), 141.1 (d), 171.4 (s), 178.5 (s), signals for TFA-group
not observed. HRMS calcd for C18H31O3 [M]+: 309.2304. Found:
309.2292.
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Na-Fmoc-Ne-[(7-methoxycoumarin-4-yl)acetyl]-L-lysine (Na-Fmoc-L-Lys(Mca)-OH) 3 is conveniently
prepared by benzotriazole methodology (52% over two steps). N-Acylbenzotriazoles Mca-Bt 2,
Na-Fmoc-L-Lys(Mca)-Bt 4, coumarin-3-ylcarbonyl (Cc)-Bt 5, Na-Fmoc-L-Lys(Cc)-Bt 7 and
Na-(Cc)-L-Lys(Fmoc)-Bt 9 enable the efficient microwave enhanced solid-phase fluorescent labeling of
peptides.


Introduction


Proteins modified with fluorescent dyes, enzymes, and other
reporter groups are valuable tools with widespread uses in im-
munology and biochemical research. Protein-capture microarrays
have become a promising tool for protein analysis in drug dis-
covery, diagnostics and biological research in the last few years.1a


Fluorescent derivatives of biologically active peptides are useful
experimental tools for studying biological structure and function1b


and for visualization of intracellular processes or molecular
interactions.1c,d


Matrix metalloprotease (MMP) proteins are implicated in
many diseases, including arthritis, periodontal disease, tumor cell
invasion, and metastasis.2–7 The detection of a protein bound by a
specific capture agent is key to microarray-based methods, for tra-
ditional immunoassays and biosensor applications.8–12 Synthetic
peptide-based assays can differentiate enzyme types and monitor
their activities.13–17 Fluorogenic substrates can be monitored18


continuously and utilized at low concentrations, thus providing
a particularly convenient enzyme assay method.


Fluorescent biosensors can be composed of a binding molecule,
such as an antibody or enzyme, derivatized with a single fluores-
cent probe, which is sensitive to changes in the local environment.19


Fluorogenic groups can often be attached at the cleavage sites
of proteases and esterases. However, this simple approach is not
applicable if the enzyme requires binding interactions at both sides
of the cleavage site. For such cases, quenched fluorescent peptides
are designed as short sequences of amino acids, containing enzyme
cleavable specific sites, with fluorescent donor and acceptor probes
linked at the N- and C-termini.13–17


In other biosensors20 the binding molecule is labeled with two
fluorophores, suitable for fluorescence resonance energy transfer
(FRET). The acceptor–quencher pair enables nonradiative energy
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transfer between an excited donor fluorophore to a proximal ac-
ceptor fluorophore.21 Usually, the donor fluorescence is quenched
by the acceptor without subsequent fluorescence emission. Donor
and acceptor groups,13–17,22–24 attached to a synthetic peptide
undergo FRET, producing a unique fluorescence spectrum. En-
hanced donor fluorescence indicates proteolysis accompanied by
the loss of FRET as a result of separation of the donor and
acceptor groups.


Many donor and acceptor groups have been incorporated into
quenched fluorogenic substrates.13–24 Coumarins have extensive
and diverse applications as fluorescent probes or labels;25 they
exhibit an extended spectral range, are photostable and have high
emission quantum yields. 7-Methoxycoumarin-4-ylacetyl (Mca,
e325 = 14500 M-1cm-1 and U f = 0.49) was proposed as a fluorophore
for thimet peptidase, pitrilysin and MMP substrates.14,16a,17 The
combination of Mca as a fluorophore and (2,4-dinitrophenyl)
(Dnp) as a quencher has several advantages over the more common
fluorogenic substrate pair of tryptophan (Trp)/Dnp: the Mca
residue is more fluorescent and more chemically stable than Trp,
and Mca is efficiently quenched by Dnp.


Fluorescently labeled peptides might be achieved by the reaction
of the peptide in solution with an activated form of fluorophore,
however a potentially more effective approach is to assemble the
peptide chain on a solid phase and incorporate the fluorophore
into the peptide attached to the solid support.26a,26b


For the solid phase peptide labeling by Mca, the N-termini
of peptide–resins have been acylated with 7-methoxycoumarin-
4-ylacetic acid using standard synthetic cycles.14,16a,17 However,
inefficient acylation of the peptide-resin led Malkar and Fields
to incorporate Mca into Na-Fmoc-lysine molecules by a 4-step
method providing Na-Fmoc-L-Lys(Mca)-OH (17% overall).27


Coumarin-labeled lysines are of considerable general interest
for the design and synthesis of fluorogenic triple-helical substrates
for the analysis of matrix metalloproteinase family members.27–29


Thus, Ne-coumarin-labeled-Na-Fmoc lysines allow the successful
labeling of peptide substrates by solid phase peptide synthesis for
an extracellular matrix metalloprotease and present a powerful
tool for proteolysis monitoring.27,28


We have previously reported the extensive use of N-acy-
lbenzotriazoles for N-acylation,30 C-acylation31 and O-acylation32


reactions. (Na-Fmoc-aminoacyl)benzotriazoles and their Boc-
and Cbz- analogs enabled the preparation of chiral di-, tri- and
tetrapeptides in average yields of 88% from natural amino acids
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in solution phase.33 Recently we have also prepared tri-, tetra-,
penta-, hexa-, and heptapeptides in 71% average crude yields by
microwave-assisted solid phase peptide synthesis utilizing (Na-
Fmoc-aminoacyl)benzotriazoles.34 These easily obtained, chirally
stable, and moisture insensitive reagents acylate NH2-peptide-
resins without using coupling agents or additives, thus avoiding
side reactions and epimerization.34


We now report the efficient fluorescent labeling of peptides on
solid phase by acylation with benzotriazole activated derivatives
of (i) coumarin-3-ylcarboxylic acid and 7-methoxycoumarin-
4-ylacetic acid and (ii) coumarin-3-ylcarbonyl (Cc) and 7-
methoxycoumarin-4-ylacetyl (Mca) labeled lysines.


In comparison with the conventional procedures for the
preparation of fluorescent peptides on solid phase,24–26,28 our
methodology optimized under mild microwave irradiation, utilizes
benzotriazole activated fluorogenic substrates which are stable,
moisture insensitive acylation reagents enabling solid phase flu-
orescent labeling of peptides without using coupling agents or
additives and avoiding side reactions and epimerization.


Results and discussion


Benzotriazole activated fluorogenic substrates 2, 4, 5, 7, 9 were
prepared and demonstrated to be useful acylation reagents, for
the efficient fluorescent labeling of peptides on solid phase.


N a-Fmoc-N e-[(7-methoxycoumarin-4-yl)acetyl]-L-lysine
(N a-Fmoc-L-Lys(Mca)-OH) 3


7-Methoxycoumarin-4-ylacetic acid 1 was converted by 1H-
benzotriazole and thionyl chloride in THF at 20 ◦C into crys-
talline, stable 4-(benzotriazole-1-ylacetyl)-7-methoxycoumarin 2
(78%) (Scheme 1); 2 was then coupled with Na-Fmoc-L-lysine
in aqueous MeCN in the presence of Et3N for 20 min, to
afford Na-Fmoc-L-Lys(Mca)-OH 3 (overall 51%). In comparison
with the recent literature procedure27 for the preparation of Na-
Fmoc-L-Lys(Mca)-OH 3, our two-step methodology uses Na-
Fmoc-L-lysine, offers simple preparative and workup procedures,
short times to completion, the use of inexpensive reagents and
high yields. Conventional benzotriazole activation of 3 gave Na-
Fmoc-L-Lys(Mca)-Bt 4 (70%) (Scheme 1).


Scheme 1


N a-Fmoc-N e-(coumarin-3-ylcarbonyl)-L-lysine benzotriazolide
(N a-Fmoc-L-Lys(Cc)-Bt) 7 and Na-(coumarin-3-ylcarbonyl)-
N e-Fmoc-L-lysine benzotriazolide (Na-Cc-L-Lys(Fmoc)-Bt) 9


3-(Benzotriazole-1-ylcarbonyl)chromen-2-one35 5 was coupled
with commercially available Na-Fmoc-L-lysine and Ne-Fmoc-L-


lysine in aqueous MeCN at 20 ◦C in the presence of Et3N to provide
lysine-scaffold based fluorescent building blocks 6 (see ref. 35)
and novel 8 (87 and 79%), respectively (Scheme 2), convertible
conveniently into the corresponding N-acylbenzotriazoles 7 (see
ref. 36) and 9 (87 and 71%).


Scheme 2


Solid Phase Peptide Synthesis


Solid phase peptide synthesis, microwave-assisted as optimized
previously in our laboratory,34 enables efficient acylation of NH2-
groups on solid phase by the benzotriazole activated fluorogenic
substrates 2, 4, 5, 7, 9. We used 2 or 5 to couple the fluorophore
directly to diverse peptides. Alternatively, we used 4, 7, or 9
to couple the fluorophore already attached to a lysine moiety
to the peptides. Coumarin-labeled peptides were synthesized as
C-terminal amides using Fmoc solid-phase methodology under
microwave irradiation.


Solid phase fluorescent labeling with 4 and preparation of labeled
dipeptide H-L-Ala-L-Lys(N e-Mca)-NH2 10


The convenience of 4 for fluorescent labeling on solid phase
was demonstrated for a model dipeptide H-L-Ala-L-Lys(Ne-Mca)-
NH2 10. Compound 10 was synthesized using microwave-assisted
SPPS conditions.34 After initial removal of the Fmoc protecting
group, free Rink resin-NH2 was coupled with 4 in DMF under mi-
crowave irradiation for 10 min at 70 ◦C. The second coupling was
performed with the (Na-Fmoc-aminoacyl)benzotriazole reagent
derived from Fmoc-L-Ala, finally the desired peptide was cleaved
from the resin to produce peptide amide 10 (26%) (Scheme 3,
Table 1, Fig. 1). Conditions were optimized to maximize the rate
while avoiding epimerization.


Solid phase fluorescent labeling with 7 to synthesize labeled
peptides 11–14


In a similar manner, microwave-assisted SPPS was achieved
(3 min coupling time for each step) with 7 to obtain the
fluorescently labeled di, tri-, tetra- and hexa-peptides: H-L-Ala-
L-Lys(Ne-Cc)-NH2 11, H-L-Pro-L-Phe-L-Lys(Ne-Cc)-NH2 12, H-
L-Trp-L-Lys(Ne-Cc)-L-Met-L-Phe-NH2 13 and H-L-Lys(Ne-Cc)-L-
Pro-Gly-L-Leu-L-Met-L-Trp-NH2 14 in yields of 18–45% (after
HPLC purification) (Table 1). The successive coupling steps
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Scheme 3


Fig. 1 Bottom: the HPLC profile of crude peptide 10 (H-L-
Ala-L-Lys(Ne-Mca)-NH2). Top: the HPLC profile of peptide 10 after
purification.


utilized the appropriate N-acylbenzotriazoles derived from Fmoc-
protected L-Met, L-Trp, L-Phe, L-Leu, L-Pro and Gly prepared
by our previously published procedures.34 The mild synthetic
conditions allowed utilization of the unprotected indole-NH of
L-Trp, and no complications were observed with L-Met or any
other of the amino-N-protected amino acids utilized.


Solid phase fluorescent labeling with 9 to synthesize labeled
tripeptide 15


Microwave-assisted SPPS (3 min coupling time for each step) and
Fmoc strategy also successfully allowed fluorescent labeling by


coupling with Na-coumarin-attached lysine 9 through its free Ne-
position to prepare labeled tripeptide H-L-Phe-L-Leu-L-Lys(Na-
Cc)-NH2 15 (35%) (Table 1).


Solid phase fluorescent labeling with 5 to synthesize labeled
dipeptide (Cc)-L-Leu-L-Leu-NH2 16 and labeling with 2 to
synthesize labeled dipeptide (Mca)-L-Leu-L-Leu-NH2 17


Fluorescent labeling with benzotriazole-activated coumarin-3-
ylcarboxyl acid 5 was demonstrated by the preparation of
coumarin-3-ylcarbonyl-labeled dipeptide (Cc)-L-Leu-L-Leu-NH2


16. After initial removal of the Fmoc protecting group from
Rink resin, Fmoc-L-Leu-Bt was utilized for each of two successive
coupling steps (3 min coupling time for each step). After the final
coupling with 5 (10 min coupling time), the desired fluorescent-
labeled peptide 16 (29%) (Table 2) was cleaved from the resin.


Fluorescent labeling with benzotriazole activated 7-methoxy-
coumarin-4-ylacetic acid 2 was demonstrated to allow the prepa-
ration of 7-methoxycoumarin-4-ylacetyl-labeled dipeptide (Mca)-
L-Leu-L-Leu-NH2 17 (26%) (Scheme 4, Table 2), under similar
conditions to those utilized for the preparation of 16.


Scheme 4


Absorption (lAbs.) and fluorescence (lEm.) wavelength maxima
were measured of all synthesized fluorescent peptides 10–17.
(Table 3) (Figures showing fluorescence are included in the ESI.†)


Conclusions


In conclusion we have described the convenient and efficient
preparation of a variety of coumarin fluorescent probes or


Table 1 Preparation of fluorescent peptides 10–15


Purified peptide


Labeled peptide Structure (N–C terminus) Yield (%)a Purity (%)b tR
c/min HRMSd [M + H]+


10 H-L-Ala-L-Lys(Ne-Mca)-NH2 26 99 9.10 433.2103
11 H-L-Ala-L-Lys(Ne-Cc)-NH2 45 99 9.82 389.1825
12 H-L-Pro-L-Phe-L-Lys(Ne-Cc)-NH2 23 99 13.38 562.2680
13 H-L-Trp-L-Lys(Ne-Cc)-L-Met-L-Phe-NH2 18 94 18.02 782.3328
14 H-L-Lys(Ne-Cc)-L-Pro-Gly-L-Leu-L-Met-L-Trp-NH2 20 99 17.00 902.4212
15 H-L-Phe-L-Leu-L-Lys(Na-Cc)-NH2 35 99 14.28 578.2987


a Isolated yields after HPLC purification; b Purity after HPLC purification; c tR = retention time. For conditions see experimental. d For the calculated
values, see the ESI.†
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Table 2 Preparation of fluorescent peptides 16 and 17


Purified peptide


Labeled peptide Structure (N–C terminus) Yield (%)a Purity (%)b tR
c/min HRMSd [M + H]+


16 (Cc)-L-Leu-L-Leu-NH2 29 > 99 20.67 416.2223
17 (Mca)-L-Leu-L-Leu-NH2 26 > 99 17.47 460.2455


a Isolated yields after HPLC purification; b Purity after HPLC purification; c tR = retention time. For conditions see experimental. d For the calculated
values, see the ESI.†


Table 3 Absorption and fluorescence data of fluorescent labeled peptides
10–17


Entry Compound lAbs.[nm]a lEm. [nm]a


1 10 323 383
2 11 294 409
3 12 295 407
4 13 289 409
5 14 290 405
6 15 299 407
7 16 295 413
8 17 322 383


a Determined in 95% methanol.


labels, including coumarin-3-carbonyl and 7-methoxycoumarin-
4-yl-acetyl labeled lysines as fluorogenic substrates in solution
phase and demonstrated that their benzotriazole derivatives are
appropriate materials for peptide labeling thus enabling efficient
peptide a-amino group acylation under microwave irradiation on
solid phase without using coupling agents or additives and without
side reactions or epimerization.


Experimental


General Methods


Reagents were purchased from Peptides International or Aldrich
and used without further purification. Rink-amide-MBHA resin
(200–400 mesh, 0.35 meq/g) was purchased from Peptide Inter-
national (Louisville, KY, USA). Melting points were determined
on MEL-TEMP II apparatus. NMR spectra were recorded on
OXFORD 300 in CDCl3 with TMS as the internal standard for
1H (300 MHz) or a solvent as the internal standard for 13C NMR
(75 MHz). UV and fluorescence measurements were recorded
on Cary 100 UV-Vis and FluoroMax spectrophotometers respec-
tively. Elemental analyses were performed on a Carlo Erba-1106
instrument. MALDI analyses were performed on Bruker Reflex II
TOF mass spectrometer retrofilled with delayed extraction.


Analytical reversed-phase HPLC was performed on a Rainin
HPXL system with a Vydac C-18 (5 mm, 2.1 ¥ 250 mm) silica
column at a 1ml/min flow rate. Peptides were eluted using a 10–
80% gradient of solvent B (0.1% TFA in acetonitrile) vs solvent
A (0.1% TFA in water) and peaks were detected at a wavelength
of 214 nm. The identification of the products was achieved by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF, ABI 4700 Proteomics Analyzer)
with a-cyano-4-hydroxy cinnamic acid as the matrix. Synthesis
of the peptides was performed in a Discover BenchMate peptide
synthesizer from CEM (Matthews, NC, USA). The conditions for


a variety of coupling steps were optimized to increase rate and
eliminate epimerization. Single mode irradiation with monitoring
of temperature, pressure, and irradiation power versus time was
used throughout, making the procedure highly reproducible. To
customize, we varied Tmax from 50 to 70 ◦C, power from 80–100 W,
and time from 3–10 min. The conditions (Tmax = 70 ◦C, Pmax =
100 W, and time = 3–10 min) were found to be optimal.


MS/MS peptide fragmentation was obtained on the crude pep-
tides by way of low resolution MS and tandem mass spectrometry
(MSn) data obtained via HPLC/UV/(+)ESI-MS and –MSn on a
ThermoFinnigan (San Jose, CA) LCQ Classic quadruple ion trap
mass spectrometer in electrospray ionization (ESI) mode. High
resolution mass spectrometry (HRMS) via flow-injection positive
[(+)ESI]-time of flight (TOF) was obtained on an Agilent 1200
series spectrometer.


(S)-2-(((9H -Fluoren-9-yl)methoxy)carbonylamino)-6-(2-(7-me-
thoxy-2-oxo-2H-chromen-4-yl)acetamido)pentanoic acid (Na-
Fmoc-L-Lys(Mca)-OH) (3). Compound 2 (0.36 g, 1.1 mmol)
was added in one portion to a solution of Na-Fmoc-L-lysine
(0.57 g, 1.8 mmol) in MeCN–H2O (24 mL:5 mL), in the presence
of Et3N (0.75 mL, 5.4 mmol). The reaction mixture was stirred at
20 ◦C for 20 min. A solution of 6M HCl (2 mL) was then added
and the MeCN was removed under reduced pressure. The residue
was extracted with EtOAc (100 mL) and the organic extract was
washed with 6M HCl (2 ¥ 50 mL), brine (50 mL) and dried over
MgSO4. Evaporation of the solvent gave white microcrystals of
3 (0.41 g, 65%), which were recrystallized from EtOAc–hexanes.
mp 184.9–185.7 ◦C. 1H NMR (300 MHz, DMSO-d6) d 1.20–1.46
(m, 4H), 1.46–1.80 (m, 2H), 3.02–3.15 (s, 2H), 3.70 (s, 2H),
3.88 (s, 3H), 3.90–3.98 (m, 1H), 4.20–4.36 (m, 3H), 6.28 (s, 1H),
6.97–7.06 (m, 2H), 7.36 (t, J = 7.2 Hz, 2H), 7.45 (t, J = 7.2 Hz,
2H), 7.64–7.74 (m, 2H), 7.76 (d, J = 7.4 Hz, 2H), 7.93 (d, J =
7.4 Hz, 2H), 8.24–8.31 (m, 1H); 13C NMR (75 MHz, DMSO-d6)
d 23.1, 28.5, 30.4, 46.6, 53.8, 55.9, 65.6, 100.9, 112.2, 112.6, 112.7,
120.1, 125.3, 126.5, 127.1, 127.7, 140.7, 143.8, 143.9, 151.2, 154.9,
156.2, 160.1, 162.4, 167.4, 174.0. Found: C, 67.55; H, 5.60; N,
4.40. Anal. calcd. for C33H32N2O8: C, 67.80; H, 5.52; N, 4.79%.


General procedure for the synthesis of fluorescent peptides on
solid phase


Labeled peptides were synthesized using Fmoc solid-phase
methodology as C-terminal amides utilizing Rink-amide-HMBA
resin. The commercial Rink-amide-HMBA resin was deprotected
by 20% piperidine/DMF (15 min, 20 ◦C) (0.05 mmol) and then
coupled with 5 eq. of benzotriazole activated fluorogenic substrate
(2, 4, 5, 7, 9) or with Na-Fmoc-protected (aminoacyl)benzotriazole
reagent derived from Fmoc-protected amino acids, prepared
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following previously published procedures,34 (for the sequences
see Tables 1 and 2) in DMF, under microwave irradiation for
10 min for fluorescent labeling and 3 min for other couplings. When
complete coupling was verified by a negative Kaiser (ninhydrin)
test (10 min), the solid resin was washed with DMF (3 ¥ 5 mL)
and DCM (3 ¥ 5 mL) followed by another coupling. After the
coupling step, the desired peptide was cleaved from the resin
using established cleavage cocktails: (i) TFA–anisole–thioanisole-
2,3-dimercaptopropanol (from Alfa Aesar, Ward Hill, MA USA)
(90:2:3:5) (for peptide sequences including Trp or Met) or (ii)
TFA:water:TIPS (95:2.5:2.5) (for the other peptide sequences)
at 20 ◦C for 2 h. The resin was filtered, then the cocktail was
concentrated under nitrogen, and cold diethyl ether was added to
achieve precipitated peptide (10–17), under conditions optimized
to increase rate and eliminate epimerization.
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Octavinylsilsesquioxane, (CH2CH)8Si8O12, a cubic molecule with vinyl groups at each vertex, has been
elaborated to give a series of potential starting materials for nanohybrid synthesis. Terminal
bromophenyl groups were introduced onto the surface of octavinylsilsesquioxane either by
cross-metathesis or hydrosilylation to give fully bromide substituted POSS A, POSS B and POSS C;
the last two were further capped with trimethylsilylacetylene by Sonogashira coupling to produce
POSS D and POSS E, showing interesting potential for more useful end group functionalisation. Heck
coupling with iodobenzene was used to make the simple phenyl terminated dendrimer POSS F.
Cross-metathesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene with octavinylsilsesquioxane
afforded POSS G with eight aryl borate groups on its periphery, suitable for use as a starting material
in Suzuki coupling. Finally, POSS H has been functionalized with 8 benzyl chloride groups via Grubbs
coupling, allowing further substitutions by nucleophiles.


Introduction


Dendrimers are perfect monodisperse macromolecules with three-
dimensional architecture, which have a central core with a number
of branching dendron units attached. Their construction typically
involves stepwise repetitive reaction sequences in the divergent
approach1 or convergent methodology.2 It is possible to tune the
structure, size, shape and solubility of these dendrimers to give
persistent, controllable dimensions (1–100 nm) and topologies
with specific functionalities in predetermined positions. As a
result, the development of different synthetic approaches, which
lead to ever more complex dendrimers3 and various practical
uses including biological applications,4 catalysis,5,6 light emitting
materials,7,8 are currently under investigations.


Dendritic macromolecules based on polyhedral oligomeric
silsesquioxanes (POSS) cores have been synthesized and widely
used in materials chemistry applications ranging from models
of silica surfaces9 and zeolites10 to organic-inorganic hybrid
polymers.11,12 A standard method of preparation of these latter
nanomaterials is the substitution of one or more of the POSS
corner groups by a functional moiety X capable of undergo-
ing polymerization, followed by its incorporation into organic
polymers.13–15 These new materials have provided substantial
enhancements in thermal stability,16 mechanical17 or electri-
cal properties.18 Recent advances have seen many new POSS
species prepared by cross-metathesis,19–21 hydrolysis of RSiY3


22 or
hydrosilylation.23,24


In our previous work, POSS based dendrimers bearing terminal
-SiMe{((CH2)2)PPh2}2 groups have been obtained via successive
hydrosilylation/alkenylation and shown significant positive den-
dritic effect on the regioselectivity of the hydroformylation of oct-
1-ene.25 As part of an ongoing project involving the synthesis
of POSS based catalysts for asymmetric hydroformylation, we
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became interested in binding diazaphospholidine ligands to the
surface of this rigid cage-like structure trying to stimulate new
positive dendritic effects. Despite having synthesized a series
of new precursors of phosphine ligands containing different
functional groups, their attachment to the POSS core was not
straightforward. We therefore sought general and practical meth-
ods that would form POSS based dendrimers with synthetically
useful functional groups, easily prepared in multigram quantities
and avoiding acidic26 or basic conditions27,28 which might disrupt
the POSS core.


Results and discussion


Laine and co-workers reported the synthesis of brominated
octaphenylsilsesquioxanes as nanoconstruction sites by iron-
catalyzed bromination of octaphenylsilsesquioxanes.29 Depending
on the reaction stoichiometry, they obtained an average number
of bromine atoms per cube distributed mainly in the para position
relative to the silicon. We here report two other methods of
synthesis of bromophenyl terminated octavinylsilsesquioxanes
with an exact number of bromine atoms per cube. (Scheme 1)†


The first route is the cross-metathesis of p-bromostyrene with oc-
tavinylsilsesquioxane catalyzed by Grubbs’ catalyst (1st generation)
which occurred readily in CH2Cl2, as monitored by 1H NMR spec-
troscopy. After total disappearance of the vinylsilyl signal (90 h),
the compound was separated by precipitation in MeOH, followed
by column chromatography affording POSS-A as a white powder
in 90% yield. The second pathway lies in the hydrosilylation of OVS
with either freshly prepared (3,5-dibromophenyl)dimethylsilane or
(p-bromophenyl)dimethylsilane31 catalyzed by Karstedt’s catalyst
(tetramethyldivinyldisiloxaneplatinum(0) in xylene) producing re-
spectively POSS-B in 73% yield and POSS-C in 67% yield. The


† During the time that this paper was with the reviewers, the Grubbs
method for the synthesis of A and related molecules has been reported by
another group.30
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Scheme 1 The preparation and structures of a variety of different POSS based dendrimers suitable for further elaboration. Reagents and conditions:
(i) 4-bromostyrene, Grubbs’ catalyst (1st gen.), CH2Cl2; (ii) (3,5-dibromophenyl)dimethylsilane, Karstedt’s catalyst, Et2O; (iii) 4-bromophenyl(dimethyl)-
silane, Karstedt’s catalyst, Et2O; (iv) trimethylsilylacetylene, [Pd(PPh3)2Cl2], CuI, PPh3, Et3N/THF; (v) iodobenzene, [Pd(OAc)2], PPh3, Et3N/THF;
(vi) 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene, Grubbs’ catalyst (1st gen.), CH2Cl2; (vii) 4-vinybenzyl chloride, Grubbs’ catalyst (1st gen.),
CH2Cl2.


quite flexible POSS-B, as opposed to the more rigid starting
cube of Laine,29 displays 16 reactive groups at the generation
1, precisely distributed on each phenyl ring, thus offering the


possibility of bearing numerous functional groups at very low
generation. Other authors have reported the transformation of
bromo functionality in POSS molecules via transition metal
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catalysed coupling into different chromophores, such as
fluorenes32 and oligophenylenes.29,33,34 Under standard Sono-
gashira coupling conditions,35 trimethylsilylacetylene groups were
substituted onto the surface of POSS-A and POSS-C to give
the corresponding p-trimethylsilylacetylene protected terminal
alkynes, POSS-D and POSS-E in moderate yield after column
chromatograpy. The deprotection of these latter by methanolic
K2CO3 would produce interesting alkyne terminated dendrimers,
the reactivity of which turns them into very attractive synthetic
platforms on which to build new hybrid nanomaterials.


The palladium catalyzed reaction of iodobenzene with oc-
tavinylsilsesquioxane under standard Heck conditions36 (5%
Pd(OAc)2, 10% PPh3) in refluxing THF/Et3N at 80 ◦C for
48 h afforded POSS-F in 51% yield (Scheme 1). X-ray quality
crystals of POSS-F were obtained by recrystallisation from cold
petroleum ether/CH2Cl2. The same molecule was also synthesized
by Kubicki and coworkers using silylative coupling or cross-
metathesis catalyzed by ruthenium complexes and identical X-ray
data were obtained.20 It has to be noticed that Sellinger et al.37


in a similar Heck reaction between octavinysilsesquioxane and
haloaromatic compounds obtained a mixture of 3–10 substituted
compounds.


An alternative strategy for the use of octavinylsilsesquioxane as
cubic building blocks was the Suzuki coupling reaction. Zhang
and coworkers33 reported that this coupling did not work well
for the synthesis of their quantum dot-like organic-inorganic
clusters whilst Laine and coworkers38 reported that Suzuki
coupling in a biphasic water/toluene solution using polybro-
mophenylsilsesquioxanes with a variety of aryl borate dendrons
gave very high conversions (> 99%). Conversely to Laine, we
synthesized POSS-G with eight aryl borate groups, suitable for
Suzuki coupling, on the surface of the cube by using p-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)styrene as monomer,36 pre-
pared from styrene-4-boronic acid and pinacol in anhydrous
diethyl ether (Scheme 1). Under cross-metathesis conditions and
after the disappearance of the vinylsilyl signal (checked by 1H
NMR spectroscopy, 66 h) the mixture was filtered, concentrated,
and treated with MeOH to effect precipitation. The by-product
was first eluted from a silica gel column with CH2Cl2/petroleum
ether (3:1), followed by POSS-G with CH2Cl2/ethyl acetate (4:1)
affording a white powder in 51% yield. Finally, POSS-H decorated
with benzyl chloride groups was obtained via Grubbs cross-
metathesis in high yield under the same conditions described
above. It may act as the starting material of new interesting
compounds, as nucleophilic substitution of the chlorine atoms
should be relatively easy.


Besides the total disappearance of the vinylsilyl signal of
octavinylsilsesquioxane, another tool in checking the complete
functionalisation of the new Grubbs compound and that the cube
remains intact lies in 29Si1H HMQC 2D NMR as described in
Fig. 1. The unique cross peak which appears on this 2D NMR
spectrum of POSS-H corresponds to the clean coupling between a
corner silicon atom and the nearest alkenyl proton. Unfortunately
no correct microanalyses have been obtained for this compound
as precipitation solvents are well trapped in the architecture of
the cube, but the 29Si NMR resonance at d -78.9 ppm indicates
that the cube is intact and unique and the cross peak shows that
each corner is equivalent. 1H NMR analysis of all the products
showed that E double bonds were formed exclusively, resonances


Fig. 1 29Si1H HMQC 2D NMR spectrum of POSS-H.


from protons attached to Z double bonds were below the detection
limit.


All the compounds were characterized further by 13C NMR,
MALDI-TOF mass spectroscopy and microanalysis (see experi-
mental section).


Experimental


All manipulations were carried out under dry, deoxygenated
(CrII on silica) nitrogen using standard Schlenk techniques.
Solvents THF, diethyl ether, (40–60 ◦C) light petroleum were
distilled from sodium diphenyl ketyl; CH2Cl2 was treated with
calcium hydride and degassed. Octavinylsilsesquioxane,39 p-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene36 and 4-bro-
mophenyl(dimethyl)silane31 were prepared using the literature
methods. All starting materials were purchased from Aldrich.
Melting points were carried out with Gallenkamp Melting Point
Apparatus (uncorrected). Microanalyses were carried out by the
University of St. Andrews Microanalysis service on a Carlo Erba
1110 CHNS analyzer. NMR spectra were recorded on a Bruker
Avance 300 or a Bruker Avance II 400 NMR spectrometer. The
1H, 13C and 29Si NMR spectra were recorded with reference
to tetramethylsilane. Matrix assisted laser desorption/ionization
(MALDI) mass spectra were obtained using a Micromass TOF
Spec 2E mass spectrometer system equipped with a 337 nm N2


laser operating in the positive ion detection mode. Samples were
generated by addition to the matrix (a-cyano-4-hydroxycinnamic
acid or 2,5-dihydroxybenzoic acid, with NaI as an ionization
promoter) and dissolved in a suitable solvent (THF or CH2Cl2)
before being transferred to the sample holder and dried. The
spectra were calibrated using a mixture of 4 peptides, angiotensin
I & II, Renin substrate & ACTH clip (18–39).


Syntheses


(3,5-dibromophenyl)dimethylsilane. n-Butyllithium (25.4 cm-3,
2.5 mol dm-3 in hexane, 63.5 mmol) was added to a cooled
solution (-78 ◦C) of 1,3,5-tribromobenzene (20 g, 63.5 mmol) in
diethylether (90 cm-3) and stirred at this temperature for 1h. The
resulting lithium reagent was transferred via canula to a solution of
chlorodimethylsilane (7.1 cm-3, 6.01 g, 63.5 mmol) in diethylether
(30 cm-3) over a period of 20 min. and stirred overnight at room
temperature. After filtration, the solvent was evaporated and the
residue distilled in vacuo (90–95 ◦C/0.3 mmHg) to give a colorless
oil (16.6 g, 89%) (Found: C, 31.9; H 3.6. C8H10SiBr2 requires C,
32.7; H, 3.4%); dH(400.13 MHz; CDCl3; Me4Si) 0.37 (6 H, d, J
3.8, Si(CH3)2), 4.30 (1 H, m, SiH), 7.57 (2 H, d, J 1.9) and 7.70
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(1 H, t, J 1.9); dC(100.6 MHz; CDCl3; Me4Si) -4.0 (Si(CH3)2),
123.3, 134.6, 135.2 and 142.9; dSi(79.5 MHz; CDCl3; Me4Si) -15.7.


POSS-A. An oven-dried flask equipped with a condenser
and a magnetic stirring bar was charged under argon with
octavinylsilsesquioxane (632 mg, 1 mmol) and 4-bromostyrene
(2.3 g, 12 mmol) in CH2Cl2 (30 cm-3). A solution of Grubbs’
catalyst (33 mg, 0.04 mmol) in CH2Cl2 (3 cm-3) was injected into
the mixture heated at 55 ◦C. The reaction was stopped and cooled
to room temperature after disappearance of the vinyl signals in
the 1H NMR spectrum (90 h.). The mixture was filtered and
concentrated in vacuo. The compound was precipitated by addition
of the concentrated solution of the crude product in CH2Cl2 to
MeOH (300 cm-3). The precipitation procedure was repeated twice
and the residue subjected to silica gel column chromatography
(petroleum ether/CH2Cl2 3:1), affording a white powder (1.68 g,
90%) (Found: C, 41.3; H, 2.3. C64H48O12Si8Br8 requires C, 41.0;
H, 2.6%); dH(300.13 MHz; CDCl3; Me4Si) 6.24 (8 H, d, J 19.2,
O3SiCH=CH), 7.29 (8 H, d, J 19.2, O3SiCH=CH), 7.34 (16 H,
d, J 8.4) and 7.47 (16 H, d, J 8.4); dC(75.5 MHz; CDCl3; Me4Si)
118.3, 123.6, 128.8, 132.3, 136.4 and 148.5; m/z (MALDI) 1895.88
(M + Na. C64H48O12Si8Br8Na requires 1895.97).


POSS-B. Octavinylsilsesquioxane (1.36 g, 2.1 mmol) and
freshly prepared (3,5-dibromophenyl)dimethylsilane (7.89 g,
26.9 mmol) were dissolved in diethylether (60 cm-3) under nitrogen.
Karstedt’s catalyst (tetramethyldivinyldisiloxane)platinum(0) in
xylene, 75 ml) was added to the solution at room temperature.
The mixture became deep green after it was stirred for 30 min. It
was then refluxed for 16 h. at 50 ◦C until the 1H NMR spectrum
showed that there was no double bond left. The mixture was
cooled to room temperature, filtered and concentrated in vacuo.
The excess (3,5-dibromophenyl)dimethylsilane was removed by
Kugelröhr distillation. The residue was loaded onto a silica gel
column and eluted with petroleum ether to afford a white solid
(4.7 g, 73%) which was recrystallised from cold ethanol (Found:
C, 32.3; H, 3.6. C80H104Si16Br16O12 requires C, 32.2; H, 3.5%);
dH(400.13 MHz; CDCl3; Me4Si) 0.26 (48 H, s, Si(CH3)2), 0.54
(16 H, m, O3SiCH2CH2Si), 0.73 (16 H, m, O3SiCH2CH2Si),
7.48 (16 H, d, J 1.7) and 7.68 (8 H, t, J 1.7); dC(100.6 MHz;
CDCl3; Me4Si) -3.7 (Si(CH3)2), 4.5 (O3SiCH2CH2Si), 6.9
(O3SiCH2CH2Si), 123.3, 134.4, 134.7 and 144.6; dSi(79.5 MHz;
CDCl3; Me4Si) -66.0 (O3Si) and 1.4 (Si(CH3)2); m/z (MALDI)
3008.67 (M + Na. C80H104Si16Br16O12Na requires 3007.48).


POSS-C. Octavinylsilsesquioxane (518 mg, 0.8 mmol) and
freshly prepared 4-bromophenyl(dimethyl)silane (2.15 g, 10 mmol)
were dissolved in diethylether (60 cm-3) under nitrogen. Karstedt’s
catalyst (tetramethyldivinyldisiloxane)platinum(0) in xylene, 75 ml)
was added to the solution at room temperature. The mixture
became deep green after it was stirred for 30 min. It was then
refluxed for 16 h. at 50 ◦C until the 1H NMR spectrum showed
that there was no double bond left. The mixture was cooled to
room temperature, filtered and concentrated in vacuo. The excess 4-
bromophenyl(dimethyl)silane was removed by Kugelröhr distilla-
tion. The residue was dissolved in a minimum amount of THF and
precipitated with methanol. The precipitate was collected, dried,
loaded onto a silica gel column and eluted with petroleum ether
to afford a white solid (1.3 g, 67%). A crystalline compound was
obtained by recrystallisation from cold petroleum ether (Found: C,


40.8; H, 4.8. C80H112Br8O12Si16 requires C, 40.2; H, 4.6%); mp
102 -104 ◦C (from petroleum ether); nmax(KBr disk)/cm-1 2953,
1573, 1251, 1107 and 1067; dH(300.13 MHz; CDCl3; Me4Si)
0.00 (48 H, s, Si(CH3)2), 0.25 (16 H, m, O3SiCH2CH2Si), 0.48
(16 H, m, O3SiCH2CH2Si), 7.09 (16 H, d, J 8.5) and 7.24 (16 H,
d, J 8.5); dC(75.5 MHz; CDCl3; Me4Si) - 3.3 (Si(CH3)2), 4.8
(O3SiCH2CH2Si), 7.4 (O3SiCH2CH2Si), 124.2, 131.3, 135.5 and
138.1; m/z (MALDI) 2361.59 (M(Br79). C80H112Br8O12Si16 requires
2362.08).


POSS-D. In a Schlenk flask, POSS-A (500 mg, 0.27 mmol),
[Pd(PPh3)2Cl2] (150 mg, 0.21 mmol), CuI (82 mg, 0.43 mmol),
PPh3 (113 mg, 0.43 mmol) and Et3N (8 cm-3) were dissolved in
THF (15 cm-3) under argon. After vigorous stirring of the solution
for 15 min. at 50 ◦C, trimethylsilylacetylene (1.5 cm-3, 10.6 mmol)
in THF (10 cm-3) was slowly dropped into the mixture over 2 h.
It was then stirred at 80 ◦C for 72 h under argon, cooled to room
temperature and filtered to remove the insoluble salt. The solvent
was evaporated in vacuo and the crude product purified by silica
gel column (petroleum ether/CH2Cl2 3:1) affording a pale yellow
powder (150 mg, 37%) (Found: C, 61.5; H, 6.3. C104H120O12Si16


requires C, 62.1; H, 6.0%); dH(300.13 MHz; CDCl3; Me4Si) 0.26
(72 H, s, Si(CH3)3), 6.26 (8 H, d, J 19.2, O3SiCH=CH), 7.33
(8 H, d, J 19.2, O3SiCH=CH), 7.43 (16 H, d, J 8.4) and 7.46
(16 H, d, J 8.4); dC(75.5 MHz; CDCl3; Me4Si) 0.0 (Si(CH3)3), 104.9,
105.0, 118.2, 123.7, 126.8, 132.3, 137.1 and 148.5; m/z (MALDI)
2033.91 (M + Na. C104H120O12Si16Na requires 2033.32).


POSS-E. In a Schlenk flask, POSS-C (228 mg, 0.096 mmol),
[Pd(PPh3)2Cl2] (75 mg, 0.11 mmol), CuI (41 mg, 0.22 mmol), PPh3


(56 mg, 0.21 mmol) and Et3N (5 cm-3) were dissolved in THF
(10 cm-3) under argon. After vigorous stirring of the solution
for 15 min. at 50◦C, trimethylsilylacetylene (0.75 cm-3, 5.3 mmol)
in THF (5 cm-3) was slowly dropped into the mixture over 1 h.
It was then stirred at 80 ◦C for 72 h under argon, cooled to
room temperature and filtered to remove the insoluble salt. The
solvent was evaporated in vacuo and the crude product purified by
silica gel column (petroleum ether/CH2Cl2 4:1) affording a white
powder (150 mg, 47%) (Found: C, 58.2; H, 7.4. C120H184O12Si24


requires C, 57.8; H, 7.4%); dH(300.13 MHz; CDCl3; Me4Si) 0.00
(48 H, s, Si(CH3)2), 0.03 (72 H, s, Si(CH3)3), 0.24 (16H, m,
O3SiCH2CH2Si), 0.46 (16 H, m, O3SiCH2CH2Si) and 7.18 (32 H,
m); dC(75.5 MHz; CDCl3; Me4Si) -3.7 Si(CH3)2, 0.0 (Si(CH3)3),
4.4 (O3SiCH2CH2Si), 7.0 (O3SiCH2CH2Si), 94.7, 105.2, 123.5,
131.0, 133.4 and 139.9; m/z (MALDI) 2516.22 (M + Na.
C120H184O12Si24Na requires 2514.12).


POSS-F. A Schlenk flask was charged under argon with
octavinylsilsesquioxane (316 mg, 0.5 mmol), [Pd(OAc)2] (45 mg,
0.2 mmol) and PPh3 (105 mg, 0.4 mmol) in THF/Et3N
(14 cm-3/4 cm-3). The resulting mixture was stirred for 15 min.
and iodobenzene (1.22 g, 6 mmol) was added. It was then heated
at 80 ◦C for 48 h. After cooling to room temperature, the mixture
was filtered and concentrated in vacuo. The residue was dissolved
in a small amount of CH2Cl2 and precipitated in methanol.
The procedure was repeated once more and the crude product
collected, dried, loaded onto a silica gel column and eluted with
CH2Cl2 to afford a white solid. A crystalline compound was
obtained by recrystallisation from cold petroleum ether/CH2Cl2


(316 mg, 51%) (Found: C, 61.46; H, 4.14. C64H56O12Si8 requires
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C, 61.90; H, 4.54%); dH(300.13 MHz; CDCl3; Me4Si) 6.35 (8 H,
d, J 19.2, O3SiCH=CH), 7.33 (24 H, m), 7.41 (8 H, d, J 19.2,
O3SiCH=CH) and 7.50 (16 H, m); dC(75.5 MHz; CDCl3; Me4Si)
117.8, 127.4, 129.0, 129.3, 137.7 and 149.6; m/z (MALDI) 1264.70
(M + Na. C64H56O12Si8Na requires 1263.28).


POSS-G. An oven-dried flask equipped with a condenser
and a magnetic stirring bar was charged under argon with
octavinylsilsesquioxane (316 mg, 0.5 mmol) and p-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)styrene (1.8 g, 8 mmol) in
CH2Cl2 (20 cm-3). A solution of Grubbs’ catalyst (26 mg,
0.03 mmol) in CH2Cl2 (2 cm-3) was injected in the mixture heated at
55 ◦C. The reaction was stopped and cooled to room temperature
after disappearance of the vinyl signals in the 1H NMR spectrum
(66 h.). The mixture was filtered and the solution concentrated.
The crude compound was precipitated by adding the concentrated
solution to MeOH (300 cm-3) and subjected to silica gel column.
The first fraction was removed by CH2Cl2/petroleum ether (3:1)
as eluent whilst the desired product was eluted with CH2Cl2/ethyl
acetate (4:1) affording a white powder (573 mg, 51%) (Found:
C, 59.5; H, 6.7. C112H144O28B8Si8 requires C, 59.8; H, 6.5%);
dH(300.13 MHz; CDCl3; Me4Si) 1.27 (96 H, s, CH3), 6.26 (8 H, d, J
19.2, O3SiCH=CH), 7.33 (8 H, d, J 19.2, O3SiCH=CH), 7.41 (16 H,
d, J 8.2) and 7.69 (16 H, d, J 8.2); dC(75.5 MHz; CDCl3; Me4Si)
25.3 (CH3), 118.9, 126.6, 135.5, 140.2 and 149.6; dSi(79.5 MHz;
C6D6; Me4Si) -78.37 (O3Si); m/z (MALDI) 2272.6 (M + Na.
C112H144O28B8Si8Na requires 2272.4).


POSS-H. An oven-dried flask equipped with a condenser
and a magnetic stirring bar was charged under argon with
octavinylsilsesquioxane (200 mg, 0.32 mmol) and 4-vinybenzyl
chloride (834 mg, 5.5 mmol) in CH2Cl2 (8 cm-3). A solution of
Grubbs’ catalyst (10 mg, 0.01 mmol) in CH2Cl2 (1 cm-3) was
injected in the reaction mixture at 55 ◦C. The reaction was
stopped and cooled to room temperature after disappearance of
the vinyl signals in the 1H NMR spectrum (90 h.). The mixture
was filtered and the solution concentrated. The compound was
precipitated by addition of the concentrated solution of the crude
product in CH2Cl2 to EtOAc/petroleum ether (10 cm-3/50 cm-3).
The precipitation procedure was repeated twice affording a white
powder (333 mg, 65%). dH(300.13 MHz; CDCl3; Me4Si) 4.61
(16 H, s, CH2), 6.33 (8 H, d, J 18.9, O3SiCH=CH), 7.42 (8H,
d, J 18.9, O3SiCH=CH, confirmed by 1H - 1H COSY) and 7.46
(32 H, m); dC(75.5 MHz; CDCl3; Me4Si) 45.9 (CH2), 118.2, 127.1,
128.6, 137.6, 137.7, and 148.2; dSi(79.5 MHz; C6D6; Me4Si) -78.9
(O3Si); m/z (MALDI) 1595.3 (M-(Cl35). C72H64O12Cl7Si8 requires
1593.9).


Conclusions


In conclusion, the eight terminal vinyl groups around octavinyl-
silsesquioxane have been successfully functionalized by Heck
coupling, cross-metathesis (Grubbs’ catalyst), hydrosilylation
(Karstedt’s catalyst) and Sonogashira coupling. A variety of new
functionalisable dendrimer cores based on octavinylsilsesquioxane
have been synthesized and characterized by NMR spectroscopy,
MALDI-TOF mass spectroscopy and microanalysis. Further
work on synthesis of inorganic-organic functionalized materials
using these cores will be reported elsewhere.
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The morpholinofluorophenyloxazolidinone 1 (the antibacterial drug linezolid) is found to undergo
reductive defluorination upon irradiation in water (U 0.33), in some of the products accompanied by
the simultaneous oxidative degradation of the morpholine side chain. In the presence of chloride, iodide
and pyrrole, the fluorine is substituted by these groups (with pyrrole, in position 2). The defluorination
is less efficient in methanol and mainly leads to reduction (U 0.053). These data can be accommodated
through two different mechanisms, viz. either C–F bond heterolysis to give a phenyl cation [SN1(Ar*)],
or ionization to give a radical cation [SR+N1(Ar*)]. Steady-state and time resolved data have been
gathered for clarifying this issue. It is found that, indeed, ionization of 1 is efficient and proceeds from
the singlet, but leads to no irreversible change. On the contrary, triplet 31 (lifetime 0.5 ms in MeOH,
<0.1 ms in water) fragments and gives the corresponding triplet phenyl cation. The last intermediate
explains well the observed hydrogen abstraction both inter- (from the solvent, when this is reducing) and
intramolecularly (from the morpholine group), as well as addition to a charged anion or to a neutral p
nucleophile such as pyrrole. The rationalization is supported by the study of some related molecules.
Thus, the only photochemical reaction from the non fluorinated analogue of linezolid (that ionizes just
as 1) is an inefficient degradation of the morpholine chain (U 0.001), while a simple model such as
N-(2-fluorophenyl)morpholine undergoes photosolvolysis in water and is not trapped by pyrrole.


Introduction


Photochemistry has an important role in aromatic nucleophilic
substitution1 and, along with catalysis by transition metal
complexes,2 contributes to widen the scope of a class of reactions
that otherwise requires harsh conditions or activating (electron-
withdrawing) substituents. A number of convenient photochem-
ical procedures for obtaining nucleophilic substitutions has been
reported and include reactions characterized by good yields and
mild conditions. This topic is actively pursued, in particular
for the formation of an aryl–carbon bond by substitution of a
phenyl halide or similar reagent by a carbon-based nucleophile.
A peculiarity of photoinduced reactions is that substitution of a
fluorine atom is generally viable also for non activated substrates
(i.e., those not bearing electron-withdrawing substituents).3 In
thermal chemistry, fluorine substitution is common for activated
substrates, but otherwise less frequent, e.g. in catalytic methods,
where the other halides are used more often.4


As for the mechanism, the photochemical substitution may oc-
cur via the excited state analogue of the addition elimination path
typical of the ground state reactions, the SN2(Ar*) mechanism,
path a in Scheme 1. However, a larger number of examples pertain
to the family of the SRN1 reactions, where the key step is cleavage
of the C–X bond from the radical anion (arising by photoinduced
electron transfer) to form the actual reacting intermediate, the
phenyl radical. Due to this characteristic, this method is generally


aDep. Organic Chemistry, University of Pavia, via Taramelli 10, 27100, Pavia,
Italy. E-mail: elisa.fasani@unipv.it, angelo.albini@unipv.it
bDep. General Chemistry, University of Pavia, via Taramelli 12, 27100, Pavia,
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Scheme 1 Mechanisms of aromatic photosubstitution reactions.


limited to less strongly bonded aryl halides, such as iodides and
bromides (path b).5–7


A different pathway has taken a more extensive role in
recent years, however, with the identification of a number of
reactions that appear to proceed via unimolecular fragmentation
of the (triplet) excited state and to form a phenyl cation as
the intermediate [SN1(Ar*) mechanism, path c].1a,3,8 In this case
a fluorine atom is accessible to substitution. This reaction has
attracted interest both because of the smooth substitution in
chlorides and fluorides and because in this way a phenyl cation
is produced and this intermediate, difficult to access by non
photochemical methods, has demonstrated to be a synthetically
useful electrophilic reagent for the arylation of alkenes, aromatics
and heteroaromatics under mild conditions. This reaction has
been documented for electron-donating substituted aromatics in
strongly polar media, e.g. for chloro- or fluoroanilines, phenols and
(thio)anisoles in alcohols, acetonitrile or aqueous mixtures.3 It has
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been further identified for some terms of an important family of
drugs, that of fluoroquinolones.


Mechanistic and computational investigations have been carried
out and support for the involvement of path c has been obtained
through several pieces of evidence.8 However, the characteristics
of the reaction, at least as presently known, viz. the limitation
to electron rich substrates and highly polar media, suggest a
further possible mechanism, likewise initiated by a unimolecular
step. Thus, it may be that in a polar solvent such easily oxidized
compounds lose an electron, either by photoionization, or by
electron tranfer within an exciplex ([A ◊ ◊ ◊ A]* → A∑+ + A∑-).
The radical cation thus formed adds a nucleophile leading to
a neutral radical intermediate, and the halide is cleaved at this
stage [SR+N1(Ar*) mechanism, path d]. Such a mechanism has
been invoked in some cases, indeed has been considered to be
characteristic of good donors in water9 and, although it seems in
principle less appealing for the cleavage of the strong C–F bond,
it deserves attention.


Below we report a study on the photochemistry of the antimi-
crobial drug linezolid, which helps in understanding the scope of
nucleophilic aromatic substitution, since both paths c and d are
followed, while on the other hand adds to the continuing effort
from various laboratories for clarifying the photochemistry (and
phototoxicity mechanism) of fluorinated drugs.10


Results


Linezolid pertains to the family of oxazolidinones a highly
promising new class of antimicrobials11 and is the only term of
this series presently licensed for clinical use. The heterocyclic ring
bears a N-phenyl substituent, and the latter in turn has a fluorine
and a dialkylamino group as substituents.


Photochemistry


In the frame of the validation study, (S)-3-[3¢-fluoro-4¢-(N-morp-
holino)phenyl]-5-N-acetamidomethyloxazolidin-2-one (linezolid,
1) has been previously irradiated in parenteral sterile preparations
in citrate buffer, where compounds 3–5 were characterized.12


The present investigation was carried out in neat water and
methanol. Irradiation of 1 (6 ¥ 10-3 M) in nitrogen-flushed water
gave several products. The main one was isolated by chromatog-
raphy and shown to preserve intact the acetylaminomethyloxa-
zolidinone moiety (Oxaz in Scheme 2) of the starting material,
while the fluorine atom on the aniline ring had been substituted
by a hydrogen (compound 2, 30% yield). Two further products
were isolated (3 and 4, together 16%) that had undergone both
ring defluorination and degradation of the morpholine chain to a
N-(2-hydroxyethylamino) group, with the difference that the latter
compound bore also a N-formyl group. These products along with
the corresponding O, N-diformyl derivative 5 (present in a small
amount as indicated by HPLC/MS analysis), but not 2, had been
previously characterized from the above-mentioned irradiation of
1 in citrate buffer. The analysis showed also the presence of a


Scheme 2 Products from the photoreactions of fluorophenyloxazolidi-
none 1 in water.


further minor peak, with m/z 217, corresponding to that of 2 less
two hydrogen atoms. This was proposed to be the corresponding
dehydromorpholino derivative (6). Non-identified high molecular
weight products were also present. Omitting degassing did not
affect the product distribution, but the reaction was slowed by a
factor of 3. Carrying out the irradiation in D2O led to no significant
deuterium incorporation in products 2 to 6.


Compound 1 reacted also by irradiation in nitrogen-flushed
methanol, though the process was slower, and gave defluorinated
2 as the main product (70%, see Scheme 3), along with a small
amount of the methoxyphenyl derivative 7 and traces of compound
3. A similar experiment in CD3OH gave again 2, which was isolated
and shown to be 100% deuterated at position 3¢ (product d-2,
see Experimental). The reaction course was again similar in air,
although much slower. Preliminary experiments in MeCN (N2 or
air) led to a complex product mixture and discouraged further
examination.


Scheme 3 Products from the photoreaction of compound 1 in methanol.


The quantum yield (U) of these reactions was measured in
separate low conversion experiments at 280 nm. The values
obtained were 0.33 in water and 0.053 in methanol.


As seen above, the processes occurring with compound 1 were
defluorination and oxidative degradation of the morpholine chain.
In order to explore the relation between the two processes, the
photochemistry of fluorine-free 2 was examined. This compound
was prepared from 4-(N-morpholino)-aniline following the same
approach reported for 1 (see Experimental). Under irradiation,
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compound 2 reacted sluggishly both in water and in methanol to
give products 3 and 4 (see Scheme 4). The quantum yield was quite
low (ca. 0.001 in water and 0.0025 in methanol).


Scheme 4 Products from the photoreaction of the defluoro-analogue 2.


The reactions observed with 1 differed from those known for
2-fluoroaniline, for which photosubstitution to give the phenol is
the main process in water, and were similar to those reported for 4-
fluoroaniline (and the corresponding N,N-dimethyl derivatives),
which undergo reduction rather than substitution.13 In order to
understand the scope of the two reactions, we studied on one
hand whether the morpholine side-chain could introduce some
difference with respect to the NH2 or the NMe2 group and on the
other we explored whether substitution reactions different from
solvolysis could take place with 1. Notice that with 4-fluoroaniline
substitution of the fluorine by a halide or by a p nucleophile occur
efficiently.3


As for the latter point, the effect of some additives on the
photochemistry of compound 1 in water was examined. Thus,
irradiation in 0.2 M sodium iodide solution led to the isolation
of the 3¢-iodo derivative 8 in 60% yield, accompanied by 19% of
2 (Scheme 5) An analogous experiment in 0.2 M sodium chloride
caused a less marked change, since 2 remained the main product
(45%), but HPLC/MS showed the presence of a chlorinated
product, reasonably of structure 9 in ca. 18% yield.


Scheme 5 Photochemistry of compound 1 in water: trapping by chloride,
iodide and pyrrole.


Finally, irradiation of 1 in an aqueous solution containing
0.2 M pyrrole led to a compound identified as the 3¢-(2¢¢-pyrrolyl)
derivative 10 as virtually the only products (Scheme 5, isolated
yield, 66%).


On the other hand, irradiation of N-(2-fluorophenyl)-
morpholine (11) gave the corresponding hydroxyphenyl derivative
12 as the only isolated product. The product distribution remained
unchanged in the presence of 0.2 M (as well as 1 M) pyrrole. In
methanol by far the main product was phenylmorpholine 13. Also
in this case, no change in the product distribution occurred in the
presence of pyrrole.


Spectroscopy


The UV absorption of linezolid in water and methanol exhibits
a maximum at 252 and 259 nm respectively (log e 4.3) and a
further partially superimposed band (shoulder at ca. 275 nm,
tail extending up to 310 nm). In the fluorine-free analogue 2
these values were slightly (5 nm) red shifted. In fact, the UV
spectra of compounds 1 and 2 are quite similar to that of 2-
fluoroaniline and aniline, respectively, and indeed the absorbing
chromophores are centered on those moieties. As for emission,
compound 2 (lmax 377 nm; UF = 0.073 in water) fluoresced much
more intensively than fluorinated 1 (lmax 377 nm; UF = 0.0004).
Also the phosphorescence in ether–pentane–alcohol glass was
apparent with 2 (lmax 430 nm), while it was barely detectable with
1 (lmax 450 nm, ca. 30 times less intensive). The phosphorescence
lifetime of 1 was likewise much shorter than that of 2 (5 ms vs.
>100 ms in ether–pentane–alcohol glass at 77 K). Comparison
with literature data shows that the aniline fluorescence is at
334 nm (UF = 0.15 in MeCN) and the phosphorescence at
405 nm (in methyltetrahydrofuran glass at 77 K),14 with an efficient
intersystem crossing in solution (U ISC ª 0.7); 4-fluoroaniline
fluoresces with a similar efficiency (UF = 0.12 in MeCN).15


Transient spectroscopy


Laser flash photolysis was then used searching for intermediate(s).
Actually, flashing a nitrogen-flushed 1 ¥ 10-4 M solution of 1 in
water caused the appearance of a transient absorption extended
over a large wavelength range (from 270 to over 600 nm, see
Fig. 1a), with a further absorption centered at 700 nm (shown
enlarged in Fig. 1b). When a solution saturated with N2O (a
known trap for free electrons) was flashed, the red end portion
of the transient was eliminated (see inset in Fig. 1b), while the
remaining part was unaffected. This had a lifetime of ca. 70 ms and
underwent only a small quenching (by a few percent) in an oxygen-
equilibrated solution. On the other hand, flashing in methanol
gave similar results, but now a short-lived component could be
identified in the 300 nm region (lifetime ca. 0.5 ms, 2nd order
decay, see Fig. 2), which was barely discernible in the spectrum
in water. This short-wavelength part was completely quenched in
an oxygen-flushed solution, as expected for a triplet.


Most notably, quite similar transients in terms both of
the spectrum shape and of lifetime were observed when the
fluorine-free morpholinophenyloxazolidinone 2 was flashed (not
reported).


Electrochemical measurements


The detection of free electrons suggested that photoionization
was occurring and support was seeked by cyclic voltammetry.
With an aqueous solution of 1, two anodic waves were detected
(see Fig. 3). The first one corresponded to a reversible, mo-
noelectronic oxidation (E◦ = +830 mV vs. SCE, average from
three measurements at different scanning rates), the latter to an
irreversible wave. This corresponded to a bielectronic (as deduced
from the Ep vs. scanning rate plot) oxidation (E◦ ca. 1100 mV vs.
SCE). A similar examination of fluorine-free 2 (E◦ = 680 mV
vs. SCE) and of fluorophenylmorpholine 11 gave very similar
results.
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Fig. 1 Difference absorption spectrum of a 1 ¥ 10-4 M solution of 1 in water 0.5 ms after flashing at 266 nm. (a) Spectrum in the 270–620 nm region.
Inset: decay of the absorption at 340 nm. (b) Spectrum in the 650–800 nm region (different scale). Inset: decay of the 675 absorption in the nitrogen
flushed (upper trace) and nitrogen oxide flushed (lower trace) solution.


Fig. 2 Difference absorption spectrum of a 1 ¥ 10-4 M solution of 1 in
methanol 0.5 ms after flashing at 266 nm: upper trace, nitrogen-flushed so-
lution; lower trace, oxygen-flushed solution. Inset: decay of the absorbance
at 310 nm in a nitrogen (upper trace) and oxygen-saturated (lower trace)
solution.


Fig. 3 Cyclic voltammogram of 1 (1.5 ¥ 10-3 M in water, 1.2 V min-1, KCl
0.1 M as supporting electrolite).


Discussion


The above results show that reductive defluorination, accompa-
nied or not by reaction at the morpholine moiety, is the main


process from the fluorophenylmorpholine derivative linezolid (1)
in water or methanol. Homolytic cleavage of the C–F bond is
excluded because the energy of both singlet (ES 84 kcal mol-1) and
triplet (ET 75 kcal mol-1) states were too low to make this (EAr-F


ca. 120 kcal mol-1) a viable path. For the same reason, the SRN1
mechanism (path b in Scheme 1) is discarded.


As for the addition–elimination mechanism SN2(Ar*), path a in
Scheme 1, this can be excluded on the basis of the product distri-
bution, since if this were involved, a nucleophilic solvent such as an
alcohol or water would substitute the fluorine atom. Solvolysis is
indeed the main process with N-(2-fluorophenyl)morpholine (11)
which gives the phenol 12 in water (although reduction to 13 is
the main process in methanol, see Scheme 6), analogously to what
was previously observed with 2-fluoroaniline,16 but contrary to the
case of 1, where no phenol is formed in water and only a minor
amount of the methoxyphenyl derivative is formed in methanol.
Thus, the morpholine group per se does not introduce a difference
in the photochemistry of fluorobenzenes with respect to other
amino substituents. Apparently, the presence of the oxazolidinonyl
group as a further donating substituent determines the peculiar
chemistry observed with 1, for which two rationalizations remain,
viz. either monomolecular fragmentation of the excited state to
yield the phenyl cation or photoionization (paths c and d in
Scheme 1).


Scheme 6 Photochemistry of 2-fluorophenylmorpholine.


There is no doubt that ionization occurs, as conspicuously
shown by the flash photolysis experiments. The characteristics
of the observed transient, extended over most of the visible, that
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is the long lifetime and the minimal oxygen effect, excluded that
this was an excited state or a radical, while were well compatible
with an ionic intermediate. Indeed, the transient spectrum shown
in Fig. 1a was closely similar to that of the radical cations of N,N-
dimethylaniline (Wurster blue) and of N,N,N¢,N¢-tetramethyl-
p-phenylendiamine (two intense bands at 320 nm and at 530–
640 nm).17 This transient can thus be safely attributed to the radical
cation 1∑+ formed through a photoionization process according to
eqn (1).


1 + hn → 1∑+ + e- (1)


The electron ejected was indeed detected farther to the red with
respect to the previous transient (see Fig. 1b), and the identification
was confirmed by the selective quenching of that part of the
spectrum by N2O. If one assumes that the molar absorptivity of
1∑+ is similar to that of Wurster blue (e565 12 500 mol-1 cm-1),17 then
the quantum yield of formation of this species is ca. 0.25.


The flash photolysis evidence fitted with the electrochemical
results, showing that single electron oxidation of 1 was possible
under mild conditions and involved the aniline moiety (compare
model compound 11 and N-phenylpiperidine that are oxidized
at 0.95 V vs. SCE,18 respectively, while non phenylated oxazo-
lidinones are oxidized at a much more positive potential, ca.
2.4 V vs. SCE).19 The excited state involved in the photoionization
was the singlet, as indicated by the lack of oxygen effect in the
formation of 1∑+. Importantly, fluorine-free 2 gave a transient
absorption closely similar to that observed with 1 both in shape
and in lifetime (and likewise not affected by oxygen). This again
supported the attribution of the radical cation structure to the
transient from 2, just as that from 1, since ionization appeared to
be the only conceivable phenomenon both of the two compounds,
of almost identical oxidation potential, may undergo, with the
further proviso that electron ejection had to be reversible, since
2 was virtually photostable. The above evidence excluded that
these transients were involved in the observed photochemical
defluorination of 1, because otherwise the transient from this
compound should be much shorter-lived than that from 2, as the
former reacts almost 100 times more efficiently than the latter in
water.


Excluding ionization (path d in Scheme 1) left excited state
fragmentation (path c) as the viable mechanism for defluorination.
The conspicuous ionization made it unlikely that this was a
competitive process from the singlet. Moreover, a direct indication
came from flash photolysis in MeOH, where besides the intense
signal of 1∑+, a shorter-lived transient was observed at 280–320 nm.
This was diffusion-controlled quenched by oxygen (see Fig. 2,
inset) and had no analogy in water, where a transient in that
region was barely detected with a short time delay. These pieces of
evidence supported the assignment of the part of the transient
around 300 nm to triplet 13* that fragmented six times more
efficiently in water than in MeOH and thus was much shorter-
lived in the former solvent. This fact, together with the increased
intensity of the radical cation, made the triplet all but undetectable
in the latter solvent. A triplet path was also supported by the
remarkably decreased phosphorescence lifetime observed with 1
in comparison to 2, indicating that a further process involving
the fluorine atom was competing with emission. The behavior
is analogous to that of 4-fluoroaniline, where calculations on
the triplet state20 showed that heterolysis of the C–F bond was


endoergonic in polar/non protic solvents, but became exergonic
in the presence of water (see eqn (2)) due to the determining
contribution of the formation of the H–F bond. It is thus
understandable that the photoreaction is more efficient in water
than in methanol, since the former is both a more polar (e 80.2
vs. 32.6) and a slightly more acidic solvent. As a result, heterolysis
according to eqn (2) is exclusive in water, while in MeOH solvolysis
contributes to some degree (see below).


Ar-F + hn + H2O → Ar+ + HF + OH- (2)


The triplet path is supported by the marked deceleration of
the photoreaction under air, the quenching of the 31 in methanol
and the chemistry observed, which well corresponds to that of a
phenyl cation in the triplet state, the expected first intermediate
from the cleavage of 31 and presumably the ground state of
this species analogously to the 4-aminophenyl cations13,21 (see
intermediate 14+ in Scheme 7). There is now plentiful indication
of the contrasting reactivity of singlet and triplet phenyl cations,
both from experiments and from computation.22 Thus, triplet
phenyl cations are not quenched by O2 (and indeed the product
distribution is unchanged) and form a complex with, but do
not add to, a neutral n donor such as water because in such
intermediates the charge is dispersed on the ring (p5s1 structure)
and is negligible at C1, contrary to what happens in the singlet
(p6s0 structure, charge localized at C1).13,21,23 On the other hand,
both singlet and triplet cations react with p-nucleophiles and with
charged n nucleophiles.


Scheme 7 Mechanism for the intra- and intermolecular reaction of
compound 1.


The photoreactions of linezolid (see Scheme 7) can thus be
attributed to triplet cation 14+. In methanol, the main path is
intermolecular hydrogen abstraction (path c) leading to compound
2, for which the role of hydrogen abstraction from the solvent is
demonstrated by the formation of 3¢-d 2 in CD3OH. Ether 7 is
a minor product and arises via either a minor path from 14+ or
solvolysis directly from the excited state.
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Another possibility for the cation is intramolecular hydrogen
abstraction from the vicinal alkylamino group. In the present
cases, this kind of process is revealed in non-hydrogen donating
water by formation of products 3 to 6, where the morpholine
group is stepwise oxidized. This process can be rationalized
via deprotonation of the cation to form enamine 6 (path b,
Scheme 7) and subsequent hydrolysis as well as further oxidation
yielding products where a more deep degradation of the side
chain has occurred (such as products 3 to 5). The oxidation
of the morpholine group had been recognized in the above-
mentioned photostability studies on 1,12 but the connection with
defluorination had not been explicitly recognized.


This process is closely analogous to that observed with flu-
orinated heterocycles bearing an alkylamino side-chain, such
as fluoroquinolones orbifloxacin24a and lomefloxacin (when in
the anionic form).24b In that case, reductive defluorination is
accompanied by oxidative degradation (to a various degree) of
the dialkylamino side chain (a piperazine ring). It clearly differs,
on the other hand, from the mere degradation of the morpholine
group in non-fluorinated anilines, as observed here in the case
of 2. The latter process occurs with a much lower quantum
yield (300 times lower than that of 1 in water). This implies
that secondary oxidation of 2 gives no major contribution to the
formation of products 3 to 6 from 1, which are likely formed in a
monophotonic reaction.


The photochemical reaction of 2 is an instance of the oxidation
of alkyl groups in N-alkylanilines, a common process with this
class of compounds.25 This generally involves electron transfer to
an excited state or a photochemically formed radical and is quite
inefficient, e.g. occurring with U ª1 ¥ 10-3 with fluoroquinolones
that do not undergo defluorination, such as ofloxacin10a and
rufloxacin,26 exactly as it is the case with compound 2.


While water and methanol have no effect, a p nucleophile such
as pyrrole is an effective trap and diverts the reactivity of a
strong electrophile such as cation 14+ (path d). Selective arylation
in position 2 of electron rich heterocycles had been previously
observed upon photolysis of 4-chloroaniline in organic solvents.22


Furthermore, the cation is trapped by charged nucleophiles. The
soft iodide is by far a better trap than chloride, again an indication
of the non-localized nature of cation 14+.


To summarize, the observed photochemistry with 1 is strictly
analogous to that of 4-fluoroaniline (reductive defluorination and
fluorine substitution by halides and by p-nucleophiles) and differs
from that of 2-fluoroanilines, as confirmed here for the case
of 2-fluorophenylmorpholine 11, where solvolysis of fluorine is
observed and the conspicuous photoionization has no role in the
defluorination.


Conclusion


In conclusion, linezolid is highly photoreactive in water and to a
lesser degree in methanol. This compound offers the possibility
of comparing two mechanisms for aromatic photosubstitution,
viz. SR+N1(Ar*) and SN1 (Ar3*). The latter one is indicated by
the fact that ionization occurs (from the singlet) but causes no
irreversible decomposition, while the reactions observed (inter-
and intramolecular hydrogen transfer, trapping by halide ions and
by pyrrole) are all compatible with a triplet phenyl cation as the
intermediate. This finding extends what has been found with other


families of fluorinated electron-rich (hetero)aromatics (besides
anilines, anisoles27a and indoles)27b that likewise undergo smooth
substitution via unimolecular fragmentation from the triplet.
The peculiar chemistry of the resulting cation (H abstraction or
insertion in a C–H bond, addition to p nucleophiles) might find
some preparative application, e.g. for selective arylation reactions,
as here with pyrrole, with the advantage of a favorable route in an
eco-friendly solvent such as water.


On the other hand, the frequent occurrence of the fluoroaniline
motif in widely used drugs prompts attention to photolability and
phototoxicity of such derivatives.28 Virtually all of the oxazolidi-
none drugs bear an aminofluorophenyl substituent and are ex-
pected to be photolabile, in a similar manner to fluoroquinolones.
Differently to those drugs, oxazolidinones absorb only a part of
the UV-B radiation, but in a preliminary attempt we found that
when using lamps with emission centered at 360 nm, compound
1 (1 ¥ 10-2 M) decomposes at about half of the rate with similar
lamps centered at 310 nm. Thus, one cannot count too much
on the poor absorption of near-UV light and drug preparations
with compound 1 as the active principle should be protected from
light, with attention to the possible phototoxicity,12,29 even if we
are not aware of clinical reports as yet. Furthermore, the arylation
of pyrrole suggests that attack at nucleic acids is a possibility. A
phototoxic effect28 may be understood on this basis and on the
other hand photoactivated drugs based on this structure may be
conceived.


Experimental section


General


H (300 MHz) and C (75.4 MHz) NMR spectra were registered
by means of a Brucker instrument and IR spectra by using a
Perkin Elmer Fourier transform spectrophotometer. Flash silica
gel was used for column chromatographic separation. Reverse
phase HPLC spectrometry was carried out by using a C8 Zorbax
SB column and eluting with MeCN–H2O 3 : 7). The same
set up was used for HPLC/MS experiments. Fluorescence and
phosphorescence spectra were measured by means of a Perkin
Elmer spectrometer. (S)-3-[3¢-Fluoro-4¢-(N-morpholino)phenyl]-
5-(N-acetamidomethyl)-oxazolidin-2-one (linezolid, 1) was pre-
pared according to the published procedure.30 The fluorine-
free analogue 2, the pharmacological activity of which has
been reported,31 was prepared in a similar way from 4-(N)-
morpholinoaniline as indicated below.


(R)-3-(4¢-N -Morpholinophenyl)-5-(hydroxymethyl)-oxazolidin-
2-one. To a solution of 4-(N)-morpholinoaniline32 (4.2 g) in
water–acetone (50 + 100 mL) at 0 ◦C, sodium carbonate (4.2 g)
was added. After 10 min, benzyl choroformate (3.6 mL) was slowly
added and then the mixture was stirred for 4 h at rt. Addition
of ice–water gave 7 g (90% yield) of the benzyl urethane, mp.
130–132 ◦C; elemental analysis C 69.0, H 6.5, N 8.8, C18H20N2O3


requires C 69.21, H 6.45, N 8.97%; IR (nujol) n 3290, 1724 cm-1;
H NMR (CDCl3) d 3.2 (t, 4H, J = 5 Hz), 3.9 (t, 4H, J = 5 Hz),
5.25 (s, 2H), 6.55 (br s, 1H), 6.9 (d, 2H, J = 9 Hz), 7.3–7.5 (m, 5H),
7.5 (d, 2H, J = 9 Hz); m/z 312 (M+). A solution of this material in
anhydrous THF (110 mL) was brought to -78 ◦C under nitrogen
and treated with butyl lithium (16 mL of a 1.7 M solution in
pentane). After 40 min stirring, a solution of (R)-glycidyl butyrate
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(4.75 mL) in THF (4.75 mL) was added, the mixture stirred for a
further hour and then left overnight at rt. Upon adding saturated
ammonium chloride (90 mL), ethyl acetate (65 mL) and water
(70 mL), two phases formed and were separated. The organic
phase was extracted with 3 ¥ 60 mL ethyl acetate. Washing of the
reunited extracts with saturated NaCl and evaporation gave the
product (2.29 g, 37% yield), mp 156–158 ◦C; elemental analysis
C 60.9, H 6.5, N 9.8, C14H18N2O4 requires C 60.42, H 6.52, N
10.07%; IR (nujol) n 3420, 1700 cm-1; H NMR (CDCl3) d 3.1 (t,
4H, J = 5 Hz), 3.75 (m, 1H), 3.9 (t, 4H, J = 5 Hz), 3.95–4.05 (m,
3H), 4.75 (m, 1H), 6.9 (d, 2H, J = 9 Hz), 7.5 (d, 2H, J = 9 Hz);
m/z 278 (M+).


(R)-3-(4¢-N -Morpholinophenyl)-5-(methanesulfonyloxymethyl)-
oxazolidin-2-one. The above compound (3.8 g) was dissolved in
dry dichloromethane (80 mL) and dry triethylamine (3.75 mL)
was added. The solution was brought to 0 ◦C and methanesulfonyl
chloride (1.48 mL) was slowly added while stirring. After further
20 min stirring, the white precipitate was filtered off. Extraction
of the aqueous phase with dichloromethane and evaporation
gave a solid which was reunited with the original precipitate and
recrystallized from acetonitrile–water to yield the product (3.95 g,
80% yield), mp 165–168 ◦C; elemental analysis C 50.1, H 6.0, N
7.8, C15H20N2O6S requires C 50.55, H 5.66, N 7.86%; IR (nujol) n
1739 cm-1; H NMR [DCON(CD3)2] d 3.1 (s, 3H), 3.2 (t, 4H, J =
5 Hz), 3.8 (t, 4H, J = 5 Hz), 3.9 (dd, 1H, J = 6, 9 Hz), 4.1 (t, 1H,
J = 9), 4.45 (AA¢dq, 2H, J = 4, 12 Hz), 4.9 (m, 1H), 6.95 (d, 2H,
J = 9 Hz), 7.45 (d, 2H, J = 9 Hz); m/z 356 (M+).


(R)-3-(4¢-N -Morpholinophenyl)-5-(azidomethyl)-oxazolidin-2-
one. A solution of the above compound (2 g) and sodium
azide (1.39 g) in anhydrous THF was heated at 75 ◦C for 16 h.
Upon cooling and treating with water (100 mL) and ethyl acetate
(50 mL), two phases formed and were separated. Extraction of the
aqueous phase and evaporation of the collected organics gave the
product (1.28 g, 74% yield); elemental analysis C 55.9, H 5.3, N
22.8, C14H17N5O3 requires C 55.44, H 5.65, N 23.09%; IR (nujol)
n 2114, 1730 cm-1; H NMR (CDCl3) d 3.15 (t, 4H, J = 5 Hz), 3.6
(AA¢ dq, 2H, J = 5, 12 Hz), 3.8 (t, 4H, J = 4 Hz), 3.8–3.9 (m, 1H),
4.1 (t, 1H, J = 9 Hz), 4.8 (m, 1H), 6.95 (d, 2H, J = 9 Hz), 7.5 (m,
2H, J = 9 Hz); m/z 303.


(S)-3-(4¢-N-Morpholinophenyl)-5-(N-acetamidomethyl)-oxazol-
idin-2-one (2). The above azide (2.33 g) in ethyl acetate (330 mL)
was hydrogenated at room temperature and pressure in the
presence of 0.32 g Pd/C. When the reaction was complete (TLC),
the mixture was cooled at 0 ◦C and pyridine (0.65 mL) and
acetic anhydride (2.25 mL) were added. After stirring at 0 ◦C
for 30 min, the mixture was brought to rt, filtered and evaporated.
The residue was chromatographed on a silica gel column (150 g)
eluting with ethyl acetate to give the title compound (1.73 g, 74%
yield), colorless solid, mp 174–177 ◦C, elemental analysis C 60.0,
H 6.6, N 13.0, C16H21N3O4 requires C 60.17, H 6.63, N 13.16%; IR
(nujol) n 3310, 1730 cm-1; H NMR (CDCl3) d 2.05 (s, 3H), 3.1 (t,
4H, J = 5 Hz), 3.5 (ABX, 2H), 3.7–3.85 (m, 2H), 3.9 (t, 4H, J =
5 Hz), 4.05 (t, 1H, J = 9 Hz), 4.75 (m, 1H), 6.05 (br t, 1H), 6.95
(d, 2H, J = 9 Hz), 7.45 (d, 2H, J = 9 Hz); C NMR (CDCl3): d
22.8 (CH3), 43.5 (CH2), 49.3 (CH2), 51.1 (CH2), 68.2 (CH2), 73.7
(CH), 117.6 (CH), 121.8 (CH), 132.4, 150.2, 157.4, 174.3; m/z
319 (M+).


N-(2-Fluorophenyl)-morpholine (10)33. The compound was
prepared by adapting a method reported for other phenylated
morpholines.34 Bis-(2-chloroethyl)ether (6.5 ml, 0.055 moles)
was dissolved in 100 ml butanol and 2-fluoroaniline (5.35 ml,
0.055 moles) was added while stirring at rt and then the mixture
was refluxed for 48 h. The solution was cooled to rt, shaken over
Na2CO3, filtered and refluxed for a further 48 h. The solution was
cooled, and water (50 ml) and CH2Cl2 (50 ml) were added. Phase
separation, extraction of the aqueous phase with 3 ¥ 30 ml CH2Cl2


and drying and distillation under vacuum gave 3 ml (0.016 moles,
30% yield) of the title compound as a colorless liquid, elemental
analysis C 66.0, H 6.6, N 7.5, C10H12NOF requires C 66.28, H 6.67,
N 7.73%; IR (neat) n 1502, 1120 cm-1; H NMR (CDCl3) d 3.1 (t,
4H, J = 5 Hz), 3.9 (t, 4H, J = 5 Hz), 6.8–7.0 (m, 2H), 7.0–7.1 (m,
2H); m/z 181.


Photochemical reactions


General. 6 ¥ 10-3 M Solutions of linezolid were nitrogen
flushed and irradiated under either of the two conditions: (a) in
an immersion well apparatus (125 mL) by means of a medium
pressure mercury arc or (b) in a number of quartz tubes (each
10 mL) by means of 4 external phosphor coated lamps (centre
of emission, 310 nm). The course of the reaction was monitored
by HPLC. When the starting material was consumed, the solvent
was removed by rotary evaporation and the crude product was
purified by flash chromatography on silica gel (cyclohexane–
ethyl acetate). The key data for the identification of the isolated
new photoproducts are reported below. Compound 2 has been
characterized above and compound 3 was recognized on the
basis of the spectroscopic properties identical to those previously
reported.12 For the other products, HPLC/MS data were used for
structure proposals: compounds 4, m/z 338 (M+, 100); 5, m/z
338 (M+, 100); 6, m/z 318 (M + H+, 100%) (for compounds
4–6 compare ref. 12; 9, m/z 338 (M+, 100). The main charac-
teristics of the other photoproducts are reported below. N-(2-
Fluorophenyl)morpholine (10) was irradiated in the same way
(option b above) to form the hydroxy derivative 11 (see below) and
reduced 12 (identical to a commercial sample).


3¢-d (S)-3-(4¢-N -Morpholinophenyl)-5-(N -acetamidomethyl)-
oxazolidin-2-one (d-2). This differed from the non-deuterated
analogue 2 (see above)12 for the following features: H NMR
(CDCl3) d 6.95 (1H rather than 2H); C NMR (CDCl3) d 117
(CD); m/z (%) 320 (M+, 100).


(S)-3-[3¢-Methoxy-4¢-(N -morpholino)phenyl]-5-(N -acetamido-
methyl)-oxazolidin-2-one (7). Oil that solidifies on standing; IR
(nujol) n 1743 cm-1; elemental analysis C 58.8, H 6.7, N 11.9,
C17H23N3O5 requires C 58.44, H 6.64, N 12.03%; H NMR (CDCl3)
d 2.1 (s, 3H), 3.05 (t, 4H J = 5 Hz), 3.7–3.85 (m, 3H), 3.85 (t, 4H
J = 5 Hz), 3.85 (s, 3H), 4.1 (t, 1H J = 9 Hz), 4.7 (m, 1H), 6.15 (br
t, 1H), 6.75 (dd, 2H J = 2, 9 Hz), 6.9 (d, 1H J = 9 Hz), 7.4 (d,
1H J = 2 Hz). C NMR (CDCl3) d 23.0 (CH3), 41.9 (CH2), 47.8
(CH2), 51.1 (2 CH2), 55.5 (CH3), 67.0 (2 CH2), 71.7 (CH), 103.0
(CH), 110.1 (CH), 117.8 (CH), 132.4, 150.2, 157.5, 174.3.


(S)-3-[3¢-Iodo-4¢-(N -morpholino)phenyl]-5-(N -acetamidome-
thyl)-oxazolidin-2-one (8). Colorless solid, mp 200–203 ◦C; IR
(nujol) n 1737 cm-1; elemental analysis C 42.9, H 4.5, N 9.3,
C16H20N3O4I requires C 43.16, H 4.53, N 9.44%; H NMR
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[(CD3)2SO] d 1.85 (s, 3H), 2.9 (t, 4 H, J = 5 Hz,), 3.3 (ABX,
2H), 3.7 (m, 1H), 3.75 (t, 4H, J = 5 Hz), 4.1 (t, 1H, J = 9 Hz), 4.7
(m, 1H), 7.2 (d, 1H, J = 9 Hz), 7.5 (dd, 1H, J = 2.5, 9 Hz), 8.1
(d, 1H, J = 2.5 Hz), 8.2 (t, 1H, J = 6 Hz); C NMR [(CD3)2SO]
d 22.8 (CH3), 40.4 (CH2),47.7 (CH2), 52.9 (2 CH2), 66.8 (2 CH2),
71.9 (CH), 98.6 (CI), 119.5 (CH), 121.4 (CH), 129.3 (CH), 133.4,
137.8, 152.5, 154.4, 171.0.


(S)-3-[3¢-(2-Pyrrolyl)-4¢-(N-morpholino)phenyl]-5-(N-acetamido-
methyl)-oxazolidin-2-one (10). Colorless solid, mp 56–58 ◦C;
elemental analysis C 62.4, H 6.3, N 14.9, C20H24N4O4 requires
C 62.49, H 6.29, N 14.57%; IR (nujol) n 1740 cm-1; H NMR
(CD3OH) d 1.9 (s, 3H), 2.8 (t, 4H, J = 5 Hz,), 3.5 (ABX, 2H), 3.8
(m, 1H), 3.8 (t, 4H, J = 5 Hz), 4.1 (t, 1H, J = 9 Hz), 4.7 (m, 1H),
6.2 (t, 1H, J = 2 Hz), 6.5 (dd, 1H, J = 2, 3.5 Hz), 6.9 (dd, 1H, J =
2, 3.5 Hz), 7.1 (d, 1H, J = 9 Hz), 7.3 (dd, 1H, J = 3, 9 Hz), 7.6 (d,
1H, J = 3 Hz); C NMR (CD3OH) d 22.8 (CH3), 43.5 (CH2), 49.8
(CH2), 53.8 (2 CH2), 68.4 (2 CH2), 73.7 (CH), 108.5 (CH), 109.8
(CH), 118.0 (CH), 118.8 (CH), 120.1 (CH), 121.1 (CH), 129.4,
131.3, 135.8, 146.7, 157.2, 174.0.


N-(2-Hydroxyphenyl)-morpholine (11).35 Colorless solid, mp
130 ◦C; elemental analysis C 66.5, H 7.4, N 7.4, C10H13NO2


requires C 67.02, H 7.31, N 7.82%; IR (nujol) n ca. 3000 (br),
1454 cm-1; H NMR (CDCl3) d 3.0 (t, 4H, J = 5 Hz), 3.95 (t, 4H,
J = 5 Hz), 6.9 (dt, 1H, J = 7.5, 1.5), 7.0 (dd, 1H, J = 1.5, 7.5), 7.1
(dt, 1H, J = 1, 7.5), 7.2 (dd, 1H, J = 1, 7.5); C NMR (CDCl3) d
52.7 (2 CH2), 66.5 (2 CH2), 114.2 (CH), 120.1 (CH), 121.3 (CH),
126.6 (CH), 138.6, 151.4.


Quantum yield measurements


Reaction quantum yields were measured by irradiating 2 mL
samples of 5 ¥ 10-4 M solutions of either 1 or 2 in a quartz
spectrophotometric cuvette on an optical bench. The light source
was a collimated beam from a 100 W high-pressure mercury arc
fitted with an interference filter (transmittance maximum, 280 nm).
The reaction was monitored by HPLC and the consumption
of the starting material (limited to <20%) was determined (a
known volume—20 ml—injection loop was used). The light flux
was measured by ferrioxalate actinometry. Fluorescence quantum
yields were measured by using quinine sulfate as the standard
(UF = 0.54).
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The preparation of cyclic hexapeptides from N-hydroxy tripeptides building blocks is described.
Introduction of an unsaturated chain on the hydroxamate oxygen followed by fragment coupling leads
to N,N¢-dialkenoxy hexapeptides that are efficiently cyclized through a ring-closing metathesis reaction.
The length of the alkene chains allows the modulation of the ring size: the synthesis of 17- and
18-membered cycles is reported.


Introduction


The preparation and study of cyclic analogues is a standard
procedure in the development of therapeutical agents starting
from one identified linear peptide binding to a target receptor.
Constraining peptides through cyclization was first introduced
as a tool to investigate bioactive conformations of hormones.1


These researches led the way to considerable developments in
drug design: cyclization often results in higher receptor binding
affinities than the linear counterpart thanks to a smaller loss of
entropy in the binding; moreover, the constrained structure can
also enhance the selectivity of the ligand and its stability towards
enzymatic degradation.2


With the discovery of air-stable and functional-group tolerant
catalysts, ring-closing olefin metathesis3 (RCM) has emerged as a
powerful tool to prepare cyclic peptides. RCM has for instance
been used in the synthesis of molecules binding to the Grb2 SH2
domain4 or in the development of inhibitors of the hepatitis C virus
NS3 protease.5 Analogues of cystine-6 or lanthionine7-containing
biologically active peptides have been prepared by RCM-mediated
substitution of a carbon-carbon double bond for the disulfide
or monosulfide bridge. Introduction, through RCM, of an all-
hydrocarbon link between two amino acid residues has also been
studied as a way to stabilize b-turn8 or a- and 310-helices.9,10


The cyclization staples the linear peptide between two amino
acid residues referred to as i and i + n positions. The unsatu-
rated chains involved in the ring closure can be introduced via
derivatization of the terminal amine and/or carboxylic acid,11


as part of an amino acid side-chain, or by modification of the
peptide backbone. The most common solution is the incorporation
of an amino acid presenting an unsaturated side-chain such as
allylglycine, homo- and bishomo-allylglycine or more complex
molecules.12 This strategy lacks flexibility since several peptides
have to be prepared if the ring size is to be studied. On the other
hand, to cope with the preparation (or cost) of these unnatural
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Université Joseph Fourier, BP-53, 38041, Grenoble Cedex 9, France. E-mail:
Veronique.Blandin@ujf-grenoble.fr; Fax: +33 476 635 983; Tel: +33 476 514
803
† Electronic supplementary information (ESI) available: Copies of 1H and
13C NMR spectra for all new compounds, representative structure of 11
and 12 from conformational analysis data. See DOI: 10.1039/b812611a


amino acids, O-allyl- serine, homoserine or tyrosine can be used.13


Nevertheless, in all cases, side-chains involved in the ring closure
are not available anymore to interact with other molecules, such
as molecular receptors. When biological properties are at stake,
this loss of interaction can modify the response of the peptide
more than the studied cyclization does. Thus, another possibility
is the introduction of an alkene functionality at the nitrogen of
peptide bonds14 but here also the unsaturated amino acid has to
be prepared before its incorporation in the peptide chain.


We recently described the preparation of N-hydroxy peptides
and their modification to N-acyloxy peptides through acylation
of the hydroxamate oxygen.15 It is thus possible to introduce
unsaturated acyl groups in the peptide. However, these acyl
groups are rather reactive and the corresponding cyclized peptide
would probably not be stable in vivo. We therefore considered
that N-alkenoxy peptides (Scheme 1) could present an interesting
alternative for the cyclization of peptides via RCM.


Scheme 1 RCM-mediated cyclization of N,N¢-dialkenoxy peptide.


In this article, we demonstrate the feasibility of this approach
via the convergent synthesis of N,N¢-dialkenoxy hexapeptides
1 and 2 (Fig. 1) and their RCM-mediated cyclization to form
17- and 18-membered rings.


Fig. 1 Target N,N¢-dialkenoxy hexapeptides.
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Results and discussion


A fragment coupling strategy was chosen as it allows the obtention
of a N,N¢-dialkenoxy hexapeptide presenting two alkene chains
of different lengths. The synthesis (Scheme 2) started from the
previously reported reduction of oxime 3.15


Liquid chromatography allowed the separation of the di-
astereomeric N-hydroxy dipeptides 4a and 4b. They were then
coupled with Fmoc-protected alanine acid chloride16 in the
presence of sodium hydrogencarbonate in dichloromethane. In
these conditions selective N-acylation is possible.15,17 O-Alkylation
of the hydroxamate group in the N-hydroxy tripeptides 5a and 5b
was performed by reaction with 3-buten-1-ol under Mitsunobu
conditions,18 leading to the N-homoallyloxy peptides 6a and 6b.
Cleavage of the benzylic ester using BCl3 gave the corresponding
carboxylic acid fragments 7a and 7b. On the other hand, reaction
of the N-hydroxy tripeptide 5a with allyl alcohol under Mitsunobu
conditions allowed the preparation of N-allyloxy peptide 8.
Piperidine-mediated deprotection of the terminal amine of 8
gave the amine fragment 9. Similarly, deprotection of 6b led
to the second amine fragment 10. Hexapeptides 1 and 2 were


obtained in good yields by reaction of tripeptides 7a and 9,
and 7b and 10 respectively, using the coupling agent EDCI (1-
ethyl-3-(3¢-dimethylaminopropyl)-carbodiimide hydrochloride) in
conjunction with HOBt (1-hydroxybenzotriazole). Ring-closing
was then performed through a metathesis reaction in the presence
of Grubbs’ catalyst II (2nd generation),19 under high dilution
conditions.20


The 17-membered cyclic peptide 11 was isolated in 85% yield.
According to 1H and 13C NMR spectra, the cyclization led to
a single stereoisomer. A vicinal coupling constant of 15.4 Hz
could be determined for the ethylenic proton HA, indicating an E
geometry for the alkene bond. Other examples of RCM-mediated
formation of 17-membered rings in peptides involve connections
between allylglycine residues at i and i + 4 positions.21 Using
Grubbs’ catalyst II, mixture of E and Z isomers in various
proportions were obtained. The cyclic peptide 11 is, to our
knowledge, the first example of an (i, i + 3)-linked 17-membered
cyclic peptide prepared through RCM.


On the other hand, several RCM-mediated connections between
residues at i and i + 3 positions leading to 18-membered cycles are
described. They involve bishomoallylglycine22 or O-allylserine10,11b


Scheme 2 Preparation and cyclization of N,N¢-dialkenoxy hexapeptides 1 and 2.


4576 | Org. Biomol. Chem., 2008, 6, 4575–4581 This journal is © The Royal Society of Chemistry 2008







residues. In the latter case, cyclization of a tetrapeptide gave a
1:1 mixture of E and Z isomers.23 Longer peptide sequences
and/or Ca-tetrasubstituted a-amino acid residues – such as 2-
aminoisobutyric acid residues (Aib) – induce conformational
restrictions and thus higher selectivities are obtained: up to 20:1
in favor of the E isomer when an Aib-rich octapeptide is at stake.10


In the case of the hexapeptide 2, the 18-membered ring 12 was
obtained in 71% yield as a mixture of stereoisomers. Analysis
of the spectra from 1H NMR and COSY experiments (in CDCl3)
revealed that several proton resonances were splitted into two: NH
Ala4 (3:1 ratio), CHa Val5, CHa Val3. A vicinal coupling constant
of 15.4 Hz could be determined for one ethylenic proton. From
this estimation, we may conclude that the geometry of the major
isomer is E, in accordance with literature results.


In order to determine some structural features of 11 and
12, further NMR studies and restrained molecular dynamics
using an explicit chloroform solvent model were performed. The
structures obtained from molecular modeling are representative of
the experimental NOE.24 The cyclic parts of molecules 11 and 12
have similar backbone features but do not present any particular
secondary structure. Nevertheless, the presence, in the NOESY
spectra, of significant correlations between the ethylenic protons
and the Ha proton of Ala4 and Val5 indicates the cyclization
constrains the peptide.


Conclusions


Alkylation of N-hydroxy peptides building blocks allows the
introduction of alkene chains in the peptide at a late stage of the
synthesis. Modulation of the ring size is thus easy to achieve. These
N-alkenoxy tripeptides can be elongated using a classical peptide
synthesis sequence. In the resulting cyclized peptide, all the native
amino acid residues are still available for molecular recognition.
The N-alkenoxy peptides approach we propose for the RCM-
mediated cyclization of peptides could be a versatile option for the
incorporation of a constraining moiety into biologically relevant
peptides.


Experimental (see also ESI†)


General experimental methods


All non-aqueous reactions were performed under an atmosphere
of argon. Standard inert atmosphere techniques were used in
handling all air and moisture sensitive reagents. CH2Cl2 and
THF were freshly distilled from CaH2 and sodium benzophenone
ketyl respectively. Purchased reagents were used without prior
purification. For chromatographic purification, reagent grade
solvents were used as received. Reactions were monitored by thin
layer chromatography (TLC) using commercial aluminum-backed
silica gel plates (Merck, Kieselgel 60 F254). TLC spots were viewed
under ultraviolet light and by heating the plate after treatment
with an appropriate staining solution (KMnO4, ninhydrin, basic
TTC (2,3,5-triphenyltetrazolium chloride)). Product purification
by flash chromatography was performed using Macherey Nagel
Silica Gel 60M (230–400 mesh).


Melting points were determined with a Büchi B-540 apparatus
and are given uncorrected. Optical rotations were measured on a


Perkin Elmer 341 polarimeter; the corresponding concentration is
reported in g per 100cm-3. 1H NMR (300 MHz) and 13C NMR
(75 MHz) spectra were run on a Bruker Advance300 spectrometer,
and obtained from CDCl3 (dC 77.2 ppm; standard for 1H spectra:
tetramethylsilane dH 0.0 ppm). Multiplicities are reported as
follows: s = singlet, d = doublet, t = triplet, q = quadruplet,
m = multiplet, dd = doublet of doublet, dt = doublet of triplet;
coupling constants J and dA - dB (for AB spin system) are reported
in Hz. 1H and 13C resonance assignments were performed using
conventional 1D and 2D techniques (DEPT, COSY, HMQC and
HMBC experiments). Infrared (IR) spectra were obtained either
from neat films, from a thin film of a dichloromethane solution of
the compound on sodium chloride discs, or from a dispersion
of the compound in a KBr plate. IR spectra were recorded
on a Nicolet Impact-400 FT-IR spectrometer and the data are
reported as absorption maxima in cm-1. Mass spectra (LRMS)
were recorded on a ThermoFinnigan PolarisQ EI/CI ion-trap
spectrometer (DCI; ammonia-isobutane 62:38). High resolution
mass spectra (HRMS) were recorded at the LCOSB, UMR 7613,
Université Pierre et Marie Curie, Paris. Experimental errors for
HRMS data are estimated between 1 and 2 ppm.


Fmoc-Ala1-w[CO-N(OH)]-Val2-Val3-OBn (5b)25. To a solu-
tion of 4b (185.8 mg, 576 mmol) in CH2Cl2 (15 mL) were added
NaHCO3 (60.1 mg, 715 mmol) and Fmoc-Ala-Cl (220.1 mg,
667 mmol). The mixture was stirred overnight. Evaporation of
the solvent under reduced pressure followed by purification by
flash chromatography (Silica gel, CH2Cl2-MeOH 100:0 to 98:2)
gave 5b (148.5 mg, 241 mmol, 42% yield) as a white solid which
can be recrystallized from CH2Cl2/cyclohexane. Mp: 112–113 ◦C.
Rf 0.44 (CH2Cl2-MeOH 95:5). [a]D


25 +19.8 (c 1.50 in CHCl3). dH


(300 MHz; CDCl3) 8.73 (1H, s, NOH), 8.47 (1H, d, J 9.1, NH
Val3), 7.73 (2H, d, J 7.6, CHar Fmoc), 7.67–7.60 (2H, m, CHar


Fmoc), 7.45-7.15 (9H, m, CHar), 6.54 (1H, d, J 9.1, NH Ala1),
5.30-5.20 (1H, m, CHa Val2), 5.16 (2H, ABq, J 12.0, dA-dB 56.2,
CH2 -OBn), 5.13-5.02 (1H, m, CHa Ala1), 4.74 (1H, dd, J 4.5
and 9.2, CHa Val3), 4.42-4.15 (3H, m, CH Fmoc, CH2 Fmoc),
2.50-2.33 (1H, m, CHiPr Val2), 2.25-2.12 (1H, m, CHiPr Val3), 1.29
(3H, d, J 6.9, CH3 Ala1), 0.99 (6H, d, J 6.7, CH3 Val2), 0.84 (3H,
d, J 6.9, CH3 Val3), 0.73 (3H, d, J 6.9, CH3 Val3). dC (75 MHz;
CDCl3) 173.2 (C=O Val2), 172.6 (C=O Ala1), 171.7 (C=O Val3),
156.2 (C=O Fmoc), 144.2, 144.1, 141.40, 141.37 (Car Fmoc), 135.1
(Car -OBn), 128.8, 128.7, 127.8, 127.1, 125.5, 125.4, 120.0 (CHar),
67.6, 67.1 (CH2 -OBn, CH2 Fmoc), 63.3 (CHa Val2), 56.6 (CHa


Val3), 47.4 (CH Fmoc), 47.1 (CHa Ala1), 32.0 (CHiPr Val3), 27.6
(CHiPr Val2), 19.9, 19.1, 18.9, 18.1, 17.5 (CH3). IR: 3378, 3299,
3067, 2964, 2929, 2875, 1724, 1634. HRMS (ESI +) m/z: found,
638.2836; C35H41N3O7Na requires 638.2842.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=CH2)]-D-Val2-Val3-OBn (6a).
A mixture of 5a (100.0 mg, 162 mmol) and PPh3 (106.4 mg,
406 mmol) was dissolved in THF (10 mL). 3-buten-1-ol (34.7 mL,
406 mmol) and DMAD (methyl azodicarboxylate, 61.4 mL,
408 mmol) were added to the solution. After 4 hours of reaction,
the solvent was evaporated and the crude material was taken
up with CH2Cl2. The mixture was washed with brine and the
aqueous phase was extracted with CH2Cl2. The organic layers
were gathered and dried over Na2SO4, filtrated and evaporated.
Purification by flash chromatography (Silica gel, pentane-EtOAc
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9:1 to 1:1) gave 6a (47.4 mg, 71 mmol, 44% yield) as a colourless oil.
Rf 0.65 (CH2Cl2-MeOH 95:5). [a]D


25 +25.3◦ (c 0.75 in CHCl3). dH


(300 MHz; CDCl3) 7.68 (2H, d, J 7.4, CHar Fmoc), 7.58-7.48 (2H,
m, CHar Fmoc), 7.35-7.15 (9H, m, CHar), 6.95 (1H, d, J 8.2, NH
Val3), 5.80-5.62 (1H, m, CH=), 5.55 (1H, d, J 8.2, NH Ala1), 5.12-
4.92 (4H, m, CH2 –OBn, CH2=), 4.70-4.60 (1H, m, CHa Ala1),
4.41 (1H, dd, J 4.6 and 8.4, CHa Val3), 4.33-4.25 (2H, m, CHH
Fmoc, CH Fmoc), 4.22-4.05 (3H, m, CHH Fmoc, N–O–CHH,
CHa Val2), 3.85-3.75 (1H, m, N–O–CHH), 2.55-2.40 (1H, m, CHiPr


Val2), 2.31-2.20 (2H, m, N–O–CH2–CH2), 2.18-2.05 (1H, m, CHiPr


Val3), 1.31 (3H, d, J 6.7, CH3 Ala1), 0.93 (3H, d, J 6.5, CH3 Val2),
0.89 (3H, d, J 6.4, CH3 Val2), 0.83 (3H, d, J 6.9, CH3 Val3), 0.77
(3H, d, J 6.8, CH3 Val3). dC (75 MHz; CDCl3) 174.4, 171.2, 170.3
(C=O), 155.8 (C=O Fmoc), 144.2, 144.0, 141.5, 141.4 (Car Fmoc),
135.6 (Car –OBn), 133.7 (CH=), 128.7, 128.5, 128.4, 127.8, 127.2,
125.4, 125.3, 120.1 (CHar), 117.9 (CH2=), 75.9 (N–O–CH2), 68.0
(CHa Val2), 67.1, 67.0 (CH2 Fmoc, CH2 -OBn), 57.5 (CHa Val3),
48.0 (CHa Ala1), 47.4 (CH Fmoc), 32.6 (N–O–CH2–CH2), 30.8
(CHiPr Val3), 26.4 (CHiPr Val2), 19.9, 19.7, 19.3, 18.8, 17.7 (CH3).
IR: 3325, 3067, 3028, 2964, 2929, 2868, 1723, 1681, 1649. LRMS
(DCI +) m/z: 687.0 (M + NH4)+. HRMS (ESI +) m/z: found,
708.30366; C39H47N3O7K requires 708.30456.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=CH2)]-Val2-Val3-OBn (6b).
The title compound was prepared as described for 6a using 5b
(144.1 mg, 234 mmol). Purification by flash chromatography (Silica
gel, pentane-EtOAc 9:1 to 1:1) gave 6b (74.3 mg, 111 mmol, 47%
yield) as a colourless oil. Rf 0.56 (CH2Cl2-MeOH 95:5). [a]D


25


+4.1◦ (c 1.09 in CHCl3). dH (300 MHz; CDCl3) 7.75 (2H, d, J 7.6,
CHar Fmoc), 7.72-7.65 (1H, m, NH Val3), 7.64-7.58 (2H, m, CHar


Fmoc), 7.43-7.23 (9H, m, CHar), 5.85-5.70 (1H, m, CH=), 5.58 (1H,
d, J 7.7, NH Ala1), 5.20-5.00 (4H, m, CH2 –OBn, CH2=), 4.80-4.70
(1H, m, CHa Ala1), 4.49 (1H, dd, J 4.3 and 8.4, CHa Val3), 4.45-
4.32 (2H, m, CHH Fmoc, CH Fmoc), 4.28-4.20 (1H, m, CHH
Fmoc), 4.10-3.85 (3H, m, N–O–CH2, CHa Val2), 2.75-2.60 (1H,
m, CHiPr Val2), 2.40-2.30 (2H, m, N–O–CH2–CH2), 2.28-2.15 (1H,
m, CHiPr Val3), 1.40 (3H, d, J 6.8, CH3 Ala1), 1.00 (3H, d, J 6.8,
CH3 Val2), 0.97 (3H, d, J 6.8, CH3 Val2), 0.92 (3H, d, J 6.9, CH3


Val3), 0.85 (3H, d, J 6.9, CH3 Val3). dC (75 MHz; CDCl3) 174.6,
171.4, 170.3 (C=O), 155.8 (C=O Fmoc), 144.2, 144.0, 141.5, 141.4
(Car Fmoc), 135.7 (Car –OBn), 133.5 (CH=), 128.7, 128.5, 128.4,
127.9, 125.4, 125.3, 120.1 (CHar), 118.1 (CH2=), 75.8 (N–O–CH2),
74.6 (CHa Val2), 67.2, 67.0 (CH2 Fmoc, CH2 -OBn), 57.5 (CHa


Val3), 48.1 (CHa Ala1), 47.4 (CH Fmoc), 32.5 (N–O–CH2–CH2),
30.8 (CHiPr Val3), 27.3 (CHiPr Val2), 19.9, 19.7, 19.3, 18.7, 17.6
(CH3). IR: 3323, 3067, 3033, 2964, 2930, 2868, 2851, 1725, 1681.
HRMS (ESI +) m/z: found, 708.30371; C39H47N3O7K requires
708.30456.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=CH2)]-D-Val2-Val3-OH (7a).
To a solution of 6a (35.4 mg, 52.9 mmol) in CH2Cl2 (4 mL) was
added BCl3 (1M in hexane) (0.5 mL, 0.5 mmol). The mixture
was stirred overnight. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (Silica
gel, CH2Cl2-MeOH 100:0 to 95:5) gave 7a (12.3 mg, 21.2 mmol,
40% yield) as a yellow oil. Rf 0.11 (CH2Cl2-MeOH 95:5). [a]D


25


+13.0◦ (c 0.71 in CHCl3). dH (300 MHz; CDCl3) 7.75 (2H, d, J
7.6, CHar Fmoc), 7.73-7.65 (1H, m, NH Val3), 7.62-7.53 (2H, m,
CHar Fmoc), 7.42-7.25 (4H, m, CHar Fmoc), 5.85-5.70 (1H, m,
CH=), 5.57 (1H, d, J 8.2, NH Ala1), 5.20-5.05 (2H, m, CH2=),


4.80-4.65 (1H, m, CHa Ala1), 4.42 (1H, dd, J 4.6 and 8.2, CHa


Val3), 4.38-4.31 (2H, m, CHH Fmoc, CH Fmoc), 4.25-4.16 (1H,
m, CHH Fmoc), 4.15-4.02 (2H, m, N–O–CH2), 3.95 (1H, d, J
11.1, CHa Val2), 2.72-2.57 (1H, m, CHiPr Val2), 2.45-2.33 (2H,
m, N–O–CH2–CH2), 2.30-2.15 (1H, m, CHiPr Val3), 1.39 (3H, d,
J 6.8, CH3 Ala1), 1.05-0.80 (12H, m, CH3 Val2, CH3 Val3). dC


(75 MHz; CDCl3) 174.9, 173.9, 170.6 (C=O), 156.0 (C=O Fmoc),
144.1, 144.0, 141.5 (Car Fmoc), 133.5 (CH=), 127.9, 127.3, 125.4,
125.3, 120.2 (CHar), 118.2 (CH2=), 75.9 (N–O–CH2), 74.2 (CHa


Val2), 67.3 (CH2 Fmoc), 57.7 (CHa Val3), 48.1 (CHa Ala1), 47.3
(CH Fmoc), 32.6 (N–O–CH2–CH2), 30.4 (CHiPr Val3), 27.4 (CHiPr


Val2), 19.8, 19.7, 19.4, 18.4, 17.7 (CH3). IR: 3314, 3068, 2965, 2931,
1716, 1651. LRMS (DCI +) m/z: 580.1 (M + H)+, 597.6 (M +
NH4)+. HRMS (ESI +) m/z: found, 618.25684; C32H41N3O7K
requires 618.25761.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=CH2)]-Val2-Val3-OH (7b).
To a solution of 6b (42.1 mg, 62.9 mmol) in CH2Cl2 (4 mL)
was added BCl3 (1M in hexane) (315 mL, 315 mmol). The
mixture was stirred for 2 hours before a second addition of BCl3


(157 mL, 157 mmol). The mixture was stirred further for 2 hours.
Evaporation of the solvent under reduced pressure followed by
purification by flash chromatography (Silica gel, CH2Cl2-MeOH
98:2 to 90:10) gave 7b (29.2 mg, 50.4 mmol, 80% yield) as a yellow
oil. Rf 0.13 (CH2Cl2-MeOH 95:5). [a]D


25 +10.9◦ (c 1.27 in CHCl3).
dH (300 MHz; CDCl3) 7.74 (2H, d, J 7.4, CHar Fmoc), 7.64 (1H,
d, J 7.8, NH Val3), 7.60-7.55 (2H, m, CHar Fmoc), 7.42-7.25 (4H,
m, CHar Fmoc), 5.85-5.72 (1H, m, CH=), 5.63 (1H, d, J 8.1, NH
Ala1), 5.17-5.05 (2H, m, CH2=), 4.81-4.69 (1H, m, CHa Ala1),
4.44 (1H, dd, J 4.5 and 8.1, CHa Val3), 4.40-4.30 (2H, m, CHH
Fmoc, CH Fmoc), 4.25-4.15 (1H, m, CHH Fmoc), 4.15-3.95 (2H,
m, N–O–CH2), 4.01 (1H, d, J 11.3, CHa Val2), 2.70-2.55 (1H, m,
CHiPr Val2), 2.43-2.30 (2H, m, N–O–CH2–CH2), 2.29-2.14 (1H, m,
CHiPr Val3), 1.38 (3H, d, J 6.8, CH3 Ala1), 1.02-0.85 (12H, m, CH3


Val2, CH3 Val3). dC (75 MHz; CDCl3) 174.9, 174.3, 170.4 (C=O),
156.1 (C=O Fmoc), 144.1, 144.0, 141.5 (Car Fmoc), 133.5 (CH=),
127.9, 127.3, 125.4, 125.3, 120.1 (CHar), 118.2 (CH2=), 76.0
(N–O–CH2), 73.7 (CHa Val2), 67.3 (CH2 Fmoc), 57.6 (CHa Val3),
48.1 (CHa Ala1), 47.3 (CH Fmoc), 32.6 (N–O–CH2–CH2), 30.5
(CHiPr Val3), 27.5 (CHiPr Val2), 19.8, 19.7, 19.3, 18.4, 17.7 (CH3).
IR: 3319, 3067, 2965, 2932, 2868, 1723, 1652. HRMS (ESI +)
m/z: found, 618.25679; C32H41N3O7K requires 618.25761.


Fmoc-Ala1-w[CO-N(OCH2CH=CH2)]-D-Val2-Val3-OBn (8).
A mixture of 5a (100.0 mg, 162 mmol) and PPh3 (106.4 mg,
406 mmol) was dissolved in THF (10 mL). Allyl alcohol (28 mL,
412 mmol) and DMAD (methyl azodicarboxylate, 61 mL,
405 mmol) were added to the solution. After 4 hours, the solvent
was evaporated and the crude material was taken up with CH2Cl2.
The mixture was washed with brine and the aqueous phase
was extracted with CH2Cl2. The organic layers were gathered
and dried over Na2SO4, filtrated and evaporated. Purification
by flash chromatography (Silica gel, pentane-EtOAc 9:1 to 1:1)
gave 8 (70.1 mg, 107 mmol, 66% yield) as a colourless oil. Rf


0.56 (CH2Cl2-MeOH 95:5). [a]D
25 +17.7◦ (c 0.83 in CHCl3). dH


(300 MHz; CDCl3) 7.75 (2H, d, J 7.4, CHar Fmoc), 7.63-7.55
(2H, m, CHar Fmoc), 7.43-7.20 (9H, m, CHar), 7.00 (1H, d, J
8.1, NH Val3), 6.00-5.80 (1H, m, CH=), 5.60 (1H, d, J 7.9, NH
Ala1), 5.40-5.25 (2H, m, CH2=), 5.08 (2H, ABq, J 12.3, dA-dB


12.5, CH2 -OBn), 4.85-4.70 (1H, m, CHa Ala1), 4.65-4.55 (1H, m,
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N–O–CHH), 4.49 (1H, dd, J 4.5 and 8.3, CHa Val3), 4.42-4.32
(3H, m, CH Fmoc, CHH Fmoc and N–O–CHH), 4.30-4.20 (2H,
m, CHH Fmoc and CHa Val2), 2.63-2.48 (1H, m, CHiPr Val2),
2.27-2.14 (1H, m, CHiPr Val3), 1.40 (3H, d, J 6.8, CH3 Ala1), 1.00
(3H, d, J 6.9, CH3 Val), 0.97 (3H, d, J 6.9, CH3 Val), 0.91 (3H,
d, J 6.9, CH3 Val), 0.85 (3H, d, J 6.9, CH3 Val). dC (75 MHz;
CDCl3) 174.5 (C=O Ala1), 171.2 (C=O Val3), 170.1 (C=O Val2),
155.8 (C=O, Fmoc), 144.2, 144.0, 141.51, 141.46 (CHar Fmoc),
135.6 (Car -OBn), 130.8 (CH=), 128.7, 128.53, 128.49, 127.9,
127.2, 125.4, 125.3 (CHar), 121.0 (CH2=), 120.2 (CHar), 77.8
(N–O–CH2), 68.1, 67.2, 67.0 (CH2 –OBn, CH2 Fmoc, CHa Val2),
57.6 (CHa Val3), 48.0 (CHa Ala1), 47.4 (CH Fmoc), 30.9 (CHiPr


Val3), 26.4 (CHiPr Val2), 19.8, 19.7, 19.3, 18.9, 17.7 (CH3 Ala1,
Val2, Val3). IR: 3325, 3065, 2963, 2928, 2874, 1722, 1682, 1655.
LMRS (DCI) m/z: 672.8 (M + NH4)+. HRMS (ESI +) m/z:
found, 694.28843; C38H45N3O7K requires 694.28891.


H-Ala1-w[CO-N(OCH2CH=CH2)]-D-Val2-Val3-OBn (9). To a
solution of 8 (54.0 mg, 82.4 mmol) in THF (4 mL) was added
piperidine (1 mL). The mixture was stirred for 1h. Evaporation
of the solvent under reduced pressure followed by purification
by flash chromatography (Silica gel, CH2Cl2-MeOH 100:0 to
95:5) gave 9 (22.3 mg, 51.4 mmol, 62% yield) as a yellow oil.
Rf 0.11 (CH2Cl2-MeOH 95:5). [a]D


25 +48.3◦ (c 0.64 in CHCl3).
dH (300 MHz; CDCl3) 7.45-7.30 (5H, m, CHar), 7.17 (1H, d, J
8.5, NH Val3), 5.95-5.78 (1H, m, CH=), 5.39-5.23 (2H, m, CH2=),
5.14 (2H, ABq, J 12.3, dA-dB 14.1, CH2 -OBn), 4.61-4.48 (2H,
m, CHa Val3, N–O–CHH), 4.33-4.17 (2H, m, CHa Val2, N–O–
CHH), 3.85 (1H, q, J 6.8, CHa Ala1), 2.62-2.47 (1H, m, CHiPr


Val2), 2.30-2.16 (1H, m, CHiPr Val3), 1.28 (3H, d, J 6.8, CH3 Ala1),
0.99 (3H, d, J 6.7, CH3 Val2), 0.95 (3H, d, J 6.7, CH3 Val3),
0.93 (3H, d, J 6.9, CH3 Val2), 0.87 (3H, d, J 6.9, CH3 Val3). dC


(75 MHz; CDCl3) 178.5, 171.6, 170.7 (C=O), 135.6 (Car), 131.0
(CH=), 128.73, 128.69, 128.6, 128.4 (CHar), 120.6 (CH2=), 77.6
(N–O–CH2), 68.1 (CHa Val2), 67.1 (CH2 -OBn), 57.5 (CHa Val3),
47.8 (CHa Ala1), 30.7 (CHiPr Val3), 26.1 (CHiPr Val2), 20.9, 19.8,
19.7, 19.3, 17.7 (CH3). IR: 3310, 2965, 2929, 2872, 1739, 1685,
1653. LRMS (DCI +) m/z: 434.1 (M + H)+. HRMS (ESI +) m/z:
found, 434.26451; C23H36N3O5 requires 434.26495.


H-Ala1-w[CO-N(O(CH2)2CH=CH2)]-Val2-Val3-OBn (10). To
a solution of 6b (47.1 mg, 70.4 mmol) in THF (5 mL) was added
piperidine (1 mL). The mixture was stirred for 1h. Evaporation
of the solvent under reduced pressure followed by purification by
flash chromatography (Silica gel, CH2Cl2-MeOH 100:0 to 90:10)
gave 10 (20.3 mg, 45.4 mmol, 65% yield) as a yellow oil. Rf


0.16 (CH2Cl2-MeOH 90:10). [a]D
25 +0.8◦ (c 0.92 in CHCl3). dH


(300 MHz; CDCl3) 7.81 (1H, d, J 8.6, NH Val3), 7.40-7.25 (5H,
m, CHar), 5.85-5.65 (1H, m, CH=), 5.22-5.05 (4H, m, CH2 -OBn,
CH2=), 4.51 (1H, dd, J 4.5 and 8.8, CHa Val3), 4.02-3.70 (4H, m,
N–O–CH2, CHa Val2, CHa Ala1), 2.75-2.60 (1H, m, CHiPr Val2),
2.40-2.18 (3H, m, N–O–CH2–CH2, CHiPr Val3), 1.29 (3H, d, J
6.8, CH3 Ala1), 0.99 (3H, d, J 6.8, CH3 Val2), 0.95 (3H, d, J 6.8,
CH3 Val3), 0.94 (3H, d, J 6.8, CH3 Val2), 0.88 (3H, d, J 6.8, CH3


Val3). dC (75 MHz; CDCl3) 178.5, 171.6, 171.0 (C=O), 135.7 (Car),
133.5 (CH=), 128.7, 128.6, 128.4 (CHar), 118.0 (CH2=), 75.4 (N–
O–CH2), 74.5 (CHa Val2), 67.0 (CH2 -OBn), 57.5 (CHa Val3), 47.8
(CHa Ala1), 32.5 (N–O–CH2–CH2), 30.8 (CHiPr Val3), 27.2 (CHiPr


Val2), 20.6, 19.9, 19.7, 19.4, 17.6 (CH3). IR: 3308, 3066, 3034, 2964,


2929, 2874, 1739, 1682. HRMS (ESI +) m/z: found, 448.28003;
C24H38N3O5 requires 448.28060.


Fmoc-Ala1 -W[CO-N(O(CH2)2CH=CH2)] -D-Val2 -Val3 -Ala4-
W[CO-N(OCH2CH=CH2)]-D-Val5-Val6-OBn (1). To a mixture
of 7a (9.8 mg, 16.9 mmol), 9 (8.3 mg, 19.2 mmol) and HOBt (1-
hydroxybenzotriazole, 3.5 mg, 25 mmol) in CH2Cl2 (1.5 mL), was
added EDCI (1-ethyl-3-(3¢-dimethylaminopropyl)-carbodiimide
hydrochloride, 5.0 mg, 26.1 mmol). The mixture was stirred
overnight. The solution was then washed with brine and the
organic layer dried over Na2SO4. Evaporation of the solvent under
reduced pressure followed by purification by flash chromatography
(Silica gel, pentane-EtOAc 9:1 to 1:1) gave 1 (12.0 mg, 12.1 mmol,
71% yield) as a yellow oil. Rf 0.40 (CH2Cl2-MeOH 95:5). [a]D


25


+22.8◦ (c 0.69 in CHCl3). dH (300 MHz; CDCl3) 7.76 (2H, d,
J 7.4, CHar Fmoc), 7.65-7.55 (2H, m, CHar Fmoc), 7.45-7.25
(10H, m, CHar, NH Val 6), 7.05-6.90 (1H, m, NH Val3), 6.70-
6.60 (1H, m, NH Ala4), 5.95-5.70 (3H, m, 2x CH=, NH Ala1),
5.40-4.95 (6H, m, CH2 -OBn, 2x CH2=), 4.95-4.86 (1H, m, CHa


Ala4), 4.82-4.75 (1H, m, CHa Ala1), 4.67-4.55 (1H, m, NO–CHH–
CH=), 4.52-4.35 (3H, m, CHa Val6, CHa Val3, NO–CHH–CH=),
4.34-4.15 (6H, m, CHa Val2, CHa Val5, CH Fmoc, CH2 Fmoc,
N–O–CHH), 4.00-3.90 (1H, m, N–O–CHH), 2.63-2.41 (2H, m,
CHiPr Val2, CHiPr Val5), 2.40-2.29 (2H, m, N–O–CH2–CH2), 2.28-
2.17 (2H, m, CHiPr Val3, CHiPr Val6), 1.45-1.20 (6H, m, CH3 Ala1,
CH3 Ala4), 1.05-0.80 (24H, m, CH3 Val2, CH3 Val5, CH3 Val3, CH3


Val6). dC (75 MHz; CDCl3) 174.2, 171.4, 171.2, 170.1, 169.8 (C=O),
155.8 (C=O Fmoc), 144.1, 144.0, 141.5 (CH Fmoc), 135.7 (Car –
OBn), 133.7 (CH=), 130.9 (NO–CH2–CH=), 128.8, 128.7, 128.54,
128.49, 127.9, 127.3, 125.3 (CHar), 121.0 (N–O–CH2–CH=CH2),
120.2 (CHar), 117.9 (N–O–(CH2)2CH=CH2), 77.9, 76.0 (N–O–
CH2), 68.4, 67.9 (CHa Val2, CHa Val5), 67.2, 67.0 (CH2 –OBn,
CH2 Fmoc), 58.9, 57.6 (CHa Val3, CHa Val6), 48.4 (CHa Ala1 or 4),
47.4 (CH Fmoc), 46.6 (CHa Ala4 or 1), 32.7 (N–O–CH2–CH2), 30.8,
30.5 (CHiPr Val3, CHiPr Val6), 26.59, 26.49 (CHiPr Val2, CHiPr Val5),
19.9, 19.8, 19.7, 19.5, 19.2, 18.7, 18.6, 17.9, 17.8, 17.7 (CH3). IR:
3324, 3067, 2965, 2932, 2874, 1724, 1650. HRMS (ESI +) m/z:
found, 1033.50339; C55H74N6O11K requires 1033.50472.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=CH2)]-Val2-Val3-Ala4-w[CO-
N(O(CH2)2CH=CH2)]-Val5-Val6-OBn (2). The title compound
was prepared as described for 1 using 7b (25.4 mg, 43.8 mmol) and
10 (18.4 mg, 41.1 mmol). Purification by flash chromatography
(Silica gel, pentane-EtOAc 9:1 to 1:1) gave 2 (26.9 mg, 26.7 mmol,
65% yield) as a yellow oil. Rf 0.40 (CH2Cl2-MeOH 95:5). [a]D


25


-12.7◦ (c 0.94 in CHCl3). dH (300 MHz; CDCl3) 7.76 (2H, d, J
7.4, CHar Fmoc), 7.63-7.55 (2H, m, CHar Fmoc), 7.47 (1H, d, J
8.7, NH Val6), 7.44-7.26 (10H, m, CHar Fmoc, NH Val3), 6.69
(1H, d, J 7.9, NH Ala4), 5.90-5.60 (3H, m, 2x CH=, NH Ala1),
5.24-5.02 (6H, m, CH2 -OBn, 2x CH2=), 5.01-4.90 (1H, m, CHa


Ala4), 4.83-4.70 (1H, m, CHa Ala1), 4.48 (1H, dd, J 4.3 and 8.4,
CHa Val6), 4.40-3.90 (10H, m, CHa Val3, CHa Val2, CHa Val5, CH
Fmoc, CH2 Fmoc, (2x) N–O–CH2), 2.70-2.50 (2H, m, CHiPr Val2,
CHiPr Val5), 2.50-2.27 (4H, m, (2x) N–O–CH2–CH2), 2.27-2.12
(2H, m, CHiPr Val3, CHiPr Val6), 1.41 (3H, d, J 6.7, CH3 Ala1),
1.32 (3H, d, J 6.9, CH3 Ala4), 1.07-0.80 (24H, m, CH3 Val2, CH3


Val5, CH3 Val3, CH3 Val6). dC (75 MHz; CDCl3) 174.8, 174.2,
171.4, 170.1, 170.0, 169.8 (C=O), 155.8 (C=O Fmoc), 144.1,
144.0, 141.5 (Car Fmoc), 135.7 (Car –OBn), 133.6, 133.5 (CH=),
128.7, 128.5, 128.4, 127.9, 127.2, 125.3, 120.1 (CHar), 118.1, 118.0
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(CH2=), 76.0, 75.9 (N–O–CH2), 73.5, 72.8 (CHa Val2, CHa Val5),
67.2, 67.0 (CH2 Fmoc, CH2 –OBn), 58.8 (CHa Val6), 57.4 (CHa


Val3), 48.0 (CHa Ala1), 47.3 (CH Fmoc), 46.1 (CHa Ala4), 32.6,
32.5 (N–O–CH2–CH2), 30.7 (CHiPr Val3, CHiPr Val6), 27.32, 27.28
(CHiPr Val2, CHiPr Val5), 19.9, 19.8, 19.7, 19.5, 19.3, 18.5, 17.9,
17.7 (CH3). IR: 3312, 3067, 2963, 2931, 2874, 1744, 1724, 1682,
1641. HRMS (ESI +) m/z: found, 1047.51887; C56H76N6O11K
requires 1047.52037.


Fmoc-Ala1-w[CO-N(O(CH2)2CH=*)]-D-Val2-Val3-Ala4-w[CO-
N(OCH2CH*=)]-D-Val5-Val6-OBn (11). To a solution of 1
(7.4 mg, 7.4 mmol) in CH2Cl2 (15 mL), Grubbs’ catalyst II (0.6 mg,
0.7 mmol) was added and the reaction was stirred for 12 hours.
The mixture was washed with brine and extracted with CH2Cl2.
The organic phases were gathered, dried over Na2SO4, filtrated
and evaporated. Flash chromatography (Silica gel, diethyl ether)
gave 11 (6.1 mg, 6.3 mmol, 85% yield) as a colourless oil. Rf


0.23 (CH2Cl2-MeOH 95:5). [a]D
25 +26.7◦ (c 0.56 in CHCl3). dH


(300 MHz; CDCl3) 7.76 (2H, d, J 7.5, CHar Fmoc), 7.71 (1H, d, J
7.6, NH Val6), 7.63-7.54 (2H, m, CHar Fmoc), 7.44-7.36 (2H, m,
CHar Fmoc), 7.35-7.25 (7H, m, CHar), 6.62 (1H, d, J 6.9, NH Val3),
6.42-6.37 (1H, m, NH Ala4), 5.87-5.72 (2H, m, N–O–CH2–CHB=,
NH Ala1), 5.57 (1H, dt, J 6.5 and 15.4, CHA=), 5.14 (2H, ABq,
J 12.5, dA-dB 8.3, CH2 -OBn), 4.92-4.81 (1H, m, CHa Ala1), 4.78-
4.70 (1H, m, CHa Ala4), 4.70-4.60 (1H, m, N–O–CHH–CH=), 4.57
(1H, d, J 11.0, CHa Val2), 4.50 (1H, dd, J 5.7 and 7.9, CHa Val6),
4.42-4.22 (4H, m, CH2 Fmoc, CH Fmoc, CHa Val5), 4.18-4.08
(1H, m, N–O–CHH–CH=), 4.05-3.84 (3H, m, N–O–CH2–CH2,
CHa Val3), 2.59-2.44 (2H, m, CHiPr Val2, CHiPr Val5), 2.42-2.28
(1H, m, N–O–CH2–CHH), 2.25-2.12 (1H, m, N–O–CH2–CHH),
2.08-1.96 (2H, m, CHiPr Val3, CHiPr Val6), 1.45-1.40 (3H, m, CH3


Ala1), 1.27-1.20 (3H, m, CH3 Ala4), 1.09-0.80 (24H, m, CH3 Val2,
CH3 Val3, CH3 Val5, CH3 Val6). dC (75 MHz; CDCl3) 175.3, 175.1,
171.9, 170.6, 170.2, 169.3 (C=O), 156.0 (C=O Fmoc), 144.2, 143.9,
141.53, 141.46 (Car Fmoc), 135.8 (Car –OBn), 135.7 (CH=), 128.7,
128.5, 128.3, 127.94, 127.91, 127.2 (CHar), 125.6 (CH=), 125.4,
125.2, 120.2 (CHar), 76.5, 75.3 (N–O–CH2), 67.4, 66.9 (CH2 –OBn,
CH2 Fmoc, CHa Val2 or 5), 64.5 (CHa Val2 or 5), 61.2, 58.0 (CHa Val3,
CHa Val6), 48.2, 48.1 (CHa Ala1 and 4), 47.3 (CH Fmoc), 34.4 (N–
O–CH2–CH2), 30.8, 30.5 (CHiPr Val3, CHiPr Val6), 27.6, 26.8 (CHiPr


Val2, CHiPr Val5), 20.3, 19.95, 19.85, 19.5, 19.4, 19.3, 18.8, 18.1,
17.5 (CH3). IR: 3320, 2961, 2925, 2872, 2853, 1736, 1660. HRMS
(ESI +) m/z: found, 1005.47242; C53H70N6O11K requires
1005.47342.


Fmoc-Ala1 -W[CO-N(O(CH2)2CH=*)]-Val2 -Val3 -Ala4 -W[CO-
N(O(CH2)2CH*=)]-Val5-Val6-OBn (12). To a solution of 2
(18.8 mg, 18.6 mmol) in CH2Cl2 (15 mL), Grubbs’ catalyst II
was added in three times: 1.6 mg (1.9 mmol); 0.8 mg (0.9 mmol)
after 6h; 0.8 mg (0.9 mmol) after 12h. The reaction was stirred
further for 2 hours. The mixture was washed with brine and
extracted with CH2Cl2. The organic phases were gathered, dried
over Na2SO4, filtrated and evaporated. Flash chromatography
(Silica gel, pentane-EtOAc 9:1 to 1:1) gave 12 (12.9 mg, 13.2 mmol,
71% yield) as a 3:1 mixture of two stereoisomers. Rf 0.27 (CH2Cl2-
MeOH 95:5). dH (300 MHz; CDCl3) 7.75 (2H, d, J 7.4, CHar


Fmoc), 7.63-7.50 (2H, m, CHar Fmoc), 7.46 (1H, d, J 7.0, NH
Val6), 7.42-7.25 (10H, m, CHar, NH Val3), 6.37-6.28 and 6.00-
5.95 (1H, ratio 3:1, m, NH Ala4), 5.75-5.55 (2H, m, CH=, NH
Ala1), 5.55-5.43 (1H, dt, J 6.1 and 15.4, CH=), 5.12 (2H, ABq, J


12.3, dA-dB 57.1, CH2 -OBn), 4.85-4.65 (2H, m, CHa Ala1, CHa


Ala4), 4.45 (1H, dd, J 4.4 and 8.3, CHa Val6), 4.40-4.25 (1H, m,
CHH Fmoc), 4.25-4.17 (2H, m, CHH Fmoc, CH Fmoc), 4.15-
4.00 (minor diastereomer: m, CHa Val5, CHa Val3), 3.95-3.75 (m,
4H, NO–CH2 + major diastereomer: m, CHa Val5, CHa Val3),
3.69 (1H, d, J 11.0, CHa Val2), 2.80-2.50 (2H, m, CHiPr Val2,
CHiPr Val5), 2.40-2.00 (4H, m, N–O–CH2–CH2, CHiPr Val3, CHiPr


Val6), 1.50-1.25 (6H, m, CH3 Ala1, CH3 Ala4), 1.10-0.78 (24H, m,
CH3 Val2, CH3 Val3, CH3 Val5, CH3 Val6). dC (75 MHz; CDCl3)
for the major diastereomer: 174.45, 174.38, 172.7, 171.2, 170.4,
170.2 (C=O), 155.8 (C=O Fmoc), 144.3, 143.9, 141.5, 141.4 (Car


Fmoc), 136.0 (Car –OBn), 130.7 (CH=), 128.6, 128.4, 127.8, 127.2
(CHar), 126.7 (CH=), 125.4, 125.3, 120.1 (CHar), (overlapped by
CDCl3: N–O–CH2, CHa Val2 or 5), 73.8 (CHa Val2 or 5), 67.2, 66.7
(CH2 –OBn, CH2 Fmoc), 60.8 (CHa Val3), 57.6 (Val6), 48.6 (CHa


Ala1 or 4), 47.4 (CH Fmoc), 46.6 (CHa Ala1 or 4), 31.1, 30.6, 30.3
(2x N–O–CH2–CH2, CHiPr Val3, CHiPr Val6), 27.3 (CHiPr Val2 and 5),
20.5, 19.85, 19.82, 19.7, 19.4, 19.3, 19.2, 19.0, 17.6 (CH3). IR:
3318, 3063, 3033, 2965, 2924, 2872, 1714, 1664. HRMS (ESI +)
m/z: found, 981.53157; C54H73N6O11 requires 981.53318.


Analysis of conformational preferences of 11 and 12


NMR experiments were carried out using a Varian Unity+
500 MHz spectrometer. The NOESY experiments were recorded
with 512 (t1) ¥ 2048 (t2) complex data points and 64 scans were
acquired over a spectra width of 5000 Hz in both dimensions.
They were acquired with mixing times of 250 and 400 ms. Data
processing and analysis were performed using the VNMR program
(Varian) on a Sunray workstation.


Molecular modeling: calculations were performed on a worksta-
tion using InsightII 2005 and Discover 2004.1 (Biosym/Molecular
Simulation). The molecules 11 and 12 were constructed in InsightII
using the Biopolymer module. In the case of 12, we only studied
the major E isomer. Calculations were performed using an explicit
solvent model in chloroform (cubic box of 40 Å side length and
417 CHCl3 molecules) and the cvff force-field. Periodic bounded
conditions were applied.


After minimization (100 steps of steepest descents then 2000 of
conjugate gradients), a restrained molecular dynamics protocol
was applied. The structure was heated to 900 K in 1.5 ps, then
slowly cooled to 300 K by steps of 100 K. At each step the system
was allowed to stay 10 ps. 100 structures were saved over the last
10 ps dynamics calculation and each was subjected to a further
minimization (2000 steps of conjugate gradient). The 6 structures
with the lowest energy were averaged and energy minimized to
lead to the representative structure.


The restraints used in the calculations were derived from
observed intermolecular NOE classified semiquantitatively into
three categories, strong (1.8–3.0 Å), medium (2.5–4.0 Å) and weak
(3.5–5.0 Å). Only one violation greater than 0.2 Å (0.25 Å) was
detected in the averaged structures.
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The present report is concerned with a stereoselective, reliable route to trans-1,2-disubstituted
cyclopropanes and in particular to (S,S)-1-tosyloxymethyl-2-fluoromethyl-cyclopropane (1) and
(R,R)-1-tosyloxymethyl-2-fluoromethyl-cyclopropane (ent-1) as conformationally restricted, terminally
fluorinated C4-building blocks for medicinal chemistry. The enzymatic kinetic resolution based synthesis
of 1 and ent-1 utilises inexpensive, commercially available starting materials. It is based on enantiomeric
resolution of rac-cyclopropane carboxylic esters using esterase from Streptomyces diastatochromogenes.
Both enantiomers of 1 were prepared selectively in high overall yield over nine steps, starting from ethyl
acrylate. The successful radiosynthesis of [18F]-1 and [18F]-ent-1 is also reported.


Introduction


Fluorine is increasingly included in substitution patterns during
the systematic development of potential pharmaceuticals. The
C–F bond is an isosteric substitution for C–H and an isoelec-
tronic substitution for the hydroxyl group (van der Waals radii:
H: 1.2 Å, F: 1.35 Å, OH: 1,43 Å). Therefore, carbon-bound
fluorine can be introduced as a hydrogen mimic or a hydroxyl
replacement. Its introduction can affect adsorption, distribution
and metabolic properties of a pharmaceutically relevant lead
structure.1 Recent studies have elucidated specific contributions
of fluorine in ligand–protein binding interactions.2 In addition,
fluorine-18 provides unique properties as a radiolabel for positron
emission tomography (PET), a mode of non-invasive imaging and
quantification of biochemical conversions and metabolic rates
in living systems. Among the best suited and most frequently
used PET-radionuclides, fluorine-18 presents outstanding nuclear
and chemical properties.3 For these reasons, fluorinated building
blocks remain of significant interest for the incorporation of
fluorine in defined positions of potential radioligands.


We were interested in (S,S)-1 and (R,R)-ent-1 as C4-synthons
for the introduction of a terminally fluorinated, conformation-
ally restricted cyclopropane ring constraint in suitable (radio-)
pharmaceutical precursors (Scheme 1).4a In addition, trans-1,2-
disubstituted cyclopropanes are versatile (E)-alkene mimics, which
can be employed as isosteric double bond replacements.4 They are
less sensitive to cytochrome p450 affected metabolism in general
and to epoxidation in particular, thus eliminating a potential
source of toxic metabolites.5a,b


The synthesis of 1 and ent-1 required an inexpensive, preparative
scale access to a de-symmetrised cyclopropane precursor in high
enantiomeric excess. Considerable effort has been spent on the
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Scheme 1 (S,S)-(+)-Toluene-4-sulfonic acid 2-fluoromethyl-cyclopropyl-
methyl ester 1 and (R,R)-(-)-toluene-4-sulfonic acid 2-fluoromethyl-cyclo-
propylmethyl ester ent-1.


development and optimisation of (stereoselective) cyclopropana-
tion methods, as cyclopropane units can be found in various
natural products and pharmaceuticals.6 Previously published
techniques for the resolution and synthesis of (S,S)- or (R,R)-1,2-
disubstituted cyclopropanes have included: (a) fractional crystalli-
sation of the corresponding trans-1,2-cyclopropane dicarboxylates
followed by reduction, (b) chiral auxiliary-mediated,7 stereose-
lective Simmons–Smith-cyclopropanation of olefins (Charette–
Denmark method),8 (c) the former combined with enzymes,9a


(d) transition metal-complex catalysed carbenoid additions,6d–f ,9b


and (e) multi-step synthesis from enantiomerically enriched start-
ing materials.10 However, yields and enantiomeric excess vary
widely. In addition, the Simmons–Smith-reaction provides only
limited access to cyclopropanes from a,b-unsaturated carbonyl
compounds.6g


Herein we would like to report a convenient route to
2-substituted cyclopropanecarboxylic acid esters as well as
an enzymatic method for the synthesis of diethyl (S,S)-
(+)-cyclopropanedicarboxylate ((+)-4a) and ethyl (R,R)-(-)-
cyclopropanedicarboxylate ((-)-5a) in high enantiomeric excess.
ee-values of 99% for the (S,S)-(+)-enantiomer and 97% for the
corresponding (R,R)-(-)-analogue were achieved, respectively,
after half conversion (E > 200).11 As a complement to the
previously published chemical and enzymatic methods for the
synthesis of 1,2-disubstituted cyclopropanes, the route presented
herein readily affords versatile cyclopropane building blocks 7a
and 7b in very high enantiomeric excess, avoiding sensitive or
expensive reagents. 7a was subsequently employed in the synthesis
of 1 and ent-1. Both labelling synthons [18F]-1 and [18F]-ent-1 were
successfully synthesised from [18F]F- and precursors 11a and ent-
11a in a radiochemical yield of about 50%.
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Results and discussion


Our approach is based on the enantiomeric resolution of racemic
mixtures of esters 4a–d (Scheme 2) employing an esterase from
Streptomyces diastatochromogenes (ESD; E.C.3.1.1.1.), which we
have found to show useful selectivity for the hydrolysis of
cyclopropane carboxylic esters in the past.12


Scheme 2 Enantiomeric resolution of substrate esters 4a–d.


The Wadsworth–Emmons cyclopropanation was chosen for
the preparation of racemic mixtures 4a–d (Scheme 3), as it
provides straightforward access to the desired trans-configured
1,2-disubstituted cyclopropanes in good yields at low cost.13,15


Therefore, triethyl phosphonoacetate (TEPA) was converted into
the P-ylide with potassium tert-butoxide and subsequently reacted
with epoxides 3a–d. The substrate epoxides 3a–d were either
prepared from parent olefins in >85% yield or obtained from
commercial suppliers. Starting from olefinic precursors, trans-
cyclopropanes were isolated in 56 to 75% yield employing a
two-step procedure via Mn(II) catalysed epoxidation to afford
compounds 3a–b followed by trans-selective cyclopropanation
under Horner–Wadsworth–Emmons conditions (Scheme 3).13,14


In contrast to most copper/rhodium catalysed or non-catalysed
additions of carbenoids which were examined by us, this route
afforded the desired trans-configured cyclopropanes as single
products. Thereby, the elaborate separation of (Z)- or open
chain by-products was made obsolete.16 During initial screening,
racemates 4a–d were hydrolysed employing ESD in phosphate
buffer at pH 7.0. The pH was maintained via the controlled
addition of 2 M NaOH solution. In the case of substrate 4a,
ESD showed a remarkably high selectivity. Only the (R,R)-
configured enantiomer was recognised by the biocatalyst and both
the remaining diester (+)-4a and the acid (-)-5a were isolated
in high yield (49% and 46%, 99% and 97% ee, respectively).
Unfortunately, only low enantioselectivity was observed after half
conversion in all other cases. Neither esters 4b–d nor acids 5b–


Scheme 3 Epoxidation of terminal olefins using the 1,4,7-trime-
thyl-1,4,7-triazacyclononane (12) (TMTACN) Mn(II) ascorbate system,14


followed by cyclopropane synthesis via Wadsworth–Emmons cyclopropa-
nation on 3a–d.


d were obtained in good enantiomeric excess. The addition of
water miscible solvents, e.g. dioxane, decreased selectivity. In a
multigram scale-up run (15.0 g substrate), ester 4a was isolated in
49% (99% ee) yield, employing an enzyme concentration of 400 mg
l-1. Using diethyl ether for extraction of the non-hydrolysed (S,S)-
ester, the residual enzyme in the buffer solution (containing acid
5a) remained active for further hydrolysis of substrate 4a. The
latter facilitates fast, multi-batch syntheses of optically active ester
(+)-4a without wasting the biocatalyst. In addition, the enzyme
showed sufficient stability in solution at 28 ◦C to employ even
lower concentrations in exchange for prolonged reaction times,
without any significant loss in hydrolytic activity and yield.


In contrast to the racemic mixture 4a which remains liquid at
r.t., neat (+)-4a crystallised in colourless platelets (mp = 38 ◦C)
displaying an optical purity of 99% ee. Acid (-)-5a was obtained
via lyophilisation of the residual buffer solution, followed by acidic
work-up to give carboxylic acid (-)-5a in 46% yield (97% ee).
The relative configuration of compound 4a was verified using
X-ray crystallography (Fig. 1). The absolute configuration of
(+)-4a and (-)-5a was assigned by comparison of the rotational
directions with literature references. Therefore, a reference sample
of ester (+)-4a and acid (-)-5a was hydrolysed to the diacid and
the optical rotations were measured.27b Compound (+)-4a was
assigned diethyl (+)-(S,S)-trans-cyclopropane-1,2-dicarboxylate,
after the hydrolysed product showed the same angle of rotation as
(+)-(S,S)-trans-cyclopropane-1,2- dicarboxylic acid. The (R,R)-
configuration was analogously assigned to (-)-5a.7,26


Fig. 1 X-Ray diffraction crystal structure of enantiopure (+)-4a.27,28 A
probability of 50% was chosen for the ellipsoids. One ethyl group (C7 and
C8) is disordered unequally over two sites (C8A and C8B).


Diols 6a and ent-6a were conveniently obtained in 82 to 88%
yield via LiAlH4 (LAH) reduction of 4 and 5 in THF using a mod-
ified procedure involving equimolar aqueous hydrolysis and quick
short-path distillation in a Kugelrohr apparatus (Scheme 4).7,17


The optical rotations of both product diols were in accordance
with the assigned absolute configurations.7


Scheme 4 Reductions of diester (S,S)-(+)-4a or acid (R,R)-(-)-5a to diol
(+)-6a and (-)-ent-6a.
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Compounds (+)-6a and (-)-ent-6a were desymmetrised using
NaH in DMF followed by addition of benzyl chloride and
catalytic amounts of TBAI (Scheme 5). A two-step procedure
involving diacetylation followed by selective removal of one acetyl
group using porcine pancreatic lipase (PPL) in phosphate buffer–
dioxane at pH 7 resulted in de-symmetrised diols 7b in even
higher yield.11,18,21 In addition, this double-enzymatic approach
avoided preparative column chromatography as the products were
substantially pure after complete hydrolysis to the monoacetate
(Scheme 5).


Scheme 5 De-symmetrisation of diol (-)-6a, via benzylation of the anion
(a) or selective hydrolysis of the diacetate (b).


Product alcohols 7a and ent-7a were preferably fluorinated
via sulfonylation followed by a Finkelstein-analogue nucle-
ophilic exchange using CsF in 2-propanol to obtain fluorides
9a and ent-9a (Scheme 6). CsF displays a remarkable solu-
bility (12.6 mole in 1000 g MeOH), while CsBr is the least
soluble in alcohols among all caesium halogenides. Neverthe-
less, as leaving group, the mesylate gave even better results.19


Fluoro-dehydroxylation employing diethylamino sulfur trifluoride
(DAST) in dichloromethane at -80 ◦C to r.t. was also examined.20


Although freshly obtained DAST produced fluorides 9a and
ent-9a in good yields (>90%), reagent stability issues led to poor
reproducibility of fluorination outcomes after a few weeks.


Scheme 6 Two-step fluorination via mesylation and Finkelstein exchange
with CsF dissolved in 2-propanol.


Hydrogenolytic cleavage of the fluorides in 2-methoxy-2-
methyl-propane (MTBE) followed by concentration and tosyla-
tion in one pot finally afforded target compounds (S,S)-(+)-1 and
(R,R)-(-)-ent-1 in 87% yield over two steps (Scheme 7).25


Scheme 7 Debenzylation of ether (-)-9a and subsequent tosylation to
final product (-)-1.24


The radiosynthesis of [18F]-1 and [18F]-ent-1 was performed as
illustrated for [18F]-ent-1 in Scheme 8. 6a and ent-6a were converted
to the labelling precursors 11a26 and ent-11a, respectively, followed
by exposure to pre-dried, cyclotron produced, no carrier added
(n.c.a) [18F]fluoride. The labelling synthons [18F]-1 and [18F]-ent-1,
were obtained in a non-decay-corrected radiochemical yield of
52 ± 8% and 50 ± 3%, respectively, after a reaction time of 3 min
in MeCN at 90 ◦C followed by HPLC-purification and solid
phase extraction. Although the convenient half-life of fluorine-
18 facilitates multi-step procedures and the production of 18F-
fluorinated 1 can be automated, direct nucleophilic labelling of
a suitable precursor is even more efficient in some cases. In
this regard, 7a and 7b can serve as versatile building-blocks for
precursor synthesis.


Scheme 8 Preparation of labelling precursors, exemplified for (-)-11a and
subsequent radio-fluorination.


Conclusions


In conclusion, both enantiomers of 1 were prepared selectively
in 18.7% and 16.4% overall yield, respectively, over eight to ten
steps, starting from ethyl acrylate. The more versatile intermediates
(S,S)-(+)-7a and (S,S)-(+)-7b were obtained in 20.5% and 22.2%
yield, respectively, over 5 steps. Again, cyclopropanation using
epoxide precursors and TEPA-anion in DME proved to be a useful
route to 2-substituted cyclopropane-1-carboxylic acid esters in
trans-configuration. Although enzymatic resolution of substrates
4b–d failed due to the lack of selectivity in the hydrolytic cleavage of
the ethyl esters, both (+)-4a and (-)-5a were separated and isolated
in high yields and high enantiomeric excess. Furthermore, [18F]-1
and [18F]-ent-1 were successfully synthesised for the first time and
isolated in a non-decay corrected radiochemical yield of 52 ± 8%
and 50 ± 3%.


Compounds (+)-4a, (-)-5a, along with de-symmetrised diols
7a, ent-7a, 7b and ent-7b provide broad access to enantiomerically
enriched 1,2-disubstituted trans-cyclopropanes. Utilising the route
presented herein, these can be prepared in a synthetically useful
multigram scale, thereby providing the means for the synthesis of
a broad range of 1,2-disubstituted cyclopropane building blocks.


Experimental


NMR-spectra were recorded with a Bruker AC 200 FT-NMR-
spectrometer, J values are given in Hertz, chemical shifts are
reported downfield from TMS (d = 0 ppm) referred to the solvent
residual signal 1H NMR (300 MHz, CHCl3 7.224 ppm) and 13C
NMR (100 MHz, CDCl3 77.0 ppm). Field desorption (FD) mass
spectra were recorded on a Finnigan MAT90 FD spectrometer.
HRMS-spectra were measured on a Micromass QTOF Ultima


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4567–4574 | 4569







3 spectrometer. IR-spectra were obtained from a Nicolet 6700
FTIR spectrometer. Boiling points are uncorrected. Enantiomeric
excesses of volatile cyclopropanes were determined by gas-
chromatography using hydrogen as carrier gas on a Macherey-
Nagel Lipodex E capillary column. All chemicals were obtained
in commercial quality from Acros Organics, Sigma Aldrich, VWR,
TCI or STREM and used without further purification. Enzymes
were obtained from Julich Chiral Solutions (Codexis R©) (ESD,
recombinant from E. coli) and Sigma-Aldrich (PPL, from hog
pancreas). Optical rotations were determined using a Perkin-
Elmer polarimeter 241 running at 546 and 578 nm (Hg-lamp) at
17 to 25 ◦C and were extrapolated to the sodium D line. [a]D


values are given in 10-1 deg cm2 g-1. TLC was conducted on
self-cut Merck silica gel 60 covered aluminium plates. Detection
and staining was performed either using iodine on silica gel,
potassium permanganate solution, UV fluorescence, vanillin–
sulfuric acid, Seebach-reagent (phosphomolybdic acid, cerium
sulfate, H2SO4) or Dragendorff-reagent (basic bismuth nitrate,
potassium iodide and tartaric acid). Column chromatography was
performed on Acros silica gel 60, 0.063-0.200 mesh, p. a. solvents
for chromatography were washed with aqueous acid and base
and distilled once, prior to use. Anhydrous solvents were used for
reactions.


General procedure for the synthesis of epoxides 3a–b:


To a solution of olefin (1 mol) in MeCN (50 ml) were added
1 ml of an 0.4 M TMTACN stock solution in MeCN, 2 ml
of an 150 mM stock solution of Mn(II)acetate-tetrahydrate in
water and 30 ml of a 80 mM stock solution of sodium ascorbate
in water. The mixture was cooled to 0 ◦C, and approximately
1.8 equiv. of 30% H2O2-solution (stabilised with 1 ppm of Sn) was
added in portions until all olefin had been consumed (monitored
by TLC). The organic phase was separated and the aqueous layer
was extracted with EtOAc (75 ml). The combined organic layers
were dried, concentrated and distilled in vacuo to afford epoxides
3 in >80% yield.


Ethyl 2,3-epoxypropanoate, compound 3a:14


From ethyl acrylate (1 mol) 94.3 g (812 mmol, 81%), dis-
tilled at 4 mbar, bp = 42–44 ◦C (lit.,22a 60–62 ◦C (17 mm)).
Found: C, 51.78; H, 6.95 C5H8O3 requires C, 51.72; H, 6.94%.
nmax/cm-1 (neat) 2986(CH), 1735(CO), 1468(CH2), 1387(CH3),
1291(C(O)–O–C), 1251(epoxide), 1200(C(O)–O–C), 1029(C(O)–
O–C), 915(epoxide), 819(epoxide), 720(CH2). (lit.,22b 1750) dH


(300 MHz, CDCl3): 1.25 (t, J = 7.0 Hz, 3 H, CH3), 2.90 (dd,
J = 4 Hz, J = 6 Hz, 1 H, =CH–), 2.93 (dd, J = 2.5 Hz, J = 6 Hz,
1 H, =CH–) 3.39 (dd, J = 2.5 Hz, J = 4 Hz, 1 H, =CH2), 4.20 (q,
J = 7.0 Hz, 2 H, –OCH2–), 4.21 (q, J = 7.4 Hz, 1 H, –OCH2–). dC


(100 MHz, CDCl3): 14.07, 46.18, 47.33, 61.75, 169.45. m/z (FD)
117.05 ([M + H]+ C5H8O3 requires 116.0473).


3-Benzyloxymethylene-1,2-epoxypropane, compound 3b:23


From allyl benzyl ether (0.1 mol), yield: 13.6 g (83 mmol, 83%).
Found: C, 73.45; H, 7.7 C10H12O2 requires C, 73.15; H, 7.4%.
nmax/cm-1 (neat) 3071(CH), 3057(CH), 3030(ArH), 2859(CH),
1496, 1453(CH2), 1383(CH3), 1252(epoxide), 1200(C(O)–O–
C), 1029(C(O)–O–C), 898(epoxide), 845(epoxide), 736(ArH),


697(ArH). dH (300 MHz, CDCl3): 2.20 (dd, J = 2.6 Hz, J = 4.8 Hz,
1 H, O–CH2–), 2.79 (t, J = 4.4 Hz, 1 H, O–CH2–), 3.14–3.21 (m,
1 H,–CH–O), 3.42 (dd, J = 5.9, J = 11.4 Hz, 1 H,–OCH2–), 3.75
(dd, J = 3.0 Hz, J = 11.4 Hz, 1 H, –OCH2–), 4.54 (d, J = 12.1 Hz,
1 H, ArCH2–), 4.60 (d, J = 11.8 Hz, 1 H, ArCH2–), 7.28–7.38 (m,
5 H, ArH). dC (100 MHz, CDCl3): 44.3, 50.9, 70.8, 73.3, 127.8,
128.4, 137.9. m/z (FD) 164.1 (100) [M + H]+ C10H12O2 requires
164.0837.


General procedure for cyclopropane synthesis, compounds 4a–d:


At 0 ◦C, potassium tert-butoxide (11.22 g, 0.1 mol) was dissolved
in 1,2-dimethoxyethane (100 ml) under nitrogen. To this solution,
triethyl phosphonoacetate (29.27 g, 0.13 mol) was added dropwise
over 30 min. After effervescence ceased the slightly turbid solution
was slowly heated to 40 ◦C while epoxide 3a–d (75 mmol) was
added dropwise. The temperature was raised to 60 ◦C until all of
the epoxide had been consumed (monitored by TLC), followed
by reflux for 8 to 12 h to complete the cyclopropane formation.
The reaction was quenched using saturated ammonium chloride
solution (25 ml). In all cases except 3b, prolonged reaction times
lead to product degradation. Ethyl acetate (50 ml) was added and
phases were separated. The aqueous phase was extracted once with
ethyl acetate (50 ml), the combined organic phase was washed with
brine, dried and concentrated in vacuo. The residue was purified
via flash chromatography on silica gel to afford 38 to 90% of 4a–d
as colourless oils.


trans-Cyclopropane-1,2-dicarboxylic acid diethyl ester, com-
pound 4a6g,9c,d,16b,16c,26a. From ethyl 2,3-epoxypropanoate 3a yield
9.63 g (52 mmol, 69%). Found: C, 57.95; H 7.6 C9H14O4


requires C, 58.05; H, 7.6%. nmax/cm-1 (neat): 2993(CH), 1716(CO),
1447(CH2), 1407, 1367(CH3), 1322, 1172(C(O)–O–C), 1033, 743.
dH (300 MHz, CDCl3): 1.22 (t, J = 7 Hz, 3 H, CH3), 1.38 (p,
J = 1.5 Hz, J = 7.4 Hz, 2 H, –CH2–), 2.11 (p, J = 1.5 Hz,
J = 7.4 Hz, 2 H, –CH–), 4.10 (q, J = 7 Hz, 2 H, –OCH2–). dC


(100 MHz, CDCl3): 14.2, 15.2, 22.4, 31.0, 171.7. m/z (FD) 186.1
(100) [M + H] C9H15O4 requires 186.0892.


trans-2-Benzyloxymethylenecyclopropane-1-carboxylic acid
ethyl ester, compound 4b15a. From 3-benzyloxymethylene-1,2-
epoxypropane 3b, yield: 15.7 g (68 mmol, 90%), chromatographed
on silica gel, Rf = 0.6 (light petroleum–Et2O, 7 : 3). Found:
C, 71.8; H, 7.75 C14H18O3 requires C, 71.8; H, 7.7. nmax/cm-1


(neat): 3028(ArH), 2977(CH), 2859(CH), 1720(CO), 1647, 1496,
1453(CH2), 1367(CH3), 1202(C(O)–O–C), 1177(C(O)–O–C),
1085(OCH2), 735(ArH), 697(ArH). dH (300 MHz, CDCl3):
0.80–0.89 (m, 1 H, –CH2–), 1.22 (p, J = 4.4 Hz, 1 H, –CH2–), 1.23
(t, J = 7 Hz, 3 H, CH3), 1.54 (p, J = 4.4 Hz, 1 H, –CH–C(O)),
1.67–1.78 (m, 1 H, –CH–), 3.38 (dq, J = 10.3 Hz, J = 14.0 Hz,
2 H, –CH2–O), 4.10 (q, J = 7 Hz, 2 H, –OCH2–), 4.50 (s, 2 H,
ArCH2–), 7.31 (m, 5 H, ArH). dC (100 MHz, CDCl3): 12.9, 14.2,
18.6, 21.6, 60.6, 71.6, 72.7, 127.7, 128.4, 138.8, 173.8. m/z (FD)
234.2 (100) [M + H]+ C14H18O3 requires 234.1256.


trans-2-Allyloxymethylenecyclopropane-1-carboxylic acid ethyl
ester, compound 4c16e. From allyl-glycidyl ether 3c, yield 9.8 g
(53 mmol, 71%), chromatographed on silica gel, Rf = 0.55 (light
petroleum–Et2O, 3 : 2). Found C, 65.0 H, 8.9. C10H16O3 requires C,
65.2; H, 8.8%; nmax/cm-1 (neat): 2983(CH), 1720(CO), 1448(CH2),
1366(CH3), 1269(C(O)–O–C), 1175(C(O)–O–C), 1085(OCH2),
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996(C=C), 943(C=C). dH (300 MHz, CDCl3): 0.81–0.93 (m, 1 H,
–CH2–), 1.24 (t, J = 7 Hz, 3 H, CH3), 1.26–1.34 (m, 1 H, –CH2–),
1.58 (p, J = 4 Hz, 1 H, –CH–), 1.74–1.84 (m, 1 H, –CH–C(O)),
3.46 (dd, J = 8.5 Hz, J = 9.9 Hz, 1 H, O–CH2–), 3.72 (dd, J =
5.8 Hz, J = 10.3 Hz, 1 H, O–CH2–), 3.92 (dq, J = 1.5 Hz, J =
5.5 Hz, 2 H, –CH2–O), 4.12 (q, J = 7.0 Hz, 2 H, –OCH2–), 5.17
(d, J = 10.3 Hz, 1 H, =CH2), 5.26 (d, J = 17.3 Hz, 1 H, =CH2),
5.80–5.93 (m, 1 H). dC (100 MHz, CDCl3): 13.1, 14.2, 18.5, 22.0,
71.2, 71.7, 117.2, 134.4, 173.0. m/z (FD) 185.2 (100) [M + H]+


C10H16O3 requires 184.1099.


trans-2-Chloromethylenecyclopropane-1-carboxylic acid ethyl es-
ter, compound 4d16c,d,f . From epichlorohydrine 3d, yield 3.72 g
(28.5 mmol, 38%), chromatographed on silica gel, Rf = 0.7 (light
petroleum–Et2O, 4 : 1). As a neat compound, 4d will decompose
albeit slowly at 4 ◦C. Found: C, 51.8; H, 6.85. C7H11ClO2 requires
C, 51.7; H, 6.8; Cl, 21.80%; dH (300 MHz, CDCl3): 0.87–0.98 (m,
1 H), 1.23 (t, J = 7 Hz, 3 H, CH3), 1.29 (p, J = 4.4 Hz, 1 H, –CH2–),
1.62 (p, J = 4.4 Hz, 1 H, –CH–), 1.77–1.87 (m, 1 H, –CH–C(O)),
3.46 (dd, J = 1.1 Hz, J = 7.0 Hz, 2 H, Cl–CH2–), 4.10 (q, J = 7 Hz,
2 H, –OCH2–). dC (100 MHz, CDCl3): 11.4, 14.2, 14.9, 20.5, 46.8,
60.7, 172.9. m/z (FD) 162,1 (100) C7H11ClO2 requires 162.0448.


General procedure for enzymatic hydrolysis employing ESD,
compounds (S,S)-4 and (R,R)-5:


Racemic esters 4a–d (5 mmol) were suspended in phosphate buffer
(5 ml) at pH 7.0. The temperature was adjusted to 28 ◦C and the
reaction was initiated via the addition of 5 mg of ESD. pH was kept
at 7.0 via the automated, controlled addition of 2 M NaOH. After
1.25 ml (2.5 mmol) of NaOH had been added (14–28 h depending
on substrate and the ratio of enzyme to substrate), the reaction
buffer was extracted with diethyl ether (2 ¥ 10 ml) followed by
CH2Cl2 (2 ¥ 10 ml). The organic phases were combined, dried over
Na2SO4 and concentrated in vacuo, to afford 4a–d as colourless
oils. The remaining phosphate buffer was lyophilised overnight
and 5a–d were isolated from the residue via acidic work-up. An
aliquot of both ester and acid fraction was dissolved in alcohol
(1 ml) and the optical rotary power was measured as an indicator
for enantioselectivity of the reaction.


(+)-(S,S)-Cyclopropane-1,2-dicarboxylic acid diethyl ester, com-
pound (+)-4a. From trans-cyclopropane-1,2-dicarboxylic acid
diethyl ester 4a, yield: 0.456 g (2.45 mmol, 49%), [a]20


D = +168.8;
(c 1.15, EtOH) (lit.,12b–c [a]22


D = +150.6; (c 6.8, EtOH; ee = 100%).
See 4a for spectral data.


(+)-(S,S)-2-Benzyloxymethylenecyclopropane-1-carboxylic acid
ethyl ester, compound (+)-4b. From trans-2-benzyloxymethylene-
cyclopropane-1-carboxylic acid ethyl ester 4b, yield: 510 mg
(2.2 mmol, 44%), [a]20


D = +9.8; (c 1, MeOH). (lit.,15a [a]22
D (R,R) =


-77 (c 0.44, CHCl3) ee >95%). See 4b for spectral data.


(+)-(S,S)-2-Allyloxymethylenecyclopropane-1-carboxylic acid
ethyl ester, compound (+)-4c. From trans-2-allyloxymethylene-
cyclopropane-1-carboxylic acid ethyl ester 4c, yield: 414 mg
(2.25 mmol, 45%), [a]20


D = +1.7; (c 1.00, MeOH). See 4c for spectral
data.


(+)-(S,S)-2-Chloromethylenecyclopropane-1-carboxylic acid
ethyl ester, compound (+)-4d. From trans-2-chloromethylene-
cyclopropane-1-carboxylic acid ethyl ester 4d, crude yield: 249 mg


(1.9 mmol, 38%), [a]20
D = +4.1; (c 1.00, MeOH). See 4d for spectral


data.


(-)-(R,R)-Cyclopropane-1,2-dicarboxylic acid ethyl ester, com-
pound (-)-5a9b–c. From trans-cyclopropane-1,2-dicarboxylic acid
diethyl ester 4a, yield: 363 mg (2.3 mmol, 46%), [a]23


D = -203.4; (c
1.00, EtOH) (lit.,12b–c [a]20


D = +148.5; (c 6.7, EtOH, ee = 90.4%).
Found C, 53.4; H, 6.4. C7H10O4 requires C, 53.16; H, 6.4%.
nmax/cm-1 (neat): 2985(CH), 1692(CO), 1460(CH2), 1379(CH3),
1180(C(O)–O–C). dH (300 MHz, CDCl3): 1.22 (t, J = 7.0 Hz, 3 H,
CH3), 1.38–1.51 (m, 2 H, –CH2–), 2.08–2.22 (m, 2 H, –CH–C(O)),
4.10 (q, J = 7.0 Hz, 2 H, –CH2–), 11.5 (brs, 1H, COOH). dC


(100 MHz, CDCl3): 14.1, 15.8, 22.0, 23.0, 61.3, 171.4, 178.1. m/z
(FD) 159.1 (100) [M + H]+ C7H10O4 requires 158.0579.


(-)-(R,R)-2-Benzyloxymethylenecyclopropane-1-carboxylic acid,
compound (-)-5b. From ethyl trans-2-benzyloxymethylene-
cyclopropane-1-carboxylate 4b yield: 459 mg (2.25 mmol, 45%),
[a]23


D = -14.6; (c 1.00, EtOH) (lit.,15a [a]22
D = -152 (c 0.51, CHCl3) ee


>95%). Found C, 69; H, 7.0. C12H14O3 requires C, 69.9; H, 6.8%.
nmax/cm-1 (neat) 3028(Ar–H), 2858(CH), 1690(CO), 1454(CH2),
1075(OCH2), 735(Ar–H), 696(Ar–H). dH (300 MHz, CDCl3): 0.9–
0.96 (m, 1 H, –CH–), 1.26 (p, J = 4.4 Hz, 1 H, –CH2–), 1.56 (p,
J = 4.4 Hz, 1 H, –CH2–), 1.75–1.82 (m, 1 H, –CH–C(O)), 3.34 (dd,
J = 6.6 Hz, J = 10.3 Hz, 1H), 3.46 (dd, J = 5.9 Hz, J = 10,3 Hz,
1 H), 4.51 (s, 2 H), 7.25–7.38 (m, 5 H, ArH), 11.2 (brs, 1H, COOH).
dC (100 MHz, CDCl3): 13.7, 18.4, 22.5, 71.2, 72.6, 127.7, 128.4,
138.0, 180.2. m/z (FD) 206.2 (100) C12H14O3 requires 206.0943.


(-)-(R,R)-2-Allyloxymethylenecyclopropane-1-carboxylic acid,
compound (-)-5c. From trans-2-allyloxymethylenecyclopropane-
1-carboxylic acid ethyl ester 4c, yield: 343 mg (2.2 mmol, 44%),
[a]23


D = -0.7; (c 3.33, EtOH). Found C, 61.8; H, 7.9. C8H12O3


requires C, 61.5; H, 7.7%. nmax/cm-1 (neat) 2930(CH), 1675(CO),
1464(CH2), 1087(O–CH2), 1007, 928(C=C). dH (300 MHz,
CDCl3): 0.87–0.97 (m, 1 H, –CH–), 1.24 (p, J = 4.4 Hz, 1 H,
–CH2–), 1.55 (p, J = 4.4 Hz, 1 H, –CH2–), 1.69–1.81 (m, 1 H,
–CH–C(O)), 3.31 (dd, J = 6.6 Hz, J = 10.7 Hz, 1 H), 3.41 (dd,
J = 6.3 Hz, J = 10.7 Hz, 1H), 3.94 (d, J = 5.9 Hz, 2 H), 5.13 (d,
J = 10.3 Hz, 1 H), 5.24 (d, J = 17.3 Hz, J = 1.1 Hz, 1 H), 5.79–5.95
(m, 1 H), 11.28 (brs, 1 H, COOH). dC (100 MHz, CDCl3): 13.6,
18.4, 22.5, 71.2, 71.6, 117.2, 134.5, 180.1. m/z (FD) 156.1 (100)
C8H12O3 requires 156.0786.


(-)-(R,R)-2-Chloromethylenecyclopropane-1-carboxylic acid,
compound (-)-5d16g. From trans-2-chloromethylenecyclopro-
pane-1-carboxylic acid ethyl ester 4d, yield: 246 mg (2.4 mmol,
48%), [a]23


D = -3.8; (c 1.00, EtOH). nmax/cm-1 (neat) 3001(CH),
2945(CH), 2870(CH), 1675(CO), 1464(CH2), 1190(C(O)–O–C),
928, 705, 659. dH (300 MHz, CDCl3): 1.00–1.07 (m, 1 H, –CH–),
1.37 (p, J = 4.4 Hz, 1 H, –CH2–), 1.65 (p, J = 4.4 Hz, 1 H,
–CH2–), 1.85–1.92 (m, 1 H, –CH–C(O)), 3.43 (dd, J = 7.0 Hz,
J = 11.0 Hz, 1H), 3.51 (dd, J = 6.6 Hz, J = 11.4 Hz, 1H), 11.39
(brs, 1 H, COOH). dC (100 MHz, CDCl3): 15.7, 20.3, 24.5, 46.4,
179.5 m/z (FD) 134,1 (100) C5H7ClO2 requires 134.0135.


Preparative scale procedure for the enzymatic resolution of
compound 4a:


In a setup for reactions at controlled pH, 4a (15.1 g, 80 mmol)
was suspended in phosphate buffer (50 ml) at pH 7.1. After
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the addition of 20 mg of ESD the reaction was initiated. The
progress of hydrolysis was monitored via NaOH consumption of
the pH-stat setup. After 18 to 24 hours of continuous stirring at
28 ◦C the NaOH consumption ended. The reaction was terminated
and filtered through a pad of celite R©. The non hydrolysed (S,S)-
ester was extracted with diethyl ether (2 ¥ 50 ml) and methylene
chloride (2 ¥ 50 ml). After subsequent combination, drying and
concentration of the organic phases, (S,S)-4 was obtained in 49%
yield of (+)-4a as colourless crystals displaying an optical purity
99% ee (Fig.1, crystal structure). [a]24


D = 168.8 (c 1.15, EtOH).
The remaining reaction mixture was lyophilised to leave a


residue that was re-dissolved in a small amount of ice-cooled
HCl (10 ml) with cooling. Subsequent exhaustive extraction with
portions of diethyl ether (30 ml) at pH 1.8 afforded acid 5a in 46%
yield and 97% ee.27


(R,R)-Diol and (S,S)-diol, compound 6 and ent-6:7,10,17,26


A solution of 4a or 5a (5.58 g, 30 mmol) in dry THF (10 ml)
was added dropwise to a stirred solution of LiAlH4 powder (95%)
1.0 equiv. (1.2 g, 30 mmol) and 1.25 equiv. (1.5 g, 37.5 mmol),
respectively, in THF (90 ml) at 0 ◦C. The reaction mixture was
heated to reflux for 4 h. After 4 h, a solution of 4.1 (2.22 ml,
123 mmol) and 5.1 equiv. (2.76 ml, 153 mmol) of water in THF
(8 ml) was added dropwise with stirring under reflux, to obtain
a fine suspension of LiOH and Al(OH)3 in THF. The reaction
mixture was filtered through a pad of celite, and the filter cake
was washed twice with warm THF (15 ml) and once with dry
acetone (15 ml). The filtrate was dried and concentrated in vacuo.
Purification via bulb-to-bulb distillation in a Kugelrohr apparatus
(1 mbar bp = 141 ◦C) (lit.,7 bp = 96–98 ◦C 2 mm) gave products
(R,R)-6 and (S,S)-6 in 88% (2.69 g, 26.4 mmol) and 82% (2.51 g,
24.6 mmol) yield, respectively, as colourless, viscous oil (bp 141 ◦C
at 0.79 mbar). [a]21


D = -22.6; (c 1.31, EtOH) (lit.,7 [a]20
D = -26.5¢


(neat) ee >99%). [a]24
D = +24.5; (c 0.81, EtOH). Found: C, 58.7; H,


9.8. C5H10O2 requires C, 58.8; H, 9.9%. nmax/cm-1 (neat) 3353(OH),
2870(CH), 1430(CH2), 1266, 1056(OCH2). dH (300 MHz, CDCl3):
0.42 (t, J = 6.6 Hz, 2 H, –CH2–), 0.95–1.06 (m, 2 H, –CH–), 3.05
(dd, J = 2.9 Hz, J = 11.4 Hz, 2 H, –CH2–), 3.80 (dd, J = 7.0 Hz,
J = 11.4, 2 H, –CH2–), 4.09 (brs, 2H, OH). dC (100 MHz, CDCl3):
7.07, 19.80, 65.87. m/z (ESI) C5H10O2 requires 102.0681.


Desymmetrisation of diols 6 to 7a
benzyloxmethylene-cyclopropylmethanol:8c,d,10b


Diol 6 (2.04 g, 20 mmol) was added dropwise to a stirred
suspension of 0.75 equiv. NaH 60% dispersion in mineral oil
(600 mg, 15 mmol) in dry DMF (25 ml) under N2 and heated
to 60 ◦C. After cooling to 0 ◦C, 0.75 equiv. benzyl chloride (1.89 g,
15 mmol) and 0.1 mol% of TBAI were added all at once. Stirring
was continued for 45 min during which the reaction mixture was
allowed to warm to RT. Saturated ammonium chloride solution
(5 ml) was added and the resultant mixture was concentrated
in vacuo to leave a residue that was taken up in water (20 ml)
and extracted with dichloromethane (3 ¥ 25 ml). The organic layer
was separated, dried and concentrated in vacuo. The residual oil
was purified via column chromatography on silica gel, to afford
compounds 7a and ent-7a as colourless viscous liquids in 85%
(3.45 g, 12.8 mmol) yield. Rf = 0.7 (EtOAc–light petroleum, 3 : 7)


[a]21
D = +17.7; (c 2.15, CHCl3) (lit.,8c [a]23


D = 13.8 (c 2.25, CHCl3


ee = 94%), [a]23
D = 23.0; (c 1.23, EtOH), [a]20


D = -21.7; (c 1.31,
EtOH). Found: C, 75.35; H, 8.45. C12H16O2 requires C, 75.0;
H, 8.4%. nmax/cm-1 (neat) 3379(OH), 3032(Ar–H), 2859(CH),
1453(CH2), 1363(CH3), 1070(OCH2), 1049, 734(Ar–H), 696(Ar–
H). dH (300 MHz, CDCl3): 0.38–0.47 (m, 2 H, –CH2–), 0.91–1.03
(m, 2 H, –CH–), 3.15–3.32 (m, 2 H, –CH2–O), 3.39–3.51 (m, 2 H,
O–CH2–), 4.5 (s, 2 H, ArCH2–O), 7.22–7.37 (m, 5 H, ArH). dC


(100 MHz, CDCl3): 8.0, 16.8, 19.8, 66.3, 72.6, 73.5, 127.6, 127.7,
128.4, 138.3. m/z (FD) 192.2 (100) C12H16O2 requires 192.1150.


Desymmetrisation of diols 6 to compounds 7b and ent-7b:24,26a,29,30


Diol 6 (1.53 g, 15 mmol) was dissolved in methylene chloride
(30 ml), cooled to 0 ◦C and acetic anhydride (5 ml) was added. The
reaction was initiated via the addition of one drop of 97% H2SO4.
After stirring at RT for 14 h the reaction mixture was extracted
with water (15 ml), dried and concentrated in vacuo. The residue
was purified via bulb-to-bulb distillation in a Kugelrohr apparatus
to obtain a colourless liquid. [a]21


D = +17.5; (c 1.00, EtOH), [a]25
D =


-17.3; (c 1.00, EtOH) (lit.,29 [a]23
D = -14.1; (c 2.1, EtOH). Found: C,


58.1 H, 7.3 C9H14O4 requires C, 58.05; H, 7.58%; nmax/cm-1 (neat)
2915(CH), 1732(CO), 1449(CH2), 1366(CH3), 1225(C(O)–O–C),
1072(OCH2), 1029. dH (300 MHz, CDCl3): 0.56 (t, J = 6.8 Hz,
2 H, –CH2–), 1.03–1.15 (m, 2 H, –CH–), 2.02 (s, 6 H, CH3), 3.89
(d, J = 7.0 Hz, 4 H, –CH2–O).23 m/z (FD) 186.1 (100) C9H14O4


requires 186.0892.
The product was added to a suspension of 1 g PPL in 20 ml


of 0.1 M phosphate buffer at pH 7.1. The pH was maintained
stable during the hydrolytic de-symmetrisation via the addition of
1.3 M NaOH when necessary. After 19 h, the reaction mixture
was filtered through a pad of celite R©. The filter cake was washed
with Et2O (2 ¥ 10 ml) and the organic layer was separated.
The remaining buffer solution was extracted with diethyl ether
(20 ml), followed by dichloromethane (20 ml) and again diethyl
ether (20 ml). Subsequent combination, drying and concentration
of the organic layers afforded 7b (1.99 g, 13.8 mmol, 92%) as
colourless liquid. [a]25


D = +21.9; (c 1.00, EtOH) (lit.,30 [a]25
D =


+7.8; (c 0.35, CH2Cl2, ee ~ 20%). Found: C, 58.5; H, 8.3. C7H12O3


requires C, 58.3; H, 8.4%. nmax/cm-1 (neat) 3004, 2948(CH),
2876(CH), 1717(CO), 1424(CH2), 1369(CH3), 1232(C(O)–O–C),
1067(OCH2), dH (300 MHz, CDCl3): 0.51 (t, J = 7.0 Hz, 2 H,
–CH2–), 0.96–1.11 (m, 2 H, –CH–), 2.03 (s, 3 H, CH3), 3.40 (dd,
J = 6.5 Hz, J = 11.4 Hz, 1 H, –CH2–OAc), 3.89 (dd, J = 6.5 Hz,
J = 11.4 Hz, 1 H, –CH2–OAc), 3.89 (d, J = 6.5, 2 H, O–CH2–).
dC (100 MHz, CDCl3): 8.4, 15.6, 19.8, 21.0, 65.9, 67.8, 171.3. m/z
(FD) 144.1 (100) C7H12O3 requires 144.0786.


2-Methylsulfonyloxymethylene cyclopropylmethyl benzyl ether,
compounds 8a and ent-8a:


Alcohols 7a and ent-7a (1.92 g, 10 mmol) were added to 1 equiv.
of triethylamine dissolved in CH2Cl2 (10 ml) and stirred at 0 ◦C
for 30 min. Subsequently, methanesulfonyl chloride was added
dropwise to this mixture. The reaction was quenched via the
addition of cold water (15 ml) with stirring and the mixture
was diluted with CH2Cl2 (10 ml). The organic phase was washed
with 5% sodium carbonate solution (10 ml), dried over anhydrous
sodium sulfate and concentrated in vacuo to afford 8a and ent-8a
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in 90% (2.4 g, 9 mmol) to 97% (2.62 g, 9.7 mmol) yield. [a]24
D =


+19.1; (c 1.08, EtOH). Found: C, 57.5; H, 7.1, S, 11.5. C13H18O4S
requires C, 57.8; H, 6.7; S, 11.86%. nmax/cm-1 (neat) 3023(Ar–
H), 2937(CH), 2860(CH), 1454(CH2), 1347(CH3), 1168(–SO2–),
1075(OCH2), 738(Ar–H), 698(Ar–H). dH (300 MHz, CDCl3): 0.6–
0.67 (m, 2 H, –CH2–), 1.11–1.24 (m, 2 H, –CH–), 2.99 (s, 3 H,
CH3), 3.30 (dd, J = 6.3 Hz, J = 9,9 Hz, 1 H, O–CH2–), 3.42 (dd,
J = 5.9 Hz, J = 10.3 Hz, 1 H, O–CH2–), 4.1 (d, J = 6.6 Hz, 2 H,
–CH2–O), 4.49 (s, 2 H, ArCH2–O), 7.25–7.37 (m, 5 H, ArH). dC


(100 MHz, CDCl3): 9.0, 16.0, 17.7, 38.1, 66.3, 72.5, 74.0, 127.7,
128.4, 138.2. m/z (FD) 270,2 (100) C13H18O4S requires 270.0926.


2-Fluoromethylene cyclopropylmethyl benzyl ether, compounds 9a
and ent-9a, two-step procedure:


A solution of mesylate 8a or ent-8a (901 mg, 3.3 mmol) was added
dropwise to a stirred solution of dry CsF (750 mg, 5 mmol)
in 2-propanol (4.5 ml) at reflux in a Supelco reactivial R© with
stirring. After 90 minutes a colourless caesium methane sulfonate
precipitate was observed and all of 8 had been consumed. The
slightly-brown reaction mixture was filtered and the filter cake
was washed with Et2O (2 ¥ 5 ml). The organic phases were
combined, concentrated in vacuo and chromatographed on silica
gel to obtain 9a and ent-9a (560 mg, 2.9 mmol, 88%) as a
colourless oil. [a]24


D = -29.3; (c 1.00 in EtOH); [a]21
D = +29.9; (c


1.00, EtOH), Rf = 0.6 (hexanes–Et2O, 9 : 1). Found: C, 74.2;
H, 8.0. C12H15FO requires C, 74.2; H, 7.8%. nmax/cm-1 (neat)
3065(CH), 3010(ArH) 2922(CH), 2861(CH), 1453(CH2), 1123(C–
F), 1091(OCH2), 735(Ar–H), 697(Ar–H), 613(C–F). dH (300 MHz,
CDCl3): 0.54–0.64 (m, 2 H, –CH2–), 1.06–1.18 (m, 2 H, –CH–),
3.25–3.46 (m, 2 H, O–CH2–), 4.17 (ddd, J = 7 Hz, J = 12.5 Hz,
JH–F = 48.6 Hz, 1 H, –CH2–F), 4.52 (s, 2 H, ArCH2–O), 7.25–7.36
(m, 5 H, ArH). dC (100 MHz, CDCl3): 8.2 (d, JC–F = 6.8 Hz), 16.6
(d, JC–F = 6.8 Hz), 16.8 (d, JC–F = 22 Hz), 72.5, 72.8, 86.9 (d, JC–F =
161.2 Hz), 127.7, 128.4, 138.4. dF (376 MHz, CDCl3) -209.6 (t,
J = 48.7 Hz) m/z (FD) 194.2 (100) C12H15FO requires 194.1107.


2-Fluoromethylene cyclopropylmethyl benzyl ether, compounds 9a
and ent-9a, one-step procedure:


In an oven dried flask diethylamino sulfur trifluoride (DAST)
(421 mg, 2.3 mmol) was added to dry dichloromethane (5 ml)
via a septum inlet under dry argon. The flask was cooled to
-80 ◦C and dry 7a and ent-7a (385 mg, 2 mmol) dissolved in
dry dichloromethane (5 ml) was added drop wise via a syringe.
After several minutes of stirring, the flask was warmed to -43 ◦C
(MeCN–dry ice) and the reaction mixture was stirred for 1 h after
which the flask was warmed to 0 ◦C. Stirring was continued for
an additional hour at 0 ◦C and then for 1 h at room temperature.
The flask was cooled back to 0 ◦C prior to the careful, dropwise
addition of 5% sodium carbonate solution (intense foaming),
followed by pentane (5 ml). At this point the organic phase was
separated, quickly dried and passed through a short silica column
to remove the polar DAST-products. The addition of chloroform
(15 ml) instead of hexane followed by further extraction of the
organic phase using sodium carbonate solution (2 ¥ 10 ml), drying
and evaporation of the organic phase gave comparable results. The
product was purified via flash column chromatography to obtain
products 9a and ent-9a in up to 92% (360 mg, 18.5 mmol) yield.


It was found that the presence of water during the reaction led
to the formation of sulfurous acid dialkyl esters as significant by-
products. See above for spectral data.


2-Tosyloxymethylene cyclopropylmethyl fluoride, compounds 1 and
ent-1:


Pd (5 mol%) on activated carbon was suspended in MTBE (20 ml),
containing 9a or ent-9a (388 mg, 2 mmol) and 2% (v/v) of glacial
acetic acid. Hydrogen was passed through this suspension until all
9 had been consumed. The reaction mixture was filtered through
a pad of celite R© to remove the catalyst, and concentrated to
approximately 1 M alcohol per litre. 1.3 equivalents of NEt3 were
added and the reaction mixture was cooled to 0 ◦C. After the
mixture was stirred for 15 min at 0 ◦C, 1.25 equiv p-toluenesulfonyl
chloride (476 mg, 2 mmol) was added in portions. The reaction
was quenched after four to eight hours via the addition of cold,
saturated ammonium chloride solution (15 ml) with stirring.
The organic layer was diluted with dichloromethane (15 ml)
and the organic phase was washed with 5% sodium carbonate
solution (10 ml) followed by water (10 ml). Subsequent drying over
anhydrous sodium sulfate and concentration in vacuo afforded an
oily residue that was purified via flash column chromatography
(AcOEt–light petroleum, 1 : 4) to obtain (S,S)-(+)-1 and ent-
1 as colourless crystals in 87% (450 mg, 1.74 mmol) yield.
[a]21


D = -18.9; (c 1.00, EtOH), [a]25
D = +20.4; (c 2.10, EtOH).


Found: C, 55.7; H, 5.9. C12H15FO3S requires C, 55.8; H, 5.85%.
nmax/cm-1 (neat) 3025(ArH), 2959(CH), 2915(CH), 2870(CH),
1597, 1495, 1465(CH2), 1380(CH3), 1352(–SO2–), 1307(CH2),
1247(CH3), 1188(–C–F), 1170(–SO2–), 1096, 932(Ar–H), 776(Ar–
H), 571(–C–F), 663, 553. dH (300 MHz, CDCl3): 0.55–0.68 (m,
2 H, –CH2–), 1.06–1.19 (m, 2 H, –CH–), 2.42 (s, 3 H, CH3), 3.91
(d, J = 7.0 Hz, 2 H, –CH2–OTs), 4.20 (dd, J = 6.6 Hz, JH-F =
48.8 Hz, 1 H, –CH2–F), 7.32 (d, J = 7.7 Hz, 2 H, ArH), 7.76
(d, J = 8.1 Hz, 2 H, ArH). dC (100 MHz, CDCl3): 8.5 (d, JC-F =
6.8 Hz), 15.6 (d, JC-F = 6.8 Hz), 17.4 (d, JC-F = 24.9 Hz), 21.6,
73.5, 85.7 (d, JC-F = 167.3 Hz), 127.8, 129.9, 133.2, 144.8. dF


(376 MHz, CDCl3): -211.92 (1 F, t, JH-F = 48.79 Hz). m/z (FD)
258.1 C12H15FO3S requires 258.0726. HRMS (ESI) 281.0634 (100)
([M + Na] C12H15FNaO3S requires 281.0624).


2-[18F]Fluoromethylene cyclopropylmethyl tosylate, compounds
[18F]-1 and [18F]-ent-1:


[18F]fluoride was produced by proton bombardment of an iso-
topically enriched [18O]H2O-target, using the 18O[p,n]18F nuclear
reaction. The [18F]HF containing [18O]H2O was passed through a
Waters Accell plus light QMA strong anion exchanger cartridge,
preconditioned with 1 M K2CO3-solution (10 ml) followed by
water (20 ml). The trapped [18F]fluoride was eluted with a solution
of cryptand Kryptofix R© K222 (15 mg, 0.04 mmol) and K2CO3


(2 mg, 0.015 mmol) in MeCN (1 ml). The MeCN was evaporated
at 88 ◦C under a stream of nitrogen (300 ml min-1) in vacuo
(102 mbar) to remove the remaining water. Additional MeCN
was added (2 ¥ 1 ml) and evaporated. The dried [18F]fluoride
complex was redissolved in 1 ml of MeCN containing precursor
11a (4.5 mg, 11 mmol) or ent-11a, respectively, and heated to 90 ◦C
for three minutes. The reaction was quenched via the addition
of HPLC-eluent (MeCN–H2O, 1 : 1; 1 ml) and the reaction
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mixture was purified by semipreparative HPLC (10 ¥ 250 mm
VWR Lichrosorb R© RP-18 5 m). The product fraction was collected
after a retention time of 12–15 min. The collected HPLC-solvent
was diluted with water (4 : 1) and the obtained solution was passed
through a VWR EN cartridge. The resin was washed once with
water (3 ml) and dried in a gentle stream of nitrogen (200 ml min-1).
[18F]-1 and [18F]-ent-1 were isolated in a radiochemical purity of
>98% and a non decay corrected radiochemical yield of 52 ± 8%
and 50 ± 3%, respectively, via elution of the cartridge with Et2O
followed by careful evaporation of the solvent.
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2 (a) H. J. Böhm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K. Müller, U.
Obst-Sander and M. Stahl, ChemBioChem, 2004, 5, 637; (b) K. Müller,
C. Faeh and F. Diederich, Science, 2007, 317, 1881; (c) E. Schweizer, A.
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A zinc or indium-mediated Barbier-type addition reaction of 2,3-allenals with allyl bromide in a mixed
medium of aqueous NH4Cl and THF (5 : 2) was developed to provide an efficient route to
1,5,6-alkatrien-4-ols, which is synthetically very useful. No 1,4-addition reaction was observed.
Depending on the substrates, both indium and activated zinc afforded the 1,2-addition products in
moderate to excellent yields: for terminal allenals, activated zinc was better while in other cases the
yields with indium were relatively higher.


Introduction


Recently, much attention has been paid to the transition metal-
catalyzed or mediated reaction of functionalized allenes.1,2 In the
case of 2,3-allenols, we and others have developed some method-
ologies for the synthesis of 2,5-dihydrofurans,3 a-methylene
lactones,4 vinylic epoxides,5 and a- or b-amino alcohols6 starting
from 2,3-allenols. A number of methods have been reported
for the synthesis of 2,3-allenols: (1) the reactions of the mono-
O-tetrahydropyran-2-yl derivatives of butyn-1,4-diols,7 allenic
ketones,8 4-chlorobut-2-yn-1-ol,9 or 2,3-allenoates10 with LiAlH4


or DIBAL-H; (2) the Sn(II)-,11 Cr(II)-11 or In-12 mediated reaction
of propargylic bromides with aldehydes or ketones; (3) the reaction
of 1,2-allenyl lithium with aldehydes13 or ketones;13 (4) the Cu(I)-
mediated homologation of terminal propargylic alcohols.14 On
the other hand, the Barbier-type reaction between allyl halide
and carbonyl compounds to afford homoallylic alcohols in
aqueous media has become a very useful synthetic transforma-
tion. The metals that have been used in the aqueous Barbier-
type reactions include aluminium,15 magnesium,16 manganese,17


zinc,18 antimony,19 gallium,20 indium,21 bismuth,22 tin,23 lead,24 and
cadmium,25 etc. Of these metals, zinc offers the greatest potential
for industrial application because of its relative low cost and
ready availability. Indium26 has the lowest first ionization potential
relative to zinc, tin and magnesium. Therefore, it is facile to
effect SET (single electron transfer) processes. In addition, it is
not sensitive to boiling water or alkali and does not form oxides
readily in air, which makes indium a promising metal for aqueous
Barbier-type reactions. Herein, we wish to report our recent studies
on Barbier-type allylations of 2,3-allenals with allyl bromide using
indium and activated zinc in water.
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istry, Zhejiang University, Hangzhou 310027, Zhejiang, People’s Republic
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† Electronic supplementary information (ESI) available: The spectro-
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Results and discussion


Synthesis of Starting Materials


4-Mono-substituted or 4,4-disubstituted 2,3-allenals were pre-
pared from the reaction of 1,2-allenyl lithium with DMF by a
modified procedure developed by us (Table 1).13b


2-Substituted 2,3-allenals are easily available from 2,3-allenols
by Swern oxidation (Table 2).27


As a starting point, the Barbier-type addition reaction of 4,4-
pentamethylenebutadienal 1a was chosen to establish the protocol.
Some representative results are listed in Table 3. From Table 3,
it was observed that with 2 equiv. of indium the reaction of
2 equiv. of allyl bromide with 1a in a mixed solvent of THF and
water (2 : 5) at room temperature afforded 1,1-pentamethylene-
1,2,6-heptatrien-4-ol 2a in 59% yield (entry 1, Table 3). By using
saturated aqueous NH4Cl solution instead of water, the yield of the
product was improved greatly to 95% (compare entry 6 with entries
1–3, Table 3). With a lesser or greater amount of saturated aqueous
NH4Cl solution, the yield dropped (entries 7 and 8, Table 3). We
also observed that 2 equiv. of indium are necessary (compare entry
6 with entries 4 and 5, Table 3). Thus, conditions A (2 equiv. of
allyl bromide, 2 equiv. of metal, NH4Cl (sat. aq.) : THF = 5 : 2,
rt) were established as the optimized reaction conditions. When
indium was replaced with zinc powder, the reaction afforded 2a
in 37% (entry 9, Table 3). The isolated yield was improved to


Table 1 Preparation of 4,4-disubstituted or 4-mono-substituted 2,3-
allenals


Entry R1 R2 Yield of 1 (%)


1 -(CH2)5- 50 (1a)
2 n-C4H9 n-C4H9 23 (1b)
3 c-C6H11 H 51 (1d)
4 n-C7H15 H 36 (1e)
5 n-C10H21 H 37 (1f)


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4587–4592 | 4587







Table 2 Preparation of 2-substituted 2,3-allenals


Entry R1 R2 R3 Yield of 1 (%)


1 n-C4H9 H CH3 80 (1c)
2 H H n-C10H21 85 (1g)
3 H H n-C7H15 75 (1h)
4 H H Allyl 54 (1i)
5 -(CH2)5- n-C3H7 81 (1j)


Table 3 Effect of metals and solvents on the allylation of 4,4-
pentamethylene butadienal (1a)


Entry Metal Solvent Time/h
Yield of
2a (%)a


1 In H2O : THF = 5 : 2 45.5 59
2 In NH4Cl (2 M) : THF = 5 : 2 16 64
3 In NH4Cl (4 M) : THF = 5 : 2 14 84
4 Inb NH4Cl (sat. aq.) : THF = 5 : 2 72 45
5 Inc NH4Cl (sat. aq.) : THF = 5 : 2 48 64
6 In NH4Cl (sat. aq.) : THF = 5 : 2 4.3 95
7 In NH4Cl (sat. aq.) : THF = 1 : 2 17 54
8 In NH4Cl (sat. aq.) : THF = 10 : 1 27 40
9 Zn NH4Cl (sat. aq.) : THF = 5 : 2 17.5 37


10 Znd NH4Cl (sat. aq.) : THF = 5 : 2 16 80


a Isolated yield. b 1.1 equiv. of indium were used. c 1.5 equiv. of indium were
used. d Activated Zn powder.


80% when activated zinc powder13b was applied (entry 10, Table 3,
conditions B).


Subsequently, the scope of the allylation of different 2,3-allenals
was studied with some typical results summarized in Table 4.
Various differently substituted 2,3-allenals were successfully used
to afford 1,5,6-alkatrien-4-ols in moderate to good yields. 4,4-
Disubstituted (entries 1–4, Table 4), 2,4-disubstituted (entries 5
and 6, Table 4), 4-mono-substituted (entries 7–12, Table 4), 2-
mono-substituted (entries 13–18, Table 4), and fully substituted
2,3-allenals (entries 19 and 20, Table 4) all afforded the expected
products smoothly, indicating the wide scope of this reaction. In
most cases, the yields of 2,3-allenols with indium were higher
than those with activated zinc (entries 1–12 and 19–20, Table 4),
however, the reaction of terminal allenals with allyl bromide and
activated zinc afforded the corresponding products in higher yields
(entries 13–18, Table 4). In addition, it should be noted that
in all the cases, 1,4-addition reaction to the conjugated C=C
bond in the allenals was not observed, indicating the excellent
chemoselectivity.


Conclusions


In conclusion, we have developed a convenient aqueous allylation
reaction of 2,3-allenals with allyl bromide by using zinc or indium


in a mixed solvent of saturated aqueous NH4Cl solution and
THF, providing an efficient route to 1,5,6-alkatrien-4-ols. Due
to the synthetic potential of the products, easy availability of the
starting materials, and mild reaction conditions, this method may
be useful in organic synthesis. Further studies on the scope and
synthetic applications of this reaction are being carried out in our
laboratory.


Experimental section


Synthesis of 2-substituted-2,3-allenals via the reaction of
1,2-allenyl lithium with DMF


(1) Synthesis of 4,4-pentamethylenebutadienal (1a).
Typical procedure


To a solution of vinylidenecyclohexane (3.21 g, 29.7 mmol) and
THF (30 mL) was slowly added dropwise n-butyl lithium (11.1 mL,
2.5 M in hexane, 27.75 mmol) at -60 ◦C with stirring under a
nitrogen atmosphere. After being stirred for 1.2 h at -55 ◦C,
the mixture was cooled to -70 ◦C and a solution of anhydrous
dimethylformamide (3.5 mL, d = 0.947, 3.31 g, 45.0 mmol) in
anhydrous THF (10 mL) was added dropwise at this temperature.
After being stirred at -70 ◦C for an additional 2.0 h, the mixture
was poured into 500 mL of HCl (0.1 M, 0 ◦C) with vigorous
stirring. The mixture was extracted with diethyl ether (50 mL ¥
3) after returning to room temperature. The combined organic
extract was washed with ice-water (40 mL ¥ 3) and dried over
anhydrous Na2SO4. Evaporation and column chromatography on
silica gel (petroleum ether–ethyl acetate = 200 : l) afforded 1a13b


(1.90 g, 50%): liquid, 1H NMR (400 MHz, CDCl3) d 9.38 (d, J =
7.2 Hz, 1H), 5.70–5.61 (m, 1H), 2.30–2.15 (m, 4H), 1.68–1.59 (m,
4H), 1.58–1.50 (m, 2H); 13C NMR (75 MHz, CDCl3) d 214.3,
192.9, 107.7, 96.8, 30.0, 26.9, 25.5.


The following compounds were prepared according to this proce-
dure.


(2) Synthesis of 4-butyl-2,3-octadienal (1b)


The reaction of n-butyl lithium (3.4 mL, 2.5 M in hexane,
8.5 mmol), 3-butyl-1,2-heptadiene (1.41 g, 9.3 mmol), dimethylfor-
mamide (1.06 mL, d = 0.947, 1.00 g, 13.8 mmol), and anhydrous
THF (29 mL) afforded 1b28 (0.35 g, 23%): liquid, 1H NMR
(300 MHz, CDCl3) d 9.42 (d, J = 7.5 Hz, 1H), 5.83–5.75 (m,
1H), 2.17–2.05 (m, 4H), 1.49–1.20 (m, 8H), 0.89 (t, J = 7.0 Hz,
6H).


(3) Synthesis of 4-cyclohexylbutadienal (1d)


The reaction of n-butyl lithium (8.5 mL, 2.5 M in hexane,
21.25 mmol), cyclohexyl-1,2-propadiene (2.76 g, 22.6 mmol),
dimethylformamide (2.8 mL, d = 0.947, 2.65 g, 36.3 mmol), and
anhydrous THF (60 mL) afforded 1d (1.62 g, 51%): liquid, 1H
NMR (300 MHz, CDCl3) d 9.46 (d, J = 7.5 Hz, 1H), 5.89–5.81
(m, 1H), 5.75 (t, J = 6.0 Hz, 1H), 2.28–2.13 (m, 1H), 1.89–
1.59 (m, 5H), 1.40–1.08 (m, 5H); 13C NMR (75 MHz, CDCl3)
d 218.6, 192.4, 102.0, 99.5, 36.6, 32.84, 32.80, 25.7; IR (neat),
n (cm-1) 2926, 2852, 1941, 1692, 1449, 1112, 1091; MS (70 ev,
EI) m/z (%) 150 (M+, 5.33), 107 (M+ - C3H7, 100); elemental
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Table 4 Allylation of 2,3-allenals mediated by In or Zn


1


Entry R1 R2 R3 Metal Time/h Yield of 2 (%)a


1 -(CH2)5- H (1a) In 4.3 95 (2a)
2 -(CH2)5- H (1a) Zn 16 80 (2a)
3 n-C4H9 n-C4H9 H (1b) In 7.5 84 (2b)
4 n-C4H9 n-C4H9 H (1b) Zn 13 77 (2b)
5 n-C4H9 H CH3 (1c) In 12 65 (2c)
6 n-C4H9 H CH3 (1c) Zn 17 57 (2c)
7 c-C6H11 H H (1d) In 26.3 86 (2d)
8 c-C6H11 H H (1d) Zn 27 74 (2d)
9 n-C7H15 H H (1e) In 12 89 (2e)


10 n-C7H15 H H (1e) Zn 10.4 81 (2e)
11 n-C10H21 H H (1f) In 10 85 (2f)
12 n-C10H21 H H (1f) Zn 10 80 (2f)
13 H H n-C10H21 (1g) In 11 84 (2g)
14 H H n-C10H21 (1g) Zn 10 84 (2g)
15 H H n-C7H15 (1h) In 10.3 82 (2h)
16 H H n-C7H15 (1h) Zn 12 88 (2h)
17 H H Allyl (1i) In 9.5 73 (2i)
18 H H Allyl (1i) Zn 17 75 (2i)
19 -(CH2)5- n-C3H7 (1j) In 9.2 72 (2j)
20 -(CH2)5- n-C3H7 (1j) Zn 11 69 (2j)


a Isolated yield.


analysis: calcd for C10H14O: C, 79.96; H, 9.39; found: C, 79.97; H,
9.39.


(4) Synthesis of 2,3-undecadienal (1e)


The reaction of n-butyl lithium (8.0 mL, 2.5 M in hexane,
20.0 mmol), 1,2-decadiene (3.04 g, 22.0 mmol), dimethylfor-
mamide (3.0 mL, d = 0.947, 2.85 g, 38.9 mmol), and anhydrous
THF (60 mL) afforded 1e (1.20 g, 36%): liquid, 1H NMR
(300 MHz, CDCl3) d 9.46 (d, J = 7.2 Hz, 1H), 5.82–5.69 (m,
2H), 2.16 (qd, J = 7.1, 3.0 Hz, 2H), 1.52–1.40 (m, 2H), 1.38–1.18
(m, 8H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3) d
219.1, 192.3, 98.5, 96.3, 31.7, 28.9, 28.8, 28.7, 27.4, 22.5, 14.0; IR
(neat), n (cm-1) 2956, 2927, 2856, 2798, 1944, 1693, 1466, 1378,
1107, 1080; MS (70 ev, EI) m/z (%) 166 (M+, 6.81), 81 (100);
elemental analysis: calcd for C11H18O: C, 79.46; H, 10.91; found:
C, 79.47; H, 10.94.


(5) Synthesis of 2,3-tetradecadienal (1f)


The reaction of n-butyl lithium (7.0 mL, 2.5 M in hexane,
17.5 mmol), 1,2-tridecadiene (3.40 g, 18.9 mmol), dimethylfor-
mamide (2.3 mL, d = 0.95, 2.19 g, 29.8 mmol), and anhydrous
THF (60 mL) afforded 1f (1.35 g, 37%): liquid, 1H NMR
(300 MHz, CDCl3) d 9.48 (d, J = 7.2 Hz, 1H), 5.85–5.70 (m,
2H), 2.18 (qd, J = 7.2, 3.0 Hz, 2H), 1.53–1.40 (m, 2H), 1.39–1.19
(m, 14H), 0.87 (t, J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3) d
219.1, 192.4, 98.6, 96.3, 31.9, 29.55, 29.53, 29.3, 28.9, 28.8, 27.5,
22.7, 14.1; IR (neat), n (cm-1) 2925, 2855, 1943, 1695, 1465, 1107,
1086; MS (70 ev, EI) m/z (%) 208 (M+, 3.40), 81 (100); elemental


analysis: calcd for C14H24O: C, 80.71; H, 11.61; found: C, 80.74;
H, 11.55.


Synthesis of 2-substituted-2,3-allenals via the oxidation of
2,3-allenols


(1) Synthesis of 2-methyl-2,3-octadienal (1c).27 Typical procedure


To a solution of oxalyl chloride (1.7 mL, d = 1.49, 2.53 g,
20.0 mmol) in anhydrous CH2C12 (35 mL) was slowly added
dropwise anhydrous DMSO (2.7 mL, d = 1.10, 2.97 g, 38.1 mmol)
at -78 ◦C with stirring under a nitrogen atmosphere. After being
stirred for 20 min at this temperature, a solution of 2-methyl-2,3-
octadienol (2.1 g, 15.0 mmol) in anhydrous CH2Cl2 (15 mL) was
added dropwise at -78 ◦C. After being stirred at -78 ◦C for an
additional 1.3 h, Et3N (10 mL, d = 0.73, 7.3 g, 72.3 mmol) was
added at this temperature. After removing the cooling bath, the
mixture was diluted with ether (40 mL) and washed with water
(30 mL ¥ 3). The ether layer was dried over anhydrous Na2SO4.
Evaporation and column chromatography on silica gel (petroleum
ether–ethyl acetate = 80 : l to 40 : 1) afforded 1c (1.66 g, 80%):
liquid, 1H NMR (300 MHz, CDCl3) d 9.50 (s, 1H), 5.71–5.61 (m,
1H), 2.15 (q, J = 7.2 Hz, 2H), 1.75 (d, J = 2.7 Hz, 3H), 1.50–1.29
(m, 4H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) d
218.4, 192.9, 106.3, 95.5, 30.9, 27.5, 21.9, 13.7, 10.8; IR (neat), n
(cm-1) 2958, 2931, 2860, 1949, 1720, 1671, 1627, 1465, 1378, 1260,
1224; MS (70 ev, EI) m/z (%) 138 (M+, 1.05), 123 (M+ - CH3,
5.71), 95 (100); elemental analysis: calcd for C9H14O: C, 78.21; H,
10.21; found: C, 78.22; H, 10.20.


The following compounds were prepared according to this proce-
dure.
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(2) Synthesis of 2-decyl-2,3-butadienal (1g)


The reaction of oxalyl chloride (1.05 mL, d = 1.49, 1.64 g,
12.4 mmol), anhydrous DMSO (1.8 mL, d = 1.10, 1.98 g,
25.4 mmol), 2-decyl-2,3-butadienol (1.60 g, 7.6 mmol), and Et3N
(7.0 mL, d = 0.73, 5.11 g, 50.6 mmol) in anhydrous CH2Cl2 (45 mL)
afforded 1g (1.35 g, 85%): liquid, 1H NMR (300 MHz, CDCl3) d
9.55 (s, 1H), 5.29 (t, J = 2.7 Hz, 2H), 2.20–2.10 (m, 2H), 1.48–1.35
(m, 2H), 1.34–1.17 (m, 14H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR
(75 MHz, CDCl3) d 222.3, 192.3, 110.9, 80.1, 31.9, 29.5, 29.32,
29.28, 29.2, 27.5, 24.1, 22.6, 14.1; IR (neat), n (cm-1) 2926, 2855,
2721, 1960, 1931, 1688, 1466, 1374, 1227, 1158; MS (70 ev, EI)
m/z (%) 208 (M+, 3.23), 109 (100); elemental analysis: calcd for
C14H24O: C, 80.71; H, 11.61; found: C, 80.68; H; 11.62.


(3) Synthesis of 2-heptyl-2,3-butadienal (1h)


The reaction of oxalyl chloride (0.48 g, 3.8 mmol), anhydrous
DMSO (0.55 mL, d = 1.10, 0.61 g, 7.5 mmol), 2-heptyl-2,3-
butadienol (0.51 g, 3.0 mmol), and Et3N (2.1 mL, d = 0.73, 1.53 g,
15.2 mmol) in anhydrous CH2Cl2 (18 mL) afforded 1h (0.37 g,
75%): liquid, 1H NMR (300 MHz, CDCl3) d 9.54 (s, 1H), 5.29 (t,
J = 2.6 Hz, 2H), 2.20–2.08 (m, 2H), 1.50–1.35 (m, 2H), 1.34–1.15
(m, 8H), 0.85 (t, J = 6.1 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 222.2, 192.2, 110.9, 80.1, 31.7, 29.1, 29.0, 27.5, 24.1, 22.6, 14.0;
IR (neat), n (cm-1) 2956, 2927, 2857, 2727, 1952, 1931, 1688, 1466,
1377, 1263, 1161, 1089, 1008; MS (70 ev, EI) m/z (%) 166 (M+,
0.65), 137 (M+ - CHO, 18.06), 95.1 (100); elemental analysis: calcd
for C11H18O: C, 79.46; H, 10.91; found: C, 79.50; H, 10.93.


(4) Synthesis of 2-allyl-butadienal (1i)


The reaction of oxalyl chloride (1.4 mL, d = 1.49, 2.09 g,
16.6 mmol), anhydrous DMSO (2.4 mL, d = 1.10, 2.64 g,
33.8 mmol), 2-allylbutadienol (1.15 g, 10.5 mmol), and Et3N
(9.0 mL, d = 0.73, 6.57 g, 65.0 mmol) in anhydrous CH2Cl2 (20 mL)
afforded 1i (0.61 g, 54%): liquid, 1H NMR (300 MHz, CDCl3) d
9.57 (s, 1H), 5.87–5.71 (m, 1H), 5.34 (t, J = 2.9 Hz, 2H), 5.14–5.01
(m, 2H), 2.97–2.89 (m, 2H); 13C NMR (75 MHz, CDCl3) d 222.1,
191.5, 134.0, 116.7, 109.1, 80.8, 28.8; IR (neat), n (cm-1) 3065,
2985, 2917, 2828, 2729, 1959, 1931, 1683, 1642, 1428, 1229, 1165,
993, 920; MS (70 ev, EI) m/z (%) 108 (M+, 2.72), 107 (M+ - H,
25.17), 79 (M+ - CHO, 100); elemental analysis: calcd for C7H8O:
C, 77.75; H, 7.46; found: C, 77.60; H, 7.79.


(5) Synthesis of 2-propyl-4,4-pentamethylenebutadienal (1j)


The reaction of oxalyl chloride (0.445 g, 3.5 mmol), anhydrous
DMSO (0.5 mL, d = 1.10, 0.550 g, 7.1 mmol), 2-propyl-4,4-
pentamethylenebutadienol (0.502 g, 2.8 mmol), and Et3N (1.9 mL,
d = 0.73, 1.39 g, 13.7 mmol) in anhydrous CH2Cl2 (18 mL) afforded
1j (0.404 g, 81%): liquid, 1H NMR (300 MHz, CDCl3) d 9.46 (s,
1H), 2.24 (t, J = 6.0 Hz, 4H), 2.13 (t, J = 7.4 Hz, 2H), 1.75–1.55
(m, 6H), 1.49–1.37 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR
(75 MHz, CDCl3) d 213.4, 193.1, 109.7, 108.1, 30.6, 27.4, 26.8,
25.8, 20.9, 13.6; IR (neat), n (cm-1) 2932, 2856, 1946, 1682, 1446,
1261, 1216, 1181, 1105, 1019; MS (70 ev, EI) m/z (%) 178 (M+,
7.71), 149 (M+ - CHO, 73.17), 79 (100); elemental analysis: calcd
for C12H18O: C, 80.85; H, 10.18; found: C, 80.71; H, 10.33.


Typical procedure for the zinc or indium mediated aqueous
allylation of 2,3-allenals.


(1) Synthesis of 1,1-pentamethylene-1,2,6-heptatrien-4-ol (2a)


Typical procedure for the reaction with indium


To a reaction vessel were added sequentially 1a (40 mg, 0.29 mmol),
an indium particle (with a size of ~0.5 mm (radius), 75 mg,
0.65 mmol), THF (0.8 mL), and saturated aqueous NH4Cl
(2.0 mL). To this mixture was then added allyl bromide (75 mg,
0.63 mmol) with vigorous stirring at rt. After 4.3 h with stirring
the reaction was complete as monitored by TLC. The mixture was
quenched with 10 mL of H2O, extracted with diethyl ether (30 mL ¥
2), washed with brine (20 mL), and dried over anhydrous Na2SO4.
Evaporation and column chromatography on silica gel (petroleum
ether–ethyl acetate = 5 : l) afforded 2a (49.6 mg, 95%): liquid,1H
NMR (400 MHz, CDCl3) d 5.89–5.76 (m, 1H), 5.20–5.03 (m, 3H),
4.14 (q, J = 6.0 Hz, 1H), 2.39–2.24 (m, 2H), 2.20–2.05 (m, 4H),
1.93 (s, 1H), 1.66–1.45 (m, 6H); 13C NMR (100 MHz, CDCl3) d
196.4, 134.4, 117.7, 106.2, 92.9, 69.2, 41.8, 31.5, 27.3, 25.9; IR
(neat), n (cm-1) 3354, 3076, 2927, 2854, 1966, 1641, 1447, 1436,
1345, 1264, 1058, 1024; MS (70 ev, EI) m/z (%) 178 (M+, 12.30),
67 (100); elemental analysis: calcd for C12H18O: C, 80.85; H, 10.18;
found: C, 80.86, H; 10.22.


The reaction of activated zinc powder (45 mg, 0.69 mmol), 1a
(41 mg, 0.30 mmol), allyl bromide (91 mg, 0.76 mmol), THF
(0.8 mL), and saturated aqueous NH4Cl (2.0 mL) at rt for 16 h
afforded 2a (43 mg, 80%).


The following compounds were prepared according to this proce-
dure.


(2) Synthesis of 7-butyl-1,5,6-undecatrien-4-ol (2b)


The reaction of an indium particle (60 mg, 0.52 mmol), 1b (32 mg,
0.18 mmol), allyl bromide (49 mg, 0.41 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 7.5 h
afforded 2b (33.1 mg, 84%): liquid,1H NMR (300 MHz, CDCl3)
d 5.94–5.78 (m, 1H), 5.28–5.20 (m, 1H), 5.19–5.09 (m, 2H), 4.16
(q, J = 6.0 Hz, 1H), 2.42–2.24 (m, 2H), 2.02–1.90 (m, 4H), 1.70
(bs, 1H), 1.46–1.23 (m, 8H), 0.90 (t, J = 6.9 Hz, 6H); 13C NMR
(75 MHz, CDCl3) d 198.6, 134.5, 117.8, 108.6, 96.0, 69.3, 42.1,
32.2, 29.8, 22.4, 14.0; IR (neat), n (cm-1) 3384, 3077, 2958, 2930,
2860, 1962, 1641, 1466, 1378, 1026, 913; MS (70 ev, EI) m/z (%)
222 (M+, 14.60), 193 (M+ - C2H5, 10.97),179 (M+ - C3H7, 64.17),
95 (100); elemental analysis: calcd for C15H26O: C, 81.02; H, 11.79;
found: C, 81.01; H, 11.80.


The reaction of zinc powder (59 mg, 0.91 mmol), 1b (72 mg,
0.40 mmol), allyl bromide (144 mg, 1.20 mmol), THF (1.0 mL),
and saturated aqueous NH4Cl solution (2.6 mL) at rt for 13 h
afforded 2b (68.1 mg, 77%).


(3) Synthesis of 5-methyl-1,5,6-undecatrien-4-ol (2c)


The reaction of an indium particle (119 mg, 1.03 mmol), 1c (55 mg,
0.40 mmol), allyl bromide (100 mg, 0.83 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 12 h
afforded 2c (46.8 mg, 65%): liquid, 1H NMR (300 MHz, CDCl3)
d 5.90–5.73 (m, 1H), 5.28–5.17 (m, 1H), 5.16–5.05 (m, 2H), 4.09–
3.98 (m, 1H), 2.46–2.35 (m, 1H), 2.32–2.19 (m, 1H), 1.98 (q,
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J = 6.9 Hz, 2H), 1.83 (bs, 1H), 1.70 (d, J = 2.7 Hz, 3H), 1.43–1.26
(m, 4H), 0.93–0.84 (m, 3H); IR (neat), n (cm-1) 3364, 3077, 2958,
2928, 2859, 1964, 1641, 1459, 1438, 1378, 1290, 1261, 1221, 1101,
1013, 992, 913; MS (70 ev, EI) m/z (%) 180 (M+, 0.23), 165 (M+ -
CH3, 8.19), 137 (M+ - C3H7, 24.99), 43 (100); elemental analysis:
calcd for C12H20O: C, 79.94; H, 11.18; found: C, 79.94; H, 11.17.


The reaction of zinc powder (55 mg, 0.84 mmol), 1c (55 mg,
0.40 mmol), allyl bromide (100 mg, 0.83 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 17 h
afforded 2c (41 mg, 57%).


(4) Synthesis of 1-cyclohexyl-1,2,6-heptatrien-4-ol (2d)


The reaction of an indium particle (113 mg, 0.98 mmol), 1d
(74.5 mg, 0.50 mmol), allyl bromide (150 mg, 1.25 mmol), THF
(0.8 mL), and saturated aqueous NH4Cl solution (2.0 mL) at rt
for 26.3 h afforded 2d (82 mg, 86%): liquid, 1H NMR (400 MHz,
CDCl3) d 5.89–5.77 (m, 1H), 5.32–5.23 (m, 2H), 5.17–5.07 (m,
2H), 4.21–4.13 (m, 1H), 2.39–2.26 (m, 2H), 2.04–1.89 (m, 2H),
1.78–1.58 (m, 5H), 1.33–1.00 (m, 5H); IR (neat), n (cm-1) 3358,
3076, 2925, 2851, 1961, 1641, 1449, 1030, 994, 913; MS (70 ev,
EI) m/z (%) 192 (M+, 1.07), 151 (M+ - C3H5, 50.63), 91 (100);
elemental analysis: calcd for C13H20O: C, 81.20; H, 10.48; found:
C, 81.24; H, 10.44.


The reaction of zinc powder (50 mg, 0.77 mmol), 1d (45.5 mg,
0.30 mmol), allyl bromide (80 mg, 0.67 mmol), THF (0.8 mL), and
saturated aqueous NH4Cl solution (2.0 mL) at rt for 27 h afforded
2d (43 mg, 74%).


(5) Synthesis of 1,5,6-tetradecatrien-4-ol (2e)


The reaction of an indium particle (100 mg, 0.87 mmol), 1e (67 mg,
0.40 mmol), allyl bromide (98 mg, 0.82 mmol), THF (0.8 mL), and
saturated aqueous NH4Cl solution (2.0 mL) at rt for 12 h afforded
2e (74.3 mg, 89%): liquid, 1H NMR (400 MHz, CDCl3) d 5.89–
5.78 (m, 1H), 5.33–5.26 (m, 1H), 5.25–5.19 (m, 1H), 5.17–5.08 (m,
2H), 4.22–4.14 (m, 1H), 2.40–2.26 (m, 2H), 2.05–1.96 (m, 2H),
1.96–1.86 (m, 1H), 1.45–1.35 (m, 2H), 1.34–1.19 (m, 8H), 0.87 (t,
J = 6.6 Hz, 3H); IR (neat), n (cm-1) 3353, 3077, 2957, 2926, 2855,
1963, 1641, 1467, 1437, 1378, 1029, 995, 913; MS (70 ev, EI) m/z
(%) 208 (M+, 0.49), 167 (M+ - C3H5, 11.57), 83 (100); elemental
analysis: calcd for C14H24O: C, 80.71; H, 11.61; found: C, 80.72;
H, 11.61.


The reaction of zinc powder (50 mg, 0.77 mmol), 1e (49 mg,
0.30 mmol), allyl bromide (80 mg, 0.67 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 10.4 h
afforded 2e (50 mg, 81%).


(6) Synthesis of 1,5,6-heptadecatrien-4-ol (2f)


The reaction of an indium particle (72 mg, 0.63 mmol), 1f (60.9 mg,
0.29 mmol), allyl bromide (90 mg, 0.75 mmol), THF (0.8 mL), and
saturated aqueous NH4Cl solution (2.0 mL) at rt for 10 h afforded
2f (62.4 mg, 85%): liquid, 1H NMR (400 MHz, CDCl3) d 5.91–5.78
(m, 1H), 5.35–5.27 (m, 1H), 5.26–5.20 (m, 1H), 5.19–5.10 (m, 2H),
4.22–4.15 (m, 1H), 2.43–2.27 (m, 2H), 2.06–1.97 (m, 2H), 1.82 (bs,
1H), 1.45–1.36 (m, 2H), 1.35–1.19 (m, 14H), 0.87 (t, J = 7.0 Hz,
3H); IR (neat), n (cm-1) 3361, 3077, 2925, 2854, 1963, 1647, 1467,
1027, 913; MS (70 ev, EI) m/z (%) 250 (M+, 14.6), 235 (M+ - CH3,


30.7), 209 (M+ - C3H5, 24.8), 95 (100); elemental analysis: calcd
for C17H30O: C, 81.54; H, 12.08; found: C, 81.52; H, 12.13.


The reaction of zinc powder (60 mg, 0.92 mmol), 1f (61 mg,
0.29 mmol), allyl bromide (97 mg, 0.81 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 10 h
afforded 2f (58.6 mg, 80%).


(7) Synthesis of 3-decyl-1,2,6-heptatrien-4-ol (2g)


The reaction of an indium particle (80 mg, 0.69 mmol), 1g (62 mg,
0.30 mmol), allyl bromide (80 mg, 0.67 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 11 h
afforded 2g (62.9 mg, 84%): liquid, 1H NMR (300 MHz, CDCl3)
d 5.92–5.75 (m, 1H), 5.20–5.08 (m, 2H), 4.92–4.81 (m, 2H), 4.12–
4.02 (m, 1H), 2.49–2.37 (m, 1H), 2.36–2.24 (m, 1H), 2.08–1.89 (m,
2H), 1.75 (d, J = 5.7 Hz, 1H), 1.51–1.38 (m, 2H), 1.37–1.19 (m,
14H), 0.88 (t, J = 6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) d
204.4, 134.4, 117.9, 107.1, 78.8, 70.7, 40.1, 31.9, 29.6, 29.5, 29.4,
29.3, 28.2, 27.6, 22.7, 14.1; IR (neat), n (cm-1) 3374, 3077, 2925,
2854, 1955, 1641, 1466, 1378, 1035, 992, 913; MS (70 ev, EI) m/z
(%) 250 (M+, 1.2), 235 (M+ - CH3, 10.81), 221 (M+ - CHO, 6.04),
209 (M+ - C3H5, 17.96), 109 (100); elemental analysis: calcd for
C17H30O: C, 81.54; H, 12.08; found: C, 81.56; H, 12.09.


The reaction of zinc powder (40 mg, 0.61 mmol), 1g (62.1 mg,
0.30 mmol), allyl bromide (72.5 mg, 0.60 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 10 h
afforded 2g (39 mg, 84%).


(8) Synthesis of 3-heptyl-1,2,6-heptatrien-4-ol (2h)


The reaction of an indium particle (76 mg, 0.66 mmol), 1h (44 mg,
0.27 mmol), allyl bromide (80 mg, 0.67 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 10.3 h
afforded 2h (45 mg, 82%): liquid,1H NMR (300 MHz, CDCl3) d
5.91–5.74 (m, 1H), 5.19–5.07 (m, 2H), 4.93–4.81 (m, 2H), 4.13–
4.02 (m, 1H), 2.49–2.37, (m, 1H), 2.36–2.24 (m, 1H), 2.09–1.88
(m, 2H), 1.80 (bs, 1H), 1.53–1.38 (m, 2H), 1.37–1.17 (m, 8H), 0.87
(t, J = 6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 204.4, 134.4,
117.9, 107.1, 78.8, 70.7, 40.1, 31.8, 29.3, 29.1, 28.2, 27.6, 22.6, 14.1;
IR (neat), n (cm-1) 3355, 3077, 2927, 2856, 1956, 1641, 1466, 1435,
1374, 1206, 1028; MS (70 ev, EI) m/z (%) 208 (M+, 0.38), 207
(M+ - H, 0.40), 193 (M+ - CH3, 5.83), 167 (M+ - C3H5, 17.38), 83
(100); elemental analysis: calcd for C14H24O: C, 80.71; H, 11.61;
found: C, 80.78; H, 11.61.


The reaction of zinc powder (40 mg, 0.61 mmol), 1h (45 mg,
0.27 mmol), allyl bromide (80 mg, 0.67 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 12 h
afforded 2h (49.6 mg, 88%).


(9) Synthesis of 3-allyl-1,2,6-heptatrien-4-ol (2i)


The reaction of an indium particle (92 mg, 0.80 mmol), 1i (43 mg,
0.40 mmol), allyl bromide (100 mg, 0.83 mmol), THF (1.0 mL),
and saturated aqueous NH4Cl solution (2.6 mL) at rt for 9.5 h
afforded 2i (43.6 mg, 73%): liquid,1H NMR (300 MHz, CDCl3)
d 5.87–5.68 (m, 2H), 5.14–4.95 (m, 4H), 4.85–4.75 (m, 2H), 4.11–
4.96 (m, 1H), 2.85–2.67 (m, 2H), 2.49 (s, 1H), 2.43–2.19 (m, 2H);
13C NMR (75 MHz, CDCl3) d 205.0, 135.5, 134.3, 118.0, 116.1,
105.1, 78.6, 70.4, 40.0, 33.3; IR (neat), n (cm-1) 3395, 3078, 2980,
2912, 1956, 1641, 1432, 1296, 1042; MS (70 ev, EI) m/z (%) 150
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(M+, 0.29), 149 (M+ - H, 2.38), 135 (M+ - CH3, 8.44), 109 (M+ -
C3H5, 77.94), 79 (100); elemental analysis: calcd for C10H14O: C,
79.96; H, 9.39; found: C, 79.94; H, 9.39.


The reaction of zinc powder (79.1 mg, 1.22 mmol), 1i (64.7 mg,
0.6 mmol), allyl bromide (144.1 mg, 1.19 mmol), THF (1.6 mL),
and saturated aqueous NH4Cl solution (4.0 mL) at rt for 17 h
afforded 2i (67.5 mg, 75%).


(10) Synthesis of 1,1-pentamethylene-3-propyl-1,2,6-
heptatrien-4-ol (2j)


The reaction of an indium particle (125 mg, 1.09 mmol), 1j (61 mg,
0.34 mmol), allyl bromide (100 mg, 0.83 mmol), THF (1.0 mL),
and saturated aqueous NH4Cl solution (2.6 mL) at rt for 9.2 h
afforded 2j (54.3 mg, 72%): liquid, 1H NMR (300 MHz, CDCl3)
d 5.90–5.72 (m, 1H), 5.16–5.04 (m, 2H), 4.04–3.96 (m, 1H), 2.47–
2.33 (m, 1H), 2.32–2.18 (m, 1H), 2.17–2.04 (m, 4H), 1.93 (t, J =
7.0 Hz, 2H), 1.81 (s, 1H), 1.66–1.36 (m, 8H), 0.91 (t, J = 7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3) d 193.0, 134.7, 117.2, 107.8,
105.5, 71.1, 40.2, 32.0, 31.9, 31.1, 27.84, 27.77, 26.1, 20.8, 13.8; IR
(neat), n (cm-1) 3387, 3076, 2928, 2854, 1961, 1641, 1445, 1377,
1335, 1262, 1028; MS (70 ev, EI) m/z (%) 220 (M+, 3.84), 191 (M+ -
C2H5, 6.57), 177 (M+ - C3H7, 100); elemental analysis: calcd for
C15H24O: C, 81.76; H, 10.98; found: C, 81.75; H, 10.97.


The reaction of zinc powder (40 mg, 0.61 mmol), 1j (52.9 mg,
0.30 mmol), allyl bromide (72.8 mg, 0.60 mmol), THF (0.8 mL),
and saturated aqueous NH4Cl solution (2.0 mL) at rt for 11 h
afforded 2j (45.2 mg, 69%).
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Orotidine-5¢-monophosphate decarboxylase (OMP decarboxylase, ODCase) catalyzes the
decarboxylation of orotidine-5¢-monophosphate (OMP) to uridine-5¢-monophosphate (UMP). Despite
extensive enzymological, structural, and computational studies, the mechanism of ODCase remains
incompletely characterized. Herein, carbon kinetic isotope effects were measured for both the natural
abundance substrate and a substrate mixture synthesized for the purpose of carrying out the remote
double label isotope effect procedure, with O2 of the substrate as the remote position. The carbon
kinetic isotope effect on enzymatic decarboxylation of this substrate mix was measured to be 1.0199 ±
0.0007, compared to the value of 1.0289 ± 0.0009 for natural abundance OMP, revealing an 18O2
isotope effect of 0.991 ± 0.001. This value equates to an intrinsic isotope effect of approximately 0.983,
using a calculated commitment factor derived from previous isotope effect data. The measured 18O2
isotope effect requires a mechanism with one or more enzymatic processes, including binding and/or
chemistry, that contribute to this substantial inverse isotope effect. 18O2 kinetic isotope effects were
calculated for four proposed mechanisms: decarboxylation preceded by proton transfer to 1) O2; 2) O4;
and 3) C5; and 4) decarboxylation without a preceding protonation step. A mechanism involving no
pre-decarboxylation step does not appear to have any steps with the necessary substantial inverse 18O2
effect, thus calling into question any mechanism involving simple direct decarboxylation. Protonation
at O2, O4, or C5 are all calculated to proceed with inverse 18O2 effects, and could contribute to the
experimentally measured value. Recent crystal structures indicate that O2 of the substrate appears to be
involved in an intricate bonding arrangement involving the substrate phosphoryl group, an enzyme Gln
side chain, and a bound water molecule; this interaction likely contributes to the observed isotope effect.


Introduction


Orotidine-5¢-monophosphate decarboxylase (OMP decarboxy-
lase, ODCase; E.C. 4.1.1.23) catalyzes the decarboxyla-
tion of orotidine-5¢-monophosphate (OMP) to uridine-5¢-
monophosphate (UMP, eqn 1) and is a key enzyme in the de
novo pathway of pyrimidine biosynthesis. ODCase has received a
degree of attention in the scientific press1,2 that is unusual for most
enzymes. This heightened attention became especially pronounced
upon the observation3 that ODCase displays a catalytic rate
enhancement, kcat/kuncat, of >1017, a factor then unprecedented,
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and only surpassed since then by enzymes utilizing cofactors. The
cofactor-free ODCase from four microbial sources yielded to crys-
tallographic determination in nearly simultaneous publications in
2000.4–7 Since those structural studies, the attempts at acquiring
mechanistic information using enzymological, computational,
and further structural studies have been numerous.2,8 Nonetheless,
the mechanism of ODCase remains incompletely characterized.


(1)


Several mechanisms for the ODCase-catalyzed reaction have
been proposed (Fig. 1). A long-standing mechanistic proposal
first advanced by Beak and Siegel9 arose from the observations
of different rates of decarboxylation for model compounds,
and involves protonation at O2 of the substrate (Fig. 1A). A
second mechanism involving protonation of O4 followed by
decarboxylation to yield a stabilized carbene was put forth by Lee


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4533–4541 | 4533







Fig. 1 Four possible mechanisms of ODCase-catalyzed OMP decarboxylation. R = 5-phospho-1-ribosyl (see eqn 1). Protonated intermediates (reactions
A–C) are not expected to have isolated positive charges; they are shown as single resonance species to highlight the difference in protonation sites.


and Houk (Fig. 1B).10 Protonation at C5 has also been proposed
(Fig. 1C).11


A fourth possibility is direct decarboxylation (Fig. 1D), which
does not involve a pre-decarboxylation protonation.4,6,7,12 This
mechanism involves no modifications of the pyrimidine ring, but
simply a destabilizing interaction of the substrate carboxylate
with the catalytic tetrad Lys44-Asp71-Lys73-Asp76(B) (amino
acid numbering from the E. coli sequence). The mechanism was
predicated on computational studies, even though other com-
putational studies came to different conclusions.13, 14 Variations
in direct decarboxylation also exist: some involve generation of
a decarboxylated carbanion6,12 while others do not.4,7 Recently,
a product deuterium isotope effect study15 and observation of
evidence for an anionic intermediate16 essentially eliminated the
possibility of a direct decarboxylation mechanism with no inter-
mediate. The controversial topic of ground state destabilization
has been invoked at times to accompany the direct decarboxylation
mechanism,4,6 and subsequently challenged.17


Some mechanistic studies indicate the presence of a proton-
dependent step prior to decarboxylation in the reaction. The
pattern of isotope effects at varying pH18 suggests a kinetically
discernable pH-dependent step for the yeast enzyme, a mechanistic
possibility that was supported by the determination of carbon
isotope effects in H2O and D2O with the ODCase from Escherichia
coli.19 Despite this evidence for a pH-dependent step, protonation
of the orotate ring to yield a kinetically discernable intermediate
prior to decarboxylation was omitted in the formulation of
the direct decarboxylation mechanisms, presumably with the
assumption that the pH-dependent step was related to protonation
elsewhere within the enzyme or substrate.


An examination of nitrogen isotope effects at N1 of OMP20


has been cited as evidence against mechanisms involving ring


protonation, especially protonation at O2 (Fig. 1A). A small,
normal N1 isotope effect of 1.0036 was measured for the OD-
Case reaction using the yeast enzyme; an intrinsic N1 isotope
effect of 1.0068 was calculated. The interpretation included an
assumption of the equilibrium isotope effect (EIE) for N1 in
the O2 protonation mechanism to be comparable to the EIE
for N protonation of pyridine, a value that had been previously
measured to be 0.979. The use of this substantial inverse EIE in the
interpretation appeared to rule out an O2 protonation mechanism,
with the reasoning that the O2 protonation step would necessarily
contribute to a substantial inverse isotope effect for the measured
reaction. A subsequent theoretical analysis,21 however, indicated
a very small N1 EIE of 0.997 upon O2 protonation, much less
substantial than that for the EIE for N protonation in pyridine.
The bond order of N1 does not change appreciably upon O2
protonation, and thus a small, normal N1 isotope effect would be
expected for a mechanism involving OMP protonation at O2. The
nitrogen isotope effect data does not appear to distinguish between
a mechanism with a small N1 EIE (such as the O2 protonation
mechanism) and an N1-independent mechanism.


Very recently, new crystal structures have been presented22,23 that
clarify further the binding and decarboxylation of the substrate
OMP. The Inoue and Krungkrai groups22 have achieved the
crystallization of the wild type Plasmodium falciparum enzyme
in the presence of the substrate. Apparently, the complexation of
the active enzyme with substrate did not proceed on to decar-
boxylation, possibly due to the inability of the crystallized enzyme
to undergo a conformational change necessary for catalysis at the
low temperatures used. In the P. falciparum structure, the substrate
binds in an orientation similar to that for the inhibitors seen in
previous crystal structures, with the carboxylate in proximity of
the catalytic tetrad. The structure of the human ODCase domain
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of UMP synthase by the Rudolph group23 shows the substrate in
complex with a highly weakened D312N mutant (corresponding
to Asp71 of the E. coli sequence); this is a minimal perturbation
that essentially maintains the active site volume available for
OMP binding. The OMP structure shows a dramatic out-of-plane
bending of the labile carboxylate.


However, O2 of the substrate is still seemingly involved in a
critical feature of the structure: in the human D312N structure,
which may resemble a snapshot of the decarboxylation reaction in
progress, the substrate’s phosphoryl group closely approaches O2.
In fact, one O atom of the phosphoryl group is almost co-linear
with the C2-O2 carbonyl group. The two aligned oxygen atoms are
bridged, at an angle, by the amide N of Gln430; analogous Gln
residues are present in all structures. A bound water molecule is
also present in another bridging position between the phosphoryl
group and O2 (ref. 23, PDB ID# 2QCL). These features of the
structure suggest an intricate network of contacts at O2 that
appear important for the reaction. The Gerlt and Richard groups24


explored this portion of the active site through mutagenesis of the
conserved Gln residue and a neighboring Ser residue of the E. coli
enzyme.


In this paper, we approach the ODCase reaction using oxygen
isotope effects in a combined experimental-theoretical study
designed to probe the role of O2 of OMP in the ODCase reaction.
Experimentally, we utilized 18O enrichment and the double label
method described by O’Leary.25 In this approach, the carbon
isotope effect (at the carboxylate carbon) is measured for the
enzymatic reaction using the natural abundance substrate. Then,
a remote label substrate mixture is synthesized: in the ODCase
system, isotopically doubly-enriched OMP contains 18O at O2 and
13C in the carboxylate carbon. Separately, OMP is synthesized with
heavy atom depletion at both positions. The natural abundance of
18O is sufficiently low as to be considered isotopically depleted; in
this study, the depleted OMP was synthesized with 13C-depleted
carbon at the carboxylate position. The isotopically enriched and
depleted substrates are then combined so that the 13C (from the
enriched OMP) is near natural abundance, requiring a ratio of
approximately 1:90 of the doubly-enriched to doubly-depleted
OMP. The carbon isotope effect for the enzymatic reaction using
this mixture is then measured; the ratio of the two carbon isotope
effects is equal to the isotope effect at O2 for the enzymatic reac-
tion. We measured carbon isotope effects for natural abundance
OMP and an OMP remote label mixture in order to probe the
possible reaction mechanisms for the ODCase reaction. Isotope
effects were calculated for several possible mechanistic steps and
compared to the experimental result in order to determine which
mechanisms could be supported.


Results and discussion


Measurement of the isotope effects


Uracil synthesized by the method described, with H2
18O hydrolyz-


ing the 2-ethylthio group, showed a molecular weight of 114
(anion = 113), with very little MW = 112 and MW = 116 (see Sup-
plementary Materials), indicating nearly exclusive incorporation
of 18O into only the 2-position. This 18O-enriched compound was
stable to 0.5 M NaOH, with no observable conversion of MW =
114 to MW = 112 (see Supplementary Materials). This stability


Table 1 Carbon kinetic isotope effects using OMP synthesized for the
remote double label methoda


d 13C f 13k


Natural abundance OMP
-72.70 0.389 1.0282
-52.46 1.0
-72.65 0.459 1.0300
-52.46 1.0
-71.88 0.326 1.0278
-50.80 1.0
-69.70 0.48 1.0295
-50.25 1.0
13k = 1.0289 ± 0.0009


Remote label OMP mixtureb


-34.12 0.30 1.0211
-17.15 1.0
-25.64 0.595 1.0198
-13.74 1.0
-52.85 0.44 1.0193
-39.33 1.0
-53.61 0.37 1.0192
-39.33 1.0
13k = 1.0199 ± 0.0007
18O effect = 0.991 ± 0.001


a f : fraction of reaction. 13k: carbon kinetic isotope effect measurement,
calculated from the two measured d 13C values and the corresponding f
values for the partial reaction. b “Remote Label OMP Mixture” refers to
the substrate mixture described in the text: a mixture of [18O2, 13C-carboxyl]
OMP, and OMP depleted in both positions. The ratio of the two isotope
effects is equal to the 18O effect on the carbon kinetic isotope effect.


was necessary to preserve isotopic enrichment throughout the
synthesis of OMP. The complete synthesis of [18O2, 13C-carboxyl]
OMP resulted in high isotopic enrichment at both positions, indi-
cated from the predominant anion MW = 370 versus anion MW =
367 for natural abundance OMP (see Supplementary Materials).


A sample of 10 mmol of isotopically depleted OMP was
decarboxylated with ODCase, in order to assess the level of
13C depletion. The CO2 collected showed a delta value of -370
(cf., delta value of CO2 from natural abundance OMP ª -50),
indicating extensive 13C depletion.


The carbon kinetic isotope effect for E. coli ODCase measured
in this study, for the natural abundance substrate, was 1.0289 ±
0.0009, at pH 7.0, 25 ◦C (Table 1). This can be compared with
the previously reported value19 of 1.043 ± 0.003, at pH 7.5. E. coli
ODCase thus displays a sharp increase in the kinetic isotope effect
of decarboxylation as the pH is raised above neutral, a trait that
was also described for the yeast ODCase.18


The carbon kinetic isotope effect for ODCase with the remote
label substrate mixture, to assess the isotope effect at O2, was
1.0199 ± 0.0007 (Table 1). This isotope effect was essentially
independent of composition of the remote label substrate mix;
different mixes gave the same result. The ratio of the two kinetic
isotope effects, 0.991 ± 0.001, indicates the isotope effect at O2 for
the overall reaction.


Since the enrichment and depletion of isotopes in the remote
label OMP mixture are not complete, a small correction to the
measured value can be made using the equations described by
Cleland.26 Using 97% enrichment for 18O (from the 18O water used
in the synthesis), 99% enrichment for 13C (from the 13CN- used) and
0.2% natural abundance 18O in the depleted OMP, the measured
effect of 0.991 corrects to 0.990. Using 98.5% enrichment for 18O
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and 99.5% enrichment for 13C in the calculation also results in the
correction to 0.990.


Measurement of the ODCase isotope effect under neutral
conditions does not allow observation of any intrinsic isotope
effect, due to the presence of a substantial commitment factor.18,20


The largest 13C carboxylate KIE measured for ODCase, 1.0506,
is likely very close to the intrinsic 13C carboxylate IE. Using this
value, and the 13C carboxylate KIE of 1.0289 under conditions
used herein, a commitment factor of 0.75 can be calculated.
Applying this commitment factor to the 18O2 effect yields an
intrinsic 18O2 isotope effect of 0.983. The error in this value
is difficult to predict, due to the uncertainty of the intrinsic
13C carboxylate IE and uncertainty about whether or not the
commitment factor for the 13C-carboxyl position is identical to
the commitment factor for 18O2, so this value will be considered
approximate in the ensuing discussion.


Interpretation of the O2 isotope effect


The mechanism for ODCase decarboxylation of OMP must
include binding and chemical steps which, taken together, account
for the substantial 18O2 isotope effect of 0.983. In a multi-step
enzymatic reaction, small isotope effects may arise at almost any
step. The overall IE will be the product of IEs on all steps up to and
including the first irreversible step in the reaction; for the ODCase
reaction under our conditions, the decarboxylation step can be
assumed to be irreversible. Previous isotope effects measured in
H2O and D2O evidenced the presence of a pH-dependent pre-
decarboxylation step.19 In consideration of a minimal kinetic
mechanism, where ES† is an activated intermediate (eqn 2):


E S ES ES E P
A B C+ æ Ææ +� ⇀��↽ ��� � ⇀��↽ ��� † (2)


all possible ODCase mechanisms must involve substrate binding
(A) and decarboxylation (C).


The various protonation mechanisms propose formation of ki-
netically discernable protonated intermediates (Fig. 1) that would
account for Step B in eqn 2. Step B in the direct decarboxylation
mechanism must be a chemical or conformation step that does not
involve chemistry at the orotate ring.


An isotope effect on Step A can arise from a number of factors
not involving direct contact of the enzyme with the isotopic
position, as recently reviewed by Schramm.27 In the case of
ODCase, at least two factors are possibly involved: desolvation
of the substrate, and restricted molecular motion upon binding.
Desolvation of O2 of OMP would likely contribute a normal
(>1) component to the 18O effect for the overall reaction. The
desolvation of formate in the formate dehydrogenase reaction was
predicted to have a small, normal contribution to the overall 18O
IE.28 Transfer of water into the vapor phase is accompanied by an
18O IE of 1.009.29 O2 of OMP would seem to be less highly solvated
than formate (charged) or water molecules, so the desolvation
contribution to the isotope effect in the case of the ODCase
reaction would likely be minimal.


Restricted torsional motions of a substrate upon binding to an
enzyme active site are also known to contribute to an IE for an
enzyme reaction. A thoroughly discussed example of 18O effects is
given for two enzyme reactions that utilize phosphoenolpyruvate
(PEP), examining the effects at the C–O–P bridging oxygen.30 The
18O effect at this position upon binding and restriction of torsional


motion is an inverse effect in the range of 0.994. It seems reasonable
to assume that torsional motions at O2 of OMP will not be as
significantly affected as is the case for the bridging oxygen in PEP:
both the C–O and O–P bonds are freely rotatable in PEP, while O2
of OMP does not have the same role in conformational flexibility
as the bridging oxygen of PEP.


These two effects possibly contributing to Step A are therefore
small and opposite to each other, and taken together likely
contribute no more than 0.003 in either direction to the overall
ODCase 18O IE.


18O2 isotope effects for decarboxylation steps were calculated for
the three proposed protonated intermediates as well as for unpro-
tonated OMP. In every case, the 18O IE was calculated to be small
and normal; a range of 1.003 to 1.006 was found (Fig. 2). The direc-
tion of this isotope effect is predictable, since decarboxylation re-
sults in increased electron density on the ring and thus a longer C–
O2 bond in the transition state. Such a reaction would be slightly
faster for 16O than for 18O, giving rise to a normal isotope effect.


For the direct decarboxylation mechanism to be congruent with
the observed data, it is apparent that a large contribution to the
18O2 isotope effect of 0.983 present in the ODCase reaction would
have to come from Step A. The assumption that Step B does not
involve chemistry on the orotate ring would require that that step
is isotopically insensitive, or essentially insensitive, at O2. Since
the decarboxylation step (C) is expected to contribute a normal
isotope effect of 1.004–1.005, step A must contribute a factor in
the range of 0.980–0.985 to the observed effect.


In an attempt to gain information on the isotope effect at O2
upon binding, we calculated the equilibrium IE associated with
simple hydrogen bond formation between O2 of 1-methylorotate
and the NH of formamide, in a geometry similar to that seen in
the ODCase crystal structures (Fig. 3). The effect of hydrogen
bonding was explored by calculating the isotope effect associated
with the complexation of 1-methyl orotate with acetamide (which
mimics glutamine; details in Computational methods section). The
isotope effect associated with acetamide forming two hydrogen
bonds as shown in Fig. 3 is 0.9998. Therefore, this routine
hydrogen bonding and a pre-decarboxylation step not involving
bond-making on the orotate ring in the direct decarboxylation
mechanism cannot account for the measured substantial 18O2
effect if the effects for the proposed individual steps are consistent
with our modeled values.


In a further attempt to interpret the 18O2 isotope effect,
we calculated equilibrium IEs associated with the individual
protonation steps for the mechanisms in Fig. 1, using N1-methyl
orotate as the substrate.21 The calculated EIEs for the equilibrium
in the gas phase are shown in Fig. 2, above the equilibrium arrows.
For the O2 protonation mechanism (Fig. 2A), the initial proton
transfer is associated with an inverse 18O2 EIE of 0.993.


Intriguingly, the 18O2 EIE for the O4 protonation (Fig. 2B) is
similar, 0.994. This is somewhat surprising since one might expect a
much more substantial inverse IE for protonation at O2 than at O4,
since the 18O substitution is at O2. However, these isotope effects
arise not only from new bond formation at enriched positions
(as for the O2 protonation mechanism) but also from changes in
geometry, and O4 protonation incurs a shortening of the C–O2
bond, leading to the inverse IE. Protonation of O2 results in a new
bond at the labeled position, which would contribute to an inverse
IE, but the C–O2 bond becomes longer, contributing a normal
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Fig. 2 Calculated isotope effects for possible ODCase mechanisms. Gas phase values for the protonation equilibria are above the equilibrium arrows;
values in a water dielectric are below the arrows.


Fig. 3 Calculated optimized complex of acetamide and 1-methyl orotate,
at B3LYP/6-31 + G*.


component to the IE and resulting in a protonation EIE value
that is similar to that of protonation at O4. The C5 protonation
mechanism (Fig. 2C) has a calculated protonation EIE of 0.992.


In an attempt to model a more enzyme-like environment, we also
calculated the EIE for the protonation step in a water dielectric.
We find that the values do not drastically change when solvent is
taken into account (Fig. 2, water values below equilibrium arrows).
The O2 protonation is slightly more inverse in water than in the
gas phase, but by very little (0.993 gas phase, 0.992 in water).
The O4 protonation shows the greatest change, from an EIE of
0.994 in the gas phase to 0.996 in water. The C5 protonation
mechanism remains essentially constant (0.992 in the gas phase,
0.993 in water). The direct decarboxylation mechanism is also
barely affected by solvation and stays firmly normal (IE of 1.004
in gas phase, 1.005 in water). In essence, the general trends remain
unchanged: the protonation steps are characterized by an inverse
18O2 IE, and decarboxylation has a normal 18O2 IE.


These calculated EIE values for protonation are somewhat
small, and another feature of the reaction is likely necessary
to fully account for the 18O2 effect of approximately 0.983. An


interesting literature precedent for 18O isotope effects on binding
is found in the study of lactate dehydrogenase (LADH) and its
interaction with [1-18O] oxamate, a substrate analog.31 The 18O
effect on binding was measured to be 0.984 ± 0.003; this effect is
attributable to an intricate interaction of the labeled carboxylate
group of oxamate with two guanidinium groups from arginine side
chains and a threonine hydroxyl group. In the LADH-oxamate
structure,32 either oxygen in the carboxylate group will be involved
in two hydrogen bonding or charge interactions with functional
groups at the active site, regardless of the orientation of the labeled
oxygen in the carboxylate. An isotope effect of this magnitude in
the ODCase-OMP interaction would almost completely account
for the approximate observed value of 0.983, with small effects
from the other steps factored in.


The orientation of O2 in the new ODCase-OMP structures22,23


indicates a significant interaction of O2 with the substrate
phosphoryl group, an enzyme Gln side chain, and a bound
water molecule. This interaction, which may involve proton
transfer or hydrogen bonding, appears to offer an explanation
for the observed isotope effect data. Considering the enormous
(11 orders of magnitude) decrease in ODCase activity toward
orotidine nucleosides lacking phosphoryl groups33 and the rescue
of activity using phosphite,34 and the very large (at least 7 orders
of magnitude) decrease in ODCase activity toward 2-thioOMP,35


this proposed feature of the enzyme reaction, which still remains
incompletely characterized, seems critical to enzyme activity.


Although the collection of functional groups in the proximity
of O2 in the ODCase-OMP structure appears more intricate than
that at O4 or C5, there does not appear to be any firm experimental
data yet presented that excludes the proposed mechanisms of
protonation at these sites. It should be noted that most depictions
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of ODCase active sites omit the presence of enzyme-bound
water molecules, which have been proposed to be proton transfer
conduits.36


Experimental


Production of E. coli ODCase


The ODCase gene from E. coli37 was amplified using PCR, for
insertion into the NdeI and HindIII restriction sites of plasmid
pCAL-n (Stratagene). Oligonucleotide primers for PCR were
obtained from Integrated DNA Technologies, Inc., and have the
following sequences (restriction sites underlined):


5¢ primer: 5¢-GGGAAAGGC
¯


A
¯


T
¯
A
¯


T
¯
G
¯


ACGTTAACTGCTTC-
ATCTTC-3¢


3¢ primer: 5¢-GGAAAGGAA
¯


A
¯


G
¯


C
¯


T
¯
T
¯
TCATGCACTCCGC-


TGTAAAGAGG-3¢
Thermostable DNA polymerase from New England Biolabs


was used in a standard PCR mixture with the above primers and a
preparation of E. coli genomic DNA.38 The resulting 0.8 kbp PCR
product was purified, digested with NdeI and HindIII (NEB),
purified again and ligated to pCAL-n digested with the same
restriction enzymes, using T4 DNA ligase (NEB). The ligation mix
was used for transformation of E. coli XLI-Blue to give ampicillin
resistance, and potentially correct plasmid constructions from
transformants were screened by gel electrophoresis of plasmid
preparations. Plasmids appearing to contain the ODCase gene
were introduced into E. coli BL21 (DE3)-Gold cells (Stratagene).
Protein lysates from cultures carrying this plasmid and induced
with IPTG (50 mM; incubation continued at 37 ◦C for 6 hrs after
IPTG addition to mid-log culture in LB media) showed vastly
increased levels of ODCase activity versus uninduced cells,39 based
on ODCase spectrophotometric assays.40


ODCase was purified using Affi-Gel Blue (BioRad) chromatog-
raphy, using a method similar to that previously described,41


except that ODCase could be eluted from the column using
1 mM UMP instead of the stronger inhibitor 6-azaUMP used
previously. Dialysis of the pooled, concentrated fractions resulted
in a decrease of UMP concentration to a very low level,39 as
analyzed by HPLC (see HPLC section below). ODCase prepared
by this method appeared as a single predominant band on gel
electrophoresis, with specific activity of 55 nmol min-1 mg-1.39


Standard HPLC conditions for analysis of nucleotides


Using a Waters 1525 dual pump HPLC (Breeze System software),
a gradient of water as solvent A and 0.8 M NH4HCO3 as solvent
B was run at a flow rate of 2 mL min-1 with the following setup:
0 min, 100% A, 0% B; 20 min, 0% A, 100% B. The column was a
PRP-X100 anion exchange column (250 mm ¥ 4.6 mm, Hamilton).
Elution was analyzed spectrophotometrically at 280 nm, except in
the case of the monitoring of the fraction of conversion of OMP
to UMP (see below), in which case the wavelength was 264 nm.
Injections of standard nucleotide solutions (100 nmol nucleotide)
were performed to yield peaks for general retention times of each
nucleotide: UMP (6.4 min), 5-Br-UMP (9.3 min), 6-CN-UMP
(11.0 min), OMP (7.2 min).


Standard ion exchange chromatography conditions for purification
of nucleotides


Nucleotide solutions were applied to a column (2.5 cm diameter
and lengths from 20 to 28 cm) filled with Dowex 1 ¥ 8–200 anion ex-
change resin (Sigma/Aldrich) washed with 0.8 M NH4HCO3 and
rinsed with dH2O. A gradient from 0 to 0.8 M NH4HCO3 (0.5 L of
each) was used for elution, with additional 0.8 M NH4HCO3 used
for continued elution as necessary. Fractions (8 mL) containing
nucleotide were identified by UV absorbance and subsequently
analyzed by HPLC (as described above). Fractions containing the
desired nucleotide were pooled and desalted with Dowex HCR-W2
cation exchange resin (Sigma/Aldrich), which was washed prior
to desalting with 1 M HCl and then rinsed with dH2O until the
rinsings were neutral. Enough resin was added to the nucleotide
solution so that the pH was lowered to less than 4. Resin was
removed by filtration and solutions were evaporated to a desired
concentration, or dryness. Final concentrations were determined
spectrophotometrically at absorbances appropriate to the specific
nucleotide.42


Synthesis of [18O2, 13C-carboxyl] OMP


2-Thiouracil was converted to 2-ethylthiouracil (Fig. 4, Step 1) via
a reaction of 1.0 g of 2-thiouracil (Aldrich) with 1.2 g iodoethane
in 15 mL DMF, with heating at 60 ◦C under reflux. The product
was purified by silica gel chromatography using a solvent of
2:3 hexane/ethyl acetate.


Fig. 4 Synthetic scheme for [18O2, 13C-carboxyl] OMP. Details are described in the text. Step 1: Alkylation of 2-thiouracil with iodoethane. Step 2:
Hydrolysis of 2-ethylthiouracil with acidified H2


18O. Step 3: Conversion of [18O2] uracil to [18O2] UMP with UPRTase and PRPP. Step 4: Conversion of
[18O2] UMP to [18O2] 5-bromo-UMP using Br2. Step 5: Conversion of [18O2] 5-bromo-UMP to [18O2, 13C-cyano] 6-cyano-UMP using NaCN or KCN. Step
6: Hydrolysis of [18O2, 13C-cyano] 6-cyano-UMP to [18O2, 13C-carboxyl] OMP using aqueous NaOH. Steps 4–6 were used for the synthesis of natural
abundance and isotopically-depleted OMP, using natural abundance or isotopically-depleted reagents. R–P = 5-phospho-1-ribosyl.
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2-Ethylthiouracil was converted to [18O2] uracil (Fig. 4, Step 2)
by acid-catalyzed hydrolysis in acidified H2


18O. HCl gas was bub-
bled through H2


18O (> 97% 18O, Cambridge Isotope Laboratories)
until the resulting solution was thoroughly acidic. 200 mg of 2-
ethylthiouracil was added to 1 mL of acidified H2


18O; the reaction
vial was sealed, vented with a hypodermic needle, and heated at
70 ◦C. Evolution of gas (thioethane) was observed, and the heating
continued until gas evolution ceased. Samples of the reaction mix
were analyzed by TLC (1:19 methanol/ethyl acetate solvent) with
2-ethylthiouracil and uracil standards; heating was resumed until
no more 2-ethylthiouracil could be observed in the reaction mix.
The resulting uracil was analyzed using a Bruker Esquire mass
spectrometer, under electrospray ionization conditions for anion
detection.


To determine whether the pyrimidine 18O2 was stable to base
hydrolysis conditions, in anticipation of the conversion of [18O2,
6-13C-cyano] 6-CN-UMP to OMP, approximately 1 mg of [18O2]-
uracil was placed in solutions containing a final concentration
of 0.5 M NaOH and held at room temperature for up to
8 days. Samples were periodically taken and analyzed by LC-
MS to observe whether an exchange of natural abundance oxygen
from water could be detected, as indicated by conversion of the
molecular weight of 114 (for [18O2]-uracil) to 112 (for natural
abundance).


[18O2] uracil was converted to [18O2] UMP (Fig. 4, Step 3) using
recombinant UPRTase and the co-substrate PRPP (Fluka). The
UPRTase gene from genomic E. coli DNA43 was amplified by PCR
in a manner similar to the cloning of the E. coli ODCase gene, with
the following primers (IDT, Inc.) used:


5¢ primer: 5¢-AGGTAC
¯


A
¯


T
¯
A
¯


T
¯
G
¯


AAGATCGTGGAAGTCA-
AA-3¢


3¢ primer: 5¢-AGGTAA
¯


A
¯


G
¯


C
¯


T
¯
T
¯
TTATTTCGTACCAAAGAT-


TTT-3¢
Plasmids appearing to contain the UPRTase gene were intro-


duced into BL21 (DE3)-Gold cells. Protein lysates from cultures
induced with IPTG (as above for ODCase production) showed
vastly increased levels of a protein of 22.5 kD, as analyzed
by polyacrylamide gel electrophoresis, versus uninduced cells.44


Protein lysates were used for conversion of uracil to UMP without
purification.


Initial UPRTase reactions (1 mL volume) were performed using
1 mg unenriched uracil, 25 mM Tris-HCl, pH 8.6, 5 mM MgCl2,
2 mg BSA, as previously described.45 Each reaction was started
by addition of 5.5 mg PRPP and protein (typically 5 mL of
lysate) carried out at 37 ◦C with gentle shaking. Reactions for
[18O2]-UMP synthesis were scaled up proportionally to a total
volume of 6 mL. The appearance of UMP was monitored by
HPLC as described above. Once the conversion to [18O2]-UMP
was near completion (>95% converted), the samples were frozen
until purification could be carried out. Purification was performed
using anion exchange chromatography as described above. After
purification, the [18O2]-UMP was analyzed by LC-MS, as above,
to ensure retention of 18O enrichment.


Synthesis of [18O2, 13C-carboxyl] OMP from [18O2]-UMP (Fig. 4,
Steps 4–6) was carried out as described below for natural
abundance OMP, except that Na13CN or K13CN (99% 13C,
Cambridge Isotope Laboratories) was used in place of unenriched
NaCN. No difference could be observed in the rates or products
of reaction with Na13CN versus K13CN. After synthesis, the [18O2,


13C-carboxyl]-OMP was analyzed by LC-MS, as above, to ensure
retention of 18O and 13C enrichment.


Synthesis of natural abundance OMP


Conversion of UMP (Sigma-Aldrich) to OMP by the method
of Ueda et al.42 was used with the following modifications: 1)
(Fig. 4, Step 4) 5-Br-UMP was purified from its reaction solution
by evaporation to dryness and application of the redissolved
(aqueous) solution to the standard ion exchange chromatography
conditions (above). 2) (Fig. 4, Step 5) 6-CN-UMP formation
was monitored using HPLC (above conditions) and the desired
product was again purified using the standard ion exchange
chromatography conditions (above). 3) (Fig. 4, Step 6) Conversion
of 6-CN-UMP to OMP was found to proceed to completion, with
formation of essentially no detectable by-products, using 0.5 M
NaOH at room temperature for 4 days. The OMP solution was
neutralized with Dowex HCR-W2 cation exchange resin, as above,
and used without further purification.


Synthesis of OMP (13C-depleted in the carboxylate)


This synthesis was carried out as described above for synthesis of
natural abundance and enriched OMP, except that 13C-depleted
KCN (> 99.9% 12C, Icon Isotopes, Summit, NJ) was substituted
for natural abundance NaCN.


Measurement of carbon isotope effects


General procedures were taken from O’Leary.25 CO2 samples were
analyzed for carbon isotope content using an Isoprime Dual Inlet
isotope ratio mass spectrometer (GV Instruments, Inc.). Reference
gas was natural abundance CO2 (Praxair), which was analyzed
to have a 13C delta value of 0.21 versus Vienna PDB at the
Cornell University Stable Isotope Laboratory (Art Kasson, Lab
Manager).


Reactions for CO2 collection and distillation were performed
in flasks designed to avoid contamination by atmospheric CO2.
Reaction mixtures contained 5 mM OMP and 50 mM MOPS,
pH 7.0. Reaction mixtures were sparged with Drierite-scrubbed
N2 prior to addition of enzyme. Reactions were initiated by the
addition of ODCase and terminated by the addition of H2SO4 to
pH < 2. Partial reactions (30 mmol OMP) were carried out at 25 ◦C
in a water bath, with enough enzyme added to convert about 30%
of the substrate to product within a few minutes. For every partial
reaction, a complete reaction (typically 5-fold amount of ODCase,
5-fold reaction time versus partial reactions) containing 10 mmol
OMP was performed, and checked for completion by HPLC. Col-
lection of CO2 was carried out using a specially designed glass
cryodistillation system under vacuum, similar to previous work.18


The composition of the remote label OMP mixture (double-
enriched plus depleted) was adjusted so that CO2 generated from
a complete reaction (10 mmoles) had a delta value approximately
equal to that of the natural abundance OMP. OMP mixtures that
yielded CO2 with a highly positive delta value, for example, were
supplemented with more depleted OMP.


Fractions of reactions were determined following CO2 collection
by HPLC analysis (above) of OMP and UMP, using a UV
detection wavelength of 264 nm. At this wavelength, OMP and
UMP have equal extinction coefficients, since this is the isosbestic
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point in the spectrophotometric assay. Peaks emerging from the
HPLC were integrated by the Breeze Software system to determine
the fraction of reaction. Using the fraction of reaction, and the
delta values for partial and complete reactions, isotope effects
were calculated for the ODCase reaction with natural abundance
OMP, and the OMP remote label mixture, using the calculations
previously described.18


Computational methods


Ground-state and transition structures were fully optimized using
B3LYP/6-31 + G* calculations as implemented in Gaussian98
and Gaussian03.46,47 B3LYP methods have been previously shown
to provide reliable energetics for decarboxylation reactions.10,21,48–51


A vibrational frequency analysis was performed on all stationary
points. To allow for solvation effects, structures 1, 2, 4, 6 and 8
were also optimized using the Onsager solvent model in water.52


Equilibrium and kinetic isotope effects were calculated both in
the gas phase and in water (using the Onsager solvent-model
structures) at 298 K using the formulation of Bigeleisen and
Meyer.53–56 A vibration scaling factor of 0.96 was used for both
the gas phase and solvent calculations.57 The Onsager method has
been shown to give reliable geometries and isotope effects in recent
studies of the enzyme N-methyltryptophan oxidase.58


The effect of a hydrogen bond on O2 of OMP was explored
via a model based on the crystal structure of Bacillus subtilis
OMP decarboxylase with bound UMP.4 Gln194 and UMP were
extracted from an arbitrarily selected subunit of the crystal struc-
ture (1DBT). This structure was modified by replacing the sugar
moiety with a methyl group, and by reducing Gln194 to acetamide.
A carboxylate was added to UMP in an orientation consistent
with the optimized geometry of 1-methylorotate. Coordinates of
the heavy atoms originating from the crystal structure were not
altered. This hydrogen-bonded complex of 1-methylorotate and
acetamide was fully optimized in the gas phase at B3LYP/6-31 +
G* and equilibrium isotope effect calculations were conducted.


Conclusions


We have measured an 18O2 isotope effect for the ODCase
decarboxylation reaction of 0.991 ± 0.001, which leads to the
calculation of an intrinsic 18O effect of approximately 0.983. This
substantial 18O2 effect requires a mechanism that includes one
or more steps associated with binding and pre-decarboxylation
chemistry with significantly inverse contributions to this overall
effect. The direct decarboxylation mechanism proposes no bond
forming events on the orotate ring prior to the decarboxylation
step, and the calculated 18O2 IEs for such a mechanism do not
appear able to account for the experimental value. New structures
of the ODCase-OMP complex show an intricate network of
contacts between O2, the substrate phosphoryl group, an enzyme
Gln side chain, and a bound water molecule; this feature of the
active site appears critical for decarboxylation and may account
for the observed isotope effect data.
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A new method based on DNA melting has been developed for the rapid analysis of STRs in the human
genome. The system is based on homogeneous PCR followed by fluorescence melting analysis and
utilises a HyBeacon R© probe combined with a PCR primer-blocker oligonucleotide. The use of blockers
of different length permits identification of the full range of common D16S539 repeats enabling
detection of 99.8% of known alleles. The interrogation of STRs can be carried out on standard genetic
analysis platforms and could be applied to other loci to form the basis of a bespoke high-throughput
system for use in forensic analysis, particularly as fluorescent genetic analysis platforms are now
available for high-resolution melting. This methodology may be suitable for rapid forensic DNA
analysis at the point-of-arrest or in a custody suite where it is important to identify an individual from a
small group of suspects/detainees.


Introduction


Short tandem repeats (STRs) of 2–6 bases of DNA occur
frequently in the human genome. Examples are d(GATA)n,
d(TTCT)n and d(TCTTA)n.1 Many of these loci are polymorphic,
with the number of repeats varying between individuals and pop-
ulations. This allows STRs to be used for human identification,2,3


forensic science,4,5 disease-related linkage analysis,6,7 and pater-
nity/kinship testing.8,9 The existing widely used technique for
STR analysis involves DNA extraction and amplification using
5¢-fluorescently labelled PCR primers followed by electrophoretic
separation and analysis. The procedure is carried out in a
laboratory environment and requires specialised equipment and
skilled technicians.10 As a result it is a time-consuming process.11


There is a parallel requirement for a simple and robust method
of STR analysis for use at the scene-of-crime and custody suites
where rapid and portable analysis is required. Such a system does
not need to be as informative as the electrophoretic system but it
should be capable of identifying an individual from a small group
of detainees.


We are currently developing a quick and effective fluorescence
melting method to determine the length of STR alleles from
extracted DNA and unpurified saliva samples. The STR profiling
method is based on HyBeacon R© probes, which are single-stranded
oligonucleotides labelled with fluorescein on some of the hetero-
cyclic bases of the DNA sequence. HyBeacons have been used suc-
cessfully in fluorescence-based mutation and SNP analysis.12–16In
the single-stranded HyBeacon R© probe the fluorophores interact
with one another and also with the DNA bases resulting in
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almost complete fluorescence quenching (Fig. 1a). When the probe
hybridizes to its complementary target (Fig. 1b), normally a PCR
product, the fluorophores move away from each other and from
the DNA bases due to the rigidity of the duplex (Fig. 1c). This
leads to the fluorescence enhancement which forms the basis of
the HyBeacon R© melting analysis.


Fig. 1 STR HyBeacon R© principle: (a) Single-stranded HyBeacon R© probe
with fluorescein dTs separated by around 6 bases. The fluorophores
interact with each other and fluorescence is quenched. (b) Complementary
DNA strand. (c) Duplex formed between HyBeacon R© probe and its
complementary target. In the rigid duplex the fluorophores are much
further apart leading to enhanced fluorescence.


Analysing STR loci with HyBeacon R© probes could form the
basis of a fluorescence melting method for forensic profiling
provided that sufficient resolution can be achieved. A potential
problem is the small difference in melting temperature (Tm)
between very similar long repeat DNA sequences, e.g. 12 and 13
repeats of d(GATA) at the D16S539 locus. This problem can be cir-
cumvented by employing non-fluorescent blocker oligonucleotides
to reduce the effective length of the target sequence available to the
HyBeacon R© probe, thus increasing the difference in Tm between
STR repeats of similar length. The simplest system comprises two
PCR primers, a HyBeacon R© probe and a blocker oligonucleotide.
This “bimolecular” approach, in which the blocker and primer are
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in separate oligonucleotides (ONTs), has recently been evaluated
and shown to permit reliable analysis of forensic loci.17


However the bimolecular approach to blocking is not efficient
and inappropriate full length probe hybridization occurs, resulting
in undesirable additional melting peaks which complicate sample
analysis. The new STR system described here solves this problem
by utilizing a “unimolecular” blocking strategy with blocker and
amplified target located on the same DNA strand (PCR product),
ensuring that the blocking of the STR target is intramolecular,
and therefore efficient. This requires a system comprising a single
oligonucleotide containing both blocker and PCR primer compo-
nents (hairpin blocker/primer) in conjunction with a HyBeacon R©


probe and an unlabelled reverse primer (Fig. 2a). The human
D16S539 locus, which is used in forensic profiling panels, is
employed here as the principal model system.


Results and discussion


Unimolecular STR assay design


The unimolecular blocker/primer ONTs comprises (from 5¢ to
3¢) a five base GC rich stem, several d(TATC) blocking repeats
complementary to the amplified D16S539 target sequences, an
anchor sequence to clamp the blocker to the start of STR
repeat region and prevent slippage, a hexaethylene glycol (HEG)
PCR stopper18 and a primer (Fig. 2a). PCR extension from
blocker/primer oligonucleotides results in the d(TATC)n blocker
and its amplified target sequence being part of the same DNA
strand. The interaction between the blocker and STR target is
therefore intramolecular and is kinetically and thermodynamically
favoured over the alternative bimolecular system (ESI Fig. S1).
This unimolecular approach is the basis of the Scorpions system
that is widely used in genetic analysis19,20 and permits the blocker
to compete favourably with the HyBeacon R© probe to sequester
a predetermined number of STR repeats. The blocker cannot
hybridize to its complement until the target sequence has been
amplified so it does not delay the progression of Taq polymerase.
Blocker oligonucleotides increase the difference in Tm between
D16S539 alleles by reducing the number of repeats available to
bind to the HyBeacon R©. In the case of the unimolecular blocker
D16BS7 (Table 1), the d(TATC) regions form stable duplexes with
seven d(GATA) target repeats, leaving the HyBeacon R© probe to
bind to the remaining repeats (Fig. 2b). Thus, only four of the


d(TATC) repeats in the HyBeacon R© are permitted to hybridize to
a D16S539 allele possessing eleven repeats of d(GATA). Reducing
the number of repeats interrogated by the fluorescent probe
provides excellent Tm differentiation between STRs of different
lengths.


The HyBeacon R© probe consists of a defined number of repeats
of TATC (in the case of D16FL1 this is 8 repeats). This is
followed by a sequence of 5 bases at the 3¢ end (GC rich stem
in Fig. 2a) which are complementary to the 5¢ end of the blocker
primers D16BSN (where N = number of TATC repeats). When
blocker and probe are hybridized correctly to the STR target
these GC-rich components create a 5-mer mini-duplex that holds
the two strands together at the correct location (Fig. 2b). This
prevents imprecise hybridization (probe slippage) which can lead
to broad melting peaks and induce an extra peak due to the full
length probe hybridizing to the target (discussed in section on
trimethoxystilbene cap below).


HyBeacon R© probe D16FL1 and blocker/primers D16BS4/7
evaluation in STR analysis


PCR products were amplified from small quantities of synthetic
DNA templates 10R-14R (sequences in Table 1), yielding Tms of
33, 40.1, 45.7, 50.2 and 53.5 ◦C respectively, using the combination
of the D16FL1 probe and D16BS7 blocker (Fig. 3). A 12/13
repeat heterozygote amplified directly from human saliva was
then analysed and gave the same Tms as the 12 and 13 repeat
samples from the synthetic templates (Fig. 3 inset). These results
demonstrate that the DTms between adjacent repeats (up to 7 ◦C
between 10 and 11 repeats and 3.3 ◦C between 13 and 14 repeats)
are adequate to characterise these D16S539 alleles. It is not
possible to interrogate the full range of D16S539 alleles using
a single blocker oligonucleotide since the melting temperatures of
the 8 and 9 repeat alleles would be below the detection limits of
the LightCycler R© instrument (i.e. below 30 ◦C) and the Tm of 10R
was only just above 30 ◦C. Thus the 7 repeats blocker is suitable
for analysing 11 to 14 repeats, and the shorter D16S539 alleles can
be identified using the D16BS4 oligonucleotide, which possesses
only four blocking repeats.


We then demonstrated that the full range of common D16S539
alleles11 can be identified from purified genomic DNA using the
D16FL1 probe along with D16BS4 and D16BS7 blocker/primer
oligonucleotides in a two-tube format. The D16BS4 blocker


Table 1 Oligonucleotide (ONT) sequences; 5 = fluorescein dT, HEG = hexaethylene glycol, P = 3¢-phosphate, Y = trimethoxystilbene


ONT ID Sequence


D16FL1 TATCTATC5ATCTATC5ATCTATC5ATCTATCGCCGCP
PRIM2 ACGTTTGTGTGTGCATCTGTAAGCATGTATC
D16BS4 GCGGC(TATC)4CACCTGTCTGTCTGTCTGTA-HEG-GATCCCAAGCTCTTCCTCTT
D16BS7 As D16BS4 but with (TATC)7


D16FL4 YCAATGA5ATCTA5CTATCTATCTATCTATCTATCTATCP
D16BL5 (TATC)5CACCTGTCTG-HEG-GATCCCAAGCTCTTCCTCTT
D16BL7 (TATC)7CACCTGTCTG-HEG-GATCCCAAGCTCTTCCTCTT
D16BL10 (TATC)10CACCTGTCTG-HEG-GATCCCAAGCTCTTCCTCTT
10R CCATTTACGTTTGTGTGTGCATCTGTAAGCATGTATCTATCATCCATCTCTGTTTTGTCTTTCAATGA(TATC)10CACC


TGTCTGTCTGTCTGTATTGATCTAGGGAAGAGGAAGAGCTTGGGATCTGCCTTTGTTTGCTCCCATATAAAAT
11R CATTTACGTTTGTGTGTGCATCTGTAAGCATGTATCTATCATCCATCTCTGTTTTGTCTTTCAATGA(TATC)11CACCT


GTCTGTCTGTCTGTATTGATCTAGGGAAGAGGAAGAGCTTGGGATCTGCCTTTGTTTGCTCC
12R As 10R but with (TATC)12


13R/14R As 11R but with (TATC)13 and (TATC)14
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Fig. 2 Schematic of the STR HyBeacon R©system. PCR amplification and Tm analysis are performed in a single tube. (a) The probe system is composed of
a hairpin blocker/primer oligonucleotide (e.g. D16BS7) and HyBeacon R© probe (e.g. D16FL1). The 5¢-end of the hairpin blocker/primer oligonucleotide
(D16BS7) comprises a GC-rich stem followed by 7 repeats of d(TATC) and a 20-mer anchor sequence to locate the blocker at the start of the STR
repeat region. The HyBeacon R© probe (D16FL1) has 8 repeats of d(TATC), three internal fluorescein dT nucleotides, a five base GC-rich zone that is
complementary to the GC-rich unit of the hairpin blocker/primer and a phosphate group at the 3¢ end (P) to prevent extension of the probe during PCR.
Asymmetric PCR amplification produces an excess of the target DNA strand. (b) Hairpin blocker construct after PCR extension and its interaction with
the STR HyBeacon R©. Fluorescein dT moieties in double-stranded regions become considerably more fluorescent upon hybridization. The green circle
indicates increased fluorescence in double-stranded DNA relative to single-strand (grey circle). The melting curve is obtained by monitoring fluorescence
emission and heating the tube from 35 to 70 ◦C. At low temperature the HyBeacon R© probe binds to its target and as a result the fluorescence is high.
When the probe becomes single stranded at higher temperature the HyBeacon R© is almost non-fluorescent. The first derivative of the melting curve (melt
peak, -dF/dT) is used to determine the melting temperature.


permits identification of 8, 9, 10 and 11 repeat alleles and the
D16BS7 blocker is used to identify 11, 12, 13 and 14 repeats
(Fig. 4). Analyses were carried out on 44 separate extracted
DNA samples (Table 2). A third blocker oligonucleotide with a


greater number of repeats may be required to interrogate longer
uncommon D16S539 alleles in a forensic setting since the above
system does not reliably differentiate the 14 repeats from rare
alleles possessing 15 repeats and greater.
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Fig. 3 HyBeacon R© probe D16FL1 with blocker/primer D16BS7 was
used to analyse PCR amplicons from the synthetic templates 10R-14R.
Inset shows the analysis of unpurified saliva possessing 12 and 13 repeat
D16S539 alleles in comparison with the 12R and 13R synthetic targets.


Fig. 4 Interrogation of D16S539 alleles from purified genomic DNA
using the D16FL1 probe with (a) D16BS4 and (b) D16BS7 unimolecular
blockers. This two-tube format permits reliable detection and identification
of the common D16S539 alleles possessing between 8 and 14 repeats. 4a:
8/11, 9/10, 9/11; 10/11; 10/12; 11/12. 4b: 12/13 in red; 13/13, 11/14 in
blue; 14/14, 11/12 in black.


STR analysis using a HyBeacon R© probe with a trimethoxystilbene
(TMS) caps


Unimolecular assay design. A HyBeacon probe (D16FL4)
was also designed with a TMS cap at the 5¢ end (Fig. 5).
This was evaluated as an alternative to the previous system,
using trimethoxystilbene to stabilise the blocker-target duplex
instead of a mini-duplex. Trimethoxystilbene is known to increase
duplex stability by stacking interactions.21,22 TMS has two further
advantages; (i) it acts as an additional fluorescence quencher in the
single stranded HyBeacon R© and (ii) it produces sharper melting
curves. The latter point is particularly significant, as it facilitates
discrimination between peaks with similar Tm’s. The phenomenon
is currently the focus of a detailed investigation using a range of
chemical modifications. The D16FL4 HyBeacon R© also has six
bases of mixed sequence at the 5¢ end adjacent to the TMS which
firmly anchor the probe to its target, eight STR repeat units with
two fluorescein dTs and a phosphate group at 3¢ end as a PCR
stopper (Fig. 5). The blocker/primer ONTs used (D16BL5/7/10)
were similar to D16BSN but lacked the GC-rich stem. With
the trimethoxystilbene HyBeacon R©, a (TATC)5 blocker unit was
used and this gave a large DTm between eight and nine STR
repeats.


Fig. 5 Schematic of the HyBeacon R© probe D16FL4 and blocker/primer
D16BL5 system. (a) Probe and blocker/primer. (b) Probe and blocker
hybridized to target. Green and dark grey circles represent the unquenched
and quenched fluorescein dT moiety respectively. (c) Structures of
trimethoxystilbene unit (Y) and fluorescein dT.


Table 2 The mean Tms (◦C) of D16FL1 and D16FL4 HyBeacon R© probe melting peaks, where N is the number of samples interrogated and SD is the
standard deviation. Number of replicates depended on sample availability


Allele D16FL1/Blocker N Tm SD Allele D16FL4/Blocker N Tm SD


8 D16BS4 7 39.6 0.12 8 D16BL5 10 41.9 0.24
9 D16BS4 8 45.5 0.35 9 D16BL5 28 48.8 0.12


10 D16BS4 9 50.0 0.31 9 D16BL7 28 35.0 0.17
11 D16BS4 25 53.5 0.31 10 D16BL7 16 42.5 0.14
11 D16BS7 25 41.4 0.34 11 D16BL7 17 49.1 0.10
12 D16BS7 21 47.3 0.40 12 D16BL7 21 53.7 0.10
13 D16BS7 20 51.3 0.51 12 D16BL10 21 34.5 0.21
14 D16BS7 8 54.2 0.25 13 D16BL10 10 42.0 0.31


14 D16BL10 8 48.3 0.17
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Evaluation of TMS capped HyBeacon R©. DNA samples were
analyzed in a three-tube format to detect the full range of common
D16S539 alleles using the D16FL4 TMS-capped HyBeacon R© and
three different blocker/primers. Melting analysis using D16BL5
blocker/primer enabled identification of 8 and 9 repeat alleles,
D16BL7 was used to identify 9 to 12 repeats and D16BL10 was
employed to characterise 12 to 14 repeats (Table 2 and Fig. 6).
Sixty separate DNA samples were used for this analysis. We were
unable to obtain human DNA samples of 8/10, 8/13, 8/14, 10/10,
10/14 and 13/14 alleles. Ten of the DNA samples had STR profiles
determined previously using the Applied Biosystems AmpFlSTR R©


SGM Plus R© PCR amplification kit on an ABI PRISM R© 3100
Genetic Analyzer and every allele identified with the D16FL4
probe was in accordance with SGM Plus data and also with melt-
ing curve analyses using the D16FL1 HyBeacon R©. In addition,
all available homozygous and heterozygous combinations of the
common 8, 9, 10, 11, 12, 13 and 14 repeat alleles of D16S539 were
differentiated and identified in this study. A comparison of the Tms
of the D16BLN/D16FL4 system (TMS) and D16BSN/D16FL1
system (with a GC-rich mini-duplex) (Table 2) indicates that the
TMS HyBeacon R© probe/target gives an increase in Tm of up to
9.2 ◦C.


Fig. 6 Interrogation of D16S539 alleles using the D16FL4 probe with
(a) D16BL5, (b) D16BL7 and (c) D16BL10 unimolecular blockers,
detecting the full range of common alleles possessing between 8 and 14
repeats. a Resolves 8 and 9 repeats, b resolves 9 to 12 repeats and c resolves
from 12 to 14 repeats. An individual sample appears in one or more of
these panels and can be unambiguously genotyped. Full length probe
hybridization to unblocked repeats generates an additional melting peak
(+) but does not compromise detection or identification of D16S539 alleles.


The combination of D16FL4 TMS-capped probe and D16BL7
unimolecular blocker reliably identifies 9 to 12 repeat alleles, but
also detects 13 repeat targets and full length probe hybridization
with melting peaks at approximately 57 ◦C and 60 ◦C respectively
(Fig. 6b). These higher melting peaks, which are due to hybridiza-
tion of the full HyBeacon R© to the target and displacement of
part of the blocking oligo, are clearly differentiated and do not
compromise identification of target alleles (also see ESI Fig. S2).
The additional peaks can be avoided by the simple modification
introduced into the D16FL1/D16BS4/S7 probe-blocker system
(Fig. 2b), the five base mini-duplex. Combined with using a
molar excess of blocker this mini-duplex inhibits inappropriate
full length probe hybridization and therefore prevents generation
of undesirable melting peaks (ESI Fig. S1). The TMS capped
and mini-duplex intramolecular probe/blocker systems, although
different in detail, both offer an effective method for STR
analysis.


Although unimolecular blocker/primers are not essential for
the interrogation of all STR loci or alleles, certain combinations of
probes and blockers do benefit from analysis by the unimolecular
approach. Unimolecular blocking can reduce the amount of
probe that may hybridize along its full length to inappropriate
unblocked repeats, compared with equivalent bimolecular block-
ers. A strategy that utilizes an excess of a high Tm bimolecular
blocker is possible, but this is likely to reduce the efficiency
of PCR with certain targets, so is not a simple alternative to
the unimolecular system. Unimolecular oligonucleotides do not
reduce the efficiency of PCR since blockers cannot compete for
the template and inhibit the early stages of PCR. As mentioned
previously, the benefit of unimolecular blocking was observed with
the D16FL1 probe and D16BS4 (ESI Fig. S1). The advantage of
unimolecular blocking has also been demonstrated in the analysis
of the TH01 STR locus (ESI Fig. S3).


The method described here may not be suitable for the analysis
of all short tandem repeats since many loci exhibit common partial
repeat alleles and possess complicated structures with multiple
repeating regions of different sequence.2 Repeating sequences
that are self complementary, such as d(CAG), may also be
unsuitable if the formation of stable hairpin structures prevents
efficient target detection and identification. However, additional
fluorescent probe assays have been successfully developed, using
bimolecular blockers, to interrogate D18S51, D8S1179 and TH01
short tandem repeats.17 The combination of four STR tests
will permit the generation of a partial STR profile outside of
specialized laboratories, for example at the point-of-arrest, to
rapidly include or exclude an individual from an investigation. The
unimolecular blocking strategy may also provide further benefits
when STR tests are multiplexed.


Analysis of PCR-amplified STR targets using electrophoretic
methods has shown that additional products (referred to as
shadow bands or stutter bands) may be generated through slippage
events during PCR. Single stutter products, four nucleotides
shorter than the main product, are typically observed with
tetranucleotide repeats with a frequency of less than 10%.23 Stutter
peaks have not been observed during melting curve analysis of
STR targets with fluorescent probes and non-fluorescent blockers.
Stutter products would be expected to result in melting peaks with
a height less than 10% of that observed for a genuine peak and
would be hidden within the fluorescence noise.
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Conclusions


STRs at the human D16S539 locus have been analyzed in a
homogeneous format using a fluorescent HyBeacon R© probe in
conjunction with a blocker oligonucleotide chemically attached to
a primer via a PCR stopper. Intramolecular hybridization of the
blocker oligonucleotide prevents inappropriate full length probe
hybridization and permits clear differentiation of STR alleles.
The use of two or three blocker oligonucleotides of different
length enables identification of the full range of common D16S539
alleles comprising 8 to 14 repeats, with reported allele frequencies
exceeding 0.01, enabling detection of 99.8% of worldwide alleles.24


This methodology is suitable for the analysis of other STR loci
(see THO1 locus in ESI Fig. S3) and with such developments
could permit rapid forensic DNA analysis to be performed at
the point-of-arrest or in custody suites. Investigations are also
under way to extend the scope of STR HyBeacons by exploring
their use on mixed and contaminated samples such as those
encountered in a forensic environment. With further development
it is conceivable that melting curve analysis of fluorescent probes
could also form the basis of a bespoke high-throughput system for
STR analysis in non-forensic applications, particularly as genetic
analysis platforms are now becoming available for high-resolution
melting.


Experimental


Oligonucleotide synthesis


Standard DNA phosphoramidites, solid supports and addi-
tional reagents were purchased from Link Technologies Ltd
and Applied Biosystems Ltd. Phosphate-on synthesis columns
(for 3¢-phosphate addition), hexaethylene glycol phosphoramidite
(spacer 18) and fluorescein dT phosphoramidite were pur-
chased from Link Technologies Ltd, and trimethoxystilbene
phosphoramidite21 from Glen Research. All oligonucleotides
were synthesized on an Applied Biosystems 394 automated
DNA/RNA synthesizer using a standard 0.2 mmole phospho-
ramidite cycle of acid-catalyzed detritylation, coupling, capping
and iodine oxidation. Stepwise coupling efficiencies and overall
yields were determined by the automated trityl cation conductivity
monitoring facility and in all cases were >98.0%. All b-cyanoethyl
phosphoramidite monomers were dissolved in anhydrous acetoni-
trile to a concentration of 0.1 M immediately prior to use. The
coupling time for normal A, G, C, and T monomers was 25 sec
and this was extended to 360 sec for all other monomers. Cleavage
of oligonucleotides from the solid support and deprotection was
achieved by exposure to concentrated aqueous ammonia for 60
min at room temperature followed by heating in a sealed tube for
5 h at 55 ◦C.


Oligonucleotide purification


Purification of oligonucleotides was carried out by reversed-phase
HPLC on a Gilson system using a Brownlee Aquapore column
(C8), 8 mm ¥ 250 mm, pore size 300 Å. The following protocols
were used: Run time 30 min, flow rate 4 mL per min, binary system,
gradient: Time in min (% buffer B); 0 (0); 3 (0); 5 (10); 21 (40); 25
(100); 27 (0); 30 (0). Elution buffer A: 0.1 M ammonium acetate,
pH 7.0, buffer B: 0.1 M ammonium acetate with 50% acetonitrile


pH 7.0. Elution of oligonucleotides was monitored by ultraviolet
absorption. Oligonucleotides were then desalted using NAP-10
Sephadex columns (GE Healthcare), aliquoted into eppendorf
tubes and stored at -20 ◦C.


Capillary electrophoresis (CE) conditions


Oligonucleotide purity was confirmed by high resolution capillary
electrophoresis analysis. Analysis was carried out using a Beckman
Coulter P/ACE(tm) MDQ Capillary Electrophoresis system with
32 Karat software and UV monitoring at 254 nm. A solution of
an oligonucleotide (0.2–0.4 OD254) in 100 mL of water was injected
into the gel for 5–20 sec with an injection voltage of 10.0 kV and
a separation voltage of 9.0 kV. A single stranded DNA 100-R Gel
was used with Tris-borate buffer and 7 M urea (Kit No 477480).
Representative CE-traces are shown in ESI Fig. S4.


Gel purification of synthetic STR targets


Synthetic STR targets were purified by denaturing polyacrylamide
gel electrophoresis. The crude oligonucleotide (10 OD) was
lyophilized and redissolved in 100 mL of 50% formamide/water.
The resulting solution was denatured at 95 ◦C for 5 min. and
cooled to 0 ◦C immediately on an ice-bath before being loaded
onto the preparative gel (pre-run gel of 13%/7 M urea, constant
current 20 Amp for 1 h). The electrophoresis was performed for 3 h
under the same conditions. The gel was removed from the plate,
placed on plastic wrap, and put onto a UV fluorescent plate (TLC
silica254 plate, Merck) and visualized under UV light. The principal
UV absorbing band was cut from the gel and eluted by the crush-
and-soak method using water as eluent. The crushed gel in water
was shaken (100 rpm) at 37 ◦C for 10 h and the gel was separated.
The resulting oligonucleotide/urea supernatant was desalted on
a NAP-10 Sephadex column (GE Healthcare) and quantified by
UV260. The purified oligonucleotides were obtained in yields of
around 30%.


PCR amplification and fluorescence melting analysis


The human D16S539 locus used throughout this work (GenBank
Accession No. G07925) is a component of forensic profiling panels
such as the Applied Biosystem AmpFlSTR R© SGM Plus R© system.
Target amplification and melting curve analysis was performed
using a Roche LightCycler R© 1.5 instrument. Interrogation of
D16S539 alleles was performed with the HyBeacon R© probes
D16FL1 and D16FL4 which contains the duplex stabilizing end-
cap trimethoxystilbene21 (Table 1). Tests using the D16FL1 probes
were performed in 10 mL reaction volumes, comprising 0.5 mM
of the blocker/primer D16BS4 or D16BS7, 0.05 mM of reverse
primer (PRIM2), 0.5 mM dNTPs, 75 nM of the probe, 4.0 mM
of MgCl2, 10 ng mL-1 BSA (Roche Diagnostics, Lewes, UK), 0.5
units of 5PRIME HotMaster Taq DNA polymerase (Flowgen,
Nottingham, UK) in 1 ¥ PCR buffer. Tests using the D16FL4
probe were performed in 20 mL reaction volumes comprising
1 mM of the D16BL5, D16BL7 or D16BL10 blocker/primer
constructs (Table 1), 0.1 mM of reverse primer (PRIM2), 1 mM
dNTPs, 75 nM probe, 3 mM MgCl2, 10 ng mL-1 BSA, 1 ¥
PCR buffer and 0.5 Units HotStarTaq (QIAGEN, Crawley, UK).
Amplification of target sequences was achieved by asymmetric
PCR using a 10 : 1 ratio of forward to reverse primer in order to
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produce an excess of d(GATA)n target strand. A molar excess of
blocker oligonucleotides was used to prevent/limit inappropriate
full length probe hybridization. The quantity of template was 12 ng
for synthetic templates, 1–5 ng ml-1 DNA for extracted samples
(extracted from buccal swabs using QIAamp DNA Blood Mini
Kits, QIAGEN, Crawley, UK) or 1 mL of saliva (diluted to 50%
in water). The genotypes of extracted DNA and unpurified saliva
samples were confirmed by the established SGM Plus R© profiling
method.


The PCR thermal cycling conditions used with D16FL1 probe
were 94 ◦C for 2 min to activate the enzyme followed by 50
cycles of 94 ◦C/15 sec, 57 ◦C/30 sec and 70 ◦C/30 sec. Following
amplification, reactions were heated to 95 ◦C for 1 min, annealed
by cooling from 95 ◦C to 28 ◦C at 0.5 ◦C sec-1, then maintained at
28 ◦C for 1 min. Fluorescence was then monitored during melting
curve analysis using the continuous acquisition mode by heating
to 80 ◦C at 0.1 ◦C sec-1. The PCR thermal cycling conditions used
with D16FL4 probe (and HotStarTaq polymerase) were 95 ◦C for
15 min to activate the enzyme followed by 50 cycles of 95 ◦C/10 sec,
55 ◦C/20 sec and 72 ◦C/20 sec. Following amplification, reactions
were heated to 95 ◦C for 30 sec and cooled at 28 ◦C for 1 min.
Melting curve analysis was then performed by heating reactions
from 28 ◦C to 75 ◦C at 0.1 ◦C sec-1.The fluorescence melting curve
data was converted to the first derivatives giving the melting peaks
(-dF/dT where F is fluorescence and T is temperature in ◦C). The
total time of the amplification and melting curve analysis was on
average 70 min and is dependent on the ambient temperature, i.e.
ability of LightCycler R© to cool to 28 ◦C. At least 45–50 cycles
of PCR are required to generate sufficient target sequence for
melting curve analysis. This number of cycles is commonly used
in fluorogenic applications which use asymmetric amplification,
in contrast to assays which employ equimolar concentrations
of forward and reverse primers, and require fewer cycles. No
contamination problems were encountered in this work.
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The aqueous solubilities of albendazole encapsulated in cucurbit[6, 7 and 8]urils (Q[6], Q[7] and Q[8])
have been determined by 1H NMR spectroscopy, and the effect of encapsulation on their cytotoxicities
evaluated. Encapsulation in Q[6] and Q[7] increased the aqueous solubility of albendazole by
2 000-fold, from 3 mM to 6 mM at pH 6.6, while Q[8]-encapsulation increased the solubility to over
2 mM. Encapsulation in Q[7] and Q[8] induced significant upfield shifts for the albendazole propyl and
benzimidazole resonances, compared to those observed for Q[6]-binding and what would normally be
expected for the respective functional groups. The upfield shifts indicate that the albendazole propyl
and benzimidazole protons are located within the Q[7] and Q[8] cavity upon encapsulation.
Alternatively, encapsulation in Q[6] only induced a large upfield shift for the albendazole carbamate
methyl resonance, indicating that the drug associates with Q[6] at its portals, with only the carbamate
group within the cavity. Simple molecular models based on the observed relative changes in chemical
shift could be constructed that were consistent with the conclusions from the NMR experiments.
Cytotoxicity assays against human colorectal cells (HT-29), human ovarian cancer cells (1A9) and the
human T-cell acute lymphoblastic leukaemia cells (CEM) indicated that encapsulation in Q[7] did not
significantly reduce the in vitro anti-cancer activity of albendazole.


Introduction


Albendazole (ABZ), methyl 5-propylthio-1H-benzimidazole-2-yl
carbamate (see Fig. 1), is known as a broad spectrum anti-parasitic
primarily used in the treatment of worms such as hookworms,
whipworms and roundworms.1–3 More recently, ABZ has been
shown to exhibit significant anti-tumour activity.4–7 ABZ is
thought to bind to b-tubulin, a major target of drug molecules, and
inhibit microtubule polymerisation;8,9 however, other mechanisms
of action have also been suggested, e.g. disruption of glucose
uptake leading to ATP depletion.10 Pourgholami et al. have shown
that ABZ inhibits hepatocellular carcinoma cell proliferation
under both in vitro and in vivo conditions,4 while over the last few
years, ABZ has been shown to exhibit significant activity against
a number of other cancer cell lines, e.g. colorectal and ovarian
cancers, and leukaemia.5–7 Additionally, potent inhibitory effects
of the drug on vascular endothelial growth factor (VEGF) and
ascites has been described.6


While ABZ has potent anti-proliferative activity, its clinical
application as an anti-cancer agent is limited by its aqueous
solubility. In a recent study of 15 poorly soluble drugs, Bergström
et al. measured the intrinsic aqueous solubility of albendazole to
be 0.983 ± 0.112 mM.11 There are a variety of possible strategies to
increase the solubility of ABZ, and in this study we have examined
the effect of encapsulating ABZ in macrocyclic molecules called
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Fig. 1 Structure and atom numbering of albendazole (A) and structure
of cucurbit[n]uril (B).


cucurbiturils. Cucurbit[n]uril, compounds best described as open
ended barrels (see Fig. 1) made from the condensation of glycoluril
and formaldehyde, are capable of binding small molecules under
a variety of conditions.12–21 Importantly a range of cavity sizes are
available (Q[5]–Q[10], portal openings of ~2.4–11.0 Å including
the van der Waals radii), which enables a thorough examination
of Q[n] as a suitable molecular carrier. For Q[7] the portal diameter
is 5.4 Å, the cavity diameter 7.3 Å, with a height of 9.1 Å, whereas
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Q[6] and Q[8] have the same height as Q[7] but different portal
(3.9 and 6.9 Å respectively) and cavity diameters (5.8 and 8.8 Å
respectively).17


The binding of molecular guests by Q[n] in aqueous systems
is facilitated by the hydrophobic effect and van der Waals forces
associated with the cavity, while ion–dipole and hydrogen bonding
interactions can occur at the portals.17 The inner cavity of
Q[n] should be able to accommodate part of the propylthio-
benzimidazole section of the drug, thereby significantly increasing
the aqueous solubility. The NMR results of this study demon-
strate that encapsulation by cucurbit[6,7,8]uril does increase the
solubility of albendazole to mM levels without significantly
affecting the in vitro cytotoxicity against a range of cancer cell
lines.


Experimental


Materials


ABZ was purchased from the Sigma Chemical Company, while
D2O was obtained from Cambridge Isotope Laboratories. Q[6],
Q[7] and Q[8] were synthesised as previously described.12,13 All
solvents were used as provided and aqueous solutions were made
using Milli-Q water, coming from a Millipore four-stage water
purification unit.


Cucurbit[n]uril titrations of ABZ


Q[7] was dissolved in D2O to a specific concentration and then
mixed with known weights of ABZ, whereas, Q[6] and Q[8], which
are sparingly soluble in water, were added to albendazole and
D2O in solid form. All samples were shaken using a vortex shaker,
sonicated and then left standing overnight before analysis by NMR
spectroscopy.


Albendazole aqueous solubility


An excess of the drug was added to 150 mL of water at either
pH 3.0 or 6.6, the suspension sonicated for 90 minutes and
then left standing overnight at 20 ◦C. The suspension was then
filtered through a 0.5 mm PETE syringe filter, freeze-dried and
then redissolved in 20 mL of methanol. The concentration of
albendazole was determined from the absorption at 295.7 nm
against a standard curve.


NMR spectroscopy


NMR spectra were obtained on a Varian Unityplus-400 spectrom-
eter operating at 400 MHz for the 1H nuclei. One-dimensional 1H
NMR spectra were recorded over a spectral width of 5000 Hz
using 256 transients. All spectra were referenced to DSS (0 ppm)
at 25 ◦C, using the residual HDO resonance at 4.78 ppm as an
internal reference signal. ABZ concentrations in solution were
measured by comparing the integrals of the albendazole 1H peaks
with those of two known concentrations of ethanol, typically
2 mM and 6 mM. The results were corrected for the different
spin-lattice (T1) relaxation times between the ethanol and ABZ
protons. T1 times were determined using the standard 180◦-t-90◦


pulse sequence. The concentration ratio of ABZ to cucurbituril


was determined by comparing the 1H resonance integrals of ABZ
with those of the Qs.


Phase-sensitive NOESY spectra were acquired using 2048 data
points in t2 for 256 t1 values with a pulse repetition delay of 1.7 s
for mixing times of 350 ms. Saturation transfer experiments were
carried out using a 1:1:1 molar ratio mixture of ABZ:Q[7]:Q[8]
with each component 1 mM in D2O. Q[8] was initially mixed
with ABZ, since the presence of Q[7] prevented Q[8] solvation.
Only after the Q[8] and ABZ concentrations were confirmed
to be 1 mM was Q[7] added as a solid. The benzimidazole
aromatic proton singlet resonance of ABZ encapsulated by Q[8]
was selectively irradiated (saturated). The spectrum with the Q[8]
peak saturation was subtracted from that of the control spectrum
(where the irradiation frequency was in a region of the spectrum
that contained no resonances) to determine the extent of saturation
transferred from the benzimidazole singlet of ABZ bound by
Q[8] to the equivalent signal of that bound by Q[7]. The number
of scans for each spectrum was 1024, with a pulse repetition
delay of 15 seconds. The control and saturation pulses were
interleaved.


Molecular modelling


Molecular modelling was carried out using HyperChem.22 The
molecular mechanics (Amber99) forcefield was used for ABZ,
and was minimised to a root-mean-square gradient of 0.002 kJ
(A mol)-1. Cucurbit[n]uril models were optimised separately using
the MM+ forcefield, as the stretch-bend cross term was required
to accurately reflect the rigidity conferred by the five and eight
membered rings. Subsequent optimisations treated the Q[n] as
rigid and were performed using Amber99 with Q[n] point charges
based on a previous semi-empirical calculation (AM1). The
Amber forcefield, which does not have the stretch-bend cross
term, was used to more closely reflect the van der Waals radii
within the confined spaces of the Q[n] than is possible with
MM+.


Preparation of ABZ-Q[7] complexes for in vitro testing


A typical preparation involved mixing solid ABZ (4.1 mg, 15 mmol)
and solid Q[7] (21.5 mg, 15 mmol) in H2O (1.5 mL). Using a vortex
shaker the mixture was homogenised, sonicated for 1.5 h and
then left to stand overnight at 20 ◦C. Filtration through a 0.5 mm
PETE syringe filter gave clear solutions of ABZ-Q[7] complex.
Solid product was obtained by lyophilisation. The mole ratio of
ABZ:Q[7] was determined by 1H NMR and microanalysis. Both
methods were found to be consistently in agreement with mole
ratios between 0.6–0.7:1 respectively. The exact mole ratio for each
preparation was determined before use. Samples dissolved in D2O
were compared by peak area integrals against additions of 10 mL
of standardised ethanol (125 mM) in D2O, using 1H NMR. The
carbon to sulfur ratio found in microanalysis samples, dried at
50 ◦C in vacuo (0.5 mm Hg), was used to calculate the ABZ:Q[7]
mole ratio. A microanalysis for a 0.6:1 ratio sample with 14 H2O
and 1 HCl was, found: C 36.63, H 4.62, N 26.20, S 1.19, Cl 2.18.
C49.2H79N29.8O29.2S0.6Cl requires C 36.69, H 5.01, N 25.91, S 1.19,
Cl 2.20%.
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The concentrations of ABZ for in vitro testing were calculated
and prepared in saline solutions in accordance with the determined
ABZ-Q[7] ratios of the above lyophilised preparations.


Cell proliferation assay


The human colorectal and ovarian cancer cells HT-29 and 1A9,
respectively, were obtained from ATCC (USA) and the human
T-cell acute lymphoblastic leukaemia cells (CEM) were kindly
provided by Prof. Maria Kavallaris (Children’s Cancer Institute
Australia for Medical Research). Cells were maintained in RPMI-
1640 medium supplemented with 10% fetal bovine serum and were
grown in a humidified incubator at 37 ◦C under a 5% CO2/95% air
atmosphere. Anti-proliferative effects of Q[7]-encapsulated ABZ
on these cells was determined by the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay.23 Cells seeded in
96-well plates were treated with various concentrations of ABZ-
Q[7] (0, 0.1, 1 or 10 mM in ABZ) for 72 h. At the end of the
incubation period, 0.5 mg/ml of MTT was added to each well and
plates were incubated for a further 4 h for colour development.
Following this, cells were solubilised by the addition of 100 ml of
dimethyl sulfoxide to each well. The absorbance was read at 562 nm
on a plate reader. Each drug concentration was in a replicate of 8
and each experiment was performed at least twice.


Results


Cucurbituril encapsulation of albendazole, ABZ


Fig. 2 shows the 1H NMR spectra of ABZ with added Q[6],
Q[7] and Q[8] at pH 3.0, the pH obtained upon mixing ABZ
with Q[n]. Importantly, and as evidenced by the observation of
strong resonances that can be assigned to the drug, addition of
the Q[n] solubilised the ABZ. In control experiments, the aqueous
solubility of ABZ at pH 6.6 was found to be 3 (±0.5) mM, consistent
with the reported aqueous solubility of 1 mM,11 and 17 (±1) mM
at pH 3.0. The maximum solubility obtainable with Q[6,7,8] is
summarised in Table 1. For the only relatively aqueous soluble
cucurbituril, Q[7], it was noted that the maximum solubility that
could be obtained within 24 hours was only 2.2 mM if the ABZ was
initially added to a Q[7] solution at pH 6.6. However, no decrease
in ABZ solubility from 6 mM was observed when the pH of an
ABZ-Q[7] sample prepared at pH 3.0 was raised to 6.6.


As observed in Fig. 2, only one set of ABZ resonances is
observed in the spectrum of the drug with added Q[n]. However,
there is considerable difference in the chemical shift of the
resonances from ABZ when solubilised by Q[6] compared to that
with Q[7] and Q[8] (see Table 2). The chemical shifts observed
for the aromatic and propyl protons of ABZ associated with Q[6]


Fig. 2 1H NMR spectra of albendazole in D2O with Q[6], Q[7] and Q[8] containing 2.05 mM added ethanol at 25 ◦C, at a drug to cucurbit[n]uril mixed
ratio of 1:1. F-Et denotes free ethanol, while Q-ET indicates ethanol bound in the cucurbit[7]uril.
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Table 1 Maximum solubility (mM) of albendazole encapsulated in cucurbit[n]uril in D2O at pH 3.0 at 25 ◦C


Cucurbit[n]uril ABZ:Q Mixed Ratioa (MR) ABZ:Q Solution Ratiob ABZ Solubility/mMc


6 1 0.92 5.8
6 2 0.90 5.6
7 0.5 0.5 6.2
7 1 0.71 5.6
7 2 0.76 7.1
8 0.5 0.79 2.2
8 1 0.9 2.7


a Solid ABZ (2.7 mg) and the appropriate proportion of Q[n] are combined with D2O (1.0 mL) at 20 ◦C, shaken, sonicated and set aside for 20 h.
b Resultant mixtures were filtered and the ratios determined by 1H NMR at 25 ◦C using standardised EtOH/D2O solutions. c Concentrations of ABZ
were determined by the same method as in footnote b.


Table 2 Chemical shifts of the non-exchangeable proton resonances
of albendazole encapsulated in Q[6,7,8]. The aromatic resonances of
albendazole were assigned by analysis of their coupling pattern, with
long range coupling observed between H4 and H6 in the Q[6]- and Q[7]-
encapsulated samples. For Q[8]-encapsulated albendazole, the H6 was
identified in NOE experiments due to its closer proximity to H4


Chemical shift (ppm)


Proton ABZ-Q[6] ABZ-Q[7] ABZ-Q[8]


S-propyl
CH3 0.99 -0.03 0.02
CH2 1.67 0.85 0.77
CH2 3.05 2.23 2.29
Aromatic
H4 7.81 6.68 7.04
H6 7.52 6.65 6.88
H7 7.71 7.37 6.56
Carbamate
CH3 2.98 3.93 3.97


are similar to the expected values for these types of functional
groups, whereas, the carbamate methyl resonance (2.98 ppm)
is approximately 1 ppm upfield from what would be expected.
Furthermore, with the exception of the carbamate methyl group,
all the ABZ resonances are significantly downfield in the spectrum
with added Q[6], compared to the corresponding peaks in the
spectra with Q[7] and Q[8]. It has now been established that upfield
shifts are expected for resonances from guest protons that are
located within the cucurbituril cavity, with the largest shifts for
protons that are positioned towards the centre of the cavity.12,19,24


Whereas, small downfield shifts are observed for resonances from
guest protons located close to but outside of the cucurbituril
portal.


Based on the observed upfield shifts, it is concluded that the
ABZ propyl and aromatic protons are located within the Q[7]
or Q[8] cavity. Alternatively, as the carbamate methyl resonance
has a chemical shift similar to what would be expected for this
functional group (approximately 4 ppm), it is concluded that the
carbamate methyl is positioned outside of the cucurbituril cavity.
As the aromatic resonances from ABZ exhibit different changes in
chemical shift upon Q[8]-binding compared to Q[7]-binding (see
Table 2), it is also concluded that the drug is positioned within the
cavities of Q[7] and Q[8] in slightly different orientations. Based
on the observed chemical shifts for the ABZ protons with Q[6] it
is concluded that the drug predominantly associates with Q[6] at
its portals, with only the carbamate group positioned within the
cavity.


The large upfield shifts of the propyl methyl and aromatic
resonances in the spectra of ABZ with Q[7] and Q[8] indicate that
both these groups must be positioned deep within the cucurbituril
cavity. This could occur if the propyl chain folds back into the
cavity that also contains the aromatic ring system. The larger cavity
volume of Q[8], compared to Q[7], would then allow for different
binding orientations. Alternatively, the upfield shifts for both the
propyl methyl and aromatic resonances could possibly occur if
ABZ and cucurbituril bind in a 1:2 stoichiometry. For Q[7], which
is soluble at 10 mM, the ratio of soluble ABZ (determined by
NMR) to Q[7] was 0.71 when the drug and Q[7] were initially
mixed in ratios (MR) of 1 (see Table 1). Alternatively, for a MR =
0.5 sample, the soluble ABZ -Q[7] complex had an ABZ to Q[7]
ratio of 0.5. This suggests that Q[7] can bind albendazole with
a 1:2 ABZ:Q[7] stoichiometry. This proposal is supported by the
small, but significant (up to 0.07 ppm), downfield shift observed
for the albendazole aromatic resonances as more Q[7] is added to
a MR = 1 sample. However, as the 1:2 binding is presumably
not significantly more stable than 1:1 binding, an equilibrium
exists between 1:1 and 1:2 stoichiometries when ABZ and Q[7]
are initially mixed in equal molar amounts. This equilibrium then
results in a soluble drug to Q[7] ratio <1 even though the mixed
ratio MR is ≥1. As only one set of ABZ resonances was observed
in all spectra of the drug encapsulated in Q[7], the rate of exchange
between 1:2 and 1:1 binding forms must be fast on the NMR time
scale.


Rate of dissociation of ABZ from Q[7]


As the chemical shifts of the aromatic resonances of the Q[7]- and
Q[8]-bound drug are different, the relative cucurbituril binding
affinity can be determined from a competitive binding experiment.
Fig. 3 shows the 1H NMR spectrum of a mixture of ABZ, Q[7]
and Q[8] where all components are 1 mM in concentration. The
resonances from the Q[7]-bound drug are approximately two-fold
larger (comparison of integrals) than the corresponding Q[8]-
bound resonances, indicating that ABZ has a slightly higher
affinity for Q[7] than Q[8].


As separate resonances can be seen for the aromatic protons of
the Q[7]- and Q[8]-bound ABZ, the rate of exchange between the
two cucurbiturils must be slow on the NMR time scale. Saturation
transfer experiments can be used to obtain an estimate of the rate
of exchange of the drug between the two cucurbiturils. In an NMR
saturation transfer experiment, a resonance from one of the bound
forms is selectively radiated, and the saturation is transferred to
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Fig. 3 1H NMR saturation transfer experiment of a 1 mM solution of a 1:1:1 concentration mixture of albendazole:Q[7]:Q[8] in D2O at 25 ◦C. The
top spectrum shows the standard 1H NMR spectrum of the mixture, the middle spectrum has the Q[8]-bound H4 selectively irradiated and the lower
spectrum is the difference spectrum between the control and Q[8]-H4 irradiated spectra.


the corresponding resonance of the other bound form if the rate of
exchange is of a similar order of time as the spin-lattice relaxation
times (2.5 s for the H4 aromatic proton). The saturation transfer
experiment, see Fig. 3, implied a rate of transfer from Q[8] to Q[7]
of approximately one per three seconds.


Molecular modelling


Molecular modelling was utilised to support conclusions drawn
from the NMR experiments of the binding of ABZ to Q[6], Q[7]
and Q[8]. No intermolecular NOE cross-peaks were observed in
NOESY spectra of the encapsulated drug. The lack of intermolec-
ular NOE cross-peaks is due to the cucurbit[n]uril protons being
exo-cyclic, and thereby at a significant distance from the ABZ
protons, coupled with the relative flexibility of the position of the
drug within the cucurbit[n]uril cavity. Consequently, the starting
positions for the energy minimisations were based on the relative
chemical shift of the encapsulated ABZ resonances. Models for
both 1:1 and 1:2 ABZ to Q[n] binding modes were examined.


Models clearly indicate that the cucurbituril cavity is not deep
enough to encapsulate both the propyl and aromatic groups if
the thioether arm extends away from the benzimidazole ring. This
suggests two possible 1:1 binding modes: (A) where the thioether
arm is extended and the cucurbituril “shuttles” backwards and
forwards over the benzimidazole and propyl groups, or (B) the
propyl-arm “folds” back into the cucurbituril cavity. The methyl
group from the propyl-arm shifts further upfield than either of the
methylene protons in the Q[7]- and Q[8]-bound forms, compared
to their respective chemical shifts in the spectrum of the drug with
added Q[6] where the propyl group is located outside of the cavity.
This strongly suggests that the propyl-arm folds back into the
cavity, with the methyl group being positioned towards the centre
of the cucurbituril cavity.


Energy minimised 1:1 binding models for Q[7] and Q[8] are
shown in Fig. 4. The Q[7] and Q[8] binding models demonstrate


Fig. 4 HyperChem models, equatorial (left) and transverse (right) views,
of albendazole encapsulated by Q[7] (top) and Q[8] (bottom). The
cucurbiturils are rendered in tubes rather than overlapping spheres for
clarity. Electron pairs on divalent sulfur atoms are treated explicitly by the
Amber forcefield, and are depicted in light blue.


that it is energetically and sterically reasonable for most of
the benzimidazole ring system and the propyl group to be
simultaneously positioned within the cavity, in agreement with
the NMR results. The larger cavity of Q[8] allows more room for
the propyl-arm to fold, and thereby allows the ABZ to bind in a
slightly different orientation compared with Q[7]. For example, the
aromatic H7 proton is located deeper within the Q[8] cavity than
in Q[7], consistent with the NMR results where the H7 shifted
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upfield to a greater extent for Q[8]-encapsulation compared to
that with Q[7]. The folding back of the propyl chain withdraws
it from water, leaving the polar carbamate group positioned at
the cucurbituril portal where it can be solvated. The cavity of
Q[6] is not large enough to allow a similar binding mode to Q[7]
and Q[8].


Energy-minimised molecular models indicate that ABZ can be
encapsulated by Q[7] and Q[8] with a 1:2 binding ratio. However, it
was not possible (due to the repulsion of the two cucurbiturils) to
obtain a model where both the propyl group and the benzimidazole
H4, H6 and H7 protons are simultaneously located within a
cucurbituril cavity. Fig. 5 shows a representative 1:2 binding model
with Q[7]. In this model, one Q[7] is positioned over the methyl
group of the propyl-arm with the second Q[7] positioned primarily
over the imidazole ring. In this static model, the aromatic protons
are located outside of the Q[7] cavity, and hence, the aromatic
resonances would be expected to be shifted downfield relative
to the corresponding resonances in the Q[6]-encapsulated case.
However, as previously noted, only small downfield shifts were
observed for the aromatic resonances of a 1:1 mixed ratio ABZ-
Q[7] sample (solution ratio 0.7:1) when further Q[7] was added to
a final mixed ratio of 1:3. Given the large upfield shifts observed
for both the propyl and aromatic protons for the Q[7]- and Q[8]-
encapsulated samples, compared to the Q[6] case, it is concluded
that the 1:2 binding mode is not the dominant form compared to
the 1:1 stoichiometry.


Fig. 5 A HyperChem model of albendazole encapsulated by two Q[7].
The cucurbituril is rendered in tubes rather than overlapping spheres for
clarity. Electron pairs on divalent sulfur atoms are treated explicitly by the
Amber forcefield, and are depicted in light blue.


In vitro cytotoxicity


To determine the effect of encapsulation on the cytotoxicity of
ABZ, the Q[7]-bound drug was tested against human colorectal
cells (HT-29), human ovarian cancer cells (1A9) and the human
T-cell acute lymphoblastic leukaemia cells (CEM). The results
(see Fig. 6) show that the Q[7]-encapsulated drug is effective in
inhibiting proliferation of this diverse set of cells. In all cases,
the activity of the Q[7]-encapsulated ABZ is slightly less than
that of the free drug dissolved in ethanol; however, the IC50 (the
concentration of drug required to inhibit cell growth by 50%)
values for each cell line remain <1 mM.


Fig. 6 Effect of ABZ dissolved in ethanol and ABZ encapsulated in
Q[7] (concentrations based on ABZ) dissolved in normal saline on the
proliferation of human T-cell acute lymphoblastic leukaemia cells (CEM),
ovarian cancer cells (1A9) and colorectal cells (HT-29) in cell culture
medium. Plates containing the treated cells were left at standard conditions
in a 37 ◦C incubator for 72 h. Effect of the 2 preparations on cell
proliferation was assessed using a MTT assay. Results (mean ± SD) are
expressed as % of control.


Discussion


Like many other potential anti-cancer agents, the clinical appli-
cation of ABZ is limited to some degree by its lack of solubility
in water.25–27 Encapsulation in Q[6] and Q[7] increases the water
solubility of the drug by 300 to 400-fold at pH 3 and 2 000-fold at
pH 6.6. However, it was noted that if ABZ is directly added to a
Q[7] solution at pH 6.6, the maximum solubility achievable within
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24 hours was only 2.2 mM. This suggests that equilibrium is not
reached within 24 hours when ABZ is added to a Q[7] solution at
pH 6.6. The maximum solubility of 6 mM is only achievable within
24 hours at pH 3.0 or at pH 6.6 if the ABZ-Q[7] complex is initially
prepared at pH 3.0. In a recent paper, Saleh et al. demonstrated
that the pKa of a Q[7] encapsulated drug can increase by 4 pKa


units compared to the free drug.28 As the pKa values for ABZ
are 2.80 and 10.26,29 the drug would be partially protonated in
aqueous solution at pH 3.0. However, based on the results of
Saleh et al.,28 ABZ would be fully protonated when encapsulated
at pH 3 and would remain protonated when the pH is raised to
6.6, thereby maintaining the solubility achieved at the lower pH.


Encapsulation in Q[8] also increased the aqueous solubility of
ABZ, but to a significantly smaller degree. It is probable that
the lower solubility obtained with Q[8] simply reflects the lower
solubility of the encapsulated complex, rather than a significantly
lower affinity for the drug. Given the sparing solubility of Q[8] and
mode of binding for Q[6], it is proposed that formulation with Q[7]
would also be easier and could impart greater protective benefits.
In vitro cytotoxicity assays demonstrated that ABZ encapsulated
in Q[7] was active against a range of human cancer cell lines
at 1 mM concentrations. However, it was noted that the Q[7]-
encapsulated ABZ was slightly less active than the free ABZ
dissolved in ethanol in each of the three cell lines. The observed
cytotoxicity is a function of both the rate of release of the drug
from the cucurbituril and the amount of free drug that is available
to interact with the bio-receptors. Although the strong binding
affinity of ABZ for Q[7] indicates that the drug will predominantly
be encapsulated, the saturation transfer experiments demonstrated
that the drug could dissociate from the cucurbituril within seconds
and bind to a receptor if the affinity is at least comparable to that
with Q[7]. Consequently, the reduction of activity observed for the
Q[7]-bound ABZ must be due to the high proportion of drug that is
encapsulated, and not available for binding to bio-receptors, at any
time point. As ABZ is active at concentrations below its aqueous
solubility, it is proposed that encapsulation within cucurbituril
will allow it to be transported through the body at significantly
higher concentrations, and subsequently be released into cells at
cytotoxic concentrations. Initial toxicity studies have indicated
that the in vivo tolerance, based on a 10% weight loss, of Q[7]
when administered intravenously in mice is 200 mg/kg.30 This is
far in excess of the amount of Q[7] required to deliver ABZ.


Encapsulation in Q[7] may also protect ABZ from degradation
into less cytotoxic or inactive species, such as the thioether
oxidation products. We have previously demonstrated that encap-
sulation of multinuclear platinum complexes in cucurbiturils can
protect the platinum centres from reaction with thiol containing
blood proteins.21 The major known metabolites of albendazole are
the sulfoxide and sulfone derivatives.31 Upon oral administration,
ABZ is rapidly metabolised in the liver to the sulfoxide and
sulfone derivatives resulting in extremely low to undetectable ABZ
levels.31 The sulfoxide is approximately 20-fold less cytotoxic than
ABZ, while the sulfone derivative is inactive.5 From the molecular
modelling, and the previous results using multinuclear platinum


drugs,21 it is reasonable to expect that encapsulation would provide
significant protection against oxidation for the ABZ sulfur atom.


In conclusion, encapsulation of ABZ may provide a formulation
method to solubilise the drug for clinical application.
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In our previous paper (J. Am. Chem. Soc., 2007, 129, 8362), we reported the synthesis of
7¢-Me-Carba-LNA and 8¢-Me-Carba-ENA thymidine through 5-hexenyl or 6-heptenyl radical
cyclization. Both 5-hexenyl and 6-heptenyl radical cyclized exclusively in the exo form, giving unwanted
exocyclic C7¢-methyl group. In the present study, we showed that the regioselectivity of the 5-hexenyl
radical cyclization could be favorably tuned by introduction of a hydroxyl group b to the olefinic double
bond, yielding about 9% of the 6-endo cyclization product. Possible pathways to give 6-endo cyclization
product 9 compared to the intermediates responsible to give the 5-exo cyclization product 5 has been
discussed. Based on this unique 6-endo cyclization strategy, a carbocyclic ENA modified thymidine
(carba-ENA) has been successfully synthesized, which also enabled us to perform its full solution
conformation analysis by using NMR (1H at 600 MHz) observables for the first time.


Introduction


The conformationally constrained oligonucleotides have been
attracting much interest in the field of antisense1,2 and siRNA
technology3 in the past two decades. The development of the 2¢,4¢-
fused five-membered Locked Nucleic Acid (LNA, Fig. 1)4–6 and
six-membered Ethylene-bridged Nucleic Acid (ENA)7 modified
nucleotides have considerably boosted research in this field.
These ribonucleotide analogues consist of a rigid bicyclic sys-
tems constraining sugar conformation to 3¢-endo form by a
methylene (for LNA) or ethylene linkage (for ENA) between
the 2¢-oxygen and 4¢-carbon of the ribose ring. Oligonucleotides


Fig. 1 Locked Nucleic Acid (LNA) and Ethylene-bridged Nucleic Acid
(ENA) modifications and their carbocyclic analogues carba-LNA and
carba-ENA.


Department of Bioorganic Chemistry, Box 581, Biomedical Center, Uppsala
University, SE-751 23, Uppsala, Sweden. E-mail: jyoti@boc.uu.se
† Electronic supplementary information (ESI) available: 1H, 13C, COSY,
HMQC, HMBC, DEPT, 1D-NOE NMR spectra of compounds 1, 7–
14. Comparison of sugar conformation parameters of carba-ENA-T (1)
with that of carba-ENA-U, 8¢-Me-carbo-ENA-T, ENA-T and aza-ENA
T. Coordinates of structure of compound 1 in pdb format.. See DOI:
10.1039/b813870b


containing LNA or ENA are preorganized in the A-type
canonical structure, and thus typically have high affinity and
specificity toward complementary RNA strand. Subsequently,
other locked nucleotides with 2¢,4¢-linkage such as PrNA8 and
aza-ENA9 have been incorporated into oligonucleotides, and all
of them, just like LNA or ENA, have shown typically high
affinity toward complementary RNA sequence. They also have
shown relatively greater nuclease resistance.8 This presumably led
Nielsen et al.10 to design and synthesize the 6-membered locked
2¢,4¢-carbocyclic-ENA uridine (carba-ENA-U) through the ring-
closing methathesis.10 This work10 however did not include any
studies on the nuclease stability of carba-ENA-U containing
oligonucleotides. Independently, we have reported11 the synthesis
of five- as well as six-membered 2¢,4¢-carbocyclic analogues
(7¢-Me-carba-LNA and 8¢-Me-carba-ENA) of thymidine via 5-
hexenyl or 6-heptenyl radical cyclization, respectively. In both 5-
hexenyl (for carba-LNA analog) and 6-heptenyl (for the carba-
ENA analog) radical, the radical cyclization occurred exclusively
in the exo form giving exocyclic equatorial methyl group (Fig. 2).
It has also been found11 that these 7¢-Me-carba-LNA and


Fig. 2 Radical cyclization of 5-hexenyl and 6-heptenyl radical nucleosides
following exclusively exo-cyclization pathway.11
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8¢Me-carba-ENA containing oligonucleotides at the 3¢-end are
fully resistant for over 48 h in the human blood serum.11


Through single LNA substitution at identical site as that with the
carbocyclic counterpart it has been shown that the 7¢-Me-carba-
LNA and 8¢-Me-carba-ENA containing oligonucleotides are
considerably more stable to nucleases in the human serum11 than
that of the identically LNA-substituted oligo-DNA sequences
which in average survive for less then 9 h.


During our efforts to functionalize the five membered 2¢,4¢-
carba-LNA-type thymidine,12 we found that introducing a 6¢-
hydroxyl to the 5-hexenyl carbon radical, as in the intermediate
Ts:6¢ in Scheme 1, lead to 6-endo hexenyl cyclization product
9 (~9%) in conjunction with the competing 5-exo cyclized
product 7 and 8 (Scheme 1). Here, we report synthesis of
carbocyclic ENA thymidine (carba-ENA-T, Fig. 1) through 6-endo
hexenyl cyclization and its structure by NMR and ab initio
calculations.


Results and discussion


1. Free radical cyclization


The key intermediate 6 was synthesized according to our previous
procedure.12 The free radical cyclization was carried out in toluene
in presence of n-Bu3SnH and a catalytic amount of AIBN by
reflux to give two spots on the TLC. The product with higher Rf


was separated by short chromatography and identified as product


7 by NMR (see ESI), which is one of the isomers (7¢S) formed
by the 5-exo cyclization reaction. The lower Rf spot was also
separated and found it to be a mixture of two components: the 2nd
isomer (7¢R) of 5-exo cyclization product 8 and 6-endo cyclization
product 9.


The characterization and conformational analysis of 7, 8 and 9
have been performed using NMR data obtained by 1H, 13C, DEPT
as well as COSY, 1H-13C HMQC and long range 1H-13C correlation
(HMBC) experiment. 3JHC HMBC correlations between H1¢ and
C8¢ in compound 9 and between H1¢ and C7¢ in compound 8
(Fig. 3B) unequivocally proves that the oxa-bicyclo [2.2.1] heptane
ring system and oxa-bicyclo [3.2.1] octane ring system have been
formed for compounds 8 and 9 respectively, which was further
confirmed by observation of 3JHH correlation between H7¢ and
H2¢ in compound 8, 3JHH correlation between H8¢¢ and H2¢ in
compound 9 in COSY spectrum (Figure S6 in ESI). The endocyclic
nature of 7¢- and 8¢-methylene groups in compound 9 was verified
by DEPT and HMQC experiment. In the DEPT spectrum, both
C7¢ and C8¢ appeared as the secondary carbon (Figure S3 in ESI)
and in the HMQC spectrum, each of them have two protons
attached (Fig. 3A).


The configuration of C6¢ and C7¢ in compounds 7, 8, 9 was
determined by 1D NOE experiments. For compound 7, irradiation
of H1¢ leads to NOE enhancement for H2¢ (3.1%) and 7¢-Me
(6.0%), and irradiation of H6¢ leads to strong NOE enhancement
(6.8%) for H7¢, but none for 7¢-Me, suggesting both C6¢ and C7¢ are
in S-configuration (Figure S14 in ESI). Since radical cyclization


Scheme 1 Reagents and conditions: (i) Bu4SnH, AIBN, toluene, reflux 4h; (ii) Dess–Martin periodinane, dichloromethane, r.t. 3 h; (iii) NaBH4, ethanol,
r.t. 2 h; (iv) phenyl chlorothionoformate, pyridine, r.t. 3 h; (v) Bu4SnH, AIBN, toluene, reflux 1 h; (vi) 20% Pd(OH)2/C, ammonium formate, methanol,
reflux 2 h.
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Fig. 3 1H-13C HMQC (panel A) and HMBC (panel B) spectra of mixture of compounds 8 (dashed line, labeled in normal form) and 9 (dotted line,
labeled in italic form).


does not change the configuration of distal C6¢, compounds 6,
8 and 9 should have the same C6¢-S configuration as that in
compound 7. For compound 8, irradiation of H1¢ leads to NOE
enhancement for H2¢ (1.8%) and H7¢ (5.2%), but none for 7¢-Me.
(Figure S15 in ESI). Hence, R-configuration was assigned for C7¢
of compound 8.


The relative ratio of compounds 7/8/9 was 80:11:9. Thus the
radical cyclization of Ts: 6¢ gives 9% of 6-endo cyclization product
9 compared to 4 → 5 (Fig. 2), in which compound 5occurs as an
exclusive product owing to the participation of 5-exo cyclization
pathway. This difference suggested that the 6¢-hydroxyl group
affects the outcome of the regioselectivity of free radical cyclization
to some extent. It is well known that cyclization of 5-hexenyl-1-
radical is a kinetically controlled process and the exo cyclization
product, cyclopentane, is preferred (exo/endo > 98/2).13 The
effect of substituents especially alkyl group on regioselectivity
of 5-hexenyl-1-radical cyclization has been studied.14 Generally,


alkylation at C1 and C5 increase the selectivity on 6-endo
cylization15 and methylation at C2, C3, C4 and C6 enhance
the 5-exo cylization.16,17 In some cases, the 6-endo product can
however be found as the major product.15 But unfortunately, the
mechanism behind the regioselectivity upon alkyl substitutation
is still not clear, and the role of 4-hydroxyl substitution has never
been illustrated heretofore.


It is however likely two possible effectors could contribute to
the enhanced 6-endo hexenyl cyclization by the 6¢-OH in Ts: 6’
(Scheme 1). First, it is known that b-hydroxyl or alkyloxyl has a
marked stabilizing effect on a carbon radical (b-Oxygen Effect):18


Thus, in the intermediate 15 of 6-endo cyclization, the 6¢-OH
located at the b position to radical at C7¢ can have a stabilizing
effect by inductive effect and/or by resonance delocalization of
the charge into the s*(O6¢-C6¢) orbital19,20 since the single occupied p
orbital and the empty s*(O6¢-C6¢) orbital orientate periplanar with
respect to each other (Fig. 4).


Fig. 4 Graphical representations of the molecular structures of 6-endo cyclization intermediate (15), 5-exo cyclization transition state 16 and 6-endo
cyclization transition state 17.
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Second possibility is that the 6¢-hydroxyl could stabilize tran-
sition state of 6-endo radical cyclization. During the attack of
carbon radical to olefin, the C2¢ radical behaves as a nucleophile
and becomes slightly positively charged,14 whereas the terminal
carbon in the olefinic moiety becomes fractionally negative to give
5-exo (16) and 6-endo (17) cyclization transition states (Fig. 4).
When R = H, QM calculations21 reveal that strain engendered
in accommodating the required disposition of reactive centers
is greater for the 6-endo transition state 17 than for the 5-
exo transition state 16, and as a result the 5-exo cyclization is
kinetically predominant. While, when R = OH, the 6¢-hydroxyl can
stabilize inductively the developing negative charge on the olefin
moiety in the 6-endo transition structure 17, and thus lowering the
activation energy of 6-endo cyclization, as a result, more 6-endo
cyclization product (9%) was obtained. Due to the discovery of the
6-endo cyclization through the stabilizing effect of the 6¢-hydroxy
group, we are now attempting to prepare other derivatives with
electron-withdrawing groups at C6¢ in order to increase the yield
of the cyclization step.


2. Radical deoxygenation to give carba-ENA-T (1)


Compound 8 and 9 appeared to have nearly the same polarity and
efforts to separate them using column chromatography have failed.
Therefore, we treated the mixture with Dess–Martin periodinane
to obtain ketones 10 and 11, which can be separated easily by silica
gel column chromatography. Compound 11 was then reduced to
alcohol again with NaBH4. This reduction was highly stereos-
elective to give compound 12 with C6¢(R)-OH stereochemistry
as the only product with high yield (82%). Thus the oxidation
followed by reduction constitutes an inversion of the configuration
of C6¢(S)-OH in 9 to C6¢(R)-OH 12 (in Scheme 1) efficiently.
Compound 12 was converted to its 6¢-O-phenoxythiocarbonyl
derivative 13 (63%) followed by standard radical deoxygenation22


to give intermediate 14 (72%), which was debenzylated with 20%
Pd(OH)2/C, ammonium formate in methanol to give the title
compound 1 in 90% yield.


3. Molecular structure of carba-ENA-T based on NMR and
ab initio calculations


The product 1, carba-ENA-T, has been characterized using NMR
and ab initio optimized molecular modeling. All the peaks in
1H and 13C NMR spectra have been assigned through DEPT,


COSY, HMQC and HMBC experiments performed using 500
and 600 MHz NMR (see Figure S26 to S31 in ESI). In order
to reconstruct the solution structure of carba-ENA-T, we have
utilized vicinal proton couplings analysis using data from homod-
ecoupling 1H NMR experiments and the results of the theoretical
simulations. Theoretical vicinal proton coupling constants have
been back-calculated using Haasnoot-de Leeuw-Altona general-
ized Karplus equation23,24 from the corresponding torsional angles
of the ab initio optimized molecular structures obtained utilizing
HF/6–31G* or B3LYP/6–31++G* geometry optimization by
GAUSSIAN 98.25 As shown in Table 1, the experimental vicinal
coupling constants of compound are well reproduced by this
theoretical approach (Table 1). This indicates that the modified
nucleoside 1 is indeed in rigid locked conformation and its average
molecular structure observed experimentally is close to that of the
minimized theoretical structure.


The molecular structure obtained from ab initio geometry
optimization is shown in Fig. 5. The six-membered carbocyclic
moiety adopts a perfect chair conformation. The furanose ring
of carba-ENA-T (Table S1) is found to be locked in the North-
type conformation characterized by pseudorotational phase angle
P = 19.6◦ and the puckering amplitude Wm = 45.9◦. The sugar
pucker parameters are very similar to that of carba-ENA-U,10 8¢-
Me-carba-ENA-T,11 ENA-T26 and aza-ENA-T,9 which suggests
the 2¢,4¢-linkage induced locking of the sugar is so strong that the
sugar pucker becomes rigid and not sensitive to a large extent to
substitutions at the base or/and at the 2¢,4¢-linkage.


Fig. 5 Molecular structure of carba-ENA-T optimized ab initio [only
B3LYP geometry is shown since it is identical to the HF optimized
geometry (RMSD < 0.05 Å)]. The PDB coordinates are presented in the
Electronic Supplementary information (ESI).


Table 1 Experimental and calculated vicinal 3JHH coupling constants and torsion angles of carbo-ENA-T (compound 1, Scheme 1)


Torsion
UH.H , (cal.3J, Hz),
HF/6–31G**


UH.H (cal.3J, Hz),
B3LYP/6–31++G** vicinal proton coupling 3JH,H exp. (Hz) UH.H (◦) exp.


H1¢-C1¢-C2¢-H2¢ 91.89◦(1.0) 91.75◦(1.0) 3JH-1¢,H-2¢ 1.0 84.3 to 92.6
H2¢-C2¢-C3¢-H3¢ 47.55◦(5.7) 47.22◦(5.8) 3JH-2¢,H-3¢ 5.2 47.2 to 55.2
H2¢-C2¢-C7¢-H8¢e -51.24◦(4.6) -51.26◦(4.6) 3JH-2¢,H-8¢¢ 3.7 -61.1 to -52.5
H2¢-C2¢-C7¢-H8¢a 65.58◦(2.1) 65.52◦(2.1) 3JH-2¢,H-8¢ 2.0 61.0 to 72.0
H6¢e-C6¢-C7¢-H7¢a 41.29◦(6.7) 42.83◦(6.6) 3JH-6¢¢,H-7¢¢ 5.0 46.1 to 54.0
H6¢e-C6¢-C7¢-H7¢e -74.24◦(0.9) -72.73◦(1.1) 3JH-6¢¢,H-7¢ 1.8 -87.5 to -67.1
H6¢a-C6¢-C7¢-H7¢a 159.54◦(12.0) 161.29◦(12.2) 3JH-6¢,H-7¢¢ 11.0 157.5 to 172.1
H6¢a-C6¢-C7¢-H7¢e 44.01◦(6.3) 45.74◦(5.9) 3JH-6¢,H-7¢ 7.0 48.0 to 56.0
H7¢a-C7¢-C8¢-H8¢e -42.39◦(6.4) -43.67◦(6.2) 3JH-7¢¢,H-8¢¢ 5.5 -53.1 to -45.3
H7¢a-C7¢-C8¢-H8¢a -160.40◦(11.9) -161.91◦(12.1) 3JH-7¢¢,H-8¢ 12.0 -155.2 to -146.7
H7¢-C7¢-C8¢-H8¢e 73.66◦(1.0) 72.44◦(1.1) 3JH-7¢,H-8¢¢ 1.8 61.6 to 72.9
H7¢e-C7¢-C8¢-H8¢a -44.34◦(6.1) -45.80◦(5.8) 3JH-7¢,H-8¢ 7.0 -48.2 to -40.5
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Conclusion


In this study, we have devised effective control switch to tune
the radical cyclization reaction from 5-exo pathway to 6-endo
pathway. It has been achieved by the introduction of one hydroxyl
group at C6¢ to the 5-hexenyl carbon radical which has led
to enhancement of the regioselectivity of the radical center
and ultimately led to the 6-endo radical cyclization. Radical
deoxygenation of this 6-endo cyclization product results in carba-
ENA-T in high yield. The molecular structure of carba-ENA-
T has been studied using experimental NMR observables and
Karplus empirical approaches, as well as theoretical ab initio
calculations. The furanose ring of carba-ENA-T has been shown
to be locked in the North-type conformation (P = 19.6◦, Wm =
45.9◦) and the six-membered carbocyclic moiety has been found
to adopt a perfect chair conformation. Work is now in progress to
synthesize carba-ENA nucleosides (compound 1 and its analogs)
through the free-radical addition to the terminal -CH N- or to an
aldehyde or an aziridinylimine function as radical acceptors.


Experimental


Synthesis of (1R, 3R, 4R, 5S, 6S, 7S)-7-benzyloxy-1-
benzyloxmethyl-6-hydroxyl-3-(thymin-1-yl)-2-oxa-bicyclo[2.2.1]
heptane(7), (1R, 3R, 4R, 5R, 6S, 7S)-7- benzyloxy-1-
benzyloxmethyl-6-hydroxyl-3-(thymin-1-yl)-2-oxa-bicyclo[2.2.1]
heptane(8) and (1R, 4S, 5R, 7R, 8S)-8-benzyloxy-5-
benzyloxmethyl-4-hydorxyl-7-(thymin-1-yl)-6-oxa-
bicyclo[3.2.1]oct-4-one (9)


4.2 g (5.5 mmol) of 612 was dissolved in 200 mL of dry toluene
which was purged by N2 for ca 30 min. The mixture was heated
under reflux and Bn3SnH (1.85 ml in 20 mL dry toluene), AIBN
(0.55 g in 20 mL dry toluene) was added dropwise in 2h. The
reaction was found to be incomplete after 30 min (TLC). So
another part of Bn3SnH (0.9 mL in 10 mL toluene) and AIBN
(0.25 g in 10 mL toluene) was added dropwise in 1 h and
continued reflux for further 1 h. The solvent was evaporated and
the residue was applied to silica short column chromatography
(EtOAc/cyclohexane, 2/8 to 6/4) to give 1.3 g (49%) of compound
7, 0.32 g (12%) of mixture of 8 and 9 (8/9 = 11:9) and recovered
0.7 g of substrate 6. 7: 1H NMR (500 MHz, CDCl3): d 1.15 (d, 3H,
J 7¢CH3, 7¢H = 7.6 Hz, 7¢CH3), 1.50(s, 3H, 5-CH3), 2.25 (d, 1H,
J6¢H, 6¢OH = 11.6 Hz, 6¢OH), 2.66 (d, 1H, J = 2.75 Hz, 2¢H), 2.72
(m, 1H, H7¢), 3.81 (d, 1H, J = 11.0 Hz, 5¢H), 3.91(d, 1H, J =
11.0 Hz, 5¢¢H), 4.42–4.61 (m, 4H, BnCH2), 5.75 (s, 1H, H1¢),
7.23–7.34 (m, 10H), 7.72 (s, 1H, H6), 8.87 (broad, 1H, N3H). 13C
NMR (CDCl3): d 8.4 (7¢CH3), 12.1 (5-CH3), 33.1(C7¢), 47.8(C2¢),
66.2(C5¢), 71.9(C6¢), 72.1 (Bn CH2), 73.9 (Bn CH2), 76.8 (C3¢),
83.8 (C1¢), 89.1 (C4¢), 109.6 (C5), 127.6, 127.9, 128.1, 128.5, 128.6,
136.0 (C6), 137.0, 137.6, 149.9 (C2), 164.0(C4). MALDI-TOF MS
m/z: [M + Na]+ 501.2, calcd 501.2.Though we isolated a mixture
of 8 and 9, their proton and carbon NMR peaks could be assigned
clearly, so here they are given separately. 8: 1H NMR (600 MHz,
CDCl3): d 1.31 (d, 3H, J 7¢CH3, 7¢H = 7.2 Hz, 7¢CH3), 1.47 (s, 3H,
5-CH3), 1.77 (m, 1H, 7¢H), 2.23 (1H, J 6¢H, 6¢OH = 11.0 Hz, 6¢OH),
2.55 (s, 1H, 2¢H), 3.83 (d, 1H, J = 11.3 Hz, 5¢H), 3.93 (d, 1H,
J = 11.3 Hz, 5¢H), 4.00 (dd, 1H, J 6¢H, 6¢OH = 11.0 Hz, J 6¢H, 7¢H =
3.5 Hz, 6¢H), 4.04 (s, 1H, 3¢H), 4.40–4.62 (m, 4H, BnCH2), 5.50


(s, 1H, H1¢), 7.22–7.34 (m, 10H), 7.75 (s, 1H, H6), 8.71 (s, 1H,
N3H).13C NMR (600 MHz, CDCl3): d 12.0 (5-CH3), 18.1 (7¢CH3),
42.1 (C7¢), 45.3 (C2¢), 65.8 (C5¢), 72.4(Bn CH2), 73.9(Bn CH2),
79.0 (C3¢), 81.0 (C6¢), 88.6 (C1¢), 88.9 (C4¢), 109.5 (C5), 127.5,
127.9, 128.0, 128.1, 128.5, 128.6, 135.9, 136.8, 137.5, 149.9, 163.8.
9: 1H NMR (600 MHz, CDCl3): d 1.71 (s, 3H, 5-CH3), 1.45 (m, 1H,
H7¢), 1.62 (d,1H, J 6¢H, 6¢OH = 10.2 Hz, 6¢OH), 1.77 (m, 1H, 8¢H),
1.88 (m, 1H, 8¢¢H), 2.15 (m, 1H, H7¢), 2.56 (s, 1H, H2¢), 3.72 (d,
1H, J = 11.0 Hz, 5¢H), 4.00 (m, 1H, H6¢), 4.15 (d, 1H, J = 11.0 Hz,
5¢H), 4.33 (d, 1H, J = 4.9 Hz, 3¢H), 4.40–4.63 (m, 4H, BnCH2),
5.78 (s, 1H, H1¢), 7.22–7.34 (m, 10H), 8.00 (s, 1H, H6), 8.71 (s, 1H,
N3H). 13C NMR (600 MHz, CDCl3): d 11.8 (5-CH3), 19.1 (C8¢),
29.0(C7¢), 42.1 (C2¢), 68.1 (C5¢), 68.9 (C6¢), 72.0(Bn CH2), 73.6 (Bn
CH2), 73.8 (C3¢), 87.5(C4¢), 87.7(C1¢), 109.4, 127.4, 127.8, 127.9,
128.0, 128.5, 128.6, 136.2, 137.40, 137.47, 150.1, 163.9. MALDI-
TOF MS m/z: [M + H]+ 479.2, calcd 479.2.


Synthesis of (1R, 3R, 4R, 5R, 7S)-7- benzyloxy-1-benzyloxmethyl-
6-one-3-(thymin-1-yl)-2-oxa-bicyclo[2.2.1] heptane (10) and (1R,
5R, 7R, 8S)-8-benzyloxy-5-benzyloxmethyl-4-one-7-(thymin-1-yl)-
6-oxa-bicyclo[3.2.1]octane (11)


Mixture of 8 and 9(342 mg, 0.71 mmol) was dissolved in dry DCM,
Dess–Martin periodinane (15% in DCM, 1.8 mL, 0.85 mmol) was
added and stirred at r.t. for 2 h. Then diluting the reaction mixture
with DCM, filtered through celite bar, the filtrate was washed
with aqueous Na2S2O3 twice, saturated NaHCO3 solution once
and NaCl solution once. After drying over MgSO4, it was applied
to silica short column chromatography (EtOAc/cyclohexane 2/8
to 4/6) to give 150 mg of 10 and 112 mg of 11 (overall yield
77%). 10: 1H NMR (500 MHz, CDCl3): d 1.36 (d, 3H, J 7¢CH3, 7¢H =
7.6 Hz, 7¢CH3), 1.49(s, 3H, 5-CH3), 2.46(m, 1H, H7¢), 2.99 (s, 1H,
H2¢), 3.90 (d, J = 11.7 Hz, 5¢H), 4.0 (d, J = 11.7 Hz, 5¢¢H),
4.18(s, 1H, H3¢), 4.49–4.61(m, 4H, BnCH2), 5.54(s, 1H, H1¢),
7.20–7.33(m, 10H, Bn-Ph), 7.72(s, 1H, H6), 8.76 (s, 1H, N3H).
13C NMR (500 MHz, CDCl3): d 12.0 (5-CH3), 14.3 (7¢CH3), 43.1
(C7¢), 49.6 (C2¢), 63.3 (C5¢), 72.5 (BnCH2), 74.1 (BnCH2), 86.1
(C4¢), 88.5 (C1¢), 109.9, 127.5, 127.9, 128.21, 128.24, 128.5, 128.62,
128.66, 135.6, 136.3, 137.3, 149.9, 163.7, 208.5(C6). MALDI-TOF
MS m/z: [M + H]+ 477.2, calcd 477.2. 11: 1H NMR (500 MHz,
CDCl3): d 1.38 (s, 3H, 5-CH3), 2.14 (m, 2H, H8¢ and H8¢¢), 2.46
(m, 1H, H7¢), 2.72–2.81 (m, 2H, H2¢ and H7¢¢), 3,93 (d, J =
11.7 Hz, 5¢H), 4.05 (d, J = 11.7 Hz, 5¢¢H), 4.44–4.60 (m, 5H,
H3¢ and BnCH2), 5.98 (s, 1H, H1¢), 7.22–7.35 (m, 10H), 8.01 (s,
1H, H6), 8.60 (s, 1H, N3H). 13C NMR (CDCl3): d11.7 (5-CH3),
20.7(C8¢), 34.5 (C7¢), 43.4(C2¢), 65.4 (C5¢), 72.3 (Bn CH2), 73.9 (Bn
CH2), 76.2 (C3¢), 87.4 (C4¢), 88.9 (C1¢), 109.9 (C5), 127.4, 128.0,
128.2, 128.5, 128.6, 135.8, 136.7, 137.1, 150.1(C2), 163.7(C4),
205.6(C6). MALDI-TOF MS m/z: [M + H]+ 477.2, calcd
477.2.


Synthesis of (1R, 4R, 5R, 7R, 8S)-8-benzyloxy-5-benzyloxmethyl-
4-hydroxyl-7-(thymin-1-yl)-6-oxa-bicyclo[3.2.1]octane (12)


110 mg (0.23 mmol) of compound 11 was dissolved in 95% ethanol,
NaBH4 (17 mg, 0.46 mmol) was added in portions in 10 min. The
mixture was allowed to stir at r.t. for 2h. The reaction mixture was
diluted with saturated NaHCO3, and extracted with DCM. The
separated organic phase was dried over MgSO4 and applied to
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short column chromatography (EtOAc/cyclohexane 2/8 to 4/6)
to give 90 mg of compound 12 (81%). 1H NMR (500 MHz, CDCl3):
d 1.44(s, 3H, 5-CH3), 1.79–2.11 (m, 4H, H7¢, H7¢¢, H8¢, H8¢¢),
2.67 (m, 1H, H2¢), 3.67(dd, 1H, J 6¢H, 6¢OH = 11.7 Hz, J 6¢H, 7¢¢ =
3.2 Hz), 3.81 (d, 1H, J 5¢H, 5¢¢H = 11.0 Hz, H5¢), 3.90 (d, 1H,
J 6¢OH, 6¢H = 11.9 Hz, H6-OH), 4.14 (d, 1H, J 5¢¢H, 5¢H = 11.3 Hz,
H5¢¢), 4.40 (d, 1H, J3¢H, 2¢H = 11.7 Hz, H3¢), 4.45–4.63 (m, 4H,
BnCH2), 5.75 (s, 1H, H1¢), 7.26–7.79 (m, 10H), 7.97(s, 1H, H6),
8.76(s, 1H, N3H).). 13C NMR (500 MHz, CDCl3): d11.8 (5-CH3),
17.3 (C8¢), 27.2 (C7¢), 42.4 (C2¢), 69.1 (C5¢), 71.7 (C6¢), 73.2 (Bn
CH2), 73.7 (Bn CH2), 75.1 (C3¢), 82.2 (C4¢), 87.2 (C1¢), 109.5 (C5),
127.8, 127.9, 128.1, 128.5, 128.6, 128.7, 136.1, 136.2, 137.3, 150.2
(C2), 163.9 (C4).MALDI-TOF MS m/z: [M + H]+ 479.6, calcd
479.2.


Synthesis of (1R, 4R, 5R, 7R, 8S)-8-benzyloxy-5-benzyloxmethyl-
4-(O-phenoxythiocarbonyl)-7-(thymin-1-yl)-6-oxa-
bicyclo[3.2.1]octane (13)


80 mg (0.16 mmol) of 12 was coevaporated with dry pyridine twice
and dissolved in the same solvent. Phenyl chlorothionoformate
(45 ul, 0.32 mmol) was added at r.t. and stirring at r.t. 2h.
Then the solvent was evaporated and the residue was diluted
with dichloromethane, washed with NaHCO3, brine in turn,
dried over MgSO4, applied to short column chromatography
(EtOAc/cyclohexane 1/9 to 3/7) to give 61 mg of compound
13 (62%). 1H NMR (500 MHz, CDCl3): d 1.45 (s, 3H, 5-CH3),
1.84 (m, 1H, 8¢He), 2.20(m, 2H, H7¢, H7¢¢), 2.30 (m, 1H, 8¢Ha),
2.69 (s, 1H, H2¢), 3.93 (dd, 2H, J = 10.7 Hz, H5¢ and 5¢¢), 4.41
(d, 1H, J = 3.7 Hz, H3¢), 5.44 (s, 1H, H6¢), 5.84 (s, 1H, H1¢),
7.12–7.47 (m, 15H), 7.92 (s, 1H, H6), 8.49 (s, 1H, N3H). 13C NMR
(500 MHz, CDCl3): d 11.8 (5-CH3), 17.7 (C8¢), 23.3 (C7¢), 42.7
(C2¢), 69.1 (C5¢), 72.1 (Bn CH2), 73.1 (C3¢), 73.8 (Bn CH2), 80.1
(C6¢), 82.7 (C4¢), 87.1 (C1¢), 109.6 (C5), 121.9, 126.6, 127.1, 127.9,
128.2, 128.3, 128.6, 129.5, 135.9, 137.1, 137.7, 150.0 (C2), 153.4,
163.7 (C4), 194.8 (PhOC(S)O). MALDI-TOF MS m/z: [M + H]+


615.2, calcd 615.2.


Synthesis of (1R, 5R, 7R, 8S)-8-benzyloxy-5-benzyloxmethyl-7-
(thymin-1-yl)-6-oxa-bicyclo[3.2.1]octane (14)


40 mg (0.065 mmol) of compound 13 was coevaporated with dry
toluene twice and dissolved in the same solvent (2 ml), to which
was purged dry N2 for 10 min. Bn3SnH (50 ml, 0.18 mmol) and
AIBN (5 mg) was added. The mixture was heated under reflux for
1h. Then evaporating the solvent and the residue was subjected to
short column chromatography (EtOAc/cyclohexane 1/9 to 3/7)
to give 22 mg of compound 14 (72%). 1H NMR (500 MHz, CDCl3):
d 1.34 (dd, 1H, H6¢), 1.43 (s, 3H, 5-CH3), 1.72 (m, 3H, H7¢, H7¢¢,
H8¢), 1.83 (m, 1H, H6¢¢), 1.92 (m, 1H, H8¢¢), 2.58 (s, 1H, H2¢), 3.54
(d, 1H, J = 11.0 Hz, H5¢), 3.67(d, 1H, J = 11.0 Hz, H5¢¢), 4.15
(d, 1H, J = 4.9 Hz, H3¢), 4.44–4.61 (m, 4H, BnCH2), 5.82 (s, 1H,
H1¢), 7.26–7.36 (m, 10H), 8.06 (s, 1H, H6), 8.56 (s, 1H, N3H). 13C
NMR (CDCl3): d 11.8 (C5-CH3), 17.7 (C7¢), 20.7 (C8¢), 26.8 (C6¢),
42.8 (C2¢), 70.7 (C5¢), 71.7(Bn CH2), 72.9 (C3¢), 73.5 (Bn CH2),
85.4 (C4¢), 87.5 (C1¢), 109.1 (C5), 127.3, 127.8, 127.8, 128.0, 128.4,
128.6, 136.5, 137.5, 137.7, 150.1(C2), 164.0(C4). MALDI-TOF
MS m/z: [M + H]+ 463.8, calcd 463.2.


Synthesis of (1R, 5R, 7R, 8S)-8-hydroxy-5-hydroxymethyl-7-
(thymin-1-yl)-6-oxa-bicyclo[3.2.1]octane (1)


20 mg (0.043 mmol) of compound 14 was dissolved in methanol
(2 mL), to which ammonium formate (168 mg) and 20%
Pd(OH)2/C (68 mg) was added. The reaction mixture was heated
under reflux for 1 h and filtered through celit bar. Evaporation
of the solvent gave 11 mg of pure product 1 (90%). 1H NMR
(500 MHz, DMSO-d6): d 1.12 (dd, 1H, J 6¢He, 7¢Ha = 4.0 Hz,
J 6¢He, 6¢Ha = 13.1 Hz, 6¢He), 1.54 (m, 1H, 8¢He), 1.55–1.64 (m,
3H, 7¢He, 7¢Ha and 6¢Ha), 1.87 (m, 1H, 8¢Ha), 2.16 (broad, 1H,
H2¢), 3.41 (dd, 1H, J 5¢H, 5¢¢ = 12.3 Hz, J 5¢H, 5¢OH = 4.4 Hz), 3.48 (dd,
1H, J 5¢H, 5¢¢ = 12.3 Hz, J 5¢¢H, 5¢OH = 4.4 Hz), 4.1 (broad, 1H, H3¢),
5.24 (d, 1H, J 3¢H, 3¢OH = 4.0 Hz, 3¢OH), 5.31 (broad, 1H, 5¢OH),
5.61 (s, 1H, H1¢), 8.30 (s, 1H, H6), 11.22 (broad, 1H, N3H). 13C
NMR (DMSO-d6): d12.3 (C5-CH3), 17.4 (C7¢), 20.1 (C8¢), 25.4
(C6¢), 44.9 (C2¢), 61.4 (C5¢), 64.0 (C3¢), 85.8 (C4¢), 86.1 (C1¢), 107.0
(C5), 136.3 (C6), 150.1 (C2), 163.9 (C4).MALDI-TOF MS m/z:
[M + H]+, found 282.9, calcd 283.1.


Theoretical calculations


The geometry optimizations of the carba-ENA-T (1) have been
carried out by GAUSSIAN 98 program package25 at the Hartree–
Fock level using HF/6–31G** and B3LYP/6–31++G**. The
experimental torsion angles have been back-calculated from
experimental vicinal proton 3JH,H coupling constants employing
Haasnoot-de Leeuw-Altona generalized Karplus equation23,24


taking into account b substituent correction in form:


3J = P1 cos2 (f) + P2 cos(f) + P3 +
∑


(Dci
group (P4 + P5 cos2(zi f


+ P6|Dci
group|)))


where P1 = 13.70, P2 = -0.73, P3 = 0.00, P4 = 0.56, P5 =
-2.47, P6 = 16.90, P7 = 0.14 (parameters from.23), and Dci


group =
Dci


a- substituent - P7 R Dci
b- substituent where Dci are taken as Huggins


electronegativities.27
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A novel covalently linked binuclear phthalocyanine 1 was
synthesized by the “double-click” reaction. The UV-vis and
fluorescence spectra and electrochemistry revealed that the
geometry of 1 is a closed clamshell conformation in which a
strong electronic interaction is observed between the two Pc
moieties.


Phthalocyanines (Pcs), one of the best known p-conjugated
disk-like molecules have attracted special interest for use in
organic electronic devices.1 Self-assembly and self-organization
of Pcs into well-defined structures with nanometre dimensions
are a highly active area of research in chemistry and material
science.2 Although many studies have been dedicated in this
field, programmed assemblies of Pc units still have challenges.
Recently azide/acetylene “click chemistry” has emerged as one
of the most promising tools to build up polymers with unique
architectures and networks under mild conditions;3 however, there
are few examples where the click reaction has been employed
to prepare structural alignment of Pcs polymers.4 We therefore
came up with the idea to control the alignment of Pcs on
polymers based on the click reaction (Fig. 1a). In this strategy, the
minimum unit is binuclear phthalocyanine which should appear
capable of closing in a flexible “clamshell”-like fashion by the
strong p-interaction.5 As our first step towards achieving this
goal, we herein disclose the synthesis of novel covalently linked
flexible binuclear phthalocyanine 1 by the use of “double-click”
chemistry. Spectroscopic and electrochemical studies revealed that
our binuclear Pc 1 shows expected remarkably flexible closed
clamshell behavior (Fig. 1b).


1,4-Bis(1-(tri-tert-butylphthalocyaninate zinc(II))-1H-1,2,3-
triazol-4-yl)benzene (1) was synthesized from 23-ethynyl-
2(3),9(10),16(17)-tri-tert-butylphthalocyaninate zinc(II) (2)6 and
1,4-bis(azidomethyl)benzene via “double-click” reactions by use
of CuI and DMSO in 80% yield (Scheme 1).7 The purity and
identity of 1 were determined by reverse-phase HPLC, 1H, NMR,
and the isotopic patterns of Zn in MALDI-TOF MS spectra (see
ESI).


The electronic absorption spectra in CHCl3 in the concentration
range 0.5 or 1.0 ¥ 10-4 to 10-6 M are shown in Fig. 2. Whereas the
reference mononuclear Pc 2 displays absorption spectra that are
typical of monomeric species (Fig. 2b), the binuclear Pc 1 affords
a substantial broadening of the Q-band centering on 681 nm and
the usual B-band at 349 nm (Fig. 2a), which are indicative of
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Scheme 1 Reagents and conditions: 1,4-(N3CH2)C6H4 (0.5 equiv.), CuI
(8 mol%), DMSO, 60 ◦C, 3 h, 80%.


aggregation phenomena. The observation of both a blue shifted
Q-band peak at 633 nm and a red shifted 700–800 nm shoulder
is attributed to mixed dimer types of H- and J-aggregation.8


The shapes of the absorption spectra of 1 were independent of
the concentration, which clearly indicates that an intramolecular
assembly is responsible for this behavior, and the possibility of the
imidazole moiety coordination to the zinc can be excluded.9 These
facts are consistent with the reported observation of binuclear Pcs
ascertained as the closed clamshell conformation.5 The clamshell
conformation of 1 can be flexibly opened to non-aggregation by
the addition of pyridine due to the coordination to the central
Zn atom.10 The broadened peak disappeared concurrently with
the rise of an intense monomeric peak at 680 nm (dashed line in
Fig. 2a). The height of the Q band at 680 nm is now almost double
compered to the original one at 681 nm. These results support that
the binuclear Pc 1 exists mainly as closed clamshell conformation
with a minor open conformer. Similar pictures of UV-vis spectra
of clamshell Pcs were reported.5b,d,g,i No significant alteration was
observed in the case of Pc 2 (dashed line in Fig. 2b). A similar
electronic absorption spectra of 1 and 2 were observed in toluene
(Fig. S1 and S2 in ESI).


Steady-state fluorescence spectra in CHCl3 were next investi-
gated to probe the aggregation in 1 and 2 (Fig. 3). While Pc 2
showed strong fluorescence at 686 nm (fluorescence quantum yield
Uf = 0.40), the emission of binuclear Pc 1 was markedly quenched
(lem = 687 and 710 nm; Uf = 0.010). The phenomenon in 1 was
identical to the reported result that the clamshell arrangement
is non-fluorescent.5 Although the phenomenon of quenching in
clamshell Pcs is well known, the mechanism is not really clear.
It should be based on the intramolecular self-quenching between
the coupled halves of the binuclear species through several possible
mechanisms including relaxation to triplet states and nonradiative
vibrational relaxation.5d The red-shifted small peak at 710 nm
was attributed to intramolecular J-aggregation, and disappeared
by the addition of pyridine because of the disturbance of the
assembly. Besides, addition of pyridine restored the fluorescence
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Fig. 1 a) Alignment control of Pcs based on the click chemistry. b) A novel covalently linked flexible binuclear phthalocyanine 1 with a clamshell
conformation.


Fig. 2 UV-Vis spectra of 1 (a) and 2 (b) in CHCl3. Solid line: 0.5 ¥ 10-4–10-6 M for 1, 1.0 ¥ 10-4–10-6 for 2; Dashed line: with 1 vol% of pyridine.
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Fig. 3 Steady-state fluorescence spectra in CHCl3. Solid line: 2; Dotted
line: 1; Dashed line: 1 with 1 vol% of pyridine. Inset: enlarged view of
spectra of 1, before and after addition of pyridine.


with triple the Uf value (lem = 687 and 699 nm; 0.033). A similar
phenomenon in steady-state fluorescence spectra of 1 and 2 was
observed in toluene (Fig. S3 and S4 in ESI). In the measurement
of time-resolved fluorescence decay in THF, lifetime tf of 1 3.34 ±
0.04 ns was obtained with satisfactory mononexponential fit,
approximately equal to 3.92 ± 0.04 ns of 2 (Fig. 4).11,12 The tf


did not seem to be significantly reduced though Pc-stacking gave
strong quenching and corresponding low quantum yield in the
emission spectra.12


Fig. 4 Fluorescence decay of 1 (top) and 2 (bottom) in deaerated THF.


Cyclic (CV) and differential-pulse voltammograms (DPV) in
THF are summarized in Table 1/Fig. 5 and Table 2/Fig. 6,
respectively. In the cathodic scan, both 1 and 2 showed the
first irreversible reduction processes at ca. -1.19 V in a similar
way. These may come from aggregation of Pc in the higher
concentration, since only low resolved peaks were obtained in the
DPV.13 The second wave of 1 was split into two quasi-reversible
one-electron processes at -1.360 V and -1.472 V per one Pc
moiety in 1, compared with one quasi-reversible two-electron
-1.424 V of 2. In the anodic scan of 1, irreversible one-electron and
quasi-reversible one-electron oxidation processes were obtained
at 0.205 and 0.447 V, respectively. The binuclear Pc 1 is easier to


Table 1 Half-wave redox potentials of 1 and 2 (V vs Ag/AgNO3) in THF
containing 0.1 M of TBAPF


E1/2
ox2 E1/2


ox1 E1/2
red1 E1/2


red2 E1/2
red3 E1/2


red4


1 0.447 0.205 -1.195 -1.360 -1.472 -1.903
2 0.500 0.312 -1.190 -1.424 -1.871


Fig. 5 Cyclic voltammograms of 1 (top) and 2 (bottom).


Table 2 Peak potentials of 1 and 2 (V vs Ag/AgNO3) in THF containing
0.1 M of TBAPF


E1/2
ox2 E1/2


ox1 E1/2
red1 E1/2


red2 E1/2
red3 E1/2


red4


1 0.475 0.235 -1.20a -1.355 -1.455 -1.895
2 0.545 0.300 -1.18a -1.410 -1.850


a Only broad peaks were obtained.


Fig. 6 Differential pulse voltammograms of 1 (top) and 2 (bottom).


be oxidized than mononuclear Pc 2 (0.312 and 0.500 V). These
findings indicate that an intramolecular interaction exists between
two Pc moieties in 1. As seen in previous Pc oligomers, the potential
between the first reduction and the first oxidation became smaller
by the interaction of Pc moieties.14


In conclusion, we have synthesized binuclear phthalocyanine
1 by the use of “double-click” chemistry. The UV-vis and
fluorescence spectra and electrochemistry revealed that the ge-
ometry of Pc 1 is the closed clamshell conformation whereby a
strong electrochemical interaction is observed between the two Pc
moieties. The clamshell can be easily opened by the addition of
pyridine. These facts are great advantages for the construction
of polymers with programmed assemblies of Pcs under click
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chemistry.4 Polymer synthesis is now under investigation based
on this strategy.
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11 (a) A. Gouloumis, D. González-Rodrı́guez, P. Vázquez, T. Torres, S.


Liu, L. Echegoyen, J. Ramey, G. L. Hug and D. M. Guldi, J. Am.
Chem. Soc., 2006, 128, 12674; (b) M. Yoon, Y. Cheon and D. Kim,
Photochem. Photobiol., 1993, 68, 31.


12 The fluorescence lifetime of 1 should be very short. But the fluorescence
lifetime of 1 observed was rather long-lived. The phenomena can be
explained as follows. The real lifetime of 1 must be too short to be
detected, and the signal detected here is presumably the one from the
minor component, non-aggregated spices. Indeed, there is still very
weak fluorescence observed as shown in the fluorescence spectra of 1
in Fig. 3. The similar phenomena and explanation are also reported,
see reference 10a.


13 A. Giraudeau, A. Louati, M. Gross, J. J. Andre, J. Simon, C. H. Su and
K. M. Kadish, J. Am. Chem. Soc., 1983, 105, 2917.


14 (a) V. Manivannan, W. A. Nevin, C. C. Leznoff and A. B. P. Lever, J.
Coord. Chem., 1998, 19, 139; (b) N. Kobayashi, H. Lam, W. A. Nevin, P.
Janda and C. C. Leznoff, Inorg. Chem., 1990, 29, 3415; (c) T. M. Mezza,
N. R. Armstrong, G. W. Ritta, II, J. P. Iafalice and M. E. Kenney, J.
Electroanal. Chem., 1982, 137, 227.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4498–4501 | 4501








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


Intramolecular cyclizations of polyketide biosynthesis: mining for a
“Diels–Alderase”?


Wendy L. Kelly*


Received 21st August 2008
First published as an Advance Article on the web 4th November 2008
DOI: 10.1039/b814552k


Despite the large number of naturally occurring metabolites existing for which enzymatic Diels–Alder
reactions have been proposed as a key biosynthetic step, the actual number of enzymes thus far
identified for these transformations is incredibly low. Even for those few enzymes identified, there is
currently little biochemical or mechanistic evidence to support the label of a “Diels–Alderase.” For
several families of polyketide metabolites, the transformation in question introduces a rigid,
cross-linked scaffold, leaving the remaining peripheral modifications and polyketide processing to
provide the variation among the related metabolites. A detailed understanding of these
modifications—how they are introduced and the tolerance of enzymes involved for alternate
substrates—will strengthen biosynthetic engineering efforts toward related designer metabolites. This
review addresses intramolecular cyclizations that appear to be consistent with enzymatic Diels–Alder
transformations for which either the responsible enzyme has been identified or the respective
biosynthetic gene cluster for the metabolite in question has been elucidated.


Introduction


Examination of a mere handful of naturally occurring molecules
allows one to appreciate the remarkable degree of structural di-
versity and complexity resulting from enzymatic transformations.
The capability of enzymes to introduce structural modifications
with precise regiospecificity and stereospecificity is without par-
allel in the discipline of synthetic chemistry. A diverse array
of reaction types can be effected through enzymatic catalysis,
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including nucleophilic displacement, carbocation-mediated cy-
clization and rearrangement, hydroxylation and halogenation at
unactivated hydrocarbons, and oxidative cross-linking. Although
rare, there are those reactions proceeding through a pericyclic
reaction mechanism; well-characterized examples from shikimic
acid metabolism include the chorismate mutase-catalyzed Claisen
rearrangement1 and the conversion of isochorismate to salicylate
and pyruvic acid by isochorismate-pyruvate lyase.2 Enzyme-
independent photoinduced electrocyclic rearrangements have also
been established as pertinent steps in the biosynthesis of the
immunosuppressants SNF4435C and SNF4435D.3


Developed in 1928, the Diels–Alder reaction is a powerful
tool available to the modern synthetic chemist.4 In the concerted
[4 + 2] cycloaddition of a 1,3-diene and an electron-deficient
alkene, two carbon–carbon bonds of a cyclohexene ring and up
to four stereocenters are forged. Lewis acid catalysts have been
developed that facilitate remarkable control over the regiochem-
istry and stereochemistry of the reaction.5 Given the versatility of
enzymatic catalysis and occurrence of enzyme-catalyzed pericyclic
rearrangements, it is entirely possible that Nature could also or-
chestrate this transformation. Despite a number of metabolites for
which a Diels–Alder cycloaddition has been proposed as a likely
event, very few enzymes responsible for these transformations
have actually been biochemically characterized. To date, only two
enzymes have been purified to homogeneity and demonstrated
to catalyze reactions wherein the substrates and products are
consistent with a Diels–Alder cycloaddition: lovastatin nonaketide
synthase (LovB) and macrophomate synthase, which construct
the core framework of the cholesterol-lowering agent lovastatin
1 and the fungal metabolite macrophomic acid 2, respectively
(Fig. 1).6,7


Artificially selected biocatalysts have demonstrated capabilities
in this arena: selection of catalytic antibodies and ribozymes
catalyzing Diels–Alder reactions support the feasibility for an
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Fig. 1 Examples of naturally occurring metabolites for which biosynthetic Diels–Alder transformations have been proposed. The rings indicated in blue
are those occurring from the cyclizations discussed in this review.


analogous naturally occurring-enzyme.8–14 Since the Diels–Alder
reaction proceeds through a late transition state with a structure
resembling that of the product, it was anticipated that the catalytic
antibodies and ribozymes generated for this reaction type would be
subject to product inhibition. Indeed, such inhibition is observed
in the RNA-catalyzed Diels–Alder reactions.8,13 In the Diels–
Alderase catalytic antibodies isolated, however, there were no
reports of product inhibition. In one approach, the reaction
product adopted a conformation distinct from that of the hapten
used to raise the antibody.9,10 Another tactic was to engineer
the cyclization product to spontaneously extrude sulfur dioxide,
generating a final structure substantially different from that of the
transition state.11 Product inhibition of a catalytic antibody was
absent even when the hapten closely mimicked the actual Diels–
Alder adduct.15 Crystal structures of two catalytic antibodies
both reveal hydrophobic binding sites that, for the large part,
rely upon van der Waals interactions and proximity effects to
promote the reaction.16,17 In both cases, the dienophile was bound
to the antibody by p-stacking and further activation is achieved
through a hydrogen bond to the dienophile carbonyl donated
by an asparagine side chain common to the two antibodies.16,17


The structural studies of these artificial enzymes may ultimately
provide insight into at least one possible mode of catalysis for a
naturally occurring Diels–Alderase.


There are numerous examples of natural products for which
the structures are highly suggestive of intramolecular cyclizations
in which a [4 + 2] cycloaddition may be a biosynthetically
reasonable step, a small sampling of these is shown in Fig. 1.
Our current understanding of any one of these carbon–carbon
bond forming cyclizations is minimal at best, and less so for those
which lack an assigned enzyme to mediate the transformation.
Even the aforementioned LovB and macrophomate synthase still
lack experimental support for the involvement of a Diels–Alder
mechanism. The remaining discussion in this review will highlight
polyketide metabolites supposedly arising from the action of
a “Diels–Alderase” in which either the genes needed for their
biosynthesis have been identified or the transformation in question
has been demonstrated by the use of cell-free studies. Although
the exact cyclases still need further characterization for most of


the following cases, insight into the respective transformations is
provided by biochemical, genetic, or bioinformatic analysis.


Polyketide synthases


A striking fraction of the naturally occurring molecules for which
a biosynthetic “Diels–Alderase” has been proposed are polyke-
tide (or hybrid polyketide-nonribosomal peptide) metabolites of
bacterial or fungal origin.18,19 This family is a rich source of
biologically active agents for agrochemical applications and for
both veterinary and human medicine. Polyketides are biosynthe-
sized using enzymatic logic comparable to that utilized for fatty
acid biosynthesis.20,21 The polyketide backbone is constructed two
carbon atoms at a time by a decarboxylative thiol-Claisen reaction
of acyl and malonyl thioesters to form the extending carbon–
carbon bond (Fig. 2).20 The primary function of both prokaryotic
and fungal PKS systems is often the assembly of a linear carbon
skeleton that can be further modified by additional tailoring
enzymes, such as hydroxylation, epoxidation, and glycosylation.
In the cases highlighted in this review, the polyketide carbon
backbone is presented to a putative “Diels–Alderase” for an
intramolecular cyclization. These cyclases introduce cross-links
into the molecular framework of the metabolite, providing both
conformational rigidity and a platform for peripheral modifica-
tions.


Prokaryotic type I modular polyketide synthases (PKSs) are
large, multimodular, and often multisubunit megasynthases. Three
core domains must be present for polyketide extension: a ketosyn-
thase (KS), an acyl-CoA transferase (AT), and an acyl carrier
protein (ACP).20 The ACP is posttranslationally modified with a
phosphopantetheinyl cofactor that is employed for the covalent
sequestration of substrates and the nascent polyketide as thioester
intermediates. The appropriate extension unit, usually a structural
derivative of malonyl-CoA, is selected by the AT, which then
catalyzes a net transthioesterification to generate the acyl-S-ACP.
The final core domain, the KS, catalyzes the decarboxylative
condensation between its upstream and downstream acyl-S-ACP
substrates to form a b-keto-S-ACP intermediate. This product
can either serve immediately as a substrate for the next round of
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Fig. 2 General mechanism of chain extension by a type I modular PKS.


elongation or it can be reduced to the alcohol, dehydrated to
form an alkene, or then reduced a second time to the alkane
by the sequential action of three non-essential domains: the
ketoreductase (KR), dehydratase (DH), and enoyl reductase
(ER).20 For a canonical type I modular PKS, one module is
in place for every two-carbon extender unit incorporated into
the polyketide, and the oxygenation and oxidation pattern of
the polyketide product is dictated by the non-essential domains
present in each module.20,21


The fungal type I iterative PKS differs in that a single module
is utilized repeatedly for each two-carbon extension of the
nascent polyketide.22 Many of the polyketides originating from the
fungal iterative type I PKS systems are fully oxidized, generating
polycyclic aromatic products.22 There are also numerous iterative
type I PKS systems that produce partially reduced polyketides, for


which the oxygenation patterns and oxidation state of each two
carbon addition varies within the product, according to the specific
synthase.22 The mechanisms guiding the timing and specificity of
the reductive and dehydration steps for the iterative type I systems
have yet to be fully understood.


Macrophomate synthase


While not formally catalyzing an intramolecular cross-linking
reaction, macrophomate synthase (MPS) is the most extensively
studied of all the putative Diels–Alderases. Conflicting positions
surround the mechanism for MPS, an unusual enzyme catalyzing
a total of four chemical steps that couple 2-pyrone 7 and
oxaloacetate 8 with two decarboxylations and two carbon–carbon
bond formations (Fig. 3).23 The final step of this sequence


Fig. 3 Mechanisms proposed for macrophomic acid synthase. The top path represents the Michael–aldol mechanism and the bottom route represents
the Diels–Alder mechanism.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4483–4493 | 4485







is a spontaneous dehydration of 12 to provide macrophomate
2.24 Initial reports of this enzyme following its identification
and characterization proposed a Diels–Alder mechanism as a
key step for these transformations.25,26 Mixed quantum and
molecular mechanics (QM/MM) simulations of MPS, however,
support a stepwise sequence of a Michael addition followed
by an aldol reaction.27 The crystal structure of MPS has been
solved, and is similar in tertiary structure to that of 2-dehydro-
3-deoxygalactarate (DDG) aldolase, despite weak amino acid
sequence identity (20%).26,28,29 Both MPS and DDG aldolase are
Mg2+-dependent enzymes possessing a (b/a)8-barrel fold, and
both enzymes generate the pyruvate enolate in the active site;
MPS by decarboxylation of oxaloacetate and DDG aldolase by
the deprotonation of pyruvate. Although DDG aldolase directs
attack of the enolate upon the electron-deficient aldehyde carbonyl
of tartronic semialdehyde, it was initially proposed that MPS
utilizes the pyruvate enolate to form bicyclic intermediate 11
en route to macrophomic acid by either an inverse electron
demand Diels–Alder reaction30or a sequential Michael–aldol
mechanism.23,25 Hilvert et al. demonstrated that, like DDG
aldolase, once MPS generates the pyruvate enolate in the active
site it efficiently mediates an aldol reaction with a variety of
aldehyde substrates.31 Together with the QM/MM simulations,
the demonstrated aldolase activity of MPS certainly suggests that
the stepwise Michael–aldol pathway may in fact be the most likely
mechanism employed by this enzyme.


Solanapyrones


The fungi Alternaria solani (A. solani) and Ascochyta rabei produce
solanapyrones A–D (3, 15–18 Fig. 4), a series of polyketide
phytotoxins.32 Through the work of careful isotopically labeled
precursor incorporation studies, it was determined that the decalin
ring system observed in the solanapyrones is derived from an
achiral triene.33 A crude enzyme preparation from A. solani
catalyzed the oxidation and cyclization of prosolanapyrone II 13
to generate solanapyrones A and D (3 and 16) with an 85 : 15
ratio, directing formation of the exo-adduct 3 (solanapyrone A) as
the major isomer.34,35 No cyclization of prosolanapyrone II 13 was
detected in the absence of the enzyme preparation.34,35 In contrast,
nonenzymatic cyclization of prosolanapyrone III 14 provided a
3 : 97 ratio of solanapyrone A to solanapyrone D, the major
isomer resulting from the endo transition state (solanapyrone D
16).34 When prosolanapyrone III 14 is presented to the enzyme
preparation, the ratio of enzymatically generated solanapyrone A


to D (3 : 16) increased to 87 : 13 to favor the exo adduct, as was
observed for prosolanapyrone II 13.34


On the basis of the isotope incorporation studies, it has been
proposed that the pyrone alcohol at C-17 of prosolanapyrone II
13 must first be oxidized to the aldehyde prior to the proposed
Diels–Alder cyclization, providing prosolanapyrone III 14. The
dienophile of prosolanapyrone III 14 (an aldehyde) is more
electron deficient than that present in prosolanapyrone II 13
(an alcohol), and inherently a better substrate for a normal
electron demand [4 + 2] cycloaddition, supporting the biosynthetic
pathway proposed by Oikawa and coworkers. By this logic, the
alcohol substituents observed in solanapyrones B and E (15 and
17) most likely result from the re-reduction of C-17 following
formation of the decalin system, rather than from the direct
cyclization of prosolanapyrone II 13.33 This reversible oxidation
and reduction at C-17 was utilized to assist with partial purification
of the postulated solanapyrone synthase.35,36 The enzyme, or one
of the enzymes, required for the conversion of prosolanapyrone II
13 to solanapyrone A 3 is oxygen dependent and appears to utilize
a covalently-bound FAD cofactor.35,36


There remain several unanswered questions regarding this
remarkable transformation, including the actual role the oxi-
dizing enzyme plays in directing the cycloaddition. The facile
nonenzymatic cyclization of prosolanapyrone III 14 in aqueous
buffer suggests that the cyclase serves as a chaperone to guide the
stereochemical outcome of the cyclization rather than serving as
a true enzymatic catalyst. An additional point remaining to be
addressed with the solanapyrone system is whether the conversion
of prosolanapyrone II 13 to solanapyrones A and D (3 and 16)
requires one or two enzymes to effect oxidation of C-17 and the
subsequent cyclization.


Lovastatin and equisetin


An enzymatic Diels–Alder reaction has been suggested in
the biosynthesis of the cholesterol-lowering agent lovastatin 1
(Fig. 5A), produced by Aspergillus terreus ATCC 20542
(A. terreus). The decalin ring system in lovastatin and its precursor
dihydromonacolin L 21 is the product of a 335 kDa type I
iterative PKS, LovB (lovastatin nonaketide synthase), and a
trans-acting enoyl-S-ACP reductase, LovC.6,37 The LovB/LovC
product highlights the remarkable regioselectivity concerning the
dehydration and enoyl-S-ACP reduction that must occur upon
extension of a polyketide chain by an iterative type I PKS
(Fig. 5A). Heterologous co-expression of LovB and LovC in
Aspergillus nidulans is sufficient to generate dihydromonacolin


Fig. 4 Solanapyrones and the proposed mechanism accounting for decalin ring formation.
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Fig. 5 (A) Key steps proposed for the biosynthetic pathway of lovastatin. (B) Cyclization of the LovB substrate analog in the presence and absence of
enzyme (S-NAC = S-N-acetylcysteamine). (C) Equisetin, phomasetin, and the proposed intramolecular cyclization in the biosynthesis of equisetin.


L 21, the first intermediate containing the trans-decalin system.37


The presence of LovC is essential for proper processing of the
nascent polyketide intermediates, but is not necessary for trans-
decalin ring formation, as demonstrated by the LovB-catalyzed
conversion of a substrate analog.6 The actual substrate for LovB
is believed to be the PKS-tethered hexaketide intermediate 19.37


Presentation of a hexaketide-S-N-acetylcysteamine 22 to purified
LovB (Fig. 5B) established that this enzyme alone can catalyze
formation of the trans-decalin 25, identical in stereochemistry
to dihydromonacolin L, at a kcat of 0.073 ± 0.001 min-1.37 A
diminished ability of LovB to efficiently recognize and process an
N-acetylcysteamine analog of a protein-bound intermediate may
very well explain the low turnover and inefficient utilization of this
substrate analog, even if it does correctly portray the chain length
of the nascent polyketide. Despite success with purification of
this megasynthase, the large molecular weight of this protein and
the protein-bound substrate both are considerable challenges for
a more detailed biochemical characterization. Recent expression
of the KS-AT didomain of LovB confirmed the malonyl-CoA
specificity for initiation and elongation units to this enzyme.38 It
is possible that reconstitution of a dissected LovB, as was recently
performed for the aflatoxin PKS,39 will permit a more detailed
query into the exact nature of this intramolecular cyclization.


Equisetin 28 and its enantiomeric homolog phomasetin 29 are
tetramic acid-containing fungal metabolites that possess a trans-
decalin scaffold (Fig. 5C).40–43 The equisetin biosynthetic gene
cluster in Fusarium heterosporum revealed EqiS, a hybrid iterative
type I PKS-nonribosomal peptide synthetase (NRPS), and the
requirement of EqiS for equisetin production was confirmed
through disruption mutagenesis.44 The domain organization of


EqiS resembles that of LovB and CheA (discussed below for the
cytochalasins).37,45 The cyclase activity for both EqiS and LovB
have yet to be assigned to a distinct domain of their respective
megasynthases, but it is likely that similar mechanisms are utilized
by the two to construct the trans-decalin, despite subtle differences
in the predicted substrate. LovB could act upon a hexaketide
intermediate 19, while EqiS must recognize a cyclization substrate
at least at the heptaketide stage 26, having undergone an additional
two-carbon extension cycle.


The opposing stereochemical outcomes following formation of
the trans-decalin in dihydromonacolin L 21, equisetin 28, and
phomasetin 29 is another intriguing aspect of this group of
metabolites (Fig. 5). The dihydromonacolin/lovastatin substrate
analog 22 undergoes a spontaneous Diels–Alder cyclization in
aqueous buffer to yield only the cis-decalin 23 (an exo adduct)
and the diastereomeric trans-decalin 24 (an endo adduct) at a
1 : 1 ratio (Fig. 5B).6 The dihydromonacolin L stereochemistry
in 25 was a minor product from the LovB-containing reaction,
accounting for 3.2% of the cycloaddition product mixture, but was
not observed upon omission of LovB from the assay mixture, sup-
porting its requirement for the intramolecular cyclization in vivo
(Fig. 5B).6 The syntheses of equisetin employing a transannular
Diels–Alder reaction to construct the trans-decalin scaffold yield
predominantly the endo adduct containing the stereochemistry
of the naturally occurring metabolite.46–48 The similarity among
the proposed cyclization substrates and the predominant stereo-
chemistry resulting from nonenzymatic cyclizations suggest LovB
and EqiS, at the very least, contain a binding pocket to direct
the stereochemical outcome of the reaction. Details about the
factors controlling these differences among dihydromonacolin L,
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equisetin, and phomasetin will not likely be revealed until after
the domain responsible for the cyclization is identified and the
structure of at least one of these cyclization catalysts is solved.


Cytochalasins


The cytochalasins are a diverse group of fungal polyketide-
nonribosomal peptide metabolites unified by the presence of an
isoindolone ring fused to either a carbocyclic, lactone-containing,
or a carbonate-containing macrocycle 4, 30–32 (Fig. 6A).49,50 The
amino acid incorporated varies according to the cytochalasin
in question: those derived from phenylalanine, tryptophan, and
leucine have been observed.50–52 Most notable for their cytotoxic
properties, an impressive range of biological activities has been
reported for members of the cytochalasin family that also includes
antibiotic and antiretroviral properties.51–53 The chaetoglobosin A
biosynthetic gene cluster of Pencillium expansum was recently iden-
tified, including CheA, a hybrid fungal iterative type I PKS-NRPS.
CheA bears similarity to megasynthases required for biosynthesis
of the putative Diels–Alder adducts lovastatin and equisetin (LovB
and EqiS, respectively), and to those required for production
of mycotoxins fusarin (FusA) and tenellin (TENS).37,44,54,55 As
observed for EqiS and LovB, the enoyl reductase for chaetoglo-
bosin, CheB, acts in trans with CheA to generate a nonaketide
intermediate. The additional gene products in this cluster are
predicted to encode two cytochrome P450s (CheD and CheG)
and a FAD-dependent monooxygenase (CheA), all three of
which are implicated in post-assembly line oxidative tailoring
of chaetoglobosin.45 The NRPS module of CheA is thought
to activate tryptophan and generate an amide linkage with the
nonaketide, and an analogous role is proposed for the EqiS NRPS
module.44,45 The polyketide–amino acid intermediate is thought
to be reductively released to provide the aminoaldehyde 33. The
defining isoindolone ring is proposed to arise from a two-step
process. First, a Knoevenagel condensation of 33 could generate
the pyrrolinone intermediate 34 (Fig. 6B). Next, the pyrrolinone
ring of 34 is positioned for a [4 + 2] cycloaddition to generate the
isoindolone-fused macrocycle 35.45 The exact species or domain


of CheA responsible for the proposed Diels–Alderase activity is
currently undetermined, as it is for LovB and EqiS.


Various syntheses of the cytochalasins based upon the above
proposal do incorporate an intramolecular Diels–Alder reaction
in the construction of the core isoindolone ring system. The
reaction conditions used in the cycloaddition, however, require
that the amide nitrogen of the pyrrolinone precursor must be
acylated in order to prevent unproductive migration of the double
bond to the enol tautomer and to ensure presentation of the
appropriate dienophile.56–58 Certainly, the enzyme effecting this
reaction will need to prevent this from occurring if a Diels–Alder
mechanism is utilized. The macrocyclic ring characterizing this
family of metabolites formed from these biomimetic synthesis is
often produced as a mixture of stereochemical products resulting
from both endo- and exo- transition states.57,59–61 Elucidation of
the true substrate for the cyclization leading to the cytochalasin
scaffold will shed light on the type of reaction needed to direct
isoindolone formation.


Spinosyn


The spinosyns (Fig. 7A) possess a 22-membered tetracyclic
macrolide decorated with a D-forosamine and a permethy-
lated rhamnose residue, produced by Saccharopolyspora spinosa
(S. spinosa) and Saccharopolyspora pogona (S. pogona).62,63 A
mixture of spinosyns A and D, 5 and 36, is marketed by Dow
Agrosciences as the relatively non-toxic (at least to vertebrates!)
and environmentally friendly insecticidal agent spinosad in the
Tracer R© and Naturalyte R© lines of insecticides.64 Spinosad selec-
tively excites the insect nervous system, ultimately leading to
paralysis and death.64 The spinosyn biosynthetic gene cluster spans
a 74 kb region in the S. spinosa chromosome, including the five
genes encoding the subunits of a modular type I PKS.65,66 The
butenyl-spinosyns, e.g. 37, from S. pogona are closely related,
resulting from a nearly identical biosynthetic gene cluster with the
exception of an additional extension module present in the first
PKS subunit to produce the butenyl side chain.67 A remarkable
feature of the spinosyns is the presence of three carbon–carbon


Fig. 6 (A) Examples of cytochalasin antibiotics. (B) Proposed mechanism for the cyclization of chaetoglobosin A.
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Fig. 7 (A) Spinosyns A and D and butenyl-spinosyn. (B) One possible sequence of biosynthetic steps leading to the tetracyclic spinosyn aglycone.
(C) An alternate proposal for spinosyn biosynthesis.


bonds originating from a series of cross-linking reactions, the
final two of which have been postulated to occur by a [4 + 2]
cycloaddition (Fig. 7B).66 It should be noted that although the
isolated spinosyns include a ketone at C-15, the corresponding
module of the spinosyn PKS appears to include a catalytically
active KR domain (KR4), suggesting that the initial product
released from the PKS machinery contains the hydroxyl group.66


The re-oxidation of the C-15 alcohol to a ketone is required both
to present an appropriate dienophile for the proposed Diels–Alder
cyclization and to account for the final product (Fig. 7B).


Heterologous expression of the loading module and the first
four extension modules of the S. spinosa spinosyn PKS in Saccha-
ropolyspora erythraea led to production of a lactone metabolite
confirming KR4 is indeed active: a hydroxyl group is present in the
pentaketide product corresponding to reduction by KR4, and this,
in turn, corresponds to the spinosyn C-15.68 On this basis, Martin
et al. suggested the flavin-dependent dehydrogenase encoded by
spnJ is responsible for the post-assembly line oxidation at C-15.
Indeed, complete conversion of the macrolactone C-15 alcohol
of 38 to the ketone 39 was demonstrated with purified SpnJ.69


Failure of SpnJ to oxidize a corresponding S-NAC analog of a
putative PKS-bound intermediate is consistent with release of the
reduced, non-bridged macrolactone prior to the intramolecular
cyclizations assembling the spinosyn tetracyclic scaffold.69 The
post-PKS introduction of the C-15 ketone sets the stage for two
events. First, abstraction of the C-14 proton facilitates a 1,4-
addition and formation of the first carbon-carbon bond between


C-3 and C-14 in 40, followed by abstraction of the second
C-14 proton, eliminating water and presenting the dienophile
in a proposed bicyclic intermediate 41.68 Finally, a biosynthetic
[4 + 2] cycloaddition has been proposed to provide the tetracyclic
aglycone 42 that defines the spinosyns.


Roush et al. incorporated a transannular Diels–Alder reaction
in the synthesis of spinosyn A, and offered an alternative proposal
for the sequence of cross-linking events (Fig. 7C).70,71 Following
SpnJ-catalyzed oxidation to the C-15 ketone, dehydration of
the C-11 alcohol 39 could generate the dienone 43 suitable for
an intramolecular Diels–Alder reaction. The final transannular
reaction is poised for an enzymatic version of the Morita–Baylis–
Hillman reaction; attack by an enzyme active site nucleophile
at C-13 of 44 would lead to an enzyme bound intermediate
for the final cross-linking reaction. A second deprotonation at
C-14 then permits release of the tetracyclic product 42 from the
enzyme.70 In the biomimetic synthesis of spinosyn A based upon
this alternate proposal, the major diastereomers resulting from
these two synthetic steps harbor identical stereochemistry at the
ring junctions to that observed in the natural product.70,71


The enzymes encoded within the S. spinosa and S. pogona
spinosyn biosynthetic gene clusters proffer little insight into the
mechanisms guiding this cross-bridging cascade, although the
gene products of spnF , spnL, and spnM have been implicated on
the basis of genetic disruption experiments.66 SpnF and SpnL have
34% sequence identity to each other, and both have some similarity
to O-methyltransferases. It should be noted that neither of these
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proteins are likely to serve as a functional methyltransferase since
both lack the conserved motifs characteristic of this enzyme
family.72 Disruption of either spnF or spnL abrogates spinosyn
production without affecting aglycone glycosylation in cell-based
bioconversion assays, suggesting SpnF and SpnL act prior to these
tailoring steps.66 SpnM, a third possible candidate, is marginally
similar to hypothetical proteases and lipases, but lacks the typically
conserved active site serine nucleophile that is characteristic of
these hydrolases.66,73 Insertional mutagenesis of spnM severely
hampered spinosyn production; only a trace amount of antibiotic
was detected in the fermentation broth of the mutant, while
the ability to effectively convert the aglycone to spinosyn was
abolished.66 These gene products are the most likely candidates
for the cross-linking reactions and the modifications preceding
them that produce the spinosyn aglycone. The exact sequence of
events (including the order of ring formations), the role of each
enzyme, and the mechanisms guiding tetracycle formation awaits
further biochemical characterization.


Spirotetronates


The spirotetronate antibiotics chlorothricin 6, kijanimicin 45,
and tetrocarcin A 46 are glycosylated polyketide metabolites
possessing a variety of biological activities that include antibac-
terial, anticancer, and antimalarial properties (Fig. 8A).74–77 The
biogenesis of these metabolites has been suggested to involve not
just one, but two [4 + 2] cycloadditions resulting from either enzy-
matic or nonenzymatic processes. The first possible intramolecular
cyclization would install the trans-decalin, following an endo
transition state, whereas the second introduces the spiro-fusion
between the tetronic acid and the cyclohexene ring as an exo
adduct.


Chlorothricin, the first reported spirotetronate, was isolated
from Streptomyces antibioticus Tü99 and later from Streptomyces
sp. A7361 during a screen for natural product inhibitors of
mevalonate-mediated cholesterol biosynthesis.75,78 In addition
to the typical spirotetronate framework (the trans-decalin and
the spiro-fusion between a cyclohexene and a tetronic acid),
chlorothricin is further distinguished by a 2-methoxy-5-chloro-
6-methylsalicylyl substituent present on one of the deoxysugar
residues.79 This 6-methylsalicylyl moiety is typically derived from
an iterative type I PKS, irrespective of whether the producing
species is a eukaryote or prokaryote. Identification of ChlB1, an
iterative type I PKS, and its co-localization near genes encoding
modular type I PKS subunits permitted identification of the
chlorothricin biosynthetic gene cluster.80,81 The cluster spans
roughly 100 kb, harboring modular type I PKS genes responsible
for construction of the pentacyclic chlorothricolide aglycone and
the carbohydrate substituents. The discovery of the chlorothricin
biosynthetic gene cluster was quickly followed by identification
of the biosynthetic loci for two other metabolites of this family,
tetrocarcin A and kijanimicin.82,83 Typically, the genes encoding
PKS subunits are organized co-linearly on the chromosome, but a
noncanonical genetic organization of the PKS-encoding genes is
observed for all three spirotetronates. Kijanimicin and tetrocarcin
A are the most dramatic: in both systems, one of the PKS subunit-
encoding genes is out of order and physically separated from the
others by approximately 16 kb.


Analysis of the gene products present in the biosynthetic loci
within this family of antibiotics does not reveal any obvious
candidates for the proposed Diels–Alder reactions. For kijanimicin
and the others, it has been suggested that either the penultimate or
the final module of the corresponding PKS facilitates the first
intramolecular cyclization to produce the trans-decalin system


Fig. 8 (A) The spirotetronate antibiotics chlorothricin, kijanimicin, and tetrocarcin A. (B) Proposed [4 + 2] cycloadditions in the biosynthesis of
spirotetronate antibiotics.


4490 | Org. Biomol. Chem., 2008, 6, 4483–4493 This journal is © The Royal Society of Chemistry 2008







of 48 (Fig. 8B), but the cis- or trans-acting enzyme mediating
that reaction is not clearly identifiable.80,83 The remaining carbon
backbone of kijanimicin and related metabolites is assembled from
one additional ketide extension by KijS5 followed by attachment
of 1,3-bisphosphoglycerate and cyclization by KijB-E to provide
49.83,84 Both tetrocarcin A and chlorothricin clusters contain
homologs of these enzymes that are needed for installation of the
tetronic acid.80,82 KijA is proposed to introduce the kijanimicin
spirotetronic acid: this gene product has sequence similarity to
FAD-dependent JadH from the jadomycin biosynthetic pathway,
a bifunctional dehydratase and oxygenase.85 Homologs of KijA
were present within the chlorothricin (ChlE1 and ChlE3) and
tetrocarcin (TcaE1) gene clusters. It is proposed that KijA,
like JadH, could facilitate a dehydration of 49 to produce the
dienophile 50 followed by an adventitious and proximity-driven
Diels–Alder cyclization while in the KijA active site to produce
the spirotetronic acid moiety in 51.83 If the role of KijA is to
mediate the intramolecular cyclization of kijanimicin, TcaE1 and
either ChlE1 or ChlE3 would likely catalyze similar reactions
for tetrocarcin A and chlorothricin, respectively. These proposed
activities for the spirotetronate PKS and tailoring enzymes await
experimental confirmation.


Synthetic strategies to assemble the spirotetronate aglycone
utilized Diels–Alder reactions to assemble both the trans-decalin
and the spiro ring systems.86–89 In one example, synthesis of
the chlorothricin aglycone employed remarkably selective tan-
dem inter- and intramolecular Diels–Alder reactions to simul-
taneously install seven stereocenters. This approach does suc-
cessfully model the biosynthetic proposal wherein the trans-
decalin ring follows an endo-selective intramolecular Diels–Alder
reaction, and the spirotetronate-cyclohexene an exo-transition
state.86,88,90


Outlook


Until recently, it was presumed that most peripheral modifications
to the polyketide and nonribosomal peptide backbones occurred
following liberation of a full-length intermediate from the requisite
megasynthase. There are, however, exceptions to this presumption.
The naphthalene ring of rifamycin is a product of an intramolec-
ular cyclization upon the backbone of a nascent polyketide
intermediate.91,92 Additional co-assembly line modifications have
been implicated in the biogenesis of other polyketides following
biochemical and/or genetic examination of the biosynthetic
pathways, and the polyether ionophores nanchangmycin and
mupirocin provide such an example. Heterologously expressed
and purified NanE and MonCII thioesterases efficiently hydrolyze
acyl-S-NAC analogs of polyether-containing intermediates, sug-
gesting the epoxidations and cyclizations may occur upon a
megasynthase-tethered polyketide prior to release.93,94 This tactic
has also been observed in NRPS assembly line biosynthesis.
The rigid aglycone scaffold characteristic of the vancomycin-type
glycopeptide antibiotics results from cytochrome P450-catalyzed
oxidative cross-linking of phenolic side chains upon a nascent
peptidyl-S-carrier protein substrate.95,96 Several of the transforma-
tions of the polyketide metabolites discussed here are also likely
to occur upon intermediates sequestered by the megasynthase.
The examples of co-assembly line modifications occurring while
substrates are covalently bound to a carrier protein continue to


grow in number. This implies the preferred biosynthetic route
for a cross-linked metabolite in the absence of biochemical or
genetic characterization of a pathway cannot be conclusively
delineated.


The debate surrounding whether or not naturally occurring
“Diels–Alderases” exist has been, until now, largely limited
to biomimetic proposals and syntheses concerning biosynthetic
pathways. The [4 + 2] cycloaddition is invoked for numerous
metabolites not only of the polyketide family but also for
isoprenoid, nonribosomal peptide, and alkaloid metabolites.18,19


The reduced cost of genome sequencing has permitted a rapidly
expanding collection of bacterial and fungal biosynthetic gene
clusters and improved the ease with which they are identified.
Whole-genome scanning to locate a biosynthetic locus within
a bacterium or fungus is now a highly effective approach to
rapidly narrow the search.97,98 Immense progress in the techniques
available for the biochemical characterization of PKS and NRPS
machinery permit insight into modifications occurring along the
assembly lines.39,99 Advances such as these have brought the
broader biosynthetic community beyond speculation of proposed
enzyme-catalyzed pericyclic reactions to a point that the proposed
biochemistry can now be interrogated.


A majority of the cases discussed here and elsewhere still do
require elucidation of the true substrate for the intramolecu-
lar cyclizations in question. As this process unfolds for each
metabolite and each transformation, it may or may not fall
in line with the intermediates consistent with initial proposals
for a pericyclic reaction. Certainly, identification of a bona-fide
“Diels–Alderase” would be an exciting addition to our knowledge
of Nature’s biosynthetic toolkit. Rigorous mechanistic studies
will be necessary to establish whether or not the title of a
“Diels–Alderase” can be applied with confidence. Regardless
of the mechanisms employed to construct the elaborate ring
systems discussed in this review, each of these transforma-
tions is likely to proceed through a fascinating mechanism and
all exhibit the remarkable capabilities that define enzymatic
catalysis.


The natural products in which these highlighted ring systems
occur possess a remarkable range of biological properties includ-
ing cholesterol-lowering, antibacterial, and anticancer properties.
The cytochalasins and spirotetronate antibiotics are two striking
examples of metabolic families unified by the presence of a
common structural scaffold, yet distinct medicinal properties are
possessed by individual members. Any effort toward biosynthetic
engineering of these metabolites must factor in not only the various
tailoring modifications needed to tune a given agent to its optimal
biological activity and potency, but also whether or not such
modifications occur upon a carrier protein-bound substrate. Suc-
cesses with glycorandomization, mutasynthesis, and precursor-
directed biosynthesis, among other strategies, are encouraging as
methods that have emerged to generate alternate products.20,100,101


As attention turns toward architecturally intricate metabolites
such as those highlighted in this article, the ability of the tailoring
enzymes to recognize and process alternate substrates must be
considered. A clear understanding of how these enzymes effect
their respective reactions, concerted or stepwise, complete with
inherent substrate specificities and tolerances, will greatly enhance
the biosynthetic engineer’s ability direct the production of designer
metabolites.
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5-Alkylidenecyclopent-2-enones 15a–q may be prepared via a conjugate addition–Peterson olefination
sequence, best achieved in one-pot, using exo-2-trimethylsilyl-3a,4,7,7a-tetrahydro-4,7-methanoinden-
1-one 12, followed by a retro-Diels–Alder reaction. The geometry of the exocyclic alkene may be
controlled according to the use of organometallic species in the conjugate addition step; organocuprate
reagents are found to selectively lead to the formation of E-exocyclic alkene adducts, whereas Grignard
reagents favour the formation of Z-alkenyl isomers. The use of enantiomerically enriched 12, accessed
from an asymmetric Pauson–Khand reaction, affords the corresponding enantioenriched
5-alkylidenecyclopent-2-enones and this approach is exemplified by the short, stereoselective total
syntheses of two cyclopentenone phytoprostanes 51 and 13,14-dehydrophytoprostane J1 65. The ability
of this family of synthetic compounds to activate the peroxisome proliferator activated receptor-g is
reported.


Introduction


Natural products possessing the cyclopentane structure are widely
distributed throughout the animal, bacterial and plant kingdoms.
A subset of this broader class is the family of compounds derived
from fatty acids that possess a cyclopentenone group (see Fig. 1).
These compounds are intimately involved in several important and
related cellular processes, including mediation of the inflammatory
response and involvement in cellular defence pathways.1 Evidence
indicates that these biological effects may directly result from
the covalent modification of cysteinyl groups present in proteins
following conjugate addition to the electrophilic a,b-unsaturated
ring.2 Biosynthetically, however, the origins of these structurally
related compounds appear to be different. PGA2 2 and J2 3, for
example, may be formed in mammalian systems following the
oxidation and subsequent dehydration of PGF2a 1.1 PGF2a 1 itself
being derived from the arachidonic acid-cyclooxygenase cascade.3


Further allylic dehydration of PGJ2 3, which has been reported
to occur in serum albumin, generates D12,14-15-deoxy-PGJ2 4.4
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Another facet to this story concerns the recent discovery that
structurally similar, albeit racemic, prostanoid natural products
are also formed, particularly during events of cellular (oxidative)
stress. Such compounds, termed isoprostanes to distinguish them
from the enzymatically derived prostaglandins, are thought to be
derived from the non-enzymatic oxidation of membrane-bound
polyunsaturated fatty acids.5 These natural products provide a
link to the popular current concept that dietary manipulation of
the levels of polyunsaturated fatty acids might protect cells from
the destructive influence of reactive oxygen species.6


The cross-conjugated juxtaposition of the dienone unit present
in 4 is also found in several other, structurally related, naturally oc-
curring compounds. Again these compounds, from different bio-
logical sources, appear to possess interesting biological properties.1


In plants, 12-oxophytodienonic acid 5, the biosynthetic precursor
to jasmonic acid, is derived from linolenic acid via the allene
oxide synthase pathway.7 Dehydrophytodienoic acid 6 (13,14-
dehydrophytoprostane J1 originally also called chromomoric
acid)8 has been isolated from several plant sources and, despite
the structural similarity to 5, it is not known whether this
compound is derived enzymatically, or from the plant version of
the isoprostane pathway.9 The plant congeners of the mammalian
isoprostanes are termed phytoprostanes.9 Marine derived natural
products related to 4 and 6 are also known and clavulone 7 is
a representative example.10 These compounds typically display
greater oxidation than their terrestrial counterparts and often
include halogenation.10 Recently a new class of cross-conjugated
cyclopentenone has been discovered that possesses an allylic
epoxide in the alkylidene side chain. Such racemic compounds,
exemplified by 8, are, again believed to be derived via the
isoprostane pathway.11


Primary prostaglandins, such as the historic PGF2a, elicit
their potent biological activities via their direct interaction with
specific receptors on the surface of the cell plasma membrane.1
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Fig. 1 Representative cyclopentenone fatty acid derived natural products.


Typically such C20 arachidonic acid derivatives possess pro-
inflammatory and muscle contracting effects.1,3 In contrast, the
latter, cyclopentenone-containing members of the prostaglandin
family, such as 2, 3 and particularly 4, appear to counteract these
pro-inflammatory effects.1 Evidence indicates that they may do
this by interfering with the processes of gene transcription and
ultimately protein translation via their interaction with several
transcription factors.1,3


Nuclear factor kappa B (NF-kB), discovered by Baltimore
in 1986,12 plays a pivotal role in the inflammatory response
and its downstream gene products include i-NOS, COX-2 and
various cytokines responsible for initiating and perpetuating the
effects of inflammation.13 For this reason NF-kB has emerged
as a promising target for the development of compounds aimed
at inhibiting the excessive inflammation associated with various
conditions.13 In 2000 it was shown by Karin and Santoro that
unsaturated prostanoids inhibit NF-kB by binding to a thiol
residue contained in the activation loop of the b-subunit of the
IkB kinase IKK.14 This kinase is responsible for the activation of
NF-kB in the cytoplasm of the cell, which, following activation,
relocates to the nucleus and initiates gene transcription.13,14


Cyclopentenone prostaglandins also interfere with the heat shock
response process, which is a protective mechanism that cells use
under stressful conditions including, but not exclusively, extremes
of temperature.1,15 This process is mediated by a transcription
factor (heat shock factor) the activation of which leads to the
accumulation of proteins termed heat shock proteins (HSP), in
particular HSP70, whose role as a molecular chaperone has been
documented.15


The final important cyclopentenone prostaglandin target is
another transcription factor; peroxisome proliferator activated
receptor g (PPAR-g). This, so-called, orphan nuclear receptor was
discovered in the late eighties16 and soon after was reported to be
the molecular target for a clinically useful class of drugs for the
treatment of the symptoms of type 2 diabetes.17 Several members of
this class of compounds, known as the thiazolidindiones (TZDs),
ultimately became medicines for the treatment of this steadily
growing worldwide condition (see later). PPAR-g’s role appears
to be in the control of lipid and glucose homeostasis and its
gene products include enzymes involved in lipid oxidation and


the peptide adiponectin, which controls formation of adipocytes
(fat cells). In 1995 it was demonstrated that the unsaturated
cyclopentenone, D12,14-15-deoxy-PGJ2 4, bound to and activated
PPAR-g and consequently the suggestion was made that 4 was the
natural ligand for this orphan receptor.18 This proposal, however,
has remained a contentious matter of debate, primarily since
the natural detectable levels of 4 have never been in the same
range as the levels needed to activate PPAR-g appreciably.19 One
plausible proposal explaining these detection problems and the
apparent low in vivo concentration of 4 concerns its reactivity
and the fact that free D12,14-15-deoxy-PGJ2 4 may be removed
from circulation via either conjugation to reduced glutathione
(GSH)1,2,20 and/or by association with serum albumin.20 The
reactivity of 4 with GSH and the stability of the corresponding
glutathione adduct has been investigated by Noyori and co-
workers.2 Furthermore, a relationship and interplay between
NFkB and PPAR-g has recently been uncovered which seems to
demonstrate that activation of PPAR-g leads directly to inhibition
of NFkB possibly by a nuclear export mechanism.21


Although the precise mechanisms are different, in plant species
the cyclopentenoid natural products, exemplified by 5 and 6,
appear to play important roles involving the defence and home-
ostasis of their host.9 For example, it has been reported that
either wounding of the plant, or pathogen attack, induces the
accumulation of cyclopentanoid compounds. These compounds
activate defence related genes and induce detoxification responses.
Even the exogenous application of phytoprostanes 5 and 6 initiates
the biosynthesis of secondary metabolites such as phytoalexins.22


Based on the interesting profile of biological activities demon-
strated by natural products possessing the cross-conjugated cy-
clopentenone structural motif we became interested in developing
a modular synthetic method that enabled the straightforward
preparation of analogues.23 The ultimate aim was to evaluate
these analogues in terms of their ability to activate PPAR-g in
the hope that a relationship between structure and activity could
be uncovered. We envisaged that the structural motif present in this
class of compounds could be efficiently accessed via a conjugate
addition–Peterson olefination sequence performed on a suitable
masked a-silyl cyclopentadienone synthon 9 (see Fig. 2). This
process would serve to install both the alkyl and alkylidene (C-8
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Fig. 2 Retrosynthetic analysis of cross-conjugated cyclopentenones based on a conjugate addition–Peterson olefination approach (M = metal).


and C-12) side-chains, the latter being at the desired oxidation
level. The reaction partners for this proposed sequence would
be a functionalised organometallic species represented by 10 and
an a,b-unsaturated aldehyde 11 and 9. A cyclopentene unit was
chosen to mask the endocyclic carbon–carbon double bond in the
cyclopentenone moiety, since, based on seminal studies by Stork
and Roussec,24 this group may be readily removed by a retro-Diels–
Alder process either under Lewis acidic, or flash vacuum pyrolysis
conditions. Furthermore due to its rigid, conformationally locked
molecular architecture high levels of stereoselectivity have been
observed following related conjugate addition reactions.25 Obvious
advantages in this approach include expediency and the ability to
readily vary the structures of the pendant groups in a modular
fashion. We also felt that there was a high possibility that the
conjugate addition reaction and the Peterson olefination could be
carried out sequentially, in the same reaction vessel. This efficient
one-pot transformation has been virtually ignored following its
initial disclosure in 1984,26 mainly because its success remained
limited to certain substrates. We have reported preliminary results
in this area.27


Results and discussion


Crucially, in relation to this proposed sequence, (±)-exo-2-
trimethylsilyl-3a,4,7,7a-tetrahydro-4,7-methanoinden-1-one 12 is
readily available in high yield and on multi-gram scale via an
intermolecular Pauson–Khand reaction between trimethylsily-


lacetylene 13 and norbornadiene either under our microwave
conditions,28 or traditional thermal conditions.29 Traces of the cor-
responding endo-diastereomer were detected in small amounts but
this impurity may be removed following column chromatography,
or recrystallisation from hexane (Scheme 1).


Pleasingly compound 12 readily participated in conjugate addi-
tion reactions on treatment with either organocuprate reagents
or with Grignard reagents in the presence of copper(I) salts.
These conjugate adducts could be isolated and characterised on
protonation (see for example Scheme 3) but we were, however,
delighted to find that the resultant intermediate enolate efficiently
participated in a one-pot Peterson olefination reaction with a vari-
ety of structurally diverse aldehydes.¶Table 1 summarises the one-
pot conjugate addition–Peterson olefination reactions performed.
Initial experiments focused on the addition of Gilman’s cuprate to
12 in ether (Entry 1), or THF. This reaction was found to proceed
to completion between -78 ◦C and -5 ◦C. The reaction mixture
was then re-cooled to -78 ◦C and benzaldehyde was added. On
warming, the formation of a more polar, UV active spot was
detected which on isolation proved to be the hoped for exocyclic
dienone 14a. One geometric isomer and one diastereomer were
detected and the structure of this solid compound 14a was


¶Classical Peterson olefination reactions may be performed following
initial addition of LDA to the conjugate adduct followed by benzalde-
hyde. However, in our hands the yields for this two-step process were
considerably lower than the reported, in situ, method.


Scheme 1 Proposed three-step sequence for the construction of cross-conjugated cyclopentenones.


Table 1 The one-pot conjugate addition–Peterson olefination reaction of exo-12


Entry RMa R¢ Adduct Yieldb E : Zc Entry RMa R¢ Adduct Yieldb E : Zc


1 Me2CuLi Ph 14a 93% >95 : 5 14 Me2CuLi i-Pr 14l 61% 65 : 35
2 MeMgBr Ph 14a 86% 75 : 25 15 MeMgBr i-Pr 14l 83% 30 : 70
3 n-Bu2CuLi Ph 14b 91% >95 : 5 16 n-Bu2CuLi n-Hex 14m 82% >95 : 5
4 n-Oct2CuLi Ph 14c 84% >95 : 5 17 n-BuMgCl n-Hex 14m 69% 30 : 70
5 Me2CuLi 4-O2NC6H4 14d 92% >95 : 5 18 i-PrMgCl Ph 14n 81% 60 : 40
6 Me2CuLi 4-MeOC6H4 14e 45% >95 : 5 19 VinylMgBr Ph 14o 94% 95 : 5
7 Me2CuLi 2-Furyl 14f 94% >95 : 5 20 VinylMgBr i-Pr 14p 88% 50 : 50
8 Me2CuLi 2-Pyridyl 14g 45% >95 : 5 21 n-Oct2CuLi MeO2C(CH2)5 14q 81% >95 : 5
9 Me2CuLi N-Me-3-indole 14h 13% >95 : 5 22 n-OctMgBr MeO2C(CH2)5 14q 57% 35 : 65


10 Me2CuLi N-Ts-3-indole 14i 83% >95 : 5 23 Me2CuLi t-Bu 14r — —
11 Me2CuLi E-PhCH=CH 14j 68% >95 : 5 24 Me2CuLi PhCOMe 14s — —
12 Me2CuLi E-MeCH2CH=CH 14k 88% 90 : 10 25 Me2CuLi (CH2)5CO 14t — —
13 MeMgBr E-MeCH2CH=CH 14k 93% 75 : 25


a Conditions: 2 eq. RLi, 1 eq. CuI, Et2O; or: 1.5 eq. RMgBr–Cl, 10 mol% CuI, Et2O (for further details see Experimental section). b Yield following
purification by flash column chromatography. c Ratio determined by 1H-NMR spectroscopy of crude adducts 14.
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unambiguously confirmed by X-ray diffraction (Fig. 3).30 This
indicated that the formation of an E-alkene had occurred and that
the initial conjugate addition had taken place on the less sterically
encumbered, lower face. Based on isolated yields we found that the
use of ether as a solvent for this process was preferable and further
investigations focused on its use. Addition of a solution of 12 in
ether to a mixture of methylmagnesium bromide in the presence
of 10 mol% copper(I) iodide again resulted in smooth conjugate
addition between -78 ◦C and -5 ◦C (Entry 2). The intermediate
enolate was re-cooled to -78 ◦C and benzaldehyde was added.
In terms of conversion the reaction proceeded equally effectively
under these conditions, however, in this instance inspection of
the crude 1H-NMR spectrum indicated the presence of two
compounds in a ratio of 75 : 25. The minor compound was
separable and proved to be the corresponding Z-adduct 14a.
Alternative alkyl organocuprate reagents proceeded in a similar
fashion with benzaldehyde (Entries 3 and 4); in each case only the
E-alkenyl isomer was detected. The use of alternative aromatic
and heteroaromatic aldehydes was successfully investigated in
conjunction with Me2CuLi (Entries 5–10) and again only one
geometrical isomer was detected for the newly formed double
bond. Based on the yields encountered it appears that electron
rich and Lewis basic aldehydes (i.e. Entries 6, 8 and 9) do
not participate as effectively as their more reactive, electron
poorer counterparts (Entry 5 and 10). The process described also
proceeded efficiently with a,b-unsaturated aldehydes (Entries 11,
12 and 13), thereby providing a strategy for the installation of
the exocyclic dienone unit present in natural products 4, 6 and 7


Fig. 3 X-Ray crystal structure of adduct 14a (Ortep representation).


(Fig. 1). The 1,4-addition of isopropylmagnesium chloride, and
vinylmagnesium bromide proceeded smoothly using catalytic CuI
(10 mol%) and in both cases the corresponding magnesium enolate
reacted efficiently with benzaldehyde, affording enones 14n and
14o as separable mixtures of E- and Z-stereoisomers (Entries 18
and 19).


At this stage it was of interest to ascertain whether aldehydes
possessing a-protons would participate in the process, or whether
intermediate 17 might prove to be incompatible with such,
potentially acidic, reaction partners. This concern proved to be
unfounded and freshly distilled isobutyraldehyde gave good yields
of the corresponding adducts 14l using either the Gilman cuprate,
or MeMgBr (Entries 14 and 15). Interestingly, the stereochemical
integrity of the double bond formed was much less well defined
in these instances and significant amounts of the readily separable
Z-stereoisomers were formed. As before (Entries 2) this lack of
stereoselectivity was most marked when the organomagnesium
reagent was employed. Finally, this reaction sequence described
was then applied to a rapid synthesis of (±)-TEI-9826 15q, an
analogue of PGA2 2 which has been evaluated in vivo as a potential
anticancer agent.31 Thus, addition of either (n-Oct)2CuLi, or n-
OctMgBr (10 mol% CuI) to 12, followed by addition of methyl
7-oxoheptanoate32 afforded the exocyclic enone 14q in good yield
(Entries 21 and 22). This latter reaction indicated that additional
carbonyl functionality in the aldehyde Peterson olefination partner
is tolerated under the reaction conditions. The use of pivaldehyde,
acetophenone and cyclohexanone (Entries 23–25) only afforded
the corresponding conjugate adduct and none of the hoped-for
product of Peterson olefination. Based on these failures it appears
that steric effects, in addition to the electronic reactivity of the
carbonyl species, play an important role in this process (see also
Scheme 5).


The retro-Diels–Alder reactions of the norbornadiene adducts
E-14a–14q were performed in dichloromethane at 40 ◦C using
MeAlCl2 and an excess of maleic anhydride as a cyclopentadiene
trap (Table 2).25,33 Generally, this method provided good yields of
the corresponding cross-conjugated cyclopentenones E-15a–15q
with only minimal alkylidene isomerisation. Notable exceptions
were compounds containing basic azo-functionality (Entries 8
and 9); in these examples none of the cyclopentenone products
15h and 15i were detected. It was also of interest that, following


Table 2 The preparation of cross-conjugated prostanoid mimics 15 by retro-Diels–Alder cycloaddition


Entrya R R¢ Yieldb E : Zc Entry R R¢ Yieldb E : Zc


1 Me Ph E-15a 84% >95 : 5 12 Me E-MeCH2CH=CH E-15k 33%g 90 : 10
2 Me Ph Z-15a 64%d >95 : 5 13 Me E-MeCH2CH=CH E-15k 92%h >95 : 5
3 n-Bu Ph E-15b 83% >95 : 5 14 Me i-Pr E-15l 82% 90 : 10
4 n-Oct Ph E-15c 76% >95 : 5 15 Me i-Pr Z-15l 67%i 90 : 10
5 Me 4-O2NC6H4 E-15d 85% >95 : 5 16 n-Bu n-Hex E-15m 84% >95 : 5
6 Me 4-MeOC6H4 E-15e 68% >95 : 5 17 n-Bu n-Hex Z-15m 33%j 65 : 35
7 Me 2-Furyl E-15f 64% >95 : 5 18 i-Pr Ph E-15n 87% >95 : 5
8 Me 2-Pyridyl E-15g NRe — 19 Vinyl Ph E-15o 73% >95 : 5
9 Me N-Me-3-indole E-15h NRe — 20 Vinyl i-Pr E-15p 73% 90 : 10


10 Me N-Ts-3-indole E-15i 28%f 75 : 25 21 n-Oct MeO2C(CH2)5 E-15q 86% 80 : 20
11 Me E-PhCH=CH E-15j 78% 90 : 10


a Conditions unless otherwise stated: 1–1.5 eq. MeAlCl2, 5–10 eq. maleic anhydride, DCM, 40 ◦C (for further details see Experimental section). b Yield
following purification by flash column chromatography. c Ratio by 1H-NMR spectroscopy. d 84% based on recovered E-14a. e NR = no reaction. f 1 eq.
MeAlCl2, 5 eq. N-methyl maleimide, DCM, m-wave, 70 ◦C, 25 min, 85%. g 83% based on recovered 14k. h 1.5 eq. MeAlCl2, 15 eq. maleic anhydride, DCM,
m-wave, 120 ◦C, 70 sec. i 89% based on recovered E-14l. j 95% based on recovered E-14m.
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employment of this Lewis acid based methodology, the purified
Z-exocyclic enones 14a, 14l and 14m (Entries 2, 15 and 17) under-
went significant alkene isomerisation, affording predominantly the
E-cross-conjugated cyclopentenone products 15a, 15l and 15m.
For example, treatment of Z-14l gave 15l in 67% yield (E : Z,
90 : 10) and 22% of isomerised starting material, E-14l. The
functionalised adduct 14q was smoothly converted to the target
dienone 15q in 86% yield.


In certain instances it proved advantageous to use alternative
reaction conditions. For example, the use of N-methyl maleimide
in conjunction with microwave heating gave E-15i in 85% yield,
whereas under standard conductive heating the isolated yield was
significantly lower (28%). The use of the alternative dienophile in
this case facilitated product purification (Entry 10). Microwave
irradiation for relatively short periods was also found to be
useful in the conversion of E,E-14k into the corresponding cross-
conjugated trienone E-15k, where both improved product yields
and reduced alkylidene isomerisation was observed (Entries 12
and 13).


In summary, the one-pot conjugate addition–Peterson olefina-
tion reaction was employed in order to efficiently install both the
2-alkylidene and 3-alkyl side-chains present in cross-conjugated
cyclopentenone natural products. The stereochemistry of the 2-
alkylidene side-chain depends on the type of organometallic
reagent employed in the conjugate addition reaction. Use of
organocuprate reagents afforded high levels of E-selectivity,
whereas copper-catalysed Grignard reagents gave significant
amounts of the corresponding Z-isomer. In all examples the
separation of geometrical alkylidene isomers proved possible by
flash column chromatography.


It seems reasonable to speculate that the observation concerning
the selective formation of E-Peterson olefination products with
organocuprate reagents versus the formation of Z-adducts (albeit
with variable selectivity) with Grignard reagents is due to a
change in counterion in the intermediate 17 (i.e. Li → MgBr)34


and that the identity of this enolate influences the path of the
subsequent Peterson reaction. Another observation concerning
the stereoselectivity was that the preponderance for Z-alkylidene
formation increases corresponding to the size of the aldehyde. For
this reason the one-pot conjugate addition–Peterson olefination
process using isobutyraldehyde was further investigated. Using
the Gilman cuprate to form 17 and subsequent addition of
isobutyraldehyde at -78 ◦C afforded the adduct 14l as a separable
mixture of E- and Z-isomers (E : Z ; 65 : 25 determined
by 1H-NMR spectroscopy of the crude reaction mixture). The
corresponding reaction with methylmagnesium bromide and a
catalytic amount of copper(I) iodide preferentially formed Z-14l
(E : Z; 30 : 70), which seemed to be relatively independent of the
temperature (i.e. -78 ◦C to 0 ◦C) at which the aldehyde was added.
Following addition of Gilman’s cuprate to 12 the intermediate 17
(M = Li) was treated with 2 equiv. of ZnCl2. Subsequent addition
of isobutyraldehyde, at -78 ◦C, afforded 14l in low yield (29%) but
predominantly as Z-14l (E : Z; 20 : 80). This serves to highlight,
again, that the counter ion plays a pivotal role in the stereochemical
outcome of the Peterson olefination process (Scheme 2).


The initial carbon–carbon bond forming reaction could dictate
the stereochemical outcome dependant on the identity of M.35


We feel that this initial bond formation is likely to occur on
the Si-face of 17 (for the diastereoselective protonation of 17 see
Scheme 3, compound 20); from this point the initial diastereomeric


Scheme 2 Mechanistic considerations in the conjugate addition–Peterson olefination reaction.


Scheme 3 Organocuprate and zinc conjugate addition reactions of 12.
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adducts 18 and 19 would then generate the corresponding products
of Peterson olefination via a concerted silyloxy-elimination type
pathway. Although this seems to be a plausible explanation and
chelate (Zimmerman-Traxler–type) and open transition states
can be postulated, the situation is somewhat clouded by the
possibility that the initial diastereomeric adducts may undergo an
initial Brook-type rearrangement, enabling bond rotation prior
to elimination: it is also possible that the adducts may undergo
post-Peterson isomerisation to some extent.


At this stage we became interested in applying this one-
pot procedure for the preparation of more complex molecules.
Therefore, the use of organozinc reagents was considered since it is
well-documented that such species not only efficiently participate
in conjugate addition reactions but that they are also able to carry
functionality (such as carboxylic acid esters) not compatible with
organolithium and magnesium reagents.36 Initial investigations
were conducted to determine whether 12 underwent conjugate
addition with diethylzinc under standard conditions (Scheme 3).36


Whereas cyclopentenone 12 readily undergoes conjugate addition
under standard organocuprate conditions the analogous organoz-
inc reaction was sluggish under several literature conditions and
yields of only 10–40% of adduct 21 were obtained.36 Optimum
yields of 21 were achieved using Noyori’s sulfonamide promoted
conditions,37 however, due to the low conversion of 12 into
21 and the use of additional additives we felt that the use of
organozinc species was not attractive in terms of our one-pot
Peterson approach. The stereochemistry of the newly formed a-
keto centre was probed using NOE experiments. Irradiation of
the methyl silicon substituent gave an enhancement to one of the
diastereotopic methylene bridging protons thereby indicating that
protonation of the enolate 17 occurs on the Si face.


The use of alternative nucleophilic species as reaction partners
in the conjugate addition–Peterson olefination reaction with the
same enone 12 were investigated. The results of these studies
are summarised in Scheme 4. It was found that a THF solution
of PhSLi and benzaldehyde, or isobutyraldehyde generated an
uncharacterised diastereomeric mixture of 22 (60 : 40) in 96%
and 90% yields respectively. The formation of this adduct appears
to result from an initial conjugate addition–Peterson olefination
process followed by nucleophilic attack at the exocyclic double


bond and elimination. Optimum yields for this process were
achieved following a one-pot reaction protocol in which all the
reagents were added simultaneously (Scheme 4).


It has been shown that lithiodithiane, in the presence of a
polar aprotic additive such as HMPA or DMPU,38 undergoes
1,4-conjugate addition to various enones. In our hands, although
we could successfully generate adduct 23, resulting from 1,4-
conjugate addition and protonation, attempts to affect in situ Pe-
terson olefination were unsuccessful. The use of malonate anions
were also studied and again, although under standard conditions39


the conjugate addition was successful, we were unable to link this
process to the Peterson olefination in order to prepare adducts
with a functional handle for further elaboration. It seems likely
that under these conditions the intermediate enolate (of the type
17) is formed reversibly and then undergoes protonation, which in
turn facilitates the protodesilylation process, thereby affording 24.
Interestingly, under similar reaction conditions, in the absence of
dimethylmalonate, 12 underwent efficient desilylation, a process
we feel is likely to proceed via reversible methoxide conjugate
addition.


At this stage all our experience of conducting the one-pot
conjugate addition–Peterson olefination reaction had been us-
ing the same compound, namely exo-2-trimethylsilyl-3a,4,7,7a-
tetrahydro-4,7-methanoinden-1-one 12. Consequently, it was of
interest to investigate whether alternative a-silicon bearing a,b-
unsaturated carbonyl compounds would also participate in this
tandem reaction. Therefore, compounds 26 and 27 possessing
different silicon substituents, were prepared using an inter-
molecular PKR (Scheme 5). Compound 28, in which a methyl
substituent is present in the b-position was also prepared and
these alternative cyclopentenone adducts were subjected to the
reaction conditions described in Table 1. Whereas, compound
12 efficiently generated 14k, the product of methyl conjugate
addition and Peterson olefination with E-pent-2-enal (Entries 1
and 2), substrate 26 gave solely the conjugate adduct 30 with
both organocuprate and Grignard reagents (Entries 3 and 4).
We attributed the recalcitrance of the intermediate enolate to
participate in the Peterson olefination reaction on the basis of
the increased steric bulk of the triisopropylsilyl unit. Use of
the less-bulky tert-butyldimethylsilyl group (Entry 5) led to a


Scheme 4 Attempted conjugate addition–Peterson olefination using alternative nucleophilic reagents.
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Scheme 5 Attempted conjugate addition–Peterson olefination using different PK adducts.


mixture of the conjugate adduct 31 (30%) and the Peterson
product 14k (41%) suggesting again that steric factors play a
significant role in the Peterson olefination reaction of this series of
compounds. We found that substrate 28 was particularly reluctant
to undergo conjugate addition under standard conditions, indeed
this compound only underwent conjugate addition in the presence
of TMSCl whereupon 32 was isolated in 44% yield following
silyl enol ether cleavage. Based on the stereoselective formation
of 20, we assume that the formation of 30 to 32 generated the
diastereomer resulting from protonation on the Si face of the
enolate although this was not fully investigated.


Alternative substrates do, however, effectively participate in
the process (Scheme 6). Monocyclic trimethylsilanes 35 and 36
were prepared in three steps according to a four-step literature
procedure40 and under the standard conditions, indicated in
Table 1, cyclopentenone 35 and cyclohexenone 36 afforded the
trans-enones 37, 38 and 39 stereoselectively albeit in variable,
unoptimised yields (32–94%).


The chemoselective alkylidene reduction of the products of
conjugate addition–Peterson olefination was investigated since
on reduction followed by retro-Diels–Alder cycloaddition, 4,5-
dialkyl substituted cyclopentenones of the type present in PGA2


2 and J2 3 would be accessed—such species would be of
potential interest in terms of biological comparison with their
cross-conjugated analogues. It has been reported that lithium
tri-tert-butoxyaluminium hydride preferentially participates in the
1,4-selective reduction of a,b-unsaturated ketones resembling
14.24b Therefore, we investigated whether we could utilise this
reagent for the preparation of dialkyl-substituted cyclopentenones
of the type 42. It was found that the use of THF as opposed
to Et2O was crucial in order to obtain reasonable 1,4-reduction
selectivity in the formation of 41b and 41m. However, significant
amounts of the corresponding (separable) 1,2-reduced products
40b and 40m were still obtained (Scheme 7). The stereochemistry
of the newly formed stereogenic centre was probed using NOE
experiments; irradiation of the benzylic protons enhanced one of


Scheme 6 The conjugate addition–Peterson reaction with cyclopent-2-enone 35 and cyclohex-2-enone 36.


Scheme 7 The conjugate reduction of exocyclic Peterson olefination adducts 14b and 14m.
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the diastereotopic bridging methylene protons (see also Scheme 3).
Subsequent retro-Diels–Alder cycloaddition, under the conditions
described (Table 2), afforded the corresponding cyclopentenones
42b and 42m in good yield.


Due to the rigid conformation of exo-12, the diastereoselec-
tivity of the conjugate addition reaction (and, for that matter,
protonation of the intermediate enolate) is high. Consequently, if
enantiomerically enriched forms of this compound were available,
the preparation of either enantiomer of cross-conjugated com-
pounds 15a–q could be envisaged using the chemistry described.
There are several reasons why a stereoselective synthesis of the
types of compound illustrated in Fig. 1 is of interest. Firstly,
from a biological perspective a comparison of the activities of
racemic with enantioenriched materials is important. From a
chemical perspective the configurational stability, or otherwise, of
the doubly allylic stereogenic centre is also of interest. Finally,
the question of stereogenicity and stereostability in this class
of compound is of interest more generally since, although the
prostanoids are synthesised following an enzymatically controlled
pathway, the isoprostanes are formed in racemic form via the
non-stereoselective oxidation of unsaturated fatty acids. The
stereochemistry of the plant congeners is currently not completely
known. Studies have shown that 12-oxophytodienoic acid 5 is
formed in optically active form via the jasmonic acid allene
oxide synthase–cyclase pathway. However, despite the structural
similarities, it has been proposed that compound 6 is not formed
following this pathway but is formed via the plant variant of
the isoprostane pathway and is therefore, racemic. Following the
original natural product isolation an optical rotation of +20 for
the isolated dPPJ1-I methyl ester 6 was reported by Bohlmann
and co-workers.8 Consequently, we felt that it was of interest
to investigate the synthesis of such compounds in non-racemic
form.


To this end the enzymatic kinetic resolution of racemic allylic
alcohol 43 and acetate 44 was investigated. This approach is
attractive from the perspective of an investigation into the
biological properties of this compound class since, in principle,
both enantiomers of 15 may be accessed. However, under standard


conditions41 no conversion of either compound could be achieved
(Scheme 8). This failure was attributed to steric congestion
around the reactive centre; therefore, alternative approaches were
explored.


Recently we have reported several P,S chiral ligands for the
asymmetric intermolecular Pauson–Khand reaction. The chiral-
pool derived enantiopure ligand PuPHOS (45) and the PNSO
ligand 46 both provided excellent results in the cyclisation with
norbornadiene.42 In the case of 46 both enantiomers are readily
available in a multigram scale since they are prepared from the
commercially available tert-butylsulfinamide. Ligand 46 can be
stored either as its borane complex or as a borane-free ligand
(Scheme 8). Release of the borane protection group in situ with
DABCO and reaction of either 45 or 46 with the acetylene-
hexacarbonyl dicobalt complex afforded a biased mixture of
diastereomeric complexes (3 : 1 for 45, 12 : 1 for 46) from which
the major complex 47 can be isolated by crystallisation.


The subsequent Pauson–Khand cyclisation from 47 enabled the
preparation of the desired enantiomer of 12. Thus, starting from
the crystalline complex 47 the oxidative Pauson–Khand reaction
with norbornadiene afforded (+)-12 in high yield and 96–97% ee.42


Recrystallisation of this material from hexane gave (+)-12 in 99%
ee. In our case, subsequent synthetic studies focused on the use
of this enantiomer since conjugate addition–Peterson olefination
would generate compounds possessing the S-configuration present
in the naturally occurring cross-conjugated cyclopentenones (see
Fig. 1).


Part of the argument in favour of the non-enzymatic phyto-
prostane pathway is that regioisomeric compounds 51 are formed
in addition to compounds exhibiting the type of structure exem-
plified by 5 and 6.9 We employed a similar approach used in the
preparation of TEI-9826 14q (Table 1, Entry 21) for the synthesis of
ethyl phytoprostane 51 as the methyl ester (Scheme 9). Thus, both
geometrical isomers of aldehyde 49 were prepared stereoselectively
from 8-bromooctanoic acid and propargyl alcohol 48 using a
known route.43 Although it was found that Z-49 readily underwent
isomerisation both on prolonged storage in CDCl3 and on
silica gel during chromatographic purification, use of the crude


Scheme 8 Studies aimed towards the preparation of enantioenriched exo-12.
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Scheme 9 Preparation of phytoprostanes 51.


Z-aldehyde directly in the conjugate addition–Peterson olefination
using (±)-12, gave the adduct 50 in good yield and stereoselectivity
(E,Z > 95%). Proton NMR spectroscopy confirmed retention
of the Z-alkene (J, 10.5 Hz). Finally, retro-Diels–Alder reaction
gave the phytoprostane natural product E,Z-51 (methyl ester)
as the 9-cis-geometrical isomer. It was found that the use of
short reaction periods and microwave irradiation was the key to
minimise isomerisation of the alkylidene bond formed following
the Peterson reaction. An identical synthetic approach using E-49
gave the corresponding 9-E stereoisomer (E,E-51). Following the
optimisation of this sequence in the racemic series an identical
approach was performed using (+)-12 and E-49. In this manner
(+)-E,E-51 was obtained in 56% overall yield for the two steps.
Analysis by chiral HPLC indicated that this material had an
enantiomeric excess of >99% thereby demonstrating that no
epimerisation of the doubly allylic, single stereogenic centre had
occurred during the retro-Diels–Alder reaction and purification.
Conversion of E,E-51 to the corresponding carboxylic acid E,E-
52 was efficiently achieved using hog liver esterase.44


Next we investigated the preparation of phytoprostane 6, and
its double bond stereoisomers employing analogous chemistry to
that reported by us previously for the synthesis of D12,14-15-deoxy-
PGJ1 61.45 Appropriately functionalised organometallic species
were prepared as illustrated in Scheme 10.


When the Grignard reagent 58 was employed in the tandem se-
quence, compound 62 was isolated (following Peterson olefination
with E-pent-2-enal) in 84% yield with an E : Z ratio of 65 : 35 for
the newly formed double bond (Scheme 11, Entry 2). In contrast,
use of corresponding cuprate 60 gave enone 62 in good yield as


essentially only the E-stereoisomer (E : Z; >95 : 5). As previously
observed the geometrical isomers of 62 were separable via flash
column chromatography. A standard deprotection–oxidation se-
quence was then employed to furnish the carboxylic acid in good
overall yields for the three-step sequence. Finally, unmasking of
the cyclopentenone group following an extremely rapid Lewis-acid
mediated retro-Diels–Alder reaction performed under microwave
irradiation gave (±)-6 in good yield. Alternatively, methylation
followed by the microwave-mediated retro-Diels–Alder process
afforded the methyl ester (±)-65 (39% overall). Saponification
of (±)-65 proceeded smoothly using hog liver esterase affording
carboxylic acid 6.


An identical sequence was employed using cuprate 60 and
(+)-12 in order to access enantioenriched enone (+)-65. All the
intermediates on this sequence demonstrated strongly dextroro-
tary optical rotations and chiral HPLC analysis of the product
(+)-65 (Chiralpak AS) indicated an enantiomeric excess of 94%,
again demonstrating that epimerisation of the doubly allylic
single asymmetric centre did not occur to any significant extent.
The dextrorotary reading obtained for 65 {[a]D +144 (c = 1.0,
CHCl3)} compares in sign with the literature value {[a]D +20
(c = 1.0, CHCl3)} recorded during the natural product isolation;8


however, the significant difference in magnitude suggests either
epimerisation during extraction from the natural source, or that
in nature, 6 is formed non-stereoselectively via the phytoprostane
pathway. Several geometric isomers of 6 have been synthesised
previously in racemic form by both the Bohlmann and Liu
groups8,46 and our synthetic compound corresponds with reported
literature values in terms of spectroscopic data.


Scheme 10 Preparation of silyl ether protected organometallic reagents.
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Scheme 11 Use of the conjugate addition–Peterson olefination reaction in the preparation of cross-conjugated cyclopentenones possessing oxidised
alkyl substituents.


Activation of PPAR-c


The cluster of so-called metabolic diseases, including type 2
diabetes hypertension and obesity represent a major global health
concern. For example, it is currently estimated that approximately
5% of the world’s population suffers from type 2 diabetes and
this value appears to be on the increase and consequently
has received widespread media coverage.17,47 All appear to be
closely linked to problems associated with our consumption
and ability to process fatty acids. Notably inflammation is a
characteristic additional problem associated with many disease
states including diabetes. Therefore, a dual acting compound
capable of inhibiting the development of inflammation via the
inhibition of NFkB and promotion of lipid metabolism and
insulin sensitivity via the activation of PPAR-g could be a useful
combination. The thiazolidindione (TZD) class of drugs for the
treatment of the symptoms of type 2 diabetes [such as rosiglitazone
66 (Avandia, GSK)] are currently widely prescribed to patients
suffering from the symptoms of this disease. These compounds
improve the patient prognosis by increasing the sensitivity of
cells towards insulin, possibly due to the release of a hor-
mone called adiponectin, indirectly by binding to and activating
PPAR-g.


Due to the structural similarity of our synthetic compounds to
the putative natural PPAR-g ligand, D12,14-15-deoxy-PGJ2 4, we
investigated whether our synthetic cross-conjugated compounds
possessed the ability to activate PPAR-g. In order to achieve
this a cell-based PPAR-g assay was employed based on the
Gal4-luciferase reporter gene.48 Synthetic compounds at different
doses were added to confluent human embryonic kidney cells
(HEK293T) transfected with murine PPAR-g and the luciferase
vector. Activation of PPAR-g was then determined based on
luminescence. Dose response curves were constructed and the
concentration at which 50% of the maximal activation (EC50) was
calculated. The level of PPAR-g activation was also determined
and was reported as a fold activation versus the baseline level
of activation (Table 3). Additionally, our levels of activation


were compared with controls, including D12,14-15-deoxy-PGJ2 4
(Entry 15) and rosiglitazone 68 (Entry 16).


Simple cross-conjugated compounds possessing either benzyli-
dene, or isopropylidene R¢ and methyl, or n-butyl side-chains
(Entries 1–3) did not significantly alter residual PPAR-g levels.
However, increasing the lengths of both side chains did lead to
compounds that activated this transcription factor. For example,
15m (R¢ = hexylidene and R = n-butyl) proved to be reasonably
effective in terms of PPAR-g activation. This effect was observed
particularly for the E-stereoisomer (Entry 4); Z-15m proved to be a
significantly less effective activator (Entry 5). Similarly, compound
42m, in which the exocyclic enone has undergone reduction (see
Scheme 7), also displayed diminished activation as compared to its
cross-conjugated analogue E-15m (Entry 6). It was subsequently
of interest to gauge whether the presence of an oxidised side chain
led to increased activity, particularly since the fatty acid derived
natural products possess this type of group (Fig. 1). Thus, E-15q
(TEI-9826) was studied and although this did increase the levels
of PPAR-g activation the additional functional group in the R¢
side-chain was found not to improve activation in comparison to
E-15m (Entry 7). The synthetic phytoprostane natural products
were then evaluated. Thus, it was found that both methyl ester
E-65 and carboxylic acid E-6 did indeed activate PPAR-g, in
the case of the methyl ester did this slightly more effectively,
possibly due to better cell permeation (Entries 8 and 9). Although
the levels of activation were higher than E-15m and E-15q the
EC50 value was not vastly improved. As before the corresponding
Z-alkylidene, Z-65 proved to be a much less effective agonist
compared to its E-isomer (Entry 10).49 Evaluation of (+)-65 (ee
94%) indicated that the presence of the 9-S stereogenic centre did
not improve activation compared to its racemic counterpart (Entry
11). The phytoprostane isomer 51 possessing a drastically different
orientation of the R and R¢ side-chains proved to be a poor
PPAR-g activator (Entry 12). Finally, our synthetic prostanoids E-
D12,14-15-deoxy-PGJ1 64 (Entry 13) and Z-D12,14-15-deoxy-PGJ1 64
(Entry 14) were evaluated and these compounds both proved to be
the most effective synthetic PPAR-g activators, particularly, again,


4658 | Org. Biomol. Chem., 2008, 6, 4649–4661 This journal is © The Royal Society of Chemistry 2008







Table 3 Activation of PPAR-g by selected cross-conjugated D12,14-15-deoxy-PGJ2 mimics and phytoprostanes


Entry Compound R R¢ PPAR-g EC50
a(SEM)b Fold activationc


1 E-15a Me Ph ND — —
2 E-15l Me i-Pr ND — —
3 E-15b n-Bu Ph ND — —
4 E-15m n-Bu n-Hex 2.0 mM (0.09 mM) 4.5
5 Z-15m n-Bu n-Hex 7.0 mM (2.5 mM) 5.5
6 42m n-Bu n-Hex 10.0 mM (4.0 mM) 3.5
7 E-15q n-Oct MeO2C(CH2)5 2.0 mM (0.7 mM) 3.0
8 E-65 (CH2)7CO2Me E-CH=CHCH2Me 1.6 mM (0.09 mM) 5.0
9 E-6 (CH2)7CO2H E-CH=CHCH2Me 2.2 mM (0.2 mM) 4.0


10 Z-65 (CH2)7CO2Me E-CH=CHCH2Me 4.1 mM (1.2 mM) 4.0
11 (+)-E-65 (CH2)7CO2Me E-CH=CHCH2Me 2.4 mM (0.3 mM) 5.5
12 E-51 Et E-CH=CH(CH2)7CO2Me 4.5 mM (2.2 mM) 2.0
13 E-64 (CH2)6CO2Me E-CH=CH(CH2)4Me 0.5 mM (0.07 mM) 6.0
14 Z-64 (CH2)6CO2Me E-CH=CH(CH2)4Me 1.2 mM (0.11 mM) 3.0
15 4 R = Z-CH2CHCH(CH2)3CO2H;


R¢ = E-CH=CH(CH2)4Me
0.8 mM (0.07 mM) 8.0


16 68 Rosiglitazone 1.4 mM (0.05 mM) 40


a Based on an average of three experiments, each run in triplicate. Values calculated using PRISM software. b Standard error of the mean value. c Maximal
value versus the control run containing only the vehicle.


the E-stereoisomer. The levels of PPAR-g activation displayed by
E-64 mimic rather closely the putative ligand D12,14-15-deoxy-PGJ2


4 (Entry 15). Rosiglitazone 68 is a much more potent PPAR-
g ligand than any of these prostanoids and prostanoid mimics
(Entry 16).‖ However, several side-effects have been reported for
the TZD drug class, particularly related to patients’ weight gain
and odema.50 These side-effects have been linked to the high level
of PPAR-g activation, indicating that in the future less potent
PPAR-g compounds may have improved side-effect profiles.51


Conclusion


In conclusion, we have developed an efficient and novel method
for the synthesis of cross-conjugated cyclopentadienones in two
high yielding steps. Significantly the conjugate addition reaction
proceeds with very high diastereoselectivity; the corresponding
enantioenriched Pauson–Khand adducts have been employed to
generate enantioenriched substrates. Furthermore, many of our
synthetic compounds mimic the behaviour of 4, the benchmark
PPAR-g activating fatty acid. In terms of the likely biological
mechanism by which these compounds elicit these agonistic effects,
it has been shown that a sulfahydryl, cysteine residue resides
in the PPAR-g–TZD binding pocket (Cys285)52 and one can
speculate that this residue forms a conjugate adduct with the
electrophilic, endocyclic alkene.2a In terms of a related biological
precedent for this type of protein modification, a link can be
made with the well-appreciated prenylation of cysteinyl containing
proteins.53


‖ The EC50 value of 1.4 mM is somewhat misleading since 68 begins
to activate at a comparatively lower concentration and maintains and
increases activation at doses above 10 mM reaching approximately a 40-
fold activation over the control.


Experimental section


General procedure for the conjugate addition–Peterson
olefination reactions


3-Methyl-2-[1-phenylmeth-(E)-ylidene]-2,3,3a,4,7,7a-hexahydro-
4,7-methano-inden-1-one, E-14a. At -78 ◦C under nitrogen, a
slurry of CuI (509 mg, 2.67 mmol, 1.2 eq.) in Et2O (25 cm3)
was treated dropwise with a 1.6 M solution of MeLi in hexanes
(3.36 cm3, 5.37 mmol, 2.4 eq.). The reaction was warmed to -10 ◦C
over a period of 2 h. This solution was cooled to -20 ◦C before a
cooled (-20 ◦C) solution of the enone exo-12 (485 mg, 2.23 mmol,
1 eq.) in Et2O (25 cm3) was added in a dropwise fashion. The flask
containing exo-12 was washed with Et2O (5 cm3) and this was
also transferred to the reaction mixture. Stirring was continued
for 1.5 h during which time the temperature rose to -10 ◦C. Upon
cooling to -78 ◦C, benzaldehyde (0.35 cm3, 3.44 mmol, 1.5 eq.)
was added. The reaction was stirred for 3 h and warmed from
-78 ◦C to 10 ◦C. A saturated solution of NH4Cl (25 cm3) was
added and the resultant aqueous phase was further extracted
with Et2O (3 ¥ 25 cm3). The combined organic extracts were
dried over MgSO4, filtered and the solvent removed in vacuo. The
crude product was then purified by flash column chromatography
(Hex–Et2O; 19 : 1) affording E-14a as a colourless solid (520 mg,
93%). Recrystallisation from n-hexane gave crystals of E-14a
suitable for X-ray crystallography. Mp 82 ◦C (Hex); Rf 0.15
(Hex–Et2O; 19 : 1); (Found C, 85.95; H, 7.42%, C18H18O requires
C, 86.36; H, 7.25%); nmax/cm-1 2934, 1694, 1609, 1494, 1448,
1332, 1236, 1183; dH (400 MHz, CDCl3) 1.25 (3H, d, J 7.0 Hz,
CH3), 1.28 (1H, dt, J 1.5, 9.5 Hz, CH2), 1.36 (1H, d, J 9.5 Hz,
CH2), 1.93 (1H, d, J 7.5 Hz, CH), 2.48 (1H, d, J 7.5 Hz, CH),
2.86 (1H, s, CH), 3.12 (1H, s, CH), 3.19 (1H, q, J 7.0 Hz, CH),
6.18–6.26 (2H, m, CH), 7.28 (1H, d, J 2.0 Hz, CH), 7.34–7.44
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(3H, m, ArH), 7.57 (2H, d, J 7.5 Hz, ArH); dC (100 MHz, CDCl3)
21.2, 38.9, 43.2, 48.5, 49.2, 49.5, 53.3, 128.8, 129.4, 130.7, 133.4,
135.9, 137.6, 139.0, 145.1, 209.0; m/z (EI) 250 (M+, 25%), 183
(100%), 156 (50%), 141 (50%), 128 (40%), 115 (70%), 91 (50%),
66 (90%).


General procedure for the retro-Diels–Alder reactions: synthesis of
adducts 15a to 15q


4-Methyl-5-[1-phenylmeth-(E)-ylidene]cyclopent-2-enone, 15a.
Under nitrogen, a solution of E-14a (250 mg, 1.0 mmol, 1.0 eq.)
and maleic anhydride (490 mg, 5.0 mmol, 5.0 eq.) in DCM (10 cm3)
was treated with a 1.0 M solution of MeAlCl2 in hexane (1.1 cm3,
1.1 mmol, 1.1 eq.). This mixture was heated to reflux for 6 h.
On cooling, silica (ca. 2.5 g) was added and the solvent was
removed under reduced pressure. Flash column chromatography
(Hex–EtOAc; 3 : 1) gave the title compound E-15a (138 mg, 75%)
as a colourless solid. Mp 64–66 ◦C; Rf 0.25 (Hex–EtOAc; 3 : 1);
(Found C, 84.66; H, 6.60%, C13H12O requires C, 84.78; H, 6.57%);
nmax/cm-1 3077, 2983, 2944, 2886, 2340, 1680, 1623, 1580, 1446,
1380; dH (400 MHz, CDCl3) 1.22 (3H, d, J 7.0 Hz, CH3), 3.84–
4.00 (1H, m, CH), 6.40 (1H, dd, J 1.75, 5.75 Hz, CH), 7.39–7.44
(4H, ArH), 7.54 (2H, d, J 7.0 Hz, ArH), 7.60 (1H, ddd, J 1.0, 2.5,
5.75 Hz, CH); dC (100 MHz, CDCl3) 16.3, 38.8, 128.7, 129.3, 130.6,
131.7, 133.6, 134.8, 138.3, 163.9, 197.4; m/z (CI) 202 (NH4


+, 20%),
185 (MH+, 100%); Found 185.09654, C13H13O requires 185.09665
(-0.6 ppm).


Acknowledgements


We thank the Ministry of Science and Technology and NIBGE,
Pakistan for a Ph.D. scholarship awarded to M. I., the Irish
research council for Science Engineering and Technology (IRC-
SET) for a postgraduate scholarship awarded to P. D. and
the Science Foundation Ireland (SFI) for financial support.
Financial support from Spanish MEC (CTQ2005-623) is also
gratefully acknowledged. The pFA plasmids, containing the ligand
binding domains of the PPAR proteins, were kindly provided by
F. Gregoire (Metabolex Inc., Hayward CA, USA).


References


1 (a) For recent review articles on the chemistry and biology of cyclopen-
tenone prostanoids see: M. Negishi and H. Katoh, Prostaglandins &
other Lipid Mediators, 2002, 68–69, 611; (b) D. S. Straus and C. K.
Glass, Med. Res. Rev., 2001, 21, 185; (c) S. M. Roberts, M. G. Santoro
and E. S. Sickle, J. Chem. Soc., Perkin Trans. 1, 2002, 1735.


2 (a) M. Suzuki, M. Mori, T. Niwa, R. Hirata, K. Furuta, T. Ishikawa
and R. Noyori, J. Am. Chem. Soc., 1997, 119, 2376; (b) M. Renedo, J.
Gayarre, C. A. Garcı́a-Domı́nguez, A. Pérez-Rodrı́guez, A. Prieto, F. J.
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M. Angel Maestro and J. Mahı́a, J. Am. Chem. Soc., 2000, 122, 10242;
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Six epothilone D analogues with a bridge between the C4-methyl and the C12-methyl carbons were
prepared in an attempt to constrain epothilone D to its proposed tubulin-binding conformation.
Ring-closing metathesis (RCM) was employed as the key step to build the C4–C26 bridge. In
antiproliferative assays in the human ovarian cancer (A2780) and prostate cancer (PC3) cell lines, and
also in tubulin assembly assay, all these compounds proved to be less active than epothilone D.


Introduction


The epothilones are a class of macrolide natural products isolated
from the soil myxobacterium Sorangium cellulosum.1 Epothilones
A (1) and B (2) (epoA and B) (Fig. 1) were discovered in 1986 based
on their antifungal activity,1 but they attracted only moderate
scientific interest until the report by Bollag et al. in 1995 that
they had the same mechanism of action as paclitaxel, stabilizing
the tubulin polymer and causing apoptotic cell death.2 This
report triggered a large amount of research on their biology and


Fig. 1 Structures of epothilones A (1) and B (2), ixabepilone (3), and
epothilone D (4).
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chemistry, which has been reviewed on several occasions.3 At this
time one epothilone derivative, the semisynthetic epoB analogue
ixabepilone (3), has been approved for clinical use,4 and at least six
other epothilone analogues are in advanced clinical trials.5 EpoB
is in phase III trials and EpoD (4) is currently in Phase II clinical
trials. Additional new and exciting analogues, such as fludelone,6


have emerged in recent years.
The nature of the binding of the epothilones to tubulin has been


extensively investigated. The early observation that epothilones
can displace tubulin-bound paclitaxel suggested that both are
bound by the same or overlapping binding sites.7 A combined
paclitaxel-epothilone hybrid construct has been prepared and
shown to promote tubulin assembly 3-fold less effectively than
paclitaxel, lending support to the hypothesis that paclitaxel and
the epothilones share a common binding site and mechanism of
action.8 The X-ray structure of epoB has been published,9 and
two distinct solution conformations have been detected for epoA
and epoB,10 but neither result addressed the conformation of
epothilone on the tubulin polymer. A conformation of tubulin-
bound epothilone has been proposed based on solution NMR
spectroscopy.11 The NMR experiments were however performed
on unassembled tubulin, and it is uncertain if the conformation
of epoA bound to tubulin is the same as its conformation bound
to microtubules. Finally, minireceptor modeling approaches led to
3D QSAR models of epothilone.12


Recently one of us proposed an entirely different epothilone
A conformation based on crystallographic electron density maps
of Zn-stabilized tubulin sheets that diffract to 2.9 Å, molecular
modeling, and NMR-NAMFIS treatment.13,14 The proposed
binding conformation from this study explains most of the SAR
studies generated for the epothilones, and also accounts for the
drug resistance of mutated cell lines. Analysis of this Nettles
et al. model for epoA reveals juxtaposition of a C4 methyl carbon
and C12-H at a distance of 4.5 Å (Fig. 2). The corresponding
separation between C4-Me and C12-Me (epoB) is 5.5 Å. To test
the proposed binding modes, we designed epoD analogues with
built-in conformational restrictions between these positions by
introducing a bridge between C4 and C26.


Herein, we report the synthesis of six new bridged
epothilone analogues and their antiproliferative activities towards
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Fig. 2 (a) The epoA model proposed by Nettles et al., based on EC
density with juxtaposition of the C4-methyl and C12-H (methyl for epoB);
r(C–C) = 4.5 Å. (b) MMFF-energy minimized structures of the EC
template and the designed bridged epoD analogue 5. (Overlaid with
3 point selection in PyMol).


human-ovarian (A2780) and prostate cancer (PC3) cell lines, as
well as their tubulin-assembly activities.


Results


Synthetic strategy


The introduction of a bridge between C4-Me and C26 in
epothilone D was planned with a ring closing metathesis reaction
as the key step, by analogy with our successful synthesis of bridged
paclitaxel derivatives.15 Thus, the synthesis of bridged analogue 5
was designed to proceed from diene precursors 7 or 10 (Scheme 1).
The diene precursor 7 could be derived from fragments 8 and 9 in
a convergent manner. Fragment 8 has previously been synthesized
by us employing Nicolaou’s method16 as an intermediate in the
synthesis of fluorescently labeled epothilone analogues.17 The


alternative diene precursor 10 could be synthesized from fragments
9 and 11.


Synthesis


The synthesis of fragment 8 was carried out as previously
described.16,17 Ketone 9 was prepared as shown in Scheme 2.
Treatment of methyl acetoacetate with benzyl chloromethyl
ether provided diketone 12,18 which was subjected to catalytic
asymmetric reduction to provide hydroxyester 13.19 The benzyl
group was deprotected and the resulting diol 14a was selectively
protected with tert-butyldimethylsilyl chloride to give ester 14b
in 95% overall yield. Compound 14b was treated with LDA
and allyl iodide to provide an allyl derivative in excellent yield
and diastereoselectivity, which was subjected to LDA and methyl
iodide to provide compound 15 as the major diastereomer in 53%
yield (dr. 3:1).


Scheme 2 Synthesis of ketone 9.


Scheme 1 Retrosynthetic analysis for bridged epothilone 5.
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The configuration of allyl derivative 15 was initially assigned
based on literature precedent;19 this assignment was subsequently
established by converting it to the ketal 17. Selective irradiation of
the C4-methyl group (Fig. 3) resulted in signal enhancement of the
protons Ha-Hc on the adjacent carbons. Irradiation of proton Ha


of the (S) chiral center gave signal enhancement of the C4-methyl
group and the Hb and Hc protons, but not of the CH2 protons of
the allyl group.


Fig. 3 Key NOE correlations of ketal 17.


These results confirm the (R) configuration of the newly intro-
duced center at the C4 carbon. The remaining transformations
from 15 to 9 were straightforward and proceeded via alcohol 16 in
52% overall yield for the five steps.


Aldol coupling of aldehyde 8 and ketone 9 using LDA as the
base furnished 18 in 85% yield and high diastereoselectivity (11:1).
The stereochemistries at the C6 and C7 positions of the major
and minor diastereomers were assigned by analogy to literature
precedents.20 Presumably this aldol coupling step proceeds via the
favoured Cram/Felkin-Ahn transition state leading to a 6R,7S
major diastereomer. Alcohol 18 was converted to hydroxyacid
19e and then to lactones 20a and then 21 in seven synthetic
steps and 51% overall yield by methods similar to those described
previously16 (Scheme 3).


Having made the advanced C4-allyl-C4-demethyl-triol inter-
mediate 21, we acylated it separately with acryloyl chloride, 3-
butenoyl chloride, and 4-pentenoyl chloride by a known protocol18


to yield the diene precursors 7, 22 and 23 in good yields
(Scheme 4).


At this point, two options were available for the last two steps
of the synthesis. The first was to attach the thiazole unit and then
do the ring closing metathesis, while the second reverses the order
of these steps. The second option was attractive, since it would
generate the macrocyclic iodide building blocks 6, 24, or 25 that
could be exploited by attaching various side chain units such as
pyridine and benzothiazoles, in addition to the parent thiazole
unit. Initially, diene 7 was subjected to ring closing metathesis21


with either first- or second- or third-generation Grubbs catalyst
and also the second-generation Hoveyda-Grubbs catalyst. The
reaction was very sluggish, and when the reaction time was
prolonged the starting material decomposed and no product 6
was obtained. Similar results were observed for diene 22. Diene
23, however, with the longest olefin chain, underwent ring closing
metathesis with the second-generation Grubbs catalyst, albeit in
low yield, to furnish the desired product 25 (Scheme 4).


The configuration of the double bond in 25 was established
as trans based on 1D NOE experiments. Selective irradiation of
either of its olefinic bridge protons resulted in signal enhancement
of the CH2 protons adjacent to the other side of the double
bond, thus confirming the trans orientation of double bond. The
bridged iodide 25, on coupling with the thiazolyl stannane 26 in the
presence of Pd(MeCN)2Cl2, provided the final bridged epothilone
D analogue 27 in 70% yield.


At this point we reconsidered option 1, introduction of the
thiazole unit on the triol 21 followed by acylation at the C26
position and then ring closing metathesis, with the notion that
replacing the iodide with the thiazole unit might bring the
ring closing olefinic units together. Treatment of triol 21 with
thiazolyl stannane 26 provided the intermediate 28, which then was
acylated with 3-butenoyl chloride to give 29. Gratifyingly, when 29
was subjected to ring closing metathesis with second-generation
Grubbs catalyst, the ring closed epothilone D analogue 30 was
obtained, albeit in low yield (Scheme 5). In an effort to make the
shorter bridged analogue 5 by this route, diene 31 was likewise
prepared from 28. However, this diene did not undergo normal
ring closing metathesis with second-generation Grubbs catalyst to
give the expected product 5.


Since conjugation of double bonds with carbonyl groups
reduces their reactivity towards ring-closing metathesis, we next
investigated cyclization of the diene precursor 33 (Scheme 6) with
a C26 allyloxy group instead of a C26 acryloyl group. The (4R)-4-
allyl-4-demethyl-epothilone analogue 32 was prepared by selective
deprotection of the trityl group of lactone 20 followed by coupling
with thiazolyl stannane 26. Alcohol 32 was then converted to its
sodium alkoxide with sodium hydride in THF and allylated with
allyl iodide to give diene 33 in 23% yield, together with 55% starting
material 32. The yield could not be improved by prolonging the
reaction time, which only led to the formation of elimination
byproduct. Diol 34 was prepared by standard desilylation of 33
with HF·Py complex for comparison of its bioactivity with that
of the final cyclized product. Happily, ring closing metathesis
of 33 with second-generation Grubbs catalyst gave the expected


Scheme 3 Synthesis of lactone 21. i. LDA, THF, -78 ◦C to -40 ◦C, 80%; ii. TBSOTf, 2,6-lutidine, 0 ◦C, 94%; iii. HF·Py in Py, 0 ◦C–RT, 86; iv. SO3.Py,
87%; v. NaClO2, NaH2PO4, 98%; vi. TBAF, THF, 0 ◦C–RT, 97%; vii. Et3N, 2,4,6-trichlorobenzoyl chloride, DMAP, 78%.
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Scheme 4 Synthesis of bridged epothilone D analogue 27.


Scheme 5 Synthesis of bridged epothilone D analog 30.


Scheme 6 Synthesis of bridged epothilone D analog 36.


bridged epothilone analogue 35 in 79% yield. Desilylation of 35
with HF·Py complex in THF provided the final epothilone D
analogue 36 in 84% yield, with a 5-atom bridge between C4 and
C26. Interestingly, the 1H NMR spectrum of the TBS ether 35
of the bridged analogue showed only one signal for each type of
proton. However, the bridged analogue 36 with two free hydroxyl
groups showed pairs of signals for each group of protons in its
1H NMR spectrum in both CDCl3 and CD3CN. We attribute
this pairing of signals to the existence of two atropisomers of 36,


and this conclusion was supported by the fact that some pairs
of signals collapsed to single signals when the temperature was
increased from 22 ◦C to 50 ◦C in CDCl3.


We also investigated the effect of the stereochemistry at C4 on
biological activity by preparing bridged epothilone analogues with
the 4S stereochemistry. Compound 14b was treated with LDA and
methyl iodide to provide a methyl derivative, which was reacted
with LDA and allyl iodide to furnish compound 37 as the major
diastereomer in 62% yield. The remaining transformations from
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Scheme 7 Synthesis of fragment C1-C6 with 4S stereochemistry.


Scheme 8 Synthesis of allyl epothilone derivative 43.


37 to 39 were straightforward and proceeded in 20% overall yield
for the five steps (Scheme 7).


To our surprise, aldol coupling of aldehyde 11 and ketone
39 employing LDA as the base furnished the unexpected 6S,7R
diastereoisomer 40 as the major product (46%), as well as two
other diastereomers (28%) (Scheme 8).


The indicated stereochemistry of 40 was confirmed by X-ray
crystallographic analysis of its derivative 56 described below.
Alcohol 40 was converted to hydroxyacid 41d and thence to
lactones 42 and 43 in seven steps and 19% overall yield by methods
similar to the preparation of compound 21 (Scheme 8). By the
same procedures as used for the preparation of 4R,6R,7S bridged
analogue 36, and in similar yields, the 4S,6S,7R bridged analogue
47 was prepared from compound 43 via intermediates 44 and 46
(Scheme 9). The configuration of the bridging double bond in 47
was established as cis based in 1D NOE experiments. Selective


irradiation of one of the olefinic bridge protons resulted in signal
enhancement of the other olefinic bridge proton. The 4S,6S,7R
bridged analogue 47 also exists as a pair of atropisomers, showing
paired signals for each group of protons in its proton NMR
spectrum in CD3CN as solvent.


In an additional effort to investigate the effect of the 4S,6S,7R
stereochemistry on metathesis of a C26 acryloxyl group, the C26
acryloyl derivative 48 was prepared from 43. Diene 48 did not
undergo ring closing metathesis with second-generation Grubbs
catalyst. However, dienes 49 and 50, with one or two free hydroxyl
groups, underwent ring closing metathesis with second-generation
Grubbs catalyst to furnish the bridged products 51 (62%) and
53 (93%). The latter compound was contaminated by a minor
epothilone impurity which could not be removed by normal
chromatography; the major compound was estimated to be 86.5%
pure by 1H NMR spectroscopy (Scheme 9).


Scheme 9 Synthesis of bridged epothilone D analog 47, 52, and 53.


4546 | Org. Biomol. Chem., 2008, 6, 4542–4552 This journal is © The Royal Society of Chemistry 2008







Scheme 10 Synthesis of 4S,6S,7R epothilone D derivative 56.


Desilylation of 51 with HF·Py complex in THF provided the
bridged analogue 52 with the 4S,6S,7R stereochemistry. The
configurations of the double bonds in 51 and 52 were established
as cis based on the coupling constant (J = 11.5 Hz) of the olefinic
proton adjacent to the carbonyl group of the newly made bridge.
The coupling constant (J = 17.0 Hz) of the corresponding olefinic
proton of 53 indicated that the configuration of its bridged double
bond was trans.


Assignment of the stereochemistry of the C6 and C7 chiral
centers of the 4S series of compounds could not readily be achieved
by conventional NMR methods, and so the benzoyloxy derivative
56 was prepared from 42 via intermediate 54 and 55 (Scheme 10).


Global deprotection of 42 with HF·Py complex yield triol 54
in 51% yield. Then using the Sharpless conditions [L-(+)-DET,
Ti(iPrO)4, tBuOOH],22 allylic alcohol 54 was converted to 12b,13b-
epoxide 55 (d.e. > 95% as judged by 1H NMR spectroscopy).
The primary hydroxyl group at C26 of triol 55 was selectively
acylated with benzoyl chloride to yield the benzoyloxy derivative
56 as colorless needles from hexanes-acetone. Single crystal X-ray
crystallography of 56 confirmed its absolute stereochemistry as
C3(S), C4(S), C6(S), C7(R), C8(S), C12(S), C13(S) and C15(S)
(Fig. 4).23


Fig. 4 Displacement ellipsoid drawing (50%) of compound 56.


Bioactivity


The in vitro antiproliferative activities of the open and constrained
epothilone analogues were determined by employing the A2780
ovarian cancer and PC-3 prostate cancer cell lines (Table 1).
The activities of the constrained analogues 27, 30 and 52 were
comparable to those of their respective open chain analogues, but
they were significantly less than that of epothilone D. The effect of


Table 1 Bioactivity data of epothilone D and its analogues


Cmpd IC50, A2780 (mM) IC50, PC3 (mM)
EC50, tubulin
assembly (mM)


EpoD 0.04 0.016 ± 0.001 0.44 ± 0.02
7 19.3 ± 2.5 ND ND
23 25.6 ± 7.0 ND ND
25 22.0 ± 1.1 ND ND
27 15.6 ± 3.0 2.1 ± 0.15 6.9 ± 0.9
28 2.1 ± 1.1 1.2 ± 0.4 1.3 ± 0.1
29 4.7 ± 0.3 1.2 ± 0.1 0.88 ± 0.06
30 3.2 ± 0.1 0.93 ± 0.06 2.4 ± 0.1
31 0.24 ± 0.02 ND 0.58 ± 0.06
34 0.10 ± 0.04 0.077 ± 0.016 0.54 ± 0.07
36 3.9 ± 0.5 1.2 ± 0.3 1.62 ± 0.13
45 6.2 ± 0.8 ND ND
47 22.9 ± 0.9 ND ND
50 5.2 ± 0.2 ND ND
52 4.9 ± 0.3 ND ND
53 31.2 ± 1.2 ND ND


some of the analogues on tubulin assembly was also investigated.
The trend in the ability of the analogue to induce microtubule
assembly correlated with the trends in antiproliferative activities
(Table 1).


Molecular modeling and discussion


The bridged epothilone D analogues 27, 30 and 36 were docked
into the tubulin binding site of epothilone using the Glide docking
program.24 Neither 27 nor 30 adopts a docking pose similar to
that of epothilone A in the electron crystallographic (EC) binding
model.13 This is most likely due to the longer and less compatible
length of the cross-ring bridges in 27 and 30. As expected, the
shorter bridge in 36 permits the analogue to readily adopt the
epothilone A EC binding model in the binding site (Fig. 5). In the
cell-free tubulin assembly assay, the reduction in EC50 compared to
EpoD correlates with bridge length, 36 < 30 < 27, while the most
active analog is only 3–4 fold less active than EpoD (Table 1). One
possible explanation for the lack of potency improvement in the
bridged series is that the bridge alters the conformational profile of
the ligands to introduce a greater degree of global conformational
strain relative to the monocyclic standard, thereby decreasing Ka


and increasing DGbind.
The cell-based data shows another activity pattern. That is,


the EC50 values for all three compounds in both A2780 and PC3
cytotoxicty assays are 75–390 fold greater than that for EpoD,
while the corresponding tubulin polymerization range is 4–15 fold
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Fig. 5 Docking poses of 1 (yellow) and 36 (cyan) in the EC determined
tubulin binding site.


(Table 1). We attribute the differences provisionally to physical
property variations associated with membrane permeability.


Two additional observations can be made from the data. The
diastereomeric compounds 47, 52, and 53 were all significantly
less active in the A2780 antiproliferative assay than compounds
with the normal epothilone stereochemistry. This finding, while
unsurprising, confirms the importance of stereochemistry in the
bioactivity of the epothilones. A second observation is that the
open chain 4-allyl analogue 34 is the most active of all the
analogues prepared, and approaches the activity of epothilone
D in the tubulin assembly assay. It is likewise only 2–5 fold
less cytotoxic than EpoD (Table 1). Epothilones with additional
substitution at C4 are suggested as a class of analogs that is worth
investigating further.


Experimental


Genaral synthetic procedures


Optical rotations were recorded on a Perkin-Elmer 241 Polarime-
ter. Infrared spectra were measured using a SENSIR ATR on
MIDAC M2004 Series spectrometer. NMR spectra were obtained
on a JEOL Eclipse 500, a Varian Unity 400, or a Varian Inova 400
spectrometer in CDCl3 or CD3CN. The chemical shifts are given
in d (ppm), and coupling constants are reported in Hz. High-
resolution FAB mass spectra were obtained on a JEOL HX110
Double Focusing Mass Spectrometer. THF was distilled from
sodium-benzophenone and dichloromethane was distilled from
calcium hydride. Other reagents and solvents were purchased from
commercial sources and were used without further purification.
Silica gel column chromatography was performed using flash silica
gel (32–63 m). Preparative thin-layer chromatography (PTLC)
separations were carried out on 500 m or 1000 m Uniplate thin
layer chromatography plates. All reactions were carried out under
a nitrogen atmosphere unless otherwise noted.


Bridged macrolactone iodide 25. To a solution of diene 23
(13 mg, 0.02 mmol) in dichloromethane (3 mL) was added
second-generation Grubbs catalyst (6 mg, 0.007 mmol) at room
temperature for 3 h and the resulting reaction mixture was
stirred for 3 d. The dichloromethane was evaporated to give
crude product, which was subjected to preparative thin layer
chromatography over silica gel, eluting with 20% ethyl acetate in
hexanes, to furnish 25 (3.7 mg, 30%). [a]D -68.6 (c 0.035, CHCl3);


1H NMR (400 MHz, CDCl3) d 6.44 (s, 1H), 6.00 (m, 1H), 5.82
(m, 1H), 5.43 (s, 1H), 5.42 (t, J = 6.0 Hz, 1H), 5.00 (d, J = 14.0
Hz, 1H), 4.40 (m, 1H), 4.07 (d, J = 14.0 Hz, 1H), 3.49 (d, J =
2.4 Hz, 1H), 3.18 (dq, J = 5.8, 2.4 Hz, 1H), 2.88 (d, J = 2.8 Hz,
1H), 2.70–2.58 (m, 3H), 2.50–2.38 (m, 6H), 2.30 (m, 2H), 2.10
(m, 2H), 1.88 (s, 3H), 1.84 (m, 1H), 1.70 (m, 1H), 1.40 (m, 1H),
1.27 (d, J = 6.8 Hz, 3H), 0.98 (d, J = 6.8 Hz, 3H), 0.95 (s, 3H);
13C NMR (100 MHz, CDCl3) d 220.0, 172.6, 169.1, 143.7, 137.3,
134.4, 128.2, 118.0, 78.2, 77.4, 76.0, 75.6, 67.9, 63.8, 57.0, 42.7,
39.9, 39.1, 38.6, 32.0, 29.9, 29.8, 28.8, 27.7, 26.9, 24.0, 22.8, 16.9,
14.4, 14.3; HRFABMS: calcd for C28H42O7I (M + H) 617.1975,
found 617.1982.


Bridged epothilone D 27. A solution of iodide 25 (3 mg,
0.0048 mmol), and Pd(MeCN)2(Cl)2 (2 mg) were added to a
degassed solution of stannane 26 (8 mg, 0.02 mmol, 4 eq) in DMF
(0.8 mL) at 25 ◦C and the resulting solution was stirred over 24 h.
The reaction mixture was filtered off through a short plug of silica
gel eluting with ethyl acetate. The filtrate was concentrated and
the residue was subjected to preparative thin layer chromatography
over silica gel, eluting with 25% ethyl acetate in hexanes, to furnish
27 (2 mg, 70%). [a]D -68.2 (c 0.08, CHCl3); 1H NMR (400 MHz,
CDCl3) d 7.00 (s, 1H), 6.59 (s, 1H), 6.06 (m, 1H), 6.00 (m, 1H),
5.67 (t, J = 10.8 Hz, 1H), 5.39 (br.s, 1H), 4.88 (d, J = 13.6 Hz, 1H),
4.55 (d, J = 10.8 Hz, 1H), 4.20 (d, J = 13.6 Hz, 1H), 3.54 (br.s,
1H), 3.36 (m, 1H), 3.22 (q, J = 6.8 Hz, 1H), 2.99 (br.s, 1H), 2.82
(m, 1H), 2.44 (s, 3H), 2.56–2.42 (m, 6H), 2.28 (m, 2H), 2.16 (m,
2H), 2.06 (s, 3H), 1.88 (m, 2H), 1.38 (m, 2H), 1.27 (d, J = 6.8 Hz,
3H), 1.25 (s, 3H), 0.99 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) d 221.0, 173.0, 169.6, 164.8, 152.1, 136.5, 133.8, 128.3,
120.1, 119.5, 115.2, 77.4, 75.8, 75.7, 67.2, 64.9, 57.4, 42.5, 40.0,
39.2, 38.8, 32.0, 30.1, 29.9, 28.7, 28.1, 26.5, 24.2, 19.1, 17.1, 16.9,
14.4, 14.1; HRFABMS: calcd for C32H46NO7S (M + H) 588.2995,
found 588.2960.


(4R)-4-Allyl-4-demethyl-26-hydroxyepothilone 28. Iodide 21
was converted to 28 (33 mg, 89%) by a similar procedure to that
described previously for the conversion of 25 to 27. [a]D -79 (c
0.6, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.94 (s, 1H), 6.62 (s,
1H), 5.63 (m, 1H), 5.44 (dd, J = 9.8, 4.8 Hz, 1H), 5.30 (d, J =
8.4 Hz, 1H), 5.13 (dd, J = 17.2, 1.6 Hz, 1H), 5.10 (dd, J = 10.4,
1.6 Hz, 1H), 4.45 (d, J = 11.2 Hz, 1H), 4.06 (d, J = 13.2 Hz,
1H), 4.00 (d, J = 13.2 Hz, 1H), 3.90 (br.s, 1H), 3.66 (d, J = 6.0
Hz, 1H), 3.22 (qt, J = 6.8, 1.2 Hz, 1H), 3.13 (br.s, 1H), 2.67 (s,
3H), 2.60 (m, 3H), 2.50 (m, 1H), 2.38–2.30 (m, 3H), 2.05 (s, 3H),
1.96 (m, 3H), 1.80 (m, 1H), 1.62 (m, 2H), 1.45 (m, 2H), 1.30 (m,
2H), 1.17 (d, J = 6.8 Hz, 3H), 1.02 (s, 3H), 1.00 (d, J = 6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3) d 220.0, 170.5, 165.3, 152.0,
142.1, 139.2, 133.5, 122.2, 119.2, 119.1, 115.8, 78.5, 73.3, 71.6,
66.5, 58.0, 41.5, 40.2, 39.8, 37.4, 31.6, 28.2, 27.0, 24.7, 17.7, 15.7,
14.5, 13.8; HRFABMS: calcd for C29H44NO6S (M + H) 534.2889,
found 534.2925.


(4R)-4-Allyl-4-demethyl-26-(3-butenoyloxy)epothilone D 29.
Epothilone derivative 28 was acylated to provide 29 (10 mg, 50%)
by a similar procedure to that described for the conversion of 21
to 22 (ESI). 1H NMR (400 MHz, CDCl3) d 6.95 (s, 1H), 6.58 (s,
1H), 5.90 (m, 1H), 5.66 (m, 1H), 5.46 (dd, J = 10.2, 5.2 Hz, 1H),
5.30 (d, J = 9.6 Hz, 1H), 5.17 (dd, J = 17.2, 1.2 Hz, 1H), 5.15 (dd,
J = 10.4, 1.2 Hz, 1H), 5.14 (dd, J = 17.2, 10.4 Hz, 1H), 5.12 (dd,
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J = 10.4, 1.2 Hz, 1H), 4.55 (dd, J = 12.4 Hz, 1H), 4.46 (d, J =
12.4 Hz, 1H), 4.44 (m, 1H), 3.67 (d, J = 5.6 Hz, 1H), 3.62 (d,
J = 5.2 Hz, 1H), 3.20 (q, J = 5.6 Hz, 1H), 3.12 (d, J = 7.2 Hz,
1H), 3.09 (dt, J = 7.2, 1.2 Hz, 1H), 2.69 (s, 3H), 2.62–2.42 (m,
3H), 2.40–2.22 (m, 3H), 2.06 (s, 3H), 2.02 (m, 1H), 1.80 (m, 1H),
1.64 (m, 1H), 1.42 (m, 2H), 1.30 (m, 2H), 1.14 (d, J = 6.8 Hz,
3H), 1.03 (s, 3H), 1.00 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) d 219.8, 170.4, 165.4, 152.0, 139.0, 137.1, 133.5, 130.3,
125.3, 119.4, 119.1, 118.9, 115.9, 78.2, 73.4, 71.7, 67.9, 57.9, 41.4,
40.2, 39.8, 39.3, 37.7, 32.5, 31.6, 28.3, 24.7, 19.2, 16.1, 15.7, 14.6,
12.2; HRFABMS: calcd for C33H48NO7S (M + H) 602.3152, found
602.3141.


Bridged epothilone D 30. A silimar procedure was employed
to prepare bridged epothilone D (3 mg, 25%) as that described
previously for the conversion of 23 to 25. 1H NMR (400 MHz,
CDCl3) d 7.07 (s, 1H), 6.89 (s, 1H), 5.90 (m, 1H), 5.68 (t, J = 10.8
Hz, 1H), 5.32 (d, J = 4.8 Hz, 1H), 4.78 (d, J = 11.2 Hz, 1H), 4.48
(d, J = 10.8 Hz, 1H), 4.20 (d, J = 11.2 Hz, 1H), 3.46 (br.s, 1H),
3.36 (m, 1H), 3.00 (m, 2H), 2.90 (br.s, 1H), 2.80 (m, 1H), 2.62–2.45
(m, 3H), 2.30 (d, J = 15.6 Hz, 1H), 2.17–2.00 (s, 3H), 2.10 (s, 3H),
1.96 (s, 3H), 1.81 (m, 2H), 1.65 (m, 1H), 1.22 (m, 3H), 1.08 (d, J =
6.8 Hz, 3H), 0.99 (s, 3H), 0.86 (d, J = 7.2 Hz, 3H); 13C NMR (100
MHz, CDCl3) d 221.1, 171.0, 170.4, 169.5, 145.2, 144.3, 137.0,
129.1, 126.6, 125.4, 114.7, 112.8, 74.5, 74.1, 71.3, 66.1, 57.7, 42.8,
39.0, 38.9, 38.4, 38.3, 31.8, 30.4, 29.7, 28.9, 25.9, 17.2, 16.4, 15.2,
13.6; HRFABMS: calcd for C31H44NO7S (M + H) 574.2838, found
574.2848.


(4R)-4-Allyl-4-demethyl-26-hydroxyepothilone D bis-TBS ether
(32). To a solution of macrolactone 20a (28 mg, 0.027 mmol) in
ether (0.56 mL) at -5 ◦C was added formic acid (0.56 mL) and
the reaction was allowed to proceed with stirring for 5 h at -5 ◦C.
Water (10 mL) and then solid NaHCO3 were sequently added until
cessation of effervescence. The mixture was extracted with ether
(10 mL ¥ 3), the combined organic extracts were dried (Na2SO4),
and the solvents were removed in vacuo. Purification of the crude
product via preparative thin layer chromatography eluting with
50% ether in hexanes to yield lactone iodide 20b (15 mg, 71%).
[a]D -21.6 (c 0.7, CHCl3); 1H NMR (400 MHz, CDCl3) d 7.26 (s,
1H), 6.39 (s, 1H), 5.69–5.59 (m, 1H), 5.43 (dd, J = 9.6, 6.0 Hz,
1H), 5.17–5.05 (overlap, 1H), 5.10 (d, J = 10.4 Hz, 1H), 5.05 (d,
J = 17.2 Hz, 1H), 4.17 (d, J = 8.8 Hz, 1H), 4.09 (br.d, J = 12.4 Hz,
1H), 3.96 (d, J = 13.2 Hz, 1H), 3.89 (d, J = 8.8 Hz, 1H), 3.09–3.05
(m, 1H), 2.75–2.56 (m, 3H), 2.48–2.28 (m, 3H), 2.15–1.92 (m, 2H),
1.88 (s, 3H), 1.76–1.62 (m, 1H), 1.56–1.43 (m, 1H), 1.32–1.15 (m,
7H), 1.12 (d, J = 6.8 Hz, 3H), 1.11 (s, 3H), 0.96 (d, J = 6.8 Hz,
3H), 0.93 (s, 9H), 0.83 (s, 9H), 0.09 (two singlet, 9H), 0.07 (s, 3H);
13C NMR (100 MHz, CDCl3) d 214.0, 170.4, 146.0, 132.9, 118.7,
79.8, 77.7, 74.1, 66.3, 56.7, 40.9, 31.9, 31.1, 29.6, 28.1, 27.1, 26.3,
26.1, 20.5, 18.6, 18.5, -3.3, -3.5, -3.6, -5.3. HRFABMS: calcd for
C37H68O6Si2I (M + H) 791.3599, found 791.3676. Iodide 20b was
converted to 32 by a similar procedure to that described previously
for the conversion of 25 to 27. 1H NMR (400 MHz, CDCl3) d 6.93
(s, 1H), 6.51 (s, 1H), 5.58 (m, 1H), 5.43 (m, 1H), 5.00–4.97 (m,
3H), 3.94 (dd, J = 13.2, 4.4 Hz, 1H), 4.10–4.05 (m, 2H), 3.86 (dd,
J = 8.4, 4.8 Hz, 1H), 3.04 (m, 1H), 2.76–2.53 (m, 3H), 2.67 (s, 3H),
2.46–2.20 (m, 3H), 2.18–1.92 (m, 3H), 2.08 (s, 3H), 1.75–1.55 (m,
4H), 1.06 (s, 3H), 0.89 (s, 9 H), 1.20–0.74 (m, 7 H), 0.77 (s, 9H),
0.03 (s, 9H), -0.19 (s, 3H); 13C NMR (100 MHz, CDCl3) d 214.4,


171.0, 164.8, 152.5, 143.9, 138.5, 133.0, 120.7, 119.6, 118.9, 116.2,
79.5, 74.6, 66.7, 60.7, 57.0, 48.2, 41.0, 39.2, 37.8, 32.6, 31.5, 28.3,
27.4, 26.6, 26.4, 19.6, 19.4, 18.9, 15.5, 14.4, -3.0, -3.25, -3.4, -5.3;
HRFABMS: calcd for C41H72NO6SSi2 (M + H) 762.4619, found
762.4654.


(4R)-4-Allyl-4-demethyl-26-(allyloxy)epothilone D bis-TBS ether
33. To a solution of 32 (20 mg, 0.026 mmol) in THF (1.5 mL)
was added sodium hydride (6.3 mg, 60%, 0.158 mmol) at 0 ◦C,
and the resultant mixture was allowed to stir at 25 ◦C for 30 min.
Allyl iodide (48 mL, 0.525 mmol) was added to the above reaction
mixture, and the reaction was allowed to proceed at 25 ◦C for
additional 1.5 h. The reaction mixture was filtered off via a pad
of siliga gel eluting with ether to provide crude product, which
was subjected to preparative thin layer chromatography over silica
gel, eluting with 30% ether in hexanes, to furnish allyl ether 33
(4.84 mg, 23%) and starting material (11 mg, 55%). Compound
33 was obtained as a colorless oil; 1H NMR (500 MHz, CDCl3)
d 6.96 (s, 1H), 6.54 (s, 1H), 5.94–5.85 (m, 1H), 5.66–5.58 (m, 1H),
5.46 (dd, J = 6.8, 5.5 Hz, 1H), 5.26 (d, J = 13.6 Hz, 1H), 5.17
(d, J = 8.3 Hz, 1H), 5.04–5.01 (m, 3H), 4.16–4.08 (m, 1H), 4.04
(d, J = 9.4 Hz, 1H), 3.99–3.85 (m, 3H), 3.72 (d, J = 9.4 Hz, 1H),
3.10–3.04 (m, 1H), 2.85–2.64 (m, 3H), 2.70 (s, 3H), 2.45–2.31 (m,
3H), 2.19–1.98 (m, 3H), 2.11 (s, 3H), 1.83–1.76 (m, 1H), 1.32–1.02
(m, 2H), 1.11 (d, J = 6.8 Hz, 3H), 1.10 (s, 3H), 1.02–0.80 (m, 1H),
0.96 (d, J = 6.8 Hz, 3H), 0.95 (s, 9H), 0.82 (s, 9H), 0.10 (s, 3H),
0.07 (s, 6H), -0.15 (s, 3H); 13C NMR (100 MHz, CDCl3) d 214.8,
171.3, 165.1, 152.9, 138.9, 135.3, 133.4, 124.2, 119.8, 119.2, 117.5,
116.5, 79.8, 77.7, 74.9, 73.9, 71.3, 57.2, 48.7, 41.3, 40.2, 39.8, 37.8,
32.9, 31.8, 30.2, 28.7, 27.6, 26.8, 26.6, 19.7, 19.1, 19.0, 15.8, 0.49,
-2.7, -2.96, -3.18, -5.00; HRFABMS: calcd for C44H76NO6SSi2


(M + H) 802.4932, found 802.4968.


(4R)-4-Allyl-4-demethyl-26-(allyloxy)epothilone D 34. A simi-
lar procedure was employed to prepare 34 (2.39 mg, 83%, colorless
oil) as that described previously for the conversion of 20a to 21
(ESI). 1H NMR (500 MHz, CDCl3) d 6.96 (s, 1H), 6.58 (s, 1H),
5.93–5.85 (m, 1H), 5.68–5.59 (m, 1H), 5.43 (dd, J = 10.4, 4.4 Hz,
1H), 5.34 (d, J = 9.9 Hz, 1H), 5.25 (dt, J = 17.0, 1.6 Hz, 1H),
5.16 (br.d, J = 10.7 Hz, 1H), 5.13 (br.d, J = 17.9 Hz, 1H), 5.10
(br.d, J = 10.4 Hz, 1H), 4.44 (d, J = 10.4 Hz, 1H), 3.95–3.86 (m,
3H), 3.78 (d, J = 11.8 Hz, 1H), 3.66 (m, 2H), 3.21 (q, J = 6.8 Hz,
1H), 3.14 (br.s, 1H), 2.73–2.47 (m, 4H), 2.68 (s, 3H), 2.34–2.23 (m,
3H), 2.09–2.03 (m, 1H), 2.06 (s, 3H), 1.83–1.76 (m, 1H), 1.70–1.62
(m, 1H), 1.48–1.37 (m, 2H), 1.32–1.24 (m, 2H), 1.14 (d, J = 6.6
Hz, 3H), 1.02 (s, 3H), 1.01 (d, J = 6.8 Hz, 3H); 13C NMR (100
MHz, CDCl3) d 218.0, 170.5, 165.4, 152.0, 139.4, 134.9, 133.5,
124.2, 119.3, 119.1, 117.2, 115.8, 78.6, 73.7, 73.4, 71.8, 71.2, 57.9,
41.4, 40.2, 39.8, 37.8, 32.6, 31.8, 28.3, 24.7, 19.2, 16.1, 15.7, 14.7,
12.2; HRFABMS: calcd for C32H48NO6S (M + H) 574.3202, found
574.3188.


Bridged epothilone D 35. To a solution of diene 33 (1.1 mg,
0.00137 mmol) in dichloromethane (3 mL) was added second-
generation Grubbs catalyst (0.41 mg, 0.00048 mmol, 0.35 eq) in
dichloromethane (2 mL) for a period of 1.5 h via syringe pump
under N2. The resulting reaction mixture was allowed to stir
for 0.5 h at 25 ◦C, and then the dichloromethane was removed
under reduced pressure. The residue obtained was subjected to
preparative thin layer chromatography over silica gel, eluting with
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30% ether in hexanes, to furnish 35 (0.84 mg, 79%) as a pale yellow
oil. 1H NMR (500 MHz, CDCl3) d 6.88 (s, 1H), 6.46 (s, 1H), 5.62
(br.t, J = 10.4 Hz, 1H), 5.56–5.48 (m, 1H), 5.44 (br.s, 1H), 5.29
(d, J = 4.4 Hz, 1H), 4.61 (br.s, 2H), 4.49 (br.s, 2H), 4.23 (dd, J =
10.4, 2.5 Hz, 1H), 3.73 (d, J = 6.3 Hz, 1H), 3.32–3.26 (m, 1H),
3.10–3.04 (m, 1H), 2.71 (s, 3H), 2.70–2.65 (m, 1H), 2.54–2.45 (m,
2H), 2.16–2.03 (m, 4H), 2.15 (s, 3H), 1.70–1.62 (m, 1H), 1.46 (s,
3H), 1.42–1.26 (m, 2H), 1.26 (s, 3H), 1.14–1.02 (m, 1H), 1.07 (d,
J = 6.8 Hz, 3H), 0.91, 0.87 (each s, 18H), 0.86 (overlap, 3H), 0.174
(s, 3H), 0.170 (s, 3H), 0.05 (s, 3H), 0.02 (s, 3H); HRFABMS: calcd
for C42H72NO6SSi2 (M + H) 774.4619, found 774.4644.


Bridged epothilone 36. The epothilone D bridged analogue
36 was obtained from bridged epothilone D bis-TBS ether
(35), according to the procedure described previously for the
preparation of 21 (ESI), as a colorless oil in 84.5% yield.1H NMR
(500 MHz, CDCl3) d 7.01, 7.00 (s, 1H), 6.67, 6.57 (s, 1H), 5.77–
5.70 (m, 1H), 5.62–5.36 (m, 3H), 4.64 (br.s, 2H), 4.53 (br.s, 2H),
4.54–4.0, 4.15–4.11 (m, 1H), 3.65, 3.20 (br.s, 1H), 3.55, 3.39 (d, J =
9.5 Hz, 1H), 3.40–3.31 (m, 2H), 3.10–3.04 (m, ~0.5 H), 2.93 (br.d,
J = 13.5 Hz, ~0.5H), 2.78, 2.71 (br.s, 1H), 2.74 (s, 3H), 2.75–2.46
(m, 3H), 2.25–2.06 (m, 3H), 2.15 (s, 3H), 1.85–1.80 (m, 1H), 1.51–
1.40 (m, 4H), 1.26, 1.16 (s, 3H), 1.20, 1.11 (d, J = 6.5 Hz, 3H),
0.89, 0.86 (d, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) d
218.0, 170.2, 165.4, 152.3, 140.7, 132.0, 125.8, 119.2, 118.9, 116.6,
116.3, 77.4, 77.2, 76.2, 73.2, 72.6, 58.4, 44.3, 41.2, 35.6, 33.0, 32.8,
27.7, 25.0, 19.4, 16.9, 15.9, 15.79, 15.70; HRFABMS: calcd for
C30H44NO6S (M + H) 546.2889, found 546.2914.


(4S)-4-Allyl-4-demethyl-26-(allyloxy)-6S,7R-epothilone D bis-
TBS ether (44). Allyl ether 44 was synthesized as a colorless oil
(4.0 mg, 19%), as well as 55% starting material was recovered, from
primary alcohol 43 following the procedure described previously
for the synthesis of allyl ether 33. 1H NMR (400 MHz, CDCl3) d
6.96 (s, 1H), 6.33 (s, 1H), 5.91–5.82 (m, 1H), 5.75–5.62 (m, 1H),
5.35 (t, J = 8.8 Hz, 1H), 5.24–5.06 (m, 4H), 4.17 (d, J = 8.8 Hz,
1H), 3.99 (d, J = 2.8 Hz, 1H), 3.93–3.83 (m, 2H), 3.79 (d, J =
11.6 Hz, 1H), 3.47–3.35 (m, 1H), 2.70 (s, 3H), 2.65 (t, J = 6.8
Hz, 1H), 2.59–2.41 (m, 3H), 2.55–2.19 (m, 1H), 2.12 (s, 3H), 1.98–
1.88 (m, 1H), 1.55–1.42 (m, 4H), 1.28–1.24 (m, 2H), 1.07 (d, J =
7.2 Hz, 3H), 0.96 (s, 3H), 0.92 (s, 9H), 0.90 (s, 9H), 0.88 (d, J =
6.4 Hz, 3H), 0.20 (s, 3H), 0.16 (s, 3H), 0.12 (s, 3H), 0.04 (s, 3H);
13C NMR (100 MHz, CDCl3) d 214.8, 170.5, 164.7, 152.7, 140.2,
136.7, 135.1, 134.1, 134.2, 122.2, 119.2, 118.1, 117.0, 116.3, 77.4,
75.0, 74.8, 73.8, 70.9, 56.6, 48.7, 42.4, 40.2, 38.9, 34.9, 31.1, 29.9,
28.2, 28.1, 26.5, 26.4, 19.4, 18.9, 18.8, 16.1, 14.3, -3.3, -3.8, -4.2,
-4.6; HRFABMS: calcd for C44H76NO6SSi2 (M + H) 802.4932,
found 802.4903.


(4S)-4-Allyl-4-demethyl-26-(allyloxy)-6S,7R-epothilone D 45.
A similar procedure was employed to prepare 45 (0.65 mg, 29%,
colorless oil), together with 64% mono-TBS ether, from 44 as that
described for the conversion of 20a to 21 (ESI). 1H NMR (500
MHz, CDCl3) d 6.97 (s, 1H), 6.51 (s, 1H), 5.95–5.86 (m, 1H),
5.64–5.57 (m, 2H), 5.47 (dd, J = 9.9, 3.5 Hz, 1H), 5.28 (dd, J =
17.0, 1.6 Hz, 1H), 5.19 (dd, J = 10.4, 1.6 Hz, 1H), 5.12 (d, J =
11.5 Hz, 1H), 5.11 (d, J = 15.4 Hz, 1H), 4.16 (br.d, J = 11.0 Hz,
1H), 3.96–3.94 (m, 2H), 3.91, 3.82 (ABq, J = 11.8 Hz, 2H), 3.58–
3.50 (m, 2H), 3.31 (br.s, 1H), 2.92 (d, J = 3.6 Hz, 1H), 2.74–2.63
(m, 2H), 2.70 (s, 3H), 2.57 (dd, J = 16.2, 1.9 Hz, 1H), 2.48–2.20


(m, 4H), 2.09–2.00 (m, 2H), 2.08 (s, 3H), 1.49–1.38 (m, 2H), 1.09
(d, J = 6.9 Hz, 3H), 1.02 (d, J = 6.6 Hz, 3H), 0.95 (s, 3H),
0.95–0.82 (m, 2H); 13C NMR (125 MHz, CDCl3) d 222.0, 170.9,
165.1, 152.1, 138.7, 134.8, 132.5, 123.9, 120.3, 119.3, 117.0, 116.6,
78.4, 74.7, 73.1, 72.0, 71.1, 56.1, 42.4, 39.3, 38.6, 35.6, 33.3, 32.5,
29.7, 28.3, 24.2, 19.5, 16.4, 16.0, 15.6, 11.7; HRFABMS: calcd for
C32H48NO6S (M + H) 574.3202, found 574.3223.


4S, 6S, 7R-Bridged epothilone D bis-TBS ether 46. Bridged
analogue 46 was prepared as a colorless oil (2.4 mg, 71%) via
ring closing metathesis reaction with second-generation Grubbs
catalyst from terminal diene 44, according to the procedure
described previously for the synthesis of bridged compound 35.
1H NMR (400 MHz, CDCl3) d 6.92 (s, 1H), 6.50 (s, 1H), 5.43
(br.s, 1H), 5.50–5.32 (m, 2H), 5.29 (d, J = 5.2 Hz, 1H), 4.75 (dd,
J = 11.2, 4.4 Hz, 1H), 4.61 (br.s, 2H), 4.48 (br.s, 2H), 3.93 (d,
J = 9.6 Hz, 1H), 3.13–2.98 (m, 2H), 2.72 (s, 3H), 2.66 (dd, J =
14.0, 4.0 Hz, 1H), 2.45, 2.42 (ABq, J = 11.2 Hz, 2H), 2.20 (dd,
J = 16.0, 12.0 Hz, 1H), 2.13 (s, 3H), 2.16–1.99 (m, 2H), 1.79–
1.72 (m, 1H), 1.44 (s, 3H), 1.46–1.10 (m, 2H), 1.25 (s, 3H), 0.99
(d, J = 7.2 Hz, 3H), 0.90, 0.83 (each s, 18H), 0.80 (d, J = 6.8
Hz, 3H), 0.18 (s, 3H), 0.08 (s, 3H), 0.06 (s, 3H), 0.01 (s, 3H); 13C
NMR (100 MHz, CDCl3) d 213.4, 169.9, 165.0, 152.9, 140.5, 135.7,
129.5, 124.2, 119.2, 119.1, 116.5, 77.4, 76.2, 74.7, 70.8, 57.0, 45.2,
40.8, 38.0, 35.3, 32.5, 29.9, 27.3, 26.4, 26.0, 19.5, 18.8, 18.2, 17.4,
16.7, 15.6, 13.0, -3.10, -3.31, -4.00, -5.28; HRFABMS: calcd for
C42H72NO6SSi2 (M + H) 774.4619, found 774.4568.


Bridged epothilone 47. A similar procedure was used to
prepare 47 (1.16 mg, 71.6%, colorless oil) from bis-TBS ether
46 based on the previously described method for the conversion
of 20a to 21 (ESI). 1H NMR (500 MHz, CD3CN) d 7.17, 7.15 (s,
1H), 6.61, 6.55 (s, 1H), 5.65–5.27 (m, 4H), 4.62 (dd, J = 10.5, 4.0
Hz, 1H), 4.51 (br.s, 2H), 4.42 (br.s, 2H), 3.60–3.54, 3.40–3.35 (m,
2H), 3.32–3.28, 3.21–3.13 (m, 1H), 2.98–2.92 (m, 1H), 2.76 (dd,
J = 10.5, 4.0 Hz, 1H), 2.66 (s, 3H), 2.56, 2.52; 2.41, 2.38 (ABq, J =
11.5 Hz, 2H), 2.27–2.05 (m, 4H), 2.15 (s, 3H), 1.58–1.36 (m, 6H),
1.27, 1.22 (s, 3H), 1.05, 1.04 (d, J = 7.0 Hz, 3H), 0.92, 0.86 (d, J =
6.5 Hz, 3H); 13C NMR (125 MHz, CD3CN) d 218.6, 169.7, 165.0,
152.6, 140.7, 135.3, 129.3, 124.3, 119.0, 118.6, 116.7, 76.4, 75.4,
74.6, 74.2, 68.8, 56.8, 42.8, 39.2, 35.4, 33.3, 33.1, 26.9, 26.4, 24.7,
18.3, 16.3, 15.9, 13.5, 12.5; HRFABMS: calcd for C30H44NO6S
(M + H) 546.2889, found 546.2908.


(4S)-4-Allyl-4-demethyl-26-(acryloyloxy)-6S,7R-epothilone D
bis-TBS ether 48. Acryloyloxy derivative 48 was synthesized
(6 mg, 56%) as a colorless oil from primary alcohol 43, according
to the procedure described previously for the preparation of 7
(ESI). 1H NMR (500 MHz, CDCl3) d 6.96 (s, 1H), 6.36 (d, J =
17.3 Hz, 1H), 6.34 (s, 1H), 6.10 (dd, J = 17.3, 10.4 Hz, 1H), 5.77
(d, J = 10.4 Hz, 1H), 5.74–5.65 (m, 1H), 5.42 (t, J = 8.2 Hz, 1H),
5.16 (t, J = 4.1 Hz, 1H), 5.08 (d, J = 18.4 Hz, 1H), 5.07 (d, J =
9.6 Hz, 1H), 4.56, 4.51 (ABq, J = 12.6 Hz, 2H), 4.18 (br.d, J =
8.5 Hz, 1H), 3.98 (d, J = 3.3 Hz, 1H), 3.45–3.38 (m, 1H), 2.69 (s,
3H), 2.65 (dd, J = 14.5, 6.5 Hz, 1H), 2.56–2.43 (m, 4H), 2.25–2.20
(m, 2H), 2.11 (s, 3H), 1.95–1.87 (m, 1H), 1.60–1.44 (m, 5H), 1.07
(d, J = 7.1 Hz, 3H), 0.96 (s, 3H), 0.90 (s, 9H), 0.88 (s, 9H), 0.86
(d, J = 6.3 Hz, 3H), 0.19 (s, 3H), 0.15 (s, 3H), 0.12 (s, 3H), 0.02
(s, 3H); 13C NMR (125 MHz, CDCl3) d 220.1, 170.4, 166.0, 164.6,
152.5, 137.9, 136.4, 134.1, 130.7, 128.5, 123.6, 119.4, 118.0, 116.3,
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77.6, 74.8, 73.8, 68.5, 56.3, 48.6, 42.0, 40.2, 38.6, 34.8, 31.1, 28.3,
27.8, 26.3, 21.1, 19.3, 18.8, 18.6, 16.1, 15.8, 14.3, -3.5, -4.0, -4.3,
-4.7; HRFABMS: calcd for C44H74NO7SSi2 (M + H) 816.4725,
found 816.4722.


(4S)-4-Allyl-4-demethyl-26-(acryloyloxy)-6S,7R-epothilone ana-
logues 49 and 50. A similar procedure was employed to prepare
mono-TBS ether 49 (3.0 mg, 50%, colorless oil) and diol 50
(2.0 mg, 40%) from bis-TBS ether 48 as previously described
for the conversion of 20a to 21 (ESI). Compound 49: 1H NMR
(500 MHz, CDCl3) d 6.94 (s, 1H), 6.38 (d, J = 17.6 Hz, 1H), 6.33
(s, 1H), 6.10 (dd, J = 17.6, 10.0 Hz, 1H), 5.80 (d, J = 10.4 Hz,
1H), 5.55–5.45 (m, 2H), 5.32 (br.s, 1H), 5.10 (d, J = 9.2 Hz, 1H),
5.07 (d, J = 16.0 Hz, 1H), 4.63, 4.58 (ABq, J = 12.8 Hz, 2H), 4.17
(br.d, J = 8.8 Hz, 1H), 3.78–3.72 (m, 1H), 3.62 (d, J = 8.4 Hz,
1H), 3.54 (br.s, 1H), 2.78 (dd, J = 14.4, 6.4 Hz, 1H), 2.70 (s, 3H),
2.57–2.41 (m, 3H), 2.32–2.02 (m, 3H), 2.07 (s, 3H), 1.66–1.45 (m,
3H), 1.28–1.20 (m, 3H), 1.13 (d, J = 6.8 Hz, 3H), 1.05 (d, J = 6.8
Hz, 3H), 0.94 (s, 9H), 0.20 (s, 3H), 0.10 (s, 3H); 13C NMR (125
MHz, CDCl3) d 222.4, 170.4, 166.0, 164.8, 152.3, 137.0, 136.3,
132.8, 130.9, 128.4, 124.4, 119.1, 119.0, 116.2, 75.0, 73.8, 68.4,
67.6, 57.3, 44.2, 40.2, 39.5, 35.2, 33.5, 31.1, 29.7, 28.2, 26.4, 23.5,
19.5, 19.3, 18.6, 16.3, 15.7, 11.5, -3.5, -4.5; HRFABMS: calcd for
C38H60NO7SSi (M + H) 702.3860, found 702.3855. Compound 50:
1H NMR (500 MHz, CDCl3) d 6.96 (s, 1H), 6.51 (s, 1H), 6.43 (d,
J = 17.3 Hz, 1H), 6.15 (dd, J = 17.5, 10.4 Hz, 1H), 5.87 (d, J =
10.4 Hz, 1H), 5.62–5.54 (m, 2H), 5.42 (t, J = 6.8 Hz, 1H), 5.13
(d, J = 18.1 Hz, 1H), 5.12 (d, J = 9.3 Hz, 1H), 4.67, 4.54 (ABq,
J = 13.2 Hz, 2H), 4.20 (d, J = 11.3 Hz, 1H), 3.58 (q, J = 6.8 Hz,
1H), 3.53 (d, J = 9.3 Hz, 1H), 3.31 (br.s, 1H), 2.93 (d, J = 3.0
Hz, 1H), 2.73–2.66 (m, 1H), 2.70 (s, 3H), 2.55 (d, J = 15.9 Hz,
1H), 2.48 (dd, J = 14.2, 6.3 Hz, 1H), 2.42–2.30 (m, 4H), 2.09–2.00
(m, 1H), 2.07 (s, 3H), 1.66–1.40 (m, 3H), 1.26–1.22 (m, 1H), 1.09
(d, J = 6.6 Hz, 3H), 1.02 (d, J = 6.3 Hz, 3H), 0.95 (s, 3H), 0.97–
0.85 (m, 1H); 13C NMR (125 MHz, CDCl3) d 222.1, 170.7, 166.2,
165.2, 152.1, 136.8, 136.3, 132.5, 131.2, 128.3, 124.6, 120.3, 119.2,
116.7, 78.3, 74.7, 71.9, 70.3, 67.1, 56.2, 42.2, 39.0, 38.5, 35.6, 33.3,
32.6, 28.5, 24.3, 19.3, 16.0, 15.9, 15.5, 11.8; HRFABMS: calcd for
C32H46NO7S (M + H) 588.2995, found 588.3037.


Cis bridged epothilone 51. Compound 51 was prepared as
a colorless oil with a cis double bond on the newly made
bridge (2.8 mg, 62%) via ring closing metathesis with second-
generation Grubbs catalyst from terminal diene 49, according to
the procedure described previously for the synthesis of bridged
compound 35. 1H NMR (500 MHz, CDCl3) d 6.97 (s, 1H), 6.58
(s, 1H), 6.09 (dt, J = 12.1, 3.0 Hz, 1H), 5.82 (dd, J = 11.5, 2.2
Hz, 1H), 5.78 (t, J = 6.8 Hz, 1H), 5.76 (d, J = 11.5 Hz, 1H), 4.72
(d, J = 8.5 Hz, 1H), 4.68, 4.33 (ABq, J = 11.8 Hz, 2H), 3.93 (t,
J = 13.5 Hz, 1H), 3.42 (q, J = 6.6 Hz, 1H), 3.29 (d, J = 10.4 Hz,
1H), 2.88–2.73 (m, 2H), 2.71 (s, 3H), 2.59 (d, J = 11.0 Hz, 1H),
2.46–2.41 (m, 2H), 2.33 (t, J = 12.6 Hz, 1H), 2.15 (s, 3H), 1.99 (d,
J = 14.3 Hz, 1H), 1.79–1.72 (m, 1H), 1.52–1.37 (m, 3H), 1.30–1.17
(m, 2H), 1.21 (s, 3H), 1.08 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6
Hz, 3H), 0.83 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H); 13C NMR (125
MHz, CDCl3) d 221.5, 169.9, 166.1, 165.1, 152.2, 141.6, 136.9,
136.1, 131.4, 123.1, 121.2, 117.1, 79.7, 74.9, 72.2, 68.1, 59.7, 40.0,
36.3, 32.7, 32.6, 31.1, 29.7, 26.7, 25.8, 19.4, 19.3, 18.2, 15.0, 10.4,
1.11, 0.09, -2.6, -3.8; HRFABMS: calcd for C36H56NO7SSi (M +
H) 674.3547, found 674.3593.


Cis bridged epothilone 52. A similar procedure was used to
prepare 52 (1.36 mg, 47%, colorless oil) from mono-TBS ether 51
based on the previously described method for the conversion of
20a to 21 (ESI). 1H NMR (500 MHz, CDCl3) d 6.99 (s, 1H), 6.56
(s, 1H), 6.25–6.15 (m, 1H), 5.90 (dd, J = 11.8, 1.9 Hz, 1H), 5.72
(d, J = 9.3 Hz, 1H), 5.65 (dd, J = 11.5, 1.7 Hz, 1H), 4.64, 4.45
(ABq, J = 11.4 Hz, 2H), 4.52–4.30 (m, 1H), 3.63–3.54 (m, 1H),
3.44–3.34 (m, 4H), 2.81–2.67 (m, 2H), 2.70 (s, 3H), 2.44–2.41 (m,
3H), 2.09 (s, 3H), 1.91–1.82 (m, 1H), 1.71–1.58 (m, 2H), 1.45–1.38
(m, 2H), 1.31–1.19 (m, 2H), 1.25 (s, 3H), 1.07 (d, J = 6.6 Hz,
3H), 0.93 (d, J = 7.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) d
221.5, 169.9, 166.2, 165.1, 152.0, 141.8, 137.0, 136.8, 130.8, 123.1,
120.7, 116.9, 78.8, 76.8, 70.9, 70.7, 58.2, 41.1, 35.8, 33.2, 32.7, 31.6,
30.9, 29.7, 26.5, 22.7, 19.3, 15.3, 14.2, 10.8; HRFABMS: calcd for
C30H42NO7S (M + H) 561.2760, found 560.2720.


Trans bridged epothilone 53. Ring closing metathesis reaction
of terminal diene 50 with second-generation Grubbs catalyst,
according to the procedure described previously for the synthesis
of bridged compound 35, produced a mixture (0.86 mg, ~93%
total yield) as a colorless oil. This mixture consists of 86.5% of 53
based on the integration of its 1H NMR spectrum. Compound 53:
1H NMR (500 MHz, CDCl3) d 6.95 (s, 1H), 6.55 (s, 1H), 5.94 (d,
J = 17.0 Hz, 1H), 5.70 (dd, J = 17.0, 9.9 Hz, 1H), 5.46 (dd, J =
12.1, 3.0 Hz, 1H), 4.71 (t, J = 7.4 Hz, 1H), 4.59, 4.52 (ABq, J =
11.3 Hz, 2H), 3.43 (d, J = 10.4 Hz, 1H), 3.25 (q, J = 6.6 Hz, 1H),
2.82–2.71 (m, 1H), 2.70 (s, 3H), 2.55–2.31 (m, 6H), 2.09 (s, 3H),
2.08–2.02 (m, 1H), 1.75–1.65 (m, 1H), 1.50–1.20 (m, 3H), 1.23 (s,
3H), 1.06 (s, 3H), 1.03 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.9 Hz,
3H), 0.97–0.85 (m, 1H); HRFABMS: calcd for C30H42NO7S (M +
H) 560.2682, found 560.2593.


(4R)-4-Allyl-4-demethyl-26-(benzoyloxy)-6S,7R-epothilone B 56.
26-benzoyloxy-b-epoxide 56 was synthesized from b-epoxide triol
55 employing the same procedure as that described for compound
22 (ESI). Compound 56 was obtained as a colorless needles from
hexanes-acetone in 94% yield. 1H NMR (500 MHz, CDCl3) d 7.95
(d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.35 (t, J = 7.4 Hz,
2H), 6.93 (s, 1H), 6.65 (s, 1H), 5.65 (br.s, 1H), 5.56–5.48 (m,
1H), 5.15–5.08 (overlap, 1H), 5.10 (d, J = 11.2 Hz, 1H), 5.09
(d, J = 16.0 Hz, 1H), 4.48–4.41 (m, 1H), 4.20 (br.s, 1H), 4.18
(d, J = 12.0 Hz, 1H), 3.79 (d, J = 9.0 Hz, 1H), 3.47 (br.s, 1H),
3.31 (q, J = 7.0 Hz, 1H), 3.25 (dd, J = 9.4, 3.3 Hz, 1H), 2.70
(s, 3H), 2.70–2.68 (m, 1H), 2.56 (d, J = 12.3 Hz, 1H), 2.52 (d,
J = 9.1 Hz, 1H), 2.41 (dd, J = 14.3, 5.5 Hz, 1H), 2.25 (dt, J =
15.4, 3.8 Hz, 1H), 2.16 (s, 3H), 1.99–1.86 (m, 1H), 1.73–1.38 (m,
8H), 1.10 (d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.4 Hz, 3H), 1.01 (s,
3H). Colorless needles of compound 56 (0.03 ¥ 0.03 ¥ 0.80 mm3)
were crystallized from hexanes/acetone at room temperature. The
chosen crystal was centered on the goniometer of an Oxford
Diffraction Gemini Ultra diffractometer equipped with a Sapphire
3 CCD detector and operating with CuKa radiation. The data
collection routine, unit cell refinement, and data processing were
carried out with the program CrysAlis.25 The Laue symmetry
and systematic absences were consistent with the orthorhombic
space group P212121. Structure solution was performed with the
graphical user interface WinGX.26 The structure was solved by
direct methods using SIR9227 and refined using SHELXTL-NT.28


The asymmetric unit of the structure comprises one crystallo-
graphically independent molecule. The final refinement model
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involved anisotropic displacement parameters for non-hydrogen
atoms and a riding model for all hydrogen atoms. The absolute
configuration was established from anomalous dispersion effects
(Flack x = 0.01(6)). The configuration of chiral centers were
assigned as C3(S), C4(S), C6(S), C7(R), C8(S), C12(S), C13(S)
and C15(S).


Biological data. Tubulin was prepared by two cycles of temper-
ature dependent assembly–disassembly as described by Williams
and Lee.29 ED50 values for tubulin assembly were determined as
described in Chatterjee et al.30


The A2780 ovarian cancer cell line assay was performed at
Virginia Polytechnic Institute and State University as previously
reported.31 The A2780 cell line is a drug-sensitive ovarian cancer
cell line.32 The MTT assay33 was used at SUNY for PC3 cells.


Molecular modeling and design. Structures of bridged
epothilone analogues 27, 30 and 36 were constructed in Maestro34


by using the electron crystallographic structure of epo-A as
template. The structures were subsequently optimized with the
MMFF/GBSA/H2O force field. The optimized structures of 27,
30 and 36 were separately and flexibly docked into tubulin binding
site by using the Glide docking protocol.24 The best docking poses
were chosen on the basis of the Emodel scoring function together
with visualization to ensure reasonable binding modes.
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An asymmetric sulfur ylide reaction was employed to prepare
an epoxide intermediate in a convergent manner. This epoxide
was efficiently transformed into D-erythro-sphingosine.


Sphingolipids, named by Johann Ludwig Wilhelm Thudichum1


in 1884 after the Greek Sphinx due to their enigmatic function,
have emerged over the last several decades as a family of key
signalling molecules, and include sphingosine 1, ceramide 2, and
sphingosine-1-phosphate 3 (Fig. 1).2 Data indicate that these
lipids regulate fundamental and diverse cell processes such as
differentiation, migration, and apoptosis.3,4 Moreover, on the
organismal level, sphingolipids play roles in higher order physi-
ological processes including inflammation5 and vasculogenesis.6


Recent studies implicate sphingolipid involvement in many of
the most common human diseases including diabetes,7 cancers,8


infection by microorganisms,9 Alzheimer’s disease,10 heart disease
and an array of neurological syndromes.11


Fig. 1 Naturally occurring sphingolipids.


The basic structure of a sphingolipid consists of a long-chain
sphingoid base backbone linked to a fatty acid via an amide bond
with the 2-amino group and to a polar head group at the C-1 po-
sition via an ester bond. There are four sphingosine stereoisomers
with a wide range of biological activities.12,13 The isomer D-erythro
is the most common metabolite and has been meticulously studied.
We have recently reported efficient glycosylation protocols of this
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compound and analogues in order to obtain glycosphingolipids.14


Since, pure sphingosine and its derivatives are available in a limited
amount from natural sources, many methods for their synthesis
have been developed by using amino acids, carbohydrates and
other building blocks as the starting materials.15,16 However, most
of the methods require multistep reactions that result in low total
yields. The key to cost-effective and efficient synthesis is the choice
of a proper starting material that requires minimal protection-
deprotection steps.


In the present study, we report a convenient and concise
route for the synthesis of D-erythro-sphingosine 1. Based on the
retrosynthetic analysis depicted in Scheme 1, compound 1 can be
generated from the corresponding epoxide 4 via an intramolecular
ring-opening to introduce the amino functionality at C-2. The
selectivity of the intermolecular opening is controlled by the
double bond and affords the 3-amino derivative. For synthesising
epoxide 4 we envisaged an asymmetric reaction between a chiral
sulfur ylide obtained from bromide 6 and aldehyde 5, which
can incorporate the nucleophile (X) for epoxide opening in its
structure.


Scheme 1 Retrosynthetic analysis of D-erythro-sphingosine.


The aldehyde 5 is readily prepared from the alcohol 7. Lipophilic
chain fragment 6 should be available from allyl bromide (8) and
alkene 9 by means of cross-metathesis (CM) in order to introduce
the required E-olefin moiety.


As shown in Scheme 2, the synthesis started with the protection
of hydroxyaldehyde 7 as a carbamate, since it is appropriate for
opening the epoxide in a subsequent step. Thus, aldehyde 10 for
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Scheme 2 Protection of alcohol 7.


asymmetric sulfur ylide reaction was obtained in excellent yield by
reaction of hydroxyaldehyde 7 and benzyl isocyanate (1.5 equiv)
in the presence of Et3N, employing Et2O as the solvent.


The high E-selectivity and the functional tolerance are attractive
features of cross-metathesis olefination in the synthesis of natural
products.17 In a recent synthesis of the sphingosines and phy-
tosphingosines, CM has been used as a carbon chain elongation
strategy.18 Therefore, we reasoned that a cross metathesis reaction
of allyl bromide 8 and alkene 9 in presence of Grubbs’19 catalyst
will provide the intermediate 620 with the correct configuration.
Substrate 8 was stirred with 4 equiv of olefin 9 and 0.02 equiv
of second generation Grubbs’ catalyst (B) in CH2Cl2 for 8 h at
reflux. The reaction proceeded smoothly, and the desired coupling
product 6 was obtained in 97% yield with an E : Z selectivity
of 52 : 1. The homocoupling product of 8 was not observed by
1H NMR. In this case the use of Ti(OiPr)4 or other additive
was not necessary to obtain excellent results. A decrease in the
selectivity (E : Z 11 : 1) and the yield (78%) was observed when the
first generation Grubbs’ catalyst (A) was employed under similar
conditions (Scheme 3).


Scheme 3 Synthesis of 6 by cross-metathesis.


The key step is the synthesis of the epoxide 13 with control
of the configuration of the stereogenic centers at C-2 and C-3 by
using the stoichiometric sulfur ylide reaction, which is of particular
interest because of the valuable synthetic intermediates that have
been generated using this reaction.21 The sequence developed to
prepare epoxide 13 is summarized in Scheme 4. Sulfide 1122 was
selected as chiral auxiliary in order to prepare the corresponding
chiral sulfur ylide.21 Reaction of sulfide 11 (1 equiv) with allyl
bromide 6 (1.2 equiv) in CH2Cl2 and in the presence of AgBF4


(4 equiv) afforded the required sulfonium salt 12 in 80% yield.23


Subsequent treatment of the salt 12 with EtP2 base (1.1 equiv) and
the aldehyde 10 (1.1 equiv) furnished the desired epoxide 13 in
60% yield. Crucial to the success of the reaction were conditions
that favoured the formation of stabilized ylide 15 (Fig. 2), namely
employing the EtP2 base at -78 ◦C in CH2Cl2.


To complete the synthesis (Scheme 4),24 epoxide 13 was con-
verted to oxazolidinone 14 with complete regio- and stereoselec-


Scheme 4 Synthesis of D-erythro-sphingosine.


Fig. 2 Ylide intermediate.


tivity first by treatment with NaHMDS (1.5 equiv) at -15 ◦C in
THF.25 Then, removal of the benzyl group employing Li (excess)
and EtNH2/t-BuOH at -78 ◦C gave 14 in 90% yield over two
steps.18d,26 Finally, alkaline hydrolysis of oxazolidinone 14 with
KOH at reflux for 2.5 h furnished D-erythro-sphingosine 1 in
quantitative yield. Synthetic 1 gave mp 72–74 ◦C (lit18d mp 72–
75 ◦C), [a]D -1.6 (c 0.9 in CHCl3) (lit18d [a]D -1.6) (c1 in CHCl3)).
400 MHz 1H and 125 MHz 13C NMR spectroscopic data were
consistent with data reported for the synthetic product. The match
of optical rotation values indicate that the formation of the epoxide
13 was completely stereoselective.


In summary, D-erythro-sphingosine has been obtained in 42%
overall isolated yield and high enantioselectivity by using an
asymmetric sulfur ylide reaction between the sulfonium salt 12
and the aldehyde 10 as the key step.
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An efficient one-pot oxidative decarboxylation–Friedel-Crafts reaction of acyclic a-amino acid
derivatives with electron-rich aromatic compounds is reported. The reaction is activated by the
combination of iodobenzene diacetate, iodine and iron dust, resulting in a mild and simple reaction
system. The use of iron avoids the oxidation of aromatic compounds, and in situ generation of Fe(III)
salts to promote the Friedel-Crafts reaction avoids the use of the highly hygroscopic FeCl3.


Introduction


The radical decarboxylation of organic carboxylic acids accom-
panied by simultaneous replacement by a nucleophile is an
extremely useful and selective procedure in organic synthesis.1


a-Amino acids are known to undergo oxidative decarboxyla-
tion with lead tetraacetate,2 silver(I) acetate/peroxydisulfate,3


trichloroisocyanuric acid,4 N-bromosuccinimide,5 potassium per-
manganate in concentrated sulfuric acid,6 copper(II) bromide–
lithium tert-butoxide,7 N-chloro-p-toluenesulfonamide sodium,8


dimethyl dioxirane,9 and iodosobenzene diacetate/iodine.10 Al-
though considerable progress has been made, decarboxylative
functionalization of a-amino acids, which would open an addi-
tional route to amines, remains to be investigated (Scheme 1).


Scheme 1 Oxidative decarboxylative functionalization of a-amino acid
derivatives.


Suárez et al. reported the oxidative decarboxylation of a-
amino acids for the generation of N-acyliminium ions and their
nucleophilic trapping with heteroatomic or carbon nucleophiles.10b


Only cyclic a-amino acid derivatives were used as the substrates
for the decarboxylation–oxidation–alkylation reactions. As a part
of our development of the synthetic application of amines in
the presence of hypervalent iodine,11 we report herein the results
regarding the one-pot oxidative decarboxylation–Friedel-Crafts
reaction of acyclic a-amino acid derivatives activated by the
combination of iodobenzene diacetate/iodine and iron dust.


Results and discussion


Since electron-rich aromatic compounds as well as a-amino acids
are reactive toward hypervalent iodine species,12 central to the
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implementation of this strategy is the realization of a process to
oxidize the a-amino acid that would not affect sensitive aromatic
compounds. A one-pot stepwise procedure might be suitable for
our proposed oxidative decarboxylation–Friedel-Crafts reaction.


To undergo the subsequent Friedel-Crafts reaction, genera-
tion of a stable and reactive intermediate from the oxidative
decarboxylation of a-amino acid is required. Suárez et al. found
that the reaction of cyclic a-amino acids with PhI(OAc)2 and I2


gave g- or w-amino aldehydes and hemiaminals as the products,
which are stable, but ought to be reactive enough to undergo the
subsequent alkylation reactions.10a In our initial test, treatment
of acyclic 2-phenylglycine derivative 1a with PhI(OAc)2 and I2


in ClCH2CH2Cl resulted in high yields of benzaldehyde and
succinimide, which failed to undergo Friedel-Crafts reaction with
1,3,5-trimethoxybenzene in the presence of BF3·Et2O (Scheme 2).


Scheme 2 Oxidative decarboxylation of acyclic 2-phenylglycine derivative
1a.


It was, however, surprising to find that the expected product
2a was obtained in 4% yield from the one-pot stepwise oxida-
tive decarboxylation–Friedel-Crafts reaction [Scheme 3, Eq. (1)].
Further investigation indicated that compound 3a, with an O-
acetyl-N,O-acetal structure, was generated besides benzaldehyde
and succinimide in the decarboxylation reaction [Scheme 3, Eq.
(2)], and that this underwent Friedel-Crafts reaction to afford 2a
in good yield [Scheme 3, Eq. (3)]. Similar N,O-acetals have been
prepared by the electrochemical oxidative decarboxylation of a-
amino acids.13


A proposed reaction pathway for the one-pot oxidative
decarboxylation–Friedel-Crafts reaction is outlined in Scheme 4.
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Scheme 3 Oxidative decarboxylation and Friedel-Crafts reaction of
acyclic 2-phenylglycine derivative 1a.


In the presence of PhI(OAc)2 and iodine, which work as the
radical precursor,12c,d 2-phenylglycine derivative 1a is converted
into a carboxyl radical intermediate A. The carboxyl radical
decomposes to carbon dioxide and an alkyl radical B, which is a
very easily oxidizable species. After further oxidation, an iminium
ion intermediate C is formed. The trapping of intermediate C with
acetate gives rise to O-acetyl-N,O-acetal 3a, while the hydrolysis
of intermediate C affords benzaldehyde and succinimide. In the
presence of BF3·Et2O, O-acetyl-N,O-acetal 3a is activated to
regenerate the iminium ion C, which undergoes the aza-Friedel-
Crafts reaction14,15 to give rise to the corresponding oxidative
decarboxylation–Friedel-Crafts reaction product 2a.


Scheme 4 Proposed reaction pathway for the one-pot oxidative decar-
boxylation–Friedel-Crafts reaction.


Further optimization of decarboxylation conditions was shown
in Table 1. The best ratio of substrate, PhI(OAc)2 and iodine was
1:2:3, with which the reaction time could be shortened to 2 h and
the yield of 3a increased to 35% (Table 1, entry 5). To inhibit the
deleterious hydrolysis of iminium ion C, 4 Å molecular sieves were
added to the oxidative decarboxylation reaction, increasing the
yield of 3a to 46% (Table 1, entry 7). To promote the trapping of
intermediate C with acetate, acetic acid was introduced into the
oxidative decarboxylation reaction. As a result a higher yield of
3a (86%) was obtained when 8 equivalents of acetic acid was used
(Table 1, entry 9). The reaction proceeded with variable efficiency
in CH2Cl2 and EtOAc, but no 3a was formed when DMF, THF,
and toluene were used as the solvent (Table 1, entries 11–15).


Various Lewis and protic acids were examined to promote the
aza-Friedel-Crafts reaction of 3a, and FeCl3 was found to be better
than BF3·Et2O.16 However, the use of FeCl3 led to variable yields of
2a, which might be caused by the high hygroscopicity of FeCl3.17


As a comparison, a control experiment with FeCl2 failed in the
Friedel-Crafts reaction. Further investigation indicated that the


Table 1 Optimization of oxidative decarboxylation of 1a


Entry PhI(OAc)2 (equiv) I2 (equiv) Solvent Additive (equiv) Yield (%)a


1 1 1 ClCH2CH2Cl — 6
2 2 1 ClCH2CH2Cl — 18
3 3 1 ClCH2CH2Cl — 17
4 2 2 ClCH2CH2Cl — 21
5 2 3 ClCH2CH2Cl — 35
6 2 4 ClCH2CH2Cl — 28
7 2 3 ClCH2CH2Cl 4 Å MS 46
8 2 3 ClCH2CH2Cl 4 Å MS, AcOH (4) 66
9 2 3 ClCH2CH2Cl 4 Å MS, AcOH (8) 86


10 2 3 ClCH2CH2Cl 4 Å MS, AcOH (12) 76
11 2 3 CH2Cl2 4 Å MS, AcOH (8) 64
12 2 3 EtOAc 4 Å MS, AcOH (8) 47
13 2 3 DMF 4 Å MS, AcOH (8) 0
14 2 3 toluene 4 Å MS, AcOH (8) 0
15 2 3 THF 4 Å MS, AcOH (8) 0


a Isolated yield based on 1a.
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yield of product from the one-pot oxidative decarboxylation–
Friedel-Crafts reaction was lower than the total yield of the
two-step reaction (Scheme 5). Some oxidation products of 1,3,5-
trimethoxybenzene were isolated as the by-products because of
the existence of excess oxidants [PhI(OAc)2 and I2].


Scheme 5 FeCl3 catalyzed Friedel-Crafts reaction of 3a.


These results prompted us to investigate the possibility of
using iron dust for the one-pot oxidative decarboxylation–Friedel-
Crafts reaction; iron could consume the excess oxidants to avoid
oxidation of the aromatic compounds. Moreover, the in situ-
generated Fe(III) salts could promote the Friedel-Crafts reaction
to avoid the use of the highly hygroscopic FeCl3.


As shown in Scheme 6, the solution of 1a was treated with
PhI(OAc)2 and I2 at room temperature. After decarboxylation
reaction, iron dust and 1,3,5-trimethoxybenzene were added to
the reaction mixture, and the reaction was then allowed to stir
at 40 ◦C. When 1 or 2 equivalents of iron dust were used, only
low yields of product 2a were obtained. When the amount of
iron dust was increased to 3 equivalents, the expected product
was isolated in 87% yield. Further increase of the amount of
iron dust did not improve the yield. No double Friedel-Crafts
reaction product, which is generally formed in the aza-Friedel-
Crafts reaction of aromatic imines,18 was isolated from the one-pot
oxidative decarboxylation–Friedel-Crafts reaction of 1a.


Scheme 6 One-pot oxidative decarboxylation–Friedel-Crafts reaction
using iron dust.


The scope of oxidative decarboxylation–Friedel-Crafts reaction
with respect to the aromatic compounds was then investigated.
Reactions of electron-rich aromatic compounds with alkoxy sub-
stitutions proceeded smoothly, and gave rise to the corresponding
products in moderate to good yields (Table 2, entries 1–7).
Electron-withdrawing substitution on methoxybenzene inhibited


the reaction (Table 2, entry 8). Mesitylene was also effective,
but the reaction only gave the product in a moderate yield
(Table 2, entry 9). When o- and p-xylene were employed, the one-
pot reactions proceeded sluggishly and resulted in low yields of
the products. The corresponding products could be obtained in
moderate yields when the reactions were carried out in two steps
(Table 2, entries 9–11). The reaction with N,N-dimethylaniline
was very complex, and no isolable amount of product was formed
(Table 2, entry 12). Reactions with heteroaromatic compounds
were also examined (Table 2, entries 13–16). The reaction with
furan proceeded smoothly, and afforded the product in good yield.
In the case of thiophene, a low yield was obtained. Pyridine and
indole were found to be sensitive to the reaction conditions, and
complex product mixtures were observed.


The influence of the nitrogen protecting group was studied
(Scheme 7). Under the same condition, the reaction of phthalimide
derivative proceeded smoothly, and gave rise to the corresponding
product 4a in 91% yield. However, when tert-butyl carbamate,
sulfonamide, acetamide, and benzamide derivatives were em-
ployed, only the reaction of benzamide derivative afforded the
corresponding product.


Scheme 7 The influence of the nitrogen protecting group of 2-phenyl-
glycine derivative.


The reaction of leucine derivatives was then investigated
(Scheme 8). The oxidative decarboxylation of the corresponding
succinimide and phthalimide derivatives proceeded smoothly, but
the resulted N,O-acetals did not undergo the subsequent Friedel-
Crafts reaction under the same conditions. The one-pot oxidative
decarboxylation–Friedel-Crafts reaction of benzamido leucine
gave rise to the expected product 5e in 57% yield.


The synthetically relevant deprotection of product 4a to afford
the corresponding diaryl methylamine 6a can be cleanly achieved
under the Ing-Manske condition (Scheme 9).19


Conclusions


In summary, we report here an efficient one-pot oxidative
decarboxylation–Friedel-Crafts reaction of acyclic a-amino acid
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Table 2 One-pot oxidative decarboxylation–Friedel-Crafts reaction of 1a with aromatic compounds


Entry Product 2 Yield (%)a Entry Product 2 Yield (%)a


1 2a 87 9 2i 50 (75)c ,d


2 2b 78 10 2j 12 (57)c ,d


3 2c 88 11 2k 13 (61)c ,d (80:20)b


4 2d 70 12 2l 0


5 2e 65 13 2m 70


6 2f 77 14 2n 37


7 2g 55b (55:45) 15 2o 0


derivatives activated by the combination of iodobenzene diac-
etate/iodine and iron dust. The use of iron avoids the oxidation
of aromatic compounds, and in situ generation of Fe(III) salts to
promote the Friedel-Crafts reaction avoids the use of the highly


hygroscopic FeCl3, resulting in a mild and simple reaction system.
The scope, mechanism, synthetic application, and asymmetric
reaction (using tartaric derivatives as the protecting groups) are
ongoing and will be reported in due course.
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Table 2 One-pot oxidative decarboxylation–Friedel-Crafts reaction of 1a with aromatic compounds


Entry Product 2 Yield (%)a Entry Product 2 Yield (%)a


8 2h 0 16 2p 0


a Isolated yield based on 1a. b Determined by 1H NMR. c Reaction carried out in two steps: after the oxidative decarboxylation, the corresponding
intermediate 3 was isolated, and then treated with 3 equivalents of iron dust and 3 equivalents of ArH in ClCH2CH2Cl at 40 ◦C. d Isolated yield over two
steps based on 1.


Scheme 8 One-pot oxidative decarboxylation–Friedel-Crafts reaction of
leucine derivatives.


Scheme 9 Deprotection of product 4a.


Experimental section


General comments


All reactions were performed in test tubes under nitrogen at-
mosphere. Flash column chromatography was performed using
silica gel (60 Å pore size, 32–63 mm, standard grade). Analytical
thin–layer chromatography was performed using glass plates pre-
coated with 0.25 mm 230–400 mesh silica gel impregnated with
a fluorescent indicator (254 nm). Thin layer chromatography
plates were visualized by exposure to ultraviolet light. Organic
solutions were concentrated on rotary evaporators at ~20 Torr


(house vacuum) at 25–35 ◦C. Commercial reagents and solvents
were used as received.


Oxidative decarboxylation of 1a


A mixture of 1a (93 mg, 0.4 mmol), 4 Å molecular sieves (100 mg)
and PhI(OAc)2 (258 mg, 0.8 mmol) in ClCH2CH2Cl (3 mL) was
stirred at room temperature for 30 min, and then was treated with
I2 (305 mg, 1.2 mmol) and AcOH (192 mg, 3.2 mmol). The reaction
was allowed to stir at room temperature until the disappearance
of 1a. The reaction was quenched with saturated Na2S2O3, and
extracted by ethyl acetate (20 mL ¥ 3). The organic layer was
dried over Na2SO4. After concentration in vacuo, the residue was
purified by column chromatography on silica gel (20% ethyl acetate
in hexanes) to provide the desired product 2,5-dioxopyrrolidin-1-
yl)(phenyl)methyl acetate (3a) in 86% yield. 1H NMR (400 MHz,
CDCl3) d 7.53–7.51 (m, 2H), 7.45 (s, 1H), 7.38–7.34 (m, 3H), 2.71
(s, 4H), 2.20 (s, 3H); 13C NMR d 175.1, 169.3, 134.5, 129.2, 128.5,
126.6, 75.2, 28.1, 20.8; IR (neat cm-1): v = 3011, 2963, 1752, 1708,
1605, 1458, 1387; HRMS calcd for C13H13NNaO4 ([M + Na]+):
270.0742, found: 270.0751.


FeCl3-catalyzed Friedel-Crafts reaction of 3a with
1,3,5-trimethoxybenzene


A solution of 3a (74 mg, 0.3 mmol) in ClCH2CH2Cl (3 mL) was
treated with 1,3,5-trimethoxybenzene (151 mg, 0.9 mmol) and
FeCl3 (97 mg, 0.6 mmol). The reaction was stirred at 40 ◦C until
the disappearance of 3a. The reaction was quenched with 4% HCl
aqueous solution, and extracted by ethyl acetate (20 mL ¥ 3).
The organic layer was dried over Na2SO4, and was concentrated
in vacuo. The residue was purified by column chromatogra-
phy on silica gel (20% ethyl acetate in hexanes) to provide
the desired product 1-(phenyl-(2,4,6-trimethoxyphenyl)methyl)-
pyrrolidine-2,5-dione (2a) in 58% yield. 1H NMR (400 MHz,
CDCl3) d 7.25-7.10 (m, 5H), 6.79 (s, 1H), 6.12 (s, 2H),
3.79 (s, 3H), 3.63 (s, 6H), 2.63 (s, 4H); 13C NMR d 176.7,
161.0, 159.8, 138.6, 127.7, 127.4, 126.6, 106.6, 91.2, 55.9,
55.3, 51.5, 28.2; IR (neat cm-1): v = 2937, 1705, 1606, 1454,
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1391, 1121; HRMS calcd for C20H21NNaO5 ([M + Na]+):
378.1318, found: 378.1326.


General procedure for one-pot oxidative
decarboxylation–Friedel-Crafts reaction


A mixture of 1 (0.4 mmol), 4 Å molecular sieves (100 mg) and
PhI(OAc)2 (258 mg, 0.8 mmol) in ClCH2CH2Cl (3 mL) was stirred
at room temperature for 30 min, and then was treated with I2


(305 mg, 1.2 mmol) and AcOH (192 mg, 3.2 mmol). The reaction
was allowed to stir at room temperature until the disappearance
of 1 (about 2 h). Iron dust (67 mg, 1.2 mmol) and ArH (1.2 mmol)
were added into the reaction mixture, and the resulting reaction
was allowed to stir at 40 ◦C. Upon completion as shown by TLC
(about 3 h), the reaction was quenched with 4% HCl aqueous
solution, and extracted with ethyl acetate (20 mL ¥ 3). The organic
layer was washed with saturated Na2S2O3, and then dried over
Na2SO4. After concentration in vacuo, the residue was purified
by column chromatography on silica gel (20% ethyl acetate in
hexanes) to provide the desired product. The characterization data
is available in the ESI†.


2-(Phenyl(2,4,6-trimethoxyphenyl)methyl)isoindoline-1,3-dione
(4a). 1H NMR (400 MHz, CDCl3) d (ppm) 7.76–7.75 (m, 2H),
7.66–7.64 (m, 2H), 7.26–7.20 (m, 5H), 7.00 (s, 1H), 6.12 (s, 2H),
3.78 (s, 3H), 3.61 (s, 6H); 13C NMR d (ppm) 168.1, 161.1, 159.8,
139.2, 133.7, 132.2, 127.8, 127.4, 126.6, 123.0, 107.0, 91.1, 90.6,
55.9, 55.3, 50.6; IR 2937, 1771, 1716, 1606, 1495, 1389 cm-1;
HRMS calcd for C24H21NNaO5 ([M + Na]+): 426.1318, found:
426.1334.


N-(Phenyl(2,4,6-trimethoxyphenyl)methyl)benzamide (4e). 1H
NMR (400 MHz, CDCl3) d 8.06 (d, J = 9.6 Hz, 1H), 7.83-781
(m, 2H), 7.47–7.40 (m, 3H), 7.29–7.13 (m, 6H), 6.19 (s, 2H), 3.80
(s, 9H); 13C NMR d 166.27, 160.8, 158.8, 142.8, 135.1, 131.3,
128.6, 128.1, 127.0, 126.5, 126.4, 110.2, 91.5, 56.1, 55.4, 47.4; IR
(neat cm-1): v = 3445, 2938, 1661, 1510, 1332, 1204 cm-1; HRMS
calcd for C23H23NNaO4 ([M + Na]+): 400.1525, found: 400.1524.


N-(3-Methyl-1-(2,4,6-trimethoxyphenyl)butyl)benzamide (5e).
1H NMR (400 MHz, CDCl3) d 8.01–7.99 (m, 2H), 7.43–7.39 (m,
3H), 6.12 (s, 2H), 5.54 (d, J = 6.9 Hz, 1H), 4.40 (t, J = 7.2 Hz,
1H), 3.79 (s, 3H), 3.72 (s, 6H), 1.87-1.90 (m, 1H), 1.20–1.25 (m,
2H), 1.03 (d, J = 6.8 Hz, 3H), 0.93 (d, J = 6.4 Hz, 3H); 13C NMR
d 163.5, 160.8, 159.6, 130.8, 128.2, 128.6, 110.7, 91.2, 89.5, 63.5,
55.9, 55.3, 33.4, 18.1, 17.3; IR (neat cm-1): v = 2958, 2927, 1608,
1465, 1419, 1152, 1025 cm-1; HRMS calcd for C21H27NNaO4 ([M +
Na]+): 380.1838, found: 380.1834.


Deprotection of product 4a


A mixture of 4a (101 mg, 0.25 mmol) in hydrazine monohy-
drate (2 mL) was stirred at 100 ◦C for 24 h. The hydrazine
monohydrate was removed in vacuo, and the residue was purified
by column chromatography on silica gel (5% MeOH inCH2Cl2)
to provide the desired product phenyl-(2,4,6-trimethoxyphenyl)-
methanamine (6a)20 in 88% yield. 1H NMR (400 MHz, CDCl3) d
7.36–7.14 (m, 5H), 6.12 (s, 2H), 5.71 (s, 1H), 3.79 (s, 3H), 3.73 (s,
6H), 3.23 (br, 2H).
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For the purpose of modification of a variety of derivatives,
including biologically important compounds, such as sugar
derivatives and proteins etc., we have first synthesized several
non-symmetrical bi-dentate cross-linking reagents, namely
3-(phthalimidoyloxycarbonyl)butyric acid chloride (1), 4-(2-
benzothiazolyloxycarbonyl)butyric-N -hydroxyphthalimide
ester (4) and 4-(1-benzotriazoleoxa)butyric-N-hydroxyphtha-
limide ester (5).


Recently, we have synthesized several antigens which were con-
structed from oxidized cholesterols bound to protein through
MBS (m-maleimidobenzoyl N-hydroxylsuccinimide ester) cross-
linking reagents, in order to develop a new diagnostic method
for atherosclerosis and related diseases using the immuno-assay
protocol.1


As common symmetrical cross-linking reagents having “active
ester” groups,2 the synthesized bifunctional linkers, such as DSG
(disuccimidyl glutarate) and MBS, have become very useful
in the area of chemical conjugation of particular biologically
active molecules.3 The MBS linker is particularly useful as a
non-symmetrical cross-linking reagent, however, apparently its
limitation is that the maleimidoyl group is fundamentally only
useful for the Michael addition of an SH group, which is sometimes
hard or laborious to introduce into the target molecule. In order
to attain the modification of versatile compounds, new types
of non-symmetrical cross-linking reagents having two different
reactivities towards various common nucleophilic groups, such as
hydroxyl, amine, thiol, carboxyl and so on, are quite interesting
and challenging targets. We first targeted and succeeded in
synthesizing the acid chloride linker with “active ester” moiety,
3-(phthalimidoyloxycarbonyl)butyric acid chloride (1) in a pure
crystalline form.


However, similarly to common acid chlorides, this linker is
unstable and not safe for handling and longer storage. Therefore,
we further targeted the synthesis of the non-symmetrical cross-
linking reagents having two groups with different reactivities, 4-
(2-benzothiazolyloxycarbonyl)butyric-N-hydroxyphthalimide es-
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ter (4) and 4-(1-benzotriazoleoxa)butyric-N-hydroxyphthalimide
ester (5).


In this communication, we describe the first synthesis of a new
class of non-symmetrical cross-linking reagents 1, 4, and 5. We also
preliminarily examined the introduction of the linkers 1, 4, and
5 into cholesterol through selective reaction with the 3b-OH, and
successively with benzylamine as a protein model of the cholesterol
antigen.


The acid chloride linker having an “active ester” 14 was prepared
by the following two procedures: (A) the one step reaction of N-
hydroxyphthalimide (we selected N-hydroxyphthalimide instead
of N-hydroxysuccimide for the reason of ease of monitoring the
reaction by TLC) with glutaryl dichloride in the presence of
pyridine in 44% yield (Scheme 1), or (B) the reaction of 1.2 equiv. of
thionyl chloride with 4-(N-oxyphthalimidylcarbonyl)butyric acid
(2) in 92% yield (Scheme 2), where compound 2 was obtained
by the reaction of N-hydroxyphthalimide with glutaric anhydride
in the presence of 4-dimethylaminopyridine (4-DMAP) in 87%
yield. The target non-symmetrical chlorocarbonyl active ester
linker (1) was obtained as a pure solid compound after repeated
recrystallization from hexane-AcOEt.


Scheme 1


Scheme 2
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Table 1 The reactivity of several model “active ester” compounds towards nucleophiles


Entry Substrate NuH Time Product Yield (%)b


1 Z = OPhth 24 h 10 82


2 Z = OPhth 16 h 11 75


3 Z = OPhth 12 h 12 77


4 Z = OBt 5 min 10 77


5 Z = OBtz 1 h 10 89


6 Z = Bt 6 h 10 83


a OPhth=N-oxyphthalimidoyl, OBt=1-oxybenzotriazolyl, OBtz=2-oxybenzothiazolyl, and Bt=1-benzotriazolyl. b Isolated yields (not optimized).


The linker 1 is sensitive to moisture and decomposed gradually,
however, it can be stored under N2 for a long time.


Due to the activation of the acyl group (including sulfinyl and
sulfonyl esters), it is well known that N-hydroxybenzotriazole5


and N-benzotriazole6–7 are quite effective and useful. Meanwhile,
there has been no report about the reactivity difference between
so-called “active ester” groups. In order to obtain more stable
non-symmetrical cross-linkers having two different “active ester”
groups than the chlorocarbonyl linker 1, it is necessary and
important to determine the reactivities of the “active ester”
groups towards nucleophiles. Therefore, at first we determined
the reactivity differences of several so-called “activated carbonyl”
groups using model compounds (Table 1).


The results clearly indicate that the reactivity order towards ben-
zyl alcohol is 7 >> 8 > 9 > 6 (cf. entries 1, 4, 5, and 6). In the case
of 6, the reactivities towards benzyl amine and benzyl thiol were
also examined (entries 2 and 3). Expectedly, the reactivity order is
BnSH > BnNH2 > BnOH, as described in textbooks. From these
results, we selected the combinations of benzotriazolyloxycarbonyl
and N-phthalimidoxycarbonyl and 2-benzothiazolyloxycarbonyl
groups as the candidates for the “active ester” groups of the bi-
dentate cross-linkers. At first, we attempted to synthesize cross-
linkers having benzotriazolyloxy carbonyl as one of the “active
ester” groups, such as 4-(1-benzotriazolyloxycarbonyl)butyric-N-
hydroxyphthalimide ester (3) (Fig. 1) by the reaction of 1 with
N-hydroxybenzotriazole in the presence of DMAP.


The reaction proceeded to form 3, however, we failed to isolate it
in a pure form at this stage, probably due to the very reactive nature
of the benzotriazolyloxycarbonyl group. Therefore, we targeted for


Fig. 1


synthesis the candidates having other combinations of PhthOCO-,
BtzOCO-, and BtCO-groups as “activated” carbonyl groups.


Finally after extensive effort changing reaction conditions and
isolation procedures, we successfully synthesized 48 by the reaction
of 1 with 2-hydroxybenzothiazole in the presence of DABCO at
0 ◦C in 46% yield (Scheme 3), and 59 by the reaction of 2 with
benzotriazole in the presence of N,N¢-dicyclohexylcarbodiimide
(DCC) at 0 ◦C in 84% yield (Scheme 4).


Scheme 3


In order to apply and test the ability of the new linkers thus
prepared in an actual biological molecule system, we studied
the reaction of the linkers 1, 4, and 5 with cholesterol in the
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Table 2 Reaction of non-symmetrical cross linker with cholesterol


Entry Substrate Yield (%)a


1 1 54
2 4 68
3 5 27b


a Isolated yields (not optimized). b 5 was recovered in 40% yield.


Scheme 4


presence of 4-DMAP as a base. The yields of the 3-cholesteroyl-
4-(phthalimidoyloxycarbonyl)butyrate (13)10 are summarized in
Table 2.


As the result, a relatively higher yield was obtained in the case
of 4 (entry 2) in a shorter time.


The low yield of 13 in the case of 5 (entry 3) will be explained
by the relatively low leaving ability of the benzotriazole group (cf.
Table 1).


Further, we examined the reaction of the compound 13 with
benzylamine (a model compound for protein) as a model reaction
for the synthesis of an antigen. The product 3-cholesteroyl-
4-(benzylaminocarbonyl)butyrate (14)11 was isolated by flash
column chromatography on silica gel in a high yield of 91%
(Scheme 5).


Scheme 5


In our previous report1 we have demonstrated that the tar-
get monoclonal antibody was successfully obtained by in situ
immunization with the antigen obtained by the reaction of the
pre-antigen bearing MBS moiety (such as 13 in this report)
with protein. Consequently, it is expected that many kinds of
monoclonal antibodies will be easily attained by using the non-
symmetrical cross-linkers described here.


It would be interesting to modify sugar derivatives, such as
cellulose (include modified celluloses), starch (modified starches),
cyclodextrin etc., using the new non-symmetrical cross linkers


1,4, and 5. We are now aiming to introduce these linkers
into filter papers and modified starches, in order to develop
useful functionalized papers and starches, and have succeeded in
modifying these materials in preliminary experiments.
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A study comparing the chemical oxidation of drug candidates
with cell-based metabolism (liver microsomes, hepatocytes)
shows that biomimetic oxidation can replace the biological
approach, thus allowing access to large quantities of metabo-
lites, which can also be used for the preparation of new
products.


In the course of drug discovery, features such as absorption,
distribution, metabolism and excretion (ADME) are determinant
parameters that need to be studied at the earliest stages.1 In
mammals, cytochromes P450 (CYP450) are primarily responsible
for the oxidative metabolism of endogenous and exogenous
products.2


Cell-based metabolism studies of active compounds using liver
microsomes, hepatocytes, or microfungi present several advan-
tages over in vivo studies in animals,3 but the difficulty of isolation
from the biological medium and small quantities are severe
drawbacks.4 Thus metalloporphyrin (MEP) catalyzed oxidations
have been proposed as a biomimetic alternative approach to the
cell-based metabolism study of bioactive compounds.4–10


Certain MEPs in the presence of active oxygen donors form
metallo-oxo species that mimic the active sites of cytochrome
enzyme systems.11 This strategy presents the advantage of pro-
ducing several metabolite candidates, helping in the identification
of the cell-based and/or in vivo produced metabolites. As part
of ongoing studies to determine the metabolites of 2-substituted
quinolines prepared in our laboratories as agents against the
parasitic disease leishmaniasis,12,13 previous studies characterized
several metabolites of 2-propylquinoline produced in vitro by liver
microsomes, hepatocytes and recombinantly expressed enzymes
using LC/MS analyses.14


In this communication we report the biomimetic chemical
oxidation of 2-substituted quinolines catalyzed by either chloro-
manganese(tetra-2,6-dichlorophenylporphyrin) (Mn(TDCPP)-
Cl), or chloromanganese(tetraphenylchlorofluoroporphyrin)
(Mn(TPCFP)Cl). The results show that these synthetically
prepared products are similar to those obtained by cell-based
experiments. To our knowledge this is the first time that such
metabolites have been produced in gram quantities.15 Thus our
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nosie, UFR de Pharmacie, Châtenay-Malabry, F-92296, France. E-mail:
bruno.figadere@u-psud.fr; Fax: (33) 1 4683 5399; Tel: (33) 1 4683 5592
cIRD US084, Laboratoire de Pharmacognosie, Faculté de Pharmacie,
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approach allows us to transform the metabolites further into
functionalized products that are being biologically tested and
used for the preparation of more highly elaborated compounds.


The MEPs used in this study were prepared as already described
by Lindsey et al.16 from the corresponding porphyrinogen followed
by metallation. The oxidation reactions were performed as follows:
1 g of substrate 2a or 2b in a three-neck round bottomed flask with
0.133 g (2.5 mol%) of either Mn(TDCPP)Cl, or Mn(TPCFP)Cl,
and 10 mol% of imidazole in 1:1 dichloromethane/acetonitrile
(18 mL) open to the atmosphere were stirred at room temperature.
Imidazole (50 mol%) and H2O2 (35%, 2.6 mL) in acetonitrile
(25 mL) were slowly added via an addition funnel. The reaction
was stopped after TLC analysis showed no further evolution
of the reaction mixture (around 2 h). After evaporation of the
solvent the crude reaction mixture was purified by repeated
flash chromatography on silica gel (with 7/3 cyclohexane:EtOAc
as eluent), affording several fractions (with purity checked by
HPLC and in the range of 88.1 to 99.7%) which were an-
alyzed by 1H and 13C NMR spectroscopy as well as mass
spectrometry.


Interestingly, when 2-propylquinoline 2a was oxidized as de-
scribed above, racemic compound 3a was isolated in 17% yield17


and identified as one of the metabolites previously proposed on
the basis of HPLC/mass analysis from in vitro rat microsome
experiments (Fig. 1).14 It is worth noting that 3a, obtained in such
quantities, can be fully characterized (see spectroscopic data17).


Compound 4a, which was not observed in the cell-based
experiments, was isolated as a single diastereomer (whose stere-
ochemistry has not been elucidated yet) as the major product
(36% yield).17 With an authentic sample in hand, it could be
interesting to check if 4a is ever produced in vitro by hepatocytes
(4a may have reacted with nucleophiles such as glutathione
through an enzymatic (glutathione transferase) or non-enzymatic
pathway).14,18 Starting material 2a was also recovered in 15% yield.
Several other compounds present in low quantities could not be
characterized. However when compound 2a was oxidized by a
different MEP under the same reaction conditions as described
above, a new compound 5a was obtained (14% yield),17 together
with metabolite candidates 3a and 4a (in 13 and 39% yield,
respectively) and starting material 2a recovered in 9% yield.
The ketone 5a corresponds to an over-oxidized metabolite (2-(2-
hydroxypropyl)quinoline) produced by human liver microsomes
in vitro and by rat CYP450 isoenzyme (primarily CYP2B1 and
2A6) oxidation14 (Fig. 1). When the reaction was performed under
the same reaction conditions as described above but without MEP
catalyst, starting material 2a was recovered unchanged and no
oxidized products were observed.


4494 | Org. Biomol. Chem., 2008, 6, 4494–4497 This journal is © The Royal Society of Chemistry 2008







Fig. 1 MEP catalyzed oxidation of 2a.


We have also studied the MEP catalyzed oxidation of another
antiparasitic 2-substituted quinoline, compound 2b, which has
shown promising in vivo antileishmanial activity in an animal
model of visceral leishmaniasis.19 When quinoline 2b was treated
as above in the presence of a catalytic amount of Mn(TPCFP)Cl,
compound 3b was obtained in a trace amount,20 together with the
other monoepoxy compounds 3c and 3d, whereas the diepoxide
4b was isolated as a single diastereomer (again its stereochemistry
has not been elucidated yet) in 35% yield.20 It is interesting to
note that a minor product 4c, which could be produced from 4b
by the addition of two molecules of water, was characterized and
isolated in 3% yield (Fig. 2). When the reaction was performed
with Mn(TDCPP)Cl all five compounds were obtained in slightly
different yields (see Fig. 2). Even with longer reaction time,
starting material 2b was not completely consumed under these
reaction conditions; optimization of the process is still under
investigation. Under the reaction conditions used in this study, no
side-chain oxidation of 2b was observed. This illustrates the high
chemoselectivity of the MEP oxidation system. In fact when the
oxidation of 2b was attempted in the absence of MEP, no reaction
occurred and the starting material was recovered unchanged.


These results show that 2-substituted quinolines, when
treated by MEP and H2O2 in the presence of imidazole in
dichloromethane/acetonitrile, give mainly oxidized products that
possess one or two epoxide rings on the aromatic moiety. Side-
chain oxidation is a minor event for the propyl group (electron
donor substituent) and not observed in the presence of the acry-


lonitrile (electron withdrawing group). Because MEP oxidation
produces these metabolites on the gram scale, they can now be used
as intermediates for the preparation of more elaborated structures,
as shown in Fig. 3.


For instance, product 4a was treated in wet acetone in the
presence of a catalytic amount of sulfuric acid for 4 h to give the
expected tetraol 6a in 80% yield.17 Manganese dioxide oxidation
of 6a led then to the bis-oxidized product 7a,17 which is stable,
although tautomeric with 8a (Fig. 3).


In conclusion, this study shows that the MEP catalyzed oxi-
dation of 2-substituted quinolines mimics the CYP450 oxidation
responsible for drug metabolism in mammals. Thus, it can be
used as a chemical model of drug metabolism, since identical
compounds have been obtained by both methods. Furthermore,
new metabolite candidates, not yet characterized elsewhere, have
also been produced, which could help in the characterization of
metabolites produced in vitro/in vivo.


The preparative scale of this approach should be emphasized,
since the oxidized compounds can now be independently studied
for their bioactivity (results to be published in due course) and
also be used as key building blocks for the access of more highly
elaborated products such as the 5,6,7,8-tetrahydroxyquinoline
derivative 8a. Generalization of this method for metabolite pro-
duction of active principles used in the pharmaceutical industry is
in progress.


To a greater extent, biomimetic chemical oxidation of any
chemical substance ought to be studied in order to gain


Fig. 2 MEP catalyzed oxidation of 2b.
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Fig. 3 Acid opening and oxidation of 4a.


knowledge regarding metabolite candidates for toxicological stud-
ies. Improvements in metalloporphyrin-based oxidation reactions
can be envisaged to give higher yields and better substrate
selectivity, which might ultimately lead to more regio-, chemo-
and enantioselective oxidations.21
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support (concours de la Création d’Entreprise 2005, Concours R
& D 2008). Thanks are due to B. Seon-Meniel for the preparation
of compounds 2a,b. C. Devys, C. Fabre, O. Diebate and H. Nsa
Moto are thanked for their technical help. We wish to particularly
thank Professor D. Mansuy (Université Paris 5, Paris, France) for
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22.6, 13.8; EIMS (70 eV) m/z (%) 235 (M, 15), 203 (41), 188 (40),
175 (100), 159 (22), 146 (14), 77 (15); IR cm-1 2920, 1710, 1590, 1260,
1115.


18 C. Frova, Biomol. Eng., 2006, 23, 149–169.
19 H. Nakayama, J. Desrivot, C. Bories, X. Franck, B. Figadère, R.


Hocquemiller, A. Fournet and P. M. Loiseau, Biomed. Pharmacother.,
2007, 61, 186–188.


20 Mn(TDCPP)Cl catalyzed oxidation of 2b (1 g): compound 3b (trace):
EIMS (70 eV) m/z (%) 196 (M, 17), 168 (20), 140 (15), 129 (15), 128
(100); compound 3c (18.8 mg): 1H (300 MHz, CDCl3) d 7.95 (d, J =
7.8 Hz, 1H), 7.41 (d, J = 15.9 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 6.94
(brd, J = 9.6 Hz, 1H), 6.80 (dd, J = 9.9, 3.9 Hz, 1H), 6.64 (d, J =
16.2 Hz, 1H), 4.49 (d, J = 3.9 Hz, 1H), 4.17 (td, J = 3.9, 1.5 Hz, 1H);
13C (75 MHz, CDCl3) d 151.6, 150.9, 148.1, 138.2, 133.1, 131.3, 129.8,
122.5, 117.8, 101.5, 56.1, 53.0; EIMS (70 eV) m/z (%) 196 (M, 100), 179
(12), 168 (17), 145 (30), 143 (20); IR cm-12920, 2215, 1565, 1455, 970;
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compound 3d (10.1 mg): 1H (300 MHz, CDCl3) d 7.62 (d, J = 7.8 Hz,
1H), 7.41 (d, J = 16.2 Hz, 1H), 7.32 (d, J = 7.8 Hz, 1H), 6.75 (brd,
J = 9.6 Hz, 1H), 6.72 (d, J = 15.3 Hz, 1H), 6.60 (dd, J = 9.6, 3.6 Hz,
1H), 4.64 (d, J = 3.6 Hz, 1H), 4.19 (td, J = 3.6, 1.5 Hz, 1H);13C (75
MHz, CDCl3) d 151.5, 149.7, 147.8, 146.0, 136.2, 129.6, 128.8, 128.2,
124.3, 117.9, 101.1, 58.1, 53.7; EIMS (70 eV) m/z (%) 196 (M, 100),
168 (34), 145 (12), 140 (12), 70 (9), 63 (9); compound 4b (205.3 mg): 1H
(300 MHz, CDCl3) d 7.76 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 16.0 Hz,
1H), 7.26 (d, J = 7.6 Hz, 1H), 6.67 (d, J = 16.0 Hz, 1H), 4.08 (m, 1H),
4.06 (m, 1H), 3.88 (d, J = 4.0 Hz, 1H), 3.73 (d, J = 4.0 Hz, 1H); 13C (75
MHz, CDCl3) d 153.0, 151.0, 147.2, 139.6, 129.4, 124.1, 117.7, 102.0,


55.5, 54.8, 52.9, 50.5; EIMS (70 eV) m/z (%) 212 (M, 32), 183 (100),
155 (86), 128 (18), 102 (14), 77 (11); IR cm-1 3070, 3020, 2920, 2850,
2220, 1730, 1570, 1455, 960. compound 4c (15.2 mg): 1H (300 MHz,
CDCl3) d 7.96 (d, J = 7.8 Hz, 1H), 7.66 (d, J = 16.2 Hz, 1H), 7.65 (d,
J = 7.8 Hz, 1H), 6.81 (d, J = 16.2 Hz, 1H), 5.14 (m, 1H), 4.74 (m, 1H),
4.10 (dd, J = 3.6, 0.3 Hz, 1H), 3.94 (m, 1H); 13C (75 MHz, CDCl3) d
155.2, 153.1, 149.2, 142.2, 132.8, 126.6, 119.5, 103.2, 69.6, 58.5, 57.2,
54.0; EIMS (70 eV) m/z (%) 248 (M, 13), 213 (100), 196 (28), 185 (52),
167 (52), 155 (35), 129 (20), 102 (20), 77 (27); IR cm-1 3300, 2925, 2220,
1745, 1570, 1445, 960.


21 D. Mansuy, C. R. Chimie, 2007, 10, 392–413.
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Additions and corrections


Asymmetric synthesis of N ,O,O,O-tetra-acetyl D-lyxo-phytosphingosine, jaspine B (pachastrissamine), 2-epi-jaspine B, and
deoxoprosophylline via lithium amide conjugate addition


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


Org. Biomol. Chem., 2008, 6, 1665–1673 (DOI: 10.1039/b801671b)


On page 1669, above Scheme 8, the specific rotation data for (–)-deoxoprosophylline 32 should read: [a]22
D −13.5 (c 0.3 in CHCl3); lit.35a


[a]D −14.0 (c 0.2 in CHCl3); lit.35k for enantiomer [a]20
D +13.0 (c 0.2 in CHCl3).


On page 1672, within the experimental section for (–)-deoxoprosophylline 32, the absolute configuration for (–)-deoxoprosophylline 32
should read: (2S,3R,6R), and the specific rotation data should read: [a]22


D −13.5 (c 0.3 in CHCl3); lit.35a [a]D −14.0 (c 0.2 in CHCl3); lit.35k


for enantiomer [a]20
D +13.0 (c 0.2 in CHCl3).


6-Azauracil or 8-aza-7-deazaadenine nucleosides and oligonucleotides: the effect of 2′-fluoro substituents and nucleobase nitrogens on
conformation and base pairing


Frank Seela and Padmaja Chittepu


Org. Biomol. Chem., DOI: 10.1039/b715512c


The authors regret the following error:


In the graphical abstract, Scheme 8 and Scheme 9 it was drawn that one sugar was in the anti and the other in the syn conformation.
Both sugars should however be in the anti conformation as shown in the corrected versions below.


Graphical abstract:


Scheme 8: Scheme 9:
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Aminopropargyl derivative of terpyridine-bis(methyl-enamine) tetraacetic acid chelate of europium (Eu (TMT)-AP3): a new reagent for
fluorescent labelling of proteins and peptides


Séverine Poupart, Cédric Boudou, Philippe Peixoto, Marc Massonneau, Pierre-Yves Renard and Anthony Romieu


Org. Biomol. Chem., 2006, 4, 4165–4177 (DOI: 10.1039/b612805j)


The authors regret the following error:


Quantum yield (U) and brightness (eU) values determined for Eu (TMT)-AP3 chelate 3 and reported in Table 1, were calculated from
raw data recorded in the “fluorescence mode” of our Varian Cary Eclipse spectrophotometer.


Due to the long luminescence lifetime of 3, the “phosphorescence mode” (for which it is possible to tune the “total decay time” parameter
to a higher value: 10 ms) is more suitable to record all the luminescence emitted by this lanthanide chelate. Thus, U (0.169 compared to
0.0064) and eU (5570 compared to 210) were found to be dramatically higher than the initial reported values.
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Concise synthesis of the tricyclic core of lycoposerramine S


Mark C. Elliott, Nahed N. E. El Sayed and James S. Paine


Org. Biomol. Chem., DOI: 10.1039/b804664f


A reader has pointed out that this paper contains several cyclohexene and cyclohexa-1,4-diene structures that apparently contain trans
double-bonds, e.g. structure 21. Our intention was to relate the structure of compounds along the synthetic route to that of the natural
product target. The double-bonds are, of course, all cis, as shown in Scheme 2 of the paper, and we apologise for any confusion that our
drawing structures in the form of 21 below has caused.


Propensity for local folding induced by the urea fragment in short-chain oligomers


Lucile Fischer, Claude Didierjean, Franck Jolibois, Vincent Semetey, Jose Manuel Lozano, Jean-Paul Briand, Michel Marraud,
Romuald Poteau and Gilles Guichard


Org. Biomol. Chem., DOI: 10.1039/b801139g


In Table 3, there was an error in the legend of the third column. It should have read N1–H + N′2–H.


The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.


Additions and corrections can be viewed online by accessing the original article to which they apply.
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