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Four synthetic anion transporters (SATs) having the general formula
(n-C18H37)2N-COCH2OCH2CO-(Gly)3Pro-Lys(e-N-R)-(Gly)2-O-n-C7H15 were prepared and studied.
The group R was Cbz, H (TFA salt), t-Boc, and dansyl in peptides 1, 2, 3, and 4 respectively. The
glutamine analog (GGGPQAG sequence) was also included. A dansyl-substituted fluorescent SAT was
used to probe peptide insertion; the dansyl sidechain resides in an environment near the bilayer’s
midpolar regime. When the lysine sidechain was free or protected amine, little effect was noted on final
Cl− transport rate in DOPC : DOPA (7 : 3) liposomes. This stands in contrast to the significant
retardation of transport previously observed when a negative glutamate residue was present in the
peptide sequence. It was also found that Cl− release from liposomes depended on the phospholipid
composition of the vesicles. Chloride transport diminished significantly for the free lysine containing
SAT, 2, when the lipid was altered from DOPC : DOPA to pure DOPC. Amide-sidechained SATs 1 and
5 showed a relatively small decrease in Cl− transport. The effect of lipid composition on Cl− transport
was explained by differences in electrostatic interaction between amino acid sidechain and lipid
headgroup, which was modeled by computation.


Introduction


Phospholipid membranes occur in astonishing variety even within
organelles of the same cell.1 Variations are found in all ele-
ments of the phospholipid monomer, including the hydrophobic
tail(s), headgroup, etc. Common headgroups include choline,
ethanolamine, serine, and inositol, among many others. These
headgroups are typically linked through a phosphoryl residue
to glycerol. Two fatty acids, esterified to primary and secondary
glyceryl hydroxyl groups, generally provide the membrane’s hy-
drophobic element.2


The great variability in phospholipid headgroups means that
they may interact differently with their environment and/or with
structures embedded within them.3 Variations in the headgroup’s
charge state may alter the rate at which ions or molecules are
transported through the bilayer. In recent studies conducted with
hydraphile synthetic ion channels, we found that cation–p interac-
tions involving phosphocholine headgroups4 played a significant
role in transport efficacy.5 Further, organizational elements such as
hydrogen bond donors or acceptors, residues that can participate
in salt bridge formation, etc., may exhibit unique interactions
with certain membrane compositions.6 It is known, for example,
that many antibiotic peptides incorporate basic amino acids in
their sequences, which enhance their affinity for Gram-negative
bacteria, the outer membrane of which is negatively charged.7–9
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A broad range of synthetic, membrane-active peptides has been
developed in recent years. Examples include antibacterial peptides
developed in the labs of Ghadiri10 and Tirrell.11 Pore-forming
peptides have been reported by Voyer12 and by Matile,13 and their
coworkers. At least the compounds reported by Ghadiri, Voyer,
and Matile form pores that appear to disrupt cellular osmotic
balance. Our non-peptidic hydraphile molecules do likewise.14


Various synthetic non-peptide receptors, which can mediate anion
transport through bilayer membrane, have also been designed,
prepared and characterized.15–19 We have prepared a family
of pore-forming synthetic anion transporters (SATs) typically
of the formula (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OR.20 Although not active as antibiotics against E. coli, they show
chloride transport activity in vital mammalian cells. In the latter
sense, they have potential as pharmaceutical agents.21 The Cl−


transport efficacy of many members of this peptide family has
been documented by studies involving liposomes22 and at least 10-
fold selectivity for chloride over potassium was observed by planar
bilayer conductance measurements for the ∼(Gly)3-Pro-(Gly)3-
OC18H37 derivative.20,23 Both planar bilayer conductance studies
and Hill plots comport with pore formation.22,23


In recent work, we systematically replaced each of the glycine
residues in the sequence ∼(Gly)3-Pro-(Gly)3∼ on the C-terminal
side of proline with glutamic acid.24,25 The goal was to determine if
the presence of a negatively charged residue within the pore formed
by these compounds altered the Cl− transport rate. A negative
charge is, of course, expected to repel other negative charges, but
this study sought to characterize the behavior of a pore formed
within a phospholipid bilayer rather than in any bulk phase. The
question was inspired by the proposal that a glutamic acid residue
in the conductance pore of the ClC protein chloride transporter
serves as a gate.26,27 Indeed, the SAT containing a glutamate
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residue, was a measurably poorer Cl− transporter than was the
glutamate benzyl ester analog. In the present study, we pose two
questions. First, does lysine, which should be protonated and posi-
tive within the conductance pore, affect Cl− transport? Second, do
variations in the membrane monomers and their charge balance
affect Cl− transport? In order to address these issues, we have
developed a fluorescent probe, described below, that was used to
gain insight into the function of SATs within the bilayer.


Results and discussion


Compounds studied


We have studied anion transport for numerous compounds of the
type (R1)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2, in which
R1 ranged from methyl to octadecyl. The most common identity
for R1 was n-octadecyl. A number of derivatives were studied
in which R2 was varied, but in most examples R2 was either
benzyl or n-heptyl. The peptide sequences studied have been
varied as well but were predominantly (Gly)3-Pro-(Gly)3.28 Since
most of the data were acquired with bis(octadecyl) derivatives,
such as (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2, and
since transport activity was typically highest when R2 was n-
heptyl,22 the compounds studied for the present report can
be summarized as (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-Lyx-
(Gly)2-O(CH2)6CH3. The abbreviation Lyx is used to connote
a lysine derivative having various substituents on the e-amino
group. The lysine derivatives 1–4 are illustrated, along with 5,
which has the structure (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-
Gln-Ala-Gly-O(CH2)6CH3.


L-Lysine was incorporated in the fifth position of the sequence
noted above to give ∼(Gly)3-Pro-Lys-(Gly)2∼ (∼GGGPKGG∼).
The e-amino group of lysine was functionalized as follows:
1, benzyloxycarbonyl (Cbz); 2, free amine, trifluoroacetic acid
salt; 3, tert-butoxycarbonyl (t-Boc); 4, dansyl. This range of
compounds permitted us to assess three issues. First, dansyl
derivative 4 was used to determine if it, and by inference the
lysine derivatives, inserts into the bilayer. Second, compound 2
places a positive charge (protonated amino group) within the
conductance pore. Evidence obtained in previous studies suggests
that the conductance pore forms from at least two monomers,22


so two (or more) positive charges should be present. A third issue
concerns the influence of changes in bilayer composition on the


transport efficacy of these SATs. The results are described in the
sections below.


Compound preparation


Standard solution coupling methods were used to prepare 1–
5. The e-amino group of lysine was protected during peptide
coupling. During the preparation of peptide 1, Fmoc protected
the main chain amino group and the sidechain amino group was
masked by Cbz. The “orthogonal” protecting groups Cbz and
Fmoc can be removed by hydrogenolysis or by treatment with
base, respectively. The C-terminal, three amino acid sequence was
prepared by coupling the lysine derivative with glycylglycine n-
heptyl ester tosylate (EDCI, HOBt, NMM, CH2Cl2) to afford
tripeptide Fmoc-(e-N-Cbz)KGG-OC7H15. The Fmoc group was
removed in the presence of Et2NH. The free amine was then treated
with Boc-proline to give Boc-P(e-N-Cbz)KGG-OC7H15. After
cleavage of the Boc group (HOAc : TFA, 3 : 7), the amine salt was
coupled with previously reported22 (C18H37)2N-COCH2OCH2CO-
(Gly)3-OH to afford 1. Compounds 2–5 were prepared by using a
similar strategy. Synthetic access to 1 is summarized in Scheme 1
and details are recorded in the Experimental section.


Use of dansyl-SAT 4 as a fluorescent membrane probe


The dimethylaminonaphthylsulfonyl or dansyl group is highly
fluorescent. It can readily be conjugated to the sidechain amino
group of lysine to serve as a probe of amphiphile self-assembly
and to probe insertion into the bilayer. Data are shown in
Fig. 1 for chloride release mediated by 1–4 from vesicles prepared
from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-sn-glycero-3-phosphate monosodium salt (DOPA, struc-
tures shown). Dansyl-SAT 4 shows essentially the same chloride
release behavior as does 3. Fig. 1 shows that 2 appears to form a
pore faster than 1, 3, or 4 but 2–4 show similar Cl− release profiles
over the observation period. Compound 1 shows an unexpected
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Scheme 1 Preparation of compound 1.


Fig. 1 Chloride release from DOPC : DOPA (7 : 3) liposomes mediated
by 1, 2, 3, and 4 (0.31 mM lipids, 65 lM compound, pH= 7.0).


increase in activity after about 1200 s. Although there are certainly
differences in Cl− release activity among these compounds, these
data show that the fluorescent reporter in 4 does not fundamentally
alter the peptide’s behavior as is sometimes the case for fluorescent
derivatives.


The fluorescence maximum (kmax, kexc = 340 nm) was determined
for 4 in solvents of varying polarity in order to better understand
the dansyl group’s position in the bilayer. This would, by inference,
indicate the position of the lysine. Thus, the emission maximum
for dansyl-SAT 4 was measured in hexane, dioxane, ethyl acetate,
dichloromethane, 2-propanol, butanol, ethanol, and methanol
(kmax ∼475–510 nm). The maxima were plotted on the ordinate
vs. Reichardt’s ET polarity parameter (low to high values) on
the abscissa.29 The plot gave a straight line relationship (slope =
1.19, y intercept = 439.9 nm, r2 = 0.97) over the range of
solvents. The fluorescence maximum for 4 in DOPC : DOPA (7 :
3) liposomes was 492 nm. This corresponds to an ET value of
43. Common solvents having similar ET values are acetone, 42;
dimethylformamide (DMF), 43; and butyrolactone, 44. It is clear
that the dansyl group is neither exposed to the aqueous interface
(high polarity) or embedded in the insulator/hydrocarbon regime
(very low polarity) of the bilayer. This places dansyl at or near the
midpolar (glyceryl) regime of the bilayer leaflet.30 The fluorescence
method does not permit greater precision in the present case
because SAT insertion and pore formation are dynamic processes.
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The fluorescence maximum (kmax) observed for 4 suspended
in HEPES buffer was 481 nm. Interpolation results in an ET


value of 35, which lies between hexane and dioxane on this scale.
The aqueous buffer is very polar; the low polarity environment
experienced by 4 shows that the amphiphilic peptide aggregates
in aqueous solution, although the extent of this association is
currently unknown.


Effect of membrane composition on the fluorescence spectrum of 4


In studies with hydraphile cation channels, we noted a significant
effect of membrane composition on membrane transport. We
have attributed this to cation–p interactions between the channel-
former and the membrane monomer’s headgroups.5 We were
thus interested to determine if the SAT pore-formers exhibited a
membrane composition-dependent variation in anion transport.
This was of particular significance in the present case as the
positive charge of 2 could interact with the negatively charged
phosphoryl residues in the membrane monomers.


The emission maximum of dansyl-SAT 4 was found to be
492 nm when it was recorded in vesicles prepared from a 7 : 3
(w/w) DOPC : DOPA mixture. Based on the polarity dependence
study described above, the dansyl group of 4 should be near
the midpolar/insulator (hydrocarbon) interface of the membrane
in this monomer mixture. When liposomes were prepared from
DOPC alone, an emission maximum was reproducibly observed
at 490 nm for 4, suggesting that dansyl resides in a slightly less
polar environment than when present in DOPC : DOPA vesicles.
Fig. 2 shows the variation in emission maximum (kmax) in buffer,
pure DOPC and the 7 : 3 DOPC : DOPA mixture. Based on these
data and the polarity survey described above, the dansyl residue of
4 experiences diminishing polarity in the order DOPC : DOPA >


DOPC > HEPES buffer.


Fig. 2 The fluorescence emission spectra of 4 in aqueous buffer, DOPC,
and DOPC : DOPA liposome suspension.


Chloride release mediated by compounds 1–4


The Cl− release profiles of 1–4 in DOPC : DOPA liposomes are
shown above in Fig. 1. The experiments were conducted as follows.
The vesicles were loaded with 600 mM KCl in HEPES buffer
(pH 7). The external buffer was chloride free, 400 mM K2SO4 in
HEPES (pH 7). An Accumet chloride combination electrode was
calibrated and the vesicle system was checked for leakage. With
the electrode inserted into the aqueous liposome suspension, the
ionophore under study was introduced (typically as a 2-propanol
solution) and the electrode response was recorded during 0.5–1 h.


Typically, the chloride electrode showed ion release within
seconds after ionophore addition. Automated data collection
recorded an electrode potential every second. At the conclusion
of an experiment, Triton X-100 detergent was added to lyse the
vesicles and a final reading established [Cl−] = 100%. The release
data were normalized to the final chloride concentration and are
presented as fractional chloride release. Each data set is the average
of at least three independent experiments.


Effect of lysine on chloride transport


One of the key questions we wished to address was whether
or not protonated lysine affects Cl− release from liposomes.
Structurally, compounds 1–4 differ only by the presence or absence
of the functional group on the lysine residue in the peptide’s fifth
(GGGPXGG) position. The sidechain amino group of lysine is
reported to have a pKA of 10.54, so it will be completely protonated
at any pH below 8. Fig. 1 (above) shows that chloride release
from DOPC : DOPA vesicles by 1–4 is generally similar, although
ultimate release by 1 is greater and pore formation by 2 is faster
than the others. Release of Cl− by 1 before 1200 s is about the same
as for 3–4 and only about 50% higher at 0.5 h. The reason for these
two variations is obviously of interest but beyond the scope of the
present work. The fluorescence results show that 4 aggregates in
buffer so the dynamics of both insertion and pore formation could
both differ somewhat for each of the structures.


The key finding here is that the positively charged lysine
sidechain in 2 appears not to have a significant overall effect on
the Cl− transport rate, although the initial rate is somewhat faster.
In previous work, we found that a similarly placed glutamate
significantly diminished chloride transport under comparable
conditions.24,25 The effect of positive charge in or near the
conductance pore is clearly less significant than is the presence
of negative charge.


There are at least two explanations for the differences in
charge effect. In one sense it is obvious that a negative charge
(ionized glutamic acid) in a confined space should repel another
negative charge and a positive charge (protonated lysine) should
attract it. In the latter case, attraction of the anion may favor
transport although too strong an interaction could diminish it.
The lack of an observed effect may be due to offsetting effects.31


Alternately, it may be that the amide residues of the GGGPXGG
sequence bind32,33 the carboxylate anion, partly blocking the pore
or otherwise reorganizing it. The amides are less likely to interact
with the ammonium ion although some H-bonding may occur
there as well.


Effect of lipid composition on chloride transport


The second major question of the present study concerned
the effect, if any, of lipid composition on the efficacy of Cl−


release mediated by 1–4. Vesicles were prepared either from pure
DOPC or 7 : 3 DOPC : DOPA as described above and Cl−


release was monitored. The headgroup of DOPA is negatively
charged, whereas DOPC is overall neutral but is terminated by a
trimethylammonium residue (see structures above). The results of
Cl− release from DOPC vesicles, mediated by 1–4, are shown in
Fig. 3. Protected sidechain amine derivatives 3 and 4 show behavior
similar to that exhibited in DOPC : DOPA vesicles while 1 is


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2914–2923 | 2917







Fig. 3 Chloride release from DOPC liposomes mediated by 1, 2, 3, and
4 (0.31 mM lipids, 65 lM compound, pH= 7.0).


slightly less active in DOPC vesicles. Positively charged 2, however,
was significantly less active in pure DOPC liposomes. The chloride
release from DOPC mediated by glutamate containing SATs has
similar result as that from DOPC : DOPA (7 : 3) liposomes.


Comparison of transport rates


It is clear from the data that transport by these synthetic anion
transporters differs according to membrane composition. Since
the release curves vary from DOPC : DOPA (7 : 3) to DOPC,
especially from 0–200 s, we chose an arbitrary time point for
comparison.5 The fractional chloride release at 1500 s for each
compound is summarized in Fig. 4. The left hand (open) bar is
the transport rate for the compound in the 7 : 3 DOPC : DOPA
mixture. The right hand (filled) bar is for an identical experiment
conducted in DOPC only lipids. Each data set is the average
of at least three independent measurements (error bars shown).
Previously reported 5, (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-
Gln-Ala-Gly-OC7H15, was used as a control compound since it
contains a sidechain amide moiety, as do compounds 1 and 3.


Fig. 4 Comparison of fractional chloride release at 1500 s mediated by
1–5 in DOPC or DOPC : DOPA liposomes.


The transport results for compounds 1–5 can be summarized in
three groups. The Cl− transport rates for 3 and 4 are unchanged
within experimental error, irrespective of lipid composition. Com-
pounds 1 and 5, which have neutral but polar carbamate and
amide sidechains, respectively, show about 70% of the transport
activity in DOPC membranes compared to the DOPC : DOPA
mixture. Lysine-containing 2 shows a drop in Cl− transport ability
to only 40% of its previous value. We note that both 1 and 3
incorporate carbamate residues in their sidechains, but the activity


of the former is diminished and the latter is not. Our main focus
here was to determine if there was lipid dependence on anion
transport mediated by 2. Such an effect was observed. The lipid
effect on 1 remains unclear but it is only half that observed for 2.


Compound 2, which has a positively charged sidechain, is
less active as a chloride transporter than either 1 or 5 at the
arbitrarily chosen 1500 s time point. The Cl− release mediated
by 2 at 1500 s decreases by 60% when the lipid composition is
changed. Since there was little change in the transport rate between
protonated and neutral sidechained 2–4 in DOPC : DOPA (7 : 3)
liposomes, we infer that there is a significant interaction between
transporter 2 and lipid monomer. This interaction must be
weaker for 3 and 4. Possible interactions between a phospholipid
headgroup and a SAT sidechain can involve H-bonding, salt
bridge formation, charge–charge, or dipole–dipole interactions.
Four plausible interactions are shown in Fig. 5.


Fig. 5 Plausible interactions between phospholipid headgroup and
ammonium (left) or amide residues (right).


Molecular modeling study


We applied computational methods to simplified models of both
the lipids and the SAT in order to gain insight into these
possible interactions and to assess geometrical constraints. Such
calculations could be done on an ensemble of lipid monomers34


and SAT molecules. Such calculations require a huge amount
of CPU time even with the most capable processors. We thus
simplified the system as follows. The phospholipids were modeled
as methyl phosphate. DOPA was modeled as dimethylphosphate
monosodium salt while DOPC was modeled as dimethylphos-
phocholine. The isolated N-terminus of lysine or glutamine was
capped with an acetyl group to mimic an amide residue. The
peptide’s C-terminus was simplified as a methyl ketone to minimize
the number of additional H-bond donor and acceptor interactions.
We note that when more laborious calculations were done on a
compound in which the C-terminus was a methyl ester rather than
a methyl ketone, similar results were obtained.


The DFT method of Gaussian 03 was used to optimize
geometries and to minimize energies (see Experimental section).
Selected results are shown in Fig. 6. The calculations reported
here were conducted for the gas phase. The limitations of a gas
phase calculation are obvious but the dynamics of a membrane
and the uncertain water content make simple alternatives unten-
able. Moreover, the structural information thus obtained will be
internally comparable.


Bearing in mind the caveats noted above concerning both the gas
phase and the choice of models and the tendency to over-interpret
models, certain differences are apparent. The model for the
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Fig. 6 Calculation results for four model complexes: phosphate–lysine
(upper left), phosphocholine–lysine (lower left), phosphate–glutamine
(upper right) and phosphocholine–glutamine (lower right).


lipid–ammonium sidechain interaction of 2 shows two or three H-
bond associations (shown as dotted lines, left panels). The amide–
lipid association that models the amide sidechain of 5 shows one
or two such contacts (right panels). The calculated bond distances
are recorded in the Supplementary Material†. The key issue here is
that greater changes are predicted when 2 or 5 interacts with phos-
phate (DOPA model) than with phosphocholine (DOPC model).
The calculations show that the interaction between phosphate and
either the lysine or glutamine sidechain is more favorable than
the corresponding phosphocholine interaction. These interactions
may stabilize the active conformation of pore-formers more in
DOPC : DOPA liposomes than in pure DOPC. Simplified as these
models are, they comport with the transport data and with the
suggestion offered above of differences in H-bond interactions
within the pore.


Conclusion


Three important findings emerge from the present study. First, a
positively charged residue (ammonium cation) within the chloride
transporting pore does not favor final chloride transport rate
through the bilayer mediated by the SAT molecules described here.
Indeed, in the DOPC : DOPA (7 : 3) lipid system, the ammonium-
sidechained SAT and those having a protected amine function
exhibit similar activity. This result is strikingly different from the
previously reported inhibitory influence of a negatively charged
sidechain.24,25


A fluorescent dansyl residue was incorporated into the peptide
sequence to probe the SAT’s position in the bilayer. Dansyl
fluorescence is solvent dependent and a correlation line between
solvent polarity and fluorescence emission maxima was used
to estimate the environment experienced by the fluorophore. In
aqueous buffer, the amphiphilic peptide SATs aggregate. After
insertion into the membrane, however, the emission is red shifted
and the dansyl sidechain resides in an environment near the
bilayer’s midpolar regime.


The chloride transporting activity of amine- and amide-
sidechained SATs is dependent on the liposome’s phospholipid
composition. The Cl− transport ability of 2 decreases significantly


when the lipid composition is changed from DOPC : DOPA to
pure DOPC. This activity decrease is explained by differences in
hydrogen bond interactions between the lipid phosphoryl group
and the sidechain ammonium ion. Computational results using
model systems showed that a phosphate–lysine interaction is
stronger than a phosphocholine–lysine interaction. This is not
surprising and it is known that basic amino acids show enhanced
affinity for Gram-negative bacteria, the outer membrane of which
is negatively charged.7–9


The Cl− transport activity of sidechain amide containing
compounds 1 and 5 also decreased when the DOPC : DOPA
lipid composition was changed to DOPC. The effect is not as
pronounced as that observed for amine derivative 2, but this
sidechain amide effect is notable because it is less well documented.
The formation of a doubly bridged hydrogen bond interaction
between amide and phosphate may play an important role that is
supported by the computational models reported here.


Experimental section


General


1H-NMR spectra were recorded on a Gemini 300 spectrometer
and are reported in the following manner: chemical shifts reported
in ppm (d) downfield from internal (CH3)4Si (integrated intensity,
multiplicity (b = broad, s = singlet, d = doublet, t = triplet,
q = quartet, bs = broad singlet, m = multiplet, etc.), coupling
constants in Hz, assignment). 13C-NMR spectra were obtained at
75 MHz and referenced to CDCl3 (77.23 ppm). NMR spectra
were obtained in CDCl3 unless otherwise specified. Infrared
spectra were recorded on a Perkin-Elmer 1710 Fourier transform
infrared spectrometer. Melting points were determined on a
Thomas Hoover apparatus in open capillaries and are uncorrected
for crystalline compounds. Thin layer chromatography analyses
were performed on silica gel 60-F-254 with a 0.2 mm thickness.
Preparative chromatography columns were packed with silica gel
(Kieselgel 60, 70–230 mesh or Merck grade 9385, 230–400 mesh,
60 Å).


Reagents were of the best grade commercially available and
were distilled, recrystallized, or used without further purification,
as appropriate. CH2Cl2 was distilled from calcium hydride. EDCI
represents 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hy-
drochloride. HOBt represents 1-hydroxybenzotriazole. DMAP
represents 4-dimethylaminopyridine. DGA represents diglycolyl,
∼COCH2OCH2CO∼. Combustion analyses were performed by
M-H-W Laboratories, Phoenix, AZ, and are reported as percents.
High resolution mass spectra were obtained from the University
of Missouri-Saint Louis mass spectrometry facility.


Preparation of (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-Lys(e-N-
Cbz)-(Gly)2-OC7H15, 1


Fmoc-K(e-N-Cbz)GG-OC7H15. TsOH·GG-OC7H15 (0.60 g,
1.49 mmol), Fmoc-K(e- N-Cbz)-OH (0.75 g, 1.49 mmol), EDCI
(0.31 g, 1.64 mmol) and HOBt (0.22 g, 1.64 mmol) were dissolved
in CH2Cl2 (35 mL). NMM (0.18 mL) was added. The mixture
was stirred at 0 ◦C for 0.5 h and then at room temperature for
24 h. The solvent was removed in vacuo. The residue was dissolved
in CH2Cl2 (50 mL), washed with 5% citric acid (2 × 25 mL),
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H2O (2 × 25 mL), 5% NaHCO3 (25 mL) and brine (25 mL),
dried over MgSO4 and evaporated. Column chromatography
(silica gel, CHCl3 : CH3OH = 98 : 2) afforded a white solid
(0.94 g, 88%). 1H-NMR: 0.87 (3H, t, J = 6.8 Hz, CH2CH3),
1.26 (8H, pseudo-s, OCH2CH2(CH2)4CH3), 1.34–1.62 (6H, m,
Lys CH2CH2CH2CH2NH and OCH2CH2(CH2)4CH3), 1.62–1.93
(2H, m, Lys CH2CH2CH2CH2NH), 3.17 (2H, d, J = 4.8 Hz, Lys
CH2CH2CH2CH2NH), 3.96 (4H, d, J = 5.1 Hz, two Gly CH2),
4.04 (2H, t, J = 6.9 Hz, OCH2CH2(CH2)4CH3), 4.08–4.20 (2H, m,
Lys CH and Fmoc CH), 4.39 (2H, d, J = 6.6 Hz, Fmoc CH2), 5.06
(2H, s, OCH2Ph), 5.10 (1H, bt, CONH), 5.86 (1H, bd, CONH),
6.96–7.07 (2H, m, two CONH), 7.21–7.40 (9H, m, Ph HAr and
Fmoc HAr), 7.51–7.60 (2H, m, Fmoc HAr), 7.74 (2H, d, J = 7.5 Hz,
Fmoc HAr). 13C-NMR: 14.2, 22.5, 22.8, 25.9, 28.6, 29.0, 29.6, 31.9,
40.3, 41.4, 43.1, 47.3, 55.4, 65.9, 66.8, 67.3, 120.2, 125.2, 127.3,
128.0, 128.3, 128.7, 136.8, 141.5, 143.9, 157.0, 169.2, 170.0, 172.7.
IR (CHCl3, cm−1): 3301, 3066, 2931, 2858, 1739, 1689, 1645, 1537,
1451, 1406, 1263, 1134, 1104, 1090, 1032.


H2N-K(e-N-Cbz)GG-OC7H15. Fmoc-K(e-N-Cbz)GG-OC7H15


(0.83 g, 1.16 mmol) was dissolved in DMF (10 mL). Et2NH
(1.2 mL) was added and the reaction was stirred at rt for 2 h. The
reaction was quenched by water (3 × 25 mL) and extracted with
CH2Cl2 (3 × 25 mL). Organic layers were combined and washed
with 5% NaHCO3 (2 × 25 mL) and brine (2 × 25 mL). Dry over
MgSO4. The solvent was evaporated in vacuo and the residue was
triturated with ether. Vacuum filtration afforded a white solid
(0.32 g, 60%). 1H-NMR: 0.89 (3H, t, J = 6.8 Hz, CH2CH3),
1.28 (8H, pseudo-s, OCH2CH2(CH2)4CH3), 1.40–1.93 (8H,
OCH2CH2(CH2)4CH3 and Lys CH2CH2CH2CH2NH), 3.10–3.23
(2H, m, CH2CH2CH2CH2NH), 3.67 (1H, bs, NH), 3.85–4.17
(7H, m, two Gly CH2, Lys CH and OCH2CH2(CH2)4CH3), 5.08
(2H, s, OCH2Ph), 5.21 (1H, bt, NH), 7.07 (1H, bs, NH), 7.27–7.40
(6H, m, Ph HAr and NH), 8.11 (1H, bs, NH). 13C-NMR: 14.2,
22.5, 22.8, 26.0, 28.7, 29.1, 29.7, 31.9, 40.8, 41.4, 43.9, 66.0, 128.3,
128.7, 137.0, 169.6. IR (CHCl3, cm−1): 3318, 3067, 2929, 2858,
1742, 1690, 1657, 1542, 1455, 1411, 1370, 1260, 1212, 1137, 1028,
913.


Boc-PK(e-N-Cbz)GG-OC7H15. H2N-(e-N-Cbz)KGG-OC7H15


(0.32 g, 0.65 mmol), Boc-Pro-OH (0.14 g, 0.65 mmol), EDCI
(0.14 g, 0.71 mmol) and HOBt (0.10 g, 0.71 mmol) were dissolved
in CH2Cl2 (25 mL). Et3N (0.27 mL) was then added. The mixture
was stirred at 0 ◦C for 0.5 h and then at rt for 48 h. The solvent
was evaporated and the residue was chromatographed (silica gel,
CHCl3 : CH3OH 98 : 2–97 : 3) to afford a yellow oil (0.42 g, 94%).
1H-NMR: 0.88 (3H, t, J = 6.8 Hz, CH2CH3), 1.19–1.37 (8H,
m, OCH2CH2(CH2)4CH3), 1.44 (9H, s, C(CH3)3), 1.48–2.23
(12H, m, OCH2CH2(CH2)4CH3, Lys CH2CH2CH2CH2NH and
Pro NCH2CH2CH2), 3.18 (2H, bt, Lys CH2CH2CH2CH2NH),
3.34–3.51 (2H, m, ProNCH2CH2CH2), 3.88–4.06 (4H, m, two Gly
CH2), 4.11 (2H, t, J = 6.9 Hz, OCH2CH2(CH2)4CH3), 4.16–4.38
(2H, m, Pro CH and Lys CH), 5.00–5.18 (3H, m, OCH2Ph and
NH), 7.00 (1H, bs, NH), 7.09 (1H, bs, NH), 7.28–7.38 (5H, m, Ph
HAr), 7.46 (1H, bs, NH). 13C-NMR: 14.2, 22.8, 22.9, 26.0, 28.6,
28.7, 29.1, 29.6, 31.9, 37.5, 41.4, 43.3, 47.5, 58.8, 60.9, 65.8, 66.8,
77.4, 83.9, 128.2, 128.3, 128.7, 136.9, 161.2, 170.0, 170.9, 173.4.
IR (CHCl3, cm−1): 3309, 3068, 2931, 2860, 1748, 1674, 1535, 1455,
1404, 1367, 1250, 1204, 1164, 1128, 1090, 1029.


CF3COOH·P(e-N-Cbz)KGG-OC7H15. Boc-P(e-N-Cbz)KGG-
OC7H15 (0.42 g, 0.61 mmol) was dissolved in HOAc (1.5 mL).
The solution was cooled in ice and TFA (3.5 mL) was added.
The mixture was stirred at rt for 50 min. The acids were
rapidly removed in vacuo and the residue was triturated
with ether. Vacuum filtration afforded a white solid (0.31 g,
72%). 1H-NMR: 0.88 (3H, t, J = 6.9 Hz, CH2CH3), 1.20–
1.45 (8H, m, OCH2CH2(CH2)4CH3), 1.50–2.21 (12H, m,
OCH2CH2(CH2)4CH3, Lys CH2CH2CH2CH2NH and Pro
NCH2CH2CH2), 3.14 (2H, bs, Lys CH2CH2CH2CH2NH), 3.43
(2H, bs, Pro NCH2CH2CH2), 3.60–4.30 (8H, m, two Gly CH2,
OCH2CH2(CH2)4CH3, Pro CH and Lys CH), 4.93 (2H, s,
OCH2Ph), 5.15 (1H, bs, NH), 6.20 (1H, bs, NH), 7.16 (5H,
pseudo-s, Ph HAr), 7.35 (1H, s, NH), 8.20 (1H, bs, NH), 9.17 (1H,
bs, NH), 11.53 (1H, bs, NH). 13C-NMR: 14.2, 14.6, 22.8, 22.9,
25.9, 26.1, 28.7, 29.1, 29.3, 31.9, 36.2, 41.4, 43.3, 65.8, 74.6, 89.6,
128.2, 128.6, 160.2, 170.0, 206.5. IR (CHCl3, cm−1): 3320, 3069,
2932, 2860, 1743, 1671, 1546, 1455, 1410, 1369, 1256, 1204, 1136,
1029.


182DGA-GGGPK(e-N-Cbz)GG-OC7H15, 1. 182DGA-GGG-
OH (0.36 g, 0.44 mmol), CF3COOH.PK(e-N-Cbz)GG-OC7H15


(0.31 g, 0.44 mmol), EDCI (0.093 g, 0.48 mmol) and HOBt
(0.065 g, 0.48 mmol) were suspended in CH2Cl2 (20 mL). Et3N
(0.18 mL) was then added. The mixture was stirred at 0 ◦C for
0.5 h and then at room temperature for 48 h. The solvent was
evaporated and the residue was crystallized from MeOH. The
crude product was chromatographed (silica gel, CHCl3 : MeOH
95 : 5). Recrystallization from MeOH afforded a white solid
(204 mg, 33%). 1H-NMR (CDCl3, almost all of the peaks
are quite broad): 0.88 (3H, t, J = 6.6 Hz, CH2CH3), 1.20–
1.70 (74H, m, OCH2CH2(CH2)4CH3, CH3(CH2)15CH2CH2N,
OCH2CH2(CH2)4CH3 and CH3(CH2)15CH2CH2N), 1.70–2.30
(10H, m, Pro NCH2CH2CH2 and Lys (CH2)3CH2NH),
3.00–3.46 (8H, m, CH3(CH2)15CH2CH2N, Lys (CH2)3CH2NH
and Pro NCH2CH2CH2), 3.60–4.44 (18H, m, Gly CH2,
OCH2CH2(CH2)4CH3, COCH2O, Pro CH, and Lys CH), 5.00–
5.13 (2H, m, OCH2Ph), 5.53 (1H, bs, NH), 7.30–7.40 (5H, m, Ph
HAr), 7.53 (2H, bs, NH), 7.86 (2H, bs, NH), 8.64 (1H, bs, NH).
13C-NMR: 14.2, 14.3, 22.8, 22.9, 23.1, 25.1, 26.0, 27.1, 27.3, 27.8,
28.7, 29.0, 29.1, 29.5, 29.6, 29.7, 29.8, 29.9, 31.9, 32.1, 40.4, 41.5,
42.7, 43.0, 43.4, 46.6, 47.2, 47.6, 54.0, 61.8, 65.8, 66.7, 69.8, 71.9,
128.2, 128.3, 128.7, 137.0, 156.8, 168.7, 169.8, 170.1, 170.3, 170.6,
171.6, 171.8, 172.5, 173.1. IR (CHCl3, cm−1): 3306, 3069, 2920,
2851, 1743, 1647, 1540, 1467, 1411, 1377, 1338, 1250, 1208, 1130,
1029. Anal. calcd for C76H133N9O13: C, 66.10; H, 9.71; N, 9.13%.
Found: C, 66.04; H, 9.87; N, 9.15%.


Preparation of (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-Lys-
(Gly)2-OC7H15·TFA, 2


182DGA-GGGPKGG-OC7H15·TFA, 2. 182DGA-GGGPK(e-
N-Boc)GG-OC7H15, 3 (64 mg, 0.048 mmol) was dissolved
in CH2Cl2 (2 mL). TFA (2 mL) was then added. The
mixture was stirred at room temperature for 2 h. Solvents
were removed in vacuo. Toluene was added and the mixture
evaporated to remove residual acid. High vacuum drying
overnight afforded a white waxy solid (60 mg, 93%). 1H-
NMR (CDCl3, all peaks are broad): 0.88 (9H, t, J =
6.5 Hz, CH2CH3), 1.20–2.30 (84H, m, NCH2CH2(CH2)15CH3,
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OCH2CH2(CH2)4CH3, NCH2CH2(CH2)15CH3, OCH2CH2-
(CH2)4CH3, Lys CH2CH2CH2CH2NH and Pro NCH2CH2-
CH2), 2.80–3.20 (4H, m, NCH2CH2(CH2)15CH3 and Lys
CH2CH2CH2CH2NH), 3.26 (2H, bt, NCH2CH2(CH2)15CH3),
3.44–3.78 (2H, m, Pro NCH2CH2CH2), 3.80–4.20 (15H, m, Gly
CH2, OCH2CH2(CH2)4CH3, Pro CH and OCH2CO), 4.26–4.47
(3H, m, OCH2CO and Lys CH), 7.71 (1H, bs, NH), 7.86 (4H,
bs, NH), 8.14 (2H, bs, NH), 8.29 (1H, bs, NH), 8.44 (1H, bs,
NH). 13C-NMR: 14.2, 14.3, 22.8, 22.9, 25.2, 26.0, 26.6, 27.1,
27.3, 27.8, 28.7, 29.0, 29.1, 29.5, 29.6, 29.8, 29.9, 31.9, 32.1, 39.9,
41.4, 42.4, 42.9, 43.1, 46.0, 46.6, 47.2, 53.7, 61.5, 65.9, 69.4, 71.3,
168.8, 169.3, 170.4, 170.5, 170.9, 171.1, 171.4, 173.0, 173.3. IR
(CHCl3, cm−1): 3296, 3079, 2920, 2851, 1743, 1658, 1652, 1547,
1467, 1411, 1378, 1341, 1203, 1132, 1031. HRMS (FAB): Calcd
for C68H128N9O11 [M − CF3COO]+, 1246.9733; found, 1246.9696.


Preparation of (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-
Gln-Ala-Gly-OC7H15, 5


L-Glycine heptyl ester tosylate. A solution of glycine (2.00 g,
26.7 mmol), TsOH monohydrate (5.70 g, 30.0 mmol) and 1-
heptanol (15 mL, 106 mmol) in toluene (18 mL) was refluxed
for 12 h. Water was removed from the reaction mixture by using
a Dean–Stark adapter. The reaction mixture was cooled to room
temperature, diethyl ether added (50 mL) and the mixture cooled
at 0 ◦C for 2 h. The solid was collected and recrystallized from
methanol–ether to afford white crystals (4.91 g, 53%), mp 105–
106 ◦C. 1H-NMR: 0.87 (3H, t, J = 6.9 Hz, CH2CH3), 1.23
(8H, pseudo-s, OCH2CH2(CH2)4CH3), 1.49 (2H, quintet, J =
6.8 Hz, OCH2CH2(CH2)4CH3), 2.33 (3H, s, CH3C6H4SO3), 3.65
(2H, q, J = 5.8 Hz, NH3CH2CO), 3.99 (2H, t, J = 6.9 Hz,
OCH2CH2(CH2)4CH3), 7.10 (2H, d, J = 7.8 Hz, Tosyl HAr), 7.72
(2H, d, J = 7.8 Hz, Tosyl HAr), 8.03 (3H, bt, NH3CH2CO). 13C-
NMR: 14.0, 21.3, 22.6, 25.6, 28.2, 28.9, 31.7, 40.3, 66.3, 126.0,
128.9, 140.4, 141.2, 167.4. IR (CHCl3, cm−1): 3473, 3030, 2961,
2929, 2856, 2730, 2643, 2220, 1996, 1911, 1747, 1616, 1600, 1519,
1471, 1428, 1380, 1194, 1127, 1105, 1056, 1036, 1012.


Boc-AG-OC7H15. TsOH·G-OC7H15 (0.51 g, 1.49 mmol), Boc-
L-Ala (0.28 g, 1.48 mmol), EDCI (0.31 g, 1.62 mmol) and HOBt
(0.22 g, 1.63 mmol) were dissolved in CH2Cl2 (40 mL). Et3N
(0.61 mL) was then added. The mixture was stirred at 0 ◦C for 0.5 h
and then at room temperature for 48 h. The solvent was evaporated
and the residue was dissolved in CH2Cl2 (40 mL) and washed
with 5% citric acid (2 × 20 ml), H2O (2 × 20 mL), 5% NaHCO3


(2 × 20 mL) and brine (2 × 20 mL), dried over MgSO4 and
evaporated. The residue was purified by column chromatography
(silica gel, EtOAc : hexane = 40 : 60) to give an oil (0.42 g,
83%). 1H-NMR: 0.87 (3H, t, J = 6.3 Hz, CH2CH3), 1.20–1.35
(8H, m, OCH2CH2(CH2)4CH3), 1.37 (3H, d, J = 7.2 Hz, Ala
CH3), 1.44 (9H, s, C(CH3)3), 1.63 (2H, quintet, J = 6.6 Hz,
OCH2CH2(CH2)4CH3), 4.02 (2H, d, J = 5.1 Hz, Gly CH2),
4.13 (2H, t, J = 6.8 Hz, OCH2CH2(CH2)4CH3), 4.23 (1H, broad
quintet, Ala CH), 5.11 (1H, d, J = 6.6 Hz, Ala NH), 6.79 (1H, bs,
Gly NH). 13C-NMR: 14.2, 18.5, 22.8, 26.0, 28.5, 28.7, 29.0, 31.9,
41.5, 65.9, 80.5, 100.2, 170.0, 173.0. IR (CHCl3, cm−1): 3320, 3088,
2958, 2932, 2859, 1753, 1715, 1668, 1531, 1455, 1392, 1367, 1291,
1250, 1172, 1068, 1048, 1028.


Boc-QAG-OC7H15. Boc-AG-OC7H15 was deprotected in the
usual way (4 N HCl in dioxane for 1 h). HCl·AG-OC7H15 (0.48 g,
1.71 mmol), Boc-Gln-OH (0.42 g, 1.71 mmol), EDCI (0.36 g,
1.88 mmol) and HOBt (0.25 g, 1.88 mmol) were dissolved in
CH2Cl2 (35 mL). The mixture was stirred at 0 ◦C for 0.5 h and
then at room temperature for 12 h. The residue was dissolved in
CH2Cl2 (35 mL), washed with 5% citric acid (2 × 25 mL), H2O
(2 × 25 mL), 5% NaHCO3 (2 × 25 mL) and brine (25 mL), dried
over MgSO4 and evaporated. Column chromatography (silica
gel, CHCl3 : CH3OH = 97 : 3) afforded a solid (0.54 g, 67%).
1H-NMR: 0.88 (3H, t, J = 6.6 Hz, CH2CH3), 1.20–1.38 (8H,
m, OCH2CH2(CH2)4CH3), 1.40–1.49 (12H, m, Ala CH3 and
C(CH3)3), 1.63 (2H, quintet, J = 6.3 Hz, OCH2CH2(CH2)4CH3),
1.98–2.15 (2H, m, Gln CH2CH2CO), 2.40 (2H, t, J = 6.2 Hz, Gln
CH2CH2CO), 3.91–4.03 (2H, m, Gly CH2), 4.11 (2H, t, J = 6.8 Hz,
OCH2CH2(CH2)4CH3), 4.24 (1H, bs, Gln CH), 4.55 (1H, quintet,
J = 7.2 Hz, Ala CH), 5.79 (1H, bs, Gln CONH2), 6.40 (1H, bs,
Gln CONH2), 7.02 (1H, bs, Gln NH), 7.30 (1H, bt, Gly NH),
7.68 (1H, bd, Ala NH). 13C-NMR: 14.2, 17.8, 22.7, 26.0, 28.5,
28.7, 29.0, 29.1, 31.9, 41.5, 49.3, 53.9, 65.9, 80.5, 170.3, 172.1,
173.0, 176.1. IR (CHCl3, cm−1): 3433, 3318, 3076, 2959, 2930,
2857, 1735, 1688, 1644, 1527, 1451, 1392, 1366, 1346, 1287, 1271,
1246, 1172, 1052, 1028, 872, 780, 665.


Boc-PQAG-OC7H15. Boc-QAG-OC7H15 was deprotected in 4
N HCl in dioxane for 1 h. HCl·QAG-OC7H15 (0.37 g, 0.91 mmol),
Boc-Pro-OH (0.20 g, 0.91 mmol), EDCI (0.19 g, 1.00 mmol) and
HOBt (0.14 g, 1.00 mmol) were dissolved in CH2Cl2 (35 mL).
Et3N (0.38 mL) was added and the mixture was stirred at 0 ◦C
for 0.5 h and then at rt for 12 h. The residue was dissolved in
CH2Cl2 (35 mL), washed with 5% citric acid (2 × 25 mL), H2O
(2 × 25 mL), 5% NaHCO3 (2 × 25 mL) and brine (25 mL),
dried over MgSO4, and evaporated. The residue was purified by
column chromatography (silica gel, CHCl3 : CH3OH 95 : 5) to
give a white solid (0.41 g, 79%). 1H-NMR: 0.88 (3H, t, J = 6.6 Hz,
CH2CH3), 1.20–1.37 (8H, m, OCH2CH2(CH2)4CH3), 1.40–1.50
(12H, m, Ala CH3 and C(CH3)3), 1.62 (2H, quintet, J = 6.9 Hz,
OCH2CH2(CH2)4CH3), 1.83–2.48 (8H, m, Pro NCH2CH2CH2


and Gln CH2CH2CO), 3.39–3.49 (1H, m, Pro NCH2CH2CH2),
3.64–3.74 (1H, m, Pro NCH2CH2CH2), 3.88–4.04 (2H, m, Gly
CH2), 4.10 (2H, t, J = 6.8 Hz, OCH2CH2(CH2)4CH3), 4.18 (1H,
dd, J = 8.6, 4.6 Hz, Pro CH), 4.27 (1H, q, J = 5.7 Hz, Gln
CH), 4.46 (1H, quintet, J = 7.5 Hz, Ala CH), 5.68 (1H, bs, Gln
CONH2), 6.55 (1H, bs, Gln CONH2), 7.40 (1H, t, J = 5.4 Hz, Gly
NH), 8.02 (1H, d, J = 7.2 Hz, Ala NH), 8.78 (1H, bd, Gln NH).
13C-NMR: 14.2, 17.5, 22.8, 24.9, 26.0, 28.6, 28.7, 29.1, 30.3, 31.6,
31.9, 41.5, 47.4, 49.9, 55.0, 57.0, 61.7, 65.5, 81.0, 165.6, 170.0,
171.6, 174.8, 176.6, 179.3. IR (CHCl3, cm−1): 3409, 3296, 3079,
2959, 2930, 2858, 1744, 1698, 1662, 1634, 1547, 1454, 1406, 1366,
1286, 1211, 1163, 1123, 1091, 978, 771, 666.


182DGA-GGGPQAG-OC7H15, 5. Boc-PQAG-OC7H15 was
deprotected by using 4 N HCl in dioxane for 1 h. 182DGA-GGG-
OH (0.40 g, 0.46 mmol), HCl·PQAG-OC7H15 (0.24 g, 0.46 mmol),
EDCI (0.10 g, 0.50 mmol) and HOBt (0.07 g, 0.50 mmol) were
suspended in CH2Cl2 (30 mL). To this mixture Et3N (0.19 mL)
was added. The mixture was stirred at 0 ◦C for 0.5 h and then
at rt for 48 h. The solvent was evaporated in vacuo and the
residue was crystallized from MeOH. The crude product was
chromatographed (silica gel, CHCl3 : CH3OH : HOAc 90 : 10 :
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0.1) to afford a solid (0.18 g, 31%). 1H-NMR: 0.88 (3H, t, J =
6.4 Hz, CH2CH3), 1.26 (68H, pseudo-s, CH3(CH2)15CH2CH2N
and OCH2CH2(CH2)4CH3), 1.45–1.66 (9H, m, Ala CH3,
CH3(CH2)15CH2CH2N and OCH2CH2(CH2)4CH3), 1.98–2.53
(8H, m, Pro NCH2CH2CH2 and Gln CH2CH2CO), 3.09 (2H,
t, J = 7.2 Hz, CH3(CH2)15CH2CH2N), 3.28 (2H, t, J = 7.4 Hz,
CH3(CH2)15CH2CH2N), 3.45–3.55 (2H, m, Pro NCH2CH2CH2),
3.78–4.18 (13H, m, four Gly CH2, OCH2CH2(CH2)4CH3,
COCH2O and Pro CH), 4.32 (2H, s, COCH2O), 4.40–4.54 (2H,
m, Gln CH and Ala CH), 6.48 (1H, bs, Gln CONH2), 7.12 (1H,
bs, Gln CONH2), 7.50–7.60 (2H, m, two Gly NH), 7.68 (1H, d,
J = 7.5 Hz, Ala NH), 7.99 (1H, bt, Gly NH), 8.42 (1H, bt, Gly
NH), 8.84 (1H, bd, Gln NH). 13C-NMR: 14.3, 17.6, 22.8, 22.9,
25.2, 26.0, 27.1, 27.3, 27.8, 28.7, 29.0, 29.1, 29.5, 29.6, 29.8, 29.9,
31.9, 32.1, 41.4, 42.4, 43.3, 46.7, 47.2, 49.7, 54.1, 61.8, 65.6, 69.5,
71.6, 168.8, 169.3, 170.1, 170.3, 170.4, 171.3, 171.4, 173.0, 173.6,
177.4. IR (CHCl3, cm−1): 3302, 3077, 2923, 2854, 1747, 1660, 1544,
1466, 1378, 1260, 1201, 1130, 1028. Anal. calcd for C68H125N9O12:
C, 64.78; H, 9.99; N, 10.00%. Found: C, 64.80; H, 9.86; N, 10.11%.


Preparation of (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-Lys(e-N-
Boc)-(Gly)2-OC7H15, 3 and (C18H37)2NCOCH2OCH2CO-
(Gly)3-Pro-Lys(e-N-dansyl)-(Gly)2-OC7H15, 4


Preparation of 3 and 4 have been reported previously.35


Vesicle preparation and chloride release measurement


Phospholipid vesicles from 7 : 3 1,2-dioleyl-sn-glycero-3-phospho-
choline (DOPC) and 1,2-dioleyl-sn-glycero-3-phosphate mono-
sodium salt (DOPA, both from Avanti Polar Lipids) or DOPC
were prepared in the presence of an internal, chloride containing
buffer (600 mM KCl, 10 mM HEPES, adjusted to pH = 7).
After extrusion through a 200 nm filter and exchange of external
solution with a chloride-free buffer (400 mM K2SO4, 10 mM
HEPES, adjusted to pH = 7), vesicles were suspended in the same
external buffer (final phospholipid concentration about 0.31 mM).
An approximate vesicle size of 200 nm was confirmed by using a
particle analyzer. The electrode was introduced into the solution
and allowed to equilibrate. The voltage output was recorded
and after the baseline became flat, aliquots of the solution of
compound at study (9 mM in isopropanol) were added. Complete
lysis of the vesicles was induced by addition of a 2% aqueous
solution of Triton X100 (100 lL) and the data collected were
normalized to this value. The data were collected by Axoscope 9.0
using a DigiData 1322A series interface.


Fluorescence spectroscopy


Fluorescence was recorded by using a Perkin Elmer LS50B
fluorimeter on continuously stirred samples. A stock solution
(0.50 mM 4 in 2-PrOH) was prepared. Compound was added
and stirred for about 60 s before spectra were recorded. Except
as indicated, the emission spectrum was measured in 2 mL
external buffer (400 mM K2SO4, 10 mM HEPES, pH 7.0). For
solvent dependence experiments, 2 mL freshly distilled solvent
instead of buffer was used and the concentration was adjusted
for the instrument capacity. For the measurement in the vesicles,
compound was added to the liposome suspension (as prepared
above, in 2 mL external buffer) and the overall lipid concentration


was 0.31 mM (same as chloride release experiment). The excitation
wavelength was 340 nm and the emission spectrum was recorded
between 300–600 nm (2.5 nm slit width, 400 nm min−1 scan speed,
average three scans).


Computational method


All calculations were performed using the Gaussian 03 suite
of computer programs. Geometry optimization and frequency
analysis were done by using density functional theory method
(B3LYP/6–31G*). All geometries were completely optimized in
the gas phase; the structures reported here are true minima on
the potential energy surfaces. This was confirmed by vibration
calculations without imaginary vibrational frequencies. For those
complexes which have multiple-conformations, several conforma-
tions have been calculated and the ones with lowest energy were
selected for the final structure.
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Hydrogen–deuterium exchange of the carbon-bound C(8)-H protons of the inosine residues in
tetrakis(inosine)platinum(II) chloride, S, with Pt binding at N(7), was studied in aqueous buffer
solutions at 60 ◦C by 1H NMR spectroscopy. The kinetics at all four C(8) sites as a function of pD of
the D2O/OD− medium was measured through the disappearance of the C(8)-H signal, which yielded
the pseudo first-order rate constant for exchange, kobs. Plots of kobs versus [OD−] showed curvature
reminiscent of saturation type kinetics and indicative of competitive deprotonation of N(1)-H sites. In
contrast, the analogous N(1)-methylated cis-bis(1-methylinosine)diammineplatinum(II) chloride leads
to a linear kobs versus [OD−] plot. The potentiometrically determined macroscopic composite N(1)-H
ionization constant was further dissected into the successive microscopic N(1)-H acidity constants of
the four inosine residues of the complex S. The kobs values were also deconvoluted into individual rate
constants kex (i.e. k0, k1, k2, k3 for exchange of the successively deprotonated inosine moieties, S, S1, S2,
S3, it being assumed that S4 where all four inosine ligands are deprotonated at N(1) is unreactive
(“immunized”) to exchange. The kex values show a progressive attenuation in Pt activation of H–D
exchange along the series, k0, k1, k2, k3. The kex data thus generated, together with the deconvoluted
individual pKa values allow the construction of the plot, log kex [C(8)-H] vs. pKa [N(H)-1]. Remarkably,
this plot exhibits good linearity (R2 = 0.99), which accords this as a linear free energy relationship
(LFER). The large negative slope value (−2.3) of this LFER reflects the high sensitivity of transmission
of electron density from the ionized N(1) via Pt and/or through space to the remaining C(8)-H sites.
This is to our knowledge the first instance in which a LFER is generated through modulation of a
structure in a single molecule. One can anticipate that this approach may lead to: (1) predicting N-H
acidity; (2) C-H H–D exchange susceptibility in a range of metal–biomolecule complexes; (3) their
carbon acidity.


Introduction


In continuation of our studies on metal ion–biomolecule
interactions,1–6 we report herein on hydrogen–deuterium exchange
kinetics of the carbon-bound C(8)-H protons of inosine residues
in tetrakis(inosine)platinum(II) chloride [(ino)4Pt(II)Cl2 or S, Pt-
binding at N(7)]. Our aim is to probe the interplay of the metal
ion activating effect on H–D exchange and the influence of
deprotonation of a remote nitrogen site [N(1)]. Remarkably, our
study reveals a high sensitivity to transmission of attenuation
of the metal ion activating effect, as a novel structure–activity
relationship (LFER).


The essentiality of metal ions, notably transition metal ions, in
life processes is well-recognized,7–10 even when specific biomolec-
ular modes of action have not been fully elucidated. The great
majority of enzymes that utilize nucleoside phosphate substrates
also require a divalent metal ion;11 incorporation of these ions
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into enzymes has been reviewed.12 While heavy metal ions such
as mercury exhibit toxicity,13–16 on the other hand, platinum is
the central atom in such widely-used chemotherapeutic agents as
cis-platin.17–21 The efficacy of cis-platin is thought to derive from
the square-planar structure of the Pt(II) nucleoside complexes
that may intercalate between DNA strands. Generally, effects,
deleterious or beneficial, arise in part from binding of the metals
(with or without displacement of other ligands) to donor (N,O,S)
sites in five-membered heterocycles such as imidazole, thiazole,
oxazole that are key moieties of many biomolecules, e.g. histidine,
guanosine, among the many purines, nucleosides/nucleotides,
nucleic acids etc.


A valuable handle for mechanistic studies is provided by
the acidity of C(2)-H in thiazoles, imidazoles etc. and of the
strictly analogous C(8)-H in purines, nucleic acids and so forth;
this feature permits studies of isotopic H–D–T exchange under
conditions where H+ or a metal ion, Mn+, may play a catalytic
role. Significantly, such heterocycles have pKa values that allow
deprotonation in the physiological pH range and, therefore,
undergo isotopic exchange under mild conditions.


In principle, three separate pathways may each contribute to
H–D isotopic exchange at a carbon site (C(2) in Scheme 1)
in a five-membered heterocycle such as imidazole (bonded to
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Scheme 1


an R = ribose group at N(3) in Scheme 1), the prototype for
other biomolecular heterocycles such as inosine. In inosine, a
six-membered heterocyclic ring is fused to the five-membered
ring; this has been omitted from Scheme 1 for simplicity. The
central pathway is Path N for the neutral heterocycle; it involves
preferential abstraction of the C(2) proton,22,23 analogous to C(8)-
H in inosine, to give a carbanion that may then undergo rapid
deuteration from the “deuterium pool” made up of the solvent
deuterium oxide.


The other two pathways depict mechanisms whereby H–D
exchange may be enhanced. In Path H, protonation of the nitrogen
adjacent to the exchanging C–H site would be expected to polarize
the C–H bond whereas after deprotonation, the carbanion formed
would be of the ylide or dipole-stabilized type22–24 that may also
be resonance stabilized (Fig. 1).22 Path H illustrates the proton-
activating factor25 (paf ; quantitatively kH+/k from Scheme 1) in
H–D exchange in a host of heterocyclic biomolecules.26 It is
Path M, however, that is most pertinent to the present study. Here,
complexation of a metal ion to the same nitrogen, adjacent to
the site of isotopic exchange, acts to enhance the exchange and
yields a resonance-stabilized ylide-type structure comparable to
that arising from Path H (Fig. 1 for the case of inosine).5 In analogy
to paf , Path M defines the metal activating factor26 (maf , defined
by the rate constant ratio, kM/k, Scheme 1) in isotopic exchange of
these heterocycles. In general, the trend in ease of C–H exchange
proceeds from the protonated species to the metallated and to the


Fig. 1 Ylide-type carbanion (left) stabilized by contribution from
carbenoid resonance form (right) in H–D exchange at C(8)-H in
N(7)-metallated (or protonated) inosine (R = ribose). The inosine ring
is numbered as shown in the complexes discussed in the text.


neutral substrate, in turn, i.e., in terms of pathways, generally Path
H is favored over Path M, which is favored over Path N.6,26


H–D exchange at C(2) of the parent imidazolium cation
(Scheme 1, Path H; R = H) and of structurally similar azoles such
as the N,N-dimethylimidazolium cation (Scheme 1, Path Me—for
methyl—analogous to Path H, where R = CH3 and the H at N(1)
is replaced by CH3) has recently been revisited by the Amyes–
Richard research group.24b These results on the base compound
for such exchanges will be considered in light of the current H–D
exchange kinetic results and the progressive structural modulation
required to transit from imidazole to the tetrakis(inosine)Pt(II)
complex, S, including the respective effects of paf and maf.


The current study, then, focusses on H–D exchange at the C(8)-
H site of the substitution-inert square-planar platinum complex,
[(ino)4Pt(II)Cl2], S, where the inosine rings are all bound to
platinum via N(7) of each inosine ligand. The complex contains
four C(8)-H exchange sites and also four N(1)-H sites, which
may ionize depending on the pD of the medium. To distinguish
between these various reactive centers, the inosine ligands have
been arbitrarily labeled A through D, so that ino(CHANHA) refers
to an inosine moiety labeled “A” where C(8)-H and


N(1)-H sites are still intact. Analogously, ino(CDBNHB) indi-
cates that in the inosine ring labeled “B” the C(8)-H has undergone
H–D exchange. The kinetics of H–D exchange at all four C(8) sites,
as a function of the pD of the D2O/OD− medium, were followed
and the results are discussed herein with respect to deprotonation
of the N(1)-H sites. Thus, the present study probes both the
effect of platinum complexation at N(7) of the inosine ligands
on C(8) H–D exchange and on N(1)-H ionization. Uniquely,
the correlation between the two effects forms a novel linear free
energy relationship (LFER) involving a single reactive substrate
that quantifies the attenuation in the metal activating factor for
platinum that results from sequential N(1)-H deprotonation.


Results


Kinetics of C(8)-H–D exchange


The kinetics of isotopic hydrogen exchange of the four C(8)-
H protons in the (ino)4PtCl2 complex, S (Schemes 2 and 3),
were conveniently measured by 1H NMR spectrometry (60 ◦C,
D2O). The pD of the medium was maintained using deuterium-
exchanged phosphate buffers.
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Table 1 Pseudo-first order rate constants, kobs, for C(8)-H to C(8)-D
exchange in tetrakis(inosine)platinum(II) chloride, S (pD 6.18–9.07, 60 ◦C)


pDa,b 106 [OD−]/Mb kobs/s−1c kcalc/s−1d


6.18 0.024 1.09 × 10−4 0.46 × 10−4


6.82 0.105 1.26 × 10−4 1.54 × 10−4


6.92 0.132 1.87 × 10−4 1.79 × 10−4


7.76 0.912 3.36 × 10−4 3.55 × 10−4


8.05 1.78 3.96 × 10−4 3.69 × 10−4


8.76 9.12 3.49 × 10−4 3.69 × 10−4


8.87 11.7 4.09 × 10−4 3.69 × 10−4


9.07 18.6 3.65 × 10−4 3.69 × 10−4


a Room temperature measurements of pH were corrected to give these pD
values (pD = pH + 0.4).27 b Calculated from the value of pKw (D2O) = 13.8
at 60 ◦C.28 c Pseudo-first order rate constants were determined at 60 ◦C. The
values reported at pD 6.92 and 8.76 are average values. In comparable
NMR kinetic studies, typical errors of ±10% have been reported,24b and
provide a more conservative error estimate for the current work. The value
obtained at pD 6.18 incorporates a larger experimental error, see text.
d Calculated from eqn (2) using the values of the individual second-order
rate constants from Table 2.


The rate of disappearance of the distinct C(8)-H singlet (d
8.93 ppm in D2O) was followed with time for not less than one
half-life. Standard first-order plots [ln(area of C(8)-H peak/area
of non-exchanging C(1′)-H of the N(9) ribose) versus time] were
linear at each pD studied and yielded the observed pseudo-first
order rate constants for exchange, kobs, listed in Table 1.


Thus, the overall exchange process follows eqn (1):


−d[C(8)-H]/dt = kobs[S]T (1)


where kobs is the pseudo-first order rate constant, compiled in
Table 1, where the solutions were buffered and so the deuteroxide
concentration relative to the total concentration of complex(es),
[S]T is fixed.


A plot of the pseudo-first order rate constants versus deuteroxide
concentration did not yield a straight line as would be ex-
pected for a simple second-order process; the plot was curved
in a manner reminiscent of saturation-type kinetics (Fig. 2).
Such curvature has been taken to be indicative of the inter-
vention of competitive deprotonation of the N(1)-H site(s),
particularly in the higher pD region.26,29–32 In contrast, N-
methylated cis-bis(1-methylinosine)diammineplatinum(II) chlo-
ride [(1-MeIno)2(NH3)2Pt(II)Cl2] under the same conditions leads
to a linear kobs versus [OD−] plot.4,33a Here, the N(1) site is
methylated and cannot undergo comparable deprotonation,29


which accounts for the difference in the two plots. Note at higher
pH (pD) than the range studied here, a possible upturn in the rate
for exchange could occur.6,26


The pseudo-first order rate constants (Table 1) can be dissected
into second-order rate constants (Table 2) that represent four dif-
ferent overall exchange processes (Scheme 2), with the assumption
that the complex in which all four N(1)-H sites are deprotonated,
i.e., S4, is “immunized” against H–D exchange at C(8)-H (vide
infra). The observed rate constant (kobs) was deconvoluted into
individual rate constants for exchange (k0, k1, k2, k3 and k4 = 0)
according to eqn (2):


k
k OD k K OD k K K OD k K K K OD


1+K OD K
obs


1 1 2 1 2 3


1 1


= [ ] + [ ] + [ ] + [ ]
[ ] +


0 1


2


2


3


3


4


KK OD K K K OD K K K K OD2 1 2 3 1 2 3 4[ ] + [ ] + [ ]2 3 4


(2)
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Fig. 2 Plots of kobs versus deuteroxide ion concentration for C(8)-H
isotopic exchange in complex S indicating saturation type behavior:
experimental kobs values, full circles; triangles, kobs values calculated
according to eqn (2).


Table 2 Microscopic rate constants for exchange (kex) at C(8)-H of S, S1,
S2 and S3 complexes (pD 6.18–9.07, 60 ◦C)


Complexa kex
b/M−1 s−1 pc kex/p (M−1 s−1)d


S 2.1 × 103 4 525 (k0)
S1 5.0 × 102 3 167 (k1)
S2 1.4 × 102 2 70 (k2)
S3 4.1 × 101 1 41 (k3)


a Structures of the complexes are shown in abbreviated form in Schemes 2
and 3. b Second-order rate constant from exchange from the C(8) position
from non-linear least squares treatment of eqn (2). c Represents the num-
ber of equivalent exchangeable sites. d Statistically-corrected microscopic
second-order rate constants for C(H)-8 exchange.


The individual rate constants are designated: k0 to k3, where the
subscript “0” indicates that no N(1)-H positions are ionized for k0


and it increases in increments of one as each N(1)-H is successively
deprotonated. Hence, k0 represents the rate constant for deuterium
exchange at the C(8)-H site of any of the four co-ordinated inosine
moieties of the neutral complex, S, while k4 for H–D exchange
from S4, where all four inosine ligands are deprotonated at N(1)
is taken to have a value of zero in this treatment (vide infra). The
ionization constants K1 through K4 are step-wise acidity constants
for N(1)-H ionization obtained from the overlapping pKa.33b


Application of eqn (2) involved the input of estimates for the
microscopic C(8)-H–D exchange rate constants, k0 to k3, as well
as the measured N(1)-H ionization constants. In the case of
k0, the second-order rate constant for exchange in the related
(1-MeIno)2(NH3)2Pt(II)Cl2 complex, where comparable N(1)-H
ionization is not possible (see above),33 provides an estimate for
the value of k0 as 2 × 103 M−1 s−1. Similarly, on the basis of model


Table 3 Microscopic N(H)-1 acidity constants (60 ◦C)


pKa p q p/q log(p/q) apKa
corr


7.07 4 1 4 0.60 7.67
7.68 3 2 1.5 0.17 7.85
8.21 2 3 0.67 −0.18 8.03
8.75 1 4 0.25 −0.60 8.15


a Corrected statistically for the number of equivalent acid sites, p, and for
the equivalent base sites in the relevant conjugate base, q.


compounds, the following initial values for the second-order rate
constants were assigned: k1 = 1 × 103 M−1 s−1, k2 = 5 × 102 M−1 s−1


and k3 = 1 × 102 M−1 s−1.
Input of the experimentally determined (deconvoluted) N(1)-H


ionization constants (K1, K2, etc. from the relevant pKa values
given in Table 3) and the initial estimates for the second-order rate
constants into eqn (2) was followed by iterative non-linear least
squares treatment of the data34 until the calculated kobs values
from eqn (2) were in reasonable agreement with the experimental
kobs values (Table 1) at the pD values (i.e., [OD−]) studied; the
experimental kobs values and those calculated from the microscopic
rate constants obtained were in agreement typically to within 10%,
with the exception of the value determined in the most acidic
medium, which incorporates a significantly higher error. However,
there was no trend in the differences between the calculated and
experimental observed rate constants (Fig. 2). The microscopic
rate constants (kex = k0 to k3) that emerge from this non-linear
least squares fitting of eqn (2) to the observed rate constant values
are listed in Table 2. These constants are then corrected statistically
and the values are given in the same Table.


Equilibrium constants for ionization of successive N(1)-H sites in
the four inosines of complex S


Potentiometric titration of S yielded a composite pKa value for
the complex (half equivalence point) of 7.93. This value could be
separated into the four step-wise N(1)-H acidity constants using
standard methods33b,35,36 which were adjusted for temperature37 to
provide the values given in Table 3 and used as invariant inputs in
the curve fitting34 to eqn (2) for the kinetics of exchange. The initial
microscopic acidity constants, corrected to 60 ◦C, were the values
used in the kinetic treatment (in eqn (2)). However, for purposes
of further discussion, these values were also statistically corrected
for the number of N(1)-H acidic sites in the complex, p, and the
equivalent base sites in the resultant conjugate base, q. Therefore,
complex S has four acidic sites (p = 4) and its conjugate base has
only one basic site (q = 1), the statistical correction factor (p/q) is
four and the logarithm of this value is added to the initial pKa for
S to yield the statistically-corrected value.


In the following discussion, we consider the origin of the
attenuation in rate constants for H–D exchange as a function
of sequential N(1)-H ionization in the four inosine moieties of the
complexes S → S1 → S2 → S3 → S4.


Discussion


1. Overview of sequential N(1)-H ionization and C(8)-H
exchange in tetrakis(inosine)platinum(II) chloride complex.


1a. Principles. In the (ino)4Pt(II) system under study, where the
basicity of the medium (pD) substantially overlaps the composite
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pKa for the complex, four distinct N(1)-H ionized species may be
expected to be present to some degree. Consequently, S in which
none of the four inosine ligands has undergone ionization of the
N(1) proton, S1 in which one of these sites has ionized, S2 where two
of these sites have ionized and so forth up to S4 in which all possible
N(1) protons have ionized, may equilibrate. Thus, in solution all
five species may be present simultaneously; the speciation is, of
course, pH/pD dependent (vide supra). In terms of Scheme 2, the
four inosine rings have been arbitrarily labeled from “A” to “D”
and ionization of N(1)-H of the “A” inosine of S gives rise to the
singly-deprotonated species designated S1. The arbitrary nature of
the designation of the inosine rings means that the structure shown
as S1 in Scheme 2 must be taken to represent any of the possible
singly-deprotonated species. Therefore, deprotonation of N(1)-H
of the “B”, “C” or “D” rings is phenomenologically equivalent
to deprotonation of the nitrogen of the “A” ring as depicted in
Scheme 2. This caveat applies to all of the structures shown in
Schemes 2 and 3. These equilibria are established in diffusion-
controlled processes, contrasting with the rate processes to be
considered below.


In reviewing the acid–base and metal ion complexation be-
haviour of nucleosides and related biomolecules,38–43 Sigel and
Griesser44 considered the effects of complexation of platinum at
N(7) of inosine on its N(1)-H acidity. Specifically, the pKa differ-
ence (DpKa) between N(1)-H of the inosine ligand of the diethylen-
etriamine (dien) inosine platinum complex ion [(dien)Pt(ino)2+]
and neutral inosine was found to be 1.52 ± 0.1.45,46 Similar effects
of Pt binding to N(7) on N(1)-H acidity were also reported for
the related platinum 9-methylhypoxanthine complex [(dien)Pt(9-
methylhypoxanthine)2+], that differs from the inosine Pt complex
only in the replacement of the N(9) ribose of the latter by a
methyl group. This similarity emphasizes the lack of influence
of the N(9) ribose on the N(1)-H acidity, while also indicating that
this pKa directly connects the effect of N(7) platination on N(1)-H
ionization.


Comparison can be made to the neutral tetrakis(ino)PtCl2, S,
where the first deconvoluted pKa (7.07; first column, first entry,
Table 3) is the appropriate value; it represents deprotonation of a
single N(1)-H site from any of the four inosine ligands. The N(1)-
H pKa for inosine at 34 ◦C,47 corrected to 60 ◦C,37 has a value
of 8.65. Hence, DpKa = pKa(inosine) − pKa (S) = 8.65 − 7.07 =
1.58, a value well within the limits found by Sigel and coworkers.
The acidifying effect of platinum for the first deprotonation of
N(1)-H of S agrees with that found for other platinum complexes
that contain a single structurally similar ligand and confirms the
current assessment of the step-wise ionization constants in this
tetrakis(inosine)platinum chloride system.


The H–D exchange process at C(8) of the inosine moieties is
illustrated in Scheme 3. As shown generally in Scheme 1, C(8)-
H → C(8)-D exchange occurs through slow rate-determining
proton abstraction by base to give the resonance-stabilized ylide-
like intermediate (Fig. 1), which is then rapidly deuterated through
reaction with solvent D2O. Since the species S through S4 may all
be present in solution to some extent, each may be expected to be a
candidate for H–D exchange. However, while our kinetic treatment
assumes S4 is H–D exchange inert, access via equilibration (S4, S3,
etc.) leads to other vertical exchange avenues so that SD4 is the
final product, as observed in the NMR experiments, i.e. S →
S1D → S2D2 → S3D3 → S4D4.


In summary of the above, one can combine Schemes 2 and
3 in an abbreviated fashion as Scheme 4 which highlights both
the horizontal [N(1)-H ionization] and vertical [C(8)-H exchange]
processes outlined.


Scheme 4


1b. Electrostatic considerations. As a first approximation, the
abstraction of a C(8) proton from the various species by deuterox-
ide may be considered on the basis of electrostatic attraction or
repulsion. In the case of S, the (ino)4Pt(II) complex bears an overall
2+ charge and electrostatic attraction should favor approach of
OD−. As more N(1)-H centres ionize, in turn (S → S1 → S2 →
S3 → S4), the overall charge on the complex becomes progressively
more negative and, consequently, abstraction by OD− becomes
progressively less favorable. In fact, when species S4 is reached, it is
reasonable to presume that now the electrostatic repulsion between
OD− and this doubly-negatively charged complex raises the energy
barrier such that this process makes a negligible contribution to
the overall rate (kobs) of exchange.


Electrostatic considerations will dictate that approach of OD−


to a potential C(8)-H exchange site should be less favorable for an
inosine ring that itself already bears a negative charge as a result of
N(1)-H ionization. Therefore, in Scheme 3, the exchange process
for S1, in which the N(1)-H of the A ring has ionized, leads to the
structure S1D; the C(8)-H of this A ring is effectively immunized
against exchange. Instead, exchange occurs at C(8)-H of any other
inosine ring; in Scheme 3, we have depicted arbitrarily the B ring
as having undergone exchange (vide supra).


Thus, the N(1)-H ionization exerts both a localized and overall
effect (i.e., immunization of a given ring as compared to overall
electrostatic repulsion) on susceptibility to exchange. Concomi-
tantly, this would progressively raise the activation barriers to
exchange in turn for each species. The barrier to exchange at S4


is the highest of that for any of the species and it is a necessary
assumption of our treatment of the kinetic data that S4 is, for
practical purposes, treated as inert to exchange under our reaction
conditions according to the kinetic Scheme 3 (vide infra).


1c. Development of kinetic Scheme 3. In developing Scheme 3,
it was assumed that if the N(1)-H site was ionized, the (A) ring was
immunized against isotopic exchange at C(8). Therefore, the rate
constants after statistical correction represent the rate constant
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for exchange from the complex in which the platinum can exert its
full metal activating factor (maf ) on the exchange (k0), as well as
the rate constants for exchange at the positions in the complexed
inosine rings not containing an ionized N(1)-H site. This rate
constant, k0, is itself a composite one, in that it represents the
exchange in going from S to SD (vertical processes in Scheme 3),
as well as that for conversion of SD into SD2 and so forth. While
these individual rate constants may be different, they should differ
primarily as a result of an isotope effect that is assumed to be
small. In brief, the rate constants, k1 to k3, reflect the influence
of the ionized N(1) sites in mitigating maf attributed to N(7)-Pt.
These constants are still composite in nature, including kex at all
exchangeable sites in the initial substrate, i.e. the rate constants
for the sequential exchange from S1 → S1D → S1D2 → S1D3 are
included in the single rate coefficient, k1. Similar arguments apply
to the constants, k2 and k3 (Scheme 3).


In consideration of Scheme 3 it can be seen that partially
deuterated species such as S1D, where C(8)-H of the B ring has
been shown to have exchanged, can equilibrate with SD, where
C(8)-H of the A ring can now exchange, since N(1)-H is no
longer ionized, effectively leading to SD2. In this way, through
a combination of these horizontal equilibria and the vertical H–D
exchange processes (Scheme 4), each inosine ring may ultimately
be deuterated at C(8). In similar fashion, any of the N(1) ionized
species will eventually end up as SD4. In fact, experimentally, the
NMR spectra show progressive decrease in the C(8)-H signal until
it can no longer be observed and deuteration is complete.


Fruitful comparisons arise between the second-order rate
constants for deprotonation at C(2) for the “parent azoles” like
imidazole and the second-order rate constant for exchange at
C(8) for S, k0, where the constant has been statistically corrected
(Table 3). The Amyes–Richard group24b recently re-examined the
kinetics of exchange in the parent imidazole and measured a rate
constant for deprotonation at C(2) by deuteroxide of 36.9 M−1 s−1


at 25 ◦C, where the nitrogen adjacent to the nascent carbanionic
centre is protonated (cf. Path H in Scheme 1, R = H). Replacement
of the activating proton by a methyl group, as well as a methylation
of the other nitrogen site, yields N,N-dimethylimidazolium cation
(DMI); the deprotonation rate constant here is less than a
magnitude larger (247 M−1 s−1 at the same temperature) than
that of the imidazolium cation.24b This order parallels that of the
rate constant ratios that define paf and the corresponding methyl
activating factor.4 Note, however, that generally, paf is significantly
greater than the metal activating factor (maf ).4,6 Benzo fusion to
the DMI ring (to give DMBI) adds a further enhancement in the
rate constant (5.71 × 103 M−1 s−1 at 25 ◦C).24b


Correction of the imidazolium rate constant to the temperature
of the current study, 60 ◦C, using the activation energy reported by
Noszal and Rabenstein (21.4 kcal mol−1),38 gives a value of 1.64 ×
103 M−1 s−1 which is, as expected on the basis of comparison of
typical paf and maf reactivity ratios,4,6 greater than k0 for S (5.25 ×
102 M−1 s−1). On the other hand, based on the kinetic result for
DMBI the difference in reactivity may be lower than these values
suggest, in that the N(7)-bound inosine moiety is structurally
more similar to the DMBI cation than to the parent imidazolium
cation.


In the next section, the maf for the tetrakis(inosine)Pt(II)
complexes and the effect of N(1) deprotonation will be discussed
in combination.


2. Linear free energy relationship: N(1) ionization attenuates
Pt activation


It is clear from the foregoing kinetic results in the
tetrakis(inosine)Pt(II) system that coordination of platinum at
N(7) of the inosine moieties activates all the C(8)-H purine
positions to deuterium exchange. The full maf is seen in exchange
involving the unionized complex S, where the second-order rate
constant for H–D exchange, k0 (525 M−1 s−1), is the largest of the
set (Table 2). Equally clear, deprotonation at N(1) partly mitigates
the activating effect of Pt on the remaining C(8) sites. Hence, in S1


where N(1)-H of the A ring taken to be equivalent to the same site
in any inosine ring, is deprotonated (Scheme 3), C(8)-H of rings B,
C and D all become less responsive to H–D exchange. As a result,
k1 is now 167 M−1 s−1, a decrease of 68% in the rate constant for
C(8)-H exchange compared to k0. It is plausible to propose that this
progressive attenuation in Pt activation of exchange arises from a
combination of through-space and through-bond transmission of
electron density. As we have shown above (i.e. DpKa argument),
the N(1)-H acidity is clearly coupled to platinum binding at N(7)
and it is reasonable to presume that the increased electron density
at N(1) attendant upon ionization would have a corresponding
effect on N(7)-Pt.


As regards possible through-space transfer of electron density
to the central Pt of the complex, it is clear that delocalization
of the N(1) charge into the adjacent amide-like carbonyl could
place negative charge density in closer spatial proximity to Pt.
This through-space effect is depicted in Fig. 3.


Fig. 3 Proposed delocalization of negative charge from an ionized N(1)
site to an adjacent carbonyl and transfer of electron density to Pt via a
through-space mode.


On going to S2, where two N(1)-H sites are now deprotonated,
the increased negative charge further mitigates the activating effect
of Pt on the two remaining exchangeable C(8)-H sites in rings C
and D (Scheme 3). This gives a further decrease (58%) in H–D
exchange from S2 relative to S1. Transmission of the attenuation
in maf continues as we proceed to S3 (41% decrease). Finally, in
this treatment, S4 becomes fully immunized to H–D exchange.


Although it is an assumption of the kinetic analysis (vide
infra) that S4 is immunized against H–D exchange at C(8), the
analysis can be extended to S4 as an exchange-susceptible species.
Calculation of DG‡ via the Eyring equation,48 using k0 to k3


values, gives a line (R2 = 0.977) on plotting the activation free
energies against the number of non-ionized positions with an
intercept (corresponding to n = 0 for S4) of 17.5 kcal mol−1 and
an estimated second-order rate constant for C(8)-H exchange of
15.0 M−1 s−1. Therefore, there is a decline in second-order exchange
rate constants that occurs in decreasing increments in going down
the series: from S → S1 (k0 = 525), S1 → S2 (k1 = 167), S2 → S3


(k2 = 70), S3 → S4 (k3 = 41) and, now, S4 (estimated k4 = 15).
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Thus, k4/k0 × 100% = 2.9%, i.e. within experimental error, which
would further justify the assumption in our treatment.


The measure of the attenuation of Pt activation is quantified
via the plot (Fig. 4) depicting the dependence of log kex (Table 2)
on pKa for the step-wise N(1)-H acidity constant K1 through K4


(Table 3). It is remarkable that this plot that relates deuterium
isotopic exchange at C(8)-H sites remote from the ionized N(1)
site shows good linearity (R2 = 0.99). The relationship between
log k for exchange and the pKa values for N(1)-H ionization
constitutes a linear free energy relationship (LFER). The slopes of
such LFERs are normally taken to be a measure of sensitivity of
the process to systematic modulation of electronic and structural
effects. In this case, the large and negative slope (−2.3) reflects
the high sensitivity of the effect of transmission of electron
density from N(1), following deprotonation, via platinum and/or
through space to the remaining C(8)-H sites. This follows from the
significant maf afforded by Pt for exchange in these complexes.
While maf is fully expressed in the unionized platinum complex,
S, it is reasonable that the observed progressive mitigation of its
effect through N(1)-H ionization will result as one moves to S1


and then to S2 and finally to S3.


Fig. 4 Logarithmic plots of C(8)-H isotopic exchange (kobs) in complex
S and the successively N(1) deprotonated forms (S1, S2, S3) versus N(1)-H
pKa, both statistically corrected (Tables 2 and 3).


Conclusions


To our knowledge, this tetrakis(inosine)platinum(II)/OD− system
represents the first instance in which such a large attenuation in
maf has been demonstrated. Uniquely, this has been achieved
through progressive modulation through pKa (pD) changes of a
single molecule, (ino)4Pt(II)Cl2. The outstanding feature of the
current LFER (Fig. 4) is that such a seemingly minor change as
ionizing N(1)-H remote from exchangeable C(8)-H in this very
large molecule, manifests itself so visibly. Without platinum, the
system reverts to inosine alone; no maf is possible. Clearly, the


Pt atom of the series of complexes must play a major role in
transmission of attenuation of maf to the C(8)-H centres caused
by successive N(1)-H ionizations. Our study exhibits that Pt acts
as conductor of any through-bond (or in the manner of Fig. 3,
any through-space) transfer of electron density to the remaining
C(8)-H reaction centers.


Future work to explore this LFER approach would involve
systematic replacement of the central Pt by other metals. In this
regard, Sigel and coworkers have found that the pKa value that
quantifies the metal effect on N(1)-H acidity is similar for Pd and
Pt complexes.45 Therefore, it is reasonable to anticipate a similar
LFER to emerge from a study of the tetrakis(inosine)palladium
complex. Equally, such work could involve not only inosine,
but other purine or related ligand structures that contain both
ionizable and exchangeable sites remote from one another.
The LFER found here, consequently, may become a tool not
only for investigating, but also predicting either N-H acidity
or C-H H–D exchange susceptibility in a range of metal–
biomolecule complexes and, in turn, carbon acidity in these com-
plexes.


Experimental


Materials and instruments


Potassium tetrachloroplatinate (K2PtCl4; >99.9%) was pur-
chased from Johnson Matthey, while inosine (99%), Na2HPO4·
H2O(99.9%) and NaH2PO4 (99.9%) were obtained from Sigma.
NaOH and KOH pellets were purchased from BDH (Analar
grade). Deuterium oxide (99.9 atom%) used for spectroscopic and
kinetic studies was available commercially from Matheson Inc.
All other reagents and solvents were obtained from commercial
sources and used without further purification.


Products were characterized by melting point (uncorrected;
Thomas-Hoover capillary melting point apparatus), 1H NMR
spectroscopy and elemental analysis (Canadian Microanalytical
Services, Delta, B.C.) 1H NMR spectra were recorded using a
Bruker ACF-200 NMR spectrometer, operating at 200.1 MHz;
chemical shifts (d) are given in parts per million and the numbering
cited below follows that given for inosine in the text above.
Measurements of pH were made using either Acumet-90 (Fisher
Scientific) or U 71 (Beckman) pH meters. The pH meters were
calibrated as described below.


Preparation of Pt(II) complexes


cis-Dichlorobis(inosine)platinum(II) chloride, [Pt(ino)2Cl2]Cl2


Inosine (0.536 g, 2.00 mmol) was added to distilled water (ca.
5 mL) and heated until the solid was fully dissolved, at which
point a filtered aqueous solution (ca. 5 mL) of K2PtCl4 (0.415 g,
1.00 mmol) was added. The reddish-colored mixture was allowed
to stand for 2 days at room temperature during which time the
color changed to yellow. This solution was evaporated to dryness
(in vacuo), the residue was partly re-dissolved in DMF (5 mL),
filtered and excess ethanol (50 mL) was added to the filtrate to
precipitate the crude product. The precipitate was filtered, washed,
in turn, with copious amounts of dry ethanol and anhydrous
diethyl ether and then dried in vacuo to yield 0.386 g (48%) of
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a pale yellow powder. The 1H NMR spectrum (D2O–TSP) was in
good agreement with that reported in the literature.49


13C NMR (D2O–TSP, ribose portion), d: 90.38 (C-1′), 75.61 (C-
2′), 70.67 (C-3′), 86.33 (C-4′), 61.76 (C-5′).


Tetrakis(inosine)platinum(II) chloride pentahydrate,
[Pt(ino)4]Cl2·5H2O


To a solution of [Pt(ino)2Cl2]Cl2 (0.10 g, 0.12 mmol) in water (ca.
20 mL) was added inosine (0.0668 g, 0.250 mmol); the resultant
mixture was stirred and heated at 60 ◦C for 3 days. The solution was
allowed to cool to room temperature, filtered and excess acetone
(400 mL) was added to the filtrate. The white solid obtained
was washed with copious amounts of acetone and anhydrous
diethyl ether and dried in vacuo to yield 0.132 g (88%) of the
crude tetrakis(inosine) complex. The complex was purified by
redissolution in a minimum of distilled water followed by dropwise
addition of acetone to precipitate 0.110 g (72% of crude) of
colorless needles. Mp 188–190 ◦C (d).


1H NMR (D2O–TSP), d: 8.93 (H-8, s), 8.23 (H-2, s), 6.09 (H-
1′,d), 4.59 (H-2′, t), 4.36 (H-3′,t), 4.24 (H-4′, br q), 3.83 (H-5′,5′′,
m); in good agreement with reported literature.49


Anal. Calc. for C40H58N16O25Cl2Pt, %: C (33.85), H (4.09), N
(15.80).


Found %: C (32.98), H (3.79), N (15.62).


Kinetic determination of isotopic exchange


Measurements of isotopic C(8)-H exchange in the (ino)4PtCl2


complex were performed in aqueous phosphate buffers (pD 6–9) at
60 ◦C in deuterium oxide by monitoring the disappearance of the
C(8)-H signal by 1H NMR spectroscopy. The phosphate salts used
in preparation of the buffer solutions were initially exchanged with
deuterium by dissolution in a large excess of D2O and subsequent
removal of the solvent in vacuo. The buffer solutions were prepared
from these isolated deuterated salts inside an Ar-filled glove box,
in 10 mL volumetric flasks according to standard recipes.50 The
pH values in D2O were measured at room temperature using a
pH meter calibrated with standard aqueous (H2O) buffers (BDH)
of pH 4.0, 7.0 and 10.0, and are uncorrected for solvent isotope
effects. The corresponding pD values were calculated by adding 0.4
to the pH meter readings.27 The resultant pD values were corrected
for temperature.28


Kinetic measurements required the dissolution of ca. 10 mg of
the complex in 0.5 mL of the appropriate buffer solution followed
by rapid shaking and the insertion of the tube into the variable
temperature NMR probe with probe temperature equilibrated at
60 ◦C. The adjustment of operating parameters was as described
previously.4 Spectra were acquired as FIDs at preset intervals
using the NMR kinetic program ASREACT1H.AU.51 FIDs were
Fourier transformed and degree of exchange at each time was
obtained from the ratio of the electronically-determined peak
area of the exchanging C(8)-H to that of the non-exchanging
ribose C(1′)-H. The pseudo-first order rate constants for C(8) H–D
exchange (kobs) were determined from the negative slope of the plot
of the logarithm of the ratio of the C-H8 : C-H1′ peak areas versus
time, i.e. kobs = −2.303 × slope. The microscopic rate constants for
C(8)-H–D exchange from the four equivalent C(8) positions of the
tetrakis(inosine) complex (k0, k1, k2, k3, defined by Scheme 3) were


determined from iterative non-linear fit of the experimental acid
dissociation constants (K1, K2, K3, K4, defined by Scheme 2) to
eqn 2 (see above). The resultant microscopic rate constants were
corrected statistically, as the acid dissociation constants also had
been.
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Jonathan Clayden,*a Loı̈c Lemiègre,‡a Mark Pickwortha and Lyn Jonesb


Received 18th February 2008, Accepted 13th May 2008
First published as an Advance Article on the web 16th June 2008
DOI: 10.1039/b802673d


Except in the most hindered of cases, N,N ′-diaryl N,N ′-dimethyl ureas adopt a conformation with the
two aryl rings disposed cis to one another. Variable temperature NMR studies reveal the rate at which
the Ar–N bonds rotate as well as the conformational preference of ortho disubstituted ureas in which
more than one cis orientation is possible. In general, a conformation in which the aryl rings lie close in
space but with their most bulky 2-substituents aligned anti is preferred, but with particularly bulky
2-substituents, conformations in which one of the aryl rings points away from the other may also be
populated.


Introduction


Foldamers – oligomers which adopt a well-defined conformation
over nanometre scales1,2 – are a field of interest because of
the potential use in materials or biological chemistry of such
molecules. Many foldamers have been shown to adopt helical
conformations, and in some cases those conformations have
been controlled using side chain or terminal stereochemistry.3,4


Foldamers made from polyamides or polyureas can be considered
structurally analogous to helical peptides, and most foldamers
of this type maintain their conformation through a network of
hydrogen bonds.2,4,5


We are particularly interested in the potential of foldamers for
transmission of stereochemical influences, and for that reason have
sought to work with oligomers whose structure is compatible with
a variety of potentially stereoselective reactions and which there-
fore do not contain acidic NH protons.6 Governing conformation
in such molecules is a challenge, but we have found that dipole
interactions can be used to orientate a series of tertiary amide
groups along a polyaromatic chain.7 p-Stacking interactions8 can
also give rise to global conformational control: for example,
extended stacked structures built from ureas of diamines have
been reported to adopt helical conformations.9


N-Methylation of aromatic amides and ureas has been proposed
as a general strategy for control of conformation about the C–N
bonds of such compounds, since it leads to structures in which
close Ar–Ar contacts are prevalent.10–13 However, little detailed
work has been reported on the conformational preferences of
simple mono-ureas, despite the fact that the helicity of an oligo-
urea is dependent on the adoption by each individual urea linkage
of a well-defined local conformation.


N,N ′-Dimethyl-N,N ′-diaryl ureas generally adopt a confor-
mation about the two N–CO bonds that allows the aryl rings
to lie cis to one another, presumably because of favourable p-
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stacking.10,14–16 It has been suggested that a preference for p-
stacking may be overcome, at least in the solid state, by electron-
deficiency in the two aromatic rings.15 In this paper we describe
our kinetic and thermodynamic investigation of the conformation
and stereodynamics of some simple ureas.17


Results and discussion


Synthesis of the ureas


Simple symmetrical ureas 3 (R1 = R2, R3 = H, except 3k which
was made by the method used for unsymmetrical ureas described
below) were made by condensing 2-substituted anilines 1 with
diphosgene 4 or triphosgene 518 and double methylation of the
products 2 (Scheme 1; Table 1, entries 1–4 and 6). Condensation
of N-methylanilines was slower, but avoided the methylation step
and gave acceptable yields of products (entry 2).


Scheme 1 Synthesis of ureas.
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Table 1 Symmetric and unsymmetrical ureas


Entry Reagent R1 R2 R3 Yield 2 Product Yield 3


1 4 F F H 90 3a 98
2 4 Cl Cl H 70 3b 95
3 5 Br Br H 65 3c 70a; 65b


4 4 Me Me H 94 3d 95
5 4 Et Et H 96 3e 93
6 7a Et i-Pr H 95 3f 81
7 4 i-Pr i-Pr H 97 3g 88
8 6a Me t-Bu H 98 3h 96
9 6a Et t-Bu H 97 3i 95


10 4 i-Pr t-Bu H — 3j 79c


11 6a t-Bu t-Bu H 98 3k 95
12 6b F Me Me 80 3l 97
13 6b Cl Me Me 93 3m 96
14 6b Br Me Me 78 3n 98
15 6b I Me Me 86 3o 77
16 6b Me Me Me 86 3p 95
17 6b Et Me Me 97 3q 97
18 6b i-Pr Me Me 98 3r 94
19 6b t-Bu Me Me 98 3s 90
20 6b OMe Me Me 96 3t 66
21 6b OCF3 Me Me 33 3u 95
22 6c t-Bu H H 90d 3v 70d


a From 2 using dimethyl sulfate; b From 5 using N-methyl-2-bromoaniline;
c Yield from 1. d See references.19,20


Unsymmetrical ureas were made by one of two methods. When
an appropriate isocyanate 6 was available, an aniline 1 was added
to an isocyanate 6 and the product was methylated (Table 1, entries
8–21). With some relatively unhindered isocyanates, however, sig-
nificant amounts of symmetrical ureas derived from the isocyanate
component of the mixture were also formed, presumably by in situ
hydrolysis of the isocyanate to an aniline. Replacing the isocyanate
with an O-phenyl or O-p-nitrophenyl carbamate 7 (formed by
addition of the aniline to phenyl or p-nitrophenyl chloroformate)
solved this problem (entry 6). The “homocoupling” problem was
much less significant when the isocyanate 6 was 2,6-disubstituted.
Activated carbamates were also convenient alternatives when the
appropriate isocyanates were not readily available commercially.
Yields of the additions and methylations were good except in the
cases with deactivated anilines (entry 21).


Conformation and stereodynamics


Many of the ureas 3 displayed exchange-broadened 1H NMR
spectra at room temperature. In most cases, however, the ex-
changing peaks decoalesced and were sharp at temperatures
below −50 ◦C in toluene. At such temperatures, ureas 3l–u show
only one set of peaks, which includes (in most cases) a pair of
diastereotopic methyl groups. Results described below show that
urea N–CO bonds rotate slowly on the NMR timescale below
−50 ◦C, so the simplicity of these spectra suggests that only
a single N–CO–N conformer is populated in solution. Previous
reports of conformational preference in N,N ′-diaryl-N,N ′-dialkyl
ureas have concluded that the conformation in which both aryl
rings lie close to one another (the cis,cis or endo conformation
shown in Fig. 1) is generally preferred.10,14–16 Exo conformers
(see Fig. 3) of N,N ′-diaryl-N,N ′-dimethyl ureas are generally not
observed: the only known example of such a urea favouring the exo


Fig. 1 Conformation and Ar–N rotation in 3l–u.


conformation (in the solid state) is N,N ′-dimethyl-N,N ′-bis(2,4-
dinitrophenyl)urea.15


The diastereotopicity of the 2,6-dimethyl groups furthermore
indicates that both Ar–N bonds rotate slowly on the NMR
timescale. Raising the temperature at which the 1H NMR spectrum
was acquired led to coalescence of the methyl signals. Rotation
about either Ar–N bond interconverts these diastereotopic signals
MeA and MeB (Fig. 1), and dynamic NMR techniques (modelling
line broadening at increasing temperature in toluene using com-
mercial software gNMR to quantify exchange rates) and Eyring
analysis of the exchange rates obtained21 allowed us to extract
the associated free energies of activation DG‡. These values can
be interpreted as rates for Ar–N bond rotation about the less
hindered of the two Ar–B bonds (though an alternative mechanism
of interconversion, in which Ar–N rotation is not rate determining,
is discussed below), and their values at temperatures close to
the coalescence point are reported in Table 2. For purposes of
comparison, estimates of the half life for interconversion of the
conformers extrapolated to 298 K are also given in Table 2. No
coalescence was observed in the case of 3s – this compound is
discussed further below.


Half-lives for conformational interconversion are consistent
with those published for related compounds,19 and increase
slightly with increasing steric hindrance, though the steric effect
is relatively small (except when R1 = t-Bu), presumably either
because the R1 substituent moves away from the other ring during
conformer interconversion about the Ar–N bond or because Ar–N
rotation is not in fact rate determining in most cases (see below).
Electron-withdrawing substituents have a lowering effect on the
barrier height, perhaps by weakening the urea conjugation and
allowing greater N–CO flexibility or by stabilizing the coplanar
arrangement the ring, and the urea must pass through at the
transition state for rotation. Only 3s has a barrier high enough to
suggest resolvability into atropisomers22 – the estimated minimum
barrier to enantiomerisation in this compound suggests a room


Table 2 Activation parameters associated with bond rotation in 3l–u


Entry Urea R1 DG‡/kJ mol−1 T/Ka t1/2/ms (298 K)b


1 3l F 38.0 ± 1.0 193 0.02
2 3m Cl 50.9 ± 1.5 233 2.4
3 3n Br 56.3 ± 1.5 263 5.0
4 3o I 62.6 ± 1.5 288 15.6
5 3p Me 52.9 ± 1.0 253 2.6
6 3q Et 56.8 ± 1.5 273 5.2
7 3r i-Pr 61.7 ± 1.5 298 7.5
8 3s t-Bu >84c 383 >5800
9 3t OMe 48.9 ± 1.5 233 2.2


10 3u OCF3 39.4 ± 1.0 183 0.59


a Temperature for which DG‡ is reported. b Estimated by extrapolation of
the Eyring plot to 298 K. c Estimated minimum value: no coalescence at
110 ◦C.
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Table 3 Activation parameters and ratios associated with conformer interconversion in 3


Entry Urea R1 R4 Ratio of conformers anti-3:syn-3a (T/◦C)b t1/2/ms (298 K) DG‡
min–maj/kJ mol−1 (298 K) DG‡


maj–min/kJ mol−1 (298 K)


1 3a F F Broad (all) — — —
2 3b Cl Cl 57 : 43 (−90) 0.15 51.9 ± 1.8 52.4 ± 1.8
3 3c Br Br 70 : 30 (−75) 5.0 60.2 ± 1.5 61.5 ± 1.5
4 3d Me Me 50 : 50 (−70) 0.11 51.4 ± 3.2 51.4 ± 3.2
5 3e Et Et 50 : 50 (−80) 3.4 59.8 ± 1.2 59.8 ± 1.2
6 3f Et i-Pr 60 : 40 (−50) 4.0 59.8 ± 1.5 60.6 ± 1.5
7 3g i-Pr i-Pr 70 : 30 (−30) 13.3 62.5 ± 1.5 64.2 ± 1.5
8 3h Me t-Bu 35 : 35 : 15 : 15 (−90) 1.8d 58.2 ± 1.3d 58.2 ± 1.3d


70 : 30 (−20) 5.9e 60.5 ± 1.0e 62.1 ± 1.0e


9 3i Et t-Bu 35 : 35 : 15 : 15 (−90) 3.1d 59.6 ± 1.0d 59.6 ± 1.0d


70 : 30 (−50) 7.0e 60.9 ± 1.0e 62.5 ± 1.0e


10 3j i-Pr t-Bu Mixture (−90) 6.1d — —
73 : 27 (−50) 26e 64.1 ± 1.5e 65.9 ± 1.5e


11 3k t-Bu t-Bu Mixture (−90) 31d — —
60 : 40 (+100) — — —


12 3v t-Bu H 60 : 40 (−90)c 2.6 58.9 ± 0.9 59.5 ± 0.9


a Arbitrary assignment of anti stereochemistry to major conformer. b In d8-toluene unless otherwise stated. c In CD3OD. d Faster of two rotational
processes. e Slower of two rotational processes.


temperature half-life of racemisation of at least minutes. The
corresponding half-life for the other compounds is of the order
of milliseconds.


In contrast with ureas 3l–u, ureas 3a–g showed two sets of
peaks in their 1H NMR spectra, corresponding to two conformers,
at the slow exchange limit. As shown in Table 3, ratios of the
conformers varied from 1 : 1 to 4 : 1, depending on the sizes
of R1 or R2, and we assign them the structures syn-3 and anti-3
illustrated in Fig. 3. The paired signals coalesce on raising the
temperature. Fig. 2 shows an example of the typical set of 1H
NMR spectra obtained for 3g, illustrating paired signals at low
temperature and the coalescences as the temperature rises. In this
case, signals assigned to the two conformers coalesce between


Fig. 2 VT NMR study of monourea 3g. Signals labelled a correspond to
anti-3g; signals labelled s correspond to syn-3g.


−10 and +20 ◦C, according to peak separation. A related study of
an N,N ′-dimethyl-bis(1-naphthyl)urea reported observation of an
“uninformative” mixture of conformers.16


Given the known preference of similar ureas for cis,cis (endo)
conformations, we assume the conformational interconversion
observed by NMR is that between anti- and syn-3a–g, as illustrated
in Fig. 3. We assume that the major conformer has the less ster-
ically hindered anti stereochemistry.23 We discount an alternative
possibility, that one of the conformers results from isomerisation
about the N–CO bond (the exo conformers in Fig. 3), since
such conformers would then likewise have been observed in 3l–
u. Moreover, both conformers display 1H NMR signals in the
region d 7.0–6.0, suggestive of a close Ar–Ar interaction.10,12


Fig. 3 Interconverting conformers of ureas 3a–k.


Using the same dynamic NMR techniques as for 3l–u21 gave
exchange rates associated with the interconversion of these
conformers. As in Table 2, we associate these values with the rate of
Ar–N bond rotation, though a possible alternative interpretation
is that interconversion takes place via exo conformers with rate-
determining N–CO rotation. Fig. 4 illustrates the lineshapes
modelled at a series of temperatures around T c, the coales-
cence temperature, for the ortho protons of 3e. The ratios of
the two conformers observed at the slow exchange limit are


2910 | Org. Biomol. Chem., 2008, 6, 2908–2913 This journal is © The Royal Society of Chemistry 2008







Fig. 4 Modelling lineshape in 3e (ortho protons).


presented in Table 3, along with half-lives for interconversion
of the conformers obtained by extrapolating (for purposes of
comparison) the Eyring plots to 298 K. The rates are consistent
with those previously determined for simpler analogues of 3,16,19


and (like the conformational ratios) are only weakly dependent
on steric hindrance, presumably either because R1 or R4 moves
away from the other ring during the rotation or because the
interconversion does indeed proceed through rate-determining
N–CO rotation. Conformational exchange in 3a was too fast at
accessible temperatures to determine kinetic parameters by VT
NMR.


t-Butyl substituted ureas 3h–k display different conformational
behaviour. At low temperature (−90 ◦C in toluene or MeOH), four
sets of peaks become apparent, presumably a result of appreciable
population of conformers represented in Fig. 3 as exo-anti-3 and
exo-syn-3. Two of the conformers are similar to those seen in 3d–g
in that they display aromatic signals in the d 6.6–6.0 ppm region,
and we assume that these are endo conformers. The other two
conformers have aromatic signals lying around d 7.0 ppm, and
we assume these are exo conformers, populated because of the
greater steric hindrance experienced in these heavily substituted
ureas. Although difficult to quantify precisely because of exchange
broadening, the population of the exo conformers increases with
increasing steric hindrance, and in 3k the upfield endo signals
form only perhaps 10% of the total aromatic signals. Evidence
that the additional pairing of signals arises from the presence of
exo conformers (which are reported to be favoured in bis(2,4-


dinitrophenyl)ureas15) is provided by 3v.20 The symmetry of one
of the rings precludes the existence of syn and anti isomers, but
this compound nonetheless exhibits two clean sets of peaks in its
1H NMR spectrum in a 60 : 40 ratio at −90 ◦C which coalesce
at around −20 ◦C. One (the less abundant) of these sets of peaks
clearly lacks the shielded aromatic 1H NMR signals characteristic
of the p-stacked ureas,16 as expected for an exo conformer. We
speculate that once the combined steric bulk carried by the two
rings reaches a certain point, steric repulsion begins to counteract
p-stacking interactions: a t-butyl group on either ring is sufficient
to provide such a degree of repulsion.


On warming to around −50 to −20 ◦C, the signals in 3h–k
coalesce in pairs to give two sets of peaks in the ratios shown in
Table 3. At higher temperatures, coalescence of the resulting pairs
of signals takes place for 3h–j, as observed for 3b–g. Table 3 shows
that the barriers to both bond rotations are similar in magnitude.
The complexity of the signals arising from the interconverting
mixture of four conformers at low temperature makes further
detailed analysis impossible. The second coalescence does not take
place for 3k, whose 1H NMR spectrum displays two conformers
(in a ratio of about 60 : 40) at least up to 100 ◦C.


The conformational mixtures observed in ureas 3a–k suggest
that further extension of these compounds into oligoureas should
serve only to compound the complexity of the conformational
mixtures. This is clearly at odds with the reported well-defined
helical conformations of more extended oligoureas.9 Further work
aimed at understanding the origin of the conformation of helical
oligoureas is under way.


Experimental


Full experimental data is given in the supporting information.
Typical procedures are listed below. Details of instrumentation
etc. have been reported before.13


1,3-Bis(2-isopropylphenyl)urea, 2g


2-Isopropylaniline (1.35 g, 1.42 cm3, 10 mmol), was dissolved
in CH2Cl2 (20 cm3) at 0 ◦C and triethylamine (2.2 g, 3.1 cm3,
22 mmol) added in one portion. Diphosgene (0.99 g, 0.60 cm3,
5.0 mmol) was added dropwise and the reaction mixture allowed
to warm to room temperature over 18 h. The white precipitate
was isolated and recrystallised from EtOAc–pentane to give 1,3-
bis(2-isopropylphenyl)urea 2g (2.87 g, 97%), as white plates, m.p.
188–190 ◦C (from EtOAc–pentane); Rf (EtOAc–pentane, 3 : 7)
0.50; tmax (film)/cm−1 3318 and 3302 (N–H) and 1647 (C=O); dH


(400 MHz; d6-DMSO) 8.63 [2 H, s, (NH) × 2], 7.57 (2 H, dd, J 8.0
and 2.0, CH-d), 7.24 (2 H, dd, J 8.0 and 2.0, CH-a), 7.10 (2 H, td,
J 8.0 and 2.0, CH-c), 7.03 (2 H, td, J 8.0 and 2.0, CH-b), 3.31 [2
H, hept, J 7.0, (CH) × 2] and 1.20 [12 H, d, J 7.0 (CH3) × 4]; dC


(100 MHz; d6-DMSO) 154.9 (C=O), 140.6 (C), 136.7 (C), 126.2
(CH), 125.8 (CH), 124.8 (CH), 124.4 (CH), 27.5 (CH) and 23.9
(CH3); m/z (CI) 297 (100%, M + H+); (Found: M + H+, 297.1959,
C19H24N2O requires M + H, 297.1962).


1-(2-Isopropylphenyl)-3-(2,6-dimethylphenyl)urea, 2r


2-Isopropylaniline (0.68 g, 0.71 cm3, 5.0 mmol), was dissolved
in CH2Cl2 (10 cm3) at room temperature. 2,6-Dimethylphenyl
isocyanate (0.74 g, 0.70 cm3, 5.0 mmol) added dropwise and
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stirred for 20 h. The solvent was removed under reduced pressure
and the residue recrystallised from EtOAc–petrol to give 1-(2-
isopropylphenyl)-3-(2,6-dimethylphenyl)urea 2r (1.5 g, 98%), as
white cubes, m.p. 255–257 ◦C (from EtOAc–pentane); Rf (EtOAc–
pentane, 1 : 4) 0.29; tmax (film)/cm−1 1631 (C=O); dH (400 MHz;
d6-DMSO) 7.92 [1 H, s, (NH)A], 7.89 [1 H, br., (NH)B], 7.58 (1 H,
dd, J 8.0 and 2.0, CH-d), 7.24 (1 H, dd, J 8.0 and 2.0, CH-a), 7.10
(1 H, td, J 8.0 and 2.0, CH-c), 7.07–6.98 (4 H, m, CH-b, CH-e
and CH-f), 3.18 [1 H, hept, J 7.0, (CH)], 2.21 [6 H, s, (CH3) ×
2] 1.20 [3 H, s, (CH3)A] and 1.18 [3 H, s, (CH3)B]; dC (100 MHz;
d6-DMSO) 154.2 (C=O), 140.2 (C), 136.8 (C), 136.3 (C), 136.2
(C), 128.4 (CH), 126.5 (CH), 126.4 (CH), 125.8 (CH), 124.5 (CH),
124.4 (CH), 125.4 (CH), 27.6 (CH), 23.7 (CH3) and 18.9 (CH3);
m/z (ESI+) 283 (100%, M + H+); (Found: M + H+, 283.1804,
C18H22N2O requires M + H, 283.1810).


1,3-Bis(2-isopropylphenyl)-1,3-dimethylurea, 3g


1,3-Bis(2-isopropylphenyl)urea 2g (1.72 g, 5.8 mmol) was dis-
solved in THF (50 cm3) and cooled to 0 ◦C. Sodium hydride
(0.58 g, 14.5 mmol) was added portionwise and stirred at room
temperature for 1 h. Methyl iodide (1.1 cm3, 17.4 mmol) was added
and stirred at room temperature for 18 h. Water (40 cm3) was
added and extracted with EtOAc (3 × 40 cm3). The combined
organic fractions were dried (MgSO4), filtered and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (SiO2; 10% EtOAc in pentane) to give 1,3-
bis(2-isopropylphenyl)-1,3-dimethylurea 3g (1.65 g, 88%), as white
prisms, m.p. 195–197 ◦C (from EtOAc–pentane); Rf (EtOAc–
pentane, 3 : 7) 0.61; tmax (film)/cm−1 1646 (C=O); dH (400 MHz;
CDCl3) 7.05 (2 H, d, J 7.0, CH-d), 6.91 (2 H, t, J 7.0, CH-c), 6.55
(2 H, br., CH-a), 6.07 (2 H, br., CH-b), 2.97 [6 H, s, (NCH3) ×
2], 2.86 [2 H, br., (CH) × 2] and 1.05 (12 H, br., (CH3) × 4];
dC (100 MHz; CDCl3) 162.9 (C=O), 146.0 (C), 142.9 (C), 128.3
(CH), 126.9 (CH), 126.6 (CH), 126.3 (CH), 40.2 (NCH3), 27.3
(CH), 25.9 (CH3) and 23.5 (CH3); m/z (ESI+) 325 (100%, M + H+);
(Found: M + H+, 325.2274. C21H29N2O requires M + H, 325.2270).
Elem. Anal. for C21H28N2O: calcd: C, 77.74%; H, 8.70%; N, 8.63%;
found: C, 77.68%; H, 8.79%; N, 8.63%.


1-(2-Isopropylphenyl)-1,3-dimethyl-3-(2,6-dimethylphenyl)urea, 3r


1-(2-Isopropylphenyl)-3-(2,6-dimethylphenyl)urea 2r (1.20 g,
4.2 mmol) was dissolved in THF (30 cm3) and cooled to
0 ◦C. Sodium hydride (0.42 g, 11.5 mmol) was added portionwise
and stirred at room temperature for 1 h. Methyl iodide (0.86 cm3,
12.6 mmol) was added and stirred at room temperature for
18 h. Water (40 cm3) was added and extracted with EtOAc (3 ×
30 cm3). The combined organic fractions were dried (MgSO4),
filtered and concentrated under reduced pressure. The residue
was purified by flash column chromatography (SiO2; 10% EtOAc
in pentane) to give 1-(2-isopropylphenyl)-1,3-dimethyl-3-(2,6-
dimethylphenyl)urea 3r (1.24 g, 94%), as off-white blocks, m.p.
90–92 ◦C (from EtOAc–pentane); Rf (EtOAc–pentane, 1 : 4) 0.73;
tmax (film)/cm−1 1632 (C=O); dH (400 MHz; CDCl3) 7.12 (1 H, d,
J 7.0, CH-d), 7.05 (1 H, d, J 7.0, CH-a), 6.90 (2 H, br., CH-b and
CH-c), 6.71 (2 H, br., CH-e1 and CH-e2), 6.19 (1 H, br., CH-f), 3.07
[3 H, s, (NCH3)A], 3.02–2.90 [4 H, br., (CH) and (NCH3)B], 2.08


[3 H, s, (CH3)A], 1.63 [3 H, s, (CH3)B] and 1.11 [6 H, s, 2 × (CH3)];
dC (100 MHz; CDCl3) 164.4 (C=O), 146.6 (C), 143.0 (C), 142.3
(C), 136.8 (C), 136.4 (C), 128.8 (CH), 128.7 (CH), 128.6 (CH),
127.2 (CH), 126.8 (CH), 126.6 (CH), 126.2 (CH), 40.4 (NCH3)A,
37.4 (NCH3)B, 27.4 (CH), 25.6 (CH3)A, 23.4 (CH3)B, 18.0 (CH3)C


and 17.9 (CH3)D; m/z (ESI+) 311 (100%, M + H+); (Found: M +
H+, 311.2098, C20H26N2O requires M + H, 311.2118). Purity was
established by LC–MS analysis.
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A variety of functionalized 3,4-benzo-7-hydroxy-2,9-diazabicyclo[3.3.1]non-7-enes were prepared by
one-pot cyclizations of 1,3-bis(silyl enol ethers) with quinazolines. The mechanism of the cyclization
was studied by B3LYP/6-31G(d) density functional theory computations. The products could be
functionalized by Suzuki cross-coupling reactions. The reaction of 1,3-bis(silyl enol ethers) with
phthalazine afforded open-chain rather than cyclization products.


Introduction


Iminium salts represent important synthetic building blocks.1


In recent years, cyclocondensation reactions of iminium salts
with bis(silyl enol ethers) have been reported, which al-
low for a convenient synthesis of various bridged and non-
bridged N-heterocycles.2 Recently, we reported3 the cyclization
of 1,3-bis(trimethylsilyloxy)-1,3-butadienes4 with quinazolines.
These one-pot reactions allow for the synthesis of densely
functionalized 3,4-benzo-7-hydroxy-2,9-diazabicyclo[3.3.1]non-7-
enes, which can be regarded as bridged quinazoline derivatives.
Herein, we report the full details of this reaction and a com-
prehensive study related to the preparative scope. A number of
novel quinazolines were prepared for the first time and successfully
employed in our cyclization reaction. This includes, for example,
derivatives containing an annulated ring or a lipophilic side-
chain (hexyl group). It has been shown that the products can be
functionalized by Suzuki cross-coupling reactions. In addition, we
studied the mechanism of the cyclization by DFT computations.
We also studied the reaction of 1,3-bis(silyl enol ethers) with
phthalazine. These reactions afforded open-chain rather than
cyclization products.


Quinazoline derivatives are of considerable pharmacological
importance and occur in a number of natural products (e.g.
tetrodotoxin, febrifugine, glomerine, or peganine). For example,
1,2,4-triazolo[5,1-b]quinazolines show antihypertonic activity.5


Antirheumatic and antianaphylactic activity has been recog-
nized for 3-heteroaryl-1,2,4-triazolo[5,1-b]quinazolines.6 1,2,4-
Triazolo[1,5-c]quinazolines possess antiasthmatic, tranquilizing
and neuro-stimulating activity.7 Aryl- and heteroaryl substituted
derivatives have been shown to possess benzodiazepine bind-
ing activity.8 In addition, antiinflammatory, antihypertonic and
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antiviral activity has been reported.9 Chlorinated 1,2,4-triazolo-
[1,5-c]quinazolines and the isomeric 1,2,4-triazolo[4,3-c]quina-
zolines exhibit antiinflammatory and sedative activity.10


Results and discussion


Parent quinazoline (3a), 7-bromoquinazoline (3b) and 6-methyl
quinazoline (3c) are commercially available. These substrates were
used in our preliminary studies. The novel quinanzolines 3d–i
were prepared in two steps according to a procedure reported by
Chilin and coworkers (Table 1).11 Anilines 1a–f were transformed
into the carbamates 2a–f. Reflux of 2a–f in the presence of
hexamethylenetetramine (HMTA, urotropine) and trifluoroacetic
acid (TFA) and subsequent reflux in the presence KOH (EtOH–
H2O 1 : 1) and K3Fe(CN)6 afforded the novel quinazolines 3d–i


Table 1 Synthesis of quinazolines 3d–i


Reagents and conditions: i, 1a–f (1.0 equiv.), NEt3 (2.0 equiv.),
ClCO2Et (2.0 equiv.), THF, 20 ◦C, 1 h; ii, (a) 2a–f (1.0 equiv.),
HMTA (7.0 equiv.), TFA, reflux, 1 h (b) 10% KOH
(EtOH–H2O = 1 : 1), K3Fe(CN)6 (7.6 equiv.), reflux, 4 h


1 3 R1 R2 %(3)a


a d Et H 21
b e iPr H 35
c f tBu H 30
d g nHex H 30
e h –(CH2)3– 54
f i Me Me 35


a Isolated yields (based on 1).
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Table 2 Cyclization of 1,3-bis(silyl enol ethers) 4a–g with 3a–i


Reagents and conditions: i, 3a–i (1.0 equiv.), 4a–g (1.4 equiv.), ClR4


(4.0 equiv.), CH2Cl2, 0 ◦C, 2 h, 20 ◦C, 12 h


3 4 5 R1 R2 R3 % (5)a


a a a OMe H H 52
a b b OEt H H 46
a c c O(CH2)2OMe H H 53
a d d Me H H 63b


a e e tBu H H 12
a f f Ph H H 0
b c g O(CH2)2OMe Br H 23
b d h Me Br H 37
c a i OMe H Me 43
c d j Me H Me 31
d a k OMe H Et 43
d b l OEt H Et 37
d d m Me H Et 26
e a n OMe H iPr 44
e b o OEt H iPr 44
e d p Me H iPr 38
f a q OMe H tBu 50
f c r O(CH2)2OMe H tBu 38
f g s OiBu H tBu 54
f d t Me H tBu 44
g a u OMe H nHex 37
g d v Me H nHex 53
h a w OMe –(CH2)3– 51
h d x Me –(CH2)3– 53
i a y OMe Me Me 46
i d z Me Me Me 48


a Yields of isolated products; all products were isolated as racemates.
b Product 5d′ was isolated in 38% yield when benzyl chloroformate (R4 =
CO2Bn) was used.


in 21–54% yields. The best yield was obtained for the tricyclic
quinazoline 3h.


1,3-Bis(trimethylsilyloxy)-1,3-butadienes 4a–c and 4g–j were
prepared from the corresponding b-ketoesters in two steps.12


Dienes 4d–f are available from the corresponding 1,3-diketones
in one step.13 The cyclization of parent quinazoline (3a) with
1,3-bis(trimethylsilyloxy)-1,3-butadienes 4a–c, in the presence of
methyl chloroformate (4.0 equiv.), afforded the 3,4-benzo-7-
hydroxy-2,9-diazabicyclo[3.3.1]non-7-enes 5a–c (Table 2). The use


of only 3.0 (rather than 4.0) equivalents of methyl chloroformate
resulted in a decrease of the yield. Methyl or benzyl chloroformate
was used as the activating agent. The employment of methyl iodide
or TFA resulted in the formation of complex mixtures. Optimal
yields were obtained when the reaction mixture was directly
purified by chromatography (without aqueous work-up) and when
the reaction was carried out at room temperature. The formation
of the products can be explained by the formation of an iminium
salt by reaction of 3a with methyl chloroformate, and subsequent
regioselective attack of the terminal carbon atom of the 1,3-
bis(silyl enol ether) onto carbon atom C-4 of the quinazoline. The
reaction of the second nitrogen atom with methyl chloroformate
again afforded an iminium ion, which is attacked by the central
carbon atom of the 1,3-dicarbonyl unit.


The cyclization of 3a with 4d, derived from acetyl acetone,
gave the acetyl-substituted diazabicyclo[3.3.1]nonene 5d. The
cyclization of 3a with 4d, in the presence of benzyl chloroformate,
afforded product 5d′. However, all attempts to induce a reductive
cleavage of the protective group failed. The reaction of 3a with 2,4-
bis(trimethylsilyloxy)-5,5-dimethylhexane-1,3-diene (4e) afforded
a separable mixture of diazabicyclo[3.3.1]nonene 5e and an open-
chain product. Due to the difficult separation, 5e could be
isolated in only low yield. The reaction of 3a with 1-phenyl-1,3-
bis(trimethylsilyloxy)buta-1,3-diene (4f) resulted in the formation
of a complex mixture. The cyclization of 1,3-bis(silyloxy)-1,3-
butadienes with the substituted quinazolines 3b–i afforded the
diazabicyclo[3.3.1]nonenes 5g–z. The deprotection of 5a and 5d
failed under various conditions (decomposition).


The cyclization of 3a with 1,3-bis(silyl enol ethers) 4h and
4i, containing an ethyl group attached to carbon atom C-4,
afforded products 5aa and 5ab as mixtures of diastereomers
(dr = 7 : 3 and 2 : 1, respectively) (Table 3). The cyclization of


Table 3 Cyclization of 1,3-bis(silyl enol ethers) 4h–j with 3a


Reagents and conditions: i, 3a (1.0 equiv.), 4h–j (1.4 equiv.),
ClR3 (4.0 equiv.), CH2Cl2, 0 ◦C, 2 h, 20 ◦C, 12 h


4 5 R1 R2 % (5)a drb


h aa OMe Et 43 7 : 3
i ab OEt Et 50 2 : 1
j ac Et Me 75 6 : 1


a Yield of isolated products; all products were isolated as racemates.
b Diastereomeric ratio trans : cis (by 1H NMR); the assignment is arbitrary.


2962 | Org. Biomol. Chem., 2008, 6, 2961–2968 This journal is © The Royal Society of Chemistry 2008







3a with 4j, prepared from heptane-3,5-dione, gave product 5ac
with good diastereoselectivity (dr = 6 : 1). The diastereomeric
mixtures of 5aa, 5ab and 5ac could not be separated. Extension of
the reaction times did not result in a change in the selectivity
or epimerization. Therefore, the diastereomeric mixtures are
presumably kinetic products.


The configurations of the 3,4-benzo-7-hydroxy-2,9-diaza-
bicyclo[3.3.1]non-7-enes 5 were elucidated by NMR spectroscopy
(HMBC, COSY, NOESY). For example, in the COSY spectrum
of 5b, correlations were observed between the hydrogen atoms
of the NCHCH2 moiety. In addition, NOE effects between
the hydrogen atoms of the ring -CH2- group and an aromatic
hydrogen atom and the OH-proton were found. The HMBC
spectrum showed correlations between the ring-CH2 group and
the NCH, NCHCAr, COH and COHCCO groups. The relative
configurations of 5aa, 5ab and 5ac could not be unambiguously
assigned. Due to the hindered rotation of the carbamate moieties,
a fine splitting of many of the signals of 5a–ac was observed in
their 1H and 13C NMR spectra. The structures of 5n, 5q, 5w, and 5y
were independently confirmed by X-ray crystal structure analyses
(Fig. 1–4)†.14


Fig. 1 Molecular structure of 5n in the crystal form (ORTEP plot, 50%
probability level, only one of the two symmetry independent molecules is
shown).


3,4-Benzo-7-hydroxy-2,9-diazabicyclo[3.3.1]non-7-ene 5d was
transformed into its triflate 6. The Suzuki cross-coupling reaction
of 6 with phenyl- and 3,5-dimethylphenylboronic acid afforded
products 7a and 7b, respectively (Scheme 1).


The reaction of 1,3-bis(silyl enol ethers) 4c and 4f with phtha-
lazine (8), in the presence of methyl chloroformate (4.0 equiv.),
afforded the condensation products 9a and 9b, respectively, rather
than the cyclization products 10a,b (Scheme 2). All attempts to in-
duce a cyclization, by treatment of 9a,b with methyl chloroformate
or with acid (TFA), failed. In all experiments, the starting material
was recovered. This might be explained by the steric effect of the
carbamate moiety. In addition, the basicity of the imino group
of 9a,b is considerably reduced, due to the electron-withdrawing


Fig. 2 Molecular structure of 5q in the crystal form (ORTEP plot, 50%
probability level, only one position of the disordered atoms is shown).


Fig. 3 Molecular structure of 5w in the crystal form (ORTEP plot, 50%
probability level, only one position of the disordered atoms is shown).


effect of the neighboring carbamate nitrogen. Although a number
of reactions of iminium salts of phthalazine with nucleophiles have
been reported,15 double functionalizations are very rare.


Along with our synthetic efforts, we have carried out B3LYP/6-
31G(d) density functional theory computations on the cyclization
of 1,3-bis(silyl enol ethers) with quinazolines in order to get some
mechanistic insight. The reaction of the unsubstituted reactants
3a and 4a was studied in detail. At B3LYP/6-31(d), 3a has a
planar structure as the energy minimum (Fig. 5). Since the two
nitrogen atoms in 3a are non-equivalent, its reaction with methyl
chloroformate can result in the formation of two different iminium
ions, i.e. 3a+R1and 3a+R3. It is found that 3a+R3 is more stable
than 3a+R1 by 5.69 kcal mol−1 in Gibbs free energy. Therefore,
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Fig. 4 Molecular structure of 5y in the crystal form (ORTEP plot, 50%
probability level, only one position of the disordered atoms is shown).


Scheme 1 Synthesis of 7a,b: i, Tf2O, pyridine, −78 → 20 ◦C, 4 h;
ii, 6 (1.0 equiv.), ArB(OH)2 (1.3 equiv.), K3PO4 (1.6 equiv.), Pd(PPh3)4


(0.03 equiv.), 1,4-dioxane, reflux, 20 h.


Scheme 2 Synthesis of 9a,b: i, 8 (1.0 equiv.), 4c,f (1.4 equiv.), ClCO2Me
(4.0 equiv.), CH2Cl2, 0 ◦C, 2 h, 20 ◦C, 12 h.


3a+R3 should be the only product. It should also be noted that
3a+R3 has a rotamer of the carbamate group, which is higher in
energy by less than 1.00 kcal mol−1, and the computed rotation free
energy barrier is 8.7 kcal mol−1. In addition, we have found two
conformers of 4a which possess s-trans (4a-trans) and s-cis (4a-cis)


Fig. 5 Reaction free energies (DGr) and relative free energies
(B3LYP/6-31G(d) at 298K).


butadiene moieties. The latter is more stable by 1.55 kcal mol−1


and the expected equilibrium ratio of 4a-cis to 4a-trans should be
93% to 7%. The computed rotation free energy barriers between
4a-cis and 4a-trans are in the range of 4.32–4.71 kcal mol−1. On
the basis of this equilibrium, we have considered for comparison
the cyclization of 4a-cis and 4a-trans with 3a+R3.


The reaction of 3a+R3 with 4a-cis or 4a-trans results in
the formation of a racemic mixture. We have calculated the
intermediates derived from the R-enantiomer. The reaction maps
are shown in Fig. 6 along with the reaction free energies (DGr) and
relative free energies. Upon orientation of the butadiene moiety of
4a-cis and 4a-trans with the six-membered ring in 3a+R3 there are
two competitive allylic intermediates for each: allyl-cis-endo/allyl-
cis-exo, and allyl-trans-endo/allyl-trans-exo. It is found that allyl-
trans-endo is the most stable intermediate, while allyl-cis-endo and
allyl-cis-exo are higher in free energy by 3.07 and 4.31 kcal mol−1,
respectively. The large energy differences reveal that the addition
of 4a-cis to 3a+R3 is not competitive, as compared to that of
4a-trans. Thus, we have paid our attention to the addition of 4a-
trans to 3a+R3 (right side of Fig. 6). However, the data for the
addition of 4a-cis to 3a+R3 are shown for comparison (left side of
Fig. 6). Allyl-trans-endo and allyl-trans-exo are close in free energy
(1.29 kcal mol−1), and the expected ratio should be 89% to 11%. For
the neutral intermediates, formed by removing Me3Si+, A-trans-
endo is more stable than A-trans-exo by 3.32 kcal mol−1, and the ex-
pected ratio should be larger than 99% to 1%. Further nucleophilic
addition of +CO2Me results in B-trans-endo and B-trans-exo, and
the former is more stable than the latter by 1.08 kcal mol−1. On
the basis of all these energetic differences, one would expect that
B-trans-endo should be the principal intermediate.


The next step is the intramolecular electrophilic substitution to
form the products. Due to the proper orientation of the C=C
double bond, the expected product of B-trans-endo is 5a-exo-
ketone, formed when the cation attacks the C=C double bond
along with the extrusion of Me3Si+. Due to the orientation of the
Me3SiO group, the expected product of B-trans-exo is 5a-pyran-cis,
formed when the cation attacks the oxygen atom along with the
extrusion of Me3Si+. It has been found that 5a-exo-ketone is more
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Fig. 6 Reaction free energies (DGr) and relative free energies (B3LYP/6-31G(d) at 298K), R = CO2Me.
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stable than 5a-pyran-cis by 10.59 kcal mol−1. Therefore, 5a-exo-
ketone is the only product. We have also calculated the transition
state for the ring closure of B-trans-endo; the activation barrier is
27.62 kcal mol−1. In addition, we have calculated the enol form
of the final product (5a-enol), which is more stable than 5a-exo-
ketone by 0.96 kcal mol−1. The expected ratio should be 86% to
14%. This result agrees reasonably with the experimental findings.


It can be concluded that the addition reaction takes place
through the allyl-trans-endo intermediate, formed by the reaction
of 3a+R3 with 4a-trans. The total reaction free energy from 3a +
4a-trans + 2 ClCO2Me to give 5a-enol + 2 Me3SiCl is highly
exergonic, by 50.50 kcal mol−1 at the B3LYP/6-31G(d) level, and
this should be the driving force for the complete reaction.


Conclusions


In conclusion, we have reported the synthesis of a variety of
functionalized 3,4-benzo-7-hydroxy-2,9-diazabicyclo[3.3.1]non-7-
enes by the one-pot cyclization of 1,3-bis(silyl enol ethers) with
quinazolines. In addition, B3LYP/6-31G(d) density functional
theory computations have been performed to get some insight
into the reaction mechanism. It is worth noting that the reaction
of 1,3-bis(silyl enol ethers) with phthalazine afforded open-chain
rather than cyclization products, which can be explained by steric
and electronic reasons.


Experimental section


Computational details. All structures were optimized at the
B3LYP/6-31G(d)16 level of density functional theory. All opti-
mized structures were characterized by frequency calculations as
energy minima without imaginary frequencies (NImag = 0) or
transition states with only one imaginary frequency (NImag =
1) at the same level of theory.17 The thermal corrections to
the Gibbs free energies at 298 K at B3LYP/6-31G* from the
frequency calculations were added to the total electronic energies
for analyzing the selectivity, which was estimated on the basis of the
relationship of DDG = −RT lnK, in which DDG is the difference in
the Gibbs free energy, and K presents the considered equilibrium
constant of the two competing reactions. All calculations were
carried out by using the Gaussian 03 program package.18


General. Chemical shifts of the 1H and 13C NMR are reported
in parts per million using the solvent as the internal standard
(chloroform, 7.26 and 77.0 ppm, respectively). Infrared spectra
were recorded on a FTIR spectrometer. Mass spectrometric
data (MS) were obtained by electron ionization (EI, 70 eV),
chemical ionization (CI, isobutane) or electrospray ionization
(ESI). Melting points are uncorrected. Analytical thin layer
chromatography was performed on 0.20 mm 60 Å silica gel plates.
Column chromatography was performed using 60 Å silica gel (60–
200 mesh). All cyclization reactions were carried out in Schlenk
tubes under an argon atmosphere. The bis(silyl enol ethers) were
prepared as described in the literature. Crystallographic data
were collected on a Bruker X8Apex with MoKa radiation (k =
0.71073 Å). The structures were solved by direct methods using
SHELXS-97 and refined against F 2 on all data by fullmatrix least-
squares with SHELXL-97. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were refined in the model


at geometrically calculated positions and refined using a riding
model.


General procedure for the synthesis of the substituted quinazolines
3. To a solution of aniline 1 (10.0 mmol) in THF (100 mL)
were added triethylamine (20.0 mmol) and ethyl chloroformate
(20.0 mmol). The solution was stirred for 1 h at 20 ◦C, filtered
and concentrated in vacuo. To the residue was added ethyl acetate
(100 mL) and the solution was washed with water (2 × 100 mL).
The combined organic layers were dried (Na2SO4), filtered and
concentrated in vacuo. To the residue was added TFA (70 mL).
Hexamethylenetetramine (HMTA) (9.800 g, 70.0 mmol) was
added and the solution was heated under reflux for 1 h. To the
solution was added hydrochloric acid (4 M, 400 mL) and the
solution was filtered and concentrated in vacuo. To the residue
was added a 1 : 1 mixture of water and ethanol (600 mL). To the
solution was added KOH (66.60 g) and K3Fe(CN)6 (25.00 g) and
the solution was heated under reflux for 4 h. Water (600 mL)
was added and the solution was extracted with toluene (5 ×
100 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, heptane → heptane–EtOAc =
2 : 1).


General procedure for the reaction of the 1,3-bis(silyl enol ethers)
with quinazolines. To a solution of quinazoline 3 (4.0 mmol)
in CH2Cl2 (40 mL) were added at 0 ◦C the 1,3-bis(silyl enol
ether) (5.6 mmol) and the chloroformate (16.0 mmol). The
solution was stirred for 2 h at 0 ◦C and for 12 h at 20 ◦C. The
solvent was removed in vacuo. The residue was purified by
column chromatography (silica gel, heptane → heptane–EtOAc =
2 : 1).


11-Hydroxy-8,13-diaza-tricyclo[7.3.1.02,7 ]trideca-2(7),3,5,10-
tetraene-8,10,13-tricarboxylic acid trimethyl ester (5a). Start-
ing with quinazoline 3a (0.521 g, 4.0 mmol), 1-methoxy-1,3-
bis(trimethylsilyloxy)-buta-1,3-diene 4a (1.460 g, 5.6 mmol) and
methyl chloroformate (1.512 g, 16.0 mmol) in CH2Cl2 (40 mL), 5a
was obtained as a colorless solid (0.750 g, 52%); mp 133–135 ◦C.
1H NMR (250 MHz, CDCl3): d = 2.41 (dd, 2J = 17.5 Hz, 3J =
1.5 Hz, 1H, CH2), 2.99 (br dd, 1H, CH2), 3.76, 3.80 (2 s, 6H,
OCH3), 3.87 (s, 3H, OCH3), 5.40 (br, 1H, NCHCH2), 7.03–7.13
(m, 2H, Ar), 7.20–7.26 (m, 1H, Ar), 7.38 (br, 1H, NCHN), 7.75
(br, 1H, Ar), 12.26 (s, 1H, OH). 13C NMR (75.5 MHz, CDCl3):
d = 38.0 (CH2), 48.7 (br, NCHCH2), 52.0, 53.2, 53.3 (OCH3),
58.9 (NCH), 98.0 (CCO2CH3), 124.2, 124.4, 126.8, 127.6 (CHAr),
126.3, 134.4 (br) (CAr), 153.4, 154.0 (NCOO), 170.6 (COO), 173.2
(br, COH). IR (Nujol, cm−1): m = 3080 (w), 1707 (s), 1652 (m),
1613 (m), 1494 (m), 1335 (m), 1287 (s), 1263 (m), 1230 (s), 1196
(m), 1142 (m), 1111 (m), 1064 (m), 1039 (m), 1008 (m), 778
(m). MS (EI, 70 eV): m/z (%) = 362 (M+, 10), 303 (100), 271
(36), 212 (23), 180 (21), 239 (13). Anal. calcd for C17H18N2O7


(362.33): C, 56.35; H, 5.01; N, 7.73. Found: C, 56.35; H, 5.13;
N, 7.46.


Preparation of 10-acetyl-11-trifluoromethanesulfonyloxy-8,13-
diaza-tricyclo[7.3.1.02,7]trideca-2(7),3,5,10-tetraene-8,13-dicarbox-
ylic acid dimethyl ester (6). To a CH2Cl2 solution (21 mL) of 5f
(0.723 g, 2.1 mmol) and pyridine (0.331 g, 4.2 mmol) was added
trifluoromethanesulfonic acid anhydride (0.708 g, 2.5 mmol)
dropwise at −78 ◦C. The solution was allowed to warm up to
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20 ◦C within 4 h and was then concentrated in vacuo. The residue
was purified by column chromatography (silica gel, heptane →
heptane–ethyl acetate = 2 : 1) to give 6 as a yellowish oil (0.570 g,
57%). 1H NMR (250 MHz, CDCl3): d = 2.36 (s, 3H, COCH3),
2.53 (dd, 2J = 17.7 Hz, 3J = 1.53 Hz, 1H, CH2), 3.21 (br dd,
2J = 17.7 Hz, 3J = 5.2 Hz, 1H, CH2), 3.78 (s, 3H, COOCH3),
3.87 (s, 3H, COOCH3), 5.46 (br, 1H, NCHCH2), 7.08–7.19 (m,
2H, Ar), 7.28 (m, 1H, Ar), 7.52 (br, 1H, NCHN), 7.70 (br m,
1H, Ar). 13C NMR (75.5 MHz, CDCl3): d = 30.7 (COCH3),
37.5 (CH2), 49.4 (br, NCHCH2), 53.6, 53.9 (COOCH3), 60.4
(NCHN), 118.1 (q, 1J = 320.4 Hz, CF3), 124.2, 125.0, 126.4,
128.5 (CHAr), 125.6, 128.8, 134.0 (CAr, CCO), 150.8 (br, COS),
153.3, 153.8 (NCOO), 194.8 (CCOCH3). 19F NMR (235 MHz,
CDCl3): d = −117.6 (CF3). MS (EI, 70 eV): m/z (%) = 478
(M+, 34), 345 (22), 269 (100), 251 (17), 211 (8), 117 (5), 63 (23).
HRMS (EI): calcd for C18H17F3N2O8S (M+) 478.06522, found
478.064923.


General procedure for the synthesis of 7a,b. To a solution of
triflate 6 (1.00 mmol) in 1,4-dioxane (2.5 ml) at 20 ◦C were added
boronic acid (1.30 mmol), potassium phosphate (1.60 mmol)
and tetrakis(triphenylphosphine)palladium(0) (0.03 mmol). The
solution was refluxed for 20 h. After cooling to 20 ◦C a saturated
aqueous solution of ammonium chloride (3 ml) was added. The
solution was diluted with CH2Cl2 (15 ml). The phases were
separated and the aqueous phase was extracted with CH2Cl2


(20 ml). The collected organic phases were dried (Na2SO4), filtered
and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, heptane → heptane–ethyl acetate =
2 : 1).


10-Acetyl-11-phenyl-8,13-diaza-tricyclo[7.3.1.02,7]trideca-2(7),3,
5,10-tetraene-8,13-dicarboxylic acid dimethyl ester (7a). Starting
with 6 (0.546 g, 1.14 mmol), phenyl boronic acid (0.181 g,
1.48 mmol), potassium phosphate (0.387 g, 1.82 mmol and
tetrakis(triphenylphosphine)palladium(0) (0.040 g, 0.03 mmol) in
1,4-dioxane (3 ml), 7a was obtained as a yellow solid (0.303 g,
65%); mp 130–131 ◦C. 1H NMR (250 MHz, CDCl3): d = 1.51 (s,
3H, COCH3), 2.66 (dd, 2J = 18.3 Hz, 3J = 1.5 Hz, 1H, CH2),
2.97 (dd, 2J = 18.3 Hz, 3J = 1.2 Hz, 1H, CH2, rotamers), 2.99
(dd, 2J = 18.3 Hz, 3J = 1.2 Hz, 1H, CH2, rotamers), 3.77 (s, 3H,
OCH3), 3.85 (s, 3H, OCH3), 5.48 (br, 1H, NCHCH2), 6.96–7.00
(m, 2H, Ar), 7.14–7.32 (m, 6H, Ar), 7.49 (br, 1H, Ar), 7.76 (br, 1H,
NCHN). 13C NMR (75.5 MHz, CDCl3): d = 30.8 (COCH3), 40.4
(CH2), 49.1 (NCHCH2), 53.1, 53.5 (NCOOCH3), 60.4 (NCHN),
123.7, 124.3, 124.3, 126.1, 127.3, 127.6, 127.8, 128.7, 129.1 (CHAr,
rotamers), 134.9, 134.9, 135.1, 138.9 (CAr, NCHCCO), 143.5 (br,
CH2CC), 153.7, 154.0 (NCOO), 201.9 (CCO). IR (KBr, cm−1):
m = 3027 (w), 2955 (w), 2927 (w), 2853 (w), 1717 (s), 1491 (m),
1448 (s), 1413 (m), 1374 (m), 1332 (m), 1273 (s), 1222 (m),
1134 (m), 1059 (m), 1024 (m). MS (EI, 70 eV): m/z (%) = 406
(M+, 58), 347 (100), 315 (62), 256 (22), 212 (7), 180 (8), 128
(5). HRMS (EI): calcd for C23H22N2O5 (M+) 406.15232, found
406.152301.


1-[3-(2-Methoxyethoxycarbonyl)-2-oxo-propyl]-1H-phthalazine-
2-carboxylic acid methyl ester (9a). Starting with phthalazine
(0.521 g, 4.0 mmol), 4c (1.705 g, 5.6 mmol) and methyl
chloroformate (1.512 g, 16.0 mmol) in CH2Cl2 (40 ml), 9a
was isolated as a yellow, viscous oil (0.775 g, 56%). 1H NMR


(250 MHz, CDCl3): d = 2.31 (br m, 1H, NCHCH2, enol), 2.59
(br m, 1H, NCHCH2, enol), 2.82 (dd, 2J = 16.3 Hz, 3J = 4.4 Hz,
1H, NCHCH2, keto), 3.03 (dd, 2J = 16.3 Hz, 3J = 8.7 Hz, 1H,
NCHCH2, keto), 3.32 (d, 2J = 15.7 Hz, 1H, COCH2CO), 3.33
(s, 3H, CH2OCH3), 3.45 (d, 2J = 15.7 Hz, 1H, COCH2CO),
3.55 (m, 2H, CH2OCH3), 3.89 (s, 3H, COOCH3), 4.21 (m, 2H,
COOCH2), 4.83 (s, 1H, COCHCOH, enol), 6.00 (dd, 2J =
8.4 Hz, 3J = 4.4 Hz, 1H, NCHCH2), 7.14–7.46 (m, 4H, Ar), 7.70
(s, 1H, NCONCH). 13C NMR (75.5 MHz, CDCl3): d = 39.7
(NCHCH2), 47.3 (COCH2CO, rotamers), 49.2 (CH2OCH3), 49.5
(COCH2CO, rotamers), 54.0 (NCHCH2), 58.9, 59.0 (COOCH3),
63.1 (CH2OCH3, enol), 64.3 (CH2OCH3, keto), 70.1, 70.3
(COOCH2, rotamers), 92.0 (COCHCOH, enol), 123.3, 123.4
(CAr, rotamers), 125.9, 126.0, 126.2, 126.9, 128.1, 128.7, 129.0,
131.8, 132.0, 132.3 (CHAr, keto, enol, rotamers), 132.7 (CAr), 143.2
(NCONCH), 154.3 (NCOO), 166.6 (COOCH2), 172.0, 173.0
(COH, enol, rotamers), 199.0 (CH2COCH2). IR (neat, cm−1): m =
2955 (m), 2932 (m), 2894 (m), 2821 (w), 1742 (s), 1711 (s), 1655
(m), 1566 (m), 1445 (s), 1379 (s), 1321 (s), 1197 (s), 1157 (s), 1128
(s), 1099 (m), 1040 (m), 983 (w), 924 (m), 847 (w), 766 (m), 551
(m), 531 (m). MS (EI, 70 eV): m/z (%) = 348 (M+, 3), 289 (9), 203
(20), 189 (100), 145 (84), 130 (26), 117 (13), 76 (8). Anal. calcd.
for C17H20N2O6 (348.35): C, 58.61; H, 5.79; N, 8.04. Found: C,
58.42; H, 5.93; N, 7.84.
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The N-phenethyl analogues of (1R*,4aR*,9aS*)-2-phenethyl-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridin-6-ol and 8-ol and (1R*,4aR*,9aR*)-2-phenethyl-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2.3-c]pyridin-6-ol and 8-ol, the ortho- (43) and para-hydroxy e- (20), and
f-oxide-bridged 5-phenylmorphans (53 and 26) were prepared in racemic and enantiomerically pure
forms from a common precursor, the quaternary salt 12. Optical resolutions were accomplished by salt
formation with suitable enantiomerically pure chiral acids or by preparative HPLC on a chiral support.
The N-phenethyl (−)- para-e enantiomer (1S,4aS,9aR-(−)-20) was found to be a l-opioid agonist with
morphine-like antinociceptive activity in a mouse assay. In contrast, the N-phenethyl (−)-ortho-f
enantiomer (1R,4aR,9aR-(−)-53) had good affinity for the l-opioid receptor (K i = 7 nM) and was
found to be a l-antagonist both in the [35S]GTP-c-S assay and in vivo. The molecular structures of these
rigid enantiomers were energy minimized with density functional theory at the level B3LYP/6-31G*
level, and then overlaid on a known potent l-agonist. This superposition study suggests that the agonist
activity of the oxide-bridged 5-phenylmorphans can be attributed to formation of a seven membered
ring that is hypothesized to facilitate a proton transfer from the protonated nitrogen to a proton
acceptor in the l-opioid receptor.


Introduction


(1R*,4aR*,9aS*)-2-Methyl-1,3,4,9a-tetrahydro-2H-1,4a-propan-
obenzofuro[2,3-c]pyridin-8-ol (1, Chart 1) and 6-ol (2, Chart 1)
and (1R*,4aR*,9aR*)-2-methyl-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridin-8-ol (3, Chart 1) and 6-ol (4,
Chart 1), the ortho- and para-e and the ortho- and para-f
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oxide-bridged phenylmorphans,2–6 were previously synthesized as
part of our program to prepare and pharmacologically evaluate
the ortho- and para-hydroxy a through f racemic oxide-bridged
phenylmorphan structural class of isomers (12 racemates,
Chart 1), as well as the enantiomers of those that have reasonable
affinity for opioid receptors. The ortho e- (1R*,4aR*,9aS*) and the
ortho f- (1R*,4aR*,9aR*), or the para e- and para f-oxide-bridged


Chart 1
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phenylmorphans are epimers and differ structurally only in their
configuration at C9a.


The syntheses of all of the racemic compounds have been
accomplished and, except for the b-isomer, all of the syntheses
have been reported.2–11 In 1983, we noted that the N-methyl
ortho-f isomer had some affinity (IC50 = ca. 100 nM) for opioid
receptor preparations (from whole brain homogenate),5 and it
had intriguing, but slight, antagonist activity in the tail flick
antagonism vs. morphine assay in mice.5 One of the reasons
that we explored the synthesis of this new class of opioids,
the oxide-bridged phenylmorphans, was to determine the spatial
characteristics of ligands that might be capable of interacting
with opioid receptors. If some of these rigid compounds could
be found that interacted with opioid receptors as agonists and
others as antagonists, while acting through the same opioid re-
ceptor, we might obtain information about the three-dimensional
structure of a ligand that is required for interaction with a
specific opioid receptor to give the determined pharmacological
activity.


Oxide-bridged phenylmorphans are based on the 5-phenyl-
morphan structure. The N-methyl-5-(3-hydroxyphenyl)morphan
(5, Chart 2) was prepared by May and Murphy12 as a sim-
plified analogue of morphine and had morphine-like antinoci-
ceptive activity in mouse assays.12 The (1R,5S)-(−)-enantiomer13


of N-methyl-5-(3-hydroxyphenyl)morphan was reported to be
morphine-like in analgesic activity and to have nalorphine-
like antagonist activity, while the (1S,5R)-(+)-enantiomer was
about three to five fold more potent than morphine in mice
and did not appear to have antagonist activity in morphine-
dependent monkeys.14–16 The racemic N-phenethyl derivative of
5-(3-hydroxyphenyl)morphan14 (6, Chart 2) had about half of
the antinociceptive activity of the racemic N-methyl analogue
and the N-phenethyl enantiomers17,18 were found to be opioid
antagonists in the [35S]GTP-c-S assay. The meta-hydroxy group
is known to play a critical role in the potency of this class of
analgesics.19 The aromatic phenolic ring is not positioned similarly
with respect to the piperidine ring in the morphinans and the
phenylmorphans, but despite the spatial differences in that moiety


Chart 2


between these classes of analgesics, N-methyl compounds from
both classes usually have antinociceptive activity and some are
known to be partial agonists. Much greater pharmacological
differences between classes of opioids are seen with N-phenethyl
derivatives. These are generally potent antinociceptive agents
in the rigid morphinan, epoxymorphinan, and benzomorphan
classes of opioids and can have either opioid agonist1 or antagonist
activity18,20 in the 5-phenylmorphans. The N-phenethyl substituted
5-(3-hydroxyphenyl)morphans with a C9S-hydroxy ((1R,5R,9S)-
(−)-7, Chart 2, (1R,5R,9S)-(−)-9-hydroxy-5-(3-hydroxyphenyl)-
2-phenylethyl-2-azabicyclo[3.3.1]nonane) or a methylene sub-
stituent at C9 have been found to have very high (sub-nanomolar)
affinity at l- and good affinity at d-receptors. They had potent
antinociceptive activity in vivo. The (−)-7 was found to be about
500 to 1000 fold more potent than morphine in vivo.1 Its C9 R-
epimer (1R,5R,9R)-(+)-8 (Chart 2, (1R,5R,9R)-(+)-9-hydroxy-5-
(3-hydroxyphenyl)-2-phenylethyl-2-azabicyclo[3.3.1]nonane) had
much less affinity for opioid receptors (K i = 59 nM at the l
receptor). N-Phenethyl substituted 5-(3-hydroxyphenyl)morphans
usually,17,18,20 but not always,14 show greater receptor affinity, effi-
cacy, or potency in vivo than the comparable N-methyl analogue.


In order to try to increase affinity in the f-series5 of oxide-bridged
phenylmorphans, where the N-methyl ortho-hydroxy racemate had
poor affinity (IC50 ca. 100 nM),10 and prepare more potent opioid
agonists or antagonists we decided to synthesize their N-phenethyl
analogues and also to examine the effect of the N-phenethyl
substituent in the ortho and para e-series. In both the racemic ortho
and para e oxide-bridged phenylmorphan series, the N-methyl
derivatives had little or no affinity for any opioid receptor (K i >


1 lM, Table 1). Hashimoto et al.,3 obtained the racemic ortho-
and para-e (1R*,4aR*,9aS*)-oxide-bridged phenylmorphans via
intramolecular aromatic nucleophilic substitution of fluorine by
alkoxide, and we used that procedure, through the common inter-
mediate 12 (Scheme 1), to obtain both the ortho- and para-e and
ortho- and para-f oxide-bridged N-substituted 5-phenylmorphan
racemates, and prepared their chiral relatives. In this report we
discuss the syntheses, opioid receptor affinities of the racemic
and enantiopure N-phenethyl derivatives of the ortho- and para-
e and the ortho- and para-f oxide-bridged phenylmorphans, and
the efficacies (of the more interesting compounds) determined by
the [35S]GTP-c-S assay as well as through in vivo antinociceptive
assays, and rationalize the pharmacological activities by quantum
chemical studies.


Table 1 Binding affinity of the hydrobromide salts of the racemic
N-methyl substituted ortho-e (1) and para-e (2) oxide-bridged
phenylmorphansa


K i (nM)


Compound l (cells) d (cells) j (cells)


1 (1R*,4aR*,9aS* ortho-e) 5800 ± 300 >5500 >6500
2 (1R*,4aR*,9aS* para-e) 1250 ± 70 >5500 1270 ± 50


a Binding assays were performed using [3H]DAMGO and rat brain
membranes for l-receptors, [3H]DADLE and rat brain membranes for d-
receptors and [3H]U69,593 and guinea pig brains membranes for j-opioid
receptors. K i values are derived from the pooled data of two experiments.
Assays were carried out as previously noted.19
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Scheme 1 Synthesis of N-methyl para-e oxide-bridged phenylmorphan 2.3 Reagents and conditions: a) NaH, THF, Me2NCH2CH2Cl (87%), b) NaH,
5-bromovaleronitrile, THF (69%, HCl salt), c) CF3CO2H, H2O, heat (95%, HBr salt); d) Br2, CHCl3; e) i-PrOH, heat (69%, over 2 steps); f) LiEt3BH,
THF (74%, HBr salt); g) NO2BF4, sulfolane or 70% HNO3 (91%); h) NaH, THF, reflux 3 days (80%), i) H2, Pd–C, MeOH (∼quant.); j) NaNO2, H2SO4,
Cu(NO3)2, Cu2O (25–89%).


Chemistry


Starting materials


We recently reported a novel approach to the racemic ortho-
and para-e oxide-bridged phenylmorphan isomers through in-
tramolecular aromatic nucleophilic substitution of fluorine by
alkoxide.3 Commercially available 2-fluorophenyl acetonitrile (9,
Scheme 1) was converted into quaternary salt 12 in five steps,3


establishing the desired carbon skeleton via Thorpe–Ziegler cy-
clization. The quaternary salt 12 was stereoselectively reduced
and demethylated in a one-pot procedure and the aromatic
ring was activated for the key ring-forming step by nitration.3


We have now found that 70% nitric acid also can be used
instead of nitronium tetrafluroborate to give comparable yields


of the nitro compound 14. Deprotonation and subsequent at-
tack of alkoxide on the fluorinated aromatic ring resulted in
the formation of the desired oxide-bridged derivative 15.3 The
cyclization reaction also works well at ambient temperature
in dimethylformamide. The nitro group was reduced and the
resulting aniline derivative was converted into a free phenol via
hydrolysis of the corresponding diazonium salt assisted by copper
salts, furnishing the para-e N-methyl oxide-bridged phenylmor-
phan 2.3 Quaternary salt 12 was prepared in larger quantities
and used as a convenient starting material for the synthesis of
the N-phenethyl derivatives in the para-e oxide-bridged series
(Scheme 1), as was (1R*,4aR*,9aS*)-2-methyl-6-nitro-1,3,4,9a-
tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine (15) for the
para-f oxide-bridged series (Scheme 2).


Scheme 2 Synthesis of N-phenethyl para-e and para-f oxide-bridged phenylmorphans 20 and 26. Reagents and conditions: a) ClCO2Et, ClCH2CH2Cl,
K2CO3 (87–89%), b) 33% HBr, AcOH, 50 ◦C (79–81%), c) PhCH2CH2Br, KI, CH3CN, heat (78–80%), d) H2, Pd–C (92–100%), e) NaNO2, H2SO4 then
H2SO4, heat (82–89%).
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Synthesis of N-phenethyl derivatives of para-e and para-f
oxide-bridged phenylmorphans


The 2-methyl-6-nitro derivative 15 (Scheme 2) was converted into
the carbamate 16. Both the methyl and ethyl derivatives were
prepared, and the yields from the latter compound were superior.
Initial alkaline hydrolysis attempts gave complex mixtures, how-
ever the hydrolysis under acidic conditions21 proceeded smoothly
to give the N-nor amine 17. Direct alkylation of 17 in refluxing
acetonitrile22 gave good yields of the phenethyl derivative 18,
which was reduced to the corresponding aniline derivative 19.
Optimization of the diazotization–hydrolysis sequence, modifying
conditions of Schnider and Grüssner,23 indicated that slow addi-
tion of relatively diluted cold diazonium salt solution into boiling
ca. 50% sulfuric acid (v/v) and brief refluxing reproducibly gave
the desired phenolic product 20, the N-phenethyl para-e oxide-
bridged phenylmorphan, in good yield. Similarly, 21 was converted


to 26, the N-phenethyl para-f oxide-bridged phenylmorphan
(Scheme 2).


The tertiary amine 15 was resolved via formation and recrys-
tallization of diastereomeric salts with enantiomers of 3-bromo-
8-camphorsulfonic acid. Enantiomeric purity was assessed by 1H-
NMR spectroscopy using S-(+)-1-phenyl-2,2,2-trifluoroethanol
as a shift reagent. The presence of the other enantiomer was
undetectable indicating >98% enantiomeric purity.24 Absolute
stereochemistry was determined by a single-crystal X-ray crys-
tallographic analysis of the salt of (+)-15 with [(1S)-(endo,anti)]-
(−)-3-bromocamphor-8-sulfonic acid, and it was found to be
1R,4aR,9aS (Fig. 1). The synthetic sequence shown in Scheme 2
was repeated using enantiopure intermediates to give both the
(+)- and (−)-enantiomers of compounds 16 and 22. The sign of
optical rotation did not change during any step of the synthetic
sequence from 15 to 20 (Schemes 1 and 2), nor did it change during


Fig. 1 X-Ray crystallographic structures of (1R,4aR,9aS)-2-methyl-6-nitro-1,3,4,9a-tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine·[(1S)-(endo,
anti)]-(−)-3-bromocamphor-8-sulfonate ((+)-15), (1S*,4aS*,9aS*)-21, (1R,4aR,9aR)-5-(2-fluoro-5-nitrophenyl)-2-methyl-2-azabicyclo[3.3.1]nonan-9a-ol
((+)-29), and (1S,4aS,9aS)-8-hydroxy-2-(2-phenethyl)-1,3,4,9a- tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine·HBr ((+)-53). For all four com-
pounds displacement ellipsoids are shown at the 50% level.
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the synthesis of the 1R,4aR,9aS-(+)-enantiomer of 43 from the
1R,4aR,9aS-(+)-enantiomer of 15 (Scheme 5).


New approach to para-f-oxide-bridged phenylmorphans


Our previously reported synthesis of this oxide-bridged phenyl-
morphan relied on cyclization of a free phenol derived from
compound 274 (Scheme 3). This approach was complicated by ring
rearrangements, i.e., when the preparation of mesylate 28 from the
corresponding equatorially-oriented (in the piperidine ring) alco-
hol and methanesulfonyl chloride was attempted the rearranged
chloride 27 was obtained. However, upon generation of the free
phenol from the ortho-methoxy moiety, compound 27 did cyclize
to give the para-f-oxide-bridged compound 4.4 Preparation of an
equatorially-oriented alkoxide from 29 should enable cyclization
in the desired manner, as demonstrated earlier with the analogous
axially-oriented alkoxide,3 since only the configuration of the
nucleophile was reversed (Scheme 3). In the former approach to the
e-bridged phenylmorphans the quaternary salt 12 (Scheme 1) was
stereoselectively reduced to the b-alcohol 13 and dequaternized in
a one-pot process by reduction with Superhydride.3 We theorized
that compound 12 could serve as a convenient common precursor
for the syntheses of both the e- and f-oxide bridged compounds
by modifying the reduction protocol to selectively obtain the
equatorially-oriented alcohol. Dry distillation25 of compound
12 (Scheme 4) provided the corresponding tertiary amine 30
previously prepared by thermolysis of 12 in refluxing diphenyl
ether and chromatographic purification.3 Fortunately, there was a
precedent for the desired reduction of the ketone analogous to 30,
differing only in substitution of the aromatic ring with methoxy
groups.4 Thus, gratifyingly the hydrogenation of 30 over PtO2 gave
the desired equatorially-oriented alcohol 31, no trace of the other
diastereomer was detected by NMR.


Scheme 3 New approach to para-f-oxide-bridged phenylmorphan 4.


Reduction with sodium borohydride also furnished the
equatorially-oriented alcohol 31. However, it was necessary to
convert the amine to its hydrochloride to achieve stereoselective
reduction.4 Reduction of the free base (Scheme 4) gave an
almost equimolar mixture of equatorially-oriented and axially-
oriented alcohols (31 and 13, respectively). Carefully monitored
nitration of 31 in 70% nitric acid gave a good yield of deriva-
tive 29 (Scheme 4). Unlike its axially-oriented analogue 13,3


the equatorially-oriented alcohol 31 is less stable under those
conditions and extensive decomposition was observed at higher
temperatures and prolonged reaction times. Cyclization of the


Scheme 4 Synthesis of the N-methyl derivative of the para-f oxide-bridged phenylmorphan 4. Reagents and conditions: a) LiEt3BH, THF, −78 ◦C (74%),
b) 250 ◦C, 0.3 mmHg (84%), c) NaBH4, MeOH (70%, ratio 31 : 13 = 1 : 1.33), d) H2, PtO2, EtOH (94%), e) HCl, Et2O then NaBH4, MeOH (97%),
f) 70% HNO3 (77%), g) NaH, THF, reflux 3 days (80%), h) H2, Pd–C (90%), i) NaNO2, H2SO4 then H2SO4 and heat (75%).
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corresponding alkoxide in refluxing tetrahydrofuran provided the
desired oxide-bridged phenylmorphan 21. The para hydroxy f-
oxide-bridged phenylmorphan 4 was prepared in two additional
steps via the amine 32 and its spectral data matched those
published previously.4


The cyclization of 29 in dimethylformamide at ambient tem-
perature (Scheme 4) produced a complex mixture of by-products.
The cyclization of the equatorially-oriented alkoxide 29, unlike
the axially-oriented alcohol 13, was concentration sensitive. At
higher concentrations the yield of compound 21 was significantly
decreased by the formation of two by-products, possibly axially-
oriented dimers (based on 1H-NMR and HRMS) that could
have formed via intermolecular reaction, since equatorially-
oriented alkoxide 29 is much more sterically accessible for the
intermolecular nucleophilic reaction than corresponding axially-
oriented alkoxide 13, which is hindered by the syn vicinal tertiary
amine. The relative stereochemistry of 21 (1S*,4aS*,9aS*) was
confirmed by single-crystal X-ray analysis (Fig. 1). Repetition of
the demethylation–alkylation sequence followed by transforma-
tion of the nitro group into the free phenol via the diazonium salt,
as shown in Scheme 2, provided the N-phenethyl derivative (26).


In order to obtain enantiopure materials several chiral acids–
solvent combinations were screened, but all attempts to resolve
oxide-bridged compound 21 were not fruitful. However, alcohol
29 was, after some experimentation, successfully resolved through
salt formation with di-O,O′-p-toluoyl-D- or L-tartaric acids in
methanol–acetone mixture. The NMR chiral shift reagent used
for compound 15 was not effective with compound 29, therefore
its enantiomeric purity was assessed by HPLC using a Daicel Chi-
ralcel OD column. The absolute stereochemistry was determined
by an X-ray crystallographic study of the salt of (+)-29 to be
1R,4aR,9aR (Fig. 1). The synthetic sequence from 29 to the final
product 26 was also carried out using enantiopure materials. The
sign of optical rotation changes during cyclization of 29 to 21,


then stays the same through every step of the synthetic sequence
leading to 26 (Scheme 2).


Synthesis of N-phenethyl derivatives of ortho-e and
ortho-f-oxide-bridged phenylmorphans


The previously published approach3 to the corresponding ortho-
hydroxy N-methyl derivatives utilizing the bromo derivative 33
was modified because we found that the use of NO2BF4–sulfolane
for nitration3 gave three products (34, 15, and 35, Chart 3). In
this approach we initially planned to use the intermediate 34
(Chart 3) to obtain the desired e-isomer, and to use a comparable
intermediate for the f-isomer. If compound 34 could be obtained
in good yield, the synthesis of the f-isomer would be considerably
improved. However, nitration of 33 gave only moderate yields of
the desired compound 34 using NO2BF4.3 When 70% HNO3 was
used, the isomeric compound 35 along with compound 15 were the
sole products in ca. 6 : 4 ratio (1H-NMR). This could be explained
by ipso nitration26 and the resulting migration or loss of bromide
giving rise to by-products 35 and 15. The nitration was studied
more intensely on bromide 44 where nitration with 70% HNO3


at 60 ◦C gave a mixture of two compounds 21 and 46. Lowering
the reaction temperature to room temperature or to 0 ◦C did not
change the outcome of the reaction. Nitration of 44 with NO2BF4


(2.0 equiv.) in sulfolane at room temperature gave a mixture of
starting material 44 and, based on 1H-NMR, two compounds 21
and 46 in a ratio of 3 : 2.9 : 1, respectively. When more forceful
conditions were employed (i.e. NaNO2–TFA27) the product of ipso
attack, 21, was obtained as the sole product (Chart 3).


We therefore decided to replace the bromo-substituent in 33
and 44 with a more stable halide to prevent ipso nitration
and its resultant by-products. The f- and e-oxide-bridged chloro
analogues 37 and 47 (Scheme 5) were prepared from the cor-
responding aniline derivatives 36 and 32, and they proved to be


Scheme 5 Synthesis of the N-phenethyl derivative of the ortho-e and ortho-f oxide-bridged phenylmorphans 43 and 53. Reagents and conditions:
a) H2, Pd–C, MeOH (85–92%), b) NaNO2, HCl, CuSO4, Na2S2O5, NaOH (66–79%), c) NaNO2, CF3CO2H (74–84%), d) ClCO2Et, ClCH2CH2Cl, K2CO3


(88%), e) 33% HBr, AcOH, 50 ◦C (85–91%), f) PhCH2CH2Br, KI, CH3CN, heat (78–85%), g) H2, Pd–C, EtOH, CH3CO2Na·3H2O, 45–50 ◦C (86–94%),
h) NaNO2, H2SO4 then Cu(NO3)2, Cu2O (35–61%).
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Chart 3 Reagents and conditions: a) NO2BF4, sulfolane (54% of 34), b) 70% HNO3, reflux; c) 70% HNO3, 0 ◦C, 20 ◦C, or 60 ◦C (44% of 35), d) NO2BF4


(2.0 equiv.), sulfolane, 20 ◦C; e) NaNO2, TFA.


stable under these reaction conditions. The optimal reagent system
for the nitration was found to be NaNO2–TFA,27 providing high
yields of the desired 6-chloro-8-nitro-substituted derivatives 38
and 48. The ipso nitration-derived by-products were not observed.
With 48, two re-crystallizations were necessary to remove a minor
impurity (ca. 6% by HPLC), which could not be separated by
chromatography. The N-methyl derivatives were converted to
the corresponding ethyl carbamates 39 and 49, and these were
hydrolyzed in 33% hydrobromic acid to give the N-nor amines 40
and 50.


Direct alkylation of 40 and 50 gave the desired N-phenethyl
derivatives 41 and 51. Each of these was reduced over Pd–C in
ethanol at ca. 50–60 ◦C (dechlorination is very slow at room tem-
perature) in the presence of sodium acetate trihydrate, to provide
the corresponding dehalogenated aniline derivatives 42 and 52.
Attempted use of the conditions for the conversion to the ortho-
phenols that had been optimized with the corresponding para-


derivatives, failed to yield the desired products (possibly due to the
decomposition of the diazonium salt in hot sulfuric acid). Instead,
a milder method28 was adapted utilizing copper salts to decompose
the diazonium salt at or below room temperature. This method
gave products 43 and 53, albeit in modest yields, and their isolation
required repeated chromatographic purification. The racemates
were resolved by HPLC on a Daicel Chiralcel OD semi-preparative
column to give the enantiomers of 43 and 53 in sufficient amounts
for initial pharmacological testing. The absolute stereochemistry
of the desired N-phenethyl derivative of the f-isomer ((+)-53) was
determined by X-ray diffraction analysis of its HBr salt to be
1S,4aS,9aS (Fig. 1). The attempts to grow suitable crystals of
(+)- or (−)-43·HBr were not successful, therefore the sequence
from resolved (+)-15 to (+)-43 was repeated, the sign of optical
rotations stays the same throughout the sequence. Proton NMR
and chiral HPLC analysis confirmed the identity and purity of this
material, which co-eluted with the previously obtained sample of
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(+)-43. The absolute stereochemistry of (+)-43 was, then, assigned
to be 1R,4aR,9aS from the synthetic methodology used and the
X-ray diffraction analyses on 1R,4aR,9aS-(+)-15.


Results and discussion


The affinity of the racemic N-methyl compounds are listed in
Table 1, and the racemic and enantiomeric N-phenethyl com-
pounds in Table 2. The functional activity of the compounds
that were found to have significant affinity at l-, d- and/or j-
receptors is shown in Table 3. The racemic N-phenethyl analogues
showed considerably enhanced receptor affinity compared with
the racemic ortho- and para-e N-methyl compounds (43 and 20)
that had slight or no affinity for opioid receptors. Two of the N-
phenethyl enantiomers were especially interesting. The (−)-para-e
and the (−)-ortho-f N-phenethyl compounds (1S,4aS,9aR-(−)-20
and 1R,4aR,9aR-(−)-(−)-53) had fair (K i = 23 nM) and good
(K i = 7 nM) affinity for the l-opioid receptor, respectively. The
(−)-para e enantiomer (−)-20 had weak agonist activity in the [35S]
GTP-c-S assay, and the (−)-ortho f enantiomer (−)-53) had fairly


potent l-antagonist activity in that assay (K e = 1.4), four times
more potent than naloxone (K e = 6.4). The (−)-ortho f isomer
((−)-53) was also naloxone-like as an antagonist at the j-receptor.
Presumably, the N-phenethyl (−)-para e compound (−)-20) had
good intrinsic efficacy, because it was found to be more potent than
expected in vivo. It was morphine-like as an antinociceptive in the
mouse tail-flick assay (Table 4). Corroboration of the antagonist
activity of the N-phenethyl (−)-ortho f enantiomer (−)-53 was
obtained from the tail-flick vs. morphine antagonist assay in mice
(Table 4), although it was found to be less potent in vivo than
would have been expected from the functional assay.


In order to gain insight into the structural features of the rigid
N-phenethyl substituted ortho- and para-e and ortho- and para-
f enantiomers that might be responsible for l-receptor affinity
and activity, their spatial relationships were investigated with the
aim of providing a rationale for their observed agonist activity.
For this purpose, the molecular structures of the compounds in
Table 5 were energy minimized with density functional theory at
the B3LYP/6-31G* level, and then overlaid onto the phenylmor-
phan compound (1R,5R,9S)-(−)-7 using the heavy atoms in the


Table 2 [125I]IOXY binding data for the oxalate salts of the racemic N-phenethyl substituted ortho- and para-e- and ortho- and para-f oxide-bridged
phenylmorphans and their enantiomersa


K i (nM)


Cmpd no. Compound l (cells) d (cells) j (cells)


43 1R*,4aR*,9aS*-ortho-e 2610 ± 160 2530 ± 100 353 ± 11
(−)-43 1S,4aS,9aR-(−)-ortho-e 2490 ± 140 2540 ± 74 156 ± 5
(+)-43 1R,4aR,9aS-(+)-ortho-e 3190 ± 160 2980 ± 90 2360 ± 68
20 1R*,4aR*,9aS*-para-e 133 ± 11 377 ± 28 123 ± 4
(−)-20 1S,4aS,9aR-(−)-para-e 23 ± 1 156 ± 75 57 ± 1
(+)-20 1R,4aR,9aS-(+)-para-e 5130 ± 320 8000 ± 390 638 ± 41
53 1R*,4aR*,9aR*-ortho-f 17 ± 0.96 1110 ± 41 32 ± 1
(−)-53 1R,4aR,9aR-(−)-ortho-f 7 ± 1 907 ± 32 25 ± 2
(+)-53 1S,4aS,9aS-(+)-ortho-f 201 ± 11 1190 ± 38 116 ± 3
26 1R*,4aR*,9aR*-para-f 146 ± 8 920 ± 136 257 ± 9
(−)-26 1R,4aR,9aR-(−)-para-f 98 ± 13 1180 ± 60 758 ± 35
(+)-26 1S,4aS,9aS-(+)-para-f 195 ± 24 1150 ± 76 130 ± 9


a [125I]IOXY binding used membranes prepared from CHO cells that stably express the human l, d or j opioid receptors. Binding affinity is expressed
as nM concentrations. All results are ± SD (n = 3). Assays were run as previously noted.1


Table 3 Functional data ([35S]GTP-c-S) aof N-phenethyl substituted oxide-bridged phenylmorphans


l agonism d agonism j agonism


Emax ED50/nM Emax ED50/nM Emax ED50/nM


20 rac-para-e 85 ± 4 770 ± 135 60 ± 4 1730 ± 400 — NSb


(−)-20 (−)-para-e 75 ± 2 530 ± 41 65 ± 4 1040 ± 250 — NSb


(−)-26 (−)-para-f 43 ± 3 630 ± 147 — NSa — NSb


DAMGO 100 32 ± 2
l antagonism d antagonism j antagonism
Ke (nM) Ke (nM) Ke (nM)


53 rac-ortho-f 4.5 NS 15.1
(−)-53 (−)-ortho-f 1.4 8.9
26 rac-para-f 300 NSa 275
(+)-26 (+)-para-f 310 NSa 120
(−)-26 (−)-para-f 244 NSa NSa


Naloxone 6.4 10


a [35S]GTP-c-S binding was performed using CHO cells that stably express the human l, d or j opioid receptors. All results are ± SD (n = 3). Emax values
are expressed as a percent of the maximal stimulation, where 100% is defined as the stimulation produced by 1 lM DAMGO (for l receptors), 500 nM
SNC80 (d receptors) and 500 nM (−)-U50,488 (for j receptors). Assays were run as previously noted.1 b NS = No significant activity.
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Table 4 In vivo activitya of the oxalate salts of the N-phenethyl substituted (−)-para-e ((−)-20) and (−)-ortho-f ((−)-53) oxide-bridged phenylmorphan
enantiomers


Compound HP PPQ TF TF vs M


(−)-20 6.4 (2.9–14.1) 1.4 (0.79–2.35) 1.8 (1.2–2.9)b Inactive (30 mg kg−1)
(−)-53 Inactive Inactive (30 mg kg−1) Inactive 16% at 30 mg kg−1 0.4 (0.24–0.54)
Morphine·SO4 0.9 (0.39–1.9) 0.4 (0.2–0.8) 1.9 (0.89–4.14) Inactive (30 mg kg−1)
Naloxone·HCl Inactive (10 mg kg−1) Inactive (30 mg kg−1) 0.04 (0.02–0.09)


a ED50, mg kg−1, sc (95% confidence limits); HP = hot plate assay, PPQ = phenylquinone assay, TF = tail flick assay, in mice, TF vs M = tail flick vs.
morphine (l-antagonist assay) in mice, SDS = single dose suppression in monkeys. Vehicle 5% hydroxypropyl-b-cyclodextrin in H2O for injection. Assays
were run at Virginia Commonwealth University (Drs M. Aceto and L. Harris) as previously noted.1 b Mild Straub tail at 30 mg kg−1 in HP and 10 mg kg−1


in TF.


Table 5 Overlay and dihedral angles of energy-minimized structures


Compound K i/nMa Ex vivo/in vivo RMSD (Å)b Dihedral angle (◦)c


(1R,5R,9S)-(−)-71 0.19 agonist — —
(1R,5R,9R)-(+)-81 54 ndd 0.03 —
(−)-43 ((−)-ortho-e) 2488 ndd 0.06 26.1
(−)-53 ((−)-ortho-f) 7 antagonist 0.10 −25.7
(−)-20 ((−)-para-e) 23 agonist 0.06 25.7
(−)-26 ((−)-para-f) 98 agonist 0.11 −25.5


a [125I]IOXY binding using CHO cells stably transfected with human l-DNA and express the human l receptor. b Root mean square deviation from
morphan backbone in (1R,5R,9S)-(−)-7. c C9a–C4a-C4b–C9 in the oxide-bridged compounds. d Not determined.


morphan moiety (i.e., C1–C9) as a common docking point. As
noted, in the various Figures and Schemes, the C9a bonded to the
O9 atom in the ortho- and para-e oxide-bridged phenylmorphan
(1R*,4aR*,9aS*) has the 9aS*relative configuration, and the C9a
bonded to the O9 atom in the ortho- and para-f oxide-bridged
phenylmorphan (1R*,4aR*,9aR*) has the epimeric 9aR* relative
configuration. The (−)-7, with a C9S configuration, as shown
in Chart 2, is a very potent l-agonist. It has a freely rotating
phenolic moiety, and in our previous study1 we hypothesized that
a water molecule/chain H-bonded to the hydroxyl moiety at C9S
of the compound (−)-7 facilitates proton transfer from the tertiary
amine to an acceptor amino acid at the active site of the receptor
as depicted in Fig. 2. We noted that the ease of protonation
of the acceptor might be responsible for its activity as a potent
agonist. In the present work, we have attempted to further extend
the hypothesis of the proton transfer to ortho- and para-e and
ortho- and para-f oxide-bridged phenylmorphan isomers. These
rigid isomers have a fixed 3-dimensional angular position of the
phenolic ring. The e and f oxide-bridged phenylmorphans were
calculated to differ by 52◦ in the spatial position of their phenolic
ring (C9a–C4a–C4b–C9).


The rigid-fitting of the ortho-e ((−)-43), ortho-f ((−)-53), para-e
((−)-20) and para-f ((−)-26) compounds on (−)-7 gave ≤ 0.11 Å
root mean square deviation (Table 5) indicating a good overlap
of the morphan backbone of these isomers to that of (−)-7.
Nonetheless, about only half of the phenolic ring of the e- and
f-isomers spatially overlaps with the phenolic ring of (−)-7 since
the five-membered oxide ring is forced to have a considerably
smaller bond angle of C9a–C4a–C4b (e.g., 97.1◦ for the ortho-f,
(−)-53) than the bond angle of C9–C5–C10 (111.3◦) for (−)-7, and
that results in the pulling of the phenolic ring of the oxide-bridged
isomers away from the spatial area occupied by the phenolic ring


Fig. 2 Schematic representation of the formation of a seven-membered
ring via a water molecule that was hypothesized to facilitate proton transfer
from the protonated nitrogen in compound 71 to an amino acid in the active
site. Dotted lines indicate hydrogen bonding.


of (−)-7 toward the C9a atom as shown in Fig. 3. Fig. 3 also
illustrates that the ortho- and para-e isomers (−)-43 and (−)-20
differ mainly from the corresponding ortho- and para-f ((−)-53
and (−)-26) isomers in the spatial position of the bridged phenolic
ring as shown; for example, the calculated dihedral angle of C9a–
C4a–C4b–C9 of the ortho-e ((−)-43) and the ortho-f ((−)-53) are
26.1◦ and −25.7◦, respectively (Table 5). In addition, the bridged
oxygen atoms of the ortho-e and ortho-f isomers overlap well
in space with the 9S-OH oxygen of (−)-7 and epimeric 9R-OH
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Fig. 3 Two views of the oxide-bridged phenylmorphan ortho-e
(1S,4aS,9aS-(−)-43) and ortho–f (1R,4aR,9aR-(−)-53) enantiomers over-
lapped with (1R,5R,9S)-(−)-7 (9S-OH) and (1R,5R,9R)-(+)-8 (9R-OH).
Atoms are represented by colors as follows: white, hydrogen; green, carbon;
blue, nitrogen; red, oxygen.


oxygen of (+)-8, respectively; these oxygen atoms are positioned
to form a seven membered ring with the phenolic hydroxyl either
via a water molecule as illustrated in Fig. 4 for the ortho-f or via
the hydroxyl group of a polar residue such as Tyr in the binding
pocket. This seven membered ring might alter the orientation of
the protonated nitrogen of the ortho-f ((−)-53) with respect to
that of (−)-7, making the proton transfer unfavorable. This may
be one of the reasons why the ortho-f ((−)-53) compound does
not show much agonist activity. Similarly, the ortho-e enantiomer
could form a seven-membered ring using the two oxygen atoms,
and this seven-membered ring would appear in the vicinity of the


Fig. 4 Overlap of ortho-f (1R,4aR,9aR-(−)-53) and para-f
(1R,4aR,9aR-(−)-26) oxide-bridged phenylmorphan isomers. The
phenolic hydroxyl of the ortho-f can form a seven-membered ring with the
bridged oxygen atom via a water molecule while that of the para-f is not
positioned to form such a seven-membered ring. Dotted lines represent
hydrogen bonding.


putative proton transfer pocket, and thus likely to disrupt the
proton transfer process that was hypothesized to confer agonist
activity to (−)-7.1 In contrast, the phenolic hydroxyl of both the
para-e and para-f compounds ((−)-20 and (−)-26) is not positioned
to form a seven-membered ring with the bridged oxygen atom
(Fig. 4). However, the oxygen atom in the five-membered ring of
the para-e isomer is only 0.35 Å away from the 9S-OH oxygen of
(−)-7 suggesting that this particular oxygen might play a similar
role to the 9S-OH oxygen by forming a seven-membered ring with
the protonated nitrogen via a water molecule, and this may be
a rationale for the morphine-like agonist potency of the para-e
isomer (−)-20. Unlike the para-e isomer, the bridged oxygen of
the para-f isomer (−)-26 is neither positioned to hydrogen-bond
with the tertiary nitrogen via a water molecule (Fig. 4) nor to form
a seven membered ring like ortho-f isomer that might alter the
orientation of the protonated nitrogen, and this could be related
to the much more modest agonist activity of the para-f isomer seen
in the [35S]GTP-c-S assay (Table 3).


The binding affinity of (−)-7 (K i = 0.19 nM) to the l-receptor
is ca. 300 times better than the affinity of its epimer, (+)-8 (K i =
59 nM).1 While with less affinity, a similar trend is observed for the
para-e ((−)-20, K i = 23 nM) and the para-f ((−)-26, K i = 98 nM)
isomers suggesting that the formation of the seven-membered ring
between the bridged oxygen and the nitrogen atom, in a spatial
area comparable to that occupied by the 9S-OH in (−)-7 (Fig. 3),
enhances the binding energy to the l-receptor via H-bonding
interactions. The bridged oxygen of the ortho-e ((−)-43), however,
is only 0.35 Å away from the 9S-OH oxygen of (−)-7 but its
binding affinity (K i = 2488 nM) to the l-receptor is ca. 13 000 times
less than (−)-7 suggesting that the presence of the ortho-oriented
phenolic hydroxyl is detrimental to binding, possibly because of
interference with the formation of the 7-membered ring between
an oxygen and nitrogen atom, as noted above. Interestingly, the
binding affinity of the ortho-f isomer ((−)-53, K i = 7 nM) is
about 8 times better than (+)-8 (Fig. 1) indicating that an ortho-
oriented phenolic hydroxyl may enhance the interaction energy via
H-bonding interaction possibly with a polar residue at the active
site. This idea is consistent with the fact that the ortho-f isomer
(−)-53 binds 14 times better to the l-receptor than the para-f
isomer-(−)-26.


While there are likely to be multiple mechanisms through which
the types of ligands discussed in this and our previous paper
(ligands with a phenylmorphan-like structure)1 interact with the
l-receptor, we have proposed the idea of a proton transfer from
the protonated nitrogen to a proton acceptor in the l-opioid
receptor via a water molecule(s) as one of the keys for imparting
agonist activity. Also, the idea of the possible formation of a seven-
membered ring with a putative water molecule may help relate the
affinity and activity of the limited group of molecules in Table 5.
Nonetheless, many more compounds still need to be examined
before any definitive statement can be made about the plausibility
of these ideas.


Conclusions


The N-phenethyl (−)- para-e enantiomer (1S,4aS,9aR-(−)-20) was
found to be a l-opioid agonist and was as potent as morphine
as an antinociceptive. The N-phenethyl (−)-ortho-f enantiomer
(1R,4aR,9aR-(−)-53) had good affinity for the l-opioid receptor
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(K i = 7 nM), and was found to be a l-opioid antagonist in the
[35S]GTP-c-S assay and in vivo. The epimeric difference between
the rigid oxide-bridged e- and f-enantiomers gave them different
fixed spatial three-dimensional patterns and this resulted in major
differences in their pharmacological activity. Their spatial patterns
are presumably relevant to those necessary for recognition by the
l-opioid receptor as agonists or antagonists.


The superposition study suggests that i) the bridged oxygen of
the para-e enantiomer and the 9S-OH of compound 7 are likely to
play similar roles in forming a seven membered ring to facilitate
proton transfer between the nitrogen atom and the oxygen atom
of Asp that is hypothesized1 to give rise to the l-agonist activity
and ii) while the hydroxyl of the ortho-f enantiomer enhances the
binding affinity via H-bonding interactions with a polar residue
at the binding site, it may affect the alignment of the protonated
nitrogen, making the proton transfer process unfavorable. Even
with the few molecules that have been examined thus far, insight
gained from this mechanism can lead to new types of ligands and
these might shed further light on the hypothesis. The synthesis of
these ligands is currently in progress.


Experimental section


Dry solvents were purchased from Aldrich and used without fur-
ther purification. Compounds 12 and 15 were prepared according
to published procedures.3 All melting points were determined on
a Thomas Hoover apparatus and are uncorrected. NMR spectra
were obtained on a Varian Gemini 300 spectrometer in CDCl3, un-
less otherwise stated, with 0.1% v/v TMS as an internal standard
(d values in ppm, J (Hz) assignments of 1H resonance coupling).
HRMS were obtained on the racemates with a Waters/Micromass
LCT ESI-TOF mass spectrometer at NIDDK. Dry distillation
was carried out in a Buchi distillation oven (Kugelrohr). Thin
layer chromatography (TLC) was performed on 250 lm Analtech
GHLF silica gel plates using a CMA (CHCl3 : CH3OH : concd
NH4OH (90 : 9 : 1)) solvent system. Enantiomeric purity was
assessed on Shimadzu LC-6A HPLC with Shimadzu SPD-6AV
UV detector (at 254 nm) using a Daicel Chiralcel OD column
(4.6 mm × 50 mm coupled to 4.6 mm × 250 mm). The mobile phase
was hexanes : 2-propanol : Et2NH (90 : 10 : 0.3) at the constant
flow rate of 1 mL min−1. Preparative chiral separations were carried
out on Daicel’s Chiralcel OD column (20 × 50 mm Guard plus
20 × 250 mm) using isocratic elution with hexanes : 2-propanol :
Et2NH (80 : 20 : 0.2) at constant flow rate of 8 mL min−1, detection
at 254 nm. Racemates 43 and 53 were injected as solutions in 2-
propanol (150 mg per 1.5 mL, three runs, 500 lL each injection).
Elemental analyses were performed on the racemic compounds by
Atlantic Microlabs, Inc., Norcross, Ga.


Resolution of (1R*,4aR*,9aS*)-2-methyl-6-nitro-1,3,4,9a-
tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine (15)


A boiling solution of [(1S)-(endo,anti)]-(−)-3-bromocamphor-8-
sulfonic acid (5.60 g, 18 mmol, 1.05 equiv.) in acetone (60 mL) was
slowly added into a refluxing stirred solution of racemic amine
15 (4.70 g, 17 mmol) in acetone (100 mL). The reaction mixture
was allowed to cool to ambient temperature and stirred overnight.
After cooling in an ice bath, the yellow crystals of salt of (+)-
15 that formed were filtered off and washed with cold acetone


and air-dried (4.58 g, mp 269–270 ◦C). One recrystallization from
the mixture of acetone–MeOH gave 2.48 g of yellow crystals (+)-
15 salt (mp 275–276 ◦C), that were free based (concd NH4OH–
CHCl3) to furnish (+)-15 base (1.06 g, [a]26


D +116.9 (c 1.0, CHCl3)).
A second crop was also obtained (0.98 g). The mother liquors
were free-based to give the enriched (−)-enantiomer of 15, which
was dissolved in boiling acetone (50 mL) and a boiling solution
of [(1R)-(endo,anti)]-(+)-3-bromocamphor-8-sulfonic acid (2.73 g,
8.77 mmol, 1.05 equiv.) in acetone (50 mL) was added portion-
wise. The reaction mixture was allowed to cool to room temper-
ature and stirred overnight. Crystals were collected after further
cooling in an ice bath and washed with cold acetone to give the salt
of (−)-15 (3.89 g). One recrystallization from an acetone–MeOH
mixture gave 2.15 g of yellow crystals (mp 276–277 ◦C). This
material was free based (concd NH4OH–CHCl3) to furnish (−)-
15 base (0.984 g, [a]23


D −116.2 (c 1.0, CHCl3)). A second crop was
also obtained (0.97 g, mp 275–277 ◦C). The enantiomeric purity
was assessed by NMR using S-(+)-1-phenyl-2,2,2-trifluoroethanol
as a chiral shift reagent to be >99% ee. The presence of the other
enantiomer was not detected. The absolute stereochemistry of
the (+)-enantiomer was determined to be 1R,4aR,9aS by X-ray
crystallographic analysis of the salt of (+)-15.


Ethyl (1R*,4aR*,9aS*)-(6-nitro-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridin-2-yl)carboxylate (16)


In a flame-dried glassware apparatus cooled to room temperature
under an argon atmosphere, 15 (1.00 g, 3.64 mmol) was dissolved
in dry 1,2-dichloroethane (20 mL), and K2CO3 (1.01 g, 7.28 mmol,
2.0 equiv.) was added followed by a slow addition of ethyl
chloroformate (1.74 mL, 1.98 g, 18.24 mmol, 5.0 equiv.). The
reaction mixture was heated to reflux under an argon atmosphere
for 1 day. Upon completion (TLC check) the reaction mixture
was cooled to room temperature, diluted with H2O (30 mL), and
extracted with CHCl3 (3 × 50 mL). The organic extracts were dried
over anhydrous Na2SO4, filtered and evaporated. The resulting oil
was redissolved in hot isopropanol (12 mL + 3 drops of H2O),
and the solution was boiled down to ca. 5 mL and cooled to room
temperature and placed in the refrigerator overnight. The resulting
off-white crystals were filtered and dried in vacuo (0.98 g, 81%).
Mp ((±)-16) 143–145.0 ◦C (i-PrOH). (1S,4aS,9aR-(−)-16): [a]25


D


−186.4 (c 1.0, CHCl3), (1R,4aR,9aS-(+)-16): [a]24
D +187.0 (c 1.0,


CHCl3). 1H-NMR: d 8.14 (dd, 1H, J = 8.7, 2.4), 8.01 (d, 1H, J =
2.4), 6.95 (d, 1H, J = 8.7), 4.86, 4.75 (bs, 1H), 4.21 (m, 3H), 4.04
(m, 1H), 3.62 (m, 2H), 2.36–1.50 (m, 8H), 1.31 (m, 3H). 13C-NMR:
d 164.3, 156.3, 142.8, 140.1, 125.7, 118.1, 111.2, 90.9, 90.8, 61.6,
48.8, 40.9, 39.1, 38.8, 34.0, 33.9, 33.1, 30.4, 29.8, 18.9, 14.9, 14.8.
HRMS: [M − H]+ calc. C17H21N2O5: 333.1450, found 333.1443.
C17H20N2O5 requires: C, 61.44; H, 6.07; N, 8.43; found: C, 61.38;
H, 6.22; N, 8.32%.


(1R*,4aR*,9aS*)-6-Nitro-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridine (17)


Carbamate 16 (1.145 g, 3.45 mmol) was dissolved in 33% HBr–
AcOH (20 mL) at room temperature, the resulting bright red
solution was heated in an oil bath to 50 ◦C for 18 h to complete
the reaction. After cooling to room temperature the reaction
mixture was added dropwise into stirred mixture of concd NH4OH
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(75 mL) and ice (50 mL), the yellow free base precipitated out. The
precipitate was filtered off, washed with H2O (2 × 20 mL) and air-
dried to give a yellow amorphous solid. The aqueous layer was
extracted with CHCl3 (3 × 50 mL). Combined extracts were used
to dissolve the precipitate and the solution was dried over Na2SO4.
After filtration and the removal of solvent under reduced pressure,
the residue was purified by column chromatography (silica, 2 :
1 v/v CHCl3 : CMA) to give 17 as a yellow solid (0.733 g,
82%). Optical rotations: (1S,4aS,9aR)-(−)-17): [a]24


D −149.3 (c
1.0, CHCl3), (1R,4aR,9aS-(+)-17): [a]22


D +151.2 (c 1.0, CHCl3).
1H-NMR: d 8.14 (dd, 1H, J = 8.7, 2.7), 7.96 (d, 1H, J =
2.7), 6.96 (d, 1H, J = 8.7), 4.06 (d, 1H, J = 2.1), 3.69 (m,
1H), 3.30 (ddd, 1H, J = 13.2, 12.9, 5.1), 2.86 (dd, 1H, J =
13.5, 7.2), 2.43 (dd, 1H, J = 12.9, 5.7), 2.13 (m, 2H), 2.00–1.70
(m, 6H), 1.53–1.38 (m, 1H); 13C-NMR: d 165.0, 142.4, 141.4,
125.6, 117.8, 111.0, 89.7, 48.8, 40.9, 40.6, 34.1, 33.1, 31.2, 21.8.
HRMS: [MH]+ calcd C14H17N2O3: 261.1239, found 261.1246.
C14H16N2O3·0.25H2O requires: C, 63.50; H, 6.28; N, 10.56; found:
C, 63.74; H, 6.17; N, 10.56%.


(1R*,4aR*,9aS*)-6-Nitro-2-(2-phenethyl)-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (18)


N-Nor amine 17 (660 mg, 2.54 mmol) was dissolved in dry
acetonitrile (25 mL), finely ground K2CO3 (651 mg, 5.08 mmol,
2.0 equiv.) and KI (105 mg, 0.64 mmol, 0.25 equiv.) were added
followed by (2-bromoethyl)benzene (429 lL, 3.17 mmol, 1.25
equiv., 587 mg). The reaction mixture was stirred and heated to
reflux under an argon atmosphere for three days. After cooling
to room temperature, the reaction mixture was diluted with H2O
(50 mL) and extracted with CHCl3 (3 × 50 mL). The organic
extracts were dried over Na2SO4, filtered and evaporated with
small amount of silica. The crude mixture was then purified by
column chromatography (silica, 85 : 15 hexanes : EtOAc). The
product 18 was obtained as a yellow solid (0.860 g, 93%). Optical
rotations: (1S,4aS,9aR)-(−)-18: [a]24


D −133.4 (c 1.0, CHCl3), mp
90–92 ◦C (2-propanol : H2O), (1R,4aR,9aS)-(+)-18): [a]24


D +133.9
(c 1.0, CHCl3) mp 88–90 ◦C (2-propanol : H2O). 1H-NMR: d 8.13
(dd, 1H, J = 8.7, 2.4), 7.99 (d, 1H, J = 2.4), 7.26 (m, 5H), 6.97 (d,
1H, J = 9.0), 4.23 (d, 1H, J = 3.0), 3.67 (m, 1H), 2.88 (m, 6H),
2.41–2.28 (m, 2H), 2.10–1.70 (m, 5 H), 1.50 (m, 1H). 13C-NMR: d
164.9, 142.4, 141.0, 140.4, 128.9, 128.6, 126.3, 125.6, 118.0, 111.4,
91.6, 58.1, 54.0, 47.9, 40.6, 34.6, 34.0, 33.3, 24.9, 22.0. HRMS:
[MH]+ calcd C22H25N2O3: 365.1865, found 365.1863. C22H24N2O3


requires: C, 72.50; H, 6.647; N, 7.69; found: C, 72.20; H, 6.58; N,
7.68%.


(1R*,4aR*,9aS*)-6-Amino-2-(2-phenethyl)-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (19)


10% Pd–C (0.100 g, 5 mol%) was added to a solution of nitro
derivative 18 (700 mg, 1.92 mmol) in abs. EtOH (120 mL). The
reaction mixture was shaken in a H2 atmosphere (45 psi) for
7 h. Catalyst was filtered on Celite pad and washed with EtOH
(3 × 30 mL). The filtrate was evaporated and purified by column
chromatography (silica, 7 : 1 CHCl3 : CMA) to give product 19 as
yellow solid (0.606 g, 94%). Mp ((±)-19) 120–123 ◦C (2-propanol :
H2O). Optical rotations: (1S,4aS,9aR)-(−)-19: [a]25


D −59.7 (c 1.0,
CHCl3), (1R,4aR,9aS)-(+)-19: [a]25


D +58.9 (c 1.0, CHCl3). 1H-


NMR: d 7.26 (m, 5H), 6.73 (d, 1H, J = 8.4), 6.50 (d, 1H, J =
2.4), 6.45 (dd, 1H, J = 8.1, 2.4), 4.01 (d, 1H, J = 3.0), 3.61 (m,
1H), 3.41 (bs, 2H), 2.87 (m, 6H), 2.26 (m, 2H), 2.10–1.70 (m, 5 H),
1.50 (m, 1H). 13C-NMR: d 152.0, 140.7, 140.4, 128.9, 128.5, 126.1,
114.0, 111.5, 109.6, 89.5, 58.3, 54.2, 48.2, 34.6, 34.0, 33.5, 25.1,
22.0. HRMS: [MH]+ calc. C22H27N2O: 335.2123, found 335.2146.
C22H26N2O·0.25H2O requires: C, 77.96; H, 7.88; N, 8.26; found:
C, 77.58; H, 7.83; N, 8.07%.


(1R*,4aR*,9aS*)-6-Hydroxy-2-(2-phenethyl)-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (20)


The aniline derivative 19 (250 mg, 0.747 mmol) was dissolved in
cold 35% wt H2SO4 (12 mL) and the resulting red solution was
cooled to −3 ◦C. A cold solution of NaNO2 (57 mg, 0.823 mmol,
1.1 equiv.) in H2O (1 mL) was added under the surface of the
stirred reaction mixture at a rate that kept the temperature below
0 ◦C. The reaction mixture was stirred at less than 0 ◦C for 1 h. Cold
diazonium salt solution was then added dropwise into a vigorously
stirred boiling H2SO4 solution (prepared by mixing concd H2SO4


with H2O (20 mL each), bp ca. 135 ◦C) under argon atmosphere.
The resulting red solution was refluxed for another 10 min, cooled
to room temperature, and the solution was added dropwise into
a cold NH4OH (50 mL of concd NH4OH–ca. 75 mL of ice) with
vigorous stirring keeping the temperature below 30 ◦C at all times.
The resulting alkaline suspension was extracted with CHCl3 (5 ×
100 mL), and the combined organic extracts were dried over
Na2SO4. The drying agent was removed by filtration and the filtrate
was evaporated with a small amount of silica. Purification of the
preadsorbed material by chromatography (silica, 4 : 1 CHCl3 :
CMA) gave 20 as a pink foam (0.205 g, 82%). The oxalate salt
of 20 was prepared. Mp ((±)-20·oxalate) 205–207 ◦C (acetone).
Optical rotations: (1S,4aS,9aR)-(−)-20·oxalate: [a]24


D −64.1 (c 1.0,
90% EtOH), (1R,4aR,9aS)-(+)-20·oxalate: [a]24


D +65.3 (c 1.0, 90%
EtOH). Optical rotations (free bases: oils): (1S,4aS,9aR)-(−)-20:
[a]25


D −51.7 (c 1.0, CHCl3), (1R,4aR,9aS))-(+)-20: [a]25
D +40.3 (c


1.0, CHCl3). 1H-NMR: d 7.31–7.17 (m, 5H), 6.74 (d, 1H, J = 8.1),
6.62 (d, 1H, J = 2.7), 6.57 (dd, 1H, J = 8.1, 2.7), 4.04 (d, 1H,
J = 3.0), 3.62 (m, 1H), 2.86 (m, 6H), 2.27 (m, 2H), 2.00–1.70 (m,
5 H), 1.47 (m, 1H). 13C-NMR: d 152.9, 150.3, 141.0, 140.7, 129.0,
128.6, 126.2, 113.9, 111.5, 109.5, 89.9, 58.4, 54.3, 48.2, 41.0, 34.5,
34.0, 33.5, 25.2, 22.0. HRMS: [MH]+ calcd C22H26NO2: 336.1963,
found 336.1969. C22H25NO2·C2H2O4 requires: C, 67.75; H, 6.40;
N, 3.29; found: C, 67.46; H, 6.30; N, 3.31%.


(1R*,4aR*,9aR*)-2-Methyl-6-nitro-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridine (21)


A solution of 29 (2.00 g, 6.8 mmol) in dry THF (50 mL) was slowly
added into refluxing suspension of NaH (0.408 g, 10.2 mmol, 1.5
equiv., 60% oil suspension) in dry THF (20 mL). The reaction
mixture was refluxed under an argon atmosphere for 4 h. After
cooling to room temperature, the reaction mixture was slowly
quenched with ice and poured into cold H2O (100 mL). Most of
the THF was removed under reduced pressure and the aqueous
solution was extracted with CHCl3 (5 × 50 mL). The organic
extracts were dried over Na2SO4, filtered and evaporated and
purified by column chromatography (silica, 4 : 1 CHCl3 : CMA)
to give 1.43 g (77%) of 21. Mp 173–174.5 ◦C (2-propanol : H2O).
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Optical rotations: (1S,4aS,9aS)-(+)-21: [a]24
D +114.8 (c 1.0, CHCl3)


(from the (−)-alcohol), (1R,4aR,9aR)-(−)-21: [a]24
D −111.9 (c 1.0,


CHCl3) (from the (+)-alcohol). 1H-NMR: d 8.14 (dd, 1H, J = 9.0,
2.7), 7.97 (d, 1H, J = 2.7), 6.95 (d, 1H, J = 9.0), 4.28 (d, 1H, J =
3.9), 3.40 (m, 1H), 3.11 (ddd, 1H, J = 18.0, 12.6, 6.0), 2.92 (dd,
1H, J = 12.6, 6.9), 2.55 (s, 3H), 2.30 (dd, 1H, J = 12.9, 6.7), 2.24–
2.13 (m, 2H), 1.78–1.43 (m, 5H). 13C-NMR: d 165.0, 142.4, 144.4,
125.4, 117.8, 111.0, 90.5, 54.8, 50.5, 42.4, 40.8, 33.7, 32.2, 20.7,
20.3. HRMS: [MH]+ calcd C15H19N2O3: 275.1383, found 275.1396.
C15H18N2O3 requires: C, 65.68; H, 6.61; N, 10.21; found: C, 65.46;
H, 6.84; N, 10.03%.


Experimental data for compounds 22 through 30 can be found
in the Supplemental section.‡


(1R*,4aR*,9aR*)-5-(2-Fluoro-5-nitrophenyl)-2-methyl-2-
azabicyclo[3.3.1]nonan-9a-ol (29)


Alcohol 31 (13.50 g, 54.2 mmol) was dissolved in cold 70% HNO3


(135 mL). The stirred solution was warmed to room temperature
and heated at 58–60 ◦C for 4 h. After cooling to room temperature
the reaction mixture was added dropwise into a stirred cold
NH4OH solution (300 mL of concd NH4OH per 100 mL of
ice, cooled in ice bath). The free base 29 precipitated out as a
light yellow solid. The precipitate was collected and washed with
cold H2O (ca. 50 mL) and recrystallized from 2-propanol : H2O
(300 mL per 40 mL, boiled down to ca. 100 mL), to give two
crops of pure 29 (total 12.29 g, 77%). Note: Reaction progress
must be carefully monitored (mini work-up, 1H-NMR is needed,
since the starting material co-elutes with the product). Overly long
heating results in appreciable formation of various by-products
and substantially lowers yield. Mp ((±)-29) 175–177 ◦C (EtOAc).
Resolved using O,O′-di-p-toluoyltartaric acids (acetone–MeOH 1 :
1). The absolute stereochemistry of the (+)-enantiomer was found
by single crystal X-ray analysis of the diastereomeric salt of (+)-29
to be 1R,4aR,9aR. Optical rotations: (1R,4aR,9aR))-(+)-29: [a]24


D


+41.8 (c 1.0, CHCl3) (from the salt with (−)-L-acid), (1S,4aS,9aS)-
(−)-29: [a]24


D −42.0 (c 1.0, CHCl3) (from the salt with (+)-D-acid).
1H-NMR: d 8.49 (dd, 1H, J = 6.6, 2.7), 8.09 (m, 1H), 7.12 (dd,
1H, J = 12.0, 9.0), 4.52 (d, 1H, J = 3.9), 3.02 (ddd, 1H, J = 12.0,
11.9, 5.1), 2.93 (bs, 1H), 2.75 (m, 1H), 2.49 (s, 3H), 2.21–1.73 (m,
8H). 13C-NMR: d 167.4, 164.0, 144.5, 137.0, 136.8, 125.5, 125.4,
124.0, 123.9, 117.9, 117.6, 71.1, 60.0, 50.4, 43.2, 41.0, 40.9, 35.3,
35.2, 28.3, 28.2, 21.7, 18.1. HRMS: [MH]+ calcd C15H20N2O3F:
295.1458, found 295.1441. C15H19FN2O3 requires: C, 61.21; H,
6.51; N, 9.52; found: C, 0.99; H, 6.55; N, 9.53%.


Resolution protocol


A hot MeOH solution of (+)-O,O′-di-p-toluoyl-D-tartaric acid
(16.30 g, 42 mmol, 1.05 equiv. in 150 mL) was slowly added to
a hot stirred solution of racemic amine 29 (11.82 g, 40 mmol) in
acetone (150 mL). The reaction mixture was allowed to cool to
ambient temperature and then chilled in an ice bath. The white
crystals of the salt of (−)-29 that formed were filtered and washed
with cold acetone (10 mL) and air-dried (10.86 g, mp 153–155 ◦C).
One recrystallization from acetone : MeOH : H2O (155 : 155 :
15 mL, boiled down to ca. 300 mL) gave 8.69 g of white crystals
(mp 157–158 ◦C). This salt was converted to the free base (concd
NH4OH–CHCl3) of (−)-29 (3.14 g, mp 205–207 ◦C (2-propanol :


H2O), [a]24
D −39.8 (c 1.0, CHCl3)). The second crop of the tartrate


salt and mother liquor were pooled, converted to the free base
and purified by column chromatography (silica, 1 : 1 CHCl3 :
CMA) to give an additional 0.660 g of (−)-29 as a white solid
([a]23


D −42.0 (c 1.0, CHCl3). The mother liquor was converted to
the free base to give the enriched (+) enantiomer (7.07 g of brown
solid), which was dissolved in hot acetone (70 mL) and a hot
solution of (−)-O,O′-di-p-toluoyl-L-tartaric acid (8.15 g, 21 mmol,
1.05 equiv.) in MeOH (70 mL) was added portionwise. The salt
crystallized rapidly, and after cooling to room temperature and
then in an ice bath, the crystals were collected and washed with
cold acetone to give the salt of (+)-29 (10.67 g, mp 153–156 ◦C).
One recrystallization from a mixture of acetone : MeOH : H2O
(150 : 150 : 30 mL, boiled down to ca. 200 mL) gave 9.58 g of a
white crystalline salt (mp 157.5–159 ◦C). This salt was converted
to the free base (concd NH4OH–CHCl3) to give (+)-29 (3.46 g, mp
205–207 ◦C (2-propanol : H2O), [a]24


D +40.6 (c 1.0, CHCl3)). The
second crop of (+)-29 salt and mother liquor from recrystallization
were pooled, converted to the free base and purified by column
chromatography (silica, 1 : 1 CHCl3 : CMA) to give 0.382 g of
white solid (+)-29 ([a]23


D +41.8 (c 1.0, CHCl3). The retention times
of (+)-25 and (−)-29 were 6.58 and 10.44 min, respectively. The
presence of any other enantiomer in the final free base products
was not detected under those conditions.


(1S*,4aS*)-5-(2-Fluorophenyl)-2-methyl-2-
azabicyclo[3.3.1]nonan-9a-ol (31)


Ketone 30 (12.16 g, 49.2 mmol) was dissolved in MeOH (120 mL)
and PtO2 (335 mg, 1.48 mmol, 0.03 equiv.) was added. The
reaction mixture was hydrogenated in a Parr shaker apparatus
at ca. 45 psi for 20 h at ambient temperature. The reaction mixture
was filtered through a Celite column and the catalyst was washed
with additional MeOH (ca. 3 × 40 mL). The filtrate was evaporated
to dryness and further dried in vacuo to give 31 (11.50 g, 94%).
1H-NMR: d 7.45 (td, 1H, J = 8.1, 2.1), 7.19 (m, 1H), 7.21 (m, 1H),
7.10 (bt, 1H, J = 7.5), 7.02 (ddd, 1H, J = 17.1, 7.8, 1.2), 4.54 (d,
1H, J = 3.9), 2.98 (m, 2H), 2.75 (m, 1H), 2.49 (s, 3H), 2.15 (m, 4H),
1.98–1.70 (m, 6H); 13C-NMR: d 163.7, 160.4, 134.8, 134.7, 128.5,
128.4, 128.1, 127.9, 124.3, 124.2, 117.0, 116.7, 71.18, 71.1, 59.7,
50.6, 43.2, 40.5, 40.4, 35.7, 35.6, 28.5, 28.4, 21.8, 18.2. HRMS:
[MH]+ calcd C15H21NOF: 250.1607, found 250.1627. C15H20FNO
requires: C, 72.26; H, 8.09; N, 5.62; found: C, 72.00; H, 8.06; N,
5.62%.


(1R*,4aR*,9aR*)-6-Amino-2-methyl-1,3,4,9a-tetrahydro-2H-
1,4a-propanobenzofuro[2,3-c]pyridine (32)


Nitro derivative 21 (2.85 g, 10.4 mmol) was dissolved in mixture
of MeOH : 2-propanol (100 mL : 100 mL), and the solution
was purged with a gentle argon stream. The catalyst (10% Pd–
C, 0.553 g) was then added portion-wise. The reaction mixture
was hydrogenated in a Parr shaker apparatus at room temperature
and 50 psi of hydrogen pressure for 3 h. The catalyst was filtered
on a Celite bed, which was washed with MeOH (3 × 30 mL).
The combined filtrates were evaporated and the residue was
recrystallized from 2-propanol : H2O to give 32 (2.16 g, 85%)
as pink crystals. Mp ((±)-32) 203–204 ◦C. 1H-NMR: d 6.71 (d,
1H, J = 8.1), 6.49 (d, 1H, J = 2.7), 6.46 (dd, 1H, J = 8.4, 2.7),
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4.07 (d, 1H, J = 3.3), 3.42 (bs, 2H), 3.33 (m, 1H), 3.06 (ddd, 1H,
J = 11.7, 11.7, 6.3), 2.87 (ddd, 1H, J = 12.0, 6.6, 1.5), 2.53 (s,
3H), 2.21–2.07 (m, 3H), 1.77–1.45 (m, 5H). 13C-NMR: d 152.3,
141.3, 140.5, 113.9, 111.2, 109.7, 88.7, 55.4, 50.9, 42.5, 41.1, 33.8,
32.6, 21.1, 20.7. HRMS: [MH]+ calcd C15H21N2O: 245.1654, found
245.1666. C15H20N2O requires: C, 73.74; H, 8.25; N, 11.47; found:
C, 73.80; H, 8.31; N, 11.44%.


Experimental data for compounds 30 and 33 through 34 can be
found in the Supplemental section.‡


(1R*,4aR*,9aS*)-8-Bromo-2-methyl-6-nitro-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (35)


Bromide 33 (1.10 g, 3.1 mmol) was dissolved in 70% HNO3 (10 mL)
and the solution was heated to reflux for 2 h. After cooling to
room temperature the reaction mixture was poured on ice and
the pH was adjusted to ca. 9 with concd NH4OH, followed by
extraction with CHCl3. The combined extracts were dried over
Na2SO4, filtered and evaporated. 1H-NMR spectra of the crude
mixture revealed the presence of two products, i.e. 35 and 15 in ca.
6 : 4 ratio. Compound 35 was isolated by column chromatography
to give 0.55 g (44%) of solid. Recrystallization from 2-propanol
gave light yellow crystals, mp 128–129 ◦C. 1H-NMR: d 8.31 (d, 1H,
J = 2.2), 7.91 (d, 1H, J = 2.2), 4.30 (d, 1H, J = 2.7), 3.55 (m, 1H),
2.89–2.70 (m, 2H), 2.53 (s, 3H), 2.45–2.31 (m, 2H), 1.99–1.88 (m,
2H), 1.86–1.78 (m, 3H), 1.49–1.40 (m, 1H). HRMS (FAB): [MH]+


calcd C15H18BrN2O3: 353.0501, found 353.0493, and 355.0480,
found 355.0492. C15H17BrN2O3 requires: C, 51.01; H, 4.85; N,
7.75; found: C, 50.93; H, 4.94; N, 7.73%.


Experimental data for compounds 36 through 46 can be found
in the Supplemental section.‡


(1R*,4aR*,9aR*)-6-Chloro-2-methyl-1,3,4,9a-tetrahydro-2H-
1,4a-propanobenzofuro[2,3-c]pyridine (47)


The aniline derivative 32 (650 mg, 2.66 mmol) was dissolved
in cold concd HCl (15 mL). The resulting yellow solution was
cooled to −5 ◦C. A cold solution of NaNO2 (208 mg, 2.93 mmol,
1.10 equiv.) was then added dropwise under the surface of the
stirred reaction mixture at a rate that maintained the temperature
of the reaction mixture below 0 ◦C. The purple reaction mixture
was stirred at less than 0 ◦C for 75 min, while a solution of
copper(II) sulfate (99%) (489 mg, 3.06 mmol, 1.15 equiv.), and
NaCl (649 mg, 11.10 mmol, 4.17 equiv.) in H2O (10 mL) was
heated to 70–75 ◦C. Addition of a solution of sodium bisulfite
(167 mg, 0.88 mmol, 0.33 mmol) and NaOH (112 mg, 2.79 mmol,
1.05 equiv.) in H2O (10 mL) to the copper(II) sulfate solution and
subsequent short heating (15 min) generated copper(I) chloride.
Cold diazonium salt solution was then added dropwise and the
heating continued for 1 h. Upon cessation of nitrogen evolution
the reaction mixture was stirred at room temperature overnight.
The resulting suspension was added dropwise into a mixture of
concd NH4OH and ice (50 mL and ca. 20 g, respectively). The free
base precipitated and was extracted with CHCl3 (4 × 100 mL).
The combined organic extracts were dried over Na2SO4, filtered,
and the solvent removed under reduced pressure. The residue was
purified by column chromatography (silica, 5 : 1 CHCl3 : CMA)
to give the product 47 as a white solid (0.497 g, 71%), mp ((±)-47)
96–98 ◦C (2-propanol : H2O). 1H-NMR: d 7.08 (dd, 1H, J = 8.4,
2.4), 7.03 (d, 1H, J = 2.7), 6.81 (d, 1H, J = 8.4), 4.14 (d, 1H,


J = 3.9), 3.35 (m, 1H), 3.07 (ddd, 1H, J = 12.3, 12.0, 2.7), 2.88
(dd, 1H, J = 12.6, 6.9), 2.54 (s, 3H), 2.34–2.08 (m, 3H), 1.75–1.42
(m, 5H). 13C-NMR: d 158.1, 142.1, 127.5, 125.9, 112.1, 89.4, 60.1,
55.8, 50.8, 42.5, 41.4, 33.8, 32.5, 21.0, 20.6. HRMS: [MH]+ calcd
C15H19ClNO: 264.1155, found 264.1156. C15H19ClNO requires: C,
68.30; H, 6.88; N, 5.31; found: C, 68.50; H, 6.94; N, 5.30%.


(1R*,4aR*,9aR*)-6-Chloro-2-methyl-8-nitro-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (48)


Chloride 47 (1.43 g, 5.4 mmol) was dissolved in trifluoroacetic acid
(50 mL) and NaNO2 (2.63 g, 38 mmol, 7.0 equiv.) was added in
two portions (NOx evolves vigorously). The dark brown reaction
mixture was then stirred at room temperature for 2 h and the
progress of the reaction was monitored by HPLC of worked up
aliquots. The resulting clear orange solution was slowly added
dropwise into a vigorously stirred cold NH4OH (150 mL of concd
NH4OH with ca. 50 g of ice). The free base precipitated as a
yellow powder, and after cooling it was collected by filtration and
washed with cold H2O (2 × 10 mL). The filter cake was dried
overnight in vacuum oven (25 psi, 55 ◦C) to give 48 as a yellow
solid (1.62 g, 98%). Two recrystallizations from 2-propanol : H2O
were necessary to remove the traces of a by-product, (presumably
the 7-nitro isomer). Pure compound was obtained as light yellow
crystals (1.07 g, 74%). Mp ((±)-48) 126–128 ◦C (2-propanol : H2O).
1H-NMR: d 7.92 (d, 1H, J = 1.8), 7.26 (d, 1H, J = 1.8), 4.35 (d,
1H, J = 3.6), 3.49 (m, 1H), 3.10 (ddd, 1H, J = 12.3, 12.2, 6.0), 2.90
(dd, 1H, J = 12.6, 7.5), 2.55 (s, 3H), 2.29–2.10 (m, 3H), 1.79–1.45
(m, 5H). 13C-NMR: d 153.4, 146.4, 133.9, 127.5, 126.1, 122.9, 91.2,
54.6, 50.3, 42.4, 41.1, 33.6, 32.2, 20.7, 20.1. HRMS: [MH]+ calcd
C15H18ClN2O3: 309.1006, found 309.0990. C15H17ClN2O5 requires:
C, 58.35; H, 5.55; N, 9.07; found: C, 58.47; H, 5.67; N, 9.05%.


Experimental data for compounds 49 through 51 can be found
in the Supplemental section.‡


(1R*,4aR*,9aR*)-8-Amino-2-(2-phenylethyl)-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine (52)


Compound 51 (500 mg, 1.25 mmol) and NaOAc·3H2O (1.656 g,
0.0125 mol, 10 equiv.) were dissolved in hot EtOH (100 mL).
The solution was cooled to room temperature and then placed
in an ice bath and purged with a stream of argon. The catalyst
(10% Pd–C, Engelhardt C3645, 0.200 g, 15 mol% of Pd) was
carefully added and the reaction mixture was hydrogenated in a
Parr shaker apparatus at 45–50 psi and ca. 45–50 ◦C for 3 h, then
at room temperature overnight. Reaction progress was monitored
by HPLC. The reaction mixture was filtered through a Celite
bed, which was washed with EtOH (3 × 10 mL). The filtrate
was evaporated to dryness and the residue was converted to the
free base by addition of concd NH4OH (50 mL) and extracted
with CHCl3 (5 × 50 mL). The combined extracts were dried over
Na2SO4, filtered, evaporated with a small amount of silica and
purified by column chromatography (silica, 5 : 1 CHCl3 : CMA)
to give 52 as a colorless viscous oil (0.318 g, 76%). 1H-NMR:
d 7.32–7.20 (m, 4H), 6.73 (t, 1H, J = 7.5), 6.60–6.53 (m, 2H),
4.15 (d, 1H, J = 3.6), 3.60 (bs, 2H), 3.52 (m, 1H), 3.15–2.80 (m,
6H), 2.25–2.00 (m, 3H), 1.80–1.45 (m, 5H). 13C-NMR: d 146.4,
140.5, 140.2, 131.7, 128.8, 128.3, 126.0, 121.6, 115.0, 111.3, 88.7,
56.8, 53.2, 49.2, 41.5, 34.7, 33.7, 32.7, 21.1, 21.0. HRMS: [MH]+
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calcd C22H27N2O: 335.2123, found 335.2104. C22H26N2O requires:
C, 79.00; H, 7.84; N, 8.28; found: C, 79.15; H, 7.91; N, 8.28%.


(1R*,4aR*,9aR*)-8-Hydroxy-2-(2-phenylethyl)-1,3,4,9a-
tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine (53)


Amine 52 (112 mg, 0.335 mmol) was dissolved in 35% wt H2SO4


(14 mL) and the stirred solution was cooled to 3 ◦C. An aqueous
solution of NaNO2 (0.5 M, 1.0 mL, 0.502 mmol, 1.5 equiv.) was
added dropwise over 5 min. The reaction mixture was stirred at
3 ◦C for 4 h then urea (0.010 g, 0.5 equiv.) was added. After
an additional 5 min of stirring, a solution of copper(II) nitrate
(45 mL, 1.5 M, 67.0 mmol, 200 equiv.) was added and the reaction
mixture was stirred for another 5 min in a cooling bath. Finally,
copper(I) oxide (60 mg, 0.419 mmol, 1.25 equiv.) was added and
the reaction mixture was vigorously stirred at room temperature
for 1 h (as nitrogen gas evolved some foaming occurs). The pH was
adjusted to 9 by addition of concd NH4OH (40 mL) to the chilled
reaction mixture. The resulting dark blue mixture was extracted
with CHCl3 (4 × 50 mL). The combined organic extracts were
dried over Na2SO4, filtered and evaporated with a small amount of
silica. The mixture was purified by column chromatography (silica,
4 : 1 CHCl3 : CMA) to give 53 as a dark yellow oil (0.096 g, 86%).
Further chromatographic purification gave a yellow oil (0.068 g,
61%). 1H-NMR: d 7.33–7.18 (m, 5H), 6.80–6.74 (m, 2H), 6.63 (dd,
1H, J = 6.3, 2.4), 4.11 (d, 1H, J = 3.3), 3.72 (m, 1H), 3.07 (dd, 2H,
J = 9.9, 3.3), 2.92 (m, 4H), 2.25–2.05 (m, 3H), 1.80–1.50 (m, 4H).
13C-NMR: d 146.3, 142.2, 141.4, 140.3, 129.0, 128.6, 126.3, 122.3,
116.8, 113.0, 89.2, 56.7, 52.3, 50.0, 41.3, 33.9, 33.2, 32.9, 21.1,
20.7. HRMS: [MH]+ calcd C22H26NO2: 336.1964, found 336.1945.
C22H25NO2·C2H2O4 requires: C, 67.75; H, 6.40; N, 3.29; found: C,
67.93; H, 6.53; N, 3.49%.


Separation of the enantiomers


The racemic compound was prepared in larger quantity (ca.
0.150 g) and the enantiomers were separated on a chiral phase
(Daicel’s Chiralcel OD column (20 × 50 mm Guard plus 20 ×
250 mm)) using isocratic elution with a hexane : 2-propanol :
Et2NH (80 : 20 : 0.2) mixture (8 mL min−1, detection at 254
nm). Racemate was injected as a solution in 2-propanol (150 mg
per 1.5 mL, three runs, 500 lL each). Retention times of the
enantiomers were around 19.5 and 31 min, (+) and (−) respectively.
Corresponding fractions were pooled together, evaporated and
analyzed on an analytical column of the same type. The oily prod-
ucts were converted into corresponding oxalate salts in acetone.
Optical rotations: (1S,4aS,9aS)-(+)-53 (base): [a]23


D +21.9 (c 1.0,
CHCl3), oxalate: [a]23


D +37.0 (c 1.0, 90% EtOH), (1R,4aR,9aR)-
(−)-53 (base): [a]23


D −26.3 (c 1.0, CHCl3), oxalate: [a]23
D −37.4 (c


1.0, 90% EtOH).


X-Ray crystal structure of (1R,4aR,9aS)-2-methyl-6-nitro-1,3,4,
9a-tetrahydro-2H-1,4a-propanobenzofuro[2,3-c]pyridine ((+)-15,
(1R*,4aR*,9aR*)-5-(2-fluoro-5-nitrophenyl)-2-methyl-2-azabic-
yclo[3.3.1]nonan-9a-ol (21), (1R,4aR,9aR)-5-(2-fluoro-5-nitro-
phenyl)-2-methyl-2-azabicyclo[3.3.1]nonan-9a-ol ((+)-29), and
(1S,4aS,9aS)-1,3,4,9a-tetrahydro-8-hydroxy-2-(2-phenylethyl)-
2H-1,4a-propanobenzofuro[2,3-c]pyridine·HBr ((+)-53·HBr)


Single-crystal X-ray diffraction data on compounds (+)-15, (+)-29,
21, and (+)-53·HBr (Fig. 2) were collected using MoKa radiation


and a Bruker APEX 2 CCD area detector. The structures were
solved by direct methods and refined by full-matrix least squares
on F 2 values using the programs found in the SHELXTL suite
(Bruker, SHELXTL v6.10, 2000, Bruker AXS Inc., Madison, WI).
Parameters refined included atomic coordinates and anisotropic
thermal parameters for all non-hydrogen atoms. Hydrogen atoms
on carbons were included using a riding model [coordinate shifts
of C applied to H atoms] with C–H distance set at 0.96 Å. CCDC
numbers 656371, 656369, 656370, and 656372 for compounds (+)-
15, 21, (+)-29, and (+)-53, respectively.‡


(1R,4aR,9aS)-2-Methyl-6-nitro-1,3,4,9a-tetrahydro-2H-1,4a-
propano-benzofuro[2,3-c]pyridine ((+)-15·[(1S)-
(endo,anti)]-(−)-3-bromocamphor-8-sulfonate


A 0.65 × 0.35 × 0.14 mm3 crystal of (+)-15 was prepared for data
collection by coating with high viscosity microscope oil (Paratone-
N, Hampton Research). The oil-coated crystal was mounted on a
glass rod and transferred immediately to the cold stream (93 K) on
the diffractometer. The crystal was orthorhombic in space group
P212121 with unit cell dimensions a = 7.719(3) Å, b = 13.922(5) Å,
c = 24.899(12) Å. Corrections were applied for Lorentz, polariza-
tion, and absorption effects. Data were 91.8% complete to 28.51◦


h (approximately 0.74 Å) with an average redundancy of 4.7.
The absolute configuration was determined from the X-ray data
and confirmed using a co-crystallized reference molecule ([(1S)-
(endo,anti)]-(−)-3-bromocamphor-8-sulfonate).


(1R*,4aR*,9aR*)-5-(2-Fluoro-5-nitrophenyl)-2-methyl-2-
azabicyclo[3.3.1]nonan-9a-ol (21)


A 0.64 × 0.36 × 0.28 mm3 crystal of 21 was prepared for data
collection by coating with high viscosity microscope oil (Paratone-
N, Hampton Research). The oil-coated crystal was mounted on a
glass rod and transferred immediately to the cold stream (93 K)
on the diffractometer. The crystal was orthorhombic in space
group P212121 with unit cell dimensions a = 7.4315(16) Å, b =
8.4430(18) Å, c = 21.576(5) Å. Corrections were applied for
Lorentz, polarization, and absorption effects. Data were 97.7%
complete to 28.05◦ h (approximately 0.75 Å) with an average
redundancy of 4.8. The relative stereochemistry (1R,4aR,9aR) was
determined from the X-ray data.


(1R,4aR,9aR)-2-Methyl-6-nitro-1,3,4,9a-tetrahydro-2H-1,4a-
propanobenzofuro[2,3-c]pyridine ((+)-29)


A 0.50 × 0.46 × 0.14 mm3 crystal of (+)-29 was prepared for data
collection by coating with high viscosity microscope oil (Paratone-
N, Hampton Research). The oil-coated crystal was mounted on a
glass rod and transferred immediately to the cold stream (93 K)
on the diffractometer. The crystal was orthorhombic in space
group P212121 with unit cell dimensions a = 8.7028(11) Å, b =
13.9149(15) Å, c = 30.493(3) Å. Corrections were applied for
Lorentz, polarization, and absorption effects. Data were 97.9%
complete to 28.34◦ h (approximately 0.75 Å) with an average
redundancy of 5.7. The absolute configuration was set using a
co-crystallized reference molecule (R,R-(−)-di-O,O′-p-toluoyl-D-
tartaric acid).
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(1S,4aS,9aS)-8-Hydroxy-2-(2-phenylethyl)-1,3,4,9a-tetrahydro-
2H-1,4a-propanobenzofuro[2,3-c]pyridine·HBr ((+)-53·HBr)


A 0.84 × 0.54 × 0.30 mm3 crystal of (+)-53·HBr was mounted
on a glass rod and transferred to the diffractometer and data
collected at room temperature (298 K) on the. The crystal was
orthorhombic in space group P212121 with unit cell dimensions
a = 7.5366(2) Å, b = 11.9922(4) Å, c = 21.9804(11) Å. Corrections
were applied for Lorentz, polarization, and absorption effects.
Data were 97.3% complete to 30.32◦ h (approximately 0.72 Å)
with an average redundancy of 7.0. The absolute configuration
was determined from the X-ray data.


Quantum chemical methods


Geometry optimization and energetic calculations for all the
compounds in Table 5 have been conducted in the gaseous phase
with the density functional theory at the level of B3LYP/6-31G*.29


Superposition of these geometry-optimized structures was carried
out using the rigid-fit of Quanta 2005 (Accelrys).
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A Mn*-promoted sequential process directed toward the synthesis of (Z)-a-halo-a,b-unsaturated esters
or amides is described. In both cases, the process takes place with complete Z-stereoselectivity. In
addition, (Z)-a-chloro-a,b-unsaturated ketones and carboxylic acids, and (Z)-haloallylic alcohols were
readily prepared from (Z)-a-halo-a,b-unsaturated amides derived from morpholine, or esters. A
mechanism has been proposed to explain the sequential process and the stereoselectivity observed.


Introduction


(Z)-a-Halo-a,b-unsaturated acid derivatives are useful building
blocks from a synthetic point of view. These compounds have
been used as starting materials for the synthesis of important
organic compounds such as trisubstituted alkenes with complete
stereospecificity,1 a-aminoacids,2 a variety of heterocycles includ-
ing aziridines,2b,3 and natural or pharmaceutical products.4 These
compounds are also interesting since they can be employed as key
intermediates in the preparation of other functionalities, inter alia
(Z)-a-halo-a,b-unsaturated ketones5 and carboxylic acids,6 and
(Z)-haloallylic alcohols.7


The most important well-known methods of generating C–
C double bonds (Wittig, Horner-Wadsworth-Emmons, Julia or
Peterson olefination reactions) have been applied to the synthesis
of (Z)-a-halo-a,b-unsaturated acid derivatives.8 Nevertheless these
methods often present some of the following drawbacks: poor
yields, low stereoselectivity, lack of generality, the employment of
expensive reagents or tedious experimental work.


Recently, the synthesis of (Z)-a-halo-a,b-unsaturated com-
pounds by the reaction of dihaloacid derivatives with aldehydes
promoted by CrCl2,9 Fe,10 and SmI2


11 has been published.
As part of our interest in the development of new selective


syntheses of unsaturated compounds, and motivated by our
studies on the synthetic applications of metalation reactions using
different active metals, we tested the possibility of using manganese
to perform 1,2-elimination processes.


Although manganese has been scarcely used in organic syn-
thesis, it is cheaper and less toxic than other metals. Therefore,
we developed a novel and totally stereoselective b-elimination
reaction of 2-bromo-3-hydroxyesters promoted by the Mn–
TMSCl system to obtain (E)-a,b-unsaturated esters.12 More
recently our laboratory has demonstrated the utility of Rieke-
Mn (Mn*) to promote the sequential reaction of aldehydes
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† Electronic Supplementary Information (ESI) available: Copies of 1H
and 13C NMR spectra for all new compounds 3, 5 and 9–11. See DOI:
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with a,a-dihaloesters13 or amides,14 yielding (E)-a,b-unsaturated
esters or amides, respectively. Very recently we communicated
our first examples of the stereoselective synthesis of (Z)-a-halo-
a,b-unsaturated esters and amides.15 The good results reported
in this communication prompted us to study the generality and
drawbacks of this method. Thus, we report herein full studies
concerning the Mn*-promoted sequential process directed toward
the stereoselective synthesis of (Z)-a-halo-a,b-unsaturated esters
and amides, giving special attention to the generality and main
limitations of this process. A mechanism is proposed to explain the
experimental results obtained. Finally some synthetic applications
of the obtained (Z)-a-halo-a,b-unsaturated esters and amides are
demonstrated: the syntheses of various compounds, such as (Z)-
a,b-unsaturated a-halo ketones and carboxylic acids, and (Z)-
haloallylic alcohols are reported.


Results and discussion


Synthesis of (Z)-a-haloacrylates and a-chloroacrylamides


The active manganese was readily prepared using the method de-
scribed by Cahiez et al.16 Thus, treatment of Li2MnCl4 (13 mmol)
(prepared from 1 equivalent of MnCl2 and 2 equivalents of LiCl)
with 26 mmol of lithium in the presence of catalytic amounts of
2-phenylpyridine (4 mmol) at room temperature for 3 h, afforded
active manganese cheaply as a black slurry.17


To 5 equiv. of the black slurry of active manganese (Mn*), a
solution of 1 equiv. of the corresponding aldehyde 1 and 1.1 equiv.
of trichloroacetate 2 in THF was added and then stirred at reflux
for 5 h. After that time, the corresponding a,b-unsaturated a-
haloesters 3 were isolated with total stereoselectivity and in high
yields (Table 1).


The reaction showed general tolerance towards a variety of
substrates. Thus, linear, branched or cyclic aliphatic aldehydes gave
the corresponding 2-chloroalk-2-enoates 3 in high yields (>85%,
after purification by column chromatography) and with complete
Z-stereoselectivity as shown in Table 1 (entries 1–7). The process
was also tolerant of the presence of other double bonds in the
aliphatic chain, as demonstrated by the synthesis of compound
3g. Nevertheless, when aromatic aldehydes were used as starting
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Table 1 Synthesis of aliphatic (Z)-a,b-unsaturated a-haloesters 3


Entry 3 R1 R2 Hal Z : E Yield (%)a


1 3a n-C7H15 Et Cl 98 : 2 89
2 3b n-C7H15 i-Pr Cl 98 : 2 88
3 3c Cy Et Cl 98 : 2 95
4 3d Cy i-Pr Cl 98 : 2 89
5 3e i-Bu Et Cl 98 : 2 92
6 3f s-Bu Et Cl 98 : 2 85
7 3g CH2=CH(CH2)8 Et Cl 98 : 2 87
8 3h p-MeOC6H4 Et Cl 98 : 2 48
9 3i n-C7H15 Et Br 98 : 2 71
10 3j Cy i-Pr Br 98 : 2 74
11 3k i-Bu Et Br 98 : 2 69
12 3l Cy Et F 98 : 2 64
13 3m s-Bu Et F 98 : 2 62


a Yield of the isolated product after column chromatography based on
compound 1.


materials, a complex mixture of products was obtained and no
unsaturated compounds 3 or 5 were obtained except in the case of
p-methoxybenzaldehyde in which the corresponding unsaturated
ester 3 was obtained with complete stereoselectivity and in low
yield (Table 1, entry 8).


When the same reaction conditions were used on trihaloacetates
other than trichloroacetate (tribromoacetate or dibromofluoroac-
etate), completely dehalogenated compounds 3 were obtained.
Nevertheless, when 5 equiv. of the black slurry of Mn*, 1 equiv. of
the corresponding aldehyde 1 and 1.1 equiv. of the corresponding
tribromo- or dibromofluoroacetate 2 in THF was stirred under
milder reaction conditions (room temperature, 12 h), bromo or
fluoro derivatives were obtained in an efficient manner. Thus,
the reaction of tribromo or dibromofluoroacetates with the
corresponding aldehyde afforded 2-bromoacrylates 3i–k (Table 1,
entries 9–11) or 2-fluoroacrylates 3l and 3m in good yields and
with complete Z-stereoselectivity (Table 1, entries 12 and 13).


When this reaction was carried out employing ketones instead of
aldehydes (acetophenone and 4-methyl-2-pentanone), no reaction
took place and only unreacted ketone and byproducts from
metalation of the trihaloesters or amides were isolated.


Based on the results of the syntheses of the (Z)-a-
chloroacrylates, we tested the performance of the same reaction
conditions in the synthesis of (Z)-a-chloroacrylamides. Hence,
compounds 5 were obtained after stirring 5 equiv. of the black
slurry of Mn*, 1 equiv. of the corresponding aldehyde 1 and
1.1 equiv. of the trichloroacetamide 4 in THF at reflux for 5 h.


The results are summarized in Table 2 and it can be observed
that the method is general. Thus, a range of amides derived
from aliphatic (linear, branched or cyclic, Table 2, entries 1–
8), functionalized (entry 9), and readily enolizable aldehydes
(entry 10) were obtained in high yields (ranging between 73–
88%) and with complete Z-stereoselectivity (Table 2). When
aromatic aldehydes were used as starting materials, the results
obtained were similar to those observed in the synthesis of the
esters. So, no acrylamides were obtained except in the case of p-
methoxybenzaldehyde in which the corresponding product 5 was


Table 2 Synthesis of (Z)-a,b-unsaturated a-chloroamides 5


Entry 5 R1 R2 Z : E Yield (%)a


1 5a n-C7H15 Et 98 : 2 88
2 5b n-C7H15 i-Pr 98 : 2 86
3 5c n-C7H15


b 98 : 2 84
4 5d Cy Et 98 : 2 80
5 5e Cy b 98 : 2 75
6 5f i-Bu Et 98 : 2 82
7 5g i-Bu b 98 : 2 79
8 5h s-Bu Et 98 : 2 79
9 5i CH2=CH(CH2)8 Et 98 : 2 86
10 5j Ph(CH3)CH Et 98 : 2 73
11 5k p-MeOC6H4 Et 98 : 2 81
12 5l p-MeOC6H4 i-Pr 98 : 2 86


a Yield of the isolated product after column chromatography based on
compound 1. b Derived from morpholine.


obtained in high yield and with complete stereoselectivity (Table 2,
entries 11 and 12).


All attempts to access bromo- or fluoroacrylamides were
unsuccessful. Thus, under milder reaction conditions (room
temperature, 12 h), neither a-bromo- nor fluoroacrylamides were
obtained and a mixture of debrominated byproducts or a complex
mixture of compounds was afforded.


In contrast to other olefination methodologies such as the
Wittig reaction,18 it is noteworthy that no significant differences
were observed in the stereoselectivity and/or yield of this process
when hindered trihaloacetates 2 or trichloroacetamides 4 (Ta-
bles 1 and 2, respectively) were employed. Thus, no differences
were observed between the reactions of ethyl and isopropyl
trihaloacetates (Table 1, entries 1–2, 3–4 and 10) and ethyl and
isopropyl trichloroacetamides (Table 2, entries 1–2, and 11–12).19


In addition, acrylamides derived from morpholine were also
available (Table 2, entries 3, 5 and 7).


The Z : E ratios of compounds 3 and 5 were determined for
the crude reaction products by 1H NMR spectroscopy (300 MHz)
and/or GC-MS, showing the presence of single stereoisomers. The
Z-stereochemistry of the C–C double bond of both a-haloacrylates
3 and a-haloacrylamides 5 was established by NOESY experiments
in the case of compounds 3b, 3c, 3e, 3i–k, 3l, 5d, 5f, 5k, 5l and
by comparison with the NMR data previously described in the
literature for compound 3c.11 In the case of the fluoro derivatives
3l and 3m, the configuration was established based on the value of
1H NMR coupling constants between the olefinic proton and the
fluorine atom (3JHF = 34 and 33 Hz, for 3l and 3m respectively).20


The Z-configuration of the other compounds 3 or 5, different from
those mentioned above, was established by analogy.


Mechanism


To rationalize the synthesis of compounds 3 or 5, we propose
a similar mechanism to that previously used to explain the
preparation of a,b-unsaturated esters13 or amides14 through a
sequential reaction promoted by Mn* (Scheme 1). Thus, a
sequential reaction is proposed to explain the formation of
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Scheme 1 Proposed mechanism.


products 3 or 5. In the first stage an aldolic reaction between the
enolate obtained by the metalation of trihaloesters 2 or amides
4 took place. The Reformatsky adduct 7 was metalated by Mn*
to give the organomanganese intermediate 8 which undergoes a
spontaneous b-elimination affording the unsaturated ester 3 or
amide 5. The complete Z-stereoselectivity of this process can be
explained by assuming the transition state I, which is generated
as a consequence of the coordination between the manganese(II)
and the oxygen atom of the alcoholate group in the enolate
8.21 In this chair-like transition state the R1 group occupies
a pseudoequatorial position to reduce the 1,3-steric hindrance.
Elimination through this transition state I, such as that depicted
in 8, would afford the Z-stereoisomer. Indirect support for this
mechanism was given by the isolation of the corresponding 2,2-
dichloro-3-hydroxyester or amide, (obtained by hydrolysis of the
intermediates 7) from the crude reaction during the synthesis of
compounds 3d and 5c.22 When these isolated intermediates 7 were
treated with 2.5 equiv. of Mn*, compounds 3d and 5c were also
stereoselectively obtained.


Synthetic applications of (Z)-a-haloacrylates 3 and
a-chloroacrylamides 5


To demonstrate the synthetic applications of the a-haloacrylates
and a-chloroacrylamides obtained, selected examples were readily
transformed into various unsaturated compounds, such as (Z)-
a-chloro-a,b-unsaturated ketones 9 and carboxylic acids 10, and
(Z)-haloallylic alcohols 11.


As has been reported,23 amides derived from morpholine
(Table 2, entries 3, 5, and 7) are especially useful. Thus, the
reaction of different (Z)-a,b-unsaturated a-haloamides derived
from morpholine 5 with various organolithium compounds at
−78 ◦C for 30 min afforded the corresponding unsaturated ketones
9 in high yields (>77%) (Table 3).


The transformation seems to be general and a range of
morpholine-based unsaturated amides and organolithium com-
pounds can be used. It is noteworthy that the integrity of the C–C
double bond was unaffected under the reaction conditions used to
perform this transformation, with the ketone being obtained as a
single Z-stereoisomer (1H NMR of the crude reaction products).


Table 3 Synthesis of (Z)-a,b-unsaturated a-chloroketones 9


Entry 5 9 R1 R3 Z : E Yield (%)a


1 5c 9a n-C7H15 Me 98 : 2 97
2 5c 9b n-C7H15 n-Bu 98 : 2 90
3 5e 9c Cy CH2Cl 98 : 2 79
4 5g 9d i-Bu CH2CH=CH2 98 : 2 77


a Yield of the isolated product after column chromatography based on the
corresponding compound 5.


The Z-configuration of the alkene function was established by
a NOESY experiment, with a nuclear Overhauser effect being
observed between the olefinic proton and n-PrCH2 on ketone
9b. This assignment allowed indirect determination of the Z-
configuration of the starting unsaturated amide 5c, which could
not be established directly by a NOESY experiment.


The synthesis of alkyl alk-1-enyl ketones, 9 (R3 = aliphatic) by
other alternative methods is difficult to achieve,24 and it is worth
mentioning the synthesis of the chlorinated ketone 9c, by reaction
with chloromethyllithium generated in situ.25 Remarkably, the use
of morpholine amides as starting materials, to transform amides
derived from morpholine into ketones, is more advantageous than
using the corresponding Weinreb derivatives since the morpholine
derivatives are cheaper.


(Z)-a-Chloro-a,b-unsaturated carboxylic acids 10a and 10b can
be obtained by basic hydrolysis of the a-chloroacrylates 3d and
3f respectively, with potassium hydroxide in methanol at room
temperature for 12 h. Compounds 10 were obtained in high yield
(>89%) and as single Z-stereoisomers (1H NMR of the crude
reaction products). No important differences in the yields of the
acids obtained were observed when different (ethyl or isopropyl)
esters 3 were employed as starting compounds (Scheme 2).


Scheme 2 Synthesis of (Z)-a,b-unsaturated-a-chlorocarboxylic acids 10.


Finally the treatment of a-chloroacrylates 3b and 3c with lithium
aluminium hydride at room temperature for 12 h afforded the
corresponding (Z)-haloallylic alcohols 11a and 11b (Scheme 3)
in high yield and without loss of the diastereoisomeric purity
(1H NMR of the crude reaction products). Again, no differences


Scheme 3 Synthesis of (Z)-chloroallylic alcohols 11.
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were observed when this transformation was performed using the
different ethyl or isopropyl a-chloroacrylates.


Conclusion


In conclusion, a simple, straightforward and general sequential
method has been developed to synthesize a,b-unsaturated a-
haloesters (bromo, chloro, and fluoro) 3 and a-chloroamides 5 with
total Z-stereoselectivity, through a sequential process promoted by
the non-toxic and cheap Mn*. This reported synthesis of (Z)-a-
halo-a,b-unsaturated esters or amides, combined with their trans-
formation into different halounsaturated compounds, constitutes
easy and efficient access to (Z)-a-chloro-a,b-unsaturated ketones
and carboxylic acids, and (Z)-haloallylic alcohols.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum-line techniques and glassware that was
flame dried and cooled under nitrogen before use. THF was
distilled from sodium–benzophenone ketyl immediately prior to
use. All other solvents were used as supplied (analytical or HPLC
grade) without prior purification. All reagents were purchased
in the highest quality available and were used without further
purification. Organic layers were dried over Na2SO4. Thin layer
chromatography was performed on aluminium plates coated with
60 F254 silica. Plates were visualized using UV light (254 nm),
iodine, 1% aq. KMnO4, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica. NMR spectra were recorded in the deuterated solvent
stated and the field was locked by external referencing to the
relevant deuteron resonance. 1H NMR spectra were recorded on
spectrometers at 300 or 400 MHz. 13C NMR spectra and DEPT
experiments were determined at 75 or 100 MHz. Unless otherwise
noted NMR spectra were recorded at room temperature. Chemical
shifts are given in ppm relative to tetramethylsilane (TMS), which
was used as an internal standard. GC-MS and HRMS were
measured at 70 eV. Only the most important IR absorptions
(in cm−1) and the molecular ions and/or base peaks in the MS
are given.


General procedure for the preparation of Rieke-manganese. A
mixture of lithium (26 mmol) and 2-phenylpyridine (4 mmol)
in THF (20 mL) under a nitrogen atmosphere was stirred for
1h. In a separate flask a solution of the Li2MnCl4 complex was
prepared by stirring a suspension of anhydrous MnCl2 (13 mmol)
and LiCl (26 mmol) in THF (20 mL) for 30 min. Then, this yellow
solution was added at room temperature with a syringe to the
2-phenylpyridine–lithium solution previously prepared, and was
stirred under a nitrogen atmosphere at room temperature for 1 h.
The black slurry was allowed to stir at room temperature for 3 h.


General procedure for the synthesis of a-halo-a,b-unsaturated
esters 3 or amides 5. The slurry of Mn* (2.5 mmol, 8.5 mL)
in THF was added to a stirred solution of the trihaloester or
amide (0.6 mmol) 2, or 4, respectively and the corresponding
aldehyde (0.5 mmol) 1 in THF (2 mL) under an inert atmosphere.


The mixture was heated at reflux for 5 h before it was quenched
with HCl 3 M. The organic material was extracted with diethyl
ether (3 × 20 mL), the combined organic extracts were washed
successively with HCl 3 M (2 × 10 mL), saturated NaHCO3


(2 × 20 mL), and water (2 × 20 mL) and dried over Na2SO4.
Solvents were removed in vacuo. Purification by flash column
chromatography on silica gel (compounds 3: hexane–EtOAc 10 :
1; compounds 5: hexane–EtOAc 3 :1) provided pure compounds
3 and 5. In the particular case of the synthesis of a-bromo or
a-fluoro derivatives, instead of refluxing for 5 h the reaction was
carried out at room temperature for 12 h.


Ethyl (Z)-2-chlorodec-2-enoate (3a). 1H NMR (300 MHz,
CDCl3): d 7.08 (t, J = 6.8 Hz, 1 H), 4.29 (q, J = 7.0 Hz, 2 H),
2.42–2.32 (m, 2 H), 1.69–1.48 (m, 2 H), 1.37–1.24 (m, 11 H), 0.89
(t, J = 6.9 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d 162.8 (C),
142.8 (CH), 125.9 (C), 63.0 (CH2), 32.6 (CH2), 30.3 (CH2), 30.2
(CH2), 29.9 (CH2), 28.6 (CH2), 23.5 (CH2), 15.3 (CH3), 14.9 (CH3);
MS (70 eV, EI) m/z (%) 232 [M+, 5], 137 (32), 135 (100), 122 (58),
107 (73); HRMS (70 eV) calc. for C12H21ClO2 232.1230, found
232.1227; IR (neat): m 2928, 1750, 1267 cm−1; Rf = 0.5 (hexane :
EtOAc 10:1).


Isopropyl (Z)-2-chloro-3-cyclohexylacrylate (3d). 1H NMR
(400 MHz, CDCl3): d 6.86 (d, J = 9.3 Hz, 1 H), 5.18–5.02 (m,
1 H), 2.69–2.52 (m, 1 H), 1.81–1.72 (m, 2 H), 1.39–1.18 (m, 8 H),
1.31 (d, J = 6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d 162.3
(C), 146.3 (CH), 123.2 (C), 69.8 (CH), 38.5 (CH), 30.9 (2 × CH2),
25.7 (CH2), 25.3 (2 × CH2), 21.7 (2 × CH3); MS (70 eV, EI) m/z
(%) 230 [M+, 2], 188 (64), 82 (100), 67 (66), 55 (16); HRMS (70 eV)
calc. for C12H19ClO2 230.1074, found 230.1084; IR (neat): m 2982,
1729, 1628, 1145 cm−1; Rf = 0.39 (hexane : EtOAc 20 : 1).


Ethyl (Z)-2-chloro-4-methylhex-2-enoate (3f). 1H NMR
(300 MHz, CDCl3): d 6.87 (d, J = 9.6 Hz, 1 H), 4.29 (q, J =
7.1 Hz, 2 H), 2.87–2.59 (m, 1 H), 1.49–1.33 (m, 2 H), 1.23 (t, J =
7.0 Hz, 3 H), 1.07 (d, J = 6.8 Hz, 3 H), 0.91 (t, J = 7.4 Hz, 3 H); 13C
NMR (75 MHz, CDCl3): d 163.9 (C), 147.4 (CH), 130.6 (C), 62.1
(CH2), 35.9 (CH), 28.9 (CH2), 18.6 (CH3), 14.1 (CH3), 11.6 (CH3);
MS (70 eV, EI) m/z (%) 190 [M+, 8], 225 (36), 179 (28), 69 (100);
HRMS (70 eV) calc. for C9H15ClO2 190.0761, found 190.0769; IR
(neat): m 3415, 1645, 1263 cm−1; Rf = 0.37 (hexane : EtOAc 10 : 1).


Ethyl (Z)-2-chlorotrideca-2,12-dienoate (3g). 1H NMR
(300 MHz, CDCl3): d 7.07 (t, J = 7.5 Hz, 1 H), 5.97–5.74 (m,
1 H), 5.04–4.93 (m, 2 H), 4.14 (q, J = 6.9 Hz, 2 H), 2.43–2.24 (m,
2 H), 2.10–2.00 (m, 2 H), 1.70–1.55 (m, 2 H), 1.44–1.25 (m, 13 H);
13C NMR (75 MHz, CDCl3): d 161.7 (C), 142.4 (C), 139.1 (CH),
126.7 (CH), 114.1 (CH2), 60.1 (CH2), 33.7 (CH2), 29.3 (CH2),
29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 28.6 (CH2), 24.9
(CH2), 14.2 (CH3); MS (70 eV, EI) m/z (%) 272 [M+, 8], 135 (100),
107 (66), 69 (86); HRMS (70 eV) calc. for C15H25ClO2 272.1543,
found 272.1524; IR (neat): m 2928, 2853, 1737, 1641 cm−1; Rf =
0.42 (hexane : EtOAc 10 : 1).


Ethyl (Z)-2-chloro-3-(4-methoxyphenyl)acrylate (3h). 1H
NMR (300 MHz, CDCl3): d 7.89 (d, J = 8.6 Hz, 2 H), 7.89 (s,
1 H), 6.96 (d, J = 8.7 Hz, 2 H), 4.36 (q, J = 7.1 Hz, 2 H), 3.90
(s, 3 H), 1.40 (t, J = 7.1 Hz, 3 H); 13C NMR (75 MHz, CDCl3):
d 163.7 (C), 161.6 (C), 136.4 (CH), 132.6 (2 × CH), 130.2 (C),
126.9 (C), 113.9 (2 × CH), 62.3 (CH2), 55.3 (CH3), 14.2 (CH3);
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MS (70 eV, EI) m/z (%) 240 [M+, 100], 177 (20), 132 (70), 89 (10);
HRMS (70 eV) calc. for C12H13ClO3 240.0553, found 240.0505;
IR (neat): m 3055, 1717, 1603, 738 cm−1; Rf = 0.32 (hexane :
EtOAc 10 : 1).


Isopropyl (Z)-2-bromo-3-cyclohexylacrylate (3j). 1H NMR
(400 MHz, CDCl3): d 7.04 (d, J = 7.8 Hz, 1 H), 5.17–5.09 (m,
1 H), 2.60–2.51 (m, 1 H), 1.75–1.66 (m, 2 H), 1.37 (d, J = 6.0 Hz,
6 H), 1.35–1.14 (m, 8 H); 13C NMR (100 MHz, CDCl3): d 162.0
(C), 149.7 (CH), 114.6 (C), 70.0 (CH), 40.9 (CH), 30.5 (2 × CH2),
25.6 (CH2), 25.1 (2 × CH2), 21.5 (CH3), 21.3 (CH3); MS (70 eV,
EI) m/z (%) 274 [M+, <1], 225 (42), 183 (100), 165 (68), 101 (27);
HRMS (70 eV) calc. for C12H19BrO2 274.0568, found 274.0659;
IR (neat): m 2929, 1726, 1450, 1264 cm−1; Rf = 0.62 (cyclohexane :
EtOAc 30 : 1).


Ethyl (Z)-2-bromo-5-methylhex-2-enoate (3k). 1H NMR
(300 MHz, CDCl3): d 6.77 (t, J = 7.5 Hz, 1 H), 4.24 (q, J =
7.2 Hz, 2 H), 2.22–2.02 (m, 1 H), 1.87–1.72 (m, 2 H), 1.33 (t, J =
7.2 Hz, 3 H), 0.97 (d, J = 5.7 Hz, 3 H), 0.95 (d, J = 5.6 Hz, 3 H);
13C NMR (100 MHz, CDCl3): d 167.6 (C), 142.2 (CH), 134.0 (C),
60.5 (CH2), 42.5 (CH2), 28.3 (CH), 22.6 (CH3), 22.4 (CH3), 14.1
(CH3); MS (70 eV, EI) m/z (%) 205 [M+ − Et, 10], 139 (77), 118
(72), 69 (100), 55 (32); HRMS (70 eV) calc. for [C9H15BrO2 – Et]
204.9864, found 204.9888; IR (neat): m 2995, 1745, 1472 cm−1; Rf =
0.55 (cyclohexane : EtOAc 30 : 1).


Ethyl (Z)-2-fluorocyclohexyl-2-enoate (3l). 1H NMR
(400 MHz, CDCl3): d 6.01 (dd, J = 34.2, 9.6 Hz, 1 H),
4.43 (q, J = 6.8 Hz, 2 H), 2.61–2.53 (m, 1 H), 1.94–1.84 (m, 2 H),
1.74–1.63 (m, 4 H), 1.41 (t, J = 6.8 Hz, 3 H), 1.34–1.11 (m, 4 H);
13C NMR (100 MHz, CDCl3): d 161.9 (C), 146.5 (d, J = 253.5 Hz,
C), 125.5 (d, J = 11.7 Hz, CH), 64.7 (CH2), 33.9 (CH), 31.9 (2 ×
CH2), 25.7 (CH2), 25.3 (2 × CH2), 13.6 (CH3); MS (70 eV, EI)
m/z (%) 200 [M+, 28], 81 (100), 67 (83), 55 (59); HRMS (70 eV)
calc. for C11H17FO2 200.1213, found 200.1223; IR (neat): m 1729,
1265, 740 cm−1; Rf = 0.20 (hexane : EtOAc 20 : 1).


(Z)-2-Chloro-N ,N-diethyldec-2-enamide (5a). 1H NMR
(400 MHz, CDCl3): d 5.96 (t, J = 7.1 Hz, 1 H), 3.41–3.33 (m,
4 H), 2.24 (apparent q, J = 7.2 Hz, 2 H), 1.41–1.39 (m, 2 H),
1.25–1.15 (m, 8 H), 1.19 (t, J = 7.1 Hz, 3 H), 1.15 (t, J = 7.1 Hz,
3 H), 0.85 (t, J = 6.9 Hz, 3 H); 13C NMR (100 MHz, CDCl3,
233 K): d 165.8 (C), 131.0 (CH), 124.3 (C), 42.8 (CH2), 38.8
(CH2), 31.7 (2 × CH2), 29.1 (CH2), 27.8 (CH2), 22.6 (2 × CH2),
14.2 (CH3), 13.9 (CH3), 12.3 (CH3); MS (70 eV, EI) m/z (%) 259
[M+, 15], 224 (100), 187 (32), 160 (79); HRMS (70 eV) calc. for
C14H26ClNO 259.1703, found 259.1727; IR (neat): m 3451, 2974,
1642, 1460 cm−1; Rf = 0.52 (hexane : EtOAc 3 : 1).


(Z)-2-Chloro-N ,N-diisopropyldec-2-enamide (5b). 1H NMR
(400 MHz, CDCl3, 233 K): d 5.81 (t, J = 7.2 Hz, 1 H), 4.02–
3.95 (m, 1 H), 3.80–3.40 (m, 1 H), 2.11 (apparent q, J = 6.8 Hz,
2 H), 1.40–1.09 (m, 10 H), 1.30 (d, J = 5.8 Hz, 6 H), 1.17 (d, J =
6.0 Hz, 6 H), 0.81 (m, 3 H); 13C NMR (100 MHz, CDCl3, 233
K): d 165.4 (C), 129.3 (CH), 126.7 (C), 48.0 (CH), 44.2 (CH), 31.6
(CH2), 29.5 (CH2), 29.0 (CH2), 28.8 (CH2), 22.5 (CH2), 20.5 (2 ×
CH3), 20.2 (CH2), 20.0 (2 × CH3), 13.9 (CH3); MS (70 eV, EI)
m/z (%) 287 [M+, 8], 252 (100), 201 (41); HRMS (70 eV) calc. for
C16H30ClNO 287.2016, found 287.2025; IR (neat): m 3444, 2927,
1643, 1431 cm−1; Rf = 0.55 (hexane : EtOAc 10 : 1).


4-[(Z)-(1-Chlorocyclohex-1-en-1-yl)carbonyl]morpholine (5e).
1H NMR (300 MHz, CDCl3): d 5.86 (d, J = 9.0 Hz, 1 H),
3.72–3.60 (m, 4 H), 3.54–3.44 (m, 4 H), 1.91–1.81 (m, 1 H),
1.71–1.60 (m, 2 H), 1.33–1.11 (m, 4 H), 1.03–0.91 (m, 4 H); 13C
NMR (75 MHz, CDCl3): d 165.1 (C), 137.8 (CH), 122.4 (C),
66.6 (CH2), 66.4 (CH2), 47.4 (CH2), 45.9 (CH2), 41.6 (CH), 32.9
(4 × CH2), 25.7 (CH2); MS (70 eV, EI) m/z (%) 257 [M+, 14],
135 (26), 86 (50), 56 (88), 41 (100); HRMS (70 eV) calc. for
C13H20ClNO2 257.1183, found 257.1139; IR (neat): m 2926, 1712,
1642, 1448 cm−1; Rf = 0.57 (hexane : EtOAc 10 : 1).


4-[(Z)-(1-Chloro-4-methylpent-1-en-1-yl)carbonyl]morpholine
(5g). 1H NMR (400 MHz, CDCl3): d 6.07 (t, J = 7.4 Hz, 1 H),
3.72–3.53 (m, 8 H), 2.14 (apparent t, J = 7.2 Hz, 2 H), 1.78–1.68
(m, 1 H), 0.89 (d, J = 6.6 Hz, 6 H); 13C NMR (100 MHz, CDCl3,
233 K): d 165.0 (C), 132.5 (CH), 124.3 (C), 66.5 (CH2), 66.3 (CH2),
47.2 (CH), 42.1 (CH2), 36.7 (CH2), 27.6 (CH2), 22.3 (2 × CH3);
MS (70 eV, EI) m/z (%) 231 [M+, 20], 216 (32), 196 (36), 174 (86),
86 (100); HRMS (70 eV) calc. for C11H18ClNO2 231.1020, found
231.1021; IR (neat): m 2959, 1641, 1439, 1116 cm−1; Rf = 0.25
(hexane : EtOAc 3 : 1).


(Z)-2-Chloro-N ,N-diethyl-4-methylhex-2-enamide (5h). 1H
NMR (300 MHz, CDCl3): d 5.73 (d, J = 9.4 Hz, 1 H), 3.41 (q, J =
7.1 Hz, 4 H), 2.71–2.61 (m, 1 H), 1.48–1.39 (m, 2 H), 1.19 (t, J =
7.1 Hz, 6 H), 1.05 (d, J = 6.7 Hz, 3 H), 0.93 (t, J = 7.4 Hz, 3 H);
13C NMR (100 MHz, CDCl3, 233 K): d 164.1 (C), 136.0 (CH),
123.8 (C), 42.9 (CH2), 39.1 (CH2), 34.6 (CH), 29.1 (CH2), 19.2
(CH3), 14.0 (CH3), 12.4 (CH3), 11.9 (CH3); MS (70 eV, EI) m/z
(%) 217 [M+, 50], 182 (99), 160 (100), 145 (68); HRMS (70 eV)
calc. for C11H20ClNO 217.1233, found 217.1222; IR (neat): m
3511, 2949, 1643, 1458 cm−1; Rf = 0.41 (hexane : EtOAc 3 : 1).


(Z)-2-Chloro-N ,N-diethyltrideca-2,12-dienamide (5i). 1H
NMR (400 MHz, CDCl3): d 5.94 (t, J = 7.1 Hz, 1 H), 5.84–5.75
(m, 1 H), 5.01–4.89 (m, 2 H), 3.42–3.30 (m, 4 H), 2.25–2.20 (m,
2 H), 2.04–1.96 (m, 2 H), 1.42–1.10 (m, 12 H), 1.17 (t, J = 6.9 Hz,
3 H), 1.13 (t, J = 7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3, 233
K): d 166.2 (C), 139.8 (CH), 131.3 (CH), 124.7 (C), 114.4 (CH2),
43.2 (CH2), 39.2 (CH2), 34.2 (CH2), 29.8 (CH2), 29.7 (CH2), 29.5
(CH2), 29.4 (CH2), 29.0 (CH2), 28.3 (2 × CH2), 14.3 (CH3), 12.7
(CH3); MS (70 eV, EI) m/z (%) 299 [M+, 6], 264 (100), 160 (94),
41 (72); HRMS (70 eV) calc. for C17H30ClNO 299.2016, found
299.2022; IR (neat): m 3440, 2927, 1659, 1462 cm−1; Rf = 0.42
(hexane : EtOAc 3 : 1).


(Z)-2-Chloro-N ,N-diethyl-4-phenylpent-2-enamide (5j). 1H
NMR (400 MHz, CDCl3, 233 K): d 7.42–7.10 (m, 5 H), 5.94
(d, J = 9.2 Hz, 1 H), 3.93–3.84 (m, 1 H), 3.28–3.19 (m, 2 H),
3.15–3.06 (m, 2 H), 1.29 (d, J = 6.8 Hz, 3 H), 0.98 (t, J = 6.8 Hz,
3 H), 0.96 (t, J = 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3, 233
K): d 165.2 (C), 143.1 (C), 134.4 (CH), 128.4 (2 × CH), 127.2 (C),
126.5 (2 × CH), 123.0 (CH), 42.7 (CH), 38.9 (CH2), 38.0 (CH2),
20.2 (CH3), 13.6 (CH3), 12.1 (CH3); MS (70 eV, EI) m/z (%) 265
[M+, 47], 230 (100), 158 (98), 129 (89), 72 (71); HRMS (70 eV)
calc. for C15H20ClNO 265.1233, found 265.1191; IR (neat): m
3425, 1615, 1451, 701cm−1; Rf = 0.35 (hexane : EtOAc 3 : 1).


General procedure for the synthesis of a-halo-a,b-unsaturated
ketones 9. The requisite organolithium compound (3.0 mmol)
was added dropwise to the corresponding morpholine amide 3
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(1.0 mmol) in THF (4 mL) at −78◦C. After stirring for 30 min
the reaction was quenched with an aqueous saturated solution of
NH4Cl (10 mL), followed by extraction with diethyl ether (3 ×
10 mL). The usual workup provided crude products 9, which were
purified by flash column chromatography on silica gel (hexane :
EtOAc 10 : 1).


(Z)-1,3-Dichloro-4-cyclohexylbut-3-en-2-one (9c). 1H NMR
(300 MHz, CDCl3): d 6.92 (d, J = 9.3 Hz, 1 H), 4.56 (s, 2 H),
2.71–2.59 (m, 1 H), 1.79–1.59 (m, 4 H), 1.43–1.17 (m, 6 H); 13C
NMR (75 MHz, CDCl3): d 186.4 (C), 147.5 (CH), 128.2 (C), 46.4
(CH2), 38.6 (CH), 30.7 (2 × CH2), 25.6 (CH2), 25.1 (2 × CH2);
MS (70 eV, EI) m/z (%) 220 [M+, 18], 151 (10), 89 (15), 81 (100);
HRMS (70 eV) calc. for C10H14Cl2O 220.0422, found 220.0413; IR
(neat): m 2932, 1711, 1266, 739 cm−1; Rf = 0.22 (hexane : EtOAc
20 : 1).


(Z)-5-Chloro-8-methylnona-1,5-dien-4-one (9d). 1H NMR
(300 MHz, CDCl3): d 7.02 (t, J = 7.2 Hz, 1 H), 6.05–5.91 (m,
1 H), 5.25–5.15 (m, 2 H), 3.56 (d, J = 7.2 Hz, 2 H), 2.31 (apparent
t, J = 7.2 Hz, 2 H), 1.92–1.82 (m, 1 H), 0.98 (d, J = 6.9 Hz, 6 H);
13C NMR (75 MHz, CDCl3): d 192.3 (C), 140.6 (CH), 133.3 (C),
130.4 (CH), 118.9 (CH2), 43.4 (CH), 38.4 (CH2), 27.9 (CH2), 22.4
(2 × CH3); IR (neat): m 3055, 1726, 1266, 739 cm−1; Rf = 0.42
(hexane : EtOAc 10 : 1).


General procedure for the synthesis of a-halo-a,b-unsaturated
acids 10. To a solution of the corresponding compound 3
(1.0 mmol) in MeOH (2 mL) under a nitrogen atmosphere was
added KOH (3.0 mmol). After stirring the mixture for 12 h at
room temperature the reaction was quenched by the addition of
HCl 1M (5 mL). The organic material was then extracted with
diethyl ether (3 × 10 mL) and dried over Na2SO4. Solvents were
removed in vacuo. Purification by flash column chromatography
on silica gel (hexane : EtOAc 1 : 1) afforded pure compounds 10.


(Z)-2-Chloro-3-cyclohexylacrylic acid (10a). 1H NMR
(300 MHz, CDCl3): d 7.26 (br s, 1 H), 7.07 (d, J = 9.3 Hz, 1 H),
2.66 (m, 1 H), 1.79–1.66 (m, 4 H), 1.43–1.15 (m, 6 H); 13C NMR
(75 MHz, CDCl3): d 167.6 (C), 149.8 (CH), 122.0 (C), 38.8 (CH),
30.7 (2 × CH2), 25.7 (CH2), 25.2 (2 × CH2); MS (70 eV, EI) m/z
(%) 188 [M+, 11], 107 (17), 82 (100), 67 (74), 41 (22); HRMS
(70 eV) calc. for C9H13ClO2 188.0604, found 188.0608; IR (neat):
m 3430, 2925, 1692, 1624 cm−1; Rf = 0.17 (hexane : EtOAc 1 : 1).


(Z)-2-Chloro-4-methylhex-2-enoic acid (10b). 1H NMR
(300 MHz, CDCl3): d 10.37 (br s, 1 H), 7.27 (t, J = 7.4 Hz, 1 H),
2.31 (t, J = 7.2 Hz, 2 H), 1.94–1.81 (m, 1 H), 0.98 (d, J = 6.6 Hz,
3 H), 0.97 (d, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3):
d 167.7 (C), 144.6 (CH), 124.3 (C), 38.5 (CH), 27.7 (CH2), 22.3
(2 × CH3); MS (70 eV, EI) m/z (%) 162 [M+, 8], 120 (100), 69
(15), 56 (25); HRMS (70 eV) calc. for C7H11ClO2 162.0448, found
162.0450; IR (neat): m 3426, 1630, 1466, 1266 cm−1; Rf = 0.17
(hexane : EtOAc 3 : 1).


General procedure for the synthesis of a-haloallylic alcohols 11.
To a suspension of LiAlH4 (1.0 mmol) in THF was added dropwise
the corresponding compound 3 (1.0 mmol) in THF (1 mL) at
0 ◦C. After stirring the mixture for 12 h at room temperature the
reaction was quenched by the addition of a mixture of water–
ice and extracted with ether. The combined organic phases were
dried over Na2SO4 and the solvents were removed under reduced


pressure. The crude products 11 were purified by flash column
chromatography on silica gel (hexane : EtOAc 3 : 1).


Compound 11a has been previously described.26


(Z)-2-Chloro-3-cyclohexylprop-2-en-1-ol (11b). 1H NMR
(300 MHz, CDCl3): d 5.64 (d, J = 9.0 Hz, 1 H), 4.17 (s, 2 H),
2.54–2.44 (m, 1 H), 2.08 (br s, 1 H), 1.82–1.52 (m, 6 H), 1.35–1.16
(m, 4 H); 13C NMR (75 MHz, CDCl3): d 132.5 (CH), 131.1 (C),
67.4 (CH2), 34.3 (CH), 33.6 (2 × CH2), 32.1 (2 × CH2), 31.8
(CH2); MS (70 eV, EI) m/z (%) 174 [M+, 4], 159 (59), 123 (100), 81
(85), 55 (55); HRMS (70 eV) calc. for C9H15ClO 174.0811, found
174.0817; IR (neat): m 3357, 2924, 1449 cm−1; Rf = 0.46 (hexane :
EtOAc 5 : 1).
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The possible formation of pentacene from a tosylhydrazone of 6,13-dihydro-6,13-ethenopentacene
under the conditions of the Shapiro reaction is explored, as previous work demonstrated that the
tosylhydrazone of barrelene (bicyclo[2.2.2]octatriene) yields benzene under these conditions
[C. Weitemeyer, T. Preuß, and A. de Meijere, Chem. Ber., 1985, 118, 3993]. The computational analyses
based on homodesmotic equations involving the anions, and monomeric (including the dimethyl ether
solvate) and dimeric organolithium compounds reveals that benzene formation is exothermic, but
pentacene formation is endothermic due to the increased stability of the lithium derivative and the
decreased stability of pentacene. The computational predictions are confirmed by experimental
investigations.


Introduction


The Shapiro reaction is a versatile method for transforming
aldehydes and ketones 1 into alkenes 2 by reaction of the
tosylhydrazone 3 with at least two equivalents of strong base (n-
BuLi or MeLi) followed by aqueous work-up (see Scheme 1).1–3


The generally accepted mechanism of the Shapiro reaction
involves the deprotonation of the tosylhydrazone NH followed
by that of an a-CH group. The resulting dianion 4 eliminates
first p-toluenesulfinate and then N2; protonation of the generated
vinylanion 5 finally yields the desired alkene.


Scheme 1 Mechanism of the Shapiro reaction for the transformation of
ketones into alkenes.


Shortcomings of the Shapiro reaction have been overcome by
modifications with respect to the nature of the base and the
hydrazone,4–6 while problems with substrates which only have
tertiary a-CH groups could also be solved.7


However, some substrates give the expected alkene products
in only very low yield. A case in point is the reaction of the
bis(tosylhydrazone) 6 with strong base described by de Meijere’s
group in 1985.8 Benzene is obtained as the major product, and only
small amounts of the desired Shapiro reaction product barrelene 7
were detected. Earlier, Jefford et al.9 had reported low yields (12%)
of 7 accompanied by benzene in the Shapiro reaction of 6. Benzene
formation was rationalized by a retro Diels–Alder reaction of the
thermally labile 2-barrelenyl anion 8− (see Scheme 2).
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Scheme 2 De Meijere’s8 1985 observation of a retro Diels–Alder reaction
rather than the anticipated Shapiro reaction.


The purpose of the present investigation is to delineate the
influence of annelation on the stability of the corresponding
anion under Shapiro conditions. The preferred reaction product,
the conventional Shapiro alkene or the acene, is expected to
depend critically on the stability of the aromatic hydrocarbon.
While the acenes are less stable than benzene, it is not clear a
priori if this will tip the balance in favor of the conventional
Shapiro reaction or will allow a novel access to this class of
aromatic hydrocarbons. Among them, pentacene is of particular
interest as an active material in organic electronic applications,
but it suffers from low solubility making the reliable production
of devices challenging.10–13 There is thus currently considerable
interest in finding approaches for the generation of pentacene and
higher acenes from soluble precursors under mild thermal14–18


or photochemical19–22 conditions. Therefore, the focus of the
present investigation is on the possible formation of pentacene
by fragmentation of the corresponding alkenyl anion 9−.


Results and discussion


The question of the stability of 8− and 9−, or more specifically
of their lithium derivatives 8-Li and 9-Li, should in principle be
tractable by computational techniques. But this is challenging due
to the tendency of organolithium compounds to form aggregates
of varying size in solution and to strongly interact with ethereal
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solvents. In addition, there is no information available on the
aggregation of 8-Li and 9-Li in solution. We thus decided to
focus on the inherent stability of the free anions 8− and 9− as
well as their monomeric (8-Li and 9-Li) and dimeric [(8-Li)2 and
(9-Li)2] lithium derivatives towards acene formation. We do not
consider any higher aggregates, but consider the interaction of
monomers with two dimethyl ether molecules [8-Li·(OMe2)2 and 9-
Li·(OMe2)2]. The computations used density functional theory in
conjunction with a polarized triple-f basis set (RI-BP86/TZVP).
The conformations of dimers of lithium compounds are based on
previous experimental and computational studies of vinyl- and
ethynyllithium and were found to correspond to minima within
the point group constraints given in Fig. 1.23–26 In particular, we
only considered the anti isomers as Fressigné et al.23 have shown
for vinyllithium that this conformer is slightly more stable than its
syn form.


Fig. 1 Structures (RI-BP86/TZVP) of the dimethyl ether solvates and the
dimers of the lithium compounds of interest in the present investigation.
The Li–C and O–Li distances are given in Å.


The retro Diels–Alder reaction yielding benzene is exothermic
in the gas phase for both the anion [eqn (1)], the corresponding
monomeric (8-Li) and dimeric [(8-Li)2] lithium compounds, as
well as for the dimethyl ether solvate of 8-Li. This finding is in
agreement with the formation of benzene in the reaction of 6
with methyllithium as reported by de Meijere et al.8 The three
lithium containing models give similar reaction enthalpies, while
reaction for the naked anion is less exothermic. This consistency of
computational results is also observed for formation of the acenes
ranging from naphthalene to pentacene (Table 1); thus, we focus on
the data obtained for the dimers (RLi)2 in the following discussion.
The first and second annelation of the system (n = 1 and m =
0; n = m = 1) disfavor acene formation by an almost constant
13–14 kcal mol−1, while the second set of annelated rings has a
smaller disfavoring effect of about 5–6 kcal mol−1 per additional


Table 1 Reaction enthalpies [eqn (1)] at 298.15 K (DRH(298.15K) in kcal
mol−1) for formation of acenes from anions or organolithium compounds
as computed at the RI-BP86/TZVP level of theory


Product n m R− RLi RLi·2OMe2
1
2
(RLi)2


Benzene 0 0 −17.7 −23.0 −24.3 −23.7
Naphthalene 1 0 2.1 −8.3 −9.0 −10.7
Anthracene 1 1 22.5 8.4 8.0 3.6
Tetracene 2 1 31.1 14.3 14.1 9.7
Pentacene 2 2 39.7 20.6 20.5 14.8


ring (n= 2 and m = 1; n = m = 2). Thus only naphthalene
formation is exothermic (for the organolithium compounds), while
the formation of all higher acenes is endothermic.


(1)


In an attempt to find more favorable conditions for pentacene
formation, the reaction depicted in eqn (2) was also investigated.


(2)


However, the reaction enthalpy hardly changes upon introduc-
tion of a phenyl group (R = Ph, M = Li: DRH(298.15K) = 17.4 kcal
mol−1) or a different metal ion (R = H, M =Na: DRH(298.15K) =
21.4 kcal mol−1; R = H, M = K: DRH(298.15K) = 21.5 kcal mol−1).
The computational analysis thus shows that besides benzene only
naphthalene formation is thermodynamically favorable. As there
is no thermodynamic driving force for formation of the more
interesting higher acenes, reaction barriers are not considered in
this work.


The homodesmotic27 eqn (3) and (4) allow the influence of
the reactants and the products on the energy balances of eqn
(1) to be dissected. We find that the reaction described by
eqn (3) is exothermic by −9.7 kcal mol−1; this shows that
bisnaphthoannelation increases the stability of the organolithium
compound 9-Li. On the other hand, the reaction in eqn (4) is
endothermic by 32.4 kcal mol−1, and this indicates that twofold
naphthoannelation destabilizes the aromatic system. Hence, this
combination of stabilization and destabilization of the reactants
and products, respectively, results in the pronounced dependence
of the energy of the reaction in eqn (1) on n and m. This analysis is
in agreement with the well-known higher reactivity of pentacene
under Diels–Alder conditions with the central ring being the one
of highest reactivity.28–32


(3)
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(4)


The computational analysis suggests that the Shapiro reaction
of the tosylhydrazone 10 should not give the corresponding acene
but rather the corresponding alkene 11. As the computational data
refers to the gas phase, we have attempted to experimentally verify
the theoretical predictions for the pentacene system. Synthesis of
the required tosylhydrazone 10 was achieved in three steps from the
known33 dinaphthobarrelene derivative 11 as outlined in Scheme 3.


Scheme 3 Synthesis of the tosylhydrazone 10. Reagents and conditions:
a) BH3·THF, THF, 0 ◦C; b) aq. NaOH, H2O2; yield: 73%; c) TEMPO,
NaOCl, CH2Cl2, 0 ◦C to room temperature; yield: 71%; d) TsNHNH2,
MeOH–CH3OH, reflux; yield: 69%.


It is noteworthy that initial attempts of in situ oxidation of
the hydroboration product 12 with chromic acid following the
protocol of Creary and Butchko were not met with success.34


Instead of the expected ketone 13 the seven-membered ring ketone
14 was obtained along with some alcohol 12 (Scheme 4).


Scheme 4 Reagents and conditions: a) BH3·THF, THF, 0 ◦C; b) chromic
acid.


Formation of ketone 14 can be rationalized by a rearrangement
which turns the secondary cation generated from 12 under acidic
conditions into a stabilized benzyl cation (Scheme 5). Surprisingly,
oxidation of the alcohol formed from this rearranged carbocation
to the corresponding ketone 14 happens almost selectively. The
oxidation of 12 to 13 under the acidic conditions was not observed.


Scheme 5 Suggested mechanism for the formation of a benzylic cation.


Having the required tosylhydrazone available, its chemistry was
investigated under Shapiro reaction conditions. The deprotono-
tion of the a-CH group of 10 required rather drastic conditions:
excess of n-BuLi in boiling diethyl ether. Under these conditions
the Shapiro product 11 was obtained and there was no indication
for the formation of pentacene (Scheme 6).


Hence, the experiment confirms the expectation based on the
thermodynamic stability of the central intermediates 8− and 9−


Scheme 6 Shapiro reaction of 10 yields 11 exclusively.


or their lithium derivatives obtained from approximate density
functional computations. Even though an access to higher acenes
via this route would have been highly desirable, the decreased
stability of pentacene precludes its formation.


Conclusions


The theoretical analysis finds that successive annelation increas-
ingly disfavors the retro Diels–Alder reaction of the barrelenyl
anion 8− observed by de Meijere8 and favors instead the formation
of the conventional Shapiro product. This is confirmed by an
experimental investigation of the pentacene system for which a
retro Diels–Alder reaction was not observed. The computational
evaluation based on homodesmotic equations reveals that the
differing reaction products under Shapiro conditions may largely
be rationalized by the decreased stability of the hypothetical
pentacene product compared to benzene. As the retro Diels–
Alder reaction is unfavorable for 9-Li, aqueous workup results in
the dinaphthobarrelene product 11 rather than in pentacene. The
formation of benzene under conditions of the Shapiro reaction
observed earlier thus remains exceptional.8


Experimental and computational details


General


All reactions were carried out under a dry argon atmosphere
in oven dried Schlenk type glassware with magnetic stirring.
Temperatures are reported as bath temperatures. Et2O was
continuously refluxed and freshly distilled from sodium using
benzophenone as indicator. All commercially available reagents
were used without further purification, and were purchased from
Aldrich Chemical Co., Acros Organics or Merck. n-BuLi was
used as a 15% solution in hexane (1.59 M). TLC was performed
on Al-backed plates coated with silica gel with F254 indicator
(Polygram SIL G/UV from Macherey-Nagel); the chromatograms
were visualized under UV light (254 nm). 1H and 13C NMR
spectra were recorded in CDCl3 with a Bruker DRX 400 and
chemical shifts are reported in ppm downfield (d) from TMS
(tetramethylsilane). Mass spectrometry (EI, 70 eV) was performed
with a VG Autospec. The intensities are reported as a percentage
relative to the base peak after the corresponding m/z value.
Matrix assisted laser desorption ionization (MALDI) spectra were
obtained using a dithranol matrix with the instrument (N2 laser,
337 nm) operating in reflector mode. FT-IR spectroscopy was
performed with a Bruker Equinox 55 (KBr, m̃ in cm−1).


6,13-Dihydro-14-hydroxy-6,13-ethanopentacene (12). A solu-
tion of 1 M BH3·THF in THF (1 mL, 1 mmol) was added drop wise
to a solution of 6,13-dihydro-6,13-ethenopentacene 11 (0.15 g,
0.5 mmol) in 30 mL of THF. The reaction mixture was stirred at
0 ◦C for 1 h and then allowed to reach rt slowly and continued to
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stir for 4 h. The solution was cooled to 0 ◦C followed by addition of
water (2 mL), 2 N aq. NaOH (1.5 mL) and 35% H2O2 (0.2 mL). The
reaction mixture was allowed to stir overnight at rt. The aqueous
phase was saturated with brine solution and the organic phase was
extracted with dichloromethane. The organic extract was dried
over sodium sulfate and concentrated on a rotary evaporator. The
residue was subjected to column chromatography [silica gel, 80%
(vol.) dichloromethane in hexane] to yield 12 (0.11 g, yield 73%).
Mp 246–248 ◦C; IR 3553 (O–H), 3053, 2951, 1498, 755; 1H-NMR
(400 MHz) 1.60 (dt, 1 H, J = 13.6, 2.8 Hz), 2.51 (m, 1 H), 4.36
(dt, 1 H, J = 9.1, 3 Hz), 4.50 (t, 1 H, J = 2.8 Hz), 4.61 (d, 1 H, J =
3.3 Hz), 7.41 (m, 4 H), 7.70 (s, 1H), 7.77 (m, 6 H), 7.85 (s, 1 H);
13C-NMR (100 MHz) 39.83, 43.83, 52.39, 69.86, 121.58, 121.72,
123.31, 125.30, 125.52, 125.54, 125.70, 125.74, 127.51, 127.56,
132.36, 132.43, 132.69, 132.88, 136.06, 138.1, 140.69, 141.04; mass
spectrum (EI), m/e M+ 322(7), 304(14), 289(4), 278(100), 151(4),
139(37), 126(5); HRMS (EI) m/z = 322.137146 (M+), calcd m/z =
322.135765.


6,13-Dihydro-14-oxo-6,13-ethanopentacene (13). Compound
12 (0.13 g, 0.4 mmol) was dissolved in 20 mL of dichloromethane
and cooled to 0 ◦C. TEMPO (0.02 g), KBr (0.10 g), and 1 mL
of water was added to the solution, followed by the addition of
6 mL of sat. NaHCO3 and 6 mL of sat. NaOCl. The reaction
mixture was stirred at 0 ◦C for 3 h and then allowed to reach rt
slowly and continued to stir for an additional 1 h. The solution
was cooled to 0 ◦C followed by addition of water (2 mL), 2 N aq.
NaOH (1.5 mL) and 35% H2O2 (0.2 mL). The aqueous phase
was saturated with brine solution and the organic phase was
extracted with dichloromethane. The organic extract was dried
over sodium sulfate and concentrated on a rotary evaporator. The
residue was subjected to column chromatography [silica gel, 50%
(vol.) dichloromethane in hexane] to yield 13 (0.092 g, yield 71%).
Mp >296 ◦C; IR 3054.5, 2951, 1722, 866, 758; 1H-NMR (400
MHz) 2.57 (d, 2 H, J = 2.8 Hz), 4.80 (t, 1 H, J = 2.5 Hz), 5.08
(s, 1 H), 7.44 (m, 4 H), 7.78 (m, 4H), 7.83 (s, 2 H), 7.84 (s, 2 H);
13C-NMR (100 MHz) 40.55, 44.67, 62.84, 122.40, 124.33, 126.04,
126.28, 127.62,127.74, 132.50, 132.96, 134.36, 139.51, 205.34; mass
spectrum (EI), m/e M+ 320(2), 291(7), 289(7), 278(100), 139(25);
HRMS (EI) m/z = 320.121643 (M+), calcd m/z = 320.120115.


6,13-Dihydro-14-tosylhydrazono-6,13-ethanopentacene (10).
A suspension was made by adding tosyl hydrazine (0.043 g,
0.23 mmol) and ketone 13 (0.074 g, 0.23 mmol) in 40 mL of
1 : 1 CH3OH–CH3CN. The mixture was then allowed to stir
vigorously under reflux for 1 day. Additional tosyl hydrazine
(0.021 g, 0.11 mmol) was added to the solution and refluxed for
an additional day. The reaction mixture was concentrated on
a rotary evaporator and subjected to column chromatography
(silica gel, dichloromethane) to yield 10 (0.045 g, yield 69%). Mp
149 ◦C (decomp.); IR 3434 (N–H), 1633; 1H-NMR (200 MHz)
2.28 (s, 3 H), 2.48 (d, 2 H, J = 2.78 Hz), 4.75 (t, 1 H, J = 2.5
Hz); 5.21 (s, 1 H), 7.08 (broad, 1 H), 7.19 (d, 2 H, J = 8 Hz), 7.42
(dd, 4 H, J = 3.3, 3.3 Hz), 7.75 (m, 10 H). 13C-NMR (50 MHz)
20.43, 28.68, 32.12, 42.81, 121.13, 121.39, 122.34, 124.97, 125.03,
125.08, 125.26, 126.56, 126.69, 126.85, 128.52, 131.48, 131.53,
134.29, 135.56, 138.54, 143.04, 157.92; mass spectrum (MALDI),
m/e M + H+ 489.25.


6,14-Dihydro-6,14-methanocyclohepta[1,2-b;4,5-b′]dinaphtha-
len-13-one (14). A solution of 1 M BH3·THF in THF (1.4 mL,
1.4 mmol) was added drop wise to a solution of 1 (0.20 g, 7 mmol)
in 30 mL of THF. The reaction mixture was stirred at 0 ◦C for
1 h and then allowed to reach rt slowly and continued to stir for
4 h. The solution was cooled to 0 ◦C followed by addition of
water (1.4 mL) and chromic acid (1.4 mL). The reaction mixture
was allowed to reach rt and continued to stir for 4 h. The aqueous
phase was saturated with brine solution and the organic phase was
extracted with dichloromethane. The organic extract was dried
over sodium sulfate and concentrated on a rotary evaporator. The
residue was subjected to column chromatography [silica gel, 50–
80% (vol.) dichloromethane in hexane] to yield 12 (0.10 g, yield
47%) and 14 (0.08 g, 38%). Mp >296 ◦C; IR 3053.5, 2948.5, 1723.5,
1688, 1624, 1598, 1194, 748; 1H-NMR (400 MHz) 2.91 (d, 1 H,
J = 11 Hz), 2.98 (m, 1 H), 4.28 (d, 1 H, J = 4.4 Hz), 4.55 (d,
1 H, J = 4.5 Hz), 7.37 (m, 2 H), 7.41 (m, 1H), 7.53 (m, 1 H),
7.68 (m, 1 H), 7.73 (m, 2 H), 7.76 (s, 1 H), 7.81 (m, 2 H), 7.88
(s, 1H), 8.47 (s, 1 H); 13C-NMR (100 MHz) 45.66, 47.90, 56.80,
121.60, 122.70, 124.20, 125.80, 126.03, 126.09, 126.27, 127.31,
127.57, 127.67, 128.01, 128.76, 129.92, 130.53, 132.22, 133.08,
133.39, 135.93, 137.87, 142.90, 146.74, 195.50; mass spectrum
(EI), m/e M+ 320(100), 303(21), 291(28), 289(30), 278(58), 265(7),
160(9), 144(18), 139(15); HRMS (EI) m/z = 320.118164 (M+),
calcd m/z = 320.120115.


General procedure for Shapiro reaction of 10. 0.1 mL
(0.24 mmol) of n-butyllithium in hexanes (∼2.4 M) was added to a
solution of 10 (30 mg, 0.06 mmol) in 15 mL of dry ether at −78 ◦C
under argon. The reaction mixture was allowed to reach rt and
was refluxed overnight. 1H-NMR of the crude reaction mixture
indicated the formation of 11. Similar procedures were followed
using methyllithium and tert-butyllithium as bases. The reactions
were monitored by UV-vis spectroscopy of the reaction mixtures
at different stages. Formation of pentacene was not observed in
any case.


Computations


Density functional computations employed the BP8635,36 func-
tional in conjunction with the TZVP basis set of the Ahlrichs
group.37 The resolution-of-the-identiy (RI) procedure was em-
ployed along with the fitting basis sets implemented in the
Turbomole program.38,39 Geometries were completely optimized
and harmonic vibrational frequencies40 were computed to verify
that the obtained structures correspond to minima and to obtain
the zero-point vibrational energies. Improved numerical accuracy
was obtained by changing the grid size for integration and the
SCF convergence threshold to m4 and to 10−8, respectively.
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The development of new aminoglycoside analogues to reduce the emergence of bacterial resistance has
become a topic of high interest. We describe here a rapid and facile access to orthogonally protected
2-deoxystreptamine (2-DOS), a meso-diaminocyclitol known to be a pivotal component of most active
aminoglycosides. Our synthetic approach started from highly protected methyl a-D-glucopyranoside
which in turn was converted by a Ferrier rearrangement into an enantiopure polyfunctionalized
cyclohexane ring. Finally, two different N-protected groups were successively introduced. The first one
was inserted as an oximino benzylether followed by a diastereofacial hydride reduction, working with
Me4NBH(OAc)3 only in TFA at low temperature rather than in AcOH as usual. The second group was
introduced by displacement of a hydroxyl group through a Mitsunobu reaction using a
DPPA–DIAD–Ph3P system for azide transfer.


Introduction


Aminoglycosides constitute a large family of small molecules
that display a powerful antibacterial drug activity by causing a
miscoding in protein biosynthesis and consequently the death of
a bacterial cell.1 In this regard they are widely used as clinically
important antibacterial agents. Indeed, their antibiotic activity
takes place specifically in the aminoacyl tRNA decoding site (A-
site) located in a well defined region of the 16S rRNA (ribosomal
RNA) within the 30S subunit of the bacterial ribosome.2 Thus,
these aminoglycosides, connected to particular oligonucleotides
of the rRNA, disturb the fidelity of mRNA translation, leading to
a misreading of bacterial protein elongation.


Unfortunately, during the last few decades, more and more
resistant strains develop1b,d,3 enzymes that modify these natural
aminoglycosides, which thus become ineffective in the treatment
of various infections. Faced with this increasing emergence of
bacterial resistance to multiple antibiotics, the access to novel
active aminoglycoside antibiotic derivatives will therefore repre-
sent a major goal.3d To this end, a library of numerous analogues
of antibiotics has been obtained, by chemical modifications,
from their parent aminoglycosides (often neamine or paromanine
subunits). The main drawbacks, limiting this option of structural
modifications, lie in problems of regiospecificity of protection–
deprotection (for further incorporation of various substitutes),
multi-step reactions, low solubility, difficulties in purification and
tedious NMR characterization.


Notably, a majority of aminoglycosides such as kanamycin,
neomycin, tobramycin, paromomycin, amikacin, ribostamycin,
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gentamicin, apramycin. . . are based on a central diaminocyclitol
core named 2-deoxystreptamine (2-DOS) that is O-substituted at
the 4, 5 and/or 6-position by an additional carbohydrate unit
(Fig. 1). This recurring presence of 2-DOS core scaffold suggests
an important role for its recognition at the bacterial rRNA
target.1d,4 In this way, a highly functionalized 2-DOS becomes an
interesting polyvalent entity with the advantage of more flexibility
in the elaboration and development of a suitable range of modified
antibiotics able to mimic the aminoglycosides’ potency.5


Syntheses of minimally protected or naked 2-deoxystreptamine
have been performed by degradations of natural antibiotic
sources6 requiring further desymmetrization of the 2-DOS meso
compound.1d,7 Alternatively, it is more convenient to build
polyprotected 2-DOS by modifications and successive incorpo-
ration of different protecting groups starting from an existing
carbohydrate derivative precursor,8 or from a chiral pool like
D-allylglycine.9 However, the few given literature examples are
often low-yielding, multi-step syntheses that require separation
of diastereomers. For all these reasons, we chose to investigate an
efficient and convenient orthogonally protected 2-DOS synthesis.
We report herein two inexpensive approaches towards the synthesis
of highly functionalized meso 2-deoxystreptamine (2-DOS) in 7
and 11 steps respectively.


Results and discussion


Our objective was to minimize the number of steps and to use
procedures for which each protected intermediate would be readily
obtained by simple crystallization in very good yields and on
a large scale. The orthogonal protection should allow for the
regioselective introduction of different substituents in order to give
access to a range of new mimetic antibiotics. Thus the starting
point was the readily available methyl a-D-glucopyranoside10


which can be transformed to a pentahydroxylated cyclohexane
(quercitol) by a Ferrier carbocyclization rearrangement.11
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Fig. 1 Structures of selected common aminoglycoside antibiotics containing the meso-diaminocyclitol (2-DOS) unit.


Our strategy began by the known one-step protection of methyl
a-D-glucopyranoside to isolate compound 1 in 92% yield by
simple crystallization in MeOH (Scheme 1).12 As depicted in
Scheme 1, the tosyl group on the C-6 primary alcohol was then
easily substituted to give, in very good yield, either the iodide
212a (NaI, Ac2O, 93%) or the azide 3 (NaN3, dioxane, 95%) as
crystalline products. Compound 3 is a useful precursor for the
synthesis of the aminoglucosides kanamycin A or D bearing
the 2-DOS unit, or for applications in click chemistry13a to link
two carbohydrate moieties through a triazole ring as recently
published.13b–c Dehydroiodination of 2 was cleanly performed (68%
yield) in toluene with DBU (1,8-diazabicyclo[5.4.0]undec-7-ene)14


instead of silver fluoride as described earlier to give the expected
enopyranoside 4.12a Enone 4 was then subjected to the Ferrier
carbocyclic ring-closure in the presence of Hg(OAc)2 in a refluxing
mixture of acetone–H2O–AcOH to give 512a,15 in 69% yield after
recrystallization from CH2Cl2 (Scheme 2). This compound was
isolated as a single epimeric b-hydroxy-cyclohexanone where the
hydroxyl group has an axial orientation as shown by vicinal
coupling (J2,1 = 2.5 Hz).


Scheme 1 Reagents and conditions: ref. 12a for (a) and (b), 92% and 93%
respectively; (c) NaN3, dioxane–H2O, 110 ◦C, 48 h (95%); (d) from 2: DBU,
PhMe, 80 ◦C, 15 h (68%).


Now the first amino group was introduced at the carbonyl po-
sition through an oxime precursor using O-benzylhydroxylamine
hydrochloride in EtOH–pyridine to afford the crystalline benzy-
loxime 6 in 93% yield without further purification (on the basis
of NMR analysis). For the next step, the asymmetric reduction of
this oximino ether has to be discussed.


Generally, the reduction of an imino (C=N) bond with
borane or aluminium hydride reagents results in an isomeric
mixture and/or the corresponding free amine after N–O bond
cleavage.8c,e,f ,16 Literature precedents17 show that tetramethylam-
monium triacetoxyborohydride (TABH)18 can undergo a stereo-
controlled reduction of acyclic b-hydroxy oximino benzyl ether
to give trans 1,3-amino alcohols. More typically, TABH is used
in the diastereoselective reduction of acyclic b-hydroxy ketones
to provide trans 1,3-diols. The latter is proposed to involve the


Scheme 2 Reagents and conditions: (e) ref. 12a, Hg(OAc)2, acetone, H2O,
AcOH, 70 ◦C, 2.5 h (69%); (f) BnONH2·HCl, EtOH, pyridine, RT, 6 h
(93%); (g) 7a from 5: Me4NBH(OAc)3, AcOH, 0 ◦C, 1.5 h (80%); 7b from
6: Me4NBH(OAc)3, TFA, 0 ◦C, 2 h (93%); 7c from 6: DPPA, DBU, RT,
10 h (71%); (h) from 7b: DPPA, Ph3P, DIAD, RT, 7 h (65%).


formation of a six-membered boron complex intermediate, prior
to reduction.18,19


In our case, the oximino benzyl ether function is located on a
rigid cyclohexane unit. The axial b-hydroxyl group should play
an essential role in the hydride reduction to participate in a
neighboring group effect via coordination to the boron group
of TABH, thereby allowing control of diastereofacial selectivity
(see Scheme 3). With this in mind, we expected the asymmetric
reduction of b-hydroxy oximinobenzyl ether 6 with this mild and
selective reducing TABH agent to provide the optically active trans
1,3-benzyloxyamino alcohol 7b (Scheme 3).


Scheme 3 Treatment with AcOH instead of TFA gave exclusively starting
material 6 (see text).


Surprisingly, the typical treatment on 6 (TABH in MeCN–
AcOH) failed and exhibited only starting material as summarized
in Table 1 (entries 4, 5). However, applying identical conditions
to the b-hydroxyketone 5 (entries 1–3) furnished the expected
quercitol 7a.20 This quercitol, named (+)-viburnitol,21 was rapidly
formed and isolated in good yield (80%). We were able to assign
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Table 1 Reduction conditions of ketone 5 or oximes 6 and 17 with TABH in the presence of AcOH or TFAa


Entry Ketone and oxime Acid (equiv.) Time/h Yield (%) of benzyloxyamine


1 5 AcOH (560) 0.5 84
2 5 AcOH (530) 1 80
3 5 AcOH (518) 0.5 65
4 6 AcOH (441) 6 0b


5 6 AcOH (774) c 0b


6 6 TFA (473) 1.5 65
7 6 TFA (415) 1 66
8 6 TFA (152) 2 93
9 6 TFA (76) 30 89


10 17 TFA (151) 2.5 69


a All the experiments were performed with 10 to 11 equiv. of TABH (Me4NBH(OAc)3). For entries 1–5, standard conditions were used (TABH, MeCN,
AcOH) and in entries 6–11, AcOH was replaced by TFA. b Exclusively starting material was observed. c Only starting material was present even after 5 h
at room temperature and then 48 h at 55 ◦C.


unambiguously its absolute configuration. The configuration of
the newly generated hydroxyl group at C-5 was determined by
NMR spectroscopy. The large coupling constants, J4,5 (9.7 Hz)
and J5,6ax (14.2 Hz) as well as J5,6eq (4.7 Hz), revealed that the new
hydroxyl group in 7a was oriented in an equatorial position.


Nevertheless, neither excess of AcOH nor increasing the time
of reaction, even by heating for 48 h, produced any effect on
the reduction of the oximinium intermediate (entries 4, 5 in
Table 1). Gratifyingly, slightly modified conditions such as the use
of the stronger acid TFA (trifluoroacetic acid) instead of AcOH,
furnished cleanly the desired optically pure benzyloxyamino
alcohol 7b in 94% yield after only 2 h at low temperature and with
at least 152 equivalents of TFA (entry 8). Moreover, no cleavage
of the N–O bond and no dehydratation to enoxime were observed
under these conditions. If less TFA was used (entry 9), more time
was required for the reaction to reach completion.


Again, the stereochemistry of 7b was fully characterized by
NMR spectroscopic analysis that indicated that the amino group
was only equatorial. The large coupling between H-4 and H-5
(J4,5 = 10.0 Hz), as well as between H-6ax and H-5 (J6ax,5 =
12.2 Hz), shows that all these protons have an axial position,
while the relatively small coupling between H-6eq and H-5 (J6eq,5 =
4.0 Hz) suggests that the amino group in 7b adopts an equatorial
orientation.


Finally, the next strategy was the use of diphenylphosphoryl
azide (DPPA) as an azide transfer reagent to convert the axial
hydroxyl group at C-1 directly into an equatorial azide functional
group, which acts as an amine precursor. In this way, Mitsunobu
type conditions were used for the incorporation of the azide,
following the procedure described in the literature.22 Thus, reac-
tion of alcohol 7b with triphenylphosphine (Ph3P), diisopropyl
azodicarboxylate (DIAD), and DPPA provided the azide 8 in
good yield (65%) resulting in complete stereocontrol for the overall
conversions. The stereochemistry of 8 was confirmed by 1H NMR
spectroscopy: J6ax,1 = J6ax,5 13.3 Hz and J6eq,1 = J6eq,5 4.4 Hz, as
well as by NOESY analysis (see Experimental part). Attempts
to apply a modification of this Mitsunobu azidation (DPPA and
DBU) according to Thompson’s procedure23 was ineffective and
yielded only the formation of the phosphate ester 7c (71%).24


This completes the synthesis of a 2-DOS derivative with two
differentiated amine functionalities.


Alternatively, it was also interesting and attractive to envisage
the synthesis of orthogonally protected 2-DOS starting from
methyl 4,6-O-benzylidene-a-D-glucopyranoside 9 (Scheme 4). This
new approach has the advantage of locking simultaneously and
selectively the primary and the secondary alcohols at C-6 and C-4
to avoid, in this way, the double benzoyl protection at C-3 and C-4
of the above method.


Scheme 4 Reagents and conditions: (a) PhCH(OMe)2, pTsOH, DMF, 84 ◦C, 1.5 h (73%); (b) pTsCl, Bu2SnO (82%) or Ts·Im, MeONa (56%); (c) BaO,
Ba(OH)2·8H2O, BnBr, DMF, 0 ◦C to RT, 8 h (87%); (d) DMSO, NaBH4, 0 ◦C then 160 ◦C, 3d (78%); (e) PMBCl, NaH, DMF, RT, 3 h (50%); (f) MeOH,
pTsOH, RT, 4.5 h (98%); (g) I2, PPh3, Imd, PhMe, 70 ◦C, 1 h (93%); (h) BzCl, RT, Py, 12 h (96%); (i) NBS, CaCO3, CCl4, (43%); (j) DBU, PhMe, 96 ◦C,
15 h (60%).
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Compound 9 was readily available in 73% yield from methyl
a-D-glucopyranoside by acid catalyzed acetal exchange with a,a-
dimethoxytoluene in DMF.25 Subsequent regioselective monoto-
sylation at C-2 with either Bu2SnO26 (82% after chromatographic
purification) or with tosylimidazole and MeONa27 (56% after
recrystallization of the crude product) gave 10,28 which was ben-
zylated to afford 1129a as a white crystalline solid (87%). Attempts
to directly introduce a PMB (p-methoxybenzyl) protecting group
on the C-2 hydroxy group of 9, followed by benzylation at C-3
gave a mixture of regioselective protection with PMBCl. Instead,
a stepwise approach had to be used, involving removal of tosyl
group of 11 with NaBH4 in DMSO29a (78% yield for 11a29b), and
then introduction of a p-methoxybenzyl group to yield 11b30 in
50%. Due to the low yield of the stepwise route, we chose to use
the tosylated product 11 in further reactions.


Next, we needed a halogen group at C-6 to prepare the enone 15
(Scheme 4) for a Ferrier reaction leading to a cyclohexane skeleton.
Initially, we submitted benzylidene 11 to Hannessian’s protocol
(NBS, BaCO3, CCl4)31 to provide directly the bromine analogue
14a having a benzoyl group at C-4 in one step (Scheme 4). After
conventional dehydrobromination of 14a, the resulting enone 15
would be suitable to furnish cyclitol 16 by a Ferrier reaction.
Unfortunately, product recovery was not efficient since chromato-
graphic purification caused extensive losses and compound 14a
could be isolated in 43% yield only (Scheme 4).


Consequently, an alternative route to 15 was achieved by
removing first the temporary benzylidene group of 11 with
pTsOH in MeOH.32 The resulting diol 12 was then submitted
to selective iodination at the less hindered primary hydroxyl
group using PPh3–I2–Im, according to the procedure of Garegg
and Samuelsson,33 to synthesize 13 which was benzoylated to
compound 14 (87.2% yield for the three steps).


Dehydrohalogenation of 14 (or 14a) followed by a Ferrier
rearrangement with Hg(OAc)2 (Scheme 5) led to the b-hydroxycy-
clohexanone 16 (40% yield for the two steps). This last step needed
a facile purification to separate the two epimers a and b. The axial
orientation of the hydroxyl group in 16 was elucidated through
the coupling constant between H-2 and H-1 (J2,1 = 2.5 Hz).


Scheme 5 Reagents and conditions: (k) Hg(OAc)2, acetone, H2O, AcOH,
72 ◦C, 4 h (66%); (l) BnONH2·HCl, EtOH, pyridine, RT, 2 h (82%); (m)
Me4NBH(OAc)3, TFA, 0 ◦C to RT, 2.5 h (70%); (n) DPPA, Ph3P, DIAD,
RT, 2.5 h (98%).


Synthesis of benzyloxime 17 was accomplished from 16 in 82%
yield, by using O-benzylhydroxylamine hydrochloride in EtOH–
pyridine. Once more, taking advantage of the axial position of the
b-hydroxyl group at C-1, stereoselective reduction of the oximino


benzylether function in 17 was achieved with TABH in TFA (entry
10), giving trans 1,3-benzylhydroxylamine 18 as the only detectable
isomer in 69.7% yield (Scheme 5). The assignment of the absolute
configuration of the newly created center at C-5 was done by 1H
NMR (J5,6a = 14.3 Hz and J5,6e = 3.9 Hz). Reaction of compound
18 under Mitsunobu conditions (DPPA, PPh3, DIAD) for the
azide incorporation at C-1, gave the fully orthogonal protected
2-deoxystreptamine 19 (98% yield). Vicinal coupling constants
between H-1, H-6 and H-5 (J6ax,1 = J6ax,5 13.3 Hz and J6eq,1 = J6eq,5


2.4 Hz) account for the fact that H-1 and H-5 are both axially
orientated. Thus, we have unambiguously confirmed the absolute
stereochemistry of 19.


In summary, we have developed an efficient and convenient
inexpensive method to access a versatile diaminocyclitol unit
present in aminoglycosides. It is now widely important to target
a library of new type aminoglycoside antibiotics against drug-
resistant bacteria. With the idea that 2-deoxystreptamine is a com-
mon component for most active aminoglycosides, we have focused
on its straightforward synthesis with orthogonal protection. This
will allow selective deprotection for further linkage with different
substituents. Consequently, we have successfully investigated two
short and efficient routes for the synthesis of highly polyprotected
2-deoxystreptamine derivatives (8 and 19), in only 7 steps (23%
overall yield) and 11 steps (10.1% yield) respectively, with total
control of the stereochemistry. These versatile and flexible entities
can be prepared on a large scale and would be interesting scaffolds
for the construction of novel molecular designs with improved
antibacterial activity. Besides, in the course of our investigations
into stereoselective hydride reduction of oximino benzylether with
TABH, we have shown that the use of TFA instead of the usual
AcOH was a necessary modification. Furthermore, the polyva-
lent units 8 and 19 could also be useful intermediates for the prepa-
ration of novel bioactive cyclitols, which are actually being studied.


Experimental


General experimental


Reactions were carried out in flame-dried glassware under an
argon atmosphere, unless otherwise noted. All solvents used were
of reagent grade. Tetrahydrofuran (THF) was freshly distilled
from sodium–benzophenone under argon immediately prior to
use. Unless otherwise noted, reactions were magnetically stirred
and monitored by thin layer chromatography (TLC) with 0.25 mm
Merck pre-coated silica gel plates. Spots were detected under
UV (254 nm) and/or by staining with acidic ceric ammonium
molybdate unless otherwise noted. Flash chromatography was
performed with silica gel 60 (particle size 0.040–0.063 mm)
supplied by Merck, Geduran. Yields refer to chromatographically
and spectroscopically pure compounds, unless otherwise stated.
1H NMR, 13C NMR, COSY, NOESY, HMQC as well as HMBC
spectra were measured on a Bruker Avance-300 spectrometer
using an internal deuterium lock at ambient temperature. If not
otherwise noted, CDCl3 (7.26 ppm relative to residual CHCl3) was
the solvent for all NMR experiments. Multiplicities are described
using the following abbreviations: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad, ABX = an ABX
system. Chemical shifts are given in ppm and coupling constants
are presented in Hz. 13C NMR spectra were calibrated from the
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central triplet peak, to 77.0 ppm for CDCl3. Optical rotations
[a] were recorded on a Polarimeter Model 341 (Perkin Elmer)
at a wavelength of 589 nm and are reported as follows: [a]D,
concentration (c in g/100 mL) and solvent. Elemental analysis
were collected at the Service de microanalyse of the University
Louis Pasteur of Strasbourg (France).


Methyl 3,4-di-O-benzoyl-6-deoxy-6-azido-2-O-tosyl-a-D-gluco-
pyranoside (3). The glucopyranoside 1 (6.517 g; 9.17 mmol) and
NaN3 (4.256 g; 7.1 equiv.) were dissolved in dioxane (155 mL) and
water (50 mL). The reaction was stirred at 110 ◦C for 48 h until all
starting product had disappeared (tlc: AcOEt–hexane 1 : 1). The
solvents were evaporated under reduced pressure and the white
solid residue was then diluted with CH2Cl2 (100 mL) and water
(50 mL). The aqueous layer was extracted with CH2Cl2 (2 × 25 mL)
and the combined organic extracts were washed with water (3 ×
50 mL), brine (30 mL), dried (MgSO4), filtered and concentrated
in vacuo to afford a white solid of 3 (5.096 g; 95.5%). Mp = 172 ◦C.
[a]20


D = +54.3 (c 1.1 in CHCl3). Elemental analysis for C28H27N3O9S
(581.593): Calcd. C, 57.82; H, 4.68; N, 7.22. Found: C, 57.52; H,
4.64; N, 6.79%. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.9–6.9
(m, 14 H, Ar), 5.89 (dd, 1 H, J3–2 = J3–4 = 9.7 Hz, H-3), 5.32 (dd,
1 H, J4–3 = J4–5 = 9.7 Hz, H-4), 5.11 (d, 1 H, J1–2 = 3.6 Hz, H-1 b
anomeric), 4.60 (dd, 1 H, J2–1 = 3.6 Hz, J2–3 = 10 Hz, H-2), 3.99
(ddd, Hx of ABX, 1 H, J5–4 = 10 Hz, J5–6a = 5.9 Hz, J5–6b = 3.6 Hz,
H-5), 3.53 (s, 3 H, MeO), 3.39–3.37 (AB part on a degenerated
ABX system, 2 H, H-6), 2.19 (s, 3 H, CH3 of pTs). 13C NMR
(75 MHz, CDCl3), d (ppm) = 165.2 (CO), 164.9 (CO), 144.9 (Cq
Ar), 133.6 (CH Ar), 133.1 (CH Ar), 132.7 (Cq Ar), 129.8 (CH Ar),
129.7 (2 × CH Ar), 128.8 (Cq Ar), 128.4 (CH Ar), 128.3 (Cq Ar),
128.1 (CH Ar), 127.6 (CH Ar), 97.8 (CH anomeric), 76.5 (CH-2),
69.9 (CH-4), 69.3 (CH-3), 68.8 (CH-5), 56.2 (MeO), 50.9 (CH2-6),
21.6 (Me of pTs).


Preparation of the benzyloxime ether (6). Distilled pyridine
(2.5 mL) was added to a solution of the hydroxyketone 512a (1 g;
0.0019 mole) and O-benzylhydroxylamine hydrochloride (352 mg;
1.16 equiv.) in dry ethanol (17 mL) at room temperature. The
mixture was stirred for 6 h and then the solvents were evaporated
under reduced pressure. The residue was dissolved in CH2Cl2


(30 mL) and water (30 mL). The organic layer was washed with
a solution of HCl 2% (3 × 35 mL), water (2 × 30 mL), brine
(10 mL), dried (MgSO4) and filtered before being concentrated
under reduced pressure to afford a white solid (1.123 g; 93.5%).
The crude product was pure enough for the next step, but it was
purified, for elemental analysis, with a chromatography column
on silica gel (AcOEt–cyclohexane; 1 : 1) to give the desired oxime
6 as a crystalline white solid (92%). Mp = 152 ◦C. [a]20


D = −15.1
(c 1.04 in CHCl3). Elemental analysis for C34H31NO9S (629.676):
Calcd. C, 64.85; H, 4.96; N, 2.22. Found: C, 64.38; H, 5.01; N,
2.15%. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.97–6.94 (m, 19
H, Ar), 5.90 (dd, 1 H, J3–4 = J3–2 = 8.4 Hz, H-3), 5.66 (d, 1 H,
J = 8.4 Hz, H-4), 5.03 (s, 2 H, OCH2Ph), 4.89 (dd, 1 H, J2–3 =
8.5, J2–1 = 2.7 Hz, H-2), 4.46 (m, 1 H, H-1), 2.97 (AB part of an
ABX system, 2 H, J6a-6b = 15.3 Hz, J6a-1 = 5.4 Hz, J6b-1 = 3.3 Hz,
Dm = 15.3 Hz, H-6), 2.5 (broad s, 1 H, OH), 2.20 (s, 3 H, Me–Ar).
13C NMR (75 MHz, CDCl3), d (ppm) = 165.2 (CO), 164.5 (CO),
147.8 (Cq), 145.1 (Cq), 137.2 (Cq), 133.2 (CH Ar), 132.8 (Cq),
129.9 (CH Ar), 129.8 (CH Ar), 129.1 (Cq), 128.8 (Cq), 128.5 (CH
Ar), 128.3 (CH Ar), 128.2 (CH Ar), 127.9 (CH Ar), 127.6 (CH


Ar), 80.5 (CH-2), 76.6 (OCH2Ph), 71.3 (CH-4), 69.9 (CH-3), 67.4
(CH-1), 27.3 (CH2-6), 21.6 (Me–Ar).


Preparation of the diol (7a). A precooled (0 ◦C) solution of
Me4NBH(AcO)3 (1.379 g; 10.2 equiv.) in MeCN (1.6 mL) and
AcOH (6.6 mL) was added dropwise to the b-hydroxyketone 5
(0.270 g; 0.514 mmol) dissolved in MeCN (3 mL) and AcOH
(9 mL) at 0 ◦C. The reaction was left at ambient temperature for
1.5 h, water (30 mL) and diethyl ether (30 mL) were added and
stirring was continued for 1 h. The aqueous layer was extracted
with diethyl ether (2 × 15 mL) and the combined organic layers
were washed with water (3 × 20 mL), sat. aq. NaHCO3 (3 ×
10 mL), water (2 × 20 mL), brine (15 mL) dried (MgSO4), filtered
and then concentrated under reduced pressure to afford a white
solid (217 mg; 80.2%). The crude product was pure enough for the
next step, but it can be purified with a chromatography column
on silica gel (AcOEt–cyclohexane; 1 : 1) to give the desired diol
7a as a crystalline white solid. Mp = 206 ◦C. [a]20


D = −14.6 (c 1.08
in CHCl3). Elemental analysis for C27H26O9S (526.554): Calcd. C,
61.59; H, 4.98. Found: C, 61.48; H, 5.15%. 1H NMR (300 MHz,
CDCl3), d (ppm) = 7.86–7.84 (m, 2 H, Ar), 7.63–7.60 (m, 2 H, Ar),
7.55 (d, 2 H, J = 8.4 Hz, pTs), 7.48–7.40 (m, 2 H, Ar), 7.30–7.23
(m, 4 H, Ar), 6.86 (d, 2 H, J = 8.3 Hz, pTs), 5.88 (dd, 1 H, J3–4 =
J3–2 = 10.0 Hz, H-3), 5.28 (dd, 1 H, J4–5 = J4–3 = 9.7 Hz, H-4), 4.72
(dd, 1 H, J2–3 = 10.0 Hz, J2–1 = 2.8 Hz, H-2), 4.53 (m, 1 H, H-1),
4.37 (ddd, 1 H, J5–6ax = 14.2 Hz, J5–4 = 9.7 Hz, J5–6eq = 4.7 Hz,
H-5), 2.57 (br s, 2 H, 2 × OH), 2.47 (ddd, 1 H, J6eq-6ax = 14.2 Hz,
J6eq-5 = J6eq-1 = 4.6 Hz, H-6eq), 2.13 (s, 3 H, Me–Ar), 1.77 (ddd,
1 H, J6ax-6eq = J6ax-5 = 14.2 Hz, J6ax-1 = 2.3 Hz, H-6ax). 13C NMR
(75 MHz, CDCl3), d (ppm) = 166.6 (CO), 165.1 (CO), 144.9 (Cq
Ar), 133.3 (CH Ar), 133.0 (CH Ar), 132.7 (Cq Ar), 129.8 (CH Ar),
129.7 (2 × CH Ar), 128.9 (Cq Ar), 128.8 (Cq Ar), 128.3 (CH Ar),
128.1 (CH Ar), 127.5 (CH Ar), 82.0 (CH-2), 77.1 (CH-4), 69.5
(CH-3), 67.7 (CH-1), 66.8 (CH-5), 35.0 (CH2-6), 21.6 (Me–Ar).


Preparation of the benzylamine (7b). A cold solution (0 ◦C)
of Me4NBH(AcO)3 (4.79 g; 10.2 equiv.) and TFA (12 mL) in
acetonitrile (11 mL) was added to a solution of the benzyl oximine
6 (1.122 g; 1.78 mmole) in acetonitrile (20 mL) and TFA (8 mL) at
0 ◦C. The reaction mixture was then stirred at room temperature
for 2 h and then poured into a vigorously stirred ice cold solution
(0 ◦C) of water (50 mL) and diethyl ether (60 mL). The aqueous
layer was neutralized with an aqueous solution of KOH. The
organic layer was washed with water (3 × 50 mL), brine, dried
(MgSO4) and concentrated under reduced pressure to give a white
solid of the title compound 7b (1.055 g; 93.7%). This crude product
was pure enough for the next step, but it can be purified with a
chromatography column on silica gel (AcOEt–cyclohexane; 4 :
6) to give the desired amine 7b as a crystalline white solid, or
recrystallized with CH2Cl2–diethyl ether (1 : 10), in 89.1%. Mp =
161 ◦C (diethyl ether). [a]20


D = +34.4 (c 1.06 in CHCl3). Elemental
analysis for C34H33NO9S (631.692): Calcd. C, 64.65; H, 5.27; N,
2.22. Found: C, 64.86; H, 5.29; N, 1.99%. 1H NMR (300 MHz,
CDCl3), d (ppm) = 7.83–6.84 (m, 19 H, Ar), 5.86 (dd, 1 H, J3–4 =
J3–2 = 9.9 Hz, H-3), 5.62 (dd, 1 H, J4–5 = J4–3 = 10.0 Hz, H-4),
4.70 (s, 2 H, OCH2Ph), 4.65 (dd, 1 H, J2–3 = 9.9 Hz, J2–1 = 2.7 Hz,
H-2), 4.56 (m, 1 H, H-1), 3.74 (m, 1 H, H-5), 2.88 (br s, 2 H, OH
and NH), 2.38 (ddd, 1 H, J6eq-6ax = 14.4 Hz, J6eq-5 = J6eq-1 = 4.0 Hz,
H-6eq), 2.12 (s, 3 H, Me–Ar), 2.03 (ddd, 1 H, J6ax-6eq = 14.5 Hz,
J6ax-5 = 12.2 Hz, J6ax-1 = 2.2 Hz, H-6ax). 13C NMR (75 MHz,
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CDCl3), d (ppm) = 165.8 (CO), 165.1 (CO), 144.8 (Cq Ar), 136.1
(Cq Ar), 133.3 (CH Ar), 133.0 (CH Ar), 132.7 (Cq Ar), 129.7 (CH
Ar), 129.6 (CH Ar), 128.9 (Cq Ar), 128.8 (Cq Ar), 128.7 (CH Ar),
128.4 (CH Ar), 128.3 (CH Ar), 128.0 (CH Ar), 127.5 (CH Ar), 81.8
(CH-2), 76.6 (OCH2Ph), 71.0 (CH-4), 70.5 (CH-3), 67.6 (CH-1),
55.9 (CH-5), 30.3 (CH2-6), 21.5 (Me–Ar).


Preparation of the phosphate ester (7c). To a cold solution
(0 ◦C) of the amino alcohol 6 (160 mg; 0.253 mmole) in dry
THF (1 mL) were added successively DPPA (0.1 mL; 1.8 equiv.)
and DBU (0.1 mL; 2.64 equiv.). The reaction mixture was stirred
at room temperature for 10 h until no more starting material
was detected by tlc. The heterogeneous solution was diluted with
AcOEt (10 mL) and water (10 mL) and the organic layer was
washed with water (2 × 10 mL), aq. HCl 1 M (5 mL), water
(10 mL), brine (5 mL), dried (MgSO4), filtered and evaporated
under vacuum to afford a crude product of 7c, which was
recrystallized in diethyl ether (155 mg; 71%). Mp = 138–140 ◦C
(diethyl ether). [a]20


D = +44.8 (c 1 in CHCl3). Elemental analysis for
C46H42NO12PS (863.863): Calcd. C, 63.96; H, 4.90; N, 1.62. Found:
C, 63.49; H, 4.99; N, 1.62%. 31P NMR (121.5 MHz, CDCl3), d
(ppm) = −11.8. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.86–
6.86 (m, 29 H, Ar), 5.85 (dd, 1 H, J3–4 = J3–2 = 9.9 Hz, H-3), 5.63
(dd, 1 H, J4–5 = J4–3 = 9.9 Hz, H-4), 5.31 (m, 1 H, H-1), 4.74 (ddd,
1 H, J2–3 = 10.0 Hz, J2–1 = 4J2-P = 2.9 Hz, H-2), 4.62 (s, 2 H,
OCH2Ph), 3.38 (m, 1 H, H-5), 2.49 (ddd, 1 H, J6eq-6ax = 15.2 Hz,
J6eq-5 = J6eq-1 = 3.9 Hz, H-6eq), 2.17 (s, 3 H, Me–Ar), 2.07 (m, 1
H, H-6ax). 13C NMR (75 MHz, CDCl3), d (ppm) = 165.6 (CO),
165.1 (CO), 150.5 (Cq Ar), 150.4 (Cq Ar), 144.8 (Cq Ar), 133.3
(CH Ar), 133.0 (CH Ar), 132.8 (Cq Ar), 129.9 (CH Ar), 129.8
(CH Ar), 129.7 (CH Ar), 129.1 (Cq Ar), 129.0 (Cq Ar), 128.6 (CH
Ar), 128.4 (CH Ar), 128.3 (CH Ar), 128.1 (CH Ar), 128.0 (CH
Ar), 127.7 (CH Ar), 125.6 (CH Ar), 125.5 (CH Ar), 120.5 (CH
Ar), 120.4 (CH Ar), 120.3 (CH Ar), 78.1 (CH-2, JC–P = 6 Hz), 76.8
(OCH2Ph), 75.7 (CH-1, JC–P = 9 Hz), 71.0 (CH-4), 70.1 (CH-3),
56.1 (CH-5), 30.5 (CH2-6), 21.6 (Me–Ar).


Preparation of the azide (8). To a cold solution (0 ◦C) of
the alcohol 7b (185 mg; 0.292 mmole) and triphenylphosphine
(176 mg; 2.29 equiv.) in dry THF (3 mL) were successively added
the DIAD (0.13 mL; 2.25 equiv.) and DPPA (0.14 mL; 2.21 equiv.).
The mixture was stirred during 7 h at room temperature and then
concentrated under reduced pressure to give a yellow liquid, which
was purified by silica gel chromatography (AcOEt–cyclohexane
1 : 1) to afford the corresponding product 8 as a white solid
(125 mg; 65.2%). Mp = 141–143 ◦C. [a]20


D = +19.93 (c 1.5 in
CHCl3). Elemental analysis for C34H32N4O8S (656.704): Calcd. C,
62.18; H, 4.91; N, 8.53. Found: C, 62.39; H, 4.79; N, 8.52%. 1H
NMR (300 MHz, CDCl3), d (ppm) = 7.8–7.7 (m, 4 H, arom.), 7.63
(A of AA′BB′, 2 H, pTol, JAB = 8.3 Hz), 7.5–7.2 (m, 6 H, arom.),
6.97 (A of AA′BB′, 2 H, pTol, JAB = 8.3 Hz), 5.57–5.47 (m, 2 H,
H-3 and H-4), 4.84 (m, 1 H, H-2), 4.64 (s, 2 H, CH2Ph), 3.64 (m,
1 H, H-1), 3.22 (m, 1 H, H-5), 2.42 (ddd, 1 H, J6eq-6ax = 13.5 Hz,
J6eq-1 = J6eq-5 = 4.4 Hz, H-6eq), 2.17 (s, 3 H, Me of Ts), 1.83 (ddd
as an apparent q, 1 H, J6ax-6eq = J6ax-1 = J6ax-5 = 13.3 Hz, H-6ax).
13C NMR (75 MHz, CDCl3), d (ppm) = 165.5 (CO), 165.2 (CO),
144.9 (Cq Ar), 136.9 (Cq Ar), 134.0 (Cq Ar), 133.3 (CH Ar), 133.1
(CH Ar), 129.9 (CH Ar), 129.7 (CH Ar), 129.5 (CH Ar), 128.9 (Cq
Ar), 128.7 (CH Ar), 128.4 (CH Ar), 128.3 (CH Ar), 128.1 (CH Ar),
128.0 (CH Ar), 127.5 (CH Ar), 81.3 (CH-2), 77.0 (CH2Ph), 71.9


(CH-3 or CH-4), 71.0 (CH-3 or CH-4), 59.5 (CH-1), 58.0 (CH-5),
30.7 (CH2-6), 21.5 (Me of pTs).


Methyl 3-O-benzyl-2-O-tosyl-a-D-glucopyranoside (12). The
benzylidene 11 (1.579 g, 2.99 mmol) was left in suspension in
MeOH (35 mL) with pTsOH (160 mg, 0.8 mmol). The solution,
which gradually became homogeneous, was stirred for 4.5 h and
then treated with aq. sat. NaHCO3 (10 mL). The mixture was
concentrated under reduced pressure, diluted with water (20 mL)
and AcOEt (60 mL). The aqueous layer was extracted with AcOEt
(20 mL). Then the combined organic extracts were washed with
water (2 × 20 mL), brine (10 mL), dried (MgSO4), filtered and
concentrated under vacuum to afford white crystals of 12 (1.28 g;
97.6%). This product was pure enough and can be used like that
for the next step. Mp = 140 ◦C. [a]20


D = +51.7 (c 1.08 in CHCl3).
Elemental analysis for C21H26O8S (438.491): Calcd. C, 57.52; H,
5.98. Found: C, 57.93; H, 5.93%. 1H NMR (300 MHz, CDCl3),
d (ppm) = 7.82–7.20 (m, 9 H, Ar), 4.81 (d, 1 H, J1–2 = 3.6 Hz,
H-1), 4.64 and 4.47 (AB system, 2 H, J = 11.5 Hz, Dm = 50.6 Hz,
PhCH2O), 4.38 (dd, 1 H, J2–3 = 9.6 Hz, J2–1 = 3.6 Hz, H-2), 3.75
(m, 3 H, H-3 and H-6), 3.56 (m, 2 H, H-4 and H-5), 3.34 (s, 3 H,
MeO), 2.40 (s, 3 H, Me of pTs), 2.27 (d, 1 H, J OH-4 = 2.8 Hz, OH),
1.88 (dd, 1 H, JOH-6 = 5.7 Hz, OH). 13C NMR (75 MHz, CDCl3), d
(ppm) = 145.1 (Cq Ar), 137.9 (Cq Ar), 133.5 (Cq Ar), 129.8 (CH
Ar), 128.6 (CH Ar), 128.0 (CH Ar), 127.9 (CH Ar), 127.8 (CH
Ar), 97.7 (CH-1), 79.5 (CH-2), 78.9 (CH-3), 75.1 (OCH2-Ph), 70.6
(CH-4 or CH-5), 70.4 (CH-4 or CH-5), 62.0 (CH2-6), 55.5 (MeO),
21.7 (Me of pTs).


Methyl 3-O-benzyl-6-deoxy-6-iodo-2-O-tosyl-a-D-glucopyrano-
side (13). Dry toluene (52 mL) was poured at room temperature
into a mixture of the diol 12 (2.017 g; 4.59 mmole), imidazole
(941 mg; 3 equiv.) and triphenylphosphine (1.35 g; 1.1 equiv.).
Iodine (1.29 g; 1.1 equiv.) was then added and the deep orange
solution was heated at 70 ◦C with vigorous stirring during 1 h. The
clear reaction mixture was left at room temperature for 30 min and
was then treated with aq. NaHCO3 (40 mL). The organic layer was
washed with water (2 × 50 mL), brine (30 mL), dried (MgSO4) and
concentrated under reduced pressure. The resulting oily residue
was purified on a silica gel chromatography column (diethyl ether–
light petroleum ether, 1 : 1 and then AcOEt–cyclohexane, 1 : 1)
to furnish the title compound 13 (2.36 g; yield 93.5%) as a white
sticky solid. [a]20


D = +52.4 (c 1.06 in CHCl3). Elemental analysis for
C21H25IO7S (548.388): Calcd. C, 45.99; H, 4.60. Found: C, 45.67;
H, 4.66%. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.84–7.80
and 7.37–7.20 (m, 9 H, Ar), 4.76 (d, 1 H, J1–2 = 3.6 Hz, H-1 b
anomeric), 4.69 and 4.44 (AB system, 2 H, J = 11.5 Hz, Dm =
71.4 Hz, PhCH2O), 4.41 (dd, 1 H, J2–3 = 9.5 Hz, J2–1 = 3.6 Hz,
H-2), 3.77 (dd, 1 H, J3–2 = J3–4 = 9.6 Hz, H-3), 3.36 (s, 3 H, MeO),
3.35 (m, 4 H, H-4, H-5 and H-6), 2.41 (s, 3 H, Me of pTs), 2.13 (d,
1 H, JOH-4 = 2.8 Hz, OH). 13C NMR (75 MHz, CDCl3), d (ppm) =
145.2 (Cq Ar), 137.8 (Cq Ar), 133.6 (Cq Ar), 129.9 (CH Ar), 128.7
(CH Ar), 128.2 (CH Ar), 128.0 (CH Ar), 127.9 (CH Ar), 97.5
(CH-1), 79.5 (CH-2), 78.5 (CH-3), 75.2 (OCH2-Ph), 73.8 (CH-4),
69.6 (CH-5), 55.7 (MeO), 21.7 (Me of pTs), 6.3 (CH2-6).


Methyl 4-O-benzoyl-3-O-benzyl-6-deoxy-6-iodo-2-O-tosyl-a-D-
glucopyranoside (14). Benzoyl chloride (0.5 mL; 1.07 equiv.) was
added at room temperature to a solution of the alcohol 13 (2.204 g;
4.02 mmole) in pyridine (10 mL) and stirred for 12 h. Diethyl ether


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2952–2960 | 2957







(60 mL) was then added and stirring was continued for 20 min.
The precipitate was filtered and thoroughly washed with diethyl
ether, diluted in CH2Cl2 (20 mL), washed with water (2 × 15 mL) to
eliminate the pyridinium salt, dried over MgSO4 and concentrated
under reduced pressure to afford a first crop of 14 (1.351 g; 51.5%)
as a white powder, which was clean enough according the NMR
analysis and needed no more purification. The previous combined
ether layers were washed with water (20 mL), diluted HCl 10%
(4 × 25 mL), water (2 × 25 mL), brine (15 mL), dried (MgSO4),
filtered and concentrated under reduced pressure to leave a pale
yellow solid, which was diluted in some CH2Cl2 and recrystallized
in diethyl ether to give a second crop of colourless prisms (1.16 g;
44.2%) The total yield of the two crops was 2.51 g; 95.6%. Mp =
165 ◦C. [a]20


D = −2.40 (c 1.04 in CHCl3). Elemental analysis for
C28H29IO8S (652.494): Calcd. C, 51.54; H, 4.48. Found: C, 52.51;
H, 4.57%. 1H NMR (300 MHz, CDCl3), d (ppm) = 8.17–6.9 (m,
14 H, Ar), 5.09 (dd, 1 H, J4–3 = J4–5 = 9.3 Hz, H-4), 4.97 (d, 1 H,
J1–2 = 3.6 Hz, H-1 b anomeric), 4.45 (dd, 1 H, J2–3 = 9.5 Hz, J2–1 =
3.6 Hz, H-2), 4.48 and 4.39 (AB system, 2 H, J = 11.1 Hz, Dm =
26 Hz, PhCH2O), 4.07 (dd, 1 H, J3–2 = J3–4 = 9.3 Hz, H-3), 3.86
(X of ABX, H-5), 3.49 (s, 3 H, OMe), 3.19 (AB part of an ABX
system, 2 H, J6a-6b = 10.9 Hz, J6a-1 = 8.8 Hz, J6b-1 = 2.5 Hz, Dm =
35 Hz, H-6), 2.35 (s, 3 H, Me-Ts). 13C NMR (75 MHz, CDCl3),
d (ppm) = 165.1 (CO), 145.1 (Cq Ar), 137.2 (Cq Ar), 133.6 (CH
Ar), 133.1 (Cq Ar), 129.9 (CH Ar), 129.8 (CH Ar), 128.9 (Cq
Ar), 128.5 (CH Ar), 128.1 (CH Ar), 128.0 (CH Ar), 127.8 (CH
Ar), 127.5 (CH Ar), 97.6 (CH-1), 79.4 (CH-2), 76.0 (CH-3), 75.2
(CH2Ph), 73.9 (CH-4), 69.4 (CH-5), 56.1 (OMe), 21.7 (Me), 3.8
(CH2-6).


Methyl 4-O-benzoyl-3-O-benzyl-6-deoxy-6-bromo-2-O-tosyl-a-
D-glucopyranoside (14a). Compound 14a was synthesized fol-
lowing Hanessian’s protocol.31 The crude product was purified
on a silica gel chromatography column (AcOEt–cyclohexane, 4 :
6) to afford 14a in 43% yield. Mp = 142 ◦C. [a]20


D = −7.2 (c 2.2 in
CHCl3). Elemental analysis for C28H29BrO8S (605.494): Calcd. C,
55.54; H, 4.83. Found: C, 56.58; H, 5.19%. 1H NMR (300 MHz,
CDCl3), d (ppm) = 7.9–6.9 (m, 14 H, H-arom), 5.11 (dd, 1 H,
J4–3 = J4–5 = 9.6 Hz, H-4), 4.98 (d, 1 H, J1–2 = 3.6 Hz, H-1), 4.48
and 4.38 (AB system, 2 H, J = 11.0 Hz, Dm = 26 Hz, PhCH2O),
4.44 (dd, 1 H, J2–3 = 9.7 Hz, J2–1 = 3.7 Hz, H-2), 4.07 (dd, 1 H,
J3–2 = J3–4 = 9.4 Hz, H-3), 4.02 (ddd, H part of an ABX system, 1
H, J5–4 = 10.2 Hz, J5–6a = 7.6 Hz, J5–6b = 2.6 Hz, H-5), 3.47 (s, 3
H, MeO), 3.39 (AB part of an ABX system, 2 H, JAB = 11.4 Hz,
JAX = 7.6 Hz, JBX = 2.7 Hz, Dm = 19.4 Hz, H-6), 2.36 (s, 3 H, Me
of pTs). 13C NMR (75 MHz, CDCl3), d (ppm) = 165.1 (CO), 145.1
(Cq Ar), 137.2 (Cq Ar), 133.6 (CH Ar), 133.1 (Cq Ar), 129.9 (CH
Ar), 128.9 (CH Ar), 128.5 (CH Ar), 128.0 (CH Ar), 127.8 (CH
Ar), 127.5 (CH Ar), 97.6 (CH-1), 79.3 (CH-2), 76.3 (CH-3), 75.2
(OCH2-Ph), 72.8 (CH-4), 69.2 (CH-5), 55.9 (MeO), 29.7 (CH2-6),
21.6 (Me of pTs).


Methyl 4-O-benzoyl-3-O-benzyl-6-deoxy-2-O-tosyl-a-D-xylo-
hex-5-enopyranoside (15). A solution of the iodoglucopyra-
noside 14 (1.072 g; 1.64 mmol) and DBU (1.9 mL; 7.7 equiv.) was
heated in dry PhMe (10 mL) during 15 h at ca. 96 ◦C. The mixture
was then left for decantation at room temperature and the upper
layer was concentrated and diluted with AcOEt (30 mL). The
organic layer was washed with water (2 × 50 mL), an aqueous
solution of thiosulfate (1.6 M; 10 mL), water (100 mL), brine


(15 mL), dried (MgSO4), filtered and evaporated in vacuo to give
a viscous orange oil. This crude material was purified with a
chromatography column on silica gel (AcOEt–cyclohexane, 1 :
3) to yield a white powder of the enone 15 (0.516; 60%). Mp =
127–128 ◦C. [a]20


D = −20.9 (c 1 in CHCl3). Elemental analysis for
C28H28O8S (524.582): Calcd. C, 64.11; H, 5.38. Found: C, 63.99;
H, 5.41%. 1H NMR (300 MHz, CDCl3), d (ppm) = 8.00–6.94
(m, 14 H, H-arom), 5.60 (ddd, 1 H, J4–3 = 9.3 Hz, J4–6a = J4–6b =
2.1 Hz, H-4), 5.05 (d, 1 H, J1–2 = 3.4 Hz, H-1), 4.74 (dd, 1 H,
J6a-6b = J6a-4 = 2.1 Hz, H-6a), 4.55 (dd, 1 H, J6b-6a = J6b-4 = 1.9 Hz,
H-6b), 4.53 (dd, 1 H, J2–3 = 9.5 Hz, J2–1 = 3.4 Hz, H-2), 4.46 (s,
2 H, CH2Ph), 4.09 (dd, 1 H, J3–4 = J3–2 = 9.4 Hz, H-3), 3.47 (s, 3
H, MeO), 2.35 (s, 3 H, Me of Ts). 13C NMR (75 MHz, CDCl3), d
(ppm) = 164.9 (CO), 150.3 (Cq C-5), 145.2 (Cq arom.), 137.3 (Cq
arom.), 133.5 (CH arom.), 132.9 (Cq arom.), 129.9 (CH arom.),
129.1 (Cq arom.), 128.5 (CH arom.), 128.1 (CH arom.), 128.0
(CH arom.), 127.8 (CH arom.), 127.6 (CH arom.), 98.5 (C-1),
97.6 (C-6), 78.9 (C-2), 76.4 (C-3), 75.0 (CH2Ph), 71.4 (C-4), 56.0
(MeO), 21.7 (Me of Ts).


Preparation of the cyclohexanone (16). To a solution of the
enone 15 (335 mg; 0.638 mmol) in acetone (19 mL) and water
(8 mL) were added Hg(OAc)2 (348 mg; 1.7 equiv.) and AcOH
(2 mL). The reaction was refluxed at 72 ◦C during 4 h and then
the solvents were evaporated. The residue was dissolved in CH2Cl2


(50 mL) and water (10 mL). The organic layer was washed with
water (2 × 10 mL), sat. NaHCO3 (2 × 5 mL), water (10 mL), brine
(5 mL), dried over MgSO4, filtered on Celite and concentrated
under reduced pressure to afford a white solid as a mixture of
two products (tlc: AcOEt–cyclohexane, 1 : 1). Purification was
accomplished by chromatography on a silica gel column (AcOEt–
cyclohexane 1 : 1) to get the desired hydroxyketone 16 (216 g;
66.3%). Mp = 212–213 ◦C. [a]20


D = −74 (c 1 in CHCl3). Elemental
analysis for C27H26O8S (510.555): Calcd. C, 63.52; H, 5.13. Found:
C, 63.54; H, 5.22%. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.9–
6.9 (m, 14 H, arom.), 5.51 (d, 1 H, J4–3 = 9.9 Hz, H-4), 4.87 (dd, 1
H, J2–3 = 9.4 Hz, J2–1 = 2.5 Hz, H-2), 4.65 (m, 1 H, H-1), 4.57 and
4.45 (AB system, 2 H, J = 11.1 Hz, Dm = 33 Hz, PhCH2O), 4.31
(dd, 1 H, J3–4 = J3–2 = 9.6 Hz, H-3), 2.80 (dd, 1 H, J6a-6b = 15.2 Hz,
J6a-1 = 3.8 Hz, H-6a), 2.71 (m, 2 H, H-6b and OH), 2.36 (s, 3 H, Me
of pTs). 13C NMR (75 MHz, CDCl3), d (ppm) = 197.1 (CO), 165.3
(COOBz), 145.4 (Cq arom.), 137.1 (Cq arom.), 133.5 (CH arom.),
132.9 (Cq arom.), 130.0 (CH arom.), 128.9 (Cq arom.), 128.4 (CH
arom.), 128.2 (CH arom.), 128.0 (CH arom.), 127.7 (CH arom.),
83.3 (C-2), 79.0 (C-4), 77.2 (C-3), 75.3 (CH2Ph), 67.5 (C-1), 42.6
(CH2–6), 21.7 (Me of Ts).


Preparation of the benzyloxime ether (17). To a stirred solution
of the ketol 16 (222 mg; 0.43 mmol) and O-benzylhydroxylamine
hydrochloride (84 mg; 1.2 equiv.) in dry EtOH (5 mL) was
added dry pyridine (0.51 mL). The mixture, which became slowly
homogeneous, was concentrated under reduced pressure after 2 h
(no more starting material on tlc; AcOEt–cyclohexane 1 : 1). The
crude product was dissolved in CH2Cl2 (20 mL), washed with
water (10 mL), dil. HCl 2% (3 × 5 mL), water (10 mL), brine
(5 mL), dried (MgSO4), filtered and evaporated in vacuo to give
a white solid (263 mg), which needed a further purification on
a silica gel chromatography column (ether–light petroleum 4 : 1)
to afford the title compound 17 (218 mg; 81.6%). Mp = 137–
138 ◦C (diethyl ether–petroleum ether 4 : 1). [a]20


D = −24.9 (c 1.1
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in CHCl3). Elemental analysis for C34H33NO8S (615.692): Calcd.
C, 66.33; H, 5.40; N, 2.27. Found: C, 66.14; H, 5.46; N, 2.28%.
1H NMR (300 MHz, CDCl3), d (ppm) = 7.99–7.06 (m, 19 H,
aromatics), 5.55 (d, 1 H, J4–3 = 6.0 Hz, H-4), 5.05 (s, 2 H, N-
OCH2Ph), 4.72 (dd, 1 H, J2–3 = 6.3 Hz, J2–1 = 2.8 Hz, H-2), 4.65
and 4.48 (AB system, 2 H, J = 11.5 Hz, Dm = 50.9 Hz, PhCH2O),
4.29 (m, 1 H, H-1), 4.09 (dd, 1 H, J3–4 = J3–2 = 6.2 Hz, H-3), 2.91
(AB part of an ABX system, 2 H, JAB = 14.5 Hz, JAX = 7.8 Hz,
JBX = 4.1 Hz, Dm = 57.1 Hz, H-6), 2.34 (s, 3 H, Me of pTs), 2.33
(d, 1 H, J = 4.1 Hz, OH). 13C NMR (75 MHz, CDCl3), d (ppm) =
165.1 (CO), 149.6 (C-5), 145.1 (Cq arom.), 137.2 (Cq arom.), 137.1
(Cq arom), 133.2 (CH arom.), 132.8 (Cq arom.), 129.9 (CH arom.),
129.8 (CH arom.), 129.5 (Cq arom.), 128.4 (CH arom.), 128.3 (CH
arom.), 128.2 (CH arom.), 127.9 (CH arom.), 127.8 (CH arom.),
127.7 (CH arom.), 81.4 (C-2), 76.5 (N-OCH2Ph), 76.1 (C-3), 74.0
(OCH2Ph), 71.7 (C-4), 66.4 (C-1), 27.0 (CH2–6), 21.6 (Me of pTs).


Preparation of the benzylamine (18). A cold solution (0 ◦C)
of Me4NBH(AcO)3 (799 mg; 11.3 equiv.) and TFA (1 mL) in
acetonitrile (3 mL) was added to a solution of the benzyl oximine
17 (165 mg; 0.267 mmole) in acetonitrile (4 mL) and TFA
(2 mL) at 0 ◦C. The reaction mixture was then stirred at room
temperature for 2.5 h and then poured into a vigorous stirred ice
cold solution (0 ◦C) of water (20 mL) and diethyl ether (15 mL).
The aqueous layer was neutralized with an aqueous solution of
KOH (2.6g/15 mL). The organic layer was washed with water
(2 × 10 mL), brine, dried (MgSO4), filtered and concentrated under
reduced pressure to give a white solid (305 mg). This crude product
was purified with a chromatography column on silica gel (AcOEt–
cyclohexane; 1 : 2) to afford a crystalline white solid of the amine
18, which was recrystallized in diethyl ether to give white needles
(115 mg; 69.7%). Mp = 119–120 ◦C (diethyl ether). [a]20


D = +9.5
(c 1.1 in CHCl3). Elemental analysis for C34H35NO8S (617.708):
Calcd. C, 66.11; H, 5.71; N, 2.27. Found: C, 65.95; H, 5.89; N,
2.19%. 1H NMR (300 MHz, CDCl3), d (ppm) = 7.97–6.84 (m, 19
H, aromatics), 5.60 (broad s, 1 H, NH), 5.38 (dd, 1 H, J4–3 = J4–5 =
10.0 Hz, H-4), 4.60 and 4.56 (AB system, 2 H, J = 12 Hz, Dm =
2.7 Hz, PhCH2O), 4.48 (m, 1 H, H-1), 4.47 (m, 1 H, H-2), 4.35 (s,
2 H, OCH2Ph), 4.01 (dd, 1 H, J3–4 = J3–2 = 9.2 Hz, H-3), 3.45 (m,
1 H, H-5), 2.63 (broad s, 1 H, OH), 2.31 (s, 3 H, Me of pTs), 2.22
(ddd, 1 H, J6eq-6ax = 14.4 Hz, J6eq-1 = J6eq-5 = 3.9 Hz, H-6eq), 1.81
(ddd, 1 H, J6ax-6eq = J6ax-5 = 14.3 Hz, J6ax-1 = 2.1 Hz, H-6ax). 13C
NMR (75 MHz, CDCl3), d (ppm) = 165.5 (CO), 145.1 (Cq arom.),
137.5 (Cq arom.), 133.1 (CH arom.), 132.9 (Cq arom.), 129.8 (CH
arom.), 129.7 (CH arom.), 128.4 (CH arom.), 128.3 (CH arom.),
128.2 (CH arom.), 127.9 (CH arom.), 127.8 (CH arom.), 127.7
(CH arom.), 127.5 (CH arom.), 127.3 (CH arom.). 84.7 (C-2), 77.5
(C-3), 76.6 (OCH2Ph), 75.1 (OCH2Ph), 73.3 (C-4), 67.5 (C-1), 56.2
(C-5), 30.9 (CH2–6), 21.6 (Me of pTs).


Preparation of the azide (19). The aminoalcohol 18 (64 mg;
0.103 mmole) and triphenylphosphine (65 mg; 2.39 equiv.) were
dissolved in dry THF (1.5 mL). Diisopropyl azodicarboxylate
(45 lL; 2.21 equiv.) and diphenylphosphoryl azide (50 lL,
2.23 equiv.) were successively added at 0 ◦C. The heterogeneous
reaction mixture was stirred at ambient temperature for 2.5 h
and then concentrated under reduced pressure to give a yellow
liquid, which was directly purified by chromatography on silica
gel (AcOEt–cyclohexane 1 : 1) to yield the desired product 19 as
a colorless oil (65 mg; 98.1%). [a]20


D = −10.6 (c 1.7 in CHCl3).


Elemental analysis for C34H34N4O7S (642.721): Calcd. C, 63.54;
H, 5.33; N, 8.72. Found: C, 61.05; H, 5.44; N, 9.18%. 1H NMR
(300 MHz, CDCl3), d (ppm) = 7.97–6.84 (m, 19 H, aromatics), 5.35
(dd, 1 H, J4–3 = J4–5 = 9.8 Hz, H-4), 4.65 (dd, 1 H, J2–1 = J2–3 =
9.6 Hz, H-2), 4.58 (s, 2 H, PhCH2O), 4.50 and 4.35 (AB system, 2
H, J = 11 Hz, Dm = 44 Hz, PhCH2O), 3.63 (dd, 1 H, J3–2 = J3–4 =
9.3 Hz, H-3), 3.45 (m, 1 H, H-1), 3.08 (m, 1 H, H-5), 2.36 (ddd,
1 H, J6eq-6ax = 13.4 Hz, J6eq-1 = J6eq-5 = 2.4 Hz, H-6eq), 2.33 (s, 3
H, Me of Ts), 1.68 (ddd as an apparent q, 1 H, J6ax-6eq = J6ax-1 =
J6ax-5 = 13.3 Hz, H-6ax). 13C NMR (75 MHz, CDCl3), d (ppm) =
165.3 (CO), 149.8 (Cq arom.), 144.6 (Cq arom.), 137.1 (Cq arom.),
137.0 (Cq arom.), 134.6 (Cq arom.), 133.3 (CH arom.), 130.1 (CH
arom.), 129.7 (CH arom.), 129.6 (CH arom.), 128.7 (CH arom.),
128.4 (CH arom.), 128.3 (CH arom.), 128.0 (CH arom.), 127.9 (CH
arom.), 127.7 (CH arom.), 127.4 (CH arom.), 126.2 (CH arom.),
120.3 (CH arom.), 120.2 (CH arom.), 83.8 (C-2), 79.9 (C-3), 76.9
(OCH2Ph), 75.2 (OCH2Ph), 72.8 (C-4), 59.6 (C-1), 58.3 (C-5), 30.8
(CH2-6), 21.6 (Me of pTs).
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Allylic alcohols can be used directly for the palladium(0)-catalyzed allylation of aryl- and
alkenylboronic acids with a wide variety of functional groups. A triphenylphosphine-ligated palladium
catalyst turns out to be most effective for the cross-coupling reaction and its low loading (less than
1 mol%) leads to formation of the coupling product in high yield. The Lewis acidity of the organoboron
reagents and poor leaving ability (high basicity) of the hydroxyl group are essential for the
cross-coupling reaction. The reaction process is atom-economical and environmentally benign, because
it needs neither preparation of allyl halides and esters nor addition of stoichiometric amounts of a base.
Furthermore, allylic alcohols containing another unsaturated carbon–carbon bond undergo arylative
cyclization reactions leading to cyclopentane formation.


Introduction


The palladium-catalyzed cross-coupling reaction with organo-
metallics containing B, Mg, Zn, Sn, Si, etc. has been a
powerful tool for carbon–carbon bond formation in organic
synthesis.1 Organoboron reagents are less nucleophilic than other
organometallics, but have often been used because they are
generally non-toxic, commercially available, stable and compatible
with a wide variety of functional groups.2 Compared to the
significant development of the Pd-catalyzed coupling reaction
with aryl- and alkenyl-halides or sulfonates,2 that with allyl
derivatives including halides,3 carboxylates4 and phenyl ethers5


has received only scattered attention. These allyl derivatives are
usually prepared from the corresponding allylic alcohols and,
except for allyl phenyl ethers, their coupling reaction commonly
requires stoichiometric amounts of a base.5 The direct use of allyl
alcohols for the cross-coupling reaction would avoid the need for
the preparation of allyl derivatives and make the overall process
of the coupling reaction more atom economical.6 However, allylic
alcohols themselves have been rarely used because hydroxide is
a poor leaving group.7 The Rh-8 and Ni-9catalyzed coupling of
allylic alcohols with arylboronic acids has been reported, but their
allylating reagents were limited to only cinnamyl alcohols and
2-cyclohexen-1-ol, respectively. Recently, we developed the first
palladium(0)-catalyzed cross-coupling reaction of a wider range
of allylic alcohols with aryl- and alkenylboronic acids under base-
free conditions (Scheme 1).10 In spite of the less reactive substrates
and reagents, this coupling process is highly active and efficient,
without forming inorganic salts. Furthermore, we applied the Pd-
catalyzed coupling reaction of allylic alcohols to the deprotection
of allylic ethers, which was also difficult owing to their poor leaving
ability.11 Several reports on closely related coupling reactions
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Scheme 1 Cross-coupling of allylic alcohol with organoboronic acid.


followed us and pointed out the high catalyst loading of our own
reaction.12,13 Fortunately, our continuing studies on the coupling
reaction have led to the solution of the problem and are described
here.


Results and discussion


In the preliminary report, we developed reaction conditions
for the cross-coupling reaction of cinnamyl alcohol (4) with
phenylboronic acid (3a) as a model study. Upon heating at 80 ◦C in
the presence of 5 mol% of tetrakis(triphenylphosphine)palladium
[Pd(PPh3)4], 4 underwent the cross-coupling reaction to afford
(E)-1,3-diphenylpropene (5a) in good yield. Although the reaction
proceeded in any solvent such as toluene, 1,4-dioxane, DMF, and
THF, dichloromethane turned out to be the best solvent (Table 1,
entries 1, 3, 5, 7, 9). In dichloromethane, the product yield was
maintained even when the catalyst loading was lowered from 5
to 2 mol% (entries 1 vs. 2). However, the lower catalyst loading
gave higher yields of 5a with other solvents (entries 4, 6, 8, 10)14


and the best solvent became THF. Then, the catalyst loading
effects on the product yield in THF were studied in detail. This
disproportional tendency was closely preserved in the reaction
with 10, 5, 2, 1, 0.5, and 0.2 mol% of the catalyst (entries 9–11,
14–16). Furthermore, the effect of the ratio of phosphine to Pd
on the reaction was investigated to determine whether decreases
in the amount of Pd metal or the phosphine ligand increase
the product yield. Changing the ratio of phosphine to Pd from
4 : 1 to 1 : 115 by using Pd2dba3 as the Pd source instead of
Pd(PPh3)4 revealed that the phosphine quantity seriously affected
the product yield (entries 9 vs. 12, 13). Almost similar values for
the sum of the phosphine quantity and product yield (entries 9–16)
would indicate that an excess of phosphine competitively attacks a
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Table 1 Effects of solvent and catalyst loading on the yield of 5aa


Entry Solvent [Pd] (mol%) [PPh3] (mol%) Time (h) Yield (%) Sum of [PPh3] + Yield (%)


1 CH2Cl2 5 20 3 74 94
2 CH2Cl2 2 8 10 68 76
3 Toluene 5 20 3 66 86
4 Toluene 2 8 4 74 82
5 1,4-Dioxane 5 20 3 63 83
6 1,4-Dioxane 2 8 3 80 88
7 DMF 5 20 6 45 65
8 DMF 2 8 10 70 78
9 THF 5 20 3 66 86


10 THF 2 8 3 81 89
11 THF 10 40 3 47 87
12a THF 5 10 3 83 93
13a THF 5 5 3 83 88
14 THF 1 4 3 85 89
15 THF 0.5 2 3 87 89
16 THF 0.2 0.8 6 88 89
17 tAmOH 0.5 2 3 81 83


a Reaction with 2.5 mol% of Pd2dba3 and PPh3 instead of Pd(PPh3)4.


p-allylpalladium intermediate (vide infra). Although we could not
observe the formation of the phosphonium salt or phosphorane
directly, there have been several reports of attack by phosphines
on p-allylpalladium complexes.16,17 Consequently, we could not
only reduce the catalyst loading from 5 mol% to 0.2 mol%,
which is comparable to other cross-coupling reactions of allylic
alcohols with arylboronic acids, but also increase the product
yield simultaneously. Although protic polar solvents are reported
to accelerate the oxidative addition to Pd0,18 this reaction could
not be accelerated by using tert-amyl alcohol as the solvent (entry
17).


As with nucleophiles, boroxine as the anhydride of 3a has
the same reactivity as the boronic acid (Table 1, entry 15 vs.
Table 2, entry 1). Boronic esters of 3a dramatically decrease the
product yield, but the more Lewis acidic catechol ester proves to
be better than the pinacol ester (Table 2, entries 2, 3). Lewis acidic
triphenylborane also participates in this process and provides 5a
in better yield than its borate anions (entries 4, 5). These results


Table 2 Effects of organoboron reagents


Entry [PhB] Yield (%)


1a (PhBO)3 73
2 PhB(pinacolato) ndb


3 PhB(catecholato) 26
4 Ph3B 63
5 Ph4BNa 32


a Reaction with 0.4 equiv. of (PhBO)3. b Formation of 5a was not observed
by TLC.


indicate that the Lewis acidity of the boron reagents rather than
their Brønsted acidity is essential in this reaction.


As with electrophiles, the methyl ether and carbonate of 4 show
comparable reactivity to the parent alcohol 4 (Table 1, entry 15
vs. Table 3, entries 1, 2). Reaction with the aryl ether of 4 takes a
longer reaction time, but provides 5a in high yield (Table 3, entry
3). In spite of its good leaving ability in the Tsuji–Trost reaction, the
acetate of 4 leads to poor formation of 5a (entry 4). These results
indicate that the high basicity of the leaving group is essential for
the cross-coupling reaction.


We also examined ligand effects on the coupling reaction
(Table 4). The Pd catalysts ligated with these ligands were prepared
in situ by mixing 0.5 mol% of Pd2dba3 and 1 mol% of the ligands.
In contrast to Ikariya et al.’s report,12a,19 triphenylphosphine turns
out to be the best one, but triarylphosphines bearing methoxy and
chloro groups at their para-positions were less effective (entries 1
vs. 2, 3). p-Accepting heteroarylphosphines and phosphites give
much better results than r-donating trialkylphosphines (entries 4–
7 vs. 8, 9). Bisphosphine does not promote the reaction at all (entry
10). Triphenylarsine gives 5a in only moderate yield (entry 11). For
practical use, we decided to employ Pd(PPh3)4 as the catalyst for
the following cross-coupling reactions.


Table 3 Effects of leaving groups


Entry X Time (h) Yield (%)


1 OMe 3 85
2 OCO2Me 3 91
3 OC6H4-4-OMe 12 81
4 OAc 12 21
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Table 4 Ligand effects


Entry Ligand Yield (%)


1 P(C6H5)3 87
2 P(C6H4-4-OMe)3 48
3 P(C6H4-4-Cl)3 49
4 P(2-furyl)3 71
5 P(2-thienyl)3 82
6 P(OPh)3 86
7 P(OEt)3 83
8 PCy3 22
9 PBu3 nd


10 dppea nd
11 AsPh3 53


a Reaction with 0.5 mol% of dppe. dppe = 1,2-bis(diphenylphosphino)-
ethane.


Arylboronic acids with electron-donating (Table 5, entries 1–9)
or -withdrawing groups (entries 10–17) serve as nucleophiles in this
process, which leads to the formation of cross-coupling products
5b–r in high yields. Whereas 2-methylphenylboronic acid (3g) has
the same reactivity as 3- and 4-methylphenylboronic acids (3h and
3f), the 2,6-dimethyl substituted version has much lower reactivity
(entries 5–7 vs. 8). Regardless of their substitution position,
naphthaleneboronic acids (3s–t) also participate in this process
(entries 18, 19). However, the reaction with thiopheneboronic


Table 5 Cross-coupling of 4 with aryl- and alkenylboronic acids


Entry R Product Time (h) Yield (%)


1 4-MeO–C6H4 5b 5 92
2 4-MeS-C6H4 5c 8 90
3 4-Me2N-C6H4 5d 6 77
4a 4-AcHN-C6H4 5e 6 90
5 4-Me-C6H4 5f 3 88
6 2-Me-C6H4 5g 4 90
7 3-Me-C6H4 5h 4 88
8 2,6-diMe-C6H3 5i 3 34
9 4-H2C=CH-C6H4 5j 3 85


10 4-F-C6H4 5k 4 87
11 4-Cl-C6H4 5l 3 83
12 4-F3C-C6H4 5m 4 84
13 4-OHC-C6H4 5n 4 75
14 4-EtO2C-C6H4 5o 4 85
15 4-Ac-C6H4 5p 8 83
16 4-NC-C6H4 5q 8 82
17 3-O2N-C6H4 5r 6 73
18 1-naphthalene 5s 4 86
19 2-naphthalene 5t 3 79
20b 2-thiophene 5u 12 nd
21b 3-thiophene 5v 3 94
22 trans-b-styryl 5w 3 89
23 a − styryl 5x 3 72
24 trans-1-propenyl 5y 3 68
25 cis-1-propenyl 5z 3 76


a Reaction with 1 mol% of catalyst. b Reaction with 2 equiv. of 3.


acids (3u–v) is dramatically affected by their substitution position
(entries 20, 21).20 Retention of stereochemistry accompanies the
reactions of 4 with alkenylboronic acids 3w–z that afford 1,3-
dienes 5w–z in good yield (entries 22–25). Generally, the newly
developed reaction conditions, i.e. low catalyst loading and THF
solvent, cause both an acceleration of the reaction rate and an
improvement in the product yields.


Phenylation of (Z)-cinnamyl alcohol (6) has a reaction time
twice as long as that of the (E)-isomer 4, but gives the same (E)-
1,3-diphenylpropene (5a) in comparable yield (Table 6, entry 1 vs.
Table 1, entry 15). 1-Phenyl-2-propen-1-ol (7), as a regioisomer
of 4, can also be coupled with 3a leading to the formation of 5a
(entry 2). Although the reaction of 3-methyl-substituted cinnamyl
alcohol 8 is much more sluggish and requires a higher reaction
temperature than that of its isomeric tertiary alcohol 9, both
reactions provide tri-substituted alkene 14 as a stereoisomeric
mixture in the same ratio (entries 3, 4). The coupling reactions
of 1,3-disubstituted allylic alcohols 10–12 with 3a require a long
reaction time but afford phenyl-conjugated alkenes 15 and 16
in good yields (entries 5–7). Since the introduction of a methyl
group at the C-2 position in cinnamyl alcohol retards the reaction
remarkably, raising the reaction temperature to 110 ◦C and using
1,4-dioxane is necessary to improve the yield of 17 (entry 8). It
is worth noting that the coupling reaction of optically active 10
results in a complete loss of chirality transfer (Table 6, entry 5)21


and proves to be more efficient than that of the corresponding
acetate 18, which forms conjugated 1,3-diene 19 as the major
product via Pd-H elimination from p-allylpalladium intermediates
(Scheme 2).4c,22


Scheme 2 Cross-coupling of allylic acetate 18 with 3a.4c


Next, unsubstituted allylic alcohol 1 and the alkyl-substituted
analogs 20–25 were used for the allylation of 1-naphthylboronic
acid (3s) (Table 7). The reaction of 2-propen-1-ol (1) gives 2s in high
yield (entry 1). The two regioisomers of butenols (20 and 21) are
converted to 26-E, 26-Z, and 27 in the same regio- and stereoselec-
tivity (entries 2, 3). Thus, alkyl substitution at the 1- or 3-position
of the allylic alcohols leads to the formation of a more complex
mixture than phenyl substitution (Table 6, entries 1, 2 vs. Table 7,
entries 2, 3). Similarly, prenyl alcohol 22 and its isomer 23 are
converted to the trisubstituted alkene 28 and the terminal alkene
29 in almost same ratio (entries 4, 5). The reactions of less reactive
substrates such as methallyl alcohol (24) and 2-cyclohexen-1-ol
(25) require a higher reaction temperature (entries 6, 7).


The Pd(0)-catalyzed reactions of alkyne-containing allylic al-
cohol 32 with arylboronic acids 3f and 3u provide 5-membered
cyclic systems bearing neighboring vinyl and alkylidene groups
(Scheme 3).23 It is worth noting that 2-thiopheneboronic acid
participates not in the cross-coupling process (Table 5, entry 20),
but in the cyclization. These results would indicate that the poor
reactivity of 3u in the cross-coupling reaction should not result
from hindrance of the oxidative addition step in the catalytic
cycle.24
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Table 6 Cross-coupling of phenyl-substituted allylic alcohols 6–13 with 3aa


Entry Alcohol Product Time (h) Yield (%)


1 5a 6 90


2 5a 4 89


3b 24 69 (E : Z = 2 : 1)c


4 14 6 80 (E : Z = 2 : 1)c


5 36 79d


6 15 36 73


7 32 80


8b 24 65 (E : Z = 2.5 : 1)d


a Reaction conditions: a solution of 1 equiv. of 6–13, 1.2 equiv. of 3a, and 0.5 mol% of Pd(PPh3)4 in anhydrous THF is agitated at 80 ◦C. b Reaction in
1,4-dioxane at 110 ◦C. c The E : Z ratio was determined by 1H NMR analysis. d A small amount of (E)-1-phenyl-1,3-butadiene (19) was also formed.


Scheme 3 Arylative cyclization of 1,6-enyne 32.


Although replacement of the alkyne in 32 with a 1-propenyl
group results in failure of the cyclization, the more conforma-
tionally restricted substrate 36a cyclized efficiently (Scheme 4 vs.
Scheme 5).25 To our surprise, the cyclization of syn-allylic alcohol
36b requires a longer reaction time, but provides the same bicyclic
37 in high yields.


Scheme 4 Arylative cyclization of 1,6-diene 34.


Scheme 5 Arylative cyclization of 1,6-dienes 36a–b.


Formation of the same products in the same ratios from isomeric
allylic alcohols such as 4, 6, and 7, 8–9, 10–11, 20–21, and 22–
23 suggests that the common p-allylpalladium intermediate 40
participates in the reaction process (Scheme 6).26 The formation
of 40 through oxidative addition of the less reactive allylic alcohol
38 to the Pd(0) species would require not only the coordination of
the Pd(0) to the olefin in 38 but also that of the Lewis acidic
organoboron reagents 3 to the hydroxyl group in 38.27–29 The
inefficient coupling seen with less Lewis acidic borate anions
would support the importance of the latter coordination (Table 2,
entries 4, 5). The following transmetalation between a cationic
p-allylpalladium and an arylborate counteranion would give the
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Table 7 Cross-coupling of alkyl-substituted allylic alcohols 1, 20–25 with
3sa


Entry Alcohol Product Yield (%)


1 80


2 72 (26-E : 26-Z : 27 = 9 : 1 : 6)b


3 26 (E,Z) + 27 83 (26-E : 26-Z : 27 = 11 : 1 : 8)b


4 64 (28 : 29 = 12 : 1)b


5 28 + 29 75 (28 : 29 = 7.4 : 1)b


6c 77


7c 23


a Reaction conditions: a solution of 1 equiv. of 1, 20–25, 1.2 equiv. of 3s,
and 0.5 mol% of Pd(PPh3)4 in anhydrous THF is agitated at 80 ◦C for 24 h.
Ar = 1-naphthyl. b The E : Z ratio was determined by 1H NMR analysis.
c Reaction in 1,4-dioxane at 110 ◦C for 12 h.


dioorganopalladium complex 41.2,5,30 Reductive elimination of the
coupling product 42 from 41 reproduces the Pd(0) complex.


In this catalytic cycle, the oxidative addition should be the
rate-limiting step because two stereoisomers 4 and 6 and two
regioisomers 8 and 9 react with 3a at quite different rates in
spite of both reactions proceeding via the same p-allylpalladium
intermediates (Table 1, entry 15 vs. Table 6, entry 1 and Table 6,
entries 3 vs. 4).31 Due to steric and electronic reasons, it is difficult
for highly substituted and cyclic allylic alcohols to coordinate
and add oxidatively to the Pd(0) complex. The cationic p-
allylpalladium intermediate 40 generated should be electrophilic
enough to suffer competitive attack on the allylic carbon from
the side opposite the Pd metal, by an excess of phosphine as
well as an external Pd(0) catalyst, leading to the formation of
phosphonium salts (or phosphoranes) and the epimerization of 40,
respectively. Whereas the reduction in the product yield caused by
a high loading of catalyst would support attack by the phosphine
(Table 1, entries 9–16), the conversion of the enantiomerically


Scheme 6 Possible mechanism for the cross-coupling reaction.


pure alcohol 10 to the completely racemic product 15 and that
of anti and syn isomers 36a–b to the same cyclized product 37
would support attack by Pd(0) (Table 6, entry 5 and Scheme 5).
The epimerization of 40 in the presence of less than 1 mol% of
catalyst can be explained by Bäckvall and Grandberg’s report16f


that the Pd(0) catalyst is much more nucleophilic towards the
p-allyl group than the phosphine and that the less reactive allylic
substrate would make the oxidative addition step rate-limiting and
increase the concentration of the Pd(0), leading to the more rapid
epimerization of 40. On the other hand, the strong basicity of the
hydroxyl and alkoxyl groups would promote the transmetalation
step.2,5,30 The much slower reaction with the less basic phenyl ether
and acetate would be due to hindrance of the transmetalation step
(Table 3, entries 1, 2 vs. 3, 4).


Conclusions


The present study offers an extremely facile allylation procedure
for aryl- and alkenylboronic acids with a wide variety of functional
groups. Low catalyst loading, poor leaving ability (high basicity)
of the hydroxyl group, and Lewis acidity of the organoboron
reagents are essential for the efficient cross-coupling reaction.
The effectiveness is shown by suppression of conjugate diene
formation through reaction of allylic alcohols, via b-hydrogen
elimination of the p-allylpalladium intermediates. No longer are
either preparation of allyl halides and esters or addition of
stoichiometric amounts of a base required. Furthermore, allylic
alcohols containing another unsaturated carbon–carbon bond
undergo arylative cyclization reactions leading to the formation of
cyclopentanes. Further studies on Pd-catalyzed organic transfor-
mations using organoboron reagents under base-free conditions
are underway.32


Experimental section


General procedure for the cross-coupling reaction between 4
and 3a (Table 1): to a test tube containing cinnamyl alcohol
(4) (1 equiv., see Table 1S in the ESI†), phenylboronic acid
(3a) (1.2 equiv.), and Pd(PPh3)4 (0.2–10 mol%) or Pd2dba3
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(2.5 mol%)–PPh3 (5 or 10 mol%) was added anhydrous sol-
vent (CH2Cl2, toluene, 1,4-dioxane, DMF, THF, or tAmOH,
0.3 M) under argon. The resulting mixture was sealed with
a screw cap and agitated at 80 ◦C for the time described in
Table 1. The mixture was cooled down to room temperature, and
then N,N-diethanolaminomethyl polystyrene33 (PS-DEAMTM,
1.63 mmol g−1, 2.4 equiv., X g) and THF (10 x X mL) were added
to remove any excess of 3a. The mixture was agitated at room
temperature for 2 h. The mixture was filtered and thoroughly
washed with CHCl3. The filtrate was concentrated in vacuo and
the residue was purified by gel permeation chromatography (GPC)
repeated four times to afford 5a in the yield described in Table 1.


General procedure for the cross-coupling reaction between 4
and the phenylboron reagents (Table 2): to a test tube containing
4 (0.37 mmol, see Table 2S in the ESI†), phenylboron reagent34


(0.45 mmol), and Pd(PPh3)4 (1.8 lmol) was added anhydrous THF
(1 mL) under argon. The resulting mixture was sealed with a screw
cap and agitated at 80 ◦C for 6 h. The mixture was cooled down
to room temperature, and then partitioned between EtOAc and
saturated aqueous Na2CO3. The organic layers were washed with
water, brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by GPC repeated four times to afford 5a in
the yield described in Table 2.


General procedure for the cross-coupling reaction between the
cinnamyl derivatives and 3a (Table 3): to a test tube containing
cinnamyl derivative35 (0.37 mmol, see Table 3S in the ESI†), 3a
(0.45 mmol), and Pd(PPh3)4 (1.8 lmol) was added anhydrous THF
(1 mL) under argon. The resulting mixture was sealed with a screw
cap and agitated at 80 ◦C for the time described in Table 3. The
mixture was cooled down to room temperature, and then PS-
DEAMTM (1.63 mmol g−1, 0.55 g, 0.90 mmol) and THF (5 mL)
were added to remove any excess of 3a. The mixture was agitated at
room temperature for 2 h. The mixture was filtered and thoroughly
washed with CHCl3. The filtrate was concentrated in vacuo and
the residue was purified by GPC repeated several times to afford
5a in the yield described in Table 3.


General procedure for the cross-coupling reaction between 4
and 3a (Table 4): to a test tube containing 4 (0.30 mmol, see
Table 4S in the ESI†), 3a (0.36 mmol), Pd2dba3 (1.5 lmol), and
ligand (3 lmol) was added anhydrous THF (1 mL) under argon.
The resulting mixture was sealed with a screw cap and agitated at
80 ◦C for 2 h. The mixture was cooled down to room temperature,
and then PS-DEAMTM (1.63 mmol g−1, 0.44 g, 0.72 mmol) and
THF (4 mL) were added to remove any excess of 3a. The mixture
was agitated at room temperature for 2 h. The mixture was filtered
and thoroughly washed with CHCl3. The filtrate was concentrated
in vacuo and the residue was purified by GPC repeated four times
to afford 5a in the yield described in Table 4.


General procedure for the cross-coupling reaction between 4
and the boronic acids 3b–z: to a test tube containing 4 (0.37 mmol,
see Table 5S in ESI†), 3b-z (0.45 mmol), and Pd(PPh3)4 (1.8 lmol)
was added anhydrous THF (1 mL) under argon. The resulting
mixture was sealed with a screw cap and agitated at 80 ◦C for
the time described in Table 5. The mixture was cooled down to
room temperature, and then PS-DEAMTM (1.63 mmol g−1, 0.55 g,
0.90 mmol) and THF (5 mL) were added to remove any excess
of 3b-z. The mixture was agitated at room temperature for 2 h.
The mixture was filtered and thoroughly washed with CHCl3. The
filtrate was concentrated in vacuo and the residue was purified by


GPC repeated four times to afford 5b–z in the yield described in
Table 5.


General procedure for the cross-coupling reaction between 6–13
and 3a (Table 6): to a test tube containing 6–1336 (0.37 mmol, see
Table 6S in the ESI†), 3a (0.45 mmol), and Pd(PPh3)4 (1.8 lmol)
was added anhydrous THF (1 mL) under argon. The resulting
mixture was sealed with a screw cap and agitated at 80 ◦C for
the time described in Table 6. The mixture was cooled down to
room temperature, and then PS-DEAMTM (1.63 mmol g−1, 0.55 g,
0.90 mmol) and THF (5 mL) were added to remove any excess
of 3a. The mixture was agitated at room temperature for 2 h.
The mixture was filtered and thoroughly washed with CHCl3. The
filtrate was concentrated in vacuo and the residue was purified by
GPC repeated several times to afford 5a and 14–17 in the yield
described in Table 6. The optical rotation of 15 prepared from 10
was 0◦.


General procedure for the cross-coupling reaction between 1
or 20–25 and 3s (Table 7): to a test tube containing 1 or 20–
25 (0.45 mmol, see Table 7S in the ESI†), 3s (0.52 mmol), and
Pd(PPh3)4 (1.8 lmol) was added anhydrous THF (1 mL for entries
1–5) or 1,4-dioxane (1 mL, for entries 6, 7) under argon. The
resulting mixture was sealed with a screw cap and agitated at 80
(for entries 1–5) or 110 ◦C (entries 6, 7) for the time described in
Table 7. The mixture was cooled down to room temperature, and
then PS-DEAMTM (1.63 mmol g−1, 0.55 g, 0.90 mmol) and THF
(5 mL) were added to remove any excess of 3s. The mixture was
agitated at room temperature for 2 h. The mixture was filtered and
thoroughly washed with CHCl3. The filtrate was concentrated in
vacuo and the residue was purified by GPC repeated several times
to afford 2s or 26–31 in the yield described in Table 7.


Spectral data of the cross-coupling products are described in
the ESI†


(4Z)-3-Ethenyl-4-[1-(4-methylphenyl)ethylidene]-1,1-cyclopen-
tanedicarboxylic acid dimethyl ester (33f)


To a test tube containing 2-butynyl-[(2E)-4-hydroxy-2-
butenyl]propanedioic acid dimethyl ester 3237 (24.2 mg,
0.0952 mmol), 3f (31.5 mg, 0.232 mmol), and Pd(PPh3)4 (1.5 mg,
1.3 lmol) was added anhydrous THF (1 mL) under argon.
The resulting mixture was sealed with a screw cap and agitated
at 80 ◦C for 3 h. The mixture was cooled down to room
temperature, and then partitioned between EtOAc and water. The
aqueous layer was extracted with EtOAc twice. The combined
organic layers were washed with brine, dried over MgSO4, and
concentrated in vacuo. The residue was purified by silica gel
chromatography eluting with 5% EtOAc–hexane to yield 33f
(24.8 mg, 0.0755 mmol, 79%).


Spectral data of 33f: 1H NMR (400 MHz, CDCl3): d 7.28–7.01
(m, 4H), 5.41 (ddd, 1H, J = 17.0, 10.4, 6.6 Hz), 4.69–4.59 (m,
2H), 3.77 (s, 3H), 3.72 (s, 3H), 3.35–3.49 (m, 1H), 3.15 (d, 1H,
J = 16.8 Hz), 3.03 (d, 1H, J = 16.8 Hz), 2.51 (dd, 1H, J = 13.2,
8.0 Hz), 2.31 (s, 3H), 2.16 (dd, 1H, J = 13.1, 5.8 Hz), 1.98 (s, 3H);
13C NMR (100 MHz, CDCl3): d 172.7, 172.4, 140.7, 140.0, 135.9 ×
2, 131.3, 128.6, 127.7, 114.0, 58.7, 52.8, 52.6, 45.2, 40.3, 38.8, 22.0,
21.0; IR (neat): mmax (cm−1) 2952, 1735, 1488, 1252, 830; EI-MS
m/z (relative intensity) 328 (M)+ (70), 268 (100), 209 (81), 119
(31), 107 (70); HRMS calcd for C20H24O4 (M+) 328.1673, found
328.1684.
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(4Z)-3-Ethenyl-4-[1-(thiophen-2-yl)ethylidene]-1,1-cyclopen-
tanedicarboxylic acid dimethyl ester (33u)


33u (32.6 mg, 0.102 mmol) was obtained quantitatively from 32
(25.9 mg, 0.102 mmol), 3u (28.1 mg, 0.220 mmol), and Pd(PPh3)4


(2.4 mg, 2.1 lmol) by the same procedure as that described above.
Spectral data of 33u: 1H NMR (400 MHz, CDCl3): d 7.26–6.91


(m, 3H), 5.63 (ddd, 1H, J = 17.3, 10.5, 5.5 Hz), 4.91–4.81 (m,
2H), 3.74 (s, 3H), 3.71 (s, 3H), 3.72–3.64 (m, 1H), 3.29 (d, 1H, J =
17.5 Hz), 3.03 (d, 1H, J = 17.5 Hz), 2.55 (dd, 1H, J = 13.2, 8.2 Hz),
2.35 (dd, 1H, J = 13.2, 4.1 Hz), 2.12 (s, 3H); 13C NMR (100 MHz,
CDCl3): d 172.2, 171.9, 144.8, 138.8, 137.7, 126.4, 124.8, 123.8,
123.6, 114.8, 58.4, 53.0, 52.7, 45.9, 40.5, 39.6, 22.1; IR (neat): mmax


(cm−1) 2952, 1731, 1434, 1254, 1173, 1065; EI-MS m/z (relative
intensity) 320 (M)+ (92), 260 (100), 245 (31), 289 (23), 201 (92);
HRMS calcd for C17H20O4S (M+) 320.1081, found 320.1083.


trans-[4-(Hydroxy)-2-cyclohexen-1-yl](2-methyl-2-propenyl)-
propanedioic acid dimethyl ester (36a)


To NaH (60%, 214 mg, 5.35 mmol), washed twice with
anhydrous hexane, was added a solution of dimethyl (2-
methylallyl)malonate38a (968 mg, 5.20 mmol) in anhydrous DMF
(6 mL) at 0 ◦C. The mixture was stirred at 0 ◦C for 30 min,
and then a solution of cis-1-acetoxy-4-chloro-2-cyclohexene38b


(698 mg, 4.00 mmol) in anhydrous DMF (4 mL) was added.
The whole solution was stirred at 80 ◦C for 2 h, cooled down
to room temperature, and then partitioned between EtOAc and
saturated aqueous NH4Cl. The aqueous layer was extracted
with EtOAc twice. The combined organic layers were washed
with water and brine, dried over MgSO4, and concentrated
in vacuo. The crude trans-[4-(acetyloxy)-2-cyclohexen-1-yl](2-
methyl-2-propenyl)-propanedioic acid dimethyl ester38c was dis-
solved in MeOH (20 mL) and K2CO3 (553 mg, 4.00 mmol) was
added. The mixture was stirred at room temperature for 2 h, and
then concentrated in vacuo. The residue was partitioned between
CHCl3 and saturated aqueous NH4Cl. The aqueous layer was
extracted with CHCl3 twice. The combined organic layers were
washed with brine, dried over MgSO4, and concentrated in vacuo.
The residue was purified by silica gel chromatography eluting with
40% EtOAc–hexane to yield 36a (1.04 g, 3.68 mmol, 92%).


Spectral data of 36a: 1H NMR (400 MHz, CDCl3): d 5.84 (dd,
1H, J = 10.5, 1.7 Hz), 5.70 (dd, 1H, J = 10.5, 2.4 Hz), 4.84 (s, 1H),
4.71 (s, 1H), 4.18 (m, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 3.00–2.96 (m,
1H), 2.75 (d, 1H, J = 14.5 Hz), 2.69 (d, 1H, J = 14.5 Hz), 2.16–
2.12 (m, 1H), 1.93–1.88 (m, 1H), 1.69 (s, 3H), 1.48–1.36 (m, 3H);
13C NMR (100 MHz, CDCl3): d 170.8, 170.3, 141.1, 132.2, 129.9,
115.1, 67.2, 61.3, 52.1, 52.0, 40.7, 40.2, 32.9, 23.6, 23.1; IR (neat):
mmax (cm−1) 3530–3330 (br), 2950, 1724, 1433, 1255, 1219, 1201,
1176, 1092, 1055, 896, 753, 737; EI-MS m/z (relative intensity)
282 (M)+ (1), 265 (10), 250 (13), 223 (53), 194 (100), 155 (64), 145
(100), 122 (89), 96 (72), 79 (38); HRMS calcd for C15H22O5 (M+)
282.1467, found 282.1474.


cis-[4-(Acetyloxy)-2-cyclohexen-1-yl](2-methyl-2-propenyl)-
propanedioic acid dimethyl ester


To NaH (60%, 106 mg, 2.65 mmol), washed twice with
anhydrous hexane, was added a solution of dimethyl (2-
methylallyl)malonate38a (447 mg, 2.40 mmol) in anhydrous THF


(10 mL) at 0 ◦C. The mixture was stirred at 0 ◦C for 30 min, and
then added to a mixture of cis-1-acetoxy-4-chloro-2-cyclohexene38b


(350 mg, 2.00 mmol), Pd(OAc)2 (11.1 mg, 0.049 mmol), and
PPh3 (54.1 mg, 0.206 mmol). The whole solution was stirred at
rt for 3 h, and then partitioned between EtOAc and saturated
aqueous NH4Cl. The aqueous layer was extracted with EtOAc
twice. The combined organic layers were washed with brine,
dried over MgSO4, and concentrated in vacuo. The residue was
purified by silica gel chromatography eluting with 25% EtOAc–
hexane to yield cis-[4-(acetyloxy)-2-cyclohexen-1-yl](2-methyl-2-
propenyl)-propanedioic acid dimethyl ester (637 mg, 1.96 mmol,
98%).


Spectral data of the acetate: 1H NMR (400 MHz, CDCl3): d
6.09 (d, 1H, J = 10.3 Hz), 5.82–5.77 (m, 1H), 5.12–5.11 (m, 1H),
4.85 (s, 1H), 4.73 (s, 1H), 3.72 (s, 3H), 3.69 (s, 3H), 2.90–2.86 (m,
1H), 2.79 (d, 1H, J = 14.4 Hz), 2.73 (d, 1H, J = 14.4 Hz), 2.01 (s,
3H), 1.91–1.87 (m, 1H), 1.76–1.66 (m, 2H), 1.70 (s, 3H), 1.55–1.47
(m, 1H); 13C NMR (100 MHz, CDCl3): d 170.8, 170.34, 170.31,
141.0, 134.5, 125.1, 115.3, 65.8, 61.0, 52.2, 51.9, 40.7, 40.1, 28.0,
23.6, 21.4, 19.4; IR (neat): mmax (cm−1) 2951, 1725, 1235, 1226, 1198,
1068, 1011, 991, 902; EI-MS m/z (relative intensity) 324 (M)+ (0.3),
265 (32), 205 (46), 194 (34), 176 (55), 145 (100), 79 (34), 43 (34);
HRMS calcd for C17H24O6 (M+) 324.1573, found 324.1566.


cis-[4-(Hydroxy)-2-cyclohexen-1-yl](2-methyl-2-propenyl)-
propanedioic acid dimethyl ester (36b)


The above acetate (309 mg, 0.953 mmol) was dissolved in MeOH
(5 mL) and K2CO3 (146 mg, 1.06 mmol) was added. The mixture
was stirred at room temperature for 2 h, and then concentrated
in vacuo. The residue was partitioned between CHCl3 and sat-
urated aqueous NH4Cl. The aqueous layer was extracted with
CHCl3 twice. The combined organic layers were washed with brine,
dried over MgSO4, and concentrated in vacuo. The residue was
purified by silica gel chromatography eluting with 50% EtOAc–
hexane to yield 36b (272 mg, 0.953 mmol, quant.).


Spectral data of 36b: 1H NMR (400 MHz, CDCl3): d 5.98 (d,
1H, J = 10.3 Hz), 5.88–5.83 (m, 1H), 4.84 (s, 1H), 4.72 (s, 1H),
4.09 (m, 1H), 3.72 (s, 3H), 3.70 (s, 3H), 2.87–2.82 (m, 1H), 2.80 (d,
1H, J = 14.4 Hz), 2.74 (d, 1H, J = 14.4 Hz), 1.88–1.83 (m, 1H),
1.74–1.63 (m, 2H), 1.70 (s, 3H), 1.57–1.50 (m, 1H), 1.42 (br-s, 1H);
13C NMR (100 MHz, CDCl3): d 170.9, 170.4, 141.1, 132.3, 129.0,
115.2, 63.0, 61.0, 52.2, 52.0, 40.9, 40.5, 30.8, 23.6, 18.8; IR (neat):
mmax (cm−1) 3534–3335 (br), 2950, 1724, 1433, 1223, 1197, 1178,
1072, 1000, 950, 898, 737; EI-MS m/z (relative intensity) 282 (M)+


(0.5), 265 (2), 250 (5), 223 (30), 194 (57), 145 (100), 122 (44), 79
(23); HRMS calcd for C15H22O5 (M+) 282.1467, found 282.1460.


(3a,3ab,7ab)-2,3,3a,6,7,7a-hexahydro-3-methyl-3-(phenylmethyl)-
1H-Indene-1,1-dicarboxylic acid dimethyl ester (37)


From 36a: to a test tube containing 36a (31.1 mg, 0.110 mmol),
3a (15.6 mg, 0.128 mmol), and Pd(PPh3)4 (1.3 mg, 1.1 lmol)
was added anhydrous THF (0.5 mL) under argon. The resulting
mixture was sealed with a screw cap and agitated at 80 ◦C for
6 h. The mixture was cooled down to room temperature, and
then PS-DEAMTM (1.63 mmol g−1, 0.16 g, 0.26 mmol) and THF
(2 mL) were added to remove any excess of 3a. The mixture was
agitated at room temperature for 2 h. The mixture was filtered
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and thoroughly washed with CHCl3. The filtrate was concentrated
in vacuo and the residue was purified by preparative TLC eluting
with 20% EtOAc–hexane, repeating two times to yield 37 (34.6 mg,
0.101 mmol, 92%).


From 36b: to a test tube containing 36b (31.6 mg, 0.112 mmol),
3a (16.3 mg, 0.134 mmol), and Pd(PPh3)4 (1.5 mg, 1.3 lmol)
was added anhydrous THF (0.5 mL) under argon. The resulting
mixture was sealed with a screw cap and agitated at 80 ◦C for
15 h. The mixture was cooled down to room temperature, and
then PS-DEAMTM (1.63 mmol g−1, 0.16 g, 0.26 mmol) and THF
(2 mL) were added to remove any excess of 3a. The mixture was
agitated at room temperature for 2 h. The mixture was filtered
and thoroughly washed with CHCl3. The filtrate was concentrated
in vacuo and the residue was purified by preparative TLC eluting
with 20% EtOAc–hexane, repeating two times to yield 37 (34.3 mg,
0.100 mmol, 89%).


Spectral data of 37: 1H NMR (400 MHz, CDCl3): d 7.28–7.17
(m, 5H), 5.89–5.84 (m, 1H), 5.76–5.72 (m, 1H), 3.73 (s, 3H), 3.67
(s, 3H), 3.02–2.95 (m, 1H), 2.90 (d, 1H, J= 14.4 Hz), 2.65–2.61
(m, 1H), 2.63 (d, 1H, J= 13.2 Hz), 2.44 (d, 1H, J= 13.2 Hz),
2.17–2.04 (m, 2H), 1.68 (d, 1H, J= 14.4 Hz), 1.44–1.37 (m, 2H),
0.93 (s, 3H); 13C NMR (100 MHz, CDCl3): d 172.8, 170.5, 139.7,
130.3, 127.6, 127.2, 125.7, 125.4, 63.1, 52.6, 52.4, 49.5, 47.5, 44.2,
43.9, 43.5, 29.2, 24.6, 22.2; IR (neat): mmax (cm−1) 2950, 1730, 1432,
1241, 1199, 1143, 1068, 769, 705; EI-MS m/z (relative intensity)
342 (M)+ (13), 310 (8), 279 (11), 251 (34), 219 (30), 191 (100), 145
(59), 131 (82), 91 (45); HRMS calcd for C21H26O4 (M+) 342.1831,
found 342.1843.


Acknowledgements


This work was partly supported by a Grant-in-Aid from the Japan
Society for Promotion of Sciences (No.18790003).


Notes and references


1 (a) J. Tsuji, Palladium Reagents and Catalysts, John Wiley & Sons,
Chichester, 1995; (b) Handbook of Organopalladium Chemistry for
Organic Synthesis, ed. E. Negishi, John Wiley & Sons, New York, 2002.


2 N. Miyaura, Top. Curr. Chem., 2002, 219, 12.
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S. Villarroya, Organometallics, 2001, 20, 4524; (d) E. Paetzold and G.
Oehme, J. Mol. Catal. A: Chem., 2000, 152, 69; (e) L. Botella and C.
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Ortuno, M. Prat and M. A. Galan, Synth. Commun., 1986, 16, 1003;
(d) Y. Inoue, M. Toyofuku and H. Hashimoto, Bull. Chem. Soc. Jpn.,
1986, 59, 1279; (e) N. Okuda, O. Uchikawa and Y. Nakamura, Chem.
Lett., 1988, 1449.


18 (a) H. Tsukamoto, T. Suzuki and Y. Kondo, Synlett, 2007, 3131; (b) H.
Tsukamoto, R. Suzuki and Y. Kondo, J. Comb. Chem., 2006, 8, 289;
(c) M. Yokogi and R. Kuwano, Tetrahedron Lett., 2007, 48, 6109.


19 The reaction solvent and catalyst loading are different from those in
Ikariya’s report12a.


20 2-Thiopheneboronic acid did not work well as a nucleophile in the Pd-
catalyzed cyclization of allenyl enones: see reference 32g. The 2-thienyl
group is used as dummy ligand in the Hiyama cross-coupling reaction:
see K. Hosoi, K. Nozaki and T. Hiyama, Chem. Lett., 2002, 138.


21 It was reported that the Pd0-catalyzed cross-coupling reaction of the
chiral propargylic alcohol with arylboronic acid gave the corresponding
allene with a dramatic loss of chirality13b.


22 Uozumi et al.4c reported that an amphiphilic resin-supported palladium
catalyst effectively promoted the coupling reaction of 18 with 3a in the
presence of K2CO3 in water. Tsuji et al. reported that no elimination was
observed with allyl alcohol under a Pd(OAc)2–PPh3 catalytic system in
the absence of a base. J. Tsuji, T. Yamakawa, M. Kaito and T. Mandai,
Tetrahedron Lett., 1978, 24, 2075.


23 (a) G. Zhu and Z. Zhang, Org. Lett., 2003, 5, 3645; (b) G. Zhu, X. Tong,
J. Cheng, Y. Sun, D. Li and Z. Zhang, J. Org. Chem., 2005, 70, 1712;
(c) Murakami et al. reported the Rh(I)-catalyzed arylative cyclization
of 1,6-enynes such as 32: T. Miura, M. Shimada and M. Murakami,
J. Am. Chem. Soc., 2005, 127, 1094; (d) T. Miura, M. Shimada and M.
Murakami, Chem.–Asian J., 2006, 1, 868.


24 The different behavior of 3u between the cross-coupling reaction and cy-
clization reflects the different palladium intermediates, i.e., p-allyl- and


3012 | Org. Biomol. Chem., 2008, 6, 3005–3013 This journal is © The Royal Society of Chemistry 2008







r-alkenylpalladium, respectively. Reductive elimination from p-
allylpalladium would be slower than that from r-alkenylpalladium32g.


25 R. Grigg, S. Sukirthalingam and V. Sridharan, Tetrahedron Lett., 1991,
32, 2545.


26 (a) F. K. Sheffy, J. P. Godshalx and J. K. Stille, J. Am. Chem. Soc.,
1984, 106, 4833; (b) C. G. Frost, J. Howarth and J. M. J. Williams,
Tetrahedron: Asymmetry, 1992, 3, 1089.


27 (a) X. Lu, X. Jiang and X. Tao, J. Organomet. Chem., 1988, 344, 109;
(b) I. Stary, I. G. Stara and P. Kocovsky, Tetrahedron Lett., 1993, 34, 179;
(c) I. Stary, I. G. Stara and P. Kocovsky, Tetrahedron, 1994, 50, 529; (d) Y.
Tamaru, Y. Horino, M. Araki, S. Tanaka and M. Kimura, Tetrahedron
Lett., 2000, 41, 5705; (e) M. Kimura, R. Mukai, N. Tanigawa, S. Tanaka
and Y. Tamaru, Tetrahedron, 2003, 59, 7767; (f) Y. Horino, M. Naito,
M. Kimura, S. Tanaka and Y. Tamaru, Tetrahedron Lett., 2001, 42,
3113; (g) M. Kimura, M. Futamata, K. Shibata and Y. Tamaru, Chem.
Commun., 2003, 234; (h) M. Kimura, Y. Horino, R. Mukai, S. Tanaka
and Y. Tamaru, J. Am. Chem. Soc., 2001, 123, 10401; (i) M. Kimura, M.
Shimizu and Y. Tamaru, Tetrahedron, 2005, 61, 3709; (j) M. Kimura,
M. Futamata, R. Mukai and Y. Tamaru, J. Am. Chem. Soc., 2005,
127, 4592; (k) M. Kimura, M. Fukasaka and Y. Tamaru, Heterocycles,
2006, 67, 535; (l) M. Kimura, M. Fukasaka and Y. Tamaru, Synthesis,
2006, 3611; (m) Y. Tamaru, Eur. J. Org. Chem., 2005, 2647; (n) S.
Chandrasekhar, V. Jagadeshwar, B. Saritha and C. Narsihmulu, J. Org.
Chem., 2005, 70, 6506; (o) B. M. Trost and J. Quancard, J. Am. Chem.
Soc., 2006, 128, 6314.


28 At this time, it is unclear why the pinacol ester of 3a could not be
coupled with 4. It is reported that the Lewis acid character of glycol
esters of 3a would be almost the same as boronic acid 3a. G. Springsteen
and B. Wang, Tetrahedron, 2002, 58, 5291.


29 Formation of the allyl borate is not necessary for the cross-coupling
reaction because the allylic ether and carbonate as well as the alcohol
serve as allylating reagents.


30 T. Moriya, N. Miyaura and A. Suzuki, Synlett, 1994, 149.
31 Furthermore, electronic effects of the arylboronic acids on the reaction,


which would affect the transmetalation and reductive elimination steps,
were not observed (Table 5, entries 1–17).


32 (a) H. Tsukamoto, T. Ueno and Y. Kondo, J. Am. Chem. Soc., 2006,
128, 1406; (b) H. Tsukamoto, T. Ueno and Y. Kondo, Org. Lett., 2007,
9, 3033; (c) H. Tsukamoto and Y. Kondo, Org. Lett., 2007, 9, 4227;
(d) H. Tsukamoto, T. Matsumoto and Y. Kondo, J. Am. Chem. Soc.,
2008, 130, 388; (e) H. Tsukamoto, T. Matsumoto and Y. Kondo, Org.
Lett., 2008, 10, 1047; (f) H. Tsukamoto and Y. Kondo, Angew. Chem.,
Int. Ed., 2008, 47, 4851; (g) H. Tsukamoto and Y. Kondo, Org. Lett.,
2008, 10, 2633; (h) H. Tsukamoto, T. Suzuki, T. Uchiyama and Y.
Kondo, Tetrahedron Lett., 2008, 49, 4174.


33 PS-DEAMTM was purchased from Biotage AB.
34 (a) F.-X. Chen, A. Kina and T. Hayashi, Org. Lett., 2006, 8, 341;


(b) M. J. S. Dewar and D. S. Urch, J. Chem. Soc., 1958, 3079; (c) S.
Morandi, E. Caselli, A. Forni, M. Bucciarelli, G. Torre and F. Prati,
Tetrahedron: Asymmetry, 2005, 16, 2918.


35 (a) G. H. Schmid, A. Modro and K. Yates, J. Org. Chem., 1977, 42,
871; (b) J. Tsuji, I. Shimizu, I. Minami, Y. Ohashi, T. Sugiura and K.
Takahashi, J. Org. Chem., 1985, 50, 1523; (c) W. N. White and B. E.
Norcross, J. Am. Chem. Soc., 1961, 83, 1968.


36 (a) A. B. Charette, C. Molinaro and C. Brochu, J. Am. Chem. Soc.,
2001, 123, 12168; (b) N. Bischofberger, H. Waldmann, T. Saito, E. S.
Simon, W. Lees, M. D. Bednarski and G. M. Whitesides, J. Org. Chem.,
1988, 53, 3457–3465; (c) R. Martı́n, G. Islas, A. Moyano, M. A. Pericás
and A. Riera, Tetrahedron, 2001, 57, 6367; (d) C. S. Marvel and R. G.
Woolford, J. Org. Chem., 1968, 23, 1658; (e) K. Burgess and L. D.
Jennings, J. Am. Chem. Soc., 1991, 113, 6129; (f) U. Kazmaier and F. L.
Zumpe, Eur. J. Org. Chem., 2001, 4067; (g) A. Ghanem and V. Schurig,
Tetrahedron: Asymmetry, 2003, 14, 57; (h) P. Dai, T. K. Trullinger, X.
Liu and P. H. Dussault, J. Org. Chem., 2006, 71, 2283–2292; (i) I. D. G.
Watson, S. A. Styler and A. K. Yudin, J. Am. Chem. Soc., 2004, 126,
5086; (j) T. E. Goodwin, D. G. Ratcliff, C. M. Crowder and N. K.
Seitzinger, J. Org. Chem., 1982, 47, 815.


37 L. Zhao, X. Liu and W. Xu, J. Org. Chem., 2005, 70, 4059.
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A series of novel 5-substituted UDP-glucose derivatives with interesting fluorescent properties and
potential applications as sensors for carbohydrate-active enzymes is reported. An efficient synthesis
of the target molecules was developed, centred around the Suzuki–Miyaura reaction of
(hetero)arylboronic acids with 5-iodo UDP-glucose. Interestingly, the optimised cross-coupling
conditions could also be applied successfully to 5-bromo UMP, but not to 5-bromo UDP-glucose.


Introduction


UDP-Sugars‡ like UDP-glucose (Fig. 1) and UDP-galactose are
the natural donor substrates for a large number of carbohydrate-
active enzymes, including glycosyltransferases and epimerases.1


Many of these UDP-sugar-dependent enzymes are involved in
important biological processes, such as the biosynthesis of blood
group determinants,2 the assembly of cell-surface glycoconjugates
and cell wall components in (myco)bacteria3a,b and fungi,3c and
galactose metabolism in trypanosomes.4 Structural analogues of
naturally occurring UDP-sugars are therefore sought after as
inhibitor candidates and molecular tools for the investigation of
these enzymes and processes.


Fig. 1 UDP-glucose (X = H), and general synthetic strategy towards
novel, fluorescent analogues.


Of particular interest in this context are fluorescently labelled
UDP-sugars, which can be used in operationally simple glyco-
syltransferase bioassays. Previously, several UDP-sugars with a
fluorophore connected via a linker to either the sugar5,6 or, in
one case, the nucleobase6 have been described. The synthetic


Centre for Carbohydrate Chemistry, School of Chemical Sciences &
Pharmacy, University of East Anglia, Norwich, NR4 7TJ, England.
E-mail: g.wagner@uea.ac.uk; Fax: +44 (0)1603 592003; Tel: +44 (0)1603
593889
† Electronic supplementary information (ESI) available: 1H, 13C and 31P
NMR spectra for sugar-nucleotides 6a, 6b, 7a–d and selected nucleosides
and nucleotides; UV absorbance spectra for 6b and 7a–d. See DOI:
10.1039/b805216f
‡ Abbreviations: GDP guanosine diphosphate; UDP uridine diphosphate;
UMP uridine monophosphate; TPPTS tris(3-sulfonatophenyl)phosphine
trisodium salt.


preparation of these analogues is usually carried out by multi-
step synthesis from a fluorescently labelled precursor. Frequently,
this approach involves lengthy protection–deprotection sequences,
suffers from low overall yields, and is lacking the synthetic
flexibility required for efficient analogue synthesis. In addition, the
steric bulk of many conventional fluorophores may compromise
the biological activity of the labelled UDP-sugars.6


As part of an ongoing effort to develop fluorescence-based
glycosyltransferase assays, we have designed a novel type of
fluorescent UDP-sugar with a compact, fluorogenic substituent
at the uracil base (Fig. 1). Our target design was inspired by the
recent discovery that uracil nucleosides and nucleotides with a
small, heterocyclic substituent in position 5 possess interesting
fluorescent properties.7 We reasoned that this concept can also be
applied to UDP-sugars, providing sugar-nucleotides sufficiently
“auto-fluorescent” as to obviate the need for a bulky fluorophore.


Our synthetic strategy for the target 5-substituted UDP-sugars
was devised with maximum structural flexibility in mind (Fig. 1).
The fluorogenic aryl and heteroaryl substituents can be installed at
the uracil base of a suitable halogenated precursor using Suzuki–
Miyaura cross-coupling chemistry.8 Taking advantage of recent
advances in Pd-catalysed reactions in aqueous media,9 we sought
to carry out the cross-coupling directly on a preassembled 5-
halo UDP-sugar substrate, in the final step of the synthesis. This
approach facilitates analogue synthesis, thus allowing the rapid
optimisation of biological and fluorescent properties.


Previously, we and others have described the cross-coupling
of various unprotected purine10 and pyrimidine11 nucleotides.
Recently, we have also reported the first example for the Suzuki–
Miyaura reaction of an unprotected GDP-sugar.12 However, to
the best of our knowledge no cross-coupling reactions with
unprotected UDP-sugars are known in the literature. This gap
illustrates the substantial challenge associated with the use of
UDP-sugars as cross-coupling substrates, due to the intrinsic
susceptibility of e.g. the glycosyl phosphate linkage to hydrolytic
cleavage.


Herein, we report the first successful Suzuki–Miyaura reaction
of an unprotected 5-halo UDP-sugar. We describe the develop-
ment of cross-coupling conditions compatible with the use of
sugar-nucleotide substrates and investigate the parameters impor-
tant for cross-coupling reactivity. We show, for the first time, that
these conditions can also be applied to the efficient cross-coupling
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of 5-bromouracil nucleotides. Using this methodology, we have
prepared a series of four 5-(hetero)aryl UDP-glucose derivatives
from a single synthetic precursor. These novel UDP-glucose
analogues show interesting and differential fluorescent properties
and may be useful for the development of glycosyltransferase
bioassays. The synthetic method is robust and flexible, and may be
applicable to the efficient preparation of other fluorescent UDP-
sugars also.


Results and discussion


An important objective of the present study was the identification
of suitably mild reaction conditions for the Suzuki–Miyaura cross-
coupling of unprotected 5-halo UDP-sugars in aqueous solution.
We decided to establish a suitable cross-coupling protocol using
uracil nucleosides and nucleotides first, before attempting the
more challenging cross-coupling of the corresponding sugar-
nucleotides. We were particularly interested in using 5-bromouracil
nucleosides and (sugar-)nucleotides as cross-coupling substrates,
despite their potentially lower cross-coupling reactivity compared
to the 5-iodo congeners, as the uracil base can be brominated
selectively in position 5 under mild, aqueous conditions.13 In
principle, this would allow us to combine bromination and cross-
coupling reaction in a one-pot, two-step procedure12 in aqueous
media, thus opening a very efficient synthetic route towards the
target 5-(hetero)aryl UDP-glucose derivatives from commercially
available UDP-glucose. However, while there is precedent for
the cross-coupling of unprotected 5-iodouracil nucleotides11 and
nucleosides,14 no examples have been reported for the successful
use of the corresponding 5-bromo derivatives as Suzuki–Miyaura
substrates.


The substrates required for the cross-coupling reaction, 5-
bromouridine 2 and 5-bromo UMP 4a, were prepared from uridine
via Kumar’s bromination method13 and an adaptation of the
original Yoshikawa protocol for the 5′-selective phosphorylation
of unprotected nucleosides (Scheme 1).15 The use of proton
sponge16 during this reaction helped accelerate the phosphoryla-
tion reaction, which is known to require prolonged reaction times
for uracil nucleosides,15 as well as suppress a potential bromine–
chlorine exchange reaction in position 5.16b


Scheme 1 Reagents and conditions: i) NBS, NaN3, 1,2-DME–H2O, rt,
5 h; ii) Na2Cl4Pd (1 mol%), TPPTS (2.5 mol%), R-B(OH)2, K2CO3, H2O,
60 ◦C, 3 h; iii) POCl3, proton sponge, MeCN, −5 ◦C, 4 h. For substituents
R and individual yields see Table 1.


For the Suzuki–Miyaura cross-coupling of 5-bromouracil nu-
cleosides and nucleotides, we initially investigated the suitability
of a catalytic system composed of the water-soluble Pd source


Table 1 Suzuki–Miyaura coupling of 5-bromouridine 2 and 5-bromo
UMP 4a with various arylboronic acids R-B(OH)2


a


Entry Substrate Product R Yieldb (%)


1 2 3a Phenyl 45
2 2 3b 4-Methylphenyl 46
3 2 3c 4-Chlorophenyl 43
4 4a 5a Phenyl 57
5 4a 5b 4-Methylphenyl 27
6 4a 5c 4-Chlorophenyl 26


a See Scheme 1 for structures. b Isolated yields.


Na2Cl4Pd, the water-soluble phosphine ligand TPPTS‡14b and
K2CO3 as the base. Reactions were carried out at 60 ◦C for 3 h,
as we were concerned that elevated temperature and prolonged
reaction times may promote decomposition under the basic
conditions (e.g. by cleavage of the glycosidic bond). Under these
conditions, the cross-coupling of both nucleoside 2 and nucleotide
4a did afford the desired 5-aryl derivatives (Table 1). However,
none of the cross-coupling reactions went to completion, and the
cross-coupled products 3a–c and 5a–c were isolated in generally
low to moderate yields. The problem of unsatisfactory yields due
to incomplete conversion was further exacerbated by the loss
of material during purification of the polar reaction products
by chromatography. In order to improve the isolated yields, we
therefore set out to identify a more reactive catalytic system for
the cross-coupling of 5-bromo UMP 4a.


The cross-coupling of 4a with phenylboronic acid was chosen
as a model reaction for the optimisation of ligand and catalytic
base (Table 2). Neither an increase in the amount of K2CO3


(entries 1–3) nor use of a stronger base (entries 4–6) improved
cross-coupling efficiency. However, replacement of K2CO3 with
Cs2CO3 resulted in a substantially higher yield of 5-phenyl UMP 5a
(entry 7). No decomposition or side reactions were observed under
these conditions, and any loss of material occurred only during
purification by ion-pair chromatography. The use of additional
equivalents of Cs2CO3 gave a reduced isolated yield (entry 8), as
previously observed for K2CO3 and NaOH. This finding may be
due to the deprotonation of the 5-bromouracil ring in position 3 in
the presence of a large excess of base, deactivating the heterocycle
for the cross-coupling reaction and/or facilitating coordination of
the palladium catalyst.14b The superiority of Cs2CO3 over K2CO3


in the cross-coupling of 5-bromo UMP appears to be independent


Table 2 Optimisation of conditions for the Suzuki–Miyaura coupling of
5-bromo UMP 4a with phenylboronic acida


Entry Ligandb Base Yieldc (%)


1 TPPTS K2CO3 (2 eq.) 57
2 TPPTS K2CO3 (5 eq.) 23
3 TPPTS K2CO3 (10 eq.) 0
4 TPPTS NaOH (2 eq.) 0
5 TPPTS NaOH (5 eq.) 17
6 TPPTS NaOH (10 eq.) 0
7 TPPTS Cs2CO3 (2 eq.) 71
8 TPPTS Cs2CO3 (10 eq.) 18
9 Buchwald ligand Cs2CO3 (2 eq.) 53


10 Kirschning ligand Cs2CO3 (2 eq.) 34


a See Scheme 1 for structures; other conditions: Na2Cl4Pd (1 mol%), H2O,
60 ◦C, 2 h. b 2.5 mol%. c Isolated yields.
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from the nature of the leaving group, as similar observations have
previously been reported for the cross-coupling of 5-iodouridine
nucleotides.11b


Next, we investigated the influence of alternative ligands, in
combination with Na2Cl4Pd as the Pd source, on cross-coupling ef-
ficiency. Neither a water-soluble, phosphine-based ligand recently
introduced by the Buchwald group for the cross-coupling of aryl
chlorides and sterically hindered aryl bromides in water,17a nor a
water-insoluble, 4-pyridine-aldoxime-based ligand developed by
Kirschning and coworkers17b offered any advantage over TPPTS
(Table 2, entries 9 and 10). From these reactions, 5a was isolated
in slightly or clearly lower yield.


Following optimisation of the catalytic system, we required
5-bromo UDP-glucose 6a as the sugar-nucleotide substrate for
the Suzuki–Miyaura cross-coupling (Scheme 2). We envisaged to
prepare 6a from the corresponding nucleoside monophosphate
4a and glucose-1-phosphate. This approach involves activation
of the phosphate group in 4a in the form of e.g. the phos-
phoromorpholidate, followed by acid-catalysed formation of the
pyrophosphate bond. Previously, we have successfully used MnCl2


as a catalyst for this type of transformation in the synthesis of
GDP-sugars.12 However, while the conversion of nucleotide 4a
into its morpholidate proceeded smoothly, all attempts to react this
morpholidate under MnCl2-catalysis with glucose-1-phosphate to
UDP-sugar 6a failed. We finally resorted to activating nucleotide
4a with the classical carbonyldiimidazole method.18 Thus, 4a was
converted into the corresponding imidazolide and reacted in situ
with glucose-1-phosphate, to provide sugar-nucleotide 6a in 38%
yield.


With both the optimised catalytic system and the required
substrate for the cross-coupling in hand, we attempted the direct
Suzuki–Miyaura reaction of UDP-sugar 6a with phenylboronic
acid (Scheme 2). Surprisingly, this reaction was unsuccessful under
our optimised conditions (Table 3, entry 1). No cross-coupling
product could be detected by TLC after 4 hours at 50 ◦C when
decomposition of the sugar-nucleotide set in and the reaction was
stopped. The lack of cross-coupling reactivity of sugar-nucleotide
6a was particularly intriguing as the corresponding 5-bromouracil
nucleoside 2 and nucleotide 4a had both proved to be sufficiently
reactive under these conditions.


It is well known that (hetero)aryl iodides are generally more
reactive in cross-coupling reactions than the corresponding


Table 3 Suzuki–Miyaura coupling of 4b, 6a, and 6b with various
arylboronic acids R-B(OH)2


a


Entry Substrate Product R Yieldb (%)


1 6a 7a Phenyl 0
2 6b 7a Phenyl 64
3 6b 7b 4-Methoxyphenyl 58
4 6b 7c 4-Chlorophenyl 57
5 6b 7d 2-Furyl 40
6 4b 5a Phenyl 71
7 4b 5b 4-Methylphenyl 66


a See Scheme 2 for structures. b Isolated yields.


bromide analogues.19 Faced with the non-reactivity of 6a, we
therefore selected 5-iodo UDP-glucose 6b as an alternative cross-
coupling substrate, in order to gain access to the target 5-
(hetero)aryl UDP-glucose derivatives (Scheme 2). In analogy to
the synthesis of 6a, 6b was prepared from the corresponding
nucleoside monophosphate 4b and glucose-1-phosphate using the
carbonyldiimidazole method. Gratifyingly, and in contrast to the
unsuccessful cross-coupling of 6a, the reaction of 5-iodo UDP-
glucose 6b with phenylboronic acid proceeded smoothly to afford
5-phenyl UDP-glucose 6a in 64% yield after 1 h (Table 3, entry 2).
To determine the scope of the reaction conditions, we then syn-
thesised a small family of UDP-glucose derivatives with different
aromatic and heteroaromatic substituents at position 5 (Table 3,
entries 3–5). The cross-coupling reactions were successful with
both electron-rich and electron-deficient (hetero)aromatic boronic
acids, and the desired 5-substituted UDP-glucose derivatives 7b–d
were obtained in 40–58% isolated yield.


At this point, we decided to carry out further experiments
in order to better understand the differential cross-coupling
reactivity of sugar-nucleotides 6a and 6b. It seemed to us that
in the light of the successful cross-couplings with 5-bromouracil
derivatives 2 and 4a, the lack of reactivity observed for 6a could
not be explained by the potentially limited leaving group quality
of the bromo substituent alone. Therefore, 5-iodo UMP 4b was
prepared from 5-iodouridine and reacted with phenylboronic acid,
for direct comparison both with its 5-bromo congener 4a and with
the corresponding sugar-nucleotide 6b (Table 3, entry 6). From
this reaction, 5-phenyl UMP 5a was obtained in 71% yield after
3 h, similar to the cross-coupling results obtained with both 4a


Scheme 2 Reagents and conditions: i) carbonyldiimidazole, DMF, rt, 3 h; ii) MeOH; iii) glucose-1-phosphate, DMF, rt, 24 h; iv) Na2Cl4Pd (2.5 mol%),
TPPTS (6.25 mol%), Cs2CO3, R-B(OH)2, H2O, 50 ◦C, 1 h. For substituents R and individual yields see Table 3.
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and 6b. The similar cross-coupling behaviour of 5-bromo UMP
4a, 5-iodo UMP 4b, and 5-iodo UDP-glucose 6b suggests that
neither a bromo leaving group, nor the sugar-nucleotide nature of
the substrate are per se an obstacle to cross-coupling success.


It is known that the outcome of Suzuki–Miyaura reactions is
strongly influenced by steric parameters, e.g. the accessibility of the
substrate for the palladium–ligand catalytic complex.19a In order to
investigate the possibility that 6a, but not 6b, may in solution adopt
a conformation which restricts access of the palladium–ligand
catalytic complex, we carried out a comparative conformational
analysis of both sugar-nucleotides. In NOESY experiments with
6a, NOE contacts were observed between protons H-6 and
protons H-3′ (major NOE), H-1′ and H-5′ (Fig. 2). The close
spatial proximity between H-6 and H-5′ strongly suggests a global
conformation for this sugar-nucleotide in which the uracil base
is oriented anti to the ribose ring, similar to the conformation of
the 5-unsubstituted parent UDP-glucose.20 In contrast, NOESY
results for 6b indicate that in solution, the 5-iodo congener
exists predominantly in the syn conformation. For 6b, a strong
NOE signal was observed between protons H-6 and H-2′ and a
weaker one between H-6 and H-1′, while no NOE contact was
seen between H-6 and H-3′ or H-5′. In the syn conformation,
the 5-iodo substituent in 6b is pointing away from the glucose
diphosphate group, and the 5 position is easily accessible for
the Pd catalyst. Such easy access may not be granted in the anti
conformation preferred by the 5-bromo analogue 6a, where the 5-
bromo substituent is facing towards the bulky glucose diphosphate
moiety. Thus, the superior cross-coupling reactivity of 6b may
be attributed, at least in part, to the capacity of the bulky iodo
substituent in 6b to induce a conformation which is favourable
for the insertion of the reactive Pd species during the oxidative
addition step.


Fig. 2 Diagnostic NOE interactions, suggesting an anti conformation for
6a, and a syn conformation for 6b (R = glucosyl-1-diphosphate).


While 5-substituted uracil nucleosides and nucleotides have
been used previously as fluorescent probes,7 no fluorescent
sugar-nucleotides of this type have so far been reported. In
order to assess the suitability of the new 5-substituted UDP-
glucose derivatives as fluorescent sensors, we have recorded UV
absorbance and fluorescence spectra for 6b and 7a–d. The UV
absorbance spectra of all 5-substituted UDP-glucose analogues
show a low energy absorbance band, which lies at ∼280 nm
for the 5-phenyl derivatives (7a–c), at 287 nm for 5-iodo UDP-
glucose 6b, and at 314 nm for 5-(2-furyl) UDP-glucose 7d.† In
aqueous solution, all analogues were fluorescence emissive upon
excitation at the absorbance maximum (Fig. 3). As expected, their
fluorescent properties are strongly influenced by the nature of the
substituent in position 5 (Table 4). While 5-iodo UDP-glucose 6b is


Table 4 Fluorescence spectroscopic properties of UDP-Glc derivatives


Compound kex/nm kem/nm Stokes shifta/cm−1


6b 287 377 8318
7a 278 403 11157
7b 278 444 13449
7c 281 398 10462
7d 314 437 8963


a Stokes shift = (1/kex − 1/kem).


almost non-fluorescent, the 5-(hetero)aryl-substituted derivatives
are weakly (7a and 7c) or strongly (7b and 7d) fluorescent.
Among the three phenyl-substituted derivatives, the electron-
rich 4-methoxy analogue 7b stands out with its relatively large
Stokes shift and strong fluorescence emission. Only 7d, whose
furan substituent is known as a strong fluorescence emitter7 but
more difficult to install than a phenyl substituent (cf. Table 3 for
yields), can compare with 7b in terms of fluorescence intensity.
Of the new UDP-glucose derivatives presented herein, 7b and
7d may therefore be particularly useful as biological sensors
for carbohydrate-active enzymes, and investigations into their
biological activity are currently under way.


Fig. 3 Fluorescence emission spectra for UDP-glucose derivatives 6b and
7a–d in H2O (c = 100 lM in H2O).


Conclusions


In this study, we have shown that installation of an aromatic
or heteroaromatic substituent at position 5 of UDP-glucose
yields a novel type of fluorescent analogue, whose fluorescent
properties can be modulated by the nature of the fluorogenic
substituent. We have developed an efficient synthetic route towards
the target molecules via Suzuki–Miyaura cross-coupling of 5-iodo
UDP-glucose 6b, which may be applicable to the preparation of
other fluorescent UDP-sugars also. Interestingly, under otherwise
identical conditions the cross-coupling reaction was unsuccessful
with 5-bromo UDP-glucose 6a as the substrate. Results from
NOESY experiments suggest that the differential cross-coupling
reactivity of 5-bromo UDP-glucose 6a and its 5-iodo congener 6b
is due at least in part to conformational differences between the two
sugar-nucleotides in solution. Investigations into the biological
properties of the novel UDP-sugars described herein are currently
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under way, and results from these studies will be reported in due
course.


Experimental


General


All chemicals were obtained commercially and used as received
unless stated otherwise. TLC was performed on precoated alu-
minium plates (Silica Gel 60 F254, Merck). Compounds were
visualized by exposure to UV light. NMR spectra were recorded
at 298 K on a Varian VXR 400 S spectrometer or on a Bruker
Avance DPX-300 spectrometer. Chemical shifts (d) are reported
in ppm and, for solutions in D2O, are referenced to methanol
(dH 3.34, dC 49.50). Coupling constants (J) are reported in Hz.
Resonance allocations were made with the aid of COSY and
HSQC experiments. NOESY measurements were carried out with
a relaxation delay of 1.000 s and a mixing time of 0.200 s. High
resolution electrospray ionisation mass spectra (HR ESI-MS) were
obtained on a Finnigan MAT 900 XLT mass spectrometer at the
EPSRC National Mass Spectrometry Service Centre, Swansea.
UV absorbance measurements were carried out on a Perkin
Elmer Lambda 25 UV/VIS spectrometer. Fluorescence spectra
were recorded on a PerkinElmer LS-45 spectrometer at ambient
temperature. Samples were measured in aqueous solution at a
concentration of 100 lM in a quartz micro fluorescence cell (path
length 1.0 cm). Preparative chromatography was performed on a
Biologic LP chromatography system equipped with a peristaltic
pump and a 254 nm UV Optics Module under the following
conditions.


Purification method 1. Ion-pair chromatography was per-
formed using Lichroprep RP-18 resin, gradient 0–10% MeCN
against 0.05 M TEAB (triethylammonium bicarbonate) over
480 mL, flow rate 5 mL min−1. Product-containing fractions were
combined and reduced to dryness. The residue was co-evaporated
repeatedly with methanol to remove residual TEAB.


Purification method 2. Anion exchange chromatography was
performed using a Macro prep 25Q resin, gradient 0–100% 1 M
TEAB (pH 7.3) against H2O over 480 mL, flow rate 5 mL min−1.
Product-containing fractions were combined and reduced to
dryness. The residue was co-evaporated repeatedly with methanol
to remove residual TEAB.


5-Bromouridine (2)


N-Bromosuccinimide (1.6 g, 9.0 mmol) was added to a stirred
suspension of uridine 1 (2.0 g, 8.2 mmol) in 1,2-dimethoxyethane
(100 mL) at 25 ◦C. The mixture was stirred for 5 minutes. To
the clear solution was added a solution of sodium azide (2.15 g,
32 mmol) in water (6.0 mL). The reaction turned bright yellow,
accompanied by the separation of a colourless oil. The yellow
colour disappeared slowly while the oily material remained. After
stirring for 2 h, TLC (30% methanol in chloroform, Rf 0.62;
RfSM 0.45) showed complete conversion of starting material. The
solvents were removed under vacuum to give a pale yellow,
amorphous solid. The crude material was purified by column
chromatography (silica; 15% methanol in CHCl3). Initially, a
colourless oil was obtained which was dried under vacuum
overnight to give a white solid. Recrystallisation from dry ethanol


gave 5-bromouridine 2 as white crystals in 80% yield (2.11 g). dH


(400 MHz, DMSO-d6) 3.49–3.71 (2H, m, H-5′), 3.82–3.86 (1H, m,
H-4′), 3.92 (1H, t, J = 5.6 Hz, H-3′), 4.03 (1H, dd, J = 3.6 and
5.2 Hz, H-2′), 5.05 (1H, d, J = 5.1 Hz, OH-3′), 5.26 (1H, t, J =
4.6 Hz, OH-5′), 5.41 (1H, d, J = 4.2 Hz, OH-2′), 5.70 (1H, d, J =
3.9 Hz, H-1′), 8.46 (1H, s, H-6), 11.80 (1H, s, NH); dC (75.5 MHz,
DMSO-d6) 60.2 (C-5′), 69.3 (C-3′), 74.0 (C-2′), 84.8 (C-4′), 88.6
(C-1′), 95.9 (C-5), 140.4 (C-6), 150.3 (C-2), 159.5 (C-4). m/z (ESI)
322.9872 [M + H]+, C9H12O6N2Br79 requires 322.9873.


General method A: Suzuki–Miyaura cross-coupling of
5-bromouridine


A 2-necked round bottom flask with 5-bromouridine 2 (1 eq.),
arylboronic acid (1.5 eq.) and K2CO3 (2 eq.) was purged with N2.
Upon addition of TPPTS (0.025 eq.), Na2Cl4Pd (0.01 eq.) and
degassed H2O (5 mL) the mixture turned orange in colour. The
reaction was stirred under N2 for 3 h at 60 ◦C, turning brown–
black. Once the starting material was fully consumed, the reaction
mixture was cooled to room temperature. The pH was adjusted
to 7 with HCl 1% and the reaction mixture was filtered through
Celite. The solvents were removed to give a white powder, which
was purified by column chromatography (silica; gradient of 0–15%
methanol in chloroform).


5-Phenyluridine (3a). The title compound was prepared from
2 (50 mg, 155 lmol) and phenylboronic acid according to general
method A. After recrystallisation from absolute ethanol, 3a
was obtained in colourless crystals in 45% yield (22.4 mg). dH


(400 MHz, DMSO-d6) 3.52–3.68 (2H, m, H-5′), 3.84–3.88 (1H,
m, H-4′), 3.97–4.14 (2H, m, H-2′, H-3′), 5.07 (1H, d, J = 4.8 Hz,
OH-3′), 5.20 (1H, t, J = 4.5 Hz, OH-5′), 5.41 (1H, d, J = 5.4 Hz,
OH-2′), 5.82 (1H, d, J = 3.0 Hz, H-1′), 7.24–7.56 (5H, m, Ph), 8.25
(1H, s, H-6), 11.5 (1H, br s, NH); dC (75.5 MHz, DMSO-d6) 60.5
(C-5′), 69.3 (C-3′), 74.7 (C-2′), 84.6 (C-4′), 88.2 (C-1′), 108.3 (C-5),
127.7, 127.9, 128.0 (Ph), 137.6 (C-6), 147.2 (C-2), 162.0 (C-4). m/z
(ESI) 321.1081 [M + H]+, C15H17O6N2 requires 321.1087.


5-(4-Methylphenyl)uridine (3b). The title compound was ob-
tained from 2 (50 mg, 155 lmol) and 4-methylphenylboronic
acid according to general method A in 46% yield (24.0 mg). dH


(400 MHz, DMSO-d6) 2.30 (3H, s, Me), 3.50–3.72 (2H, m, H-5′),
3.82–3.90 (1H, m, H-4′), 3.96–4.05 (1H, m, H-3′), 4.07–4.15 (1H,
m, H-2′), 5.10 (1H, s, OH-3′), 5.22 (1H, s, OH-5′), 5.44 (1H, s,
OH-2′), 5.86 (1H, d, J = 4.5 Hz, H-1′), 7.17 (2H, d, J = 6.6 Hz,
mPh), 7.43 (2H, d, J = 8.4 Hz, oPh), 8.24 (1H, s, H-6′), 11.42
(1H, br s, NH). dC (75.5 MHz, DMSO-d6) 20.6 (Me), 60.3 (C-5′),
69.6 (C-3′), 73.9 (C-2′), 84.7 (C-4′), 88.2 (C-1′), 113.4 (C-5), 127.8,
128.7, 130.3, 136.5 (Ph), 137.7 (C-6), 150.3 (C-2), 162.3 (C-4). m/z
(ESI) 335.1236 [M + H]+, C16H19O6N2 requires 335.1238).


5-(4-Chlorophenyl)uridine (3c). The title compound was ob-
tained from 2 (20 mg, 62 lmol) and 4-chlorophenylboronic
acid according to general method A in 43% yield (9.4 mg). dH


(400 MHz, DMSO-d6) 3.50–3.75 (2H, m, H-5′), 3.84–3.91 (1H,
m, H-4′), 4.00–4.07 (1H, m, H-3′), 4.08–4.18 (1H, m, H-2′), 5.10
(1H, d, J = 3.9 Hz, OH-3′), 5.26 (1H, s, OH-5′), 5.46 (1H, d, J =
4.8 Hz, OH-2′), 5.82 (1H, d, J = 4.5 Hz, H-1′), 7.36–7.62 (4H, 2d,
J = 8.4 and 8.7 Hz, Ph), 8.38 (1H, s, H-6′), 11.6 (1H, br s, NH);
dC (75.5 MHz, DMSO-d6) 60.1 (C-5′), 69.3 (C-3′), 74.0 (C-2′), 84.6
(C-4′), 88.5 (C-1′), 112.1 (C-5), 128.2, 129.6, 131.8, 132.1 (Ph),
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138.6 (C-6), 150.2 (C-2), 162.1 (C-4). m/z (ESI) 355.0693 [M +
H]+, C15H16O6N2Cl35 requires 355.0691.


5-Bromouridine-5′-monophosphate (4a)


A suspension of 2 (50 mg, 0.15 mmol) and proton sponge (199 mg,
0.9 mmol) in dry acetonitrile (3 mL) was cooled to −5 ◦C, and
POCl3 (58 ll, 0.6 mmol) was added dropwise. The orange-coloured
reaction was stirred at −5 ◦C for 4 h, at which time TLC indicated
near complete conversion (IPA–H2O–NH3 6 : 3 : 1; Rf 0.31; RfSM


0.71). The reaction was quenched with 50 mL of ice cold 0.2 M
TEAB buffer. The pale orange solution was stirred for 1 h at
0 ◦C. After warming to 25 ◦C, the aqueous layer was washed with
ethyl acetate (3×) and concentrated under reduced pressure. The
crude residue was purified sequentially by purification methods
1 and 2 to provide 4a in its triethylammonium salt form as a
colourless, glassy solid in 50% yield (31.2 mg). dH (400 MHz, D2O)
4.03–4.16 (2H, m, H-5′), 4.23–4.27 (1H, m, H-4′), 4.30 (1H, t, J =
4.8, H-3′), 4.34 (1H, t, J = 5, H-2′), 5.93 (1H, d, J = 4.8 Hz, H-1′),
8.24 (1H, s, H-6); dC (75.5 MHz, D2O) 64.9 (C-5′), 70.3 (C-3′), 74.7
(C-2′), 84.2 (C-4′), 89.7 (C-1′), 97.7 (C-5), 141.3 (C-6), 152.0 (C-2),
162.7 (C-4); dP (121.5 MHz, D2O) 7.5. m/z (ESI) 400.9391 [M −
H]−, C9H11O9N2Br79P requires 400.9393.


5-Iodouridine-5′-monophosphate (4b)


The title compound was prepared from 5-iodouridine21 (480 mg,
1.3 mmol) by the procedure used in the synthesis of 4a. The
triethylammonium salt of 4b was obtained as a colourless, glassy
solid in 53% yield (307 mg). dH (400 MHz, D2O) 3.96–4.10 (2H,
m, H-5′), 4.20–4.27 (1H, m, H-4′), 4.31 (1H, t, J = 3.9 Hz, H-3′),
4.38 (1H, t, J = 5.1 Hz, H-2′), 5.92 (1H, d, J = 5.1 Hz, H-1′),
8.27 (1H, s, H-6); dC (75.5 MHz, D2O) 64.8 (C-5′), 69.6 (C-5), 70.8
(C-3′), 74.6 (s, C-2′), 84.8 (d, J = 9.1 Hz, C-4′), 89.6 (C-1′), 147.1
(C-6), 152.8 (C-2), 164.3 (C-4); dP (121.5 MHz, D2O) 7.6. m/z
(ESI) 448.9255 [M − H]−, C9H11O9N2IP requires 448.9252.


General method B: Suzuki–Miyaura cross-coupling of 5-bromo
UMP


A 2-necked round bottom flask with 5-bromouridine-5′-mono-
phosphate 4a (1 eq.), K2CO3 (2 eq.) and arylboronic acid (1.5 eq.)
was purged with N2. TPPTS (0.025 eq.), Na2Cl4Pd (0.01 eq.) and
degassed H2O (4 mL) were added, and the reaction was stirred
under N2 for 3 h at 60 ◦C. The reaction was cooled to room
temperature, and the pH was adjusted to 7 with 1% HCl. The black
suspension was concentrated under reduced pressure, and the
residue was taken up in MeOH. The methanolic suspension was
filtered through Celite, and the residue was washed with methanol.
The combined filtrates were evaporated under reduced pressure,
and the residue was purified using purification method 1.


5-Phenyluridine-5′-monophosphate (5a). The triethylammo-
nium salt of the title compound was obtained as a glassy solid in
57% yield (11.5 mg) from 3a (20 mg, 49.6 lmol) and phenylboronic
acid according to general method B. dH (400 MHz, D2O) 4.07–4.11
(2H, m, H-5′), 4.26–4.30 (1H, m, H-4′), 4.23 (1H, t, J = 4.8 Hz,
H-3′), 4.45 (1H, t, J = 6.0 Hz, H-2′), 6.04 (1H, d, J = 5.6 Hz,
H-1′), 7.42–7.54 (5H, m, Ph), 7.89 (1H, s, H-6); dC (75.5 MHz,
D2O) 65.1 (C-5′), 71.2 (C-3′), 74.6 (C-2′), 85.8 (C-4′), 89.8 (C-1′),


117.2 (C-5), 128.2, 129.4, 131.7 (Ph), 139.6 (C-6), 152.7 (C-2),
165.8 (C-4); dP (121.5 MHz, D2O) 7.6. m/z (ESI) 399.0593 [M −
H]−, C15H16O9N2P requires 399.0599.


5-(4-Methylphenyl)uridine-5′-monophosphate (5b). The tri-
ethylammonium salt of the title compound was obtained as a
glassy solid in 27% yield (5.5 mg) from 3a (20 mg, 49.6 lmol)
and 4-methylphenylboronic acid according to general method B.
dH (400 MHz, D2O) 2.35 (3H, s, Me), 4.04–4.09 (2H, m, H-5′),
4.24–4.28 (1H, m, H-4′), 4.32 (1H, t, J = 4.6 Hz, H-3′), 4.44 (1H,
t, J = 4.5 Hz, H-2′), 6.00 (1H, d, J = 4.5 Hz, H-1′), 7.29 (2H, d,
J = 6.0, Ph), 7.39 (2H, d, J = 6.0 Hz, Ph), 7.80 (1H, s, H-6); dC


(75.5 MHz, D2O) 20.9 (Me), 65.0 (C-5′), 70.8 (C-3′), 74.1 (C-2′),
84.4 (C-4′), 89.4 (C-1′), 116.8 (C-5), 129.4, 130.1, 138.8 (Ph), 139.5
(C-6), 154.1 (C-2), 165.5 (C-4); dP (121.5 MHz, D2O) 7.6. m/z
(ESI) 413.0753 [M − H]−, C16H18O9N2P requires 413.0755.


5-(4-Chlorophenyl)uridine-5′-monophosphate (5c). The triethy-
lammonium salt of the title compound was obtained as a glassy
solid in 26% yield (5.5 mg) from 3a (20 mg, 49.6 lmol) and
4-chlorophenylboronic acid according to general method B. dH


(400 MHz, D2O) 3.97–4.03 (2H, m, H-5′), 4.20–4.25 (1H, m, H-
4′), 4.29 (1H, t, J = 4.7 Hz, H-3′), 4.43 (1H, t, J = 5.4 Hz, H-2′),
5.99 (1H, d, J = 5.7 Hz, H-1′), 7.40–7.55 (4H, m, Ph), 7.86 (1H, s,
H-6); dC (75.5 MHz, D2O), 65.0 (C-5′), 70.9 (C-3′), 74.3 (C-2′), 82.5
(s, C-4′), 89.6 (C-1′), 101.6 (C-5), 129.6, 129.9, 131.2 (Ph), 139.6
(C-6), 152.4 (C-2), 165.8 (C-4); dP (121.5 MHz, D2O) 7.6. m/z
(ESI) 433.0210 [M − H]−, C15H15O9N2Cl35P requires 433.0209.


5-Bromouridine-5′-diphosphate-a-D-glucose (6a)


4a (43 mg, 0.11 mmol) was coevaporated with dry DMF (3×).
Carbonyldiimidazole (35 mg, 0.21 mmol) was added and the flask
was purged with N2. Dry DMF (2 mL) was added, and the mixture
was stirred at room temperature for 1 h. Once the formation of the
phosphoroimidazolide was complete dry methanol (350 lL) was
added to destroy excess carbonyldiimidazole. The reaction was
stirred for 20 min, and the solvents were removed under reduced
pressure. a-D-Glucose monophosphate (triethylammonium salt;
51 mg, 0.13 mmol) was coevaporated with DMF (3×) and
dissolved in dry DMF (2 mL). Under N2, this solution was
added to the 4a-imidazolide, and the reaction was stirred at room
temperature for 24 h. Once TLC indicated complete consumption
of the 4a-imidazolide (IPA–H2O–NH3 6 : 3 : 1; Rf 0.40; RfSM


0.37; Rfimidazolide 0.71) all solvents were removed under reduced
pressure, and the crude residue was purified sequentially by
purification methods 1 and 2. The title compound was obtained
in its triethylammonium salt form as a colourless, glassy solid in
38% yield (26 mg). dH (400 MHz, D2O) 3.40–3.46 (1H, m, H-4′′),
3.46–3.56 (1H, m, H-2′′), 3.57–3.78 (4H, m, H-3′′, H-5′′ and H-
6′′), 4.20–4.26 (1H, m, H-5′), 4.26–4.30 (1H, m, H-4′), 4.34–4.40
(2H, m, H-2′, H-3′), 5.43 (1H, dd, J = 3.6 and 9.6 Hz, H-1′′), 5.78
(1H, d, J = 4.4 Hz, H-1′), 8.06 (1H, s, H-6); dC (75.5 MHz, D2O)
61.2 (C-6′′), 65.9 (C-5′), 70.1 (C-4′′), 70.4 (C-3′), 73.4 (C-2′′), 73.7,
73.8 (C-3′′/C-5′′), 74.7 (C-2′), 84.2 (C-4′), 89.8 (C-1′), 96.6 (C-1′′),
118.6 (C-5), 141.8 (C-6), 152.3 (C-2), 163.1 (C-4); dP (121.5 MHz,
D2O) −9.07 (d, J = 20.0 Hz), −7.57 (d, J = 22.2 Hz). m/z (ESI)
642.9586 [M − H]−, C15H22O17N2Br79P2 requires 642.9583.


5-Iodouridine-5′-diphosphate-a-D-glucose (6b). The title com-
pound was prepared from 4b (137 mg, 0.30 mmol) by the procedure
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used in the synthesis of 6a. The triethylammonium salt of 6b was
obtained as a colourless, glassy solid in 37% yield (78 mg). dH


(400 MHz, D2O) 3.40–3.58 (2H, m, H-2′′ and H-4′′), 3.75–3.92
(4H, m, H-3′′, H-5′′ and H-6′′), 4.18–4.25 (2H, m, H-5′), 4.25–4.29
(1H, m, H-4′), 4.32–4.42 (2H, m, H-2′, H-3′), 5.61 (1H, dd, J = 3.6
and 9.6 Hz, H-1′′), 5.93 (1H, d, J = 4.4 Hz, H-1′), 8.25 (1H, s, H-6);
dC (75.5 MHz, D2O) 59.9 (C-5), 61.3 (C-6′′), 66.0 (d, J = 3.8 Hz,
C-5′), 70.2 (C-4′′), 70.6 (C-3′), 72.6 (C-2′′), 73.7, 73.8 (C-3′′/C-5′′),
74.7 (C-2′), 84.3 (d, J = 9.1 Hz, C-4′), 89.7 (C-1′), 96.6 (d, J =
6.8 Hz, C-1′′), 147.0 (C-6), 152.8 (C-2), 164.4 (C-4); dP (121.5 MHz,
D2O) −9.21 (d, J = 20.9 Hz), −7.70 (d, J = 21.1 Hz). m/z (ESI)
690.9431 [M − H]−, C15H22O17N2IP2 requires 690.9444.


General method C: Suzuki–Miyaura cross-coupling of
5-iodouridine-5′-diphosphate-a-D-glucose


A 2-necked round bottom flask with 5-iodouridine-5′-diphos-
phate-a-D-glucose 6b (20 mg, 0.029 mmol), Cs2CO3 (19 mg,
0.058 mmol) and arylboronic acid (0.043 mmol) was purged with
N2. TPPTS (0.9 mg, 1.8 lmol), Na2Cl4Pd (0.2 mg, 0.7 lmol) and
degassed H2O (4 mL) were added, and the reaction was stirred
under N2 for 1 h at 50 ◦C. Upon completion, the reaction was
cooled to room temperature, and the pH was adjusted to 7 with
1% HCl. The black suspension was filtered through a membrane
filter (0.45 lm). The filter was washed with H2O, and the combined
filtrates were evaporated under reduced pressure. The residue was
purified sequentially by purification methods 2 and 1.


5-Phenyluridine-5′-diphosphate-a-D-glucose (7a). The triethy-
lammonium salt of the title compound (TLC: IPA–H2O–NH3 6 :
3 : 1; Rf 0.58, RfSM 0.37) was obtained as a glassy solid in 64%
yield (15.9 mg) from 6b (20 mg, 29 lmol) and phenylboronic acid
according to general method C. dH (400 MHz, D2O) 3.38–3.46
(2H, m, H-2′′ and H-4′′), 3.71–3.92 (4H, m, H-3′′, H-5′′ and H-6′′),
4.17–4.20 (2H, m, H-5′), 4.26–4.30 (1H, m, H-4′), 4.39 (1H, t, J =
4.6 Hz, H-3′), 4.47 (1H, t, J = 5.4 Hz, H-2′), 5.55 (1H, dd, J =
3.2 and 7.2 Hz, H-1′′), 6.03 (1H, d, J = 6.0 Hz, H-1′), 7.4–7.6 (5H,
m, Ph), 7.87 (1H, s, H-6); dC (75.5 MHz, D2O) 61.0 (C-6′′), 66.1
(C-5′), 69.9 (C-4′′), 70.6 (C-3′), 72.2 (C-2′′), 73.4, 73.6 (C-3′′/C-
5′′), 74.0 (C-2′), 84.2 (C-4′), 89.3 (C-1′), 96.3 (C-1′′), 117.0 (C-5),
129.2, 129.6, 132.4 (Ph), 139.3 (C-6), 152.4 (C-2), 165.6 (C-4); dP


(121.5 MHz, D2O) −9.26 (d, J = 22.0 Hz), −7.68 (d, J = 20.4 Hz).
m/z (ESI) 641.0793 [M − H]−, C21H27O17N2P2 requires 641.0790.


5-(4-Methoxyphenyl)uridine-5′-diphosphate-a-D-glucose (7b).
The triethylammonium salt of the title compound (TLC: IPA–
H2O–NH3 6 : 3 : 1; Rf 0.58, RfSM 0.37) was obtained as a glassy
solid in 58% yield (15.5 mg) from 6b (20 mg, 29 lmol) and
4-methoxyphenylboronic acid according to general method C.
dH (400 MHz, D2O) 3.38–3.43 (1H, m, H-4′′), 3.40–3.45 (1H, m,
H-2′′), 3.70–3.87 (4H, m, H-3′′, H-5′′ and H-6′′), 3.86 (3H, s, Me),
4.16–4.21 (2H, m, H-5′), 4.27–4.31 (1H, m, H-4′), 4.39 (1H, t, J =
4.6 Hz, H-3′), 4.47 (1H, t, J = 5.6 Hz, H-2′), 5.54 (1H, dd, J =
3.2 and 7.2 Hz, H-1′′), 6.03 (1H, d, J = 6.0 Hz, H-1′), 7.07 (2H,
d, J = 8.8 Hz, mPh), 7.49 (2H, d, J = 8.8 Hz, oPh), 7.81 (1H, s,
H-6); dC (75.5 MHz, D2O) 56.0 (Me), 61.0 (C-6′′), 66.1 (C-5′), 69.9
(C-4′′), 70.6 (C-3′), 72.4 (C-2′′), 73.4, 73.6 (C-3′′/C-5′′), 74.0 (C-2′),
84.2 (C-4′), 89.31 (C-1′), 96.3 (C-1′′), 115.0 (mPh), 116.6 (C-5),
125.2 (iPh), 130.9 (oPh), 138.5 (C-6), 152.4 (C-2), 159.7 (pPh),
165.6 (C-4); dP (121.5 MHz, D2O) −9.25 (d, J = 20.2 Hz), −7.62


(d, J = 21.9 Hz). m/z (ESI) 671.0909 [M − H]−, C22H29O18N2P2


requires 671.0896.


5-(4-Chlorophenyl)uridine-5′-diphosphate-a-D-glucose (7c).
The triethylammonium salt of the title compound (TLC: IPA–
H2O–NH3 6 : 3 : 1; Rf 0.58, RfSM 0.37) was obtained as a glassy
solid in 57% yield (14.9 mg) from 6b (20 mg, 29 lmol) and
4-chlorophenylboronic acid according to general method C. dH


(400 MHz, D2O) 3.39–3.44 (1H, m, H-4′′), 3.42–3.47 (1H, m,
H-2′′), 3.71–3.92 (4H, m, H-3′′, H-5′′ and H-6′′), 4.17–4.22 (2H,
m, H-5′), 4.28–4.32 (1H, m, H-4′), 4.39 (1H, t, J = 4.4 Hz, H-3′),
4.47 (1H, t, J = 5.6 Hz, H-2′), 5.54 (1H, dd, J = 2.8 and 5.2 Hz,
H-1′′), 6.03 (1H, d, J = 6.0 Hz, H-1′), 7.45–7.58 (4H, m, Ph), 7.90
(1H, s, H-6); dC (75.5 MHz, D2O) 61.1 (C-6′′), 65.9 (C-5′), 69.9
(C-4′′), 70.6 (C-3′), 72.3 (C-2′′), 73.4, 73.6 (C-3′′/C-5′′), 74.1 (C-2′),
84.3 (C-4′), 89.3 (C-1′), 96.3 (C-1′′), 115.9 (C-5), 129.5, 130.9,
134.4 (Ph), 139.3 (C-6), 152.3 (C-2), 165.4 (C-4); dP (121.5 MHz,
D2O) −9.27 (d, J = 20.2 Hz), −7.68 (d, J = 21.8 Hz). m/z (ESI)
675.0402 [M − H]−, C21H26O17N2Cl35P2 requires 675.0401.


5-(2-Furyl)uridine-5′-diphosphate-a-D-glucose (7d). The tri-
ethylammonium salt of the title compound (TLC: IPA–H2O–NH3


6 : 3 : 1; Rf 0.58, RfSM 0.37) was obtained as a glassy solid in 40%
yield (10.4 mg) from 6b (20 mg, 29 lmol) and 2-furylboronic acid
according to general method C. dH (400 MHz, D2O) 3.39–3.44
(1H, m, H-4′′), 3.42–3.47 (1H, m, H-2′′), 3.70–3.93 (4H, m, H-3′′,
H-5′′ and H-6′′), 4.23–4.28 (2H, m, H-5′), 4.30–4.34 (1H, m, H-4′),
4.42 (1H, t, J = 4.6 Hz, H-3′), 4.49 (1H, t, J = 5.6 Hz, H-2′), 5.60
(1H, dd, J = 3.6 and 7.8 Hz, H-1′′), 6.05 (1H, d, J = 6.0 Hz, H-1′),
6.55 (1H, d, J = 3.2 Hz, H-3 fur), 6.90 (1H, d, J = 3.6 Hz, H-2
fur), 7.60 (1H, s, H-4 fur), 8.21 (1H, s, H-6); dC (75.5 MHz, D2O)
61.0 (C-6′′), 66.3 (C-5′), 69.9 (C-4′′), 70.6 (C-3′), 72.3 (C-2′′), 73.5,
73.6 (C-3′′/C-5′′), 74.3 (C-2′), 84.3 (C-4′), 89.4 (C-1′), 96.3 (C-1′′),
109.7 (C-2 fur), 112.2 (C-3 fur), 121.5 (C-5), 133.4 (C-6), 143.5
(C-4 fur), 146.1 (C-1 fur), 151.7 (C-2), 163.3 (C-4); dP (121.5 MHz,
D2O) −9.20 (d, J = 20.2 Hz), −7.62 (d, J = 20.1 Hz). m/z (ESI)
631.0586 [M-H]−, C19H25O18N2P2 requires 631.0583.
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Havran, M. Hocek and M. Fojta, Chem.–Eur. J., 2007, 13, 9527; (d) H.
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We describe the synthesis and NMR spectroscopic analysis of three artificial lignin polymers containing
only the b-O-4 substructure: syringyl-type homopolymer, p-hydroxyphenyl-type homopolymer and
guaiacyl/syringyl-type heteropolymer. Using gel permeation chromatography, the weight-average
degree of polymerization (DPw) of the three polymers was determined as 19.2, 38.6, and 13.9,
respectively. The polymers were prepared based on the synthetic methodology of guaiacyl-type
homopolymer, and were fully characterized using 1H-, 13C-, and 1H–13C NMR spectroscopy of the
acetylated and non-acetylated forms. The spectra of guaiacyl/syringyl-type heteropolymers were in
good agreement with those of the b-O-4 substructure of milled wood lignin obtained from the
hardwood of Japanese white birch.


Introduction


Lignin, a major cell wall component in woody plants, is the
second most abundant biopolymer on earth after cellulose.
The complex structure of lignin arises from three precursors –
whereas the main constituent of softwood lignin is a guaiacyl
(G) unit, hardwood lignin consists mainly of guaiacyl and syringyl
(S) units. In addition to these units, herbaceous plants contain p-
hydroxyphenyl (H) units.


To investigate the structure and property of this complex
biopolymer, various lignin model compounds have been syn-
thesized to date. We have synthesized artificial lignin polymers
composed exclusively of a b-O-4 substructure,1,2 which are linear
with two- or three-carbon side chains and can be used as polymeric
lignin models with well-defined structures. Such polymers have
been found to be useful for the identification of characteristic ion
peaks induced by time-of-flight secondary ion mass spectroscopic
(ToF-SIMS) analysis of lignin.3 A guaiacyl-type b-O-4 artificial
lignin polymer with a three-carbon side chain was successfully
applied for the identification of degradation products of pyrolysis-
GC (gas chromatography) analysis of lignin.4 As lignin models, our
guaiacyl-type artificial lignin polymers have been found to be more
appropriate than the common lignin model dimer, guaiacylglycerol
guaiacyl ether.4


Modern 1H–13C-correlation 2-D NMR spectroscopic tech-
niques such as heteronuclear multiple quantum coherence
(HMQC) and heteronuclear single quantum coherence (HSQC)
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pulse sequences are often used for qualitative, and recently,
quantitative analysis of lignins.5–10 Typically, the chemical shifts
are assigned by comparison with those obtained from lignin model
dimers. Despite the numerous and readily available NMR spectral
data for lignin model compounds,11 1H- and 13C-NMR spectral
data for structures consisting of b-O-4 substructures12–14 remain
limited. In some cases, the chemical shifts of model compounds,
especially those of aromatic carbons, differ significantly from those
of isolated lignins. In some cases, the p-methoxyphenyl structure,
such as veratrylglycerol-b-guaiacyl ether, is inadequate for non-
phenolic b-O-4 structures. In contrast, b-O-4 type artificial lignin
polymers that actually consist of non-phenolic structures should
provide more accurate NMR spectral data.


Herein, we describe the synthesis of three artificial lignin poly-
mers composed exclusively of the b-O-4 substructure: syringyl-
type homopolymer, p-hydroxyphenyl-type homopolymer, and
guaiacyl/syringyl-type heteropolymer. The polymers, both as
the acetylated and non-acetylated forms, were fully analyzed
using modern NMR techniques. The guaiacyl-type homopolymer,
which was previously reported,2 was re-analyzed in order to
obtain additional NMR spectral data. The NMR spectra of
the guaiacyl/syringyl-type heteropolymer, which was synthesized
as an artificial hardwood lignin, were in good agreement with
those of the b-O-4 substructure of milled wood lignin (MWL)
from the hardwood of Japanese white birch (Betula platyphylla
var. japonica Hara). We believe that the NMR spectral data of
our artificial lignin polymers could prove to be useful for the
NMR spectroscopic analysis of isolated lignins from softwoods,
hardwoods, and herbaceous plants. Furthermore, the polymers
could serve as appropriate polymeric lignin model compounds
that possess both phenolic and non-phenolic structures.


Results and discussion


Synthesis of artificial lignin polymers


The synthesis of b-O-4 type artificial lignin polymers was
based on the synthetic methodology of the guaiacyl-type (G)
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Scheme 1 Synthesis of b-O-4 type artificial lignin polymers.


homopolymer (polymer 2a),2 which involves the polyconden-
sation of a brominated monomer and the subsequent reduc-
tion of the carbonyl polymer, as shown in Scheme 1. The
three monomers, ethyl 2-bromo-3-(4-hydroxy-3-methoxyphenyl)-
3-oxopropanoate (monomer a), ethyl 2-bromo-3-(4-hydroxy-3,5-
dimethoxyphenyl)-3-oxopropanoate (monomer b), and ethyl 2-
bromo-3-(4-hydroxyphenyl)-3-oxopropanoate (monomer c), were
synthesized from the corresponding 4-hydroxyacetophenone
derivatives, instead of the benzaldehyde derivative which was
used in previous investigations.2 4-Hydroxyacetophenone deriva-
tives were benzylated with benzyl chloride, coupled with ethyl
carbonate15,16 in the presence of NaH, debenzylated with Pd/C,
and brominated with bromine. A typical synthetic procedure for
monomers is available as ESI†, and details of the discussion was
reported elsewhere.17


Syringyl-type (S) homopolymer (polymer 2b) and p-
hydroxyphenyl-type (H) homopolymer (polymer 2c) were synthe-
sized from monomers b and c, respectively. Guaiacyl/syringyl-
type (G/S) heteropolymer (polymer 2d) was synthesized from a 1 :
1 (mol/mol) mixture of monomers a and b. Polymerization was
carried out using potassium carbonate in anhydrous DMF at rt
for 24 h to afford polymers 1b–1d with yields of 88%, 97%, and
90%, respectively. In contrast to the b-O-4 type polymers with two-
carbon side chains,1 precipitation of the resulting polymer was not
observed during polymerization in the cases of polymers 1b–1d
with three-carbon side chains. Because of incomplete reduction
of the carbonyl group of polymers 1b–1d at rt in some cases, the
reduction was carried out at 50 ◦C, in which polymers 1b–1d were
suspended in methanol, then treated with sodium borohydride.
The crude products were purified by precipitation in ether, in
order to remove the low molecular weight compounds, to afford
polymers 2b–2d with yields of 27%, 66%, and 18%, respectively.
The low yield of polymer 2d is attributable to its low molecular
weight, as described below.


GPC analysis of artificial lignin polymers


The number-average and weight-average molecular weights of the
acetylated form of the artificial lignin polymers were determined
using gel permeation chromatography (GPC). Acetylation was
performed using acetic anhydride and pyridine at rt. The degree
of polymerization (DP) was calculated from the average molecular
weight. The results, along with those of polymer 2a, are summa-
rized in Table 1. The weight-average degree of polymerization
(DPw) of polymer 2b was 19.2, which is quite similar to that
of polymer 2a. Polymer 2c exhibited the highest DPw, which
may be attributed to the accessibility of monomer c due to the
absence of methoxy groups. The guaiacyl/syringyl heteropolymer


Table 1 GPC analysis of acetylated b-O-4 type artificial lignin polymers
2a–2d


Polymer Yielda (%) Mn Mw DPn DPw


2ab (G) 33 3390 5460 12.1 19.5
2b (S) 24 3690 5950 11.9 19.2
2c (H) 64 3700 9650 14.8 38.6
2d (G/S) 17 2550 4120 8.6 13.9


a Overall yields of polymers 2a–2d from monomers a–d. b Data taken from
ref. 2.


2d exhibited a low DP – a detailed explanation, however, would
require further investigations.


NMR spectroscopic analysis of artificial lignin polymers


Selected 1H- and 13C-NMR spectral data for the acetylated
and non-acetylated forms of polymers 2a–2c are summarized
in Tables 2–5 (full spectral data are available as ESI†). The
signals were assigned by HMQC and heteronuclear multiple
bond coherence (HMBC) NMR spectra, and compared against
those of dimer lignin model compounds, if available. In some
cases, the erythro- and threo-forms were distinguishable and were
read separately. Correlations between Hb and C4, as shown by
the HMBC spectra of polymers 2a–2d, indicated the successful
formation of b-O-4 linkages between the monomer units (data
not shown). However, several minor signals could not be assigned
for polymers 2a–2c in Fig. 1. Some of them might be assigned
to end units, but it is likely that some unexpected side-reactions
took place at the non-phenolic end units, when polymers 1a–1d
were treated with NaBH4. Further investigations are necessary to
clarify this point.


The 13C-NMR signals at 60.1, 71.5, and 86.7 ppm in syringyl-
type polymer 2b were assigned to the c-, a-, and b-carbons,
respectively in Fig. 1. The c- and a-carbons (60.1 and 71.5 ppm)
are comparable to those of the threo-form of syringylglycerol b-
syringyl ether (60.2 and 71.6 ppm); the b-carbon (86.7 ppm) is also
observed at a similar position (87.2 ppm).11 The signals at 59.6,
72.2, and 86.0 ppm in polymer 2b were assigned as the c-, a-, and
b-carbons, respectively, of the erythro-form. In the case of polymer
2b, the erythro- and threo-forms exist in nearly equal amounts.


For p-hydroxyphenyl type polymer 2c, the signals at 59.8, 71.2,
and 83.1 ppm were assigned to the c-, a-, and b-carbons of
the erythro-form, respectively. The small resonance at 70.9 ppm
was assigned to the a-carbon of the threo-form. In the case of
polymer 2c, the erythro-form is predominant. The difference in
the chemical shifts of the side chain carbons between the erythro-
and threo-forms of polymer 2c is smaller than that of polymer
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Table 2 Selected 1H-NMR spectral data for b-O-4 type artificial lignin polymers in DMSO-d6 (ppm)


Proton assignment


Polymer a b c 1 2 3 4 5 6


2aa (G, erythro) 4.75 4.28 3.47–3.63 — 7.02 — — 6.94 6.85
2a (G, threo) (4.75)b (4.28)b 3.20, 3.47–3.63 — (7.02)b — — (6.94)b (6.85)b


2b (S, erythro) 4.87 4.12 3.39, 3.73 — 6.70 — — — 6.70
2b (S, threo) 4.90 4.02 3.23, 3.65 — 6.78 — — — 6.78
2c (H, erythro) 4.73 4.29 3.50–3.66 — 7.25 6.85 — 6.85 7.25
2c (H, threo) (4.73)b (4.29)b 3.21, 3.50–3.66 — (7.25)b 6.91 — 6.91 (7.25)b


a Data taken from ref. 2. b Chemical shifts in the threo-forms could not be read separately because of low intensities. The chemical shifts may or may not
be the same as the erythro-forms.


Table 3 Selected 1H-NMR spectral data for acetylated b-O-4 type artificial lignin polymers in CDCl3 (ppm)


Proton assignment


Polymer a b c 1 2 3 4 5 6


2aa (G, erythro) 6.00 4.67 4.14, 4.37 — 7.03 — — 6.85 6.90
2a (G, threo) 6.05 4.61 3.95, 4.24 — (7.03)b — — (6.85)b (6.90)b


2b (S, erythro) 6.00 4.59 4.17, 4.42 — 6.61 — — — 6.61
2b (S, threo) 6.08 4.52 3.85, 4.31 — 6.61 — — — 6.61
2c (H, erythro) 5.98 4.73 4.14, 4.31 — 7.31 6.91 — 6.91 7.31
2c (H, threo) 6.01 (4.73)b 3.94, 4.20 — 7.34 6.98 — 6.98 7.34


a Data taken from ref. 2. b Chemical shifts in the threo-forms could not be read separately because of low intensities. The chemical shifts may or may not
be the same as the erythro-forms.


Table 4 Selected 13C-NMR spectral data for b-O-4 type artificial lignin polymers in DMSO-d6 (ppm)


Carbon assignment


Polymer a b c 1 2 3 4 5 6


2aa (G, erythro) 71.4 83.6 59.8 135.0 111.7 148.9 146.7 115.0 119.1
2a (G, threo) 70.8 84.4 59.9 134.7 111.3 148.9 147.0 114.5 118.7
2b (S, erythro) 72.2 86.0 59.6 138.0, 138.1 104.3 152.1 134.2, 134.3b 152.1 104.3
2b (S, threo) 71.5 86.7 60.1 137.8 104.3 152.0 134.7, 134.8b 152.0 104.3
2c (H, erythro) 71.2 83.1 59.8 134.3 127.9 115.5 157.7 115.5 127.9
2c (H, threo) 70.9 83.1 59.9 134.1 127.7 115.4 158.0 115.4 127.7


a Data taken from ref. 2. b The erythro- and threo-forms were tentatively assigned.


Table 5 Selected 13C-NMR spectral data for acetylated b-O-4 type artificial lignin polymers in CDCl3 (ppm)


Carbon assignment


Polymer a b c 1 2 3 4 5 6


2aa (G, erythro) 73.9 79.7 62.4 131.3 111.9 150.6 147.0 118.3 119.7
2a (G, threo) 74.7 80.1 63.1 131.0 111.5 150.3 (147.0)b (118.3)b 119.4
2b (S, erythro) 74.6, 74.7 80.7 62.8 133.2 104.5 152.8c 135.0, 135.3c 152.8c 104.5
2b (S, threo) 76.2 80.7 63.8 132.8 104.5 153.1, 153.2c 136.4, 136.6, 136.8c 153.1, 153.2c 104.5
2c (H, erythro) 73.8 78.1 62.3 129.5 128.9 116.6 158.2 116.6 128.9
2c (H, threo) 74.1 78.1 62.8 129.4 128.9 116.4 158.6 116.4 128.9


a Data taken from ref. 2. b Chemical shifts in the threo-forms could not be read separately because of low intensities. The chemical shifts may or may not
be the same as the erythro-forms. c The erythro- and threo-forms were tentatively assigned.


2b. As shown in Tables 3 and 5, because the chemical shifts of
the b-protons and carbons of polymer 2c significantly differ from
those of polymers 2a and 2b in the acetate forms, the presence
of the p-hydroxyphenylglycerol-b-phenyl ether type substructure
in herbaceous plants can be readily detected using 2-D NMR
spectroscopy.


The 13C-NMR spectra of polymer 2d and milled wood lignin
from Japanese white birch in DMSO-d6 are shown in Fig. 2.
The 13C-NMR signals of polymer 2d are basically the sum of
polymers 2a and 2b with some exceptions. The side chain signals
at 83.3, and 87.1 ppm do not exist in polymers 2a nor 2b. The
signals at 83.3 and 87.1 ppm were assigned to the b-carbons of the
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Fig. 1 13C-NMR spectra of b-O-4 type artificial lignin polymers 2a–2c in
DMSO-d6. 1′, 3′, 4′, 5′: phenolic end units; 1′′, 2′′, 6′′, a′′, b′′, c′′: non-phenolic
end units; x: solvents.


syringylglycerol-b-guaiacyl (SG) and guaiacylglycerol-b-syringyl
(GS) ether-type substructures, respectively.13 While MWL con-
tains, in addition to the b-O-4 substructure, various other sub-
structures, the 13C-NMR spectra of polymer 2d and birch MWL
in DMSO-d6 are strikingly similar. Although the signals that
correspond to the guaiacyl unit, especially those of the b-carbons,
are weaker for birch MWL than for polymer 2d, major carbon
signals in polymer 2d correspond to those of b-O-4 substructures
of the hardwood lignin.


In contrast to the significant differences between the chemical
shifts of some aromatic carbons of the dimer models and those
of native lignins, the chemical shifts of artificial lignin polymer 2d
are quite similar to those of the isolated birch MWL, as described
above. For example, a signal that corresponds to the guaiacyl
aromatic carbon at the 5-position of the erythro-form of polymer
2d appears comparably to that of the MWL (115.2 ppm). In
contrast, the signal of the erythro-form of the veratrylglycerol-
b-guaiacyl ether is observed at 111.6 ppm.14 These results indicate
that, in respect to NMR spectroscopic analyses, our artificial lignin
polymers can serve as lignin models that are more accurate than
the common lignin model dimers.


As shown in the 1H-NMR spectra of the acetylated polymers
2a–2d in CDCl3 (Fig. 3), distinct NMR signals were observed for
the side chain of each polymer. Syringyl aromatic protons were
readily distinguishable from other aromatic protons in the b-O-4
structures. Although we expected that, for polymer 2d, the bulky
syringyl monomer b would be more difficult to polymerize than
the guaiacyl monomer a, the syringyl/guaiacyl ratio of 49 : 51,
which was calculated using the peak areas of syringyl (C2-H and
C6-H, 6.57–6.70 ppm) and guaiacyl aromatic protons (C2-H, C5-
H and C6-H, 6.78–7.08 ppm), indicated that monomers a and b
were incorporated in nearly equal amounts.


Conclusions


Three artificial lignin polymers containing only the b-O-4 sub-
structure were successfully synthesized and fully analyzed using
NMR spectroscopy. The resulting NMR spectral data could ben-
efit NMR spectroscopic analyses of isolated lignins; specifically,
the spectra of guaiacyl/syringyl-type heteropolymer 2d were in
good agreement with those of the b-O-4 substructure in milled
wood lignin from Japanese white birch. Our artificial lignin
polymers would serve as appropriate polymeric lignin models
in the investigations of reaction mechanisms during the various
processes, such as pulping, bleaching, and biodegradation.


Experimental


Measurements


1H- and 13C-NMR spectra were recorded using a JEOL JNM
EX-270 FT-NMR (270 MHz), a Bruker AMX500 FT-NMR
(500 MHz), or a JEOL FT-NMR ECA600 (600 MHz) spec-
trometer. HMQC and HMBC NMR spectra were recorded
using a Bruker AMX500 FT-NMR (500 MHz) or a JEOL FT-
NMR ECA600 (600 MHz) spectrometer. Chemical shifts (d) are
reported in ppm. The 13C-NMR spectra were processed using
exponential multiplication with 3 Hz line broadening. The average
molecular weights of the acetyl derivatives of polymers 2a–2d
were determined using gel permeation chromatography (GPC)
in tetrahydrofuran using a HITACHI Liquid Chromatograph L-
6200, equipped with UV (L-4000 Hitachi, 280 nm) and RI (JASCO
RI-2031 Plus) detectors, and Shodex GPC columns (KF-803L
and 802, 30 cm × 8.0 mm, connected in series) (tetrahydrofuran,
0.5 mL min−1, 40 ◦C). The molecular weights were calibrated using
polystyrene standards.


Polymerization


To a 25 mL flask containing monomer b (0.97 g, 2.79 mmol),
which was dried at rt overnight under vacuum, was added finely
powdered dry K2CO3 (0.58 g, 4.19 mmol) in anhydrous DMF
(5 mL). After 24 h under a nitrogen atmosphere at rt, the reaction
mixture was poured into ice-water (120 mL), then adjusted to
pH 2–3 using 2 M HCl to precipitate the polymer. The polymer
was isolated by filtration, washed with water, and dried over P2O5


under vacuum to give polymer 1b (650 mg, 88%).
Similarly, polymers 1c (693 mg, 97%) and 1d (724 mg, 90%) were


synthesized from monomer c (1.0 g, 3.48 mmol) and a mixture
of monomers a (510 mg, 1.6 mmol) and b (560 mg 1.6 mmol),
respectively.
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Fig. 2 13C-NMR spectra of b-O-4 type artificial lignin polymer 2d and milled wood lignin (MWL) from Japanese white birch in DMSO-d6.


Reduction of polymers 1b–1d


To a stirred suspension of polymer 1b (602 mg) in CH3OH
(10 mL) was carefully added NaBH4 (683 mg) portionwise, while
maintaining the reaction temperature at 50 ◦C. The suspension
gradually turned into a clear solution. After 24 h, the reaction
mixture was treated with acetic acid to decompose excess NaBH4,
then poured into 0.5 M HCl (200 mL). The resulting precipitate
was isolated by centrifuge, washed with water, lyophilized, then
dissolved in 1,2-dichloroethane–ethanol (2 : 1, v/v, 5 mL) or 1,4-
dioxane (5 mL). The resulting solution was poured into diethyl
ether (100 mL) to remove low molecular weight compounds. The
resulting precipitate was isolated by filtration, then dried in vacuo
to give polymer 2b (158 mg, 31%).


Similarly, polymers 2c (336 mg, 66%) and 2d (114.8 mg, 18%)
were synthesized from polymers 1c (630 mg) and 1d (625 mg),
respectively.


Polymer 2d. 1H-NMR (DMSO-d6): 3.21 (Cc-Ht), 3.36, 3.48–
3.84 (Cc-H), 3.71, 3.73, 3.75 (OCH3), 4.01 (S, Cb-Ht), 4.10 (S,
Cb-He), 4.27 (G, Cb-H), 4.77 (G, Ca-H), 4.84 (GS or SG, Ca-H),
4.89 (S, Ca-H), 6.70 (S, C2-He, C6-He), 6.75 (S, C2-H, C6-H), 6.79
(S, C2-Ht, C6-Ht), 6.87 (G, C6-H), 6.94 (G, C5-H), 7.03 (G, C2-
H);13C-NMR (DMSO-d6): d 55.6, 55.9 (OCH3), 59.6, 59.9, 60.0
(c), 70.8 (G, at), 71.5 (S, at; G, ae), 71.8, 71.9 (SG or GS, a), 72.2
(S, ae), 83.3 (SG, b), 83.7 (G, be), 84.4 (G, bt), 86.1 (S, be), 86.8
(S, bt), 87.1 (GS, b), 104.3, 104.7 (S, 2, 6), 111.4 (G, 2t), 111.7 (G,


2e), 114.8 (G, 5t), 115.2 (G, 5e), 118.8 (G, 6t), 119.1 (G, 6e), 134.3
(S, 4e), 134.8 (S, 4t; G, 1), 135.0, 135.2, 135.3 (G, 1), 137.8 (S,
1t), 138.1 (S, 1e), 145.4 (G, 4′), 146.9 (G, 4e), 147.0 (G, 4t), 149.2
(G, 3), 152.1, 152.4 (S, 3, 5). 4′: phenolic end units; e: erythro; t:
threo.


Acetylation of polymers 2b–2d


Polymer 2b (65 mg) was acetylated using acetic anhydride and
pyridine (1 : 1, v/v, 4 mL) at rt. After allowing the reaction
to proceed for 24 h, it was diluted with ethyl acetate, washed
with brine, dried over anhydrous Na2SO4, and concentrated to
dryness in vacuo. The resulting polymers were used without further
purification. Polymers 2c and 2d were acetylated following similar
procedures.


Polymer 2d (acetate): 1H-NMR (CDCl3): d 1.91, 1.94, 2.01, 2.06,
2.07, 2.08, 2.13 (s, a,c-OCOCH3), 2.29, 2.32 (s, Ph-OCOCH3), 3.75,
3.79 (s, OCH3), 3.86 (S, Cc-Ht), 4.17 (G, S, Cc-He), 4.21 (G, Cc-
Ht), 4.29 (S, Cc-Ht), 4.37 (G, Cc-He), 4.42 (S, Cc-He), 4.54 (S,
Cb-Ht), 4.59 (G, Cb-Ht, S, Cb-He), 4.67 (G, Cb-He), 6.00 (G,
S, Ca-He), 6.08 (G, S, Ca-Ht), 6.60, 6.67 (S, 2, 6), 6.80–7.10 (G,
aromatics); 13C-NMR (CDCl3): 20.8, 21.0 (a,c-OCOCH3), 55.9,
56.1 (OCH3), 62.5 (G, ce), 62.8 (S, ce), 63.2 (G, ct), 63.9 (S, ct),
74.0 (G, ae), 74.6, 74.7 (G, at, S, ae), 74.4, 76.0 (a), 76.3 (S, at), 79.8
(G, be), 80.2 (G, bt), 80.7 (S, b), 104.4, 104.8 (S, 2, 6), 111.7 (G,
2t), 112.1 (G, 2e), 118.4 (G, 5), 119.9 (G, 6), 131.2 (G, 1t), 131.5
(G, 1e), 132.0, 132.2, 132.4 (GS or SG, 1), 132.7 (S, 1t), 133.2 (S,
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Fig. 3 1H-NMR spectra of acetylated b-O-4 type artificial lignin polymers
2a–2d in CDCl3.


1e), 135.1, 135.3, 136.4, 136.7, 136.8 (S, 4), 147.0, 147.3 (G, 4),
150.6, 150.8 (G, 3), 152.8, 153.1 (S, 3, 5), 168.8 (Ph-OCOCH3),
169.7 (a-OCOCH3), 170.6, 170.7 (c-OCOCH3). e: erythro; t: threo.


Preparation of milled wood lignin (MWL)


Milled wood lignin (MWL) was prepared from wood meal
(<40 mesh) from Japanese white birch according to the standard
procedure with dry-milling under nitrogen for 2 d, and purification
by the method of Lundquist.18 The Klason lignin content of the
resulting MWL was 82.8%. Sugar content, which was measured
by the standard alditol acetate method using gas chromatography,
was 4.6%.
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The synthesis of the title 7-deazaadenine 2′-deoxyribonucleosides bearing bipyridine, phenanthroline or
terpyridine ligands linked to position 7 via an acetylene or phenylene spacer is reported based on
aqueous cross-coupling reactions of unprotected 7-iodo-7-deaza-2′-deoxyadenosine with
ligand-functionalized acetylenes or boronic acids. The aqueous cross-coupling with acetylene or
boronate building blocks containing the Ru(bpy)3-type of complex gave the corresponding
Ru-containing nucleosides. Photophysical and electrochemical properties were studied and the most
efficient type of complex was selected for future luminescent and redox labelling of DNA. The title
nucleosides also showed some cytostatic and anti-HCV activities.


Introduction


Complexes of bipyridine and phenanthroline ligands with tran-
sition metals possess1 unique electrochemical and photophysical
properties and thus could be used for electrochemical or lumi-
nescent labeling of biomolecules. Some of the phenanthroline
complexes, which are efficient DNA intercalators, have been
extensively used as luminescent and electroactive DNA labels.2


Attachment of probes based on metal complexes directly to
the nucleobase via conjugate linkers should increase efficiency
of the charge transfer and thus enhance sensitivity. Covalently
bound conjugates of pyrimidine nucleotides and phenanthroline
complexes of Ru and Os have been studied as luminescence probes
for DNA hybridization and charge transfer through DNA.3 The
corresponding labeling of purine bases has not been studied
until recently, when we have reported4 on the synthesis and
electrochemistry of model 9-benzyladenine derivatives bearing
oligopyridine ligands or their Ru or Os complexes linked to
position 8 via conjugate phenylene or acetylene tethers that are
designed to transmit electronic changes on the nucleobase to
the electroactive label. Later on, we reported5 the synthesis of
a 2′-deoxyadenosine nucleoside bearing bipyridine ligands and
the corresponding Ru complexes in position 8. However, our
follow-up study on chemical incorporation of the correspond-
ing protected 8-substituted 2′-deoxyadenosine phosphoramidites
on solid support was unsuccessful due to very low coupling
yields.6


An alternative method for the construction of functionalized nu-
cleic acids is based on polymerase incorporations of base-modified
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nucleoside triphosphates (dNTPs).7 It can be even combined with
cross-coupling reactions of dNTPs, and we have recently used this
novel approach8 for the synthesis of DNA bearing amino acids,9


ferrocenes10 and amino- and nitrophenyl groups.11 However, we9


and others7c have shown that 8-substituted purine dNTPs are
poor substrates for DNA polymerases (presumably due to their
preference for syn-conformation and steric hindrance between the
substituent and DNA backbone) and should be replaced by 7-
substituted 7-deazapurine dNTPs.


In order to be able to proceed to polymerase incorporation
of purines bearing bipyridine ligands and their Ru complexes,
we had to first develop the synthetic methodology for the
introduction of the bipyridine and phenanthroline ligands linked
via acetylene or phenylene, as well as the corresponding Ru(II)-
complexes, to position 7 of 7-deaza-2′-deoxyadenosine and study
the electrochemical and photophysical properties of the resulting
labeled nucleosides and this is the topic of the present paper.


Results and discussion


Synthesis of 7-deaza-2′-deoxyadenosine conjugates


In order to attach bipyridine-type ligands linked via an
acetylene or phenylene linker to position 7 of 7-deaza-2′-
deoxyadenosine,12 we have followed our previous study5 on 8-
substituted-2′-deoxyadenosines and utilized aqueous-phase cross-
coupling reactions.13 The Sonogashira cross-coupling reactions
of ethynyl oligopyridines 2a and 2b with 7-iodo-7-deaza 2′-
deoxyadenosine (1) were performed in DMF (rather than in H2O–
CH3CN which caused problems in the 8-substituted adenosine
series5) in the presence of Pd(OAc)2, water soluble ligand P(Ph-
SO3Na)3 (TPPTS), CuI and Et3N to afford the desired ethynyl
conjugates 4a,b in excellent yields of 91 and 82% respectively
(Scheme 1, Table 1). The aqueous-phase Suzuki–Miyaura cross-
coupling reaction of boronates 3a,c,d with 1 also proceeded well.
Using a mixture of H2O–CH3CN (2 : 1) as solvent, in the presence
of Pd(OAc)2, TPPTS and Cs2CO3 as a base, the phenylene-bridged
conjugates 5a,c,d were prepared in excellent yields (Scheme 1,
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Scheme 1 Synthesis of 7-deaza 2′-deoxyadenosine conjugates. Reagents
and conditions: i) Pd(OAc)2 (5 mol%), TPPTS (2.5 equiv. to Pd), Et3N
(10 equiv.), CuI (10 mol%), DMF; ii) Pd(OAc)2 (5 ;mol%), TPPTS
(2.5 equiv. to Pd), Cs2CO3 (3 equiv.), H2O–CH3CN = 2 : 1.


Table 1 Synthesis of 7-deaza 2′-deoxyadenosine conjugates


Entry Reagent Product Yield (%)


1 2a 4a 91
2 2b 4b 82
3 3a 5a 95
4 3c 5c 96
5 3d 5d 78


Table 1). The yields of all these reactions were substantially better
than in the case of 8-substituted adenosines.5 We have shown
that a catalytic system consisting of Pd(OAc)2 and TPPTS is
applicable for efficient protection-free attachment of oligopyridine
type ligands to position 7 of 7-deaza-2′-deoxyadenosine.


Synthesis of 7-deazaadenine nucleosides bearing Ru(II) complexes


The next goal of our study was to prepare the corresponding Ru(II)
complexes of the 7-deazapurine nucleosides. In analogy to our
previous results, we have applied the direct aqueous-phase cross-
coupling reactions of Ru-containing acetylene 6 and boronate
7 building blocks4 with 7-iodo-7-deaza-2′-deoxyadenosine (1).


All the cross-coupling reactions of Ru-containing acetylenes and
boronates were performed in a mixture of H2O–CH3CN in
order to be further applicable for labeling of nucleoside triphos-
phates (dNTPs). The Sonogashira reaction of Ru(II)-containing
acetylenes 6a,b with the nucleoside 1, using Pd(OAc)2–TPPTS, CuI
and Et3N, gave the corresponding nucleoside Ru-complexes 8a,b
in moderate yields of 47 and 59% respectively (Scheme 2, Table 2).


Scheme 2 Synthesis of 7-deazaadenine nucleosides bearing Ru(II) com-
plexes. Reagents and conditions: i) Pd(OAc)2 (5 mol%), TPPTS (2.5 equiv.
to Pd), Et3N (10 equiv.), CuI (10 mol%), H2O–CH3CN = 2 : 1; ii) Pd(OAc)2


(5 mol%), TPPTS (2.5 equiv. to Pd), Cs2CO3 (3 equiv.), H2O–CH3CN =
2 : 1.


Table 2 Synthesis of 7-deazaadenine nucleosides bearing Ru(II)
complexes


Entry Reagent Product Yield (%)


1 6a 8a 47
2 6b 8b 59
3 7a 9a 95
4 7c 9c 73
5 7d 9d 76


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2852–2860 | 2853







In both cases some byproducts were formed, probably due to the
decomposition of the starting materials. However, the reactions
still proceeded much better when compared to 8-substituted-2′-
deoxyadenosine analogs (16% for 6a and 0% for 6b). On the other
hand, the aqueous-phase Suzuki–Miyaura cross-coupling reaction
of Ru-containing boronic acids proceeded relatively cleanly in
accord with our previous results.5


Reactions of the boronates 7a,c,d with 7-iodo-7-deaza-2′-
deoxyadenosine (1) in the presence of Pd(OAc)2–TPPTS and
Cs2CO3, gave the corresponding complexes 9a,c,d in good yields
(Scheme 2, Table 2). The Ru(II)-containing complexes were
isolated by column chromatography using a mixture of H2O–
CH3CN–sat. KNO3 as eluent. The only exception was the isolation
of complex 9c where even repeated column chromatography did
not give pure compound and, therefore, it had to be isolated
by preparative loose layer TLC using the same eluent. Final
re-precipitation by saturated aqueous solution of NH4PF6 gave
the desired Ru(II) complexes as PF6


− salts. Due to the chirality
of the Ru-complexes, the nucleosides 8 and 9 were isolated
as inseparable (chromatographically homogeneous) mixtures of
diastereoisomers (1 : 1).


Photophysical and redox properties of the 7-substituted
7-deazaadenine nucleosides


In order to characterize the new modified 7-deazaadenine nucleo-
sides and to explore their potential applications in DNA labeling,
we have examined their photophysical and redox properties. First
we measured UV-Vis spectra. As shown in Fig. 1 the bipyridine


Fig. 1 UV/Vis and emission spectra of 7-deazaadenine nucleoside
conjugates.


Table 3 Photophysical properties of the 7-bipyridine-derivatives of 7-
deazaadenine nucleosides


Entry Compd
UV-Vis,
k/nm, (e)a Excitation/nmb Emission/nmb


1 4a 282 (2.8),
321 (2.4)


351 406


2 4b 285 (3.5),
336 (2.5)


368 427


3 5a 291 (3.1),
325 (3.0)


340 395


4 5c 283 (5.1),
322 (4.5)


330 424


5 5d 253 (4.7),
284 (5.4)


343 425


a In CHCl3, 1.6 × 10−5 M solutions, extinction coefficients e × 104 in
M−1.cm−1; b 1.6 × 10−4 M solutions in CHCl3.


7-deazaadenosine conjugates 4 and 5 exhibit intense overlapping
p–p* transitions of the aromatic diimine ligands14 at 280 nm. The
excitation of a chloroform solution of this nucleoside conjugates
at absorption maxima exhibited intensive emissions centered at
415 nm (Fig. 1, Table 3).


The emission spectra of the Ru complexes (both nucleosides
8 and 9 and parent starting acetylenes 6 and boronates 7) are
summarized in Table 4 and one example is given in Fig. 2.
The intense 288 nm band indicates a p→p* (LC) transition in
the bipyridine ligands, and the 450 nm band corresponds to a
d→p* (1MLCT) transition in analogy with Ru(bpy)3


2+.15 On the
other hand, the Ru(II) complexes of nucleosides 8 and 9 showed
unexpectedly weak red luminescence. Creation of the 1MLCT
state is followed immediately, in <100 fs, by intersystem crossing
to the lowest 3MLCT state with near-unit quantum yield.16 The
lowest triplet is responsible for the weak emission around 650 nm
and photochemical redox reactions; it has an oxidized Ru(III)
core while the corresponding electron is localized on one of the
ligands.17 Fluorescence is expected before electron localisation, but
this period is still under hot debate.18


Emission quantum yields Uem in acetonitrile are summarized
in Table 4 where the Ru(II) complexes of acetylenes and phenyl-
boronates, are compared to the corresponding Ru-complexes of 7-
deazaadenosine. Standard errors refer to absolute yields (note that
a comparison between a complex and its conjugate is significantly
more accurate than the cited errors imply). Three kinds of behavior
are observed. (1) 6b and 8b have a quantum yield between 2–3%,
comparable to Ru(bpy)3


2+.15 Therefore, nucleoside 8b may be in
principle used for optical labeling of DNA strands. (2) Coupling
of the Ru complex 6a to form 8a leads to a significant decrease of
Uem from 18.8 to 2. 1 ×10−4. (3) For the remaining pairs, Uem is
very low in the pure Ru(II) complex but increases slightly upon
coupling to 7-deazaadenine. Thus, the emission enhancement
which is observed upon intercalation into duplex DNA19 is already
incipient when the nucleoside is attached. Therefore it can be
concluded that only the complex 8b (where Ru(bpy)3 is linked
through the 3-position of bipyridine via acetylene to position
7 of 7-deazaadenine) is promising for luminescent labelling of
DNA, while the other types of linkages (attachment of acetylene
or phenylene to the 2-position of bipyridine or phenanthroline or
to 4′′-position of terpyridine) are not efficient.
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Table 4 Photophysical and redox properties of the Ru-complexes and Ru-containing 7-deazaadenine nucleosides


Entry Compd UV-VIS, k/nm, (e)a Emission/nmb Uem/10−4c Eox (V)d


1 6a 243 (3.5), 287 (8.2), 448 (1.8) 637 18.8 ± 1.3 —
2 6b 246 (3.9), 287 (9.8), 451 (1.8) 664 228 ± 15 1.175e


3 7c 268 (9.6), 287 (10.8), 448 (2.7) 654 3.5 ± 0.3 1.165e


4 7d 272 (9.0), 307 (10.9), 481 (3.3) ∼ 715 0.9 ± 0.3 —
5 8a 288 (8.2), 448 (1.4) 639 2.1 ± 0.3 1.205
6 8b 254 (3.6), 287 (9.8), 384 (2.6) 665 289 ± 20 1.200
7 9a 245 (3.3), 289 (7.3), 450 (1.2) 667 1.9 ± 0.3 1.200
8 9c 287 (7.1), 448 (1.0) 648 4.3 ± 0.4 1.210
9 9d 273 (5.1), 308 (6.4), 485 (2.3) 633 2.4 ± 0.4 1.200


a Compounds 4 and 5 in CHCl3, 8 and 9 in acetonitrile, all 1.6 × 10−5 M solutions, extinction coefficients e × 104 in M−1 cm−1. b From a lognormal fit to
the emission band. c With standard errors. d Oxidation potentials of Ru(II)/Ru(III) on PGE. e taken from ref. 4


Fig. 2 Absorption and emission spectra of the labelled deaza-
-deoxyadenosine 8b (blue and red lines). The absorption of the Ru(II)
complex 6b is shown for comparison (gray). Dashed lines repeat the
absorption spectra, but scaled by 0.2. The solvent was acetonitrile
throughout.


Transient absorption spectra are shown in Fig. 3 for 9d (the
other investigated conjugates are in the ESI†). Excitation was
performed with 40 fs pump pulses at 403 nm on the blue side
of the 1MLCT band. Ground-state bleaching and excited-state ab-
sorption (ESA) is observed immediately. Stimulated emission S1 →
S0 is not resolved, indicating that the triplet manifold is reached
on a timescale < 20 fs, in agreement with recent fluorescence-
upconversion results.18 Transient spectra for the Ru(tpy)2-7-deaza-
adenosine 9d may be compared with those for 7d alone, which has
a lifetime of 120 ps in acetonitrile.20 In the present case, phenyl
extension of a tpy ligand leads to an increase of ESA in the range
k ≥ 530 nm, and the lifetime is increased to 720 ps. A characteristic
feature of 9d is a rise of ESA on a 10 ps time scale, an effect
which has been attributed to structural relaxation of the extended
ligand until the reduced-ligand delocalization is complete.21 With
the phenyl-linked complexes 9a and 9c a picosecond ESA rise is
not observed. Small changes with a 5 ps time constant are found
for all compounds studied across the entire spectral range; they
are attributed to vibrational relaxation of the 3MLCT state.


The oxidation of the Ru(II) complexes 8 and 9 on PGE
(pyrolitic graphite electrode) showed the peak at around +1.2 V
against Ag/AgCl/3 M KCl electrode, due to oxidation of the
Ru atom in the complexes (Table 4). Compared to unsubstituted
[Ru(bpy)3]2+ (1.095 V) and acetylene 6b or boronate 7c (1.075 and
1.065, respectively), the apparent redox potentials of the Ru(II)
nucleosides were significantly more positive as a result of electron-
withdrawing effect of the deazaadenine moiety, in agreement
with our previous results with 9-Bn-adenine model compounds.4


The different oligopyridine ligands (bpy, phen or tpy) in these
complexes do not show any significant influence on the redox
potential values.


Biological activity


Although the main goal was to develop electrochemical and
luminescent DNA labelling, any novel nucleosides can also
possess biological effects and there were previous precedents22 of
interesting biological activities of some Ru complexes. Therefore,
all the compounds prepared within this study were also subjected
to biological activity screening (Table 5). The cytostatic activity
in vitro (inhibition of cell growth) was studied on the following
cell cultures: (i) mouse leukemia L1210 cells (ATCC CCL 219);
(ii) human promyelocytic leukemia HL60 cells (ATCC CCL 240);
(iii) human cervix carcinoma HeLaS3 cells (ATCC CCL 2.2) and
(iv) human T lymphoblastoid CCRF-CEM cell line (ATCC CCL
119).23 Terpyridine nucleoside 5d showed the most significant
cytostatic effect in all the cell-lines studied, while bipyridine
nucleosides 4b and 5c were less effective. All the other compounds,
including the Ru complexes were entirely inactive. This is in accord
with our previous report5 on 8-substituted 2′-deoxyadenosine,
where the terpyridine derivative was the most active.


The title modified nucleosides were also tested up to 100 lM
for antiviral activity in the HCV genotype 1b replicon.24,25 Again,
the terpyridine nucleoside 5d showed a very strong effect but,
unfortunately, the compound is toxic at the same concentration.
Most of the other bipyridine nucleosides showed activities at low
lM concentrations but, again, accompanied by toxicity in Huh-7
and/or MT-4 cells. The Ru complexes were much less effective.


Conclusions


The synthesis of 7-deazaadenine 2′-deoxyribonucleosides bearing
bipyridine-type ligands in position 7 by direct cross-coupling
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Fig. 3 Transient absorption spectra (top) and kinetics (below) of 9d
in acetonitrile upon 403 nm excitation. Only the bleached absorption
band and ESA are seen. Stimulated emission S1 → S0 is not resolved,
indicating that the triplet manifold is reached on a timescale < 20 fs.
Vertical arrows show signal evolution. The band integral 550–684 nm
(right) rises before 20 ps, followed by uniform decay with a 720 ps time
constant.


reactions of bipiridine-linked boronic acids and acetylenes with
unprotected 7-iodo-7-deaza-2′-deoxyadenosine in the presence
of the Pd(OAc)2–TPPTS catalytic system, in H2O–acetonitrile
or in DMF was developed. Analogous aqueous-phase cross-
coupling reactions were also used for the attachment of the
corresponding Ru-complexes of bipyridine ligands through cross-
coupling reactions of the unprotected nucleoside with boronic
acid or acetylene derivatives of Ru-complexes. In general, the


reactions proceeded much better than in the previously reported
8-substituted adenosine series. The title nucleosides are promis-
ing building blocks for the labelling of DNA and, therefore,
their photophysical and redox properties have been studied.
All the bipyridine-ligand containing 7-deaza-2′-deoxyadenosine
nucleosides show strong blue fluorescence. On the other hand,
the Ru-complexes show only very weak red luminescence with
very low quantum yields. The only exception is compound 8b
(where Ru(bpy)3 is linked through the 3-position of bipyridine
via acetylene to position 7 of 7-deazaadenine) which gives a
moderate (but still useful) quantum yield of 0.03 and, therefore, it is
promising for luminescent labelling of DNA. All the Ru complexes
gave electrochemical oxidation at ca. 1.2 V and thus could be used
for electrochemical DNA labelling. The follow-up studies on the
preparation of modified dNTPs bearing Ru and Os complexes of
7-[(bipyridin-3-yl)ethynyl]-2′-deoxyadenosine triphosphates and
other related modified dNTPs, their incorporation to DNA and
applications in bioanalysis are under way and will be published
separately.


Experimental section


All cross-coupling reactions were performed under argon atmo-
sphere. Et3N was degassed in vacuo and stored over molecular
sieves under argon. Compounds 1,9 2a,b, 3a,c,d, 6a,b, 7a,c,d,4 were
prepared according to the literature procedures. Other chemicals
were purchased from commercial suppliers and used as received.
Typical experimental procedures and representative examples of
characterization of compounds are given below. The complete
detailed experimental section including characterization data for
all compounds is in the Electronic Supplementary Information
(ESI)†.


General procedure for Sonogashira cross-coupling reaction of
7-iodo-7-deaza-2′-deoxyadenosine (1) with ligands 2a,b


DMF (2.5 ml) and Et3N (0.35 ml, 2.5 mmol, 10 equiv.)
were added to an argon-purged flask containing nucleoside 1
(94 mg, 0.25 mmol), an alkyne 2a,b (0.375 mmol, 1.5 equiv.)
and CuI (4.8 mg, 0.025 mmol, 10 mol%). In a separate flask,
Pd(OAc)2 (2.8 mg, 0.0125 mmol, 5 mol%), P(Ph-SO3Na)3 (18 mg,
0.0313 mmol, 2.5 equiv. to Pd) were combined, evacuated and
purged with argon followed by addition of DMF (0.5 ml). This
solution of catalyst was added through a syringe to the reaction
mixture which was then stirred at 75 ◦C until complete consump-
tion of the starting material. The solvent was evaporated in vacuo.
The products were purified by silica gel column chromatography
using CHCl3 and MeOH (1% to 10%) as eluent.


7-Deaza-7-[(2′′,2′′′-bipyridin-6′′-yl)ethynyl]-2′-deoxyadenosine (4a)


The product was isolated as white powder 97 mg (91%). Mp 115–
120 ◦C. 1H NMR (600 MHz, DMSO-d6): 2.24 (ddd, 1H, Jgem =
13.2, J2′b,1′ = 6.0, J2′b,3′ = 2.8, H-2′b); 2.53 (ddd, 1H, Jgem = 13.2,
J2′a,1′ = 8.0, J2′a,3′ = 5.8, H-2′a); 3.55 (ddd, 1H, Jgem = 11.7, J5′b,OH =
5.9, J5′b,4′ = 4.4, H-5′b); 3.61 (ddd, 1H, Jgem = 11.7, J5′a,OH = 5.2,
J5′a,4′ = 4.6, H-5′a); 3.86 (ddd, 1H, J4′ ,5′ = 4.6, 4.4, J4′ ,3′ = 2.5, H-4′);
4.39 (m, 1H, J3′ ,2′ = 5.8, 2.8, J3′ ,OH = 4.1, J3′ ,4′ = 2.5, H-3′); 5.12
(dd, 1H, JOH,5′ = 5.9, 5.2, OH-5′); 5.32 (d, 1H, JOH,3′ = 4.1, OH-3′);
6.54 (dd, 1H, J1′ ,2′ = 8.0, 6.0, H-1′); 6.93 (bs, 2H, NH2); 7.50 (ddd,
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Table 5 Cytostatic and antiviral activity of nucleosides


Cytostatic activity IC50/lMa HCV antiviral activity/lM


Compd HeLa S3 HL60 CCRF-CEM EC50 repliconb CC50 Huh7c (MT-4)d


4a n.a. n.a. n.a. 13 >100 (7)
4b 13.18 ± 0.81 n.a. 4.15 ± 0.06 1 2
5a n.a. n.a. n.a. 16 >100 (1)
5c 6.77 ± 0.37 8.98 ± 1.30 1.77 ± 0.05 1 1
5d 3.29 ± 0.22 2.54 ± 0.51 0.57 ± 0.07 0.15 0.66
8a n.a. n.a. n.a. 32 >100
8b n.a. n.a. n.a. > 100 >100
9a n.a. n.a. n.a. 23 >100
9c n.a. n.a. n.a. 12 >100 (19)
9d n.a. n.a. n.a. 23 >100


a Concentration of a compound needed to reduce population growth by 50% in vitro (XTT test). b Antiviral activity in HCV-Con1 replicon (N = 2).
c MTT measurement of cellular toxicity in Huh-7 cells harboring con-1 replicon (N = 2). d Cellular toxicity in MT-4 cells (N = 2).


1H, J5′′′ ,4′′′ = 7.4, J5′′′ ,6′′′ = 4.7, J5′′′ ,3′′′ = 1.2, H-5′′′); 7.75 (dd, 1H,
J5′′ ,4′′ = 7.7, J5′′ ,3′′ = 1.1, H-5′′); 7.98 (ddd, 1H, J4′′′ ,3′′′ = 8.0, J4′′′ ,5′′′ =
7.4, J4′′′ ,6′′′ = 1.8, H-4′′′); 8.01 (dd, 1H, J4′′ ,3′′ = 8.0, J4′′ ,5′′ = 7.7, H-
4′′); 8.04 (s, 1H, H-6); 8.19 (s, 1H, H-2); 8.378 (dd, 1H, J3′′ ,4′′ =
8.0, J3′′ ,5′′ = 1.1, H-3′′); 8.383 (ddd, 1H, J3′′′ ,4′′′ = 8.0, J3′′′ ,5′′′ =
1.2, J3′′′ ,6′′′ = 0.9, H-3′′′); 8.71 (ddd, 1H, J6′′′ ,5′′′ = 4.7, J6′′′ ,4′′′ = 1.8,
J6′′′ ,3′′′ = 0.9, H-6′′′).13C NMR (151 MHz, DMSO-d6): 40.16 (CH2–
2′); 62.07 (CH2-5′); 71.16 (CH-3′); 83.11 (bpy-C≡C); 83.59 (CH-
1′); 87.88 (CH-4′); 91.76 (bpy-C≡C); 93.97 (C-5); 102.51 (C-4a);
120.06 (CH-3′′); 120.89 (CH-3′′′); 124.84 (CH-5′′′); 126.97 (CH-
5′′); 127.94 (CH-6); 137.78 (CH-4′′′); 138.24 (CH-4′′); 142.38 (C-
6′′); 149.62 (CH-6′′′); 149.80 (C-7a); 153.25 (CH-2); 154.66 (C-2′′′);
155.92 (C-2′′); 157.86 (C-4). ESI MS: m/z (%) 451.1 (100) [M+ +
Na], 429.1 (93) [M+ +H], 313.3 (70) [M+ − dRf]. C23H20N6O3·2H2O
(428.44) calcd. C 59.48, H 5.21, N 18.09; found C 59.73, H 4.57,
N 17.94%. IR (KBr): 3437, 2211, 1631, 1569, 1427, 1094 cm−1.
UV/Vis (CH2Cl2) kmax (e) 282 (27724). Fluorescence (CH2Cl2):
excitation at 351 nm gave emission at 406 nm.


General procedure for Suzuki–Miyaura cross-coupling reactions of
7-deaza-7-iodo-2′-deoxyadenosine (1) with ligands 3a,c,d


A mixture of H2O–CH3CN = 2 : 1 (2.5 ml) was added to an
argon-purged flask containing nucleoside 1 (94 mg, 0.25 mmol),
a boronate 3a,c,d (0.3 mmol, 1.2 equiv.) and Cs2CO3 (247 mg,
0.75 mmol, 3 equiv.). In a separate flask, Pd(OAc)2 (2.8 mg,
0.0125 mmol, 5 mol%) and P(Ph-SO3Na)3 (18 mg, 0.0313 mmol,
2.5 equiv. to Pd) were combined, evacuated and purged with argon
followed by addition of H2O–CH3CN = 2 : 1 (0.5 ml). The catalyst
mixture was then injected to the reaction mixture and the reaction
mixture was stirred at 80 ◦C until complete consumption of the
starting material. The solvent was evaporated in vacuo. Products
were purified by silica gel column chromatography using CHCl3


and MeOH (1% to 10%) as eluent.


7-Deaza-7-[(2′′,2′′′-bipyridin-6′′-yl)phenyl]-2′-deoxyadenosine (5a)


The product was isolated as a white powder 114 mg (95%). Mp
135–137 ◦C. 1H NMR (600 MHz, DMSO-d6): 2.23 (ddd, 1H,
Jgem = 13.2, J2′b,1′ = 6.1, J2′b,3′ = 2.7, H-2′b); 2.60 (ddd, 1H, Jgem =
13.2, J2′a,1′ = 8.2, J2′a,3′ = 5.9, H-2′a); 3.53 (dd, 1H, Jgem = 11.7,


J5′b,4′ = 4.3, H-5′b); 3.60 (dd, 1H, Jgem = 11.7, J5′a,4′ = 4.5, H-
5′a); 3.86 (ddd, 1H, J4′ ,5′ = 4.5, 4.3, J4′ ,3′ = 2.5, H-4′); 4.39 (bm,
1H, H-3′); 5.10 (bs, 1H, OH-5′); 5.31 (bs, 1H, OH-3′); 6.35 (bs,
2H, NH2); 6.62 (dd, 1H, J1′ ,2′ = 8.2, 6.1, H-1′); 7.50 (ddd, 1H,
J5′′′ ,4′′′ = 7.4, J5′′′ ,6′′′ = 4.7, J5′′′ ,3′′′ = 1.1, H-5′′′); 7.65 (m, 2H, H-o-
phenylene); 7.67 (s, 1H, H-6); 8.02 (ddd, 1H, J4′′′ ,3′′′ = 8.0, J4′′′ ,5′′′ =
7.4, J4′′′ ,6′′′ = 1.8, H-4′′′); 8.06 (dd, 1H, J4′′ ,5′′ = 7.9, J4′′ ,3′′ = 7.7,
H-4′′); 8.11 (dd, 1H, J5′′ ,4′′ = 7.9, J5′′ ,3′′ = 1.0, H-5′′); 8.19 (s, 1H,
H-2); 8.36 (dd, 1H, J3′′ ,4′′ = 7.7, J3′′ ,5′′ = 1.0, H-3′′); 8.37 (m, 2H,
H-m-phenylene); 8.63 (ddd, 1H, J3′′′ ,4′′′ = 8.0, J3′′′ ,5′′′ = 1.1, J3′′′ ,6′′′ =
0.9, H-3′′′); 8.72 (ddd, 1H, J6′′′ ,5′′′ = 4.7, J6′′′ ,4′′′ = 1.8, J6′′′ ,3′′′ = 0.9,
H-6′′′). 13C NMR (151 MHz, DMSO-d6): 39.84 (CH2–2′); 62.19
(CH2-5′); 71.29 (CH-3′); 83.27 (CH-1′); 87.66 (CH-4′); 100.45 (C-
4a); 116.39 (C-5); 119.32 (CH-3′′); 120.59 (CH-5′′); 120.94 (CH-
3′′′); 121.44 (CH-6); 124.59 (CH-5′′′); 127.45 (CH-m-phenylene);
129.02 (CH-o-phenylene); 135.55 (C-i-phenylene); 136.97 (C-p-
phenylene); 137.69 (CH-4′′′); 138.75 (CH-4′′); 149.55 (CH-6′′′);
150.75 (C-7a); 151.62 (CH-2); 155.24 (C-2′′); 155.33 (C-6′′); 155.52
(C-2′′′); 157.31 (C-4). ESI MS: m/z (%) 365.4 (100) [M+ − dRf],
481.2 (70) [M+], 503.2 (40) [M+ + Na]; C27H24N6O3·H2O (480.2)
calcd. C 65.05, H 5.26, N 16.86; found C 64.95, H 5.12, N 16.77. IR
(KBr): 3470, 3393, 1616, 1582, 1430, 1098 cm−1. UV/Vis (CH2Cl2)
kmax (e) 291 (30685). Fluorescence (CH2Cl2): excitation at 340 nm
gave emission at 395 nm.


General procedure for Sonogashira cross-coupling reactions of
Ru(II) building blocks 6a,b


A mixture of H2O–CH3CN = 2 : 1 (1 ml) was added to an argon-
purged flask containing nucleoside 1 (47 mg, 0.125 mmol), an
alkyne 6a,b (0.188 mmol, 1.5 equiv.), CuI (2.4 mg, 0.0125 mmol,
10 mol%) and Et3N (0.175 ml, 1.25 mmol, 10 equiv.). In a separate
flask, Pd(OAc)2 (1.4 mg, 0.00625 mmol, 5 mol%) and P(Ph-
SO3Na)3 (9 mg, 0.0156 mmol, 2.5 equiv. to Pd) were combined,
evacuated and purged with argon followed by an addition of
H2O–CH3CN = 2 : 1 (0.5 ml). This catalyst solution was then
injected to the reaction mixture which was further stirred at 75 ◦C
until complete consumption of the starting material. The solvent
was evaporated in vacuo. The products were purified by silica gel
column chromatography using a mixture of CH3CN–H2O–sat.
KNO3 = 10 : 1 : 0.1 as eluent. The products were isolated as PF6


−
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salts by precipitation from a water solution by addition of sat.
NH4PF6.


Complex 8a


The product was isolated as red powder 66 mg (47%). Mp > 300
◦C. 1 : 1 mixture of diastereoisomers 1H NMR (500 MHz, acetone-
d6): 2.46 (ddd, 2H, Jgem = 13.3, J2′b,1′ = 6.0, J2′b,3′ = 2.8, H-2′b);
2.61 and 2.62 (2 × ddd, 2 × 1H, Jgem = 13.3, J2′a,1′ = 7.9, J2′a,3′ =
5.6, H-2′a); 3.77, 3.81, 3.84 and 3.89 (4 × dd, 4 × 1H, Jgem =
12.0, J5′ ,4′ = 3.2, H-5′); 4.07 and 4.10 (2 × td, 2 × 1H, J4′ ,5′ = 3.2,
J4′ ,3′ = 2.5, H-4′); 4.61 (ddd, 2H, J3′ ,2′ = 5.6, 2.8, J3′ ,2′a = 2.5, H-3′);
6.59 and 6.62 (2 × dd, 2 × 1H, J1′ ,2′ = 7.9, 6.0, H-1′); 6.87 and
6.93 (2 × ddd, 2 × 1H, J5,4 = 7.5, J5,6 = 5.7, J5,3 = 1.4, H-5-bpy);
7.328 and 7.333 (2 × ddd, 2 × 1H, J4,3 = 8.2, J4,5 = 7.5, J4,6 =
1.5, H-4-bpy); 7.48 (ddd, 2H, J5,4 = 7.5, J5,6 = 5.7, J5,3 = 1.4,
H-5-bpy); 7.53 (ddd, 2H, J5′′′ ,4′′′ = 7.5, J5′′′ ,6′′′ = 5.7, J5′′′ ,3′′′ = 1.4,
H-5′′′); 7.555, 7.560, 7.67 and 7.68 (4 × ddd, 4 × 1H, J5,4 = 7.6,
J5,6 = 5.6, J5,3 = 1.3, H-5-bpy); 7.728 and 7.731 (2 × s, 2 × 1H,
H-6); 7.81 and 7.82 (2 × ddd, 2 × 1H, J6,5 = 5.7, J6,4 = 1.5, J6,3 =
0.7, H-6-bpy); 7.89 (ddd, 2H, J6′′′ ,5′′′ = 5.7, J6′′′ ,4′′′ = 1.5, J6′′′ ,3′′′ =
0.7, H-6′′′); 7.91 (dd, 1H, J5′′ ,4′′ = 7.8, J5′′ ,3′′ = 1.4, H-5′′); 7.92, 7.93,
7.95 and 7.96 (4 × ddd, 4 × 1H, J6,5 = 5.7, J6,4 = 1.5, J6,3 = 0.7,
H-6-bpy); 8.15 (ddd, 2H, J4,3 = 8.2, J4,5 = 7.5, J4,6 = 1.5, H-4-
bpy); 8.20 (ddd, 2H, J4′′′ ,3′′′ = 8.2, J4′′′ ,5′′′ = 7.5, J4′′′ ,6′′′ = 1.5, H-4′′′);
8.22–8.27 (m, 4H, H-4-bpy); 8.29 (dd, 2H, J4′′ ,3′′ = 8.3, J4′′ ,5′′ =
7.8, H-4′′); 8.39 (bs, 2H, H-2); 8.40 (ddd, 2H, J6,5 = 5.7, J6,4 = 1.5,
J6,3 = 0.7, H-6-bpy); 8.45, 8.47, 8.73, 8.74, 8.79 and 8.80 (6 × ddd,
6 × 1 H, J3,4 = 8.2, J3,5 = 1.4, J3,6 = 0.7, H-3-bpy); 8.86 (ddd,
2H, J3′′′ ,4′′′ = 8.2, J3′′′ ,5′′′ = 1.4, J3′′′ ,6′′′ = 0.7, H-3′′′); 8.87 (dd, 2H,
J3′′ ,4′′ = 8.3, J3′′ ,5′′ = 1.4, H-3′′); 8.94 and 8.95 (2 × bddd, 2 × 1H,
J3,4 = 8.2, J3,5 = 1.4, J3,6 = 0.7, H-3-bpy). 13C NMR (125.7 MHz,
acetone-d6): 41.90 and 41.98 (CH2–2′); 63.08 and 63.13 (CH2-
5′); 72.53 (CH-3′); 85.96 and 86.30 (CH-1′); 89.48 (CH-4′); 89.86
(bpy-C≡C-); 90.11 and 90.24 (bpy-C≡C-); 95.80 and 85.88 (C-5);
102.98 and 103.11 (C-4a); 124.54 and 124.72 (CH-3-bpy), 124.87
(CH-3′′); 125.33, 125.43 and 125.72 (CH-3-bpy); 125.97 (CH-3′′′);
127.62, 127.91, 128.30, 128.57, 128.89 and 129.03 (CH-5′′′, CH-
5-bpy); 131.03 and 131.11 (CH-6); 135.47 and 135.50 (CH-5′′);
136.51 and 136.57 (CH-4-bpy); 138.88, 138.98, 139.12 and 139.24
(CH-4′′,4′′′, CH-4-bpy); 147.91 (CH-2); 148.50 and 148.61 (C-7a);
149.26 and 149.30 (C-6′′); 152.07, 152.14, 152.31, 152.35, 152.57,
153.73 and 153.76 (CH-6′′′ and CH-6-bpy); 154.11 (C-4); 157.81,
157.99, 158.01, 158.27, 158.74 and 158.80 (C-2′′′, C-2-bpy); 158.98
(C-2′′). ESI MS: m/z (%) 987.1 (100) [M+ − PF6


−], HR MS (TOF
ES MS+) calc. 987.1657 found. 987.1691. UV/Vis (CH3CN) kmax


(e) = 288 (81880), k (e) = 448 (14150).


General procedure for Suzuki–Miyaura cross-coupling reactions of
Ru(II) building blocks 7a,c,d


A mixture of H2O–CH3CN = 2 : 1 (1 ml) was added to an
argon-purged flask containing nucleoside 1 (47 mg, 0.125 mmol),
a boronate 7a,c,d (0.15 mmol, 1.2 equiv.) and Cs2CO3 (122 mg,
0.375 mmol, 3 equiv.). In a separate flask, Pd(OAc)2 (1.4 mg,
0.00625 mmol, 5 mol%) and P(Ph-SO3Na)3 (9 mg, 0.0156 mmol,
2.5 equiv. to Pd) were combined evacuated and purged with argon
followed by an addition of H2O–CH3CN = 2 : 1 (0.5 ml). The
solution of this catalyst was injected to the reaction mixture


which was then stirred at 80 ◦C until complete consumption of
the starting material. The solvent was evaporated in vacuo. The
products 9a,c,d were purified by silica gel column chromatography
using a mixture of CH3CN–H2O–sat. KNO3 = 10 : 1 : 0.1 as eluent.
The products were isolated as PF6


− salt by precipitation from water
solution by addition of sat. NH4PF6.


Complex 9a


The product was isolated as red powder 140 mg (95%). Mp 244–
249 ◦C. 1H NMR (500 MHz, acetone-d6): 2.534 and 2.536 (2 ×
ddd, 2 × 1H, Jgem = 13.4, J2′b,1′ = 6.2, J2′b,3′ = 3.2, H-2′b); 2.71
and 2.74 (2 × ddd, 2 × 1H, Jgem = 13.4, J2′a,1′ = 7.5, J2′a,3′ = 5.7,
H-2′a); 3.88–3.98 (m, 4H, H-5′); 4.13 and 4.14 (2 × q, 2 × 1H,
J4′ ,5′ = J4′ ,3′ = 3.0, H-4′); 4.73 (m, 2H, H-3′); 6.30 (bm, 2H, H-m-
phenylene); 6.81 and 6.82 (2 × dd, 2 × 1H, J1′ ,2′ = 7.5, 6.2, H-1′);
6.98 (ddd, 1H, J5,4 = 7.6, J5,6 = 5.6, J5,3 = 1.3, H-5-bpy); 7.02 (bm,
2H, H-o-phenylene); 7.09 (ddd, 1H, J5,4 = 7.6, J5,6 = 5.6, J5,3 =
1.3, H-5-bpy); 7.28 (bm, 2H, H-o-phenylene); 7.37 and 7.38 (2 ×
ddd, 2 × 1H, J6,5 = 5.6, J6,4 = 1.5, J6,3 = 0.7, H-6-bpy); 7.41 and
7.43 (2 × ddd, 2 × 1H, J5,4 = 7.6, J5,6 = 5.6, J5,3 = 1.3, H-5-bpy);
7.51 and 7.52 (2 × ddd, 2 × 1H, J5′′′ ,4′′′ = 7.6, J5′′′ ,6′′′ = 5.6, J5′′′ ,3′′′ =
1.3, H-5′′′); 7.53 (dd, 1H, J5′′ ,4′′ = 7.7, J5′′ ,3′′ = 1.4, H-5′′); 7.615 and
7.616 (2 × ddd, 2 × 1H, J5,4 = 7.6, J5,6 = 5.6, J5,3 = 1.3, H-5-bpy);
7.67–7.72 (m, 4H, H-5,6-bpy); 7.78 (ddd, 2H, J4,3 = 8.4, J4,5 =
7.6, J4,6 = 1.5, H-4-bpy); 7.90 (s, 1H, H-6); 7.91 (m, 2H, H-6′′′);
7.95 (s, 1H, H-6); 8.078 and 8.082 (2 × ddd, 2 × 1H, J4,3 = 8.4,
J4,5 = 7.6, J4,6 = 1.5, H-4-bpy); 8.157 and 8.162 (2 × ddd, 2 ×
1H, J6,5 = 5.6, J6,4 = 1.5, J6,3 = 0.7, H-6-bpy); 8.19–8.29 (m, 6H,
H-4′′′ and H-3,4-bpy); 8.33 and 8.34 (2 × ddd, 2 × 1H, J6,5 = 5.6,
J6,4 = 1.5, J6,3 = 0.7, H-6-bpy); 8.343 and 8.345 (2 × dd, 2 × 1H,
J4′′ ,3′′ = 8.3, J4′′ ,5′′ = 7.7, H-4′′); 8.36 (ddd, 1H, J3,4 = 8.4, J3,5 =
1.3, J3,6 = 0.7, H-3-bpy); 8.501 and 8.503 (2 × s, 2 × 1H, H-2);
8.637, 8.642, 8.69, 8.716 and 8.722 (5 × ddd, 6H, J3,4 = 8.4, J3,5 =
1.3, J3,6 = 0.7, H-3-bpy); 8.90 (ddd, 2H, J3′′′ ,4′′′ = 8.4, J3′′′ ,5′′′ =
1.3, J3′′′ ,6′′′ = 0.7, H-3′′′); 8.94 (dd, 2H, J3′′ ,4′′ = 8.3, J3′′ ,5′′ = 1.4,
H-3′′). 13C NMR (125.7 MHz, acetone-d6): 42.24 and 42.38 (CH2-
2′); 62.96 and 63.07 (CH2-5′); 72.35 and 72.44 (CH-3′); 85.50 and
85.52 (CH-1′); 89.25 and 89.37 (CH-4′); 100.29 and 100.33 (C-4a);
119.50 and 119.51 (C-5); 124.24 and 124.34 (CH-3-bpy), 124.62
(CH-3′′); 124.87 and 124.95 (CH-6); 125.05, 125.14, 125.18, 125.48
and 125.51 (CH-3-bpy); 125.95 (CH-3′′′); 127.37, 127.53, 128.16,
128.32 and 128.98 (CH-5′′′, CH-5-bpy); 129.10, 129.24, 129.42 and
130.30 (CH-o,m-phenylene); 130.62 and 130.64 (CH-5′′); 133.90
and 133.93 (C-i-phenylene); 136.99 (CH-4-bpy); 138.95, 139.08
and 139.27 (CH-4′′,4′′′, CH-4-bpy); 139.31 (C-p-phenylene); 143.44
(CH-2); 148.81 (C-7a); 151.90 (CH-6-bpy); 152.50 (C-4); 152.57,
152.84, 152.88, 152.91 and 153.64 (CH-6′′′ and CH-6-bpy); 157.62,
157.64, 158.09, 158.22, 158.72, 158.74, 158.93 and 159.03 (C-2′′,
C-2′′′ and C-2-bpy); 167.16 (C-6′′).ESI MS: m/z (%) 1039.1 (100)
[M+ − PF6


−], HR MS (TOF ES MS+) calc. 1039.1970 found.
1039.1986. UV/Vis (CH3CN) kmax (e) = 289 (72812), k (e) = 450
(12178).


UV/Vis spectra


The UV-Vis spectra were measured on a Varian CARY 100 Bio
Spectrophotometer at room temperature. Compounds 4 and 5
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were measured as 1.6 × 10−5 M solutions in CHCl3. Compounds
8 and 9 were measured as 1.6 × 10−5 M solutions in CH3CN.


Fluorescence measurements


The fluorescence measurements of compounds 4 and 5 were
performed on an Aminco Bowman Series 2 Spectrofluorometer
with 220–850 nm range, Xenon source, excitation and emission
wavelength scans, spectral bandwidth 1–16 nm, PMT detector,
scan rate 3–6000 nm min−1, Saya-Namioka grating monochroma-
tor. Compounds 4 and 5 were measured as 1.6 × 10−4 M solutions
in CHCl3.


Stationary absorption and emission spectra of Ru-complexes in
acetonitrile (Merck Uvasol) were obtained with a Cary 300 and
Spex Fluorolog 212, respectively. For measurement of quantum
yields, the emission was excited at 430 nm and compared to that
from the dye DCM. The fluorescence band of DCM in acetonitrile
(Uem = 0.60 ± 0.04)26 is similar to the emission spectrum of the
Ru(II) complexes studied here.


Transient absorption spectra were recorded upon excitation
at 403 nm with 40 fs pump pulses. After a variable delay, the
transmission of white-light, “supercontinuum” probe pulses was
measured in a dual-beam arrangement.27 The time resolution was
80 fs (fwhm of temporal apparatus function).


Electrochemistry


Voltammetric measurements were performed with an Autolab
analyzer (Eco Chemie, The Netherlands) in connection with VA-
Stand 663 (Metrohm, Switzerland). Pyrrolitic graphite electrode
(PGE) was used as a working electrode (prepared and pretreated
as described),28 Then the electrode was rinsed with deionized water
and was placed into the electrochemical cell. Electrochemical
responses were measured in a conventional in situ mode (with
the analyte dissolved in background electrolyte) initial potential
−1.0 V, final potential +1.5 V, pulse amplitude 25 mV, frequency
200 Hz, potential step 5 mV. The measurements were performed
at ambient temperature in 0.1M Tris, 0.2M NaCl, pH 7.3 by
using an Autolab analyzer (EcoChemie, The Netherlands) in
a three-electrode setup (with the PGE as working electrode,
Ag/AgCl/3 M KCl as reference, and platinum wire as counter-
electrode). The voltammograms were baseline corrected by means
of a moving average algorithm (GPES 4 software, EcoChemie).
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The structural requirements of amidines necessary to act as efficient O- to C-carboxyl transfer agents
are delineated and the scope of this process outlined through its application to a range of oxazolyl,
benzofuranyl and indolyl carbonates.


Introduction


Bicyclic amidines such as DBU are commonly used in syn-
thesis for a variety of base-mediated transformations including
eliminations,1 esterifications,2 condensations,3 and the formation
of trichlorocarbinols.4 A common misconception regarding the
reactivity of these species is their low nucleophilicity, however,
they have been implicated as nucleophilic catalysts in a number
of reactions5 including ring opening polymerisations,6 silylation
of alcohols,7 esterifications with dimethyl carbonate,8 and the
acylation of alcohols.9 Despite their widespread use, only limited
applications employing amidines as catalysts for C–C bond
forming reactions have been delineated. For example, Zhang and
Shi have shown that DBU may be employed in cyanoacylation
reactions,10 while Aggarwal and Mereu have shown that DBU
is a versatile catalyst for Baylis–Hillman reactions.11 Nearly
forty years ago Steglich and Höfle showed that both DMAP and
4-(pyrrolidino)pyridine (PPY) could promote the rearrangement
of 5-oxazolyl carbonate derivatives 1 to their corresponding 4-
carboxyazlactones 2 (Fig. 1).12 A number of elegant asymmetric
approaches to this transformation using catalysts such as 5–8
have been developed,13 and this O-to C-carboxyl transfer reaction
has been applied to a range of heterocyclic (oxazolyl, indolyl
and benzofuranyl) carbonate derivatives in both the racemic
and asymmetric series. To date, only limited catalysts other than
DMAP or PPY derivatives are known to promote this synthetically
useful transformation. Vedejs et al. have shown that both achiral
and chiral phosphines such as 4 and 6 are catalytically active in
this reaction,13c while we have shown that N-heterocyclic carbene
3 is an efficient catalyst of this transformation.14,15


Despite the vast advances made within this area of research,
limitations of the methodology developed to date include the
low reactivity of C(4)-a-branched oxazolyl carbonates such as 9
in this reaction, presumably due to steric hindrance,13c and the
formation of significant quantities (typically >20%) of the parent
benzofuranones (±)-15 and (±)-16 when employing PEt3 or PBu3


4 upon the rearrangement of benzofuranyl carbonates such as
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Fig. 1 Catalysts for O- to C-carboxyl transfer.


11 and 12 respectively (Fig. 2).13c,16 While this product formally
corresponds to protonation of the enolate postulated to occur
during the catalytic cycle, this product is often present in crude
product mixtures prior to work-up and when strictly anhydrous
conditions are employed. It has been proposed that this product
may arise from an internal proton-transfer pathway due to the
presence of potentially acidic C–H bonds adjacent to phosphorus
in the intermediate ion pair, although conclusive evidence for this
pathway has not been delineated.16 Furthermore, to the best of our
knowledge, the corresponding product arising from the carbonate
functionality upon generation of the parent benzofuranone has
not been isolated or characterised.


As part of a research programme concerned with the devel-
opment and applications of nucleophilic organocatalysts,17 we
demonstrate herein that amidines can act as efficient O- to C-
carboxyl transfer agents and show that the catalytic efficiency and
product distributions of these reactions is markedly affected by
catalyst structure.18 The optimal catalyst identified from an initial
screen is subsequently applied to the rearrangement of a wide
range of oxazolyl, benzofuranyl and indolyl carbonates.
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Fig. 2 Limitations of the O- to C-carboxyl transfer reaction methodology.


Results and discussion


The identification of an efficient amidine catalysed O-to
C-carboxyl transfer protocol


Our interest in the ability of amidines to catalyse the rearrange-
ment of oxazolyl carbonates developed from screening a range
of organic bases for the generation of the corresponding NHC
from triazolium salt 21.19 Relatively efficient catalysis of the
rearrangement of oxazolyl carbonate 17 to (±)-18 was noted
using DBU as the base for the deprotonation of salt 21 in THF,
proceeding to give (±)-18 in ∼85% conversion after 2 hours
(Table 1, entry 1). However, background experiments showed that
treatment of 17 with DBU (10 mol%) alone in THF promoted
40% conversion to the parent azlactone (±)-19, with diphenyl
carbonate 20 isolated as a by-product of this transformation


Table 1 Identification of amidines as O- to C-carboxyl transfer catalysts


Entry Salt
Amidine
(mol%) Conversiona


Product ratio
(±)-18 : (±)-19a


1 21 DBU (9) 85% 100 : 0
2 — DBU (10) 40% 0 : 40
3 — DBN (10) >98% 80 : 20


a All reaction conversions and product distributions were judged by 1H
NMR spectroscopic analysis of the crude reaction product.


(entry 2). Although none of the desired C-carboxyazlactone (±)-
18 was formed in this reaction, the isolation of azlactone (±)-
19 and diphenyl carbonate implied that DBU was involved as
a nucleophilic catalyst in this transformation. Treatment of an
authentic sample of (±)-18 with DBU returned only starting
material, implying that product (±)-18 is not an intermediate
in the formation of (±)-19 in this reaction. Simply changing
the geometric constraints of the amidine from DBU to DBN
showed a remarkable change in product distribution, giving, at
full conversion of 17, an 80 : 20 mixture of the desired C-
carboxyazlactone (±)-18 : azlactone (±)-19 (entry 3).


Cognisant of the recent seminal O-acylation studies employing
amidine catalysis by both Birman and Okamoto et al.,20 further
investigations sought to develop this amidine promoted O- to
C-carboxyl transfer reaction into a viable synthetic protocol.
Systematic variation of the amidine catalyst structure and reaction
solvent was investigated in order to minimise the formation of
undesired azlactone (±)-19 and diphenyl carbonate 20 from 17.
The effect of changing the solvent from THF to CH2Cl2 was
first investigated, with DBU (10 mol%) giving an identical 40%
conversion of 17 to (±)-19 and diphenyl carbonate 20 (Table 2,
entry 2), although DBN (10 mol%) in CH2Cl2 gave an improved
90 : 10 ratio of (±)-18 : (±)-19 (entry 4). The incorporation of a
sulfur atom conjugated to the catalytic site was next investigated,
with thioamidine 24 and its benzannulated derivative 25 giving
essentially exclusive conversion of carbonate 17 to (±)-18 (>98%),
affording (±)-18 in 63% and 87% isolated yield respectively (entries
5 and 6). Further variation in catalyst ring size using 26 or 27 was
investigated, with only starting material returned upon treatment
of 17 with imidazo-fused 26 (10 mol%), while 27 (10 mol%) gave
an 88 : 12 mixture of (±)-18 : (±)-19 (entries 7 and 8). The effect
of altering the migrating group showed that methyl carbonates
are also tolerated in this reaction. Treatment of methyl carbonate
22 with amidine 24 gave a 90 : 10 mixture of (±)-23 : (±)-19,
giving (±)-23 in 59% isolated yield, while benzannulated amidine
25 again gave full conversion to exclusively (±)-23, giving (±)-23
in 87% isolated yield (entries 9 and 10). Addition of either 26 or
27 to 22 returned only starting material in both cases (entries
11 and 12). These findings indicate the critical importance of
the size and substitution of both heterocyclic rings within these
amidines in terms of catalyst activity and product distribution
and follow a similar trend to the studies of both Birman and
Okamoto for alcohol O-acylation.20,21 These results also indicate
that benzannulated amidine 25 is the optimal catalyst tested in this
initial screen to promote the desired O- to C-carboxyl transfer.


The formation of the parent azlactone (±)-19 and diphenyl
carbonate 20 from phenyl carbonate 17 under anhydrous reaction
conditions in these reactions is noteworthy, as this is analogous to
the formation of benzofuranones upon reaction of benzofuranyl
carbonates with phosphine catalysts.13c,16 The generation of these
by-products in variable amounts upon the reaction of carbonate
17 with amidines DBU, DBN, 24, 26 and 27 indicates that
competitive mechanistic pathways are available in these reactions.
The formation of the desired C-carboxyazlactone (±)-18 from 17
presumably follows the established mechanistic pathway of the
Steglich rearrangement, with nucleophilic attack of the amidine at
the carbonate carbonyl and subsequent collapse of the tetrahedral
intermediate 28 generating carboxyl transfer intermediate 29 and
enolate 30. Recombination generates tetrahedral intermediate 31,
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Table 2 Variation of product distribution with amidine catalyst structure


Entry Amidine R Solvent Conversiona


Product ratio
(±)-18 or
(±)-23 : (±)-19a


1 DBU Ph THF 40% 0 : 40
2 DBU Ph CH2Cl2 40% 0 : 40
3 DBN Ph THF >98% 80 : 20
4 DBN Ph CH2Cl2 >98% 90 : 10
5 24 Ph CH2Cl2 >98% >98:<2; (63%)b


6 25 Ph CH2Cl2 >98% >98:<2; (87%)b


7 26 Ph CH2Cl2 0 —
8 27 Ph CH2Cl2 >98% 88 : 12
9 24 Me CH2Cl2 >98% 90 : 10; (59%)b


10 25 Me CH2Cl2 >98% >98:<2; (87%)b


11 26 Me CH2Cl2 0 —
12 27 Me CH2Cl2 0 —


a All product conversions and distributions were judged by 1H NMR
spectroscopic analysis of the crude reaction product. b Isolated yield
of homogeneous product after aqueous work-up or chromatographic
purification.


with elimination of the amidine giving (±)-18 and regenerating
the catalyst (Fig. 3). Although a complete and unambiguous
mechanistic hypothesis to account for the formation of diphenyl
carbonate 20 and azlactone (±)-19 in these reactions has yet to be
fully developed, it seems reasonable to assume in situ formation of
phenoxide as a necessity for the formation of 20. Phenoxide could
be generated from a number of sources in the assumed catalytic
cycle, including tetrahedral intermediates 28 or 31, or alternatively
from in situ hydrolysis of 17, (±)-18 or 29 from adventitious
water. While not conclusive, preliminary investigations indicate
that treatment of 17 with KOPh (1 eq) and 18-crown-6 (1 eq)
generates azlactone (±)-19 and diphenyl carbonate as the major
reaction products, while addition of KOPh (10 mol%) and 18-
crown-6 (10 mol%) to (±)-18 returns only starting material.
Ongoing investigations are aimed towards developing a full
mechanistic understanding of the product distributions of these
transformations.


Probing the generality of amidine catalysed O- to C-carboxyl
transfer: oxazolyl carbonates


Having established benzannulated thioamidine 25 as the optimal
catalyst screened, further investigations sought to explore the


Fig. 3 Plausible mechanistic pathway for the O- to C-carboxyl transfer
reaction.


scope of this transformation (Table 3). Variation of the carbonate
functionality within the oxazole structure was first probed. Treat-
ment of C(4)-benzyl substituted Ph, Me, Bn and C(Me)2CCl3 car-
bonate derivatives 17, 22, 32 and 3322 with amidine 25 (2–10 mol%)
gave exclusively the corresponding (±)-C-carboxyazlactones
(±)-18, (±)-23, (±)-38 and (±)-39, isolated in 76–92% yield in each
case (entries 1–4). C(4)-Isobutyl substituted carbonates 34–37 also
readily rearranged upon treatment with 25 (entries 5–8), giving the
desired products (±)-40–(±)-43 in 61–93% yield. In both series,
rearrangement of the phenyl carbonate derivatives proved the most


Table 3 Variation of carbonate functionality


Entry R R′ Product 25 (mol%) Yielda


1 17 Bn Ph (±)-18 2 87%
2 22 Bn Me (±)-23 10 87%
3 32 Bn Bn (±)-38 10 76%
4 33 Bn C(Me)2CCl3 (±)-39 10 92%b


5 34 i-Bu Ph (±)-40 2 61%
6 35 i-Bu Me (±)-41 10 61%
7 36 i-Bu Bn (±)-42 10 93%
8 37 i-Bu C(Me)2CCl3 (±)-43 10 92%


a Isolated yield of homogeneous product after aqueous work-up or
chromatographic purification. b Reaction time of one hour.
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efficient, with catalyst loadings of 2 mol% employed to give full
conversion to the corresponding (±)-C-carboxyazlactone within
15 minutes. The catalyst loadings required for the rearrangement
of the other carbonate derivatives could also be lowered, but
required significantly longer reaction times to achieve reasonable
product conversions.


Extensive C(4)-substituent modification within the oxazole
skeleton was next investigated using the most reactive phenyl
carbonate derivatives (Table 4). Rearrangement of the C(4)-
methyl and C(4)-phenyl oxazolyl carbonates 44 and 45 to their
corresponding carboxyazlactones (±)-50 and (±)-51 using 2 and
5 mol% of amidine 25 respectively proceeded within 15 minutes
(entries 3 and 4). Importantly, a C(4)-isopropyl substituent is
tolerated (entry 5), a reaction that has previously proven difficult
with chiral DMAP derivatives.13c This procedure also tolerates
heteroatom containing C(4)-substituents with good reaction ef-
ficiency (entries 6–8), and allows chemoselective rearrangement
of tyrosine derived dicarbonate 48 to give (±)-54 in 92% isolated
yield.


Table 4 Variation of C(4)-substitution within the oxazolyl carbonate


Entry R Product 25 (mol%) Yielda


1 17 Bn (±)-18 2 87%
2 34 i-Bu (±)-40 2 61%
3 44 Me (±)-50 2 65%
4 45 Ph (±)-51 5 84%
5 46 i-Pr (±)-52 5 58%
6 47 4-BnOC6H4CH2 (±)-53 2 87%
7 48 4-PhOCO2C6H4CH2 (±)-54 2 92%
8 49 MeSCH2CH2 (±)-55 2 92%


a Isolated yield of homogeneous product after aqueous work-up or
chromatographic purification.


Amidine catalysed O- to C-carboxyl transfer: indolyl and
benzofuranyl carbonates


Further studies focused upon extending the substrate scope of
this transformation through probing the ability of thioamidine
25 to catalyse the O- to C-carboxyl rearrangement of a number
of benzofuranyl23 and indolyl carbonates. Both Fu and Vedejs
et al. have demonstrated the asymmetric rearrangement of these
heterocyclic carbonates, although reactions in the indolyl series
typically employ relatively long reaction times (typically 48–
96 hours with 5–10 mol% catalyst at rt or 35 ◦C) for full reaction
conversion.13c,f While this low reactivity may be countered by
the incorporation of an electron withdrawing substituent within
the indolyl skeleton, the ability of benzannulated thioamidine 25
to promote this rearrangement at rt upon unactivated indolyl
carbonates was tested. Addition of 25 (5 mol%) to N-benzyl
protected indolyl carbonate 56, readily prepared in three steps


from N-benzylisatin, gave good conversion to (±)-57 within
one hour, affording (±)-57 in 88% isolated yield (Scheme 1). The
molecular structure of (±)-57 was unambiguously proven by X-
ray analysis (Fig. 4). This procedure proved equally applicable
to benzofuranyl carbonates, as treatment of carbonate 58 with
10 mol% of 25 gave full conversion to (±)-59 in 15 minutes,
affording (±)-59 in 92% isolated yield.


Scheme 1 Thioamidine promoted rearrangement of indolyl and benzo-
furanyl carbonates 56 and 58.


Fig. 4 Molecular representation of the X-ray crystal structure of (±)-57.


Conclusion


In conclusion, a number of amidines can promote the rear-
rangement of oxazolyl carbonates to their corresponding (±)-C-
carboxyazlactones, with benzannulated thioamidine 25 proving
optimal. Variation of the carbonate functionality and the C(4)-
substituent within the oxazole skeleton is readily accommodated
and this protocol has also been successfully extended to ben-
zofuranyl and indolyl carbonates. Current studies are focused
upon probing fully the mechanism of this transformation and
developing applications of enantiomerically pure amidines in
asymmetric catalysis.
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Experimental procedures and analytical data


General information


All reactions involving moisture sensitive reagents were performed
under an inert atmosphere via standard vacuum line techniques
and with freshly dried solvents. All glassware was flame dried
and allowed to cool under vacuum. Tetrahydrofuran (THF) and
dichloromethane were obtained dry from a solvent purification
system (MBraun, SPS-800). Petrol is defined as petroleum ether
40–60 ◦C. All solvents and commercial reagents were used as
supplied without further purification unless stated otherwise.
Room temperature refers to 20–25 ◦C. Temperatures of 0 ◦C were
obtained using an ice–water bath and reaction reflux conditions
using an oil bath equipped with a contact thermometer. In vacuo
refers to the use of a Büchi Rotavapor R-2000 rotary evaporator
with a Vacubrand CVC2 vacuum controller or a Heidolph
Laborota 4001 rotary evaporator with a vacuum controller. An-
alytical thin layer chromatography was performed on aluminium
sheets coated with 60 F254 silica. TLC visualisation was carried
out with ultraviolet light (254 nm), followed by staining with 1%
aqueous KMnO4 solution. Flash column chromatography was
performed on Kieselgel 60 silica in the solvent system stated. 1H
and 13C nuclear magnetic resonance (NMR) spectra were acquired
on either a Bruker Avance 300 (300 MHz 1H, 75.4 MHz 13C) or a
Bruker Avance II 400 (400 MHz 1H, 100 MHz 13C) spectrometer
and in the deuterated solvent stated. Coupling constants (J)
are reported in Hz. Multiplicities are indicated by: s (singlet), d
(doublet), dd (doublet of doublets), sept (septet) and m (multiplet).
The abbreviation Ar is used to denote aromatic. Infrared spectra
(mmax) were recorded on a Perkin-Elmer Spectrum GX FT-IR
spectrometer using either thin films on NaCl plates (thin film) or
KBr discs (KBr disc) as stated. Only the characteristic peaks are
quoted. Microanalyses were carried out on a Carlo Erba CHNS
analyser. Melting points were recorded on an Electrothermal
apparatus and are uncorrected. Mass spectrometric (m/z) data
was acquired by electrospray ionisation (ESI), electron impact
(EI) or chemical ionisation (CI), either at the University of St
Andrews Mass Spectrometry facility or from the EPSRC National
Mass Spectrometry Service Centre, Swansea. At the University of
St Andrews, low and high resolution ESI MS were carried out
on a Micromass LCT spectrometer and low and high resolution
CI MS were carried out on a Micromass GCT spectrometer.
At the EPSRC National Mass Spectrometry Service Centre, low
resolution CI MS was carried out on a Micromass Quattro II
spectrometer and high resolution EI MS on a Finnigan MAT 900
XLT spectrometer.


Literature procedures were used for the preparation of known
compounds 24, 26 and 27;24 32 and 36;13a 17, 34, 44, 45 and 58;13b


22, 35, 46 and 4915 and 58,13c and all gave spectroscopic data
consistent with the literature.


General experimental procedures


General procedure A—rearrangement of carbonates


The selected catalyst was added to a solution of the desired
carbonate in CH2Cl2 at room temperature. After the specified time,
the solution was concentrated in vacuo and the desired product was
obtained by either an acidic work-up in which the solution was


poured into aqueous 0.1 M HCl, extracted with Et2O and dried
(MgSO4) or chromatographic purification (silica).


General procedure B—synthesis of carbonates


Based upon the procedure described by Fu et al.,13a triethylamine
(1.10 eq) was added to a stirred solution of azlactone (1.00 eq) in
THF at 0 ◦C, followed by addition of the desired chloroformate
(1.06 eq) and stirred at 0 ◦C for 30 minutes before warming to
room temperature and stirring overnight. The resulting solution
was poured into H2O and the aqueous phase extracted with Et2O
(× 3). The organic extracts were combined, washed with aqueous
0.1 M HCl, saturated aqueous NaHCO3 solution, brine, dried
(MgSO4), filtered and concentrated in vacuo.


Phenyl 4-benzyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydrooxazole-
4-carboxylate (±)-18


Following general procedure A, oxazolyl carbonate 1713b


(0.20 mmol, 81 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg) gave,
after 15 minutes and an acidic work-up, (±)-18 (71 mg, 87%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.13b


Phenyl 2-(4-methoxyphenyl)-4-methyl
5-oxo-4,5-dihydrooxazole-4-carboxylate (±)-23


Following general procedure A, oxazolyl carbonate 2215


(0.20 mmol, 68 mg), CH2Cl2 (2 mL) and 25 (5 mol%, 1.9 mg) gave,
after 15 minutes and an acidic work-up, (±)-23 (59 mg, 87%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.15


3,4-Dihydro-2H-pyrimido [2,1-b] benzothiazole 25


Following a modified procedure described by Birman et al.,20b


a mixture of aminopropanol (5.30 mmol, 4.00 mL) and 2-
chlorobenzothiazole (5.80 mmol, 0.730 mL) was heated at 130 ◦C
overnight. After cooling, toluene (23 mL) and thionyl chloride
(11.7 mmol, 0.850 mL) were added and the reaction mixture was
refluxed at 120 ◦C for 4 hours. The cooled mixture was then
poured onto ice cold 20% aqueous KOH (10 mL) and extracted
with CH2Cl2 (× 3). The organic extracts were combined, washed
with saturated aqueous NaHCO3, dried (MgSO4), filtered and
concentrated under vacuum. KOH (13.3 mmol, 0.744 g) and
methanol (50 mL) were added to the resultant residue and the
solution was refluxed for 3 hours. After cooling, the solution was
poured into water and extracted with CH2Cl2 (× 3). The organic
extracts were combined, washed with brine, dried (MgSO4),
filtered and concentrated under vacuum. Chromatographic pu-
rification (EtOH–CH2Cl2 10 : 90) gave the product as an orange
solid (0.445 g, 44%) with spectroscopic data (1H NMR and 13C
NMR) in accordance with the literature.24


4-Benzyl 2-(4-methoxyphenyl)-oxazol-5-yl
1,1,1-trichloro-2-methylpropan-2-yl carbonate 33


Following general procedure B, triethylamine (3.91 mmol,
0.540 mL), 4-benzyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydro-
oxazole (3.55 mmol, 1.00 g) (prepared from DL-leucine following
a procedure described in the literature),13c THF (30 mL) and
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2,2,2-trichloro-1,1-dimethyl chloroformate (3.76 mmol, 0.900 g)
gave, after chromatography (petrol–Et2O 75 : 25), oxazole 33
(1.34 g, 78%) as a colourless solid. Mp 62–64 ◦C; Found C,
54.51; H, 4.14; N, 2.92%; C22H20Cl3NO5 requires C, 54.51; H, 4.16;
N, 2.89%; tmax (KBr disc)/cm−1 2996 (C–H), 1783 (C=O), 1611
(C=N), 1246 (C–O) and 802 (C–Cl); dH (300 MHz, CDCl3) 7.89
(2H, d, J 9.0, 4-OMe(2,6)ArH), 7.31–7.29 (5H, m, ArH), 6.93 (2H,
d, J 9.0, 4-OMe(3,5)ArH), 3.88 (2H, s, CH2), 3.85 (3H, s, OCH3)
and 1.92 (6H, s, 2 × CH3); dC (75 MHz, CDCl3) 161.5 (C), 155.4
(C), 148.4 (C), 145.7 (C), 137.5 (C), 129.0 (ArH), 128.6 (ArH),
127.8 (ArH), 126.7 (ArH), 123.3 (C), 120.0 (C), 114.2 (ArH), 104.6
(C), 92.3 (C), 55.5 (CH3), 31.8 (CH2) and 21.1 (CH3); m/z (CI+)
282.0 (100, M − (COOCMe2CCl3) + H+), 484.0 (6, (35Cl)M + H+),
486.0 (6, (37Cl)M + H+); HRMS (ES+) C22H21Cl3NO5 requires
484.0477, found 484.0480 (−0.5 ppm).


2-(4-Methoxyphenyl)-4-isobutyloxazol-5-yl
1,1,1-trichloro-2-methylpropan-2-yl carbonate 37


Following general procedure B, triethylamine (4.40 mmol,
0.610 mL), 4-isobutyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydro-
oxazole (4.00 mmol, 0.995 g) (prepared from DL-leucine as
described in the literature),13a THF (30 mL) and 2,2,2-trichloro-
1,1-dimethyl chloroformate (4.24 mmol, 1.02 g) gave, after chro-
matography (petrol–Et2O 75 : 25), oxazole 37 (1.35 g, 74%) as
a colourless solid. Mp 68–70 ◦C; Found: C, 50.40; H, 5.09; N,
3.13%; C19H22Cl3NO5 requires C, 50.63; H, 4.92; N, 3.11%; tmax


(KBr disc)/cm−1 2960 (C–H), 1781 (C=O), 1613 (C=N), 1242
(C–O) and 802 (C–Cl); dH (300 MHz, CDCl3) 7.89 (2H, d, J 9.0, 4-
OMe(2,6)ArH), 6.93 (2H, d, J 9.0, 4-OMe(3,5)ArH), 3.85 (3H, s,
OCH3), 2.34 (2H, d, J 6.9, CH2), 2.05 (1H, sept, J 6.9, CH), 2.01
(6H, s, (CH3)2) and 0.96 (6H, s, (CH3)2); dC (75 MHz, CDCl3)
161.4 (C), 155.2 (C), 148.8 (C), 145.9 (C), 127.7 (ArH), 123.6
(C), 120.1 (C), 114.2 (ArH), 104.6 (C), 92.3 (C), 55.5 (CH3), 34.0
(CH2), 27.7 (CH), 22.5 (CH3) and 21.2 (CH3); m/z (CI+) 248.1
(100, M − (COOCMe2CCl3) + H+), 450.1 (2, (35Cl)M + H+), 452.1
(2, (37Cl)M + H+); HRMS (ES+) C19H23Cl3NO5 requires 450.0636,
found 450.0633 (−0.8 ppm).


Benzyl 4-benzyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydrooxazole-4-
carboxylate (±)-38


Following general procedure A, oxazolyl carbonate 3213a


(0.20 mmol, 83 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg) gave,
after 15 minutes and an acidic work-up, (±)-38 (63 mg, 76%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.13a


1,1,1-Trichloro-2-methylpropan-2-yl 4-benzyl 2-(4-
methoxyphenyl)-5-oxo-4,5-dihydrooxazole-4-carboxylate (±)-39


Following general procedure A, oxazolyl carbonate 33 (0.20 mmol,
97 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg) gave, after 1 hour
and an acidic work-up, (±)-39 (89 mg, 92%) as a colourless oil.
tmax (thin film)/cm−1 2933 (C–H), 1821 (C=O), 1760 (C=O), 1642
(C=N), 1262 (C–O) and 793 (C–Cl); dH (300 MHz, CDCl3) 7.80
(2H, d, J 9.0, 4-OMe(2,6)ArH), 7.21–7.16 (5H, m, ArH), 6.90
(2H, d, J 9.0, 4-OMe(3,5)ArH), 3.84 (3H, s, OCH3), 3.59 (1H,
d, J 13.8, CH2), 3.48 (1H, d, J 13.8, CH2), 1.95 (3H, s, CH3)
and 1.93 (3H, s, CH3); dC (75 MHz, CDCl3) 173.7 (C), 163.6 (C),


163.5 (C), 163.5 (C), 133.1 (C), 130.4 (ArH), 130.1 (ArH), 128.3
(ArH), 127.6 (CH), 117.3 (C), 114.3 (ArH), 105.2 (C), 91.0 (C),
78.2 (C), 55.6 (CH3), 39.1 (CH2) and 21.3 (CH3); m/z (CI+) 282.1
(100, M − (COOCMe2CCl3) + H+), 484.0 (5, (35Cl)M + H+), 486.0
(5, (37Cl)M + H+); HRMS (ES+) C22H21Cl3NO5 requires 484.0480,
found 484.0478 (−0.3 ppm).


Phenyl 4-isobutyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydrooxazole-
4-carboxylate (±)-40


Following general procedure A, oxazolyl carbonate 3413b


(0.20 mmol, 73 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg)
gave, after 15 minutes and chromatography (petrol–Et2O 80 : 20),
(±)-40 (45 mg, 61%) as a colourless oil with spectroscopic data
(1H NMR) in accordance with the literature.13b


Methyl 4-isobutyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydrooxazole-
4-carboxylate (±)-41


Following general procedure A, oxazolyl carbonate 3515


(0.20 mmol, 70 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg)
gave, after 15 minutes and chromatography (petrol–Et2O 80 : 20),
(±)-41 (43 mg, 61%) as a colourless oil with spectroscopic data
(1H NMR) in accordance with the literature.15


Benzyl 4-isobutyl-2-(4-methoxyphenyl)-5-oxo-4,5-dihydrooxazole-
4-carboxylate (±)-42


Following general procedure A, oxazolyl carbonate 3613a


(0.20 mmol, 76 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg) gave,
after 15 minutes and an acidic work-up, (±)-42 (70 mg, 92%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.13a


1,1,1-Trichloro-2-methylpropan-2-yl 4-isobutyl-2-(4-
methoxyphenyl)-5-oxo-4,5-dihydrooxazole-4-carboxylate (±)-43


Following general procedure A, oxazolyl carbonate 37 (0.20 mmol,
90 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg) gave, after
15 minutes and an acidic work-up, (±)-43 (83 mg, 92%) as a
colourless solid. Mp 64–66 ◦C; tmax (KBr disc)/cm−1 2958 (C–H),
1818 (C=O), 1762 (C=O), 1647 (C=N), 1261 (C–O) and 791 (C–
Cl); dH (300 MHz, CDCl3) 7.96 (2H, d, J 9.0, 4-OMe(2,6)ArH),
6.97 (2H, d, J 9.0, 4-OMe(3,5)ArH), 3.87 (3H, s, OCH3), 2.36 (1H,
dd, J 14.4, 5.7, CH2), 2.03 (1H, dd, J 14.4, 7.5, CH2), 1.90 (3H, s,
CH3), 1.87 (3H, s, CH3), 1.71 (1H, sept, J 6.6, CH), 0.94 (3H, d,
J 6.6, CH3) and 0.89 (3H, d, J 6.6, CH3); dC (75 MHz, CDCl3)
175.1 (C), 163.7 (2 × C), 163.2 (C), 130.2 (ArH), 117.7 (C), 114.4
(ArH), 105.2 (C), 90.8 (C), 77.1 (C), 55.6 (CH3), 41.5 (CH2), 24.7
(CH), 23.9 (CH3), 23.1 (CH3) and 21.2 (CH3); m/z (CI+) 248.1
(100, M − (COOCMe2CCl3) + H+), 450.1 (7, (35Cl)M + H+), 452.1
(7, (37Cl)M + H+); HRMS (ES+) C19H23Cl3NO5 requires 450.0636,
found 450.0631 (−1.1 ppm).


4-((4-Benzyloxy)benzyl)-2-(4-methoxyphenyl)-oxazolyl-5-yl
phenyl carbonate 47


Following general procedure B, triethylamine (2.84 mmol,
0.400 mL), 4-((4-benzyloxy)benzyl)-2-(4-methoxyphenyl)-5-oxo-
4,5-dihydrooxazole (2.58 mmol, 1.00 g) (prepared from DL-
tyrosine following a procedure described in the literature),13a THF
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(30 mL) and phenyl chloroformate (2.71 mmol, 0.310 mL) gave 47
as a colourless solid after recrystallisation with Et2O (1.10 g, 84%),
mp 116–117 ◦C; tmax (KBr disc)/cm−1 3033 (Ar-H), 2911 (Alk-H),
1800 (C=O), 1613 (C=N) and 1214 (C–O); dH (400 MHz, CDCl3)
7.96 (2H, d, J 9.0, 4-OMe(2,6)ArH), 7.48–7.30 (10H, m, 2 × PhH),
7.25 (2H, m, 4-OBn(3,5)ArH), 6.95 (4H, d, 4-OMe(3,5)ArH and
4-OBn(2,6)ArH), 5.07 (2H, s, CH2), 3.93 (2H, s, CH2) and 3.90
(3H, s, OCH3); dC (75 MHz, CDCl3) 161.5 (C), 157.7 (C), 155.5
(C), 150.8 (C), 150.1 (C), 145.6 (C), 137.2 (C), 130.1 (ArH), 129.8
(ArH), 128.7 (ArH), 128.0 (ArH), 127.9 (ArH), 127.5 (ArH), 126.9
(ArH), 123.8 (C), 120.6 (ArH), 119.9 (C), 115.0 (ArH), 114.2
(ArH), 70.1 (CH2), 55.5 (CH3) and 31.1 (CH2); m/z (ES+) 530.2
(100, M + Na), HRMS (ES+) C31H25NO6Na requires 530.1580,
found 530.1584 (+0.9 ppm).


2-(4-Methoxyphenyl)-4-((4-phenoxycarbonyloxy)benzyl)oxazolyl-
5-yl phenyl carbonate 48


Triethylamine (14.0 mmol, 1.94 mL) was added to a stirred
solution of DL-N-(4-methoxybenzoyl)tyrosine (3.17 mmol, 1.00
g) (prepared from DL-tyrosine following a procedure described in
the literature)13a followed by the addition of phenyl chloroformate
(13.8 mmol, 1.50 mL) and stirred at room temperature overnight.
The resulting solution was poured into aqueous 1 M HCl and
the aqueous phase extracted with Et2O (× 3). The organic
extracts were combined, washed with saturated aqueous NaHCO3


solution, dried (MgSO4), filtered and concentrated in vacuo.
Chromatographic purification (petrol–Et2O 80 : 20) afforded the
oxazole 48 (1.46 g, 86%) as a colourless solid. Mp 71–74 ◦C; tmax


(KBr disc)/cm−1 3065 (Ar-H), 2934 (Alk-H), 1798 (C=O), 1779
(C=O), 1614 (C=N) and 1235 (C–O); dH (300 MHz, CDCl3) 7.92
(2H, d, J 9.0, 4-OMe(2,6)ArH), 7.45–7.21 (14H, m, ArH), 6.95
(2H, d, J 9.0, 4-OMe(3,5)ArH), 3.93 (2H, s, CH2) and 3.85 (3H, s,
OCH3); dC (75 MHz, CDCl3) 161.6 (C), 155.7 (C), 152.1 (C), 151.1
(C), 150.8 (C), 150.1 (C), 149.8 (C), 145.8 (C), 135.7 (C), 130.1
(ArH), 129.9 (ArH), 129.7 (ArH), 127.96 (ArH), 126.4 (ArH),
126.4 (ArH), 126.4 (ArH), 123.0 (C), 121.0 (CH), 120.6 (ArH),
119.8 (C), 114.3 (ArH), 55.5 (CH3) and 31.0 (CH2); m/z (CI+)
538.1 (62, M + H+), 418.1 (17, M − (COOPh) + H+); HRMS (ES+)
C31H23NO8Na requires 560.1321, found 560.1323 (+0.2 ppm).


Phenyl 2-(4-methoxyphenyl)-4-methyl-5-oxo-4,5-dihydrooxazole-
4-carboxylate (±)-50


Following general procedure A, oxazolyl carbonate 4413b


(0.20 mmol, 66 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg)
gave, after 15 minutes and chromatography (petrol–Et2O 80 : 20),
(±)-50 (43 mg, 65%) as a colourless oil with spectroscopic data
(1H NMR) in accordance with the literature.13b


Phenyl 2-(4-methoxyphenyl)-5-oxo-4-phenyl-4,5-dihydrooxazole-
carboxylate (±)-51


Following general procedure A, oxazolyl carbonate 4513b


(0.20 mmol, 74 mg), CH2Cl2 (2 mL) and 25 (5 mol%, 1.9 mg) gave,
after 15 minutes and an acidic work-up, (±)-51 (62 mg, 83%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.13b


Phenyl 2-(4-methoxyphenyl)-5-oxo-4-isopropyl-4,5-
dihydrooxazole-4-carboxylate (±)-52


Following general procedure A, oxazolyl carbonate 4615


(0.20 mmol, 70 mg), CH2Cl2 (2 mL) and 25 (5 mol%, 1.9 mg)
gave, after 15 minutes and chromatography (petrol–Et2O 80 : 20),
(±)-52 (41 mg, 58%) as a colourless oil with spectroscopic data
(1H NMR) in accordance with the literature.15


Phenyl 4-(4-(benzyloxy)benzyl)-2-(4-methoxyphenyl)-5-oxo-4,5-
dihydrooxazole-4-carboxylate (±)-53


Following general procedure A, oxazolyl carbonate 47 (0.20 mmol,
101 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg) gave, after
15 minutes and an acidic work-up, (±)-53 (88.0 mg, 87%) as a
yellow oil with spectroscopic data (1H NMR) in accordance with
the literature.15


Phenyl 2-(4-methoxyphenyl)-5-oxo-4-(4-phenoxy-
carbonyloxy)benzyl)-4,5-dihydrooxazole-4-carboxylate (±)-54


Following general procedure A, oxazolyl carbonate 48 (0.20 mmol,
108 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg) gave, after
15 minutes and an acidic work-up, (±)-54 (99.0 mg, 92%) as a
yellow oil with spectroscopic data (1H NMR) in accordance with
the literature.15


Phenyl 2-(4-methoxyphenyl)-4-(2-(methylthio)ethyl)-5-oxo-4,5-
dihydrooxazole-4-carboxylate (±)-55


Following general procedure A, oxazolyl carbonate 4915


(0.20 mmol, 77 mg), CH2Cl2 (2 mL) and 25 (2 mol%, 0.8 mg) gave,
after 15 minutes and an acidic work-up, (±)-55 (72 mg, 93%) as
a colourless oil with spectroscopic data (1H NMR) in accordance
with the literature.15


1-Benzyl-3-phenylindole-2-yl phenyl carbonate 56


Following general procedure B, triethylamine (0.77 mL,
5.52 mmol), N-benzyl-3-phenyloxindole24 (1.50 g, 5.02 mmol) and
phenyl chloroformate (0.67 mL, 5.32 mmol) in THF (23 mL) gave,
after recrystallisation (CH2Cl2–MeOH), carbonate 56 (1.82 g,
87%) as a pale yellow solid. Mp 116–118 ◦C; tmax (KBr disc)/cm−1


3060 (C–H), 3033 (C–H), 2925 (C–H), 1793 (C=O), 1620 (C=C)
and 1228 (C–O); dH (300 MHz; CDCl3) 7.80–7.74 (1H, m, ArH),
7.63–7.59 (2H, m, ArH), 7.44–7.38 (2H, m, ArH), 7.28–7.09 (12H,
m, ArH), 6.77–6.72 (2H, m, ArH) and 5.30 (2H, s, CH2Ph); dC


(75 MHz; CDCl3) 150.7 (C), 150.2 (C), 138.7 (C), 136.6 (C), 132.9
(C), 132.4 (C), 129.6 (ArH), 128.9 (2 × ArH), 128.4 (ArH), 127.8
(ArH), 126.9 (ArH), 126.6 (ArH), 126.5 (ArH), 125.0 (C), 122.6
(ArH), 120.9 (ArH), 120.5 (ArH), 119.8 (ArH), 110.0 (ArH), 103.8
(C) and 46.2 (CH2); m/z (CI) 420.2 (100, M + H+); HRMS (CI)
C28H22NO3 requires 420.1600, found 420.1589 (−2.5 ppm).


Phenyl 1-benzyl 2-oxo-3-phenyl-2,3-dihydroindole-3-carboxylate
(±)-57


Following general procedure A, indole 56 (0.20 mmol, 84 mg),
CH2Cl2 (2 mL) and 25 (5 mol%, 1.9 mg) gave, after 1 hour and
an acidic work-up, (±)-57 (74 mg, 88%) as a yellow solid. Mp
85–87 ◦C; tmax (KBr disc)/cm−1 3061 (C–H), 3032 (C–H), 2936
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(C–H), 1768 (C=O), 1714 (C=O), 1608 (C=C) and 1189 (C–O);
dH (300 MHz; CDCl3) 7.65–7.61 (1H, m, ArH), 7.54–7.19 (15H, m,
ArH), 7.09–7.05 (2H, m, ArH), 6.87–6.84 (1H, m, ArH), 5.15 (1H,
ABq, J 15.8, CHAHBPh) and 4.86 (1H, ABq, J 15.8, CHAHBPh);
dC (75 MHz; CDCl3) 172.7 (C), 167.8 (C), 150.6 (C), 143.7 (C),
135.4 (2 × C), 130.0 (ArH), 129.5 (ArH), 128.9 (ArH), 128.8
(ArH), 128.6 (ArH), 128.2 (ArH), 127.8 (ArH), 127.2 (ArH), 126.7
(C), 126.3 (ArH), 126.0 (ArH), 123.3 (ArH), 121.2 (ArH), 110.2
(ArH), 64.4 (C) and 44.2 (CH2); m/z (ESI+) 442.1 (100, M + Na+)
HRMS (ESI+) C28H21NO3Na requires 442.1419, found 442.1422
(+0.7 ppm).‡


Phenyl 3-benzyl-2-oxo-2,3-dihydrobenzofuran-3-carboxylate
(±)-59


Following general procedure A, benzofuran 5813c (0.20 mmol,
69 mg), CH2Cl2 (2 mL) and 25 (10 mol%, 3.8 mg) gave, after
15 minutes and an acidic work-up, (±)-59 (64 mg, 92%) as a
yellow oil with spectroscopic data (1H NMR) in accordance with
the literature.13c
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The efficient palladium-catalyzed conjugate addition of terminal alkynes to a,b-unsaturated carbonyl
compounds has been developed using electron-rich ligands, producing the corresponding c,d-alkynyl
ketone and c,d-alkynyl esters in good yields.


1. Introduction


Within the past few decades, the development of palladium-
catalyzed C–C bond formation reactions has dramatically ad-
vanced the ‘state-of-the-art’ of organic synthesis.1 Well-known
examples include the Heck reaction,2 the Stille reaction,3 the
Suzuki reaction,4 the Trost–Tsuji reaction,5 and the Sonogashira
coupling,6 to name but a few. Furthermore, reactions involving
overall addition provide an atom-economical way to construct
more complex structures from simpler units.7 Recently, there has
been increased interest in the addition of terminal alkynes to
compounds that involve sp2 carbons such as C=O8 or C=N bonds
(Fig. 1, route a).9 However, only a few examples of the addition
of terminal alkynes to C=C bonds have been reported (Fig. 1,
route b).10


Fig. 1 Addition of terminal alkyne to C=X and C=C bonds.


Furthermore, although palladium is one of the most widely
used metals in catalysis, palladium-catalyzed conjugate addition
of alkynes to enones and alkene esters has not been previously
reported.11 We hypothesized that the failure of palladium in
catalyzing such additions could be attributed to (1) either the
facile homo- or heterodimerization of terminal alkynes (a well-
known and synthetically useful process)12 to form by-products
or (2) the low reactivity of the alkynyl palladium intermediate
towards enones and alkene esters. Conceivably, such obstacles can
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be overcome by tuning the electronic properties of the ligands
coordinated to palladium.


Recently, we reported the preliminary results of a simple and
highly efficient Pd-catalyzed addition of terminal alkynes to
conjugated enones either in water or in acetone under air by using
an electron-rich trimethylphosphine ligand.13 Herein, we describe
the detailed study of this reaction as well as its extension to alkene
esters (Scheme 1).


Scheme 1 Conjugate addition of terminal alkynes to enones and alkene
esters.


2. Results and discussion


2.1 General design


To begin with our study, we applied the rationale that the key to
the success of the desired conjugate additions is to increase the
reactivity of the alkynyl C–Pd bond (increasing the polarization
of the r-complex, Fig. 2) and decrease the reactivity of the C–
C triple bond (decreasing p-complex formation, Fig. 2). The use
of an electron-rich ligand14 can potentially serve both purposes:
the donation of electron density from the ligand to palladium
will weaken the C–Pd bond and make alkyne coordination less
favorable.


Fig. 2 Formation of r- and p-palladium complexes with alkynes.


2.2 Conjugate addition of terminal alkynes to enones


We started by reacting phenylacetylene with ethyl vinyl ketone
in the presence of 5 mol% of Pd(OAc)2 and 10 mol% of the
common ligand PPh3 in water at 60 ◦C for 40 h. As expected,
the reaction gave only a tiny amount of the desired product
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Table 1 Addition of phenylacetylene to ethyl vinyl ketone catalyzed by various palladium catalysts in watera


Entry Catalyst L/C ratio Yield (%)


1 Pd(OAc)2/PPh3 2 <10b


2 Pd(OAc)2/tris(4-methoxyphenyl)phosphine 2 27
3 Pd(OAc)2/tris(2,6-dimethoxyphenyl)phosphine 2 31
4 Pd(OAc)2/tris(2,4,6-trimethoxyphenyl)phosphine 2 17
5 Pd(OAc)2/PMe3 2 77
6 PdCl2(PPh3)2 — <10b


7 PdCl2(PPh3)2/PMe3 2 <10b


8 PdCl2(O2CCF3)2/PMe3 2 <10b


9 Pd(0)(PPh3)4 — —c


10 Pd(0)(PPh3)4/PMe3 2 32
11 Pd(OAc)2/PMe3/Et3N (1 equiv) 2 <10b


12 Pd(OAc)2/PMe3/NaOAc (1 equiv) 2 43
13 Pd(OAc)2/trimethylphosphine oxide 2 <10b


14 PMe3 — —c


15 Pd(OAc)2 0 15
16 Pd(OAc)2/Et3N (1 equiv) 0 <10b


17 Pd(OAc)2/PMe3 4 91
18 Pd(OAc)2/PMe3 6 86


a All reactions were carried out using 1 mmol of phenylacetylene, 2 mmol of vinyl ethyl ketone, 5 mol% of palladium catalyst and the given amount of
ligand in water at 60 ◦C for 40 h. b Measured by 1H NMR. c Not detected by 1H NMR.


(Table 1, entry 1). Then a more electron-rich ligand, tris(4-
methoxyphenyl)phosphine, was tested, and the product yield
increased significantly to 27% (Table 1, entry 2). Encouraged by
this result, we tested other electron-rich ligands (Table 1, entries 3–
5). The use of PMe3, being both electron-rich and smaller, gave the
coupling product in 77% yield (Table 1, entry 5). Other palladium
salts were also tested; the results showed that the counter-ion
of the palladium salt also had an effect on the reaction. With
an electron-deficient trifluoroacetate or chloride as the counter-
ion, the reaction was less effective (Table 1, entries 6–8). To
examine whether the phosphine ligand served as a base or a real
ligand, we also tested the catalyst system in the presence of an
inorganic base as well as an organic base. The Pd(OAc)2/PMe3


combination generated less product in the presence of a base,
especially in the case of NEt3 (Table 1, entries 11 and 12), possibly
because of competing coordination between triethylamine and
the phosphine ligand. In the absence of a phosphine ligand, the
Pd(OAc)2/base system gave only a trace amount of the product.
Pd(OAc)2 alone as the catalyst was only slightly effective, whereas
PMe3 did not show any catalytic activity (although phosphines
are known to catalyze conjugate additions with alcohols, amines,
and activated methylene as nucleophiles).15 Because PMe3 is air-
sensitive and easily oxidized to trimethylphosphine oxide, we also
tested Pd(OAc)2/trimethylphosphine oxide as a catalyst; however,
almost no catalytic activity was observed (Table 1, entry 13);
trimethylphosphine oxide alone did not show any catalytic activity
either. Finally, when the ratio of PMe3/Pd(OAc)2 was increased
from 2 : 1 to 4 : 1, the desired product was obtained in 91% yield
(Table 1, entry 17). However, when the ratio of PMe3/Pd(OAc)2


was increased to 6 : 1, the product yield decreased, which can
be attributed to the lower availability of coordination sites on
palladium and the resulting decreased catalytic activity16 (Table 1,
entry 18).


Subsequently, a broad range of substrates were examined for
this new palladium-catalyzed alkyne–enone addition, in water as


well as in acetone (Table 2). It was shown that alkynes bearing silyl,
alkenyl, aromatic, aliphatic or halid groups all reacted smoothly
with vinyl ketone to afford good yields of the desired 1,4-addition
products. With diyne as a substrate, a bis-addition adduct was
the major product. In addition to ethyl vinyl ketone, methyl vinyl
ketone also provided the corresponding product in this addition
reaction, albeit in a lower yield. It should be noted that both water
and acetone are effective as solvents, similar results being obtained
with both.


2.3 1,4-Addition of terminal alkynes to acrylate esters


The success of the Pd(OAc)2/PMe3-catalyzed conjugate addition
of terminal alkynes to enones prompted us to explore the
applicability of the catalytic method to less reactive substrates
such as acrylate esters. Although there are a few reports on the 1,4-
addition of terminal alkynes to unsaturated esters, the reactions
are limited to the use of highly reactive diesters17 or a specialized
high-boiling point solvent.18


When phenylacetylene was reacted with methyl acrylate in the
presence of 2.5 mol% of Pd(OAc)2 and 5 mol% of PMe3 as ligand
under the alkyne–enone reaction conditions, only a trace amount
of the desired product was observed. In order to further extend
the scope of this addition, we hypothesized that by using an even
more electron-donating ligand, such as N-heterocyclic carbenes
(NHCs),19 the reactivity of the alkynyl Pd–C bond can be increased
further. Thus, various N-heterocyclic carbene ligands were tested
and compared with the trimethylphosphine ligands under identical
conditions. In order to solubilize the catalyst, the reactions were
performed in THF (Table 3).


Mono-dentate N-heterocyclic carbene ligands, generated in situ
from their commercially available precursors 4a and 4b in THF in
the presence of 1.2 equiv of KO-t-Bu, were tested. The reactions
led to promising yields of 65% and 42% respectively (Table 3,
entries 2 and 3). Encouraged by these initial results, four other
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Table 2 Addition of terminal alkynes 1 to vinyl ketones 2 catalyzed by Pd(OAc)2/PMe3 in water and in acetonea


Entry Terminal alkyne 1 Vinyl ketone 2 Conditions Product 3 Isolated yield (%)


1 40 h, acetone 85


2 40 h, water 91
3 43 h, water 74


4 43 h, acetone 61


5 43 h, water 70
6 42 h, acetone 70


7 42 h, water 67
8 44 h, water 65


9 44 h, acetone 63


10 44 h, water 72
11b 44 h, acetone 57


12b 44 h, water 62
13 42 h, acetone 51


14 42 h, water 56
15 45 h, water 58


16 43 h, acetone 49


17 43 h, water 52
18 45 h, water 53


19 39 h, acetone 66


20 39 h, water 61


a The reactions were carried out using 1.0 mmol of a terminal alkyne, 2 mmol of a vinyl ketone, 5 mol% of Pd(OAc)2 and 20 mol% of PMe3 at 60 ◦C in
water or acetone. The product structures were determined by 1H NMR, 13C NMR, MS, and IR. b 1.0 mmol of terminal alkyne was reacted with 4 mmol
of vinyl ketone.
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Table 3 Addition of phenylacetylene to methyl acrylate catalyzed by
various palladium–NHC complexesa


Entry Catalyst Solventb Yield (%)c


1 Pd(OAc)2/PMe3 THF <10
2 Pd(OAc)2/4a THF 65
3 Pd(OAc)2/4b THF 42
4 Pd(OAc)2/4c THF 55
5 Pd(OAc)2/4d THF 31
6 Pd(OAc)2/4e THF 15
7 Pd(OAc)2/4f THF <10
8 Pd(dba)2/4a THF Traced


9 [PdCl(allyl)]2/4a THF 37
10 Pd(OAc)2 THF Traced


11 4a THF —d


12 Pd(OAc)2/4a Acetone 79
13 Pd(OAc)2/4a DMF 61
14 Pd(OAc)2/4a Water <10


a All reactions were carried out in sealed tubes using 0.5 mmol of
phenylacetylene, 1 mmol of methyl acrylate, 2.5 mol% of palladium
catalysts and 10 mol% of ligand in the desired solvent at 60 ◦C for 24 h. b N-
Heterocyclic carbene ligands were generated in situ from their precursors
in THF with 1.2 equiv of KO-t-Bu; when other solvents were used, THF
was evaporated by pump slowly. c Measured by 1H NMR. d Not detected
by 1H NMR.


N-heterocyclic carbene ligands were then prepared from their
precursors 4c–f (Fig. 3) and tested. The reaction with NHC
generated from 4c afforded product 5a in 55% yield; whereas the
reaction with NHC from 4d (which coordinates to palladium by
two six membered rings) gave product 5a in only 31% yield (Table 3,
entries 4 and 5).


Fig. 3 Precursors of N-heterocyclic carbene ligands.


The use of the N-heterocyclic carbenes generated from 4e and
4f (both tridentate and sterically hindered ligands) afforded the
desired 5a in 15% and <10% yield respectively (Table 3, entries
6 and 7). The use of Pd(allyl)Cl dimer, instead of Pd(OAc)2, gave
37% yield of the desired product, whereas the use of Pd(dba)2


generated only a trace amount of 5a (Table 3, entries 8 and 9). As a
control, with Pd(OAc)2 alone as the catalyst only a trace amount of
the product was obtained, whereas N-heterocyclic carbene alone
generated from 4a did not show any catalytic activity (although
NHCs have been shown to catalyze addition reactions with enols20


and ketones21) (Table 3, entry 11). Having the preferred catalyst
in hand, different solvents such as THF, DMF, acetone and water
were examined. The use of THF or DMF as solvent gave only
modest yields of 5a (Table 3, entries 3 and 13). When water was


used as solvent, <10% yield of 5a was obtained (Table 3, entry
14). The best results were obtained by using acetone as solvent
(Table 3, entry 12).


Subsequently, various terminal alkynes and acrylate esters were
used using the Pd–NHC catalyst under the optimized conditions
in acetone (Table 4). Various aromatic alkynes with an electron-
donating substituent such as the methyl, methoxy group, phenyl
and dimethylamino on the para-positon of the benzene ring gave
the corresponding esters in high yields (Table 4, entries 1–5),
whereas aromatic alkynes with a substituent on the ortho-position
gave the corresponding c,d-alkynyl esters only in modest yields,
most likely due to the steric effect (Table 4, entries 6 and 7). It
is worth mentioning that this catalytic system can tolerate a free
amine in the reaction. The reaction of m-aminophenylacetylene
with methyl acrylate gave the desired product smoothly without
the need for functional group protection (Table 4, entry 8).
The reaction of 2-ethynyl-6-methoxynaphthalene also proceeded
smoothly and gave the corresponding c,d-alkynyl ester in 85% yield
(Table 4, entry 9). When a diyne was used, a mono-addition adduct
was obtained as a major product (Table 4, entry 10). tert-Butyl
acrylate also reacted efficiently (Table 4, entries 11–14). When
aliphatic alkynes such as 1-octyne were used as the substrates,
only trace amounts of the desired products were detected.


2.4 Mechanistic studies


To gain insight into the mechanism of the reaction, when
phenylacetylene-d1 was reacted with ethyl vinyl ketone in dry THF,
an a-deuterated alkynyl ketone product was obtained in 76% yield
with 15% d-incorporation. On the other hand, in dry acetone
(which has a relatively active a-H), the deuterated product was
obtained in 79% yield with less than 10% d-incorporation. When
phenylacetylene was reacted with ethyl vinyl ketone in the presence
of 10 equiv D2O in acetone, the addition product was obtained in
68% yield with 55% d-incorporation; while in D2O solvent, the
addition product was obtained in 52% yield with more than 95%
d-incorporation. No deuterium incorporation was observed at any
position when 7-phenyl-6-heptyn-3-one, a c,d-ynone product, was
reacted in D2O.


Based on these results, a tentative mechanism for the palladium-
catalyzed 1,4-addition of terminal alkynes to conjugated enones
and esters is illustrated in Scheme 2. The g2-coordination of


Scheme 2 Tentative mechanism for the palladium-catalyzed 1,4-addition
of terminal alkynes to unsaturated carbonyl compounds.
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Table 4 Addition of terminal alkynes to acrylic esters catalyzed by Pd(OAc)2/NHCsa


Entry R1 R2 Time/h Product 5 Yield (%)b


1 Ph OMe 24 76


2 p-Ph-C6H4 OMe 24 69


3 p-Me-C6H4 OMe 21 83


4 p-MeO-C6H4 OMe 18 80


5 p-Me2N-C6H4 OMe 18 55


6 o-MeO-C6H4 OMe 23 71


7 o-MeOCH2O-C6H4 OMe 28 52


8 m-H2N-C6H4 OMe 24 41


9 6-Methoxynaphthalen-2-yl OMe 20 85


10 p-Ethynyl-C6H4 OMe 45 58c


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2969–2977 | 2973







Table 4 (Contd.)


Entry R1 R2 Time/h Product 5 Yield (%)b


11 Ph t-OBu 24 74


12 p-Ph-C6H4 t-OBu 24 62


13 p-Me-C6H4 t-OBu 20 77


14 o-MeOCH2O-C6H4 t-OBu 25 48


a All reactions were carried out in sealed tubes by using 0.5 mmol of terminal alkynes, 1 mmol of acrylate, 2.5 mol% of palladium catalysts and 10 mol%
of 4a in acetone at 60 ◦C. b Isolated yield. c 7% of bis-addition adduct was detected by GC–MS.


the triple bond to the palladium center followed by direct
deprotonation of the coordinated terminal alkyne to palladium
catalyst22 generated the alkynyl palladium intermediate. Then, g2-
coordination of the C=C double bond to the palladium center
followed by carbopalladation10b and substitution of Pd with hydro-
gen (either from the solvent or terminal alkyne), produced the c,d-
ynone product with concomitant regeneration of the Pd catalyst.


3. Conclusion


In conclusion, the first palladium-catalyzed conjugate addition
of terminal alkynes to the C=C double bond of unsaturated
carbonyl compounds under mild conditions has been developed.
The corresponding c,d-alkynyl ketones and alkynyl esters were
obtained in high yields. The asymmetric additions, mechanism
and synthetic applications of this efficient addition reaction are
under investigation.


4. Experimental


General details


1H NMR spectra were recorded on Varian 300 and 400 MHz
spectrometers in CDCl3 solution and the chemical shifts were
reported in parts per million (d) relative to internal standard
TMS (0 ppm). The peak patterns are indicated as follows: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad.
The coupling constants, J, are reported in Hertz (Hz). 13C
NMR spectra were obtained at 75 MHz and referenced to the


internal solvent signals (central peak is 77.00 ppm). MS data
were obtained by Agilent 6890 N Network GC System/Agilent
5973 Mass Selective Detector. HRMS analyses were carried
out at the Chemistry Department of McGill University. Flash
column chromatography was performed over SORBENT silica
gel 30–60 lm. Thin layer chromatography was performed using
Sorbent Silica Gel 60 F254 TLC plates and visualized with
ultraviolet light. THF was dried under argon over sodium
benzophenone; 1,3-bis(2,4,6-trimethylphenyl)imidazolium chlo-
ride (IMes·HCl, 4a) and 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazolium chloride (SIMes·HCl, 4b) were purchased
from Aldrich and were used as received without further purifi-
cation. 3-Cyanomethyl-1-methyl-3H-imidazolium chloride (4c),23


1,3-bis(cyanomethyl)-3H-imidazolium chloride (4d)23, 4e24 and
4f24 were prepared according to the published procedures.
Terminal alkynes (4-ethynylphenyl)dimethylamine, 1-ethynyl-
2-(methoxy)methoxybenzene, 3-(ethynyl)phenylamine, and 1-
ethynyl-2-(methoxy)methoxybenzene were prepared according to
literature procedures.25 Other reagents were purchased from
Aldrich.


Experimental procedure for the 1,4-addition of terminal
alkynes to enones


A mixture of 0.05 mmol Pd(OAc)2 (11 mg, 5 mol%) and 0. 20 mL
of PMe3 solution (0.20 mmol, 1.0 M PMe3 dissolved in toluene,
20 mol%) was stirred at 60 ◦C in an oil bath for 10 min until all
palladium acetate was dissolved. Then 1 mL of water or acetone
was added, followed by adding a mixture of terminal alkyne
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(1 mmol) and vinyl ketone (2–3 mmol). The reaction mixture was
then stirred at 60 ◦C in an oil bath. After the consumption of
terminal alkyne starting material, as shown by TLC, the reaction
mixture was extracted with ethyl ether (3 × 10 mL), dried over
anhydrous MgSO4 then concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel (hexane–
ethyl acetate = 4 : 1) to give the pure product 3.


7-Phenyl-6-heptyn-3-one (3a). 1H NMR (CDCl3, 400 MHz)
d 7.29–7.27 (m, 2H), 7.19–7.17 (m, 3H), 2.64–2.57 (m, 4H),
2.38 (q, J = 7.6 Hz, 2H), 0.99 (t, J = 7.2 Hz, 3H); 13C NMR
(CDCl3,100 MHz) d 209.7, 131.7, 128.4, 127.9, 123.8, 88.9, 81.1,
41.4, 36.2, 14.3, 8.0; IR (neat) cm−1: 3055, 2971, 2240, 1712, 1481,
1363; GC–MS (relative intensity): 186 (M+, 17), 171 (6), 157 (100),
128 (33), 115 (28), 102 (9), 89 (8).


7-Cyclohexenyl-6-heptyn-3-one(3b). 1H NMR (CDCl3,
400 MHz) d 5.94 (bs, 1H), 2.60 (t, J = 7.2 Hz, 2H), 2.50 (t,
J = 7.2 Hz, 2H), 2.40 (q, J = 7.2 Hz, 2H), 2.03–1.99 (m, 4H),
1.56–1.50 (m, 4H), 1.02 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3,
100 MHz): d 209.8, 133.9, 120.9, 85.8, 82.9, 41.6, 36.2, 29.6, 25.7,
22.5, 21.7, 14.2, 7.9; IR (neat) cm−1 2932, 2207, 1705, 1409, 1356;
GC–MS (relative intensity) 190 (M+, 21), 175 (9), 161 (100), 133
(20), 105 (28), 91 (66).


6-Pentadecyn-3-one (3c). 1H NMR (CDCl3, 400 MHz) d 2.56
(t, J = 7.6 Hz, 2H), 2.42 (t, J = 7.6 Hz, 2H), 2.37 (m, 2H), 2.06
(m, 2H), 1.35–1.19 (m, 12H), 1.02 (t, J = 7.6 Hz, 3H), 0.84 (t,
J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz) d 210.0, 81.0, 78.7,
41.9, 36.2, 32.1, 29.4, 29.3, 29.2, 29.1, 22.9, 18.9, 14.3, 13.7, 7.9; IR
(neat) cm−1: 2920, 2850, 1719, 1461, 1369, 1106; GC–MS (relative
intensity): 223 (M+ + 1, 11), 207 (2), 193 (14), 165 (7), 150 (29),
135 (16), 123 (100), 121 (42), 109 (46), 95 (61), 81 (59).


7-Trimethylsilyl-6-heptyn-3-one (3d). 1H NMR (CDCl3,
400 MHz): d 2.64 (t, J = 8.0 Hz, 2H), 2.47 (t, J = 8.0 Hz, 2H),
2.34 (q, J = 7.2 Hz, 2H), 1.06 (t, J = 7.2 Hz, 3H), 0.12 (s, 9H);
13C NMR (CDCl3, 100 MHz) d 209.7, 106.0, 85.3, 41.4, 36.3, 14.8,
8.0, 0.3; IR (neat) cm−12958, 2207, 1705, 1455; GC–MS (relative
intensity): 183 (M+ + 1, 25), 167 (100), 153 (42), 109 (60).


11-Chloro-6-undecyn-3-one (3e). 1H NMR (CDCl3,
400 MHz): d 3.49 (t, J = 6.4 Hz, 2H), 2.55 (t, J = 8.0 Hz,
2H), 2.39 (q, J = 7.2 Hz, 2H), 2.35 (t, J = 8.0 Hz, 2H), 2.11
(m, 2H), 1.82–1.55 (m, 4H), 1.02 (t, J = 7.2 Hz, 3H); 13C NMR
(CDCl3, 100 MHz) d 209.9, 79.9, 79.6, 44.8, 41.7, 36.2, 31.7, 26.2,
18.2, 13.6, 7.9; IR (neat): cm−1 2932, 2859, 2213, 1725, 1448;
GC–MS (relative intensity): 203 (M+ + 3, 2), 201 (M+ + 1, 8), 187
(4), 185 (14), 171 (18), 165 (29), 131 (6), 129 (14), 123 (100), 109
(28), 81 (80).


6-Tridecyn-3-one (3f). 1H NMR (CDCl3, 400 MHz) d 2.56 (t,
J = 7.6 Hz, 2H), 2.42–2.36 (m, 4H), 2.07 (m, 2H), 1.40 (m, 2H),
1.20–1.31 (m, 6H), 1.03 (t, J = 7.6 Hz, 3H), 0.85 (t, J = 7.2 Hz,
3H); 13C NMR (CDCl3, 100 MHz) d 210.0, 81.0, 78.7, 41.9, 36.2,
31.6, 29.2, 28.7, 22.8, 18.9, 14.2, 13.7, 7.8; IR (neat): cm−1 2952,
2886, 2174, 1718; GC–MS (relative intensity): 195 (M+ + 1, 33),
165 (22), 123 (100), 109 (44), 95 (56), 81 (61).


6,11-Heptadecadiyne-3,15-dione (3g). 1H NMR (CDCl3,
400 MHz) d 2.57 (t, J = 7.2 Hz, 4H), 2.45–2.37 (m, 8H), 2.25–2.17
(m, 4H), 1.65 (m, 2H), 1.04 (t, J = 7.2 Hz, 6H); 13C NMR (CDCl3,


100 MHz): d 210.0, 79.9, 79.4, 41.8, 36.2, 28.0, 18.0, 13.7, 7.9;
IR (neat): cm−1 2938, 2331, 1712, 1429, 1363; GC–MS (relative
intensity): 259 (M+ − 1, 8), 243 (7), 231 (25), 189 (81), 175 (41),
159 (43), 131 (100), 117 (39), 105 (30).


5-Tetradecyn-2-one (3h). 1H NMR (CDCl3, 400 MHz) d 2.60
(t, J = 7.2 Hz, 2H), 2.37 (m, 2H), 2.13 (s, 3H), 2.07 (m, 2H), 1.40
(m, 2H), 1.19–1.24 (m, 10H), 0.84 (t, J = 6.8 Hz, 3H); 13C NMR
(CDCl3, 100 MHz) d 207.4, 81.1, 78.6, 43.2, 32.1, 31.8, 29.4, 29.3,
29.2, 29.1, 22.9, 18.9, 14.3, 13.6; IR (neat): cm−1 2919, 2332, 1712;
GC–MS (relative intensity) 209 (M+ + 1, 5), 164 (9), 150 (17), 135
(13), 121 (33), 109 (100), 95 (49), 81 (59).


6-Cyclohexenyl-5-hexyn-2-one (3i). 1H NMR (CDCl3,
400 MHz) d 5.96 (bs, 1H), 2.64 (t, J = 7.2 Hz, 2H), 2.50 (t, J =
7.2 Hz, 2H), 2.13 (s, 3H), 2.04–2.00 (m, 4H), 1.58–1.50 (m, 4H);
13C NMR (CDCl3, 100 MHz): d 207.2, 134.0, 120.9, 85.7, 82.9,
43.0, 30.2, 29.6, 25.7, 22.5, 21.7, 14.1. IR (neat): cm−1 2932, 2219,
1712, 1429, 1356, 1158; GC–MS (relative intensity): 176 (M+, 38),
161 (100), 133 (32), 105 (49), 91 (95).


6-Trimethylsilyl-5-hexyn-2-one (3j). 1H NMR (CDCl3,
400 MHz) d 2.67 (t, J = 8.0 Hz, 2H), 2.46 (t, J = 8.0 Hz, 2H),
2.16 (s, 3H), 0.12 (s, 9H); 13C NMR (CDCl3, 100 MHz) d 206.9,
105.9, 85.4, 42.7, 30.2, 14.7, 0.3; IR (neat): cm−1 2952, 2919, 2167,
1719, 835; GC–MS (relative intensity): 168 (M+, not seen), 153
(100), 125 (27), 109 (23), 83 (31).


5-Dodecyn-2-one (3k). 1H NMR (CDCl3, 400 MHz) d 2.59 (t,
J = 7.6 Hz, 2H), 2.37 (m, 2H), 2.13 (s, 3H), 2.07 (m, 2H), 1.40
(m, 2H), 1.20–1.31 (m, 6H), 0.85 (t, J = 7.2 Hz, 3H); 13C NMR
(CDCl3, 100 MHz): d 207.4, 81.1, 78.6, 43.2, 31.6, 30.1, 29.1, 28.7,
22.8, 18.9, 14.3, 13.6; IR (neat): cm−1 2925, 2853, 2200, 1712, 1461,
1356; GC–MS (relative intensity): 181 (M+ + 1, 3), 165 (3), 151
(7), 137 (13), 122 (30), 109 (100), 95 (46).


6-Phenyl-5-hexyn-2-one (3l). 1H NMR (CDCl3, 400 MHz) d
7.34–7.31 (m, 2H), 7.22–7.15 (m, 3H), 2.69 (dt, tJ = 8.0 Hz, dJ =
1.6 Hz, 2H), 2.60 (dt, tJ = 8.0 Hz, dJ = 1.6 Hz, 2H), 2.13 (s, 3H);
13C NMR (CDCl3, 100 MHz) d 207.0, 131.7, 128.4, 128.0, 123.8,
88.8, 81.1, 42.6, 30.1, 14.2; IR (neat): cm−1 3057, 2899, 2226, 1719,
1481, 1363; GC–MS (relative intensity): 172 (M+, 28), 171 (30),
157 (75), 129 (68), 128 (83), 115 (64), 102 (26), 77 (25), 63 (22), 51
(22), 43 (100).


Experimental procedure for the 1,4-addition of terminal alkynes to
acrylate esters


1,3-Bis(2,4,6-trimethylphenyl)imidazolium chloride (34 mg,
1 mmol), Pd(OAc)2 (5.6 mg, 0.025 mmol) and t-BuOK(13.5 mg,
1.2 mmol) were added to a 10 mL Schlenk tube under N2. Dry
THF (1.5 mL) was injected and the mixture was stirred at rt for
2 h; then THF was slowly removed in vacuo, followed by the
addition of acetone (2 mL), phenylacetylene (102 mg, 1 mmol)
and methyl acrylate (172 mg, 2 mmol). The mixture was stirred at
60 ◦C until the reaction had reached completion (as determined by
TLC analysis). The solvent was evaporated and the crude reaction
mixture was then purified by flash chromatography on silica gel
with EtOAc–hexane (1 : 10) as the eluant.


5-Phenylpent-4-ynoic acid methyl ester (5a). 1H NMR (CDCl3,
300 MHz) d 7.37–7.40 (m, 2H), 7.26–7.29 (m, 3H), 3.72(s, 3H), 2.73
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(t, J = 6.3 Hz, 2H), 2.64 (t, J = 6.39 Hz, 2H); 13C NMR (CDCl3,
75 MHz) d 172.6, 166.3, 131.8, 128.4, 128.0, 123.7, 88.2, 81.4,
52.1, 33.7, 15.6; MS (70 eV) m/z: 188 (M+), 173, 160, 145, 128
(100), 115; HRMS(EI) calc. for C12H12O2 [M+]: 188.08373, found:
188.08342.


5-(p-(Phenyl)phenyl)pent-4-ynoic acid methyl ester (5b). 1H
NMR (CDCl3, 300 MHz) d 7.51–7.59 (m, 5H), 7.41–7.46 (m, 4H),
3.73 (s, 3), 2.76 (t, J = 7.8 Hz, 2H), 2.65 (t, J = 7.8 Hz, 2H); 13C
NMR (CDCl3, 75 MHz) d 171.8, 140.2, 132.6, 128.8, 127.7, 127.1,
127.0, 126.9, 123.2, 89.3, 80.6, 51.9, 33.3, 15.8; MS (70 eV) m/z:
264 (M+,100), 249, 236, 205, 191, 178, 165, 148; HRMS(EI) calc.
for C18H16O2 [M+]: 264.11503, found: 264.11524.


5-(p-Tolyl)pent-4-ynoic acid methyl ester (5c). 1H NMR
(CDCl3, 300 MHz) d 7.28 (d, J = 6.0 Hz, 2H), 7.08 (d, J = 6.0 Hz,
2H), 3.72 (s, 3H), 2.71 (t, J = 6.0 Hz, 2H), 2.65 (t, J = 6.3 Hz, 2H),
2.32 (s, 3H); 13C NMR (CDCl3, 75 MHz) d 172.6, 138.0, 131.7,
129.2, 120.6, 87.4, 81.4, 51.9, 33.7, 21.7, 15.6; MS (70 eV) m/z:
202 (M+), 187, 174, 159 (100),141, 129,115; HRMS(EI) calc. for
C13H14O2 [M+]: 202.09938, found: 202.09916.


5-(p-Methoxyphenyl)pent-4-ynoic acid methyl ester (5d). 1H
NMR (CDCl3, 300 MHz) d 7.31 (d, J = 6.6 Hz, 2H), 6.80 (d,
J = 6.6 Hz, 2H), 3.79 (s, 3H), 3.71 (s, 3H), 2.73 (t, J = 5.4 Hz,
2H), 2.62 (t, J = 5.7 Hz, 2H); 13C NMR (CDCl3, 75 MHz) d 172.4,
159.1, 132.9, 115.6, 113.8, 86.3, 80.9, 55.2, 51.8, 33.5, 15.3; MS
(70 eV) m/z: 218 (M+), 203, 190, 175, 159, 144, 115 (100).


5-(4-(Dimethylamino)phenyl)pent-4-ynoic acid methyl ester (5e).
1H NMR (CDCl3, 300 MHz) d 7.25 (d, J = 8.4 Hz, 2H), 6.59 (d,
J = 8.4 Hz, 2H), 3.70 (s, 3H), 2.94 (s, 6H), 2.71 (t, J = 7.5 Hz,
2H), 2.61 (t, J = 7.5 Hz, 2H); 13C NMR (CDCl3, 75 MHz) d 172.8,
150.0, 132.8, 112.1, 110.8, 85.5, 82.0, 51.9, 40.5, 34.0, 15.7; MS
(70 eV) m/z: 231 (M+), 216, 202, 188, 158 (100); HRMS(EI) calc.
for C14H17O2N [M+]: 231.1293, found: 231.12564.


5-(2-Methoxyphenyl)pent-4-ynoic acid methyl ester (5f). 1H
NMR (CDCl3, 300 MHz) d 7.35 (d, J = 7.8 Hz, 1H), 7.25 (t,
J = 7.8 Hz, 1H), 6.83–6.90 (m, 2H), 3.86 (s, 3H), 3.71 (s, 3H),
2.78 (t, J = 7.8 Hz, 2H), 2.67 (t, J = 7.8 Hz, 2H); 13C NMR
(CDCl3, 75 MHz) d 172.6, 160.3, 134.0, 129.4, 120.6, 112.8, 110.8,
92.3, 76.8 56.0, 52.0, 33.7, 15.9; MS (70 eV) m/z: 218 (M+), 203,
190, 175, 159, 144, 115 (100); HRMS(EI) calc. for C13H14O3 [M+]:
218.09429, found: 218.09397.


5-(o-(Methoxymethoxy)phenyl)pent-4-ynoic acid methyl ester
(5g). 1H NMR (CDCl3, 300 MHz) d 7.35 (d, J = 7.5 Hz, 1H),
7.22 (t, J = 6.6 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.94 (t, J =
7.8 Hz, 1H), 5.22 (s, 2H), 3.71 (s, 3H), 3.51 (s, 3H), 2.78 (t, J =
7.5 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H; 13C NMR (CDCl3, 75 MHz)
d 172.6, 166.3, 157,9, 133.9, 129.3, 122.1, 115.6, 96.8, 95.3, 92.2,
56.4, 52.0, 33.8, 15.9; MS (70 eV) m/z: 248 (M+), 233, 216, 201,
175, 157 (100); HRMS(EI) calc. for C14H16O4 [M+]: 248.10486,
found: 248.10457.


5-(3-Aminophenyl)pent-4-ynoic acid methyl ester (5h). 1H
NMR (CDCl3, 300 MHz) d 7.05 (t, J = 7.8 Hz, 1H), 6.79 (d,
J = 6.0 Hz, 1H), 6.70 (s, 1H), 6.59 (d, J = 8.1 Hz, 1H), 3.69 (s,
3H), 3.65 (br, 2H), 2.71 (t, J = 7.8 Hz, 2H), 2.61 (t, J = 7.8 Hz, 2H);
13C NMR (CDCl3, 75 MHz) d 172.6, 146.4, 129.4, 124.4, 122.2,
118.2, 115.1, 87.5, 81.6, 52.0, 33.7, 15.7; MS (70 eV) m/z: 203


(M+,100), 188, 174, 144, 130, 115; HRMS(EI) calc. for C12H13O2N
[M+]: 203.09463, found: 203.09422.


5-(6-Methoxynaphthalen-2-yl)pent-4-ynoic acid methyl ester
(5i). 1H NMR (CDCl3, 300 MHz) d 7.83 (s, 1H), 7.65 (t, J =
8.1 Hz, 2H), 7.40 (d, J = 5.1 Hz, 1H), 7.08–7.15 (m, 2H), 3.92 (s,
3H), 3.74 (s, 3H), 2.78 (t, J = 7.8 Hz, 2H), 2.67 (t, J = 7.8 Hz,
2H); 13C NMR (CDCl3, 75 MHz) d 172.6, 166.3, 158.3, 134.0,
131.3, 129.43,129.40, 128.7, 126.9, 119.5, 105.9, 87.7, 81.8, 55.5,
52.0, 33.8, 15.7; MS (70 eV) m/z: 268 (M+,100), 253, 239, 209, 195,
165, 152; HRMS(EI) calc. for C17H16O3 [M+]: 268.10994, found:
268.11020.


5-(4-Ethynylphenyl)pent-4-ynoic acid methyl ester (5j). 1H
NMR (CDCl3, 300 MHz) d 7.39 (d, J = 7.5 Hz, 2H), 7.32 (d,
J = 8.1 Hz, 2H), 3.72 (s, 3H), 3.13 (s, 1H), 2.74 (t, J = 6.8 Hz,
2H), 2.65 (t, J = 6.8 Hz, 2H); 13C NMR (CDCl3, 75 MHz) d 172.5,
132.2, 131.7, 124.3, 121.7, 90.4, 83.5, 80.9, 78.8, 52.1, 33.5, 15.6;
MS (70 eV) m/z: 212 (M+),197, 184, 152, 139 (100); HRMS(EI)
calc. for C14H12O2 [M+]: 212.08373, found: 212.08347.


5-Phenylpent-4-ynoic acid tert-butyl ester (5k). 1H NMR
(CDCl3, 300 MHz) d 7.36–7.38 (m, 2H), 7.26–7.29 (m, 3H), 2.68
(t, J = 6.9 Hz, 2H), 2.53 (t, J = 6.9 Hz, 2H), 1.45 (s, 9H); 13C NMR
(CDCl3, 75 MHz) d 171.5, 131.8, 129.1, 128.4, 123.9, 88.5, 81.7,
35.1, 29.9, 28.3, 15.8; MS (70 eV) m/z: 230 (M+),215, 174, 157,
146(100),128, 115; HRMS(EI) calc. for C15H18O2 [M+]: 230.13068,
found: 230.13040.


5-(p-(Phenyl)phenyl)pent-4-ynoic acid tert-butyl ester (5l). 1H
NMR (CDCl3, 300 MHz) d 7.54–7.60 (m, 5H), 7.41–7.47 (m,
4H), 2.72 (t, J = 7.8 Hz, 2H), 2.56 (t, J = 7.8 Hz, 2H), 1.50 (s,
9H); 13C NMR (CDCl3, 75 MHz) d 171.5, 140.7, 132.2, 129.0,
127.73, 127.67, 127.21, 127.12, 122.9, 89.3, 81.1, 35.1, 28.3, 15.1;
MS (70 eV) m/z: 306 (M+), 250 (100), 222, 191, 154; HRMS(EI)
calc. for C21H22O2 [M+]: 306.16198, found: 306.16164.


5-(p-Tolyl)pent-4-ynoic acid tert-butyl ester (5m). 1H NMR
(CDCl3, 300 MHz) d 7.28 (d, J = 6.0 Hz, 2H), 7.07 (d, J =
6.0 Hz, 2H), 3.72 (s, 3H), 2.67 (t, J = 6.3 Hz, 2H), 2.54 (t, J =
6.3 Hz, 2H), 2.32 (s, 3H), 1.46 (s, 9H); 13C NMR (CDCl3, 75 MHz)
d 171.5, 137.9, 131.6, 129.7, 120.8, 87.7, 80.9, 35.1, 28.3, 21.6, 15.8;
MS (70 eV) m/z: 244 (M+), 229, 188, 171, 160, 145(100), 129, 115;
HRMS(EI) calc. for C16H20O2 [M+]: 244.14633, found: 244.14599.


5-(2-(Methoxymethoxy)phenyl)pent-4-ynoic acid tert-butyl ester
(5n). 1H NMR (CDCl3, 300 MHz) d 7.35 (d, J = 7.5 Hz, 1H),
7.22 (t, J = 6.6 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.94 (t, J =
7.8 Hz, 1H), 5.23 (s, 2H), 3.51 (s, 3H), 2.71 (t, J = 7.5 Hz, 2H),
2.57 (t, J = 7.5 Hz, 2H), 1.46 (s, 9H); 13C NMR (CDCl3, 75 MHz)
d 171.7, 166.3, 158.0, 133.9, 129.2, 122.1, 115.7, 95.3, 92.2, 81.4,
35.1, 28.3, 16.1; MS (70 eV) m/z: 290 (M+), 234, 202 (100), 189,
174, 157; HRMS(EI) calc. for C17H22O4 [M+]: 290.15181, found:
290.15152.
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OxyB is a cytochrome P450 enzyme that catalyzes the first oxidative phenol coupling reaction during
vancomycin biosynthesis. The preferred substrate is a linear peptide linked as a C-terminal thioester to
a peptide carrier protein (PCP) domain of the glycopeptide antibiotic non-ribosomal peptide
synthetase. Previous studies have shown that OxyB can efficiently oxidize a model hexapeptide–PCP
conjugate (R-Leu1-R-Tyr2-S-Asn3-R-Hpg4-R-Hpg5-S-Tyr6-S-PCP) (Hpg = 4-hydroxyphenylglycine)
into a macrocyclic product by phenolic coupling of the aromatic rings in residues-4 and -6. In this work,
the substrate specificity of OxyB has been explored using a series of N-terminally truncated peptides
related in sequence to this model hexapeptide–PCP conjugate. Deletion of one or three residues
from the N-terminus afforded a penta- (Ac-Tyr-Asn-Hpg-Hpg-Tyr-S-PCP) and a tri-
(Ac-Hpg-Hpg-Tyr-S-PCP) peptide that were also efficiently transformed into the corresponding
macrocyclic cross-linked product by OxyB. The tripeptide, representing the core of the macrocycle in
vancomycin created by OxyB, is thus sufficient, as a thioester with the PCP domain, for phenol
coupling to occur. The related tetrapeptide–PCP thioester was not cyclized by OxyB, neither was a
related model hexapeptide containing tryptophan in place of tyrosine-6, nor were tripeptides (related to
the natural product K-13) with the sequence Ac-Tyr-Tyr-Tyr-S-PCP cross-linked by OxyB.


Introduction


Vancomycin, a glycopeptide produced by Amycolatopsis orientalis,
is a clinically important antibiotic, which acts by inhibiting
peptidoglycan biosynthesis in Gram-positive bacteria.1 The van-
comycin heptapeptide aglycone, which is also found in the related
natural products balhimycin and chloroeremomycin (Fig. 1),
contains several aromatic amino acid side chains oxidatively linked
through biaryl or biaryl-ether bridges. The heptapeptide backbone
itself is constructed by the actions of three non-ribosomal peptide
synthetase (NRPS) subunits, whereas the oxidative cross-linking
reactions are catalyzed in a defined order by three cytochrome
P450 enzymes OxyA, OxyB and OxyC.2–4 The first coupling
occurs between the phenol rings in residues-4 and -6 (the C–
O–D ring), catalyzed by OxyB, the second aryl-ether bridge is
formed between side chains of residues-2 and -4 (D–O–E ring)
by OxyA, and the last biaryl coupling between the aromatic
side chains of residues-5 and -7 is carried out by OxyC (AB
ring, Fig. 1). The crystal structures of OxyB (CYP165B1) and
OxyC (CYP165C1) from the vancomycin producer A. orientalis
have been reported, in substrate free form, confirming that these
proteins contain a fold and heme environment typical of P450
enzymes.5,6


In molecular genetic studies, the inactivation of genes re-
sponsible for the biosynthesis of the seventh amino acid


Chemistry Department, University of Zurich, Winterthurerstrasse 190, 8057,
Zurich, Switzerland. E-mail: robinson@oci.uzh.ch
† Electronic supplementary information (ESI) available: Analytical data
including 1H-NMR data. See DOI: 10.1039/b805956j


(3,5-dihydroxyphenylglycine, Dpg) (D-dpgA), or for its incor-
poration into the linear heptapeptide intermediate (D-bpsC),
afforded mutants of the balhimycin producer still able to produce
hexapeptides containing the C–O–D ring, suggesting indirectly
that a linear hexapeptide may act as a substrate for OxyB.7


Complementary in vitro studies, however, demonstrated that the
first cross-linking reaction actually occurs when the linear peptide
is attached as a thioester to a peptide carrier protein (PCP)
domain in the NRPS assembly line.8,9 Thus model linear hexa-
and heptapeptides (1 and 2), comprising residues 1–6 and 1–7 of
vancomycin aglycone but containing tyrosine at positions-2 and -6
instead of b-hydroxytyrosine derivatives, and linked as thioesters
to a recombinant PCP domain from the NRPS, were transformed
by OxyB into monocyclic cross-linked products (3 and 4) (Fig. 2).
Catalytic activity with the remaining two coupling enzymes OxyA
and OxyC has not yet been reported, but both are also thought
to act upon peptidic intermediates attached as thioesters to the
NRPS assembly line.


There is now great interest in exploring in more detail the
substrate specificity of OxyB. In recent work, it was reported that
OxyB can catalyze efficiently a phenol coupling reaction on an
epimeric form of hexapeptide–PCP conjugate 1, which contains
an (R)-Tyr at position-6 instead of (S)-Tyr.10 The product of this
phenol coupling reaction, the corresponding epimeric form of
monocyclic peptide 3, had been observed in small amounts in
earlier work,9 after work-up of assays with peptide 1; the partial
epimerization of residue-6 in 1 is difficult to avoid completely
and may occur during its synthesis and/or during work-up of
enzyme assays (cleavage of the thioester with hydrazine), but it
was a surprise to discover that the (R)-Tyr6-epimer is converted
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Fig. 1 Structures of vancomycin, chloroeremomycin, balhimycin, teicoplanin (alkyl chain varies), A40926 (alkyl chain varies) and A47934.


Fig. 2 Conversion of the model hexa- and heptapeptides 1 and 2 into the monocyclic products (3 and 4) by OxyB and ancillary electron transfer
proteins.9


rapidly into monocyclic product by OxyB under the in vitro assay
conditions.


Here we report more extensive studies of the substrate specificity
of OxyB, with peptide analogues having stepwise deletions of
residues from the N-terminus of hexapeptide 1 (Fig. 3). We
show that several of the derived penta-, tetra-, and tripeptides
(all as PCP thioester conjugates) are still accepted and trans-
formed efficiently into monocyclic products by OxyB. On the
other hand, we also describe other peptide–PCP conjugates,
with a substantially different backbone, either containing tryp-
tophan, or being related to that in the natural product K-13,11


which are not transformed by OxyB under the in vitro assay
conditions.


Results


Peptide synthesis


The linear peptides 5A–10A were synthesized using an optimized
solid-phase methodology reported earlier.12 This involved the use
of N(a)-Alloc protection for each amino acid, but avoided as far
as possible any side chain protecting groups, in order to avoid
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Fig. 3 Structures of complestatin and K-13 as well as the substrates (5–12) used in this study and their corresponding thioesters. Reagents and conditions:
i) thiophenol, PyBOP, DIEA in DMF, 15 min, rt; ii) coenzyme-A, phosphate buffer, pH 8.5, 2 h, rt; iii) apo-PCP-7S, B. subtilis Sfp, MgCl2, HEPES buffer,
pH 7.0, 1 h, rt.


any deprotection steps requiring strong acid (as is usual in the
Boc and Fmoc solid-phase methods) at the end of each synthesis.
However, the tripeptides 11A and 12A were made using standard
solid-phase Fmoc-chemistry, since these do not contain sensitive
phenylglycine derivatives.


In order to couple each peptide to a PCP, the peptide was
first converted into a S-phenyl thioester (5B–12B) and then trans-
formed by thioester exchange into the corresponding coenzyme-A
thioester (5C–12C), using methods reported earlier.8,9,13 Each pep-
tide thioester was characterized by MS and NMR spectroscopy.
The peptide-SCoA thioesters were then used together with the
pantetheinyl transferase Sfp from Bacillus subtilis,14 and the
recombinant apo-PCP-7S described earlier,9 derived from module-
7 of the vancomycin NRPS, to prepare the PCP conjugates 5D–
12D (Fig. 3). These peptide–PCP-7S conjugates were isolated in
>95% purity, as analyzed by reverse phase HPLC, and gave the
expected molecular ion by MALDI-MS.


Assays with OxyB


OxyB assays were carried out under the standard conditions
reported earlier.9 Present in the assay are spinach ferredoxin (sp-
Fd), E. coli flavodoxin reductase (eco-FlvR) and NADPH, with
glucose-6-phosphate and glucose-6-phosphate dehydrogenase as


NADPH regeneration system. After reaction for 60 min at 30 ◦C,
the peptidic products were cleaved from the PCP by hydrazine
treatment and the corresponding peptide hydrazides were iso-
lated by solid-phase extraction and purified by reverse phase
HPLC.


Influence of the N-terminal residues


Under the standard assay conditions, the pentapeptide–PCP
conjugate 5D, lacking the N-terminal Leu1 compared to the model
hexapeptide (1), showed rapid turnover to the corresponding
monocyclic peptide hydrazide (13) (Fig. 4). However, by HPLC
analysis of the product, two epimers were detected, each with the
expected mass of the monocyclic peptide (m/z = 811.3 ([M +
H]+)). The major product was the expected macrocyclic peptide
hydrazide (13) and the minor product (ca. 10%) is most likely
an epimeric form having (R)-Tyr in place of (S)-Tyr as the C-
terminal amino acid, in analogy to earlier results reported for
the hexapeptide 1.9,10 Residual unchanged linear pentapeptide
hydrazide 5E was not seen within the limits of detection, indicating
essentially complete turnover of the linear peptide. The identity of
the major product 13 was further confirmed by high resolution
ESI-MS (exact mass calcd. for C40H42N8O11Na: 833.2871 ([M +
Na]+), m/z found 833.2873). The fragmentation pattern of the
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Fig. 4 Assays with OxyB. Reagents and conditions: i) OxyB, sp-Fd, eco-FlvR, NADPH, O2, 30 ◦C. ii) NH2-NH2.


major product 13 by MS/MS, together with the full chemical
shift assignment and analysis of NOEs by 1D and 2D 1H-NMR
spectroscopy confirmed that macrocycle formation had occurred
between the side chains of 4-hydroxyphenylglycine-3 (Hpg3) and
tyrosine-5 (Tyr5).


No turnover by OxyB was detected in assays with the
tetrapeptide–PCP-7S conjugate (6D). Only the corresponding
linear tetrapeptide hydrazide was detected in the product by
HPLC and by ESI-MS analysis (m/z = 650.2 ([M + H]+)). To
confirm this assignment, the linear tetrapeptide hydrazide was
isolated and fully characterized by high resolution ESI-MS (exact
mass calcd. for C31H35N7O9Na: 672.2394 ([M + Na]+), m/z found
672.2407), and by 1D and 2D 1H-NMR spectroscopy. A second
minor epimer (ca. 5%) with the same mass was also detected by
HPLC.


In contrast, under standard assay conditions the tripeptide
7D was transformed by OxyB into a macrocyclic peptide (14)
(Fig. 4). HPLC analysis of the reaction products indicated ca. 80%
conversion into the tripeptide hydrazide 14, which was identified
by high resolution ESI-MS (exact mass calcd. for C27H27N5O7Na:
556.1808 ([M + Na]+), m/z found 556.1806) and ESI-MS/MS.
1D and 2D-NMR spectroscopy also confirmed the formation
and the connectivity of the expected macrocycle. A second minor
component (ca. 15%) in the product mixture was assigned to
the corresponding linear tripeptide hydrazide 7E, derived from
unreacted 7D. A further minor peak (<5%) detected by HPLC,
with a mass also corresponding to macrocyclic product, was
assigned again as an epimer of 14.


Substituted tetrapeptides


Two additional tetrapeptides containing N-terminal (S)-Ala (8D)
or (S)-Hpg (9D), instead of (S)-Asn (compare 6D), were also tested
as substrates. Under standard assay conditions, each peptide–
PCP-7S conjugate (8D and 9D) was converted to the extent of


10–20% into the corresponding monocyclic product (15 and 16).
In both cases, unreacted linear peptides could be re-isolated as the
corresponding peptide hydrazides. As minor products, epimeric
forms of the linear tetrapeptide hydrazide and the monocyclic
tetrapeptide hydrazide (15 and 16) were also identified. The
identities of the major macrocyclic products were supported
by ESI-MS (15: m/z = 605.4 ([M + H]+), 16: m/z = 683.4
([M + H]+)), high resolution ESI-MS (15: exact mass calcd. for
C30H32N6O8Na: 627.2179 ([M + Na]+), m/z found 627.2194, 16:
exact mass calcd. for C35H34N6O9Na: 705.2285 ([M + Na]+), m/z
found 705.2285) and ESI-MS/MS analysis. The poor resolution
of the monocyclic and linear products in HPLC chromatograms
prevented isolation of pure compounds in sufficient quantities for
a full NMR analysis. However, 1D and 2D 1H-NMR analyses
of the product mixtures enabled a full chemical shift assign-
ment of the linear and monocyclic tetrapeptide hydrazides 15
and 16.


Other peptides


The hexapeptide (10D) containing (S)-Trp at position-6 was
assayed under standard conditions, but afforded no monocyclic
product. The corresponding linear peptide hydrazide and a puta-
tive C-terminal epimer (≈20%) were recovered, and characterized
by ESI-MS (m/z = 921.6 ([M + H]+)), high resolution ESI-MS
(exact mass calcd. for C47H57N10O10: 921.4259 ([M + Na]+), m/z
found 921.4278), ESI-MS/MS and NMR spectroscopy. The two
tripeptides related to K-13, 11D (configuration (S)(S)(S) as in
K-13) and 12D (configuration (R)(R)(S) in analogy to 7) were
also assayed under standard conditions. Again, no monocyclic
products were detected by HPLC, only unreacted linear tripeptide
was recovered, isolated as the hydrazide, and confirmed by ESI-MS
(11E: m/z = 564.4 ([M + H]+), 12E: m/z = 564.4 ([M + H]+)), high
resolution ESI-MS (11E: exact mass calcd. for C29H33N5O7Na:
586.2278 ([M + Na]+), m/z found 586.2282, 12E: exact mass calcd.
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for C29H33N5O7Na: 586.2278 ([M + Na]+), m/z found 586.2285),
ESI-MS/MS and 1D and 2D 1H-NMR spectroscopy.


Binding studies by UV-vis


The binding of the pentapeptide 5D, the tetrapeptide 6D and
tripeptide 7D to OxyB was monitored by UV-vis difference
spectroscopy. Upon titration of 5D with OxyB, the expected type-I
binding spectrum was obtained (Fig. 5) with a peak at 393 nm,
a trough at 426 nm and an isosbestic point at 413 nm. The
concentration dependence of the absorbance fitted well a binding
equation involving a 1 : 1 interaction, with a Kd of 28 ± 4 lM for
the interaction of 5D with OxyB.


Fig. 5 UV-vis difference spectra of the pentapeptide 5–PCP-7S binding
to OxyB. The concentration dependence of the spectral changes and the
wavelengths of the minima and maxima are shown.


Binding studies using the tetrapeptide 6D and tripeptide 7D
produced significantly different changes in UV-vis difference
spectra, with a shift of the positions of the maximum (to 405–
414 nm) and the trough (to 435–441 nm). Additionally, the relative
magnitude of the trough was much reduced and the concentration
dependence of the changes was approximately linear in the range
that could be tested (not shown). A similar behaviour was observed
in earlier work for the interaction of OxyB with a heptapeptide–
PCP-7S conjugate, and a hexapeptide–PCP-6S conjugate.9 The
results indicate that the binding affinity of 7D to OxyB is much
lower (Kd >100 lM) than that measured here for 5D, and for 1 in
earlier work (Kd 17 ± 5 lM).9


Discussion


In earlier work,8,9 model hexa- and heptapeptide–PCP conjugates
(1 and 2), related to putative intermediates in vancomycin aglycone
assembly were tested in vitro as substrates for OxyB. These model
substrates contain tyrosine at positions-2 and -6.


Glycopeptide antibiotics of the vancomycin/balhimycin/
chloroeremomycin family, however, all contain m-chloro-b-
hydroxytyrosine (Cht) at positions-2 and -6. Gene knock-out
studies have indicated that b-hydroxytyrosine (b-HT), but not
tyrosine nor Cht, are recognized and incorporated into the
peptide backbone at positions-2 and -6 by the NRPS during
balhimycin biosynthesis.15 The timing of chlorination of both
aromatic rings is not yet known, but gene knock-out studies
again suggest that each chlorination may occur directly after


incorporation of the respective b-HT residue into the growing
peptide chain by the NRPS, catalyzed by the single halogenase
encoded within the biosynthetic gene cluster.15 This implies that
OxyB should never encounter an NRPS-bound peptide substrate
containing tyrosine at positions-2 and -6, only b-HT or Cht.
The b-HT itself is thought to be formed by a pathway similar
to that demonstrated for novobiocin biosynthesis,16 in which a
cytochrome P450 is used to hydroxylate a PCP-thioester bound
form of tyrosine, which is then released as free b-HT by hydrolysis.
Interestingly, the biosynthesis of glycopeptide antibiotics of the
teicoplanin/A40926/A47934 family, which possess an additional
side chain cross-link between amino acids 1 and 3 (an F–O–G
link) and a Cht only at position-6, appears to proceed differently.
Gene knock-out studies in the A40926 producer suggest that
tyrosine, rather than b-HT, is recognized and incorporated by the
NRPS at positions-2 and -6, and that subsequently only residue-
6 is b-hydroxylated (exact timing uncertain), but now catalyzed
by a non-heme iron oxygenase (Dbv28).17 However, a dbv28
knock-out mutant does produce small amounts of a glycopeptide
related to A40926, lacking the b-hydroxy group in residue-6.
The timing of chlorination in the biosynthesis of this family of
glycopeptides is presently also unknown. One other remarkable
observation relating to the specificity of vancomycin OxyB, is that
this vanOxyB was able to cross-complement a staH mutant of the
A47934 producer.18 StaH catalyzes the analogous cross-coupling
of the C–O–D rings in A47934 biosynthesis, but apparently this
function can also be fulfilled by vanOxyB, although the peptide
backbone of A47934 is different to that of vancomycin (Fig. 1).


Deletion of halogenase genes in the balhimycin producer
(bhaA) abolished halogenation, and afforded the correspond-
ing dechloro-balhimycin.19 This shows that OxyB can cat-
alyze cross-linking in the absence of chlorine substituents, in
agreement with the in vitro studies. In related work, feed-
ing various isomers of fluoro-b-hydroxytyrosine to a D-bhp
mutant provided novel fluorobalhimycins,20 and growth of
the balhimycin producer on media containing bromide (but
no chloride) afforded bromobalhimycins.21 Remarkably, a D-
dpgA mutant of the balhimycin producer was able to yield
very small amounts of a tricyclic glycopeptide aglycone with
the usual 3,5-dihydroxyphenylglycine (Dpg) replaced by 4-
hydroxyphenylglycine (Hpg),7 although in related work it was
reported that feeding Hpg to this mutant led to no (detectable) gly-
copeptide production.22 Similarly, feeding the dpgA mutant with
Dpg analogues afforded tricyclic aglycones containing methoxy
groups in amino acid residue-7.22 These knock-out studies do
not directly inform about the substrate specificity of OxyB, not
least due to uncertainties in the timing of several key steps in
the biosynthetic pathway. It should also be borne in mind that
fermentations of gene knock-outs may lead to the isolation of
intermediates that have been processed in ways that do not reflect
the preferred pathway in the wild-type strain. Moreover, some
intermediates might be modified slowly by enzymes unrelated to
glycopeptide biosynthesis (e.g. by proteolysis) and accumulate only
during the course of long fermentations. It is, therefore, important
to complement such in vivo studies with direct enzymic studies
in vitro.


The work described here extends our earlier in vitro studies
using peptide 1, with the aim of exploring further the substrate
tolerance of OxyB using firstly the series of peptides 5–7, which
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represent stepwise deletions of residues from the N-terminus of 1.
The pentapeptide 5D lacking the N-terminal Leu was converted
into the monocyclic hydrazide 13 almost quantitatively under the
assay conditions. Indeed, the dissociation constant (Kd ≈ 28 lM)
for this interaction, determined by UV-vis difference spectroscopy
(Fig. 5), is only slightly lower than that observed for the model
hexapeptide 1 (Kd ≈ 17 lM). Hence, the Leu1 residue does not
contribute significantly to substrate recognition by OxyB. Kinetic
studies of this enzymic reaction, using methods described earlier,9


were prevented by the fact that the linear and cyclic peptide
products could not be sufficiently well resolved by HPLC.


When peptide 6D was tested, however, no turnover to cross-
linked tetrapeptide product was detected under the standard assay
conditions. This result would not be so surprising if it were not
for the fact that the tripeptide 7D was converted, quite efficiently
(80% conversion) under the standard assay conditions, into cross-
linked product 14. The turnover of 7D was slower than for
pentapeptide 5D, and this was also reflected in binding studies
to OxyB by UV-vis-difference spectroscopy, which now suggested
a much weaker interaction of 7D with the enzyme (Kd >100 lM).
It was technically not possible to determine kinetic parameters
(kcat, Km) for this reaction, due to the high concentrations of
substrate required. We conclude, therefore, that the tripeptide
7D, representing the core of the macrocycle created by OxyB is
sufficient for phenol coupling to occur. These observations also
explain why vanOxyB is able to cross-complement a staH mutant
of the A47934 producer, as discussed above.


The reasons for the failure to detect cross-linking with the
tetrapeptide 6D are unclear. At the end of the assay, the
tetrapeptide could be re-isolated as the hydrazide in good yield. To
explore this further, two additional tetrapeptides 8D and 9D were
prepared, and shown to be converted into macrocyclic products
15 and 16, respectively, albeit with significantly lower overall
turnover (10–20%) under the standard assay conditions. With
these substrates at least some cross-linking occurs, but again not as
efficiently as with the tri-, penta- and hexa-peptides. We speculate
that the reason for the lack of turnover seen with 6D, and the poor
turnover seen with 8D and 9D, might be linked to the adoption
of non-productive binding conformations in the corresponding
enzyme–substrate complexes, but this remains to be proven.


Next, we were encouraged to test linear hexapeptide 10, which
contains tryptophan in place of Tyr6, since a side chain cross-
linking reaction involving Trp must occur during complestatin
biosynthesis, catalyzed by a cytochrome P450-like enzyme related
to OxyB.23 It was of interest to test whether or not OxyB from
the vancomycin producer could oxidize a Trp residue within
the otherwise familiar scaffold of peptide 1. The results show
conclusively that this is not possible.


Two P450-like enzymes have been implicated in cross-coupling
reactions during complestatin biosynthesis, ComI and ComJ,
which share 47% and 54% identity, respectively, with OxyB. OxyB
normally catalyzes a C–O–C coupling and not a C–C-biaryl
coupling reaction. The structural and mechanistic basis for
selectivity between aryl ether and biaryl cross coupling in this
class of enzymes is not yet understood. However, assays were
also performed here with 10D and OxyC, which does catalyze
a C–C coupling (identity with ComI and ComJ: 46% and 42%
respectively), and OxyA (identity with ComI and ComJ: 45% and
52% respectively) again without success (data not shown). Clearly,


more detailed studies of these cross-linking enzymes are warranted
to understand the requirements for Trp oxidation.


Peptides with structural similarities to vancomycin aglycone,
in particular with similar aryl-ether bridged macrocycles, are
found in many natural products, including K-13, an inhibitor of
angiotensin I converting enzyme (Fig. 3).11 This, together with the
observation made here that OxyB can cross-link the tripeptide 7D,
suggested it might be interesting to examine the two tripeptides
11D and 12D as potential substrates for OxyB. The absolute
configurations of 11 and 12 are related to those in K-13 and 7,
respectively. Each tripeptide was assayed as a thioester conjugate
to PCP-7S from the vancomycin NRPS (11D and 12D), however,
under standard conditions no conversion to a macrocyclic product
could be detected. Hence, we conclude that the configuration and
identity of the building blocks in the minimal tripeptide core, in
particular Hpg, are important for recognition and turnover by
OxyB.


The results described here, with those reported earlier, help
to define more clearly the substrate specificity of OxyB. One
remaining aspect of this specificity that should now be addressed in
more detail, is the influence of the b-hydroxylation of tyrosine and
the chlorination of the aromatic rings on these oxidative phenol
coupling reactions.


Experimental section


Reverse phase HPLC was performed using a Pharmacia ÄKTA
Purifier system with an Agilent Zorbax Eclipse XDB (RP C18,
250 × 4.6 mm, 5 lm particle size, 80 Å pore size) for analysis
of assay products. One dimensional and two dimensional 1H-
NMR spectra were recorded at 500 MHz on a Bruker AV2-500
or at 600/700 MHz on a Bruker DRX-600 or AV-600 or AV-700
typically at a peptide concentration of ca. 1–10 mg ml−1. The
solvent was DMSO-d6 (Cambridge Isotope Laboratories). For
complete spin system assignments DQF-COSY, TOCSY, ROESY
and NOESY experiments were carried out. Chemical shift values
are given in ppm relative to the solvent resonances or to the internal
standard tetramethylsilane. Electrospray ionisation (ESI) mass
spectrometry was performed on a Finnegan TSQ-700, MALDI-
TOF spectra were recorded on a Autoflex I MALDI-TOF with
sinapinic acid as matrix (Bruker). UV-vis (difference) absorbance
spectra were recorded using a double beam Varian Cary300Bio
spectrophotometer.


Peptide synthesis


The peptides were synthesized by the methods described in earlier
work.9 Relevant analytical data for each new compound are given
in the supplementary material.†


Synthesis of peptide–PCP-7S conjugates


The synthesis of peptide–PCP-7S conjugates used in this study was
accomplished according to the general method described earlier
(Fig. 3).9 Thioester products were analyzed by MS and 1D/2D 1H-
NMR spectroscopy. NMR assignments were made by standard
methods, using 2D DQF-COSY, TOCSY and NOESY spectra.
Relevant analytical data for the thioester intermediates is given in
the supplementary material.†
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OxyB activity assays


The general OxyB assay was carried out according to the
procedure described earlier.9 The peptide hydrazide products were
purified by analytical HPLC and analyzed by MS and 1D and 2D
1H-NMR spectroscopy. NMR assignments were made by standard
methods, using 2D DQF-COSY, TOCSY and NOESY spectra,
and are given in the supplementary material.†


UV-vis binding studies


To monitor substrate binding to OxyB by UV-vis difference
spectroscopy, the peptide–PCP-7S conjugate was purified by anion
exchange chromatography and concentrated as described earlier.9


The concentration of peptide–PCP-7S conjugates was determined
by UV using the following extinction coefficients: 5D e280 =
7120 cm−1 M−1; 6D e280 = 5630 cm−1 M−1; 7D e280 = 4517 cm−1 M−1.
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A number of bicyclic aminals have been prepared in a stereospecific manner as potential precursors to
the core structure of the sarain alkaloids. Rearrangement of these aminals to new diazabicyclic and
diazatricyclic systems has been observed under various conditions.


Introduction


Sarains A (1), B (2) and C (3) (Fig. 1) are alkaloids with an
unprecedented polycyclic structure which were isolated from a
Bay of Naples sponge, Reniera sarai, in the mid 1980s.1 Common
to the three alkaloids is a diazatricyclic core, which incorporates
an unusual “proximity effect” between a tertiary amine and an
aldehyde.


Fig. 1 The sarain alkaloids.


The sarains have attracted significant attention as synthetic
targets; five groups have reported syntheses of the core structure,2,3


and a total synthesis of sarain A has been reported by Overman
et al.3


Our projected approaches to the core of the sarain alkaloids are
outlined in Scheme 1. The tricyclic target 4 should be obtainable
by a transannular cyclisation of zwitterion 5; this, in turn would
arise from heterolytic C–N bond cleavage in an ammonium ylid,
6 (alternatively, a homolytic mechanism, proceeding through an
intermediate diradical, could be envisaged for the conversion of 6
to 4). Ammonium ylid 6 would be obtained through the reaction
of a metal carbenoid, derived from diazoketone 7, with the more
nucleophilic of the two nitrogen atoms of the aminal moiety.


A related approach would be to prepare the tricycle 4 by
cyclisation of the silyl enol ether moiety of 8 onto the iminium ion.
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Scheme 1 Retrosynthesis of the sarain core.


Recognising that 8 is not only an enol ether but also an enamine, we
can envisage its preparation through intramolecular condensation
of a secondary amine with an aldehyde in an intermediate such as
9; this would in turn arise through protonation and ring-opening
of bicyclic aminal 10.


As both potential routes involve bicyclic aminals bearing a
substituent on the endo-face, the initial task was to develop a
method for the synthesis of such compounds.4


Results and discussion


Synthesis of bicyclic aminals


The route adopted for the establishment of the correct relative
stereochemistry in 7 and 10 was based on the Claisen rearrange-
ment of N,O- or N,S-ketene acetals derived from pyrrolidin-2-one.
While the use of an N,O-ketene acetal, as described by Stevenson
et al.,5 gave the desired product with good stereoselectivity,4 we
were unable to obtain high yields and thus chose to explore instead
the use of N,S-ketene acetals.6


1-Benzylpyrrolidine-2-thione 117 was alkylated with 4-(tert-
butyldimethylsilyloxy)crotyl bromide 128 to afford the salt 13 as
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Scheme 2 Preparation of bicyclic aminals. (a) (E)-TBSOCH2CH=CHCH2Br (12), CH2Cl2, 3 h then Et3N, CH2Cl2, 16 h, 22% 15 + 22% 16; (b)
(E)-HOCH2CH=CHCH2Br (18), MeCN, 3 d then Et3N, 40 ◦C, 2 h, 67%; (c) TBAF, THF, 3 d, 84% 17; (d) p-O2NC6H4COCl, pyridine, 82%; (e) MeI,
K2CO3, THF, H2O, 69% 20 + 9% 21; (f) MsCl, Et3N, CH2Cl2, 0 ◦C, 99%; (g) NaN3, DMSO, 60 ◦C, 83%; (h) NaN3, DMSO, 60 ◦C, 75%; (i) Bu3P, THF
then LiAlH4, 77% 23 after alumina column; (j) TsCl, i-Pr2NEt, CH2Cl2 then scavenge with polymer-bound tris(2-aminoethyl)amine, 77% 25.


a ca. 2 : 1 mixture with its desilylated analogue 14 (Scheme 2).
Upon treatment of this mixture with triethylamine, deprotonation,
thia-Claisen rearrangement and further partial deprotection took
place to give thiolactams 15 and 16, each in 22% yield (see below
for confirmation of the stereochemical assignment). Attempts to
convert 15 into 16 by deprotection with tetra-n-butylammonium
fluoride (TBAF) were unsuccessful as epimerisation also took
place, leading to a 1 : 4.7 mixture of 16 and its diastereomer
17, from which 17 could be isolated in 84% yield. The same 1 :
4.7 mixture was obtained when pure 16 was treated with TBAF,
indicating that it was indeed the basic fluoride ion that was causing
the loss of stereochemical integrity. The fact that 15 and 16 have
the same relative stereochemistry, as shown, was proved by the
reaction of 16 with tert-butyldimethylsilyl chloride to afford 15.


As the tert-butyldimethylsilyl group had proven to be labile
under the alkylation and deprotonation conditions, we decided to
dispense with the protecting group and to carry out the alkylation–
rearrangement using the free alcohol 18.9


Following extensive experimentation, it was found that the
optimal conditions for the preparation of 16 consisted of stirring
a concentrated solution of bromide 18 and thiolactam 11 in
acetonitrile for 3 d, before dilution with further acetonitrile,
heating to 40 ◦C, and addition of triethylamine. Under these
conditions, 16 and 17 were produced in a >50 : 1 ratio (determined
from 1H NMR of the crude reaction mixture), and 16 could be
isolated in 67% yield. If the rearrangement was carried out at a
higher temperature, a less diastereoselective reaction, with more
side products, was observed.


The stereochemistry of thiolactam 16 was confirmed by X-
ray crystallography of its p-nitrobenzoate 19,† which showed the
relative configuration to be, as expected, that arising from a chair
transition state in the thia-Claisen step (Fig. 2).


Fig. 2 Thermal ellipsoid plot of 19. Ellipsoids are drawn at 50%
probability level and the H atoms have an arbitrary radius.


Hydrolysis of thiolactam 16 to the corresponding lactam 20 was
effected with methyl iodide and potassium carbonate in aqueous
tetrahydrofuran; the expected alcohol product was accompanied
by a small amount of iodide 21. Both compounds were then
converted to azide 22.


Cyclisation of azide 22 to a bicyclic aminal was carried out using
the tri-n-butylphosphine–lithium aluminium hydride protocol
previously developed within the group.4 Analysis of the crude


† CCDC reference number 681439. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b806031b
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reaction mixture indicated that the stereochemical integrity of
the azide had been maintained, and that aminal 23 was present
in >98% de. However, following chromatography on silica gel,
the isolated product was an inseparable 1 : 3 mixture of the
desired endo-isomer 23 and exo-isomer 24, formed through acid-
catalysed ring-opening and enamine formation, followed by re-
protonation and cyclisation.10 This undesired stereoisomerisation
process could be suppressed by conducting chromatography on
basic alumina, allowing isolation of aminal 23 in 77% yield.


Tosylation of the secondary amine of 23 afforded sulfonamide
25, which showed an even greater tendency to stereoisomerisation
than 23; in this case, chromatography even on basic alumina gave
a product with substantial contamination by the undesired exo-
stereoisomer 26 (25 : 26 = 3.4 : 1). Pure 25 could be obtained
only by avoiding chromatography entirely, and instead using
a scavenger resin to effect preliminary purification; thus addi-
tion of polymer-bound tris(2-aminoethyl)amine to the reaction
mixture removed excess tosyl chloride, and 25 was obtained by
crystallisation.11


The relative stereochemistry of 25 was confirmed by a detailed
analysis of 1H-1H coupling constants and nuclear Overhauser
enhancements (NOE) in conjunction with molecular mechanics
calculations using the MMX force field12 followed by DFT
calculations using the B3LYP/6-31G(d) level of theory.13 Com-
putational studies allowed prediction of the NOE ratios, dihedral
angles and coupling constants for both the endo- and exo-
stereoisomers depicted in Table 1, and comparison with the
experimental results clearly indicated that the vinyl group had
the desired endo-orientation. In particular, on selective excitation
of proton 1-H the corresponding enhancement ratio for protons
5-H and 6-H (g1→5/g1→6) was found to be 4.5. From the B3LYP/6-
31G(d) optimised geometry, the internuclear distances, r, between
protons 1–5 and 1–6 in 25 are 2.42 Å and 3.09 Å, respectively.
Thus using the initial rate approximation,14 which is based
on the r−6 dependence of NOEs, the expected enhancement
ratio is 4.34. This compares well with the measured value
of 4.5.


Table 1 NMR assignment of stereochemistry. The predicted values are
for the B3LYP/6-31G(d) optimised geometries. Vicinal 3JHH couplings
were predicted using a Karplus-type equation,15 accounting for the
dependence of 3JHH on both the dihedral angle and the substituent
electronegativities


NOE ratio Dihedral angles/◦
Coupling
constants/Hz


g1→5/g1→6 H6CCH7 H6CCH7′ J6,7 J6,7′


Predicted for 25 4.3 167 46 11.6 5.8
Predicted for 26 25.7 90 30 1.2 7.0
Observed 4.5 11.9 6.9


The problems of undesired stereoisomerisation observed in 23
and 25 proved unavoidable in further transformations of these
materials, and no subsequent functionalisation of 25 could be
carried out without substantial isomerisation occurring. Thus a
modification to the strategy was adopted, which would prevent
this unwanted process.


It was decided that a “blocking group” should be installed at the
junction between the two five-membered rings; this would preclude
formation of an enamine and thus stereoisomerisation. While an
ideal blocking group would be readily removable at the end of the
synthesis, initial studies were carried out using a methyl group as
this was felt to be least likely to interfere with the chemistry of
interest.


Hence 1-benzyl-3-methylpyrrolidine-2-thione 27 (prepared by
thionation of the corresponding lactam16 with Lawesson’s
reagent17) was carried through an equivalent synthetic sequence
to 11 (with minor modifications), to afford bicyclic aminal 28
and thence sulfonamide 29 (Scheme 3). As expected, both 28 and


Scheme 3 Preparation of methylated bicycles. (a) 18, MeCN, 4 d; Et3N, 40 ◦C, 6 h, 75%; (b) mCPBA, CH2Cl2, 0 ◦C, 2.5 h, 93%; (c) MsCl, Et3N,
CH2Cl2, 0 ◦C, 1 h; (d) NaN3, DMSO, 60 ◦C, 21 h, 87% (2 steps); (e) Bu3P, THF, rt, 1 h; LiAlH4, 2 h, 75%; (f) TsCl, pyridine, 0 ◦C to rt, 16 h, 87%;
(g) pinacolborane, (Ph3P)3RhCl, THF, rt, 20 h; (h) NaBO3, H2O, 0 ◦C to rt, 5 h, 86% from 29; (i) Dess–Martin periodinane, pyridine, CH2Cl2, 0 ◦C to rt,
16 h, 80%; (j) NaClO2, KH2PO4, 2-methylbut-2-ene, t-BuOH, H2O, 0 ◦C, 3 h, 85%; (k) i-BuOCOCl, Et3N, THF, −10 ◦C, 1 h; TMSCHN2, −10 ◦C to rt,
18 h, <62%; (l) MeMgBr, THF, 0 ◦C to rt, 3 h, 78%; (m) Dess–Martin periodinane, pyridine, CH2Cl2, 0 ◦C to rt, 5 h, 79%; (n) LiHMDS, THF, −78 ◦C
then CF3CO2CH2CF3, −78 ◦C to rt.
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Scheme 4 Formation of tricycle 42. (a) TBSCN, LiCl, CH2Cl2, rt, 2 d, 88%; (b) DIBAL, toluene, −78 ◦C, 1.5 h, 42%; (c) AcOH, MeOH, rt to 65 ◦C,
46 h, 47%.


29 were stereochemically robust, with chromatography on silica
proving straightforward.


Attempts to prepare diazoketones


The next task was the conversion of the vinyl group in 29 to either
a diazomethyl ketone or a silyloxyaldehyde in order to test the
chemistry in Scheme 1. While uncatalysed hydroboration of the
alkene proved ineffective, hydroboration with pinacolborane in the
presence of Wilkinson’s catalyst afforded the boronate 30 in good
yield (Scheme 3).18 This boronate could be isolated and oxidised
in a subsequent step, but it proved more convenient to carry out
the oxidation to alcohol 31 without prior isolation of 30. Sodium
perborate was the most effective oxidant for this transformation.19


Further oxidation to aldehyde 32 was effected with Dess–Martin
periodinane,20 and Pinnick oxidation afforded carboxylic acid 33.21


Activation of the carboxylic acid followed by treatment with dia-
zomethane or TMS-diazomethane was then expected to afford the
desired diazomethyl ketone; however, on attempted activation of
33 with oxalyl chloride, isobutyl chloroformate, carbonyl diimida-
zole, DCC–pentafluorophenol or DCC–N-hydroxysuccinimide,
bicyclic lactam 34 was formed. This compound is presumed to
arise from acid-catalysed ring opening of the aminal, cyclisation
of the resulting secondary amine onto the activated carboxylic
acid, and trapping of the N-sulfonyliminium ion with water. All
efforts to avoid the acid-catalysed ring opening by carrying out the
activation in the presence of a base, or by activation of the sodium
or potassium salts of acid 33, were unsuccessful as lactam 34 was
again generated.


An alternative approach to the synthesis of diazomethyl ketones
is through the detrifluoroacetylating diazo transfer approach
developed by Danheiser et al.22 Conversion of aldehyde 32 to
the methyl ketone 36 was carried out through the intermediacy of
secondary alcohol 35; however, all attempts to convert this ketone
to the desired diketone 37 were unsuccessful.


Preparation and rearrangement of an a-silyloxyaldehyde


The conversion of bicycle 33 to lactam 34, while not in itself useful,
seemed to indicate that acid-catalysed ring-opening of the bicyclic
aminal framework through cleavage of the C–NBn bond was a very
straightforward process. Hence conversion of a compound such
as 10, through the ring-opened form 9 to enamine 8 (Scheme 1)
was also expected to proceed readily.


In our efforts to synthesise compounds with the structure 10,
we chose to exploit cyanohydrin chemistry. Thus aldehyde 32 was
reacted with tert-butyldimethylsilyl cyanide and lithium chloride
to afford a silylated cyanohydrin as a mixture of diastereomers,23


and reduction of the nitrile to aldehyde 38 was carried out with
DIBAL (Scheme 4).


Aldehyde 38 was subjected to a variety of acidic conditions
(acetic acid, p-toluenesulfonic acid, trifluoromethanesulfonic acid,
Dowex-50, hydrochloric acid) in a number of solvents (methanol,
dichloromethane, 1,4-dioxane, water). From none of these reac-
tions could any of the desired tricyclic product be isolated or
identified; however, a different tricyclic system 42 could be isolated
in moderate yield from the reaction of 38 with acetic acid in
methanol at 65 ◦C for an extended period. This product clearly
arises through opening of the aminal system in the undesired
direction—through heterolysis of the C–NTs bond rather than
the C–NBn bond—giving iminium ion 39. Reaction of the
sulfonamide with the aldehyde could then form a six-membered
cyclic enesulfonamide 40, which would react with the iminium
ion to give 41 and, after hydration, the observed tricycle 42.
Alternatively, it may be the enol tautomer of 39 which cyclises
in a Mannich reaction, with subsequent hemiaminal formation by
cyclisation of the sulfonamide onto the product aldehyde.


While it is conceivable that the processes leading to the
formation of 42 are reversible, and that either 42 or the desired
tricycle could be the thermodynamic product of acid-catalysed
rearrangement of 38, we have been unable to identify any
conditions under which a compound corresponding to tricycle
4 is formed.


Conclusions


A concise route for the stereospecific construction of bicyclic
aminals such as 32 has been developed, using thia-Claisen
rearrangement and reductive cyclisation as key steps. While it
has not yet been possible to convert these aminals to the desired
tricyclic sarain core, other modes of reactivity, generating novel
bicyclic and tricyclic structures, have been observed.


Experimental


General procedures


All reactions involving non-aqueous reagents were carried out
under argon or nitrogen in flame-dried apparatus. 4-Tolylsulfonyl
chloride was recrystallised from toluene–petrol prior to use.
Ethyldiisopropylamine and triethylamine were distilled from
potassium hydroxide; 2,2,2-trifluoroethyl trifluoroacetate, pyri-
dine and DMSO were distilled from calcium hydride; t-BuOH was
distilled from magnesium. THF, acetonitrile, toluene and CH2Cl2


were dried by passage through alumina columns under nitrogen.
All other chemicals were used as obtained from commercial
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sources. Where petrol is specified, this refers to the fraction that
boils in the range 40–60 ◦C.


Column chromatography was carried out on BDH silica gel
(Kieselgel 60) or Acros basic alumina (50–200 micron), deactivated
to Brockmann Grade III prior to use.


IR spectra were recorded using a SHIMADZU FT-IR 8700
spectrometer. NMR spectra were recorded on Bruker AMX-300,
Bruker AMX-400 or Bruker AVANCE-500 spectrometers. Proton
and 13C chemical shifts are reported in parts per million (ppm) and
are referenced to the residual solvent signal. Peaks were assigned
with the aid of COSY, DEPT-135, HMQC and HMBC analysis
where applicable. Proton–proton coupling constants are reported
in Hz.


Melting points were measured on a Reichert-Jung THER-
MOVAR instrument and are uncorrected.


Mass measurements were carried out using VG70-SE or
Thermo MAT 900 instruments. Elemental analyses were deter-
mined on a Perkin Elmer 2400 CHN elemental analyser.


(3RS,2′SR)-1-Benzyl-3-[1-(tert-butyldimethylsilanyloxy)but-3-
en-2-yl]pyrrolidine-2-thione 15. 1-Benzylpyrrolidine-2-thione 117


(102 mg, 0.53 mmol) and bromide 128 (153 mg, 0.58 mmol)
were combined, with the addition of the minimum volume of
CH2Cl2 (0.5 mL) required to give a homogeneous mixture, and the
resulting mixture was stirred at room temperature for 3 h. Further
CH2Cl2 (5 mL) was added, followed by triethylamine (0.11 mL,
0.80 mmol) and the resulting solution was stirred overnight. The
mixture was diluted with further CH2Cl2 (30 mL) and washed
with aqueous citric acid (2% w/v, 2 × 15 mL), dried (MgSO4) and
concentrated. Flash chromatography (SiO2; EtOAc–petrol 3 : 97)
afforded the title compound 15 (44 mg, 22%) as a colourless oil;
mmax/cm−1 (film) 2953, 2928, 2856 (CH), 1639 (C=C), 1504, 1256
(C=S), 1101, 837; dH (300 MHz; CDCl3) −0.01 (3H, s, CH3Si),
0.04 (3H, s, CH3Si), 0.85 (9H, s, C(CH3)3), 2.00–2.19 (2H, m,
NCH2CH2), 3.01 (1H, m, CH2=CHCH), 3.27 (1H, m, CHC=S),
3.44 (1H, ddd, J 11.0, 8.5, 6.4) and 3.53 (1H, ddd, J 11.0, 8.6,
6.3 CH2CH2N), 3.74 (1H, dd, J 10.2, 5.4) and 3.87 (1H, dd, J
10.2, 5.8, CH2O), 4.89 (1H, d, J 14.3, NCHHPh), 5.09–5.21 (3H,
m, CH2=CH and NCHHPh), 5.91 (1H, ddd, J 17.3, 10.3, 8.0,
CH=CH2), 7.29–7.34 (5H, m, ArH); dC (125 MHz; CDCl3) −5.4
(Si(CH3)2), 18.2 (C(CH3)3), 22.9 (NCH2CH2), 25.9 (C(CH3)3),
48.7 (CHCH=CH2), 51.6 (NCH2Ph), 52.7 (CH2CH2N), 55.8
(CHC=S), 63.2 (CH2O), 116.8 (CH=CH2), 127.9, 128.3, 128.8
(aromatic CH), 135.2 (aromatic C), 137.5 (CH=CH2), 203.3
(C=S); m/z (CI+, CH4) 376 (MH+, 17%), 375 (M+, 24), 318 ([M −
tBu]+, 35), 191 (75), 91 (100). HRMS found 376.2131. Calc. for
C21H34NOSiS (MH+) 376.2130.


Further elution (EtOAc–petrol 1 : 1) afforded alcohol 16 (30 mg,
22%).


(3RS,2′SR)-1-Benzyl-3-(1-hydroxybut-3-en-2-yl)pyrrolidine-2-
thione 16. 1-Benzylpyrrolidine-2-thione 117 (2.33 g, 12.2 mmol)
and (E)-4-bromobut-2-en-1-ol 189 (2.03 g, 13.4 mmol) were
dissolved in MeCN (24 mL) and the mixture was stirred for
3 d. Further MeCN (100 mL) was added and the mixture was
warmed to 40 ◦C. Et3N (1.87 mL, 13.4 mmol) was added and
the resulting mixture was stirred at 40 ◦C for 2 h. After cooling to
room temperature, the mixture was diluted with CH2Cl2 (300 mL),
washed with aqueous citric acid (2% w/v, 2 × 100 mL), dried
(MgSO4) and concentrated. Flash chromatography (SiO2; EtOAc–


petrol 1 : 4) afforded the title compound 16 as a pale yellow oil
(2.14 g, 67%); mmax/cm−1 (film) 3408br (OH), 2924, 2877 (CH),
1504, 1454, 1078, 1030; dH (500 MHz; CDCl3) 1.88 (1H, m)
and 2.18 (1H, m, NCH2CH2), 2.68 (1H, br s, OH), 3.02 (1H,
m, CH2=CHCH), 3.34 (1H, m, CHC=S), 3.41–3.54 (2H, m,
CH2CH2N), 3.72 (1H, m) and 3.86 (1H, m, CH2OH), 4.90 (1H, d,
J 14.3) and 5.05 (1H, d, J 14.3, NCH2Ph), 5.10 (1H, dd, J 10.3,
1.0) and 5.18 (1H, d, J 17.2 CH=CH2), 5.64 (1H, ddd, J 17.2, 10.3,
8.7, CH=CH2), 7.24–7.34 (5H, m, ArH); dC (125 MHz; CDCl3)
23.1 (NCH2CH2), 49.3 (CHCH=CH2), 51.8 (NCH2Ph), 52.8
(CH2CH2N), 55.1 (CHC=S), 62.9 (CH2OH), 118.4 (CH=CH2),
128.1, 128.3, 128.8 (aromatic CH), 134.9 (aromatic C), 135.6
(CH=CH2), 202.9 (C=S); m/z (CI+, CH4) 290 ([M + C2H5]+,
22%), 262 (MH+, 100), 244 ([M − OH]+, 32), 191 (25). HRMS
found 262.1260. Calc. for C15H20NOS (MH+) 262.1266.


(3RS,2′RS)-1-Benzyl-3-(1-hydroxybut-3-en-2-yl)pyrrolidine-2-
thione 17. A solution of thioamide 16 (50 mg, 0.19 mmol) in THF
(3 mL) was cooled to 0 ◦C and TBAF (1 M in THF, 0.23 mmol,
2.3 mL) was added dropwise. The resulting solution was allowed
to warm to room temperature and stirred for 72 h. Saturated
aqueous NaHCO3 (10 mL) was added and the organic material
extracted with EtOAc (3 × 20 mL). The combined organic extracts
were dried (MgSO4) and concentrated, affording a 4.7 : 1 mixture
of thioamides 17 and 16. Flash chromatography (SiO2; EtOAc–
petrol 1 : 4) afforded the title compound 17 (41 mg, 82%) as a pale
yellow oil; (Found C, 68.6; H, 7.35; N, 5.3. Calc for C15H19NOS
C, 68.9; H, 7.3; N, 5.4%); mmax/cm−1 (film) 3379br (OH), 2924,
2876 (CH), 1512, 1450, 1316; dH (300 MHz; CDCl3) 1.90 (1H, m)
and 2.10 (1H, m, NCH2CH2), 2.39 (1H, br s, OH), 3.13 (1H,
m, CH2=CHCH), 3.31 (1H, m, CHC=S), 3.48 (2H, app t, J
7.3, CH2CH2N), 3.66 (1H, dd, J 11.0, 6.9) and 3.88 (1H, dd, J
11.0, 6.1, CH2OH), 4.87 (1H, d, J 14.3, NCHHPh), 5.08–5.21
(3H, m, CH=CH2 and NCHHPh), 5.66 (1H, ddd, J 17.6, 10.1,
7.8, CH=CH2), 7.26–7.31 (5H, m, ArH); dC (75 MHz; CDCl3)
21.9 (NCH2CH2), 48.3 (CHCH=CH2), 51.8 (NCH2Ph), 52.7
(CH2CH2N), 54.8 (CHC=S), 63.9 (CH2OH), 118.9 (CH=CH2),
128.0, 128.3, 128.8 (aromatic CH), 135.0 (aromatic C), 135.1
(CH=CH2), 203.8 (C=S); m/z (FAB+) 262 (MH+, 100%), 244
([M − OH]+, 20), 228 (21), 207 (21), 191 (44). HRMS found
262.1267. Calc. for C15H20NOS (MH+) 262.1266.


(3RS,2′SR)-1-Benzyl-3-[1-(4-nitrobenzoyloxy)but-3-en-2-yl]pyr-
rolidine-2-thione 19. To a solution of alcohol 16 (100 mg,
0.38 mmol) in pyridine (1.5 mL) at 0 ◦C was added para-
nitrobenzoyl chloride (142 mg, 0.77 mmol). The resulting mixture
was allowed to warm to room temperature and stirred for 18 h,
then diluted with CH2Cl2 (30 mL). The solution was washed
successively with saturated aqueous CuSO4 (2 × 20 mL), aqueous
HCl (1 M, 20 mL), saturated aqueous NaHCO3 (20 mL) and
brine (20 mL); it was then dried (MgSO4) and concentrated.
Flash chromatography (SiO2; EtOAc–petrol 3 : 17) afforded
the ester 19 (125 mg, 75%) as a yellow solid; mp 113 ◦C (from
CH2Cl2–petrol); mmax/cm−1 (KBr disc) 2868 (CH), 1719 (C=O),
1522 (NO2), 1346 (NO2), 1273; dH (300 MHz; CDCl3) 1.90 (1H,
m) and 2.23 (1H, m, NCH2CH2), 3.29 (1H, m, CH2=CHCH),
3.41–3.57 (3H, m, CH2CH2N and CHC=S), 4.59–4.64 (2H, m,
CH2O), 4.93 (1H, d, J 14.3) and 5.01 (1H, d, J 14.3, NCH2Ph),
5.19 (1H, d, J 10.4) and 5.26 (1H, dt, J 17.2, 1.2, CH=CH2), 5.87
(1H, ddd, J 17.2, 10.4, 8.1, CH=CH2), 7.28–7.35 (5H, m, ArH),
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8.17–8.29 (4H, m, ArH); dC (75 MHz; CDCl3) 22.7 (NCH2CH2),
45.5 (CH2=CHCH), 51.8, 52.4 (CH2CH2N and NCH2Ph), 55.4
(CHC=S), 65.3 (CH2O), 118.4 (CH=CH2), 123.5 (aromatic CH
o- to C=O), 128.1, 128.3, 128.9 (aromatic CH), 130.8 (aromatic
CH o- to NO2), 134.9, 135.6 (aromatic C), 135.7 (CH=CH2),
150.6 (aromatic C), 164.6 (C=O), 201.9 (C=S); m/z (EI) 410
(M+, 7%), 244 (68), 243 (77), 242 (65), 241 (67), 167 (32), 152 (48),
150 (62), 91 (100). HRMS found 410.1311. Calc. for C22H22N2O4S
(M+) 410.1300.


A single crystal suitable for X-ray diffraction was obtained by
slow diffusion of petrol into an EtOAc solution of 19.†


(3RS,2′SR)-1-Benzyl-3-(1-hydroxybut-3-en-2-yl)pyrrolidin-2-
one 20 and (3RS,2′SR)-1-benzyl-3-(1-iodobut-3-en-2-yl)pyrrolidin-
2-one 21. To a stirred solution of thioamide 16 (1.50 g,
5.75 mmol) in THF (50 mL) were added water (10 mL), potassium
carbonate (1.59 g, 11.5 mmol) and MeI (1.78 mL, 28.8 mmol) and
the resulting mixture was stirred at room temperature for 1 week.
The reaction mixture was diluted with CH2Cl2 (200 mL) and
washed with water (2 × 100 mL), dried (MgSO4) and concentrated.
Purification by flash chromatography (SiO2; EtOAc–petrol 1 : 1)
afforded the iodide 21 (185 mg, 9%) as a yellow oil; (Found C,
50.9; H, 5.3; N, 3.8. Calc. for C15H18INO: C 50.7, H 5.1, N 3.9%);
mmax/cm−1 (film) 2945 (CH), 1682br (C=O), 1433br; dH (500 MHz;
CDCl3) 1.75 (1H, m) and 2.08 (1H, m, NCH2CH2), 2.56 (1H,
m, CH2=CHCH), 2.89 (1H, td, J 9.0, 3.3, CHC=O), 3.11–3.17
(2H, m, CH2CH2N), 3.41 (1H, dd, J 9.7, 7.1) and 3.72 (1H, dd,
J 9.7, 7.6, CH2I), 4.35 (1H, d, J 14.6) and 4.45 (1H, d, J 14.6,
NCH2Ph), 5.13–5.20 (2H, m, CH=CH2), 5.64 (1H, dt, J 17.0,
9.8, CH=CH2), 7.18–7.32 (5H, m, ArH); dC (125 MHz; CDCl3)
9.8 (CH2I), 22.4 (NCH2CH2), 44.6 (CHC=O), 44.8 (CH2CH2N),
46.6 (NCH2Ph), 49.1 (CH2=CHCH), 119.3 (CH=CH2), 127.5,
128.1, 128.6 (aromatic CH), 136.32 and 136.34 (CH=CH2 and
aromatic C), 174.0 (C=O); m/z (CI+, CH4) 384 ([M + C2H5]+,
6%), 356 (MH+, 88), 228 ([M − I]+, 100), 175 (34). HRMS found
356.0502. Calc. for C15H19INO (MH+) 356.0511.


Further elution afforded alcohol 20 (0.97 g, 69%) as a colourless
oil; mmax/cm−1 (film) 3418br (OH), 2922, 2874 (CH), 1663br (C=O);
dH (300 MHz; CDCl3) 1.87 (1H, dq, J 12.9, 8.6) and 2.10 (1H,
m, NCH2CH2), 2.47 (1H, m, CH2=CHCH), 2.86 (1H, td, J 9.1,
3.1, CHC=O), 3.18–3.23 (2H, m, CH2CH2N), 3.76–3.93 (2H,
m, CH2OH), 4.35 (1H, br s, OH), 4.39 (1H, d, J 14.6) and
4.49 (1H, d, J 14.6, NCH2Ph), 5.13–5.21 (2H, m, CH=CH2),
5.85 (1H, ddd, J 16.9, 10.5, 9.4, CH=CH2), 7.19–7.36 (5H, m,
ArH); dC (75 MHz; CDCl3) 22.2 (NCH2CH2), 45.3 (CHC=O),
45.6, 47.0 (CH2CH2N and NCH2Ph), 48.0 (CH2=CHCH), 65.9
(CH2O), 118.9 (CH=CH2), 127.7, 128.1, 128.7 (aromatic CH),
135.3 (CH=CH2), 136.1 (aromatic C), 175.0 (C=O); m/z (FAB+)
246 (MH+, 100%), 228 ([M − OH]+, 7), 154 (13).


(3RS,2′SR)-3-(1-Azidobut-3-en-2-yl)-1-benzylpyrrolidin-2-one
22. (i) From alcohol 20. To a solution of alcohol 20 (108 mg,
0.44 mmol) in CH2Cl2 (2 mL) at 0 ◦C were added Et3N (0.122 mL,
8.8 mmol) and methanesulfonyl chloride (0.068 mL, 8.8 mmol)
dropwise. The resulting solution was stirred at 0 ◦C for 3 h, then
water (10 mL) was added. The organic material was extracted
with CH2Cl2 (3 × 20 mL). The combined organic extracts
were dried (MgSO4) and concentrated. Flash chromatography
(SiO2; EtOAc–petrol 1 : 2) afforded (3RS,2′SR)-1-benzyl-3-
[1-(methanesulfonyloxy)but-3-en-2-yl]pyrrolidin-2-one (130 mg,


91%) as a colourless oil; (Found: C, 59.6; H, 6.7; N, 4.3. Calc. for
C16H21NO4S: C, 59.4; H, 6.5; N, 4.3%); mmax/cm−1 (film) 2936 (CH),
1682 (C=O), 1356 (SO2), 1175 (SO2), 953; dH (300 MHz; CDCl3)
1.82 (1H, dq, J 13.0, 8.4) and 2.10 (1H, m, NCH2CH2), 2.73–2.89
(2H, m, CH2=CHCH and CHC=O), 3.04 (3H, s, SCH3), 3.15–
3.27 (2H, m, CH2CH2N), 4.38 (1H, d, J 14.6, NCHHPh), 4.43
(1H, m, CHHOMs), 4.46 (1H, d, J 14.6, NCHHPh), 4.67 (1H,
dd, J 9.8, 8.0, CHHOMs), 5.24–5.29 (2H, m, CH=CH2), 5.65
(1H, ddd, J 17.4, 9.8, 9.1, CH=CH2), 7.19–7.36 (5H, m, ArH); dC


(75 MHz; CDCl3) 21.9 (NCH2CH2), 37.2 (SCH3), 41.3 (CHC=O),
45.1 (NCH2CH2), 45.5 (CH2=CHCH), 46.7 (NCH2Ph), 70.6
(CH2OMs), 120.8 (CH=CH2), 127.7, 128.1, 128.7 (aromatic CH),
133.3 (CH=CH2), 136.3 (aromatic C), 174.1 (C=O); m/z (CI+,
CH4) 323 (MH+, 35%), 244 (22), 228 ([M − OMs]+, 51), 174 (100),
118 (13).


To a solution of this mesylate (130 mg, 0.40 mmol) in DMSO
(1.5 mL) was added sodium azide (78 mg, 1.21 mmol) and the
resulting mixture was heated to 60 ◦C for 2.5 h. The solution
was allowed to cool to room temperature and water (15 mL)
was added. The organic material was extracted with EtOAc (3 ×
30 mL). The combined organic extracts were dried (MgSO4) and
concentrated. Flash chromatography (SiO2; EtOAc–petrol 1 : 4)
afforded the azide 22 (77 mg, 71%) as a colourless oil; (Found:
C, 66.4; H, 6.7; N, 20.4. Calc. for C15H18N4O: C, 66.6; H, 6.7; N,
20.7%); mmax/cm−1 (film) 2874 (CH), 2097 (N3), 1682 (C=O); dH


(300 MHz; CDCl3) 1.79 (1H, dq, J 12.9, 8.4) and 2.09 (1H, m,
NCH2CH2), 2.58 (1H, m, CH2=CHCH), 2.75 (1H, td, J 9.0, 3.3,
CHC=O), 3.12–3.21 (2H, m, CH2CH2N), 3.60 (1H, dd, J 12.2,
7.9) and 3.69 (1H, dd, J 12.2, 7.1, CH2N3), 4.36 (1H, d, J 14.6)
and 4.48 (1H, d, J 14.6, NCH2Ph), 5.20–5.25 (2H, m, CH=CH2),
5.71 (1H, ddd, J 17.0, 10.3, 9.1, CH=CH2), 7.20–7.35 (5H, m,
ArH); dC (125 MHz; CDCl3) 21.8 (NCH2CH2), 42.5 (CHC=O),
44.9 (NCH2CH2), 45.7 (CH2=CHCH), 46.5 (NCH2Ph), 52.8
(CH2N3), 119.3 (CH=CH2), 127.5, 128.0, 128.6 (aromatic CH),
135.5 (CH=CH2), 136.3 (aromatic C), 174.1 (C=O); m/z (FAB+)
271 (MH+, 100%), 243 ([MH − N2]+, 5), 228 ([M − N3]+, 7), 215
([M − CH2N3]+, 18).


(ii) From iodide 21. To a solution of iodide 21 (237 mg,
0.67 mmol) in DMSO (3 mL) was added sodium azide (130 mg,
2.0 mmol) and the resulting mixture stirred at 60 ◦C for 3 h. The
mixture was allowed to cool to room temperature, water (30 mL)
was added and the organic material extracted with EtOAc (3 ×
40 mL). The combined organic extracts were washed with brine
(80 mL), dried (MgSO4) and concentrated. Flash chromatography
(SiO2; EtOAc–petrol 15 : 85) afforded the azide 22 as a colourless
oil (135 mg, 75%).


(1RS,5RS,6SR)-2-Benzyl-6-vinyl-2,8-diazabicyclo[3.3.0]octane
23. To a solution of azide 22 (100 mg, 0.37 mmol) in THF
(3 mL) was added tributylphosphine (0.11 mL, 0.44 mmol) and
the resulting mixture was stirred at room temperature for 1 h.
Lithium aluminium hydride (1 M in THF, 0.22 mL, 0.22 mmol)
was added dropwise and the resulting mixture was stirred at room
temperature for a further 40 min. Aqueous sodium potassium
tartrate solution (0.5 M, 10 mL) was added and the mixture
was stirred for a further 1 h. Brine (10 mL) was added and
the organic material extracted with EtOAc (3 × 15 mL). The
combined organic extracts were washed with water (25 mL), brine
(25 mL), dried (MgSO4) and concentrated. Flash chromatography
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(grade III basic Al2O3; EtOAc–petrol 1 : 19) afforded the bicycle
23 (65 mg, 77%, 97% de) as a colourless oil; mmax/cm−1 (film)
3298br (NH), 2963, 2928, 2866, 2793 (CH), 1639 (C=C), 1450,
914, 698; dH (500 MHz; CDCl3) 1.59–1.68 (2H, m, BnNCH2CH2),
1.89 (1H, br s, NH), 2.31 (1H, app q, J 8.0, NCHHCH2), 2.61
(1H, m, CHCH=CH2), 2.68 (1H, app quintet, J 8.1, NCHNCH),
2.76–2.80 (2H, m, BnNCHHCH2 and NHCHH), 2.87 (1H, dd,
J 10.2, 6.4, NHCHH), 3.65 (1H, d, J 13.0) and 3.84 (1H, d, J
13.0, NCH2Ph), 4.14 (1H, d, J 7.0, NCHN), 5.02–5.06 (2H, m,
CH=CH2), 5.83 (1H, ddd, J 17.6, 10.2, 7.1, CH=CH2), 7.20–
7.32 (5H, m, ArH); dC (125 MHz; CDCl3) 24.7 (NCH2CH2),
45.7 (NCHNCH), 47.8 (CHCH=CH2), 49.0 (NHCH2), 52.4
(BnNCH2), 57.5 (NCH2Ph), 83.6 (NCHN), 115.9 (CH=CH2),
126.8, 128.2, 128.9 (aromatic CH), 136.6 (CH=CH2), 139.4
(aromatic C); m/z (EI+) 228 (M+, 48%), 198 (50), 158 (17), 108
(50), 91 (100). HRMS found 228.1424. Calc. for C15H20N2 (MH+)
228.1626.


(1RS,4SR,5RS)-8-Benzyl-2-(4-tolylsulfonyl)-4-vinyl-2,8-diaza-
bicyclo[3.3.0]octane 25. To a solution of amine 23 (261 mg,
1.14 mmol) in CH2Cl2 (8 mL) was added ethyldiisopropylamine
(0.59 mL, 3.42 mmol) and the resulting mixture was cooled to
0 ◦C. 4-Tolylsulfonyl chloride (262 mg, 1.37 mmol) was added
and the resulting solution was stirred at 0 ◦C for 1 h, then
allowed to warm to room temperature and stirred for 48 h.
Tris(2-aminoethyl)amine-PS (518 mg, active loading 1.1 mmol g−1,
0.57 mmol) was added and the resulting suspension was stirred
for 3 h. The mixture was diluted with CH2Cl2 (50 mL) and
filtered then washed with saturated aqueous NaHCO3 (20 mL) and
brine (20 mL), dried (MgSO4), and concentrated. Recrystallisation
(MeOH–H2O) afforded the title compound 25 (337 mg, 77%)
as white needles; mp 97–98 ◦C (from MeOH–H2O); (Found C,
69.4; H, 7.0; N, 7.1. Calc. for C22H26N2O2S: C, 69.1; H 6.85; N
7.3%); mmax/cm−1 (KBr disc) 2928, 2810 (CH), 1641 (C=C), 1333
(SO2), 1159 (SO2), 1088, 885, 833, 715; dH (500 MHz; CDCl3)
1.59–1.65 (2H, m, BnNCH2CH2), 2.18 (1H, m, CHCH=CH2),
2.43 (3H, s, CH3), 2.49 (1H, dt, J 9.1, 6.8) and 2.62 (1H,
dt, J 9.1, 6.2, BnNCH2CH2), 2.73 (1H, app quintet, J 7.9,
NCHNCH), 3.16 (1H, t, J 12.0) and 3.61 (1H, dd, J 12.1,
6.9, TsNCH2), 4.04 (1H, d, J 13.9) and 4.07 (1H, d, J 13.9,
NCH2Ph), 4.91 (1H, dt, J 17.4, 1.5) and 5.05 (1H, dt, J 10.6, 1.4,
CH=CH2), 5.14 (1H, d, J 6.7, NCHN), 5.64 (1H, ddd, J 17.4,
10.6, 6.5, CH=CH2), 7.21–7.29 (7H, m) and 7.74–7.76 (2H, m,
ArH); dC (125 MHz; CDCl3) 21.5 (ArCH3), 24.0 (NCH2CH2),
45.0 (CHCH=CH2), 46.2 (NCHNCH), 50.7 (BnNCH2), 50.9
(TsNCH2), 55.5 (NCH2Ph), 84.9 (NCHN), 117.2 (CH=CH2),
126.7, 127.2, 128.6, 128.8, 129.8 (aromatic CH), 134.6 (CH=CH2),
137.2, 139.1, 143.3 (aromatic C); m/z (CI+) 383 (MH+, 3%), 227
([M − Ts]+, 28), 199 (100), 158 (12), 108 (14). HRMS found
383.1788. Calc. for C22H27N2O2S (MH+) 383.1793.


1-Benzyl-3-methylpyrrolidine-2-thione 27. A solution of 1-
benzyl-3-methylpyrrolidin-2-one16 (16.2 g, 85.6 mmol) and Lawes-
son’s reagent17 (20.8 g, 51.4 mmol) in THF (400 mL) was heated
at 40 ◦C for 2 h. After cooling to room temperature, the reaction
mixture was quenched by addition of H2O (250 mL), then stirred
for 10 min. The organic products were extracted with EtOAc
(3 × 200 mL), and the combined extracts were washed with
brine (250 mL), dried (MgSO4) and concentrated. Filtration
through a short column of flash silica, eluting with EtOAc–


petrol 2 : 3, removed the polar impurities. Further purification
by flash chromatography (SiO2; EtOAc–petrol 1 : 19 → 1 :
9) provided thioamide 27 (16.0 g, 91%) as a pale yellow oil;
mmax/cm−1 (film) 2966, 2927, 2872 (CH), 1452, 1232 (C=S); dH


(400 MHz; CDCl3) 1.39 (3H, d, J 7.0, CH3), 1.62 (1H, m) and 2.27
(1H, m, BnNCH2CH2), 2.95 (1H, m, CHMe), 3.40–3.55 (2H, m,
BnNCH2), 4.95 (1H, d, J 14.5) and 5.04 (1H, d, J 14.5, NCH2Ph),
7.24–7.38 (5H, m, ArH); dC (75 MHz; CDCl3) 19.5 (CH3), 28.3
(BnNCH2CH2), 48.9 (CHMe), 51.8 and 51.9 (PhCH2NCH2),
128.0, 128.2, 128.8 (aromatic CH), 135.2 (aromatic C), 206.7
(C=S); m/z (CI+) 234 ([M + C2H5]+, 23%), 206 (MH+, 100).
HRMS found 206.1005. Calc. for C12H16NS (MH+) 206.1003.


(1RS,5RS,6SR)-2-Benzyl-5-methyl-6-vinyl-2,8-diazabicyclo-
[3.3.0]octane 28.


(3RS,2′SR)-1-Benzyl-3-(1-hydroxybut-3-en-2-yl)-3-methylpy-
rrolidine-2-thione. A solution of 1-benzyl-3-methylpyrrolidine-2-
thione 27 (13.6 g, 66.4 mmol) and (E)-4-bromobut-2-en-1-ol 189


(11.2 g, 74.3 mmol) in MeCN (10 mL) was stirred at room
temperature for 4 d. After dilution with further MeCN (350 mL),
the mixture was heated to 40 ◦C then Et3N (10.2 mL, 73.1 mmol)
was added. After 6 h, the mixture was cooled to room temperature,
diluted with CH2Cl2 (750 mL) and washed with aqueous citric acid
(10% w/v, 2 × 150 mL) and brine (150 mL), and dried (MgSO4).
Concentration and purification by flash chromatography (SiO2;
EtOAc–petrol 1 : 9 → 3 : 7) afforded the title thiolactam (13.7 g,
75%) as a pale yellow solid; mp 49–50 ◦C; (Found C, 69.6; H,
7.9; N, 5.0. Calc. for C16H21NOS: C, 69.8; H, 7.7; N, 5.1%);
mmax/cm−1 (KBr disc) 3337br (OH), 2872 (CH), 1504, 1448, 1232
(C=S); dH (400 MHz; CDCl3) 1.23 (3H, s, CH3), 1.74 (1H, ddd, J
12.8, 8.0, 4.7, BnNCH2CHH), 1.90 (1H, br dd, J 6.6, 3.8, OH),
2.16 (1H, ddd, J 12.8, 9.1, 8.0, BnNCH2CHH), 2.93 (1H, dt, J
9.9, 6.6, CHCH2OH), 3.40–3.53 (2H, m, BnNCH2), 3.55–3.70
(2H, m, CH2OH), 4.99 (1H, d, J 14.3) and 5.03 (1H, d, J 14.3,
NCH2Ph), 5.24–5.32 (2H, m, HC=CH2), 5.64 (1H, dt, J 17.0,
9.9, HC=CH2), 7.27–7.37 (5H, m, ArH); dC (100 MHz; CDCl3)
27.1 (CH3), 28.6 (BnNCH2CH2), 51.1 and 52.0 (PhCH2NCH2),
54.5 (CHCH2OH), 56.6 (CMe), 63.1 (CH2OH), 120.1 (HC=CH2),
128.1, 128.2, 128.9 (aromatic CH), 135.1 (aromatic C), 135.5
(HC=CH2), 208.6 (C=S); m/z (CI+) 304 ([M + C2H5]+, 20%),
276 (MH+, 100), 258 (16), 205 (19). HRMS found 276.1424. Calc.
for C16H22NOS (MH+) 276.1422.


(3RS,2′SR)-1-Benzyl-3-(1-hydroxybut-3-en-2-yl)-3-methylpyr-
rolidin-2-one. To a stirred solution of (3RS,2′SR)-1-benzyl-
3-1-hydroxybut-3-en-2-yl-3-methylpyrrolidine-2-thione (13.7 g,
50.0 mmol) in CH2Cl2 (600 mL) at 0 ◦C was added mCPBA (70%
by weight, 27.7 g, 112 mmol) in 3 g portions every 10 min. After
a further 1 h at 0 ◦C, the reaction was allowed to warm to room
temperature, poured into saturated aqueous NaHCO3 (400 mL)
and the layers were separated. The aqueous layer was extracted
with CH2Cl2 (2 × 400 mL), then the combined organic extracts
were dried (MgSO4) and concentrated. Flash chromatography
(SiO2; EtOAc–petrol 4 : 6 → 8 : 2) afforded the title lactam
(12.0 g, 93%) as a white solid; mp 53–55 ◦C; (Found: C, 74.0;
H, 8.2; N, 5.3. Calc. for C16H21NO2: C, 74.1; H, 8.2; N, 5.4%);
mmax/cm−1 (KBr disc) 3371br (OH), 2862 (CH), 1676 (C=O), 1496,
1450; dH (500 MHz; CDCl3) 1.23 (3H, s, CH3), 1.62 (1H, ddd, J
12.8, 7.9, 3.5) and 2.13 (1H, dt, J 12.8, 8.5, BnNCH2CH2), 2.26
(1H, dt, J 10.0, 4.4, CHCH2OH), 3.10–3.23 (2H, m, BnNCH2),
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3.62 (1H, dd, J 11.3, 4.4) and 3.90 (1H, ddd, J 11.3, 4.4, 1.6,
CH2OH), 3.97 (1H, br s, OH), 4.40 (1H, d, J 14.7) and 4.45 (1H,
d, J 14.7, PhCH2), 5.14–5.21 (2H, m, HC=CH2), 5.78 (1H, dt,
J 17.0, 10.0, HC=CH2), 7.16–7.35 (5H, m, ArH); dC (75 MHz;
CDCl3) 22.8 (CH3), 29.7 (BnNCH2CH2), 44.1 (BnNCH2), 46.8
(CMe), 47.0 (NCH2Ph), 53.1 (CHCH2OH), 63.0 (CH2OH), 119.2
(HC=CH2), 127.7, 128.1, 128.7 (aromatic CH), 136.1 (aromatic
C), 136.2 (HC=CH2), 178.8 (C=O); m/z (CI+) 260 (MH+, 100%),
242 (32), 229 (17), 190 (45), 91 (28). HRMS found 260.1640. Calc.
for C16H22NO2 (MH+) 260.1645.


(3RS,2′SR)-3-(1-Azidobut-3-en-2-yl)-1-benzyl-3-methylpyrroli-
din-2-one. To a stirred solution of (3RS,2′SR)-1-benzyl-3-1-hy-
droxybut-3-en-2-yl-3-methylpyrrolidin-2-one (11.9 g, 45.9 mmol)
in CH2Cl2 (150 mL) at 0 ◦C were added Et3N (12.8 mL, 92 mmol)
and methanesulfonyl chloride (7.1 mL, 92 mmol). After 1 h, the
reaction was allowed to warm to room temperature, diluted with
CH2Cl2 (100 mL), washed successively with H2O (2 × 100 mL)
and brine (2 × 100 mL), then dried (MgSO4). Concentration
provided the desired mesylate (17.7 g) as a colourless oil which was
used without further purification. The oil was dissolved in DMSO
(50 mL), NaN3 (8.9 g, 140 mmol) was added and the mixture was
stirred at 60 ◦C for 21 h. The reaction mixture was cooled to room
temperature, then diluted with H2O (400 mL) and the organic
material extracted with EtOAc (4 × 50 mL). The combined
organic extracts were washed with brine (50 mL), dried (MgSO4)
and concentrated. Purification by flash chromatography (SiO2;
EtOAc–petrol 1 : 9 → 2 : 8) provided the title azide (11.3 g, 87%)
as white crystals; mp 40–42 ◦C; (Found: C, 67.5; H, 7.2; N, 19.4.
Calc. for C16H20N4O: C, 67.6; H, 7.1; N, 19.7%); mmax/cm−1 (KBr
disc) 2968, 2893 (CH), 2085 (N3), 1680 (C=O), 1497, 1433; dH


(500 MHz; CDCl3) 1.14 (3H, s, CH3), 1.60 (1H, ddd, J 13.1, 7.8,
3.9) and 2.03 (1H, ddd, J 13.1, 8.7, 7.8, BnNCH2CH2), 2.53 (1H,
td, J 9.7, 4.3, CHCH2N3), 3.06–3.16 (2H, m, BnNCH2), 3.30 (1H,
dd, J 12.2, 9.7) and 3.44 (1H, dd, J 12.2, 4.3, CH2N3), 4.40 (1H,
d, J 14.7) and 4.43 (1H, d, J 14.7, NCH2Ph), 5.23–5.28 (2H, m,
HC=CH2), 5.57 (1H, dt, J 17.4, 9.7, HC=CH2), 7.14–7.34 (5H,
m, ArH); dC (125 MHz; CDCl3) 23.2 (CH3), 28.1 (BnNCH2CH2),
43.3 (BnNCH2), 45.7 (CMe), 46.8 (NCH2Ph), 50.2 (CHCH2N3),
51.6 (CH2N3), 120.2 (HC=CH2), 127.6, 128.1, 128.7 (aromatic
CH), 135.2 (HC=CH2), 136.3 (aromatic C), 177.1 (C=O); m/z
(CI+) 285 (MH+, 43%), 257 (67), 242 (100), 228 (35), 188 (18),
152 (22), 117 (21). HRMS found 285.1706. Calc. for C16H21N4O
(MH+) 285.1710.


(1RS,5RS,6SR)-2-Benzyl-5-methyl-6-vinyl-2,8-diazabicyclo-
[3.3.0]octane 28. A solution of (3RS,2’SR)-3-(1-azidobut-3-en-
2-yl)-1-benzyl-3-methylpyrrolidin-2-one (2.00 g, 7.0 mmol) and
tributylphosphine (3.2 mL, 12.7 mmol) in THF (60 mL) was stirred
at room temperature for 1 h then LiAlH4 (0.27 g, 7.0 mmol) was
slowly added. After 1 h, further LiAlH4 (0.27 g, 7.0 mmol) was
added and stirring was continued for a further 1 h. After quenching
by addition of aqueous sodium potassium tartrate (0.5 M, 60 mL)
the mixture was stirred for 30 min. The product was then extracted
with EtOAc (3 × 60 mL), washed with H2O (2 × 60 mL) and
brine (2 × 60 mL), then dried (MgSO4) and concentrated. The
residue was redissolved in CH2Cl2 (20 mL) and the amine product
extracted with 2 M HCl (3 × 20 mL). The combined aqueous
extracts were cooled in an ice bath and basified to pH 11 with
3 M NaOH. The organic material was extracted with EtOAc
(3 × 50 mL), washed with brine (50 mL), dried (MgSO4) and


concentrated. Flash chromatography (SiO2; MeOH–CH2Cl2 1 :
49 → 1 : 9) provided the bicycle 28 (1.27 g, 75%) as a pale yellow
oil; dH (400 MHz; CDCl3) 1.15 (3H, s, CH3), 1.21 (1H, ddd, J
12.3, 5.5, 2.0) and 1.82 (1H, ddd, J 12.3, 10.4, 7.1, BnNCH2CH2),
2.31 (1H, dt, J 10.4, 7.4, HNCH2CH), 2.47 (1H, m) and 2.84 (1H,
m, HNCH2), 2.93–3.03 (2H, m, BnNCH2), 3.68 (1H, d, J 13.0,
PhCHH), 3.79 (1H, s, NCHN), 3.92 (1H, d, J 13.0, PhCHH),
5.02–5.10 (2H, m, CH=CH2), 5.74 (1H, ddd, J 17.1, 10.7, 7.4,
HC=CH2), 7.20–7.37 (5H, m, ArH); dC (100 MHz; CDCl3) 25.1
(CH3), 32.0 (BnNCH2CH2), 49.3 (BnNCH2), 51.3 (HNCH2), 51.9
(CMe), 54.4 (HNCH2CH), 57.7 (NCH2Ph), 90.1 (NCHN), 116.9
(HC=CH2), 126.9, 128.2, 128.8 (aromatic CH), 135.1 (HC=CH2),
139.1 (aromatic C); m/z (CI+) 243 (MH+, 100%), 214 (34), 173 (27).
HRMS found 243.1854. Calc. for C16H23N2 (MH+) 243.1856.


(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-4-vinyl-
2,8-diazabicyclo[3.3.0]octane 29. 4-Tolylsulfonyl chloride (2.00 g,
10.5 mmol) was added to a stirred solution of amine 28 (1.27 g,
5.6 mmol) in pyridine (8.5 mL, 105 mmol) at 0 ◦C. The reaction
was slowly allowed to warm to room temperature and stirred
for 16 h. The mixture was diluted with EtOAc (50 mL) then
washed with H2O (20 mL) and saturated aqueous CuSO4 (3 ×
20 mL). The aqueous washes were re-extracted with EtOAc (3 ×
30 mL), and the combined organic extracts washed with brine
(2 × 10 mL) then dried (MgSO4) and concentrated. Purification by
flash chromatography (SiO2; EtOAc–petrol 1 : 9 → 2 : 8) afforded
the sulfonamide 29 (1.81 g, 87%) as a pale yellow solid; (Found:
C, 69.4; H, 7.1; N, 7.0. Calc. for C23H28N2O2S: C, 69.7; H, 7.1;
N, 7.1%); mmax/cm−1 (CHCl3 cast) 2923, 2878 (CH), 1599 (C=C),
1448, 1348, 1157; dH (400 MHz; CDCl3) 0.96 (3H, s, NCHCCH3),
1.20 (1H, ddd, J 12.8, 6.4, 5.1, BnNCH2CHH), 1.75–1.88 (2H, m,
TsNCH2CH and BnNCH2CHH), 2.43 (3H, s, ArCH3), 2.58–2.72
(2H, m, BnNCH2), 3.23 (1H, t, J 12.0) and 3.66 (1H, dd, J 12.0,
7.1, TsNCH2), 4.05 (2H, s, NCH2Ph), 4.68 (1H, s, NCHN), 4.91
(1H, d, J 17.4) and 5.06 (1H, d, J 10.5, HC=CH2), 5.57 (1H, ddd,
J 17.4, 10.5, 7.1, HC=CH2), 7.20–7.36 (7H, m, ArH), 7.77 (2H,
d, J 8.2, ArH o- to SO2); dC (100 MHz; CDCl3) 21.6 (ArCH3),
24.8 (NCHCCH3), 31.1 (BnNCH2CH2), 50.4 (BnNCH2), 51.7
(TsNCH2CH), 52.0 (TsNCH2), 52.9 (NCHCMe), 55.6 (NCH2Ph),
90.7 (NCHN), 118.0 (HC=CH2), 126.7, 127.2, 128.1, 128.7, 129.7
(aromatic CH), 133.8 (HC=CH2), 137.2, 139.2, 143.3 (aromatic
C); m/z (CI+) 425 ([M + C2H5]+, 21%), 397 (MH+, 100), 241 (16),
213 (21), 172 (16), 125 (52), 93 (44). HRMS found 397.1950. Calc.
for C23H29N2O2S (MH+) 397.1941.


2-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl]ethanol 31. A solution of alkene 29
(1.75 g, 4.4 mmol) and tris(triphenylphosphine)rhodium(I) chlo-
ride (0.12 g, 0.13 mmol) in THF (40 mL) was degassed by pump-
filling with argon. Pinacolborane (1.9 mL, 13.2 mmol) was added
slowly and the mixture degassed again, then stirred for 20 h.
The reaction was cooled to 0 ◦C and treated successively with
H2O (40 mL) and NaBO3·4H2O (2.42 g, 13.2 mmol), stirred at
0 ◦C for 15 min then allowed to warm to room temperature.
After a further 5 h, the product was extracted with EtOAc (3 ×
40 mL) and the combined organic extracts washed with H2O (2 ×
40 mL), brine (2 × 40 mL) and dried (MgSO4). Concentration
and purification by flash chromatography (SiO2; EtOAc–petrol 1 :
4 → 3 : 2) afforded alcohol 31 (1.51 g, 86%) as a pale yellow
oil; mmax/cm−1 (CHCl3 cast) 3449br (OH), 2930, 2876 (CH), 1334,
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1155; dH (500 MHz; CDCl3) 0.92 (3H, s, NCHCCH3), 1.26–1.35
(3H, m, CHHCH2OH, TsNCH2CH, and BnNCH2CHH), 1.51
(1H, m, CHHCH2OH), 1.58 (1H, br s, OH), 1.75 (1H, dt, J 12.6,
7.7, BnNCH2CHH), 2.40 (3H, s, ArCH3), 2.59 (1H, ddd, J 9.0,
7.6, 6.5) and 2.67 (1H, ddd, J 9.0, 7.3, 4.3, BnNCH2), 2.99 (1H,
t, J 12.0, TsNCHH), 3.44–3.55 (2H, m, CH2OH), 3.74 (1H, dd, J
12.0, 6.7, TsNCHH), 3.99 (1H, d, J 13.9) and 4.07 (1H, d, J 13.9,
NCH2Ph), 4.60 (1H, s, NCHN), 7.18–7.32 (7H, m, ArH), 7.75
(2H, d, J 8.2, ArH o- to SO2); dC (125 MHz; CDCl3) 21.5 (ArCH3)
24.5 (NCHCCH3), 30.2 (CH2CH2OH), 30.7 (BnNCH2CH2), 45.2
(TsNCH2CH), 50.4 (BnNCH2), 52.7 (TsNCH2), 52.8 (NCHCMe),
55.8 (NCH2Ph), 61.7 (OCH2), 90.7 (NCHN), 126.7, 127.2, 128.1,
128.8, 129.6 (aromatic CH), 137.5, 139.1, 143.2 (aromatic C); m/z
(ESI+) 453 (MK+, 14%), 437 (MNa+, 14), 415 (MH+, 100). HRMS
found 415.2050. Calc. for C23H31N2O3S (MH+) 415.2051.


Aqueous workup and flash chromatography (SiO2; EtOAc–
petrol 1 : 19 → 1 : 4) prior to addition of the perborate allowed
isolation of the boronate 30 as a white solid; (Found: C, 66.3; H,
7.9; N, 5.3. Calc. for C29H41BN2O4S: C, 66.4; H, 7.9; N, 5.3%); dH


(500 MHz; CDCl3) 0.50 (1H, ddd, J 15.8, 10.3, 5.8) and 0.61 (1H,
ddd, J 15.8, 11.0, 5.8, BCH2), 0.89 (3H, s, NCHCCH3), 1.02 (1H,
m, TsNCH2CH), 1.18 (6H, s) and 1.19 (6H, s, (CH3)2CC(CH3)2),
1.10–1.25 (2H, m, BCH2CH2), 1.33 (1H, m) and 1.76 (1H, dt,
J 12.6, 7.5, BnNCH2CH2), 2.39 (3H, s, ArCH3), 2.58 (1H, m)
and 2.64 (1H, m, BnNCH2), 2.92 (1H, t, J 12.0) and 3.68 (1H,
dd, J 12.0, 6.9, TsNCH2), 4.01 (1H, d, J 14.0) and 4.05 (1H,
d, J 14.0, NCH2Ph), 4.58 (1H, s, NCHN), 7.16–7.32 (7H, m,
ArH), 7.72 (2H, d, J 8.2, ArH o- to SO2); dC (125 MHz; CDCl3)
10.2 (br, BCH2), 21.3 (BCH2CH2), 21.5 (ArCH3), 24.7, 24.8
(NCHCCH3 and (H3C)2CC(CH3)2), 30.5 (BnNCH2CH2), 50.4
(TsNCH2CH), 50.5 (BnNCH2), 52.5 (TsNCH2), 52.8 (NCHCMe),
55.6 (NCH2Ph), 83.1 ((H3C)2CC(CH3)2), 91.4 (NCHN), 126.6,
127.2, 128.8, 129.5 (aromatic CH), 137.4, 139.2, 143.0 (C); m/z
(CI+) 525 (MH+, 69%), 371 (16), 171 (31), 125 (100), 93 (88).
HRMS found 525.2945. Calc. for C29H42BN2O4S (MH+) 525.2958.


2-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl]ethanal 32. To a solution of alcohol
31 (1.48 g, 3.6 mmol) in CH2Cl2 (50 mL) at 0 ◦C were added
pyridine (2.9 mL, 36 mmol) and 1,1,1-triacetoxy-1,1-dihydro-1,2-
benziodoxol-3(1H)-one (3.8 g, 8.9 mmol). The reaction mixture
was allowed to warm to room temperature, and after 16 h, was
quenched by addition of saturated aqueous Na2S2O3 (40 mL) and
saturated aqueous NaHCO3 (40 mL). After vigorously stirring
for 1 h, the organic materials were extracted with CH2Cl2 (2 ×
50 mL), washed with saturated aqueous CuSO4 (3 × 40 mL), brine
(40 mL) and then dried (MgSO4) and concentrated. Purification
by flash chromatography (SiO2; EtOAc–petrol 3 : 7) afforded
aldehyde 32 (1.18 g, 80%) as a pale yellow oil; mmax/cm−1 (CHCl3


cast) 2928, 2822 (CH), 1724 (C=O), 1599, 1454, 1334, 1155; dH


(500 MHz; CDCl3) 0.87 (3H, s, NCHCCH3), 1.20 (1H, ddd, J
11.0, 6.5, 4.6, BnNCH2CHH), 1.54–1.74 (2H, m, BnNCH2CHH
and TsNCH2CH), 2.22 (1H, ddd, J 17.8, 10.1, 1.0) and 2.39 (1H,
m, CH2CHO), 2.41 (3H, s, ArCH3), 2.60 (1H, m) and 2.68 (1H,
m, BnNCH2), 2.95 (1H, t, J 12.2) and 3.87 (1H, dd, J 12.2, 6.9,
TsNCH2), 4.00 (1H, d, J 13.9) and 4.08 (1H, d, J 13.9, NCH2Ph),
4.57 (1H, s, NCHN), 7.19–7.33 (7H, m, ArH), 7.78 (2H, d, J 8.3,
ArH o- to SO2), 9.64 (CHO); dC (125 MHz; CDCl3) 21.5 (ArCH3),
24.4 (NCHCCH3), 30.9 (BnNCH2CH2), 41.5 (CH2CHO), 41.9


(TsNCH2CH), 50.1 (BnNCH2), 52.2 (TsNCH2), 52.4 (NCHCMe),
55.4 (NCH2Ph), 90.1 (NCHN), 126.8, 127.3, 128.1, 128.8, 129.7
(aromatic CH), 137.1, 138.8, 143.4 (aromatic C), 199.9 (C=O);
m/z (CI+) 413 (MH+, 100%), 257 (17), 229 (20), 157 (27), 91 (67).
HRMS found 413.1895. Calc. for C23H29N2O3S (MH+) 413.1899.


2-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl]ethanoic acid 33. To a solution of
aldehyde 32 (0.62 g, 1.5 mmol) in t-BuOH (10 mL) and H2O
(6 mL) at 0 ◦C was added 2-methyl-2-butene (1.9 mL, 18.1 mmol),
followed by a solution of NaClO2 (0.68 g, 7.6 mmol) and KH2PO4


(1.0 g, 7.6 mmol) in H2O (14 mL). The mixture was stirred at
0 ◦C for 3 h then allowed to warm to room temperature. The
reaction was quenched by the addition of aqueous Na2S2O3 (5%
w/v, 16 mL), and then the mixture acidified to pH 6.0 with 1%
aqueous HCl. The organic material was extracted with EtOAc
(3 × 20 mL), then the combined extracts dried (MgSO4) and
concentrated. The brown solid residue was dissolved in EtOAc
(20 mL), then extracted with aqueous NaOH (0.1 M, 3 × 20 mL).
The combined aqueous extracts were acidified to pH 6.0 with
1% aqueous HCl, then extracted with EtOAc (3 × 50 mL). The
combined organic extracts were dried (MgSO4) and concentrated
to afford the acid 33 (0.55 g, 85%) as a peach-coloured foamy
solid; mmax/cm−1 (CHCl3 cast) 3412br (OH), 2928, 2878 (CH), 1719
(C=O), 1597, 1452, 1346, 1159; dH (500 MHz; CDCl3) 0.84 (3H, s,
NCHCCH3), 1.20 (1H, ddd, J 12.5, 6.2, 4.0, BnNCH2CHH), 1.56
(1H, m, TsNCH2CH), 1.73 (1H, dt, J 12.5, 7.5, BnNCH2CHH),
2.11 (1H, dd, J 16.4, 10.7) and 2.27 (1H, dd, J 16.4, 3.6,
CH2CO2H), 2.39 (3H, s, ArCH3), 2.62 (1H, m) and 2.75 (1H,
ddd, J 9.1, 7.5, 4.0, BnNCH2), 3.06 (1H, t, J 12.2) and 3.93
(1H, dd, J 12.2, 6.9, TsNCH2), 4.03 (1H, d, J 13.8) and 4.09
(1H, d, J 13.8, NCH2Ph), 4.58 (1H, s, NCHN), 7.19–7.35 (7H,
m, ArH), 7.68 (1H, br s, CO2H), 7.76 (2H, d, J 8.2, ArH o- to
SO2); dC (125 MHz; CDCl3) 21.5 (ArCH3), 24.0 (NCHCCH3),
30.6 (BnNCH2CH2), 32.7 (CH2CO2H), 43.7 (TsNCH2CH), 50.1
(BnNCH2), 52.2 (NCHCMe), 52.6 (TsNCH2), 55.3 (NCH2Ph),
89.9 (NCHN), 127.0, 127.3, 128.2, 129.2, 129.8 (aromatic CH),
136.9, 138.0, 143.5 (aromatic C), 177.0 (C=O); m/z (CI+) 429
(MH+, 100%), 273 (24), 186 (39). HRMS found 429.1841. Calc.
for C23H29N2O4S (MH+) 429.1848.


(1RS,7SR)-4-Benzyl-8-hydroxy-7-methyl-9-(4-tolylsulfonyl)-4,9-
diazabicyclo[5.3.0]decan-3-one 34. To a stirred solution of acid
33 (0.11 g, 0.25 mmol) in THF (2 mL) at −10 ◦C were added Et3N
(0.046 mL, 0.33 mmol) and isobutyl chloroformate (0.043 mL,
0.33 mmol). After 1 h, TMSCHN2 (2 M in Et2O, 0.25 mL,
0.50 mmol) was added, and after an additional 2 h, further
TMSCHN2 (2 M in Et2O, 0.25 mL, 0.50 mmol) was added, and
the mixture was allowed to warm to room temperature. After
a further 16 h, the mixture was concentrated and purified by
flash chromatography (SiO2; EtOAc–petrol 1 : 4 → 3 : 2) to
afford slightly impure lactam 34 (0.066 g, <62%) as a white
solid; mmax/cm−1 (KBr disc) 3350br (OH), 2927, 2881 (CH), 1630
(C=O), 1342, 1169; dH (500 MHz; CDCl3) 0.83 (1H, dd, J 14.2,
11.5, BnNCH2CHH), 1.04 (3H, s, CH(OH)CCH3), 1.10 (1H,
dd, J 14.2, 6.2, BnNCH2CHH), 2.39 (1H, m, TsNCH2CH),
2.44 (3H, s, ArCH3), 2.50 (1H, dd, J 14.8, 7.2) and 2.77 (1H,
d, J 14.8, O=CCH2), 2.82 (1H, dd, J 15.6, 6.2, BnNCHH),
2.91 (1H, m, TsNCHH), 3.32 (1H, dd, J 15.6, 11.5, BnNCHH),
3.38 (1H, br s, OH), 3.60 (1H, m, TsNCHH), 3.77 (1H, d, J
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14.7, NCHHPh), 4.80 (1H, s, NCH(OH)), 4.86 (1H, d, J 14.7,
NCHHPh), 7.10–7.35 (7H, m, ArH), 7.74 (2H, d, J 8.1, ArH o- to
SO2); dC (125 MHz; CDCl3) 18.5 (CH(OH)CCH3), 21.6 (ArCH3),
32.6 (BnNCH2CH2), 33.1 (O=CCH2), 38.6 (TsNCH2CH), 42.7
(BnNCH2), 46.5 (TsNCHCMe), 49.0 (TsNCH2), 50.4 (NCH2Ph),
90.0 (NCH(OH)), 127.3, 127.6, 128.0, 128.7, 129.8 (aromatic
CH), 135.5, 136.9, 143.7 (aromatic C), 172.1 (C=O); m/z (FAB+)
429 (MH+, 5%), 307 (44), 289 (14), 154 (100). HRMS found
429.1846. Calc. for C23H29N2O4S (MH+) 429.1848.


3-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl]propan-2-ol 35. To a stirred solution
of aldehyde 32 (0.63 g, 1.5 mmol) in THF (18 mL) at 0 ◦C
was added MeMgBr (1.0 M in THF, 3.1 mL, 3.1 mmol). The
temperature was maintained at 0 ◦C for 15 min then the flask
was stirred at room temperature for 3 h and quenched by
addition of saturated aqueous NH4Cl (20 mL). The product was
extracted into EtOAc (3 × 20 mL), washed with brine (20 mL),
and then dried (MgSO4) and concentrated. Purification by flash
chromatography (SiO2; EtOAc–petrol 3 : 7 → 2 : 3) afforded
a 3 : 2 mixture of diastereoisomeric alcohols 35 (0.51 g, 78%)
as a pale yellow oil; mmax/cm−1 (film) 3449br (OH), 2982, 2877
(CH), 1454, 1336, 1157; dH (500 MHz; CDCl3) 0.89 (1.2H, s)
and 0.91 (1.8H, s, NCHCCH3), 1.04 (1.8H, d, J 6.2) and 1.08
(1.2H, d, J 6.2, CH(OH)CH3), 1.10–1.20 (2H, m, BnNCH2CHH
and TsNCH2CH), 1.20–1.38 (2H, m, CH2CH(OH)), 1.65 (1H,
br s, OH), 1.68–1.77 (1H, m, BnNCH2CHH), 2.40 (3H, s,
ArCH3), 2.56–2.62 (1H, m) and 2.63–2.69 (1H, m, BnNCH2),
2.96 (0.4H, t, J 12.1) and 3.00 (0.6H, t, J 12.1, TsNCHH), 3.56–
3.60 (0.6H, m) and 3.61–3.67 (0.4H, m, CH(OH)), 3.76 (0.4H,
dd, J 12.2, 6.7) and 3.79 (0.6H, dd, J 12.2, 6.7, TsNCHH),
3.98–4.09 (2H, m, NCH2Ph), 4.59 (1H, s, NCHN), 7.18–7.32
(7H, m, ArH),7.75 (1.2H, d, J 8.3) and 7.76 (0.8 H, d, J 8.3,
ArH o- to SO2); dC (125 MHz; CDCl3) 21.5 (ArCH3), 23.9, 24.0
(CH(OH)CH3), 24.3, 24.6 (NCHCCH3), 30.7 (BnNCH2CH2),
36.3, 36.7 (CH2CH(OH)), 43.8, 46.0 (TsNCH2CH), 50.3, 50.4
(BnNCH2), 52.5, 52.8 (NCHCMe), 52.7, 53.2 (TsNCH2), 55.6
(NCH2Ph), 66.2, 67.6 (CH(OH)), 90.3, 90.7 (NCHN), 126.7,
127.0, 127.2, 127.3, 128.1, 128.8, 129.6 (aromatic CH), 137.4,
137.5, 139.1, 143.1, 143.2 (aromatic C); m/z (ESI+) 451 (MNa+,
100%), 429 (83), 258 (56). HRMS found 451.2036. Calc. for
C24H32N2O3SNa (MNa+) 451.2031.


3-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl]propan-2-one 36. To a stirred solution
of alcohols 35 (0.46 g, 1.1 mmol) in CH2Cl2 (25 mL) at 0 ◦C
were added pyridine (0.44 mL, 5.4 mmol) and 1,1,1-triacetoxy-
1,1-dihydro-1,2-benziodoxol-3(1H)-one (1.1 g, 2.7 mmol). The
reaction mixture was allowed to warm to room temperature,
and after 5 h was quenched by addition of saturated aqueous
Na2S2O3 (25 mL) and saturated aqueous NaHCO3 (25 mL). After
vigorously stirring for 30 min, the organic materials were extracted
with CH2Cl2 (3 × 30 mL), and the combined extracts were washed
with brine (30 mL), dried (MgSO4) and concentrated. Purification
by flash chromatography (SiO2; EtOAc–petrol 3 : 7 → 4 : 6)
afforded methyl ketone 36 (0.36 g, 79%) as a pale yellow oil;
mmax/cm−1 (CHCl3 cast) 2926, 2880 (CH), 1715 (C=O), 1599,
1448, 1348, 1159; dH (500 MHz; CDCl3) 0.82 (3H, s, NCHCCH3),
1.17 (1H, ddd, J 12.5, 6.5, 4.6, BnNCH2CHH), 1.50 (1H, m,
TsNCH2CH), 1.66 (1H, dt, J 12.5, 7.5, BnNCH2CHH), 2.03


(3H, s, COCH3), 2.11 (1H, dd, J 17.6, 10.5) and 2.34 (1H,
dd, J 17.6, 3.2, CH2COMe), 2.39 (3H, s, ArCH3), 2.58 (1H,
m) and 2.65 (1H, ddd, J 9.0, 7.5, 4.6, BnNCH2), 2.89 (1H,
t, J 12.2) and 3.88 (1H, dd, J 12.2, 6.9, TsNCH2), 4.00 (1H,
d, J 13.8) and 4.08 (1H, d, J 13.8, NCH2Ph), 4.50 (1H, s,
NCHN), 7.18–7.35 (7H, m, ArH), 7.78 (2H, d, J 8.2, ArH o- to
SO2); dC (125 MHz; CDCl3) 21.5 (ArCH3), 24.4 (NCHCCH3),
30.1 (O=CCH3), 31.0 (BnNCH2CH2), 41.4 (CH2COMe), 42.7
(TsNCH2CH), 50.1 (BnNCH2), 52.1 (NCHCMe), 52.6 (TsNCH2),
55.3 (NCH2Ph), 90.2 (NCHN), 126.7, 127.4, 128.1, 128.8, 129.7
(aromatic CH), 137.0, 139.0, 143.3 (aromatic C), 206.5 (C=O);
m/z (ESI+) 449 (MNa+, 45%), 427 (MH+, 100), 242 (39). HRMS
found 427.2047. Calc. for C24H31N2O3S (MH+) 427.2055.


3-[(1RS,4SR,5RS)-8-Benzyl-5-methyl-2-(4-tolylsulfonyl)-2,8-
diazabicyclo[3.3.0]oct-4-yl] -2-(tert -butyldimethylsilanyloxy)pro-
panal 38. To a solution of aldehyde 32 (0.32 g, 0.78 mmol) and
TBSCN (0.22 g, 1.6 mmol) in CH2Cl2 (0.5 mL) was added LiCl
(0.3 M solution in CH2Cl2, prepared by sonication for 15 min,
26 lL, 7.8 lmol) and the mixture was stirred for 2 d. The mixture
was diluted with H2O (5 mL) and the organic materials were
extracted with EtOAc (3 × 5 mL), washed with brine (5 mL), dried
(MgSO4) and concentrated. Purification by flash chromatography
(SiO2; EtOAc–petrol 1 : 19 → 3 : 17) afforded a 3 : 2 diastereomeric
mixture of protected cyanohydrins (0.37 g, 88%) as a pale yellow
oil; mmax/cm−1 (CHCl3 cast) 2933 (CH), 2332 (C≡N), 1599, 1458,
1348, 1159; dH (500 MHz, CDCl3) 0.10, 0.15 and 0.18 (6H, 3
× s, Si(CH3)2), 0.85, 0.90 and 0.91 (12H, 3 × s, NCHCCH3 and
C(CH3)3), 1.14–1.23 (1H, m, BnNCH2CHH), 1.32–1.42 (1H, m,
TsNCH2CH), 1.49–1.62 (1H, m, CHHCHOTBS), 1.63–1.75 (2H,
m, BnNCH2CHH and CHHCHOTBS), 2.39 (3H, s, ArCH3),
2.55–2.62 (1H, m) and 2.64–2.71 (1H, m, BnNCH2), 3.01 (0.4H,
t, J 12.2), 3.04 (0.6H, t, J 12.2) and 3.85–3.93 (1H, m, TsNCH2),
3.98–4.04 (1H, m), 4.08 (0.6H, d, J 14.0) and 4.09 (0.4H, d, J 14.0,
NCH2Ph), 4.28 (0.6H, t, J 6.0) and 4.44 (0.4H, t, J 4.3, CHOTBS),
4.56 (0.6H, s) and 4.57 (0.4H, s, NCHN), 7.19–7.34 (7H, m, ArH),
7.72–7.77 (2H, m, ArH o- to SO2); dC (125 MHz; CDCl3) −5.5,
−5.3, −5.2 (Si(CH3)2), 17.9, 18.0 (CMe3), 21.5 (ArCH3), 24.4
(NCHCCH3), 25.5 (C(CH3)3), 30.9 (BnNCH2CH2), 34.1, 34.7
(CH2CHOTBS), 43.8, 44.2 (TsNCH2CH), 50.1 (BnNCH2), 52.8,
53.0 (NCHCMe), 52.7, 53.5 (TsNCH2), 55.4, 55.5 (NCH2Ph),
61.0, 61.5 (CHOTBS), 89.9 (NCHN), 119.0, 119.4 (C≡N), 126.7,
126.8, 127.1, 127.2, 128.1, 128.8, 129.9 (aromatic CH), 136.9,
137.1, 139.0, 143.4, 143.6 (aromatic C); m/z (FAB+) 576 (MNa+,
93%), 554 (MH+, 78), 381 (100), 176 (58). HRMS found 576.2702.
Calc. for C30H43N3O3SSiNa (MNa+) 576.2692.


To a solution of the silylated cyanohydrin (0.28 g, 0.51 mmol)
in toluene (5 mL) at −78 ◦C was added DIBAL (20 wt% in
toluene, 0.68 mL, 0.82 mmol) dropwise. After stirring for 1.5 h
at −78 ◦C, aqueous sodium potassium tartrate (0.5 M, 5 mL)
was added and the stirring mixture was allowed to warm to room
temperature. After 30 min, the organic materials were extracted
with EtOAc (3 × 5 mL), washed with brine (5 mL), dried (MgSO4)
and concentrated. Purification by flash chromatography (SiO2;
EtOAc–petrol 1 : 19 → 1 : 9) afforded a 3 : 2 diastereomeric
mixture of aldehydes 38 (0.12 g, 42%) as a pale yellow oil; mmax/cm−1


(CHCl3 cast) 2934 (CH), 1702 (C=O), 1597, 1460, 1339, 1159; dH


(500 MHz, CDCl3) 0.03 (3.6H, s) and 0.07 (2.4H, s, Si(CH3)2),
0.87, 0.89, 0.91 (12H, 3 × s, NCHCCH3 and C(CH3)3), 1.09–
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1.21 (1.4H, m, TsNCH2CHminor and BnNCH2CHH), 1.35–1.76
(3.6H, m, BnNCH2CHH, CH2CHOTBS and TsNCH2CHmajor),
2.41 (3H, s, ArCH3), 2.54–2.61 (1H, m) and 2.64–2.71 (1H,
m, BnNCH2), 2.96 (0.4H, t, J 12.0) and 2.97 (0.6H, t, J 12.0,
TsNCHH), 3.67 (0.6H, dd, J 12.2, 6.9, TsNCHHmajor), 3.79–3.87
(0.8H, m, CHminorOTBS and TsNCHHminor), 3.89–3.92 (0.6H, m,
CHmajorOTBS), 3.96 (0.4H, d, J 13.5), and 3.98 (0.6H, d, J 13.5,
NCHHPh) 4.07 (0.6H, d, J 13.5) and 4.10 (0.4H, d, J 13.5,
NCHHPh), 4.56 (0.4H, s) and 4.58 (0.6H, s, NCHN) 7.17–7.34
(7H, m, ArH), 7.71 (1.2H, d, J 8.3) and 7.72 (0.8H, d, J 8.3,
ArH o- to SO2), 9.41 (0.6H, s) and 9.46 (0.4H, d, J 1.8, CHO); dC


(125 MHz; CDCl3) −5.0, −4.9, −4.7, −4.6 (Si(CH3)2), 18.0, 18.1
(CMe3), 21.5 (ArCH3), 24.2, 24.3 (NCHCCH3), 25.7 (C(CH3)3),
30.5, 30.7, 30.9 (CH2CHOTBS and BnNCH2CH2), 43.5, 43.8
(TsNCH2CH), 50.1, 50.3 (BnNCH2), 52.9, 53.0 (NCHCMe), 53.1,
53.4 (TsNCH2), 55.7 (NCH2Ph), 76.5, 76.6 (CHOTBS), 89.9, 90.0
(NCHN), 126.7, 127.0, 127.1, 127.2, 128.1, 128.8, 129.8, 129.9
(aromatic CH), 137.3, 137.5, 139.0, 143.1, 143.2 (aromatic C),
204.6, 205.5 (CHO); m/z (FAB+) 557 (MH+, 34%), 286 (23), 173
(100), 154 (93). HRMS found 557.2883. Calc. for C30H45N2O4SSi
(MH+) 557.2870.


(1RS,2RS,6RS,7RS,10RS)-3-Benzyl-1-(tert-butyldimethylsil-
anyloxy)-6-methyl-9-(4-tolylsulfonyl)-3,9-diazatricyclo[5.3.1.02,6]-
undecan-10-ol 42. To a solution of aldehydes 38 (0.03 g,
0.05 mmol) in MeOH (0.5 mL) was added AcOH (0.012 mL,
0.22 mmol) and the mixture was stirred at room temperature for
16 h, then at 65 ◦C for a further 30 h. After cooling to room
temperature, the mixture was concentrated, diluted with EtOAc
(5 mL) and washed with saturated aqueous NaHCO3 (5 mL).
The organic materials were extracted from the aqueous layer
with EtOAc (2 × 5 mL), and the combined organic extracts
washed with brine (5 mL), dried (MgSO4) and concentrated.
Purification by flash chromatography (SiO2; EtOAc–petrol 1 :
9 → 1 : 4) afforded slightly impure tricycle 42 (0.017 g, ca. 47%)
as a pale yellow oil; mmax/cm−1 (CHCl3 cast) 3412 (OH), 2926
(CH), 1599, 1456, 1336, 1159 (SO2); dH (500 MHz; CDCl3) 0.11
(3H, s) and 0.15 (3H, s, Si(CH3)2), 0.86 (9H, s, C(CH3)3), 0.88
(3H, s, NCHCCH3), 1.46 (1H, dd, J 12.5, 5.8, BnNCH2CHH),
1.50–1.75 (4H, m, BnNCH2CHH, TsNCH2CH, CHHCOTBS
and OH), 2.11 (1H, d, J 11.8, CHHCOTBS), 2.33 (1H, s,
BnNCHCMe), 2.42 (ArCH3), 2.43 (1H, m) and 2.90 (1H, dd,
J 9.0, 7.3, BnNCH2), 3.03 (1H, dd, J 11.3, 1.5) and 3.21 (1H, m,
TsNCH2), 3.47 (1H, d, J 13.1) and 4.04 (1H, d, J 13.1, NCH2Ph),
5.30 (1H, s, NCHOH), 7.20–7.37 (7H, m, ArH), 7.79 (2H, d, J
8.3, ArH o- to SO2); dC (125 MHz; CDCl3) −4.3, −3.9 (Si(CH3)2),
18.5 (CMe3), 21.4 (NCHCCH3), 21.5 (ArCH3), 26.1 (C(CH3)3),
33.7 (CH2COTBS), 39.4 (BnNCH2CH2), 41.1 (TsNCH2CH), 44.0
(TsNCH2), 49.3 (NCHCMe), 52.8 (BnNCH2), 62.3 (NCH2Ph),
76.4 (BnNCHCMe), 79.3 (COTBS), 84.2 (CHOH), 127.2, 127.9,
128.4, 128.6, 129.4 (aromatic CH), 136.7, 139.0, 143.3 (aromatic
C), m/z (EI+) 556 (M+, 2%), 499 (67), 269 (86), 95 (100). HRMS
found 556.2781. Calc. for C30H44N2O4SSi (M+) 556.2786.
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Functional molecules such as dyes (Methyl Red, azobenzene, and Naphthyl Red) were tethered on
D-threoninol as base surrogates (threoninol-nucleotide), which were consecutively incorporated at the
center of natural oligodeoxyribonucleotides (ODNs). Hybridization of two ODNs involving
threoninol-nucleotides allowed interstrand clustering of the dyes on D-threoninol and greatly stabilized
the duplex. When two complementary ODNs, both of which had tethered Methyl Reds on consecutive
D-threoninols, were hybridized, the melting temperature increased proportionally to the number of
Methyl Reds, due to stacking interactions. Clustering of Methyl Reds induced both hypsochromicity
and narrowing of the band, demonstrating that Methyl Reds were axially stacked relative to each other
(H-aggregation). Since hybridization lowered the intensity of circular dichroism peaks at the p–p*
transition region of Methyl Red (300–500 nm), clustered Methyl Reds were scarcely wound in the
duplex. Alternate hetero dye clusters could also be prepared only by hybridization of two ODNs with
different threoninol-nucleotides, such as Methyl Red–azobenzene and Methyl Red–Naphthyl Red
combinations. A combination of Methyl Red and azobenzene induced bathochromic shift and
broadening of the band at the Methyl Red region due to the disturbance of exciton interaction among
Methyl Reds. But interestingly, the Methyl Red and Naphthyl Red combination induced merging of
each absorption band to give a single sharp band, indicating that exciton interaction occurred among
the different dyes. Thus, D-threoninol can be a versatile scaffold for introducing functional molecules
into DNA for their ordered clustering.


Introduction


Modification of nucleotides is one of the most active research
fields in chemical biology. A wide variety of modified oligodeoxyri-
bonucleotides (ODNs) have been synthesized for reasons such as
expansion of the genetic alphabet,1 antigene or antisense therapy,2


and fluorescent labeling.3 Moreover, ODNs have been also utilized
as a scaffold for preparing supramolecular arrays.4–6 For example,
Tanaka and Shionoya et al. reported on metal arrays of copper(II)
ions in an ODN double helix by introducing metal ligands into
the base positions.4 Kool et al. reported on arrays of fluorescence
dyes, made by consecutively introducing dyes into a single strand.5


They succeeded in constructing arrays of functional molecules of
pre-determined size and number. In these reports, metal ligands
or fluorescent dyes were introduced at the C1′ position of D-ribose
as non-natural bases.


aGraduate School of Engineering, Nagoya University, Furocho, Chikusa,
Nagoya, 464-8603, Japan. E-mail: asanuma@mol.nagoya-u.ac.jp;
Fax: +81-52-789-2528; Tel: +81-52-789-2488
bCore Research for Evolution Science and Technology (CREST), Japan
Science and Technology Agency (JST), Kawaguchi, Saitama, 332-0012,
Japan
† Electronic supplementary information (ESI) available: UV–Vis spectra
of single-stranded M1b, Z3a–M3b and Methyl Red–Naphthyl Red het-
ero aggregates containing spacers; tables listing melting temperatures,
absorption maxima and half-line widths of Ana–Mnb duplexes. See DOI:
10.1039/b806406g


One of the reasons for utilizing D-ribose is that functional
molecules can be incorporated into natural ODNs without
distorting their natural B-type structure. Furthermore, functional
molecules on natural nucleotides can be substrates of DNA
or RNA polymerase, and in some cases can be enzymatically
incorporated into ODNs.7 This latter purpose inevitably requires
the natural D-ribose backbone. However, there is no limitation
on the structure of a scaffold when the ODNs are designed
for use as supramolecular material scaffolds and are not en-
zymatically but chemically synthesized. Non-natural scaffolds
should extend the variety of ODNs and their helical structure,
and will lead to new functional supramolecular helices without
the assistance (and limitations) of natural nucleotides. Although
many non-natural scaffolds have been proposed so far,8 most
of them were aimed at tethering natural nucleobases (such as
thymine and adenine) and were mainly focused on resistance
to enzymatic breakdown for use in antisense strand gene ther-
apies. Thus, only a limited number have been reported on non-
natural and chiral scaffolds for tethering non-natural functional
molecules.9


Threoninol is an amino acid derivative that can be synthesized
by one-step reduction from threonine.10 Previously, we have
synthesized modified ODNs incorporating D-threoninol (not the
L-form) as a linker,11 and found that even non-natural molecules
on this linker intercalated between base pairs without destabi-
lizing the duplex. Here, we propose D-threoninol as a useful
scaffold (threoninol-nucleotide) of various non-natural functional
molecules for incorporating them into ODNs and tethering
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various dyes on to it, without disturbing hybridization to a com-
plementary ODN. In our design, non-natural functional molecules
on D-threoninol (threoninol-nucleosides) are introduced at the
counterpart of each strand to form a pseudo “base-pair”. Larger
molecules than natural bases can be introduced and pseudo “base-
pairs” stabilize the duplex by intermolecular stacking interactions
as depicted in Scheme 1. By this design, highly organized molecular
clusters can be easily constructed without disturbing the duplex.
Such molecular clusters are applicable to nonlinear optical mate-
rials and molecular wire as well as detection of single nucleotide
polymorphisms and so on. Recently, Brotschi et al. reported
zipper-like DNA that tethered aromatic non-natural bases on
D-ribose, and the duplex was stabilized by interstrand stacking
of the incorporated molecules.12 We use D-threoninol instead
of D-ribose as a scaffold and expect interstrand anti-parallel
stacking with a larger cross-section area due to the flexibility of
threoninol.


Scheme 1 Schematic illustration of stabilization by insertion of threoni-
nol-nucleotides of (A) homo and (B) hetero pairs.


In the present study, three threoninol-nucleotides tethering
Methyl Red (M), Naphthyl Red (N) and azobenzene (Z) were
prepared and incorporated into ODNs (Scheme 1). Interstrand
stacking of these dyes was investigated from UV–Vis and CD
spectra as well as the melting profiles of the resulting duplexes. We
found that D-threoninol could be a useful scaffold of non-natural
molecules, for their clustering in the duplex and stabilization of
the duplex. By these threoninol-nucleotides, homo- and alternate
hetero-clusters can be easily designed and synthesized.


Results


1. Effect of the pairing of threoninol-nucleotides on the melting
temperature


Homo-combination. The sequences of the ODNs involving
threoninol-nucleotides are shown in Scheme 2: threoninol-
nucleotides (M, N, and Z in Scheme 2) were introduced con-
secutively into the middle of ODNs. Here, they are located at the
counterpart of each strand to form a pseudo “base-pair” with
an anti-parallel orientation (see Scheme 1). First, the effect of
pairing of threoninol-nucleotides on the stability of the duplex
(melting temperature, Tm) was examined. Fig. 1A shows Tms of
Mna/Mnb (circles), Zna/Znb (triangles), and Mna/Znb (squares)
determined from the change of absorbance at 260 nm. When M1a
and M1b, both of which involve single threoninol-nucleotide of
Methyl Red (M residue), were hybridized, its Tm was determined
as 50.5 ◦C as listed in Table 1 (and also plotted in Fig. 1A), which


Scheme 2 Sequences of ODNs synthesized in this study.


Fig. 1 Melting temperatures of (A) threoninol-nucleotide pairs of Mna–Mnb and Zna–Znb involving Methyl Red and azobenzene homo clusters,
respectively, and Zna–Mnb involving an azobenzene–Methyl Red hetero cluster, (B) a natural and threoninol-nucleotide pair, Ana–Mnb, involving
adenosine and Methyl Red. Melting temperatures of T5a–M5b, C5a–M5b, and G5a–M5b are also shown. Melting temperatures of each duplex are listed
in the ESI.† Solution conditions are as follows: [ODN] = 5 lM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer).
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Table 1 Effects of the number of Methyl Red on the melting temperature
(Tm) and absorption maximum and half-line-width of p–p* transition of
Methyl Reda


Sequences Tm/◦C kmax/nmb Half-line widthb/cm−1


N–C 47.7 — —
M1a–M1b 50.5 471 2883
M2a–M2b 51.2 446 3113
M3a–M3b 58.0 437 3112
M4a–M4b 61.7 429 3389
M5a–M5b 66.6 409 3228
M6a–M6b 65.9 404 2639
MS3a–MS3b 50.9 444 4543


a Solution conditions: [ODN] = 5 lM, [NaCl] = 100 mM, pH 7.0 (10 mM
phosphate buffer). b UV–Vis spectrum was measured at 0 ◦C.


Table 2 Melting temperatures of azobenzene–Methyl Red hetero- and
azobenzene homo-clustera


Tm/◦C


n Zna–Mnb Zna–Znb


1 47.6 50.6
2 47.7 52.0
3 52.7 54.5
6 58.6 60.3


a Solution conditions: [ODN] = 5 lM, [NaCl] = 100 mM, pH 7.0 (10 mM
phosphate buffer).


was 2.8 ◦C higher than that of the native N–C duplex (47.7 ◦C).
The Tm increased almost linearly as the number of M residues
(n) increased from 1 to 5 and reached a plateau above n ≥ 5
(see circles in Fig. 1A). Up to n = 5, the rate of Tm increase
was 3.6–3.7 ◦C per M–M pair. Thus, pairing of threoninol-
nucleotides significantly stabilized the duplex. Similarly, the Zna–
Znb combination involving azobenzene instead of Methyl Red
also raised the Tm almost linearly as the dye number increased
to n = 6 (see Table 2 and triangles in Fig. 1A), although the Tm


increase was smaller (around 2.0 ◦C per Z–Z pair) than that of the
M–M pair.


Hetero-combinations of Zna–Mnb. Hetero clusters were also
easily prepared from the two ODNs, each of which had different
threoninol-nucleotides. However, the hetero-combination Zna–
Mnb was less stable in the duplex than the homo-combination


(M–M or Z–Z). As summarized in Table 2, the Tms of Z1a–
M1b and Z2a–M2b were 47.6 and 47.7 ◦C, respectively, which
were almost the same as that of the native N–C duplex, and were
even lower than the Tms of corresponding homo-combinations. In
the cases of Z3a–M3b and Z6a–M6b, the Tms were fairly high,
although they were still lower than those of homo-combinations.
The order of stability was M–M > Z–Z > Z–M, indicating that
threoninol-nucleotides recognized themselves.


Hetero-combinations of natural nucleotides and Mnb. In order
to examine the possibility of clustering of threoninol-nucleotides
with natural ones (A, T, G, and C), Mnb was hybridized with
natural ODN Ana involving an adenosine oligomer at its center.
But unlike the threoninol-nucleotide pairs, the Ana–Mnb combi-
nation uniformly decreased in Tm with an increase in the number of
adenosines (n), and the Tm of the A5a–M5b duplex became as low
as 24.8 ◦C, which was 23 ◦C lower than the native N–C, as shown in
Fig. 1B.13 Similarly, a combination of threoninol-nucleotide with
other natural ones, thymidine, cytidine, and guanosine (T5a–M5b,
C5a–M5b, and G5a–M5b) also drastically lowered the Tm. Thus,
threoninol-nucleotides did not recognize natural nucleotides.


2. Spectroscopic behavior of the clustering of Methyl Reds


Most of the dyes exhibit distinct spectral changes upon clustering.
Fig. 2A shows the effect of the temperature on the absorption
spectrum of the M3a–M3b duplex. When the temperature was
higher than 60 ◦C, where the duplex was dissociated, the solution
gave an absorption maximum at 432 nm with a relatively broad
peak (both kmax and half-line width of Mna–Mnb duplex are
summarized in Table 1). However, the spectrum became much
narrower upon lowering the temperature below 40 ◦C (compare
dotted line with solid line in Fig. 2A). As shown in Fig. 3, the
melting profiles of M3a–M3b monitored at 260 nm (solid line)
and 420 nm (dotted line), which were derived from the p–p*
transition of Methyl Red moieties, were fairly synchronized. The
Tm determined from 260 nm was 58.0 ◦C, which almost coincided
with that at 420 nm (56.6 ◦C). Furthermore, a simple sum of the
absorption spectra of single-stranded M3a and M3b at 0 ◦C was
obviously different from the spectrum of the M3a–M3b duplex as
shown in Fig. 4: the M3a–M3b duplex (solid line in Fig. 4) showed
narrowing as well as hypsochromicity in its absorption spectrum
compared with their simple sum (dotted line). Thus, we could


Fig. 2 (A) UV–Vis and (B) CD spectra of M3a–M3b at various temperatures. Solution conditions are as follows: [ODN] = 5 lM, [NaCl] = 100 mM,
pH 7.0 (10 mM phosphate buffer).
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Fig. 3 Melting curves of M3a–M3b monitored at 260 nm (solid line) and
420 nm (dotted line). Solution conditions are as follows: [ODN] = 5 lM,
[NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer).


Fig. 4 UV–Vis spectra of M3a–M3b duplex (solid line) and simple sum of
the spectra of their single strands (dotted line) at 0 ◦C. Solution conditions
are as follows: [ODN] = 5 lM, [NaCl] = 100 mM, pH 7.0 (10 mM
phosphate buffer).


conclude that narrowing of the band was mostly attributed to the
clustering of M residues, not to the simple temperature effect.


Clustering also affected circular dichroism (CD) spectra as
depicted in Fig. 2B. At 60 ◦C, the solution of M3a–M3b displayed
a relatively strong positive–negative Cotton effect at the p–p*
transition region of Methyl Red, due to intrastrand exciton
coupling of the chromophore in the single-stranded state (note
that single-stranded M3a and M3b are chiral). However, CD was
not enhanced at all by lowering the temperature. Rather, it became
smaller at 0 ◦C where the cluster was firmly formed.


The number of pairs greatly affected the UV–Vis and CD
spectra as shown in Fig. 5. The absorption maximum of the M1a–


M1b duplex involving two Methyl Reds appeared at 471 nm at
0 ◦C, and an increase in the number of dyes induced continuous
hypsochromic shift: kmax of M2a–M2b, M3a–M3b, and M4a–
M4b were observed at 446, 437, and 429 nm, respectively (see
Table 1). This hypsochromicity is characteristic of the so-called H-
aggregates (H*-aggregates) in which chromophores are vertically
stacked, and increases with the number of chromophores due
to the extended exciton interaction.14 The absorption maximum
tended to converge at around 420 nm as deduced from the
hypsochromic shift from M3a–M3b to M4a–M4b, which was only
8 nm. However, there was a small gap between M4a–M4b and
M5a–M5b. M5a–M5b gave kmax at 409 nm, which was 20 nm
shorter than that of M4a–M4b. In addition, significant narrowing
of the band was induced with this increment (3228 and 2639 cm−1


for M5a–M5b and M6a–M6b, respectively). Such a gap was also
observed in the CD spectra. As shown in Fig. 5B, induced CD
(ICD) was rather small in spite of the clustering of Methyl Reds
when n in MnA–MnB was four and below. But a fairly strong ICD
was observed for both M5a–M5b and M6a–M6b duplexes. These
spectroscopic differences indicate that the stacked structures in
M5a–M5b and M6a–M6b were different from other MnA–MnB
(n ≤ 4).


3. Insertion of spacer at the counterpart of threoninol-nucleotide


Previously, we have reported another type of pairing:15 threoninol-
nucleotide (M residue) and 1,3-propanediol (S in Scheme 2) were
alternately incorporated, and S was located as the counterpart
of M to form a tentative M–S pair, such as MS3a–MS3b in
Scheme 2. In this MS3a–MS3b duplex, threoninol-nucleotides and
spacer residues were introduced alternately into DNA and formed
tentative M–S “base pairs”. Although this design also allowed
Methyl Reds to stack in an anti-parallel orientation, both the
stability of the duplex and spectroscopic behavior were different.
As listed in Table 1, the Tm of MS3a–MS3b was 50.9 ◦C,15a which
was about 3 ◦C higher than the native N–C duplex, but 7 ◦C
lower than M3a–M3b. UV–Vis spectra of M3a–M3b and MS3a–
MS3b are depicted in Fig. 6A. Although both duplexes contained
six M residues, M3a–M3b exhibited a larger hypsochromic shift
than MS3a–MS3b (compare M3a–M3b with MS3a–MS3b in
Table 1). Furthermore, the spectrum of M3a–M3b was much
narrower. These facts indicate stronger exciton interactions among
the chromophores in M3a–M3b than in MS3a–MS3b. However,


Fig. 5 (A) UV–Vis and (B) CD spectra of the Mna–Mnb (1 ≤ n ≤ 6) duplex at 0 ◦C. Solution conditions are as follows: [ODN] = 5 lM, [NaCl] =
100 mM, pH 7.0 (10 mM phosphate buffer).
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Fig. 6 (A) UV–Vis and (B) CD spectra of M3a–M3b (solid line) and MS3a–MS3b (dotted line) at 0 ◦C. Solution conditions are as follows: [ODN] =
5 lM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer).


the CD signal of MS3a–MS3b showed a much stronger positive
and negative Cotton effect than that of M3a–M3b in spite of
weaker exciton interaction (compare dotted line with solid line
Fig. 6B).


4. Effect of hetero-combinations on the spectroscopic behavior


Z6a–M6b combination. As described above, hetero-
combinations such as Zna–Mnb could also form relatively
stable duplexes. In the case of a Mna–Mnb homo-combination,
clustering induced both narrowing and hypsochromicity due
to the extended exciton interaction. In contrast, the Zna–Mnb
combination induced bathochromic shift as well as broadening
of the band at the p–p* region of Methyl Red. Fig. 7 shows
the UV–Vis spectrum of the Z6a–M6b duplex as well as single-
stranded Z6a and M6b under the same buffer conditions. M6b
in the absence of Z6a gave kmax at 415 nm with a half-line width
of 3662 cm−1 as shown by the broken line in Fig. 7. Since M1b
involving a single Methyl Red had kmax at 481 nm (see Fig. S-1
in the ESI†), Methyl Red chromophores in M6b excitonically
interacted in the single-stranded state.16 By hybridization with
Z6a, however, kmax shifted to 429 nm with a half-line width
of 4169 cm−1. This bathochromicity and peak broadening
demonstrated that Methyl Red and azobenzene moieties stacked
alternately and intramolecular stacking among Methyl Reds in


Fig. 7 UV–Vis spectra of a hetero-cluster of Methyl Red and azobenzene
(Z6a–M6b; solid line), single-stranded Z6a (dotted line) and M6b (broken
line) at 0 ◦C. Solution conditions are as follows: [ODN] = 5 lM, [NaCl] =
100 mM, pH 7.0 (10 mM phosphate buffer).


the single strand was weakened by azobenzene moieties. Similar
broadening was also observed with Z3a–M3b (see Fig. S-2 in the
ESI†).


N3a–M3b combination. Single-stranded N3a showed a broad
peak at 506 nm, whereas the kmax of M3b appeared at 441 nm at
0 ◦C, as depicted by broken and dashed–dotted lines in Fig. 8A,
respectively.17 Interestingly, unlike the Z6a–M6b or Z3a–M3b case,


Fig. 8 (A) UV–Vis spectra of the N3a–M3b duplex (solid line), single-stranded N3a (broken line), M3b (dashed–dotted line), and a simple sum of their
spectra (dotted line) at 0 ◦C. (B) UV–Vis spectra of N3a–M3b at various temperatures. Solution conditions are as follows: [DNA] = 5 lM, [NaCl] =
100 mM, pH 5.0 (10 mM MES buffer).
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a sharp peak appeared at 466 nm by hybridization of N3a with
M3b. This peak was completely different from the sum of the
spectra of single strands that showed broad peaks with a shoulder
(compare solid and dotted lines). This sharp peak reversibly
broadened above 60 ◦C where the duplex was dissociated as shown
in Fig. 8B. Previously, we have demonstrated that alternate hetero-
stacking of Methyl Red and Naphthyl Red allowed merging of
each band to a give single peak for the NS3a–MS3b duplex in
which three N–S and S–M pairs were introduced alternately.18


Here, removal of the spacer residue (S) from NS3a–MS3b also
induced further hypsochromic shift and narrowing of the band
as observed for MS3a–MS3b and M3a–M3b (see Fig. S-3 in the
ESI†).


A5a–M5b combination. Fig. 9 shows the UV–Vis spectra of
the A5a–M5b duplex when changing the temperature from 40 to
0 ◦C. When the temperature was above 40 ◦C, a relatively sharp
band corresponding to the single-stranded M5b was observed.
But, a large bathochromic shift as well as broadening of the band
was induced at 0 ◦C where the duplex was formed (note that the
Tm of A5a–M5b was 24.8 ◦C). Hyperchromicity was also observed
concurrently.


Fig. 9 UV–Vis spectra of the A5a–M5b duplex at various temperatures.
Solution conditions are as follows: [DNA] = 5 lM, [NaCl] = 100 mM,
pH 7.0 (10 mM phosphate buffer).


Discussion


1. Stable “base-pairing” of homo threoninol-nucleotides
in the duplex


In the present design, “threoninol-nucleotides”, in which func-
tional molecules are tethered on D-threoninols, are introduced at
the counterpart of each strand to form a pseudo “base-pair”. Such
sequence design allowed significant stabilization of the duplex in
cases of homo-combination (see Fig. 1A and Table 1). The increase
in Tm is derived from the interstrand stacking interaction among
the chromophores. But the Methyl Red combination (Mna–Mnb)
showed an even higher Tm than the azobenzene combination
(Zna–Znb). This is probably attributed to the stronger dipole–
dipole interaction of Methyl Reds because of the push (–N(CH3)2)
and pull (–CONH–) substituents. Such alternate stacking also
affected the spectroscopic behavior of the dyes: hybridization of
M3a and M3b induced hypsochromic shift and narrowing of the
band with respect to the simple sum of their spectra (Fig. 4).
Furthermore, increases in the number of M residues caused


continuous hypsochromic shift (see Fig. 5A). These shifts are
characteristic features of molecular clusters where the molecules
are stacked in a face-to-face manner (H-aggregates).14


2. Stacked structure of the Mna–Mnb duplex


Previously, we have reported that threoninol-nucleotide tethering
Methyl Red and 1,3-propanediol (S in Scheme 2) were alternately
introduced at the center of the DNA sequence, such as MS3a
and MS3b, and the dyes from both strands were stacked with
each other. By this sequence design, a molecular cluster was
also successfully prepared in the duplex. However, these stacked
structures were different from each other as estimated from the
UV–Vis and CD spectra. In our previous design involving S
residues (MS3a–MS3b), positive and negative CD was strongly
induced by hybridization, whereas the present M3a–M3b duplex
did not show such ICD (compare solid line with dotted one
in Fig. 6B). Similarly, ICD was rather small up to four M–M
pairs (see Fig. 5B). These ICD demonstrate that Methyl Reds in
MS3a–MS3b formed a right-handed helix resembling natural B-
type DNA, and removal of S residue (M3a–M3b) made the helix
rewind. In MS3a–MS3b, winding made the Methyl Reds stack
as shown in Fig. 10A because each M residue was separated by
an S residue. But in the absence of S, Methyl Reds did not need
winding in order to form a firmly stacked structure (Fig. 10B).
The threoninol scaffold would allow such a ladder-like structure
due to its flexibility.19 Consequently, the stacking area in M3a–
M3b became larger than that in MS3a–MS3b and thus M3a–M3b
duplex exhibited a larger hypsochromic shift and narrower band
than MS3a–MS3b due to the stronger exciton coupling (compare
solid line with dotted one in Fig. 6A).


Fig. 10 Illustration of the possible structure of (A) MS3a–MS3b duplex
involving spacer residue S and (B) M3a–M3b duplex as elucidated from
CD spectra.


However, the UV–Vis and CD spectra of M5a–M5b and M6a–
M6b were different from other Mna–Mnb spectra. In particular,
M6a–M6b had stronger ICD with a narrower half-line width (see
Fig. 5B and Table 1). Furthermore, the Tm did not increase above
n = 5, indicating that M5a–M5b and M6a–M6b (especially M6a–
M6b) adopted different stacked structures. Since multiplication
of dyes caused fairly stable intramolecular stacking even in the
single-stranded DNA,20 distal benzene rings of the Methyl Reds
from both strands would be partially stacked with each other.
Accordingly, the reduced stacked area diminished intermolecular
stacking and suppressed further stabilization of the duplex.


3. Effect of hetero-combinations on the melting temperature and
spectroscopic behavior


Hetero combinations such as Zna–Mnb did not destabilize the
duplex but raised the Tm with an increase in the number of
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threoninol-nucleotides, although the Tm was smaller than that
of the corresponding homo combinations. Such an increase in
the Tm was associated with the alternate interstrand stacking of
the dyes, which also affected the spectroscopic behavior of the
Methyl Reds: when Z6a was hybridized with M6b, broadening and
bathochromic shift of the band were observed (Fig. 7). Since the
overlapping region of the UV–Vis spectrum between Methyl Red
and azobenzene was very small, alternate stacking of Methyl Red
and azobenzene disturbed excitonic interaction among the Methyl
Red chromophores by the intervening azobenzenes. In contrast,
hetero combinations with much wider overlapping absorption
(N3a–M3b combination, see Fig. 8) showed merging of two bands
into a single sharp one due to strong exciton coupling among the
alternate stacked dyes.18,21


Unlike this threoninol-nucleotide combination, hybridization
of threoninol-nucleotides with natural ones such as in Ana–Mnb,
significantly destabilized the duplex as shown in Fig. 1B. This
result indicates that dyes on D-threoninol are difficult to stack with
molecules on D-ribose.22 Spectroscopic behavior also reflected a
non-stacked structure of Methyl Reds: both bathochromicity and
broadening by hybridization of A5a–M5b were attributable to the
disordering of the intrastrand Methyl Reds cluster. In addition,
hyperchromism was clearly observed following hybridization.
Similar bathochromicity and broadening were also observed
for Z6a–M6b. However, hyperchromicity was not seen because
azobenzene and Methyl Reds were firmly stacked. In contrast,
hybridization of A5a with M5b untied the ordered stacking of
Methyl Red in the single-stranded M5b. Although the number of
carbons between the phosphodiester linkage was the same in both
cases, the rigid ribose scaffold would be incompatible with flexible
D-threoninol.


Conclusions


(1) Threoninol-nucleotides tethering non-natural functional
molecules such as dyes on D-threoninols were consecutively
incorporated at the center of an ODN, and an interstrand
molecular cluster was successfully prepared by hybridizing them.
Clustering of dyes evenly raised the melting temperature due to
the stacking interactions.


(2) Interstrand homo-clustering of the dyes (Methyl Reds)
exhibited both hypsochromic shift and narrowing of the band,
which were characteristic of H-aggregates (H*-aggregates) in
which chromophores were vertically stacked. The cluster formed
in the duplex was unwound as elucidated from CD spectra.


(3) An alternate hetero cluster was easily prepared by hybridiz-
ing two strands involving different threoninol-nucleotides. With
a Methyl Red and azobenzene combination (Zna–Mnb), both
bathochromicity and broadening of the band were observed due
to the disturbance of exciton interactions among Methyl Reds. In
contrast, merging of the bands was observed with the Naphthyl
Red–Methyl Red combination (N3a–M3b).


Thus, D-threoninol can be a versatile linker for introducing func-
tional molecules into DNA and stabilizing duplexes. Threoninol-
nucleotides facilitate clustering of various functional molecules.
With this method, the preparation of highly organized molecular
clusters for use as molecular wires or non-linear optical effects is
promising.23


Experimental


Materials


All the conventional phosphoramidite monomers, CPG columns,
reagents for DNA synthesis and Poly-Pak II cartridges were
purchased from Glen Research. Other reagents for the synthesis
of phosphoramidite monomer were purchased from Tokyo Kasei
Co., Ltd, and Aldrich.


Synthesis of the modified DNA involving Methyl Red, Naphthyl
Red and azobenzene


All the modified DNAs were synthesized on an automated DNA
synthesizer (ABI-3400 DNA synthesizer, Applied Biosystems) by
using phosphoramidite monomers bearing dye molecules synthe-
sized according to previous reports,11a,15a,24 and other conventional
ones. Coupling efficiency of the monomers corresponding to
modified residues was as high as the conventional ones as judged
from the coloration of released trityl cation. After the recom-
mended work-up, they were purified by reversed-phase HPLC
and characterized by MALDI-TOFMS (Autoflex II, BRUKER
DALTONICS).


MALDI-TOFMS for:
M1a: Obsd. 4062 (Calcd. for [M1a + H+]: 4063). M1b: Obsd.


4065 (Calcd. for [M1b + H+]: 4063). M2a: Obsd. 4481 (Calcd.
for [M2a + H+]: 4481). M2b: Obsd. 4481 (Calcd. for [M2b + H+]:
4481). M3a: Obsd. 4899 (Calcd. for [M3a + H+]: 4899). M3b: Obsd.
4899 (Calcd. for [M3b + H+]: 4899). M4a: Obsd. 5318 (Calcd. for
[M4a + H+]: 5317). M4b: Obsd. 5317 (Calcd. for [M4b + H+]:
5317). M5a: Obsd. 5735 (Calcd. for [M5a + H+]: 5735). M5b: Obsd.
5736 (Calcd. for [M5b + H+]: 5735). M6a: Obsd. 6155 (Calcd. for
[M6a + H+]: 6154). M6b: Obsd. 6154 (Calcd. for [M6b + H+]:
6154). Z1a: Obsd. 4020 (Calcd. for [Z1a + H+]: 4020). Z1b: Obsd.
4019 (Calcd. for [Z1b + H+]: 4020). Z2a: Obsd. 4395 (Calcd. for
[Z2a + H+]: 4395). Z2b: Obsd. 4396 (Calcd. for [Z2b + H+]: 4395).
Z3a: Obsd. 4770 (Calcd. for [Z3a + H+]: 4770). Z3b: Obsd. 4771
(Calcd. for [Z3b + H+]: 4770). Z6a: Obsd. 5898 (Calcd. for [Z6a +
H+]: 5895). Z6b: Obsd. 5898 (Calcd. for [Z6b + H+]: 5895). N3a:
Obsd. 5050 (Calcd. for [N3a + H+]: 5049).


Spectroscopic measurements


The UV–visible and CD spectra were measured on a JASCO model
V-550 and a JASCO model J-730, respectively, with a 10 mm quartz
cell. Both of them were equipped with programmed temperature-
controllers. Conditions of the sample solutions were as follows
(unless otherwise noted): [NaCl] = 100 mM, pH 7.0 (10 mM
phosphate buffer), [DNA] = 5 lM. For measurements at pH 5.0,
10 mM MES buffer was used.


Measurement of melting temperature


The melting curve of duplex DNA was obtained with the above
apparatus by measuring the change of absorbance at 260 nm versus
temperature (unless otherwise noted). The melting temperature
(Tm) was determined from the maximum in the first derivative
of the melting curve. Both the heating and cooling curves were
measured, and the Tm obtained from them coincided with each
other to within 2.0 ◦C.
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R. Häner, Angew. Chem., Int. Ed., 2007, 46, 4464; (e) J. Chiba, S.
Takeshima, K. Mishima, H. Maeda, Y. Nanai, K. Mizuno and M.
Inouye, Chem.–Eur. J., 2007, 13, 8124.


7 Y. Cho and E. T. Kool, ChemBioChem, 2006, 7, 669.
8 For example: (a) K. S. Ramasamy and W. Seifert, Bioorg. Med. Chem.


Lett., 1996, 6, 1799; (b) V. S. Rana, V. A. Kumar and K. N. Ganesh,
Bioorg. Med. Chem. Lett., 1997, 7, 2837; (c) L. Zhang, A. E. Peritz and
E. Meggers, J. Am. Chem. Soc., 2005, 127, 4174.


9 (a) P. S. Nelson, M. Kent and S. Muthini, Nucleic Acids Res., 1992, 20,
6253; (b) K. Yamana, T. Iwai, Y. Ohtani, S. Sato, M. Nakamura and H.
Nakano, Bioconjugate Chem., 2002, 13, 1266; (c) U. B. Christensen
and E. B. Pedersen, Nucleic Acids Res., 2002, 30, 4918; (d) N. N.
Dioubankova, A. D. Malakhov, D. A. Stetsenko, V. A. Korshun and
M. J. Gait, Org. Lett., 2002, 4, 4607; (e) A. Okamoto, T. Ichiba and
I. Saito, J. Am. Chem. Soc., 2004, 126, 8364; (f) L. L. Zhang and E.
Meggers, J. Am. Chem. Soc., 2005, 127, 74; (g) V. Linda and H. A.
Wagenknecht, Synlett, 2007, 13, 2111.


10 (a) C. F. Stanfield, J. E. Parker and P. Kanellis, J. Org. Chem., 1981,
46, 4799; (b) M. A. Reynolds, T. A. Beck, R. I. Hogrefe, A. McCaffrey,
L. J. Arnold and M. M. Vaghefi, Bioconjugate Chem., 1992, 3, 366;
(c) K. Fukui, M. Morimoto, H. Segawa, K. Tanaka and T. Shimidzu,


Bioconjugate Chem., 1996, 7, 349; (d) A. K. Sharma, P. Kumar and
K. C. Gupta, Helv. Chim. Acta, 2001, 84, 3643.


11 (a) H. Asanuma, T. Takarada, T. Yoshida, D. Tamaru, X. G. Liang and
M. Komiyama, Angew. Chem., Int. Ed., 2001, 40, 2671; (b) X. G. Liang,
H. Asanuma, H. Kashida, A. Takasu, T. Sakamoto, G. Kawai and M.
Komiyama, J. Am. Chem. Soc., 2003, 125, 16408.


12 (a) C. Brotschi and C. J. Leumann, Angew. Chem., Int. Ed., 2003, 42,
1655; (b) C. Brotschi, G. Mathis and C. J. Leumann, Chem.–Eur. J.,
2005, 11, 1911.


13 Melting temperatures of Ana–Mnb, T5a–M5b, C5a–M5b, and G5a–
M5b are listed in Table S-1 in the ESI.† Absorption maxima and half-
line widths of the band of Methyl Red in these duplexes are also shown.


14 (a) M. Kasha, Radiat. Res., 1963, 20, 55; (b) K. Norland, A. Ames and
T. Taylor, Photogr. Sci. Eng., 1970, 14, 295.


15 (a) H. Asanuma, K. Shirasuka and M. Komiyama, Chem. Lett., 2002,
490; (b) H. Kashida, M. Tanaka, S. Baba, T. Sakamoto, G. Kawai, H.
Asanuma and M. Komiyama, Chem.–Eur. J., 2006, 12, 777.


16 Note that Z6a did not show either narrowing or hypsochromicity,
indicating that azobenzenes were not excitonically interacting.


17 Spectra were measured at pH 5.0 because Naphthyl Red did not show
distinct exciton coupling in its deprotonated form. The pKa of naphthyl
red was 6.5 in duplex. Thus, UV–Vis spectra of Naphthyl Red–Methyl
Red hetero aggregates were measured at pH 5.0, where Naphthyl
Red moieties were protonated. See ref. 18 for effects of pH on the
spectroscopic behavior of Naphthyl Red.


18 H. Kashida, H. Asanuma and M. Komiyama, Angew. Chem., Int. Ed.,
2004, 43, 6522.


19 According to Leumann et al. (see ref. 12), Bph moieties on D-ribose were
partially stacked with each other and adopted a B-DNA conformation
from CD measurements, suggesting that multiple Bphs adopted a
helical structure. But Methyl Reds on D-threoninol did not adopt such
a wound structure as estimated from the small ICD. We think that the
flexibility of the threoninol scaffold also contributed to the non-helical
structure.


20 The strong CD, especially for M6a–M6b, would be derived from the
single-stranded M6a or M6b, in which Methyl Reds adopted a helical
structure in the single strand.


21 (a) Y. Yonezawa, T. Miyama and H. Ishizawa, J. Imaging Sci. Technol.,
1995, 39, 331; (b) R. A. Garoff, E. A. Litzinger, R. E. Connor, I.
Fishman and B. A. Armitage, Langmuir, 2002, 18, 6330.


22 The difference in hydrophilicity between the dyes and natural nucle-
obases may also induce the destabilization of the duplex.


23 (a) W. Lin, W. Lin, G. K. Wong and T. J. Marks, J. Am. Chem. Soc.,
1996, 118, 8034; (b) O. R. Evans and W. Lin, Acc. Chem. Res., 2002,
35, 511; (c) E. L. Botvinick and J. V. Shah, Methods Cell Biol., 2007,
82, 81.


24 H. Asanuma, H. Kashida, X. G. Liang and M. Komiyama, Chem.
Commun., 2003, 1536.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2892–2899 | 2899








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


Stable helical peptoids via covalent side chain to side chain cyclization†


Belén Vaz and Luc Brunsveld*


Received 23rd April 2008, Accepted 4th June 2008
First published as an Advance Article on the web 26th June 2008
DOI: 10.1039/b806847j


Peptoids are oligomeric N-substituted glycines with potential as biologically relevant compounds.
Helical peptoids provide an attractive fold for the generation of protein–protein interaction inhibitors.
The generation of helical peptoid folds in organic and aqueous media has been limited to strict design
rules, as peptoid-folding is mainly directed via the steric direction of a-chiral side-chains. Here a new
methodology is presented to induce helical folds in peptoids with the aid of side chain to side chain
cyclization. Cyclic peptoids were generated via solid-phase synthesis and their folding was studied. The
cyclization induces significant helicity in peptoids in organic media, aids the folding in aqueous media,
and requires the incorporation of only relatively few chiral aromatic side chains.


Introduction


Foldamers are oligomers that can adopt predictable secondary
structures.1 These secondary foldamer structures can be used
as scaffolds mimicking naturally constrained secondary peptide
structures, known to play a key role in protein–protein interac-
tions, and modulate interactions between proteins.2 In this field,
peptoids, a specific class of foldamers, have emerged as candidates
for pharmaceutical and chemical biology research.3 Peptoids
are oligomeric molecules based on N-substituted glycines which
fold into specific conformations, depending on size, sequence
and environment. Due to their oligomeric nature, peptoids can
relatively easy be synthesized by standard solid-phase methods.4


Additionally, peptoids are resistant to enzyme proteases.5 These
features make peptoids attractive bioactive oligomers to be applied
for example for the modulation of proteins.6 In contrast to
other foldamers, such as b-peptides,7 peptoids do not feature
the possibility to form intramolecular backbone hydrogen bonds
and lack stereochemistry in the backbone. Therefore, the intrinsic
folding of peptoids in secondary structures is limited. Stable
homochiral folds of peptoids are typically only obtained when the
peptoid oligomer sequences follow strict steric and/or electronic
requirements. The tendency to fold in well-ordered conformations
is in those cases mainly directed by the steric constraints imposed
by the side-chains and not by a structuring element in the
backbone of the peptoid. Peptoids thus adopt homochiral helical
secondary structures, especially when bulky side chains with a
stereocenter close to the backbone are present.8 Due to the steric
interactions, the number of energetically accessible conformations
of the peptoid is limited, resulting in oligomers of this type
adopting a helical conformation with cis amide bonds, similar
to the polyproline type I helix.9
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Zuckermann et al. showed that in chiral helical peptoids all of
the amide bonds of the major species were of cis geometry.8,9


Although NMR experiments showed multiple species in slow
exchange,10 the major species was determined to be a regular
helix with three residues per turn and a pitch of approximately
6 Å. Studies by Barron et al. showed the requirements for stable
peptoid helices concerning chain length and sequence:11 (1) N-a-
stereocenters and aromatic substituents should be present in at
least 50% of the monomer composition of the peptoid sequence,
(2) in particular the last residue (at the C-terminus) should feature
an a-chiral substituent and (3) the aromatic side-chain residues
should be positioned to maximize inter side-chain aromatic p–
p interactions, taking into account the repetitive disposition
of three residues per turn. These design parameters result in
relatively hydrophobic and long helical peptoid sequences, soluble
and folding in organic solvents such as acetonitrile. The design
parameters, however, typically do not support aqueous solubility.
The number of peptoids folding into stable helical conformations
in aqueous solution is therefore limited. Barron et al. have reported
water-soluble amphiphatic peptoid helices featuring 12 residues or
more, demonstrating high configurational stability, independent of
solvent environment.12 Shin and Kirshenbaum have prepared (S)-
N-(1-carboxy-2-phenylethyl)glycine peptoid foldamers that are
water soluble, due to the carboxyl functionality in the side chain.13


The combination of the steric bulk in the side chain and the
carboxyl functionalities allows for the folding of these peptoids
in water, with control over their conformation by adjustment of
the pH.


Typically, peptoids that fold into helical conformations in water
are relatively long and feature many chiral aromatic side chains
with little diversity. Aqueous solubility of these peptoids is mainly
conferred by ionic side chains on one side of the helix. The
hydrophobic aromatic groups are replaced with series of a-chiral
hydrophilic side chains with amino, alcohol or carboxylic acid
functional groups. In such a helical peptoid a 3-fold internal rep-
etition pattern is adopted, allowing hydrophobic and hydrophilic
residues to be methodically combined to create a peptoid with an
amphiphilic surface, soluble in water.12,14 Short helical peptoids
are in general not accessible via this approach. Such smaller
and diversely substituted helical peptoids are desirable for several
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biological applications. Side chain to side chain cyclization has
proven to provide a successful entry in stabilizing the helical fold of
other types of oligomers in water15 and has also found application
in peptoid–peptide hybrids.16 Head-to-tail cyclic peptoids have
been shown to provide an entry to limit the number of accessible
conformations.17 Similarly, side chain to side chain cyclization
via the Cu(I)-catalyzed [3 + 2] cycloaddition resulted in cyclic
peptoids with a modified population of conformations in acetoni-
trile.18


Here we present the study of the effect of covalent side chain
to side chain constraining elements on the stabilization of the
helical fold of short peptoids, both in organic and aqueous
media. A series of peptoids derived from the previously reported
helical, but not water-soluble, 6mer- homopeptoid (Nrpe)6, was
designed, synthesized and studied. A covalent bridge between
side chains of varying length was introduced at different po-
sitions in the oligomer. This resulted in cyclic peptoids fea-
turing a lactam bridge at the relative positions i and i + 3
in the peptoid. Subsequently, water solubility conferring side-
chains were inserted in the oligomer, replacing the (R)-N-(1-
phenylethyl)glycine (Nrpe) functionalities, to investigate the helix
stabilizing capacities of the side chain to side chain linkage in
water.


Results and discussion
Peptoid design and synthesis


Three series of 6-mer peptoids were designed in order to investigate
the effect of a lactam bridge between side chains of consecutive
turns on the stabilization of the helical structure of the peptoids
(Scheme 1). The homohexamer (Nrpe)6


9 (Scheme 1) was synthe-
sized and evaluated as a reference for the helical stability studies
of the peptoids in organic solvents. Peptoid series 1 and 2 were
designed to investigate the position and length of the constraining
lactam bridge on helix stabilization in organic solvents. In the
peptoid sequence two Nrpe functionalities were replaced by an
aliphatic residue featuring a carboxylic acid and an aliphatic
residue featuring an amine side chain functionality (Table 1).
Linear analogs (1–3 and 7–9), with the possibility of forming a
charge–charge interaction, and cyclic peptoids (4–6 and 10–12)
were both designed to enable a comparison of the effects of a
salt-bridge and a covalent bridge. A third series of peptoids was
designed in which additional Nrpe functionalities were replaced
by residues featuring polar side-chains. The overall content of
residues with N-a-stereocenters and aromatic substituents was
thus lowered to 50% or 33% and should allow the study of the
folding in water. Similar as for series 1 and 2, series 3 featured


Scheme 1 Library of peptoids 1–22, subdivided in series 1–3, and reference peptoid (Nrpe)6. Nrpe = (R)-N-(1-phenylethyl)glycine, Ncaa =
6-aminocaproic acid, Nbua = 4-aminobutyric acid, Namh = 1,6-diaminohexane, Namb = 1,4-diaminobutane, Nasp = glycine.


Table 1 Amine building blocks for peptoids 1–22


Structure Resulting peptoid side chain


AllylOOC-CH2CH2CH2CH2CH2-NH2 Ncaa = 6-aminocaproic acid
AllylOOC-CH2CH2CH2-NH2 Nbua = 4-aminobutyric acid
AlocHN-CH2CH2CH2CH2CH2CH2-NH2 Namh = 1,6-diaminohexane
BocHN-CH2CH2CH2CH2CH2CH2-NH2


AlocHN-CH2CH2CH2CH2-NH2 Namb = 1,4-diaminobutane
BocHN-CH2CH2CH2CH2-NH2


tBuOOC-CH2-NH2 Nasp = glycine
(R)-Ph-CH(CH3)-NH2 Nrpe = (R)-N-(1-phenylethyl)glycine
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peptoids with either the possibility for charge–charge interactions
via the side chains (13–17) or a covalent linkage (18–22). The pep-
toids were synthesized via the solid-phase submonomer approach,
developed by Zuckermann et al.4 Due to ease of automation
we performed the peptoid synthesis at room temperature in an
automated synthesizer, with coupling times of 1 hour for the
acylation and 1.5 hours for the amination (Scheme 2).


We envisaged performing the synthesis of both the linear and
the cyclic peptoids completely on solid support. This approach
would include a side chain to side chain cyclization on solid
support and therefore required appropriate orthogonally pro-
tected building blocks. The allyl ester for acid functionalities and
allyloxycarbonyl carbamate (Aloc) for amine functionalities have
been widely applied in classical peptide synthesis as protecting
groups orthogonal to the Fmoc/Boc strategy.19 Similarly, we
selected these noble metal labile protecting groups to protect those
side chain functionalities in the peptoid, envisaged for the on-
bead cyclization. Other reactive side chain functionalities in the
peptoids, when present, were protected with appropriate acid labile
protecting groups. The precursor submonomer units mono-Boc
diamines and mono-Aloc diamines were prepared from the free
diamines via reaction with allyl-phenyl carbonate or tert-butoxy-
phenyl carbonate respectively, following a procedure described
before.20 Amino acid allyl esters were prepared as their tosylate
salts by treating the corresponding free amino acid with allyl
alcohol in the presence of p-toluenesulfonic acid.21 An overview of
the amino building blocks used in the synthesis of peptoids 1–22
and the names of the side-chains when incorporated in the peptoid
are given in Table 1.


The linear sequences of the peptoids were assembled on resin via
the reported methodology.4 After assembly the N-terminus of the
peptoid was acetylated to avoid undesired side-reactions during
the subsequent on-bead side-chain to side-chain cyclization. The
allyl and Aloc protecting groups were subsequently selectively
removed with Pd(PPh3)4 in a degassed solution of piperidine–
NMP (80 : 20). At this point, the peptoid-functionalized resin
was divided into two batches, to generate both the linear and
the cyclic peptoids. The on-bead cyclization proved to be most
efficient when HATU was used as dehydrating reagent. The use
of PyBOP resulted in inferior results for this lactamization, as did
the application of additional microwave radiation. Cleavage of the


peptoid from the resin and purification via preparative RP-HPLC
led to the linear and cyclic constrained peptoids in good yields
with purities over 97%. Purities and molecular integrity of the
HPLC-purified products were confirmed by analytical LC-ESI-
MS (Experimental section).


Structural evaluation in organic solvent


The relative degree of helicity of peptoids with a-chiral aromatic
side chains can be assessed by circular dichroism (CD).22 Previous
molecular modeling, NMR and X-ray crystallography studies
showed that it is possible to correlate the helical secondary
structure of this class of peptoids with three characteristic bands
in the CD spectra at 192 nm and 202 nm for the p–p* transition
and at 218 nm for the n–p* transition.11,23 It has been shown that
the CD-band intensity at 202 nm varies inversely with the helical
propensity, with higher maxima indicating higher populations of
trans-amide bond structures and thus less helical character. The
intensities of the bands at 192 and 218 nm are positive indications
of ordered helical folds. The ratio of the bands at 218 and 202 nm
was therefore used to compare the helical propensities of all
peptoids in a semi-quantitative manner. The CD maximum at
218 nm (h218) is directly proportional to the helical content and the
CD band observed at 202 nm (h202) is inversely proportional to the
helicity. As such the ratio h218/h202 should increase with the stability
of the helical secondary structure of the peptoid. By applying this
ratio, peptoids with different proportions of UV-active residues in
their sequences can be compared.


Evaluation of peptoid series 1 with CD spectroscopy revealed
that the linear peptoids 1–3 featured CD spectra with h218/h202


ratios that are significantly lower than that of the reference peptoid
(Nrpe)6 (1.25). (Fig. 1 and 2) Especially peptoid 3 features a
CD spectrum with a shape and h218/h202 ratio (0.66) that is not
representative of a helical conformation. These results show that
replacement of two of the six Nrpe functionalities by two charged
residues significantly lowers the helical stability of the peptoid. The
CD spectra of the cyclic peptoids 4–6 on the other hand feature
a characteristic deep minimum at 192 nm and high maximum at
218 nm, typical of the helical conformation of peptoids. (Fig. 1)
The h218/h202 ratio for these peptoids has even increased with
respect to (Nrpe)6. Especially peptoid 6, the cyclic counterpart of


Scheme 2 General synthetic approach to linear and cyclic peptoids 1–22 via the submonomer approach. The assembly of the peptoid is followed by an
orthogonal deprotection of the amino and the carboxylic functional groups involved in the constraining element and either direct cleavage to generate
the linear peptoids or on-bead cyclization and subsequent cleavage to generate the cyclic peptoids.
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Fig. 1 Representative CD spectra of linear and cyclic peptoids of series 1
in comparison to the reference peptoid (Nrpe)6 in acetonitrile. The cyclic
peptoids (4 and 6) and reference (Nrpe)6 show CD signatures typical for
helical peptoids. The CD spectra of linear peptoids (1 and 3) feature
relatively higher maxima at 202 nm, indicative of lower helical propensity.


Fig. 2 Representative CD spectra of linear and cyclic peptoids of series 2
in comparison to the reference peptoid (Nrpe)6 in acetonitrile. The cyclic
peptoids (10 and 12) and reference (Nrpe)6 show CD signatures typical
for helical peptoids. The CD spectra of linear peptoids (7 and 9) are
characteristic of the absence of helicity.


peptoid 3, features a high h218/h202 ratio (1.51). The introduction
of a covalent bridge between the side-chains at positions i and
i + 3 at the N-terminus of the peptoid thus in all cases stabilizes
the helical conformation of the peptoid. The length of the lactam
bridge, as varied between peptoid 4–6, seems to play a fine-tuning
role in determining the extent of the helical character.


The peptoids in series 2 have the constraining element posi-
tioned at the C-terminus of the peptoid. The linear peptoids
7–9 featured CD spectra that are characteristic of the absence
of helicity. (Fig. 2) The h218/h202 ratios are all in the regime
of 0.5, independent of side chain length (Fig. 3,Table 2). This
shows that the insertion of two charged side chains at the C-
terminus of the linear peptoids results in complete destabilization
of the helical conformation. The effect is significantly stronger
in comparison with the placement of the charged side chains at


Fig. 3 Overview of h218/h202 ratios in acetonitrile for the linear and cyclic
peptoids of series 1 and 2 and reference peptoid (Nrpe)6.


Table 2 Per-residue molar ellipticity values (deg cm2 dmol−1) of all
peptoids and reference peptoid (Nrpe)6 in acetonitrile and water. n.d. =
not determined


Name
h/n (218 nm)
(acetonitrile)


h/n (202 nm)
(acetonitrile)


h218/h202


(acetonitrile) h218/h202 (water)


(Nrpe)6 30484 24348 1.25 n.d.
1 16966 16357 1.04 n.d.
2 15282 14984 1.02 n.d.
3 14209 21440 0.66 n.d.
4 19881 15033 1.32 n.d.
5 19342 14482 1.34 n.d.
6 18509 12224 1.51 n.d.
7 10784 19896 0.54 n.d.
8 8861 19786 0.45 n.d.
9 8964 19637 0.46 n.d.
10 18657 15745 1.18 n.d.
11 17802 16809 1.06 n.d.
12 17481 13591 1.29 n.d.
13 6585 11248 0.59 n.d.
14 3275 4821 0.68 n.d.
15 8943 17721 0.50 n.d.
16 5466 7136 0.77 n.d.
17 14009 17490 0.80 n.d.
18 14916 12789 1.17 n.d.
19 14957 13826 1.08 0.78
20 20074 16240 1.24 0.78
21 20011 13325 1.50 0.85
22 14813 10551 1.40 0.63


the N-terminus of the peptoids, as for peptoids 1–3 in series 1.
The incorporation of a lactam bridge in peptoids 10–12 results
however again in CD spectra typical for peptoids with a high
helical character. The length of the side-chains forming the lactam
bridge again has a slight differentiating effect on the stability.
The results on series 2 clearly show that the cyclization of two
side-chains in the peptoids has a strong helix stabilizing effect;
without this cyclization the peptoids lose their helicity completely.
The importance of a helix stabilizing element at the C-terminus
of peptoids has been previously described.11 Typically this has
been an aromatic a-chiral substituent. The results on series 2 show
that a covalent bridge from the C-terminus to peptoid residue
i + 3 can also fulfil this stabilizing role. When the cyclic bridge is
absent and only a linear amine is positioned at the C-terminus, the
peptoid completely loses helical character. The helical structure in
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series 2 is thus maintained mainly due to the constraining linkage
introduced in the C-terminus.


The strong stabilizing effect of the covalent bridge at the
C-terminus of the series 2 peptoids on the helical character
prompted us to investigate the possibility to replace more Nrpe
monomer units by achiral, linear, and polar monomers. Such
a library would allow us to investigate the reduction of Nrpe
monomers and the generation of short water-soluble peptoids,
possibly with helical character. Based on the stabilizing element
found in series 2, series 3 was designed with the side chain to side
chain covalent bridge located at positions 3 and 6. For a systematic
analysis of the influence of the replacement of Nrpe units and to
ensure water-solubility, an acidic achiral side chain was introduced
in the monomer sequence scanning every available position (1, 2,
3, and 5). This design resulted in peptoids 18–21. Additionally,
peptoid 22 was designed featuring two achiral side chains, bringing
down the total content of aromatic a-chiral substituents to only
33%. For comparison linear analogs 13–17 were made.


Analysis of the CD spectra of peptoids 13–22 in acetonitrile
(Fig. 4 and 5, Table 2) revealed that the cyclic peptoids 18–22
again featured CD signatures indicative of a high helical content
of the peptoid. The CD spectra and the h218/h202 ratios are very
similar to constrained peptoid 11, featuring 4 Nrpe groups, but
without an additional water-solubilizing group. Even peptoid 22,
featuring only 2 aromatic a-chiral substituents, has a high helical
character in acetonitrile. The linear analogs 13–17 feature, as
expected, a CD spectrum indicative of the absence of a helical
conformation. The cyclic element at the C-terminus is thus capable
of stabilizing the helical conformation of a peptoid featuring
as little as 33% Nrpe elements. This results in helical peptoids
that do not follow the previously formulated design rules that
N-a-stereocenters and aromatic substituents should be present
in at least 50% of the monomer composition, and that the last
residue (at the C-terminus) should feature an a-chiral substituent.
The capability of the cyclization to induce helicity in such short
and diversely substituted peptoids, shows the strength of the
cyclization approach.


Fig. 4 Representative CD spectra of linear and cyclic peptoids of series 3
in acetonitrile. The cyclic peptoids (20 and 22) show CD signatures typical
for helical peptoids. The CD spectra of linear peptoids (15 and 17) are
characteristic of the absence of helicity.


Fig. 5 Overview of h218/h202 ratios in acetonitrile for the linear and cyclic
peptoids of series 2 and reference peptoid (Nrpe)6.


Structural evaluation in water


Encouraged by the strong stabilization of helical peptoids 18–
22 in acetonitrile, we evaluated the folding of the peptoids of
series 3 in aqueous media (Fig. 6 and 7, Table 2). Due to the
incorporation of the acidic side chains, these peptoids featured
good water solubility. The CD spectra of the peptoids of series 3 in
buffered (pH 7.2) water (Fig. 6) featured a moderate decrease in the
h218/h202 ratio in comparison with the CD spectra of these peptoids
in acetonitrile. Nevertheless, the signature of the curve still reflects
the presence of a helical conformation. The peptoids featuring 50%
Nrpe monomers (19–21) feature a higher h218/h202 ratio (∼0.80)
than the peptoid that features only 33% Nrpe monomers (22,
h218/h202 ratio 0.62), showing that especially in water structuring
steric side chain interactions still play a major role. It should be
noted that, in contrast to the longer helical peptoid in water
reported in literature,12–14 the cyclic peptoids reported here do
not feature a-chiral hydrophilic side chains, but simple linear side
chains. Overall the results show that water in general has less
helix promoting character for peptoids than acetonitrile does. The


Fig. 6 CD spectra of cyclic peptoids 19–22, in water at pH 7.2. The effect
of the constraining lactam bridge on the helical propensity is reflected in the
typical CD signature of helical peptoids as observed both in acetonitrile
and buffer. In aqueous media, the helical component of the peptoid is
lowered compared to acetonitrile.
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Fig. 7 Overview of h218/h202 ratios in buffer (pH 7.2) and acetonitrile for
the cyclic peptoids 19–22 of series 3.


short peptoids stabilized via a covalent bridge at the C-terminus
presented here, however retain significant helical character when
50% Nrpe monomers act in cooperativity with the cyclization
element.


Conclusions


We have developed a novel approach for the stabilization of
short helical peptoids in both organic and aqueous media. The
introduction of a covalent constraining element linking two
consecutive turns of the helix, resulted in the induction of a
helical secondary structure in peptoids that did not feature such a
stable secondary structure without this constraining element. The
strategy is highly effective in organic media, resulting in helical
peptoids when featuring only 33% aromatic a-chiral substituents
and lacking an aromatic a-chiral substituent on the C-terminus.
The cyclization of the peptoids, also results in the stabilization
of the helical conformation in water, preferably in the presence
of 50% aromatic a-chiral substituents. The cyclization strategy
for peptoids thus offers a fruitful entry to generate (short)
helical peptoids, folding in both organic and in aqueous solution.
The approach avoids the need to introduce high percentages of
aromatic a-chiral substituents, enabling both higher substituent
diversity and water solubility. This opens the way to generate
diversely substituted helical peptoids for biological applications.


Experimental


Peptoid synthesis


Peptoids were synthesized on a 68 lmol scale (200 mg of resin)
using the submonomer approach in an automated synthesizer.
One cycle of peptoid elongation consisted of the following steps.
The Rink amide MBHA resin was first swollen with N-methyl-
2-pyrrolidone (NMP) (1 × 15 min) for initial resin swelling and
the Fmoc protecting group was removed by treatment with 20%
piperidine–NMP (3 mL, 1 × 20 min), then washed with NMP (5 ×
30 s). The deprotected resin was treated for 30 min. with a mixture
containing bromoacetic acid (30 equiv. 2 M solution in NMP), di-
isopropylcarbodiimide (DIC, 30 equiv. 2 M solution in NMP) fol-
lowed by an intensive washing step with NMP (8 × 60 s). Amina-
tion was performed consecutively adding the appropriate primary
amine (35 equiv. 1 M solution in NMP) and reacting for 90 min.


Then, the resin was washed with NMP (8 × 60 s). These steps were
repeated until the peptoid sequence was complete. Capping of the
N-terminus was performed by treatment with acetic anhydride (20
equiv.), DIEA (5 equiv.) and HOBt (0.6 equiv.) in NMP (5 mL, 1 ×
15 min) and the capped resin was washed with NMP (5 × 60 s).


The allyl and Aloc protecting groups were removed in the
presence of a catalytic amount of Pd(PPh3)4. First, the resin was
washed with NMP (5 × 30 s), CH2Cl2 (5 × 30 s), Et2O (5 × 30 s)
and dried under vacuum for 3 h. Then, a degassed solution of
piperidine–DMF solution (80:20) was prepared while argon was
bubbled through the mixture and Pd(PPh3)4 (0.2 equiv) was added.
The resin was then swollen with this degassed mixture and the
reaction was shaken overnight under argon. Finally, the resin was
washed with NMP (3 × 2 min), a 0.02 M solution of Et2NCS2Na
in NMP (3 × 2 min), again with NMP (5 × 1 min), CH2Cl2 (5 ×
2 min) and finally Et2O (5 × 2 min).


Linear peptoids. The resin was washed with NMP (5 × 30 s),
CH2Cl2 (5 × 30 s) and Et2O (5 × 30 s) and dried under vacuum for
3 h. The resin was treated for 15–20 min with a cleavage cocktail
composed of 2.5% v/v water and 2.5% v/v triisopropylsilane
(TIPS) in trifluoroacetic acid (TFA). The cleaved resin was washed
with TFA (2 × 15 s) and the cleaved peptoid was collected,
concentrated by rotary evaporation into less than 1 mL solution
and redissolved in H2O–MeCN and lyophilized to dryness.


Cyclic peptoids. To the Aloc/Allyl deprotected peptoid resin
was added HATU (3 equiv) and DIEA (9 equiv) in NMP and
shaken 24 h to undergo cyclization. After washing the resin with
NMP (5 × 30 s), the peptoid was cleaved from the resin as described
for the linear peptoids. The crude obtained was dissolved in H2O–
MeCN and lyophilized to dryness.


The crude reaction mixture of each peptoid synthesized was
analyzed by LC-MS. Peptoids were then purified by reverse-phase
HPLC on a Nucleodur C18 Gravity column (125 × 21 mm,
Macherey-Nagel) with a linear gradient of A (0.1% HCOOH in
H2O) and B (0.1% HCOOH in MeCN) from 20% of B to 40%
of B and flow rate of 25 mL min−1 and were detected at 210 nm,
254 nm and 280 nm using a diode array UV/VIS detector. The
identities and purities of the purified peptoids were assessed by
LC-ESI-MS (Table 3). Following purification, all peptoids were
lyophilized and kept at −20 ◦C.


Circular dichroism spectroscopy


CD spectra were recorded on a JASCO-715 spectrometer at room
temperature in acetonitrile or in a 5 mM sodium phosphate buffer
(pH 7.2) using a 0.1 cm path length CD cell. Each peptoid was
analyzed at a concentration of 20–60 lM. The final concentration
of the peptoid solutions was determined immediately before
obtaining the CD spectrum by the UV absorbance at 210 nm.
Spectra represent the average of 20 scans (0.5 nm data pitch,
continuous scanning mode, 20 nm min−1 scanning speed, 0.5 nm
bandwidth) and were smoothed by Jasco software. Data were
converted to mean-residue ellipticity MRE (in deg cm2 dmol−1


residue−1) according to the equation:


MRE = CD effect/Clnres


Here the CD effect is in millidegrees, the concentration (C) is in
moles per litre, the path length (l) is in millimetres and nres is the
number of residues.
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Table 3 Overview of synthesized linear and cyclic peptoids 1–22, ob-
served molecular mass and synthetic yields. All peptoids featured >97%
purity


Peptoid
Calculated
mass [M + H]+


Observed mass
[M + H+]+ Yield (%)


1 975.5 975.4 44
2 1003.6 1003.5 34
3 1031.6 1031.6 34
4 957.5 957.3 14
5 985.6 985.3 7
6 1013.6 1013.3 6
7 975.5 975.4 11
8 1003.6 1003.4 23
9 1031.6 1031.5 19
10 957.5 957.1 9
11 985.6 985.1 5
12 1013.6 1013.1 5
13 957.5 957.5 12
14 957.5 957.5 13
15 957.5 957.4 24
16 957.5 957.4 2
17 911.4 911.4 2
18 939.5 939.3 5
19 939.5 939.1 9
20 939.5 939.2 7
21 939.5 939.2 11
22 893.4 893.1 11


The ratio of the bands at 218 and 202 nm was used to compare
the helical propensities of all peptoids in a semi-quantitative
manner.
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Nucleophilic cycloaddition of thiocyanates 1a–e with C60 in the presence of
1,8-diazabicyclo[5.4.0]undec-7-ene afforded C60-fused 2-iminotetrahydrothiophene derivatives 2a–e and
methanofullerenes 3a–d. The product distributions were highly sensitive to the substrates employed.
The 2-iminotetrahydrothiophene derivatives 2a–e could be further manipulated by hydrolysis and
acetylation to give 2-oxotetrahydrothiophene derivatives 4a–e and 2-acetamidotetrahydrothiophene
derivatives 5a–e. A possible reaction mechanism for the formation of products 2a–e and 3a–d was
proposed.


Introduction


Since fullerenes became available in a macroscopic amount
in 1990, various effective methods1 have been developed to
synthesize an impressive number of fullerene derivatives, which
may find application in biology and material science.2 Among
them sulfur-containing fullerene derivatives demonstrate inter-
esting electronic properties.3 Fullerene diads and triads bear-
ing oligothiophene/polythiophene4 and tetrathiofulvalene/p-
extended tetrathiofulvalene5 have been intensively studied. Sul-
fur reagents such as sulfones,4b,6 sultines,7 stabilized sulfonium
ylides,8 a,b-unsaturated thiocarbonyl compounds,9 o-thioquinone
methide,10 a thiocarbonyl ylide,11 heterocyclic masked 1,3-dipoles
5-imino-1,2,4-thiadiazolidine-3-ones,12 disulfides,13 SO3,14 H2S15


and sulfur itself16 have been employed in fullerene chemistry.
Recently a new protocol for the synthesis of sulfur-containing
dihydro-pyrrolo C60 derivatives was reported by Elemes and co-
workers,17 utilizing the 1,3-dipolar cycloaddition reaction of C60


with sulfide-bearing imines of glycine esters. We synthesized sulfur-
containing C60 derivatives by the reaction of C60 with CS2 and
amino acid ester hydrochlorides in the presence of triethylamine
(Et3N).18 Isothiocyanates generated in situ from amino acid ester
hydrochlorides and CS2 in the presence of Et3N were believed to
undergo subsequent nucleophilic cycloaddition with C60. However,
the reaction of thiocyanates with C60 has not been reported until
now. In continuation of our interest in fullerene chemistry,18,19


herein we disclose the nucleophilic cycloaddition of thiocyanates
with C60, affording C60-fused 2-iminotetrahydrothiophene
derivatives, and further transformations to other fullerene
derivatives.


aHefei National Laboratory for Physical Sciences at Microscale and
Department of Chemistry, University of Science and Technology of China,
Hefei, Anhui 230026, P. R. China. E-mail: gwang@ustc.edu.cn
bState Key Laboratory of Applied Organic Chemistry, Lanzhou University,
Lanzhou, Gansu 730000, P. R. China
† Electronic supplementary information (ESI) available: Spectral data of
products 2a–e, 3c, 4a–e and 5a–e, and NMR spectra of representative
products 2a, 3c, 4a and 5a. For ESI see DOI: 10.1039/b807394e


Results and discussion


Thiocyanates have been used in the synthesis of thiazole
derivatives.20 However, reactions employing the a-carbon of these
compounds as a nucleophilic site are really rare.21 We thus
investigated the feasibility of the nucleophilic attack of the a-
carbon of thiocyanates on C60 under basic conditions.


We chose the reaction of C60 with 1-(4-methoxyphenyl)-2-
thiocyanatoethanone (1a) as a model reaction to optimize the
reaction conditions (Scheme 1).


By using triethylamine, pyridine, 4-dimethylaminopyridine
(DMAP) or triethylenediamine (DABCO) as a base, the reaction
afforded products 2a and 3a (Scheme 1) in very low yields with
over 90% recovered C60 (entries 1–4, Table 1). To our delight, the
reaction proceeded rapidly to give products 2a and 3a in 65% total
yield in 10 min when 1 equiv. of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) was used. Product 3a was obtained as the major product
with a yield of 44%, being more than twice that (21%) of product
2a (entry 5, Table 1). The structures of products 2a and 3a were
assigned as a C60-fused 2-iminotetrahydrothiophene derivative and
a methanofullerene derivative, respectively (vide infra). Reducing
the amount of DBU to 0.5 equiv., the total yield of the two
products was almost the same with little change in the product
distribution (entry 6, Table 1). Interestingly, further reducing the
quantity of DBU to 0.2 equiv. led to the preferred formation of
adduct 2a (entry 7, Table 1). The product ratio of adduct 2a vs.
adduct 3a increased to nearly 3 : 1 when 0.1 equiv. of DBU was
employed (entry 8, Table 1). Nevertheless, an unsatisfactory result
was obtained in terms of total yield and reaction time when 0.05
equiv. of DBU was applied (entry 9, Table 1). The above data
demonstrated that the major product (adduct 2a vs. adduct 3a)
could be altered by adjusting the amount of DBU used.


Being interested in the product type of adduct 2a, we extended
the reaction shown in Scheme 1 by replacing substrate 1a
with various types of thiocyanate and using the appropriate
amount of DBU. Other 1-aryl-2-thiocyanatoethanones (1b and
1c), thiocyanatoacetate (1d) and thiocyanatomalonate (1e) were
explored for their reactions with C60 in the presence of DBU. It
was found that the reaction of C60 with thiocyanates 1b–e gave
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Scheme 1


Table 1 Product yields and recovered C60 for the reaction of C60 with 1a under different reaction conditions a


Entry Base Equiv. of base Time Yield of 2a b Yield of 3a b Recovered C60


1 Et3N 1 24 h 2% 3% 91%
2 Pyridine 1 24 h 2% 2% 94%
3 DMAP 1 24 h 2% 3% 90%
4 DABCO 1 24 h 2% 3% 91%
5 DBU 1 10 min 21% 44% 19%
6 DBU 0.5 1 h 25% 39% 17%
7 DBU 0.2 4 h 34% 21% 25%
8 DBU 0.1 4 h 31% 11% 49%
9 DBU 0.05 12 h 13% 4% 74%


a 36.0 mg (0.05 mmol) of C60, 20.7 mg (0.1 mmol) of 1a were used, the reaction was conducted at room temperature. b Isolated yield.


both tetrahydrothiophene derivatives 2b–e and methanofullerene
derivatives 3b–d except for 1e, which afforded 2e exclusively
(Scheme 2).


Scheme 2


The yields of products 2a–e and 3a–d, along with recovered C60,
for the reaction of C60 with thiocyanates 1a–e are listed in Table 2.
As seen from Table 2, when R = H and R′ = Ar, the yields of
products 2a–c were more than 30%, while the yields of products
3a–c were less than 12%, and the electronic properties of the
substituent on the phenyl ring of the R′ group had little effect on
the product yields. However, when R = H and R′ = CO2C(CH3)3


(1d), product 2d was obtained in a lower yield (13%), while the
Bingel-type adduct 3d was isolated in a slightly higher yield
(18%). To our surprise, when diethyl 2-thiocyanatomalonate (1e)


Table 2 The yields of products 2a–e and 3a–d for the reaction of C60 with
1a–e in the presence of DBU at room temperaturea


Substrate Time (h) Yield of 2 b Yield of 3b Recovered C60


1a 4 31% 11% 49%
1b 4 31% 11% 47%
1c 4 30% 12% 50%
1dc 12 13% 18% 60%
1ed 12 32% 0 64%


a Unless specified, the molar ratio of C60 : 1 : DBU = 1 : 2 : 0.1. b Isolated
yield. c Molar ratio of C60 : 1d : DBU = 1 : 2 : 0.2. d Molar ratio of C60 :
1e : DBU = 1 : 2 : 1.


was employed, tetrahydrothiophene derivative 2e was obtained
selectively.


The structures of products 2a–e were fully established by their
MS, 1H NMR, 13C NMR, FT-IR and UV–vis spectral data. It
should be noted that the very low solubility of 2c precluded its
13C NMR measurement. The ESI mass spectra of 2a–e showed
the correct molecular ion peaks. The 1H NMR spectra of 2a–
e displayed a broad singlet at 10.54–11.33 ppm for the =NH
group. In the 13C NMR spectra of 2a, 2b, 2d and 2e, the imine
carbon and the two sp3-carbons of the C60 cage appeared at 173.12–
178.52 ppm, 76.60–79.91 ppm and 69.74–71.94 ppm, respectively.
More than forty-nine peaks for 2a, 2b and 2d and twenty-nine
peaks for 2e were observed in the range 153.46–132.01 ppm,
consistent with the C1 (2a, 2b and 2d) and Cs (2e) symmetry of their
molecular structures. The IR spectra of 2a–e showed absorptions
at 3272–3278 cm−1 and 1622–1626 cm−1 due to the C=NH group.
The UV–vis spectra of 2a–e exhibited a peak at 428–429 nm,
which is a diagnostic absorption for a cycloadduct of C60 at the
[6,6]-junction.


Products 3a, 3b and 3d are known compounds, and their
identities were confirmed by comparison of their spectral data
with those reported in the literature.8a Product 3c was fully
characterized by its MS, 1H NMR, 13C NMR, FT-IR and UV–vis
spectral data. The MS (+ESI) of 3c showed its molecular ion peak
at m/z 872. Its 1H NMR spectrum exhibited a singlet at 5.54 ppm
for the methine proton and two doublets at 8.37 and 7.62 ppm for
the aromatic protons. In the 13C NMR spectrum of 3c, the peaks
at 187.49 and 43.75 ppm were assigned to the carbonyl carbon
and methine carbon, the two sp3-carbons of the C60 cage appeared
at 71.89 ppm, and twenty-eight peaks including overlapped ones
were observed in the range 147.57–129.52 ppm due to the fifty-
eight sp2-carbons of the C60 skeleton and six aromatic carbons,
consistent with the Cs symmetry of its molecular structure.


Just as the C=S bond of the thioamide moiety in our previously
synthesized fullerene derivative was moisture sensitive,18 the C=N
bond of the thioimidate unit in products 2a–e was prone to
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hydrolysis. C60-fused 2-iminotetrahydrothiophene derivatives 2a–
e could be converted to C60-fused 2-oxotetrahydrothiophene
derivatives 4a–e in excellent yields in a mixture of CS2–THF–
H2O in the presence of p-toluenesulfonic acid (PTSA) at room
temperature (Scheme 3). The isolated yields for products 4a, 4b,
4c, 4d and 4e were 98%, 95%, 96%, 92% and 93%, respectively.


Scheme 3


To demonstrate the utilization of 2-iminotetrahydrothiophene
derivatives 2a–e, the acetylation of the imine group was suc-
cessfully exploited to generate C60-fused 2-acetamidotetrahydro-
thiophene derivatives 5a–e by the reaction of 2a–e with acetyl
chloride in the presence of pyridine (Scheme 4). The isolated yields
for products 5a, 5b, 5c, 5d and 5e were 94%, 95%, 95%, 92% and
92%, respectively.


Scheme 4


The solubility of the resulting hydrolyzed products 4a–e and
N-acetylated products 5a–e in CS2 and CDCl3 was improved
dramatically over that of adducts 2a–e, facilitating their NMR
measurements.


Compounds 4a–e and 5a–e were also fully characterized by
their MS, 1H NMR, 13C NMR, FT-IR and UV–vis spectral data.
Compared with compounds 2a–e, products 4a–e and 5a–e lacked
the absorptions at 3272–3278 cm−1 in their IR spectra and the
broad singlet in their 1H NMR spectra for the =NH group. A new
peak at 2.52–2.55 ppm for the methyl group was observed in the
1H NMR spectra of 5a–e. In the 13C NMR spectra of 4a–e, the
carbonyl carbon derived from the hydrolysis of the C=NH group
appeared at 191.72–194.60 ppm. In the 13C NMR spectra of 5a–e,
besides the corresponding peaks of 2a–e, new peaks were found at
182.09–185.00 ppm and 24.80–25.95 ppm due to the acetyl group.
It is interesting to note that the chemical shift difference of the two
sp3-carbons of the C60 cage in compounds 4a–e (67.14–69.77 and
79.53–83.27 ppm) and 5a–e (68.65–71.04 and 79.01–82.31 ppm)
increased to 11.72–13.50 ppm and 10.06–11.27 ppm, respectively,
from 6.64–8.08 ppm for products 2a–e, due to the downfield shift


of the low-field sp3-carbon and the upfield shift of the high-field
sp3-carbon of the C60 skeleton.


A possible reaction mechanism for the formation of products
2a–e and 3a–d is shown in Scheme 5. The deprotonation of
thiocyanate 1 by DBU generates carbanion 6, which attacks C60


to yield intermediate 7. The resulting fullerenyl anion 7 could go
through two pathways: in path a, the fullerenyl carbanion attacks
the C≡N bond of the SCN group to afford the five-membered
heterocyclic anion 8, which is then protonated to give the final
product 2; in path b, intramolecular nucleophilic addition of the
fullerenyl carbanion to the carbon connected with the SCN group
affords the Bingel-type adduct 3, accompanied by extrusion of the
SCN− anion.


Scheme 5


Conclusions


A novel procedure for the synthesis of tetrahydrothiophene-
fused fullerene derivatives through nucleophilic cycloaddition of
thiocyanates with C60 has been established for the first time. The
current protocol provides easy access to tetrahydrothiophene-
fused fullerene derivatives that may be of biological importance,
and are difficult to synthesize by other methods.


Experimental


Procedure for the synthesis of compounds 2a–e and 3a–d by the
reaction of C60 with thiocyanates 1a–e


A mixture of C60 (36.0 mg, 0.05 mmol), thiocyanate 1a (1b, 1c,
1d, or 1e) and DBU in the desired amounts was dissolved in
toluene (25 mL) and stirred at room temperature. The reaction
was monitored by TLC and stopped at the designated time. After
evaporation of the toluene, the residue was separated on a silica
gel column with CS2, then CS2–ethyl acetate as the eluent, to give
unreacted C60, product 2a (2b, 2c, 2d, or 2e) and product 3a8a (3b8a,
3c, or 3d8a), respectively. The yields, along with the recovered C60,
are listed in Table 2.


Preparation of compounds 4a–e by the hydrolysis of compounds
2a-e


Compound 2a (or 2b–e, 0.02 mmol) was added to a mixture of
CS2–THF–H2O (15 mL, 10 : 1 : 0.1) and p-toluenesulfonic acid
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(0.04 mmol) and the reaction mixture was vigorously stirred at
room temperature for 12 h. After evaporation of the solvent, the
residue was separated on a silica gel column with CS–ethyl acetate
as the eluent to give product 4a (or 4b–e).


Preparation of compounds 5a–e by the acetylation of compounds
2a–e


A mixture of 2a (or 2b–e, 0.02 mmol) and pyridine (0.08 mmol)
was dissolved in CS2 (15 mL), then to the solution was added
acetyl chloride (0.08 mmol) and the reaction was stirred at room
temperature for 1 h. After evaporation of excess CS2, the residue
was separated on a silica gel column with CS2–ethyl acetate as the
eluent to give product 5a (or 5b–e).
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Through the synthesis of a focused library and SAR investigations, a more potent analogue of
gemmacin (discovered in a previous diversity-oriented synthesis (DOS) campaign), gemmacin B,
was discovered.


Introduction


With the emergence of pathogenic multidrug-resistant (MDR)
bacteria, the last decade has seen a renewed desire to discover novel
antibacterial compounds.1 Although the screening of structurally
diverse small molecules is a suitable method for ‘hit identification’,
‘lead-optimisation’ is required to transform these ‘hits’ into
‘leads’.2 The synthesis of a focused library thus allows structure–
activity relationships (SAR) to be investigated and suitable leads
to be discovered. Herein we report the SAR investigation of
gemmacin,3 a novel antibacterial compound identified previously
in a diversity-oriented synthesis (DOS) campaign.4


Results and discussion


Having previously demonstrated the antibacterial efficacy of
gemmacin against the epidemic strains of methicillin-resistant
Staphylococcus aureus responsible for the majority of MRSA
infections in the UK (EMRSA 15 and 16),5 structural modifi-
cations around the cis-fused[3.2.1] bicyclic amine core scaffold
were sought. From the previously developed synthetic route,
three portions of the molecule were identified, which were readily
amenable to modification: the carboxylic acid functionality (R1);
the sulfur bridged biaryl (R2); and, the tertiary amine tether (R3)
(Fig. 1).


Fig. 1 (−)-Gemmacin showed good activity against EMRSA 15 and
16 (MIC50 values of 8 and 16 lg ml−1 respectively), and was shown to
be a selective bacterial cell membrane disrupter. When R1 and/or R2


were altered, the resulting compounds were no longer active (i.e. MIC50 >


64 lg ml−1). R3 served as the site for SAR investigation in this report.
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Analysis of the previously synthesised DOS library indicated
that the first two portions of the molecule (R1 and R2) were
essential for antibacterial activity (gemmacin is believed to act
as a bacterial membrane disruptor). For example, substituting
the carboxylic acid (for either an ethyl ester or secondary amide
group) or using an alternative building block in place of the
sulfur containing bis-aryl moiety (alkyl, aryl and heteroaryl
substituents were synthesised and screened) led to a decrease in the
observed bioactivity against both EMRSA strains (MIC50 > 64 in
all cases).


By adapting the solid phase technology used previously,3,6 the
desired analogues bearing different tertiary amine side chains
(R3) were synthesised efficiently in solution. Having previously
demonstrated that both enantiomers of gemmacin displayed
similar antibacterial activities ((−)-gemmacin was slightly more
potent, (Table 1)), a racemic 5-step synthesis was exploited
(Scheme 1).


From the commercially available phosphonate 1, a Horner
Wadsworth Emmons reaction with 2-(4-chlorophenylthio)-
benzaldehde gave access to the E-alkene 2. A Diels–Alder
reaction with cyclopentadiene then furnished the norbornene
scaffold 3, which was subsequently dihydroxylated to give 4. An
oxidation–reductive amination sequence with a variety of aldehy-
des (to give the molecular framework 5), followed by treatment
with KOH, then furnished the desired cis-fused[3.2.1] bicyclic
amines 6–13.


Although highly polar (8), alkyl (9, 10, and 11), pyridine
(6), aniline (7) and thiophene (12) containing amines conferred


Table 1 A comparison of the MIC50 values of gemmacin, gemmacin B,
and some clinically important antibacterials with EMRSA 15 and 16


MIC50/lg ml−1


Antibacterial EMRSA 15 EMRSA 16


(±)-Gemmacin 16 32
(−)-Gemmacin 8 16
(+)-Gemmacin 16 32
(±)-Gemmacin B 8 8
Erythromycin >64 >64
Oxacillin >32 >32
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Scheme 1 The racemic synthesis of gemmacin analogues. Compounds 6
to 12 were screened against EMRSA 15 and 16 and found to be inactive
(MIC50 > 64 lg ml−1 in all cases). Compound 13 is shown in Table 1.


a complete loss of activity (Scheme 1), compound 13 (termed
gemmacin B) was more active than, or as active as, (−)-gemmacin
against EMRSA 15 and 16 (Table 1).


Taken together, these results suggest that whilst the nitro
groups of gemmacin and gemmacin B are essential for activity
(i.e. analogues 6 and 7 are inactive), the pyridyl nitrogen atom
present in gemmacin is not (i.e.whereas 13 retains the nitro
groups of gemmacin, the pyridyl group is replaced by benzyl).
Speculatively, this data can be related to the mode of action of
these novel antibacterials, both of which are thought to act as
membrane disruptors. Although protonation of the pyridyl group
of gemmacin may occur at physiological pH, this potentially
receptor specific binding event does not appear to be required.
Conversely, and as reported in a number of QSAR studies regard-
ing antibacterials,7 the nitro groups present in both molecules may
be involved in a specific membrane–protein interaction. Although
more detailed studies are required to validate these hypotheses,
it is interesting to note that the antibacterial activity of these
compounds is very dependent on the original structural features
displayed by gemmacin. In addition to demonstrating the ability
of DOS to explore previously uncharted regions of chemical
space,8 the gemmacin architecture appears to be situated on an
‘isolated island of bioactivity’ where little manoeuvrability (i.e.
chemical diversification) is possible if antibacterial activity is to be
retained.


Conclusions


In summary, a focused library based around the cis-fused[3.2.1]
bicyclic amine core scaffold of gemmacin, where the amine tether
portion was modified, has been synthesised. SAR studies led to
the identification of the more active analogue gemmacin B. This
study demonstrates that only subtle chemical modifications of the
original structure of gemmacin are permissible in retaining potent
antibacterial activity. Further mode of action studies and SAR
investigations are ongoing.


Experimental


The route to gemmacin B (13) (Scheme 1) is described below.
General and full experimental details, spectroscopic and analytical
data, for all novel compounds (including compounds 2–5 and 13)
can be found in the ESI.†


3-[2-(4-Chloro-phenylsulfanyl)-phenyl]acrylic acid ethyl ester (2)


To a solution of triethylphosphonacetate (4 ml, 18.8 mmol),
lithium bromide (1.6 g, 18.8 mmol) and DBU (3.7 ml,
18.8 mmol) in acetonitrile (40 ml) under nitrogen was added
2-(4-chlorophenylthio)benzaldehyde (4.68 g, 18.8 mmol). The
solution was stirred for three hours until complete by TLC, then
saturated ammonium chloride solution was added. The reaction
was extracted with ethyl acetate and the organic layer was washed
with brine, dried (MgSO4) and solvent removed in vacuo to yield
the title compound as a yellow solid (5.86 g, 98%).


Rf 0.41 (SiO2, 3 : 1 40 : 60 petrol–ether); mmax (nujol mull) 2923,
2854, 1712 (C=O), 1632, 1463, 1316, 1183 cm−1; dH (400 MHz,
CDCl3) 8.20 (1H, d, J 16.0, CHCHC(O)OEt), 7.62 (1H, dd, J
8.0, 2.5, ArH), 7.39–7.28 (3H, m, ArH), 7.23 (2H, d, J 8.5, ArH),
7.15 (2H, d, J 8.5, ArH), 6.35 (1H, d, J 16.0, CHCHC(O)OEt),
4.24 (2H, q, J 7.0, OCH2CH3), 1.31 (3H, t, J 7.0, OCH2CH3);
dC (100 MHz, CDCl3) 166.54, 141.70, 136.40, 135.44, 134.49,
133.80, 132.97, 131.58, 130.57, 129.38, 128.45, 127.41, 120.70,
60.59, 14.29; HRMS (M + H)+ found 319.0573, C17H16O2SCl
requires 319.0560, D ppm +4.1; mp 79–82 ◦C (3 : 1 40 : 60 petrol–
ether).


(1S*,2R*,3R*,4R*)-3-[2-(4-Chloro-phenylsulfanyl)-phenyl]-bi-
cyclo[2.2.1]hept-5-ene-2-carboxylic acid ethyl ester (3)


To a solution of 2 (5.70 g, 17.9 mmol) in CH2Cl2 (140 ml) at
−78 ◦C under nitrogen was added dimethylaluminium chloride
(17.9 ml, 17.9 mmol) and cyclopentadiene (13.0 ml, 179 mmol).
The reaction was stirred for one hour then allowed to warm to
room temperature for four hours until complete by TLC. The
reaction was quenched by addition of saturated ammonium
chloride solution (200 ml), the organic layer was separated and
washed with brine. The organic layer was dried (MgSO4) and
solvent removed in vacuo. The crude product was purified by flash
column chromatography to yield the title compound as a yellow
foam (5.38 g, 78%).


Rf 0.47 (SiO2, 4 : 1 40 : 60 petrol–ether); mmax (neat) 3057, 2977,
1730, 1474, 1174, 1091 cm−1; dH (500 MHz, CDCl3) 7.41 (1H, d, J
8.0, ArH), 7.34–7.29 (2H, m, ArH), 7.25–7.23 (2H, m, ArH), 7.19–
7.15 (3H, m, ArH), 6.38 (1H, dd, J 5.5, 3.0, ArCHCHCHCH),
6.11 (1H, dd, J 5.4, 3.0, ArCHCHCHCH), 4.15–3.98 (2H, m,
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OCH2CH3), 3.54 (1H, dd, J 5.0, 1.5, ArCH), 3.32 (1H, s,
EtOC(O)CHCH), 3.15 (1H, dd, J 5.0, 3.5, EtOC(O)CH), 2.78
(1H, d, J 1.5, ArCHCH), 1.79 (1H, d, J 9.0, CHCHHCH),
1.52 (1H, ddd, J 9.0, 3.5, 1.5, CHCHH ′CH), 1.20 (3H, t, J 7.0,
OCH2CH3); dC (120 MHz, CDCl3) 173.97, 145.00, 138.66, 135.19,
134.94, 134.29, 133.74, 132.54, 131.47, 129.19, 128.09, 127.05,
126.61, 60.32, 50.13, 49.94, 46.55, 46.48, 45.73, 14.23; HRMS
(M + H)+ found 385.1041, C22H22O2SCl requires 385.1029, D ppm
+3.1.


(1R*,2S*,3R*,4S*,5S*,6R*)-3-[2-(4-Chloro-phenylsulfanyl)-
phenyl]-5,6-dihydroxy-bicyclo-[2.2.1]heptane-2-carboxylic acid
ethyl ester (4)


To a solution of 3 (5.3 g, 13.8 mmol) in acetone (200 ml) and water
(20 ml) was added NMO (3.2 g, 27.6 mmol) and osmium tetroxide
(2.5 mol% solution in pentane; 0.1 ml). The reaction was stirred
for four hours until complete by TLC and then quenched with
saturated sodium sulfite solution (200 ml). The aqueous layer was
extracted with ethyl acetate (2 × 300 ml) and the organic layer was
dried (MgSO4) and solvent removed in vacuo. The crude product
was purified by flash column chromatography to yield the title
compound as a white foam (5.30 g, 92%).


Rf 0.27 (SiO2, 4 : 1 ether–40 : 60 petrol); mmax (neat) 3359
(OH), 2976, 1725 (C=O), 1474, 1176, 1091, 1031 cm−1; dH


(400 MHz; CDCl3) 7.29–7.22 (5H, m, ArH), 7.18–7.12 (3H,
m, ArH), 4.07 (2H, q, J 7.0, OCH2CH3), 4.03 (1H, d, J 6.0,
EtOC(O)CHCHCHOH), 3.96 (1H, d, J 6.0, ArCHCHCHOH),
3.54 (1H, d, J 5.5, ArCH), 2.97 (1H, dd, J 6.5, 4.5, EtOC(O)CH),
2.75 (2H, br s, OH), 2.59 (1H, d, J 2.5, EtOC(O)CHCH), 2.13
(1H, s, ArCHCH), 1.93 (1H, dd, J 11.0, 2.5, CHCHHCH), 1.63
(1H, dt, J 11.0, 1.5, CHCHH ′CH), 1.20 (3H, t, J 7.0, OCH2CH3);
dC (100 MHz; CDCl3) 172.88, 144.73, 135.02, 134.42, 133.84,
132.67, 131.38, 129.28, 128.17, 127.31, 126.29, 73.82, 70.36, 60.81,
51.40, 49.90, 47.24, 42.67, 31.61, 14.16; HRMS (M + Na)+ found
441.0885, C22H23O4SClNa requires 441.0903, D ppm −4.1.


(1S*,5R*,6S*,7R*)-7-[2-(4-Chloro-phenylsulfanyl)-phenyl]-3-[2-(4-
nitrophenylamino-ethyl]-3-aza-bi-cyclo[3.2.1]octane-6-carboxlic
acid ethyl ester (5, where R = CH2CH2NH-p-C6H5NO2)


To a solution of 4 (310 mg, 0.74 mmol) in THF–water (1 : 1, 60 ml)
was added sodium periodate (285 mg, 1.33 mmol) at 0 ◦C. The
reaction was stirred for 3 hours then extracted with chloroform.
The organic layer was dried and the solvent was removed in vacuo.
The crude product was dissolved in dry DCE (35 ml) and N-(4-
nitrophenyl)ethane-1,2-diamine (134 mg, 0.74 mmol) was added.
The reaction was stirred at room temperature for 1 hour then
sodium triacetoxyborohydride (314 mg, 1.48 mmol) was added
and the reaction stirred overnight. The reaction was poured into
water and extracted with chloroform to give the title compound
as a yellow solid (142.8 mg, 34%).


Rf 0.38 (SiO2, 2 : 1 ether–40 : 60 petrol) mmax (neat) 3334, 2926,
1718 (C=O), 1600, 1473, 1302, 1183, 1108 cm−1; dH (400 MHz;
CDCl3) 8.05 (2H, d, J 9.0, ArH), 7.38 (1H, d, J 8.0, ArH), 7.33
(1H, d, J 4.0, H11, ArH), 7.19–7.13 (1H, m, ArH), 7.08 (2H, d, J
8.5, ArH), 6.75–6.69 (3H, m, ArH), 6.22 (1H, br s, NH), 4.55 (1H,
d, J 6.0, ArCH), 4.18–4.05 (2H, m, OCH2CH3), 3.25 (1H, t, J 6.0,
EtOC(O)CH), 3.08–3.00 (2H, m, NCH2CH2NH), 2.78–2.71 (2H,


m, EtOC(O)CHCH, ArCHCH), 2.55 (2H, m, NCH2CH2NH),
2.48 (1H, d, J 9.5, EtOC(O)CHCHCHH′N), 2.34 (1H, d, J, 9.5,
ArCHCHCHH′N), 2.14–2.08 (1H, m, EtOC(O)CHCHCHH ′N),
1.88 (1H, d, J 10.5, ArCHCHCHH ′N), 1.83 (1H, s, CHCHH′CH),
1.49 (1H, d, J 11.5, CHCHH ′CH), 1.20 (3H, t, J 7.0, OCH2CH3);
dC (100 MHz; CDCl3) 173.89, 155.23, 148.49, 137.17, 136.34,
135.14, 132.94, 131.67, 129.52, 129.07, 128.87, 127.05, 126.53,
126.29, 112.10, 60.65, 57.11, 56.72, 54.36, 54.28, 45.28, 43.93,
40.24, 39.03, 37.28, 14.37; mp 50–52 ◦C (ether–40 : 60 petrol).


(1S*,5R*,6S*,7R*)-7-[2-(4-Chloro-phenylsulfanyl)-phenyl]-3-[2-
(4-nitrophenylamino)-ethyl]-2-aza-bi-cyclo[3.2.1]octane-6-
carboxylic acid (gemmacin B, (13))


To a solution of the ethyl ester 5 (119 mg, 0.21 mmol) in THF
(1.75 ml) was added 1 M potassium hydroxide solution (5.25 ml,
6 : 1 methanol–water). The reaction was heated at 50 ◦C overnight
then acidified with HCl and extracted with chloroform. The
organic layer was reduced in vacuo and the crude product purified
by flash column chromatography to give the title compound as a
yellow solid (65.7 mg, 58%).


Rf 0.14 (SiO2, 10 : 1 CH2Cl2–methanol) mmax (neat) 3311,
2941, 1706, 1600 (C=O), 1473, 1303, 1184, 1109, 1091 cm−1;
dH (500 MHz; MeOD) 7.97 (2H, d, J 9.5, ArH), 7.43 (1H, d,
J 7.5, ArH), 7.34 (1H, t, J 7.5, ArH), 7.30 (1H, dd, J 7.5,
1.0, ArH), 7.16 (1H, td, J 7.5, 1.0, ArH), 7.10 (2H, d, J 8.5,
ArH), 6.83 (2H, d, J 8.5, ArH), 6.73 (2H, d, J 9.0, ArH),
4.36 (1H, d, J 6.0, ArCH), 3.40–3.34 (1H, m, NCH2CHH′NH),
3.31 (1H, t, J 5.0, HOC(O)CH), 3.26 (1H, m, NCH2CHH’NH),
3.18 (1H, d, J 11.0, ArCHCHCHH′N), 2.96–2.85 (3H,
m, HOC(O)CHCHCHH′N, NCH2CHH′NH), 2.79–2.73 (2H,
m, ArCHCHCHH ′N, ArCHCH), 2.46 (1H, d, J 11.0,
HOC(O)CHCHCHH ′N), 2.12–2.08 (1H, m, CHCHH′CH), 1.97
(1H, br s, HOC(O)CHCH), 1.65 (1H, d, J 12.0, CHCHH ′CH);
dC (125 MHz; MeOD) 179.36, 155.41, 148.75, 138.67, 137.51,
135.88, 134.44, 133.19, 131.72, 130.35, 130.16, 128.46, 127.67,
127.19, 112.64, 58.84, 58.36, 56.84, 55.85, 48.53, 44.86, 40.62,
39.35, 36.83; HRMS (M + Na)+ found 538.1538, C28H28N3O4SCl
requires 538.1567, D ppm 3.2; mp 90–92 ◦C.
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“Multi-vicinal fluoroalkanes” are straight-chain alkanes in which each adjacent carbon atom is bonded
to one fluorine atom. Such molecules may be regarded as intermediate in structure between alkanes and
perfluoroalkanes. The alternate fluoromethylene groups also generate stereogenic centres, which need to
be controlled during synthesis. This review will describe our recent progress in the preparation of such
single isomer motifs and the study of the conformational behaviour of this new class of organofluorine
compounds.


Introduction


The fluorine atom is the most electronegative on the Pauling–
Allred scale, and the incorporation of fluorine for hydrogen in
organic compounds can have profound effects on the resultant
physical and chemical properties.1 This has led to fluorine’s
special status as an extreme element in, for example, medicinal
chemistry, where single fluorine atoms are commonly used as a
replacement for hydrogen in ‘fluorine screens’ during structure–
activity relationship enhancements.2 Selective fluorination has
also led to the improved properties of materials such as organic
liquid crystals.3 At the other end of the spectrum, high levels
of fluorination have enhanced the properties of materials where,
for example, perfluoroalkanes have found applications as wide
temperature range lubricants and surface coatings.4


Despite the numerous applications of fluorine in organic
chemistry, there is a class of fluoro-organic compounds that
has been hardly explored. “Multi-vicinal fluoroalkanes” (e.g.
Fig. 1) are straight-chain alkanes in which each adjacent carbon
atom is bonded to one fluorine atom. These compounds are
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Fig. 1 A multi-vicinal fluoroalkane.


conceptually intermediate between alkanes and perfluoroalkanes,
but an important distinguishing feature of the multi-vicinal
fluoroalkanes is the stereochemical complexity that they possess.
Different diastereoisomers might be expected to exhibit different
conformational behaviour and they potentially have a role in the
development and optimisation of performance molecules such as
liquid crystals or self-assembling monolayers.


This review describes our recent progress in preparing specific
structural motifs of this class of compound. Synthetic approaches,
conformational studies and the first measurements of physical
properties are presented.


Synthetic approaches


The synthesis of multi-vicinal fluoroalkanes presents a challenge of
stereochemical control. Furthermore, the synthetic routes need to
be flexible enough to provide access to different diastereoisomers,
such that the properties of the stereoisomers can be compared.
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There are several methods reported for the synthesis of vicinal
difluoro motifs,5,6 and so the next goal was to develop methodology
for the synthesis of three and four vicinal fluorine motifs.


Three vicinal fluorines


To our knowledge, the only previous example of the stereoselec-
tive synthesis of compounds containing more than two vicinal
fluorines was reported by Sarda and co-workers.7 They achieved
the sequential substitution of three hydroxyl groups by fluorine
to prepare the di-acetate derivatives of glucose and galactose
(Scheme 1).


Scheme 1 Synthetic route to trifluoro deoxysugar analogues.7 (i) KHF2,
(HOCH2)2, D; (ii) diethylaminosulfur trifluoride [DAST], PhMe, D; (iii) H2,
Pd/C, EtOAc, r.t.; (iv) Tf2O, pyridine, DCM, r.t.; (v) PhCO2Na, DMF,
80 ◦C; (vi) NaOMe, MeOH, r.t.; (vii) DAST, DCM, D; (viii) Ac2O, H2SO4,
r.t.


Moving forward from these early results7 (Scheme 1), we aimed
to develop more flexible methods that could be adapted to
access different diastereoisomeric series and longer runs of vicinal
fluorines within a variety of molecular architectures.


Our initial synthetic route to vicinal trifluoro isomers is
illustrated in Scheme 2.9 The racemic allylic alcohol 6 was treated
with mCPBA to give a 2 : 1 mixture of epoxy alcohols 7a and 7b.
These compounds were then ring-opened in what emerged to be
a highly stereoselective manner, by treatment with HF·pyridine,
giving the separable fluoro diols 8a and 8b. The fluoro diol 8a
was then converted to the corresponding cyclic sulfate 9a under
Sharpless conditions,10 and 9a was then ring-opened with TBAF
in another highly stereo- and regio-selective reaction, giving the
difluoro alcohol 10a. The final hydroxyl group was then activated
as its triflate, and displacement with TBAF then afforded the
vicinal trifluoro stereoisomer 11a. This substitution reaction was
always plagued by elimination side-reactions, hence the modest
yield in this final step. Nevertheless, the methodology was robust
enough to provide both stereoisomers 11a and 11b (the latter via
fluoro diol 8b). Although in this case the products were obtained
in racemic form, an enantioselective option was also demonstrated
by initiating the synthetic route with a Sharpless asymmetric
epoxidation/kinetic resolution.


Scheme 2 New synthetic route to vicinal trifluoro compounds.9 R =
C7H15; R′ = C5H10Ph; (i) mCPBA, DCM, 0 ◦C; (ii) HF·pyridine, DCM,
10 ◦C; (iii) SOCl2, pyridine, DCM, 0 ◦C; (iv) NaIO4, RuCl3, MeCN, H2O,
0 ◦C; (v) TBAF, acetone, 0 ◦C; (vi) H2SO4, Et2O, r.t.; (vii) Tf2O, pyridine,
DCM, −40 ◦C; (viii) TBAF, MeCN, 0 ◦C.


Four vicinal fluorines


The synthesis of a four vicinal fluorine motif was next addressed.
It was important to develop an enantioselective route that could
be adapted to afford different tetrafluoro diastereoisomers and
a more efficient method of installing the final fluorine atom was
needed. Also, it was desirable to produce the tetrafluoro motif in a
format which would allow its subsequent incorporation into larger
molecular architectures. The chosen synthetic route is illustrated
in Scheme 3.11


The synthesis began with the enantiopure epoxide 12, which is
readily accessed via hydrolytic kinetic resolution of the racemate.12


Nucleophilic ring-opening13 of 12 with Et3N·3HF gave predom-
inantly the desired 2-fluoro product 13, but in reduced optical
purity (80% ee). The fluoroalcohol 13 was then protected as a
benzyl ether, and the ether was subjected to a symmetrical cross-
metathesis reaction using the Grubbs second generation catalyst.14


Notably, the symmetry of this reaction provided a satisfactory
solution to the earlier loss of enantiopurity, because the major
(syn) product 15a could be separated from the minor (anti)
product by silica gel chromatography, giving 15a in >98% ee.
The resultant difluoroalkene 15a was then treated with potassium
permanganate to give the difluorodiol 16a as a separable 4 : 1
diastereoisomeric mixture. The major difluorodiol stereoisomer
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Scheme 3 Synthetic route to vicinal tetrafluoro compounds.11 (i)
Et3N·3HF, Na2SO4, 70 ◦C; (ii) BnBr, NaH, DMF, 40 ◦C; (iii) Grubbs
second generation catalyst, DCM, D; (iv) KMnO4, MgSO4, EtOH, H2O,
DCM, −10 ◦C; (v) SOCl2, pyridine, DCM, 0 ◦C; (vi) NaIO4, RuCl3,
MeCN, H2O, 0 ◦C; (vii) TBAF, MeCN, r.t.; (viii) H2SO4, H2O, THF,
r.t.; (ix) H2, Pd/C, MeOH, r.t.; (x) TsCl, 2,4,6-collidine, 50 ◦C; (xi)
bis(2-methoxyethyl)aminosulfur trifluoride [Deoxo-FluorTM], 70 ◦C.


16a was then converted to the corresponding cyclic sulfate 17a,
and was then subjected to ring-opening with TBAF to provide the
trifluoroalcohol 18a. Unfortunately, the final fluorine atom could
not be installed at this stage because the desired substitution of
the hydroxyl group was out-competed by undesired elimination or
rearrangement reactions under a variety of conditions. However,
this problem was circumvented by switching the protecting groups
from benzyl ethers to tosyl esters prior to the final fluorination
reaction. The conversion to tosyl esters was also advantageous
in generating crystalline products suitable for X-ray structure
analysis. Thus, the ditosylate 19a could be treated with Deoxo-
FluorTM to successfully provide the tetrafluoro target 20a in good
yield.


It was also possible to adapt this method to the synthesis of two
other tetrafluoro diastereoisomers 20b and 20c15 (Scheme 4).


Scheme 4 Synthesis of other tetrafluoro diastereoisomers.15 (i) KMnO4,
MgSO4, EtOH, H2O, DCM, −10 ◦C; (ii) Grubbs second generation
catalyst, DCM, D.


Conformational behaviour


Having established synthetic routes to compounds containing
two, three and four vicinal fluorine motifs, the conformational
behaviour of these compounds was explored. They provide suffi-
ciently short motifs to investigate the fundamental conformational
relationships between the 1,2- and 1,3-fluorines. In particular,
it was interesting to compare the preferred conformations of
diastereoisomeric compounds within the same structural series.


The fluorine gauche effect16 is clearly expected to impact on 1,2-
fluorine relationships,17 an effect which has already been shown
to significantly influence the conformation of diastereoisomeric
9,10-difluorostearic acids18 and difluoro pseudopeptides6 (Fig. 2).
Erythro and threo 9,10-difluorostearic acids 21 have very different
physical properties: for example, the melting point of 21a is ca.
20 degrees higher than that of 21b.18 In the case of threo-21a,
the chain prefers an extended zig-zag confomation, because in
that conformation, the fluorines are gauche with respect to each
other. In erythro-21b, however, when the chain is extended, the
fluorines are anti, and the two preferences compete, resulting in
conformational disorder and a lowering of the melting point. In
the case of the peptidic compounds 22,6 both solid and solution
state analyses indicate that the backbone conformations are very
different, accommodating the fluorine gauche preference for each
diastereoisomer.


Fig. 2 The fluorine gauche effect influences the conformation of 1,2-di-
fluoro compounds 21 and 22.


When studying compounds with three and four vicinal fluorines,
a new effect emerges in addition to the fluorine gauche effect. This
is revealed most obviously in the all-syn trifluoro stereoisomer 11a
(Fig. 3). If this compound adopts a linear conformation, then the
two “outside” C–F bonds are constrained to align parallel to one
another. However, this arrangement is energetically unfavourable
because the parallel C–F dipoles repel each other, incurring
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Fig. 3 The all-syn trifluoro compound 11a prefers a “bent” conformation,
which avoids any 1,3-F · · · F repulsion.


an energy penalty of ca. 3 kcal mol−1.19 A more favourable
conformation is obtained by rotating one C–C bond such that the
molecule avoids the 1,3-F · · · F repulsion but still orientates each
pair of vicinal fluorines gauche to each other. This 1,3-repulsion
is also predicted in the calculated preferred conformations of
1,3-difluoropropane19 and cis-1,3-difluorocyclohexane,20 arising
presumably as a combination of dipole and lone pair repulsion.


This 1,3-F · · · F repulsion is demonstrated in studies of novel
fluorinated liquid crystal molecules (Fig. 4),21 which were syn-
thesised by adapting the methodology presented in Scheme 2.
In the case of the difluoro liquid crystal 23, the fluoroalkyl tail
prefers the extended zig-zag conformation shown, consistent with
a fluorine gauche effect. Both fluorine atoms are positioned on
the same face of the molecule and as a result, compound 23 has
a substantial molecular dipole moment perpendicular to the long
axis of the molecule, and this is reflected in the negative value of
the observed dielectric anisotropy of this compound. In the case
of the all-syn trifluoro liquid crystal 24 (Fig. 4), this molecule has
a lower negative dielectric anisotropy than predicted, indicating a
lower dipole, inconsistent with an extended zig-zag conformation.
Compound 24 cannot adopt the extended zig-zag conformation
because it incurs 1,3-F · · · F repulsion. Instead, the carbon chain is
forced to adopt a “bent” conformation. The three fluorines are not
presented to the same face and a lower than anticipated dielectric
anisotropy value is observed.


Fig. 4 Comparing the liquid crystal properties of 23 and 24 illustrates
the importance of 1,3-F · · · F repulsion.21


It emerges that avoidance of 1,3-F · · · F repulsion is the domi-
nant force influencing the preferred conformation of these vicinal
trifluoro compounds. The same effect dictates the conformational
behaviour of the tetrafluoro stereoisomers 20a, 20b and 20c
(Schemes 3 and 4).15 They all have different carbon chain backbone
conformations. Due to the presence of the tosylate groups, each
of compounds 20a–c is crystalline, and each solid-state structure
was elucidated by X-ray crystallography (Fig. 5). The all-syn
isomer 20a adopts a “bent” conformation in which each pair of
vicinal C–F bonds is aligned gauche, and no 1,3-F · · · F repulsions
are present. This conformation places the fluorine atoms in a
helical arrangement about the carbon backbone. In contrast, the
anti–syn–anti isomer 20b adopts a linear conformation in the


Fig. 5 Crystal structures of 20a–c.15 Selected coupling constants from the
corresponding 1H NMR spectra (CDCl3) are superimposed on the struc-
tures; values that suggest differences between the solid- and solution-state
conformations are highlighted in boxes. The solution conformation of 20c
is obtained by rotating the highlighted C–C bond through ∼120◦.


solid state, which precludes two of the possible three fluorine
gauche alignments. Finally, the syn–syn–anti isomer 20c adopts
a conformation in which each pair of vicinal fluorines is aligned
approximately gauche, but with dihedral angles, which vary
considerably from the ideal value of 60◦.


The observed solid-state conformation of 20c (Fig. 5) is
somewhat unexpected, since it entails a 1,3-F · · · CH2 repulsion.
This implies that the fluoroalkyl chain of 20c is being forced into
a strained conformation by the crystal packing forces, which are
dominated by the tosyl groups rather than the fluoroalkyl portion
of the molecule. It became important to investigate the solution-
state conformations of 20a–c in order to examine the intrinsic
conformational preferences of the fluoroalkyl chains themselves.
To that end, the 1H- and 19F-NMR spectra of 20a–c were analysed,
providing maps of 3JHH and 3JHF values (Fig. 5), which could be
related via Karplus curves to the corresponding molecular dihedral
angles.22 This analysis revealed that for both 20a and 20b, the solid-
state conformations are also preferred in solution. However, for
isomer 20c, the solution conformation is different from the solid-
state structure: in solution, 20c undergoes one C–C bond rotation
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resulting in the loss of one fluorine gauche alignment to avoid the
1,3-F · · · CH2 repulsion.


For each of the isomers 20a–c (Fig. 5), the NMR studies were
validated by molecular modelling experiments.15 Calculations at
the MP2/6-311+G(2d,p) level of theory confirmed that the ob-
served solution structures of 20a–c corresponded to the minimum-
energy conformation of each fluoroalkyl chain. Furthermore,
using molecular modelling, it was also possible to investigate
more extended fluoroalkyl systems. For example, the all-syn
compound 25 (Fig. 6) containing 12 vicinal fluorines was built
in silico.15 When forced into an extended zig-zag conformation,
compound 25 adopts a very strained conformation that suffers
from multiple 1,3-F · · · F repulsions, a conformation which is
unrealistic in the solution or solid state. In contrast, when the
molecule is allowed to relax to its minimum-energy structure, a
helical conformation results in which all 1,3-repulsions are avoided
whilst gauche alignments between each pair of vicinal C–F bonds
are maintained. This helix has a pitch of ca. 5.9 Å and requires six
fluoromethylene units for one complete turn.


Fig. 6 The model system all-syn CH3(CHF)12CH3 25 with its strained
zig-zag conformation (top) and the helical minimum-energy conformation
(bottom).15


Physical properties


Even the most basic physical properties of multi-vicinal fluo-
roalkanes have remained unexplored until recently. The fluo-
roalkanes described in this review thus far are not suitable for
investigating physical parameters such as boiling point, polarity,
hydrophobicity and solubility, because these molecules contain
functional groups that mask the intrinsic physical properties of the
fluoroalkyl chains themselves. Therefore, the preparation of multi-
vicinal fluoroalkanes in the absence of other functional groups
emerged as an objective.


As an initial contribution in this area, the tetrafluorohexane
compounds 26a–c (Table 1) were investigated.23 Hexanes 26a–
c were prepared by treating the ditosylates 20a–c (Schemes 3
and 4) with excess LiAlH4. It is noteworthy that these reductions
did not yield any obvious side-products and the fluoroalkyl groups
are surprisingly robust under the forcing reaction conditions em-
ployed. Tetrafluorohexanes 26a–c were examined by GC-MS and
compared with reference standards of hexane and perfluorohexane
(Table 1). This analysis revealed that all three of the fluoroalkanes
26a–c were more polar, eluting later than the reference compounds,
consistent with higher molecular dipole moments due to the
polarised C–F bonds.


Table 1 GC-MS data for tetrafluorohexanes 26a–c23


Compound Dipole (D)a Retention time/min


Perfluorohexane 0.09 10.2
Hexane 0.00 14.8


0.25 17.6


3.54 18.9


2.19 19.4


a Dipole moment calculated for the minimum-energy conformer.


Furthermore, and perhaps unexpectedly, significant differences
in retention time are also observed within the series 26a–c
(Table 1), indicating that the physical properties of the different
diastereoisomers can vary markedly despite their identical con-
nectivities and constitutions. The relative GC elution order of
26a–c seems to correlate approximately with the molecular dipole
moment calculated for each minimum-energy conformer, but this
interpretation is complicated since conformational mobility causes
the dipole moments of 26a–c to fluctuate.


Conclusions


In this review, we have described some recent progress in the
study of multi-vicinal fluoroalkanes, a hitherto unexplored class
of organofluorine compounds. Synthetic access to a variety of
molecules containing three and four vicinal fluorines has been
established, and the conformational behaviour of these com-
pounds has been investigated using NMR, X-ray crystallography
and molecular modelling. It emerges that avoidance of 1,3-
F · · · F and 1,3-F · · · CH2 repulsive interactions are the dominant
drivers dictating the preferred conformation of multi-vicinal
fluoroalkanes, with the fluorine gauche effect exerting a more
subtle conformational influence. Finally, some initial exploration
of the physical properties of multi-vicinal fluoroalkanes relative to
hydrocarbons and perfluoroalkanes has also been presented.


In the future, it will be valuable to further develop the synthetic
methods described here, so that longer runs of multi-vicinal
fluorine diastereoisomers within a variety of functional molecular
architectures (e.g. liquid crystals and fluorosugar analogues) can
be accessed. Work towards these goals is currently underway in
our laboratory.
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Introduction of a,b-D-CNA featuring canonical values of the
torsional angles a and b within oligonucleotides leads to an
overall stabilization and improved rigidity of the duplex DNA
as demonstrated by UV experiments, circular dichroism and
corroborated by molecular dynamics simulations.


The challenging task in the field of oligonucleotide chemistry of
bringing the a–f dihedrals along the sugar–phosphate backbone
under control would help the chemist to prepare well-defined
structures of nucleic acids and to better understand the complex
interrelation that lies between these torsions and the overall
solution structure of DNA. In structural terms, the most promising
DNA analogues are usually expected to be those for which the
backbone torsion angles closely match the geometry of torsion
angles a–f in standard A- or B-type duplexes (Fig. 1).1


Fig. 1 Stick plot showing the half-chair conformation present in an
unmodified TpT step in a B-type duplex and the chair conformation of
the dioxaphosphorinane structure restricting the torsional angles a and b
within (RC5′ ,SP) a,b-D-CNA.


The concept of conformational restriction has lead to nucleic
acid analogues with promising antisense applications in therapy
and diagnosis.2 The most prominent recent examples of such
analogues that leads to duplexes with an increased thermal
stability are locked nucleic acids (LNA) in which the ribofuranose
subunit is locked (via a covalent bridge between the 2′-oxygen and
4′-carbon atoms) into the 3′-endo conformation (d = g+/a+), so
that the sugar–phosphate backbone of the modified strand closely
resembles the A-form geometry adopted in RNA hybrids.3,4


Nevertheless, to date, there has been no successful approach
to constraining into a canonical value any torsional angle other
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than d with respect to the others.5 Interestingly, when looking to a
dinucleotide step extracted from a B-form duplex, one can see that
the C5′, O5′, P and OproR atoms are in the same geometry as the one
defined in a six membered ring in a chair conformation (Fig. 1).
Thus the canonical values (g−,t) of the a and b torsional angle
respectively, could be maintained in such a structure. Therefore
our aim was to fix this canonical geometry by connecting the C5′


to the OproR atom of the phosphate linkage by an ethylene group
i.e. introducing them in a dioxaphosphorinane structure with an
R and S absolute configuration of the 5′ carbon and phosphorus
atom respectively.


With this in mind, we have undertaken an experimental program
to explore the chemistry of DNA and RNA analogues with a
modified backbone. Our approach is based on the introduction
of the neutral 1,3,2-dioxaphosphorinane ring structure at key
positions along the sugar–phosphate backbone (Fig. 2).6


Fig. 2 Left: the six backbone torsion angles (labelled a to f) of nucleic
acids. Middle: the a,b-D-CNA dinucleotide in which a and b are stereocon-
trolled by a dioxaphosphorinane ring structure. Right: superimposition of
the X-ray structures of (RC5′ ,SP) a,b-D-CNA TT (blue)7 and of unmodified
TpT (grey).8


We reasoned that the resulting constrained nucleic acids
(termed D-CNAs) could locally adopt either helical or non
helical conformation depending on the spatial arrangement of
the dioxaphosphorinane system and which backbone bonds are
included in its ring structure. As an initial step in this direction, we
have already reported on the synthesis and binding properties of
oligonucleotides including a,b-D-CNA dinucleotide building units
in which a and b torsions are locked either in a canonical (g−,t) or in
noncanonical (g+,t) conformation.9 We showed that the (RC5′ ,SP)
configured a,b-D-CNA TT (g−,t), fitted well at the dinucleotide
level with unmodified TpT (Fig. 2) and increased DNA duplex
formation ability (+5 ◦C/mod).


To better understand the impact of the incorporation of an
a,b-D-CNA (g−,t) within an oligonucleotide, we have measured
melting temperatures of duplexes with various and relative posi-
tions of a,b-D-CNA (g−,t) and simulated its dynamic behaviour
within the duplex with AMBER 8 software.10


The molecular dynamics of two duplexes have been simulated,
an unmodified dA10–dT10 (ODNref) as reference and a dA10–
dT4TTT4 (ODNgm) in which the a,b-D-CNA (g−,t) is located in
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the middle of the dT strand, for 1520 and 3100 ps, respectively.
The resulting structures are shown with the axis average position
of the double helix (Fig. 3) and the atomic fluctuations of each
simulated duplex strand (Fig. 4).


Fig. 3 Side and top views of the B-type duplex produced by molecular
dynamics simulations (AMBER 8.0), the double helix axes are outlined in
green. a) unmodified dA10–dT10 (ODNref). b) dA10–dT4TTT4 (ODNgm),
TT = (RC5′ ,SP) a,b-D-CNA TT.


Fig. 4 Atomic fluctuations of each strand of simulated duplexes
dA10–dT10 (ODNref, black, 1400 ps) and dA10–dT4TTT4 with TT =
(RC5′ ,SP) a,b-D-CNA TT (ODNgm, red, 2020 ps).


A first indication of the induced rigidity, is the lower RMSD
(root mean square deviation) calculated for ODNgm (1.96) with re-
spect to ODNref (2.18), which can be visualized by the straightness
of the double helix axis of the modified duplex (Fig. 3b). But the
most impressive result stood in the restricted atomic fluctuations
observed in both strands of ODNgm compared to ODNref (Fig. 4).
Whereas ODNref exhibits a maximum of fluctuation variation,
DFmax of 8.53 and 7.69 Å for dA and dT strands respectively,
DFmax are lowered to 2.95 and 2.91 Å, respectively for ODNgm.


It is clear that the a,b-D-CNA (g−,t) induced a major effect in the
middle of the sequence where fluctuations are usually minimized,
with local fluctuations (DFmid) of 1.01 Å in the dT strand but also


Table 1 Sequences and melting temperatures of a,b-D-CNA containing
duplexes


ODN Sequencea Tm
b/◦C DTm/◦C


1 dA14–dT10 24.2 —
2 dA14–dT4TTT4 30.1 +5.9
3 dA14–dT14 35.0 —
4 dA14–dT6TTT6 38.1 +3.1
5 5 ′-GCAAAAACTTGC-3 ′ 48.0 —


3 ′-CGTTTTTGAACG-5 ′


6 5 ′-GCAAAAACTTGC-3 ′ 53.2 +5.2
3 ′-CGTTTTTGAACG-5 ′


7 5 ′-GCAAAAACTTGC-3 ′ 52.2 +4.2
3 ′-CGTTTTTGAACG-5 ′


8 5 ′-GCAAAAACTTGC-3 ′ 54.3 +6.3
3 ′-CGTTTTTGAACG-5 ′


9 5 ′-GCAAAAACTTGC-3 ′ 53.4 +5.4
3 ′-CGTTTTTGAACG-5 ′


10 5 ′-GCAAAAACTTGC-3 ′ 52.4 +4.4
3 ′-CGTTTTTGAACG-5 ′


11 5 ′-GCAAAAACTTGC-3 ′ 55.9 +7.9
3 ′-CGTTTTTGAACG-5 ′


12 5 ′-GCAAAAACTTGC-3 ′ 56.4 +8.4
3 ′-CGTTTTTGAACG-5 ′


13 5 ′-GCAAAAACTTGC-3 ′ 57.6 +9.6
3 ′-CGTTTTTGAACG-5 ′


14 5 ′-GCAAAAACTTGC-3 ′ 57.8 +9.8
3 ′-CGTTTTTGAACG-5 ′


a TT = (RC5′ ,SP) a,b-D-CNA TT within the strand. b UV melting exper-
iments were carried out in sodium phosphate buffer (10 mM, pH 7.0)
containing NaCl (100 mM) and EDTA (1 mM).


in the complementary dA strand (DFmid = 1.91 Å) to be compared
with 3.70 and 3.35 Å respectively in ODNref.


These results nicely illustrate the examination of the thermal
melting temperature behavior of duplex 2 and 4 with DTm of
+5.9 and +3.1 ◦C, respectively (Table 1). It is noteworthy that
one (RC5′ ,SP) a,b-D-CNA TT within an oligothymidilate strand
increased the DNA duplex formation ability to the same extent
as one LNA containing oligothymidilate does towards its RNA
counterpart only.4


These results underscore the fact that a,b-D-CNA stands for
a proper DNA mimic with both the a (gauche(−)) and b (trans)
torsional angles fixed in the canonical B-type values, but also
with a sugar puckering in favour of a south conformation as a
consequence of the presence of a neutral phosphotriester linkage.11


A high average stabilization of +5.0 ◦C was observed for
ODN 6–10 regardless of the a,b-D-CNA position within the
strand (Table 1, entries 6–10), which is in accordance with our
preliminary published results.9 Interestingly, a combination of two
a,b-D-CNA positioned on each complementary strand reached
the maximum overall duplex stabilization (DTm = +9.8 ◦C) when
the two modified nucleotides were located the furthest away from
each other (Table 1, entry 14). In contrast, this stabilization was
lowered by ∼2 ◦C (DTm = +7.9 ◦C) when the two modifications
were positioned close by (Table 1, entry 11). Therefore, this
suggests that a synergetic effect was obtained when the a,b-D-
CNA are positioned near the 3′-end of the strand with a favorable
propagation of the stabilization in the 5′end direction. These
experiments also provide evidence that the neutrality brought by
the phosphotriester moieties is not responsible for the observed
improvement of duplex stabilization as exemplified by ODN 12, in
which these two neutralized phosphates are opposite in the minor
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groove of the duplex, which did not exhibit a particular behavior
with a DTm of +8.4 ◦C (Table 1, entry 12). This is also supported
by the fact that the differences in Tm values between the duplexes
(ODN 11–14) containing the a,b-D-CNAs and the natural control
duplex (ODN 5) are largely insensitive to a 50-fold increase in the
concentration of NaCl (in the 0.02–1.0 M range, ESI, Fig. S4†).
Indeed the rigidity brought by the dioxaphosphorinane structure
replacing the ionic phosphodiester linkage enables duplex stability
to be strengthened instead of diminished as is often observed with
a nonionic group.12


Further information on the structure of the DNA duplexes
was obtained from CD spectroscopy. The CD spectra of the
complementary duplexes ODN 2 and 4 with d(A14) are very similar
to that of unmodified ODN 1 and 3 (ESI, Fig. S5 and S6†).
However, an increase of the positive Cotton effect at about 280 nm
for both ODNs can be seen including the a,b-D-CNA analog that
could be attributed in this particular case of oligothymidylate to a
slight structural alteration in nucleobase organization within the
duplex. On the other hand, CD spectra of the duplexes ODN 6–14
which are also very similar to that of their native DNA counterpart
ODN 5 with a more classical B-DNA type shape (ESI, Fig. S7–
S10†), showed a tightening of the positive Cotton effect by 2 nm
that could reveal a diminishing in the overall conformational states
of the duplex structure. Nevertheless, these results indicated that
with neither one nor two modifications is there any significant
change in binding mode or conformation with respect to the
natural system.13


In summary, the present study showed that preorganized
(RC5′ ,SP) a,b-D-CNA TT within an oligonucleotide allowed a high
DNA duplex stabilization level either in oligothymidilate or in
mixed sequences. Introduction of a dioxaphosphorinane structure
in the internucleotidic linkage induced a conformational rigidity
that seems to reduce the overall duplex flexibility and induced
straightness of the B-type double helix structure. Therefore a,b-
D-CNA dinucleotides constrained in canonical B-type form may
become an interesting tool to probe the relative importance of
local DNA duplex flexibility towards protein recognition.
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